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Abstract: The binary synthetic compounds of Pt with chalcogens (O, S, Se, Te), pnictogens (As, Sb,
Bi), and intermetallic compounds with Ga, In, and Sn of various stoichiometry were studied via X-ray
absorption spectroscopy (XAS). The partial atomic charges of Pt in the compounds were computed
using quantum chemical density functional theory (DFT) based methods: the Bader (QTAIM) method,
and the density-derived electrostatic and chemical (DDEC6) approach. Strong positive correlations
were established between the calculated partial atomic charges of Pt and the electronegativity (x)
of ligands. The partial charge of Pt in PtL, compounds increases much sharply when the ligand
electronegativity increases than the Pt partial charge in PtL. compounds. The effect of the ligand-to-Pt
atomic ratio on the calculated Pt partial charge depended on ligand electronegativity. The DDEC6 charge
of Pt increases sharply with the growth of the number of ligands in PtS, (n = 1, 2; electronegativity
X(S) >> x(Pt)), weakly depends on the phase composition in PtTe, (n = 1, 2; x(Te) is slightly lower than
X(Pt)), and decreases (becomes more negative) with increase of the ligand-to-Pt ratio in intermetallic
compounds with electron donors (x(L) < x(Pt), L = Ga, In, Sn). According to XANES spectroscopy, the
number of 5d (Ly 3 absorption edges) and 6p (Li-edge) electrons at the Pt site decreased when ligand
electronegativity increased in chalcogenides and pnictides groups. An increase of the ligand-to-Pt ratio
resulted in the increase of the Pt Lz-edge white line intensity and area in all studied compounds. In
the case of chalcogenides and pnictides, this behavior was consistent with the electronegativity rule as
it indicated a loss of Pt 5d electrons caused by the increase of the number of ligands, i.e., acceptors of
electrons. However, in the case of ligands—electron donors (Te, Sn, Ga, In) this observation is in apparent
contradiction with the electronegativity arguments as it indicates the increase of the number of Pt 5d-shell
vacancies (holes) with the increase of the number of the ligands, for which the opposite trend is expected.
This behavior can be explained in the framework of the charge compensation model. The loss of the
Pt d-electrons in compounds with low ligand electronegativity (x(Pt) > x(L)) was overcompensated by
the gain of the hybridized s-p electron density, which was confirmed by Pt L; - edge spectra analysis.
As a result, the total electron density at the Pt site followed the electronegativity rule, i.e., it increased
with the growth of the number of the ligands-electron donors. The empirical correlations between the Pt
partial atomic charges and parameters of XANES spectral features were used to identify the state of Pt
in pyrite, and can be applied to determine the state of Pt in other ore minerals.

Keywords: X-ray absorption spectroscopy; DFT calculations; partial atomic charges; Bader charges;
DDEC charges; platinum; synthetic minerals; pyrite
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1. Introduction

Binary Pt compounds with chalcogens (S, Se, Te), pnictogens (As, Sb, Bi), and inter-
metallic compounds belong to the main ore minerals in platinum group element (PGE)
deposits, including the world-class deposits of the Norilsk group (Russian Federation),
the Bushveld Complex (South Africa), and the Stillwater Complex (USA) (Distler et al. [1];
Cabri [2] and the references cited). The “formal” oxidation states of Pt in these compounds
are 0, +2, and +4. These oxidation states, however, are in contravention of the concept
of electronegativity and ignore chemical bond type. For example, the “formal” oxidation
states of Pt in sperrylite PtTe, and cooperite PtS are +4 and +2, respectively. At the same
time, the Pauling electronegativity of S exceeds Te (x(S) = 2.58 vs. x(Te) = 2.10 (Cotton and
Wilkinson [3]), which implies that the true positive charge located on Pt in Pt?*S can exceed
the Pt charge in Pt4+Te2. Other important carriers of PGEs in natural ores are sulfides of Fe,
Ni, and Cu (pyrrhotite Fe;.S, pyrite FeS;, pentlandite (Fe, Ni)9Sg, chalcopyrite CuFeS;),
which contain PGEs in the “invisible” form. The charge state of Pt in binary compounds
is an important factor that controls the solubility of PtL,, (where L stands for a ligand) in
base metal sulfides (pyrrhotite, pyrite, pentlandite), miscibility limits, and charge com-
pensation schemes. Apart from natural minerals, knowledge of the electronic structure
of PGE-based materials has important industrial applications. The electronic structure
of catalysts and nanoparticles, as well as the chemical composition that includes PGEs,
specifies catalytic activity and gives rise to the development of new functional materials
(cf. Nishimura et al. [4]).

X-ray absorption spectroscopy (XAS) is widely used to study the short-range ordering
in materials and the charge state of atoms. The information contained in the near-edge
region of the XAS spectrum (XANES (X-ray absorption near edge structure)) reflects the
density of the electron empty states of the absorbing atom. In particular, parameters of
the spectral features at L, 3 absorption edges of Pt, which correspond to the 2p — 5d pho-
toelectron transitions, were attributed to the number of vacancies (unoccupied electronic
states) in the 5d valence shell (Mott [5]; Lytle et al. [6]; Mansour et al. [7]; and references
cited). The intensity and area of the white line (the first intense peak of the spectrum just
above the absorption edge) were used to determine, on a quantitative level, the density
of d-states in the compounds of Pt and Au (e.g., Mansour et al. [7]; Kuhn and Sham [8];
Bzowski et al. [9]). Currently, a number of studies have been devoted to investigating
the charge state of atoms by combination XAS and quantum chemical calculations. The
calculated charges differ from the “formal” oxidation states, which are attributed to atoms
and assume an ionic type of binding. The studies differ both in the studied objects na-
ture (solids, liquids) and the methods used to calculate the partial (net) atomic charges.
Among the methods of quantum chemical calculations that are widely used to study the
partial charges are QTAIM—Quantum Theory of Atoms in Molecules (Bader method)
(Bader et al. [10], Bader and Matta [11]), NBO—Natural bond orbital population analy-
sis (Reed et al. [12]), ChelpG—Charges from Electrostatic Potentials using a Grid-based
method, and recently developed DDEC—Density Derived Electrostatic and Chemical
method (Manz and Sholl [13,14]). For example, Li et al. [15] computed the partial charge of
Mo in its compounds of different “formal” oxidation states (MoS;, M0,C, MoO;, RbMoOy,
MoO3) using QTAIM and DDEC methods. The calculation results were correlated with
the position of the absorption edge of Mo K-edge X-ray absorption spectra. The authors
found that DDEC charges correlated better with XANES energies than Bader charges.
Kaur et al. [16] performed a similar investigation for Dy compounds. Fogarty et al. [17,18]
calculated the partial charges of N and S in various ionic liquids using the QTAIM, ChelpG,
and NBO methods. The authors compared the calculation results with the experimental
X-ray photoelectron spectra (XPS) and XANES spectra. They determined that ChelpG is
the most suitable method for determining the atomic charges of N and S in ionic liquids.

The present study is comprised of two parts: theoretical calculation of partial atomic
charges of Pt in binary compounds (1) and an experimental investigation of valence electron
density distribution in binary Pt compounds using XAS (2). To determine the effect of the
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chemical composition on the charge state of Pt, we synthesized the phases and registered
XANES spectra at Pt L; 5 3—edges with subsequent determination of the main spectral
characteristics (the positions of the absorption edge and white line, white line intensity
and area). These data were correlated with partial atomic charges calculated using QTAIM
and DDEC. The strong correlations between the partial charges calculated with the DDEC
approach, ligand electronegativities, and XANES spectra parameters were observed in
each compound group. The correlation for chalcogenides was validated by determining
the Pt partial charge in synthetic Pt-bearing pyrite. The obtained data provided a basis for
evaluating the state of Pt in inorganic compounds and can be extended to higher number
of ligands and to multicomponent natural minerals.

2. Materials and Methods
2.1. Synthesis of Platinum Phases

Pt compounds were synthesized using a dry synthesis method according to Kullerud [19].
The starting materials were elements with a purity of >99 wt.%. The mass of the initial
charge was ~400 mg. The stoichiometric quantities of elements were weighed and placed
into the silica glass ampoules (8 mm diameter, ~80 mm length), which were then evacuated
down to a 10~* bar pressure and sealed. Several experiments were performed with slight
excess of the second component to ensure the absence of metallic Pt in the synthesis
products. The excess of the component crystallized at the cold end of the ampoule during
quenching. The ampoules with the charges were placed in the horizontal tube furnace and
heated to the synthesis temperature. The temperature depended on the thermal stability of
the phases and was selected individually in each case based on the binary phase diagrams
(Lyakishev [20-22]). The parameters for the synthesis experiments are given in Table 1.
The temperature inside the furnace was measured with a K-type thermocouple (accuracy
+1 °C). One time, during the experiment, the ampoules were removed from the furnace,
opened, the powders were grounded, then sealed again inside the silica glass ampoules,
and rapidly heated to the synthesis temperature. After the experiment, the ampoules were
quenched either on air or in cold water.

Table 1. Temperature and duration of synthesis of 18 Pt-bearing phases. The two temperatures for one substance correspond

to the two-stage synthesis experiments.

Phase Temperature, °C Synthesis Time, Days Phase Temperature, °C Synthesis Time, Days

800 2

PtS, 850 90 GazPts 600 45
PtSe, 45188 425 GaPt 600 45
PtTe, 288 425 GasPty 800 45
PtAs; 700 45 GayPt3 600 45
800 2

PtSb, 600 45 PtIn 600 45
. 800 2
PtBi, 400 45 PtyIns 600 45
PtSn 600 45 PtzIny 600 45
800 2 800 2

Pt2Sns 600 45 Ptle 600 45

PtSn, s - PtS 850 180
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2.2. Analytical Methods

The chemical composition and homogeneity of synthesized phases were studied with
a digital scanning electron microscope TESCAN Vega II XMU with the energy-dispersive
micro-analysis system INCA Energy 450/XT (20 kV) on polished sections. Pure elements
were used as standards for Pt, Se, Te, Sb, Bi, and Sn, as well as GaP, InAs, FeS; for Ga, In, As,
and S, respectively. Each sample was studied with powder X-ray diffractometry. The XRD
data were collected on a Rigaku D/Max 2200 X-ray diffractometer (CuKw, 40 kV, 20 mA,
0.02° step) in the angular range from 5 to 90° 20. Crystalline phases were identified with an
aid of PDF and ICSD databases. All studied samples corresponded to pure homogeneous
crystalline phases of definite composition.

2.3. X-ray Absorption Spectroscopy (XAS)

The spectra of synthetic platinum phases were recorded using the equipment of
Kurchatov Synchrotron Radiation Source (National Research Center Kurchatov Institute,
Moscow, Russia). The synchrotron radiation source was a storage ring with an electron
beam energy of 2.5 GeV and a current in the range of 50-120 mA. The experiments were
performed at the “Material structure” beamline (Chernyshov et al. [23]). Channel-cut
Si(111) single crystal monochromator was used for monochromatization of the X-ray beam
with an energy resolution AE/E =2 x 10~*. All the samples were ground finely, spread
over Kapton tape, and folded into several layers. The Pt foil spectrum was measured
simultaneously with the sample as a reference for energy calibration. The XAS spectra of
platinum compounds and the reference, Pt foil, were registered in transmission mode at
the Pt L1- (13,880 eV), L,- (13,273 eV), and L3 (11,564 eV)-edges. The X-ray intensity was
measured using three tandem ionization chambers filled with a mixture of N, and Ar. The
studied sample was placed between the 1st and 2nd chambers and the reference between
the 2nd and 3rd chambers. The energy step to 30 eV before the edge and up to 80 eV above
the edge was 0.6 eV for Pt Lz-edge and 0.8 eV for Pt L{- and L,-edges. Then, the energy
step gradually increased from 1.0 to 3.5 eV for all edges. The integration time in every
energy point was set to 1 s. In each case, up to three spectra were collected for their further
averaging. Background subtraction and spectra normalization were carried out using the
Athena program of the IFEFFIT software package (Ravel et al. [24]). A pre-edge background
was subtracted from the entire spectrum. The obtained spectra were normalized using
fitted EXAFS data beyond the near-edge structure. The energy range where the spectra
were collected, together with the energy ranges applied for the background correction and
normalization of the spectra, are given in Supplementary Materials Al.

In each case, the following XANES spectrum parameters were determined: (1) position
of the absorption edge, E; (2) position of the white line (first intense peak of the spectrum),
EwL.; (3) intensity of the white line, Iy 1. ; and (4) area of the white line, Sy 1. . The absorption
edge was determined as the first maximum of the first derivative of the signal; the position
of the white line corresponded to the first maximum of the spectra. The white line intensity
corresponded to the difference in the X-ray absorption coefficient between the background
line and the maximum of the white line. The area of the white line was determined by
deconvoluting the white line feature into an arctangent and Lorentzian components using
the Athena program. In this method, the white line area was equal to the area of Lorentzian
peak. To obtain stable and meaningful results, several restrictions were applied during the
experimental spectra deconvolution procedure. The restrictions included (i) position of the
centroid of the Lorentz curve was fixed at the maximum of the white line; (ii) amplitude of
the arctangent curve was fixed at the minimum of the fitted XANES spectrum,; (iii) width
of the arctangent and Lorentz curves should be more than (or about) 2 eV since the natural
broadening of a Pt L3-edge XANES spectrum is nearly 2-3 eV.

The second method to calculate the area under the white line was to integrate the
approximating functions (arctangent and Lorentzian) using the MATHCAD 14 program.
In this method, deconvolution results for the experimental spectra were obtained using
the Athena program (parameters of the arctangent and Lorentzian functions) and were
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loaded into the MATHCAD. The areas were determined via means of integration of the
approximating functions, and the sum of the integrals was assigned to the total white line
area. The second method was applied only to the Pt dichalcogenides to compare the white
line areas obtained in our experiments with the literature data.

2.4. Quantum Chemical Calculations

The quantum chemical density functional theory (DFT) calculations were performed
using the QUANTUM ESPRESSO code (Giannozzi et al. [25]). The Projector-augmented
wave (PAW) method was used to describe electron-ion-core interactions (BIohl [26], Kresse
and Joubert [27]). The Perdew—Burke-Ernzerhof (PBE) exchange-correlation function
(Perdew et al. [28]) was used for the electronic structure calculations within the framework
of the self-consistent field (SCF) numerical algorithm. We used the PAW pseudopoten-
tials from the QUANTUM ESPRESSO pseudopotential database: http://www.quantum-
espresso.org/pseudopotentials. The pseudopotential type and electronic configurations
of elements adopted in DFT calculations are provided in Supplementary Materials A2.
A plane-wave kinetic energy cutoff and a charge density cutoff were 100 Ry and 1500 Ry, re-
spectively. An 8 x 8 x 8 Monkhorst-Pack k-points grid was applied to all model structures.
The SCF calculations were completed with tolerance better than 10~ Ry. In the case of lay-
ered structures rVV10, a nonlocal correlation functional (Vydrov and Van Voorhis [29]) was
added to account for the van der Waals interactions. The crystallographic data (Supplemen-
tary Materials A3, Table A5) were adopted from the ICSD and PDF databases. Based on the
DFT calculation results, the values of partial atomic charges were determined in the QTAIM
(Bader method) framework using the CRITIC2 software (Otero-de-la-Roza et al. [30,31]),
and the DDEC6 method using the Chargemol program [32]. In the QTAIM approach, the
surfaces with zero flux of the electron density gradient field determine the atomic basins.
The electron density in each basin is assigned to an atom. An alternative method, DDECS,
reproduces the electrostatic potential surrounding the nucleus. Unlike the QTAIM method,
in the DDEC6 method, the electron density associated with atoms that can overlap. The
assigned charges were calculated to best describe the electrostatic potential. In our study;,
we used DDECS6 as it is the best-developed version of this method (Manz and Limas [33],
Limas and Manz [34]) that works well in an extremely broad range of materials.

For several Pt-bearing phases (PtS;, PtSn, PtyIng, PtSby, Pt;Gas), pure and Pt-bearing
pyrite in atomic positions and cell parameters were optimized. The calculations were
performed using the BFGS algorithm in the unit cell (8 x 8 x 8 k-points, binary compounds)
or ata gamma pointin 2 x 2 x 2 supercell (pure and Pt-bearing pyrite), with a convergence
threshold of 10" Ry/au for forces, and 10~* Ry for energy. Determination of the partial
atomic charges was performed as described above.

3. Results

The correlations between the Pt partial atomic charge and the parameters of XANES
spectral features were determined for 21 Pt-bearing phases, which we divided into 6 groups:
(1) chalcogenides PtChaly: PtO,, PtSy, PtSey, PtTey; (2) pnictides PtPny: PtAsy, PtSby, and
PtBiy; (3) intermetallic compounds Pt,Sny: PtSn, PtySng, and PtSny; (4) intermetallic compounds
Pt Gay: PtGa, PtyGag, PtsGag, and Pt3Gay; (5) intermetallic compounds PtyIny: Ptin, PtyIng,
and Pt3Iny; and (6) Other: PtTe, PtS, K,PtCly, and Pt. In the PtChal, and PtPn; groups,
the ligand type was the distinctive feature; in the Pt,Sn,, PtyGay, and PtyIn, groups, the
ligand-to-Pt ratio (i.e., stoichiometry) was the distinctive feature.

3.1. Partial Atomic Charges

Comparison of the Pt partial atomic charges computed before and after crystal struc-
ture relaxation (optimization of atomic positions and cell parameters) shows that the
relaxation of the crystal structure leads to a minor difference in partial charges. For exam-
ple, the calculated DDEC6 charges of Pt with and without geometry optimization were
+0.48 and +0.47 in PtS,, —0.26 and —0.26 in PtSn, —0.47 and —0.46 in Pt;In3, —0.22 and
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—0.20 in PtSb,, and —0.37 and —0.39 in Pt,Gaz. In view of the small difference in the
calculated values, only partial charges calculated using crystal structures without geometry
optimization are discussed in this work. The calculated partial charges are given in Table 2
and shown in Figure 1.

The effect of the ligand Pauling electronegativity (x) on the Bader and DDEC6 charges were
similar within the selected groups. The partial charge of Pt decreased (becomes more negative)
with decrease of the ligand electronegativity within the PtChal,, PtPn;,, and Other groups. The
exception was the Bader charge of PtSb, in PtPn, group, wherein the Pt charge was expected
to decrease in the series of PtAs,, PtSby, and PtBi; (x(As) = 2.18 > x(Sb) = 2.05 = x(Bi) = 2.02).
However, the largest negative Bader charge was assigned to PtSb,. In all other compound
groups, the correlations between the DDEC6, QTAIM charges, and ligand Pauling electronega-
tivity were identical. Therefore, the use of both DDEC6 and QTAIM charges was appropriate for
the purposes of the present study. The DDEC6 charges were considered in the following sections
to explore the correlations between the Pt partial atomic charges and the XANES spectra param-
eters. Similar correlations for the Bader charges are given in Supplementary Materials A4-A6.

Table 2. Results of DFT calculations of the Pt partial atomic charges (without geometry optimization).

Computed Partial Charges of Pt Pauling Electronegativity

Ph Mineral Analogue Crystal System .
ase & B y Bader DDEC6 of Ligand
PtChal,
PtO, trigonal +1.60 +1.14 3.44
PtS, trigonal +0.64 +0.47 2.58
PtSe, sudovikovite trigonal +0.20 +0.25 2.55
PtTe, moncheite trigonal —0.40 —-0.017 2.1
PtPn,
PtAs, sperrylite cubic —0.30 +0.069 2.18
PtSb, geversite cubic —-1.27 —0.20 2.05
PtBi, insizwaite cubic —0.78 —0.26 2.02
PtXSny
PtSn niggliite hexagonal —0.85 —0.26
Pt,Snj hexagonal —1.03 —-0.37 1.96
PtSn, cubic -1.17 —0.47
PtxGay
—-0.17 x 4
Pt;Gas orthorhombic —051x8 —0.19 x 2
—032x 2 009 x 4
PtGa cubic ~0.68 —0.28 181
Pt,Gaz trigonal —0.94 —0.39
Pt;Gay cubic —1.09 —0.46
PtyIny
- —068 2 —0.36 x 6
Ptln monoclinic —0.72 x 4 029 x 4
—0.71 x 4 ' 1.78
PtyIng trigonal —0.98 —0.46
PtzIny cubic —1.09 —0.49
Other
PtTe trigonal —0.33 —0.08 2.1
PtS cooperite tetragonal +0.44 +0.23 2.58
Ky PtCly tetragonal +0.66 +0.30 3.16 (for Cl)
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14 F

B pse, | | - ]

PiChal,

B Pt DDEC6 charge
O Pt Bader charge

K,P(Cl, E
: PtS E

Pt piTe 3

PtPn,  PtSn, PtGa, Pt In, Other

O>S>Se>Te As>Sb>Bi Sn Ga In CI>S>Pt>Te
344 258 2.55 2.1 2.18 2.05 2.02 1.96 1.81 1.78 3.16 2.58 2.28 2.1

l In Ga Sn Bi Sb Te As Pt Se S Cl O

1.78 1.81 196 2.02 2.05 2.1 218 228 255 258 3.16 3.44

Figure 1. The DDEC6 and Bader QTAIM partial atomic charges for different compound groups. The substances in each
group are ordered so that the DDEC6 charge decreases rightward. Symbols show the Pt partial charge calculated using

QTAIM and DDEC6 methods. The electronegativity of ligands in each group of compounds is indicated in X axis. The total

electronegativity scale for all studied elements is given at the bottom ([3]).

In the intermetallic compounds Pt,Sn,, PtyGay, and PtIn, the partial charge of Pt
decreased (Pt gains the valence electron density) when the number of ligands per Pt atom
(ligand-to-Pt atomic ratio) increased. The growth of the negative Pt charge caused by
increase in the ligand-to-Pt ratio can be explained by the electron-donor properties of the
ligands, which electronegativity lowered. The higher is the number of the ligands—electron
donors, the more electron density is shifted towards Pt, thus resulting in the decrease of
the Pt partial charge.

3.2. XANES Spectra Analysis

The normalized spectra recorded at Pt L » 3-edges were collected in the Supplementary
Materials B in the format of Athena projects, and shown in Supplementary Materials
A4, A5 and A6 (Pt L;-, Ly-, and Lgz-edges, respectively). Results of the Pt L; 53 spectra
decomposition (parameters of the arctangent and Lorentzian functions) obtained via the
linear combination analysis and the MATHCAD program (for group PtChal,) are given in
Supplementary Materials C.

The parameters of the main spectral features of Pt L3 absorption edge are given in
Table 3. It is known from the experimental and theoretical studies that absorption edge
generally exhibits a blue shift (towards higher energy) for more oxidized states of an
absorbing atom. However, for most studied compounds, the experimental data accuracy
(£0.5 eV) is comparable with the effect of the chemical composition on the positions of the
absorption edge and the white line maximum. Therefore, we mainly used parameters of the
second spectral feature white line intensity and area to correlate the charge state of Pt with
the ligand type and phase (mineral) stoichiometry. The Pt L; absorption edge was related
to 251, — 6p1/2/6p3,2 dipole-allowed transitions, the Pt L, absorption to 2p; ,, — 5d3,,
transition, and the Pt L3 absorption edge to 2p3,» — 5d3,2/5d5/, transitions. Therefore,
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the white line intensity and area were sensitive to the number of empty states (holes) in
the corresponding valence orbitals above the Fermi level. Low white line intensity (area)
indicates the reduced unoccupied electronic density of states of the valence orbitals of Pt,
i.e., the larger number of electrons. Alternatively, an increase of the white line intensity
(area) means that the increase of the number of vacancies can be attributed to the loss
of the valence electrons localized on the corresponding orbitals: 6p (Pt Li-edge) or 54
(Pt Lp 3-edges).

The white line intensity increased markedly from the Pt L;- to Pt L3-edges because
of the dipole selection rules (c.f. [5,7]). The spectra registered at Pt L1-edge had a smooth
character and low signal-to-noise ratio, which increased the uncertainty of the calculated
parameters of XANES. In some cases (Pt3Iny, PtsGay), it was impossible to obtain rea-
sonable parameters of the spectral features. The Pt L, absorption edge spectra were also
characterized by smooth peaks, but to a less extent than the Pt L; spectra. In contrast, Pt L3
spectra had high signal-to-noise ratio and an intensive white line.

The XANES spectra at the L, and L3 absorption edges probed the transitions to unoc-
cupied d states, but the unoccupied Pt 5d states had mostly j = 5/2 character. Accordingly,
the white line intensity at the Pt L3-edge was higher (transitions to d3/, and d5/,, states)
than Pt L,-edge (transitions to ds/; state, [5]). Therefore, the Pt L3 spectra were the most in-
formative for the investigation of the Pt charge state. Below, we analyzed the L3 absorption
edge (Figure 2). The L; , spectra were used as auxiliary ones.

Pt L ;-edge

Energy, eV Energy, eV
11,550 11,560 11,570 11,580 11,560 11,570 11,580 11,590
2.5 T T T T T T 2.0
a) PtChal, ——pt0, | b) PtPn, ——PtAs,

2.0

1.5

1.0

—PtS,

0.5

0.0/2.0

1.0

0.0/2.0

Normalized absorbance, arb.u.

0.0

0.0/2.0

0.5

0.0

11,550

11,560

11,570 11,580

Energy, eV

11,570 11,580 11,560

Energy, eV

11,590

Figure 2. Normalized Pt L3 XANES spectra. (a) PtChal,, (b) PtPn;, (c) PtxSny, (d) PtxGay, (e) PtyIny,, and (f) other groups.
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Table 3. Results of Pt L3 XANES spectra deconvolution obtained using Athena program.
Ls
Phase DDEC6 Charge of Pt, e
Eo, eV EwL., eV Iw.L, arb.u. Sw.L,eV
PtChalz
PtO, 11,565.6 11,567.8 2.03 13.61 +1.14
PtS, 11,565.9 11,567.8 1.64 8.24 +0.47
PtSe, 11,565.1 11,567.3 1.50 6.03 +0.25
PtTe, 11,564.7 11,567.3 1.30 5.45 —0.017
PtPny
PtAs; 11,565.9 11,568.3 151 6.97 +0.069
PtSb, 11,565.6 11,568.4 1.35 5.97 —0.20
PtBi, 11,564.6 11,567.2 1.20 3.92 —0.26
PtxSny
PtSn 11,564.9 11,568.6 1.20 5.25 —0.26
Pt;Snj 11,565.2 11,569.0 1.25 5.46 —-0.37
PtSn, 11,565.1 11,568.6 1.28 5.25 —0.47
PtxGay
—0.17 x 4
Pt5Gag 11,564.6 11,568.1 1.13 5.42 —0.19 x 2
—0.09 x 4
PtGa 11,565.6 11,569.2 1.29 6.43 —0.28
Pt,Gag 11,565.8 11,569.4 1.28 6.76 —0.39
Pt3Gay 11,566.9 11,570.6 1.36 6.84 —0.46
PtyIny
—0.36 X 6
Ptln 11,564.6 11,568.5 1.15 4.10 029 x 4
PtyIng 11,565.2 11,568.7 1.20 4.83 —0.46
Pt3Iny 11,565.6 11,569.3 1.27 5.24 —0.49
Other
Pt 11,563.9 11,566.4 1.20 4.82 0
PtTe 11,564.8 11,567.6 1.25 5.12 —0.08
PtS 11,564.4 11,567.7 1.26 6.25 +0.23
K>PtCly 11,563.8 11,565.9 1.55 6.88 +0.30

Eg—position of absorption edge, +-0.5 eV, Ey 1 —position of white line (first intensive peak of the spectrum) £0.5 eV, Iyy; —intensity of
white line, Sy —area of white line.

3.3. Correlations between Pt Partial Atomic Charge and XANES Features

Figures 3 and 4 show the parameters of Pt L3 XANES spectral features (intensity
and area) vs. DDEC6 partial atomic charge of Pt. Similar figures for energy position of
absorption edge and white line, as well as for Bader partial atomic charges, are given in
Supplementary materials A6. In these figures, we plotted the relative XANES characteris-
tics: the energy shift of the absorption edge and white line relative to the values of pure Pt
(ABPt = EgPhy — BoPt and ABw Pt = E wp. Py — E w ™, respectively).

In the case of Pt L3-edge, the absorption edge and white line energy were weakly
dependent on the Pt partial charge when all compounds were considered together (Sup-
plementary Materials A6, Figures A11, A12). The white line intensity and area were more
sensitive to the changes of the charge state of Pt. As shown in Figures 3 and 4, both intensity
and white line area increased when the positive Pt partial charge increased. Nonetheless,
when all compounds were considered together, the correlation was weak (R? Adj-= 0.70 for
the white line intensity, R? Adj-= 0.73 for the area). The scattering of the data in the region of
negative partial charges was much higher than that of the positive partial charges. The low
correlation coefficients can be explained by different trends which are characteristic of dif-
ferent compound groups. Therefore, below, the correlation dependencies were separately
analyzed for each group of compounds.
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In the PtChal, and PtPn, groups, the Pt partial charge was positively correlated with
the Pt L3-edge white line intensity (Figure 5a,b) and area (Figure 6a,b). For example, in the
PtChal, group, the white line intensity(u.)/area(eV) increased from 1.30(u.)/5.45(eV) to
1.64(u)/8.24(eV) with an increase of the DDEC6 Pt charge from —0.02 e to +0.47 e between
PtTe; and PtS,. There was a further increase of the Pt charge to +1.14 e in PtO,, yielding
growth of the white line intensity/area to 2.03(u.)/13.61(eV). These changes in the white
line parameters were accompanied by a small energy increase of the absorption edge and
white line caused by the increase of a positive Pt charge due to ligand electronegativity
growth. For example, Eq (the absorption edge position) increased from 11,564.7 eV (PtTe;)
to 11,565.9 eV (PtS;), and from 11,564.6 eV (PtBiy) to 11,565.9 eV (PtAs;). Similar trends
were observed in the Pt L , features (Supplementary materials A, Table A6 and Table A7).
The positive correlations between the parameters of Pt L 5 3-edge spectral features and
the Pt partial atomic charge were consistent with the effect of the ligand electronegativity
on the Pt charge. An increase of the ligand electronegativity caused a density increase
of unoccupied states (holes) in the Pt valence orbitals. As a result, the probability of the
electronic transitions from the core to the valence orbitals increased and the white line
intensity and area grew up. The loss of 5d (Pt L, 3-edges) and hybridized 6sp (Pt L;-edge)
valence electrons gave rise to the increase of positive charges located on Pt. Accordingly,
higher values of the incident energy were needed for the emission of photoelectrons (i.e.,
the Ej increased).

B e e e
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o Pt L -edge PO, ]
L @ PiPn, £ - o
20 A PrSn, 7]
| O PtGa, ]
LA Ptin,
1.8 |- * Other N
= L
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8 16l K,P(Cl, =
L PtAs, o ]
®
o [ M piSe, 1
—
14F  PtGa,  PiSh, .
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L PtIn 2 PtGa W PtS
- }ft ;A I1}’%113 KPtTe K ]
12 | “2SAPsn@PBL, et .
PtInA OPt.Ga, 1
1_0_.. 1 1 Lo g s To poes T oy of 1
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Upprcs(P), €

Figure 3. The white line intensity (Iy.) of Pt L3-edge spectra vs. DDEC6 Pt partial atomic charge.
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Figure 4. The white line area (Sw.) of Pt L3-edge spectra vs. DDEC6 Pt partial atomic charge.

In the Pt,Sny, PtyGay, and Pt In, groups, the white line intensity changed less. How-
ever, some important peculiarities of the spectral features in the groups of intermetallic
compounds were marked out. Figure 7a—c show the “inverse” correlation of the Pt par-
tial charge with the white line intensity at Pt L3-edge compared to PtChal, and PtPn,. In
the Pthny, Pthay, and Ptxlny groups the white line intensity decreased as the partial
charge of Pt increased. The same correlation was observed for the white line area in the
PtyGay and PtyIn, groups: an increase of the Pt partial charge resulted in the decrease of
the white line area (Figure 8a,b). The positions of the absorption edge and white line of
Pt Sny, and PtyIny also exhibited a small but clearly noticeable red shift (towards lower
energy) with the increase of the DDEC6 charges (Table 2). The apparent inconsistency
between the increase of the partial charge at the Pt site and a gain of d electrons (decrease
of the white line intensity and area) can be explained when the Pt L; ; 3-edges spectra
were considered together. The intensity and area of white line at Pt L,-edge followed the
“inverse” trend observed for the Pt L3-edge: it decreased when the partially charged Pt
increased (Supplementary Materials A5, Table A7). The white line of the Pt L, 3-edges
was attributed to a 2p — 5d transition. Accordingly, for the observed “inverse” trend, the
increase of the number of ligands-electron donors (leftward in Figures 7 and 8) resulted
in the loss of 5d electrons of Pt. At the same time, the white line intensity and area at
the Pt Li-edge, which corresponded to a 2s — 6p transition, exhibited a “normal” trend
in the Pt,Sny and Pt,Ga, groups (Supplementary Materials A4, Table A6). For example,
the white line intensity (u)/area(eV) decreased from 1.01(u)/4.24(eV) to 0.94(u)/3.16(eV)
when the ligand-to-Pt ratio increased from PtSn to PtSn; (the number of ligands-electron
donors per Pt atom increased twofold). A similar drop of the white line area in the Pt,Gay,
group ranged from 3.49 eV (Pt;Gas) to 1.80 eV (PtpGas). The decrease of the 6p density of
unoccupied states (or growth of the electron density at hybridized 6sp Pt orbitals), which
was traced when the white line intensity and area decreased, can compensate for the loss
of the d electrons and yield the “normal” trend of the total electron density at the Pt site vs.
the number of electron-donor ligands. However, we should note that the intensity of the
white line at L;-edge was small, which made it impossible to quantitatively interpret the
charge distribution.
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4. Discussion
4.1. Partial Atomic Charges

Figure 9a plots the trends of the partially atomic charges of Pt with respect to the
electronegativity of ligands. All of the studied compounds followed the general trends of
increasing partially charged Pt when ligand electronegativity increased. The trends are
described by the following equations:

qppece(Pt) =0.70 x x — 1.58 1)

@

These equations can be used to predict the charge state of Pt in binary compounds
using ligand electronegativity. The Pt partial charge in the PtL, group increased much
more sharply when ligand electronegativity increased compared to the Pt partial charge in
the PtL group. The difference in the slope of the trends is caused by a more effective charge
transfer in or out of Pt with the increase of the number of ligands-electron donors (q(Pt) < 0)
or acceptors (q(Pt) > 0) in PtL; group. Figure 9a illustrates that “formal” charges do not
always adequately describe the charge state of a metal in a compound. For example, the
“formal” oxidation state of Pt in PtTe, (moncheite) and PtAs; (sperrylite) is +4, whereas in
PtS (cooperite) the “formal” oxidation state of Pt is +2. However, it follows from Figure 9a
that the calculated partial atomic charge located on Pt in Pt>*S greatly exceeded the partial
charge of Pt in Pt**Te; and Pt** As;. The reason for these discrepancies arises from the
different degrees of ionicity in the crystals. The approach of the “formal” oxidation states
works well for the ionic crystals and is incorrect for the covalent bonding.

Figure 9b shows that the impact of the ligand-to-Pt ratio on the charge state of Pt
depends on ligand electronegativity. For the mostly covalent bonding (the electronega-
tivities of Pt and ligand close to each other), the slope weakly depends on the number of
the ligands (PtTey case). The greater the difference in the electronegativity, the sharper the
slope q(Pt) vs. n(L)/n(Pt), and the larger the absolute value of the Pt partial charge. For the
ligands-electron acceptors (L) (x(L) > x(Pt)), the overall valence electron density shifts out
of Pt and the slope q(Pt) vs. n(L)/n(Pt) was positive (PtS, case). When x(L) < x(Pt), the
slope is negative because the larger number of ligands-electron donors yield more valence
electrons localized at the Pt site (the case of intermetallic compounds).

qoDECs(Pt) = —5.41 +3.47 x x — 0.46 x X*
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of the ligand Y is given for each compound group.

4.2. XANES Spectra Parameters

After analyzing the partial atomic charges given in the previous section, the general
trends of the Pt charge state as a function of a compound’s chemical composition were
revealed. The details of the distribution of the electron density can be retrieved from X-ray
absorption spectroscopy results. In the present study, we recorded the spectra of Pt L1 » 3-edges.
These absorption edges were mostly related to the following electronic transitions: 2s — 6p
(L1-edge) and 2p — 5d (Lp 3-edges) (Supplementary Materials D). Accordingly, the parameters
of the L--edge spectra (i.e., the white line intensity and area) were related to the density of
Pt 5d and hybridized 6sp states. Lytle et al. [6] found that the intensity and area of the white
line at L3 was proportional to the number of vacancies in the d states. The authors compared
the white line area at the L3-edge for metallic Au, Pt, and Ir, as well as their compounds. We
found that the white line area increased when the difference in the electronegativity between
the metal absorber atom and the ligand increased. Mansour et al. [7] suggested a method for
quantitatively evaluating the number of vacant d states on the basis of L, 3 absorption edge
spectra analysis. In this method, the total X-ray absorption coefficient is comprised of the
contributions that arise due to the transition of unoccupied d states and contributions that
arise due to all other transitions. The second contribution is difficult to evaluate and, therefore,
the method of Mansour et al. [7] determines that the changes in the white line areas (and the
number of vacant d states) is relative to the pure metal. The total number of holes (vacancies)
in the d orbitals was thus evaluated using the relative white line area at L, (d3,, orbitals) and
the difference between the scaled areas at L3- and Ly-edges (d5,, orbitals). The exact number
of vacant d states is of little interest for geological sciences (although, if necessary, it can be
calculated using the spectra presented in Supplementary Materials B). Besides, geological
samples often are diluted with respect to the studied element, and the record of good quality
Ly-edge spectra is possible. Therefore, in the present study we did not attempt to provide a
quantitative evaluation of the unoccupied density of d states, but instead concentrated on the
empirical correlations between the parameters of the L; ; 3-edges spectra vs. the calculated
partial atomic charges of Pt and ligand electronegativities.
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Figure 10 summarizes the data on the intensity of the L; » 3-edges for all the studied
samples. In groups PtChal, and PtPn;, the white line intensity at all the absorption edges in-
creased when ligand electronegativity increased. This is a “normal” behavior of the spectral
features as it implies an increase in the number of vacancies of the valence 54 and 6p or-
bitals of Pt when ligand electronegativity increases. The groups of intermetallic compounds
Pty Sny, PtyGay, and PtyIny exhibit apparently anomalous behavior: the white line intensity
at the L, 3-edges (the number of electronic vacancies (holes) in d orbitals) increased when
the number of ligands-electron donors increased. Similar behavior was observed in Au-Cu
alloys (cf. [8]). It was found that there was a loss of d electrons at the Au site when Cu
concentration increased despite higher Au electronegativity (x(Au) = 2.54 vs. x(Cu) = 1.90).
By means of combining the data obtained using X-ray absorption spectroscopy, X-ray pho-
toelectron spectroscopy, and Mossbauer spectroscopy, were determined that the decrease
of the number of d electrons at the Au site was overcompensated by a gain of s-p-like
electron density. As a result, the total electron density at the Au site increased when Cu
(electron-donor) concentration increased, which is in accord with the electronegativity rule.
Kuhn and Sham [8] described the charge redistribution upon alloying in the Au-Cu system
in the framework of the charge compensation model. They evaluated the loss of 54 Au
electrons and the conjugated gain of combined s-p (mostly 6s) ones. Our results showed
that the charge compensation scheme can be applied to Pt-bearing compounds. As can be
seen in Figure 10, in the groups of intermetallic compounds Pt,Sn,, and Pt,Gay, the increase
of the white line intensity at the L 3-edges (transitions to 5d states) was accompanied by
a decrease of the L;-edge white line intensity (transitions to 6p states). Therefore, like the
Au-Cu system, the increase of the total electron density at the Pt site can be supported by
the conduction 6sp electron density gain.

The white line parameters determined in the present study can be compared with the
published values. Lytle et al. [6] determined the difference in the Pt L3-edge white line area be-
tween PtO, and Pt as AA(PtO;) = 8.4 eV. In the present study, the value of AA(PtO;) = 8.8 eV
was obtained from the area of the Lorentzian function. The values were in exceptionally good
agreement despite the use of different calculation methods. Lytle et al. [6] integrated the area
under the normalized spectra in the vicinity of the white line, whereas in the present study
the normalized spectra were deconvoluted to arctangent and Lorentzian functions, and the
area of the Lorentzian function was assigned to the white line area. Our attempt to reproduce
the calculations of Lytle et al. [6] and to calculate the difference between the total areas under
the white lines of PtO, and Pt (integration limits —10 to +10 eV from the absorption edge,
Supplementary materials C, Table C5) yielded AA(PtO;) = 3.7 eV. The disagreement can be
explained by the differences in the normalization method, integration limits, and integration
method. In view of good agreement between the area of Lorentzian function (this study) and
AA(PtO;) value of Lytle et al. [6] and the simplicity of our method, the use of the Lorentzian
to model the white line behavior was the best choice for the purposes of the present work. We
again noted that we did not attempt to calculate the exact number of d-holes, but developed
empirical correlations between the parameters of the partial Pt atomic charges and XANES
spectral features.

Figure 11a,b shows the effect of the compound stoichiometry on the white line param-
eters. In the figure the Pt L3-edge, white line intensity (a) and area (b) were plotted as a
function of the ligand-to-Pt ratio. In all the studied systems (Pt-S, Pt-Te, Pt-Ga, Pt-S5n, and
Pt-In) an increase of the number of ligands per Pt atom caused the increase of the white
line parameters that corresponded to the loss of the 54 electrons. The “anomalous” positive
trends in Figure 11a,b for the ligands and electron-donors (x(L) < x(Pt)) were not in line
with the “normal” negative trends for the Pt partial atomic charge observed for the same
compounds in Figure 11b. As we noted above in the discussion of Figure 10, this incon-
sistency can be explained by the charge compensation model. According to the model, a
decrease of the number of d electrons was overcompensated by the gain of the s-p electrons.
As a result, the total electron density at the Pt site grew with the increase of the number of
ligands-electron donors (Te, Ga, Sn, In), as required by electronegativity arguments.
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4.3. The Charge State of Pt in Pyrite

The results obtained for the PtChal, group—i.e., the correlations between intensity
and white line area, as well as the Pt DDEC6 charge—were used to predict the Pt charge
in synthetic Pt-bearing pyrite crystals. Filimonova et al. [36] found that Pt can substitute
for Fe in the structure of pyrite with the formation (Fe;_yx Ptx)S; solid solution. In the
present study, the Pt L3-edge white line parameters were determined from the spectrum of
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Pt-bearing pyrite (0.24 wt.% Pt), adopted from [36]. The partial atomic charge of Pt in this
sample equaled +0.42 e (+0.44 e) according to our correlation model (Figure 12).
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Figure 12. Plot showing the estimated DDEC6 charge of Pt in pyrite (star) using the experimental linear correlation between
the white line intensity (a), area (b) and the DDEC6 charge of Pt.

To verify the experimental data, the atomic geometry optimization of Pt-bearing
pyrite was performed using the DFT method. The Pt DDEC6 charges were calculated
for the relaxed structure. The calculation results are given in Table 4. A good agreement
was observed between parameters of the calculated geometry of Pt-bearing pyrite and
results of the EXAFS analysis [36]. The difference between the DFT and EXAFS-based
interatomic distances of the nearest three shells of Pt was less than 2%. The Pt DDEC6
charge in the simulated pyrite structure was +0.43 e, and was in excellent agreement
with the experimental results. Note that the positive charge of the nearest to Pt atoms of
Fe, which were located in the 2nd coordination shell, was close to the Fe charge in pure
FeS,. The calculations of the white line area and the Pt partial charge performed with
MATHCAD program are given in Supplementary materials C, Tables C4—C6. In this case,
the best agreement with the DFT calculations was observed for the integration limits from
—10to +10 eV (qpprcs(Pt)= +0.38 e) and —10 to +13 eV (qpprcs (Pt)= +0.48 e), relative to the
edge energy determined as the inflection point of the arctangent function. We would like to
note, however, that the results of this integration method are sensitive to integration limits.

The results obtained for the Pt-bearing pyrite justified the correlations developed in
the present study. These results also confirmed the data provided by Filimonova et al. [36],
who found that the state of “invisible” Pt in pyrite can be different from PtS,. According
to DFT calculation results (Table 4) and the correlations based on the Pt partial charge in
chalcogenides (Figure 12), the Pt partial charge in PtS; (+0.47 e) is different from the Pt
partial charge in the pyrite solid solution (+0.43 e). This small but noticeable difference
means that the local atomic environments of Pt in PtS, and pyrite are inequivalent.
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Table 4. Results of determination of the charge state of atoms in pure and Pt-bearing pyrite.
Supercell Parameters Bond Length (R), A
Source . . M-S (N = 6) M-S M-Fe DDEC6 Charge
a A % M = Fe, Pt (N=8) (N=12)
FESZ
PDF-4+ 2018, 3.4463 and 3.6132
400-042-1340 10.8358 90 2.2644 (N = 6and 2) 3.8310 -
3.463 and 3.575 +0.16 (Fe)
DFT 10.8126 90 2.2532 (N = 6 and 2) 3.823 0.08(S)
Pt-bearing FeS;
3.501 and 3.571 3.830 and 3.842 +0.43 (Pt)
DFT 10.8283 90 2.387 (N =6and 2), (N =6and 6), +0.18 (Fe)
aver.!—3.519 aver.!—3.836 —0.11 (S)
2 _ _ +0.42 (Pt, IW.L.)
EXAFS data 2.35 + 0.01 3.47 +0.08 3.81 £ 0.02 +0.44 (Pt, Syp )

1

aver. = average value (averaged over two coordination spheres). 2 EXAFS data from [36]. Atomic charges determined from the correlations

of white line parameter vs. charge (Figure 12a,b).

5. Conclusions

The charge state of Pt in compounds with chalcogens (O, S, Se, Te), pnictogens (As,
Sb, Bi), and in intermetallic compounds with Sn, Ga, and In was studied via quantum-
chemical calculations (QTAIM and DDEC6 methods) and XANES spectra analysis. The
quantum chemical calculations were used to reveal the general trends between the partial
atomic charge of Pt vs. ligand electronegativity. The analysis of the XANES spectral features
enabled to determine the effect of the ligand type and the compound stoichiometry on
the charge transfer between electronic shells. The Pt partial charge increased when ligand
electronegativity increased, but the slope of the correlation lines depended on the phase
stoichiometry. The Pt partial charge increased sharply when ligand electronegativity for
PtL, compounds grew, compared to PtL. The XANES spectroscopy demonstrated that the
number of 5d (L 3 absorption edges) and 6p (L1-edge) electrons at the Pt site decreased
when ligand electronegativity increased in the groups of chalcogenides and pnictides,
which was consistent with the electronegativity arguments. However, the changes of the
white line parameters at Pt L3-edge as a function of a substance stoichiometry followed
the trend opposite to the electronegativity rule. In all of the studied compounds, the
number of ligands increased per Pt atom, which was a result of increased white line
intensity and area. These changes indicate the increase of the number of d-shell vacancies
with the increase of the number of ligands, including the ligands—electron donors (Te,
Sn, Ga, In), for which the opposite trend is expected. These findings can be explained
by the charge compensation model (e.g., Watson et al. [37], Kuhn and Sham [8]). The
loss of the Pt d electrons in compounds with low ligand electronegativity (x(Pt) > (x(L) is
overcompensated by the gain of the hybridized s-p electron density, which was traced by
changes in the L1-edge spectra parameters. As a result, the overall electron density at the
Pt site followed the electronegativity rule. The correlation between the Pt partial charge in
chalcogenides and the XANES parameters were used to determine the charge state of Pt in
pyrite. The established correlations between the parameters of the spectral features and the
Pt partial atomic charge can provide a simple tool to determine the states (electronic state
and geometry at atomic level) of Pt in natural minerals of different composition.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/1/79/s1, Supplementary Materials A: Parameters of the Pt L; ; 3-edges spectra: energy range
recorded during the experiment, parameters of background correction and normalization of the spec-
tra (Supplementary materials A1); details of DFT calculations (Supplementary materials A2); initial
crystallographic data and results of DFT calculations of the Pt partial atomic charges (Supplementary
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materials A3); the Pt L;-edge XANES spectra, results of the spectra analysis, and correlations between
parameters of the spectral features and partial atomic charges (Supplementary materials A4); the
Pt L, XANES spectra, results of the spectra analysis, and correlations between parameters of the
spectral features and partial atomic charges (Supplementary materials A5); correlations between
the parameters of the Pt L3 spectral features and DDEC6 and Bader charges of Pt (Supplementary
materials A1-Al4). Supplementary Materials B: The Pt L 5 3-edges spectra in the format of Athena
projects. Supplementary Materials C: Results of XANES Pt L3 spectra deconvolution (Supplementary
materials C1); parameters used for the white line area calculation using MATHCAD program and
the calculation results (Supplementary materials C1-C6). Supplementary Materials D: Results of
FDMNES calculations of the Pt L; » 3-edges spectra of PtS,.
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