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Abstract: Colorless transparent single crystals and white polycrystalline powder samples of PtzIn14GazOsFis
were obtained by heating a mixture of stoichiometric amounts of Pt, In, InF3, and Ga,Os, in a Pt crucible
under Ar at 600 °C. The new oxyfluoride crystallizes in a new structure type in the trigonal space group
R3m (No. 166) with a = 709.0(6) pm, ¢ = 4556.4(3) pm, and Z = 6 with characteristic building units of
Ptlne octahedra (Pt—In = 255—257 pm), GaFs octahedra (Ga—F = 189 pm), and GaO, tetrahedra (Ga—0O
= 186—187 pm). This oxyfluoride consists of a highly positive 18-electron complex [Pting]*** as well as
low-valent In™ ions. Electronic band structure calculations for Pt;In14GasOsF1s and molecular orbital (MO)
calculations for [PtIng]'°* were carried out to analyze the electronic structure of [PtIng]*°* and estimate the
oxidation state of Pt. Our analysis indicates that the oxidation state of the Pt atom in [PtIng]'°" is negative
rather than positive. For other octahedral cluster cations of main group elements stuffed with a transition
metal atom (e.g., [RuSng]*** and “[IrBig]***") as well, we showed that the oxidation state of the transition

metal atom is most probably negative by studying their electronic structures.

1. Introduction

in K4LagOsh4.%° Similar cluster compounds containing fluoride

There are several kinds of interesting octahedral cluster i0ns are difficult to obtain because volatile compounds are
compounds. Some halides and chalcogenides have octahedrdPrmed during synthesis and because, compared with phases

clusters made up of transition metal atolsyhile some oxides

containing metals in high oxidation states, reduced phases are

and halides have octahedral clusters of main group elementsMuch less stabl€ Therefore, it is not surprising that b s't

that are stuffed with a transition metal atom, e.g., RLUBRUs-
SI’\_'|_50143 and RUSd(A| (1/3)_XSi3x/4)O4]2 (0 =X= 1/3),4 Ptlng
in Pting(GaQy),,> and IrBis in BizlraBrs7.® The compounds K-
InoM (M = Ni, Pd, Pty consist of isolated Ml clusters in

had been the only known fluoride-containing metal clusters for
a long time, and other examples such as 2 and Pt-
In22F40,5% which contain Ptlgoctahedral clusters found in Pgin
Ga0g, have been discovered only recently. Our effort to prepare

which each transition metal M is encapsulated in the distorted, @ 0xyfluoride containing the elements Pt and In has led to a

tetracapped trigonal prism 4 Some halides have octahedral

new-phase Bin;4Ga;OgF15 that has not only low-valent thions

clusters of rare-earth elements stuffed with a transition metal Put also highly positive [Pt)**" ions as found in PtliGa0s,

atom, e.g., OsRiin CsPrOsh#® and K4Prgl 14,02 and OsLa

T Max-Planck-Institut fu Festkoperforschung.
*North Carolina State University.
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PtinzF13, and PtlnaoF40. In the present work, we first describe
the synthesis and the crystal structure determination 24
Ga&0gF15 and then analyze the electronic structure ofrii-
Ga0gF15 and that of the [Ptlg)1°" cation to find that the Pt
atom of the highly positive cation [P§[%" has a negative
oxidation state rather than a positive oxidation state. For other
highly positive octahedral cluster cations of main group elements
stuffed with a transition metal atom, we show that the transition
metal atom most probably has a negative oxidation state by
investigating the electronic structures of the [Rg]S cation

(10) Johnson, D. ASome Thermodynamic Aspects of Inorganic Chemigtrgy
ed.; Cambridge University Press: Cambridge, U.K., 1982.
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of RUSR{(Al 1/3-xSizy4)O4]2 and the “[IrBig] 11+ cation reported
to be present in BilrsBrsz, which consists of three IrBi
octahedra, one Bioctahedron, and two Bisquare pyramids
per formula unit.

2. Experimental Section

2.1. Synthesis.Carefully dried Ink (p.a. Merck) was first mixed
with Pt powder (p.a. Merck), In powder (Alfa, 99.99%, 325 mesh),
and GaO;s (Alfa, 99.99%) in stoichiometric amounts. The mixture was
ground in an agate mortar to a gray colored powder under Ar. Then

the powder was pressed to a pellet, sealed under Ar in a Pt tube, andF(Z)

heated for 14 days at 60C. After cooling to room temperature (1
min), colorless transparent crystals ofIR{,GaOsF15 with a platelike
trigonal habit were found. Pure powder samples ghi2Ga:0sF1s were
obtained by heating the pellets at 600 for 3 days, cooling to room

Table 1. Positional Parameters and Isotropic Displacement
Factors (pm?) for PtyIn;4GazOgFis 2
atom  Wyckoff position X y z Uso
Pt(1) & 1/3 2/3 0.0631(1) 0.0057(1)
In(1) 1&h 0.1639(1) 0.3278(1) 0.0299(1) 0.0081(2)
In(2) 1&h 0.9949(1) 0.4974(1) 0.0955(1) 0.0142(3)
In(3) 6c 0 0 0.1511(1) 0.0475(1)
Ga(l) Ks) 0 0 1/2 0.0074(7)
Ga(2) & 2/3 1/3 0.0329(1) 0.0065(4)
0(1) 1&h 0.8094(6) 0.6189(9) 0.0191(2) 0.009(1)
0(2) 6c 2/3 1/3 0.0740(3) 0.012(3)
F(1) 1&h 0.8238(8) 0.6475(9) 0.1134(2) 0.034(3)
6c 0 0 0.0544(3) 0.014(3)
F(3) 3 0 0 0 0.009(4)
F(4p 36 0.1610(20) 0.2456(15) 0.4757(2) 0.028(5)

aThe space group iB3m, and the cell parameters aae= 709.0(6) pm

temperature, grinding again, pressing a pellet, and heating for another@nd¢ = 4556.0(2) pm? This position is only half-occupied.

3 days at 600C. PtIn;4GaOsF1sis stable in air and insoluble in diluted
HCI.

The elemental analysis of a powder sample eff?iGa;OgF15 with
ICP!* gave a Pt/In/Ga ratio of 2.0(1):14.0(1):2.9(1). For the determi-
nation of the O/F content, wavelength-dispersive X-ray (WDX) analyses
were performed on a single crystal otRi4GaOsF15. The result (4.6
mol % Pt, 34.9 mol % In, 7.0 mol % Ga, 18.7 mol % O, and 34.8 mol
% F) is in excellent agreement with the formulalRLGa0sF:s
especially concerning the O/F ratio of 8:15. Standard deviations for

the WDX analysis cannot be given because they depend on the atomic
weights of the elements and the orientation of the crystal. Standard

deviations can be estimated only when similar compounds with known

corresponding element ratios and crystal orientation are measured for

comparison.

2.2. Structure Determination. The single-crystal X-ray investigation
was performed on a four-circle diffractometer (CAD4, Nonius) using
Ag Ka radiation (graphite monochromator). The intensities were
corrected for Lorentz and polarization effects, and a semiempirical
absorption correction was applied on the basigyedcans. Table S1

summarizes the crystallographic characteristics and the experimental

conditions of the data collection and refinement. All calculations were
performed using SHELX progranis6 Atomic scattering factors and
anomalous dispersion corrections were taken from the “International
Tables for X-ray Crystallography””.

The structure of Bin,4Ga0gF15 was solved in the space groupmR3
(by direct methods and refined against #edata to residuals wR2
0.088 for all 1653 reflections, R% 0.054 for 1210 reflections with
> 20(1)) with anisotropic displacement parameters for all atoms (see
Table 1, Table S1, and Table S2). The final refinement has been

performed with a particular ordering of O and F, because this ordering RuSH cluster of RUSH(AI
is required according to bonding analysis (see below). That the chosen uSn cluster of RuSH(

O/F ordering is reasonable is also indicated by loWwevalues of
approximately 2% with respect to a refinement with the statistical
distribution of O and F on all sites.

The thermal parameters of F(3) are highly anisotropic, Ugs,is
approximately five times larger thad;; and Uy, (Table S1). This
suggests a displacement of F(3) along thexis, i.e., the 3-fold
rotational axis of the In(%)octahedron containing F(3) at the center,
but no off-center position could be refined (see below). Furthermore,
F(4) lies on a split position with half-occupancy as a consequence of
the mirror plane perpendicular to theaxis inR3m. Although precession
photographs clearly indicate that.Pt,GaOsFi5 crystallizes in a

(14) Buresch, O.; Schnering, H. G. Fresenius’ Z. Anal. Chen984 319,
418

(15) Sheldrick, G. M.SHELXS-86,Program for the Solution of Crystal
Structures; University of Gtingen: Gitingen, Germany, 1986.

(16) Sheldrick, G. M.SHELXL-97 Program for the Refinement of Crystal
Structures from Diffraction Data; University of @&mgen: Gitingen,
Germany, 1997.

(17) Hahn, T., EdInternational Tables of Crystallographyol. A, 4th ed.;
Kluwer: Dordrecht, The Netherlands, 1995.
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trigonal rhombohedral space group with Laue group Bfinements

in subgroups oR3m (e.g.,R3 or R32) under the inclusion of possible
twinning did not give better results. Table 1 presents the final results
for the refined atomic positions and isotropic displacement factors for
PtIn14Ga;0sF1s5.18

2.3. Magnetic Susceptibility MeasurementThe magnetic suscep-
tibility of a sample of Piin14Ga0gsF15 was measured using a SQUID
susceptometer at a constant external magnetid 6€eT as afunction
of temperature. The measurements show thatnRGa0gFis is
diamagnetic with a susceptibility 6f3.6 x 10~* emu/mol. The latter
is in reasonable agreement with the value expected from the diamagnetic
contributions of the constituent atoms*(Q—12 x 10°% emu/mol; F,

1.1 x 107° emu/mol; G&"; —8 x 106 emu/mol; Irf*, =19 x 10°°
emu/mol; Pt", —28 x 10°® emu/mol)*®

2.4. Electronic Structure Calculations. Self-consistent linear
muffin-tin orbital (LMTO) electronic band structure calculations were
performed using the program tight-binding LMTO Version # Here,
the density functional theory is used with the local density approxima-
tion in the form of the LMTO method in the atomic spheres
approximatior? All k-space integrations were performed with the
tetrahedron method using 3R@oints within the Brillouin zon&? The
basis sets consisted of 5s/5p orbitals for In, 4s/4p orbitals of Ga, 2s/2p
orbitals for O and F, and 5d/6s/6p orbitals for Pt. The 5f orbitals of Pt,
the 5d/4f orbitals of In, the 4d orbitals of Ga, and the 3s/3d orbitals of
F and O were dealt with the down-folding technidfdereating the
inner electrons as a soft core. The interatomic space was filled with
interstitial empty spheres such that the overlap between adjacent spheres
does not exceed 18%.

The electronic structures of the Pileluster of Piln;4sGaOgF1s, the
1/37XSi3x/4)O4]2, and the |I’B&, Ble and Bh
clusters of BialrsBrs; were calculated by extended kel tight-binding
calculationg* The structures of the PYnRuSr, and IrBi clusters
were taken to be regular octahedra using the average iighd
bond lengths. In a similar manner, the structures of thealdd B
clusters of BirsBrs; were taken to have the, andC,, point symmetry
groups, respectively. The Ru 4d, Ir 5d, Pt 5d, In 5s/5p, Sn 5s/5p, and

(18) Further details of the crystal structure investigation may be obtained from
the Fachinformationzentrum Energie, Physik, Mathematik, D-76344 Egg-
enstein-Leopoldshafen 2, on quoting the depository number CSD-414555,
the names of the authors, and the journal citation.

(19) Selwood, P. WMagnetochemistn2nd ed.; Interscience: New York, 1956.

(20) Andersen, O. KProgram Tight-Binding LMTQVersion 4.7; Stuttgart,
Germany, 1994 (last update 2004).

(21) (a) Andersen, O. KPhys. Re. B 1975 12, 3060. (b) Andersen, O. K;
Jepsen, OPhys. Re. Lett. 1984 53, 2571. (c) Jepsen, O.; Andersen, O.
K. Z. Phys. B1995 97, 35.

(22) Jepsen, O.; Andersen, O. Bolid State Commuri971, 9, 1763.

(23) Jepsen, O.; Andersen, O. K. Snob, INhearized Band-Structure Method
in Electronic Band Structure and Its Applicationecture Notes in Physics;
Springer: Berlin, 1987.

(24) Our calculations were carried out by employing the SAMOA (Structure
and Molecular Orbital Analyzer) program package (Dai, D.; Ren, J.; Liang,
W.; Whangbo, M.-H. http://chvamw.chem.ncsu.edu/, 2002).
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Table 2. Interatomic Distances (pm) of PtzIn14sGazOgFis

Pt-In(2) 254.8 (%) In(3)—F(4) 316.8 (X)
Pt—In(1) 257.4 (%) In(3)—F(4) 334.6 (&)
In(1)—0(1) 224.8 (X) In(3)—F(1) 368.0 (X)
In(1)-0(1) 226.0 In(L-In(1) 360.3 (%)
In(1)—F(2) 230.4 In(1y-In(2) 364.4 (%)
In(1)—F(3) 243.0 In(2)-In(2) 359.7 ()
In(2)—F(1) 213.5 (X) Ga(1)-F(4) 188.7 (&)
In(2)—F(4) 222.8 Ga(2y0(1) 186.1 (X)
In(2)-0(2) 225.2 Ga(2)0(2) 184.9
In(3)—F(1) 276.4 (X)

Bi 6s/6p orbitals were represented by doubl&later type orbitald®
The atomic parameters used for calculations are summarized in
Supplementary Information Table S3.

3. Crystal Structure

09 g
I

09 @
9

3.1. Local Coordination Environments. Initially, the dis-
tribution of O and F at the six different anion sites ofIR{s-
Ga0gF15 was not straightforward, although there were some
hints from the refinements. From the WDX analysis of single
crystals and the synthesis of pure powder samples, it became

The O/F ordering was determined by analyzing the-Ga
and Ga-O bond distances (Table 2). Ga(1) is coordinated by
to those of other hexafluorogallates, e.g., 4881 pm in Lg- 09 @ o
GakR.?® F(4) lies on a split position, and therefore two
typical Ga-O bond, e.g., GaO = 201.2 pm in the Ga@®
octahedra of G#s.2” Ga(2) is coordinated by three O(1) atoms
respectively, which lie within the range found for other
o-gallates, e.g., lNa,GaQ, and CskGaQ,,28 in which the Ga
one O(2) sites by F is not reasonable because this would result
in unrealistically long Ga(2)F distances. In addition, no 2 o
Ga prefers to have a six-coordination with F. The F(1), F(2), A P 09 -] =)
and F(3) atoms are only connected to In. Under the assumption c
that these sites are 100% occupied by F atoms, the analytically ° °
determined ratio O/F= 8:15 is obtained.

As depicted in Figure 1, Bh;,GasOgF15 crystallizes in a new
structure type, whose characteristic building units are ¢PtIn . o9 09
octahedron consists of three In(1){Pt = 254.8 pm) and three b
In(2) atoms (PtIn = 257.4 pm). The short Pin distances Figure 1. Perspective view of the crystal structure oblR14GaOgF1s.

represented by red, green, and blue polyhedra, respectively. The green circles
Ptin;F1312 (253.0 and 254.7 pm) and P¢Ba0s° (253.5 pm) represent the F atoms, the blue circles the O atoms, and the yellow circles
with six-coordinate Pt, e.g., LaPt#9 (Pt—In = 269 pm) and . .
SKPEING0 (Pt—In = 265 pm). The [Ptlg clusters are slightly are only slightly longer than those in elemental In (3238
m

of each [Ptlg] octahedron) with In(1)}In(1) and In(2)-In(2) h Eacg T(l) is surrog_r;ded b%’ ?nz P_t’ one F(l)c;l 0<an F(3). algd
distances of 360 pm and In()n(2) distances of 364 pm, which three O(1) atoms, while each In(2) is surrounded by one Pt,

clear that the O/F ratio should be close to 8:15.
six F(4) with bond distances of 189 pm, which are comparable ‘ ‘ ‘
orientations of the Gafoctahedra are possible. The occupation ‘ i
of the F(4) anion site by O is unrealistic, because the resulting
Ga—O0 distance of 189 pm would be much shorter than the
and one O(2) atom with GaO distances of 186 and 185 pm, Y 9
atoms are also four-coordinate. The occupation of the O(1) and
fluorogallate with tetrahedrally coordinated Ga is known because
octahedra, Gafoctahedra, and GaQetrahedra. Each Pin
are comparable to those found for the Rtictahedra in The [PtIns]1°" octahedra, [Gadf®~ octahedral, and [GafP~ tetrahedra are
but are significantly shorter than those of intermetallic phases the In* ions.
elongated along the-axis (i.e., along the 3-fold rotational axis )-
one O(2), one F(4), and two F(1) atoms. Thus, as depicted in

(25) Clementi, E.; Roetti, CAt. Data Nucl. Data Table4974 14, 177. Figure 2, each Pthoctahedron is surrounded by 12 O and 15

(26) Kohler, J.; Tyagi, A. K.Z. Kristallogr. 1999 214, 25. ;i

(27) Geller. 5.3. Chern. Phys1960 33, 676. F atoms to .form a [Ptlg]O12F15 unit. In PtIn;Flgl each Ptlg .

(28) (a) Kdhler, J.; Hoppe, RZ. Anorg. Allg. Chem1982 495, 7. (b) Kéhler, octahedron is surrounded by 24 F atoms. The high number (i.e.,
J.; Hoppe, RZ. Anorg. Allg. Chem1984 511, 201. B R

(29) Galadzhun, Y. V.; Rtgen, R.Z. Anorg. Allg. Chem1998 625 481. 27) of ligands around each Pgloctahedron in Bin;/Ga;OgF1s

(30) Hoffmann, R.-D.; Pigen, R.Z. Anorg. Allg. Chem1998 625, 994. can be understood because the ratio of the averagénin
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Figure 2. Perspective view of a (P#JD12F15 cluster in Piin14Ga;OgF1s.
The Pty octahedron was highlighted by a polyhedral view. The dark red
spheres correspond to the In(1) atoms, the light red spheres to the In(2)
atoms, the green spheres to the F atoms, and the blue spheres to the O
atoms.

(e) (H
Figure 4. Schematic views of the coordination environments of (a) O(1),
(b) O(2), (c) F(1), (d) F(2), (e) F(3), and (f) F4 atoms. Open circles
correspond to O and F, respectively, gray circles to In, and black circles to
Ga.

Figure 3. Perspective view of a In(3)5polyhedron (point symmetrgs)
in Ptin14Gas0gF15 together with the In(3) F distances. In(3) is represented
by a gray circle and the F by open circles.

9

distancg to the average-(O,F) distance is large~1.6). As a Figure 5. Perspective view of a [F(3)khoctahedron where the thermal
comparison, we note that each {\fluster of reduced oxonio- ellipsoid of F(3) is elongated along the 3-fold rotational axis of the

bates has 18 O ligands, and the ratio of the-Ntb to the N-O octahedron parallel to the crystallograpigiaxis. The thermal ellipsoids
average distance is1.4. In clusters of the WKgXg type (e.g., are represented with a factor of 3.94.

Nbgl11 39, the M—M/M —X ratio is smaller ¢1.0), allowing . . .
for space only for 14 ligands around each bttahedron. octahedra with a FIn distance of 243 pm (Figure 4e). However,

In(3) is located in a large cage made up of 15 F atoms (Figure its thermal parameters indicate an off-center position toward a

3). The cage can be described as a distorted cuboctahedron irtlnangular face of this octahedron, and as a result the red

. X . distance should be slightly smaller than that calculated from
which one triangular face of three F(4) atoms is opened so that . o . .

o . . the refined positional parameters (Figure 5). Finally, F(4) has a
additional three F(1) atoms coordinate the In(3) atom with the short bond of 189 pm to Ga(1) and is further surrounded b
In—F distance of 368 pm. Other +F distances of this cage P y

one In(2) and two In(3) (Figure 4f).
are 275 k3), 317 (x3), and 334 «6) pm. (For further . . 1ot N
discussion, see section 4.2.) 3.2. Highly Positive [PtIng]1%" and Low-Valent In* lons.

O(1) and O(2) are each tetrahedrally coordinated: one Ga- The bond valence sum calculated for In(3) on the basis of its

— i 2 1t i i
(2) and three In(1) atoms around O(1) (Figure 4a) and one Ga./N—F bonds is 0.892 It is therefore reasonable to assign the

(2) and three In(2) atoms around O(2) (Figure.4bach F(1) ?hmdathn statethl ft? tgellnr(}f_S)h?tom_s. '?‘S s.hO\_i_VrT '? E'gurﬁ} 3
lies in an In triangle made up of one In(3) and two In(2) atoms e environment of In(3) is highly anisotropic. The latter allows

with F—In(2) = 211.5 pm and Fin(l) = 274.8 pm. One ]Ehe m"l"”g of the .5';’ gfb'tt’;'st;_"to tt.he Sfthorb'tals at In(3) to
additional In(3) lies above this triangle at the distance of 368 orm a ione pair pointed in thé direction ot the more open space,

pm to F(3) (Figure 4c). Each F(2) atom is coordinated to three the_reby I_ow_erlng its energy. The existence of _Iow-valer‘mm
In(1) atoms to form a Flatrigonal pyramid with F-In = 231 a highly ionic compound such as;Pt.(Ga0sF1s is remarkable

pm (Figure 4d). Each F(3) is located at the center of an n(1) be_cau;e binary fluorides and oxides containing In atom.s of
octahedron, all In atoms of which belong to different Btin oxidation state less thah3 are nearly unknown. All synthetic

efforts to reduce Infor In,O3 with hydrogen or elemental

(31) Simon, A.; Schnering, H. G. v.; Stiea, H. Z. Anorg. Allg. Chem1967,
355 195. (32) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
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Figure 6. Electronic structure of Rin;4GaOgF15 obtained from LMTO calculations: (a) total DOS, (b) PDOS for the Pt 5d orbitals, (c) PDOS for the Pt
6s orbitals, (d) PDOS for the Pt 6p orbitals, (e) PDOS for the 5s orbitals of In(1) and In(2), and (f) PDOS for the 5p orbitals of In(1) and In(2). The Fermi
level is indicated by a dashed line. The PDOS plots were calculated for one Pt, three In(1), and three In(2) atoms so as to represent the cootnibutions fr

one [PtiR]1%* cation.

indium, which date back to the 19385swere not successful. It
has taken approximately 6 decades to discover l#Bthe first
complex fluoride containing M (The demarcation of a
coordination sphere for a lone pair atom such asigoften
not straightforward. For example, one might ask whether only
the three closest F(1) atoms with-tR = 276 pm should be
counted as ligands. Although "inis a very large ion and
comparable in size to Csor TI*, it should be mentioned that
a high coordination number is usually found in intermetallic
phases. Only in salts of the type RREW, 3° has a coordination
number higher than 12 been observed.).

Using the oxidation state$3 for Ga,—2 for O, —1 for F,
and+1 for In(3), the ionic electron counting for R;4Ga0gFi15
can be written as ([Pth%")2(InM)2([GaQy]®> ) GaRs]3~ (F)s.
Namely, this electron counting places a charge-@f on each
Ptins octahedron. In view of this high positive charge on a large

The partial DOS (PDOS) plot calculated for the Pt 5d orbitals
is shown in Figure 6b, that for the Pt 6s orbitals in Figure 6c,
and that for the Pt 6p orbitals in Figure 6d. The d-block bands
occur primarily in the region between2 and—5 eV. The Pt
6s orbital contribution is substantial not only in the region of
the d-block bands but also below the d-block bands (around
—6 eV). The Pt 6p contribution occurs in the region immediately
below the Fermi level and above the d-block bands (in the
energy region of 0.0 te-1.8 eV).

The PDOS plot for the 5s orbitals of In(1) and In(2) is shown
in Figure 6e, and that for the 5p orbitals of In(1) and In(2), in
Figure 6f. The 5s orbital contribution is strong in the energy
region between-1.8 and 0.0 eV, while the 5p orbital contribu-
tion in the same region is significantly weaker.

The PDOS plots shown above reveal that the 5d levels of Pt
are practically all filled, hence suggesting tHé& electron count

Ptins octahedron, it is in part understandable that as many asfor pt, i.e., the zero oxidation state for Pt. Furthermore, the

27 anions (i.e., 12 & and 15 F anions) surround each
[PtIng] 1%t cation forming a [PtlglO12F15 unit (Figure 2).

4. Electronic Structure

4.1. Electronic Band Structure of Ptln14GazOgF1s. The
plot of the total density of states (DOS) obtained foslf-
Ga0gF15 by LMTO calculations is presented in Figure 6a,
which shows a band gap of approximately 0.4 eV. Given that
Ptlni4Ga0sFy5 is transparent and diamagnetic, one should

expect a much larger band gap. This underestimation of the

band gap is due to the well-known deficiency of DFT calcula-
tions.

(33) Hannebohn, O.; Klemm, WZ. Anorg. Allg. Chem1936 269, 2.

(34) Fitz, H.; Muler, B. G. Z. Anorg. Allg. Chem1997, 623 579.

(35) Arbus, A.; Fournier, M. T.; Picaud, B.; Boulon, G.; Vedrine, A.Solid
State Chem198(Q 31, 11.

populations of the Pt 6s and 6p orbitals are substantial, so that
the formal oxidation state of Pt is negative. To understand this
observation, it is necessary to examine the MO'’s of an isolated
[PtIng]1%* ion, which is discussed in the next section.

The PDOS plots for the In(3) atoms which are not part of
the Ptly octahedron are shown in Figure 7. The 5s orbital
contribution of these atoms occurs mainly in the region between
—4.5 and—4 eV, and the 5p orbital contribution lies well above
0.4 eV. That there is no significant 5s/5p orbital mixing indicates
a negligibly small stereochemical activity of the lone pair of
electrons of In(3), although the environment of In(3) is highly
anisotropic.

The PDOS plots for the 2s/2p orbitals of the O and F atoms
are not shown for simplicity. Their contributions to the total
DOS occur mainly in the energy region well below-4 eV.
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Figure 7. Electronic structure of Rtini4GasOsF15 obtained from LMTO

calculations: (a) PDOS for 5s orbitals of In(3) and (b) PDOS for 5p orbitals
of In(3). The Fermi level is indicated by a dashed line.
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Figure 8. MO levels of the [Ptlg]1%" cation in P$In14GaOsFis. The
HOMO level is indicated by an arrow.

Thus, the oxidation assignments-e2 for O and—1 for F are
justified, as expected.

4.2. Bonding and Oxidation State of Pt in a [Pting]0"
Octahedron. The essential features of the electronic band
structure of Pin;4,Ga0OgF15 discussed above are explained by
the MO levels of an isolated [PH[#°" ion presented in Figure
8. These MO levels are similar to those already reported in the
study of PtinFi3. In essence, these levels are largely made up
of the Pt 5d/6s/6p and the In 5s orbitals. The linear combination
of the six In 5s orbitals in the octahedron leads to theg
t1,, and g group orbitals’® while the Pt 5d orbitals are divided
into the g and by set. The @ group orbital of I interacts

2282 J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005

Figure 9. Boundary surface density plots calculated for the, Bad 2ag4
levels of [Ptirg]10*.

Figure 10. Boundary surface density plots calculated for thg dred 2¢
levels of [Ptirg]0*.

with the 6s orbital of Pt, leading to the bonding levejgand
the antibonding level 2g(Figure 9). The lglevel has a greater
contribution from the gorbitals of Pt, while the 2glevel has

a greater contribution from the group orbitals of 1g (Figure
10). The t, group orbitals of g make bonding combinations
with the Pt 6p orbitals to form the {ltlevel of [PtIng]1°* (Figure
11). The g4 set of the Pt 5d orbitals make a weak bonding
interaction with the 5p orbitals to form thedtevel of [Pting]*0*
(Figure 11).

The calculated MO levels increase in the ordey, 1&g, layg
<1ty < 2. The [Ptin]1°F ions have 18 valence electrons, so
that the 1g 1ty lag and 1y levels (nine altogether) are
completely filled, while the 2gand 2aq levels are empty. The
Pt 6s orbital contribution in the region of the d-block bands
and below them originates from the;}arbitals of the [Ptlg1°"
ions. The DOS peaks of h14Ga0sF15 lying immediately
above the d-block bands and below the Fermi level (between
—1.8 and 0.0 eV) are related to thelievels of the [Ptlg]1o+
ions. These peaks occur because the symmetry of thePtin
ions is lower than theDy, point group and because R4
Ga0gF15 has more than one [PYR%" ion per unit cell (i.e.,
six). The bottom portion (between 0.4 and 1.2 eV) of the

(36) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HOrbital Interactions in
Chemistry Wiley: New York, 1985.
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Figure 11. Boundary surface density plots calculated for one of the 1t le
and 1ty orbitals of [PtiR]*%". The 1i, and 14 sets each have three g
degenerate orbitals. For simplicity, only one of the three is shown for each
set.

— layg
conduction bands associated with the 5s orbitals of In(1) and rigyre 12. MO levels calculated for the [RugiA* ion of RuSm-
In(2) originate from the empty Zédevels of the [Ptlg]*°" ions. [(Al (1/3)-xSizx2)O4]2. The HOMO level is indicated by an arrow.

On the basis of the MO diagram of Figure 8, we consider ) o )
the electron count and the oxidation state of Pt. For simplicity, 0ut** The report on the possible oxidation stat@ for Pt in
suppose that the 3éevel of [Ptins]* is composed solely of the [Ptin]'°" from the study of PtlfFi3 has stimulated the
the g level of Pt 5d and the iglevel solely of Pt 6s. In this ~ Search for platinides. Indeed, the reaction of the electropositive
ionic electron counting, the electron count for Pt beconiégd  Metals Cs and Ba with Pt powder results in such compounds,
which implies the—2 oxidation state for Pt. As an alternative  €.9., BaPE? CPt3% and CsPE®*
_electron counting, we consider the effect of covalent bonding 5 her Isolated Octahedral Clusters of Main Group
in [Pting]1%*. In the 1agy, 1&, and 1i, levels of [PtI]*°*, the
Pt 6s, 5d, and 6p orbitals make bonding interactions with the _ _ ) )
group orbitals of Ig, respectively. From the viewpoint of In this section we examine other isolated octahedral cluster
covalent bonding, only half of the 12 electrons in these levels cations of main group elements stuffed with a transition metal
should be assigned to Pt. Therefore, these six electrons plusatom; i.e., the [RuSit** cation of RUSK (Al 1/3-xSizea)Os]2 and
the six electrons of the 4flevel lead to 12 electrons on Pt, the “[IrBig]'*™ cation of BisrsBra;. The [RuSg]'*" cation has
again suggesting the 2 oxidation state for Pt. 18 valence electrons as does [RHA". The Mtssbauer stugly

According to the above discussion, the Pt 5d orbitals can be Of RUSRI(Al 1/5-xSisu4) Od]2 SUggests that the Sn atoms are highly
considered as a reservoir for holding 10 electrons, and the©Nic and gley differ from any Sn of known Sn-containing
essential bonding between Pt with its surrounding In ligands COmpounds. If onse were to assign the oxidation state for
takes place by use of the 6s and 6p orbitals of Pt. In other words, 18 SN 1?11 [RuSgl™*", then the oxidation state for the Ru of
the Pt atom of [PtIg1o* behaves like a main group element in [RuSrg]*** would be+2 as well. The MO levels calculated for

i 14+ i i i i

its bonding with the In ligands. Such a picture of bonding was " isolated [RuSg**" ion are depicted in Figure 12, which
also reached in the electronic structure study of the highly SNOWS the orbital sequence;dar 16, 1t 1ig < 26 < 2ayq
negative anions [MIp]®~ found in KiglnigM (M = Ni, Pd, With 18 valence electrons, the levels up te;Hre completely
Pt)7 What is apparently surprising is that this bonding picture filled- The major orbital component of thez3devel is given
arises from the highly positive cation [Pg#*. This picture is bs); the Rul34+d 06rb|tals._ Thus, the OXId_atIOI’l assignment éfSn
unusual from the conventional picture of bonding for transition () @nd Rd™ () requires that the major orbital component of
metal elements, which is based on the interaction between anth€ 13q 1€, and 1iu levels (six levels altogether) is given by
electropositive transition metal and electronegative main group (e Sn 58 orbitals. However, thejale, and 1i, levels have
elements. However, Pt is more electronegative thaH md substantial contributions from the Ru 5s, 4d, and 5p orbitals,
the In 5s level lies higher in energy than the Pt 5d I&¢eh respegtlvely. Therefore, in the sense of covalent glectron
such a case, the traditional ideas of positive oxidation statescPUnting, half the electrons of the.lale, and 1iylevels (i.e.,
for transition metals and completely filled valence shells for SiX €lectrons) may be regarded as belonging to the Ru atom.

; ; ; +oqThese electrons plus the six electrons of thg [Hvel lead to
main group ligands are not appropriate, as has been pointed ) X
group g PProp P Ru*~ (d%?) and hence Sit (s). The true picture may lie

Elements Stuffed with a Transition Metal Atom

(37) hittp:/Awww.webelements.com. between the ionic and covalent descriptions, i.e., close to the
(38) (a) Paradis, J. A.; Whangbo, M.-H.; Kasowski, R.Néw J. Chem1993 oxidation states of Ru(d®) and SA>" (s!9).
17,525. (b) Lee, K.-S.; Koo, H.-J.; Dai, D.; Ren, J.; Whangbo, Ml#trg. . . . .
Chem 1999 38, 340. () Lee, K.-S.; Koo, H.-J.; Ren, J.; Whangbo, M.-H. As already pointed out, BdlrsBrs; consists of three IrBi
J. Solid State Chen1999 147, 11. octahedra, one Bioctahedron, two Bisquare pyramids, and

39) (a) Kdhler, J. Unpublished results. BaPt crystallizes in the NiAs type . R

29) étr)ucmre with sparée group P63/mmg a = 504)_'6 pmc = 541.4 pm, Bayp 37 Br atoms per formula unit. Ruck assigned the charge balance
at (1/3, 2/3, 1/4), and Pt at (0, 0, 0). (b) Karpov, A. S.; Nuss, J.; Wedig, i i 11+ i 12+ i 1+ -
U.; Jansen, MAngew. Chem2003 115 4966;Angew. Chem., Int. Ed. of .BI3‘.‘IrSBr37 as ([IrBig] =")s([Bie] )([.BIS] )Z(Br )a7 a.nd the.
2003 42, 4818. (c) Powder samples of CsPt are characterized by X-ray OXidation statet+3 for Ir. From experimental viewpoints, this
powder diffraction data. The observdeialues (intensities) are 6.19 (65), i i i
524 (10), 3.09 (100) 2.68 (10). 246 (10), 2.22 (50). 2.06 (20). 2.05 assignment appears qqlte unreagonable because |F sugggsts that
(30), 1.94 (20), 1.90'(5), 1.81 (5), 1.73 (20), 1.63 (15), 1.54 (20), 1.44 Ir metal used as a starting material for the synthesis efifgi
(10), 1.35 (10), 1.32 (20), 1.29 (20), 1.21 (15), 1.14 (10), and 1.14 ; T ; ; ; ;
(10). The indexing and the structure determination have not yet been Bray is oxidized by either B! metal or BiBr It I_S _nOted that Ir
successful. has a greater electronegativity than does Bi (i.e., 2.20 vs 2.02
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— Ity The above discussion suggests that the oxidation states of
2tiu 4a the transition metal atoms in the [Ru$tt™ and [IrBig]"" (n =
2ty - — 9 — ! 3, 4) cations are negative. This observation is entirely analogous
= 2ty g - —_— %gl to that already discussed for [Pg)H#*. A similar finding is
T 24 g expected for octahedral clusters of rare-earth elements stuffed
— ltgg — 1b2 with transition metal atoms. For example, the electronic band
— 2eq — leg — 1 structures of RisRu and Y;lsRu, which consist of condensed
octahedral RERu (RE= Pr, Y) clusters, show that the d-block
— ltog — 2a3 bands of Ru lie well below the Fermi level; i.e., they are
— e completely filled! The latter implies the '@ electron count
= — Ity — le for Ru and hence a negative oxidation state for Ru in these
Iti halides.
—_— 1alg _— 1a1g 6. Concluding Remarks
— laq The new oxyfluoride Bin14GasOgF15 contains highly positive
b [Pting]1°* ions as well as low-valent fnions. Our study
(a) ( ) (C) indicates that the oxidation states of the transition metal atoms
Figure 13. MO levels calculated for the (a) [Irg?*, (b) [Big]*®", and (c) in the stuffed octahedral cluster cations [RHAF, [IrBig]™ (n

[Bis]”" ions of BiulrsBrs;. The HOMO levels are indicated by arrows. = 3, 4), and [RuSg 4+ are most probably negative rather than

positive. For a compound of transition metal M coordinated by
main group ligands L, this finding is highly unusual from the
viewpoint of the conventional picture that the valence shells of
L are completely filled and the oxidation state of M is positive.

in Pauling scale). According to our discussion of [ReSH
and [Ptin]'°*, a positive oxidation state for Ir would be
inappropriate for IrBj. To estimate the overall charge on the
IBi¢ cluster and the oxidation state of Ir, we examine the MO However, this picture is valid only when the transition metal
levels of the IrBg, Big and Bk clusters, which are presented in Mi ' ¢ P v elect i %h the ligand L. and h
Figure 13. It is reasonable to assume that the MO levels of these IS more strongly electropositive than the igand L., and hence

clusters can be filled up to the bonding levels that are constructedghir\gaelnc;el\f -‘(I)'Lkzeltz(lyﬁf/lérllt‘is;ngwfcrtg]r:Egg%):rfgg?n:e \Sligi
from the Bi 6p orbitals, as depicted in Figure 13 (i.e., up to the ' P pprop

. . P when the valence s-orbital of L lies higher than the valence
|2tl“ level in IrBig, up (o the 2g, level 3|2 Ble a{‘;ﬂ up fo th.effa d-orbital of M (e.g., [Ptlg]'®") or when t?le valence p-orbital
evel in Bis). This gives rise to [IrBg]3*, [Big]'?", and [Bk] . . . .
ions. However, these cations do not balance the charge ofOf L lies conilgerably h'.ghfr than the valence d-orbital of M
BisalrsBrsz. Among the three cations, the highest lying HOMO (9., [RuSg™" and [IrBig]™ (n = 3, 4)).
is found in [Big]*°" (i.e., 2ag), and the next highest lying HOMO Acknowledgment. The authors thank R. Ramlau for the
in [IrBi¢]°" (i.e., 24,). Therefore, the charge balance of \ypx analysis and E. Bither for the measurement of the
BisdlrsBrs; can be written as ([IrBj**)([IrBie]**)([Big]**)- magnetic susceptibility and O. Jepsen for help with the LMTO
([Bis]")2(Br~)s7. To estimate the oxidation state of Iringdi  5r55ram. M.-H.W. thanks the Office of Basic Energy Sciences,
IrsBrg7, it is necessary to examine the nature of the occupied pjyision of Materials Sciences, U. S. Department of Energy,
MO's of [IrBig]"" (n= 3, 4)°The 24,level is solely made Up o financial support under Grant DE-FG02-86ER45259. This

of the Bi 6p orbitals, while the 2§ level is largely made up of ok is dedicated to Professor A. Simon on the occasion of his
the Bi 6p orbitals. The kg 1t and 1g levels (six levels 65" birthday.

altogether) are largely made up of the Bi 6s orbitals. Thg 1t

and 2g are largely made up of the Ir 5d orbitals, while thea Supporting Information Available: Table S1 listing the
level has a large contribution form the Ir 6s orbital. To a first crystallographic data and parameters of data collection and
approximation,therefore, the Ir of [Irgi*" or [IrBig]3t has the structure refinements of fin;4GasOgF15, Table S2 giving the
electron count close t0'%? and hence the oxidation state close anisotropic displacement factors foplRi4Ga;OgF15 and Table

to —3. S3 showing the atomic parameters used for the EHTB calcula-

tions. This material is available free of charge via the Internet
(40) The bottom six levels of IrBi(i.e., 1a4, 1t;,, and 1g) are largely composed .

of the Bi 6s orbitals; so are the bott%m s?ix levels of Bie., 1ag, 1, and at http'//pUbs'aCS'org'

1gy) and the bottom five levels of B{i.e., 1a, 1e, 2a, and 1h). There are

three bonding levels solely made up of the Bi 6p orbitals in(Be., 1tg) JA044389S
and in Bk (i.e., 1 and 2e). The 2f and 2i, levels of IrBis are similar in
nature to the 1t and 2, levels of Bi, respectively. (41) Kockerling, M.; Martin, J. D.Inorg. Chem 2001, 40, 389.

2284 J. AM. CHEM. SOC. = VOL. 127, NO. 7, 2005



