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Abstract: The reaction of various platinum metals (M = Ru, Os, Rh, Ir, Pd, Pt) with KBrFs was
investigated upon heating their mixtures to 400 °C. The formation of potassium fluorido
platinum metallates in oxidation states +4 or +5, KaMFg or KMFs, respectively, was observed
in all cases. The obtained products were tested for their stability in water. Depending on the
platinum metal, they were either stable, were reduced to the oxidation state +4, or were
hydrolyzed to so far unidentified phases. KoRuFs, K2OsFs, 0-K2PdFs, B-K2PdFe, which were
previously only poorly characterized, were structurally reinvestigated by single crystal or
powder X-ray diffraction, Raman and IR spectroscopy. The three former compounds crystallize
isotypic in the trigonal, the latter in the hexagonal crystal system. The o — 3 phase transition of
K2PdFs was found to be reconstructive. Quantum chemical calculations were used to investigate

the crystal structures.
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Introduction

Recycling is becoming more and more important due to the dramatic increase in the
production of anthropogenic solid wastes. [1-4] Besides base metals, anthropogenic wastes
also contain valuable and expensive elements, such as the noble and rare-earth metals. Several
investigations aim to enhance and improve the extraction and separation of these valuable
elements from solid wastes. However, no universal solution has been reached as of yet.

Alkali and alkaline-earth metal tetrafluoridobromates(l11) can be used for a dry chemical
processing of certain noble metals. [5-7] We have demonstrated that Ir, one of the most inert
platinum group metals, can be quantitatively converted into hexafluoridoiridates(1V), Az2IrFs (A
=K, RDb, Cs) or BalrFg, upon the reaction with the respective tetrafluoridobromates(111).[8] The
hexafluoridoiridates(IV) are soluble in water. [9-12] Therefore, their extraction and separation



can be done in aqueous media saving the otherwise necessary steps of e.g. alkali hydroxide
fusions, chlorine treatment, or concentrated nitric acid / aqua regia dissolutions.

KBrF4 is one of the best characterized tetrafluoridobromates, and, as it is a solid
compound at room temperature, it is a lot easier to handle in comparison to bromine trifluoride.
Here we report on its reactions with each platinum metal. Additionally, we describe the reaction

of the obtained platinum metal fluorides with water.

Results and Discussion

For the reactions of the platinum metals (M = Ru, Os, Rh, Ir, Pd, Pt) with KBrF4 the
previously described experimental technique was used.[8] The M : KBrF4 ratios were chosen
to be stoichiometric rather than applying an excess of the fluorinating agent. KBrF4 is used as
the addition of KF and BrFs to the metal powders would lead to direct ignition in some cases
and thus these reactions would not be controllable. The expected oxidation states of the
platinum metals for the stoichiometry calculations were based on literature data. [6] When we
obtained an impure product, the experiment was repeated with an adjusted M : KBrF4 ratio in

order to improve the phase purity.

Platinum

Platinum was found to be oxidized by KBrF4 to the oxidation state +4 as was reported
before.[6] Also, this oxidation state seems the highest possible when platinum is fluorinated by
pure bromine trifluoride. [13,14] Putative, but surely simplified equations are the following Eq.

1 and 2, as surely several different Br-containing species are formed during the reaction:
2 KBrFs + Pt — KoPtFg + 2 BrF (1)
3 BrF - Brz + BrFs )
The obtained powder X-ray diffraction pattern and its Le Bail profile fit are shown in

Figure 1. Previously reported cell parameters of K,PtFes were used as starting values. [15,16]
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Figure 1. Powder diffraction pattern of the solid product of the reaction of Pt with KBrF4 (1 : 2 molar ratio).
Experimental data (black crosses), calculated powder profile (red), and difference profile (bottom, black). The
calculated reflection positions of K2PtFg are shown as black ticks. R, = 0.0710, wR, = 0.0917.

We observed no dissolution upon immersing K2PtFs in water, which is in agreement with
data on its solubility.[17] After complete evaporation of H.O at 80 °C the compound did not
show any evidence of decomposition. Its powder diffraction pattern after the evaporation of
water is shown in Figure S1 (Supporting Information).

Rhodium

The observed behavior of rhodium is similar to platinum as it forms potassium
hexafluoridorhodate(IV) which is in agreement with the literature data. [14] The reaction is
likely to proceed according to the Eq. 2 and 3:

2 KBrFs + Rh - KzRhFs + 2 BrF 3)

According to its powder X-ray diffraction pattern the final product is however a mixture
of KaRhFe and some amount of unreacted KBrF4. The mass percent of KBrF4 determined from
Rietveld refienement equals 15.4(7) %. Due to overlapping reflections the corresponding
amount of unreacted rhodium metal cannot be observed directly (Figure S2). The diffraction
pattern and the Le Bail fit are shown in Figure 2. The previously reported cell parameters of
K2RhFe and of KBrF4 were used as starting values for the refinement. [18,19]
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Figure 2. Powder diffraction pattern of the product of the reaction of Rh with KBrF4 (1 : 2 molar ratio).
Experimental data (black crosses), calculated powder profile (red), and difference profile (bottom, black). The
calculated reflection positions of KBrF, (first row) and K:RhFs (second row) are shown as black ticks. Ry =
0.0530, wR, = 0.0695.

When the powder was immersed in water, a slight yellowish coloration due to Br»
formation from the reaction of KBrFs; with water was observed. The remaining powder
exhibited a rather poor tendency to wetting and was visually not dissolved to any noticeable
amount. In order to increase solubility, hot water (up to circa 100 °C) was used. However, this
initiated the hydrolysis of KoRhFs, as evidenced by a color change from yellow to black (dark
green in thin layer). The powder diffraction pattern (Figure S3) could not be matched
unambiguously to any known compound present in the PDF-2 database. [20] Also
unsuccessfully, we searched for a few plausible variants (such as KnRhFm, as well as some
oxides, hydroxides and oxyfluorides) using the Pearson [21] and ICSD [22] databases. The best
agreement was found in the reflection profile of KslrFs, which implies the existence of a likely
isotypic KsRhFe. However, many unindexed reflections indicate that a mixture of at least two
phases was obtained. We could index the rest of the reflections, but the selection of the correct

unit cell is so far ambiguous. The investigations are ongoing.

Iridium
The fluorination of iridium metal using various tetrafluoridobromates has already been
investigated in greater detail by us. [8] It was shown that phase pure AxIrFe (A = K, Cs) and

BalrFe can be synthesized. The only exception was the reaction of Ir with RbBrF4 which led to



an unknown impurity, tentatively identified as RbIrFs. We now repeated the experiments with
KBrF; and intentionally applied various deviations from the experimental conditions used
previously.[8] We thus observed that the usage of non-passivated nickel or Monel ampoules
influences the reaction pathway and the product is no longer a phase-pure Ir(I\V) compound,
but instead contains a mixture of KlrFe, KIrFe and KBrF4. The ratios of the mass fractions
obtained from Rietveld refinement equal KzlrFe : KirFs : KBrFs = 66.3(16) : 16.5(7) : 17.2(9).
The powder X-ray diffraction pattern of the obtained product and the Le Bail profile fit are

shown in Figure 3.
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Figure 3. Powder diffraction pattern of the product of the reaction of Ir with KBrF4 (1 : 2 molar ratio).
Experimental data (black crosses), calculated powder profile (red), and difference profile (bottom, black). The
calculated reflection positions of KBrF, (first row) and KalrFg (second row) and KirFg (third row) are shown as
black ticks. Rp = 0.0493, wR,, = 0.0652.

The three-component mixture shows a certain solubility in water, which is also known
for pure KalrFs. [9] The solution and the rest of the undissolved precipitate do not even change
their appearance in boiling water. The diffraction pattern obtained from the product after
complete evaporation of water is shown in Figure S4 and is identical to that of KalrFe. This is
explained by the fact that neither KBrF4 nor KirFs are stable in water. Their reduction leads to
the formation of KalrFs and proceeds likely according to the following Eq. 4:

KBrFs + KlrFs + 2 H,O — KalrFs + %2 Bra + O + 4 HF 4)
During the reaction the characteristic smell of evolving Br. was noticed. Also, the yellow
coloration of the solution became significantly less intensive upon warming as dissolved Br»

evaporated.



Ruthenium

From the reaction of KBrF4 with Ru metal we expected to obtain a Ru(V) compound,
similar to the reaction reported for BrFs. [23] However, the powder diffraction pattern (Figure
4) revealed that actually several phases were obtained. A phase analysis with the help of the
PDF-2 database showed that the obtained colorless product is a mixture of KRuFs, KoRuFs, and
an unreacted amount of KBrF4. Comparison of the reflections with the likely isotypic KoRhFe
showed excellent correspondence, so the existence of K:RuFe is very likely. The ratios of the
mass fractions obtained from Rietveld refinement equal KoRuFs : KRuFs : KBrFs =65.7(7) :
21.1(9) : 13.2(6).
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Figure 4. Powder diffraction pattern of the product of the reaction of Ru with KBrF4 (1 : 2 molar ratio).
Experimental data (black crosses), calculated powder profile (red), and difference profile (bottom, black). The
calculated reflection positions of KBrF4 (first row) and K;RuFs (second row) and KRuFg (third row) are shown as
black ticks. Rp = 0.0550, wR, = 0.0715.

The behavior of this mixture in water is very similar to the mixture of KzlIrFs, KIrFs, and
KBrF4 described above. Upon immersion in water the powder immediately changed its color to
yellow (likely due to release of Br,) and after some time back to white. Some of the powder
was visually dissolved. After the evaporation of water a powder diffraction pattern was recorded
which showed the hydrolysis product to consist of KoRuFs and some KBrOz. The latter was
formed presumably due to a certain excess of KBrF4 in the sample used for hydrolysis,
according to the following Eqg. 5:

5 KBrFs + 9 H20 - 3 KBrOs + 18 HF + Brz + 2 KF (5)



The powder diffraction pattern of the product is shown in Figure S5. Since, to the best of

our knowledge, only the cell parameters of KoRuFe were reported so far, [24] we carried out a

complete structure determination. Yellow, hexagonal prismatic single crystals, present in the

residue after hydrolysis, were used for the X-ray diffraction experiment (see below).

Osmium

As may be expected, the reaction of osmium metal with KBrF; yields KOsFe.[6] A closer

inspection of the powder diffraction pattern (Figure 5) revealed some additional reflections of

low intensity. Some of them can be attributed to potassium fluoride, the formation of which can

be described according to the following tentative reaction Eq. 2 and 6:

2 KBrFs + Os — KOsFg + KF + %2 Br2 + BrF (6)

The ratios of the mass fractions obtained from Rietveld refinement equal KOsFe : KF = 96(3)

- 4(2).
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Figure 5. Powder diffraction pattern of the product of the reaction of Os with KBrF4 (1 : 2 molar ratio).

Experimental data (black crosses), calculated powder profile (red), and difference profile (bottom, black). The

calculated reflection positions of KF (first row) and KOsFs (second row) are shown as black ticks. R, = 0.0728,

WR, = 0.0961.

The powder dissolves easily in water at room temperature. After evaporation of the

solvent a powder X-ray diffraction pattern of the colorless solid residue (Figure S6) was

recorded. In comparison to the diffraction pattern of KOsFs complete hydrolysis has occurred.



Some of the reflections showed a reasonably good match with KoPtFs and, therefore, we assign
them to K>OsFe. Since we also obtained single crystals of this compound in the evaporation
residue, we report on the structural investigations on K,OsFs below. The other phase(s) were
so far not identified, although we could index most of the residual reflections with a high figure
of merit. This investigation is ongoing and the results will be published elsewhere.

It should be noted that KOsFe studied in this work behaves similarly to Ba(OsFs)2 upon
hydrolysis. We investigated the latter earlier and showed its conversion to BaOsFs upon heating

in water. [25]

Palladium

The reaction of palladium metal with KBrF4 led to formation of a yellow product. We
could not match the reflections of the powder diffraction pattern (see Figure 6 below) with those
reported for KoPdFe. [26] Solving the crystal structure using powder and single crystal X-ray
diffraction data showed that accidentally another modification of potassium
hexafluoridopalladate(1V) was synthesized. A detailed structure description is given below.

Water contact resulted in a visual darkening of the powder, which accelerated with rising
temperature. After a short while the whole solution became almost black. Thin layers of the
solution appeared purple, which may indicate reduction of Pd(IV). The powder X-ray
diffraction pattern obtained from the hydrolysis products after evaporating the water at 80 °C
shows an amorphous halo and only some reflections of very low intensity (see Figure S7). All
attempts to index the available reflections have been unsuccessful so far. The investigations are

ongoing.

Summary on the investigated Products

We investigated the reaction of potassium tetrafluoridobromate(l1l) with the platinum
metals in stoichiometric ratios. In all cases, ternary platinum metal fluorides of the composition
KMFe and/or KoMFs are formed. Additionally, the behavior of these fluorides in contact with
water was investigated as this would be the next step of the recycling process. The results are
summarized in Table 1. Despite several attempts to shed light onto these reactions some

hydrolysis products are still obscure.

Table 1. The products of reaction of KBrF, with platinum metals upon heating up to 400 °C in sealed Monel

ampules.



Platinum metal * Product Remarks Product after hydrolysis

Pt (1:2) K2PtFs Phase pure K2PtFe
Rh (1:2) K2RhFg Contains KBrF4 and should Possible KsRhFg and
contain unreacted Rh unidentified phase(s)
Pd (1:2) KoPdFg B-modification Unidentified amorphous
phase(s)
Os (1:1) KOsFg Contains KF K20sFs and unidentified
phase(s)
Ir (1:2) KalrFs, KIrFe Phase pure KalrFs at other KalrFe

experimental conditions [8]

Ru (1:2) K2RuFs, KRUFs Contains KBrF4 and should K2RuFs and KBrO3
contain unreacted Ru

“ The molar ratio of metal to KBrF4 is given in brackets.

Crystal Structure of K;RuFs

The crystal structure of K;RuFe was determined using single crystal X-ray diffraction on
the yellow crystals that had formed after the evaporation of water from a mixture of KRuFe,
K2RuFs, and KBrF4 as described above.

Potassium hexafluoridoruthenate(1V), KoRuFs, crystallizes in the trigonal space group
P3m1 (No. 164) with a = 5.7140(8), ¢ = 4.5908(9) A, V = 129.81(5) A3, Z = 1 at 100 K. The
lattice parameters of the compound were previously reported by Weise & Klemm (a =5.76 A,
c=4.65A, vV =133.6 A% no s.u. given, no atom positions given), [27] which confirms the
obtained cell parameters. Interestingly, a cubic modification of K;RuFs was reported with a =
8.37 A, V = 586.4 A3 (no s.u. given), which can be obtained by melting KHF, with
Na2Ru(NOy)s. [24]

The crystal structure of KoRuFe reported here is isotypic to other potassium fluorido
platinum metallates(1V), KaMFs (M = Rh, [18] Pd, [26], and this work, Pt, [15,16] Ir, [9] and
Os [28], and this work). The compounds crystallize in the well-known K>GeFs structure
type.[29] Therefore, no detailed structure description is given here. Some selected atom
distances and angles (experimental and calculated) of K;RuFs are given in Table 2. The crystal
structure is shown in Figure S8. Further crystallographic details are available in Table S1. The
experimentally observed cell parameters, bond lengths and angles for K2RuFs are in good
correspondence (discrepancies do not exceed 3 %) with the values predicted by quantum

chemical calculations at the DFT-PBEO/SVP level of theory. The Ru—F distances are close to



those reported for other fluorido platinum metallate(1V) anions, such as KzPtFs (Pt—F: 1.934(6)
A) [30] or KalrFs (Ir-F: 1.940(6) A). [9]

Table 2. Experimentally determined and calculated cell parameters, selected atom distances and angles for K;RuFe.

Value
Parameter *
Single crystal XRD at 100 K DFT-PBEO/SVP at 0 K

alA 5.7140(8) 5.79
c/A 4.5908(9) 4.47
vV /A3 129.81(5) 130.0
Z 1 1
Ru-F /A 1.9097(15) 1.93
K-F/A 2.7768(16) 2.77

2.8734(4) 2.86

2.9401(16) 2.91
F-Ru-F#1/° 87.22(6) 86.4
F-Ru-F#2 /° 92.78(6) 93.6

* Symmetry operations used for the generation of equivalent atoms: #1: x-y; -y; 1-z; #2: -y, XY, .

Crystal Structure of K2OsFg

To the best of our knowledge, only the lattice parameters of K2OsFgs were reported so far.
The crystals of this compound were readily available by evaporation of water from the
KOsFe/KF solution described above.

Potassium hexafluoridoosmate(IV), K2OsFg, crystallizes in the trigonal space group
P3m1 (No. 164) with a = 5.7765(8), ¢ = 4.5443(9) A, V = 131.32(4) A3, Z = 1 at 100 K,
therefore, it is isotypic to the compounds KoMFs (M = Ru, Rh, Ir, Pd, Pt). Further
crystallographic details are given in Table S1. The crystal structure of K>OsFs is shown in
Figure S9.

As is also the case for the other isotypic compounds, K>OsFs contains slightly distorted
octahedron-like [OsFg]*" anions. Selected experimentally determined and calculated bond
lengths and angles are given in Table 3.

The experimentally observed cell parameters, bond lengths and angles for K;OsFe
correspond within ~3 % to the values predicted by DFT-PBEOQO/SVP calculations. The Os-F
distances are similar to those found in KoRuFs reported above (Ru-F: 1.9097(15) A) as well as
in some other platinum metal(+4) fluoride anions, such as KzPtFs (Pt—F: 1.934(6) A) [30] or
KalrFs (Ir-F: 1.940(6) A). [9]

Table 3. Experimental and calculated cell parameters, distances and angles for K,OsFe.



Value
Parameter *

Single crystal XRD at 100 K DFT-PBEOQ/SVP at 0 K

alA 5.7765(8) 5.86
c/A 4.5443(9) 4.40
VA3 131.32(4) 130.8
Z 1 1
Os-F/A 1.936(2) 1.97
K-F/A 2.756(2) 2.73

2.9035(5) 2.83

2.9036(5) 2.94

2.924(2)
F-Os—F#1/° 86.19(9) 84.2
F-Os-F#2/° 93.81(9) 95.8

* Symmetry operations used for the generation of equivalent atoms: #1: 2—x; 1-x+y; 2-z; #2: 1-x+y, 2-X, .

Crystal Structure of 3-K2PdFs

As has been shown above, the reaction of palladium metal with KBrF4 leads to a new
modification of potassium hexafluoridopalladate(IV), other than the trigonal KoPdFe (P_3m1, a
=5.717(3), c = 4.667(3) A, V = 132.10(16) A®) previously reported. [26] We could index all
reflections in the hexagonal crystal family, a =5.7971(2), ¢ = 9.4172(5) A, V = 274.07(2) A3 at
RT). Hoppe and Klemm had obtained K>PdFes with a similar hexagonal unit cell (a =5.75, ¢ =
9.51 A, V = 272.3 A®, no s.u. given, room temperature presumed) by reaction of gaseous
fluorine with K>PdCle at 270 °C, although they did not investigate the crystal structure of the
obtained compound. [31] Another reference to hexagonal KoPdFs was given by Bartlett and
coworkers: They occasionally observed both forms of potassium hexafluoridopalladate(1V)
after evaporation of anhydrous HF from solutions containing K:PdFs and O2AsFe. [32]
However, they also did not elucidate its crystal structure. Since it is obvious that at least two
modifications of KoPdFs exist, we report here on the structure of B-K.PdFes (hexagonal crystal
system) for the first time. A short remark on the structure of a-K2PdFs will be given below.

Initially we carried out the structure solution of 3-K>PdFe using room temperature powder
X-ray diffraction data. The corresponding powder X-ray diffraction pattern and Rietveld plot
is shown in Figure 6. B-K2PdFs crystallizes in the hexagonal space group P6smc (No. 186), Z =
2. The sample of B-K:PdFs contained light-yellow crystals, which, although small, were
suitable for single crystal X-ray diffraction. The following cell parameters were determined: a
=5.7332(8), c = 9.2864(19) A, V = 264.35(9) A3, Z = 2 at 100 K. B-K2PdFs crystallizes in the
K2GeFe structure type. It is isotypic to Rb2PdFs (P63mc, hP18),[33] but not to CsPdFe (Fm_3m,



cF36). [31,32] The crystallographic details of B-K.PdFe are given in Table S1. Its crystal
structure is shown in Figure 7. Some selected experimentally determined and calculated bond
lengths and angles are given in Table 5 (together with the corresponding values for the a-

modification, see below).
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Figure 6. Powder diffraction pattern of 3-K,PdFs at RT. Experimental data (black crosses), Rietveld profile
(red), and difference profile (bottom, black). The calculated reflection positions are shown as black ticks. R, =
0.0357, wR, = 0.0467.

The crystal structure of B-K>PdFe contains two symmetry-independent potassium cations
on the special 2a (3 m.) and 2b (3 m .) Wyckoff positions, one [PdFs]?~ anion with its palladium
atom residing on the special 2b (3 m .) Wyckoff position, and two symmetry-inequivalent
fluorine atoms on the special 6¢ (. m .) Wyckoff position. The [PdFs]?~ anion has a slightly
distorted octahedron-like shape with Pd—F bond lengths of 1.892(4) and 1.893(4) A and F-Pd-
F angles of 88.61(10), 89.56(18), and 93.15(17)°. It is comparable with the values reported for
0-K2PdFs [26] where the Pd—F distance equals 1.86(7) A, and the F-Pd—F angles are 87(3)° and
93(3)°. These values are supported by the quantum chemical calculations at the DFT-
PBEO/SVP level with the mean deviation not exceeding 3 %. Similar bond lengths and values
were also reported for KoRuFs and K>OsFe (see above).

We characterized B-K2PdFe further by Raman and IR spectroscopy. The experimentally
observed and the calculated DFT-PBEQO/SVP Raman and IR spectra are shown in Figure 7 and

Figure 8, respectively. The assignment of the vibrational bands is given in Table 4.
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Figure 7. Experimentally observed (black, top) and calculated Raman spectra of 3-K.PdFs (middle, blue) and a-
K2PdFs (bottom, red).
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Figure 8. Experimentally observed (black, top) and calculated IR spectra of 3-K,PdFs (middle, blue) and a-
K>PdFg (bottom, red).

Table 4. Interpretation of the experimental and theoretical spectroscopic data of B-K;PdFs.

Raman bands IR bands Assignment
Exp./cm™ Calc. / Calc. Exp. Calc. / Calc.
cm intensity / /cm™? cm? intensity /
arb. units km mol™
612 4 611 475 Antisymmetric PdF¢?~ stretch
- 611 13 622 605 1225
605 5
576 580 1000 593 580 16 Symmetric PdFe? stretch
560 367 573 . . 2
559 558 240 555 560 54 Antisymmetric PdF¢= stretch
- 290 12 - 290 87 PdF¢? wagging



250 3
248 244 387 - 244 low. int. PdFs? twisting and wagging
234 360 229 2
229 81
159 1
155 20 159 356
144 17
137 20 155 25
135 - 137 61 PdFe?~ and K lattice vibration
112 23
112 117
99 124 99 8
86 3
60 6

A Note on Crystal Structure of a-K:PdFe

The trigonal modification of potassium hexafluoridopalladate(IV) was first obtained and
structurally elucidated by Bartlett & Quail. [26] It was synthesized from KBrF4 and BrFs-PdFs3
by boiling this mixture in SeFs. The crystal structure was determined using powder X-ray
diffraction. We verified whether the 3-modification can be converted to a-K2PdFs by dissolving
the former in liquid BrFs. The dissolution of 3-K2PdFs was carried out at 120 °C, and crystals
of the a-modification were obtained upon cooling the solution to room temperature. Its crystal
structure was determined using single crystal X-ray diffraction. Additionally we compared the
energies of the both modifications calculated at the DFT-PBEO/SVP level of theory and found
that a-K2PdFs is only by ca. 8 kd/mol more stable than -K>PdFs (at 0 K).

The a-modification of potassium hexafluoridopalladate(lV) crystallizes in the trigonal
space group P3m1 (No. 164) with a = 5.6744(8), ¢ = 4.5931(9) A, V = 128.08(4) A%,z =1 at
100 K. Therefore, it crystallizes isotypic to the compounds K:MFs (M = Ru, Rh, Pd, Ir, Pt).
Further crystallographic details are given in Table S1. The crystal structure of a-KoPdFe is
shown in Figure S10. Selected experimentally determined and calculated bond lengths and

angles are given in Table 5.

Table 5. Experimentally determined and calculated cell parameters, distances and angles for both modifications of
KoPdFs.

Value
o-K,PdFg B-KdeFe

Parameter *

SC XRD at 100 PXRD at DFT- SC XRD at 100 PXRD at DFT-

K RT [26] PBEO/SVP K RT (this PBEO/SVP at
at0K work) 0K

alA 5.6744(8) 5.717(3) 5.72 5.7332(8) 5.7971(2) 5.76
clA 4.5931(9) 4.667(3) 4.54 9.2864(19) 9.4172(5) 9.20
VA3 128.08(4) 132.1(2) 128.7 264.35(9) 274.07(2) 264.3

Pd-F /A 1.8974(13) 1.86(7) 1.92 1.892(4) 1.79(2) 1.92



K-F /A 2.8004(15) 2.81(11) 2.80 2.784(4) 2.83(2) 2.79

2.8517(4) 2.88(4) 2.85 2.813(4) 2.95(3) 2.89
2.8518(4) 3.11(11) 2.87 2.8679(4) 3.01(3) 2.93
2.8999(16) 2.8872(6)
2.8873(6)
2.899(4)
3.000(4)
F—Pd—F#/° 87.05(6) 87.3(3) 86.4 88.61(10) 86.1(8) 88.6
92.95(6) 93(3) 93.6 89.56(18) 89.9(9) 89.6
93.15(17) 98.3(10) 93.2

* Due to different sets of symmetry operations in a- and B-K.PdFs the operations used for the generation of
equivalent atoms are not given.

The relation between the two modifications of KoPdFe is illustrated by Figure 9. The a-
modification consists of [PdFs]>~ octahedra aligned in the same direction. In case of B-K2PdFs,
the orientations of the [PdFs]?>~ octahedra are alternating. In a-KzPdFs the K and F atoms
together arrange hexagonally closed packed. In B-K2PdFe the K and F atoms form hexagonal
closed packed layers with a hc stacking sequence with the K1 atoms in cuboctahedral and the
K2 atoms in anticuboctahedral coordination by F atoms. Taking this into account and also since
no direct group-subgroup relation between the space group types P6smc and P3m1 exists, the

a - B transition of KoPdFs belongs to the reconstructive type.

Figure 9. Fragments of the crystal structures of a- (left) and - (right) KoPdFe.

0-KoPdFs is shown as (1,2,2) supercell; B-K,PdFs is shown as (1,2,1) supercell with the origin shifted to the Pd

atom.



Conclusions

To conclude, we investigated the reactions of potassium tetrafluoridobromate(l11) with
the platinum metals (Ru, Os, Rh, Ir, Pd, Pt) in passivated nickel ampoules at 400 °C. The
products were identified using X-ray powder diffraction and were found to be ternary potassium
platinum metal fluorides with the composition of either KMFs (M = Os), or KaMFg (M = Pt, Pd,
Rh), or their mixtures (M = Ir, Ru). The gaseous reaction products were not investigated. It is
possible that the real fluorinating agent is BrFs formed by the decomposition of KBrF4 under
those conditions. All the products were tested for hydrolysis in water. We found that the
KalrFe/KlIrFs and KoRuFe/KRUFs mixtures convert to KoMFs compounds. KOsFs is reduced to
K20sFe and an unidentified phase. KoPtFs undergoes no reaction, whereas KoPdFs and KoRhFe
are completely hydrolyzed and form so far unidentified phases.

In course of this study we obtained the previously poor characterized compounds K>OsFs,
K2RuFe, a-K2PdFs, B-K2PdFe also in single crystalline form. Their structures were redetermined
using single crystal X-ray diffraction (for B-K>PdFs also by Rietveld refinement on powder
XRD data). It was shown that all potassium platinum metal(1V) fluorides, with the exception
of B-K2PdFs, crystallize isotypic in the trigonal space group P3m1 (No. 164). K2RuFs: a =
5.7140(8), ¢ = 4.5908(9) A, V = 129.81(5) A%, Z = 1 at 100 K. K,OsFg: a = 5.7765(8), ¢ =
4.5443(9) A, V =131.32(4) A%, Z = 1 at 100 K. a-K,PdFs: a = 5.6744(8), c = 4.5931(9) A, V =
128.08(4) A3, Z = 1 at 100 K. Of potassium hexafluoridopalladate(1V) a second modification
was obtained which crystallized in the hexagonal space group P6smc (No. 186), a = 5.7332(8),
c =9.2864(19) A, V = 264.35(9) A%, Z =2 at 100 K and a = 5.7971(2), c = 9.4172 A, V =
274.08(2) A3,z =2 at 293 K.

Experimental Section

General: All compounds were handled in an atmosphere of dry and purified argon either
in a glovebox (Westfalen AG, Germany), or using a Monel and stainless steel Schlenk line, so
that a possible contact of the substances with moisture or air was minimized (O2 < 1 ppm, H20O
< 1 ppm). All platinum metals were used as commercially available in powder form without
further purification or treatment. KBrFs was synthesized by reaction of liquid bromine
trifluoride with KF as described in the literature. [34,35]

Reactions: The reactions of platinum metals with KBrF4 were carried out in wedge-
shaped nickel ampoules sealed by arc welding under cooling the lower half of the ampoule. The
ampoules were previously passivated with fluorine. It is possible that the arc welding procedure

has destroyed the passivation in the parts of the ampoule that became hot during welding, so



eventually this unpassivated surfaces may have reacted with evolved BrFs. Before being loaded
in ampoules, the reaction mixtures were pressed into pellets in order to enhance their contact.
The ampoules were heated in a muffle furnace up to 400 °C for 120 min, were kept at this
temperature for 150 min, and were then slowly cooled to room temperature overnight. The
ampoules were then opened inside the glovebox using a tube-cutter, and in all cases brown
fumes of Br, were observed. The solid products also appeared brownish due to adsorbed Br- in
the beginning, however their natural color appeared after some time when the Br, had
evaporated. The identity of the brown fumes as Br, was obvious due to the color and the smell.
We did however not analyze for the presence of other gaseous compounds but it is quite likely
that some BrFs is also released. The solid products were carefully removed in order not to
contaminate the compounds with the ampoule materials. Some small amounts of the products
were inevitably left inside the ampoules.

Platinum: 0.0504 g of Pt (0.26 mmol, 1 eq.) reacted with 0.102 g of KBrF4 (0.52 mmol,
1.02 eq.). A light-yellow product with a mass of 0.073 g was obtained. For K2PtFs: 0.19 mmol,
73 % yield based on Pt.

Palladium: 0.0616 g of Pd (0.58 mmol, 1 eq.) reacted with 0.231 g of KBrF4 (1.2 mmol,
1.02 eq.). A yellow product with a mass of 0.119 g was obtained. For KoPdFe: 0.40 mmol, 69
% yield based on Pd.

Rhodium: 0.0342 g of Rh (0.33 mmol, 1 eq.) reacted with 0.140 g of KBrF4 (0.72 mmol,
1.08 eq.). A yellow product with a mass of 0.072 g was obtained. In approximation for pure
K2RhFe: 0.24 mmol, 73 % yield based on Rh.

Ruthenium: 0.0489 g of Ru (0.48 mmol, 1 eq.) reacted with 0.201 g of KBrF4 (0.97 mmol,
1.06 eq.). A white product with a mass of 0.102 g was obtained. A mixture of KRuFe/K2RuFs
obtained, no estimation of yield done.

Osmium: 0.0511 g of Os (0.27 mmol, 1 eq.) reacted with 0.110 g of KBrF4 (0.56 mmol,
1.04 eq.). A light grey product with a mass of 0.069 g was obtained. In approximation for pure
KOsFs: 0.20 mmol, 74 % yield based on Os.

Iridium: 0.0607 g of Ir (0.32 mmol, 1 eq.) reacted with 0.127 g of KBrF4 (0.66 mmol,
1.03 eq.). A white product with a mass of 0.084 g was obtained. A mixture of KlrFe/KzlrFe
obtained, no estimation of yield done.

Powder X-ray diffractometry: The powder X-ray diffraction patterns were obtained
with a Stadi-MP diffractometer (Stoe, Germany) using Cu-Kq: radiation, a Ge monochromator,
and a MythenlK detector. The data were handled using the WinXPOW software. [36] The
compound was filled into flame-dried quartz capillaries (& 0.3 mm) and then flame-sealed. Le



Bail profile fittings and Rietveld refinements were done in the Jana2006 software. [37,38] The
structure solution of B-K2PdFs from powder diffraction data was done using the SUPERFLIP
algorithm implemented in Jana2006. [39]

Single crystal X-ray diffractometry: Single crystal X-ray diffraction on K:RuFs,
K20sFs, 0-K2PdFe, and B-K2PdFs was carried out using a Stoe IPDS2 diffractometer with
monochromated Mo radiation (Mo-Kq, A =0.71073 A) and an image plate detector. Evaluation
and data reduction of the diffraction data was carried out by using the Stoe X-Area software
suite,[40] and an absolute absorption correction was applied (integration). The structures were
solved using Direct Methods (SHELXT) and refined against F? (SHELXL).[41,42] All atoms
were located by Difference Fourier synthesis and refined anisotropically. KoRuFs and a-K2PdFs
were refined as merohedral twins. CCDC 1871009 (K.OsFs), CCDC 1871010 (K2RuFe),
CCDC 1871011 (B-K2PdFs) and CCDC 1871012 (a-K2PdFs) contain the supplementary
crystallographic data for the studied compounds. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Raman spectroscopy: The Raman spectrum of -K>PdFe was collected using an inVia
Raman Microscope (Renishaw) instrument equipped with a frequency doubled Nd:YAG Laser
(A =532 nm) and controlled by Renishaw's WIiRE software. The sample was filled in a flame-
dried quartz capillary under Ar.

IR spectroscopy: The full range of 4000-360 cm™ IR spectrum of B-K,PdFs was
measured on a Bruker Alpha FTIR spectrometer under an Ar atmosphere. The data collection
and handling was done using the Bruker OPUS software. [43]

Computational details: The structural and spectroscopic properties of the obtained
products were investigated using the CRYSTALL7 program package. [44,45] Both the atomic
positions and lattice constants were fully optimized using the PBEO hybrid density functional
method. [46,47] Split-valence + polarization (SVP) level basis sets derived from molecular
Karlsruhe basis sets were applied for all atoms (see Supporting Information for additional basis
set details).[48] The reciprocal spaces of K,OsFs, K2RuFs, and a-K2PdFs were sampled using
a 8x8x8 Monkhorst-Pack-type k-point grid. [49] For B-K2PdFs, an anisotropic 8x8x4 k-point
grid was applied. For the evaluation of the Coulomb and exchange integrals (TOLINTEG), tight
tolerance factors of 8, 8, 8, 8, and 16 were used. Default optimization convergence thresholds
and DFT integration grids were applied in all calculations. The known data on magnetic
moments [50] were used: KoPdFe (both modifications) were calculated as diamagnetic, K2OsFs
and KoRuFs were calculated in the low-spin ground state (for KoRuFs the SPINLOC2 option
was used, otherwise, the calculation converged to an incorrect conducting electronic state). The



harmonic vibrational frequencies,[51,52] and Raman intensities [53,54] were obtained by using
the computational schemes implemented in CRYSTAL. The Raman intensities have been
calculated for a polycrystalline powder sample (total isotropic intensity in arbitrary units). The
Raman and IR final spectra were obtained by using pseudo-Voigt peak profile (50:50
Lorenzian:Gaussian) and FWHM of 8 cm™ (for Raman) or 16 cm™ (for IR).When simulating
the Raman spectrum, the temperature and laser wavelength were set to values corresponding to
the experimental setup (T = 298.15 K, A = 532 nm). The peak assignment was carried out by

visual inspection of the normal modes in the Jmol program package. [55]
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