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Solutions of Aul~ or PtR?~ salts, prepared from the metals~a20 °C, in liquid anhydrous hydrogen fluoride
(aHF), made basic with alkali fluorides, are further oxidized by photodissociatéddible or near-UV light) to
give AuRs~ or Pt~ salts, including @"AuFs~ (with O, in the R). Similar photochemical oxidation of PgfF
salts does not occur. This new synthetic approach has provided ki&udF LiPtFs for the first time, each of
which has the LiSbh§type R3) structure with (hexagonal cell): LiAgFa = 4.9953(9) A,c = 13.704(3) AV/Z
= 98.71(6) B, LiPtFs, a = 5.0236(7) A,c = 13.623(2) A,\V/Z = 99.25(5) R. Interaction of Aul~ with Ag™
gives AgrAuFg~ (R3, a = 5.283(3) A,c = 15.053(6) A,V/z = 121.3(2) &), whereas P~ or PdR?~ stabilize
Ag?t as AG+Pt(Pd)R2~ (R3; AgPtRs: a = 5.049(8) A,c = 14.46(2) A,ViZ = 106.4(5) &B; and AgPdk, a =
5.00(4) A,c = 14.6(2) A,viz = 105(3) A). New cubic modifications (probable space grda@) have been
found for AgMFs (M, avalue, A): Ru, 9.653(10); Os, 9.7318(9); Ir, 9.704(2). The preference fér PP d)F2~
over AgrPt(Pd)R™ is attributed to a second electron affinity of Pt(Pg)E(Pt(Pd)R~)> 60 kcal mot™.

Introduction

Recent work in these laboratorfeshowed that gold or the

The latter salts were first reported but not structurally identified
by Miller and Hopp€. These AgMF salts are compared
structurally with others of the same stoichiometry.

platinum metals, (except rhodium) are able to react at room  The stabilization of Ag+ by PtR2~ or PdR2- indicates that

temperature with f£in aHF, containing an alkali fluoride, to
provide salts of AufF~ or MFs~ (M = Ru, Os, Ir), or Ptg2".
This, and similar findings by Holloway and co-workéfsr the
preparation of ammonium salts of the platinum metal fluoro-

the first ionization potential of these dianions is unusually high
for MF¢2~ transition element species and an estimate of that
energy, expressed &MFs~), has been attempted.

anions, gave broad and easy access to noble-metal fluorocomExperimental Section

plexes, but neither AuF nor Ptks~ were included, nor other
related high oxidation-state salts such as Ag&nd NiR2~. It
was quickly found in these laboratories that photochemical
excitation of the E (sunlight or near-UV), the preparative
conditions otherwise being similar, gave Aafor PtR~ salts.

In addition, it was shown that even the difluorides Agihd
NiF2, which are themselves insoluble in aHF, would react with
the F atoms in basic aHF to gi¥salts of Agh~ and NiR?".
Attempts to similarly prepare PgF salts have failed.

Although Auks™ and Ptk salts were originally prepared at
higher temperatures and fluorine pressure in nickel béfhbs
more than twenty-six years ago, this is the first time that the
salts LiAuks and LiPtks have been prepared and structurally

Materials. Anhydrous HF and fluorine were supplied by Matheson
Gas Products (East Rutherford, NJ),,8doy Lancaster Synthesis Inc.
(99+%; Windham, NH) and Au by ROC/RIC (99.99%; Sun Valley,
CA). Pd, Pt and Ir were supplied by Engelhard Corp. (East Newark,
NJ), Os by Strem Chemicals (Newburyport, MA) and Ru from Johnson
Matthey & Co. (London, UK). The alkali fluorides (Allied Chemical,
B&A quality, Morristown, NJ) were dried at 150C under dynamic
vacuum (107 Torr).

The noble metals were always used as fine powders. Ruthenium,
osmium and iridium were heated~{00 °C) under hydrogen, to
minimize oxide coating, the metals being cooled in hydrogen and
otherwise exposed only to dry argon or nitrogen. Otherwise, the metal
powders were used as supplied.

AgF was prepared from A@ through reaction with aHF. The AgF

characterized. This paper gives a description of the synthesesPbtained in that way is orange in the solid state and dissolves in aHF

of the AuRs~ and Ptk salts and compares the new LiAUF

and LiPtR with other relatives of the third transition series. It
also reports the new Ag\uFs~ salt which is contrasted

structurally and chemically with AgPtRs2~ and AgPdR?".
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yielding a colorless solution with no residue. To avoid photodecom-
position it was stored in an FEP tube wrapped with Al foil. AgFas
synthesized by oxidation of AgF in aHF with Bt room temperature.

LioPtR,! AuF3® SEMF® (M = Os, Ir), RukX° Ag(BiFg)y!
KoMFgt (M = Pd, Pt), CsPdR,t O.AsFs,*? PdR,*® AgAsFs,!t and
AgPR:!! were prepared as previously described.
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Apparatus and Technique.A nickel vacuum line, fluorine handling
equipment, and Teflon valves were used as previously descfilfed.
all preparations twd/,- or 1-in. o.d. FEP tubes (CHEMPLAST Inc.,
Wayne, NJ), each sealed at one end and drawn dowfg-to. 0.d. at
the other, were joined at right angles to a Teflon Swagelock T
compression fitting. This assembly was joined to a Teflon valve by a
small section of 3/8-in. o.d. FEP tubing drawn dowr/tein. 0.d. Such
a reactor was connected to the vacuum line via an 1-ft. length-of.
o.d. FEP tubing which facilitates the decantation of solutions from one
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mg) by decantation, and all volatiles were removed. The XRDP of the
solid obtained from the decanted solution (847.6 mg) showed an k-iSbF
type pattern § = 4.9953(9) A;c = 13.704(3) A; see Table S2).
Decantation of the solution of excess CsF left a residue of CsAuF
(825.0 mg; 1.859 mmol), the XRDP of which was entirely that of
CsAuRs.Y’

KAUF ¢ from Au, KF, and F,. Au (62.7 mg, 0.318 mmol) and KF
(21.6 mg, 0.372 mmol) were placed in one arm of an FEP T reactor,
and aHF ¢3 mL) was condensed at196 °C. After being warmed to

arm to the other. The T reactors were evacuated, passivated with fluorine~20 °C, the potassium fluoride dissolved and the reactor was

(2 atm) and evacuated again before use.

Anhydrous HF was condensed from the cylinder into a Teflon-valved
reservoir FEP tube containing.KiFs (Ozark-Mahoning Pennwalt,
Tulsa, OK) in order to destroy traces of water.

All solids were manipulated in the dry Ar atmosphere of a Vacuum
Atmospheres Corp. DRILAB.

Preparations. General Comments for AMK and A;MF¢ Salts
(A = Alkali). Preparations in aHF can make use of the high solubility
of each alkali fluoride in this solveig,the low solubility of the heavier
alkali MFs~ salts and the moderately good solubility of the LiMF
The reverse relationship holds for,MFg salts, where LMFg are
usually of low solubility and A= K, Cs of muchhigher solubility.

LiPtF ¢ from Li ,PtFs and F.. Li,PtR; prepared from Pt, 2LiF, and
F, in aHF at~20 °C as previously describéds of low solubility in
aHF (the statemehthat it is “very soluble” should reaslightly solublg.
Li,PtRs (427.6 mg, 1.324 mmol) was placed in one arm of the T reactor
and aHF (5 mL) condensed on it. At20 °C some of the LiPtFs
dissolved to yield a faintly yellow solution. Fluorine to 1500 Torr was
added, and the reactor was placed (with agitation) in the sunlight. The
color of the solution gradually intensified (repressurized with fluorine
after 3 days), and after 9 days the bright yellow solution was decanted
and all volatiles removed. The XRDP of the solid from the decantate
(287.2 mg; 0.909 mmol) showed only the characteristic pattern of an
LiSbFs-type compounda = 5.0236(7) A,c = 13.623(2) A; see Table
S1); that of the residue (137.3 mg; 0.425 mmol) showed ontE.

0.AuF¢ from AuF ; and F, (O, Contamination). An attempt to
prepare Aukdirectly from Auks in aHF employing photo dissociation
of F, did not succeed but producedAuFs (via O,, probably from a
small leak). Auk (680.2 mg; 2.678 mmol) in aHF{13 mL) at~20
°C was agitated with 6 mmol) and Qimpurity, in an FEP T reactor,
in the sunlight for 20 days. The bright yellow solution was decanted
from unreacted Auf The XRDP of the bright yellow solid from the
decanted solution revealed that it wagAQFs,'%17 the residue being
unreacted Auk:

LIAUF ¢ (CsAuFg) from AuF ; and LiF (CsF). An FEP T reactor
was loaded with Aug(654.1 mg, 2.576 mmol for LiAug 463.0 mg,
1.823 mmol for CsAuk) in one arm and LiF (99.5 mg, 3.836 mmol)
or CsF (450.3 mg, 2.964 mmol), respectively, in the other, and aHF
(~2 mL) was condensed at196 °C in each limb of each T reactor.
The alkali fluoride was dissolved in the aHF at 2D, and the solution
was poured onto the AyKitself insoluble in aHF) to produce a yellow
solution of Aul~ over some undissolved AgFF, was added to a

total pressure of 1500 Torr, and each reactor was placed in the sunlight

and agitated for 8 days. Much of the remaining Ad#ssolved within

1 day. After 4 days the reactor was repressurized wit(iLB00 Torr)

and replaced in the sunlight. In the case of the reaction to produce
LiAuF¢ already after 1 day the color of the solution intensified to bright
lemon yellow while in the case of CsAeRfhe solution color faded
because of the low solubility of that product, this solubility being further
lowered by the common ion effect of the excess cesium fluoride. Four

days later the reactor was re-attached to the vacuum line, the aHF was

cooled t0—196 °C, and the excess fluorine was pumped off. The
solution of LiAuks was separated from a small amount of residue (23.2
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pressurized with fluorine. Agitation overnight afforded a yellow solution
of KAuF,. The T apparatus was pressurized again with fluorine (1400
Torr) and agitated overnight under UV irradiation (low-pressure Hg
lamp). All volatiles were removed under dynamic vacuum. The XRDP
of the product showed the pattern of KAgiFwith slight KAuF,!8
impurity.

Attempted Fluorination (with UV Irradiation) of K ,PdFs and
Cs,PdFs. Solutions of CsPdR or K,PdR in aHF, which were
pressurized with £(~1 atm), were irradiated with UV for extended
periods &24 h). The constant product weights and the negligible F
consumption indicated that oxidation had not occurred.

Synthesis of AgMVF¢ Salts (Table 1 Gives Quantities; M= Os,

Ir, Au, Ru, Bi). The silver-containing salt (AgF or AgBJ-was loaded

into one tube of a passivated FEP T reactor inside the DRILAB. The
appropriate noble metal salt (LiAgFSFOsF, SKlIrFs, RuFs) or
bismuth fluoride, Bils, was placed in the other tube of the reactor. For
the synthesis of AgMEwith M = Au, Os, Ir, Bi, aHF was condensed
onto each of the reagents. Upon warming to room temperature, the
salts dissolved completely affording colorless (AgF, AgBBiFs,
SKOsks, SKIrFs) or yellow (LiAuFs) solutions. As the respective AgF
and AgBFR solutions were slowly poured onto the s (M = Os,

Ir) and BiFs solution, there was vigorous gas evolution {SF BF;)

and a solid precipitated (orange Agérfeolorless AgOs§; and light
yellow AgBiFs). For the synthesis of AgRyRhe AgF solution was
poured slowly onto the dry RgFAgRuFs formation was immediately
evident as the green Rgivas replaced by an orange solid ¢l min).

For the synthesis of AgAu-both limbs of the reactor were cooled to
about—50 °C (methanol/dry ice), the AgF solution was poured into
the other arm to precipitate an orange-brown solid (colorless superna-
tant), and the mixture was agitated-a50 °C for ~10 min.

All AgMF s salts were insoluble in aHF and were washed with it
(typically three times). Volatiles were removed under dynamic vacuum.
For AgAuRs the tube containing it was always kept at-50 °C.
Because AgRufwas photosensitive, the FEP storage tubes were
wrapped in Al foil. The XRDP of the AgMEsalts gave a cubic unit
cell for M = Ru, Os, I{M, avalue, A: Ru, 9.653(10); Os, 9.7318(9);
Ir, 9.704(2); see Tables S&5, a trigonat-rhombohedral one for
AgAuFs {a = 5.283(3) A,c = 15.053(6) A; see Table $6and a
tetragonal one for AgBiE{a= 5.079(2) A,c = 9.552(3) A; see Table
sp.u

Preparations of AgPt(Pd)R (Table 1 Gives Quantities): (a)
Interaction of AgAsFg with O,PtFs. The yellow solution over solid
O.PtR in aHF was agitated, at20 °C, with the colorless slightly
soluble AgAsks until the solution color of P had almost disappeared,
there being a deep-red insoluble residue. Decantation and washing
(several times) provided yellow tinted crystalline,A8Fs (XRDP
showing only this). The yellow color probably comes from a small
quantity (too small to give an XRDP) of Btk. The XRDP of the
deep-red insoluble product gave a pattern that was wholly indexed on
the basis of a rhombohedral céiiexagonal cell witta = 5.049(8) A,

c = 14.46(2) A; see Table $8

(b) Interaction of Ag(BIF ). with K ,Pt(Pd)Fs. Interaction of solid
Ag(BiFs)2 shaken slowly into &50 °C solution of KPt(Pd)k produced

a brown precipitate. Complete Ag(B)z transfer was ensured by
washing over with two back-distillations of aHF. The brown precipitate
was washed with aHF at20 °C (three times). An XRDP of this solid
gave a rhombohedral-like pattern as observed in (a) but less crystalline

(18) Hoppe, R.; Homann, RZ. Anorg. Allg. Chem197Q 379, 194.
(19) Heyns, A. M.; Pistorius, C. W. F. TSpectrochim. Actd976 32A
535.
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Table 1. Summary of Reaction Weights for the Syntheses of Agl8Elt$

reactant 1 reactant 2 aHF (mL) insol. product decantate
LiAuFe AgF AgAuFs AgF(HF)/LIF(HF),
Mobs 126.4 69.9 1 166.9 40.1
Nobs (0.398) (0.551) (0.399)
Mealc 167
SklrFe AgF AglrFs AgF(HF), S/t
Mobs 241 118 0.75 248
Nobs (0.610) (0.930) (0.599)
Mealc 252
SKOsks AgF AgOsks AgF(HF) S/t
Mobs 264 104 0.75 265
Nobs (0.671) (0.820) (0.643)
Mealc 277
RuFs AgF AgRuFs AgF(HF),
Mobs 409 311 15 650
Nobs (2.086) (2.451) (2.013)
Mealc 674
BiFs AgBF4 AgBIFe BiFs BF3T
Mobs 347 206 1.0 467
Nobs (1.142) (1.058) (1.084)
Mealc 456
KoPtFs Ag(BiFe)2 AgPtFs KBiF¢/K2PtFs
Mobs 292 524 2.6 333 489
Nobs (0.754) (0.695)
Mealc 290 503 23
KoPdFs Ag(BiFe)2 AgPdFRs KBiF¢/K.PdRs
Mobs 316 752 2.3 357 724
Nobs (1.058) (0.998)
Mealc 328 722 18
KPtFs AgF AgPtRs AgF(HF)/KF(HF),
Mobs 61 43 15 79
Nobs (0.175) (0.339)
Mealc 73
O,PtFRs AgAsFs AgPtFs O.AsFs
Mobs 90.0 78.3 1 114.1 41.7
Nobs (0.264) (0.264) (0.274)
Mealc 110.0 58.3

an, mmol in parenthesesy, weights, in mg calculated and observed (observedoboid type).? These solids were not taken to dryness before
they were washed with aHF, hence they were contaminated by (noncrystalline) adsorbed salts.

than it. The two patterns (AgPdRand AgPtk) were nearly indistin- a cubic pattern similar to the one ofRXR!622 (1a3) and the patterns
guishable in line positionfa = 5.00(4) A,c = 14.6(2) A for AgPdF; were fully indexed on ah cubic unit cell withZ = 8 (see Table S3
see Table SQ S5). The observed line intensities match well with those calculated using

(c) Interaction of AgF with KPtF 6. A solution of AgF in aHF was the MR~ ion positional parameters from the single-crystal struéfure
added to dry KPtk and the mixture was agitated-a20 °C (2 h). The of O,PtRs with Ag atoms in%, %4 %4 (8a). These AgMFE salts were
red-brown product was washedx2with aHF to remove AgF excess.  previously reported to adopt the KNbBtructure typé? however the
XRDP of the red-brown product showed a complex pattern akin to cubic form (reported here for the first time) is always obtained from
that of Ag:Snks with AgF, possibly also present. Fluorination of itin  aHF solution. The same holds for KSbRg'AuVFs is isostructural
aHF at~20°C (1400 Torr of i) overnight produced a red-brown (aHF  with LiSbFs (R3) and is so far the only AgMFs~ salt of a second- or
insoluble) product the XRDP of which was a combination of the pattern third-row transition series element known to adopt this structure type.
of rhombohedral-like AgP#-(obtained in (a)) with that of AgF The XRDP pattern (see Table S6) contained also lines of some AgAuF
{evidently the crystalline component (#fFs) had been fluorinated  impurity 24 AgPtFs andAgPdFs are also isostructural with LiSkFsee
to AgF; and AgPtk}. Table S8 and S9); however, they are to be formulated d9viAdFs

(d) Interaction of AgF, with PdF, in BrF o/BrFs. Interaction of and not AdMVFs. The possible departure from rhombohedral symmetry
AgF; with PdF, in BrFs/BrFs at 90°C followed by fluorination with (that could arise from a JahiTeller distortion associated with Ag)

F2 at 250°C gave a product the powder pattern of which showed the could be largely masked by the breadth of the lines. If so, the departure
rhombohedral-like pattern of AgR{Bbtained in (a) together with some  from rhombohedral symmetry must be subtle. There is a hint of small
weak lines of an unidentified phase. line splitting in the more crystalline samples of AgP(Bbtained from

X-ray powder diffraction samples were prepared as previously  the rather slow interaction of AgAskith O,PtR). AgBiFs (see Table
described the X-ray diffraction pattern (XRDP) being recorded on  S7) is isostructural with KNbf (tetragonal,P42m) as previously
film using Ni-filtered Cu Ko radiation (General Electric Co. precision  reported for AgME (M = Os, Ir, Ru)®
camera, Straumanis loading). The program ERA&Bias used for
the refinement of the lattice parameters which incorporates the Nelson-
Riley extrapolation functiof* The AgMF; salts (M= Os, Ir, Ru) show

(22) Ibers, J. A.; Hamilton, W. CJ. Chem. Phys1966 44, 1748.
(23) Kemmitt, R. D. W.; Russell, D. R.; Sharp, D. W. A. Chem. Soc.

1963 4408.
(20) Laugier, J.; Filhol, A. Local version of program CELREF; Nantes, (24) Mayorga, S. Ph.D. Thesis, University of California at Berkeley, 1988;
France, 1978. p 106; characterized by a tetragonal pattern with 5.798(3) A.c =

(21) Nelson, J. B.; Riley, D. FProc. Phys. Soc. (Londor)945 57, 160. 10.806 A,V = 363.2(5) B, z = 4.
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Table 2. Trigonal Unit Cells for the RhombohedraRg) LiMF ¢ Salts of the Second and Third Transition Sefies

LiNbFg LiMoFe LiRuFs LiRhFs

alA 5.304(2) 5.190 5.0751(4) 5.0161(6)

c/A 13.576(4) 13.585 13.543(1) 13.547(2)

cla 2.560(2) 2.618 2.6685(4) 2.7007(8)

viz 110.3(2) 105.6 100.70(3) 98.40(4)

LiTaFs LIWF? LiReRs(?)2P LiOsFs LilrFe LiPtFs LiAuF¢

alA 5.3120(7) 5.234 5.057 (?) 5.1007(5) 5.061(1) 5.0236(7) 4.9953(9)
c/A 13.609(2) 13.606 13.735 (?) 13.608(2) 13.622(3) 13.623(2) 13.704(3)
cla 2.5619(8) 2.600 2.716 (?) 2.6679(7) 2.692(2) 2.7118(8) 2.743(2)
viz 110.85(4) 107.6 101.4 (?) 102.20(4) 100.67(7) 99.25(5) 98.71(6)

a2 These data were taken from Kemmit ef&lall other cell parameters were obtained in this work from XRDP taken with Guagdiation (Ni
filter), the indexing being carried out with the program ERACEL which refines lattice parameters applying a-Neilegrextrapolation function.
b Eight out of 23 lines in the powder pattern of the compound could not be indexed on the basis of a rhombohedral unit cell; the authenticity of the
compound is therefore doubtful.

Magnetic measurementsvere carried out using a Superconducting Although the remaining valence electrons of PtFconstitute
Quantum Interference Device (SQUID) as previously outlitfethe a weakly antibonding set ogg@ symmetry, which has highly
temperature dependence of the magnetic susceptibility was measuredgygrable exchange energlthe F atoms in aHF solution break

for AgPdF; and AgAuks. AgPdFs was found to be a CurieWeiss s configuration and efficiently generate RtF
paramagnet witl® = 4.4 K, u = 1.80ug. This value is lower than the

one previously reportédu = 1.97ug). This can be attributed to some
diamagnetic contamination (adsorbed KgiBf the sample measured
here.AgAuF¢ was found to be diamagnetic. The magnetic properties
of AgOsk (u = 2.95us), AglrFs (« = 1.24 ug), and AgRuk (« =
3.91 ug) have been reported previoush?® indicating that Ag and
M5t (M = Os, Ir, Ru) are present in these compounds.

Pthz_ )t Fsow) ™ PtF6_(solv)+ F_(solv) 2

(solv’
The analogous reaction with PgF, however, does not occur.
Evidently as with Ag(lll) the tighter binding of the 4d electrons
relative to 5d electrons causes Pd(V) to be inaccessible, at least
by this route. The decrease in formula-unit volume with increase
in atomic number for the set of LiMfsalts, given in Table 2,

is much more marked in the second transition series than in the
third, and clearly indicates that the effective nuclear charge
builds up more, with atomic number, across the second than

Results and Discussion

Since Aulz~ and Ptlg2~ can be made from the elemehist
20 °C, in aHF made basic with good Fdonors, it is evident
from the present work that similar conditions will produce
AuFs~ and Pt~ if the R is photodissociated. In practice itis  5cr0ss the third transition series.
often more convenient to make the quinqgevalent salts starting  The db® valence electron configuration of AgFis so
from the Auf™ and Ptk?~ precursors, but in some cases (e.9. stable toward oxidation that the powerful one-electron oxidizer
KAuUF) the synthesis can be conveniently managed in one stepag(|i) in acidified aHF is unable to release AgFalthough
with high yield since the KAuf is of mo_dest solubility that same reagent generatessPBuRs, and Rhig in high yields
compared to KF (and KAuff contaminant, which are therefore .o their MR~ salts®2 This stability of Auk~ is in agreement
readily removed, in aHF solution, by decantation from the it the large electron affinityE(AuFs), calculated by Miyoshi
precipitated KAuk salt. _ and Saka# of 9.56 eV. The higher nuclear charge of gold must
The easy addition of fluorine (as F atoms) to AuRo be the most important factor in the greater oxidation resistance
generate Auk- of AuFs~ relative to Ptk the ionization potential of whic{36
(= E(PtR)) is ~ 8 eV, but the more favorable exchange energy
of the di® configuration of Au(V) relative to the gf
configuration of Pt(V) must also contribute. The tighter binding
of all electrons in Aug~ versus Ptk is seen in the smaller

Au I:Ali(solv) + 2F(so|v) —Au I:67(solv) (1)

stands in contrast to the faildfeto similarly prepare Agk
even using the excellent F atom source, Krfhis facile effective volume of the former (see Table 2).

oxidation of Au(lll) is attributable to the weaker binding of the These facile syntheses of AgFand Ptl™ in aHF provide

d orbital electrons of the gold, because of the tighter binding for the preparation of a wide variety of salts of which the LiMF

of s orbital electrons resulting from the high nuclear charge at are new. It is also of interest that evea"@uFs™ is preparable

the gold nucleus (a relativistic effect). This relativistic efféé# with this approach using £F, mixtures with Auk in aHF. It

is much less significant for silver, where the high effective is plausible that the photochemistry gener&te3,F, which
nuclear charge, at least in Ag(lll), causes the 4d orbital electronsalthough a weak base in aHF is nevertheless able to generate
to be tightly held. This is seen especially in the small size of
the 44z electron pair of Ag(Ill) compared with Au(lll), the
latter formula unit volume being 5%bigger than the former.
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Room Temperature Syntheses of Aufand Pt~ Salts

O," salts. The previously obsern&drapid low-temperature
oxidation of AuR~ by O," or O,F in aHF indicate that Au§E
would be quickly made by either of these oxidizers.

Because the Auf has a filled subshell, g, it has a poor
electron affinity, E(AuFs~), since an added electron must be
placed in an antibonding orbital (g*). This is in marked
contrast to PtE, where an additional electron (to give B&P
enters the4? set, filling it, and in the process enhancing the
exchange energy for that set by50%. These effects explain
the oxidation of Ag by Ptk and the stabilization of AJ by
PtR?~ or PdR?~ and the inability of Auk~ to oxidize Ag' to
Ag?t:

®)

PtPA)R" cony T AG” ey~ AGZ PHPA)E" ()  (4)

AUFs (son) T Ag+(so|v) — Ag'Au Fs (©

The reactions in eq 4 are especially remarkable since the Ag
ion in aHF is able to oxidiZ8 O, to O,™ and Xe to Xe(ll) salts®
Interaction of QTPtRs~ with AgAsFs to give A PtRs?~

AgASFs )+ O, cony + PR sy — AGZ PR o+
OZ+(soIv)+ AsFg (son) (5)

establishes that P§Fis a potent oxidizer. The failure to oxidize
PdR?~ with F atoms, in the same way as for PtFrom PtR?-,
implies that the unknown PdF should be an even more
powerful oxidizer than Pt . Although the magnetic properties
of AgPt(Pd)ls do not discriminate between AWyIFs~ and

Inorganic Chemistry, Vol. 38, No. 10, 1992507

Table 3. Comparison of AgAuFs~ and Ag[Pt(Pd)R]%>~ with
some AgEFR;~ Salts

CsCl-type (8:8) NaCl-type (6:6)

arrangement arrangement

AgIRUVFBC d Agll PdIVFea
color orange brown
SG la3 R3
a(h) 9.653(10) 5.00(4)

c(R) 14.6(2)
VIZ (A3) 112.4(4) 105(3)

Ag'Os'Fe¢  Ag'IrVFe  Ag'PtVFs  Ag'Au“Fs
color white orange brown brown
SG la3 la3 R3 R3
a(d) 9.7318(9) 9.704(2) 5.049(8) 5.283(3)
c(A) 14.46(2) 15.053(6)
VIZ(A®  115.21(4)  114.23(8) 106.4(5) 121.3(2)

AgBiFs AgSbFs AgAsFg AgPFs
color light yellow white white white
SG P42m 1a3 Pa3 Pa3
a(d) 5.079(2) 9.857(%) 7.773(7) 7.563(4)
c(A) 9.552(3)

V/iZ (A3) 123.2(2) 119.7(2) 117.4(5) 108.2(2)

aThe XRDP of AgPdE was broad-lined and weak, and nearly
indistinguishable from that of AgPgFThe Vey is certainly close to
the one of AgPtk P The lattice parameters were recalculated from ref
40. ¢ The cubic modification (probable S{@3) was obtained for the
first time. Previously a tetragonal KNbfype structure has been
reported for those compound’s.? AgRhRs has been reported to be
black; however, no structural information was given.

~20 A3, this being a measure of how much largerNsithan
the octahedral hole in the approximately close-packed F ligand
array. Since Ag is similar in size to N4, it might, therefore,

2 2— i i
Ag*"MFg?", since each possesses one unpaired electron, (theaye peen expected that the AgESalts would also have

AgTMFs~ in the dbg® configuration of the anion, the AgMFe?~,
in the & configuration of the cation) there can be no doubt that
the appropriate formulation is the latter one. The unit cell size
and chemistry establish that the formulation is2Agt(Pd)k2.
For AgAuR;, its diamagnetism and unit cell (see Table 3) show
unambiguously that it is AgAuFs™.

Data for the LiMR salts of the second and third transition
series, given in Table 2, show that the Atufhas the smallest
effective MR~ volume of the third transition series. Evidently

adopted 6:6 coordination throughout the series, but as the data
in Table 3 show, this is not the case.

For the closed-shell, group 15 AgES&alts, there is a switch
in structure typé&34l the smaller anions RF and Ask~
adopting NaCl-type structures, and the larger ¢Skahd Biks ™),
variants of the CsCl structure type. The cubic forms reported
here for AgMF (M = Ru, Os, Ir) are new, these having been
previously described as having the KN§sfructure type2 The

because effective nuclear charge increases more with increasinglata for the second and third transition series Agfts show
atomic number in the second than in the third transition series, that the switch from NaCl to CsCl type is even more subtly
the effective volume of LiRhEis smallerdt and it is the last of ~ correlated with anion size, since AgRygind Aglrfs both adopt
that series, PdF and Agk~ being unknown. All other known  CsCl type lattices, whereas AgAgiRas a LiSbE structure (i.e.,
LiEF¢ salts adopt the rhombohedral variant of the (6:6 coordi- NaCl relative), even though thé-y of the LIEF; relatives (see
nate) NaCl type arrangement (which is named from the LiSbF Table 2) differ by no more than 23AComparingvry(AgAuFs)
structuré®). This is essentially a hexagonzbse-packedrray = 121 A3 with Vry(LiIAuFe) = 99 A3, each of which adopts
of F ligands containing ordered arrangements of E and Li in the NaCl-like LiSbf structure, we see that the Ads ~22 A3
octahedral holes. The structure can be attributed to the small,|arger than the Lf in effective volume (a value close to that

hard, and highly polarizing Listrongly attracting, octahedrally,
six F ligands of surrounding M. The smallest EF (PR™)
results in a formula unit volum® Vg, of only 88 A3 for LiPFg,

whereas for the largest anion represented so far in this structure_ 11 A3

type3! Taks~, Vru(LiTaFs) = 111 A3. This gives an approximate
estimate for the sizes of the anions since the ¢an be taken

to contribute very little to the cell volume in each case. This is
not so for the N& ion in the NaEF salts, which also for the
most part adopt the same LiSh&tructure, or cubic relatives
(Pa3 or Fm3m), all variants of 6:6 coordination. Generally, for
any given LiSbk lattice E,Vry(NaEFs) exceeds/ry(LiEFs) by

(38) Zemva, B.; Hagiwara, R.; Casteel, W. J., Jr.; Lutar, K.; Jesih, A.;
Bartlett, N.J. Am. Chem. S0d.99Q 112, 4846.
(39) Burns, J. HActa Crystallogr.1962 15, 1098.

already noted earlier for Ng. A similar comparison of the
CsCl-type latticeVry(AgRUFs) = 112 A3 with that of the NaCl
type Vey(LiRuFs) = 101 A3 shows that the AgRufattice is
more closely packed than if it had adopted the NaCl-
type lattice. This better packing provided by the AgiF CsCl-
type structure holds in general for cations of the size of Ag
larger. An aspect of the closer packing of the CsCl type
arrangement is that it places the nearest like-charged ions closer
together than does the NaCl arrangement. This is illustrated well
by the cubic AgRuFstructure (smallestgy of all salts of CsCl-
type structure) in which the nearest RuFare 4.83 A apart,

(40) Bode, H.Z. Anorg. Allg. Chem1951, 267, 62.
(41) Babel, D.Struct. Bonding (Berlin}l967, 3, 1.
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whereas in LiRuEthe closest interionic distance of like idAs
is 5.075 A. Even in the smallest NaCl-type LiEiPFg), the
closest like-ion distan@@is 4.921 A. It is probable that EF

Graudejus et al.

of AgPtFs a possible line splitting could be present, in which
case the true symmetry must be lower than the rhombohedral
symmetry assumed here). The pattern is convincingly indexable

ions in cubic or rhombohedral CsCl-type cells cannot be placed on the basis of a LiSkhftype rhombohedral cell. It is clear that

much closer than they are in AgR4iBince their repulsive

if the material were AgPtR~ the formula unit volume should

interactions would then become severe. When the symmetry isbe slightly larger than that of AgAufjust as LiPtk is ~0.4

tetragonal, as in the AgBifcell, the octahedra can be stacked
more efficiently, each with a 4-fold axis parallel to thé plane

A3 larger than LiAuk (see Table 2), i.eVru(AgTPtRs ™) ~ 122
A3, The simple explanation for the observed formula unit

and a super imposed octahedron at right angles, such that thevolume, of~106 A3 (which will not be significantly different

two F~ ligands, of one octahedral edge, pack tetrahedrally with
the like F ligands of the octahedron packing closely with it
(above and below). This requires 4 axes parallel ta@ For
octahedrally close-packed spheres of radidke idealc axis
for such an arrangement would be {42+v/2)r.

For unmeshed octahedral EFspecies, they are thinnest when

if the symmetry is lower), is the formulation AgPt(Pd)R? ",

in which the Coulomb attraction is four times greater than in
AgtAuFe~, or what might have been A@t(Pd)k~. The
Ag?Pt(Pd)R2~ formulation is also in harmony with the failure
of these materials to combine with fluorine. The AgFs~ salts

(M = As, Ru, Ir) and AgBF,~, all add fluorine easily to form

measured along a 3-fold axis. Such symmetry is appropriate AgF* saltd.25 (AgPF; gives Agh and Pk, and AgOsk gives

for the packing of the octahedra in cubic or rhombohedral
lattices. For an octahedral collection of sphericalligands of
radiusr, the separation of one 3-fold set of F nuclei from the
other is 2+/2/+/3. For the total effective thickness of the octa-
hedral cluster in the 3-fold axis direction, we must addThere-
fore this effective thickness is@ + \/E/\/é). If the thickness

is 4.83 A, as in AgRuE we haver = 1.33 A. This is slightly
less than the commonly accepted v4ku@.36 A) for the van
der Waals radius for the Fligand. Clearly, Mk~ closest
distances less than 4.83 A, would signify strong repulsion.
Indeed, in Auk~, where the effective nuclear charge is high
enough to raise the ionization potentfal-1 eV higher than in
the ruthenium ior#? the AuRs~ as a whole must be effectively
smaller than Ru§ . But at this point the repulsive interactions
of AuFs~ (which would surely be placed less than 4.83 A apart

in a CsCl-type lattice) seem to render that arrangement less

favorable than the less well packed NaCl structure. As is
indicated in Table 3, this structure has a closestAufterionic
distance of 5.283(3) A. The larger EFare associated with
lower effective nuclear charge at E (e.g., Ta(v)), and this in

turn must mean that the F ligands of the larger anions are more

electron rich and polarizable, i.e. much softer than in theAuF

ion. In any case, in the CsCl type structures with large anions,
the like ions are further apart than 4.83 A, the separation distance

being (at least approximately) the anion diameter.

Although the XRDP of the (rapidly) precipitated AgPt-
(Pd)Fs is broad-lined and of heavy background, the pattern is
unmistakably akin to that of AgAW:- but of cell size much
closer to that of PdP#-Indeed direct comparison of XRDP
patterns of AgPt(Pd¥- (which were nearly the same in
diffraction-line placement) with those of AgAgkand PdPtE
immediately indicated that the platinum and palladium salts
belonged to the family of MMFs2~ R3 materials'* The
formula unit volume derived from the indexing of each of the
patterns was~106 A3, which is slightly larger than th#t of
PdPtks (104 A3), in harmony with the greater antibonding effect
of the & configuration of Ag™ compared to that of the®df
Pc®*. Although there could be a Jahiteller distortion arising
from the @ configuration this, if it occurs, must be sufficiently

AgF; and OsF). The salt AgFAuFs~ has also been prepared
previously in these laboratori®sand is isostructural witt§
AgFTAsFs.

It is of interest that each of P§F and Ruk~ is able to
stabilizé-16:47 O,*. The salts have similar unit céll¥47 and
stability with respect to dissociation. In harmony with these
similarities the electron affinity of Rufshould be close to that
of PtR3473¢ which is ~8 eV. It might have been expected,
therefore, that the second electron affinity would also have
nearly the same value for both ions. But RéFdoes not
stabilize Ag*. The close structural relationship of AgRyt6e
AglrFs (each has a CsCl-type cell, such as would also be
expected for AgPtR™) and its reported magnetic behavib?®
establish that the ruthenium salt is AgQuFs~. This must signify
a smaller second electron affinity for Ryfhan for Ptk, since
the unit cells of the AgME salts of the same charge must be
similar, as is the case for a variét{f of RuRs~ compared with
PtR~, and Ruk?~ compared with Pt~ salts. The lattice
energetics of the ruthenium and platinum relatives must therefore
be similar?® Consequently, it is plausible to assign the greater
second electron affinity of Pgfo the favorable exchange energy
benefit when di® becomes dtf. In the conversion of the
ruthenium dig® to diyg* there is no increase in exchange energy.

The preference of the formulation AgPtR?~ to that of
Ag*PtRs~ requires that the electron affinity of RtF; E(PtRs™),
and the lattice energy benefit provided by?ABtR?~ relative
to AgTPtRs~ must exceed the ionization enthalpy for conversion
of Ag™ to Ag?". The last terrff is 496 kcal mot?. The lattice
enthalpy® for Ag*PtR;~ based on the anticipated formula unit
volume is —139 kcal mof!. On the basis of the observed
volume for Ag+PtRs2~ (of ~106 A3) and assuming that the
lattice energy of ATB2~ is four times that of AB~, the lattice
energy is estimated to be 575 kcal mblThe change in lattice
energy is therefore-436 kcal mof?!. ThereforeE(PtRs™) is
required to be>60 kcal mot? for such an oxidation to occur.
This approaches the electron affinity of a fluorine atdri(F)
= 78.4 kcal mot. It is clear, however, tha(PdR~) must be
even larger thafe(PtRs™).
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