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Abstract
The rccently synthesized Au(V) complex fluorides of the form A+AuF6-

with A = Xe2P11+, XeF5+, and Cs+ have been sgtudied by M5$sbauer spec-

19
troscopy with the 77.3 keV gamma resonance of ”’7Au. The wvalues obhtained

for isomer shift and electric quadrupole interaction are in harmony with

the assigned oxidation state, Au(V), as well as with the oc¢tahedral shape

of the'AuF6~ anion.

I.  INTRODUCTION

A novel oxidation state (+5) of gold, as represented in the AUFG—
L | J1 ' . +

anion, has recently been established .” .The complex fluorides XezFll
UF6—’ XeF AuF6 , 02+AuF6_ and Cs+AuF6_ have been synthesgized. 1ore
recently the crystal structure of Xe2F11 F6 has been determ:ned[ ]
revealing that the avion in that salt possesses essentially octahedral .

symmetry.

At the time of their discovery, Mossbauer épectroséopy'offered'an

~ additional tool to both confirm the quinquevalent oxidation state of

gold in these compounds and suppbrt the octahedral form predicted for the

i
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AUF6- aﬁion. The 77.3_keV'1/2+ > 3/2+ Ml(lZ.éZ:EQ) gaﬁma_tfansitiqn of |
monoisotOpic‘197Au[3]>is well suited fbtvthemiqal_afplicétioﬁs_of
Mﬁssbaﬁer'5§eCtroscopy;isinceithe observed fanges of isomer shifts énd :
électticfQuadrupole sélittings éméunt to'seVeral.expérimental line-
widths, -

Consequently, Au(III) and Au(I) compounds  have been the subject of
extensive'investigations by nuclear gamma resonance spectroscopy[4-6].
The résults revealed a dependence of the isomer shift on the oxidation

state similar to that found in compounds of the 3d, 4d, and 5d transi-

57, 99 193 189, [7]

tion elements, e.g., Fe, Ru, Ir, and . On the other hand,

appreciable variation of the isomer shift within the same oxidation state °

was observed for Au(I) and Au(III) compounds, much as in the cases of

)[8,9] )[10]_ and Fe(II)[llJIIOWbépin complexes,

Ru(II) and Ru(III s Ir(III 5

indicating a marked dependence of the:isomer shift upon the nature of
the ligands.

| The Mossbauer data from the quinquevalent gold compounds reported in

this papér provides a further basis for the identification,of the factors

vhich affect the isomer shift.

II. EXPERIMENTAL

A. Preparation Of'Gold(?) Compounds. :
X *pur, " R o Lo [1)
eZFll AuF6 and Cs AuF6 were prepared as previously described ™.
+ _ o A

AuF6 was prepared from X 2F11+AuF6 by heating the 2:1 compound

XeF5 |
to 110°C, with removal of the evolved'XeF6 under vacuum. The 1:1 compléxv
was purified by sublimation at 110°C. AuF3 was prepared using Sharpé's

methodllz], and the fluoride was subsequently fluorinated (70 psi fluorine

gas at 320°) to remove any traces of BrF,.
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All compounds were characterized by their:regpectivevx—ray powder
patterns and Raman spectra, and the xenon compounds werébanalyzed quan-
titatively'for Xe using a Dumas ﬁitrometer previously saturated with
xenon. Since all of these compounds are extremely water sensitive, the
utmost precautions were takeh to exclude moisture from all apparatus and
materials. 'Absorber capsules were loaded in a Vacuum Atmospheres Corp.
Drilab (N2 atm), ahd were‘checkéd after Mossbauer mgasurements to ensure .
;he sustained quality of the samples.

B. Mossbauer Technique.

All samples were put into vacuum-tight, indium-metal-gasketed
absorber capsules made of aluminum with inner containers made of Kel-F.

The thickness of each absorber was adjusted to approximately 50 mg/cm2

197 . L .. .
of Au. The standard Mossbauer transmission experiments were performed

with bdth source and absorber cooled to 4.2°K, using a sinusoidal velocity

[13]

" spectrometer and a Ge(Li)-diode for recording the 77.3 keV gamma
rays. In the employed data processing method,'the channels corresponding -
[13]

»

to maximum velocity are obtaincd from symmetry arguments alone

thereby allowing high precision in the determination of isomer shifts.

1 .
Sources of 97Pt, in platinum metal, were prepared by neutron
irradiation of platinum metal foils (zbout 3 ng, enriched to 65% in 196Pt)'

in an integrated thermal neutren flux of 3 x 1019n/cm2, These foils were
used as received from the reactor, without further treatment. They were
re-irradiated repeatedly.

III. RESULTS AND DISCUSSION.

Figure 1 shows, as an example, the MSésbauer spectrum of XeZFll+

AuFG_; a single unbroadened resonance line:is observed. The solid line
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'is the result of a least-squareé'fit of a Lorentzian line to the data.
’Almoét identical Mossbauer spectra were obtained for XeF5+AuF6- and
csTAuF,”. Since the previously'reportedta] shift fof'ApF3 was very

(41

6

different from the AuF,”

decomposing sample, the M3ssbauer spectrum of AuF3 ~was also measured.

shifts, and was obtained from a reportedly

Our material was prepared in high purity as a starting material for the
synthesis'of the quinquevalent gold compounds. Due to electric quadru—

e m o+ 197, . e
pole splitting of the I = 3/2 nuclear ground state of ~~ Au, the result-
ing MOssbaueér spectrum consists of two Lorentzian lines separated by

AE) = 2.71 .+ 0.02 mm/s.

The results of the presént work are summarized in Tablg i. The

obéervedvexperiﬁeutél line-widths, when corrected for line-broadéning

[14]

caused by fihite absorber thickness » compare quite well with twice

the natural width of the Mbssbauer gamma rays, W = 2h/T = 1.85 + 0.01

mm/s[IS] This puts an upper limit of AE_ < 0.05 mm/s to the possible

Q
electric quadrupole interaction at the gold sites in these quinquevalent .
cqmpounds, which is in agreement with the observed octahedral symmetry

uF -[21
of the AuF6 6 -

Moreover, structural data also indicate an octahedralvanion in both

anion in the crystal structure Xe AuF

2 11

'Cs+AqF6‘.and XeF5+AﬁF6;. Cs+AuFé» is isomorphous with Cs OéF6 ;.the
structure of which[l6] shows the anion to be octahedral.”.XeF5 Aqu_ is
isostructuraiIl7]w1th XeF AsF6 , the anion of wﬁiéhlls] is nearly
octahedral.

. The results for the isomer shift S of the quinquevalent compounds,

listed in column 4 of Table I, are almost identical with each other,

supporting the existence of similar AuF6_ anions in all of the studied




- sity at the_MBssbauer nucleus in the two chemical enviornments. E,
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quinquevalent gold compounds. This has also been cbﬁcluded from the

(1,2]

close similarity of the Raman spectra obtained for these complexes .

The results for isomervshift and electric quadrupole splitting found for

AuF, agree well with those given in reference 4.

3

A graphical representati&n of the present iéomer shift results,
together withvthose.for Au(III) and Au(I) compounds with halogen ligands,
taken from references 4-6, is presented in Figure 2. With the exception
of Aqu,
groups corresgsponding to univalent, tervalent, and quinquevalent gold.
[7—ll,vl9, 20] the

the isomer shifts arrange themselves in three well separated

As in the case of compounds of Fe, Ru, Ir, Pt and Os
isomer shifts exhibit a monotonic dependence on the oxidation state.
Assuming constant electron density within the nucleus, one can write

[21]

for the isomer shift S in velocity units

S = c/Ey-2n/3-Z-e2-A<r2>-Ap(0)

2

: 2 2 . :
where A<r™> = <r'> - <r >g ‘is the change of the mean-squared nuclear

e

charge radius between the excited state and the ground state of the

nucleus, and Ap(0) stands for the difference of'ﬁhe total electron den-

Y

is the energy of the M555bauer.gamma rays and ¢, e, and Z have their

usual meanings.

The total-electron density at the nuclegs b(b) depends on the natﬁfe
of the chemical bonding.. PositiQe contributioné to p(0) arise from the
atomic 6§,pbpulation§ of’fhe moiecular orbitals qn‘tﬁe'gold ion, whilé
a decrease in p{O) ié caused by the atomic 5d popﬁlationsidue to theif

shielding effects on s electrons. The relative magnitudes of ‘the various
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contributions are’ known from the results of relativistic free ion self-r

2]

consistent field calculations for gold[ and for.other d transition
elements. - The atomic 6p populations,on ‘the other hand, jield only snall»
contributions both by‘shielding of s electrons and by their relativisticu
density_at’the nucleus[zzl. Hence p(0) and conSeqnently_the isomer shift
will'meinly depend on'the atomic 6s and 5d popnlations'on'the gold ionm.
From the effects of~quasi-hydrostetic pressure on theitransition“

energy of the 77.3 keV gamma rays of 197Au in metallic.gold..a‘value of .

A{r2> * 49 x 1073 fm’ has been derived for the change of the mean-

squared nuclear charge radius[23]. The positive sign of'A<r2> implies
‘an increase in p(0) with increasing isomer shift. Theﬂisomer shift
results of Figure 2 thus reveal an increase in p(O) with increasing oxide—
tion state of gold. 'This is what is expected on the basis of é electron
shielding arguments,. assuming a decrease in the atomic popnlation of.Sg
orhitals’on gold going from univalent to tervelent to quinquevalent gold
compounds with halogen ligands;_ The isomer shifts obtained for:the AuF6—
complexesvtherefore strongly support-the assigned quinquewalent oxidetion'
state of gold, |

VA more quantitativevdisCussiOn of the isomer shift results of Figure
2.-es§ecia11y their use for a derivation of an‘estimate for A<£2>, is not
straightforward since there'are considerable veriatiOnscin_the Au atom
coordination in these gold compounds. Au(I) compounds usuallw contain“
1linear ligand-gold-ligand units in the first coordination sphere[zal,
while most of the Au(III) complexes have sqnare planar molecular symmetry
The Au(V) complexes studied in the present work. on the other hand, have

2]

octahedral symmetry .

[51'

(NS
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Bartlett has previously argued[26 for the F ligands in the transi-

fion mefal_hexafluorides being good’ﬁ—eiectfén donors. If this isbthe
generél situation for F attached to a transition metai‘atOm, we cén
expect the electron population of Qn symmetry atomic orbitals on gold

to increase with incfeasing coordination in F.  This effect Qould offset
‘to somé extent d electron denéity decrease'which is coupled Qith the oxi-
dation state increase. Thus the isomer shift differences between the
various Au oxidation étates, involving the samé ligand. are smaller than
those expected from the §~électron density results of free—ion Dirac-Fock
calculatibns (using the above value for A<r2>[15]) for différent d-con-

figuratibns of gold[23].

It is probable that the greater isomer shift of AuXa_ (X = C1, Br,

I) relative to’AuF4 is due to the poor 7 donor ability of Cl, Br and I

relative to F. Alternatively, the availability of d orbitals of the

‘valence-shell quantum number in Cl, Br and I is often cited[27]vin

arguing forvﬂ‘acceptor properties for these atoms.. F atoms, in contrast,
do not have this facility.
As may be seen from Figure 2 the isomer shift for AuF3 is anomalously .

low. The observation is firm, the results from our high quality sample

[4]

‘being in good agreement with the. previous fihdings . We believe thatT‘
the low isomer shift of AuF3 is linked to its structure. 7The Au atom '
[28]

3 is bonded to four F atoms in a planar, roughly square arrangement

The arrangement has C

in AuF

2v symmetry and each [AuF4] group has two sets of

.adjacent (cis) Au-F distances: one short at 1.91(4) A and one long, at
[-] .
2.04(3) A. In addition, the gold atom is coordinated to two other F atoms

o - ) B .
at 2.69(4) A on an axis roughly perpendicular to the plane defined by the
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[AuF4] group. Thus the coordination df the Au atom iniAuF3 may be des-

cribed appfoximately as tetragbnally-elongated'octahedral. ‘In no other_f

AAu(III) compound, éhown in Figure 2, is this structure type observed.
It is usu51 for the Au(III) compound to be square or nearly-square coor-

' dinatedlzg]

well off the axis normal to this plane. The usual situation isvillustraQ a

[30]
B 4 . )
Thé AdF4- ion in KAuF4 is recognized as the square planar AuF4 group

ted by'the.crysta] structure of KAuF

characteri;ed by an Au-F distance_of i.95(2) ;. (This Au-F distance is
not significantly different from the mean of the Au-F disﬁances of the
‘Auf4 grou§ in AuF,, whiéh’is 1.98(4)'Z.) Thé.gold atom in KAuF, is
furthef cqordinated-by foqr othef F atoms at-3.12(2) Z. The enfire‘ _
arfangement of eighﬁ F-atoms about the Au atom can be described aé a1
distorpéd cubic groﬁp; The square AuF4—‘speCies represents.a_pair of
diagonally opposite parallel edges 6f the 'éube;‘(which has; in conse-
quence, been distorted to fender these edgcs,-ahd fﬁe réléting'facé 
diagénaIS»"equal). “The othefltwo diagoha]ly*Gpposite parallel.edgeS:Qf
the originéi four-fold cubicrset eacﬁ represeﬁt-two.of thé‘F‘apbms<'atv
3.12 Z from the Au atom.

The éoor&ination o.f.tHc_AuL4 group in AuFB-[in contrasf.to éllrof:'
‘the other Au(III) compounds] by fwo other ligands approximately normal :
to the AuL4lplane may account for the ahomalously low isomef shift‘of
AuF3; _i; thevquarg’AuFé group of AuF3, each of the additional F
ligands is suitably .located fo: ﬂ.donation to ;he Au(III) atom. Thus
if the péeudo-four—fold axis of the AuFA gfqup is E; fhe-gz¥ énd.gz

orbital electrons of the Au(I1l) are more concentrated on that atom than

but other ligands approaching the [AuL4] gfdup alwéys do so '

R




otherwise, as a consequence of the T donor'ability of those two F ligands
which aré nearby on theig axis. |

. For a rough estimate of |<r2> we take the isomer shift differencér
between the AuF6_ complexes and AuF3, AS =.3.4 mm/s, as reprgsentative
for the one between Au(V) and Au(III). It is obvious from the above
discussion that for this pair of gold compounds the diffefence in effecﬁive
_coordinationvnumbervis smaller than for any other pair of the studied

gold compounds with different oxidation states. For the electron density

difference between 5§6 and 5§8 configurations we take a value of Ap(0) =

6

4.4 x 102 cm—3, as estimated from the results of relativistic Dirac-

Fock calculations of reference 22 for free-ion configurations of gold.

We then 6btain a value of A<r2> = 8.6 x 10—3

fm2 for the change of the
mean-squared nuclear charge radius. Because of the change in molecular

structure from AuF, to AuF., however, this value should be considered as

6 3?
a lower limit for A<r?>, It is interesting that it agrees quite well with

the result'of'reference 23.
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TABLE 1
Compilation of experimental results: ¢ =fresdnahCe-effe¢t. W= totai
experimental linewidth (FWHM); S = isomer shift relative to the platinum

metal source; E =‘e2.q.Q(3/2)/2'(1 + r12/3)1/2 é_eiectric quadrupolé

Q

splittihg of the nuclear ground state of 197Au.'

Compound € W ' S ‘ EQ

' (% (m/s) . (mm/s) (mm/ s)
Xe,F,  AuF. 2.9 1.98 :.0.02 : 2».'28 + o.Ql T
XeFAuF, 4.0 2.10 * 0,06 2.31 £ 0.02 -
CsAuF, 2.8 2.02 *0.06 2.39 + 0.02 . —
AWF, . 4.6 2.00 *0.02 -1.06 * 0.02 ~ 2.71 % 0.02
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Figure Captions

Mossbauer absorption spectrum of Xe2F11+AuF6_, recorded with
| 197

‘the 77.3 keV gamma rays of 197Au, emitted from a metallic Pt

source. Both source and absorber were at 4.2°K. The solid line

| is the result of a least-squares fit of a Lorentzian line to

the data.

Graphical reprcsentation of isomer shifts of the 77.3 keV garma

rays of 97Au for univalént, térvalent, and quinquevalent ...

gold compounds with halogen ligands. ’ : f - Q;
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