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~ SIMPLE AND COMPLEX FLUORIDES OF GOLD- AND PALLADIUM
Kevin Michael Leary

Inorganic Materials Research Division, Lawrence Bérke1ey Laboratofy
and Department of Chemistry; Un1vers1ty of California,
Berkeley, California 94720
ABSTRACT | |

Severa1'compbunds containing the novel Ang jdn (Au(V)) were prepared
and char&éteki:ed using a variety of techniques. The chemistry
ofvseveréT:AuF; salts is described; the Aqu ion was found.to‘bé a
powerful'dXidizer, oxidizing IF5 to IFE at roomvtemperatUre."The X-ray
crysta]'sffuéture of the salt XeZFT]Aqu was detefmined; the Qeomefry of
both the‘cation and the anion are described foh:thevfirst time. The
Xe2F:1 ion cdhsists éf two XeF; groups bridged By a'fluoridé:ion; the
anion was%found to be nearly octahedral with an avérage-Au—F bond length
of 1.86R. ‘A M&ssbauer study of several AuF; salﬁs‘is reported. The
values obtained for isomer shift and quadﬁupo1e sp1itting confirm the
octahedral geometry of the AuF; ion and the +5 oXidation state of
gold. The bonding in gold fluorides isvdiscussed;f

Twovnewvadducts of XeF6 with PdF4, 4XeF6-PdF4 and 2XeF6-PdF4, were
prepared and characterized using vibrational spectroscopic and X-ray
di%fraétibh techniques. These compounds were shown to be (XéZFT1)2PdFZ
and (XeFy), PdFy.
is reported. It describes for the first time the‘geometry of the XeF;

The X-ray single crystal structUre of (XeF;)2 PdF;

ion in a doubly-charged anion environment.
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. I. INTRODUCTION |

-Th1s thesis has two major d1v1s1ons, Chapters 11 and II1 dealing
With.thevattempted synthesis of Pa]]ad1um(V) compounds and Chapters IV
through VI dealing with the preﬁaration, characteriiation and some
éhemist}y of Gold(V) compounds. H

Chapter I describes the apparatus and techniques common to most"of 
the work ihvthis thesis, and to inorganic fluorine chémistry in genéra].
Spécia]ized'equipment and methods developed for-barticu]ar problems are
described‘in'detai1 in the appropriate chépters- |

A. Apparatus and Techn1qyes

Most of the compounds descr1bed in this thes1s are both extremely
moistune sensitive and corrosive, so that their manipulation requ1res
the rigorous maintenance of a dry envfronment._ Hence, nearly all experiments

required the use of a metal vacuum line and/or an inert atmosphere box.

The methods and materials for handling air-sensitive compounds have been‘

described in detail by Shriver.]

Vacuum lines were constructed of Autoclave Engineers 30VM6071 Monel
ya]ves (rated to 30,000 psi) and the appropriate connectors. Normal
working pressures were measured with Helicoid géuges--one fof the
0-1500 mm Hg range, and another for the 0-500 psia‘range. Pressures less

than 1 mm Hg were measured with thermocouple and ion gauges which could

be isolated from the system to avoid damage from corrosive chemicals.

The vacuum system was equipped with three separate pumps--a small

- mechanical pump for the disposal of waste fluorine fhrough a soda 1ime

tower, a gobd quality mechanical pump for general work, and a 2 in. oil

| diffusiohvpump for high vacuum applications.
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For general synthetic work reaction vessels and small systems
constructed of Kel-F, Teflon-FEP, quartz and pyrex glass and equipped
with Whitey IKS4 brass valves (Kel-F tipped stems) Were used. Quartz
'ahd pyrex apparatus was connected to the system uSing either graded
seals and/or'Kovar seals, or directly using boked'dut Swagelok unions
(e.g., 10 mm glass was used with a nominal 3/8 ih.'union). Teflon
ferrules were stretched over the glass tubing using_gent1e heat from
a heaf guh.v‘ _

For high pressure and/or high temperature syntheses, reactions
were carried out in autoclave bombs fabricated of,Mone]/stain]ess steel,
wifh thick'copper gaskets, capable of withstanding 500 atmospheres
pressure at 600°C. These bombs were used with nickel 11hers to minimize
corrosion and to facilitate handling the product in the drybox.

A11 apparatus was carefully leak tested with -a CEC 24-120B helium
mass spectrometer leak detector when first assembled, and retested when
| connections were made or broken. |

Solids (and some liquids, e.g.,vaF5) were handled in a VAC inert
atmosphere box (N2 atmosphere) equipped with two circulating drying |
trains thaf;removed both water and oxygen. These were regenerated on
a reqular schedule (every three to four weeks)vto insure the driest
conditions inside the box. The gloves were inspected frequent1y and were

rep]aced.when they become worn or cracked.
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Grating Spectrometer over the range 400-4000 cm™

3

B. Routine Characterization‘of Materials

1. Raman Spectroscopy

Rodtine Raman“spectra were obtained on a Cary 83 Raman Spectrometer
(488 nm). For higher resolution work, and for compounds that were
sensitive fd,b[ue 1ight, the Raman spectrometer at fhe,USDA Western
Regional Research Laboratories, Albany, California was used. This
instrument-pro?ided for excitatidn with a variety of 1asér lTines
(principally 488, 514.5 and 647.1 nm), a Spex 1401 double ﬁonochromator,
and a detection system that utilized photon counting techniques. The
spectrometer’was cbup]éd to an on-line computer which allowed the data
to be cb]Tected, stored, corrected for phototube sensitivity, norma]ized.
and plotted. Powdered samples were loaded into 1vmh o.d. quartz capillaries

in the drybox, sealed temporarily with a plug of Kel-F grease, and the

~ tube drawn dowh and sealed in a small flame outside the drybox.

2. Infrared Spectroscopy

Infrared spectra were routinely obtained on a'Perkin-Eimer 337

], A 10 cm path length

Monel cell with AgCl windows (1 mm thick) was used for gases. Spectra
of solids were obtained as fine powders pressed between AgCl plates in

a Kel-F holder.

3. X-Ray Powder Photography

X-ray powder diffraction patterns of solid samples were obtained
with a General Electric Precision camera (Straumanis loading, graphite-
monochrdmatjzed CuKu radiation). Finely powdered samples were sealed

into 0.3-0,5 mm quartz capillaries as described under Raman spectroscopy.
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Films were measured on a Norelco measuring device..

4. Xenon Analyses

Xenon was determined using a Dumas n1trometer. Samp]es were loaded
in the Dr11ab into previously dried and weighed th1n walled pyrex
cap11]ary tubes, which were then sealed as descr1bed under Raman
spectrOSCpr._ The capillaries were cleaned of greése, reweighed, and
.then inserted into the combustion tube of‘the nitrometer.‘ The evolved
gas was co]]ected over ‘50% KOH soiution previously saturated with xenon.
Samp]es,of XeF2 were run to check the accuracy of the method. The
nitrqgen from the Drilab present iﬁ the capi]]aries had a negligible

effect on the results.
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~I1I. ATTEMPTED SYNTHESES OF PALLADIUM(V) COMPOUNDS:
: + X = + ="
THE SALTS (XeF5)2PdF6 and (Xe2F1])2de6

A. _Introduction

Although the hexafluorides of both rhodium and platinum are known,
the highest known oxidétion state of palladium is four, found in the

3 and the m'trate.4 The

tetraf1uoride,2 several hexahalogeno dianions
possibility of synthesizing a Pd(V) fluoride seemed very likely, given the
correct choice of experimental cohditions. The synthetic approach was
based.on the;the supposition that the electronegativity of Pd(V) in a
comblex anion would be less than iﬁ‘the free pentafluorfdé 1£se1f. The
combination,of XeF6 and F2 was chosen as the oxidizing system for two

reasons: XeF6 is an excellent base'which is oxidatively inert.5 The

Tiquid was also judged likely to be a polar solvent because of the
6 v

jonization of XeF6 in the solid state.

B. Experimental

Palladium Sponge was supplied by Engelhard Industries and was

specified to be 99.99% pure.

ngs, Fz,and Anhydrous HF was supplied in cylinders by the Matheson
Company. |

B . . 7
Xenon Difluoride was prepared using the method of Streng and Streng,

and Ho]]oWay,g'as given by w111iamson.9 It was characterized by its

Raman spectrum.

Xenon Hexafluoride was prepafed.using the method of Sheft, §pitt1er
10

and Martin. It was characterized by its infrared spectrum.
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' Pa]]adiﬁm Dibromide was obtained by dissolving Pd sponge in aqua regia

then evaporating to dryness several times with a mixture of HBr and Br2. ~
"Palladium Trifluoride" (Pd+2PdF;2) was prepared using Sharpe's
method.]1 ) _ : | A4

Palladium Tetrafluoride was prepared using the method of Bartlett and

Roo.2 Méteria] prepared in this way occasionally contained a trace of
PO |

vjﬂQ)ZEQEG was prepared by dissolving NOCT and PdBr, in Brf, in a
quartz'buJb;_ This compound is a bright yellow solid. The Raman spectrum
of (NO)ZPdF6 is shown in Fig. 1, and the data is tabulated in Chapter.V. 
1. A4XeF.-PdF,

Typically, 0.40 g Pd2F6 (1.22 mmoles) and 0.70 g XeF2 (16.0 mmoles)
were placed‘in 45 ml autoclave bomb. Then 58 mmoles of F2 were condensed in,
and the bomb was heated to 360°C for 24 hr (P = 1000 psi). It was slowly
‘cooled tb‘room temperature, then the excess XeF6 and F2 were removed
undef vacuum. The product, a yellow solid, was.foﬁnd as long needle
crystals adhering to the top and sides of the bomb. - Analysis for xenon
gave the following: found; 43.9%, required for 4XeF6-PdF4; 45.1% Xe.
This material could also be prepared by substituting PdF4 for PdF3 in the

above preparation. - v .

2. Properties of 4XeE6;£gf4

- The Raman spectrum of this material is showh in Fig. 1. Caution
had tb be exercised invobtaining Raman spectra of these compounds; the
4:1 was photdlyzed to the 2:1 by green laser light (514.5 nm) but
remainéd stab]e to decomposition in red light (647.1 nm) 4XeF6-PdF4

reacts explosively with water, liberating ozone smelling gases. X-ray
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powder photographs gave a complex pattern, and Weissenberg and precessibn

photographs established that 4XeF6'PdF4 is triclinic,

91.1(1)

= 17.64(4) a =
b= 9.59(3) B = 90.3(1)
c = 5.72(2) Y =-99.0(1)

V= 955.5&3, 7 = 2, space group Bl or BT (a non-standard centered cell of

Pl or PT).
3. 2XeF,-PdF,

The 2:1 compound can be prepared by heating‘the 4:1 to 50°C under
dynamic vacuum; alternatively, the 2:1 can be prepared by'heating the s
4:1 t§v4OQ°C in a bomb under 1000 psi F2, then cooling s]dw]y to rodm_
temperature,,excess F2 and XeF6 being removed under vacuum. This method
yie]ded good—qua]ity single crysfa]s,'several of which were used in the
X-ray crystal structure determination of this compdund. Analysis for

Xenon_gave the following: found 39.3%, required for 2XeF6-PdF4: 39.0% Xe.

4. Properties of 2XeF5-PdF!|

A This compound is also a yellow solid which reacts violently with
water. The Raman spectrum of 2XeF6-PdF4 is also shown in Fig. 1.

Weissenbérgvphotographs showed that the 2:1 compound is orthorhombic,

a = 9.346(6)
b =12.786(7)
c = 9.397(6)

V = 1122.983, 7 = 4, space group Pca2, (#29).or Pcam (#57). (See
Chapter III for the description of the X-ray single-crystal structure of

2XeF6'PdF5.)'



5. Reaction of XeF with PdF,

A PdF,-PdF, mixture (0.50g, ~10% PdF,) was placed in a Kel-F
~trap. XeF6.was then disti]]ed in, and the trap heated to 60°C for

30 min. An ofange solution over a purple solid was.bbtained. The
excess Xer was removed under vacuum. This experiment yielded fairly:
phre PdF4, ééntaining only a trace of PdF3, as shown by X-ray powder
photogkaphs No evidence for either 4XeF6 PdF4 or 2X¢=F6 PdF4 was

found in the product.

6. Reaction of XeF. and HF with PdF,

-PdF3 (0.18g) was placed in a Kel-F trap. XeFg was distilled on to

| it and the mixture was heated overnight to 60°C. There was no evidence of
reaction; A small amount (~1 m1) of anhydrous HF was then distilled into
the}tfap which was shaken at intervals for 2 hr at room temperature.

“Only part of the PdF3 dissolved. The XeF6 and HF wére then removed |
vvunderTVacQUm, leaving a chocolate brown solid. A X-ray powder pattern

of this material was identical to that of 4XeFs-PdF,. No lines due to
PdF, or PdF4'were present on the film.

C. Results and Discussion .

The results firmly establish the existence_bf 4:1 and 2:1 complexes

of XeF,. with PdF Both the single crystal data (sée following chapter)

6 4
and the Raman spectra of these compounds indicate that they may be
correctly formulated as (Xe e, n)2PdF and (XeF5)2PdF The vibrational
spectra will be discussed along with those of other XezFT]MFé and

4+ -
XeF5MF

6vsa1ts-in Chapter V.



_‘:It is surprising that the reaction of neat XeF ¢ and PdF4 will not
yield either of the two complex salts directly. It is also somewhat
surprising that XeF6 will not oxidize PdF3‘to PdF4'without the help of
HF. Howevek, PdF3 is known to be very resistant to further oxidative
attack.zs_Presumab1y, the HF aids in the oxidation of PdF3 by XeF6 by |

helping to solvate both the PdF3 and the XeFg, e.g.,

wyapt -
XeF6 + HF v%XeFS + HF2

The fact that material prepared this way is brown rather than yellow

may be due to the formation of a species containing polymeric palladium(IV)
f]uoro?gniOns which are amorphous to X-rays. ‘Zemva and Bartlett héve .
obtaineq evidence for these typeg of compounds using'both XeF6 and XeF2'

in combfnatioh with PdF3 and PdF4.]2 Presumably,'é greater quahtity

of HF ahd or a larger concentration of the base,’XeFG, might have yielded

purer material.

6 t29

prepare, but even under forceful fluorinating conditions (400°C, 1000 psi

PdF_ salts (d 6e]ectron configuration) are relatively easy to

F2) no evidence for a Pd(V), as PdFé, (a dtz 5species) was found. However,

13

g : -
Falconer, et al. ~ have since reported the compound OdeFG,vprepared by

oxyfluorination of paltadium powder at 320° and 60,000 psi. Perhaps OZF’
being a weékér base than XeF., does not form complexes with the lower
oxidation states, but does stabilize the higher oxidation states by
complex formation. XeF6, on the other hand, forms stable complexes

with Pd(IV) species. The dt2 6e]ectron configuration of Pd(IV) in
' g

will certainly confer kinetic stability to that species and this

6
may be-a.major factor in the resistance to oxidation shown by the XeF;

PdF

. .
and XezF” salts.
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ITI. THE CRYSTAL STRUCTURE OF (Xng)2 PdFZ

A. Introduction

The Raman vibrafiona] data for 4XeF6-PdF4 and 2XeF6-PdF4
(Chapters II and V) indicated that the adduCts.were (Xe2F;])2 PdF; and
(XeF;)ZPdF;, respectively. Because the XezFT].cation had not been
characterized crystallographically, a full structural investigation '
was'desiréb1e. Crystals of the 2:1 compound were obtained during attempts
to grow crystals of the 4:1; crysta]s of 4XeF6-|5dF4 satisfactory for a
structural ana]ysis were never found. Although the XeF; cation was well

5,14,15

charatterized, the structure determination of the 2:1 was undertaken

in order to evaluate the effect of a doubly charged anion on the geometry
of the cation.

B. Experimentaf

1. Preparation
Crystals of 2XeF6-PdF4 were prepared as described in Chapter II.-

Suitable sized specimens of the yellow, needle-shaped crystals were
loaded into 0.2 mm o.d. quartz capf]]aries which héd'been drawn down
to smaller diameter at the sealed end. Crysta]é were wedged into the
drawn-down’ends with the aid of pyrex glass push kods.

2. Crystal Data

The crystal chosen for data collection wasﬁa yellow needle with
dimensibns d;3xo.2xo.1 mm. Weissenberg photographs showed F]6'PdXe2
(m.w. 673.0) to be orthorhombié, with a = 9.346(6), b = 12.786(7),

c = 9.397(6)k, v = 1122.983, 7 = 4 and D, = 3.91 gen™>. The unit cell
volume satisfies Zachariasen's criterionT6 for close packed fluoride

lattices, the effective volume per fluorine atom being 17.683. The
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" systematic absences, Ok2, £ = 2n + 1 and bp&, h=2n+ 1, indicated the

17

space group ' to be either Pca2, (No. 29) or Pcam (No. 57).

3. X-Ray_Measurements

‘Diffracinn data were collected at room tempefature (T = 24.5 i 1.5°)
on a Pickefféutomatic four circle diffractometer using Mo Ko radiation
(» = 0.7107R). Accurate cei] dimensions were obtafned by measuring the
20 angle fbr the Mo Ka] peak for the highest angle reflection observable
along each of the principal‘axes.. The ¢ axis was oriented along ¢.

intensity data were collected and treated as previously described.]8
No ébsorption correction was applied (the absorption coefficient
U= 78ﬂ7.cm']). Hence, the vé]ues for the anisotropic therma]iparameters
may not properly represent the thermal motion. The only other difference
from the previously described procedure for the data treatment8 was_in}.
the choice for the value of q, on arbitrary factor employed to prevent
the relative errors for large counts becoming uhrea]isticé]]y sha]l. A
va]ﬁe q = 0.04 was assumed here. Three standards Qere checked over 200
reflections; their intensities increased siight]y over the period of
data collection. |

Scattering factors for neutral F, Xe and Pd were taken from Doyle
and Turnerlgband Cromer and waber.20 Cromer and Liberman's va]ueSZ] of
Af' and Af" were used for anomalous dispersion corrections.

A complete set of hk& and hki data were collected for 26 < 45°

(1464 unique reflections). In the least-squares refinements 1410 data

which satisfied the condition I > 30(I) were given nonzero weight.
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4. Structure Refinement

At the outset, it was assumed that the structure would be centric,
so the th'aCentric data sets were averaged to give a single data set.
A three diménsioha] Patterson synfhesis revealed the positions of two

of the three heavy atoms, but it also indicated that the non-centric

22 and

group (E§§21, No. 29) was appropriate. Full matrik Teast-squares
a subsequent Fourier synthesis yielded the positions of the third heavy
atom and several -of the fluorine atoms. The refinement proceeded

routinely down to R = 7.5% with all 19 atoms placed and the heavy atoms
assigned anisotropic thermal parameters. At this point,,the structure-
seémed'to have settled into a false minimum, since bond Tengths and

angles gave very poor agreement with previous stkuctures of this type.
After much experimentation involving location of atoms across symmetry
eTements (and pseudo-symmetry elements), to generate a chemically
acceptabievarrangement, the R value dropped to 6.0%. Subsequent least-
squares refinement with all atoms anisotropic, but using the data
appropriate for the centric space group, yielded an R value of 2.0%.

The data were reordered to satisfy the noncentric éymmetry and to take
advantage of anomalous dispersion. Two polarities or chiralities must be
considered. Least-squares refinement yielded R = 0.0256 (including zero
weight data), R = 0.0237 (excluding zero weight dafa) for the first choice
with mostly positive z coordinates. For the mirfok image structure least-
squares refinement- yielded R = 0.0260 (including 2ero weight data), and

R = 0.0241 (excluding zero weight data). The maghitudes_of the z
parémeters of the two forms did not differ by more than one

standard deviation. The first choice was taken as correct
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and is descfibed here. A final difference Fourier showed
that the largest residual electron density was -1.7 e/K3; The standard
deviation of an observation of unit weight was 0.994. The largest shift
. of any‘parameter, divided by the estimated.standard'deviation on the
‘last cycle was less than 0.003. Table I givés the final positional and
' therma]-pafémetersifor this refinement. The Fo, standard deviations, and
AF data are given in Table II. |

C. Description of the Structure

The asymmetric structural unit contains two crysta]]ographica11y‘

distinct XeF_ groups and a PdF6 group. The structUra] unit is illustrated

5
in:Fig. 1.
The Pdf-‘6 group is almost octahedral. As may be seen from Table III,
only one Pd-F [Pd-F(2) = 1.860(6)&] departs significantly from the
average Pd-F dfstance of 1.893R. AN gj§_F-Pd-F‘ang1es are within 5°
of 90°,
' The_two XeF5 groups are similar, each being’an approximately g4v

'symmetry-species, with an F Xe-F angTe of ~79°. The

) axial™"" ' equatorial
~average Xe-F axial interatomic distance of the two crystallographically -
distinct species is 1.813R and-the axial Xe-F disténCe for each species
does not depart significantly from this mean. The ﬁean of all Xe-F
equatorial interatomic distances is 1.843K. Again‘fhere is no significant
departure frph this mean value for the Xe-F equatorial diétances in each
species.

The Xe atom of each XeF5 grobp makes one short contact with one

Pd-F6 group (i.e., Xe(2) - F(3), Xe(1) - F(4)) and two somewhat longer

contacts to a second PdF. group. These Xe...F contacts Tink XeF. and
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PdF6 groups into "rings" containing two species of each kind as shown

~in Fig. 2a. These "rings" are linked by the further involvement of the

PdF6'groups in adjoihing "rings". There is a striking resemblance of

the four member "ring" in this structure to that previously observed
. +, - 15
in XeF AsFg.

It shou]d be noted that the three F-ligands of the PdF6 groups
which make close approach to the Xe atom do so more or less symmetrically
with respect to the pseudo four-fold axis of each XeF5 group.- Thus, the

F Xe-.;.F (close cqntact) angles all lie within the range 135-146°.

axial~

»The‘manner»in which the XeF5 and PdF6 groups are arranged in the ckysta]

is illustrated in the stereogram, which is Fig. 2c.

_ D. Discussion
23 ’

1. Structufe Analysis
The anaTysis was hampered by the fact that thevStructuré deviates
on]yva little from space group Eggg_(No; 60, with an unconventional
se’cting).]-7 The coordinates of Xe and F 1istedfanab1e I can be groubed
as pairs related by the transformation x, 1/2 -y, j/2 - z with dis-
crepancieé_nd greater than 0.046 for F and 0.023 for Xe, while Pd would

be related to itself by this operation if its X;wére increased by 0.008.

'if this correspondence were exact, the symmetry would be Pcan, a centric )

space group. This pseudosymmetry escaped notice at first because there
are clear violations of the extinction rule for the n glide. The structure

consisting of Xe(2) atoms is nearly the inverse of that of the Xe(1) atoms,

“and thus has the same Patterson vectors. As a result, it was easy to

find vectors for two sets of four heavy atoms per unit cell in the

Patterson maps, but a third set could not be found. - If one tries to
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interpket’tﬁeée vectors in space group Pcam (the cehtric group consistent
with the_extinction rules) either set of four atoms can be placed on the
mirkbr p1anes; but then the other must be in a genera] set of positions.
- This interpketation was ruled out by the absencé'oflvectors for such
atoms related by the mirror. Had the similarity to space.group Pcan
been noticéd; it would have been easy to assign four Pd atoms to a
specia]-posftion (on the two-fold axis) and eight Xe atoms to a general
position. A | -

The next complication is that Pd hardly contr1butes to the phasing
of any ref]ect1on with h + k odd, nor Xe to any ref]ectlon with & O
and b;+ k odd. For other reflections the heavy-atoms give good phasing
for the centric pseudostructure, but the deviations from this symmetry
will be controlled by the accident of the slight displacements of the
trial structure. Thus the heavy atom‘positions'are hot a very}he1pfu1
guide to th§ correct positions of the F atoms, and false minima with
relative good agreement indices are possible. A similar situation was
encountered in the refinement of the structure df Na4Xe06-6H20.24

A third difficulty is the question of absolute polarity. The
structure is too nearly centric for there to be any dramatic differences
in the Bijvoet pairs, and the differences in agreement indices are not
very decisfve. It is even more difficult to exclude the possibi]ity
of two.oriehtations mixed by twfnning. Had the‘méésurements been
confined to one octant, as is often the custom, the polar dispersion

effect2»26

would have caused a serious uncertainty. With full data
that effect disappears, and nearly the same results are obtained with

either assumption of polarity.
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2. Chemical Aspects

Hexaf]ﬁoropa]ladates(lv) have long been knqwn27 and a regular
octahedral Png— geometry was indicéted by the isomorphism of the alkali
f]uoropa]]édates with the f1uorbp1atinétes, of whiéh the crystal
structure Of‘KthF6 was known from X-ray single crystal structure
ana]ysis.28  Hithertoo, however, the only structure determination
reported fof a Png' salt was that of Bart]eff and'Quai],g derived for
KdeFé'from X-ray powder data. Although the preqisibn of their structure
is unCértain,;the quoted Pd-F bond length of 1.86R is rough]y compatible
with‘the‘PdgF bond lengths observed in the [XeFS]ZPdFG stfucture (seé .'
Fig. 1 and Table II1). | ) |

| 'Thevstfﬁcture of [Xei—'s]deF6 is of most interest af this time fof'

the geometry of the cation and the cation coordination. The cation has

previously been estab]ished by X-ray single crystal analysis in the salts

XeFgMFZ (M = Pt and Ru (Ref. 14), As (Ref. 15)) and crystalline XeF,
itself has been formu]ated29 as XeF+F'. Table IV gives the bond lengths

5
and angleé for the various structures examined so far. It can be seen.
that within the quoted standard deviations, there are bare]y any
significant differences between XeF; species in different lattices,
inc]uding'XéF;'in crystalline XeF6. As has already been pointed out
above, the two crystallographically distinguishable XeF; species in
[Xer]deF6 are not significantly different. _As may be seen from
‘Table IV, the precision of the XeF; description from this structure is
quite high. The common geometry of XeF5, in all of the QUoted structures,
itself suggests a discrete cation, but as has been pointed out pre-

, vious]ym’30 the close similarity to the neutraT'mo1ecu]e IF, provides
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compe]]ing evidence. Indeed, the strict]y isoelectronic relatives of |
XeF; are remarkably similar in shape to it (see Table V).18 This
-E-F

h1gh11ghts the constancy of the bond angle angle F 18

ax1a1 equatorial.
The coord1nat1on behavior of the XeF5 spec1e$vnot only supports
the discrete nature of the species but also provides evidence of steric
activity of the Xe(VI) non-bonding valence-electron pair. Figures 1 and
2 shbwithat each XeF5 species in [XeF5]2PdF6 is_Coordinated to three F
ligands of two PdF6 groups, such that the three'F 1igands 1ie approxi-
mately on a conical surface, the axis of which is coincident with the
symmetry axis of the XeF5. But if we describe XeF;‘as a pseudo-
‘octahedral species in which the nen-bonding valence-electron pair
occupies the Xe-coordinate site trans to the axial bond, the position
of the F 1fgands “"on the conical surface" is seen to be appropriate,
since then the Xe-valence "pair" is avoided, and fhe positive charge
of the cation (anticipated to be centered essentiallyvat the xenon
atom) is~1east shielded. This model does not, of course, allow the
prediction:that three F ligands would coordinate to each<XeF; and
indeed in XeF5PtF6 and XeFSRuF6 (Ref. 14) the cation coordinate in anion
F 11gands is four, not three.
It is not yet clear why certain anions . (11ke PtF6 and RuF,. ) provide
four F 11gands to coordinate to XeF5, whereas Png and AsF6 (Ref. 15)
provide three. The similarity of the XeF; coordination in the Png-
and AsF; salts is striking. As a conseqhehce, essentially the same
ring (shown.for [XeFS]ZPdFG in Fig.v2) of two XeF. groups linked to two

MF6 groups occurs 1in each structure. It is of relevance to the

hypothesis of steric activity of the non-bonding Xe(VI)vvalence electron
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"paiPSh that the XeF5 groups do not share a common axis in the ring
but aVoid'one another (see the stereogram, Fig. 2b).
It appears probable that the 2XeF6-MF4 (M = Ge, Sn) complexes

3]'_by Pullen and Cady, will prove to be;structura]]y related to

reported
(XeFg),PdFZ™. The ability of XeF, to donate F™ to a tetrafluoride to
form (XeF;)ZPng' indicates that it is a modératé]y good base. It

remains, however, to be seen if (XeF;)3MFg’ sa]ts can be derived from

the metal trifluorides.
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estimated standard deviations in parentheses.
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~2.6(3)
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—.204)
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) . ‘ ) . . 4- ’ . 2-
Table I. Positional and thermal parameters for [XeF5]2PdF6

with

813
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1.0(3)
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«3(4)
-4(3)
~e5(3)
2.60(4)
1l.7(4)
«9(3)
—-9(3)
2.6(4)
~+1(3)

_()Z.-
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Table II. Observed structure factors, standard deviations and
© differences (x 1.0) for [XeFgl,PdFs . :
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. TABLE 111 _
Interatomic Distances (;\) and A'ng1es (Deg.) Within the _[Xe'Fs'*]deFsz' 4
' | Asymmetric Structural Unit

Distances — Angles - : -
Ye(1)-F(8)  1.806(7) F(8)-xe(1)-F(1) 134.21(42) r(1é)-xe(z)-r(z)' 135.92(39)
CF(7)  1.836(7) F(4) 146.39(44) B 16) -142.70(45)
F(9)  1.889(7) F(5) 140,21(40) ' F(6)  140.82(42)
F(10) 1.881(7) F(7) 81.45(40) - F(13)  79.79(39)
FOI1)  1.838(8) " F(9) 78.06(35) F(14)  80.20(42)
F(4) 2.018(6) C E0) 79.93(40) O F(I8)  77.98(39)
F(s)  2.582(6) CR(M)  78.02(38) CFOe) 78.02(37)
F)  2.617(7) | " |
| F(7)-xe(1)-F(9)  88.93(52)  F(13)-Xe(2)-F(15)  85.40(46)
Xe(2)-F(12)  1.820(7) | F(1)  84.93(48) | F(16)  88.25(49)
FO13)  1.882(7) | B
FO14)  1.845(8) FO10)-Xe(1)-F(9)  91.82(41)  F(14)-Xe(2)-F(15)  87.80(49)
F(15) 1.855(8) -~ F(11)  86.63(48) F(16) 90.28(41)
F(16) 1.835(7) | N |
F3)  2.445(7) F(1)-pd-F(2) 89.66(33)  F(3)-Pd-F(4) 90.23(36)
F(6)  2.559(7) F(3) 89.85(37) F(5) 89.10(35) -
F(2)  2.639(7) ' F(5) 85.25(34) _F(6) 93.53(35)
‘ £(6) o1.70(38) '
Pd-F(1) 1.902(6) . . 5
F(2) 1.860(6) F(2)-Pd-F(4) 90.28(36) FL4)-Pa-ELS) 92.45(37)
' | F(6) 90.59(36)
F(3) 1.902(7) F(5) ~ 91.59(32)
F8)  lsoo(n) F(6)  85.75(35)
F(5) 1.893(6) '

F(6)  1.898(6)



XeF

Xe-F ¥
ax

*
{ (t) 1.84(4)

6 (h) 1.76(3)
+ - '
XeF5 AsF6 . 1.76(2)
+ -
XeF5 RuF6 | 1.79(Q1)
+o.n =
XeF5 PtF6 y 1.81(8)
[XeF.*].par, 2" 1.81(1)
5 12F%¢ '
*

The XeF + Ion |

o}
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TABLE IV

5

Average ¥ Ave:agé ¥

XeFeq

1.86(3)
:1.92(2)
1.82(3)
1.85(1)
1.88(8)

1.84(1)

F__=Xe-F
ax eq

77.2(18)°
80.0(6)
80.4 (15)
179.0(6)
79.5(40)
79.2(4)

(a)

(b)
(c)
@

present work

(t) indicates tetramer and (h) hexamer. i‘number in parentheses

are the estimated standard deviations for the least signficant

digit.

@) Reference 29; (b) Reference 15; (¢) Reference 14(b);

(d) Reference 'T4a
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TABLE V
e -
Distances (A) and Fax-E-Feq Angle (Deg.) for the Isoelectronic Species

EF5 (E é‘Sb, Te, I, Xe), Averaged to C, symmetry for Comparison

4y
b e

. 2-8 - o +

: _SbF5 TeFS IF5 : XeFS
M-F__ 1.916(4) 1.862(4) 1.817(10) 1.813(7)
MF, 2.075(3)  1.952(4)  1.873(5)  1.843(8)
FoEFoq  79:4) 78.8(2) 80.9(2) . 79.2(4)
a R. R. Ryan and D. T. Cromer, Inorg. Chem. 11, 2322 (1972).
b S. H. Mastin, R. R. Ryan and L. B. Asprey, ibid. 9, 2100 (1970).

c G. R. Jones, R. D. Burbank and N. Bartlett, ibid. 9, 2264 (1970).
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The formula unit in [XeF+] PdF
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Fig. 1(b): Stereogram of the formula unit in [XeF;]deFg'.
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XBL 725-6264

N T . 2-
Fig. 2(a). The XeF5AsF6-11ke rings in [XeFSJZPdFs .
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Fig. 2(b). Stereogram of the XngAsFé-er rings in [Xng]ZPng'.
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Fig. 2(c). Stereogram of the [XeF;]deFg' unit cell, showing

the packing of linked XeF;AsFé-like rings.
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IV. THE PREPARATION AND SOME PROPERTIES
OF GOLD(V) COMPOUNDS o

A. Introduction

The extraordinary oxidizing power of the transition metal hexafluorides i

has been well established for several years.32 Indeed, Bartlett and

co-worker533

have shown that the electron affinity of the third row
hexafluorides increases approximately 1 electron volt per unit increase
in atomic number, from left to the right across‘the'period, and recent

34

thermochemical measurements by Barberi and Bartiett”" have provided

a value of -215 kcal/mole for the electron affinity of PtFc. Thus,
AuF6, if it can be made, should have on electron affinity of ~-240 kcal/mole,
and may be capable of oxidizing krypton gas spontaneously at room temperature.

In addition, the AuF6 ion, because of its small size and high ionization

potential, may stabilize ArF+'sa1ts.

The battern of the known oxidation states of the second and third
row traneition metals, prior to the present work (shown in Table 15,
indicated an.anomaly at gold: Pt(VI) and Pd(1IV) cempounds were known,
but no oxidation states higher than Au(III) were characterized. These

observations, coupled with some preliminary evidence obtained by Rao

35 for a higher fluoride of gold, indicated that it might

and Bartlett

be possible to prepare a new oxidation state ofvgo]d, the Au(V) and (VI)

states being the most likely to exist. | ‘ s
It is common knowledge that the highest_oxidation state of an

e1ement’often occurs in a complex anion. One expects the electro-

negativity of a metal atom in a given formal oxidation state to be lower

in an anion that is a neutral compound. Thus, as a first step, synthetic
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efforts.neré directed at exp]oiting the known f]uoride ion donor,
oxidizing and solvent properties of XeF6 in anficipétion that these
propénties.wou]d generate the AuFé jon. This rationale is similar to
that employed in the attempted synthesis of Pd(V) éompounds as described
in Chaptén7II. In the gold case, however, the approach was successful,
and‘this"cnabter describes the synthesis and characterization of some
Au(V) compdunds.

B. Experimental

~ Gold powder (200 mesh) was used as subplied by ROC/RIC Sun Valley,
CA 99.9%;pure. Oxygen gas of reagent grade from the Pacific Oxygen
Company, Oakland, CA was purified by passing it through traps af -183°C.

Fluorine gas, bromine trifluoride, bromine pentafluoride and iodine

pentaf]doride'were obtained from the Matheson Company, East Rutherford,
NJ. Volatiie impurities were removed from the fluorine at pressures up
to 2 atmospheres by trapping at -183°. BrF3, BrFsland IF5 were purified
by treatment with fluorine gas at room temperature followed by trap to

trap distillation. Gas phase infrared spectroscopy was used to monitor

their purity. Nitric oxide was supplied by the Matheson Company and was
purified by fractional distillation. Its purity'was checked using |

infrared spectroscopy. Cesium fluoride (Alfa Inorganic, Beverly, MA)

and potassium fluoride (Allied Chemical, Morristown, NJ) were dried at

200°C and stored in the Dri-Lab. X-ray powder photographs were used to

check for bifluoride and other impurities. Antimony pentafluoride of

Spectrograde.quaIity was used as supplied by Cationics, Inc., Cleve]and,

OH. Xenon difluoride was prepared using the method described in Chapter II.

Nitrosyl Ch]oride36 and IF5SBF537’38 were prepanéd as previously described.
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Brf AuFSﬂan,.dvAuF3 were prepared using Sharpe's method.39 The trifluoride

3
was subsequént]y treated with F2 at 60 psi and 320° to remove any trace

of bromide. _Cs+AuF4 and K+AuF; were prepared by dissolving equimolar

amounts of'CsF or KF and AuF, in BrF3 solvent in a quartz reactor.
40

4

in which.AuF3 was used as a starting material instead of Au powder.

‘ . + -
1. Preparation of XeZF”AuF6

NO+AuF ‘was 'prepared using a slight mddificatidn of Woolf's method,

~ Typically, 1.5 g AuF, (5.9 mmoles) and 3.0'§ XeF, (17.8 mmoles) were
placed in a monel bomb. Fluorine gas (70 mmoles) was condensed into
the bomb which was then heated to 400°C for 36 hr. After slowly cooling
to room temperature, excess F, and XeF, were removed under vacuum, and.the
bomb was opened in the Drilab, yielding a macrocrysta]]ine mass of yellow-
green material. This solid melted without decomposition at 145-150°C.

It reacted explosively with water.

~ In order to place a reasonable Tower limit on the synthetic

conditions, XeZFT]AUFG was also prepared by heating 1.5fg AuF3 (5.9 mmoles)
3.0g Xer (17.7 mmole) and F2 (45.4 mmoles)_(whichvis the -stoichiometricly
required amouht plus a 10% excess) to 260° for 24 hr in a 50 ml monel

bomb. The pfdduct, which was poorly crystalline, was identified as

XezF;1AuF6 by Raman spectroscopy and an X-ray powder photograph.

Analysis for Xe was by the modified Dumas method: Found: Xe,

33.2+0.4%. Required for XeZF;]Aqu, Xe 33.5%.

X-ray powder photographs indicated XezF;]AuF6 to be isomorphous

. + ., - _ 5,42
with XeZFleFG’ M = Ru, Ir, Pt.

A fuT]”sing]e crystal X-ray structural analysis in space group Pnma

has been comp]eted,43 and is reported jn Chapter V.
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The Raman spectrum of XezF;]AuF; is shown in Fig. 1.

2. Preparation of XeF;AuF6

XéF;Aqu wasiprepared from XeZF;]AuFth/heating the 2:1 compound
to 110°C under vacuum in a Kel-F trap. The 1:1 compound was purified
by sublimation at this temperature, yielding a pafe yellow-green solid
which melted without decomposition to a clear greénish-ye]]ow liquid
at 190-192°C. This compound also reacted explosiVe]y with water.
Ané1ysis for Xe gave the following: Found: Xe, 25.2:0.5%; required
‘ e Xe 24.4% |

for XeF AuFy
| X4ray.powder photographs showed that the 1:1‘¢ompound was not

isomorphous with XeF;MF6 salts where M = Os, Ir, Pt, Ru but that it

was isomorphous and nearly isodimensional with XeF;.:AsFé.]5 Single crysta]
' daté44'shOWed”XeF;Aqu to be mohoé]inic with a = 5;88(2)3, b = 16.54(2)
¢ = 8.35(2), 8 = 90.1(1)°, V = 812.18%, 7 = 4, Deaic = 3-40 g/em’.
Systématig gbsences indicated the space group PZ])C.
No evidence was found for a 1:2 product (i.e., XeF;AuzF{]).

3. Preparation of CsAuF54]

Typically, 0.80 g XeZFT]AuF; (1.02 mmoles) and 0.17 g CsF (1.12 mmoles)
were mixed ihtimate]y, then transferred to a sma]T'Monel crucible contained
in a quartz tube. The mixture was heated to 110° under 1 atm dry nitrogen

at which temperature reaction occurred. The evolved XeF6 was removed. under

vacuum, ]eavihg a pale yellow solid which reacted rapidly with water,

liberating ozone smelling gases and forming gold(III) hydroxide.

CsAuF6, KAuF6 and N0+Aqu can also be prepared by direct fluorination df

the respective AuF4 salt in a Monel bomb at 350° and 1000 psi F2. A1l of
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these compounds were pale yellow solids. All are rhombohedral with:

for CsAuFG, a =5.24(1)k, o = 96.43(5)°; KAuFG, a = 4.946(5)R, o = 97.96(3)°;
NOAUF ¢, a = 5.05(1)R, o= 98.82(5)°. The X-ray data showed that all three
compounds were isomorphous with their analogous noble metal salts.45 The

powder data is tabulated in Tables II through IV. The infrared spectrum
of solid CsAuF6 showed one band at 640 cm-1 (assigned to vy of AuFé) Raman

spectra of these compounds are shown in Fig. 1. The data are tabulated in

Table VI. NO'AuF: decomposed at 400°C to yield NO'AuF; and F,. The

—b 4 2
reaction was performed in a Monel can, and the evolved F2 was detected

using KI.  An IR spectrum of the gases produced showed no ONF or 0NF3. The
4. Reaction of NO'AuF. with NO

N0+AuF was identified by its Raman spectrum and powder photograph.

NO reduced N0+AuFé dissolved in IF. to Au metal at 0°C. The other

No evidence for a product of intermediate composition

.
(e.gq., (Nof)zAuFZ) was indicated.
M

product was N0+IF

5. Preparation of 0;5358
Typicé]]y, 0.50 g AuF3 (1.97 mmoles) was pléced in a nickel liner
in a prefluorinated Monel bomb, oxygen (18 mmo]es) and fluorine (49 mmoles)
were then condensed into the bomb which was subsequently heated to 500°C
for 48 hr, then cooled sléwly to room temperature. The product (which
reacted vigorously with water) was a pale ye]]ow?green solid. The
magnetic susceptibility of Q;Aqu (5°K + 98.5°K) was obtained on a
Princeton Applied Research vibrating sample magnetometer. The material
exhibited Curie-Weiss behavior, with C = 0.340 cm3 deg/mole, O = -3.0°K

and Haff = 1.66 BM.
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;AuFé was rhombohedral

a=5.00(1)R, o = 99.95(5)°, and that it is isomorphous with the

rhombohedral form of 02PtF6.46 The data is given in Table V. The

X-ray»bowder photographs showed that 0

Raman vibratfonal data is shown in Fig. 2 and Table VI.

6. Reaction of 0 AuFg and IF,

OZAuF6 reacted with IF5 at room temperéture producing 02, IFgAuF6

and AuF3;xfThe solid products were identified using Raman spectroscopy
and XQray-powder photography. This reaction wésv51milar to those

previously obéerved between OZMFé salts and IF5.47 IFgAuF6 is a'yeT1ow

solid, the X-ray powder photograph of which indicated it to be cubic,

with a_ = 9.573k, v = 8778%, S.6. Pay, z = 4 and isostructural with

IFgAng (ao"= 9.4935, V = 855.6). Raman spectra and powder data for
'IFgAqu are given in Tables VI and VII . |

7. Reaction of KAuF with IF,-SbF,

KAuFG and IF5'SbF5, mixed in 1:2 molar ratio and dissolved in IF5
. . + e s
at room temperature yielded IF6 salts and AuF3 (in addition to KSan5n+]
species). The products were identified using Raman spectroscopy.

8. Attempts to Isolate AuF5

High pressure fluorination of AuF3. Attempts were made to fluorinate

AuF3 at pressures of 1000—1590 psi Fz'and at tembefatures from 200-600°C,

.In the preparation at 600°C, small amounts of OzAuFé were found, presumably ‘ 
due to small'amounts of oxygen in the fluorine supply. No ponderable
quantity of_é higher binary fluoride of gold was detected. |

9. Attempted Displacement of AuE5 from AuFé Salts with SbE5

T]AuFé and K+AuFé were reacted with 1iquid SbF in an attempt

‘to displace AuF g and form Sng salts.

XezF
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In the experiments with XeZF;]Aqu, the sa]t.disso1ved in the
SbFs, on gentle heating, to give a red solution. No fluorine was
1iberateq from these solutions at temperatures up'io 60°C. Removal 6f
the SbF5 under vacuum yie}ded on orange solid re§idue of soapy texture
and a pa]e'prange distillate. The solid residue gave powder patterns
very simiiéf to that of XngszF;], and Raman spectra indicated that the
prdduct may contain an [F5Au-F-SbF5]' mixed anion species. Raman spectra
of the pole orange disti]]ate showed only the presence of SbFs. The
presence of.some gold containing species in the.dféfillate was indicated
by the pale orange color, and the gold mirror produced when the g]asé
ampoule was sealed off under vacuum. Vigorous heating during removal of
the SbF5 géve as solid products AuF3 and XeF;SbZF{1. The same orange
colored distillate was produced as described above.
It was found that KAuF6 was virtually insoluble in SbF5, even with

~gentle heafing; consequently, a mixture of KAuFG'ih-liquid SbF5 was
heated to TOO°C under 1-2 atm of inert gas before any'reaction occurred,
as demonétratedvby the formation of a reddish solution. Fluorine

wa§ liberated at this temperature, however. The'system was heated to
200°C, but not all the KAuF6 dissolved, even under these vigorous
conditions. The bulk of the SbF5 was remoVed under vacuum at 50°C. The
last traces were removed under vacuum at 100°C. Again, two products
were obtained} a pale orange distillate similar in behavior and appearance
to that described above and a solid which appeared to ;ontain an orange
phase'and‘a colorless phase. Raman spectra of the orange distillate
showed only SSFS. The solid residue had a two phase powder pattern:

one phase closely resembled OZSb2 113 the pther'phase was unidentified.
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No AuF3'wes_ebserved. ‘The Raman spectrum of the'solid residue contained
bands attributable to Sb-F stretches and AGQF stretches. Again, vigorods
‘ heat1ng dur1ng removal of the SbF5 gave AuF3 and KszF]] A paje orange
d1st111ate similar to that described above was also obtained.

A mixture of AuF3 and liquid SbF5 was vigorously heated with a heat
gun in an attempt to effect solution of the trif]uoride, which is only
sparingly soluble in SbF5. An orange solution was obtained. A Raman
spectrum of this solution showed only SbF5 The SbF5 was removed from
this so]ut1on under vacuum, y1e1d1ng two products, an orange solid,
identified from its powder pattern as AuF3, and a ‘pale orange distillate
that gave a gold mirror when the glass ampou]e_conta1n1ng it was sealed
- off. A Raman spectrum of this d1st111ate showed on]y SbF |

C. Results and D1scu551on

Our experiments have demonstrated that Ang salts are relatively
easy to prepare. The oxidizing conditions are'certain1y more strenuous
than for the ether,quinqueva]ent hexafluoroanions in the third transition
series; indeed, progressively more potent oxidizihg conditions are
required with increase in the atomic number of the.metal atom.33’49

The oxidation of gold(III) to gold(V) is an example of the classic
quare-p]anar.d8 to octahedral d6 oxidative additioﬁ. Presumably, the

AuF. ion has a low spin dt296 configuration simi1ér to that found in

6
_ PdF; and'PtFZ salts with which it is isoelectronic.
‘The octahedral symmetry of the anion is indicated by the

rhombohedral symmetry of the alkali hexafluoroaurates which are evidently

50

_sisostructura]'with KOSFG. The anion in XeZFT]Aqu is nearly octahedra]43

(Chapter V) end the Mossbauer spectra51 (Chapter VI) all s]ow a single

narrow resonance consistent w1th octahedral AuF6
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BotthuF4 and AuF6 salts are pale yellow to yellow-green in color;
the Au-F distance in K+AuF; 1.95(2)K52 is appreciably longer than in

4
XEZFT1AUFg, 1.86(1)3,43 which is in accord with the lower oxidation state

of the formér. The vibrational spectra are very similar: the totally
symmétriq "breathing" mode stretching frequencies»afe separated by only
7 cm']. “Comparable behavior has been observed in_the spectra of

53

[Pd(P)X,1%" and [PA(Pt)X¢]% salts,®® and Wharf and Shriver™ have

reported'sfmi1ar results for SnXé, SnX4 and SnXZ compounds.
 .'The;vibrationa1 data for Au(V) salts, given in Table VI, confirm
that the'AuFé ion is octahedra]--v], Vo and Vg were observed 1in the
Raman, and V3 was observed in the infrared (due:tq window cutoff, v, was
not seen ih the IR). However, in a high resolution vibrational study

35

of XeF; salts, V3 and Vg of Aqu were observed in the Raman because of the

small, non-centric deviation from octahedral symmetry in that compound.
-The results of that study are given in Table VIII{ The value obtained

for the totally symmetric stretching frequency (v]) follows the trend

set by the other third row hexaﬂuor‘oam’ons:56 OSFé, 690 cm'1;
Ing, 672 cm_]; PtFé, 647 cm-];AAuFé, 595 cn™'. For these species, the
decrease in the frequency of 2 with increasing atomic number has been

57 to be the result of the filling of w* orbitals,

explained by Bartlett
e.g., NF6 can be represented as having, in addition to six sigma bonds,
. three W-F prn-dw bonds. The m* orbitals in wF6 are empty, but these orbitals
are fully occupied in AuFé which is accordingly a non-m bonded species}
Unit'ce11 parameters for AuF; and related MFg<sa1ts are compared

in Table VII. Complete tabulations of the'X-ray powder data are listed

~in Tables II through V. The Aqu ion is the smallest of the third

row transition series hexafluoroanions, as shown.by the unit cell volumes
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for the Cs+MF; éeries. The M-F distances in XeF5PtF6, 1.895,}4

+ oo 43
XeoF(AuFg, 1.86K,

and in

show the anticipated decrease with increase in the
atomic number of M. Evidently the increaEing nut]éar change effect
outweighs,fthe loss of  bond order inxgoing from left to right across
the period. - B »

The formula unit of OZAqu is 4.433 smé]]er_than that of NO+AuF;.
The'difference for the related cubic PtFé saTts_is:3.233. Evidently,
‘ the'NO+ ion is approximately 3 or 4 K3 larger than 0;. Apparently, the
effect of.the greater combined nuclear changes qf.ﬁhe atoms in 0;,
compared with N0+; outweighs the effect of an extra (antibonding )
electron in the former.

The small size of the Aqu jon or perhaps the high]y polarjzed
nature of the F ligands in the ion:may’be responsib]e for that fact
| that, in a nuhber of cases, AuF; salts adopt a'strueture atypica] of
its third transition series relatives. For example, XeF;AuF; and
IFGAUF, are isomorphous with XeF AsF and IFGASF, and not with their
respectivebpiatinum-metal analogues. On the other hand, XezF]]AuFé is
isomorthUsvwith the PtF6 salt, which is not of the same structure type
as XeZF;]A5F8.58 As shown in Table VII, the vo1ume of AuF6 in CsAuF6 |
ldes between'AsF6 and PtF6. '

| The chemistry of the Aqu ion appears to‘be.thet of a two electron
oxidizer. Oné electron reduction, which would yield a low spin d7 con-
figuration, would resd1t ih a gross distortien of the octahedron. There
is no evidence from the pkeéent studies that the AuFZ ion cah exist.
- The AuF6 ion does not oxidize IF5 in neutraT‘SOIUtions and it

therefore appears that the d t2 6_conf1guratiqn;cehfers fhe expected

kinetic stab111ty on the anion. Howevek, in'theubresence of SbF5, which
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may form‘é_u-fluoro bridged species such as [FSSb-FfAuFS]- or even free
AuF5, there is an immediate oxidation (at room temperature) of IF5 to
yield IFg'sa]ts. This reaction illustrates the oxidative strength of

Au(V) since similar spontaneous oxidation of IF5 to.IFg at ambient

1aboratory'temperatures has previously beenIObserved only for 0; and.

KrF+ sa]ts.59

-

OEAuF6 will also oxidize IF5.to IF; salts at room temperature

according to the following stoichiometry:

4+ 4 0AUF; > 4 0, + SIF AUF, + AuF

31IF 6 2 6huFg 3

5

-

In this reaction both the cation (0;) and the anion_(AuFé) participate
in the oxidation of iodine(V)-(VII). From the observed stoichiometry

of the reaction

IF,. +2 O AsF-» IFTASFZ + 2 0 (Ref. 47)

5 2776 676 2

+ A;F5

~it is probable that the first~stage of the OgAuFé oxidation of IF5 may
be |

IF

+ - + - - " Ccon.
5 + 2 0,AuF. ~ IF AuFc + 2 0, + "AuF "

6 6 6

It is reasonable to suppose that the “AuF5" produced in the initial step

quickly. oxidizes IF5 to IF7, since AuF3 is one of the residual products.

Au(V) salts are much more powerful oxidizers than Pt(V) salts:
N0+Pth will oxidize one mole of NO, forming (N0+)2PtFZ; under similar
conditions (at room temperature in IFg so]ution) N0+AuF; will oxidize
five mo1es.of NO, forming Au metal and ONF. | |

The experiments with Aqu salts in liquid ) SbF5 indicate, at

least in the XezFT]AuF6 case, that some stable Au(V) species is present
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in both the distillate and the solid residue, since no fluorine is liberated
from this system. The Au(V) species could be distilling as an AuF SbF
u?flupro bridged species. Such a species could_be simi]ar-to the |

NbFS-SbF5 cycliccbmpound reported by Edwards, et'al.60 The Au(V) could

also be diﬁti]]ing as part of an XezF;]AuF; ion pair, in a manner similar

to a steam distillation.

In.the experiments with KAuF6 and SbFs, éhe fa¢t that fluorine is
liberated frbm the solutions indicates that the goid species in the
distillate may be an Au(III) species, sincé AuF3:disso1ved in SbF5 will
also yield a‘disti1]ate containing some gold épeéies. Nevertheless,
Raman,spectra_ahd powder photos suggest that soﬁefAu(V) species may

still befpresent in the solid residues.

61

Falconer, et al. have obtained mass'spectfoscopic evidence for

AuF5 by vacuum sublimation of O;AuF6 against a cold finger. Their

method pr¢mises to yield gram quantities of AuF5.62
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Table 1. List of known oxidation states
of the third row transition metals.

Hf Ta W Re Os Ir Pt Au

—
vl
—

2 2 2 2 2 2
3 3 3 3 3 3 j 3 3
4 4 4 4 4 4
5 5 5 5 5 5 5
6 6 6 6 6
77

*
This work.
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X-Ray Powder Data for Cs+[AﬁF6]" '

(rhombohedrai :a
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Table II.

space gr‘ouvpuRz, Z=1)

—1/d> .
hk§{ Calc. obs,
100 - .0372 .0378
11 .0650 .0656
10  ‘ 0838 .0844
111 " 1022 -
1 .1398 -
200 o .1488 .1494
201 | .1672 -
211 | ., .1950 .1958
210 _ | .2048 -
211 B .2138 .2143
202 .2600 .2607
21 .2702 - .2703
212 : .2972 -
221, 300 .3348
‘ . .3352
220 _ .3352
301 o .3438 .3439
311 ' .3622 -
311 3998

g .3996

310 : .4002

. o o
5.24(1) A, g = 96.43(5)°, V = 141.3 A>, probable

Rel. Intensity

w .
Vs

vs

vs



h k £ : Calc. Obs, Rel. Intensity

222 : .4088

221 _ .4100

302 o L4272 -

3132 o .4550 .4554 o

312 o .4738 : :
f 4743 : ms

311 ' L4750 :

321 .5302 | .5297 w

223 .5572 -

222 .5592 -

320 .5772 -

303 .5850 .5843 . vw

322, 401 .5948 -

400 | .5952 -

411 _ .6038 ‘ -

313 o . 6222 L6219 -
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Table IIT.

X-Ray Powder Data for K'[AuF]™ .

(thombohedral: - a =4.946 (5) A, o = 97.96(3)

prob_'able space group R3, Z = 1)

2

_ ' 1/d -
hk % calc. obs.
100 .0423 .0428
101 .0710 .0719
110 -0982 .0991
111 1133 .1142

11 1677 —-me-
200 .1692 1700
201 .1843 1850
211 .2130 2138
210" 2387 0 ae-e-
21ih’ .2402 2407
202 . 2840 2849
211 .3218 3223
212 .3263 .3273
221, 300 .3807

o .3813
301 .3822
220 3928 .3936
311 .3973 .3976
311 .4517 —-ue-
222 .4532 .4536
310 .4638 .4635
302 4683 4687

, V=117.8 A°

o

" Rel. Intensity

S

VS

S



— 1" . '
hk2& calc. - obs. "~ Rel. Intensity
21 71— | -
312 .4970 .4979 B m
313 .5242 .5248 | : m
311 5605 . .5593 e
321 .6058 .6061 | b
223 6103 ----- | --
320 .6315 -
303 ©.6390 6389 - mw
327, 401 6447 |

. 6652 w,b
411 .6662 \

222 6708 —---- - --
400 6768 |

: 6784 vw,b

313 6813 |
07 7372 .7362 N w,b
21 7418 —eee- o --
a1 L7478 o

— 7502 vw,b
417 7523
420 7735 L7718 o w
a3 .8067  .8063 ) w,b
323' .8082  ----- _ --
331 .8445  ----- | --
422 . '.8520 .8525 | vvw,b
411, 330 .8838 .8807 | v
332 .8898 8906 VW

403 .8043  ---e- ‘ R



"Ww,b



(rhombohedral, a

group R3, Z = 1)

=3
b=
[

100"
101
110
111
200

311
302
310
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Table 1V.

X-Ray Powder Data for NO' [AuF]~

. o [o]
5.05(1) A, a = 98.82(5)°, V = 124.5 A, probable space

—1/d> —
Calc. Obs.
©.0409 .0418

0670 L0674
.0966 .0974
.1079 .1089
.1636 .1644
1671 ---e-
.1749 1760
.2010 .2027
.2306 .2313
.2341 .2346
.2680 .2688
.3089 .3108
.3194 .3200
.3646 } |
| .3676
.3681
.3759 .3764
.3864 .3867
.4316 ]

.4345
.4351
.4429 4443
.4534 L4541
4690 .4708

‘Rel. Intensity

Vs
Vs
S

ms

w,b

m,b

‘ms,b

w,b



O
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hkg  Calc. Obs.
221 4865 L4872
312 .4986 .5000
311 .5535 ,5533'
223 5769 ---e-
321 .5874 .5859
303 .6030 .6072
320 6205 6202
411 L6326 B

. 6356
323,401 6361
313 6430 -----
400 6544 .6540
222 6684 .6669
402 6996 .7009
412 .7109 .7113
321 7354 7351

410 .7545 . 7543

" Rel. Intensity
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Table V. |
X-Ray Powder Data for 02+.[A}_1F6];-
(rhbnlbohédral, a = 5.00(1) 10\, o = 99.95(5)°, V = 120.1 10\3, probable space -

group R3, Z = 1)
Z ,

h k% Ca'IC. He _Ois_ Rel. Intensity
100 .0421 .0433 | s
101 0666 .0678 | s
110 .1018 .1028 S
111 .1087 .1099 - m
200 .1684 .1690 | e
201 .1753

| 1776 - ™
111 1791
211 .1998 .2013 - e
211_  .2350 .2359 o s
201 . 2457 .2459 m
202 .2664 .2670 ‘ W
217 309 . 3094 FE ms
211 . 3406 .3402 w
301 - .3682 .3685 W
221, 300 .3789 .3786 ™
220 .4072 4066 -
222 4348 4348 vw
302 L4417

_ 4436 w
311 4455
312 .4662 - 4656 vw
310 .4738 L4738 vw
312 .5014 L5011 W
'212 o .5197 .5186 -




Table VI. Raman spectra of some Aqu and

AuF, salts.
(Frequencies in cm-l, re]at1ve intensities 1n parentheses)

Compound v]Aqu vauF6 \)sAuF6 : ' ' ‘Othef Features
CSAuF6 595 (74) 530 (vvw) 225 (26) Vg (IR data) = 640
KAuF6 599 (63) 238 (20) ' '
222 (6)
NOAuF¢ 597 (70) 230 (17)  vnot = 2320 (vww)
02AuF6 593 (80) 228 (2 ) 05 = 1833 (18)
: + _ 1
IFGAqu | 595 (100+) 220 (85) \)]IF6 = 750 (49), v21F6 726 (7), 6 = 344 (31) &
2F”AuF6 590 (100) 232 (25) See Ref. 1 for cation features ‘
XeF (AuF . 591 (100) : 230 (27) " "
226 (26)
| . | - 220 (sh,2) o o
‘Compound viAuF; - v4AUF; S vAF, | ~ Other Features
CsAuF, 588 (98) 561 (28) 237 (13)
230 (14)
NOAuF4 590 (100+) 555 (54) 270 (w,sh) vN0+ = 2305 (12)
228 (32) '

1. C. J. Adams and N. Bartlett, submitted to Inorg. Chem.
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i

' TabTe’ VII. Unit cell parameters for some AuF6 and.

re]ated sa]ts

Compound  Struct a(R) a(®) V(K3) Reference

~N O [Sa ¢~ w N~ O

8.
9

Type o
CsAsFy R 5.2 %  138.4 B
CSAuF6 R 5.24(1) 96.43(5) 141.3 This work
CsPtF, R 5.27  96.4 143.4 2
CsIrF6 R } 5.27 96.2 143;6 3
CsOsFy R 5.28 96.1 144.5 3
CsReF R 5.28  95.9 144.7 4
CsRuF R 5.27 96.4 143.4 5
KAUF R 4.946(5) 97.96(3) 117.8  This work
KPtFG, R 4.96 97.4 119.9 6
KRuF6 R 4.97 97.4 119.4 2,7
0,AuF ¢ R 5.00(1) 99.95(5) 120.1  This work
02PtF-6 R 4.96 97.5 119.9 8
" C 10.032 126.3 8
NOAuF g - R 5.05 98.82(5) 124.5 This work
NORhF6 R 5.02(1) 97.86(5) 123.4 9
NOPtF6 R 5.03  97.6 123.5 10
" ' C 10.112 129.5 11
=.Rhombohedral
= Cubic
B. Cox, J. Chem. Soc. 876 (1956).
N. Bartlett and N. K. Jha, Noble Gas Compounds, H. H.
Hyman, ed (Chicago Univ. Press, 1963), p. 23. :
M. A. Hepworth, K. H. Jack and G. J. Westland, J. Inorg.
Nucl. Chem. 2, 79 (1956). :
R. D. Peacock, J. Chem. Soc. 467 (1957). -
J. H. Holloway, P. R. Rao and N. Bartlett, Chem. Comm.
306 (1965).
N. Bartlett and D. H. Lohmann, J. Chem. Soc. 619 (1964).
R. Hoppe, Rec. Trav. Chim. 75, 569 (1956).

E. Weise and W. Klemm, Z. Anorg. u. Allgem. Chem. 279
74 (1955). '
N. Bartlett and D. H. Lohmann, J. Chem. Soc. 5253 (1962).

. N. Bartlett and P. R. Rao, unpublished observation.

10. N. K. Jha, Ph. D. Thesis, Un1v of Br1t1sh Co]umb1a 1965.

11.

S. P. Beaton, " : _ . y : » 1966.
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Table VIII.  Raman spectrum of Au_F6 in solid XeF;AuFG.

(Frequencies in cm‘I, relative intensities in parentheses.)6

Frequency ; vf Assignment

591" (100) - vy (2.9)

543 (0°)
534 (0") v2(eg)
650.(9)
641_(28)

628 (22)

623 (Sh,~10)
296 (5)' |

Tu

283 (1) Lo vty
273 (2) | |

230 (27)
226 (26) o Qs(tzg)

220 (sh,2)
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Fig. 1. Raman spectra of some Aqu salts.
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Fig. 3. Raman spectra of some Au(III) compounds.
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V. THE CRYSTAL STRUCTURE OF'Xe2FT1AuF; and
+ B

the RAMAN SPECTRUM OF THE XeZF]] ION

A. Introduction

XezFTiAqu was the first salt containing the AuFé anion to be

synthesized, as described in Chaptér IV. Since both the cation and the
anion in this compound were novel and of structural interest, fortunately
the synthetic method yielded suitable single crystals for an X-ray

structural analysis.

At the time they characterized the salt XeF;PtFé,.Bartlett and

co-workers42.’63 had also prepared a salt of empirical formula F17PtXe2,

which they considered likely to be XezFT]PtFé. The composition of the

latter, which can also be expressed as 2XeF6-PtF5 adduct, suggested that

64

the compound 2XeF6-SbF5, described even earlier 'by Gard and Cady, was

also probably an XezF;] salt.

On the basis of Raman data’® for 2XeF6°AsF5 and Xef -AsF; and the
crystal structure of XeF;AsF; 5,15 Bartlett and.wethsberg concluded that
the former comp]ex was XeZFT]AsF;. Although they"were able to obtain
single crystals of the arsenic complex, all showed disorder or gross
twinning featﬁres and were unsuitable for an X-réy‘strUcture déterminétion.
~ Sladky andlB&Ft]ettS had similar difficulties in preparing single crystals
vof XeZFT]RQFg, which was considered to be the beﬁt‘platinum-metal-
pentafluoride case (because of the lower atomic number of ruthenium)
for a structural characterization of the cation.

The cqntroversy concerning the nature of the bonding in XeF665'67
and the role of the "non-bonding" Xe valence electron pair in determining

the shape of the molecule gives added interest_to the geometry of the
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XeZFT]/cation; It seemed even at the outset, however (see Ref. 58),
that the comp1ex cation would be a symmetrical fluorine bridged

F5Xe...F;;{XeF5 species and, in particular,_a_re]atibnship to the

crysta]]ine'Xer structure68 was -anticipated.

Although the structure determination of an alkali fluoroaurate

would have been more satisfactory for the description of the AuF6 ion,
single crystals of MAuF6 (M = Cs, Rb, K, etc.) have not yet been

obtained. - Nevertheless, with allowance for the perturbing influence

of the unsymmetrical cation, an adequate description of AuF6 has been

provided by the structure of XeZFT]AuF6

B. Experimental

1. Preparation | :
XezF;TAuF; was prepared as previously described in Chapter IV.4]

Crystals were grown by placing Xe Fr AuF (1.28 mmoles) and XeF
2' 11 6 2

(5.91 mmoles) (see Chapter II), in a Monel autoclave bomb. Fluorine

gas (70 mmoles) was added by condensing with 1iquid nitrogen, then the

bomb was -heated at 400° for 48 hr under a fluorine pressure of 1000 psi.

It was then cooled slowly to room temperature overnight and the excess
Fz'and XeF6IWere removed under vacuum. The bomb was opened in the
Dri Lab. The Xe,F..AuF; lay in the bottom of the bomb as a mass of

2211776
small yellow-green plates, whose crystal habit was orthorhombic. Crystals
were wedged'into small quartz capillaries with Pykex push rods, then
sealed as described in Chapter I. Because XezF;]AuFé is extremely water

sensitive, the utmost precautions were taken to exclude water from all

apparatus and materials.
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2. Crystal Data

Fi7AuXe, (mol wt 782.5) 1is orthorhombic with a = 9.115(6),.

b = 8.542(25) and ¢ = 15.726(20)R, V = 1224.38%, 2 = 4, D_ = 4.24 g e,

1

AE-(MO Ka) = 182 cm = and F(000) = 1345.72. The'rafher large estimated
standard déviations of the cell constants reflect changes during data
collection, presumably as a consequence of some deéompdsition. A powder
photograph of the bulk material was indexed using the single crystal unit‘
cell dimehéions. The unit cell volume satisfiestaéhariason's cv'i'ce\rion]6
for close packed fluoride lattices, since the effective volume per
vf]uorine atom is ]8.033. Single crystal Weisseﬁberg photographs indicated
that the space group was either Pnma (#62) or Eg?lg_(#33 in a non-
standérd.sétting). The structure was successfu11y refined in the
centrosymmetric group Pnma. Due to the extreme reactivity of the

material no attempt was made to obtain an experimental density.

3. X-Ray Measurements

A Picker automatic four-circle diffractometer equipped with a fine
focus Md anode tube (A Mo Ka1 = 0.709263), and a'graphité monochromator
was used for data collection. Accurate cell dimensions were obtained
“from a ]éast-squares refinement of the orientation matrix and of the cell
parameters based on the four angle settings (26, w, ¢ and ¢) of 12'high
angle (45 < 26 < 50°) reflections. Intensity data were collected by
the 6-26 scan technique, at a scan rate of Zb/min. The scan width
was 1.4°. _Backgrodnd counts were offset from the scan limits by 0.8°,
and éaCh count lasted 4 sec. Three standards were checked evéry 50
reflections. The temperature during data collection was 24x1°. Because

Xe2F;1vdecomposes slowly in X-rays, four crysta]s'were used in the data
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~collection. A1l four were flat plates, e]ongated along the b axis, and

each was mounted with the b axis along the ¢ axiS.of the diffractometer.
The crystals had-the.f011owing dimensions for the h, k and % directions,
respectively: #1, 0.255, 0.3453 0.047; #2, 0.282,'0.351; 0.060;

#3, 0.204,:0.462, 0.096; #4, 0.231, 0.600, 0.072 mm (the precision of
these measurements is probably no better than t0.00S mm). Each of the
crystals was bounded by the six planes of the forms [100], [010] and [001].
The first three crystals provided a complete set”of +h, +k, +2 and +h,

-k, +2 .data to 26 < 40° (1204 reflections). A'crystal was discarded when

~an w scan half width of any standard ref]ection bgcame >0.25°. Intensity

decay of the standards was no greater than 20.0% in any one crystal.
Corrections"For decay were made.

Because of the large absorption coefficient (182 cm']) and the fact
that all thé crystals were much larger than the thimum size, the data were

corrected for'absofption using a program developed by P. Coppens,

69 70,71

L. Leiserowitz and D. Rabinovich, modified by D. Cahen and J. Ibers,

and adapted for local use. This method incorporates numerical integration

using a Gaussian grid. The data were treated and weights assigned as

18 with the exception that_a‘g_factor (used to decrease

19

previous]y7de$cribed
the weighté of large intensities) of zero was used."Scattering factors

for neutral gold, xenon and fluorine were used. Values for anomalous

dispersion, Af' and Af", were taken from Cromer. and Liberman.Z]
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4. Struéturé Refinement

Initially, the structﬁre was solved using the‘data from Crystél #4
only (26 < 40°). This set of data yielded an averaged set of 633 unique
reflections, of which 529 satisfying the condifion I > 30(1) were used -
in the 1east—squares refinement. |

A Patierson function yielded the positions of the two Xe and one

Au atoms aﬁd refined to R =0.21. The Patteréon*map confirmed the choice
~of the centric space group since all the Harker séctions had either
y=0ory=1/2. A difference Fourier.based on thé set of planes
generated by the least-squares refinement gave the positions of all of
the fTuorihe-qtoms. Least-squares refinement incorporating anisotropic
temperature factors:for all atoms gave a final B_féctor of 0.04, using
the data from Crystal #4.

The data obtained from the first three cry;talsv(+h, +k, 2,
26 < 50°) were then scaled and averaged with tHe'set obtained from
crystal #4. Of the 1162 total independent data, the 874 which satisfied
the condition I > 30(I) were used for the 1east¥squares refinement. A
least-squares refinement using the combined data gave R = 4.48%, and
weighted752'= 3.98%. o |

‘It was noted that the higher angle data (40° < 26 < 50°) had large
weighted discrepancies, w(AF)Z. These data had been measured only oncé
whereas the déta below 26 = 40° were measured at 1eést three times.

For mu]tipiy measured data, the estimated standard deviation is based



-63-

on the larger of either their counting statistieé'or their scatter, and
.thus the standard deviations of the high angle data were consequently
smaller. To correct this situation a minimum vaiue.corresponding to
what was-obéerved for the weaker lower angle data‘was then applied as a
lTower 1imitite the standard deviations of the higher angle data. The
four sets of data were rescaled. All of the data with sin6/x < 0.15,
(a total of 22 ref]ections) were arbitrarily de]eted because of excessively
large discrepancies; this is no doubt due to the inadequacies of the
absorption correction. Examination of the data showed no extinction
effects.

The final least-squares refinement, with a]i atoms anisotropie, gave
an R factor of 0.052 for all 1140 reflections, and 0.036 for the 862
(1 > 30(1)) nonzero weighted reflections. The weighted R, was 0.025.
The standard deviation of an observation of unitlweight was 1.36. The
largest shift‘of any parameter, divided by its estimated standard
deviation on the last cycle of least-squares was <b.0012.

A final difference Fourier showed that the largest residual eiectron
density was 1.91 e]ectrons/ﬂ3 near the gold atom;' Table I gives the
positional and thermal parameters from the final kefinement. Observed
structure factors, standard .deviations and differences are given in
Table II. Table III gives chemically significant distances and angles.

5. Raman Spectra

Raman spectna of severai‘XezF;] and XeF; salts were obtained as

described in Chapter I. The results are tabulated in Table IV (see
also Chapter IV). For a detailed vibrational spectroscopic study of

Xe2F11 and XeF; salts, see Reference 55.
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- C. Description of the Structure

As-may be seen from Fig. 1 and Tab]e III, the structure analysis
clearly defines an AuF6 group and a Xe2Fn groUp, The latter consists
of two simiiar XeF5 groups linked by an additfbnéj_common F atoh. Al
of these groups (AuF6, Xe2FH and its Xer components) pdssess'mirrdr
symmetry: | | |

| The AQFsigroup is approximately octahedral,'with only one Au-F
interatomic distance (Au-F8 = 1.90(1)3) departihg‘significant]y from the
average value of 1.86(1)&. The cis F-Au-F .angles are close to 90°; the

greatest deviation being for F8-Au-F12 = 88.0(5)°.

Each’:XéF5 group of the XeZF]] species approximateé to a square-based.
pyramid, with the xenon atom placed below the base. The FaX—Xé-Feq
angles are =80° in both XeF5 groups. On the other hand, gach of the
groups departs significantly from §4X_Symmetry and the gi§_Feq—Xe-Feq
angles in each group are not equivalent. The greatest cis angle of each
XeF equatorial set is that furthest from the atbm.(F7) which 1inks the
XeFg groups to define the Xe,Fqq species. Coihtidenté]]y, the
greatest cis equatorial angles in each XeF5 group are also associated
with the 10ngest Xe-F distances within the group.

| Although the interatomic distances Xel-F7 and Xe2-F7 are sufficiently
short [2.21(1) and 2.26(1) respectively] to warrant the identification
of an XezF]] group, all other inter-grdup contacts are sufficiently long
that they may be classified as van der Waals contécts. The Xel-F7-Xe?
angle is not quite linear [169.2(2)°]. The F7-Xe distances are nét
significanf]y~different and indeed the entire XeZF]] group has essentially

QQX-symmetry.
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The bridging F afom (F7) is ndt the only F atom of interest in
re]ationship t6 the XéFS groups. It is ééen that,eéch Xe ‘atom of each
XeF5 is approachéd by three other F atoms (of neighboring AuF6 groups)
as well as by F7, Thus Xel is associated with F7,:F9, F9' and F8 and
Xe2 with F7, Fg, F9' and F12 [see Fig. 1(c)]. These sets of four F atoms

are arranged ébout the base of the approximately“square-pyramida1 XeF5

‘groups, such that, together with the F atoms of the XeF5 they form a

~distorted capped archimedian antiprism arrangement. The arrangement is

illustrated for the Xel case, in Fig. 2.
D. Discussion
~ Prior to the structure determination, chemical, vibrational spectro-

scopic‘and'Mossbauer evidence4] had indicated thé_formu]ation XeZF;T

 AuF> for the F XezAu material. The X-ray structuke is fully compatible

6 17
with that formulation.

The geometry of the AuFé ion is defined for thé first time in this
structure. A low spin gt 6Au(V)_e]ectron configuration is anticipated to

: =29 ‘ » .
be akin to the configurations of Pt(IV) and Pd(IV) and like them to favor

a regular octahedral MFg species. Any departures'from octahedral symmetry,

-in this structure, can be rationalized on the basis of possible distorting

inf]uenées of the XezFT]'cation which is far from octahedral symmetry

itself. The average Au-F anion interatomic distance of 1.86(1)K compares
with the average Pt-F distance42 of 1.89(5)K for Pth in XeF;Pth. The
greater nuclear charge of Au relative to Pt is anticipated57 to result in
a shorter M-F bond in the Au case. |

This structure is at Teast of as much interest for its cation as

for its anion. To a first approximation the comp]éx cation has the form
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anticipated:for an assembly of two Xng ions and a tommoh F'. Thus

the geométky of each XeFS component resembles that of XeF; (see

Chapter III) and the coordination of each Xe atom.(represented in Fig. 2)
gloseTy.resemb]es that forFXe in XeF;.14b A combafison of the geometry
of the XeFg unit in XezFT]-with that of the XeF;.cation in XeF;RuFé is
given in Fig. 3. _The close approach of F7 to each Xe atom and the
departure'df tHe Xe-F-Xe angle from linearity sﬁggest that a measure of
cova1ence should be incorporated into any bonding description. Neverthe-
less, the ioﬁic model XeF;F'XeF; accounts for a number of the observed

structural féatUres of XezF;]. Previous papersl4b (

see Chapter III) have
argued for steric activity of the non-bonding Xe(VI) electron pair'invthe
pseudo-octahedral XeF; species. One can allow that the close approach

of F~ to.XeF; would deflect the non-bonding va]ence electron pair from
from its’aXia] position towards the bisectors of the F3-Xel-F3' and the
F5-Xe2-F5'“aﬁgles. Increase in the non?bonding pair repulsive inter-
actions with the Xel-F3 and Xe2-F5 bonds, consquenf upon such deflection
of the electron pairs, could aiso account for the lengthening of the
Xel-F3 and_XeZ-FS interatomic distances. Simi]érTy, the deflection of
the Xe(VI) “"pairs" could account for shortening of the Xel-F2 and

Xe2-F6 diStances. In XeF; the Xe-F equatoria1.distances are 1.84R

(see Chapter III).

As‘may:be seen from the Raman data given in Tabfe IV, the complex
4XeF6-PdF4 (Chabter I1) contains essehtia]]y the éame cation as XeZFT]AuFé
and may, therefore, be confidently formulated as [Xe2 FT1]2PdF§'. The F
bridging of_twp Xer groups in the XeZFT] cation appears to be.characterized

1

by a "bridgejstretch" at ~360 cm 3 but, in keepihg with the observed

structure, the complex cation otherwise behaves'vibkationally like two
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weakly coup]edeeF;‘species.

ance crystalline XeF¢ can be deécribed68 as XeF;F_ (clustered
either in tetramers or hexamers) it is not,surprisfng that XezF;i looks
like a ffaghent of»aaner tetramer or hexamer. The resemblance is
closest to the tetramer. In a ponding descriptfopfof XezF;]_and
crysta]]ine XeF6, XeF; and F~ are clearly important contributing
canonical forms. Perhaps the best description 6f XezF;l is as a
resonance hybrid of (XeF;F'XeF;), (XeF6XeF;) énd'(XngXer)vwith the
first canonical form dominant. o

It seems probable that all XeF, complexes with fluoride ion

acceptors will prove to be either XeF; or XezF:i salts. In particular,

the-2XeF6;MF5 and 4Xef . -MF, complexes reported by Cady and his

co-workers>1*%% are very probably XeZFT] salts.
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Table I.

ATCM X

AU «15834¢(6)
XE(L) .29072(¢)
XE{2) «2013(1)
F(1) «234(1)
F(4) «077(1)
F(T) «2238(8)
F(8} «041(1)
F(10) +270(1)
F(1l1) «3300(9)
F(l12} -.0143(6)
F(2) «1448(6)
F(3) JHlla(T)
F(5) «2914(7)
F(6) +0708(6)
Fi{g)

«1587(8)

* Fixed Parameter

«1026(9)
«0946(8})
«096(1)

.1013(8)

.033(1)

L
«02276(5)
«66069(7)
« 382450 17)
«T726(6)
£2G633(T)
«525416)

= Q771(6)
<1212t
-.0407(7)
.0857(6)
+6573(4)
« 70406(4)
«3168(5)
«4160(5)

. +023616)

Positional and thermal parameters for Xe

Bl1
2.42(3)
2.80(4)
3.08(4)
7.0(5)
6.506)
4.4(4)
4.114)
5.6(5)
3.1(4)
3.104)
4.3(2)
5.0(3)
5.904}

3.6(3)

8.2(4)

B22
3.32(3)

4.7306) -

5.06(¢)
T.5(T}
11.1(8)
4.8(5)
8.3(6)
T.20¢€)
G.3(8)
G.G(7)
6.104)
6.3(4)
11.3(7)
Se.alé)
4.3104)

B33
3.95(3)
3.03(¢)
3.36(5)
2.3(4)
5.3(6)
3.7(5)
5.4(5)
5.9(7)

-6.9(7)

5.5(5)
5.3(4)
5.1(4)
T7.0(5)

8.1(5) -
9.6(6)

ZF;]AUFé with estimated standard deviations

_89_
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TABLE III

o
Interatomic Distances(A) and Angles(DEG.) for Xe2F11+AuF67

‘Anion

F9-Au-F9'
F8
F8-Au-F11
12
F10-Au-F11
F12

Interionic Distances and Angles

(Estimated Standard Deviations are in Parentheses)

179.1(3)°

90.4(4)
91.6(6)
88.0(5)
89.2(5)
91.2(6)

Xel-F8
. Fg‘
Xe2-F12
F9

2.64(1) A
Sy

2.64(1)
3.52(1)

- Cation

F1-Xel-F2
- F3
F2-Xel-F2
| F3
F3-Xel-F3
Xe2-F7-Xel

F1-Xel-F7

" F8

F9

79.6(4)°
79.0(4)
86.8(3)
87.1(4)
91.1(3)
169.2(2)

147.6(6)°_
_136.3(6)
132.2(3)

F4-Xe2-F6
F5

F6-Xe2-F6

F5
F5-Xe2-F5

F4-Xe2-F7  146.3(7)°

79.4(4)°
81.1(5)
88.6(3)
87.4(6)
89.9(3)

F12 139.8(7)

F9

135.9(2)

_OLf



. TABLE IV

~ Raman Spectra of XeZFn"' Salts and Related Species (shifts in _cm'])

(a) Ay pap 8- + 2-
B4 e (no7) gp__‘ﬂ:a__,- MS—)ZEFG—

710(_\_:])vs...;.....

631(37)sh.........
614(yv,) vs |

602(24) sh *

573(vy) s . .

554(2-2.) ms .

370(28)"""""'

Ml m .o
274(¥§‘)w e e e e e e

243(\;__5_) m . ..

(a) L. E. Alexander and 1. R.

o _+‘ '2- : + PR -
- Qegfyy dpRdfg (XepFyy JAuFg  Cs AuFg_

. 661 s

640 w

600 s

. - 595 vs 5§S(m) vs

590 vs °
53_Q(y_g) vw
400 w
356 w
290 w

668 w
-. - 653s . () [ ] L] [ L ] * L ] L[] ..
651 vs
.. 63 VW .... 630m ......
616 vw 615 w
.v[ -...—6]0"‘ o’o.o.o[szsw
- -606 w | 606 w
. r591 s
sgoms e & v - .-' <7
583 m °
.. 558ms ., ... 568s
.. 5Bs .... 586w
[425 vw [412 W
- - 396 vwl [ ] L] - 396W L] L] L] [ ] [ ] .
375 w
L. 309w .. .. 296w (b).....
.. 269W . ... 210w (b)

245 w (b)

Beattie, J. Chem. Soc. (A}, 1971, 3091.

2'm., L., 224(}35-) s

-
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XBL 7210-7124

Fig. 1(b). Stereogram of the XezFT]AuFG_structure unit.
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Fig. 1(c). Stereogram showing the arrangement of the XezF;]AuF6
: units in the unit cell--view along the b axis.



0

-75-

wor Ly%x aya 4o weabosudss (p)L ‘614

62TL-012L &K




-76-

XBL 7210-7130

Fig. 1(e). Stereogram of the AuF ion.
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. XBL 7 210-7125

" Fig. 2. Stereogram showing the typical Xe coordination

in F atoms (exemplified by Xe(1) coordination).
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\
N,
2640, 1 \2.23(1)
/ I \ \
/ F' ' \
L :34c>0)| )
1
F¢

XBL 733-5892

(b) Xe.Fl AuF>

21177 6"

_8L..



00 5B d43047 753

-79-

. Table for Figure 3

+ P C) +, .-
XeF5 in Xer RuF6 XeF5 unit (av.) in XezF11 AuF6
P, XeF, e 79.0(2)° }" 79.9(2)°
Fb-Xe-be o 87.8(2) : 5'$;87.7(2)
F_-Xe-F_' | B 87.0(2) . L 90.5(2)
F,-Xe~F_ B 88.4 (4) o 87.2(3)
F ~Xe-F_ | 142.3(7) "  147.0(5)
F -Xe-F_ | 140.6(6) o 138.0(5)
F ~Xe-F, __f‘ 129.6(3) | o 134.0(2)

(a) Ref. 14(b)
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VI MBSSBAUER STUDY OF QUINQUEVALENT GOLD COMPOUNDS

A. Introduction

At thé]time of the discovery of Gold(V) compoﬁnds, Mossbauer

| spectroscoby”offered an additional tool to bothicdnfirm the quinquevalent
oxidatioh $£ate of gold in these compounds and»éuppbrt the octahedral
form prédicted for the Aqu anion. The 77.3 kéV.T/Zf > 3/2+ M1(12.4% E2)

]97Au72 is we]i'suited for chemical

' gamma transition of monoisotopic
applications of Mossbauer spectroscopy, since thg dbServed ranges of isomer
shiftsland electric quadrupole splittings amount to severa1 experimental
linewidths. | t o

| Conséduent]y, Au(III) and Au(I) compounds hayé been the subject of
extensive investigations by nuclear gamma resonarce spect;r‘os,copy?3'75
The results revealed a dependence of the isomervﬁhift on the oxidation
_state simi]ak to that found in compounds of the 3d,_4d and 5d transition
e]ements,-e;g;, 57Fe, 99Ru, 193, and 189,76 On the other hand,
appreciable variation of the isomer shift withiﬁ the same oxidation
state was‘dbserved for an Au(III) compounds, muchzés'in the cases of

77,718 Ir(III);79 and Fe(II)80_1ow-spin complexes, .

Ru(II) and Ru(III);
indicating a marked dependence of the isomer shift upon the nature of
the ligands.

B. Experimental

1. PreparaﬁiOn of Gold Compounds -

6
characterized as described in Chapter IV. Since all of these compounds

XezFT]AuF;, XeF;AuF_, cs"AuF; and AuF; were prepared and

are extremely water sensitive, the utmost precautions were taken to

.exc1ude'm015tdre from all apparatus and materials. Absorber capsu]es
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were loaded jn a Vacuum Atmospheres Corporatidn Drilab (N2 atm); and

were checked after Mossbauer measurements to ensure the sustained
quality of_the samples.

2. Mossbauer Technique

All'sémples were put into vacuum-tight, indiqumetal-gasketed_

absorber capsules made of aluminum with inner containers made of Kel-F.

The thicknesé of each absorber was adjusted to épproximate]y 50vmg/cm2

of ]97Au. The standard Mgssbauer transmission'eiperiments were performed

with both source and absorber cooled to 4.2°K, using a sinusoidal ve]ocity

spectrbmeteks] and a Ge(Li)-diode for récording the 77.3 keV gamma rays.

In the defefmination of isomer shifts, the channels corresponding to

maximum velocity are obtained from symmetry arguhents a]one.sl This

method gives very precise values for isomer shifts.

197

Sources of Pt, in platinum metal, were prepared'by neutron

irradiation_of_p]atinum metal foils (about 3 mg,.énriched to 65% in

19 n/cmz. " These

196Pt) in an integrated thermal neutron flux of 3x10
foils were uséd as received from the reactor, without further treatment.
They were re-irradiated repeatedly.

€. Results and Discussion |

Figure 1 shows, as an example, the Mﬁssbauéf spectrum of XeZFT]AuFé;

a single unbroadened resonance line is observed. The solid line is

the resu]t_éf a 1east-squares:fit of a Lorentzian line to the data. .

Almost identical Mossbauer spectra were obtained for XeF;AuFé and

73

6"
different from the AuF; shifts, and was obtained from a reportedly

Cs+AuF Since the previously reported ~ shift for AuF3 was very

73

decomposing sample, the Mdssbauer spectrum of‘AUF3-was also measured.
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Due to éTeétric quadrupole splitting of the " =’3/2+ nuclear ground state.

of 197

Au,_tﬁe resulting Mossbauer spectrum consists of two Lorentzian
Tines separated by AEq = 2.710.02 mn/s. |

The results are summarized in Table I. Théfoséerved expefimenta]
Tinewidths, when corrected for 1ine-broadening‘é$uséd by‘ffnfté absorber
thickness,82 compare quite well with twice the néthél_wTdth of the
Mossbauer’gamma rays, wo = 2h/t = 1.85+0.01 mm/s.§3'-Thisvputs an upper
- limit of AEQ < 0.05 mm/s to the possible é1ectriqiq0adrupo1e interaction
at the go1dvsites in these quinquevalent compouhds, which is in agreement
with theFObsérved octahedral symmetry of the AuFé'anidn in the crystal
structure of XeZFT]Aqu (see Chapter V). : v |

Moreover, structural data also indicate an octahedral anion in both
6 6
of which50 shows the anion to be octahedral. XéF;AuF; is isostructural

1?-157near1y octahedral.

Cs*AuFS and XeF;AuF;. CsTAUE is isomorphous with-Cs+OsFé, the structure

wfth XeF;AsF;’(Chapter IV), the anion of which

The Eesu]ts for the isomer shift S of the quihqueva1ent compounds,
listed in column 4 of Table I, are almost identical witﬁ’each other,
supporting the existence of similar AuFé anions in all of the studied
quinqueva1eht gold compounds. This has also been_cohc]uded from the -
close similarity of the Raman spectra obtained fo? these complexes
(Chapter IV, V). The results for isomer shift and electric quadrupole
splitting found fbr ApF3 agree well with those g%ven'in Ref. 73.

A graphical representation of the present isdmer shift resu]ts,
together with those for Au(III) and Au(I) compouﬁds With haTogen ligands,
taken frqm Refs. 73-75 is presented in Fig. 2. With the exception of | |

AuF3, the iéqmer shiffs arrange themselves in three well separated groups
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corresponding to univalent, tervalent and quinquevalent gold. As in the

case of compounds of Fe, Ru, Ir, Pt and Os?6f80;84’85 The isomer shifts

exhibit a monotonic dependence on the oxidation stéte.

Assuming constant electron density within the nucleus, one can write

for the isomér shift S in velocity units®6

2

5 = c/E-21/3-2-e%8%)-00(0)

2

2 )e - Ar )g is the change of the méan—squared nuclear charge

where A{r™) = (r

[AV]

radius between the excited state and the ground:state of the nuc]eus, 

and Ap(O)_stands for the difference of the totai_e]ectron density at .

the Mssbauer mucleus in the two chemical environments. E, is the

energy qf the Mossbauer gamma rays and c, e and thave their usual
meénings. R

| The tota} electron density at the nucleus p(0) depends on the nature
of ‘the chehica] bonding. Positive contributions to p(0) arise from the
atomic 6§vpopu1ations of the molecular orbitals on}the gold ion, while

a decrease in p(0) is caused by the atomic 5d pobulations due to their
shie]ding_éffects on s electrons. The relative magnitudes of the various
contributionsjare known from the results of re]aéivistic free-ion self-

87 and for other d transition

consistent'field calculations for gold
elements. 'TheAatomic 6p popu]ationé, on the othér hand, yield only

small contributions both by shielding of s electrons and by their
relativistic density at the nuc]eus.87 Hence p(0) and consequently the
isomer shift will mainly depend on the atomic 6s ahd 5d populations on the

gold ion.
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From the effects of quasi-hydrostatic pressure“on the transition

197

energy of the 77.3 keV gamma rays of Au in metallic gold, a value of

2. -3

Adr™) = 49%x10 fm2 has been derived for the chahgé of the mean-squared

nuclear charge radius.88 The positive sign of AK?2> implies an increase
. in p(0) with increasing isomer shift. The isoﬁér'shift results of
Fig. 2 thus fevea] an increase in p(0) with inc?easing oxidation state
of gold. - This is what is expected on the basi§ of“g_eTeCtron shielding
‘arguments,.éssuming a decrease in the atomic pobu1étion of.SQ_orbitals
on go]d gdihg from univalent to tervalent to quianevaleht gold compounds
 with ha]ogeh ligands. The isomer shifts obta1ned for the. AuF6 complexes,
therefore, strong]y support the assigned qu1nqueva1ent oxidation state
of gold. |

A more quant1tat1ve d1scuss1on of the isomer sh1ft results of Fig. 2,
especially their use for a der1vat1on of an est1mate for A<r2>, is not
straightforward since there are considerable varlat1ons in the Au atom
coordination in these gold compounds. Au(I) compouhds usually contain

~ linear ligahd—gold—1igand units in the first coordihation sphere,89

while most bf the Au(III) complexes have squareriqhar mqlecular symmetry.90
Thé Au(V) cbmb]exes studied in the present work,von the}other hand, have
octahedral symmetry (Chapter IV, V).

BartTett has previous]y'argued57 for the F.ligands fn the transi-
tion metal hexafluorides being good m-electron donors. If this is the
general situation for F attached to a transition metal atom, one can
expect the e1ectron_popu1ation'of gﬂ symmetry atomic orbitais on gold to

increase with increasing coordination in F." This effect would offset

to some extent d electron density decrease which is coupled with the
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oxidation state increase. Thus the isomer shift differences between the
various Au oxidation states, involving the same 1igand, are smaller than

those expected from the s-electron density reshits’of free-jon Dirac-Fock

calcu]ations-(using the above value for A(r2>,§3

88

for different d-con-
figurations of gold. | o

It is‘pfobable that the greater isomer shfftidf Auxi (X = C], Br, I)
relative po AuFZ is due to the poor m donor abi]it& of Cl, Br and 1
relative to F. Alternatively, the availability df d orbitals of‘the
va1ence-shé11 quantum number in C1, Br and I is often citedgl in arguing
for w'agceptof properties for these atohs. F atohs; in contrast, do
“not have thiéffaci1ity. | |

As may be seen from Fig. 2 the isomer shift for Aqu is anomalously
low. The obsérvation is firm, the results from'a high quality sample

75 It may be that

- being in:gpod agreement with the previous findings.
the Tow iSomer shift of AuF3 is linked Fo its §tru¢ture. The Au atom

in AuF3 is bonded to four F atoms in a planar, réugh]y square arrangement.
The arrangemehf has §2v symmetry and each [AuF4] group has two seté of
adjacent (cis) Au-F digiances: one short at 1.91(4)ﬁ and one long, at
2.04(3)&. In addition, the gold atom is coordinéfed to two other F

atoms at 2.69(4)ﬂ'on an axisiroughly perpendicu]éf to the plane defined
by the [AuF4j group. - Thus the coordination of the_Au atom in AuF3 may

be describéd’approximate]y as tetragonél]y-e]ongatéd octahedral. In no
other Au(III) compound, shown in Fig. 2, is this structure type observed.
It is usual.for the Au(III) compound to be squafezdr nearly-square
coordinated92 but other 1igands approaching the [AuL4] group always do

so well of the axis normal to this plane. The ushal'situation is

63
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illustrated by the crystal structure of KAuF4 52

~ The AuF, ion in KAuF, is recognized as the square planar Auf, group

"4
_ character1zed by an Au-F distance of 1.95(2)&. (Th1s Au-F distance is
not 51gn1f1cant1y different from the mean of the Au-F distances of the
AuF4 group in AuF3, which is 1.98 4)& ) The gold atom in KAuF4 is
also coordjnated by four other F atoms at,3.12(2)ﬂ. The entire
arrangement of eight F atoms about the Au atom'eeh'he described as a
distorted cubic group. The squere AuF; speciesurepresehtS'a pair of |
diagonally opposite parallel edges of the "cube" (Which has, in conse-
quence, been distorted to render these edges, and:the relating face
| diagoha]s; equal). The other two diagonally-opposite parallel edges of
the original four-fold cubic set each represent;two of the F atoms at
3.12R from the Au atom. -

" The coordination of the AuL4 group in Auﬁg_(in contrast to all of
the other Au(III) compounds) by two other 1ig;hd§ approximately normal
to the AuL4'p1ane may account for the anomalously low isomer shift of

AuF,. In the.SqUare AuF4 group of AuF3, each of=the.additiona1 F ligands

3.
is suitably located for m donation to the Au(III) atom. Thus if the
pseudo-four-fold axis of the AuF4 group is z, thergZE_and gzx_orb1ta].
electrons of the Au(III) are more concentrated on that atom than
otherwise, as a consequence of the 7 donor ability of those two F ligands
which are nearby on the z axis.

For avh0ugh estimate of A% take the isomer shift difference

between the Aqu

for the one between Au(V) and Au(III) It is obvious from the above

complexes and AuF3, AS = 3.4 mm/s,'as representative

discussion that for th1s pair of gold compounds the difference in
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effective'coordination number is smaller thah for any other pair of the‘
studied-gold compounds with different oxidatioﬁ'statés. For the electron |
density difference between sgf and 59? configurafions a value of

Ap(0) = 4.4%1026 cm'3, as estimated from the résults of relativistic
Dirac;Fock ca1cu1ations of Ref: 22 for free-ion cdnfigurations for gold is

3

" taken. One then obtains a value of A<r2> ~ 8.6x10° fm2 for the change

of the méanfsquared nuclear charge radius. Because of the change in.
molecular structure from AuFé to AuFj, however, this value should be

2

.considered as a Tower Timit for A¢r®). It is interesting that it agrées

quite well with a result of'Ref. 88.
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TARLE I

Compilation of experimental results: € = resonance effect, W = total

experimental linewidth (FWIRM); S = isomer shift relative to the platinum

metal source; EQ = éz-q'Q(3/2)/2'(l + 7]2/3)1/2 = electric quadrupole
splitting of the nuclear ground state of 197Au.‘
Compound € W . s E,

v %) (mm/s) (mm/s) v_ o (mn/s)

+ + —_—

erFllAuF6_ 2.9 1.98 * 0.02 2,28 __O.Ql | .
XeFAuF, 4.0 2,10 £ 0.06  2.31 * 0.02 -
CsAuF, 2.8 2.02 #0.06  2.39 ¢ 0.02 -
AuF : ._4.6 2.00 £ 0.02  -1.06 = 0.02‘: 2,71 £ 0.02
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100
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vimmss) o XBL726-6405

Mﬁssbduer absorption spectrum of XeZFT]Aqu, recorded ¥;;h the
77.3 keV gamma rays of Au, 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. , _
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Fig. 2. Graphical representatmn of isomer sh1fts of the 77.3 keV gamma
rays of Au for univalent, tervalent and quinquevalent gold
compounds w1th halogen 11gands
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