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THE OXIDIZING BEHAVIOR OF SOME
PLATINUM METAL FLUORIDES

Lionell Graham

Inorganic Materials Research Division,
Lawrence Berkeley Laboratory and
Department of Chemistry
University of California
Berkeley, California 94720

ABSTRACT

The previously known compounds Xe2F3+PtF6", XeF+PtF6' and
XeF2'2PtF4(XePt2F]0) were prepared by the interaction of XeF2 with
PtFy. The new compounds XeF,-PdF, and XeFZ-ZPdF4(XePd2F]O) have been
produced by interaction of XeF2 with either PdF4 or Pd2F6. A weight
loss-versus-time curve has indicated the presence of 4:1, 3:1 and 2:1

Xer/PdF4 complexes. The thermal decomposition of XeFPtF6 or XeszF]0

: yiers highly pure XeF4. Thus the interaction of XeF2 with platinum

fluorides (PtF4 or PtF5) or palladium fluorides (Pd2F6 or PdF4) provides

for the conversion of XeF2 to XeF4. The compoundeeEdzETo,jsﬁa close

structural relative of XePtzF109 and spectroscopic evidence suggests
that both are salts of XeF' and a polymeric (M2F9)§' ion.

A Xe:PtF6 material of approximately 1:1 stoicheometry has been
prepared and compared with XePdFG(XeFZ-PdF4).

The interaction of chlorine with the third-series transition metal
hexafluorides has been investigated. Gravimetric and tensimetric evi-
dence indicate that the initial product of the CTZ plus IrF6 reaction
is a solid of composition CIZIrF6. Vibrational spectroscopic and other

evidence indicates that this solid yields a sequence of products, of
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which C13+IrF . C13+Ir2F11‘vand Ir4F20 have been identified, the last |
being the ultimate solid product of the room temperature decomposition
of the adduct. A new chlorine fluoride generated in the room tempera-
ture decomposition of C]zlrF6 has been tentatively formulated as C13F

from infrared evidence.
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I. GENERAL INTRODUCTION

The studies described in this thesis are divided into two topics:
(1) a study of xenon complexes involving platinum and palladium fluor-
ides and (2) a study of the oxidation of molecular chlorine by third-
series transition metal hexafluorides. The investigation of the inter-
action of xenon with PtF6 is closely related to the studies of the oxi-
dation of C]Z by transition metal hexafluorides and links the two topics.

The techniques and specially constructed apparatus common to the
two topics are described in Chapter II. This chépter also contains
brief descriptions of the instrumentation used in the experimental work.
Techniques and apparatus developed for one particular project are
described in the appropriate section.

Chapter III is concerned with topic (1) and is broadly concerned
with the characterization of the solid products formed from the inter-

action of xenon and platinum hexafluoride and with the thermal decompo-

sition of those solids. The products of the interaction of xenon

difluoride with PtF4, PdF4 and Pd2F6 became an important component of

. this investigation.

Chapter IV deals with the long-standing problem of whether or not
the C12+ radical cation is capable of existence in the crystalline state.
The investigation of this problem, via the C12’p1us third-series transi-
tion metal hexafluoride interactions, hés yielded some unexpected

findings.



-2-

II. GENERAL APPARATUS AND HANDLING TECHNIQUES

A.A Apparatus

1. General
The ease of hydrolysis and powerfully oxidizing character of
most of the compounds used or prepared in this work necessitated the
employment of rigorously dry conditions for their handling. These
properties also required careful selection of container materials.

A Vacuum Atmospheres Corporation Dri-lab (North Hollywood, Cali-
fornia) provided the dry inert atmosphere (nitrogen) used for manipula-
tion of the various solids and liquids encountered in this work. ‘Both
oxygen and water were minimized in the Dri-lab by two circulating drying
trains which were regenerated on a regular schedule.

Vd]éti1e compounds were manipulated using a vacuum line constructed
from Autoclave Engineering 30VM6071 Monel valves (rated to 30,000 Psi)

and appropriate connectors. ‘Vacuum was provided by three separate

pumps: (1) a small mechanical pump joined to the 1iné via a soda 1ime
tower for disposal of volatile corrosive fluorides and f]uorine; (2) a »
large mechanical pump used for high-speed pumping capability when
corrosive materials were absent; and (3) for high-vacuum capability, a
two-inch Consolidated Vacuum Corporation silicone-oil diffusion pump
coupled to a high-vacuum manifold.

Low pressures (< 1 mm) were measured using a Hastings thermocouple
gauge. Pressures in the 0-1500 torr Hg range and the 0-500 psia range
were determined with Helicoid gauges supp]ied by Acco Helicoid Gage

(Bridgeport, Connecticut), constructed from Monel. These Helicoid
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gauges were cohstructed especially for fluorine or oxygen service.

Each new]y‘assembled or reassembled apparatus was leak-tested using
a Conso]idated Electrodynamics Corporation quadrupole mass spectrometer
helium leak detector.

High pressure and/or high temperature reactions were carried out
in bombs fabricated from Monel metal, tested to 500 atomspheres of
gaseous fluorine at 600°C.

2. The Cryogenic Technology, Inc., Model 21 Cryo-Cooler (Waltham,
Massachusetts)

This device consisted of a cold-head, a compressor uhit with an
absorber, and interconnecting piping. Helium was used as the refriger-
ant. It was capable of producing cryo-tip témperatures down to 10°K.

A hydrogen vapor pressure gauge (16°-26°K), in addition to a
chromel versus gold and 0.07% Fe thermocouple, was used for temperature
measurement.

The temperature was controlled in three ways: (1) by off-setting

the capacity of the refrigerator with an electrical—*button—-type!
resistance heater which was embedded in the underside of the cryo-tip;
(2) by using an external infrared lamp focused on the sample; and (3)
by switching off the refrigerator. The last provided for particu1ar1y
slow warming. |

The vacuum shroud, developed for this work, was, for operational
convenience, divided into two parts, as shown in Figure II-1. One
section, which was joined directly to the cryo-cooler, remained per-
manently attached to the device. It consisted of a cylinder provided

with two entry ports, one for an eight-pin electrical feed-through, the
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other forra vacuum géte valve. The eight-pin feedthrough allowed for
operation of electrical heating and for thermocouple leads. ‘A flange
on:the cylinder provided for attachment of the second part of the
shroud. This part contained four.window apertures: two, for infrared
spectroscopy, were set oppbsite to one another and on an axis at right
angles to the cylindrical shropd axis; the remaining two facilitated
Raman spectroscopy, the smaller aperture, for the incident laser beam,
being at right angles to the shroud axis and to the axis of the infra-
red window apertures. The larger Raman window aperture axis coincided
approximately with the axis of the shrbud cylinder.

The cryo-tip, shown in Figure I1-2, was fashioned from a silver
block. A honeycomb of holes was drilled through the block (in prefer-
ence to one large opening) to ensure good thermal contact between the
block and the infrared window attached to jit. This window, Upon which
volatile samples were deposited, coincided with the axis of the two

infrared window apertures previously described. One corner of the

block, situated just below the incident laser light aperture, was
shaved to an angle of 20°. This highly polished surface allowed for
scattering of the incident laser beam in the direction of the larger
Raman window aperture. The disc-shaped base of the block provided for
connection to the second stage of the cold station.

Two 1/8-inch diameter lengths of copper tubing were passed through
the wall of the second part of the shroud and were sealed in place with
silver solder. These prbvided for direction of the flow of gaseous
reactants onto the cryo-tip. By situating the ends of these tubes

approximately one inch from the edge common to the silver chloride
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window and the surface for Raman scattering, adequate opportunity for
gas-gas interaction was provided.for.

Gas flow was regulated with the aid of two stainless steel Nupro
SS-4MA (manufactured by Nupro Company, Cleveland, Ohio) fine metering
valves. Each of these valves gave access to the component of the vacuum
system which was used solely for one of the reactant gases,

The entire assembly, including vacuum line, mechanical pump, cold
chamber, compressor unit, etc., was mounted on a mobile cart. The cold
chamber, resting on a laboratory jack, could be raised or lowered to
allow for either Raman or infrared spectroscopy.

3. Reactor for Gas-Gas Reaction Products

The gram quantity preparations of gas-gas interaction products
were carried out using a reactor of the type shown in Figure I1-3. It -
consisted of a Kel-F tube swaged to a Monel assembly. The assembly
provided for introduction of the reactant gases through separate 1/8-

inch diameter copper tubes which terminated within the Kel-F co]Tectorf

A 1/4-inch diameter tube let into the head of the assembly provided for
connection to the high vacuum system. The Tower region of the Kel-F
tube (v two inches) was kept at -196°C during a reaction. This provided

for rapid quenching of the product.

B. Reagents

Many reagents were used as supplied. Some were subjected to exten-
sive purification and others had to be prepared by following or adapting

procedures described in the literature.
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1. Gases and Volatile Liquids

NO, BrF3, C]Z’ F2’ IFS and HF were supplied by the Matheson
Company (East Rutherford, New Jersey). NO was purified by’fractional
distillation at =160°C. Its purity was checked by infrared spectroscopy.
Brf,, contaminated with bromine and possibly bromine monofluoride, was
purified by fluorination at room temperature. 212 (research grade)
was used directly from the cylinder. Its purity was checked using
infrared and Raman spectroscopy. £2 was freed of hydrogen fluoride by
passing the impure fluorine through a copper U-tube cooled to liquid
oxygen temperature. 155, contaminated with jodine, was purified by
fluorination at room temperature. HF was dried by_disti]]ing it on to
antimony pentafluoride contained in a Kel-F vessel. Small quantities of
water were removed according to the following reaction, as given by

Christie:!

HF + HZO + SbF 6 (c)

4
5 H30 SbF

‘MAﬁHQJ;ouQ HF waéHAi§£111éa from the m%;ture at 0°C.

Xenon was used as supplied by Airco Industrial Gases (Santa Clara,
California). No detectable impurities were observed for solid xenon
using infrared and Raman spectroscopy.

2656 was used directly as supplied bybP.C.R., Inc. (Gainesville,
Florida).

glng_was obtained as an impurity in CIF supplied by the Matheson
Company. The more vo]atiie C1F was removed by vacuum distillation at
-110°C. The purity of C102F was checked by infrared spectroscopy.2

ONF was prepared following the method of Ratcliffe and Shreeve.3
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C1F was prepared by mixing equimolar quantities of C12 and F2 at
approximately 90°C. Its purity was checked using infrared spectro-
scopy.4 |

2. XeF, | |
Xenon difluoride was prepared by mixing equimolar quantities
of xenon and fluorine in a five-liter pyrex vessel, followed by irradia-
tion with UV 1ight, according to the method of Streng and Streng5 and
HoHoway,6 as given by Wi11iamson.7 It was checked for purity by
infrared spectroscopy on the gas (2.5 mm at 25°C) and Raman spectroscopy

on the solid.

3. Platinum Metal Reagents

(a) Metals

Platinum wire (0.040 inch), iridium, osmium and rhenium

sponge (all specified to be at Teast 99.9% pure) were supplied by
Engelhard Industries (Union, New Jersey).

(b) Hexafluoro-metals

Hexafluorides of the transition metals were prepared by

standard procedures, as indicated below. Each was characterized using
both infrared and Raman spectroscopy. The Raman spectra of the solid
binary fluorides are shown in Fiqure II-4.

The following 1ist gives the reference to the procedure followed

in the preparation of each material:

Material Literature Reference
Platinum hexafluoride Wienstock, Malm and weaver8
Iridium hexafluoride Ruff and Fischer®

Oxmium hexafluoride Wienstock and Ma]m]0

Rhenium hexafluoride Malm and Seh‘gn
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'Tungsten hexafluoride was used as supplied by Matheson Gas Products.

(c) Other Platinum Metal Cdmgpunds

Palladium dibromide was obtained by dissolving palladium

sponge in aqueous hydrobkomic acid-bromine mixture. The mixture was
heated with an infraréd Tamp and‘brbmine was added.from time to time
until all the'palladium metal had dissolved. The resultant solution |
was passed through a sintered glass filter and was then evaporated to
dryneés under an infrared lamp. The purple-to-black so1id was dried
further by holding it under a vacuum of approximately 10'6 torr over-
night.

nggfﬁ was prepared by dissolving a 1:1 molar mixture of,PdBr2 and
germanium tetrabromide (used as obtained from Ventron Alfa Products,
Cerritos, California) in bromine trifluoride. The PdBrZ:GeBr4 mixture
was contained in a Kel-F tube and bromine trifluoride was distilled
onto it at -196°C. The mixture was warmed slowly. (Caution: »The

-—jnitial stage of the reaction 1's,extremelyﬂngo;nousn;_,:the“_]jquid“N2

coolant should be kept close at hand.) The beginning of the reaction
was signalled by bromine evolution and was moderated (when necessary)
by judicious cooling with Tiquid N2. As the reactjon proceeded, the
evolved bromine served as a diluent and the vigor of the reaction
moderéfed. When obvious signs of reaction had ceased, the mixture was
warmed to approximately 70°C to ensure éomp]etion of the reaction; the
volatiles were removed under vacuum. The brown, solid residue was
heated to 200°C in a vacuum to ensure complete removal of bromine
trifluoride.

Palladium tet?af1uoride was prepared by the fluorination of
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PdGeF6. Fluorination of lower palladium fluorides was used by Bartlett
and Rao]2 to prepare the first samples of PdF4, but their product was
always contaminated by.PdeFG. Crystalline PdeF6 is highly resistant

to oxidation. The fluorination of PdGeF6:
PdGe_F6 + F2 ———+PdF4 + GeF4f .

overcame this difficulty. PdGeFG, prepaked as described above, was
heated to 280°C, with fluorine (at 780 psi at 20°C), for approximately
58 hours in a heavy-walled Monel copper gasketed bomb, provided with a

13, which was a

Monel valve (see General Apparatus). The resultant PdF4
pink powder, showed nb X-ray powder lines of Pd2F6. The Raman spectrum
of PdF4 is as shown in Figure III-3, that of PdeF6 is included since

it is a common impurity in PdF4 and is even produced by pyro]ysis, with

intense laser sources, in the Raman experiment.

‘Platinum tetrabromide was prepared by first dissolving platinum

metal in aqua regia. A Tlarge excess of HBr was then added to the

resultant solution and it was evaporated to dryness over an open flame
in the fume hood. The dark red solid residue was dried further by
placing it in an oven for two days at a temperature of 70°C.

Platinum tetrafluoride was either prepared by pyrolysis of XePtZF]O

at 430°C or according to the following method which‘is an adaptation of

14 The action of bromine trifluoride on platinum

that given by Sharpe.
'fetrabromide gave a red solution from which the 2:1 adduct (BrF3)PtF4,
was isolated. Thermal decomposition of this adduct at 180°C gave
platinum tetrafluoride contaminated with a small amount of bromine

trifluoride. . Remaining BrF3 was removed by fluorination at 200°-250°C.
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Palladium trifluoride was prepared according to the method of
14

Sharpe * or by the pyrolysis of XeszF]0 under vacuum at 300°C.

C. Instrumentation

1. Raman Spectroscopy

Raman spectra were.obtéined using two different instruments,
both of which employed a double monochrqmator and a detection system
that uti]izedvphoton counting. Initially, spectra were recorded using
a Spex 1401 doub1e monochromator coupled to an on-line computer which
allowed data to be collected, stored, normalized and plotted. Subse-
quent spectra were obtained using a Ramanor HG, 2S spectrometer. A
variety of excitation wave lengths (blue 488.0 nm, green 514.5 nm, and
red 647.1 nm) were available from the Spectra Physics Model 165 Krypton
and Coherent Radiation Model CR-2 Argon ion lasers. For those materials
which were thermally stable at room temperature, samples were loaded

into quartz capillaries (1.0 to 1.5 mm o.d.) as used in X-ray diffrac-

“tion (see below), in the Dri-1ab."They were sealed temporarily with a
plug of Kel-F grease, and the tube was drawn down in a small flame
outside the box. Thermally unstable or volatile compounds were either
deposited onto the cryo-tip of the cryo-cooler or prepared in situ in
small quartz vessels described under IV.B below. Samples were cooled
by flowing dry N, which was itself cooled by passage through a 3/8-inch
diameter copper coil immersed in liquid N2 (-196°C).

2. Infrared Spectroscopy

Infrared spectra were obtained on a Perkin-Elmer Model 337

1

Grating Spectrophotometer over the range 4,000-400cm '. The spectra of
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gases were obtained using a 10vcm path length Monel cell fitted with
silver chloride windows. These windows were cut from 1 mm sheet
obtained from Harshaw Chemical Company, Cleveland, Ohio. Spectra of
solids were obtained from dusted samples of the solids pressed between
silver chloride sheets (1 mm) in a Kel-F holder. It was necessary to
deposit thermally unstable samples onto the silver chloride window of
the cryo-cooler described under II.A.

3. X-Ray Powder Photography

X-ray powder photographs were obtained using a General Electric
Precision Powder Camera of 45 cm circumference (Straumanis loading)
with Cu-xa radiation and a graphite monochromator. Finely powdered
samples were loaded into 0.3-0.5 mm thin-walled quartz capillaries (made
in Western Germany and obtained from Charles Supper Company, Inc.,
Natick, Massachusetts) in an identical manner to that described under
Raman spectroscopy. X-ray films were measured on a Norelco film-

measuring device.

4. Magnetic Susceptibility

Magnetic susceptibility measurements were made using a Princeton
AppTied Research vibrating sample magnetometer in the temperature range
3.5-100°K. Solid samples, 0.1-0.18g, were loaded into specially
fabricated Kel-F tubes. A tight-fitting plug was pressed down firmly
on the sample to ensure tight packing.

5. Analysis
(a) Xenon
Xenon was determined using a Dumas nitrometer. Samples

were loaded into preweighed, thin-walled pyrex cap111ar1es in the same
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manner as described under Raman spectroscopy. The capillaries were
weighed prior t6'1oading and the loaded tube and the drawn-off part
were also weighed to provide the sample weight. The loaded tube was
placed in the chamber of the nitrometer which was raised to 800°C. The
evolved gas was collected over 50% KOH solution previously saturated
with xenon. |

(b) Fluorine and Certain Platinum Metals by Pyrohydrolysis

The platinum group metals and fluorine were estimated using

the pyrohydrolysis amalytical technique. >*181/

The solid sample,
0.2-0.3g, was placed in the Dri-lab into a preweighed platinum boat and
the boat was reweighed. The boat was contained, for weighing purposes,
in a glass tube with teflon end caps. The loaded boat was transferred
to the pyrohydrolysis tube by removing the teflon caps and pushing the
boat as quickly as possible into the pyrohydrolysis tube. Water-laden

nitrogen was passed over the sample, initially at room temperature.

— ‘¥vThefemergingvni%rogen'stream~was«bubb1ed~%hrough~water*eo+4ee%%ng~any
hydrogen fluoride produced in the hydrolysis. The temperature of the
furnace, surrounding the pyrohydrolysis tube, was increased until steam
passed over the sample at approximately 300°C. The fluoride ion con-
‘centration was estimated by titration with 0.10 N NaOH, using phenol;
phthalein as an indicator. Fluoride in the solution was also determined
gravimetrically by precipitation as lead chlorofluoride. In the.cases
of platinum and paliadium fluorides, the residue in the boat provided
for determination of the metal content. The residue was heated to

400°C in a stream of hydrogen and thus gave the pure metal.
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III. REDOX REACTIONS RELATED TO THE.
Xe/PtF6 REACTION*

A. Introduction

! showed in 1962 that the‘oxidation of xenon by

Bartlett and Jha
platinum hexafluoride yielded a product with a stbicheometry.that
varied between XePtF6 and Xe(Pth)é. Chemicé1 and physical evidence
indicated that the oxidation state o% the platinum in Xe(PtFG)x was +5.
The pyrolysis of Xe(PtFG)x, at 165°C proddced xenon'tetfaf]uoride as

the vo1ati1e'product (xenon itself was not sought) according to:
: A
Xe_(PtFG)X ——XeF, + XeP'tzF]O
The residue was a red solid of composition XePtzF]O, the diamagnétism
of which suggested a Pt(IV) compound. There was, however, no proof
that this material was even a single phase.

The above observations suggested that Pt(V) fluorides had (at

least under certain circumstances) the capability to oxidize Xe(I) or

Xe(TT) to Xe(IV).

Bartlett et a1.2 had shown from earlier studies that xenon di-
fluoride formed 2:1, 1:1 and 1:2 complexes with platinum pentafluoride,
which had been characterized, respectively, as Xe2F3+PtF6', XeF+PtF6'

! by Bartlett

and XeF+Pt2F]1°. The diamagnetism of XePt,F,, obtained
and Jha indicated that it was probably a Pt(IV) complex, but the
stoicheometry rested upon sparse analytical data. A prime goal was

therefore to confirm the existence of a 1:2 XeFZ:PtF4 complex. Whether

*The substance of this chapter appeared in the J. Fluorine Chem. 7,
301 (1976).
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or not complexes of PtF4 richer in XeF2 could be prepared was also of
interest and the 1:1 compound particularly so, since it offered the

prospect of a valence isomer of Xe+PtF6‘.]

3 to

Since Pd(IV) fluorocomplexes are usué]]y structurally similar
their Pt(IV) relatives, it appeared probable that XeF2 with PdF4 might
yield the palladium analogue of XePtZF]0 and of any other PtF4/XeF2
complex which might occur. Studies of the interactions of XeF, both
with PtF4 and with PdF4 were therefore undertaken. These studies were

subsequently broadened to include the interaction of the mixed-valence

palladium fluoride, Pd2F6.

B. Experimental

1. The Xenon-Platinum Hexafluoride System

(a) Composition

Initial experiments were designed to prepare the Xe:PtF6v

product of approximately 1:1 stoicheometry. Platinum hexafluoride,

diluted with sulfur hexafluoride (1:6), was bled sTowly through a Tength
of 1/8 in. copper tubing into a Kel-F vessel (see Figure II-3) while
simultaneously flowing xenon into the same vessel through a separate
length of tubing but at a faster flow rate. The flow rate of the reac-
tant gases was regulated by passing them each through Monel Nupro

SS-4MA metering valves. These valves were coupled to the 1/8 in.
lengths bf copper tubing via a 1/4-1/8 in. reducing union. The lower
portion of the approximately 6 in. Kel-F reactor was maintained at
-196°C. Thus the product formed by the gas-gas interaction was quickly

quenched, along with excess xenon and sulfur hexafluoride diluent.
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This technique‘a1loWed for preparation of the apprdxfmate]y 1:1 product
in gram amounts. The resultant, fine]y divided, mustard-yellow solid
was retained on removal of sulfur hekaf]uoride'and xenon at -80°C.
Further warming to room temperaturé produced no other volatiles.
Sevéra] samples of the product were prepared and analyzed for xenon

and/or platinum:

Preparation Xe (%) Pt(%)
1 275 45.0
2 26.6 44.6
3 26.0 -
4 25.2 --
5 25.5 -
6 33.2 --

XePtF, requires 29.8 . 44.3

Xe(PtF6)2 requires 17.5 52.1

(b) Magnetic Studies

The room temperature magnetic susceptibility of ~ 1:1

Xe:PtF6 was measured by the Guoy technique. Low temperature measure-
ments (v 4°C to 100°K) were carried out using the Vibrating Sample
Magnetometer. The samples were loaded as described under II.C.
Measurements of several analysed samples were made and are tabulated
below. The x_ vs. T plot for the two of thé'samples (1 and 3) are

g
compared with that of XeF+PtF6" (see Figure III-7).
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Preparation Number (see Table above)

1. TK 3.6 14.0  25.6 46.0 85.7 296
10% (cgs) 3.79  1.86  1.36  1.07 0.908 | 1.66

3. TK 3.6 22.1  36.4 55.6 65.4 99.3
10% (cgs)  5.97  1.43 1.0 0.772  0.727 0.568

5. T°K 4.0 10.9  30.7 51.6 78.9  112.5
10% (cgs) 5.5  2.38  0.863  0.500  0.431 0.318

It is possible that the susceptibility value from the room tempera-
ture measurement does reflect the uncoupled moments for Xe* and PtF ,
each of which is paramagnetic, and the lower susceptibilities observed
at low temperatures are due to an antiferromagnetic coupling of the
Xe+ and PtF. magnets. Clearly, however, a susceptibility temperature

6
study over the whole range should be carried out to confirm this coup-

1ing conjecture.

(c) Structural Studies

Further studies were carried-out-using—the-cryo-cooler-
described under II.A. The neat gas phase interaction of xenon (excess)
and platinum hexafluoride once again produced a mustard-yellow solid.
The product, however, was deposited onto a AgCl window, cooled to 10°K,
suitable for infrared spectroscopy. The product buildup was signaled

1 (see Figure III-1). The

by an infrared absorption centered at 650cm”
intensity of the band increased as Tong as the two gases were deposited.
The absorption frequency appears in the region indicative of the V3
mode of the hexafluoroplatinate (V) ion. Numerous attempts were made

to obtain X-ray powder patterns of the approximately 1:1 material but
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it always proved to be amorphous.

2. Apparatus and~Techniques for the XeF,/Platinum Fluoride and
XeF,/Palladium Fluoride Systems = ’

A1l of the Xer/platinum fluoride and the Xer/pa11adium fluor-
ide systems were studiéd using the same reactor type. This was a 2 3/4
in. length of 3/8 in. Monel tube made by boring out rod to provide a
wall and bottom thickness of 1/16 in. This tube was fitted with-é 3/8-
1/4 in. Swagelock reducing union. The tube was, depending upon the
application, either closed with a 1/4 in. Swagelock cap or by a brass
IKS4 Whitey valve (Kel-F tipped stem).

The therma] decomposition studies were initia]iy carriéd out by
following weight loss as functions of time and temperature of the sample
‘when‘under vacuum. When the lowest temperature for rapid weight-loss
had been established, the standard procedure was to hold the sample at
this temperature until constant weight was attained. The volatiles

were trapped at -196°C and were subsequently examined by gas infrared

spectroscopy. The residual solids in the Monel tubes were examined
by X-ray powder photography, Raman and infrared spectroscopy and were
also subjected to magnetic susceptibility measurements.

The detailed conditions and findings are given in Table III-1.

3. The XeF, Platinum Fluoride System

(a) 2XeF2-PtF57
Typically, platinum tetrafluoride (0.2-0.4g) was weighed by
difference into a Monel tube similar to that described above. An excess
of xenon difluoride (1-2g) was then added to the tube. The tube was

closed with a 1/4 in. Swagelock cap, weighed, and then buried in sand
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in an electrically heated furnace. The temperature of the furnace was
increased to 140-150°Cvand held constant for ~ 48 hours. Subsequently,
the cap was rep]aced-with a valve in the Dri-lab and XeF2 and remaining
xenon were removed under vacuum. The resultant bright yellow solid,
remained in the Monel reaction vessel.

+ -2
2F3 PtF6 s

Properties of 2XeF,,-PtE5

Xe

The Raman spectrum of Xe2F3+PtF6' is shown in Figure III-2. The
bright yellow salt decomposed in the blue (488.0 nm) laser light and
the spectrum shown was obtained using the red excitation (647.1 nm)
with moderate cooling of the sample. X-ray powder photographs (see
Table III-2) showed the solid to be Xe2F3+PtF6', isomorphous with
Xe2F3+Mﬁ§(M=Ru, Ir) all previously prepared by Bartlett and his co-
workers.2

(b)  XeF,:PLFs
Pyrolysis of Xe2F3+PtF6' (0.6-1.0g) at 70°C for approxi-

mately 16 hours produced the 1:1 Pt(V) salt XeF'PtE,". The volatiles

removed at this temperature were examined by infrared spectroscopy and
proved to be pure XeFZ.

Properties of XeF,,-PtF5

The Raman spectrum of XeF+PtF6" is shown in Figure III-2. The
reported melting point is 82-83°C. X-ray photographs showed the solid
- to be identical to XeF+PtF6' prepared previously from PtF5 and XeF2.2
The 1:1 XeFé:Pth salt has a yellow color but not nearly as intense as
the 2:1 Pt(V) salt. Pyrolysis using the blue excitation (488.0 nm) was

again observed.
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(c) Pyrolysis of XeF,-PtF. and the Formation of XeF, and XeF,-
| PEF, (XePt,Fy T * o
The thermal decomposition of the 1:1 salt, XeF+PtF6, under

vacuum for several hours at 140°C produced a brown compound of composi-
tion XeF2:2PtF4] (XePtZF]O). Infrared monitoring of the volatiles

removed at this temperature showed pure xenon tetrafluoride.

Properties of XePtzfdo

The Raman spectrum of XePtzF]O is shown in Figure III-3. The browh
colored solid is diamagnetic as expected for the composition XeF2-2PtF4,
since both XeF, and PtF, have no:unpaired electrons. XePt kg is
thermally stable up to approximately 400°Cvunder vacuum, where it then
gives up XeFZ. The resultant 1ight brown solid was characterized as
platinum tétraf]uoride by its X-ray powder pattern and by its Raman
spectrum given in Figure III-3.

4. The XeF,/Palladium Fluoride System

(a) 4XeF,-PdF,, 3XeF,:-PdF,, 2XeF,-PdF,

The XeF2/pa11adium fluoride system was studied in a manner

similar to the Xer/platinum fluoride Sysfem. An excess of XeF2 (1-29)
was combined with either Pd2F6 or PdF4 (0.2-0.6g) contained in a capped
Monel tube. The vessel was then heated in a furnace at 140-150°C for
~ 48 hours. Subsequent1y, the volatiles and residual solids were
examined.

In the first experiments, weight loss versus time curves, at 0°C,
were plotted (care being taken that a constant samp]é temperature was
maintained while volatiles were being removed). These studies gave

evidence (clear changes in the slope of the curve) for the 4:1, 3:1 and
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2:1 Xer-PdF4 complexes.
~(b)  XeF,"PdFy

Exposure of the 4:1, 3:1 and 2:1 Xer'PdF4 complexes to a
dynamic vacuum, at ~ 20°C, to constant weight produced a material of
composition XeFZ-PdF4. Thfoughout the fall of the compounds*riéher in
Xer, to this more stable material, the only volatile proved (by infrared
spectroscopy) to be XeF,.

Properties of XeEz;EgE4

The Raman and infrared bands for XeFZ-PdF4 are listed in Table
111-3. The yellow solid is diamagnetic indicating Xe(II) and Pd(1IV).
The solid was amorphous to X-rays, not even broad lines being discernible
in the X-ray powder photogréphs.

(c) Pyrolysis of XeFo-PdFs and the Formation of XeFp-2PdFy
(XeszfJol
Decomposition of the 1:1 XeF?_-PdF4 complex at 140-150°C in

a vacuum for several hours produced Xer as the sole volatile and a light

brown resultant solid of composition XéPd2F10.' X-ray powder photographs
of this solid were strikingly similar to that of the analogous Pt(IV)

salt, XePt,F (See Table 111-4.)

10°
Properties of XePd,F1q

The Raman spectrum of XeszF]0 is shown in Fig. III-3. Its diamag-
netism indicates a Xe(I1):Pd(IV) complex.

(d) Pyrolysis of XeF,:-PdF, with Formation of XeF, and Pd,F¢

Thermal decomposition of Xer-PdF4 at 280°C under vacuum

I1,,1IV

produced pure XeF4 and the mixed valent compound, Pd" "Pd F6' XeF4 was

characterized according to its X-ray powder photograph and Raman
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spectrum. (Seé Fig. I11-3.)

C. Results and Discussion

To favor the fbfmation of Xer-rich'complexes, and to encourage the
development of crystalline material, PtF4 was treated witha large excess
| of liquid Xer. It was quickly discovered that these mixtures generated
xenon as the XeF2 oxfdized the Pt(IV) in an unanticipated reaction:

L _
5XeF2 + 2PtF4 ———+2Xe2F3 PtF6 + Xet .

Removal of the excess Xer provided the Pt(V) salt, Xe2F3+PtF6',
which has previously been made2 by mixing XeF2 and PtF5, in a 2:1 molar
ratio, in BrF5 solution:

Our present findings establish that this salt loses Xer under
vacuum at ~ 70°C: |

*PLF.T — XeFTPLF." + XeF t-

Xe,F 3 PtFg 6 2

,”Vwmthe_compoundﬁXeEiRtES:,*formed,inwthishprocessqwhadwalsowbeenvpneparpd

from XeF2 and PtF5 in BrF5 solution and was well characterized struc-
turaHy.2 Pyrolysis of the compound at 160°C in a vacuum yielded XeF4

and XePtZF]O:

+ -
2XeF PtF6 —->XePt2F.]0 + XeF4+ .

The XeP_tZF]O proved to be identical with the material of the same compo-

sition obtained by Bartlett and Jha.1 Treatment of the XeP’czF]0 with

excess liquid XeF2 at 140-150°C again brought about oxidation of the
Pt(IV) to Pt(V):

+ -
4Xef2 + XeP‘tzF]0 —-—-->2Xe2F3 PtF6 + Xet .
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The pyrolysis of XePtzF]O, under vacuum at 430°C, yielded no XeF,, but

4’
XeF2 was evolved:

The combination of the oxidation of Pt(IV) to Pt(V), by the XeF,,
with the Xe(II) oxidation to Xe(IV) by the Pt(V), has the net effect,
as Fig. ITI-4 summarizes, of providing for the conversion of the two

moles of XeF2 to one of XeF4 and one of Xe:

2XeF2 —-—>XeF4 + Xet .

The interaction of liquid XeF2 at 140-150°C with PdF4 yielded a
diamagnetic yellow material. Changes in slope in a weight loss versus
time curve indicated that 4:1, 3:1,.2:1 and 1:1 XeFZ:PdF4 complexes
probably occur; however, all but the 1:1 complex lose XeF2 at or below
20°C. Our experience with the XeF2/PtF4 system suggested that 1iquid
XeF2 might prove capable of oxidizing the mixed valence palladium

fluoride Pd2F6 and this proved to be so:

3HeF, + PdF, — 2XeF,*PdF, + Xet—

(This is convenient since Pd2F6 is much eésiér to prepare4 than PdF4.)
The 1:1 complex, XePdF6, loses XeF2 in a vacuum at 140-150°C:

2XePdF6 ———>XePd2F10 + Xerf .

The solid residue, XePdZF]O, proved to be a close structural
relative of XeP‘tZF]0 (see below), but its pyrolysis proceeded quite
differently. Like XePt2F10, XePdZF10 is rather stable thermally, but
pyrolysis of XeszF]0 in a vacuum, at 280°C, yields XeF4:

XePdZF10 ———+Pd2F6 + XeF4+ .

The net effect of summing these reactions is again to provide for
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the conversion of XeFZ-into XeF4 and Xe, as Fig. III-5 illustrates.

The differences in the conditions Which bring about the oxidation
of Pt(IV) to Pt(V) by XeF2 and those which bring about the reduction of
Pt(V) to Pt(IV) by Xer, are small. It is evident that if there is any
thermodynamic obstacle to disproportionation it is not large. Although
there are significant.differen;es among the various values quoted5 for
the enthalpies of formatidn of XeF2 and XeF4, a set of calorimetric data,
from one 1aboratory,6 indicates that the sfandard enthalpy change
AH°(2XEf2(g) — Xe(g) + XeF4(g)) is 1.9 kcal mo]e']. The corresponding
standard entropy change5 is -9 cal deg.'] mo1e"]. Thus the gaseous
difluoride molecule is stable (although not greatly so) toward dispro-
portionation and the more so the higher the temperature. Because the
heats of sub]imation7_of XeFZ(c) and XeF4(C) are respectively 13.5 and
14.8 keals mole™, DHO (2XeFy () —Xe oy + XeFy(y) = +13.5 keal mole™.
This is much less favorable for disproportionation than the gaseous-

molecule case, although the corresponding standard entropy change5 is

+16.7 cal. del."]-mole"l.‘ It is probable that condensed-phasé dispropor-
tionation of XeF2 would be aided by the formation of the Xer-XeF4
adduct,8 since the enthalpy of formation of this must be exothermic.
Therefofe, the value of AH°(3XeF2(C) ——~&Xe(g) + XeFZ-XeF4(C)) is
probably less endothermic than 13.5 kcaTmo]e_1 and could conceivably

be exothermic. However, XeF2-XeF4 plays no part in the cycles presentéd
here. Evidently the small amount of work necessary to drive the con-
version of XeF2 to XeF4 is accumulated in the cycles.

The initial product in the PtF4 oxidation by liquid XeF2 is the

salt Xe2F3+PtF6". Here XeF2 serves both as a fluoride ion donorz and
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as an oxidizer. The anion in this salt does not interact strongly with
the planar symmetrical V-shaped (F—Xe---F---Xe-F)+ ion. When XeF, is
removed from the Xe2F3+ salt (and appreciable work is presumably done

in this process), the anion is then subjected to the highly polarizing
XeF' jon. The crystal structure of XeF+RuF6;, which is a close relative
of XeF+PtF6' (see X-ray data, Table III-5), indicates9 the anion-
distorting nature of this cation-anion interaction. The Raman spectra
in Fig. III-2 also give evidence of this change. It will be noted that
the v3—re1ated mode, which is’forma11y forbidden in the octahedral case,
is not seen in Xe,F *PLF.” but appears strongly in XeF+PtF6'. Also,

3 6
in XeF+PtF " is a doublet whereas in Xe2F3+PtF6' it is a singlet.

V5 6

There are also appreciable changes in the anion-stretching frequencies
from one salt to the other. In‘Xe2F3+, each Xe atom has two F atom
neighbors coordinated approximately linearly to it and the electron-

attracting capability, which such a Xe atom has, is much less than in

the XeF+.case. Indeed, the consequence ofrthe interaction of XeF+, with

one of the F-ligands of the anion, is to denude that ligand, and the
anion as a whole, of some electron density. The Pt(V) in XeF+PtF6',
because of its greater electronegativity is, potentially at least, a
better oxidizer than the Pt(V) in Xe,F;'PtF, .

As in the platinum case, the fluoride ion donor capability of XeF2,

coupled with its oxidizing capability, are responsible for the oxidation
+) 2-

of Pd2F6. The product in liquid XeF2 is probably the salt (Xe2F3 ZPdFG

The yellow color is characteristic of PdF62' salts and the XeF6 analogue,

AXeF-PdF, is known 0 +)2PdF62'. The electronega-

6
tivity and oxidizing power of Pd(IV) in'PdFsz_ must be lower than in any

to be the salt (Xe2F1]
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other Pd(1V) fluorospecies.

In the absence of reliable structural data for XeF2'PdF4, educated
guesses are made as to its structure. In all XeF2 complexes with
fluoride ion acceptors, where the XeF2 is not in molar excess, the

combined X-ray crysta]]ographicg’]]

2,12

and vibrational spectroscopic evi-
dence show the xenon-containing species to be XeF'. It is there-
fore expected that XeFZ'PdF4 is an XeF' salt. A monomeric anion PdFS‘
is, however, not anticipated. In PdF,, > PdF,"*1* and pdF,,* the
palladium atom is always octahedrally coordinated by F-ligands. In

PdFé and Pd2F6, the Tigands are all equivalent but in PdF4, two adjacent
F—Tigands in the octéhedron are uniquely associated with the central
Pd-atom, whereas the other four ligands are each shared between two Pd
atoms. This F-bridging in PdF4 generates a three-dimensional lattice
and a similar structure is adopted by RhF4, IrF4 and PtF4.4 Although
there is as yet no known pentafluoride of palladium, the pentafluorides

of Rh, Ir, and Pt are all known and have the same structure. A precise______

15 £or rhodium pentafluoride. The

version of this has been described
molecular unit shown in Fig. III-6 is a fluorine-bridged cyclic tetramer
in which each Rh atom is octahedrally coordinated in F atoms. The anti-
cipated PdFS' entity in XeF,-PdF, may be similar. It is anticipated
that the XeF' cation, as in the XeF+MF6° salts, will interact strongly
with that anion.

The close structural relationship of XePdZF]O to XeP‘tzF]0 is sup-
ported by the X-ray powder data given in Table III-4. One can be
confident thatbessentia11y the same heavy atom dispositions occur in

both compounds. The Raman spectra, furthermore, which are shown in
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Fig. III-3, give evidence of an XeF+ species. That species is charac-

terized® in the XeF+MF6" and XeF+M2F]1— salts by a band, or pair of

bands, in the region 621-598 em V.

cm'] in each of the XeMzF]0 spectra suggests that Xer* is a common com-

ponent. See also Table III-4. There is 1ittle likelihood, however, of

The occurrence of a band at ~ 610

the anion being M2F9' since again octahedral coordination of M is anti-
cipated and a face-sharing of two octahedra has never been confirmed for

any polyfluorometal species. The u fluoro-bridged noble metal penta-

5,4

fluoride and tetrafluoride structures] suggest that such an anion

would involve each metal atom in p-fluorobridging to three other metal
atoms. This can give rise to an infinite polymer, but a discrete

species could also occur, the simplest of which we would expect to be

4-
MgF 36

having M atoms at the corners, 12 bridgfng F-1igands in the edges (M-F-M

F Such a species can be represented in terms of a distorted cube

angles # 180°) and three unique F atoms per M atom completing the octa-

hedral coordination of each M atom. Such a species can be formed by

combining two superimposed RhF5)4 type units (see Fig. III-6). Whatever

the structure of the anion, it appears, from the similarity of the

Raman spectra of XeF6-2PdF4 and XePdZF]0 (XeF2'2PdF4) (the data for

which are in Table III-6) that the same form occurs in both compounds.
Since the breakup of the XeszF]0 lattice in vacuo at 280°C yields

XeF4, it is evident that sufficient activation energy is available for

the redox process at that temperature. In the interaction of liquid

XeF

with PdF, at 140°C, the thermal energy may fall short of that

2 4
necessary to activate the redox process, but it is more likely that

the redox course is not followed simply because the XeF2, acting as a
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fluorobase, quickly stabilizes the Pd(IV) as the PdFsz- ion:

+ 2-
4XeF2 + PdF4 ———-(Xe2F3 )ZPdFG

The decomposition of XePtZF10 takes a different course to that of
XePd,F bécause Pt(IV) is much less oxidizing than Pd(IV) in an equi-
valent situation. This in itself is simply a conseduence of the tighter
- binding of the valence electrons of Pd cémpared with Pt.

" These studies have provided new and unexpected insights into a
long-standing problem. The question concerning the constitution of
XePtF6 remains, however. The subt]e'1nterre1ationships of the platinum
and xenon oxidation states which this work has revealed allows for both
Xe(I)Pt(V)F6 and Xe(II)Pt(IV)F6 formulations. Fortunately, the method
described under Experimental provides material with a composition close
to the 1:1 stoicheometry, XePtF6. The infrared spectrum of this material
shown in Fig. III-1 indicates Pt(V) and is similar to the infrared

- 16

spectrum of 02+PtF6 . Coincidentally, both XePtF. and XePdF XeFZ'PdF4)

6 6 (

arewamonphous—tO—anay5«4whereaSWXeFiPthl—aiwayswrevea}s¥4ts~presenee
by its characteristic X-ray pattern whenever the stoicheometry of the
Xe + P‘tF6 reaction product significantly exceeds 1:1). This gives rfse
to a suspicion that the poor crystal-developing character of both
XePtF6 and XePdF6 could signify a structural relationship. Howevér,
magnetic measurements for approximately 1:1, XePtFG, suggest that this
material may be ferrimagnetic whereas XePdF6 is diamagnetic. Moreover,
the close similarity of the infrared spectra of XePtF6 and 02PtF6 is
persuasive of the former like the latter being a PtF6' salt.

The xenon analysis of several samples of the Xe/PtF6 reaction

products indicate the difficulty of obtaining a 1:1 molar ratio of Xe to
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PtFe- A1l of the samples analyzed in this work, with the exception of
the fina1 one, show the % xenon less than required for Xe:PtF6. Bartlett
and Jha] also reported a ratio in which the Xe was in excess of PtF6 in
one of their tensimetric experiments. This high xenon content could

18

indicate the presence of the dixenon cation. This ion, = recently

characierized by oxidation of xenon with dioxygenyl salts, has a

reported stretching frequency of 123 em .

Lee and his cow‘orkers]7 have
shown by direct photoionization studies that the Xe2+ ion has a disso-
ciation energy of approximately 23 kcé]/mo]e. It should be appreciated,
however, that this ion could be formed and still maintain the 1:1
stoicheometry as the following reaction indicates:

+ - + -
IXe + 3P‘tF6 ———-*Xe2 PtF6 + XeF PtF6 + PtF

5
The complexity of the infrared spectrum shown in Fig. III-1 could be
compatible with such a mixture of products. It is clear that further

investigations are necessary.




TABLE III-1

Experimental data for the XeFZ/Platinum

fluoride and Xer/palladium fluoride systems

Reactants Conditions Products and Characterization
Mix: PtF 140-150° for ~ 48| hr, then volatile: Xe (no IR, condensible -196°)
: 0.45%3 g evacuated at -80° 0.0995 g
1.57 mmole 0.76 mmole
XeF excess XeF, removed in vacuo yellow solid (p): XepF3PtFg (X-R1, R1)
1.81%8 g at ~ 20° 0.938 ¢ '
10.71 mmole 1.49 mmole
XeoF4PtFg n 70° in vacuo for 17 hrs orange-yellow solid (p): XeFPtFg (X-R2, R2)
0.8593 g : 0.6422 '
1.41 mmole 1.40 mmole
volatile: XeF, (IR1) caught in -196° trap
XeFPtF¢ ~ 140° in vacuo for several red-brown solid (d): XePtoFig (X-R3, R3)
0.3711 g hours .2 37 g
0.81 mmole 0.41 mmole
volatile: XefF, (IR2) caught in -196° trap
XePtoFyg ~ 430° in vacuo for several Tight brown solid (d): PtF,; (X-R4, R4)
0.1142 ¢ hours 0.0§71 g
0.16 mmole 0.28 mmole
volatile: XeF, (IR1)
Mix: PdyFg 142° for 11 hr, then volatile: Xe (no IR, condensible -196°)
(1) (2) evacuated at - 80P . (1) 0.19 g (2) 0.192 g
0.50 0.465 g 1.45 mmole 1.46 mmole
1.53 1.42 mmole excess XeFp removed in vacuo, yellow solid (d): XePdFg (R5, IR3)
XeFy at v 20° to constant weight (amorphous to X-R) 1.0228 g
2.96 3.125 g 2.91 mmoie
17.48 18.46 mmole

..Vs_



TABLE III-1 (continued)

Reactants Conditions Products and Characterization
Mix: PdF 150° for 48 hr, excess XeF» yellow solid as above: XePdFg (R5, IR3)
0.27? g removed at v 20° to constant 0.54 g
1.49 mmole weight* ’ 1.54 mmole
XeFs -
1.488 g
8.74 mmole
XePdFg 140-150 in vacuo for several light brown to pink solid (d): XePd F1
1.0228 ¢ hours (X-Rg, gB)
2.91 mmole , ' 0.7513 g

: 1.41 mmole
volatile: XeF, (IR1) caught in -196° trap

XePd,F1g 280° in vacuo for 2 hr black solid (p): PdoFg (X-R6)
0.3485 g _ 0.2234 g
0.65 mmole 0.68 mmole

vo]atﬂe:.'XeF4 (IR2) caught in -196° trap

g

p-paramagnetic; d-diamagnetic :
X-ray powder data: X-R1 in Table III-2; X-R2 in Table III-5; X-R3 and 5 in Table III-4 and X-R4 in ref.
[4]; X-R6 in ref. [14], where PdoFg is described as PdFj3.

Raman data: Rl and R2 in Fig. III-2, R3, 4, and 6 in Fig. III-3, R5-see Table III-3.

Infrared data: for IR1 and 2 see book cited in ref. [1]. For IR3 see Table III-3.

*Weight-loss time curves for the x XeF2-PdF4 material indicated the phases 4XeF2-PdF4; 3XeF2'PdF

2XeF2'PdF4 and the 1:1 compound. l




TABLE III-2.

X-ray powder data for Xe2F3+PtF6' and related salts

-36-

) + - + - + -
Xe2F3 IrF6 Xe2F3 PtF6 Xe2F3 RuF6
41 4 42
10 2 I/1 10 2 I/1 10 2 I/1
596 VS 582 VS 596 S
647 Vs 642 Vs 654 S
693 S 690 S 695 S
726 1
811 VS 806 'S 811 S
878 Vs 875 VS 883 S
1052 ms 1054 1057 VW
1437 11
1513 m 1507 W
1715 S 1714 S
1744 ms
1814 o 1789 VVW
1865 S 1851 ms
1969 ms 1933 m 1956 vw
2200 ms 2175 mw 2222 VW
2308 S 2290 S 2330 ms
2499 W 2515 vvw
2765 S 2754 mw 2911 mw
3221 S 3197 S 3246 m
3709 vvw
3860 W 3846 vw
3906 A
4019 W
4049 W 4030 W 4060 VVW
4185 W
5295 S 5344 mw
5415 w
5586 W
5857 VW
6690 w
7230 W

VS > S >mS >M>1mW >W > VW > VUW
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TABLE II1-3. Raman and fnfrared bands for XeF2-PdF4

R(cm-])* | v649(9) 585(2) 505(1) 385(1) 230(1)

IR(em™')  655(sh) 635(vs)  580(s) 470(s)

*A11 Raman bands were very broad; relative intensities are given in
parentheses.




TABLE I1I-4. X-ray powder data for XeF,:2PdF
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and XeF2-2PtF

4 4
XeF2 2PdF4 XeF2-2PtF4 :
41 41
10 2 -I/IQ 10 32 1/1
140 m 153 W
- - 185 W
- - 417 VW
- - 458 VW
515 VW 529 VW
580 VS 588 S
670 S 672 VS
- - 691 VW
777 m
837 VS 847 VS
953 VS 958 VS
1081 VW 1075 W
- - 1116 W
1244 w 1235 w
- - 1328 vw
1355 m 1386 m
1415 w 1451 vw
- - 1504 VW
- - 1599 VW
- - 1626 VW
1728 C W 1732 m
1869 m 1869 S
2046 w 2042 m
2096 W 2103 m
2202 VW 2213 W
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TABLE I1I-5. X-ray powder data for XeF*PtFG‘ and XeF+RuF6'

XeFPtFg ' - XeFRuFg bkl
/1, 10412 104_1"f2 /1, 10h 13+
d obs ~d calc d obs d calc
- 437 m 429 (424 111
432 m
m 489 487 ms 480 482 120
s 632 632 s 629 627 200
Vs 687 684 Vs 674 (667 121
| 675 121
m 788 787 ms 762 761 002
mw 871 869 - ms 839 842 012
- . 938 W 923 923 031
vVW 1020 1027 W 999 {.990 112
_ 1007 112
VVW 11 1096 W 1084 (1075 131
11083 131
1116 1086 022
W 1251 (1234 122
1250 122
— - 1317 w1304 1302 040
1394 1373 W 1364 1359 230
1479 1475 m 1452 1459 140
*

32 calculated for XeFPtF6 assuming B = 90°. Found a = 7.96, b =
11.02, ¢ = 7.13 A,

**The %2 calc values for XeFRuFg are from the ce]l-dimensions obtained

in the single crystal study in ref. [9].
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CTABLE I11-6. Raman shifts (cm™') for XeF,-2PdF, and XeFg2PdF,
XeF+* | - XeF5+**
in XeFPtF6 )(_eF2ﬁ2PdF4 XeF6°2PdF4 in (XeF5)2PdF6

o g,
679(1) 653(100)v,
652(7) 659(7)
647(sh,2) 649(5)
636(sh,1) 639(sh,2)
625(2)
618(2) 606(2) v,
o * 610(1) |
608(3) 590(71),v,
583(1)
562(<1)} 567(1)
553(1)
408(2) 425(3) 4
404(sh,?2) 396(sh)’ "8
392(1) 397(sh,1)
320(<1)
N 302(1) 309(10) v,
283(<1) 296(1)
269(<1) 273(2)
259(<1) 258(1)
244(<1) 243(1)
238(1) 231(1)
197(<1) 215(<1)
185(<1) 185(1)
*Rev. [2].

**C.J, Adams and N. Bart]ett,'Israel J. Chem. 17, 114 (1978).



-41-

]
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XBL 788-5679

Figure III-1. Infrared spectrum of the Xe + PtFg reaction product(s)
at 10°K.
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Figure III-2. Raman spectra of Xe2F3+PtF6' and XeF+PtF6'.
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Figure III-3. Raman spectra of PdFy, Pd,Fe, XeF,-2PdF,, XeF,2PtF,

and PtF4.“
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70° vac
éj/r -XeFZ
XeFPtFg Xe,FPtF
A
vac, -XeF4
-Xe(g), in XeFZ(R), 130-150°
\\& o] XePt2F10 either
—Xer(v), 430° vac -—————'//
or
PtF4

Figure III-4.

Conversion of XeF2 to XeF4 + Xe using platinum fluorides.
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140-150°, vac

XeF, - 2PdF
27T | XeF, -PdF,
—XeF2 ?\\\i0°, vac
X XeFZ'PdF4
300°, vac, —XeF4
-Xe ,Tin XeF, (2),
130-156°

Figure III-5. Conversion of XeF2 to XeF4 + Xe using palladium fluorides.
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Figure I11-6. The RhF; tetramer..... a possible model for (PdFS').
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8 | T i 1 T l T T T
, XeF+PfFé
e | . ——— XePtFg (26.0% Xe) ~

.......... xep?FG (27_50/0 xe) .
6 ' ' - ]

e R XBL—78810628———————— -

Figure 111-7. 10° Xg vs T plot for XeF PtF¢”, XePtFe (26.0% Xe) and

XeP‘tF6 (27.5% Xe).
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IV. THE INTERACTION OF CHLORINE WITH THE THIRD-SERIES TRANSITION
METAL HEXAFLUORIDES AND RELATED STUDIES

A. Introduction

The C12+ radical cation, with a stretching frequency of 645.3 cm'],

has been identified only in the gas bhase at Tow pressures.] Claims by
Olah and Comisarow for the existence of C12+ and C1F" in so]utionz’3 on
the basis of esr spectra observed for solutions of éhiorine fluorides

in SbFs, HSO3F-SbF5 or HF-SbF5 have been criticized by several workers.
Eachus, Sleight and Symons,4 argued that the esr spectrum attributed to
et could be ascribed to CiOF+ since the esr parameters agreed well with
those of isoelectronic and pseudo-isoelectronic radicals such as C10,,
FOO and NF2. By analogy they assigned the esr spectrum attributed to
c1," by Olah and Comisarow to the C10C1" cation. Christie and Muirhead’

showed that neither CIF' nor C12+ radicals, as reported by Olah et al,

were produced in the above solutions if care was taken in purification

__of _the reactants...They_concluded. that the_spectra-observed-by 0lah-were

due to impurities. Further support for oxy-radicals was given by

6 An increase in intensity was observed in the

Gillespie and Morten.
esr spectrum, which had been attributed to the CiF+ ion, when a small
amount of water was added to a sample of C]F2+SbF6‘ in antimony penta-
fluoride.

_ The radical cations Br2+ and 12+ have, however, been prepared both
in solid salts and in solution. The reaction of bromine, bromine penta-
fluoride and antimony pentafluoride was shown by Edwards, Jones and

7

Sills® to give the paramagnetic scarlet salt, Br2+Sb3F]6'. Moreover,
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Gillespie and Morten,8 at the same time, reported the existence of the
Br2+ cation in the fluorosulfuric acid solvent system. Gillespie And
Milne showed9 that the oxidation of iodine using peroxydisulphuryl
difluoride formed the blue iodine species 12+ and not 1" as previously

10 reported the preparation of

reported. Subsequently, Kemmitt et al
blue crystalline solids from iodine and antimony pentafluoride and
tantalum pentafluoride. Blue solutions formed on addition of iodine
to the Lewis acids SbF5, TaF5, NbFs, AsF5 and PF5 in iodine pentafluor-
ide were also investigated by these authors. In all cases, their results
were interpreted in terms of the 12+ radical cation. No satisfactory
accounting for the oxidation of 12 by thesé pentafluorides or indeed
the similar oxidation of Br2 by SbF5 has been given; i.e., the reduction
product was not identified in any of the cases.

Prior to the present studies, several workers had investigated
mixtures of molecular chlorine and transition metal hexafluorides.

Robinson and Westland confirmed earlier findings by Ruff and Fisher!!

that chlorine reacted with iridium hexafluoride at 55-60°C to yield an
0il from which "IrF4“ sublimed at 120-140°C. This material, thought to
be IrF4 by Robinson and Westland, was later identified by Bartlett and

2 13

Rao as IrF ,] Subsequent, related studies by Jha, ~ which were directed

5
toward the preparation of C]2+ salts, showed that chlorine reacted with
platinum hexafluoride in the molar ratio of 1:2.5. The resultant solid
was amorphous to X-rays, and the infrared spectrum of the volatiles
showed no evidence for CI1F, C]F3 or C1F5. He proposed the following

possible reactions:
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Stoicheometry
c1, PtF,
oo - .
Cl, + PtFy —=C1, PtF, : (i) 1 . ]
C1, + 2PtF, — 2CIF + 2PtF,
{ (i) 1 : 2
2CTF + 2PtFy — 2C1F, PtF, '
Cl, + 6PtFy — 2C1F, + 6PtF, |
{ : (ii1) 1 : 6
C1F, + PtFy — CIF,, PtF, :

with (i) and (i1) predominant.

Jha obtained an approximate]y 1:1 stoichedmetry on reacting
chlorine gas with iridium hexaf]udride QapOr at room temperature.
Infrared spectroscopic evidence indicated that neither CIF nor C]F3
gas was liberated in the reaction. He further observed that the pale
yellow solid, formed initially, transformed into a deeper yellow liquid

within a few minutes. This liquid transformed to a yellow solid in a

pentafluoride. Since the final product was iridium pentafluoride and

the reaction stoicheometry indicated an initial 1:1 C]Z:IrF6 compound,

Jha assumed that the initial product was the quinquevalent iridium salt
+

C]z IrF6.

14 reacted chlorine with dioxygenyl salts

More recently Richardson
of arsenic and antimony in an attempt to use these materials as one
electron oxidizers:

+ - + -
+
Clagg) * 02 A (s) T %(g) * 2 Ays)

Thermally unstable, lavender-colored solids were formed with very little,
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if any, oxygen evolution. The lavender solids remain to be characterized.

These earlier findings prompted us to investigate the'C]zzMF6 Sys-
tems at'even lower temperatures in an attempt to identify the C12+
radical cation in the crystalline state. The intermediate products
resulting from the thermal decomposition of the initial C12:IrF6 inter-
action were also of interest.

The third-series transition metal hexafluorides are well known for
their oxidizing ability. Bartlett had shown from comparative studies of
these hexafluorides with nitric oxide, nitrosyl fluoride, xenon and
oxygen that the electron affinity increased by approximately 1 ev with
each unit change in Z as one proceeded from the left to the right of the
periodic setr‘ies.]5 Platinum hexafluoride is the only known third tran-

sition series hexafluorides which can oxidize oxygen:]6’17

r.t. +
02(9) + PtFG(g) —~——»02 PtF6 (c)

The first ionization potential of molecular oxygen is 281 kcal/mole

(12.1 ev) compared to 265 kcal/mole (11.3 ev) for molecular chlorine.

Although the C12+ ion must be larger than 02+ and the lattice energy of.
a C12+MF6" salt therefore appropnriately lower than for the related 02+
salt, the more favorable ionization potential of C12 compared with O2

was anticipated to outweigh the lattice energy term. It appeared that
platinum hexafluoride should be capable of oxidizing molecular chlorine.
It even appeared to be possible that iridium hexafluoride could prove
_capable of oxidizing chlorine since the large MF6" jons have a leveling
effect on the lattice energies with the result that the C12+ salt lattice

energies are not more than 5 kcal mo]e"]_less favorable than for the
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+
0, salts. |
A systematic study of molecular chlorine with the third-series

transition metal hexafluorides was therefore undertaken.

B. Experimental

The chlorine plus transition metal hekaf]uoride réactions were
studied using two quartz reactor types. The~fifst, an elongated bulb,
was made by joining an approximately 4 in. length of 3/8 in. diameter
tubing to a second length (4 in.) of 1 in. diameter. This bulb was
used when either measuring the stoicheometry of the initial chlorine-
transition metal fluoride interaction or when monitoring the volatile
thermal decomposition products. The éecond reactor was made by sealing
a 3-4 in. length of 1/4 in. tubing to a 1 in. length of 1/4 x 3/8 in.
rectangular cross-section tubing. This vessel served as a reactor and
a good sample holder for Raman spectra. The open end of each reactor

was joined to a brass IKS4 Whitey valve, via Swagelock compression

fittings with teflon gaskets, a reducing union being also employed where
appropriate.

1. The Cl,/IrF. Studies

(a) The Stoicheometry of the Cl,:IrF. Reaction

In a typical experiment, 250-600 mg. of iridium hexafluor-
ide was combined with excess chlorine at -196°C. Deep b]ue>patches were
observed along the wall of the quartz vessel. The mixture was then
warmed toward room temperature (v 25°C) with continuous agitation. When
the pressure within the reactor reached approximately two atmospheres,

it was cooled to -80°C. At this point the blue coloration was observed
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to be spread throughout the mixture. This warm/cool procedure (25° to
-80°C) was repeated several times to ensure complete reaction of the
metal hexafluoride. The blue coloration decreased in intensity follow-
ing each warm/cool step. Excess chlorine was removed at -80°C to leave
a pale yellow solid. The gravimetry and tensimetry measurements given
in Table IV-1 indicated that the molar combining ratio of C12:IrF6 for
this solid is approximately 1:1.

(b) Spectroscopic Studies of the Product of the Cl,/IrF,
Reaction -

In the first vibrational spectroscopic studies, chlorine
and iridium hexafluoride were deposited on to the cold silver block
(ca. 10°K) and the AgCl window of the cryo-tip described under II-A.
Typically a thin layer of chlorine was deposited on the cold-surface,
followed by éo—deposition from the two gases. A blue species was
observed on the cold-surface a few minutes after the start of the co-

deposition. The flow rate of the hexafluoride, which was usually less

than that of the chlorine, was monitored Using infrared Spectroscopy im
an attempt to deposit as little unreacted iridium hexafluoride as
possible. The Rahan and infrared spectra, shown in Figs. IV-1(a) and
IV-2, respectively, were obtained after 4-5 hours deposition time. The
sample was warmed approximately 15°, recooled and the spectrum monitored
again. Warming above 190°K caused the blue species to disappear and
the sample to fall from the cold-surface.

The Raman spectrum of the pale yellow solid prepared in the quartz
reactor is also shown in Figure IV-1(b), since the two spectra have much

in common. Both, however, contradict the measured stoicheometry. A
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possible explanation for the observed spectra follows under Reéu]ts and
Discussion. Warmup of the pale yellow solid, prepared in the quartz
bulb, to room temperature produced a gradual increase in its color
intensity. The solid phase persisted for approximately oﬁe week at
room temperature, after which it slowly decomposed to a dark yellow
Tiquid. After a few weeks at room temperature, the liquid transformed
to a crystalline yellow solid which proved to be iridium pentaf]uoride.
This thermal decomposition>of the initial product was monitored with
infrared (see Figure IV-3) and Raman spectroscopy and is described under
Reéu]ts and Discussion.

(c) Reactions of the C15/IrF£ Products

The reaction chemistry of the C]z/IrF6 products were moni-
tored at three separate times: (1) immediately following the prepara-
tion of the C12:IrF6 initial broduct (sample kept at -80°C, pale yellow
| solid); (2) after 2-3 days at 23°C (bright yellow solid); (3) after |

approximately one week at 23°C (solid/liquid phase). The products of

the C]Z:IrF6 reaction at these three times will be referred to later as
initial, intermediate and solid/liquid phase products, respectively.

(i) Reaction with NO

An excess of NO was condensed onto the initial pale
yellow C12/IrF6 reaction product at -196°C. The mixture was allowed to
warm to room temperature, recooled, and warmed again. An infrared
spectrum of the voléti]es showed NO and NOC1. An X-ray powder photo-

‘ graph of the pé]e yellow residue showed predominantly NO+IrF6' with very

weak 1ines due to the 2:1 salt, (N0+)21rF62_.]3’18
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(ii) Reaction with C5£6 in WF6

: WFG, followed by C6F6’ was distilled onto the initial

C12/IrF6 reaction product. The mixture was warmed slowly until melting
and reaction occurred. Judicious cooling was necessary to moderéte the
very exothermic reaction. A pressure increase, presumably chlorine, in
excess of one atmosphere was observed. Excess C6F6 and other volatiles
were removed under vacuum at 0°C leaving behind a yellow, free-flowing
solid. Within the 15 to 20 minutes required to transfer the reactor
into the Dri-lab, the solid had transformed into a reddish opalescent
Tiquid. The Raman spectrum of this indicated the presence of poorly
crystalline iridium pehtaf]uoride. The infrared spectrum of the vola-
tiles above the 1iquid showed CF4, C2F6 and other carbon fluorides. The
liquid, upon standing several weeks at room temperature, changed to a
bright yellow solid which proved to be crysta]iine iridium pentafluoride.
WFé and C6F6 were sequentially distilled into a sample of the

solid/liquid phase product. No immediate pressure increase was observed

at 23°C. Presumably the C6F6/WF6 mixture served as a solvent for the
solid-liquid interaction. C6F6 and NF6 were removed at 0°C leaving
behind a crystalline yellow-orange solid. Its Raman spectrum is shown

in Figure IV-4 and is discussed under Results and Discussion.

(1) Reaction with Brf,

| BrF3 was condensed into the quartz vessel containing
the initial pale yellow solid at -196°C. The temperature was increased
sTowly until melting of the bromine trifluoride occurred. The pressure

increased very rapidly to 1300 torr. An infrared spectrum of the

volatiles above the solid, now an even paler yellow, showed the
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presence'of‘chlorine monof]uoridé'and sdmg carbon tetrafluoride. The
Raman spectrum of the volatiles, liquefied by cooling to -90°C, showed
only chlorine and ch]orine monofluoride. The yellow crystalline solid
residue was examined by Raman spectroséopy at -80°C which indicated a
BrF3-IrF5 complex which is assumed to be the 1:1 compound reported by
Robinson and coWonr‘kelr's.]9

An excess . of BrF3 was disti]ied onto a sample of the intermediate
C]é:IrF6 product at -196°C. The contents of the vessel were then allowed
to warm slowly to 23°C. Again a significant increase in pressure was
observed. Infrared monitoring of the volatiles showed only chlorine
monofluoride. The yellow solid left in the reactor, on removal of vola-
tiles at 23°C, proved to be identicd] to the product formed when BrF3

was added to the initial C]Z:IrF6 reaction product.

(iv) Reaction with C10,F

An excess of chloryl fluoride, C]OZF, was distilled

onto a sample of the intermediate product contained in a quartz reactor

at -196°C. A vigorous reaction ensued upon warming and agitating thé
mixture. Gas evolution was evident in the liquid C]OZF at -80°C. An
infrared spectrum of the volatiles, above a yellow solid, showed CIF
and C10,F. The solid transformed, within one hour at 23°C, to a dark
yellow Tiquid. Pumping off the liquid at 23°C resulted in the formation
of an even deeper yellow solid. The Raman spectrum of this solid proved
it to be iridium pentafluoride.

(v) Reaction with IF;

Excess iodine pentafluoride, IF5, was condensed into a

vessel containing the intermediate C12:IrF6 product at liquid N2
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temperature. An intense green color was observed on warming the mixture
to 23°C. An infrared spectrum of the volatiles, however, showed only
IF5. The green color becéme less intense upon pumping until it finally
disappeared leaving a dark brown liquid. The liquid, upon pumping over
night, transformed to a bright solid which proved, from Raman spectro-

scopy, to be iridium pentafluoride.

2. The C1,/PtF, Studies

(a) The Stoicheometry of the C1,/PtFs Reaction
Typically, 100-200 mg of platinum hexafluoride was condensed

into a quartz vessel held at -196°C, followed by an excess of chlorine.

A slight blue color was observed on warming to -78°C. On warming fur-
ther, a series of yellow, red-orange and red bands appeared along the
wall of the reactor. As the temperature approached 23°C, a vigorous
reaction took place. Excess chlorine was removed at -78°C, leaving a
dirty yellow powder in the base with a further residue variegated from

yellow to red on the wall. The vessel was held at room temperature with

no apparent pressure increase. The nonhomogeneous nature of the solid

implied the presence of at least two solid phases.

(b) Spectroscopic Studies of the Products of the C1,/PtF,
Reaction \ )

The reaction of chlorine and platinum hexafluoride was
carried out in an identical manner to the analogous reaction of chlorine
and iridium hexafluoride. Cd-deposition of the two gases once again
produced an intense blue solid on the Ag block/AgCl window cryo-tip.

The infrared spectrum taken on the blue solid, shown in Fiqure IV-5,

contains two new absorption bands, in addition to the V3 mode of
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" unreacted platinum hexafluoride. On one occasion, co-deposition of the
two reactant gases produced a pale yé]Tow solid product bp the cold-
surface. Its infrared spectruh, shown in Figure IV—S, contained only
one new band. The Raman frequenc1es, obta1ned on the intense blue

Cl1 /PtF6 product are g1ven in Table IV-2 and d1scussed under Results
and D1scuss1on Several attempts to obtain a Raman spectrum of the -
dirty ye11ow solid prepared in a quartz reactor at 25° and at -78°C

were unsuccessfu]. The solid also proved to be amorphous to X-rays.

(c) Reactions of the C1,/PtF. Product(s)
(i) Reaction with NO

Nitric oxide was allowed to enter the quartz reactor
containing a sample of the'Clz/PtF6 product at 23°C. No reaction was
apparent at this temperature. On warming to approximate1y 50°C, the
dirty yellow solid immediately toQk on a lighter yellow complexion. The
volatiles above the solid consisted of NO and NOC1. An X-ray powder

photograph of the solid residue showed the only identifiable diffraction

pattern as that of (NO’L)ZPtFG'.B’]8

(i1) Reaction with Br,

Bromine was first degassed at -80°C and distilled
onto the dirty yellow C]Z/PtF6 reaction product at -196°C. The system
was allowed to warm to 23°C with an apparent darkening after several
minutes. The vessel was surrounded by boiling water (100°C) and a
further darkening of the sample occurred. The resultant solid, now an
almost red-brown color, proved amorphous to X-rays.

3. Spectroscopic Studies of the C1205F6 Reaction

Co-depositing chlorine and osmium hexafluoride onto the 10°K
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surface again produced a deep blue species. The infrared spectrum showed

only one new band, centered at 540 em” .

The absence of a band in the
600-650 cm ! region, where v of OsF¢™ occurs, indicated the inability
of osmium hexafluoride to oxidize chlorine (at least to any significant
extent).

Subsequently, excess chlorine was condensed onto osmium hexafluor-
ide (200 mg) at -196°C. On warming to -78°C, a deep blue species was
observed, which disappeared completely at 23°C. Recooling to ~ -80°C
caused the blue species to reappear, but its color intensity had de-
creased Considerab]y. Removal of.ch1orine at -78°C, following several
warm/cool steps, left behind a yellow solid which proved to be pure

osmium hexafluoride.

4. Spectroscopic Studies of the C1,/ReF. Reaction

The simultaneous deposition of chlorine and rhemium hexafluoride

once again gave rise to the infrared absorption centered at 535 cm'].

The blue species, however, did not appear, most 1ikely due to the high

concentration of rhemium hexafluoride. No absorption band attributable
to Vg of ReF6' was observed--such a band would be expected in the 600-
700 cm” ! region. |

5. Spectroscopic Studies of the C12E£67Reaction

Excess chlorine was condensed at -196°C onto a sample of tungsten
hexafluoride contained in the smaller type of quartz vessel described
under II-A. No color change was observed in the mixture on warming
toward 23°C. Removal of volatiles at -80°C left only tungsten hexa-

fluoride.
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6. Related Studies

. +. -
(a) Reactions of C1, AsF.
(i) CEFB ' |
C]3+ASF6—, prepared following the procedure of

Gillespie and Morten,20

was contained in a quartz reactor. wFG,
followed by C4F, was distilled onto the sample at -]§6°C and the tube
was warmed to 0°C using an ice bath. An immediate reaction took place
with a pressure increase (C]z) to approximateiy 850 torr. Removal of
excess CoFc, WFe diluent and C1, at 0°C left behind a small amount of
finely divided yellow solid. Judging from the amount, some of the.
product presumably decomposed in the very exothermic reaction. Several
attempts to obtain a Raman spectrum of this material at low temperature
proved unsuccessful.
(ii) ONF
A small excess of ONF was condensed onto a sample of

C13+AsF6’ contained in_a quartz vessel at -196°C. The mixture was

allowed to warm toward room temperature. When the pressure within the
vessel reached approximately two afmospheres it Qas coo]ed>again. This
procedure was repeated several times fo ensure complete reaction. An
infrared spectrum of the volatiles taken following the reaction showed
only ONF, NO2 and C1F. The resultant white solid, from Raman spectro-
scopy, proved to be N0+AsF6". |

(b) Reaction of C1,F*ASF,” with ONF

The reaction of C12F+AsF6' (prepared as described by
Christe and Sawodny21) with ONF was carried out in a similar manner as

the C13+A5F6' plus ONF reaction. The products, characterized using
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Raman and infrared spectroscopy, were the same as in the previous reac-

tion.

(c) Attemp{ed Reaction of CIF with Ir4£20
A small quantity of Ir4F20 was placed in a teflon reaction

vessel (made_by heat-sea1in§ one end of a 3/8 in. 0.D. 1ehgth of tubing
and connecting the other end to a 1/4 in. Whitey valve via a 3/8 to 1/4
in. reducing union). Bromine pentafluoride was distilled onto the solid
and the mixture was warmed to room temperature and agitated. An excess
of C1F was then condensed into the vessel at -196°C. The tube was
warmed toward room temperature until the pressure within the vessel
reached approximately two atmospheres. It was then quenched with liquid

N This procedure was repeated several times. Some of the CIF was

2.
removed at -80°C until a pressure of two atmopsheres was left in the

vessel. The vessel was again carried through the cool/warm cycle; this
time, however, it was warmed to room temperature. Removal of all vola-

tiles at -22°C (liq. NZ/CC14) Teft a brownish-yellow solid which Raman

spectroscopy proved to be the starting material Ir4F20.

C. Results and Discussion

A1l of the solid product spectra of the C]z/IrF6 reaction can be
resolved into three component spectra shown in Figure IV-4. Each of
the spectra show a similar pattern of bands attributable to octahedrally
coordinated atoms.
The Ir4F20 is the only structurally well-characterized product.
The platinum metal pentafluorides have been shown from both single

22,23,24 25,26

crystal and X-ray powder data to be isostructural. They
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all consist of tetrameric units (MF5)4 with each metal atom octahedrally
coordinated by F-atoms. The four octahedral are linked by single F-
bridges. Each octahédra] is involved in two such bridges in cis arrange-
menf; i.e., each IrF6 is highly distorted from regular Oh symmetry and |
has essentially C2v site symmetry. Neverthe]gss, one recognizes that
If4F20'1s a molecule built up from IrF6 distorted octahedral. A stereo-
scopic view of (RhF5)4, which is the most precisely defined member of
thfs group, is shown in Figure III-6.

The existence of Ir4F20 in these systems implies that the [IrFs]
monomer (see below) is unstable with respect to the F-bridged tetramer;
Mutual F-1igand sharing provides the evidently desirabie six coordina-
tion. One assumes that [IrF5] monomer would, given the opportunity,
interact with like species to produce [Ir2F1O], [Ir3F]5] and finally
Ir4F20.

Of course, interaction of [IrFs] monomer with fluorine ions. imme-

diately provides the octahedral IrF.  ion. Interaction of this with the

monomer would produce the known IrzF]]' species.27

It will be recog-
nized, however, that in this latter species each IrF5 entity derivés
less electron density from the contributed F~ ion than does the IrF5
entity in forming IrF6'. On the other hand, the iridium atom is Ir2F11'
is in a richer environment than the neutral compound Ir4de. One can
appreciate, therefore, that the electronegativity of the iridium atom
increases from IrF6' to IrZF]]‘ to ir4F20. The increasing electronega-
tivity of the iridium atom in the series IrF6' to IrzF]]' to Ir,F,, is
presumably responsible for the general increase in frequency for the

related sets of bands in the Raman spectra.
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The initial identifiable product appears to be C13+IrF6 . The
assignments of the anion frequencies can be made on the basis of other
known salts containing the IrF6” iony i.e., N0+IrF6-, XeF+IrF6',

C102+IrF6° and C1F2+IrF6'.m’27 The Raman spectrum contains bands at

1

667, 555 and a doublet at ca. 215 and 238 cm” which can be assigned to

vy vV, and vg, respectively, of the IrF6_ jon.
A pattern of Raman bands which increases in intensity with sample
life is associated with a second product. These bands can be attributed

"to the Ir2F1]' ion.27 In the IrzF]]" jon, as with the well-characterized

SbZF]]' 1'071,28’29 each metal atom is octahedrally coordinated by F-atoms

with one F-atom in common. Bands appearing at 684, 566, 636 and a

1

doublet at 216 and 262 cm” are‘attributed to the pseudo-octahedral

modes "v],“ "vz," "v3" and ”v5, respectively. Weaker bands appearing

at 625 and 653 cm°1

are due to the octahedra in IrzF]]' being of lower
symmetry than Oh; moreover, the distorted octahedra are coupled by the

bridging F-ligand.

The observation of the Vg mode in the Raman spectra of the two salts

3+IrF6_, 624 cm'] ]]_, 636 cm-1),‘as well as in the infrared

spectra shown in Figures IV-2 and IV-3 (ca. 630 cm—]) indicate that both

+
(C1 ; C13 IrZF

anions are distorted from regular octahedral symmetry as a consequence

27,30

of bridging to the cation. This departure from the mutual exclusion

rule for molecules with a center of symmetry has been observed in a

number of compounds containing octahedrally coordinated anions coupled

to highly polarizing cations such as XeF*, €10,", C1F," and c1,F*.27:14,20

In both the C13+IrF6' and C13+Ir2F]]— salts, the Raman spectrum

shows the same characteristic-stretching frequencies for the C13+
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cation. Raman assignments of Gillespie and.Morten20 for C13+ afe és
follows: 2L 490; Vos 225; and V3, 508 cmf] and are based upon the
vibrational freduencies of thebisoe1ectronic SC]2 mo]ecu1e3] (514, 208

. and 535 cm']). The same authors used the observed'fr‘equencies'v2 and -
Vg with assumed values of the bond angTe to calculate the stretching
and bending force constants, 2.5 and 0.36 m dyne A'], respectively. The
‘constants were then used to calculate the observed frequency V- A bond
'an§1e of 100° gave good agreement Which compares closely with the
observed bond angle of 103° for the SC]2 molecule. The observed fre-
quencies for C13+ in the iridium salt are almost the same as those for
the arsenic salt. The values are compared in Table IV-3.

The final spectrum is that of the neutral compound Ir4F20. The
strongest line in this spectrum at ~ 720 cm'] can be attributed to a
symmetric vibration related to the octahedral 2 mode. The band at 645
cm“] is presumably the relative of Oh Vs and the 200-300 cm'] bands are

the counterpart of 0, v.. Weaker bands in the 650 to 710 cm'] region

cannot be simply related to octahedral modes.
~ The Raman spectra of the initial product from the C12 plus IrF6

reaction at ca. 10°K (blue solid) and the product in the quartz reactor
(pale yellow solid) are compared in Figure IV-1. The C12+ stretching
frequency (645 cm"l) is not observed in either of the spectra. It is
possible that finely divided C12+IrF6' would fail to provide observable
Raman bands. Deposits of Xe/PtF6 do not yield any Raman bandé when the
,Xe:PtFG ratio is > 1:1 and only when XeF+PtF6- production becomes great

enough (ratios < 1:1) is a band pattern (attributable to XeF+PtF6 )

observed.
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Three new bands appearing in the Raman spectrum of the blue solid
are absent from that due to the yellow solid. The first, appearing at
684 cm™! is due to the v, related mode of the Ir2F1]' ion discussed
earlier. The other two bands, appearing at 180 cm ! (vs) and 355 cm!
(bfoad) appear to be associated with the deep blue species. An infrared

1 shown in Figure IV-2 is also associated

absorption centered at 540 cm
with the blue color. The 540 cm'] band is not far removed from the gas
phase Raman shift of molecular chlorine (557 cm_]). A similar infrared

32 on deposi-

absorption (546 cm_]) was observed by Clarke and Momantov
tion of eithe% neat chlorine or ch]orine in inert matrices on an approxi-
mately 17°K cold surface at 3% or greatér concentration. They argued
that the peaks could only be attributed to molecular chlorine in an
undefined weakly-bound complex. The observation of the blue color and
the associated 540 cm"1 infrared band in the C12/ReF6 and the C12/OsF6
deposit and the absence of MF6' bands, indicate that the 540 e band

is simply due to the C]z stretch but presumably in some clusters which

destroys the cylindrical C12 symmetry and the most reasonable is a

6
extensive for the ReF6 and OsF6 cases, since the vibrational spectro-
33

C12+MF state or states. This charge transfer, however, cannot be

scopy gives no evidence of MFG'. Recently Webb and Bernstein™ showed

from visible and UV absorption spectra that the opaque solution (purple
in reflection) obtained by dissolving IrF6 in Tiquid xenon is due to
electron transfer from Xe to MF6.

A1l other bands unaccounted for in the Raman spectrum of the blue

solid arise from unreacted starting materials; (IrFG; 2 699 cm'],

35 .,35 1’ C135 37

638 cm !, vg 260 en )3 and (c1,5 1017 535 e -C1

V2
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37.,37

Vo e137a1% 520 en)y.

527 cm’

The gravimetrft and tensimetric evfdence indicate that initia]]y
chlorine had reacted with iridium hexafluoride in a mole ratio of
approximately 1:1. The Raman and inffared data, however, indicate fhat
the only chlorine-containing species associated with the IrFG' ion is
C13+. This might indicate that C12+IrF6', produced initially, undergoes
disproportionation, ‘

Cly + IrFg —C1," IrF

1eE,”

2C1 6

———>C13+IrF6' + [Irfg 1+ CIF (1)

2 monomer

but the failure to detect appropriate quantities of CIF in the products
of the reactién allows for the possibility of the disproportionation
201, + 2IrFg —>C1IrF + €15 IrF,” (2)
with this mixed oxidation state system perhaps being a double salt. The
disproportionatfon represented by equation (2) does not appear to be
energetically possible nor is the a1t entity a species which one would

expect to persist in an electron-rich environment (e.g., IrFs') since

C1+ is one electron pair short of the argon octet.
The first characterized salt containing the C13+ ion, C13+AsF6',
was prepared by displacement of C1F from CICIFT by C]Z to give the C13+

20 recently suggested the C13+ cation asl

cation. Gillespie and Morton
being derived from the interaction of c1¥ with C12 molecules.
A simple calculation of the heat of formation for the salt C1+IrF6_

33 and

based upon the electron affinity estimated by Webb and Bernstein
the lattice energy given by Kapustinskii's equation34 indicates that
its enthalpy of formation is thermodynamically unfavorable by approxi-

mately 23 Kcal/mole. Even for the analogous C12 plus PtF6 reaction,



-69-~

where the electron affinity is greater by about 25 Kcal, the cé]cu]ated

heat of formation is ca. zero. Thus since the entropy change in forming
the salts is unfavorable, the likelihood of forming the C1+ jon in these
systems is small.

In contrast to the above argument against the a1t salts, the
probability of producing the C]Z+ jon with both PtF6' and IrF6— anions
is thermodynamically quite feasible. However, no thermodynamic barrier
is anticipatéd for disproportionation to the more stable C13+,[IrF5]
and C1F species according to equation (1). However, since C1F and
AsF5 interact: |

+ -
2CTF + AsFg — C1,F AsF,

one anticipates that the generation of [IrF5] and C1F would result in -

Cl F+IrF6'. There is no evidence, however, that this salt is produéed

2
in significant quantity in any of the reactions. Presumably the

[IrFs] monomer plus Ir(V) anion reaction is favored over the formation

. - - o - e ' PR ot )
of C12F Irk6 . Furthermore, as cited earlier; theinteraction—of-ClF

with Ir4F20 in BrF5 solvent failed to produce the salt. It may be
that C12F+IrF6" and its relatives are thermodynamically unstabie with
respect to CIF and Ir4F20.

" The molar susceptibility Xm’ versus absolute temperature T, plot
for a sample of the C12 plus IrF6 reaction product is shown in Figure
IV-7. The sample, prepared, as described in the Experimental section,
was quickly transferred to the Dri-lab and loaded into the Kel-F sample

capsule. It was then quickly cooled to liquid N2 temperature. (The

complete manipulation at room temperature took approximately 40-45
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minutes.) The plot shows Xm to be essentially independent of tempera-
ture as expected for a quinquevalent iridium f]uoro-comp]ex.' Therefore
any cation must be diamagnetic. | |

The formatioh of the C13+ cation poses probTemSt To generate this
: species. requires bond breakage in some C12 species at some point in
the synthesis. The bond energy of a neutral C1é ho]écu]e is 58.2
Kcal/mole. It is not likely that free C1 atoms are ever produced.

As the gravimetric and tensimetric evideﬁce show (see Table IV-1),
the initial product has a stoicheometry at least cTose to C12:IrF6.
It is reasonable on the basis of the known oxidizing capabifity of IrF6
to assume that the first step is:

Cl, + IrFg —>C1,"IrF,” - (3)

Since the vacuum transfer of this initial product always shows

IrF6 to be present in the volatiles, one can assume that (3) is revers-

ible at ordinary temperatures. One can therefore assume that molecular
+ +

G+§%can“readi4y“beﬁavaiﬂab%e“forﬂconvers%on—of“612 t0'613 ——0f-course
for each C12 produced by the reverse charge transfer:

vE”

C1 6

2 ——-+C12 + Ir‘F6 (4)

there will also be an IrF6 molecule which is of course always able to
act as an oxidizer. We can therefore visualize C12+ in an environment
of C12 molecules and IrF6 molecules and IrF6' jons. Since C12+”possesses
a half-filled n* orbital in its ground state, it is possible that this
ijon (which has a high e]ectfon affinity) can act as a Lewis acid toward
neutral C12.

+ +
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A species C14+ would involve very weak bonding between C12 species.
Thus a m type Lewis acid-base interaction of C1, with C12+ would
involve donation from the filled n* m.o. of C]2 to the half-filled
m™* m.o. of C12+. The resultant bond between these molecules amounts
to a one-electron bond.

The availability of IrF6 to remove electrons means, however, that

c14+ could be oxidized.
2+ 2+ -
Cl~ + IrF6 -——+C14 + IrF6 (6)

and C12 neutral could add to C142+ in an analogous fashion to the

initial C14+ generation:

2+ | 2+

The generation of the C162+ could, however, arise from C16+, the latter

coming from C14+ + C12. In some such fashion C162+ could arise as the
precursor to C]3+.

2+

There are several geometries possible for C16 and the electron

'rearrangement necessary to provide C13+ would probabTy befacilitated
best by a chain:

ci-c1 ... C1-C1 --- CI1-C1
Electron transfer from the terminal C]Z groups into the antibonding
orbitals of the central C12 would bring about the cleavage of that
entity:

a1 2t 201t | (8)

6 3
This accounts for the facile formation of the C13+IrF6_ salt which is
observed in the Raman spectra soon after the reaction and even at low

temperatures.
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The bands appearing in the infrared spectrum at 10°K of neat C12

(~ 546 cm']) are presumably due to C1, in some sort of weakly-bound
complex.32 '

The Tow frequency bands appearing at 180 and 355 cm'] (possibly a
harmonic) in the Raman spectrum shown in Figure IV-1(a) could be asso-
ciated with the Lewis acid-base type one e]ectron'bonding in C1 +,

C16+ or even C162+-1ike species. At higher temperafures, (v -80°C) the
bands are absent, indicating complete transformation to C13+. A similar
pair of low-frequency bands were observed by R1'cha|r'dson]4 when he reacted
C12 with the 02+Sb2F]]_ salt which were attributed to acid-base interac-
tion of C1, and 0,".

At room temperature the initial pale yellow solid, which vibrational
data indicate is C13+IrF6', transforms, over a two-day period, to the
deep yellow-colored salt C13+Ir2F1]—. Presumably the reaction can be
written simply as,

C1. TrF.” — "C1F" + [IrF.]

where some of the salt has decomposed into monomeric [IrF5] and some
unknown volatile species formulated here as ”C13F.“ The_[IrFs] monomer
quickly reacts with an adjacent IrFG— jon

IeF.”

Cl 6

+ [IrF] ——~+C13+Ir F

3 2' 1

forming the Ir2F11' ion. The net reaction is then

+

2C13

= ] " + -
IrF6 — C13F + C13 IrzFH (9)
and it may well be a concerted reaction, as written.
In approximately one week at room temperature the initial solid

had changed to a viscous 1iquid (see below) and in two or three weeks
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finally produced a crystalline solid which proved to be Ir4F20.

.
2C13 Irz-Fn

- — CIF + C1, + Ir,F,y (10)
The gaseous species referred to as C13F in reaction (9) gave an infrared
absorption centered at 625 cm’1 (see Fig. IV-6). It has a half life of
minutes only at room temperature, and thus far only small quantities
have been isolated. Providing the C13F formulation is correct, it

would be analogous to BrF3 or C]F3 with C2v site symmetry.

Cl

Cl
The PQR-type absorption centered at 625 cm—] could be the ClF-stretching
frequency for such a molecular configuration. Unfortunately the C1-Cl

absorptions would appear outside the ranggﬁpf the window (AgCl) fre-

quency.

It is not difficult to visualize the formulation of C1;F by F~ ion

-abstraction from the IrFG_ anion by the strongly polarizing Cl3+ cation.

1 CI]
aF o F—— IrF” ——C1 — F + [IrF,]

l

¢ | C1

The [IrF5] monomer would quickly react (perhaps in concerted fashion)
with an adjacent IrF6' jon to yield IrzF]]'. A second stage of the

reaction could involve F abstraction from the IrzF]]' ion.
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Cl
Cl+ woe F— IrpF 0™ ——Cl5F + 2[IrF,]
Cl
The monomeric [IrF5] could interact with Tike molecules producing the
viscous liquid, (Ir-XFSX)]<X<
the final product of (10). The thermally unstable C13F decomposes into

4° which s]ow}y forms crysta]]ine,Irano,

012 and C1F.

It should be noted that C12F2 radical was recently characterized
by Mamantov and.Andrews and their coworkers35 by depositing premixed
samples of C12/F2/Ar'onto a CsI cold window (10°K). The symmetric
C12F2 molecule of C2v site symmetry produced an absorption at ~ 635 cm']
which was attributed to the antisymmetric stretch of the F-C1-F unit.
This molecule is expected to be more stable than CI3F, since the parent
ion C]F2+ would carry a more localized positive center than C]3+.

. + . . .
However, the parent ion C]F? was not observed in the reactions dis-

cussed here and therefore the_likelihood. _of_ the_absorption_appearing

at 625 cm']

being due to C]ZF2 is small.

The reaction chemistry of the C13+ sa}ts were investigated for two
reasons: (1) to check the oxidizing capability of C13+ jon and (2) by
using good fluoride jon donors, to attempt to displace the unknown vola-
tile material formulated above as C13F. Since C]ZF2 is a much more
1ikely species than C13F, the reaction of the C12F+AsF6° salt was also
investigated in an attempt to displace this material.

The initial product from the C12:IrF6 interactions reacts readily
with C.F. (I.P. = 9.97 ev) in WFs at approximately 0°C evolving C1,

66
gas. Removal of excess C6F6’ WF6 and C12 provided a yellow, free-flowing
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solid similar to the solid formed from the reaction of C6F6 with IrF6
in NF6.]4 This solid was believed to be the C6F6+ cation coupled to an

The reaction can be written simp1y as

Ir(V) anion, most likely Irfe .

+ - + -
C6F6 + C13 Irfg —~—-~>C6F6 IrF6 + 3/2 C12 (10)

On the other hand, the reaction of C6F6 with the solid-1iquid phase
product (a mixture of C13+Ir2F]]— and its 1iquid decomposition product)
in WF6 solution showed no gas evolution. The Raman spectrum of the
resultant orange-yellow solid shown in Figure IV-4 appears to be a mix-

ture of C13+Ir2F1]' and C13+Ir3F It is reasonable to suppose that

16 °
the viscoué 1iquid decomposition product, as menpioned above, consisted
of some form of (I\"XFSX)]<X<4 which could be easily dissociated into
monomeric [IrFs] in the presence of a suitable solvent. The monomeric
[IrFS] would then quickly react with the Ir2F11— jon producing Ir3F]6—.
Indeed, the C6F6/wF6 mixture appears to have served only as a #o]vent.
Presumably the reaction can be written as follows:

CF/WF
* - 66" 6 .\ + -
Cly IryFy ™ + [IrF ] 2220157 IrF

The Ir3F]6' ion, prepared earlier by Bartlett and co-workers,27

can be related to the analogous Sb3F]6' ion reported by Edwards, James

and 51113,7 Each metal atom is octahedrally coordinated by F-atoms

with two of the F-atoms forming trans bridges at the central metal atom.

The electronegativity of the iridium atoms in this configuration is

less than in Ir,F,po but greater than Ir2F11'. An increase in frequen-

cies for the species is therefore expected from IrFG_ to Ir6F11- to

Ir.F..” to Ir,F... The Raman bands of Ir3F " are in accord with these

316 4'10 16
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expectations (see FigUre IV-4) with the pseudo-octahedra vy, mode (the
“most reliable assignment) appearing at 707 cm'1. The assignments of the

. Oh related and "vz," "v3 and "v5" modes, given in Table IV-3, are at

besf tentative due to the impure nature of the sample. The variation
in frequencies of "v,," "v," and "v," for IrF6-, IrzF]]_, Ir3F]6_ and
Ir,Foq are given in Table IV-4.

The Raman frequencies observed for the C12/PtF6 reaction products
at 10°C are given in Table IV-2. A broad band centered at 500 cm'] can
be related to the C]z/IrF6 system, V3-Vy modes of C13+. The two low-

" 1ying bands at 180 and 360 cm '

may be the fundamental and first harmonic
due to a vibration involving weak Lewis acid-base bonding in a complex
of C]Z with C12+. Other structural information is clearly desirable.
These findings are in harmony with the established increase in
electron affinity of the third-series transition metal hexafluorides

across the series from wF6 to PtF6. Both PtF6 and IrF6 are clearly

- reduced in the C1, + MF. reactions. Moreover, slight electron transfer

evidently occurs with OsF6 and even ReF6. Further investigations of
these last systems by visible and UV absorption and near infrared spec-

troscopy are required to confirm this charge transfer.
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TABLE IV-1. Tensimetric and gravimetric data for the C12 + IrF

reaction.

6

Pressure (mm Hg) measured in a fixed volume
C]Z:IrF

.. s . 6
%2;t1a1 é?1t1al E?s1dua1 Combining
Expt. 6 : 2 2 Ratio Ref.
1. 77.0 185.5 130.5 1:1.4 *
2. 33.0 98.5 66.5 1:1.03 *
3. 180.0 380.0 165.0 1.19:1 ok
4, 66.0 73.0 11.0 1:1.06 *k
5. 123.0 125.0 0 1.02:1 dek
6. 151.0 516.7 380.0 1:1.10 *kk
7. 165.0 320.0 120.0 1.21:1 *dek
8. 180.0 690.0 480.0 1.17:1 FkKk
9. 295.0 865.0 520.0 - 1.17:1 Fekk
- C12/IrF6 g$mbined C]Z:IrF6
Expt. 6 Adduct 2 Mole Ratio Ref.
1. 0.275¢ 0.339¢g 0.064g 1.01:1 Fokk
0.898 - 0.903
m moles m moles
2. 0.595¢ 0.746 0.151g 1.10:1 ek
1.94 - 0 2.13
m moles m moles
*Ref. 13.

**S.P. Beaton, unpublished results.
***Present work.
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TABLE IV-2. Raman bands for the C12 + P‘tF6 reaction product(s) at
10°K (blue solid). -1
(Frequencies given in cm '.)

v +
~v 500(s -===Vys Vg C13

Lewis acid-base type C12-C12+
), interaction modes




TABLE IV-3. Raman spectra of known salts containing the Cl

intensities in parentheses.)

+ . . . -1 .
3 cation. (Frequencies in cm ', relative

Other Features |

Compound v]C13+ : v2C13
C13+AsF6' 493(100), 485(75) 225(75)
*C13+IrF6' 490(89), 485(77) 225(20)

*C]3+Ir2F]]- 490(35), 485(32)  225(9)

*C13+Ir3F]6_ 1490(36), 485(?) 225(11

674(50)
394(6)

667(100)

624(20)

684(100)

636(18)

706(100)
647(21)

571(18)
370(25)

555(23)

215(17)
238(66)

566(15)

216(12)
262(12)

570(11)***

*This work.

**The Ir atom is octahedrally coordinated in IrzF]]' and Ir3F]6'; therefore, octahedral mode descrip-
tions are used although this is a crude description because of the non-equivalence of the F-ligands
and must be very crude for Ir3F]6' where one IrF6 unit (the central one) is not equivalent to the

other two.
***Uncertain assignment.

..6[.-
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TABLE 1V-4. Variation in frequencies of Vis Yy and Vg for octahedrally
' coordinated Ir(V) species containing 0, 1, 2 and 4 bridging

F-atoms.
Ir4F20 . I\r'3F]6 Ir2F11 IrF6
"v1" 720 706 . 684 667
9v2" 645 ' 570* 566 555
“v3" - _ . 647 636 624

*Uncertain assignment.
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533 180
| , @)
527
520
684
699 ﬂ
355
638
L ] | 1 | | | 1
750 100
667
490 (b)
485
ﬁ 238
502
225
555
624 215
698 267
[ i i | i | | |
750 100

Raman Shift (cm™)
- XBL 787- 5350
Figure IV-1. Raman spectra of C12 + IrF6 reaction products:
(a) blue solid at 10°K.
(b) pale yellow solid at -80°C.

(unnumbered bands in (a) are attributed to bands in (b)).
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Figure IV-2. Infrared spectra of IrF6(s) and the
initial C12/IrF6 reaction products.
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| st

x= decomposition
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— later
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Figure IV-3. Infrared spectra of room temperature
C12/IrF6 product.
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667

645
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e
L | | 1 | I} | J
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“Raman Shift (cm™)
XBL 787-5349

Figure [V-4. Raman spectra of C1,"IrF,", C13 IryF s
+ - °
C13 Ir'3F]6 and Ir4F20. Spectra taken at -80°C.
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Solid P1Fg
(10°K)

| less | L
800 250

Clz(g)+ Pt Fe(g) -o vellow solid

| l622 (10°K)
| | 632 | L
800 450

N\

540
J] Clagt P1F > ble soid

800 450

Frequency (cm"')
XBL787-5352

Figure IV-5. Infrared spectra of PtF6 and the C12/PtF6 reaction
products.
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625

1 1 | | l
800 400
Frequency (em™!)

XBL 787~5354

Figure IV-6. Room temperature infrared spectrum of the volatiles from
the room temperature decomposition of the C]Z/IrF6 solid
product. '
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Figure Iv-7. 106 Xm vs. T plot for the C]z/IrF6 reaction product and *H30+IrF6'.

*H. Selig, W.A. Sunder, F.A. DiSalvo and W.E. Falconer, J. Fluorine Chem. 11, 39 (1978).

-L8_
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