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An investigation of the attainable oxidation
states of osmium in reaction with fluorine and
fluorine-oxygen mixtures was carried out. The first
simple heptavalent compound of osmium, osmium oxide
pentafluoride, 0sOf;, was prepared by the fluorination
of anhydrous osmium dioxide. This compound was
charadéterized by analysis, X-ray single crystal and
powder methods, and by infrared spectroscopy. The
vapour pressure-temperature relationship and derived
thermodynamic data have been evaluated? The magnetic
susceptibility has been measured over the temperature
range 77° to 300°K. The existence of an octavalent
osmium oxyfluoride, osmium trioxide difluoride,
0s03F2 has been confirmed. This compound is
diamagnetic and the solid is dimorphic. Preliminary
structural work has indicated that the osmium is six-
coordinated in this compound. A related ternary
fluoride, NOOsO3F3 containing octavalent osmium was
prepared and characterized. The results of the
investigations indicate that 0sO2F4 and higher
fluorides of osmium than OsFg are unlikely to be
stable at ordinary temperatures and pressures.

The oxidizing properties of the noble metal
hexafluorides have been investigated. The reactions
of platinum hexafluoride with nitrogen trifluoride,
carbon monoxide, krypton, chlorine and hexafluorobenzene
have been studied with the aim of preparing some
unusual cations and to set an upper limit to the
oxidizing power of PtFg. The reaction of xenon with
platinum hexafluoride was further investigated in
order to better characterize the reaction product.
Dioxygenyl hexafluoroplatinate (V) was prepared on a
large scale for a neutron diffraction study. This
study was carried out by J.A. Ibers and W.C. Hamilton
of the Brookhaven National Laboratory. Interpretation



of their findings is given.

Reactions of nitric oxide with OsFg, IrFg and PtFg
were investigated to establish the oxidizing trend in
the series and to prepare as complete a series of
NOMFg salts as possible. The products NOMFg were
characterized by analysis, magnetic measurements and
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ABSTRACT

An investigation of the attainable oxidation states of
osmium in reaction with fluorine and fluorine-oxygen mixtures
was carried out. The first simple heptavalent compound of
osmium, osmium oxide pentafluoride, OsOFs, was prepared by the
fluorination of anhydrous osmium dioxide. This compound was
characterized by analysis, X-ray single crystal and powder
methods, and by infrared spectroséopy. The vapour pressure-
"temperature relationship and derived thermodynamic data have
been evaluated. The magnetic susceptibility has‘been measured
over the temperature range 77oto BOOOK. The exiétence of an
octavalent osmium oxyfluoride, osmium trioxide difluoride,
O$O3F2 has been confirmed. This compound is diamagnetic and
the solid is dimorphic., Preliminary stfuctural work has indi-
cated that the osmium is six-coordinated in this compound. A
related ternary fluoride, NOOSO3F3 containing octavalent osmium
was prepared and characterized. The results of the investiga-
tions indicate that O0sOgF4 and higher fluorides of osmium than
OsF6 are unlikely to be stable at ordinary temperaturgs and
pressures.,

The oxidizing properties of the noble metal hexa-
fluorides have been investigated. The reactions of platinum
hexafluoride with nitrogen trifluoride, carbon mbnoxide, kryp-
ton, chlorine and hexafluorobenzene have been studied with the
aim of preparing some unusual cations and to set an upper limit
to the oxidizing power of PtFg. The reaction of xenon with

platinum hexafluoride was further investigated in order to



iii
better characterize the reaction product. Dioxygenyl hexa-
fluoroplatinate (V) was prepared on a large scale for a neutron
diffraction study. This study was carried out by J.A Ibers and
WfC. Hamilton of the Brookhaven National Laboratory. Inter-.
pretation of their findings is given,

Reactions of nitric oxide with OSFG, IrF6 and PtF6 were
investigated to establish the oxidizing trend in the series and
to prepare as complete a series of NOMFg salts as possible. The

products NOMF,. were characterized by analysis, magnetic measure-

6
ments and X-ray powder photography. Reactions of these hexa-
fluorides with sulphur tetrafluoride were also investigated and

products containing SF3+ cations were obtained and characterized.
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Chapter 1

INTRODUCTION

Fluorine is well known for its reactivity. It is the most
oxidatively reactive of all the chemical elements; indeed it
combines exothermically with most of them and often excites the
highest attainable oxidation state of the element. Its reacti-
vity is attributable to the low dissociation energy of molecular

1,2

fluorine, its small atomic size3 and the exothermicity of its

bonds ‘to other elements.?

Althoﬁgh much is now known of the fluorides of the commoner
elements, the fluorine chemistry of the platium metals (ruthenium,
rhodium, palladium, osmium, iridium and platinum) has received
much less attention than it deserves. Appreciable advancement
has, however, been made in the past few years including the
preparation of several new fluorides, the recharacterization
of some of those already known, and better characterization of

the structure and bonding of the established fluorides by way of

5,6 7-9,32 10

electron diffraction, crystallography, magnetochemistry

11-15

i
t

visible) ultraviolet and infrared spectroscopy,

16-20 and electron spin res;_onancez.l’22 spectroscopy.

‘nuclear
magnetic
Notable among the recently prepared fluorides are the hexa-

24 25 and rhodium26

fluorides of platinum,23 techﬁetium, ruthehiuﬁ
and one heptafluoride, that of rhenium.27 Tﬁe recharacterization
-included one of the first volatile metal hexafluorides to be
prepared, 6smium hexafluoride. This fluoriée was first described
in 191328 but was incorrectly identified as osmium octafluoride

and was so known for the next forty five years.29 Osmium octa-
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fluoride was regarded as the prime.example of the ability of
fluorine to excite the highest valency and highest coordination.
Undoubtedly the uncritical acceptance of the erroneous octa-
fluoride formulation was conditioned by the ready formation and .
high stability of the tetroxide of osmium. Since all eight
valence electrons of osmium are presumably involved in bonding
'in the tetroxide, the possibility of them all being used to bond
fluorine could not be easily denied.

The established highest valent oxides and fluorides of the

second and third transition series are given in Table I.

v

Table I
The Highest Valent Oxides and Fluorides of the Second and

Third Transition Sefies.

Fluorides MoFg TcFg RuFg RhFg PdF4 AgFo

Oxides MoO3 Tc207 RuO4 RhO2 Pd203 AgO
Fluorides WFg ReF7 OsFg IrFg PtFg AuF3
Oxides WO3 Reg07 0s04 IrO3 PtO3 Aug03

It is apparent that both fluorine and oxygen excite the same
highest formal oxidation state except for the elements Ru, Os,
Rh, Pd and Tc. Rhodium and palladium attain their highest
states of oxidation most readily with fluorine. The converse
is the case for ruthenium and osmium, both of which form tetfo—
xides. There is, therefore, no indication frbm this simple
correlation that higher fluorides of osmium than OsFg should
not exist. Moreover, a comparison of osmium with‘rhenium (the

przceding element), which forms a heptafluoride, lends some



3

support to the view that osmium may form a heptafluoride.’ How-
ever, the marked decrease inthermal stability, With increase

in the atomic number of the transition metal, in each hexa-
fluoride series,5 indicates that osmium heptafluoride would be
much less stable towards dissociation than the heptafluoride of
rhenium.

The work of Hepworth and Robinson30 indicated that Os (VIII)
could occur in oxyfluoride systems. They repdrted osmium tri-
oxide difluoride OsO3F2, and complex salts of general formula
AOsO3F3 with A, as monovalent metal (K, Cs and Ag). The descrip-
tion of the compounds, however, was brief and their analytical
identification rested only on fluorine analysis. The identifi-
cation of osmium trioxide difluoride and its complex salts pre-
dated the correct identification of the "octafluoride" of osmium.,
In the absence of other evidence and on the basis of analytical
evidence alone, this oxyfluoride could be formulated aS 0s02F2

and the complex salts as AOsOg9F3 as shown in Table II.
Table II

Analytical Data for 0sO3F2 and AOsO3F3 Salts.

0s03F9 Ag0OsO3Fg
Found: F, 13.5%; Found: F, 13.8%; Ag, 26.7%
14.2%. ‘
0sO03F2 requires F, 13.8%. Ag0sO3F3 requires F, 14.1%; Ag, 26.8%
0s09F92 requires F, 14.6%. Ag0sO9F3 requires F, 14.7%; Ag, 27.9%

(Cont'd)



TABLE II (cont'd)

KOs0O3F3 Cs0s03Fg
Found: F,20.0%; E 317. Found: F,15.1%; E 454.
KOsO3F3 requires F,17.0%; E 334. CsOsO3F3 requires F,13.3%; E 428.

KOsO2F3 requires F,17.9%; E 318. CsOsOgF3 requires F,13.8%; E 412.

Confirmation of these findings was, therefore, desirable.
No other oxyfluorides of osmium except an ill-characterized
osmium oxide tetrafluoride, OSOF431 were known prior to the
present work. Allowing that the highest valence attainable in
a stable binary fluoride.of osmium is six, thé oxyfluoride OsOFg
appears improbable. The possible existence of the oxyfluorides
0s092F4 and OsOFs5, however, cannot be readily denied. In order
to better evaluate the factors which 1limit the formal oxidation
state of osmium, an investigation of the osmium-oxygen-fluorine
system was, therefore, ﬁndertaken together with a Simultaneous
search for a higher binary fluoride of osmium than the hexa-
fluoride. The results of this investigation and their signi-
ficance form a major part of this thesis.

The third transition series elements are of particular
interest in that hexafluorides of the elements from tungsten to

7 These hexafluorides have been well charac-

platinum are known.
terized physically. The molecules have octéhedral symmetry and
the solids are molecular. They are, therefore, readily volatile.
In the vapour phase the metal to fluorine distance in these hexa-
fluorides is essentially constant, being about.l.83X as found

by electron diffraction.5 At low temperatures these molecules

are close packed in an orthorhombic crystal structure, the



5

effective molecular volumes32 varying as shown in Table III,

Table IIT

Effective Molecular Volumes of the Orthorhombic Form of

the Hexafluorides of the Third Transition Series.32

WFg ReF6 IrFG PtF6

03
108.5 106.6 105.4 104.6A

A1l of them show a solid-solid transition at ~0°C from a

close packed orthorhombic to a less dense body centred cubic

forme. In the gas phase the molecules with non-bonding electronic

configurations dl and d2 show a dynamic Jahn-Teller effect

‘arising from a coupling of electronic and vibrational motion5’13’

25’33. The visible and ultraviolet spectra of these hexafluorides

have been well interpreted in terms of ligand field theory with
due consideration given to the high spin-orbit coupling, characte-

ristic of the heavier elements.ll Excellent general reviews have

5,6
recently appeared on the hexafluoride molecules. ’

Although the chemical investigation of the hexafluorides

has hitherto been sparse, the spontaneous liberation of fluorine

at ordinary temperatures from the hexafluorides of platinium,23

ruthenium25 and rhodium26

clearly indicated their high oxidizing
~potential. This potential remained largely unexplored until
1962, The discovery of dioxygenyl hexafluoroplatinate(V), ;

34 and its identifibation in

02+CPtFél_ by Bartlett and Lohmann
that year, established platinum hexafluoride to have a surpris-

ingly high electron affinity; a value in excess of 160 kcal/mole.



This is considerably greater than the highest known electron
affinity of any element or combound. The oxidation of xenon,35
the first ionization potential of which is the same as that of
oxygeh, 12,2¢a;v”36 further supported these conclusions., The
1:1 xenon;platinum hexafluoride adduct was formulated by Bartlett
as Xe+[PtF6]m by analogy With the 02+[?tF6]' compound.
| The entities O [PtFg]™ and Xe* [PtFg]~ are of structural
interest. The formulation Og” [PtFg]~ has been well founded by
Bartlett and Lohmann,34 Their preliminary structure determina-
tion of O9PtFg was derived from X-ray powder data, since single
crystals of this compound were not available. The low X-ray
scattering factor of the light atoms, oxygen anq fluorine,
compared with platinum, together with the limited data, prevented
determination of the 0-0O distance in 02" cation with significant
accufacy. A neutron diffraction study of a polycrystalline
sample did, however, hold high promise of‘significant accuracy
but called for a 1arge;pure, well crystalline sample. Some
effort was devoted successfully towards this end. The formula-
tion Xe+[PtFé]‘ qf the 1:1 reaction product of Xe and PtFg
required further substantiation., At the outset even:.the oxida-
tion state of the platinum in this.compound had not been esta-
blished with certainty. Moreover, a survey of the compounds of
xenon37 indicates that xenon has even valence in all its simple
compounds, e.g. XeFg, XeFy, XeFG, Xe03, XeOF4 etc., whereas the
formulation Xe+‘?tFé]“ requires an odd valence of xenon.

The oxidation of molecular oxygen and xenon indicated the

lower limit of the oxidizing‘power.of platinum hexafluoride.



The upper limit remained to be assessed. In the present work,
its reactions with a variety of elements and compounds were
studied toward this end.

At the outset it was believed that the hexafluoride of
platinum was merely the most powerfully oxidizing in the series
and a smooth trend in oxidizing power with increasing atomic
number of the transition metal, was anticipated. Furthermore,
it was recognized that each of the second transition series
hexafluorides was more powerfully oxidizing than its third
transition series relative. A more systematic examination of
the oxidizing power of the hexafluorides of each series was,
therefore, undertaken. " Nitric oxide, which has a much lower
ionization potential than molecular oxygen (Iyg = 9.25 e.v;36),
was considered to be a useful reagent for this survey.
Ruthenium hexafluoride and rhodium hexafluoride, both of which
liberate fluoride at ordinary temperature and are even less
stable than PtFg, were considered most likely to have oxidizing
potential comparable to that of the platinum compound.

Not only did an investigation of NO-MFg reactions’
appear to be useful as an indication of the relative oxidizing
power of the fluorides but the investigation also presented
fhe possibility of preparing new salts of general formula NOMFg.
It was presumed that such salts would be structurally akin to
OoPtFg. Although a pre&ious investigation38 had shown that
iridium hexafluoride reacts with nitric oxidé to give a quadri-

valent salt, (NO)2IrFgz, it nevertheless appeared poSsible that

could be isolated with proper

the quinduevalent salt, NOIrFG,



control of the interaction.

The hexafluorides are strong fluorinating agents and hence
their oxidizing power can also be investigated by investigating
their fluorination reactions? It had been reported that IrFg
flubrinates sulphur tetrafluoride to the hexafluoride and is
itself reduced to quinquevalent iridium to yield the adduct,
SF,,IrF55°  which can be formulated as SF3*[IrF¢)~. The
reactions of SF4 with these hexafluorides were, therefore, also

investigated in the present work.



Chapter 11

EXPERIMENTAL

2.1 GENERAL EXPERIMENTAL TECHNIQUES

2.1.1 Fluorine Handling and Vacuum Techniques

(1) ' Materials of construction

The materials chosen for the construction of the
system for handling fluorine in the present work were monel,
nickgl, copper and iron. Gaskets er high temperature work were
of aluminum, otherwise they were of:teflon. Kel~F traps were
used wherever possible in preference to quartz or Pyrex glass.
As a window material in infrared spectroscopy, silver chloride
was preferred to sodium chloride and potassium bromide, because
of its lower reactivity to fluorides and fluorine.

(ii) Purification of fluorine

The fluorine supplied commercially has a purity
of 98%, a major impurity being hydrogen fluoride ( 0.2%). It is
desirable to remove this hydrogen.fluoride as it causes corrosion
of glass or silica containers with eventual decomposition of
any reactive fluorides by the cycle of reactions:

4HF + SiOg 2H20 + SiFy4

I

HoO + MFq = MOF,_2 + 2HF etc.
’ Hydroggn fluoride‘was removed by passing fluorine through a
bréss tube packed with porous éodium fluoride pellets. The
éctivity of the sodium fluoride was maintained by periodic

heating at 2500-3000,Awhile purging with dry nitrogen.

Traces. of hydrogen fluoride not removed by the
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scrubber were condensed ffom the gas stream by a trap cooled in
liquid oxygen. Liquid oxygen could not be used with pressures
of fluorine in excess of 40 ﬁ,s,i° since fluorine condenses at
liquid oxygen temperature under these conditions.

(iii) Disposal of fluorine

In order to protect the vacuum pumps from
attack by fluorine a soda lime scrubber was included in the

fluorine systen.

(iv) Vacuum pumps
Two vaéuum pumps were incorporated in the
fluorine supply line. The first, a mechanical pump”(Welch
DUOSEAL), was used for initial evacuation of the apparatus and
reméval of excess fluorine. The second was a mechanical and
0il diffusion pump combination, which was used for production
of pressures-of the order of 10'5 mm. of Hg or lower.

(v) Apparatus for handling fluorine

30,000 p.s.i. Autoclave Engineering compression
fittings made of monel were used to build the fluorine system.
These fittings consisted of various lengths of ‘3/8 in. 0.D.,

1/8 in, I.D. tubing linked by crosses, tees and straight and
L-valves. Great versatility of design was possible and the
system could be easily demounted, cleaned and reassembled.

A typical assembly suitable for both high and
low pressure fluorine work and containing fluorine purification
and disposal units is shown in Figure 1. -Suitable barricades
were used for the fluorine cylinder and high pressure fluorine

sections. The fluorine pressures were measured with Bourdon
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type gauges. A Simple low viscosity fluorocarbon oil bubbler
served to warn of the blbcking of lines or vessels and acted as
a safety valve,

(vi) Adapters for high and low pressure fluorine

Specially constructed adapters (Figure 2) of monel
metal provided with teflon gaskets were used for taking high
preséure fluEbine into reaction vessels, Theée adapters were
silver soldered to the high pressure metal tubing.

For low pressure fluorine, 1/4 in. monel
Swagelok compression fittings with teflon front ferrules and
nylon or teflon back ferrules were used to join lengths of 1/4
in. metal tubing. These fittings could also be adapted for
Connectihg 7 mm. glass or quartz tubing to 1/4 in. metal tubing.
One side of the compression fitting was drilled to take the glass.
This adaption dispensed with the need for rather fragile Kovar
seals,

(vii) Storage and reaction vessels

The vessels for storing the volatile and
reactive fluorides were made of monel or nickel sheet, 1/32 in.
thick. They were cylindrical cans of 2 in. diameter and 3 in.
length and were provided with Hoke A431 valves joined by solder
tube fittings.

These .cans were also used for the fluorination
reactions with elemental fluorine at moderately high pressures
(up to 150 p.s.i.). For higher pressures, thick-walled reaction
vessels were used. For high temperature work yielding involatile

products the vessels were provided with heavy gauge 1lid gasketed
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My, 30,000 p.s.i. monel valve; MX, Monel cross; MT, Monel tee;
G1 Monel Bourdon gauge, 400 lb.p.s.i.; G2, Monel Bourdon gauge,
1000 mm. Hg; C, 30,000 p.s.i. seamless monel tubing 3/8 in. o.d.
1/8 in. i.d., silver soldered to 3/8 in.o.d. copper tubing; F,
3/8 in. flare fitting; K, 3/8 in. 30,000 p.s.i. tubing, silver
soldered to } in. monel tubing; H; and Hg Hoke A431 and A432
valves, respectively; B, Flexible copper bellows; SL, Soda lime
- tower; BV, 3/8 in. bore teflon-seated ball valve; J, Connection
for vacuum pumps; HP, High-pressure fluorine outlet; LP, Low-
pressure fluorine outlet via '""Swagelok" compression fittings;
S, "Swagelok" outlet for apparatus requiring fluorine diluted

~with nitrogen.

Figure 1. A General Purpose Fluorine Line.
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with aluminum and securely bolted to'the body.

" (viii) General purpose vacuum system

A general purpose vacuum system for handling the
volatile flubrides and studying their reactions was built using
% in. monel, nickel and copper tubing, Hoke A431 vaives and
Kel-F traps. The Hoke valves were joined to the tubes through
solder tube fittings. Two types of connebtor were used to join
the tubes. The first consisted of monel welding unions in
straight connectors, elbows, tees and crosses. :Theybwere used .
in those parts of the system which required minimum cleaning.
The second were Swagelok compression fittings which consisted
of straight unions, elbows, tees and crosses. Swageldk fittings
were also used for connecting glass.or quartz to metal as
described previously.-

Kel-F traps (15 cm. long, 1 mm. thick and
20 mm. O0.D., obtained from Argonne National Laboratory, Illinois)
'were attached to the metal system by means of the special adapters
shown in Figure 2. The Kel-F traps were, by virtue of their
resistance to chemical attack, of great value iﬁ the manipulation
of reactive fluorides. Moreover, these traps could be detached,
cleaned and used again.

(ix) Valves

The main difficulty encouhtered in handling
fluorine and reactive fluorides was the fouling up of the valves
used in the system. All valves in time developed a '"leak through"
which arose from poor contact of the stem-tip with the seat of

the valve. The cause of this was the deposition of solids
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(nickel fluoride from the valve material and other involatile
fluorides:from the decomposition of the reactive fluorides) at
the stem-tip and seat. "

30,000 p.s.i. Autoclave Enéineering valves
were found to be quite satisfaétorylin overcoming this diffi-
culty in that they could be demounhted, cleaned and used again.
However, they are heavy and bulky and were unsuitable in many
applications, e.g. when accurate weighing of the vessel was
required.

Among the small valves used were (a) Whitey
valves which were brass-bodied or stainless steel bodied and
with metal-tipped or Kel-F tipped stems. They were designed to
take 1/4 in, tubing with the help of compression fittings.
These valves were, however, found to be good for low pressure
work only and they developed '"leak through" rathér rapidly.
They could be demounted, cleaned and reassembled but those
reassembled did not always give satisfactory service. (b) Hoke

A431 valves which were brass-bodied and had bellows seals and

y

were provided with a étainless steel Vee stem. They were satis-
factory for moderately high ﬁressure work (~250 p.s.i) and had
appreciably lqnger life than the Whitey valves. After much use
they developed '"leak through'" and often also developed a
bellows leak. These valves could not be restored to useful

service.

2.1.2 Fluorination Reactions

(i) Fluorination with elemental fluorine

Fluorination with elemental fluorine was
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usually done in one of two ways: fluorination in a closed

system in a monel can with high pressure fluorine (~~150 p.s.i.)
and fluorination in a flow system in a quartz or Pyrex apparatus
with low pressure‘fluorine diluted with an inert gas like
nitrogen,

A general closed system high pressure fluori-
natibn is described heré. A reaction véssel, loaded with the
material to be fluorinated, was connected to the high pressure
side of the fluorine system., It was evacuated and thgn filled
with fiuorine at the desired pressure. The vessel was then
heated in. a furnace at the required temperature for the desired
time. At the end of the heating period, the vessel was quenched,
if necessary. It was then cooled in acetone - dry ice mixture
or to lower temperatures, if necessary, to retain the volatile
product and excess fluorine was pumped off through the fluorine
scrubber.,

The procedure for a typical flow system
fluorination was as follows. The apparatus which is shown in
"Figure 3, consisted of a quartz reaction tube and a series of
glass traps joined to it on one side by a cone and socket and
on the othef side by a graded seal. The material fo Be fluorin-
‘ated was contained in a nickel boat in the quartz tube. As the
apparatus was made of sjlica and glass, great care was taken to
dry it. Thorough drying was achieved by prolonged evacuation
of the apparatus which was simultaneously heated with a flame
adjusted to maintain the glass temperature below the‘softening
point. All traps in the appératus were cooled in liquid oxygen

and the apparatus was filled with diluent gas nitrogen or oxygen
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(the latter used in oxyfluorination) which had been dried by
passing first through a sulphuric acid bubbler and subsequently
through liquid oxygen cooled traps A and B. The blow-off tube
T in the system indicated when the apparatus was filled with
one atmosphere of gas, after which the apparatus was opened to
the atmosphere through end G. Traps E and F prevented ingress
of moisture; C and D, provided with break seals, were used to
collect the volatile products of the reaction. A mixture of
fluorine and nitrogen (or oxygen) was passed, the ratio of
fluorine to other gas being roughly estimated with the aid of
the blow~off tube. The reaction was cérried out by appropriate
heating of the material in the nickél boat by means of a Bunsen
flame or electric furnace. Volatiles condensed in traps C and
D. On completion of the reaction, the fluorine supply.was shut
off and the apparatus purged with the diluent gas to displace
fluorine. It was then evacuated and the products were sealed
off under vacuum in traps C and D.

(ii) Reactions with bromine trifluoride and iodine

pentafluofide

Bromine trifluoride and iodine pentafluoride
are assbciated liquids at room temperatures and are good solvents,
particularly for ionic fluorides. Bromine trifluoride parallels
the behaviour of fluorine in oxidative fluorinations. Iodine
pentafluoride is thermodynamically more stable than BrF3 and
accordingly has a lower oxidizing power and is therefore of
value in the preparation of low valence fluorides and complex

fluorides,
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Bromine trifluoride as supplied commercially
was quite pure and was used without further purification.
- ITodine pentafluoride was found to be impure. It was bluish in
colour, presumably due to monovalent iodine.39 It was purified
by room temperature fluorination in a monel can.

‘An apparatus of glass or metal, depending
on the nature of the reactants, was used for reactions with
bromine trifluoride and iodine pentafluoride. 1In the case of
glass apparatus, the reaction-vessel was a silica bulb attached
to the system through a graded seal and in the case of a metal
system, the reaction vessel was a Kel-F trap.

Thé glass apparatus used in a typical
. reaction with bromine trifluoride in which a volatile compound
was fluorinated is shown in Figure 4. The apparatus was
evacuated and dried thoroughly. The break seal of bottle B
containing the reactant was broken in the usual way and the
reactant was condensed into the reaction bulb, C. 'Bulb B was
thén:sealed off from the apparatus. Brominé trifluoride was
condense& into trap A and the cylinder of BrF3 was disconnected
from the rest of the apparatus by sealing off at cgnstriction 1.
The fluoride from trap A was then condeﬁsed into reactibn bulb
C. Traps D and E were cooled in liquid oxygen-and dry air was
slole admitted into the apparatus. These fraps prevented any
moisture from entering the reaction bulb from the étmosphere.
The reaction bulb was then allowed to warm to room temperéture.
Usually, with.bromine trifluoride, vigorous reaction taok place

at this stage with evolution of bromine and other gases. The
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reactants were refluxed, when necessary, by warming the reaction
bulb with a hot air blower or a small luminous flame. After
the reaction was complete, the apparatus was evacuated and the
excess reactant (BrF3) and volatile products were distilled off
into traps D and E. The product in theAreaction bulb was com-
pletely freed from BrF3 by heating the bulb for several hours
in a small furnace at an appropriate temperature. Afterwards
the reaction bulb was sealed off at constriction 2*.- The excess
bromine trifluoride was destroyed by pouring it intq an excess
of dry carbon tetrachloride. (In the iodine pentafiuéfide
experiments the excess of the reagent was destroyed by pouring

it into an excess of concentrated sulphurib'acid).

2,1.3 Analysis

The general analyticalteéhniquesused for
the estimation of metals and fluorine were pyrohydrolysis and
conventional analysis following alkaline‘hydrolysis.

(1) Pyrohydr01y51s

In the pyrohydroly51s method, the fluorine
containing compound was initially hydrolysed by moist air at
room temperature and finélly by steam at elevated temperatures,
giving hydrogen fluoride and an oxide of the metal. The
hydrogen fluoride evolved was absorbed in water and the fluoride
in fhishsolution was estimated. The metal oxide was reduced

to the metal and weighed. ' This method was fruitfully applied

- *During the course of the reaction care was taken to remove
any plug formed by solids in the arms of the traps by melting
it with a hot air blower.




" by earlier workers.

22

for the estimation of fluorine and metals in the compounds of
platinum and iridium.
The apparatus used for pyrohydrolysis was the

40

same as that used by Lohmann and was similar to that described

41,42

The usual procedure for pyrohydrolysis was

as follows. The empty plafinum boat was heated to 300o in a
stream of steam followed by heating in a stream of hydrogen at
the same temperature and was weighed to a constant weight. The
sample for pyrohydrolysis, approximately 0.3 g., was transferred
to the platinum boat in a dry box and the boat reweighed. It
was then quickly transferred to the pyrohydrolysis tube. The
hydrolysis was carried out by first passing mgist nitrogen over
the sample, both the steam generatorAand the pyrohydrolysis tube
beiﬁg at room temperature. The temperature of wafer in the
steam genefator and thé temperature of the furnace were then'
gradually raised untii eventually steam was passing over the
sample at 300°. The hydrogen fluoride was collected by bubbling
the gases coming out of. the steam condenser through 50'mls. of
water contained in a conical flask and by collecting the dis-
tillate in the same flask. Washings from the condenser were
also collected. The fluoride ion concentration in the solution
was estimated by titration of hydrofluoric acid with 0.1 NaOH
using phenolphthalein .as an indicator. It was also checked by
precipitation as lead chlorofluoride.

For the determination of the metal left as

oxide in the platinum boat in the pyrohydrolysis tube, hydrogen
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was passed and the excess was burnt as it emerged, from the
pyrohydrolysis tube. The metal oxide was reddced to metal at
a high temperature in hydrogen, and after the reduction, the
hydrogen was displaced by nitrogen. The apparatus was cooled

before the boat was taken for weighing.

- (ii) Alkaline hydrolysis:

This was used where the pyrohydrolysis method
could not be applied, és in the analysis of oémium_compounds
which gave rise to the volatile oxide, 0sO4.

- To prevent the loss of any osmium tetroxide
produced in the hydrolysis, the hydrolysis was done in a closed
system. An apparatus as shown in Figure 5 was used for this
purpose. A typical procedure for the hydrolysis is described
here. A sample was sealed off in an evacuated small thin walled
glass bulb of small diameter provided with a long neck, and
weighed. About 75 mls. of 2N.NaOH solution were taken in the
flask E. The sample bulb was placed in B, which fitted snugly,
the neck prot;udingithrough the tap C.' Cap A was repléced and
the air in the apparatus was pumped out through tap 97 Tép D
was closed and the apparatus was turned upside down so that the
neck of the bulb was immersed in the alkaline solution. The
neck was broken by turning tap C. (To assure a clean break,

'the neck was scratched With a file prior to weighing of the
‘Bulb). The resultant solution was diluted to a known volume
and aliquots were taken for osmium and fluorine énalyéis. The
"weight of the sample was found by weighing thé‘broken.sample

bulb and the glass pieces in the apparatus.
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Figure 5. Apparatus for Hydrolysis of Osmium Compounds
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In some of the osmium compounds it was
found that some osmium dioxide was precipitated during the
alkaliné hydrolysis, Estimation of osmium in aliquots would
~not have been possible in such cases, so it was desirable to
precipitate all of the osmium from solution at this stage. A
gIaés bulb could not be used for a sample bulb because of the
resulting admixture of osmium dioxide precipitate with broken
glass pieces. In view of these difficulties the hydrplysis
" method was slightly modified. Some hydrazine hydrate was added
to the alkaline solution in order to precipitate osﬁium. ‘The
small cap A was replaced by a second flask like E and the glass
bulb was replaced by a small giass-stoppered weighing bottle.
The apparatus was turned upside down so that the end B of the
apparatus was down. 75 mls. of the alkaline solution containing
hydrazine hydrate were taken in the flask A. Air was pumped
out through tap D and tap C was closed. Subsequently air was
adﬁitted to flask E which was then opened for insertion of the
weighing bottle containing the sample. Air was pumped from the
recapped flask E, tap C was then opened to admit the alkaline
solution. Care had to be taken to ensure that theuélkaline
soiution had minimum contact with the tap grease. A voluminous
precipitate of osmium dioxide formed in the apparatus. The
suspension of this in the alkaline liquors was transferred to a
beaker and the precipitation of osmium was completed as described
below.

(iii) Estimation of osmium

Osmium in an aliquot of hydrolyéed solution

was - estimated using hydrazine hydrate43 to precipitate osmium
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as a mixture of metal and hydrated dioxide. For complete pre-
cipitation, repeated boiling of the solution, with dropwise
addition of hydrazine hydrate was necessary. A Munroe platinum
crucible was used for the filtration of the mixture and the pre-
cipitate was ignited to metal in hydrogen.following the procedure
44

described by Gilchrist and Wichers.

(iv) Estimation of fluorine

Fluorine in solutions containing fluoride
ion (such as the solutions obtained in pyrohydfolysis or the
filtrate from precipitation of osmium) was estimated as lead
chlorofluoride following a standard procedure.45 The precipitate
was filtered in a medium porosity sintered glass crucible and
was heated to constant weight at 130-1400,

Estimation of fluorine in solutions contain-
ing complex fluoro-anions (as obtained in alkaline hydrolysis)
was achieved by first distilling hydrogen fluoride from the
solution and then estimating fluorine in the distillate as lead
chlorofluoride. The distillation procedure was that given by
Willard and Winter.4® Aliquots of (50 ml.) solution containihg
complex fluoro-anions were placed in a two-necked distillation
flask fitted with a side arm. One neck carried a thermometer,
the other a dropping funnel, and the side arm carried a condenser.
Ferrous sulphate (5 g.) was added to the solution (FeSO4 prevented
distilling of osmium fetroxide. Osmium was retained in the dis-
tillation flask as osmium dioxide). Concentrated HoSO4 (25 ml.)
was added slowly through the dropping funnel and the mixture

was heated. It was kept boiling at 130-135° by addition of water
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from the dropping funnel; 250 mls. of distillate were collected.
Fluorine in the distillate was precipitated as PbClF.

| A check on the purity of lead chlorofluoride
was routinely done but Was particularly important following a
sulphuric acid distillation whencontamination with PbSO4 was
likely. This was done by dissolving the precipitate in cold
dilute nitric acid, the chloride being precipitated from. this
solution as silver chloride.

(v) Estimation of nitrogen

The estimation of nitrogen in these com-
pounds was done by the conventional Dumas method in the Micro-
analytical Laboratory of the Chemistry Department bf the
University of British Columbia.

(vi) Estimation of Sulphur

Sulphur was estimated ip the case of iridium
and platinum compounds by a slight modification of the pyro-
hydrolysis method. During the pyrohydrolysis sulphur evolved
as sulphurous acid along with hydrogen fluoride. The two acids
were absorbed by bubbling through a standard alkaline solution.
The titration of excess alkali gave the combined acid concen-
trations. The sulphite was oxidized to sulphate by the addition
of hydrogen peroxide and sulphate was precipitated as barium
sulphate. But prior to the precipitation of BaSO4 it was neces-
sary to remove fluoride ions from the solution which would pre-
cipipate as BaFg along with BaSO4. The removal of fluoride
was achieved by volatilising hydrogen fluoride from the solution
by repeated addition of concentrated HCl followed by evaporation

in a teflon beaker.
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The estimation of sulphur in osmium com-
pounds was done in the filtrate after the precipitation of osmium.
Aliquots of hydrolysed solution were treated as described above.

Sometimes individual compdunds created
problems in their analysis. Methods had to be modified for

them and they are described in the appropriate sections.

2.1.4 Gauges for Vapour Pressure and Gas Pressure Measurements.

Two types of gauges - a nickel bellows
gauge used in conjunction.with an optical lever and a diaphragm
gauge with an electrical make and break - were used for vépour
and gas pressure measurements.

(i) The Nickel bellows gauge

This consisted of a small nickel bellows
which terminated one arm of a nickel U-trap; the bellows being
silver-soldered to the trap. The other end of the trap was
provided with a Hoke A431 valve which was connected to the
vacuum manifold. The arm of the U-trap below the bellows was
in the form of a cone on which a_cylindrical métal tube, one
end of which was in the form of a socket, was fitted, thus
housing the bellows. The other end of the cylindrical tube
was threaded inside and out. Another thin and small threaded
cylinder carrying a circular plane mirror was fitted inside
the main tube. The mirror was mounted on a metal plate which
was attached to the smaller cylinder by means of two thick wires
soldered at the ends. The metal plate on which the mirror was
- mounted was grooved at the back. A pin which was glued to the

top of the bellows was situated to move in this groove. At the
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top of the main cylinder a circular glass plate was fitted by
means of neoprene O;rings and a metal screw cap having a cir-
cular window in its centre. The main cylinder was also con-
nected through a side arm to a mercury manometer, vacuum nmani-
fold and an arrangement to admit dry air. The bellows was thus
housed in a leak-~tight cylinder. A light source, the plane
mirror at the fop of the bellows and a screen were used as the
optical lever to magnify the movements of the bellows. The
gauge was used as a null instrument, the pressure due to a gas
_1ns1de the bellows being balanced by adjustment of - the pressure
in the bellows housing and the latter pressurebeing registered
by a mercury manometer. An accuracy of better than 0.5 mm. of
Hg was attainable with this arrangement.

(ii) The diaphragm gauge

This gauge was a slightly modified form of
Cromer Electronic Pressure Trensmitter.47 A;cross—sectional
diagram of the gauge including the electrical circuit_is shown
in Figure 6. :The_main modification was in the insulation of
the diaphragm housing from tne adjustable eiectrical contact.
In the present case the holder for the adjustable confact was
made;of'nickeiépiated brass and was insulated from tne main
body housing the diapnragm ( nickel 0.003 in., 4 1/2 in. diam.)
by a teflon ring and teflon sleeves for the screws. A small
cylindrical monel reservoir to which two 1/4 in. 0.D. monel tubes
were welded, was JOlned by one arm to the gauge and by the other
to a Hoke A431 valve which was connected to the vacuum manifold.

The gauge was used as a null instrument, the sensing depending
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upon thé making or breaking of an electrical circuit. The null
point of the gauge was determined with a high vacuum on both
sides of the diaphragm. It was signalled by a small lamp incor-
porated in the electrical circuit. The electrical make and
break was so adjusted that with high vacuum on both sides of

the diaphragm, the diaphragm just closed the electrical circuit
and the lamp glowéd. In vapour pressure or gas pressure measure-
ment the diaphragm was brought back to the zero position with a
controlled admission of dry air to the outside housing of the
diaphragm. The pressure was read‘directly from a manometer
registering the pressure of the admitfed air. The gauge was
very sensitive, even a difference of pressure of 50 microns
being detectable but the accuracy in this work was limited by
the cathetometer which was accurate only to + .01 mm.

The nickel bellows gauge had the advantage
of being thermostated easily because of its compactness; the
diabhragm gauge, on account of its large size, was inconvenient
in this respect. Hdwever, the former was found to suffer from
mechanical hysteresis, its null point changing after relatively
few readings. Both the gauges were susceptible to damage by

large pressure differences.

2;1.5 Tensimetric Titrations

During this work reactions of somé of the
volatile hexafluorides with gaseous reactants were followed
tensimetrically. The reactants were measured out by pressure
and volume at a fixed temperature. Sometimes the measured re-

actants were mixed as gases; these reactions will be referred
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to as gas-gas reactions. At other times one of the reactants
present as a gas, reacted with the other, present as solid and
as vapour; these reactions will be referred to as solid-gas
reactions. The apparatus used for these titrations is shown
in Figure 7. All pressure measurements were carried out using

one of the gauges described in Section 2.1.4.

(i) Solid-gas reaction

‘ A known pressure of hexafluoride was taken
in a fixed volume containing the gauge and the two crosses Cy
and C2’ It was condensed in the reaction bulb A with liquid
nitrogen. A known pressure of the other gaseous reagent was
also taken in the same volume and was also condensed in bulb A.
The bulb was then warmed to room temperature. The hexafluoride
reacted with the other gas, both as solid and vapour. Thé
‘residual gas was condensed in the feservoir of the gauge where
its pressure, in the fixed volume at room temperature was
measured.

(ii) Gas-gas reactions

A known quantity of hexafluoride was
measured out and transferred to the reaction bulb as deScriped
above. It was vaporized in the bulb by warming to room teﬁ—
perature; A similar volume of the other reactant at a higher
known pressure was then admitted to the reaction bulb. After
the reaction the pressure of the residual gas was measured in
the usual way.

(iii) Titration with a reactant gas having an appreciable

vapour pressure at liquid nitrogen:temperaturé,

In such cases the ratio of the volume of
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the system éontaining the gauge, the crosses and the reactioh
bulb to that of the gauge and two crosses was determined be-
forehand with the aid of a condensible inert gas. The reaction
was carried out as in the gas-gas case hut the pressure of the
residual gas was measured in the system containing the gauge,
two crosses and the reaction bulb. This pressure was converted
to the equivalent pressure in the systenm containing the gauge
and two crosses only.

In most cases'the identity of the residual
gas was established by its infrared spectrum. Sometimes the
reaction bulh was replaced by an infrared cell prévided with
a reservoir and reactions were carried out in the cell, the

infrared spectrum being recorded before and after reaction.

2.1.6 Magnetic Measurements

The magnetic susceptibility measurements
of the compounds were made by the Guoy technique. The samples
were enclosed in thin walled quartz or Pyrex tubes of 3 to 5 mm.
0.D. The sample tubes were loaded in a dry box and were sealed
under vacuum. However, in some cases it was desirable to avoid
mahipulation in a dry box. This was accomplished by sealing off
the compound with nickel shot in a quartz or Pyrex bulb with a
side arm terminating in a Guoy tube. The sample was powdered
inside the bulb by the nickel shot and transferred to the Guoy
tube which was then sealed off at a proper length.

To prepare Guoy samples of volatile fluo=
rides the latter method was used. The fluoride was condensed

in a quartz tube containing nickel shot, the Guoy tube being a
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side arm. The sample was powdered by alternate cooling in
liquid nitrogen and pounding with nickel shot. After trans-
ferring the sample to the Guoy tube, both the main bulb and
the Guoy tube were kept cool in liquid nitrogen while the Guoy
tube was drawn off,

Magnetic measurements were done using the
same Guoy balance described in detail by Clark and O'Brien.48
Essentially it consisted of an electromagnet, a microbalance
and a cryostat. The electromagnet produced a field of approxi-
mately 15 kilogauss with a current of 2 amp. The microbalance
had a sensitivity of + .01 mg. The arrangement was similar to
that described by Figgis and Nyholm.49 The temperature of_the
sample.was kept constant at any point to within + 0.1° over the
range 77°9-300° K by use of liquid nitrogen, an electrical heater
and air pressure adjustment within the inner Dewar vessel.
Temperatures were obtained using a copper constantan thermo-
couple and a potentiometer,

The sample tube was suspended from the
balance pan by means of a brass chain and a brass‘capl All
the sample tubes used were of the same length (11.4 mm. in the
present case) to ensure that the bottom of the sample tube was
always at the centre of the pole caps. The length of the
sample column inside the tube was usually 8-9 cm. The Guoy
tubé containing the sample was weighed with the field on and
the field off at each temperature. Mercury cobalt tetrathio-

cYanate was used as the magnetic standard50 for paramagnetic

materials. Whenever possible, the same tube was used for the
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sample and the standard. Alternatively the tubes were from

the same length of tubing. A diamagnetic correction 'for the

container was obtained by weighing the container in and out

of the field over the temperature range used for the sample.
Whenever possible uniform packing of the

sample or standard was ensured by using a mechanical vibrator.
The gram susceptibility, X , was calculated

from the equation:

X = t AW(s) + dm. _ Wit
g(S) Xg(s ) ox w(s) % AW(st) + dm.

where Xg(s)isthe g susceptibility of sample,‘Xg(st) the g.
susceptibility of standard (= 16.44 x 10—6 C.g2.S. units for_
HgCo(CNS) 4 at 200),50 AW(s) and AW(st) are the changes in
weights for the sample and standard respectively, W(s) and
W(st) are the weights of the sample and standard respectively,
and dm. is the diamagnetic correction due to container.

The molar susceptibility, Xy, was corrected
for the diamgnetic susceptibility of ligands with Pascal's
constants,51 to give the Gram atomic susceptibility'X£. Reff
is given by Meff = 2.839J§;—;ﬁ%, where T is the temperature

o)
in K.

1

X

indicated obedience to the Curie-Weiss law, the best straight

In the cases where the plot of vs, T

line was obtained by a least squares approximation, using

program No.l (Appendix 1) on an IBM 7040 Computer.

2.1,7 X-Ray Powder Photographs

Quartz or Pyrex capillaries (0.3 or 0.5 mm.
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diamézwere used for the X-ray powder samples. As all of the
compounds studied Were moisture-sensitive, the capillaries
were loaded in a dry box.

Sometimes, for a very reactive material,
the sample was made without exposure in a dry box. The sample
along with some nickel shot was sealed off under vacuum in a
quartz or Pyrex bulb fitted with an arm carrying a drip cone
with a capillary protectéd by an outer jacket. The compound
was powdered with the nickel shot by careful shaking of the
apparatué,and a sample was transferred to the capillary, which
was then dfawﬂioff.

The capiilaries were sealed with a small
hot flame and the newly sealed ends were dipped into molten wax -
to ensure.a perfect seal.

X~ray powder photographs were taken using
a camera with Straumanis loading having a diameter of 14.32 cm.
A general Electric Model XRD-5F1ll1l X-ray diffraction unit was
used. The usual radiation_was'CuK¢ with Ni filter to reduce
the pradiation (Kx = 1/3 ( 2Kyy + Kgp) = 1.54188. Kuq = 1.5443%,
Kdé - 1.54058). For a quick exposure for identifidation bur- |
poses a slit collimator was used but for the films to be measured
and indexed a pinhole collimator was preferred. The exposurev
time required with slit collimator was 2-4 hours and with pinhole
collimator 10-16 hours,

The positions of the arcs on the X-ray
powaer patterns were measured on a light box provided with an
accurate scale énd vernier. Readings were obtained with an

accuracy of + .005 cm. Bragg angles, interplaning spacings,
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o2 were

l/dz values and Nelson Riley éxtrapolation function
obtained from the arc measurements by use of program No.2
(Appendix II), the computer being the IBM 7040, To assist in
indexing a complex pattern the calculated l/d2 values for an
assumed set of parameters of the unit cell were obtained by

using program No.3 (Appendix III). Whenever possible the para-

meters were corrected for absorption by a Nelson Riley plot.

2.1.8 Infrared, Visible and UV Spectroscopy

Because of the reactivity 6f the fluorides
of the noble metals the body of the 10 cm.infrafed gas cell was
made of nickel or monql, and was provided with Hoke A431 valves.
The material for the windows of the cell was silver chloride
which had the advantage of being transparent in the region 400-
4000 cm.—1 and being less reactive towards these fluorides.

The windows were from silver chloride sheets 1 mm. thick (sup-
plied by the Harshaw Chemicals, Elysia, Ohio). The cell ends
were provided with heavy gauge brass flanges each of which was
cut to hold a teflon ring. The windows were held under com-
pression betweeen these rings and end caps with six steel bolts.
The silver chloride windows were protected from light by means of -
black tape.

| A monel reservoir was attached to the
cell by way of a Hoke A431 valve by the use of which the pres-
sure of the sample inside the cell could be varied while record-
ing the IR spectrum. The reservoir also helped in carrying out
some reactions in the infrared cell and in studying the nature

of the products by infrared. The inside of the cell body and
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the reservoir could be cleaned and windows could be replaced
whenever required.

The infrared spectra were recorded using
various Perkin Elmer infrared spectrophotometers.

The visible and UV gas cells were made of
quartz and were provided with Whitey valves (drilled on one Side
tb take 7 mm. quaftz tube). The spectra were fecorded usiné a

Cary 14 spectrophotometer.

2.1.9 Reagents

(i) The following were used as supplied.

vFluorine; Nitric oxide, Nitrosyl chloride,

Bromine trifluoride, and Iodine pentafluoride were obtained

from the Matheson Co., Inc., East Rutherford, N.J. Sulphur

tetrafluoride was obtained in cylinders from E. I, Dupont De

Nemours & Co., Wilmington, Delware. Tungsten hexafluoride was

obtained in cylinders from Allied Chemical, General Chemical
Division, Beaton Rouge, Louisiana. Egggg and Krypton were\Airco
reagent grade supplied in 1-1 Pyrexvflasks by Matheson of Canada,
Ltd., Whitby, Ontﬁrio. Osmium and Iridium were obtained in
powder form (spectroscopically pure grade) from thnson,'Matthey
& Co. Ltd., London and from A.YD. Mackay Inc., New York. Rhodium
and Pt wires of 0.03 in.diam. were obtained from Johnson, Matthey
& Co. Ltd., London.

(ii) Cesium fluoride

It was prepafed by the action of 48%
hydrofluoric acid on cesium carbonate in a platinum crucible.

The solution was evaporated to dryness. The solid was then
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melted to drive off all hydrogen fluoride and was resolidified.
It was kept in a vacuum desiccator until use.

(iii) Osmium tetroxide

It was prepared by igniting osmium powder
in a stream of dry oxygen. It was collected in glass traps
provided wifh break-seals which were cooled in liquid oxygen.
The tetroxide collected was then sealed off in the break-seal
bottles.

(iv) Anhydrous osmium dioxide.

It was prepared b& reduction of osmium
tetroxide with absolute alcohol. Osmium tetroxide was dissolved
in a solution of potassium hydroxide to which requisite amount of
absolute alcohol was added. The solution was then neutralised
to litmus with dilute HZSO4 when precipitation of black 0sOg,
2H20 occurred. The mixture was boiled and filtefed off. The
precipitate was washed with very dilute NH4Cl solution. It was
first dried in an oven at low temperature to drive off moisture.
" The anhydrous material was obtained by heating this hYdrated
product in vacuum for a few hours at 500°. Usually the hydrated
material was put into a monel reaction bottle and heéfed under
vacuum at 500°. The anhydrous dioxide produced was directly
fluorinated in the monel can. |

(v) OsFg and IrFg

These hexafluorides were preapred by heat-
ing the respeéfive metals in powder form in a monel can at 300°-
400°, with exéeés fluorine for about two hours. The can was
cooled in acetone-dry ice bath and excess fluorine was pumped

out. The hexafluorides were then stored in monel storage bottles
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containing dry sodium fluoride (to abosrb any hydrogen
fluoride present).

(vi) PtFg and RhF6

‘These hexafluorides were prepared by electrical
heating of the metal wire in an atmosphere of fluorine by an

53 of the method of Weinstock and his coworkers.zs(b)

adaptation
The yield of platinum hexafluoride was approximately 60%

whereas the yield of rhodium hexafluoride was only 8%.
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2.2. THE FLUORIDES AND OXYFLUORIDES OF OSMIUM

2.2,1 Search for Higher Binary Fluorides of Osmium

i
Metallic osmium powder (lg.) was taken in a

high pressure monel reaction vessel which had been preéonditioned
to fluorine,  the reactiOn.vessél:was then filled< with fluorine at
180 p.s.i. The vessel was heéted in a furnace at 400—500O for
several hours, then it was quenched in cold water.

The reaction product was condensed in the
reservoir of a monel infrared gas cell which had been pretreated
with fluorine. The product was expanded into the gas cell, the
ihfrared spectrum recqrded; the vapour pumped out and the process
repeated exhauétively; The infrared spectrum of.the product

was found to be identical with that of osmium hexafluoride.13

2.2.2 Osmium Oxide Pentafluoride

(i) Preparation

Several preparative -routes to osmihm oxide

pentafluoride were tried. | | |

(a) Osmium metal was treated with a mixture of oxygen and
fluorine (1:2 volume) in a flow SyStem (See Section 2.1.2).
The reaétion, which waé carried out in a quartz tube with the
osmium in a nickei poat, was initiated by the heat from a'émall
flame. Once started, the reaction continuedbté completion.
The product was a mixture of anemerald green solid and a'palé
yellow, more volatile solid. The difference in volatility of
the components of the mixture permitted their separation by trap

to trap fractional distillation under reduced pressure, from a
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trap held at -16° to receivers cooled with liquid nitrogen.
The emerald green solid remained behind in the trap at -160,
The more volatile yellow component from its infrared spectrum
proved to be osmium hexafluoride. = Freedom Ofbthe emerald green
so;id.from OsFg was established by inffared sgectroscopy.' The
yield of this material was 50%. It melted éharply at 59.20,

(b) A variation of the above method was the fluorination of
anhydrous osmium dioxide. (See Section 2.1.9). Fluorine diluted
with nitrogen was passed over the dioxide. The produ?ts were
again the hexafluoride and oxide pentafluoride of osmium, the
yield of the latter being 50%.

(c) Oxyfluorination of osmium metal in a closed monel can
(See Section 2.1.2) provided with a Hoke A431 valve using a
fluorine—ox&gen mixture (2.5:1) by volume at 300° for a period
of two hours, also yielded the oxide pentafluoride and hexa-
fluoride but the yield of the former was less than 50%.

(d) The best pfeparation of osmium oxide-pentaflupride prbved

to be the fluorination at 250° of anhydrous osmium dioxide in a
similar system to the last, the fluorine being in élight excess
of that required by the equation 0sOy + 2} Fg = OsOF5 + 3 Og.
- The oxide pentafluoride was recovered from the admixture with
OsFg in the usual way. The yield of OsOFg5 under these conditions
was above 90%.

(ii) Analysis

The analysis was doné by alkaline hyqrdlysis
of osmium oxide pentafluori&e followed by estimation of osmium

and fluorihe in the hydrolyéed solution. The hydrolysis was
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done by breaking a sealed capsule, containing the sample, in a
closed system containing an aqueous;alkali (See Section 2.1.3).
Osmium was determined by the hydrazine hydrate method and
fluorine was estimated by Willard and Winter distillation fol-
lowed by precipitation of fluoride as PbC1F, Fluorine was also
determined in the filtrate after osmium precipitation.(Found:
F, 31.1; Os, 61.9%. OsOFs; requires F, 31.5; Os, 63.1% .)

(iii) The Vapour pressure-temperature behaviour of OsOFs

A diaphragm gauge (See Section 2.1.4) was
used for the vapour pressure measuremenfs.v'The monel reservoir
of the gauge was treated with fluorine and ‘was then conditioned
to 0sOF5. A sample of OsOFg was then cbndensed in the reservoir.
It was kept at the temperature of acetone-dry ice and pumped for
a few hours to remove any traces of hydrogen fluoridé or silicon
tetrafluoride. The sample was theﬁ isolated from the vacuum
manifold. The entire gauge was immersed in silicone o0il contained
in a 51-Dewar vessel which served as the thermostat bath. Tem-~
peraturés were measured with a precision of 10.10. The gauge
was used as a null instrument (See Section 2.1.4). The pressure
of dry air required to balance the vapour pressure of the sample
at certain temperature was ;ead directly from the manometer with
a cathetometer with an‘accuracy of +.01 mm."

After each run, an infrared'spectrum of the
sample from the gauge was‘recorded. This showed that negligible
production of volatile products (é.g. CFy, SiF4) had taken place

in the gauge during the run.

The vapour pressure data are summarized by



45

the equations:

(o
- Solid 0sOF5 (32°-59 ).

log Pym.= -2266 | 9, 064,
T ,

Liquid 0sOF5 (59°-105%)
log Py, = —1911. 4+ 7,994
T
The equations were derived from the vapéﬁr

pressure data, the curvé for each phase being considered to Be
a straight line. The plot of: log Pyy vs. 1/T is shown ‘in Figure
8. The observediaﬁa'calculéfed vapour pfessureé\and tbeir dif;
ferences are listed in Table:;V. The melting'pofﬁt‘qbtained
from the vapour pressure data‘Qas 58, 8° i;0°20 where;s tQat
obsegyed directly using a sample in a thih walled quartz capil-

R

lary w;s“ﬁafzo. The boiling point and some thermodynamic data

were derived‘¥?om the Qapour q%eésure‘eQuations and they are
tabulated in Tabie \'

The existence of a phase transition in the
solid was indicated by the Gapour pressure data to be between
320 and room temperature. >Since the change in slope of the
log Ppp vs. 1/T plot at the solid-solid transition was small, it
was not possible to precisely locate the transition point from
this data. It was determined accurately with the aid of a
‘polarizing microscope and X-ray powder photég;aphs.

(iv) The solid-solid phase transition

(a) X-ray powder photographs
X-ray powder samples were prepared in 0.3 mm,

quartz capillaries in the usual way' for the volatile products
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Table IV

Vapour Pressure Data for OsOF 5

Temp®K Pobs . (mm) Pealc, (mm) Pealc. ~Popg, (mm.)
Solid  304.8 41.1 42.6 +1.5
310.0 58.0 56.8 -1.2
313.8 68.6 69.6 +1.0
320.5 95.3 98.6 +3.3
326.7 136.7 134.3 _2.4
328.4 147.7 145.9 -1.8
330.9 169.4 164.4 -5.0
Liquid 332.8 176 .4 178.6 +2.2
334.2 189.5 188. 8 ~0.7
336.1 205.4 202.8 _2.6
338.8 227.3 225.9 ~1.4
343.3 267.5 267.9 +0.4
346.0 307.7 295, 8 -11.9
349.4 341.6 335.0 -6.6
352.4 376.5 372.4 ~4.1
356.0 416.8 422.7 +5.9
363. 5 542.9 545.8 +2.9
368.7 640.1 647.1 +7.0
374.0 763 .4 767.4 +4.0
378.1 877.4 871.0 -6.4
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TABLE V

Some Thermodynamic Data for OsOFj5

Triple point B.P, Latent heat of vap. Latent heat of sublima-

of liquid. tion (above transition
©c mm. ©°C (cal/mole) . point). (cal/mole).
58.8 173.0 100.6 8,745 | 10,368
Entropy of vap; of Heat of fusion Entropy of fusion
liquid (cal/mole/deg.) (cal/mole) (cal/mole/deg.)
23.4 1,623 , 5.29

(Section 2.1.7) and X-ray powder photographs were takén at
various temperatures. Higher temperatures were achieved by
blowing hot air over the capillary; the temperature being
controllable to +1°,
. The diffréction patfern 6f powder photographs taken

.at room temperature was indexed on the basis of an orthorhombic
unit cell, as shown in Table VI, with a = 9,540, b = 8.668,
¢ = 5.0198, U - 415.08° and zZ - 4.

X-ray powder photographs of the sample at temper-
atures above 35° were indexed on the basis of a cubic unit
cell as shown in Table VII with a = 6.143X, U = 231&823 and
z =2,

From the X~-ray examination the transition point
from orthorhombic to cubic form was found to lie between 310
and 350. That the cubic form changed back to the orthorhombic

on cooling was also established.



hkl

011
. 020

210
111

201

- 121

301
311
112
321

202
231

401
212

411

420

302
331

312

510
132

322
501

232

402
431

TABLE VI
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X-Ray Powder Data for OsOFg (Orthorhombic)*

1/d2

Calc.

.0530
.0532

.0572
.0644
.0837
. 1039
.1386 .
.1519
.1831
.1918

.2027
.2034

.2155
. 2160

.2288
.2290

.2577
.2584

.2710

.2880
. 2895

.3109
.3144

.3225

.3346
.3353

© o o 00 ©0 © ©O0O OO0 00 o0 o o ©c ©o O o o o OO0

o o 0o o © 0o © o o

CQ

O'

0

0

Obs.
.0527

.0577
.0645
.0859
.1042
. 1390
. 1525
.1840
. 1925

.2027
.2162

.2285

. 0297
. 2721

. 2899

3124

.3368

hkl
203

531
601

611
620

432
223
303
152
450
161
710
612

243
361

641
162
433

603
811
- 820

134
552
613

371
741

0

0
0

OO0 OO0 OO0 © O O 00 OO0 OO

0
0
0

0
0

1/42

Calc, Obs,

.4012 0.4021

.4342

"4353 0.4365

.4486 U

.44 88 ‘0.4488

.4544 _

.4545 0,4561

.4562 '

.5024

.5085 = 0.5057

.5298 0.5305

.9518 . 0.5513

.5667 0.5689

.6141

6178 0.6158

.6482

.6489 - 0.6510

.6529

.7529

.7564 0.7547

. 7566

. 7659

. 7662 0.7663

. 7662

. 7908

7911 00,7908
(cont'd)

* Since the photograph was spotty intensity estimates were

impossible.



hk1l

623
404

562
661
822

860
415
473

Calc.

0.8061
0.8110

0.9127
0.9145
0.9154

1.1826
1.1816
1.1853

Obs.

0.8083

0.9140

.1,1838

50

TABLE VI (cont'd)

TABLE VII

X-Ray Powder Data for OsOFg5 (cubic)

hkl
110
200
211
220
310
321

411,330

0.2120

.0.2650

0.3710

0.4770

Obs.
0.0543
0.1069
0.1603
0.2122
0.2646
0.3712

0.4770

Polarization microscopy

Relative
Intensity

10

[ S IS T N IR ¢,

In order to determine the transition point

with greater accuracy, a polarizing microscope provied with a

hot stage (Leitz Model 350, Ernst Leitz GMBH Wetzlar, Germany)

was used.

A single crystal of osmium oxide pentafluoride which

had developed from a powder specimen in a capillary over a period
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of days, was used. The crystal could be seen with the polarizer
and the analyzer crossed. The stage of the microscope was
then gradually heated and ét 32.5° the crystal disappeared from
view, -This indicated the solid-solid transition temperature.

(v) Magnetic properties.

A sample for magnetic measurement was ére«
pared in # thin walled quartz tube of 4 mm. diameter. The
magnetic susceptibility w?s measured between 77° and 295°K.

One set of readings was t;ken while cooling the sample and the
other-set.while warming up. The molar susceptibilities were
correc%ed for diamagnetic contributions from the ligands in the
molecule (See Section 2.1.6), The'susceptibilify was found to
obey the.Curie~Weiss law throughout the temperature range, the
molecular field constant being +6°. The observed atomic sus-
ceptibilities and the deviations from the ideal susceptibilities
(for Curie-Weiss law obedience) at various temperatures are shown
in Table VIII. - The plot of IAXA vs T is shown in Figure 9.
The value of pess (1.47 B.M.) was found to be nearly constant
throughout the temperature range as shown in Table VIII.

A separate set of measurements on“another

sample gave similar results.

(vi) Infrared spectrum

The infrared speétrum of OsOFg5 was recorged
at room temperature using a ﬁonel infrared cell.. Because 0s0F5
had an absorption in the region of 960 cm._1 where 0sO4 has
strong absorption,54 the spectrum of OSOF5 was also recorded

- with OsO4 kept in the reference beam. The pressure of the 0s04
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vapour was adjusted to cancel the absorption by the 0sO4
impurity in the OSOF5. This established the authenticity of
the 960 cri~1 0sOF5 peak.

| TABLE VIII

Magnetic Data for OSOF5

a) Increasing temperature

Temp. °K %Eg(obs.)xlo6 [Xk(obs.)-kk(ideal)f]x106 Mess(B.M.)
c.g£.S., units c.g.sS. units
78.1 3,521 195 | 1.49
84.8 3,068 -6 1.45
91.5 2,828 -30 1.44
102.5 2,477 -85 1.43
112.7 2,262 -76 1.47
127.1 2,002 =79 1.43
146.9 1,848 39 1.48
164.5 1,632 12 1.47
181.1 1,498 23 1.48
198.4 1,387 38 1.49
215.4 1,267 23 ~1.48
232.9 1,161 : 9 1.48
249, 7 1,065 -10 1.46
263.9 1,008 -10 1.46
279.0 966 2 1.47
293.8 917 : 1 1,47
(cont'd)

* Curie-Weiss law obedience, 6 = 6°,
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TABLE VIII (cont'd)

b) Decreasing temperature

Temp . °K X, (obs.)x108 [?A(obs.)—)k(ideali]xlOG fogs(B.M.)
c.g.S8. units C.g£.S. units
295.6 913 2 1.48
280.2 948 -12 1.44
267.6 994 -10 1.43
250.7 1,058 | -13 1.43
235.5 1,136 -3 1.43
216.3 1,255 , 16 | 1.46
199.4 1,352 10 1.48
182.1 1,473 6 1.48
165.1 1,634 20 1.47
151.2 1,792 : 33 ' 1.47
138.5 1,958 42 1.47
123.9 2,146 12 1.48
114.4 2,208 -97 1.47
102.7 2,459 -99 1.46
93.4 2,718 -84 1.46
84.5 3,052 | _32 1.46
77.1 3,553 | 186 | 1.47
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The vapour pressure of OsOF5-is only about
22‘mm. at room temperature; hencé it was desirable to record
the IR spectrum at higher temperatures where the vapour presAf
sure is much greater. This was achieved by placing the IR
cell in a small electrically heated box fitted with silver
chloride windows.

The observed absorptions are listed in
Table IX and the IR Spectra‘at different pressures are shown

in Figures 10 and 11.

TABLE IX

Infrared Data for OsOFj5

cm-1 Intensity

446 w

835 vw

640 s (shoulder at 650 en™ L)
700 VS (shoulder at 710 cm™?
800 W |

960 S

1337 | w

1405 ” w

1915 w

(vii) UV, visible and near infrared spectra

The spectra in UV, visible and near infrared
regions were recorded using a quartz cell provided with a

Whitey valve.
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N In the near infrared region peaks were observed

at 8,080 (w), 8,300 (w), 87450 (w), 8,700 (w), 8,950 (w), 10,800

(w), 11,200 (w), 11,450'Qw), 11,925 (w), and 12,380 (w) K.
In the visible region the sample started to
absorb at 46002 and showed a maximum at 35003.
| In the ultraviolet region from 35002 to
26003 the absorption was very high.

(viii) N.M.R. and e.s.r. spectra

A solution of OsOFg in WFg (1:3) prepared in
a 4 mm, diameter quartz tube was used as thevsample for record-

ing the'19

F n.m.r. spectrum of OsOFs. A single broad ‘low
intensity peak with chemical shift at -215 p.p.m. from the
internal SiF4 standard was observed.

A 1% solution of OSOF5 in WF6 prepared in a
quartz tube was used as a sample for recording‘the e.s.r.
. spectrum of OsOF5. The spectrum. consisted of a single broad
signal centred around g~2 and about 200 gauss wide. No fine

structure was observed.

(ix) Reaction of OsOF: with NO

(a) Tensimetric titration

A solid-gas reaction of OsOF5 with NO was
followed tensimetrically in the usual way (See Section 2.1.5).
A dirty white product was formed in the reaction bulb. = The
result of the tensimetric titrations are shown below. The
residual gas was condensible at -196°.

The X-ray powdervphotograph;of the product
showed a more complex diffraction pattern thén NOOsFg and it

was net indexed.
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OsOF5 pressure, mm. 40.1

Initial NO pressure, mm, 98.0
Residual pressure, mm. 62.3
.Combining ratio, NO/OsOFg 0.89:1

(b) Reaction in tungsten hexafluf§idé solution
An apparatus was sef up as shown in Figure.lz.
The small monel can M contained purified nitric oxide at ~ 150
p.s.i. The storage can of OsOFg and the cylinder of WFg were
attached to the main vacuum manifold. |
Approximately 1 g. of OsOF5 was condensed in

the Kel-F reaction trap D from the OsOF. storage bottle.

5
Tungsten hexafluoride was then condensed in the same trap,
enough being taken to half fill the Kel-F trap. The mixture

in the trap was warmed to ﬂleo, whereupon‘the 0sOF5 dissolved
in the 1liquid WF6 to give a light green solution. The Kel-F
trap was kept at 7-10°C. The apparatus was then filled with

dry nitrogen through Pyrex traps A and B cooled in 1i§uid
oxygen. A sulphuric acid bubbler in the nitrogen line served

as a blow off to maintain the internal pressure of the‘apparatus
close to one atmosphere. With the apparatus filled with dry
nitrogen, traps A and B were drawn off. The reméining apparatus
was opened to the atmosphere at the end K through Pyrex traps

. E and F cooled in liquid oxygen. With Kel-F trap D maintained
at 7-10° nitric oxide was bubbled into the WFg solution. A
white pregipitate formed initially but subsequently the whole
mixture turngd brown. When the reaction was judged to be

complete, excess WFg was pumped off. A pale lilac solid
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remained in the trap.

The X-ray powder photograph of the product

was similar to that of the product formed in the tensimetric
titration of N0 and OsOFsj5.,

| Analysis of the product was done by alkaline
hydrolysis. Osmium was estimated by the hydrazine hydrate
method. Difficulty was experienced -in obtaining complete pre-
cipitation of the osmium and it is probable that some remained
in solution as evidenced by the light yellow cqlour of the
filtrate. Fluorine was estimated in the filtrate from the
osmium precipitation. Nitrogen was estimated on a seﬁarate
éample by the conventional Dumas method (Found: N, 3.25;
F, 29.3; Os,50.1%.NOOsOF5 requires N, 4.23; F, 28.68; 0s,57.42%.
(NO)o OsOF5 requires N, 7.75; F, 26.30; Os, 52.65%).

Magnetic susceptibility measurements done

at room temperature gave the value?‘(g - 0.788 x 10° c.g.s.

units, with Mggee = 0.78 B.M. (using NOOsOF5 as the molecular
formula of the product).

In one of’the reactions of NO with:OSOFs in
WFG, the reaction product was red. A preliminary analysis
showed that it contained tungsten. It was assumed that WFg
was still adsorbed in the product so it was heated to 100° in
vacuum for two hours. The colour of the product changed from
red to grey but no WFg was obtained in the cold traps in the
vacuum line,

The X-ray powder photograph of the grey

product was identical with that of the red one. The pattern was

similar to that of NOOSF6 and was indexed on the basis of cubic
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unit cell with a = 10.152 + ,003%.

Thé product was analysed for fluorine, osmium
and tungsten. The last mentioned element was estimated as its
trioxide. (Found:F, 29.3; W, 23.9; Os 30.2%. ﬁOOsFG, NOWOF5
requires F, 31.7; W, 27.9; Os, 28.9%).

The magnetic susceptibility was measured over

a temperature range 77° to 297°K. Molar susceptibilities were
calculated by taking the molecular formula, NOOSFG, NOWOF 5.

They were corrected for diamagnetic contributions from the
ligands in the molecule in the usual way. The susceptibility

was found to obey the Curie-Weisslawlthroughout the temperature
range, © being 24°, with Jeps = 3.15 B.M. at 207°K. The observed
values of the atomic susceptibilities and their deviations from
the ideal values (for Curie-Weis law obedience) at various
temperatures are shown in Table X. The plot of leA vs T is.

shown in Figure 13.

TABLE X
Magnetic Data for the Mixture fNOOst, NOWOF's5
o Xy x10° [?h(obs.)-7h(idea1;]x106
TK c.g.s.units c.g.s. gnits
295.7 : | 4,159 19
274.3 4,443 6
253.2 4,733 -40
233.7 5,227 92
213.7 5,609 42
193.3 6,051 -38
173.5 6,631 | -68

* Curie-Weis law obedience, @ = 24° (cont'd) -
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TABLE X (cont'd)

X, x10° EZi(obs.)-Zﬁ(idealﬂ x10°
T°K c.é.s. units c.g.s. units
153.5 7,329 -125
139.2 7,995 | -112
121.9 8,858 -210
107.3 9,847 -228
95.0 11,112 -4
84.6 12,542 361
77.1 13,946 862

2.2.3 Osmium Trioxide Difluoride

(i) Preparation

Osmium trioxide difluroide was prepared as
described by Hepworth and Robinson,30 by the reaction of
bromine triflurodie with osmium tetroxide. The apparatus and
method used were similar to thbse outlined in Section 2.,1.2
for fluorination with BrF3z. The reaction took place on warming
the mixture of 0sO4 and BrF3 to room temperature. Large amounts
"of bromine and oxygen were evolved. A dark red liquid with
some solid in it was first formed. This mixture was warmed
gently to complete the reaction, then excess bromine trifluoride
was removed under vacuum. Complete reﬁoval of BrF3 was accom-
plished by heating the product to 60° under vacuum for a few
hours. The product was an orange yellow powder,

(ii) Analysis |
The product was an#lysed for fluorine

followiﬁg alkaline hydrolysis (Found: F, 13.46%. O0sO3F,
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requires F, 13.75%).

(iii) Phase transition in the solid

When freshly prepared osmium trioxide di-
fluoride was orange-yellow. The polour of the sample changed
to red slowly at room temperature. The red form on heating
changed to the orange-yellow form at ~90°,

(iv) X-Ray powder photograph

The X-ray diffraction pattern of the
orange-yellow form was indexed on the basis of a monoclinic
~unit cell as shown in Table XI with a = ¢ = 5.571X, b = 5.5552,
b=193° U= 171.982 and z = 2.

The X-ray powder photograph of the red
form was more complex than that of the yellow form and was not
indexed. A superficial similarity of this pattern was found
to the patterns of the peﬁtafluorides, Rqu,s5 RhF5,56 IrF5,57
and PtF5.58

(v) Magnetic properties

The magnetic susceptibilities of both the
yellow and red forms of osmium trioxide difluroide were measured
at room temperature. Both were found to be diamagnetic. The
value of the susceptibility wasfbased on benzene as standard.
The magnetic susceptibility of benzene satﬁrated with air was

6 59

taken as-.720 x 10 c.g.s. units. The results are shown

below:

6

-24.9 x 10~ c;g.s; units

I

th for yellow form

I

X, for red form -26.0 x 10-6 c.g.s. units
M .
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TABLE XI

X-Ray Powder Data for OsO3F2 (orange-yellow form)

1/d2
- Relative

hkl Calc. Obs. Intensities
100 0.0324 0.0334 6
101 0.0603 0.0618 7
110 0.0648 0.0653 10
101 0.0693 0.0707 5
111 0.1017 0.1032 5
200 0.1296 0.1313 7
210 0.1620 0.1634 6
201 0.1710 0.1727 5
112 0.1854 0.1872 7
112 0.2034 0.2633 3

+ ——— mmem 0.2160 1
202 0.2412 0.2428 4
220 0.2592 0.2612 5
300  0.2916 0.2928 6
221 0.3006 0.3026 6
301 0.3105 0.3117 7
310 0.3240 0.3254 6
311 0.3429 0.3444 6
W inm oems 7
222 0.4068 0.4057 vw
320 0.4212 0.4238 7
302 0.4482 0.4473 (cont' )

+ These superlattice lines are accounted for by a unit cell of
double cell edge.
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400
401,232
410

a1
401,232

322
141

411
331

331

412
420

313
421

402
333

421
412
500,430

431
341
403
501

502
413
511

."l: CalC L
0.5184
0,5328
0.5508

.5652
. 5688

.0778
. 0787

(=l o O

.6012
.6021

.6291

.6480

.6561
.6624

.6840
.6858

.6984

=) o OO0 oo OO0 o OO0

. 7164
0.8100

0. 8244
0.8289

0.8640
0.8649

0. 8946
0. 8964
0.8973

.6444

TABLE XI {(cont'd)

1/42

Obs,
0.4944
0.5192
0.5322

0.5513

0.9677
0.5795

0.6029

0.6293

0.6463

0.6599

0.6856

0.6972
0.7162
0.7863

0.8096

0.8267

0.8645

0.8956

Relative
Intensities

w

1

vw

vw

vw

(cont'd).
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TABLE XI (cont'd)

1/d2

R Relative
hkl Calc. Obs. Intensities
e A B O o
520 0.9394 0.9386 3
251 6.9630
404 0.9648 0.9659 2
342 0.9664
= - 0.9907 1
512 1.0170 1.0158 1
433 1.0476 1.0477 1
441,252 1.0872 1.0847 2
404 1.1088 _ 1.1076 1
351 1.1475 1.1494 1
600 1.1664 1.1667 1
Mo imR e ;
-—- -— 1.2532 vw
514 1.2708 1.2708 1

620 1.2960 1.2943 2
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2.2,4 Nitrosyl Trioxytrifluoroosmate (VIII)

(i) Preparation
‘.-.The salt nitrosyl trioxytrifluoroosmafe
(VII1) was prepared by the reaction of BrF3 and NOCl with Os04.
The apparatus was similar to that used fof%the preparation of
0sO03F9, the only difference being the inclﬁsion of a cylinder.of
NOCl in the apparatus. The reactants 0sO4, NOCl and BrF3 were
condensed in the reaction bulb ohe after another. A vigorous
reaction with evolution of large amounts of gas took place on
warming the reaction mixture to room temperature. On pumping.
out excess BrF3 a yellow powder was left in the reaction bulb
"along with some white solid. The latter was assumed to be
NOBrF, (formed by the reaction of NOCl with BrFg3). ' This was
completely removed from the product by heating under vacuum at
100° for several hours. |
(ii) Analysis
The sample was analysed for osmium and
fluorine after dissolution in aqueous alkali., - Nitrogen was
estimated by the Dumas method. - (Found: N, 3.38; F, 16.72;
~ 0s, 57.9%.NO0sO3F3 requires N, 4.30; F, 17.53; Os 58.48%).

The X-ray diffraction pattern of the compound

was complex and was not indexed.

The compound was found to be diamagnetic.

2.2,5 The search for OsOgF4

During the investigation of the osmium-
oxygen-fluorine system (Section 2.2.2) the reaction conditions

were varied in order to obtain other oxyfluorides in addition
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to 0OsOF5. Larger ratios of oxygen to fluorine than 1:2 were
tried but no products other than OsOFg5 and OsFg were observed;
finally with a 2:1 ratio of oxygen and fluorine the orange-
yellow soiid, 0sOgFy was formed. |

It was assumed that if any qu2F4 was formed
it might be colourless and hence difficult. to detect visually
in the admixture with OSOF5. However, tﬁe infrared spectra of
osmium oxide pentafluoride prepared under various conditions
were identical with one another. Two independent magnetic:
measurements on samples of OSOF5 prepared in different batches
gave magnetic susceptibility values equal within the experi-
mental uncertainty.. Furthermore the magnitude of the'suscepti-

bility was consistent with pure OsOFg.
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2.3 OXIDIZING PROPERTIES OF THE NOBLE METAL HEXAFLUORIDES

2.3.1  Platinum Hexafluoride and Oxygen

(i) Infrared, visible and UV spectra

A 10 cm. monel infrared cell provided with a
monel reservoir was attached to a vacuum manifold and evacuated.
A known pressure of platinum hexafluoride vapour was admitted to
the cell body. A known quantity of dry oxygen was taken in the
monel reservoir at a pressure in excess of that of the PtFg
vapour in the body of tﬁe cell, The infrared spectrum of the
PtFg vapour was recorded. Oxygen from the reservoir was admitted
to the cell which resulted in the instantaneous disappearance of
the deep red PtF6 vapour and the appearance of a yellowish powder
on the cell windows. A layer of OgPtFg waé thus deposited on the
windows. The spectrum showed peaks at 631 cm.“1 (vs) and 545 cm"1
(s). |

In a similar way a layer of 02PtFé was
deposited on the windows of a quartz gas cell and visible and
UV spectra were recorded. Only one intense ébsorption was
observed with a maximum in the neighbourhood of 35002.

These values ére similar to those reported
by Bartlett and Lohmann.34

(ii) Solid-gas reaction

Platinum hexafluoride was condensed in a
silica bulb and excess oxygen'was introduced into the bulb. The
bulb was then warmed to room temperature. When the dark red
colour of PtFg vapour vanished, the reaction was assumed to be
complete. When excess oxygen had been removed, however, some

’PtFe vapour was subsequently removed from the bulb. Evidently
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the platinum hexafluoride and oxygen had not reacted completely
presumably because of the formation of an impervious layer of
O2PtFg on solid PtFg.

This preliminary reaction showed that this
method could not be used for large scale breparation of OZPtFe
without higher reaction temperatures - an undesirable condition
in quartz or glass apparatus.

(11i) Synthesis of OgPtFg on a large scale

A flow method was used for large scale pre-
paration of OgPtFg by a gas-gas reaction., The apparatus was set
up as shown in Fféure 14, The monel storage bottle B contained
a known amount (;v4 g.) of PtFg. The apparatusbwés evacuated
and flamed out thoroughly. Platinum hexafluoride was condensed
in trap C from bottle B. Trap C was kept cool in liquid oxygen
and all the other traps (except D) in the system were also cooled
in liquid oxygen. The apparatus was then filled with nitrogen
which had been dried by passing through concentrated sulphuric
g;id bubblers (one bubbler acting as blow off valve) and through
tfap A cooled in liquid oxygen. The blow off valve bubbler was
disconnected from the system and nitrogen was kept passing
through the apparatus at a slow rate. Oxygen dried by passing
through trap I cooled in liquid oxygen was also passed through
the apparatus. Streams of oxygen and nitrogen thus passed
through the apparatus and escaped through the small mercury head
in the manometer M. i

Liquid oxygen around the trap C containing

PtFg was replaced by an ice-water mixture. Platinum hexafluoride

vapour was carried into the reaction trap D by the stream of
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nitrogen where it came into contact with oxygen coming out of
tube H. At the opening of tube H an orange.cloud formed and the
particles collected, for the most part, at the bottom of D. |
Some material was aiso carried by the'gas stream to the hori-
zontal tube T and trap E. Frequent adjustment in the rates of
flow of nitrogen and oxygen was necessary in order to keep the
reaction zope<always érohnd the opening of H. The reaction was
continued until all of the PtFg had been consumed, when the
nitrogen and oxygen streams were stopped and the apparatus was
evacuated. Traé D and tube T containing OgPtFg were. drawn off
under vacuum.

The X-ray powder photograph of the product
was identical with that of O2PtFg reported by Bartlett and
Lohmann.34 The product was heated in vacuum at 70°  for some

34 into the cubic

time to convert any of the rhombohedral form
form. The sample was then packed in a dry box into a thin
walled aluminum cylinder of } in. 0.D. x 3% in. long which was
closed by a screw cap sealed with a teflon‘gasket.

This sample and a duplicate can were dis-

patched to the Brookhaven National Laboratory, Upton, N.Y. for

structural analysis by neutron diffraction spectroscopy.

<

2.3.2 Platinum Hexafluoride and Xenon

(i) Gas-gas reaction in glass apparatus

A Pyrex glass break-seal bulb, the seal of
which was bypassed by a small bore tube was joined to a metal
manifold by way of a metal valve. The bulb was evacuated by

way of a glass side arm to avoid introducing moisture to the
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metal system, The glass was flamed out under vacuum, and the
side arm drawn off. Platinum hexafluoride of known volume,
temperature and pressure was condensed from the méetal system iqto
the glass tube. The break-seal bypass was sealed to isolate thé
fluoride, which was allowed to vaporize. Xenon, also measured
out in the metal system,iwas admitted by breaking the glass seal.
The colour of PtFg vanished and yellow powder was produced. The
residual gas was colourless and condensible at -196?. The

results for the reactions. are.shown below.

Experiment No. 1 2
PtFg pressure, mm. 95.0 A 70.0
initial Xe pressure, mm, 156.6 72,0
Residﬁal Xe pressure, mm. 82.0 | 23.0
Combining ratio Xe/PtFg 1:1.27 1:1.42

(ii) Solid-gas reaction in quartz apparatus .

Solid-gas reactions of PtFg with Xe were
-carried out in a quartz bulb as described in Section 2.1.5. The

results of the tensimetric titrations are shown below.

Experiment No. 1 2 3

~Initial PtFg pressure, mm. 93.0 117.5 56.0
Residual PtFg pressure, mm. 0 0 12,0
Initial Xe pressure, mm. ©108.0 117.5 - 27.5
Residual Xe pressure, mm,. 17.0 59.0 -0

- Combining ratio Xe/PtF6 1:1.02 1:2.0 1:1.6



76

(iii) Solid-gas reactions in nickel apparatus

— A series of reactions were carried out using
a nickel weighing can with a capacity of approxipately 113 ml.,
weight 174.5 g. This bottle waé fitted with a Hoke A431 ﬁalve
and was joined to- the vacuum system by a“compression fitting.
The can was condfitioned by exposure to platinum hexafluoride
gas for several hours. 'In each experiment tensimetrically
measured platinum hexafluoridé was condensed in the can, which
was then weighed. Next a tensimetered sample of xenon:was con-
densed in the can, which was then warmed to room temperature.
Gaseous residues were transferped to the gauge for measurement,
and the can was reweighed. The results for a sequence of solid-

gas reaction in the nickel can are summarized below.

Experiment No. 1 2 T 4 5 6

. PtFg, pr., mm, - 97.0 73.0 90.0 96.0 95.0
PtFg, wt., g. 0.1117 0.0829 0.0714 0.0828 0.0897 0.0893
Initial Xe, - '58.0 46.0 53.0 59.0 74.0
pr., mm. ;i
Residual Xe, - 6.0 7.0 3.0 5.0 23.0
pr., mm. :
Xe, wt., g. 0.0175 0.Q0212 0.0144 0.0188 0.0255 0.0212

_Temperature °C 20.8 22.2 23.6 23.6 23.6 23.6
Combining ratio:
. Tensimetric 1:1.87 1:1.87 1:1.80 1:1.78 1:1.86

Gravimetric 1:2.3 1:1.66 1:2.1.  1:1.87 1:1.49 1:1.78°
. S ¥ D ‘

The over-all combining ratio:
Tensimetric. 1:1.83

Gravimetric 1:1.89
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- (iv) = The reaction of Xe'(PtFG)l.sg with xenon gas.

Sufficient xenon (311 mm.) was added to the
weighing can containing 0.6464 g. of adduct of composition
Xe(PtF6)1.89 to bring the compositiqn to XePtFg, and the can was
heated to 130° for one hour. Most Qf the xXenon was consumed
(residual pressure 128 mm.) énd amqunted‘to 0.0621 g., this re-
presenting a change in composition to Xe(PtF6)1.24. Prolonged
heating with excess xenon diﬂ not change this édmposition
significantly.

(v) Gas-gas reaction in a nickel apparatus

The procedure was similar to that described
for the gas-gas reaction in a quartz bulb. ' The results for the

reactions are shown below.

Experiment No. 1 2 3 4
PtFg pressure, mm. o | 86.0 76.5 88.5 88.5
Initial Xe pressure, mm. . 112.0 94.5 154 146 .0
Residual Xe pressure, mm., 12.0 53.0 114 95.5
Combining ratio Xe/PtFg 1:0.86 1:1.84 1:2.2 1:1.75

(vi) Spectra of Xe-PtFg adduct

The infrared spectrum of material deposited
on silver chloride winddws»in the nickel-bodied gas cell was
recorded. The composition of the adduct was Xe(PtFg)y 79. Only

1 were assignable to the

two peaks in the region 400-4000 cm™
adduct: 625 cm™ 1t (vs), 550 em~ 1 (s). The visible and ultraviolet
spectrum of material deposited on the windows of a silica gas

cell was recorded. A single peak at_BSZSX was observed. No
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differences in. the absorption spectra were noted for several
separate adduct samples.

(vii) Physical properties of the Xe-PtFgz adduct

The adduct is yellow when deposited in thin
films but in bulk is deep red. The solid becomes glassy in
appearance when heated to 1150, but does not melt below 1650,
when it decomposes to produce xenon tetrafluoride, X-Ray pbwder
photographs of the adduct of composition XePtFg show no difrac-
tion pattern. Complex patterns were observed with samples of
material richer in platinum. The plasticity of the material
made the preparation of good powder samples difficult. Even
well-cooled samples did not grind well,

(viii) The thermal decomposition of the Xe-PtFg adduct

A sample of material of composition Xe(PtFg); g
contained in a quartz bottle was heated under an atmosphere of
nitrogen. No change was observed up to 1150, when the red solid
deepened in colour and became glaésy. There was no furthep
change up to 165°, when the solid fell to a brick-red powder and
a deposit of colourless crystals collected on the colourless
silica. The temperature was maintained close to 1652 until
décomposition appeared to be complete (~1lhr).

An infrared spectrum of the white solid over

-1 1

the range 400-4000 cm_l showed peaks at 595 cm (vs) and 589 cm™
(vs), values in close agreement with those given by Claassen,
Chernick and Malm60 for the strong doublet of xenon tetrafluoride.

The residual platinum compound was analysed

for platinum and fluorine by pyrohydrolysis (Found: F, 27.0,
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26.4; Pt, 54.5; Xe,A14.7, 14.7%. XePtyF,, requires F, 26.7,
Pt, 54.8; Xe, 18.5%).

The decomposition product, XePtzF10 was found
to be diamagnetic. Its interaction with cesium fluoride in
iodine pentafluoride gave a yellow product, X-ray powder photo-
graphs of which indicated the presence of cesium hexafluoropla-
tinate (IV).

(ix) The preparation of RbPtFg from XePtFg in iodine

pentafluoride

Platinum hexafluoride (total pressure in the
known volume at 21.30 of 186 mm.) was condensed, followed by
xenon (pressure 216 mm.) on rubidium fluoride (0.10 g.) in a
quartz bulb. The quantities of PtFg and RbF were arranged to
be equimolar. The mixture waé warmed slowly until the platinum
hexafluoride was seen to react with the xenon. The reaction was
moderated by judicious cooling. A residual pressure of xenon
of 34 mm. indicated a composition Xe (ptFG)l.OZ for the adduct.
Jodine pentafluoride Qas distilled onto the rubidium fluoride-
xenon fluoroplatinate mixture and the solids dissolved, some
gas (pé}bably xenon) being evolved. An orange—yéllow solution
formed. Removal of the iodine pentafluoride under vacuum left
an orange-yellow solid. X-ray powder photographs of this material
revealed afstrong patterﬁ of lines which were indexéd; on the
basis of a rhombohedral unit cell, a = 5.082; A= 96° 587,
indicative of RbPtFg. Subsequently reported rubidium hexafluorb-
iridate (V) and hexafluoroosmate (V) ‘have been found to have unit

cells of similar dimensions8 as this compound.
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(x) The preparation of CsPtFg from Xe(PtFg)g o in iodine

peﬁtafluoridé

An experiment similar to the above, involving
interaction of material which proved to have the éomposition
'Xe(PtFG)z and cesium fluoride in iodine pentafluoride, produced
an orange-yellow solid. The amounts of PtFg and CsF had been
-set to be in an equimolar ratio. X-Ray powder photographs of
the solid identified it as cesium hexafluoroplatinate (V). No
other lines were present on the photographs other than those
attributable to the rhombohedral unit cell, a = 5.278, = 96° 25'.
This cell is very similar in dimensions to that reported for |
cesium hexafluoroiridate (V) and.osmate(V).61

- (xi) Xenon tetrafluoride with platinum tetrafluoride in

iodine pentafluoride solution.

"Although xenon tetrafluoride dissolved in
iddine.pentafluoride without reaction, no adduct could bé
isolated. - Furthermore, this solution failed to reéct with
platinum tetrafluoride even on prolonged reflux at ~100°,

(xii) The gas-gas reaction of Xe and PtFg on a large scale

An apparatus similar td that used for the
related reaction of oxygen and platinum hexafluoride was used
here. The oxygen supply section of that apbaratus was replaced
by a xXenon supply. Xenon was taken in a monel can at high pres-
sure. The reactant gases were carried in streams of nitrogen,
The two streams met in the reaction trap D whereAa yellow cloud
was produced. Brown particles deposited in the apparatus. Un-

reacted xenon was transferred back from the traps to the storage
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bottle and was reacted with PtF6 again in the same way. The
product in thin layers seemed to be a yellowish powder but in
bulk it was a dark red sticky material.

An X-ray powder photograph of the friable
material showed a complex pattern and the pattern was weak even
after long exposures.

Only one very small sample could be prepared
for magnetic measurements. It was packed in a Pyrex tube of
2 mm. diameter. Because of the small length of the sample the
magnetic balance described in Section 2.1.6 could not be used.
Instead a permanent magnet of field strength<8000‘gauss
(Arnold Engineering Corporation, Illinois) was used along with
a microbalance. The magnetic susceptibility at room temperature
was found by the usual mercury II cobalt tetrathiocyanate
standard. It was found to be 9.89 x 1079 c.g.s. units at room
temperature. Assigning the formula Xe(PtFg)o to the product,
the magnetic moment is calculated to be 4 B.M,

The sample from the magnetic measurements was
pyrohydrolysed for platinum and fluerine enalysis. (Found :

F, 32.2; Pt, 51.7%. Xe(PtFg), requires F, 30.4; Pt, 52.1%).

2.3.3 Reactions of PtFg with (i) Kr, (ii) NF3, (iii) CoO,

(iv) CgFg and (v) Clo

(i) Krypton
Platinum hexafluoride and a large excess of
krypton were separately condensed in a silica bulb. The red
vapour of PtFg was observed on warm up and was still observable

at 500,
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A certain pressure of platinum hexafluoride
was taken in the infrared cell and a higher pressure of krypton
.was taken in the reservoir of the cell, The IR spectruﬁ-of
PtFg was recorded and krypton was admitted to the cell. The
red colour of PtFg vapour was still visible. That the platinum
hexafluoride was not consumed at éll was shown by the IR spec-
trum of the reaction mixture.

- (ii) Nitrogen trifluoride

Nitrogen trifluoride was treated with platinum
hexafluoride in the same way as krypton and the results obtained
were similar, i.e., platinum hexafluoride did not react with
nitrogen trifluoride.

(iii)  Carbon monoxide

The gas-gas reaction of PtFg with CO was

highly exothermic as evidenced by the production of a flame in
the reaction bulb. A brilliant red coloured solid was initially
produced which turned red-brown and finally grey on pumping off
the residual gases. The result of the tensimetric titration
is shown below,

Initial PtFg Initial CO Residual gases

(PtFg absent)

Pressure, mm. 59.8 159.1 146.5

An infrared spectrum of the residual gases
showed the presence of COF9 and CO only. The X-ray poner
photograph of the solid product showed lines attribufable to
PtF4 and, in addition, there was a cubic pattern which was

proved to be that of platinum metal.



83

(iv) Hexafluorobenzene

The gas-gas reaction of CgFg with PtFg was
very violent and a light brown solid was produced. The result
. of the titfation is shown below., About 1 mm. of the residual
gases was incondensible at -196°, possibly indicating the pre-

sence of fluorine.

Initial PtF6 . Initial CgFg Residual gases
: (PtF6 absent)
Pressure, mm. 29.7 60.2 65.2

.. The infrared spectrum of the residual
gases showed the presence of CgFg and further peaks at 1200,

1260, 1280 and 1300 cm™ !

attributable to CF4 and other fluoro-
carbons. . The X-ray powder photograph showedlthe‘solid product
to be amorphous.
(v) Chlorine
The gas-gas reaction of PtFg with 012 was
exothermic but was not accompanied by a flame. The product
was a pale yellow powder.  The results of the tenéimetric
titrations are shown below.
Initial.PtF6 - Initial Clg Residual gases
Pressure, (mm.) Pressure,(mm.) Pressure, (mm.)
PtFg absent)
Experiment I 41.0 - 132.8 115.8

Experiment II 49.0 100.9 ' 85.8

' The residual gases were condensible at -196°
and their infrared spectra showed Cl1F, ClFg3, or‘ClFs to be absent.

The X-ray powder photogrﬁph of the solid product showed that it
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was amorphous.

2.3.4 Reactions of Rhodium Hexafluoride with (i) Xe and

(ii) Kr
(i) ZXenon
Since rhodium hexafluoride was reduced in the
gauge andmain line so rapidly that tensimetric measurements
of the quantity of hexafluoride were unreliable, the stoichio-
metry of the reaction with Xenon was determined frbm the weight
of adduct formed in the consumption of a tensimetrically mea-
sured quantity of xenon. Rhodium hexafluoride was roughly
measured out tensimetrically and quickly condensed in a nickel
weighing-can at -196°, Xenon, in roughly twofold molar excess
of the rhodium fluoride, was accurately measured tensimetrically
»and also condensed in the can, which was subsequently warmed
to room temperature. - Residual xenon was transferred from the
can to the gaqge by cooling the well of the gauge to —1960.
The weight of xenon conéumed was computed from the temsimetric

~measurements, the Volume of the line and gauge being accurately

known.
Results: (1) Wt. of xenon consumed 0.0050 g.
Wt. of adduct formed 0.0139 g.
Combining ratio, Xe/RhFg 1:1.05
(2) Wt. of xenon consumed 0.0120 g.
Wt. of adduct formed 0.0337 g.

Combining ratio, Xe/RhFg 1:1.0
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Samples prepared in quartz and of uncertain
composition were deep red. X-Ray powder photographs of this
material showed only a faint, sharp pattern, perhaps belonging
to a minor phase.

(ii) - Krypton
t When a mixture of RhF6 and large excess of
krypton was warmed to room temperature in a quartz bulb, the
deep red vapour of RhF6 persisted. It persisted even on heating
up to 50°. This established that RhFgy does not:reapt with

krypton,

2.3.5 Iridium Hexafluoride and Chlorine

When a known excess of chlorine was admitted
to a reaction bulb containing IrFg vapour at lower pressure,
no reaction seemed to occur.. The reaction mixture was then
condensed and slowly warmed to room temperature. Reaction
occurred readily when the reactants became liquid and a pale
yellow solid was formed. After a few minutes this solid trans-
formed to darker yellow liquid droplets. The results of the

titrations are shown below.

Initial IrFg . Initial Clo Residual gases

Pressure (mm.) Pressure (mm.) Pressure (mm.)
Experiment I 77.0 185.5 130.5
Experiment II 33.0 98.5 66.5

The residual gases were condensible at -196° and their infrared
spectra indicated absence of C1lF, ClF3 or ClF5. Only small

peaks were observed at 1300, 1280, 1240 and 1150 cm~1l,
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The reaction bulb with the liquid droplets
was sealed off, After a few weeks the liquid droplets had
disappeared and a bright yellow solid had formed.. An X-ray
powder photograph of this showed it to be iQentical with

iridium pentafluoride.57

2.3.6 Reactions of the Hexafluorides of Osmium Iridium and

Platinum with Nitric Oxide.

(i) General

The reaction of nitric oxide with the three
hexafluorides was followed tensimetrically both in solid-gas
and gas-gas phases. The identity of the residual gas in all
these cases was established by its infrared spectrum. It was
found to be nitric oxide only , in all cases. ' X-ray powder
photographs were taken to characterize the solid products.

The gas-gas product in each case was heated
with excess NO at 80° for two hours to check whether any more
NO was consumed by the product to change to a 2:1 adduct.

The reaction of NO with these hexafluorides
was also carried out in tungsten hexafluoride solutions, the
procedure being similar to that described in the reaction of
NO. and OsOFs (Section 2.2.2). The product in each case was
characterized by analysis, magnetic measurements and X—ray'
powder photographs.

(ii) Osmium hexafluoride and nitric oxide

(a) " Tensimetric titrationé
The tensimetric titrations of NO with 0sF6

gave a lilac tinted white product in all the cases. The results
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of the titrations are shown below.

solid-gas feaction gas-gas reaction
‘I IX I | II
OsFg, pr., (mm.) 96.2 108.3 . 122.0 98.0
Initial NO, pf., (mm.) 103.0 160.5 178.0 142.0
Residual NO, pr., (mm.) 6.0 52.0 58.0 47.0
Combining ratio, NOMOsFe 1.00:1 .1.00:1 0.98:1 0.97:1

To the adduct from gas-gas reaction i 82,0 mm,
of NO was added and the mixture heated at 800 for 2 hours. 75 mm,
of NO was left unreacted. 'Thé sfoichiometfy of the final adduct
was thus 1.04:1 (NO: dsFG). There was no change in the solid
phase as shown by the identity Of the X-ray powder photographs
of the adduct before and after heating with excess NO.
(b) Preparation on a large scale. .
The reactions of OsFg; with NO were also done
on a large scale in a glass apparafus. Osmium hexafluoride was
. condensed into a reaction bulb followed by the condensation of
excess NO into the same bulb. The reaction bulb was then opened
to the atmosphere through two glass traps cooled in liquid oxygen.
The bulb was then warmed to room temperature when NO and OsFg
reacted giving a 1ilaé tinted white solid. The bulb containing
the product was drawn off under vacuum.
(c) - Reaction of NO with OsF6 in WFg.
The reaction of NO with OsFg in liquid
tungsten hexafluoride gave a white solid product.

(d) Analysis.

The synthesis of the product from NO and OsFg
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in 1:1 ratio established the formula NOOsFg.
(e) X-ray data.

The X-ray powder photqgraphs of the products
of the reactions of NO and OsFg done in various conditions were
identical with one another. The X-ray powder photograph was
indexed on a cubic CsCl type unit cell as shown in Table XII
a = 10.126 + 0.0028 U = 1038.3%8% ang z - 8.

(f) Magnetic data
The magnetic susceptibilitx was found to. obey
the Curie-Weis law with © = 22° in the range 77° to 300°K with
Befs = 3.36 B.M. at 297°K. The magnetic data are shown in

" Table XIII and the plot of 1/7% versus T is shown in Figure 15.

TABLE XIIX

X-Ray Powder Data for NOOsFg

1/42 ~ Relative
hkl Calc. — Obs. Intensity
200 ' 0.0390 0.0401 8
220 0.0780 0.0797 10
222 0.1170 0.1192 5
321 0.1365 0.1391 1
400 . 0.1560 0.1584 4
411,300 0.1755 0.1784 1
420 0.1950 .0.1979 7
332 0.2145 0.2183 2
422 0.2340 0.2372 9
431,510 0.2535 0.2570 . 1
440 0.3121 . 0.3150 6

(cont'd)
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TABLE -XII (cont'd)

1/d2 Relative

hkl Calc. — Pbs. - Intensity
442,600 0.3511 0.3542 8
620 0.3901 0.3931 7
622 0.4291 0.4323 7
444 0.4681 0.4712 4
640 0.5071 0.5100 7
642 0.5461 0.5491 8

651,732 0.6046 0.6074 1
800 0.6242 0.6260 2
820,644 0.6631 0.6658 7
822,600 -0.7021 0.7055 6
662 0.7411 0.7431 5
840 0.7802 0.7835 6
842 0.8192 0.8221 o4 7
- 0.8215 o, 3
664 0.8582 0.8602 oL 5
844 0.9362 1 0.9396 &3 4
860,10 0 O 1 0.9752 0.9773 ok 5
862,10 2 0 ~ 1.0142 1.0171 kg 7
; 1.0166 ol3 3
666,10 2 2 1.0532 1.0558 A1 5
. 1.0551 Ay 2
864,10 4 0 1.1312 1.1330 &4 7
N 1.1339 g 3
10 4 2 | 1.1702 1.1722 o4 6
. 1.17176ly |

880 1.2482 1.2491 &4 1

(cdnt'd)
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. TABLE XII (cont'd)

. l/d2 Relative
hk1l Calc. Obs. Intensity
882,10 4 4 1.2872 1.2885 6
1:2885 dlg 2
866,10 6 0O 1.3263 | 1.3281°Q1 6
‘ 1.3277d4 9 3
10 6 2 1.3653 ' 1.3665 &1 6
1.3661 d\y 3
844,12 0.0 1,4043 1.4051 A&\ 5
1.4046 chg 2
12 20 1.4433 1.4436 A1 3
1.4438 gy 1
't
12 2 2,10 6 4 1.4823 1.4832 &1 7
" 1.4826 Ao 5
12 4 0 1.5603 1.5604 o 3
1.5599d 4 1
12 4 2,10 8 0 1.5993 1.5994 1 7
886 ' 1.5992d 9 6
10 8 2 1.6383 1.6383 &\ 6
1.6383 d\g 5
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TABLE XIII
Magnetic Datétfor NOOsF6

(a) Ipcreasing temperature - (b) Decreasing temperature

o o y _
K Talobsd Laleee e TE s Eg&:z:a’ng
77.1 16,213 458 296.3 4,717 -151
83.5 14,535 ~ -255 273.0 5,078 -176
95.2 13,369 : 70 253.3 5,763 132
107.4 11,434 -601 233.2 6,057 -20
121.4 10,492 -359 213.6 6,635 51
139.5 9,643 1T 193.6 7,343 145
156.4 8,864 155 174.2 7,998 84
173.2 8,119 164 154.5 8,944 | 141
192.8 7,347 122 137.0 . 9,870 91
213.4 6,695 105 121.6 10,461 -374
233.6 6,167 100 109.2 11,183 -685
253.4 5,763 134 ©95.7 12)948 -294
273.5 5,402 157 85.0 14,696 | 116
297.1 4,717 -139 77.1 16,300 545

* Curie-Weiss law obedience © = 22°
1t The data in columns for 2% are 106 times the absolute

values in c.g.s..units/mole.
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Figure 15. Plot of l/xk vs. T for NOOsFg



93

(iii) Iridium hexafluoride and nitric oxide

~(a) Tensimetric titrations.
" The solid products from tensimetric titrations
of NO and IrFg were white to light yellow in coloﬁr. The
7
) .

results of the titrations 'are summarized below. The identities

of the residual gases were established by their infrared spectra.

Solid-gas reaction Gas-gas reaction
I II I II
Initial IrFg pr., mm. 69.0 116.0 68.0 70.0
Initial NO pr., mm. 69.0 184.0 89.0 145.5
Residual IrF6 pr., mm. | 16.0 0 | 0 _0
Residual NO pr., mm. 0 , 40.0 12.0 34.5
Combining ratio, NO/IrFg 1.30:1 1.24:1 1.13:1  1.58:1:

To the adduct from gas-gas reaction I 95.0 mm,
of NO was added and the mixture heqted at 80° for two houfs,
30 mm. of NO being consumed. It -was ..further heated for two hours
and anothéf 22 mm. of NO was consumed. These consumptions of
NO brought the ratid of NO:IrFg in the final adduct-to 1.89:1.
The X-ray powder diffraction patterns of all
the reaction products were complex but were similar to one
another. In the complex pattern a cubic pattern similar to
that of,NOOsFG was readily detectable. The relative intensity
of the cubic pattern as compared to that of another pattern
present varied from producf to. product. The cubic pattern was
-very weak in the product of the composition (NO)ldglfFe. The

strong pattern due to another phase resembled that of (NO)ZPtFG

(q.v.).
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(b) Reactions of NO with IrFg in WFg
The reaction of N? Qith-IrFG in liquid
tungsten hexafluoride gave a white solid, the characterization
of which is given in following sections.
(¢) Analysis
The compound was analysed by pyrohydrolysis.
(Found: N, 4.15; F, 33.43; and Ir, 57.16%. NOIrFg requires
N, 4.16, F, 33.?1; Ir, 87.17%.
. (d) ~ X-Ray dgfa
| The*po&derphotograph of the solid product
from the WFg reaction was indexed on a cubic CsCl pattern as
shown in Table XIV with unit cell size, a = 10.114 + 0.0022,
U = 1034.6 and Z = 8. ‘The pattefn was identical with that pre-
sent in the complex pattern of the NO- rich adducts forméd in

the tensimetric titrations.

TABLE XIV

llg? _ Relative
hkl Calc. Obs. - Intensity
200 0.0391 | 0.0398 8
220 0.0782 0.0792 10
222 0.1173 0.1186 5
321 0.1368 0.1387 1
400 0.1564 0.1577 4
411,330 0.1759 0.1776 1
420 0.1955 0.1971 7
332 0.2150 0.2163 2
422 0.2346 0.2363 8

(cont'd)



TABLE XIV (cont'd)

_ _ligf Relative

hk1l Calc. " Obs. Intensity
431,510 0.2541 0.2562 1
440 0.3128 0.3149 6
442,600 0.3519 0.3540 8
620 0.3910 0.3929 7
622 0.4301 0.4322 7
444 0.4692 0.4700 4
640 0.5083 0.5093 7
642 0.5474 0.5495 8
800 0.6256 0.6275 1
644,820 0.6647 0.6662 7
822,660 0.7038 0.7059 6
662 0.7429 0.7441 5
840 0.7820 0.7831 6
842 0.8211 0.8222 7
. 664 0.8602 0.8608 5
844 0.9384 0.9395 4
860,10 0 0 0.9775 0.9778 5
862,10 2 0 1.0166 1.0168 6
666,10 2 2 1.0557 1.0555 5
864,10 4 0 1.1339 1.1349 o1 7
10 4 2 1.1730 1.17250 6
1.1709 oo 2
880 1.2512 1.2519 A1 vw
882,10 4 4 1.2903 12907 &4 6
1.2907 o~y 2

(cont'd)
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TABLE XIV (cont'd)

‘ l/d2 Relative
hk1 Calc. — Obs. Intensity
866,10 6 0 1.3294 1.3297 9. 6

o 1.3279 &, 2
10 6 2 1.3685 1.3699 A1 6
- 1.3690 0k 5 3
12 0 0 1.4076 1.4087 A4 5
1.4077 &, 2
12,20 1.4467 1.4470 A1 3
| : 1.4452 A, 1
10 6 4,12 2 2 1.4858 1.4864 o 7
, 1.4850 A, 5
12 4 0 1.5640 1.5639 k1 3
- 1.5630 0k, 1
12 4 2 1.6031 1.6033 Ak o 7

10 8 0,866
1.6030 kg 6
10 8 2 1.6422 1.6420 ol 6
1.6424 ol 5

(e) - Magnetic properties

The magnetic susceptibility of the sample
was measured over the temperature rahge 77°-298°K. It was found
to show nearly temperature—independent‘paramagnetism as shown
in Table XV with Ugge = 1.23 B.M. at 298°K.

TABLE XV

Magnetic Data for NOI"rF6

‘Temp . °K 'XA(obs.)xloa Temp . °K XA(obs.)xlO6
~Cc.g.S. units 'c.g.S. units
77.1 696 204 .2 686
100.5 695 242.3 647
121.1 694 282.1 : 628

165.7 641 - 298.0 636
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(iv) Platinum hexafluoride and nitric oxide

(a) Tensimetric titrétions
The colour of the products of titrations of
NO with PtFg varied from white to yellow. Usually a mixture of
white and &ellow materials was obtained in the solid-gas reaction.
The identity of the residual gas was established by IR spectro-

scopy. The results of the titrations are tabulated below.

Solid-gas reaction Gas-gas reaction
I II I11 I CII IIX
- PtFg pr., (mm.) 72.1 54.5 48.0 43.0 71.5 48.5
Initial NO
pr., (mm.) 130.0 105.5 98.7 120.5 147.5 120.5
Residual NO
pr., (mm.) 37.2 9.5 11.0 74.5 77.2 53.0
Combining ratio, '
NO/PtFg 1.28:1 1.76:1 1.83:1 1.07:1 0.98:1 1.39:1

The tensimetric titrations of NO and PtFg
in the solid—gas\reaction showed the combining ratio to vary
from 1.3:1 to 1.8:1. X-ray powder photographs of the adducts
from solid-gas feactions had a similar complex péttern to that
of the NO(IrFG)x adducts. A cubic pattern similar to that of
NOOsFgz was easily recognized, however, the cubic pattern was
indexed on the basis of a cubic CsCl type unit cell with a =
10.12 + 0.0IX.

In gas~gas reactions the ratio was found to
vary from 1:1 to 1.4:1. The X-ray powder photograph:of the 1:1

adduct was indexed on the basis of a rhombohedral unit cell as
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shown in Table XVI with a = 5.03%, di= 97.6° and U = 123.58°.
The X-ray powder photograph of the adduct richer in NO was

complex and contaihed the above rhombohedral pattern as well,

TABLE XVI

X~Ray Powder Data for NOPtFg (rhombohedral)

jﬁg? Relative
hkl Calc. Obs. Intensity
100 0.0412 0.0414 "10
101 0.0698 0.0699 8
110 0.0950 0.0956 8
111 0.1110 0.1111 6
200 0.1648 0.1644 5
201 0.1808 0.1804 4
211 0.2346 0.2349 9
202 0.2792 0.2795 4
211 0.3092
_ 0.3157 5
213 0.3204‘3
300 0.3708 0.3689 5
310 0.4498 0.4491 5
312 0.5138 0.5141 3
311 0.5414 0.5391 1
313 0.6694 0.6691 1

The adduct from gas gas reaction II was heated
“with 100.6 mm. of NO at 80° for two hours in the reaction bulb.
The pressure of residual NO was 31.6 mm. The consumption of

NO indicated the stoichiometry of the final aaduét to be 1,95:1

(NO:PtF6). The X-ray powder pattern of this adduct was found to
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be present in the complex pattern of the above mentioned
NO-rich adducts from solid-gas and gas-éas reactions.
(b) Reaction of NO with PtFg in WFg.

The reaction of NO with PtFg in liquid tungsten
hexafluoride was done in a slightly modified way as Kel-thfaps
were found to crack while handling solid PtFG. Platinum hexa-
fluroide vapour carried in a stream of nifrogen, and a stream
of NO, were bubbled simultaneously through liquid tungsten hexa-
fluoride. The product was slightly yellow in cqlour. The
characterization was done as follows.

(c) Anaiysis“

The compound Was analysed by pyrohydrolysis.
(Found:F, 30.72; Pt,‘54.78%.- NOPtF, requires F, 33.62; Pt,
57.53%. (N0)2PtF6 requires F, -30.88; Pt, 52.86%).

(d)  X-Ray data.

The X-ray powder pattern showed two mixed
phases, a wéak cubic pattern (identical to that found for the
solid-gas reaction product) and another, a strong pattern which
was indexed on the basis of a hexagonaliunit cell, a =(10.le,

¢c=3.53 and U = 306.32% the data for which are given in
Table XVII. This strong pattern was identical with that of
the 1.95:1 adduct of NO and PtF; mentioned earlier. A remarkable
feature of these photographs was that they contained sharp and
diffuse lines.
(e) Magnetic data.
The g. susceptibility of the sample was found

to be 0.747 x 10_6 c.g£.S. units at room temperature (which gives



hkl
110

200

210

101

300
111

201
220
301
400

311
320

410
401
002
330
112
411

202
420

302
331

421
520
402
610

322
431

X-Ray Powder Data for (NO)oPtFg

Calc.

0
0
0
0
0
0
0
0
0
0]
0
0
0
0
0.
0
0
0
0
0]
0
0
0
0]
0
0
0
0

.0399
.0532

.0931
.0935

.1197
.1201

.1330
. 1596
. 1995
.2128

.2531
.2527

.2793
. 2930
3208
.3591
.3603
.3595

.3740
.3724

.4405
.4393

.4526
.5188
.5332
.5719

.5735
.5723

TABLE XVII

—

Obs.

.0399

.0539

.0942

.1193

. 1344
.1599
.2011

. 2150
.2548

.2801
. 2915
.3204

.3580
.3735
. 4406

.4557
.5172
.5335

.5754

100

Relative
Intensity

10 S
6 D
4 D
8 S
6 D
4 S
6 D
4 D
3 D
5 S
3 D
1 D
4 S
1 D
2 D
2 D
2 D
4 S
4 S

(cont'd)
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TABLE XVII' (cont'd)

Ml/dz A | Relative
hkl Calc. Obs. Intensity
-- -- _ .6123 2
512 0.7349 :
701 0.7319 0.7339 w D
531 0.7319
710 0.7581 0.7566 1 D
- ' -- 0.8343 VW D
800 0.8512 0.8496 | 1 D

the values of M= 0.73 or 0.81 B.M; on the basis of a molecular
formula NOPtF, or (NO)gPtFg respectively).
(f) Reaction with KF in water.

A small amount of the product from the tgngsten
hexafluoride reaction was poured into a saturated solution of
potassium fluoride in water. The yeilow solid which precipitated
was filtered and washed. :The X-ray bowder photograph of the
solid was identical with that of KgPtFg.

(g) Preparation of pure NOPtF6

The pure cubic form of NOPtF6 was prepared by

Mr . S.Beaton of these laboratories using the novel reaction:

NOF + PtFg = NOPtFg + 1/2 Fy.%2

The X-ray powder photograph’

of the bright yellow product was identical with the cubic
pattern observed in the photograph of the NO + PtF6 products.

Mr. Beaton has indexed the powder photograph of the pure material

o]
on the basis of a CsCl type cubic unit cell, a = 10.112 + .0024A,

U - 1033.98°, z - s.
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(h)' Treatment of pure cubic NOPtFg with excess NO.
| Some pure NOPtFg, kindly supplied by Mr.
Beaton, was taken in a glass reaction bulb and treated with
excess NO. The colour of the solid changed from yellow to
brown. The‘X—ray powder photograph was idéntical with the

photograph indexed on the hexagonal pattern mentioned earlier.

2.3.7 Reactions of the Hexafluorides of Osmium, Iridium and

Platinum with Sulphur Tetrafluoride

The reactions of OsFg, IrFg and PtFg with
SF4 were followed tensimetrically in the usual way bofh in
- solid-gas and gas-gas reactions.

Large scale reactions of these hexafluorides
with sulphur tetraflyoride were also carried out. They were
done by condensing the hexafluoride in a glass bulb then con-’
densing an excess of sulphur tetrafluoride in the same bulb.
The bulb was then opened to the atmdsphere through two glass
trabs cooled in liquid oxygen. The reaction bulb was warmed
to room temperature and the reaction between hexafluoride and
SF4 took place. In some cases the bulb was slightly warmed
with a hot air blower to complete the reaction. Excess SF4

was pumped off and the bulb was drawn off.

(i) Osmium hexafluoride and sulphur  tetrafluoride

(a) Solid-gas reaction.
A known pressure of OsFg vapour in a known
volume was condensed in.the reservoir of a monel infrared gas
cell followed by the condensation of a known quantity of SF4.

The reservoir was warmed to room temperature. The pressure of
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residual gases was nearly the sum of the pressures of OsFg and
SF4 taken. The infrared spectrum of the residual gases showed
the presence of OsFg and SFy4.
(b) Gas-gas reaction.

A gas-gas reaction of 0sF6 and SF4 was done
in a glass bulb, No visible reaction seemed to occur and the
IR‘spectrum of the residual gases again showed the presencé of
SF4 and OsF6.

(c) OsFg and liquid SFy4.

The reaction of solid OsFg with liquid SFy
was exothermic, starting before the reaction mixture had
attained room temperature. After the reaction was complete,
the reaction bulb contained a white precipitate in a deep yellow
orange liquid. The colour of the solution indicated that the
product was‘possibly soluble . in liquid SF4. On pumping out
excess SF, a white solid remained.

(d) Analysis.

The analysis of the product was done by the
closed system alkaline hydrolysis and osmium, sulphur ana fluo-
rine were estimated in the hydrolysed solution. Because of the
presence of sulphite ions in the hydrolysed solution the method
of analysis was slightly modified. Osmium forms a sulphite
complex with sulphite ions and hence the destruction of sulphite
ions was necessary in order to precipitate osmium completely.
This was achieved by oxidizing sulphite to sulphate by addition
of hydroéen peroiide solution in an aliquot of hydrolysed

solution. Osmium was then precipated as usual with hydrazine
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hydrate.

Fluorine and sulphur were estimated in the
filtrate from the estimation of osmium as described in Section
2.1.3. Fluorine was also estimated by the Willard and Winter
distillatiqn of an aliquot of hydrolysed solution followed by
precipitation as PbClF. (Found:F, 42.00; S, 7.46; Os, 47.82%.
SF,,0sFs requires F, 43.48; S, 8.14; Os, 48.36%).

(e) Magnetic data

The magnetic susceptibility was measured at

room temperature only. }*eff = 3.46 B.M. at 294°K.
(f) X-Ray data.

The X-ray powder pattern was similar to that
of NOOsFg. Lines only up to 6‘= 40° were observed on the pat--
Atern even with long exposures of the sample, hence the-unit
cell dimensions were not found with great accuracy. However,
a crude Nelson Riley plot gave the unit cell size a = 11.162 +
0.0042, U = 1390.623, Z = 8. The X-ray data are shown in
- Table XVIII,

(ii) Iridium hexafluoride and sulphur. tetrafluoride

(a) Gas-gas reaction.
- No visible reaction seemed to occur in the
attempted gas-gas reaction of SF4
infrared spectrum of the residual égses showed the presence of

and IrF6 in a glass bulb. The

both SF4 and~IrF6.
(b) Solid-gas reaction
In the attempt of solid-gas reaction of SFy4

and IrFg some yellowish white solid was found to form at the
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bottom of the reaction bulb. The infrared spectrum of the
residual gases showed tﬁe presence of both SF4 and IrFg. It
seemed that a reaction had taken place where solid IrFg was in
contact with excess of liquid SF4.

(¢) 1IrFg and liquid SFy

This. reaction was more exothermic than the
reaction of solid OsF6 with 1iquid:SF4 as indicated by the
reaction bulb becoming quite hot. After the completion of the
reaction, the bulb contained a puff coloured solid in a pale
pink solution. The colour of the solution indicated that the
product was possibly soluble in liquid SF;. On pumpiqg off
excess SF4 a pale yellow tq buff solid was left.

(d) Analysis.

The analysis was done by pyrohydrolysis.
Sulphur and fluorine were estimated in the distillate as des-
cribed in Section 2.1.3 (Found:¥;43.53; S, 7.46; Ir 47.86%.
SF,,IrFs requires F, 43.26, S, 8.11; Ir 48.62%).

(e) Magnetic data. |

The magnetic susceptibility measurement at

room temperature gave a value of Keff = 1.51 B.M.
(f) X-Ray data.

The X-ray powder phdtograph was almost identi-
cal with thét of SF4,0sF5. Lines only up to 6 = 400 were
.observed. In the visual comparison of the photographs of,SF4,
OsFj5 and SF4,IrFs a few (two or three) lines near © = 40°
indicated that the unit cell size 6f the latter was smaller than
that of the former. Because of the very low intensities of these

lines, they could not be measured accurately. The unit cell was
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cubic as shown in Table XVIII with a = 11.162 + .0048 U =

o]
1390A, Z = 8.

(1i1) Platinum hexafluoride with sulphur tetrafluoride
(a) Gas-gas reaction |
Unlike OsFg and IrFg, PtFg reacted with SFy
in a gas-gas reaction, producing a brown solid, The sample was
poorly crystalline and very few lines were seen on the X-ray
powder photograph which seemed to have s§me-similarityﬂto:the
pattern of (NO)2PtF. |
(b)  PtFg with liquid SFy
Solid PtFy seemed to react with liquid SFy
at very low temperature, in fact the reaction seemed to occﬁr
while SF4 was being condensed on the solid PtFG. On warming to
room temperature a chocolate coloured solid was seen in a colour-
less liquid. The colourless liquid indicated that the product
was not soluble in liquid SF4. On pumping off excess SF4 a buff
solid remained. |
(¢) Analysis
The analysis was done by'ﬁyrthqrolysis.v
(Found: F, 35.48; S, 6.17; Pt, 52.54%. SF4,PtFg5 requires
F, 42.93; S, 8.05; Pt, 49.02%. (SFy)y PtF, requires F, 46.78;
S, 13.15; Pt,40.06%) .
(d) Magnetic data.
The magnetic suSceptibility measurements were

done only at room temperature. :Xé = 0.877 x 10-6

c,8.S, units
at 295°K. (This gives 1.00 B.M. for pefs using SF4,PtF5 as

molecular formula).
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(e) X-Ray photograph.
" The product was amorphous. No lines were seen

on the X-ray powder photograph.

2,3.8 Nitrosyl Hexafluoroniobate and -tantalate

NONbFg and NOTaF_, were prepared by the reaction

6
of NbyO5 and Tan05 with NOC1l and BrF3. The épparatus and methods
used were similar to those given under the preparation of NOOsO3Fj3.
The only difference was that the oxides in this case were taken
in the reaction bulb itself before joining it to the apparatué.
Both NONbFg and NOTaFg were white solids.
(a) X-Ray data

The X-ray powder patterns of these two com-
. pounds were identical with each other and were similar to that
of NOOsFg. They were indexed on the basis of cubic unit cells
of CsCl type with a = 10.22 + .004& and Z = 8 for both. The

X~ray data powder are given in Table XIX.

2,3.9 Magnetic Properties of Platinum Hexafluoride

A sample of platinum hexafluoride was sealed
in a 4 mm. diam. quartz tubé and the magnetic susceptibility
‘was measured over the temperature range 77° to 297°K. The
molar susceptibility was fbund to be nearly temperature-inde-
pendent, The magnetic data are given in Table XX. The valué

of ‘Meff at 296°K was found to be 1.30 B.M.



hkl

200

220

222

400
420

422

521
440

442,
600

620
622

444
640

1/d%(Ccale) 1/d2(Obs)

o-

0

0

0.0321

.0642

.0963

.1284
.1605

.1926

.2408
.2568

.2889

.3210

.3531

.3852

.4173

SF30sFg

0.

Oo

.0262
.0323
.0419 *
.0526°
.0646
.0744 *

.0974

.1170*
.1293
.1618
.1935
.2268 *
.2418

2575

.2901

.3216

.3545

3871

4186

TABLE XVIII

X-Ray Powder Data for SF30sFg and SF3IrFg
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SF3IrFg
Relatiye 9 Relatiye
Intensity 1/d“(Obs) Intensity
1 0.0263 1 ®200
8 0.0321 8
1 0.0423* 1
2 0.0332 2 9220
10 0.0646 10
1. 0.0751 % 1
6 0.0975 6
0.1039* vVw
vw 0.1174 vw
5 0.1297 5
6 0.1622 6
7 0.1945 7
vw 0.2309* vw
1 0.2436 1
5 0.2586 5
7 0.2906 7
5 0.3232 5
0.3403* W
4 0.3550 4
0.3777 * w
1 0.3884 1
4 0.4200 (cont ' d)

* The intensities of these lines vary between photographs of
different specimens and hence are assumed to be lines due to

some impurities.
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TABLE XVIII (cont'd)

9 Relative 2 Relative
hkl 1/d2(Calc) 1/d°(Obs) Intensity 1/d“(Obs)  Intensity

642 0.4494 0.4514 6 0.4517 6
0.4889" W

644, ( 5458 . 0.5477 3 0.5472 3

820

660, .

apo’ 05779 0.5787 1 0.5774 1

662 0.6100 0.6112 W

840 0.6421 0.6422 1

842 0.6742 0.6761 1 0.6746 1

TABLE XIX

X-Ray Powder Data for NONbFg and NOTaFg

2

1/4° Relative
hkl Calc. Obs. Intensity
200 0.0383 © 0.0391 8
211 0.0574 0.0589 vw
220 0.0766 0.0776 10
310 0.0957 0.0948 w
222 0.1149 0.1164 5
321 0.1340 0.1358 . 1
400 0.1532 0.1545 4
330,411 0.1723 0.1732 1
420 0.1915 0.1933 7
332 0.2106 0.2120 2
422 0.2298. 0.2313 8

(cont'd)



hk1

431,510

440

442,600

620

622

631

444

640

642

732,651

800

644,820
660,822

662

840

842

664

844"

860,10 0 0

862,10 2 0

666,10 2 2

864,10 4 0

10 4 2

880

©c © o O

o

o O o o o O o o o o o o o o

1.

1.

Calc.
. 2489
.3064
.3446
.3829
.4212
.4404
.4595
.4978
.5361
.5935
.6127
.6893
.6893
.7276
.7659
.8042

. 8425

.9191
.9574
. 9957
.0340
.1106
1489
2255

TABLE XIX (cont'd)

1/42

o

© © © ©o © o o

o © o O o o o o o o o o

-]

-

1.

1

Obs.

. 2506

.3081

.3464

.3851

.4230

.4389

.4615

.5003

.5385

.5937

6146

.6915

.6915

.7304

.7676

. 8058

8429

.9206

.9589

. 9964

.0325.

.1124 %
1505 "
.2259"

110

Relative
Intensity

1

6
8
7

-

£ w N s =

=

P T - L N - S -

¥ (cont'd)

*These lines are due to CuKdj. The. corresponding dQ lines were

weak and hence could not be measured accurately.
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TABLE XIX (cont'd)

/4" Relative
hkl Calc. Obs, Intensity
882,10 4 4 1.2637 1.2639* 6
866,10 6 O 1.3021 1.3032" 6
10 6 2 1.3404 1.3409" 6
1200 1.3786 1.3788% 5
12 2 0 1.4169 1.4171%F 3
12 2 2,10 6 4 1.4552 1.4563" 7
12 4 0 1.5318 1.5338" 3

124210 80, 1.5701 1.5707F 7
886 :
10 8 2 1.6084 1.6093* 5
TABLE XX
Magnetic Data for PtFg
Set I ' Set II
Temp.oK 7ix106' _ Temp. °K X, x109 .
(c’g.s.units) (c.g.s.units)

77.1 740 77.1 721
92.8 702 92,2 707
107.6 698 107.1 697
122.3 706 - 122.8 697
138.9 702 140.6 702
156.1 708 157.2 701
171.3 714 173.1 707
191.2 714 191.2 708
208.0 715 209.2 715

(cont'd)
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TABLE XX (cont'd)

Temp.oK Xix106 Temp . °K XAxloe
(c.g.s.units) (c.g.s.units)
225.9 714 227.4 701
242.9 713 243.7 714
261.0 720 . 259.9 713
278.0 721 277.8 711

296.2 711
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Chapter III

DISCUSSION

3.1 THE FLUORIDES AND OXYFLUORIDES OF OSMIUM

3.1.1 Higher Oxidation States of Osmium

As expected of a transition ﬁetal, osmium shows
a wide range of oxidation states in its compounds. Its electronic

6652 and all of the extra-xenon electrons

configuration is (Xe)5d
can be involved in bonding as evidenced by the compounds 0sOy4
and O0sO3Fg.

Attempts to prepare higher simple fluorides of
osmium than the hexafluoride have failed ( though recently a
very unstable heptafluoride of osmium has been reportedﬁs)- This
instability, or absence, of higher simple fluorides than the
hexafluoride, in spite of the existence of ‘oxides and oxyfluo-
rides which show oxidation states higher than 6 (e.g. 0804,
OsOF5 and 0sO3Fp) is at first sight puzzling. This is partic-
cularly so in view of the fact that both oxygen and fluorine
are usually able to excite the highest oxidation state of an
element. A study of the osmium-oxygen-fluorine system has,
however, better defined the attainable oxidation States and the
factors which control them.

The nature of the compounds produced with varying

proportions of oxygen and fluprine is shown below.

Os + 3Fg — OsFg  (29)
Os + 24F9 + 1/209 — O0sOFy (present work)
Os + F2 + 3/209 | — 0s03F5 (30)

Os + 209 , — 0s04 (64)
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The above reactions show that the attainable
formal oxidation state of osmium decreases as the proportiong of
fluorine in the oxidizing gases increases. It is seen that the
maximum number of ligands around osmium is six; moreover, there
is no other known example of osmium in an oxygen or fluorine
environment having a coordination number greater than 6, so the
oxidation limit for a fluoride may be supposed to have been
imposed by a maxiymum coordination number of six for osmium.
However, this could no£ exclude the possibility of OstF4 for
which a very careful search was made in this work, but of which
no trace was found. So the coordination limit does not seem to
be the sole factor controlling the attainable oxidation states
of osmium with oxygen and fluorine.

This behaviour can be rationalized if a distinc-
tion between real and formal oxidation states of a metal is made.
The electron withdrawing power of an oxygen atom is supposed to
be twice that of a fluorine in assigning the formal oxidation
state. This seems unlikely in view of the low electron affinity
of oxygen compared to fluorine. On the other hand if the elec-
tron withdrawing power of oxygen is taken to be only 1.5 times
that of fluorine then the real-oxidation state of osmium in
0s04 is equated with that in OsFg. On this basis OsOF5 and
O0sO3F2 would be equivalent to OsFg.5. Also 0sO2F4 would be
equivalent to OsF7, both of which are unknown. In view of the
instability of OsF7 and the presumed instability of OsOpF4 it

can be taken that OsFg will be extremely unstable.
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3.1.2 Osmium Oxide Pentafluoride

: Osmium oxide pentafluoride is of special
interest in that it is the first simple compound of osmium to
show a formal oxidation state of +7. It has only one non—bonding
-electron. As sucﬁ'it is electronically related to rhenium hexa-
fluoride, although in its molecular symmetry it more closely'
resembles the only previously known MOF5 compound, ReOF5.65

Sincelthe oxygen atom is similar in size to

-\fluorine‘and since the. non-bonding d-electron should not show
any steric‘activity, the molecule OsOF5 is expected to be similar
in size and shape to OsFg. A complete crystal structure analysis
of the orthorhombic form - (stable below 32.5°) has been done by
Bartlett and Trottéfee and has been described in detail. It~
shows that the structure consists of discrete, approximately
octahedral OsOF5 molecules (Table XXI and Figure 16). It has not
beén possible to distinguish between oxygen and fluorine atoms
on the basis of the electron density distribution alone because
‘of the high scattering factor of the osmium atoms.

A non-centrosymmetric structural unit is indi-
cated by the ineqdality of the diametrically opbosed triangular
faces of the épprbximately ocfahedfal molecular unit ofIOSOF5
which is represented in Figure 16. In particular the sides of
face 2,3,3' are 2.50, 2.56 and 2.482 and of face 1,4,4' are
2.62, 2.62 and 2.558.
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TABLE XXI

i

Intramolecular Distances with Standard Deviations (&)

and Valency Angles (degrees) for O0sOF5 Molecule.

Os - 1 1.74 .03 1 - Os -

+ 0 2 176
Os - 2 1.71 + 0.03 1-0s -3 87
Os - 3 1.80 + 0.03 1-0s -4 97
Os - 4 1.75 + 0.03 2 - 0s -3 91
2 -0s -4 86

1 -3 2.43 + 0.64 3 -0s -4 90

1 -4 . 2.62 i.o.64 3 - 0s - 3 87

2 -3 2.50 + 0.04 3 - 0s - 4 175

2 - 4 2.36 + 0.04 4 - 0s - 4' 93

3 -4 2.51 + 0.04 1 - 3-2 89

3 -3 2.48 + 0.04 1 - 4-2 88

4 - 4 2.55 + 0.04 3 - 4-4 89

4 - 3 -3 91

Position 1 has been assigned to the oxygen
ligand on the basis of this asymmetry. Since oxygen has a
greater van der Waals radius than fluorine as a consequence of
its lower nuclear charge, the oxygen-fluorine distances are
anticipated to be greater than the corresponding fluorine-
fluorine distances. The ligand in position 1 is generally
further from its immediate ligand neighbours than the ligands in
positions 2,3,3',4 and 4' and so ligand 1 is considered most

likely to be oxygen.
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Ly Ly
1.74
2.43 2" 43
L L
4 4
1.7¢1 _1.76 —
i 2.48
/1'80 1.80
2.50 2.50
Lo Ly
L
1 Ly,
2.62 2.62 "~ 2,43 2.62,
\ 2.51
L4'\ 2.55 —74 L3,3"' ‘>L4,4'
2.36\ 2.36 2.50\/2;‘36
Lo ' Lo

Figure 16. The Molecular Structure of Ode5
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It is significant that all the Os-ligand distances
are shorter than the Os-F distance of 1.8312 given5 for the gas
phase OsFg molecule. This indicates that tﬁe polarizing power
of the osmium in OsOF5 is greater than in OsFg. The shorter
bond distances in OsOF5 will in part be responsible for the
. smaller volume of the orthorhombic oxyfluoride (Qggg./z = 103.823)
compared with the orthorhombic hexafluoride>? (Uobs./z = 105.723).
The greater density of the oxide pentafluoride, however, will
also be due in part to the dipolar interactions of the molecules.

The single, unpaired, valence electron of the
'OsOFs molecule is presumably non-bonding, and its most probable
location, because of the greater polarizability of the oxygen
- compared with the fluorine ligands, is in the plane normal to
"0s-0 axis. With the oxygen ligand in position 1 (Figure 16)
the lowest energy orbital available for the electron is the
atomic d-orbital which has its nodes approximately cocincident
with the 3,3' 4 and 4' locations of the fluorine ligands. A
consequence of this assignment would be a weakening of the
Py~ dnq bonding in the plane; because of the anti-bonding influ-
ence of the electron. Therefore the Os-F bonds normal to the
Os-0 axis in OsOFg5 are anticipated to be longer than the unique
"0Os-F bond. The atomic assignments givé bond lengths in accord
with this.

Osmium oxide pentafluoride (esembles the related
rhenium compound, Re0F565’67 in yarious properties. The oxide
pentafluoride would also be expected to resemble the corres-

ponding hexafluoride on account of the similarity in size of
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oxygen and fluorine. In Table XXII some thermodynamic data

16
for ReFg, = ReOF5®7 16

and OsFg, derived from vapour -pressure
temperature studies, are compared with the data derived for
OSOF5 in this work.

TABLE XXI1I

Comparison of Some Thermodynamic Data for ReF64

ReOFg5, OsFg and OsOFg

ReFg®  ReoFs®7  0sF % 0sOFg*

M.P. (°C) 18.7 40.8 33.4 59.2
B.P. (°0) . 33.8 73.0 47.5 100.5
Transition pt. (°C) -1.9 30.0 -0.4 32.5
Heat of fusion (cal./mole) 940 -1220 1760 1623
Entropy of fusion | )
{(cal./mole/deg.) 3.21 . 3.88 5.72 5,297
Latent heat of vap.
of liquid {(cal./mole) 6,860 7,720 6,720 8,745
Latent heat of
sublimation (above S
transition. pt., {({cal,/mole) 7,800 8,940 8,480 10,368
Entropy of vap. of
liquid {(cal,/mole/deg.) 22.3 22.3 21.0 23.4
*Present work.

As with the hexafluorides and ReOF;, OsOF5. is’

not.éssociated in the liquid phase, as is indicated by a value
of 23.4 fof’frouton's constant. The low value for the entropy
of fusion,of OsOF5 is similar to the values of the hexafluoridés
of the 4d and 5d series16’23(b) and ReOF5,67 which undergo

transformation from the orthorhombic form to CUbic”formnathhigﬁér
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29,23(b) ,6 The molecules in this form are presumed

23(b),5,6

temperatures.
to have some rotational freedom.

The entropy of fusion of 5f-hexafluorides which
do npt.ﬁhdergo such a transformation is higher (~~13 cal/mole/
deg.)s’6 than that of 4d- and 5d- hexafluorides (~3 to 5 cal/
mole/deg.).5’6 ‘

Although the vapour pressure-temperature studies
indicated that a solid-solid phaée transition occurred in the
neighbourhood of 30° and the entropy of fusion data indicated
thé_existence of a cubic phase above this temperature, this
remained to be established. Accordingly, X-ray powder photo-
graphs were taken above the microscopically observed transition
point of 32.50;. The photographs established the higher tempera-
ture solid phase to be cubic.

The molecular volume of OsOF5 in the cubic form
is less than that of the cubic form of OsFg, just as the mole-
cular volume of orthorhombic form of OsOF5 is less than that of
the ortﬁorhombic OsFg. The volumes of the orthorhombic and
cubic forms of OsOF5 and some hexafluorides are shown in

Table XXIII.

TABLE XXIII

Comparison of the Molecular Volumes of Orthorhombic

and Cubic forms of PtFg, OsFg, IrFg and OsOFg.

Compound PtF6 OsF6 IrF6 OsOF5
3
Cubic, & 110,723 () 191,529 190,532 115,09
Orthorhombic, % 104 .632 105.732  105.432 103.8
3
Difference, A 15.1 15.8 15.1 12.1
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The osmium of OsOF5 possesses one formally non-
bonding dvelectron. For a dlsystem, the spin only value of the
magnetic moment should be 1.73 B.M. However, the spin-orbit
coupling constant, for Os (VII) should be large,68 and with Oy
symmetry the moment for a tzgl system would be less fhan the
spin only value.10 This situation is observed in the ReFg
molecule, the low value of 0.51 B.M.69 for the magnetic moment.
being attributed to the considerable sbin—orbit coupling (4000
cmfl). The susceptibility of OsOF5 obeys the Curie-Weiss law
and since the Weiss constént is small, ©® = 6°, the magnetic
moment is almost temperature-independent with.Heff = 1.47 B.M,
This compares closely with the value for [ﬁeOFé]‘ salts and

indeed with the moments for [WOX5]2' salts as shown in Table

XXIV.
TABLE XXIV
Magnetic Properties of Some dl Complexes
Complex - MPers e Reference
Rby, (WOC15) 1.55 18 70
Cs,y(Wocig) ¢ 1.49 12 70
{(cHg) 3N] 5 [WoC1 5) 1.35 6 70
Rbo (WOBrg) 1.37 - 71
Cs2 [WOBrs5) 1.55 20° 71
M [ReOFs) 1.4 - 72

(M = K) Rb) CS)

OsOF5 1.47 6 Present work
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The higher value of the moment in these compounds
compared with'ReF6 must be attributed to the non-0; symmetry of
the field about the transition metal, the energy splitting by
the asymmetric field being at least comparable with the spin-
orbit coupling. The highest symmetry permitted the osmium in
OsOF5 is C4y. 1In a field of this symmetry the degeneracy of
the tgg orbitals would be removed. Since the oxygen ligand, by
virtue of its smaller nuclear charge, is more polarizable than
the fluorine ligands, it is presumed that the orbital in the
plane normal to 0s-0 axis will be lowest in energy and the
degenerate pair of orbitals in the planes containing the 0s-0
axis will be higher in energy. The d-orbital splitting accom-
panying the change from ReFg to OsOF5 can be represented thus,

as follows:

ReF6 t2g dxz dyz dzx OSOF5 tZg

The location of the single non-bonding electron
of OsOFg in the non~degenerate orbital is presumably responsible
for the greater moment than observed for ReF6.

From the structure of OsOF5 one would expect two
fluorine resonances in the 19F n.m.r., one due to the axial
fluorine which wouid be a quintet and other due to equatorial
fluorines} which would be a doublet. But the n.m.r. spectrum

of OSOF5 dissolved in WF62O

.-shows only one broad resonance to
high field. The related diamagnetic compound, ReOFjg 20 shows
the expected quintet and doublet. The resonance in OsOF5 is

in the region where, by analogy with ReOFs, the quintet of the
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axial 19F.resbnance should be obsérved.- This peak is therefore
presumed to be a smeared quintet. . The anticipated stronger
equatorial resonance is not observed, presumably because it is

broadened by interaction of the 19

F equatorial nuclei with the
unpaired electron localized in that plané. Assuming thét the
oxygen dominates as a Ti{-bond donor and hence monopoiizes the
dyz and dyx orbitals (the Os-O axis being taken as z axis), the

non-bonding unpaired electfon will be confined to the dy, orbital.

y

The broad, asymmetric e.s.r. absorption
centred around g~2 observed for a solution of OSOFs in tungsten
hexafluoride was of no diagnostic value.

Due to the near octahedral symmetry of the
- 0s0Fg5 molecule, some similarity between the infrafed spectrum
of OsOFg and the spectra of related hexafluorides is expected.
Indeed, as may be seen by reference to Figure 11, this is so.

Of course, the spectra of the MOF5 molecules are markedly
similar as may be seen by.reference to Figure 10.

Unambiguous assignment of Cay fundahentals has
not been made. The green colour of the compound renders the
securing of a Raman spectrum impossible with the instruments
presently available. However, some assignments have been made
on the basis of pseudo octahedral symmetry. In Oy symmetry
there are six fundamentals. Each of the Op fundamental modes,
except vi, is resolved into two modes with the.transition to
C4y Symmetry. Thus Vl(Oh)'*91(C4v); 92(0h)‘992" V" (Céy);
v3k0h)—993', V3" (C4qy) etc. Table XXV gives assignments made for

O0sOF5 on this basis and compares the O, fundamentals for OsFg and

- ReFg.



Infrared Data for OSOFs compared. with
13

OSF6

Peaks Assign-
cm™ ment, Op

230% Vg
252 R Vg
268 IR ),
364 IR V-V,
402 IR Vy-Vg

632 R Vg
720 IR Vg3
733 R V;

894 IR \)2+\)4
969 IR  Vg+Vg
1268 IR 2V,+Vg
1352 IR V,+Vg

1453 IR Yi+V3

* Inactive, R,

15
those for ReFg and OsFg.

TABLE XXV

Peaks

IR

IR

IR
IR
IR

IR
IR

IR

IR

IR

IR

ReF6
Peaks Assign-
cm™1 .ment,O0p
Obs.
* B
170 ve
246 R Vj
257 IR 94 440
535
403 IR Vy-Yg
596 R Vo 640
650
715 IR Vg 700
710
755 R vl 960
800
952 IR V3.Vs5
1302 IR Vg+)z 1337
1468 IR ) +),
1405
1915
Raman

124

OSOF5

Calc.

520

1340

1400

1920

active; IR, infrared active.

Assignment
Pseudo 0h



125
It is of interest that the totally symmetric
fundamental vibrational mode for OsOFg (Y7 = 960 em~1) is of
lower frequencyithan for the corresponding ReOF5 molecule
(?1 = 989 cmfl‘ez).This may be a consequence of the antibonding
effect of the single unpaired electron of OsOF5. Although
fbrmally non-bonding, this electron will have anti-bonding

influence in df-pJJ bonding with the fluorine ligands as repre-

\VZai

Os(VII)

N

The comparison of the visiblé and UV spectra of

sented below.

OsOF 5 with those of ReFe, also a di system would seem profitable.

There are three regions of absorption in Os0F5,one centred

-1

around 11,700 cm-l, another around 8,700 cm ~; these two are

of low ‘intensity, and the third is a very broad and intense

-1

maximum extending from 28,500 cm™1 to 38,500 cm~1l. The abosrp-

tion spectrum of ReFg which show peaks around 5200 cm~1 and

24,000 cm~} and 32,500 cm~?!

have been interpreted by Moffitt
: 11

and his co-workers according to ligand field theory with
proper regard to the high spin-orbit coupling common to the

heavy metals. On the basis of their interpretation for ReF6

the broad absorption at 28,500 em~1 for OsOF5 is assigned to
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the electronic transitions from the pseudo tZg orbitals to
pseudo €g orbitals thus giving 10Dq'a value of 33,500 cm'l.
- The spectra of ReFy and OsOFg are different in detail. The
absence of an absorption at 5000 cm~1 as seen in ReFg and
attributed by Moffitt et al. to a t3/2 - t1/2 electron transi-
tion must be attributed to the non-0;, symmetry of OsOFg.

| Osmium oxide pentafluoride is expected to show

some similarity in its chemical properties to OSF6 and related
hexafluorides. Although the formal valence of the osmium in
this'compound is_seven, the greater polarizability of the
oxygen ligand compared with fluorine as.a ligand was expected
to lead to a greater similarity of OsFg and OSOF5 than provided
for on a formal basis. The oxidative similarity of OsFg is
demonstrated by the reactions of the compounds with nitric oxide.
: The reaction of OsOFg with nitric oxide under a variety of
conditions gives rise to NO+[QSOFé]‘ and OsFé gives, under
similar conditions NO+[QSF6]_.- The behaviour of OSOF5 is there-
fore much closer to OsFg than it is to IrFg.  The latter com-
bines with nitric oxide to give mixtures of the compounds
NOIrF, and (NO)2IrFg, excess nitric oxide ensuring the formation
of the quadrivalent iridium complex.

It appears therefore that the representation
given earlier of OsOF5 as OsFg 5 is a better approximation than
OsF7. The latter would surely be more like IrFg in its oxida-
tive power.

The formal oxidation state of Os in NOOSOF5 is

+6 and hence it would be interesting to compare its magnetic
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properties With other compounds of Os in which Os has both the
coordination number and oxidation state of 6. The magnetic
moment of the compound is 0.78 B.M.: at rooﬁ temperature. Some
examples of the above mentioned compounds are collected in
Table XXVI.

- TABLE XXVI

Magnetic Properties of Some d2 Complexes of Osmium

Compound Magnetic moment - Reference
C520502014 diamagnetic : 30
KZOSNCls | diamagnetic ) 73
OsFg 1.50 B.M. 74

The magnetic behaviour of OsFg is in keeping with a
d2 system in an octahedral ligand field.10 The diamagnetism of
Cs50s09C1l, and K90sNClg is explained by‘the assumption that the
ligand field departs markedly from octahedral symmetry, a single
d orbital lying lowest or by the assumption that there is a
strong magnetic exchange.lo. The low value of 0.78 BM in the
case of NOOé%5 can be attributed to partial spin pairing due to
departure from an octahedral ligand field, the departﬁre not
being as great as that in the case of Csp0509Cl, and KpOsNCl..

The reaction of OsOFg in WFg solution with nitric
oxide gas proved to be unexpected and remarkable. Previous
experiments had established that nitric cxide reacted with OsOF5
to give non-cubic solid NO+[psOF5]', and that WFg and NO did
not interact. When nitric oxide was passed into a sclution of
OsOF5 in WFg, however, a cubic phase strikingly similar to

NO* [OsFg| was obtained. This proved to be (NO)50sWOF;; and all
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of the experimental evidence suggests that it is a solid solu-
tion of an equimolar mixture of NO*[QSFG]‘ and NO*(WOFs)-..
The magnetic properties of this solid solution were exactly as
expected for such an equimolar mixture. NOWF775 is not cubic
and NOOsOF4 is unlikely to be cubic. |

The formation of the equimolar mixture, NOOsFg,
NOWOF5 can be explained by the reactions given below:
| NOOsOF5 + WF, - NOWOFg + OsFg

NO + OsFg - NOOsFg

It is possible that the exchange of oxygen occurs

by way of an oxygen- and fluorine~bridgedintermediate as indi-

cated below:

FFF ‘F.F
\\/ AW
~— F=>08 —0— W — F
I\ /i\
F F FFPF

If this is so, it may be possible that some [psOst' salts can

react with tungsten hexafluoride to yield osmium hexafluoride.

3.1.3 Osmium Tfioixde Difluoride

bther fluorides of osmium were suspected of
wrongful characterization after the identification of 'osmium
octafluoride' as osmium hexaﬁluoride. The reinvestigation of

lower fluorides of osmium by Hargreaves and Peacock31 showed
281

that 'osmium hexafluoride' reported by Ruff and Tschirch s,

in fact, osmium pentafluoride. The former workers also pre-

pared osmium tetrafluoride whichhas quite different properties
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from the substance of the same composition reported by Ruff.

The reinvestigation of the oxyfluoride, 0SO3F2
done during the present work confirms the formulation OSO3F2.
Furthermore it has been found to exist in two modifications, a
low temperature red form and a high temperature yellow form.

The unusually low volatility of 0sO3Fg compared
with OsO4 can be explained if it is supposed to exist in a
polymeric form with fluorine or oxygen bridging in which osmium
is six-coordinated. Some evidence to‘this effect is provided
by the scanty structural data obtained. Unfortunately detailed
structural information could not be obtained because of the
faliure of the attempts to prepare single cyrsﬁallpf this
compound. The X-ray powder photography shows that the high
temperature form of OsO3F9 has a monoclinic unit cell in which
a=c¢b. The pseudo unit celi has,as indicated by its volume,
two molécules in it. The X-ray powder pattern of the low tem-
perature form is more complex than that.of the high temperature.
form. ‘It could not be indexed but it is akin to the powder
photographs of tﬁe pentafluorides of the noble metals e.g.
RuFs, > RhF5,56 IrFs, 57 PtF5.58

the low temperature form may contain six-coordinated metals in

This similarity suggests that

tetrameric wunits as in those pentafluorides.9 The high tem-
.perature form of OSOBFz is probably a dimer with two ligand-
bridging of the osmium atoms with a total of six coordinafion

of each osmium as indicated below:

| |

L L L

\‘Os‘/‘ N Os<:

L //‘ N L //| L
L - L

{where L = O or F)



130

As expected, since all osmium electrons are
involved in bonding, this compound is diamagentic and its

molar susceptibility is ~25x109 c.g.s. units.

3.1.4 Nitrosyl Trioxytrifluoroosmate (VIII)

The nitrosyl derivative of 0sO3F5, NOOsOgF3 is
similar in its properties to the other derivatives, MOsO3F3
(M=K,Rb,Cs,Ag).30 It reacts with cold water giving nitric
oxide, osmium tetroxide and hydrofluoric acid. It is therefore
formulated as N0+[psO3F§]'. It is diamagnetic as exéected for

an Os(VIII) compound.

3.1.5 Interrelationships of Osmium Fluorides

The interrelationships of the osmium fluorides,

oxyfluorides and theircomplekes'are shown in Figure 17,



water (30) o504 +HF
rapid hydrolysis

0s04+BrFg

| 0g:Fg::2:1(30)
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NOOsOF5 0s09+Fy

OS+F2
Water (a) 30 (29,74)
exothermic
hydrolysis Water (29)
0504, HF exothermic
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sFq. (76) .
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at 1800C(76)
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hydrolysis

OsO4,0502,

W(CO)
(33) °
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(a) Present work

| A0sO3F3 | A = Ag;K,Cs,NO

. OsO4+BrF3+AgIO3 (30)
KBr,CsBr (30)
NOCl (a)

~ 90% [OSFB] 2~ , 0s0y4 ,HF

OsBr +ABr+BrF3

Ag (78,79,8)

éq alkali, Na E K+
- (79,78)

- 5&7K¥§5I%| H20sFg (aq.)
- ion exchange

(79)

. Figure 17. Interrelationships of Osmium Fluorides

A = Li,Na,K,Rb,Cs,

TIET
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3.2 THE OXIDIZING PROPERTIES OF THE NOBLE METAL HEXAFLUORIDES

3.2.1 Dioxygenyl Hexafluoroplatinate (V)

Since it wés clear that single crystals of dioxy-
genyl hexafluoréplatinate V), Q;[?tFé]‘ would be both difficult
to prepare and ﬁanipulate for X-ray single crystal work, a largé
polycrystalline sample was prepared for a neutron diffraction
study. Such a study held high promise of yieldiﬁg the‘oxygeh-
oxygen distance in the OE cation with significant accuracy.

In the experiments preliminary to the necessary
large scale preparation, it was found that re?ction of o%ygen
gas with a solid-vapour equilibrium mixture of the hexafluoride
led to pfoduct containing occluded hexafluoride. In order, :there-
fore, to produce pﬁre 02PtF6 it was necessary fo carry out the
O2 + PtFg reaction in the gas phase by a flow method. Several.
gram lots of OgPtFy were Qrepared in high purity by this techni-
que.

The neutron diffraction study was carried out by
Drs. J. A. Ibers and W. C. Hamiltoé“)of the Brookhaven National
Laboratory. They cbncluded from analysis’of their data that
the space group and unit cell atomic positions were as given by

Bartlett and Lohmann34

on the basis of the X-ray dataf The
parameters obtained from the neutron data, however, éfe slightly
different and much more precisely defined than those arrived
at from the X-ray data.

Ibérs and Hamilton find80 that the 0-0 bond
length in the O cation is 0.91 + 0.03% and that the PtFg group
is.approximate1§ a regular octahedron with a Pt-F b?nd length

0
~of 1.83 + 0.02A. Their parameters show that the shortest O-F
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distance (thét from one end of the O; cation to the three
closest fluorine ligands of one PtF6 group) is 2.562. The salt
like character of 02PtF6 is therefore confirmed but the extreme
-’Shortness of the 0-0 distance in the cation OE is unexpected
and theﬁe is no ready explanation for it.

To appreciate the significance of the observa-
tion it.is first necessary to review the available internuclear
distances reported for gaseous 05 and related species. These
data are derived from emission spectra. Table XXVIII gives the
internuclear séparations reported for various ground étate
diatomics. The 0-0 distance in the dioxygenyl salt cation is
seen to be 0.212 shorter than that given for the gaseous ion
and is seen to be shorter than the distance reported for the

2+ 81 ' \ |
O2 ion also. At first sight then it appears that formulation

of the cation as O§+ or 03+ would be more appropriate than O;.

Formulations O§+EPtFé}2' and 03+[PtFé]3' may be
disposed of on thermodynamic grounds alone, although they‘are
also inconsistent with the magﬁetic and chemical properties of
the compound. It is seen from Table XXVII that if the salt
were 0§+[PtFé]2_ the combined electron affinities for the
formatién of(?tFé}z' would need to be greater than 653 kcal/mole
(see Appendix 1IV). |

Since the first electron affinity is always more
exothermic than the second, the first electron affinity of PtFg
should be greater than 326 kcal/mole. This value is greater
than that needed for the formation of N;(?tFé}' (233 kcal/mole)

but nitrogen and PtF6 do not react. On the same grounds

3t 3~ .
02 [PtFé] is seen to be even less probable.
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TABLE XXVII

Alternative Formulations for O9PtFg and the Lattice Energy,

Ionization potential and Electron affinity Data.

Formulation U 21 Minimum £E for
‘ ExothermiclhH,
(kcal/mole) (kcal/mole) (kcal/mole)
. ) .
[ptrg)~  [ptR]
+ - .
0, [PtF] -o-12s 281 -156
2+ |
0y [PtFg) 2" -500 1153 -653

The magnitude and temperature behaviour of the
magnetic  susceptibility of 02PtF6 have been well accounted for
by Bartiett and Lohmann34 on the basis of the formulation

+ - . 2+ 2- .
0,(PtF] . 1If the salt had the formulation Op [PtFg it would
be diamagnetic, since [PtFé]zﬁ is known to be diamagnetic in

+ .
10 and 02 being isoelectronic with nitrogen, is

other compounds
also expected to be diamagnetic, the ion being formed by the
.removal of two antibonding electrons from 02.

It is significant that the Pt-F distance, 1.83 +
0.022, observed in the PtF6 species is the distance expected
for a [PtFg)~ ion. The Pt-F distance observed by Mellor and
Stephenson82 in the salt K2PtFg is 1.912, this being consistent
with Pt(IV). In KOSF6 Hepworth, Jack and Westland61 noted an
Os-F distance of 1.822. The only satisfactory formulation for
0,PtFg, therefore, is as the Og(PtFg]~ salt.

An explanation of the short internuclear distance

83
has beenh given by Bartlett. He suggests a novel arrangement
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+ v
of the electrons for the Op salt ion, the new arrangement being
attributed to the high ligand field about the cation.

TABLE XXVIII

Internuclear Distances and Molecular Orbital Electron

o ) . . . 81,84,85
Configurations of some Diatomic species.

r, * 1.098 1.116 1.150 1.062 1.082 1.207 1.123 1.010

N
G,3s - _ G,3s - — — — — —
G,2p - — C.2p _ - _ _ - -
Te2p - — - N2p & _ - - - T 1 r —
G2 & 1 Ty AU WU N MU o nh nl
Meze A Y g2 Bw 4 u R
G, 2s i I 0,28 & 14 " T gt 1
G2s I U G2s oy t W 1 iy 2
+ + + + 2+
N, No NO NO NO,, 0y 0o 0,
(o]

* Internuclear distance, in A.

Bartlett points out that fhe observed internuclear
separation in 05 (salt) can be satisfactorily accounted for if
seven eiectrons are permitted in the internuclear region. It is
noteworthy in Table XXVIII that a diminution occurs in the infer—
nuclear separation with increase in the total nuclear change for
‘the isonuclear pairs NO and N0+‘(g) and Og (g) and Q; (g).
Similarly the 0§+ (g) internuclear separation is less than in
O; (g). The contraction with removal of an antibonding electron
is seen from Table XXVIII to be about 0.08 to O.IX. Therefore,

+
if the Og9 salt ion is permitted seven bonding electrons, such as

would be the case if the antibonding ﬂg2p and (,2p. orbitals were
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higher in energy than certain 36 or 37T\ bonding orbitals a
contraction somewhat greater than 0.0SX would be expected. If
the shorfening in the internuclear separation by the addition
of an extra bonding electron is equivalent to the shortening
due to the removal of an antibonding electron then the contrac-
tion from the 0-0 distance of the gaseous 0; ion would be 0.16
. to 0.22. Thus an internuclear separation of 0.96 to 0.922 in
O; (salt) could be accounted for.
If is nqt”unreasonable, as pointed out by
Bartlett, that the antibonding orbitals should be high in the
OE salt since the cation is closely surrounded by twelve
electron rich ligands. Presumably this high field renders the
internuclear region energetically preferable, for electrons,
to the peripheral antibonding regions.
| It should incidentally also be appreciated that
the removal of a bonding electron, such aé would occur for |
O§+—a 02+, should lead to an increase in the internuclear
separation, such as occurs for Ng (g) —éN;(g). And on this
ground Og+ will not account for the short 0-0 distance in
O9PtFg.
Of course the change in the order of molecular
.orbitals required for 0; in O;[PtFérbrobably occurs in NO* also
when that cation is surrounded by [PtFé]' groups. However,
this change will not affeqt the number of bonding electrons
since the antibonding ﬂg2p and G6,2p orbitals are empty in NO™.
Hence the internuclear separation in NO' in its salts should

be akin to that in the gaseous NO+ and as a consequence the

internuclear separation in NO' salt ion should be greater than
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in the Op salt ion.
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Unfortunately, although sample of NOIrF6 and

NOPtF6 have been submitted for neutron diffraction study,

results are not yet available.

However, the unit cell dimensions

of the rhombohedral form of NOPtF6 reported in this work and

the accurate cubic dimensions for NOPtFg (cubic) obatined in

2
these laboratoires by Beaton6 ,

is more voluminous than

show that the nitrosyl salt

the dioxygenyl salt. . The molecular

volume differences within the pairs of NOPtFg (rhomb.) and

02PtF6

(rhomb.) and NOPtFg (cub.) and OPtF, (cub.) may be

assumed to be due to the difference in the effective molecular

+
volumes of NO and O; cations.

Table XXIX.

The volumes are compared in

TABLE XXIX

Comparison of NOPtFg (rhomb.) and OgPtFg (rhomb.) and NOPtF

o3

(cub.) and OgPtF, (cub.) Molecular Volumes (in A).

Compound
NOPtF6
O9PtFg

Difference
* present work

The data
larger in its effective
attributed to a shorter

No* (the reverse of the

Rhomb. Cubic

123.5 % 1292 62

119.9 34 126.2 3%
3.6 3.0

+ o3
show that NO is approximately 3A
+
size than Og. In part this may be
+
internuclear separation in Og than in

gaseous ion situation) but will also be

+
a consequence of the greater nuclear charge in the 02 species,

although the latter effect would have been appreciably offset by
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the presence of an antibonding electron. To pursue the latter

. point it is worth noting that the effective volﬁme of the

86

O .
. fluorine molecules in its paﬂnm1is 37.1A compared with

that of the oxygen molecule in the isomorphous "fiorm which is

3 ' 03
The contraction of 2.7A 1is associated with an increase

o
39.8A
in nuclear charge of two units and increase of two in the number
of antibonding electrons. It is possible then that the contrac-

tion associated with unit change in nuclear charge and the number

-0
of antibonding electrons would only be ~~1.5A
3.2.2. Xenon - Noble Metal Hexafluorides Adducts .

In his initial work35 on the xenon-platinum

hexafluoride reaction Bartlett obtained tensimetric data which
indicated a combining ratio close to 1:1, and by analogy with
the salt O; [PtFa-J_ he formulated it as Xe+[_PtF6] T

Further investigation of xenon-platinum hexafluo-
ride has shown, however thatlthe reaction is more complex than
was first supposed. A large number of titrations have been
carried out and the ratio of the Xe to'PtF6 in the solid product
is seen to vary between 1:1 qnd 1:2, Indeed the variation in
the nature of the product parallels the behaviour of nitric
oxide in its reaction with iridium hexafluoride (q.v) in which
varying proportions of the adducts NOIrFg and (NO)ZIrF6 have
been detected. Unfortunately, the absence of reliable X-ray
powder data has prevented the establishment of the exiséence of
two compounds in the Xe + PtFg products, although the stoichio--
metry limits suggest XePtF6 and Xe(PtF6)2 to be present in

varying proportions.
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The derivation of hexafluoroplatinates (V) both
from material of composition XePtF6 and from material of com-
position Xe(PtFg)2 has established the quinquevalence of the
platinum in the adducts: -
2XePtFg + 2RbIFg —Ef’__» 2RbPtFy + 2IF; + Xe  + XeFy ?

IF »
2Xe(PtFg)y + 4CsIFg 5 , 4CsPtFg + 4IF5 + Xe  + XeF; ?

The iodine pentafluoride solvent was shﬁ?n to be incapable of
oxidizing Pt(IV) to Pt(V) even in the presence of xenon tetra-
fluoride.

Further support for the quinquevalence of the
platinum in the adducts is given by the similarity of the infrared
spectra with those‘of potassium and dioxygenyl hexafluoroplatin-
ates (V). The data are compared in Table XXX. The spectra of
the adducts of various compdsition show no recognizable change.
The strong absorption at ~640 cm'l is attributable to the
ocathedral CPtFaj-‘93 fundaméﬁtal mode. For PtFy, V3 =

.13 _ _1 88
705 cn~!  and for [PtFG']z , Vg - 583 em™7.

TABLE XXX
Comparison of the Infrared Data for Xe[PtFG]x,

Xe (PtFg), KPtFg 87 0,PtFg
IR (cm™1) 625(vs) ;550 (s)  649(vs);590(s)  631(vs);545(s)
Visible & U.V(X) 3825 - - 3500

Although the Xe[PtFé}x material has the colour
and plastic consistency of platinum pentafluoride it is unlikely

that it is merely a mixture of xenon diflyoride and platinum
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pentafluoride. Material of composition XePtF6 could not bé
accounted for on this basis and although Xer, 2PtF5 represents
Xe(PtFg), it is unlikely that the two fluorides could maintain
their separate identities in close mixturé. Xenon difluoride

89 to form

has been shown by Edwards, Holloway and Peacock
distinct compounds with antimony pentafluoride and tantalum
ﬁentafluoride. Furthermore, platinum pentafluoride usually
gives a distﬁ}ctive'X—ray powder diffraction pattérn and this
pattern has at no time been observed in photographs of Xe(PtFG)g.
A sample prepared in a large scale gas-gas |
reaction of Xe and PtFg had the empirical formula Xe(PtF6)2
based on énalysis. The magnetickmoment of this material proved
to be 4 B.M. at 298°K. This is best accounted for on the basis
of the formulation Xe2+[PtF6i]2. It is necessary to postulate
that the Xez-+ ions would have é high spin configuration. The
moment calculated from the combination of the spin only value
for Xezf with a p-orbital configuration t{, T ,T and the observed
moment for [PtFé3_,62 yields a value of 3.75 B.M. A mixture of

90

the diamagnetic XeFo and 2PtFg would have a moment of 2.70 B.M.

58 .
on basis of the known moment of 1.9 B.M. for Pth. - Although

F F F F F F
N1 O\ N |
Pt Xé Pt
F/ f\ F/ \F‘/ L"\F

the fluorine-bridge structure is

attractive, it is less likely that xenon in such a bonding
situation would be paramagnetic. The near degeneracy of the
p-orbitals, required for paramagnetism of the Xe(II) would be

most likely with a cationic xenon in a near octahedral or
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tetrahedral ligand environment.

Combustion of a platinum wire in a xenon—fluorine'
atmosphere had been reported to result in XePtFG.91 Subsequently
the product was given the formulation Xe(PtF6)2.92 With these
products however, there was no indicafion éf the valence of the
platinum. The product could be the diamagnetic XePtgFjg
-material observed in this work.

Compounds of consitution XeF2,2MF5(M=Sb and Ta) have
been reported89 which have been prepared by the reaction of
XeF4 or XeF, with corresponding pehtafluorides. A bri@ged
structure with xenon joining two hexafluoroantimonate octahedrons
has been suggested for the antimony compound i.e. F5SbFXeE$bF5
It has also been suggested89 that Xe(PtFG)z might be.of similar
constitution. = However, the weak X-ray powder patterns attri-
butable to Xe(PtFg)g are not‘similar to that of XeFg,2SbFj.

The photograph of the latter was kindly made available by
ProfessorvR. D. Peacock.

The formulation Xe+[PtFé}_ requires the: minimum
electron affinity of PtFg to be 160 kcal/mole and the formulation
Xe?ﬂPthjz krequires.this value to be 172 kcal/mole (Appendix
Iv) . |

It is clear that the constitution of the Xe(PtFG)x
adducts will only be settled when sinéle crystals of the adducts
have been obtained. Unfortunately, attempts to grow more ;
crystalline material by the slow formation of adduct by reaction
of xenon and PtFg in tungsten hexafluoride solution failed.

The usual sticky material was obtained. It is possible that

more crystalline material may be produced from an ionizing
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solvent such as anhydrous hydrogen.fluoride.
Material of composition XePtF6 was never‘
obtained in sufficient'quantity for magnetic susceptibility

measurement. Since the platinum is quinquevalent, however,

the xenon is required to be monovalent. As such it is an

exception to the normal even numbered valence of xenon.

The diamagéﬁtic brick-red solid of composition
XePtzFlo, formed along with xenon tetéafluoride in the pyrolysis
of Xe(PtFg); g [and other adducts of different composition,
Xe(PtFa)xj,~ contains quadrivalent platinum. This is indicated
by the diamagnetism of the material and its interaction with
cesium fluoride in iodine pentafluoride. The X-ray powder
photographs of the product of interaction of XePt2F10 material
with CsF. in IFg. point out the presence of cesium hexa-
fluoroplatinate (IV), Cs,PtFg. The powder photographs show
the pentapositive salt, CsPtFg to be absent. Although the
X-ray powder pattern of XePtzFlo is complex, it does not con-

tain lines attributable to platinum tetraflurode. Formulation

‘of this material as the mixture PtF4 + XePtFg; is therefore

. inadmissible.

As pointed out earlier rhodium aﬁd ruthenium hexa-
fluorides are normally less stable than platinum hexafluoride5’6
and hence are expected to have oxidizing powers greater than
that of platinum hexafluoride. However, rhodium hexafluoride
is clearly not powerful enough as an oxidizer to react with

krypton. It does react with xenon, however, and the departure

from the 1l:1 reaction stoichiometry in this case is less than

. for the platinum system. This is surprising. In view of the
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greater instability and chemical reactivity Qf the rhodium
hexafluoride the adduct Xe[?hFé]z might also have been expected.
Ruthenium hexafluoride has been reported94 to combine non-
stoichiometrically with xenon in ratios greater than 2:1, It
has been suggested that some reduction of ruthenium occurs in
this renction. ‘However, the reaction product has not been
characterized. The 1:1 addition in the case of Xe and RhFg
may well have been favoured by the excess xenon and the use of
small concentrations of the reactants. It may be that the
1:2 adduct would result from the interaction of highef partial
pressures nf the reactants. The 1:1 adduct has not been
characterized but Xe+[RhFé]' is a feasible formulation.

. Rhodium hexafluoride has been found to react

with oxygen but thé reaction product has not been satisfactorily

characterized,-largely because of the small quantity of material
available and its high reactivity.

3.2.3 The Reactions of Nitric Oxide with the Noble Metal

Hexafluorides }

The increase in the oxidizing power of the
tnird transition series hexafluorides with increase in atomic
number is borne out by their behaviour towards nitric oxide.
-The nature of the reactions of thesé hexafluorides with nitric
oxide is summarized below:

WF6 + NO — No reaction95

62
ReFG + NO -9N0ReF6

OsF,. + NO —NOOsFg +€XCesSsS ﬁg‘ No reaction*

6
800
IrFg + NO —NOIrFg +(NO)p IrFs SXCCSS NO (NO)oIrFg*
80 |
PtFg + NO —NOPtFg + (NO),PtF, _%2%_;_(5)_1‘19, | (NO) 5 PtFg*

*Present work,
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It is seen that iridium and platinum hexa-
fluorides form mixtures of pentavalent and quadrivalent compléxes
at low temperatures whereas under the same conditions WFg does
not react95 and the other hexafluorides form pentavalent com-
plexes. ThHis difference indicates that IrFg and PtFeAare the
most powerfully oxidizing and that WFg is the least oxidizing.
Although tensimetrip titrations of NO with IrF6 and PtF6 do not
give pure 1l:1 products it was nevertheless desirable to obtain
these NOMFg salts pure. The isomorphism of the compounds pro-
vides for comparison of anion volumes iﬁ the series Tavto Pt
and the unit cell being cubic indicates Oy or near Op sSymmetry
of the [MFé]_ ions, hence magnetic measurements on these com-
pounds were more likely to be interpretable than for more com-
plex ligand arrangements. Furthermore, the isomorphism of
NOPtFg with OZPtF6 and the diamagnetism of the Not cation pro-
mised a reliable measure of the contrillution made by EPtFé}'
to the OEE?tFé]' susceptibility. From such a study, of course,
it was hoped that a reliable assessment of the susceptibility
of the OE ion could be made.

A promising alternative routelfor the prepara-
tion of the compounds NOMFG appeared to be controlled reaction
in liquid tungsten hexafluoride. Tungsten hexafluoride proved
to be a good solvent for these hexafluorides and is suitable for
carrying out the reaction with nitric oxide because of its con-
venient liquid range (M.P. 2.3°9, B.P. 179) and inertness towards

95 Since nitric oxide is admitted slowly to the

nitric oxide.
hexafluoride system in this procedure the hexafluoride is gen-
erally in excess of NO and since the salt precipitates from

solution there is less opportunity for the formation of (NO)ZMFB’
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than in the gas-gas reaction. This technique proved to be a
good one for the preparation of‘NOIrFG in quantity. In fhe case
of platinum hexafluoride reaction, however, a mixed NOPtF6,

(NO) gPtFg product was again obtained.

It was observed that the treatment of the mix-
ture of the 1:1 and 2:1 NO-products of IrF, and PtF; with excess
. NO tends to the composition of the adducts to 2:1. This con-
version is rapid in the caée of platinum but slow in the case
-of iridium. The adduct NOOsF_6 does not consume NO even when the
mixture is heated. The treatment of NOReF6 with excess NO has
not been done, but it is certain that (NO)gReFg would not be
formed. Thus, the oxidizing power of the hexafluorides of the
third series appears to be increasing smoothly in the sequence
WFg < ReFg < OsF, < IrFg < PtFg.

The formation of NOReFg, NOOsFg, NOIrFg and
NOPtF6 indicates a minimum value of the first electron affinity
of the hexafluorides of‘approximately 89 kcal/mole since the

36 kcal/mole and the lattice

enthalpy/of ionization of NO is 213
energy for each of these salts cannot be much more than 124 kcal/
mole (Appendix IV). Since NOWFg is not formed, the first elec-
tron affinity of WFg is unlikely to be much more exothermic than
89 kcal/mole. The formation of (NO)oPtFg and (NO)oIrFg, the
lattice energies of which can be taken as 372 kcal/mole, indi-
cates that the minimum value of the sum of the first and second
electron affinities, E; + Eg of PtFg and IrFg is 54 kcal/mole
(Appendix IV). As (NO)ZOSF6 is not formed in these reactions

the sum El + Eo for osmium hexafluoride cannot be more exothermic
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than 54 kcal/mole. By extrapolation it can be said that
(NO)2 ReFg would not be formed by the NO+ReFg reactipﬁ.

Although the NOPtFg salt was not prepared pure
in quantity in this work a recent novel reaction has been dis-

62

covered in these laboratories which provides an excellent

preparation of the compound in quyantity and high purity. This
involves the reacticn of NOF with the hexafluoride: NOF + PtFg =

NOPtF, + 1/2 F,.

6
The powder patterns of the 1:1 adducts closely

resemble those of KSbF6 96 34

and OgPtFg. - The isomorphism of
NOOsFg with 02PtF6 had been predicted by Bartlett and this was
of value in supporting the ionic formulation of 0,PtFg.3% The
powder patterns of NOMFg (M = Ta, Re, Os, Ir and Pt) and O2PtFg
are shown in Plate I. The unit cell parameters and the mole-

cular volumes are compared in Table XXXI,.

TABLE XXXI

Comparison of Unit Cell Parameters and Molecular Volumes

of NoMF6 salts of the Third Transition Series

62 |
NOTaFg* NOReFg - NOOSFg* -NOIrFg* NOPtFg®2 0pptFgs°*
o
a, A 10.22  10.151  10.126 10.114 10,112  10.032
Moleculgg
Volume,A  133.4 130.7 129.8 129.3 129.2 126.2

*present work.

These compounds are undoubtedly salts, NO+[MF6]_.
A complete structural analysis of an NOMFg salt has not yet
been done. It was considered unlikely that an unambiguous

structure determination would be possible with the X-ray powder
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data since the light atom confributions to the line intensities
are small and the difference between nitrogen and oxygen in.
scattering power in these salts is insignificantly small. The
possibility of discerning whether the lattice has an ordered
'NO* or disordered NO' arrangement and the internuclear distance
in NO* must rest on a neutron diffraction analysis. Such
analyses have been undertaken with NOIrF6 and NOPtF6 samples
by Dr. W. C. Hamilton at the Broockhaven National Laboratory.

The magnetic moment of NOOsFg is 3.36 B.M, at
297°K which is as expected for a third transition series d3
system. Very simple theory predicts thaf a t2g3 configuration
in an octahedral ligand field wiil possess a 4A2 ground state.

- Such a state would, in a magnetically dilute system; possess a
magnetic moment equal to the spin-only moment of 3.88 B.M. The
lower value observed here can be attributed following Figgis,

Lewis and Mabbs97

in their interpretation of the [OsFgl~ results,
to the large spin—brbit coupling in Os(V), The data for .other
[QsFé]' salts are compared with that for NOOsFg in Table XXXII.

TABLE XXXI1I

Magnetic Data for Some a3 [MFG] Species.

- Compound Verf, B.M. Reference
KOsFg 3.34 97
CsOsFg - 3.23 97
NOOsFg 3.36 present work
NaOsFyg 3.05 o8
AgOsFg 2.95 98

IrFg . 90 97
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Iridium has a d4 configuration in nitrosyl hexa-
fluoroiridate (V). This compound has a magnetic moment of 1.23
B.M. at 2979K. The magnetic susceptibilities of a number of
complexes of the metals of the second and third transition
series having d4 electronic configurations have been measured
and the results have been discussed by Earnshaw, Figgis, Lewis and
Peacock:99 The d4 configurations are of the low spin type
'(dt2g4) as a result of the high ligand field found commonly in
third transition series‘compounds.

" The temperature-independence of the paramagnetism,

however, is a conséquence of high spin-orbit caupling. The

99 of the

spin-orbit coupling'evidently lifts the degeneracy
3Tl term (given by the Russell Saunders scheme as the lowest
lying term). For [;rFGJ' the spin—orbit coupling is so great
that only the lowest non-degenerate level of the system is
occupied at available temperatures and the susceptibility arises
only from the second order Zeeman effect between this and highér
levels,  the susceptibility being of the temperature-independent
type with XM = 24N‘b2/ﬁ where N is Avogadro's number, ' ‘5 is
Bohr Magneton and g’ is free-ion value of spinaorbit‘coupling.

Earnshaw et a1.99

a2

have calculated the expected value of'xlr in
complexes, in which Ir is approximately in a cubic field of
the ligands, to be nearly independent of temperature and to
have a value of 650 x 10"’6 c.g.s. units/mole. The'value found
for NOIrFg is about 650 x 10~6 c.g.s. units/mole and this is
nearly independent of temperature. This value is also compar-

able to that of platinum hexafluoride which is also a a4 system.

The susceptibility of PtFg is approximately 700 x 10"'6 c.g.S.
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units/mole and again the susceptibility is nearly independent
of temperature. The value of the magnetic-moments of NOIrFg
is compared with the values of some other related d? situations
in Table XXXIII.

TABLE XXXIII

Magnetic Data for Some a4 [MFé] Species.

Compound Megg, B.M. Reference
KIrFg o127 99
CslIrFg 1.29 : 99
NalrFg 1.23 98
AgIrF6 1.24 98
NOIrF6 - 1.23 present work
PtFG 1.30 present work

\ The stronger oxidizing properties of PtF6 and
IrF6 caused some difficulty in the synthesis of the 1l:1 adducts
but the preparation of pure 2:1 adducts was easier to effect.
The 2:1 NO:MFg complexes, however, have not been as well
characterized as the 1:1.

The characterization of (ND)g PtFy is not
straightforward. The sample prepared from solid-gas reaction
of PtFg and NO gives rise to cubic NOPtFg plus another phase.
This mixture, on treatment with excess NO, consumes more NO
and a final product with stoichiometry NO:PtFg :: 2:1 is
obtainéd. It was anticipated that (NO)g PtFg would be isomor-
phous Qith K2PtF6 but this has not proved to be so., X-ray
powder'photographs show this phase to pessess a hexagonal unit

(o]
cell, a = 10.018, ¢ = 3.53 & and U = 306.3A. The reaction
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product obtained from NO and PtFg in WFg also prqved to be a
mixture of the 1l:1 and 2:1 phases on the basis of X-ray and
magnetic evidence. Althoughvthe X-ray powder pattern of
(NO) gPtFy has been indexed on the basis of a hexagonal unit
éell, no structural details are available. The occurrence of
sharp and diffuse lines in the pattern indicates that there
will be'some disorder in the lattice. Similar effects have
been noted in UOgF, and NaNdFg,10! the diffuse reflections
being associated With disorder in the planes giving rise to
them.

- The compound (NO)ZIrF5 has been reported,38

that similar species are not present in the various reaction

. products of NO and PtF., has been demonstrated in two ways..

6
Firstly the infrared spéctrum of the residual gas following

the reaction of NO with pure NOPtFg toc give the 2:1 adducts,
shows NOF and other nitrogen fluorides to be absent. This
indicates that the [PtFé] group remains intact; it could only
lose fluorine by interaction with the NO. Secondly treatment

of the NO(PtFg)x product from WFg solution with saturated
aqueous potassium fluoride solution gives K9PtFg. This again
indicates that the [PtFé]group is present in the products.

The salt (NO)goIrFg has been reported by Robinson
and Westland.%® In the present case its identification depended
on the similarity of its X-ray powder photograph with that
characterizing (NO)QPtFG.

- Reference to Table XXXI shows that the effective

molecular volume of NOOsFg, NOIrFg and NOPtFg; decreases in that

order. As they are isomorphous and contain the same cation, NO+,
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the decrease in the volume‘may'be supposed to be due to the
decrease in the volume of the hexafluoro-anions (V). A large
number of other AMFg salts of the second and third transition
éeries are known.8 The effective moleculér volumes of a few
AMF6 salts have been computed and the volume trends are com-
pared in Figure 18. Comparisons are made only for isomorphous
series of salts containing the same cations; thus the effective
molecular volumes of the hexafluorc-anions (V) are compared.
It is seen in general, that (i) the volume of the hexafluoro-
anion(V) decreases with increase in atomic nuﬁber of the
central atom in each series, (ii) the decrease in volume is
sharper in second transition series than in the thrid, (iii)-
the volumes of the second series hexafluofo—anions are smaller
than those of their sub-group relatives of the third series.

The same three features are seen in the com-
'parison of the effective molecular volumes of the hexafluorides
(both orthorhombic and cubic forms)32 of the second and third -
transitions series as shown in Figure 18.

It has alréady been remarked that the thermal
stability of hexafluoride molecules decreasesin each series
with increase in atomic number of the central atom, PtF6,23

RuFg>° and RhF 26

having been found tp dissociate to fluorine

and lower fluorides rather readily; There is, therefore, a
correlation of effective molecular volume, oxidizing bower
and thermal stability. The smaller the effective volume of

the MFg species the more powerfully oxidizing it is. Presum-

ably this correlation occurrs as a consequence of the size
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and electron affinity of MF6 being . dependent upon the polarizing
power of the central atom. In Table XXIV d-electron configura-’

tions of hexafluoride molecules and hexaf1u0r0=ahions Q) are

shown.
TABLE XXIV
d-Electron Configuration of Hexafluroides and Hexa-
fluoro-anions{V) of the Second and Third Transition
Series.
4° al a2 a3 at a5
"~ MoFg TcFg Ru?6 RhFg

WF6 ReF6 OsFg IrFg PtFg

NbFg~ MoFg~ TcFg~ RuFg™ RhFg~

TaFg WFg~ ReFg~ OsFg~ IrFg™ PtFg~

In all of the hexafluorides except MoFg and WF6
and in all of the hexafluoro-anions(V) except [NbFé]' and
[TaF6]_ non-bonding d-electrons are present which are located
‘in the lower lying tog grbitals.. These electrons do not effec-
tively screen the ligands from the charge . on the central atom,
metal-ligand bond axes being in the nodal planes of the t2g
orbitals. Conséquently the effective nuclear charée (Z2-S)
which is a measure of the poclarizing power of the central atom
increases with increase in atomic number (Z) as long as the
non-bonding electrons are in tggy orbitals. Both the decrease
in volume and increase in oxidizing power with increase in Z
in each series, is therefore accounted for. It must be supposed
that in PtFg, RhFg, and RuFg, where ready dissOciatibn to |
fluorine and a lower fluoride occurs, that the polarizing power

of the central atom is so high that an electron is readily with-
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‘drawn from the bonding region.
It is surprising in view of the decrease in
hexafluorideveffective molecular velume in the solid phase

~that the M-F distances given from electron diffraction studies

are almost the same, the values being shown below®.
..Compound ' - WFg OsFg IrFg
' 0
M-F distance, A 1.833 1.831 1.830

An increage in the polarization of electrons in
the 6-bond region with increase in Z of the central afom is to
be expected although at the same time Ti~bonding involving
unfilled tg, orbitals of the central atom and filled orbitals
of the fluorine ligands will of course decrease. 1t must be
supposed, if the electron diffraction findings prove to be
correct that these fwo effectéroughly cancel, in their effect
on bond length. . The non-bonding sp electron pair of fluorine
trans to the metal-fluorine bond will be polarized more in the
case of Pt(VI) say, than in the case of W(VI)as shown in Figure 19.
It is presumably the cﬁanges in size of these fiuorine non-
bonding electron pairs which are respcnsible for the changes in

effective molecular veclume of the hexafluorides..

3.2.4 The Reaction :of Sulphur Tetrafillcride with the Noble

Metal Hexafluorides.

' The nature of the reactions of SFq with OsFg,
IrFg and PtFg indicates that the cxidizing (or fluorinating)
power of the hexafluorides decreases in the order PtF6>'IrF6>

OSF6 N
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In the gas-gas reactions OsFg and IrFe do not
react with SF4, whereas PtFg does, to give a product the X-ray
‘powder photograph of which beérs some resemblaabe to that of
(NO) gPtFg. Osmium and iridium hexafluorides need contact of
the‘solid phase with excess of liquid sulphur tetrafluonvide
Qefore they react.
The reaction products of excess liquid sulphur
te%raflﬁoride with solid OSF6 and IrFg are pentavalent com-

plexes SF4,0sF5 and SF
102

4,IrF5 which were found to be isomorphous

with' SF4,SbFg. It was found qualitatively that the heats of
reaction increase in the order OsFg <~IrF6<:PtF6. Platinum
hexafluoride reacts violently with liquid SF4 and the reaction
product is amorphous. The analysis (see Section 2.3.7) rules
out the composition SF4, PtF5, For pentavalent platinum
(dt2g5) the expected magnetic moment is ~1,73 B.M.62 put this
reaction prdduct has a magnetic moment of 1.00 B.M. on the basis
of a molecular weight of 398 (SF4,PtF5). This low value of
the magnetic moment could arise from theée presence of Pt(IV) in
the reaction product, in addition to Pt(V). That the Pt(IV)
compound present in this mixture cannot be (SF4)2PtF4 is ruled
out on the basis of analysis. The low percentage of fluoriné
and sulphur (Section 2.3.7) and the low value of the magnetic
moment can be explained if the product is assumed to be a
mixture of SF4,PtF5 and PtFy.

The room temperéture magnetic moments of SF4,0sFj5
and“SF4,IrF5 are those expected for Os(V) and Ir(V) compounds
respectively as may be seen bybreference to Tables XXXII and

XXXIII.
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The X-ray powder photographs of these complexes

indicate cubic symmetry with the platinum metal atoms 1ying in

a simple cubic lattice with a~5.58%. (this indicates a vbiqme

of 173.823 for the formula SF4, MFy; which is thewvolume ekpected
on the basis of Zachariasen's methqdlos). Allowing each F
ligand-é volume of 18 to 1983 the Qolume of SF4,MF5 should be
between 162 and 1713. A preliminary X-ray study of the iso-
morphous SF4,SbF5 complex has been interpreted in terms of
anionic lattice composed of [SF3}* and [SbFg]~ ions,loz’104
this being the most satisfactory model to account for the cubic
- symmetry.

Hepworth, Robinson and Westland38’76

had pre-
pared the complex SF4,IrF5 by the reaction of solid IrFg with
liquid SF; and had observed that this complex hydrolysed com-
.pletely to a colloidal iridium dioxide, sulphurous and hydro-
fluoric acids; there was no evidence of [JrFe]z_ in solution.
- The analogous selenium complexes SeFy ,0sFg and: SeFg, IrFg they
formulated as-[SeFé]+ [0sFg] = and [SeFz]* [IrFg]- in that these
compounds produced the [MFé]zﬂ ions on hydrolysis. Furthermore,

they argued that SeF3+ was a feasible ion on the grounds that

the conductivity of liquid SeF4 was consistent with autoioni-

zation:AZ'SeE4zﬁ{SeF3]+ + LSeF5j“., In view of the difference

in behaviour of sulphur and selenium complexes towards hydro-
6,105

lysis it has been postulated '~ that selenium complexes

are ionic and the sulphur complexes may be coordination compounds,
: 106

F4S—MF5. Bartlett has pointed out, . however, that the dif-

ference in the hydrolytic behaviour in the two cases may well

be attribytable to the reducing nature of sulphurous acid. The
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X-ray evidence obtained in this work supports this point and
indicates the ionic formulation of the SF4 ,MFg complexes,
Plate II shows the X-ray powder photographs of NOOsFg, SF30sFg
and SF3IrFg. | |

It is of interest to assess the SF3' cation

volume. The anions being common, the difference in the molecular
volumes of the isomorphousSFB+ and NOT salts can be taken fg
arise due to the differeﬁce in the effective volumeé of SFg*
and NO*, The effective molecular. volumes of some,SF3+ and NOT
salts are compared in Table XXXV,

TABLE XXXV

o
Comparison of Molecular Volumes (in A3) of
Some SF3* and NO' Salts.

Mol. ' . . Mol, .. Mol.

Volume . Yolume N . Volume

SF3* [SbFg)~ 178.0 SF3'[0sFg]~  173.8 SF3" [IrFg]~ 173.8
+ - + - + -

No* [sbFg) 132.4 NO" [OsF.] 129.8 NO'[IrFg] 129.3

Difference 45.6 44.0 ' 44.5

From the above table it is seen that the SFa*
3
cation is about 458_41arger than the NO+ cation. If the NO'
. A 5 .
is taken to have a volume of.NQOK , as 1s indicated by its

3
similarity to K" 103 then the volume of SF3+ will beegﬁsx .

. 3.2.5 Other Oxidizing Reactions of the Noble Metal Hexafluorides

(i) - Krypton and carbon monoxide

The reactions of krypton and carbon monoxide,
which have higher ionization potentials36 thanioxygen or Xenon,

with platinum hexafluoride were examined in'order to assess the
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upper limit of the oxidizing power of PtFg. Assuming both Krt
and CO' to be akin in volume to 05" the oxidation of Kr and CO
to give Kr+[PtFé]' and CO*[PfFG]“ would require that the
electron affinity of platinum hexafluoride should exceed 198
kcal/mole (Appendix IV). Krypton did not combine with platinum
hexafluoride but carbon monoxide reacted violently. . Carbonyl
fluoride, COF9 and a mixture of platinum metal and platinum
tetraflurode were produced. It is not necessary to postulate
CO+[PtFé]f or related species here, since an adequate explanation
can be found in terms of oxidative fluorination by the'PtF6.

Thé formation of two C-F bonds in COF, will liberate conside{—
able energy (the average C-F bond energy is ~105 kcal/mole)lq7
and since the dissociation of PtFg to lower fluorides and
fluorine occurs readily,23 the exothermicity of the reaction
with CO is easily understood. . Moreover, if an intermediate ig
formed in the case of CO, it should also form in the case of
krypton as both fequirel the PtFg to have ;pproximately the
-same oxidizing power. Presumably KrFg and PtF4 do not form
because of the low Kr-F bond energy. The experimental evidénce
indicates that krypton difluoride dissociates slowly to the
elements, evén at ordinary témperatures,108 therefore the average
bond energy cannot greatly exéeed 18.4 kcal/mole;10 which is
the enthalpy of formation of atomic fluorine,l’2 The fact that
Xxenon and oxygen are oxidized, whereas krypton is nét, indicates
- that the electron affinity of platinum hexafluoride is unlikely

to be:gréater than 198 kcal/mole. It is probably much less,

(ii) 'Nitrogen trifluoride.

The absence of any interaction between nitrogen
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trifluoride and platinum hexaflubride is nét surprising. The
ionization potential of NF3 is 13.2 e.v.llo and the NF3+ cation
beihg large, the lattice energy for a salt NF3+[§tFé]‘ would
be smaller than in the cases of 02+[PtFé]' and Xet[PtFgl™. It
is significant that despite'the strong oxidizing and fluorinat;

ing properties of PtF6 there was no indication of the formation

of NF4 or NF5.

(iii) Hexafluéfbbenzene

It'seemed worthwhile to attempt the oxidation
by ionization of hexafluorobenzene in view of the remarkgble
electron affinity of platinum he#afluoride and low ionization
.potential of CgFg (9.9 e.v.).lll! However, even at the outset
it was recognized that a prime difficulty in effectiné the
reaction PtFg + CGFG-ﬂ?GFé]+EPtFé]f would be the competition
from the highly favourable alternative reactions:

3PtFg + CgFg — 3PtF, + CgFig

9PtFg + CgFg — 9PtF4 + 6CFgq.

UnfOrtunétely the reactions such as the latter predominatéd and
there was no indication fhat the ionization reaction could
occur.
(iv) Chlorine

-~ The chlorine molecule has an ionization potential
of 11.3 e.v.3% and for the formation of [C12]*[PtFg]~ the minimum
value of the electrén affinity of PtFg is therefore required to
be at least 118 kcal.mole (Appendix IV). Apart from possible
side reactions the formation of this compound appears to be

. + .
favourable since for the 02 case as we have seen the minimum
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electron affinity of PtFg is required to be greater than 156
kcal/mo}e. The reaction product of Clg and PtFg was amorphous
but no evidence of free ClF3 or ClF5 was obtained in the infrared
monitoring of the reaction. Absence of any free-fluorinated
species of chlorine indicates that chlorine is bound in the

solid product. The various reactions which can be supposed to

occur are given below along with the expected stoichiometry of

the reactions.

. Stoichiometry
Cly + PtFg — C1} (ptrg)” (1) Cl?‘lElptF6
Clg + 2PtFg —2C1F + 2PtFj |
2C1F + 2PtF5 —¢2ClF,PtF5 (ii) 1:2
Cl, + 6PtFg - 2C1Fg + 6PtFg
2C1F3 + 2PtFg = 201F3-,PtF5 (iii) 1:6

The observed stoichiometry of the reaction was
approximately 1:2.5 hénce all three reactions could occur.
Reactioﬁ (iii) is clearly not predominant. The solid product
could not be characterized by X-ray powder photographs as it
was amorphous. Inci@entally ClFS,PtF5 normally yields sharp
line X—fay powder photographs.87 Obviously this reaction n?eds
further investigation.

Though iridium hexafluoride fails to oxidize

M ;¢ does -

oxygen (observed in the present work) or xenon
react with nitric oxide not only to produce NO+Y;rFé3_ which
requires a minimum electron affinity of 89 kcal/mole but dxidizes
more nitric oxide to yield (NO)ZIrF6 as well, This indicated

that IrF6 was perhaps capable of oxidizing chlorine. As in the
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case for ClE[PtF6]° thé minimum value of Ej of IrFg is required
to be 118 kcal/mole. No free C1F or C1F3 was formed during the
observed reaction of chlorine with iridium hexafluoride. In’

i
two reactions the Cly: IrF_. stoichiometries were 1:1 and 1:1.4.

6
The very pale yéllow solid formed initially became a deepe;
yellow liquid in a few minutes. This liquid on keeping in an
evacuated glass container for a period of a few weeks ppoduced
a yellow solid which was identified by'X-ray powder photography

57

~ to be iridium pentafluoride. This last observation is.in

-accord with the findings of Robinson and Wéstland who reported38
that chlorine reacted with iridium hexafluoride at 55-60° to

. yield an oil which gives "IrF4" as a sublimate at 120-140°.

The "IrF4" of Robinson and Westland has been recently identified

in these laboratories a-s_IrF5.57

The sequence of changes
observed in this work suggests that the first product may be
Cl;[IrFG]', which decomposes perhéps to a ClFg,IrFs5;IrF5 mixture

6Clp * (IrFg)~ = 2C1F3,IrF5 + S5IrFy + 5Cl,.
The ClF3,IrFg adduct could have decomposed by interaction with
the glaSs container: 4C1F3,IrFgy + 3S5i0yp —=4IrFg + 3SiFg +
302 4+ 2c1,. I

It wili be neéessary in further investigations

of these interesting systéms to work at lower temperatures and

in non-silaceous containers, in order to preserve the initial

products of reaction.



APPENDIX I

PROGRAM NUMBER 1

INVERSE MAGNETIC SUSCEPTIBILITY VS TEMP STRAIGHT LINE APPROXIMATION

ik

S
D N

W 1 N0 W

J=J+1 ‘
READ(5+3)X(J)sY(J)

$ JOB
SIBFTC AAEM
C FORTRAN FOUR CONVERSION OF STRAIGHT LINE APPROXIMATION
C ESTIMATION OF PARAMETERS FOR A STRAIGHT-LINE APPROXIMATION ' $3-6 1
c CET N = NUMBER OF OBSERVATIONS S3-6 2
C LET X = INDEPENDENT VARIABLE . o . ' 3-6 4
C LET Y = DEPENDENT VARIABLE ' , . 83-6 5
C THTS PROGRAM FIT5 LINE TC 1/MAGS VS TEMP
C LET Y(J) BE MAGS NOT 1/MAGS
C LET X(J) BE TEMP
12 35X = 0. S3-6 6.
SY = 0. 53~ 7
SXX = O $3-6 8
SX7 = 0. $3-6  ©
SYY = 0. $3-6 10
J=0
READ(IBH s 1 INsAXHIAY
1 FORMAT(1592XsAbs2X sA4) $3-6 12
DIMENSIONX(100)sY(100)
DO 2 T = 1sN S3-6 13

FORYAT(FT740sF740)
Y(Jdi=1./Y(J)
SX 4+ XUJ)

}
|
|
l
l

“in
-<i 2%
wiu

SY 4+ Y{J)

€9t




APPENDIX 1 CONTINUED

SXX=SXX+X(J)%X(J)
SXY=SXY+X(J)%Y(J)

<t

—
N

2 SYY=SYY+Y (D)%Y (J)
READ(5,20)TEST
20 FORMAT (A3) , S3-6 22
CALL SETHOL(CHECKs3HEND) ,
IFITEST~CHECK) 11512511 ' !
11 WRITE(63513) :
13 FORMAT(51H WRONG NUMBER OF DATA CARDS OR LAST DATA CARD NOT
1 32HFOLLOWED BY AN END-OF-DATA CARD ) _
STOP : S3-6 27
12 FN = N S3-6 28
DN = 1./FN . $3-6 29
AVX = -SX#*DN $S3-6 30
AVY = SY*DN S3-6 31
CALL SKIP TO (1)
WRITE(6s4) AXsAVX s AY s AVY :
4 FORMAT (16H MEAN VALUE OF A4s3H = E13+6/15XsAb4s3H = £13.6)
DNN = 14/(FN = 14) $3-6 35
S = SXX - SX®AVX S3-6 36
COVX = S%DNN S3-6 37
COVY = (SYY — SY#AVY)*DNN $3-6 38"
S COVXY = (SXY — SX¥AVY)*DNN S3-6 39
STDA=SQRT(COVX)
STDY=SQRTICOVY) ,
WRITE(655)AXySTDXAY s STDY ]
5 FORMAT (/7234 STANDARD DEVIATION OF A4s3H = E13.6/22XsA4s3H = E13.6
1)
CORR = CCOVXY/(STDX#STDY) S3-6 44

j—
—

WRITE(6:6)AXAY yCORR

¥91

—
wbmm\lcnsocl
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APPENDIX I CONTINUED

[P S——

FORMAT(//21+H CORRELATION BETWEEN A&4,4HAND A4s3H = F10.8)

47

A = COVXY/COVX S$3-6
WRITE(6sTI1A - S ‘

FORMAT (//32H SLOPE Oﬁ REGRESSION LINE = E1346) _ . -
B = AVY - A*AVX : ' ' : S3

50

WRITE(648)5 P
FORMAT (32H INTERCEPT COF REGRESSION LINE
R=SQRT((FN=14)%(COVY=A%¥AXCOVX) /(FN-24))

F13.6)

WRITE(639IR ~ . 3 "
FORMAT (32H STANDARD ERROR OF ESTIMATE £13.6) o
S1=R*SQRT(DN+AVX*AVX/S) - .

10

SS=R*SORT(1+/5) |
WRITE (6510155551 - s~

22

FORMAT(31H CONFIDENCE INTEZERVAL PARAMETERS/21X10HSLOPE = Elé.é/

121IX1I0HINTERCERPT E1346)

WRITE(6522) . S ‘
FORMAT (////115H TEMP SUSC.(0BS) SUSC(CALC)

DEVIATION (CG5#10E-6) 1/TEMP 175USC(OBS)Y (1/CGS))
J=0

DO421=1.N
J=J+1
YCALC=A%X{J)+B

SCALC=1000000e/YCALL
SOBSV=1000000./Y(J)
SDEVI=SOBSV-5CALC

-

33

TINV=1e/X(J) ,
WRITE(6933)X(J)sSOBSVsSCALCYSDEVISTINVY(U)

FORMAT (F10a2»8H sF10e2s9H sE10e2s9H  LF1042

116H sF10e592H sF1042)

691




APPENDIX I CONTINUED

42

CONT I'NUE
WRITE(6544)

A

T FORMAT(/77728H TEMP

TEMP=60,
DO521=1+12

SUSCICALCYIZ /)

TEMP=TEMP+20;
YCALC=A®TEMP+B
SCALC=10000004/YCALC

55
52

WRITE(6s55) TEMP s SCALC
FORMAT(F10.2,8H '»F1l0e2)
CONT I NUE

SENTRY

GO TO 14
END

$3-6
S3-6

61
62

ol
£y

~ <

—
—
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APPENDIX 11

PROGRAM NUMBER 2

$J0OB -

CALCULATION OF OsDs1/D%DsNFRN FROM ARC MEASUREMENTS

SIGFTC
44

INDEXX
BN=0.
CN=0,

SCP=0.,
SB8P=0.
CALC OF BEAM STOP CENTRE BPA=AV(X1+X2/2)

W = MO

CATA CARD WITH X1=X2=0 SIGNALS END OF DATA
READ(5,30)1X1sX2 :
FORMAT(2F 1043) ~

BP=(X1+X2)/2.
SBP=SBP+BP
IF{BP.EQ.C.)GO TO 3

BN=BN+1.
GO TO 1
BPA=SBP/BN .

£~ N Npw

CALC OF COLLIMATOR CENTRE CPA=AV(X1+X2)/2
DATA CARD WITH X1=X2=0., SIGNALS END OF DATA
READ(5+30)X1sX2

CP=(X1+X2)/2
SCP=SCP+CP
[F{CP.EQ.0+)GO TO 5

CN=CN+1,
GO TO 4
CPA=SCP/CN

WRITE(SHsT5)

L9T




APPENDIX II1 CONTINUED

75

FORMAT(1Xs10H X1 5 20H
1HKL  520H » 1/D*D

2THETA,20H"

D
NRFEN 7/

2/7)
FACTOR TO CONVERT ARC TO ANGLE

ANGLE=3+1414/(CPA-BPA)

IF{ANGLE«LT.0.)G0 TO 7
GO TO 13
ANGLE=—-ANGLE

CALC OF 2THETASDCORRs1/D%D
I[F X FOR ALPHA1l ADD 100 TO X VALUE
I[F X FOR ALPHA2s ADD 200 TO X VALUE

= OO M MY

X1=0 SIGNALS END OF DATA + NO OTHER SET

X1=999 SIGNALS END OF DATA + ANOTHER SET FOLLOWING

READ(5,2) X1

~

FORMAT(F10.3)
[F{X14EQe0.)GO TO 17
[F(X14EQ6999.)G0 TO 70

[F{X1eGT20041GO0 TO 14
[F{X1.GT«10041G0O TO 15
AMBDA=0.7709

14

GO TO 16
X1=X1-200.
AMBDA=0.77217

GO T0 16
X1=X1-100.
AMBDA=0.77025

4

—
o

16

GC 70O 16
X2=X1-BPA
THETAZ=X2*ANGLE

-—
—

TF(THETAZ-LT+0.1G0 T0 20

891

wa—mm\xéow‘o“




¢4
WY

-

— e .

wammwm\mo!_l\,

APPENDIX II CONTINUED

GO TO 21
THETA2=~THETAZ2

THETA=THETAZ2/2.
CTHETA=COS(THETA) -
STHETA=SIN(THETA)

XTHETA=1./STHETA
DHKL=AMBDA*XTHETA
DINSQ=1./(DHKL*DHKL)

XNRFN=05%( (CTHETAXCTHETA
THETA2=360./6.2828%*THETAZ
WRITE(6+s18)X1 s THETAZ s DHKL

/JSTHETA)+{CTHETA*CTHETA/THETA))

sy DINSQs XNRFN

18

FORMAT(1XsF10e3910H
yF1046:20H
GO TO 13

SF10.3510H
»F10e3/)

sF1045510H

70

17

CALL SKIP TO (1)
GO TO 44
STOP

BENTRY

END

t
|
i
{
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APPENDIX I1TD

PROGRAM NUMBER 3

5J0OB

CALCULATION OF 1/D#%0 FOR ASSUMED SET OF UNIT CELL PARAMETERS

STIME

1

i

SIBFTC DATAPR

DATA PREPARATION FOR CRYSTAL STRUCTURE ANALYSIS

C
- C X-RAY ANALYSTS GROUP CHEMISTRY DEPARTMENT UNIVERSITY OF
C BRITISH COLUMBIA ’ ‘
988 READ 989, iPR1» 10UT1 . =~ - o
989 FORMAT (12512) .
REWIND I0QUT1
GO TO -(90:99)s IPR1 . '
90 READ 8035 WAVEsAlsA2sA35CSA1sCSA2sCSA3sSNAZSPHIOSFLIM
80 FORMAT(FS5ebsbXsFbebsF6absFbabs2XsFTe53FTe53F7e50FT7e532XsFT7e3sF342)
R1=WAVE*AL1*SNA2 ' .
R2=WAVE#AZ*(CSA3-CSAL*¥CSAZ) /5SNAZ
RI=ZWAVEHAZH#SORT (1e~CSAL®%2~CSA2¥%2~CSA3#%2+2 4 %*CSAL*CSA2%CSA3)
1 /SNA2 : 4 ' :
R4=WAVE*AI*CSA2
R5=WAVE*A2%CSAL
R6E=WAVE*A3
FOVLS = 440/ (WAVE#%2) :
READ 81s LSTRTSLNEGLILMNEG2 oL s#MsNsXINsJINsITsJJsKK
) 81 FORMAT (125125125125125012,7X512512,6Xs11511511)
7 , JSIGN=1
v 69 KSIGN=1
12 70 DO 1 IP=LSTRTs50,L
1t : Fl=1P=1 :
0 . : o

!
i
!

W B e




APPENDIX 111 CONTINUED

DO 2 JUP=1550M

<—&

—
™

71
IF (JSIGN) 5253553
72 DO 3 KP=1350,N
"IF (KSIGN) 56559459
73 X1=R1#FKD+ R2%FJ + 0.0000001
X2=R3%FJ
X3=R4*FKD+ RS*FJ + R6E*FI
DIMENSION LFI(3)
SINSQ=0e25% (X1%%2 + X2¥%%2 + X3%3%2)
00VDS = FOVLS * SINSQ ’ - : )
IF (SINSG-FL1M) 8,959 -
9 IF (FKD) 251052
10 IF (FJ) 122051 .
8 - TWOTH=114+59156%ATAN(SGRT (SINSG/(1.=-SINSQ)))
CHI=Z574295378%ATAN(X3/SGRT (X1#%%2 + X2%%2))
PHI=57.,29578%ATAN(X2/X1) +PHIOQ
IF (X1) 30.31,31 ' :
30 PHI=PHI + 180,
GO TO 35 ‘
31 IF (X2) 32:35,535
32 PHI=PHI + 360
35 LFI(1)=FKD
LFI(2)=FJ
LFI(3)=F1
IF (PHI=-3604) 3537937
37 PHI=PHI~-360., : :
3 PUNCH 2011s LFI(II)sLFICJI)SLFI(KX) 00VDS
2011 FORMAT (10Xs313427XsF843)
2 CONT I NUE - '
1 CONTINUE

—

L1
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APPEMDIX 111 CONTINUED

1%

20 [F (KSIGN) 21,2222
22 KSIGN=KIN
TF (KSIGN) 91:21,21
91 LSTRT=LNEG1
GO. TO 70
21 IF (JSIGN) 23s24s24 ,
24 JSIGN=JIN
IF (JSIGN) 92,25,25
92 LSTRT=LNEG?Z :
GO TO 70
23 IF (KSIGN) 69325525
25 PRINT 25
- 26 FORMAT (1X»14HSTARTIN SORT)
GO TO -100 :
52 FJ =-JP+1
GO TO 72
53 FJ = JP-1
GO TO 72
56 FXD=-KP+1
GO TO 73
59 FKD= <P-1
GO TO 73
C 100 . LIBRARY PROGRAM FOR SORTING DATA (IBSRT)
C WITH FINAL OUTPUT ON PRINTER
c | ,
100 GO TO 988 A , :
59 READ 101s WAVEsAABBsCCsCSASCSBCSGINCURVSIFILE
101 FORMAT (F54434X3F6063F6e635F60632X0FTa55FT70a59FT7a5359Xs1252X512)

<

WAVE 2=WAVE*®2

3= R

|
l

AHFR=0.25 * WAVE2 * AAx%2

CLT
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APPENDIX 111 'CONTINUED

AKK=0425 % WAVE2 * BB¥%2

ALL=0425 * WAVEZ * CC3*2

AHL=0.50 * WAVE2 * AA®CCH#(CSB
AHK=0.50 * WAVE2 * AA*BB*CSG
AKL=0.50 * WAVE?2 * BB*CCxCSA

DIMENSION FCURV(8)s FOI(8)s P(8)s F(8s14)
DO 200 I=1sNCURV '
200 READ 201, P(I)s FOUI)sy (F(IsJ)sd=1y14)

201 FORMAT (16F5.3)
DO 400 I=1,8 . - ' )
400  FCURVI(I)=0. : -

ONOLS = 1le./WAVEZ
C ‘ROUTINE FOR WINDING OUTPUT TAPE TO PROPER FILE
ASSIGN 253 TO TENDF :

CALL EOF (IQUT1,IENDF)
NFILE = IFILE

254 IF (NFILE = 1) 10251025252

252 READ (IOUT1) II+IGPENsSSOLSsFRsFKsFLsFOBSsFOBS2s(FCURVIT)I1=1,8)
GO TO 252 '
253 NFILE = NFILE - 1

GO TO 254 h
102 READ 1025l 1sIGPENsFHsFKsFLsFINTIVBS»SINSM
103 FORMAT (1291 Xal235XsF3403F3a00F340s2XsF540934X9sF54295X9F545)

[F (I1) 300+s301+300
301 IF (IGPEN) 30053025300
300 S50LS=0.

FREL=0.
FSQR=0.
DO 303 [=1sNCURV

303 FCURV(I)1=0.

. (-
wumm\loo'&O;‘::(—Q&
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APPENDIX ITI CONTINUED

GO TO 105 : .
FSIN2=AHH¥FH*%2 + AKK*FK##2 + ALL¥FL%%2 + AHL#FH¥FL + AHK*FH*FK +

1

104

AKU*FKFFL
IF (FSIN2 =1.) 10451045102 - .

it

RCLOR=2%#SGRT {(1le-FSINZ2)*(FSIN2-SINSM))/(1e~2.%¥FSIN2+2,%FSIN2%%2)
FSQR FINT % RCLOR #* v8S : : ’
FREL SQRT  (FSGR) ' ‘

nou

SSOLS = FSIN2 % CONOLS

STOLS = SQRT  (Ss0LS)

203

IF (STOLS - 0s1) 20352045204 _ . -
DO 202  1=1,NCURV - -

202

204

FCURVIT) = FO(I)/72XP (PLI)*SSOLS)
GO TO 105 .
IF (STOLS - 1.0) 205520645206

205
207

KO =1
K1 = KO + 1
£l = K1

41

Fl = Q0.1%E1
IF (STOLS - F1) 40s41.41
KO = KO + 1

40

GO TO 207
£E0 = KO
F0

i
O
-
et

K2
K3
RANGE = LS - FO

It

7~

(@
2N i

402
1

DO 402 sNCURV
FCURV(L) = F{IsKO) + (F{I1sK1)=F(IsKO))*RANGE*10s + 50Q.%
(FUTsK2)=2o%F (T sKII+F {1 sk 0 ) ¥RANGE®%D + 166,667%

!
!
i
|

2 (FU1sK2)-3e*F (I oK2)1+3e%*F (1 sK1)~F (L sKO))*RANGE*%3

PLT




APPENDIX T11 CONTINUEb

GC TO 105
206 KLOW = 10

206 KHIGH= KLOW + 1
EHIGH= KHIGH
FHIGH= 0.1 * EHIGH

IF (STQOLS — FHIGH) 42+43,43

43 KLOW = KLOW + 1
GC TO 209
42 DO 502 [=1sNCURV

502 FCURVIT) = FUI»KHIGH) + (F{IsKLOW)=F{IsKHIGH))*(FHIGH-STOLS)*10,
105 PRINT 2012, [1sIGPENSSOLSsFHsFKsFLsFRELSFSAQR, (FCURVI(I)s1=1+8)

2013 FORMAT (1XsI251XsI2s1XsFTets2Xs3F54092X3F6e192X9F6e037(F64351X)
F6.2) .
106 [F (I1) 198,102,198

[

138 GO TO 99

END
SENTRY
0102
12 111 -1 123

L b

—_—
™o

w.hmca\xoo«o';']:

CLT
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APPENDIX IV

Estimation of Minimum Electron Affinities of The Noble

Metal Hexafluorides for Various Ayx+[MFél§f Formulations.

The valuelof’the minimum electron affinity of a noble
metal hexafluoride, MFg has been derived by using a Born Haber

cycle for the formation of salts-Ayx+[¥F61§_:

ya**t x{MFé}Y‘ U o a," (mrgl %™

Fgl ' q%ji////ﬁjﬂ?
yA

+ xMF6

Wbere A is a reagent like‘Q2,NO,CO etc.; x =1l or 2, y =1 or 2;2E
ié the total elegtron affinty of MFg molecule; €I is the total
enthalpy of ionization of A; U and.AHf are lattice energy and

heat of formation of Ay[MFG]X respectively. Lattice energies

-were calculated using Kapustinskii's equation,112

U= 287.28n _Z1%2  (1- 9-3%% ) pere £n is the
o To+rp rQetr, :

number of ions in the molecule,Ay[MFéXk, z apd zo the ionic
charges and,rC+rA is the sum of the radii of the anion and cation
in the lattice when referred to coordination'bumber six.

The values of rg+r, for OE[PtFél_‘and NO+[MFé]- were
obtained by correcting the observéd interionic distances for
coordination nuﬁber sixflls‘ The interionic distances in these
salts were calculated from the known unit cell parameters (CsCl
t&pe, 8:8 coordination).

- ‘'The values of rot+r

A

for other salts have been derived by
o] +
subtracting 1.33A (for the 02 radius, taken to be equal to the»
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K% radius) from rg+r, of OyPtFg and thenadding the appropriate
value of the radius of Ax+
The radii of Xe™ and X62+ were taken to be 1.50 and 1.008
' respectlvely on the basis of the calculated covalent radlus of
xenon in XeFy (1. 31A Xe having a postlve chrage of 1. 36) and
_on the ba51s of the bond length, Xe-F being 2.0pA in XeF2.114
From the: Born Habér cycle given in the last page,
AHg =21 +2E + U . Foi' tﬁe formation of AyY_MF‘Q xA'Hf should
be exothermic and henceZ E should be more exothermic than 1+ U.
The minimum value of £E has been taken aé %21 + U. The values
for the;minimum electron affinities of MFg for the formation

of some Ay[MFélx salts, along with the values of ionization

: potentlals of A and lattice energies of Ay[MFélx are tabulated

below.
Minimum, E for
exothermicAH
(kcal/moleg
U s1 | _ o
. ~ (kcal/mole) kcal/mole [MF&] [MFé]
04 [PtFg) ~ ~125 281 156
. i .
“No'[MFg] ~ -124 213 | -89
(NO™) Z[MFé 2- -372 - 426 ~-54 "
c1y Mg - 112 230 ~118
cot [ptFg) - -125 323 -198
ket [ptrgl” - -125 323 -198
xe* [PtFg) - -120 280 ©-160
+ (
xe” [ptrg7], =~ -402 747 ~172

Ny [PtFg]”  -125 358 -233
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