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- PERFLUOROAROMATIC CATIONS AND RELATED STUDIES

Thomas Jay Richardson

- Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California 94720 -

 ABSTRACT
The radical’cations C6F2 and ClOF; were syntheeized in bulkrsolids
for tﬁe'firSt time through the reactions of hexafluerobenzehe with
.dioxygenyl salts and of C6Fz with'oceafluoronapthalene.» The nevel
compoueds thus prepared were characterized by a nuﬁber of physical and
spectroscepic techniques, and the crystel structure ef C6F;Ang was
determined ffdm X—ray powder diffraction data. |
Adducte:fOrmed by the interaetion of chlorine witﬁ dioxygenyl ealts‘
were'investigeted and preliminary results are presented. Fofmation of
.-_ these adducts‘ie partly revefsible, and does not eppeer_to involve
substantial oxidetion of chlorine; These are tentatively formulated as
salts ef thevpfeviously unreported cation, CiZO;.
| Studiesnefithe oxidizing power of dioxygenyl salts and the oxidizing
aﬁd fluorinatiﬁg properties of iridium hexafluoride wefe carried out
with the aiﬁ of‘oxidizing inorganic anions to their corresponding
‘neutral redicals. These expefiﬁents were unsucdesefhi, but give insight
:> into the problems involved, andvhold out some hope for fueure'sueeess.
The xenon (II) salts Xe F+RuF_ and Xe F+IrF_ were hydrolysed to

2°3776 2°37776

el produce Ran and_an as yet unidentified volatile iridium compound,

" possibly Ir04}
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6

has been explained and a crystal Strﬁgturebthought to be that of the

. ' 4
In addition, the presence of ClOZIrF 9

ClF; salt has.been fe—interpreted in the light of these findings.

: + -
in preparations of C1F_ IrF

6
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I. INTRODUCTION
This thesis consists of several interrelated‘studies (Chapters III -

-3

through VI), and two separate, short investigations (Chapters VII and

_VIII). The.gfeater part of. the work deals with thebpreparacion and

charactérizgtion of several radical cationms, mos£ ﬂotaB1y C6FZ and
ClOF;,‘along_ﬁith attempts to pfepare a number.of.inérganic free radicals
byvoﬁé—electrén oxidation of the corresponding anioﬁs.

| Chépter'VII describés the controlled hydrol;sié of xenon (II) salts  ;_’
of pehtévaleﬁgerthenium and iridium. Chapter ViIIbis'a teinvestigatioh

and‘clarification.of the composition of adducts formed in the reaction’

df.chlorihetriflouridewith iridium pehtafluoridé,

. The abpératus and tech;iques of inorganic flﬁbrine chemistry, -
utiiizéd.iﬁ'ali parts of this wbrk; are detailed:;n Chap£er II. Some
specialized procedures were developed for use_in,%ndividual e#periments;
and these atebiaid out in.tﬁe appropriate cbapteré. A brief history K
and discussioﬁ of theoretical considerations is péesented at the

beginning of ‘each chapter.
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II. METHODS AND MATERTALS

General Methods  . o “

Since a great number of the compounds dealt.wiﬁh in this work are
éir—sensitive'(often dangérousiy so0), they must be handled‘in.vaﬁupm
FSyStems or in the,relatively'inert‘atmoéphere of a_dty box..  The
corrosive nature of many inorganic fluorine compounds réquired the con-
' structidn'aﬁdjgse of a metal vacuum system, to which vessels of metal,

. fluorinated polymefs, and fused siiica or pyrex glass‘maylbe éttached. 

Involatile air-sensitive solids were handled in ‘a Vacuum Atmos-
ﬁhéfesvDri-Lab;.with two continuous-flow drying fféiﬁs which kept both
oxygén and water concentrations at a minimum. TheSé'Qefe regenerated -
in'alterﬁatién on a regular schedule. \

.APParatuS W8s tested for 1eaks_using'a Consolidaﬁed'Vacuuﬁ”':
quadruéole maéé:spectrometer helium leak detector when first_assembled,
and reftestéd each time a.connectionvwas Broken. 'Teflon FEP ﬁﬁbihg was
found ﬁovbebsomewhat‘porous to heiium, so that'léak—testiﬁg.of-such
a?paratus had’t§ ﬁe pefformed rapidiy. R N

The vacuum line and drybox have been‘déscribed;in detail‘byv
Schrivér;lvan& By seﬁeral otheré.2'4 . The vécuum sysfem used in.tﬁis'
work was construcfed:bf_l/4 iﬁ. monel and copéer tubing, monel Swagelok
fittings, and monel and brass Whitey 1KS4 valves, wifh both stainless
steel? and Kel-F plastic—tippea valve stems (see Fig. II-1).

Vaguum’wasbprovided by small recirculating oi}—seal pumps . and by

a high vacuum manifold with 'a 2-inch diameter silicone oil diffﬁsion

pump. Pressures as low as 5X10—3‘mm, measured by a Héstingé thermocouple

N



THigh Vacuum Manifold _

- . - s

1-liter bulb
T.C.
Gauge

J o
, N T ¥ -
. T T T T T T

/ - Helicoid Gauge 0-1000mm \ T

Soda lime
Tower
—

Rough P
T ough Pump

T~
= <22

‘Toepler Pump T / -~ -4 H o+ H

Fig. II-1. Schematic diagram of the metal vacuum line.

XBL 7411-7553



~4-
gauge, were commonly obtained. vPresSures in the range 0 to 1500 mn vere
‘routinely mea;ﬁred by a Bdurdon—typé Helicoid gauge manufactured of.
monel for use with fluorine or oxygen.

High—pfgésure and.high—temperéture reactions were carried out in
specially—fabricated monel/stainless steel autqclave bombs capablébof
withstanding‘pressures of 500 atmospheres at temperafures uﬁ to 600°.

~Under such excfeme conditions attack on the wallévof the bombs often
décurred, witﬁ resultant contamination of the prO&ﬁct by hexafluoro-
'ﬁickelate (IV) ‘salts. This ﬁas minimized by inséf;ioﬁ of a tight-
fitting nicke1 s1eeve which was betfer ablevto résist attack and -
allowed eaéier recovery of the product. When an oéeration called for -
a larger volume, mediunhpfessure (2-12 atm) contaiﬁer, a 150 ml monel
can with rémovable lid was employed. The‘bottoﬁ.of the can was ﬁade.
from 2 in. o.d. monel fuﬁing, with a.wail thickness of 1/16 in. To -
this was welded a disc of 1/16 in. monel sheet, Thé‘top of the can was
welded monel shéet, recessed for a Téfdon O-ring wﬁich‘provided a
leak-tight seal} and with a jacket througﬁ which Qaﬁe& or compressed
air could be fdn to cool the 1id. Cooling was ﬁecéssary to protect
the soft Téflon.O—ring when the temperatufe of thé Can.botfom ex-
1£eeded 1506; éﬁd to present a cold surface (inside_lid) fof'sﬁbiima;
tion of vqlatiie materials. - |

In early experiments, Kel-F reaction VeSSeis were.used to allow
visual . observation of reaction mixtures. It was found, however, that
dioxygenyl salté and, to a iesser extent, iridium'hexafluoride caused
Kel-F to crack ahd leak even #fter short expoéures to theée stfbng.

oxidizers. Subsequently, reaction vessels were constructed of
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Teflon FEP tubing, a fluorinated ethylene-propylene copolymer not so

" susceptible to attack, and, when possible, of fused silica. Teflon

FEP proved fo,be more transparent andaresistant‘to extremes of temper—
ature than Kel—F, but was slightly more porous,'an& such vessels were
stored in ghe-drybox whenevér éossible to prevent the entry of oxygen
or moisture{

. Both the Teflon FEP and fused silica vessels were connected to

_ brass Whitey valves by means of Swagelok 3/8 in. to 1/4 in. redhcing

unions, with Teflon ferrules in the 3/8 in. connection. Lengths of
FEP tubing were heated at one end until soft, then crimped with a flat~
nosed pliers to form a 1eak-tight seal., Fused silica vessels with an

outside diameter at the open:end of 10 mm were inserted into 3/8 in.

‘unions which had been bored out to 10 mm for the pufpose. The Teflon

ferrules were stretched over the 10 mm necks with the aid of gentle

heating.

Instruﬁentation

Inffared épectra were obtained on a Perkin—Eiﬁer 337 Infrared
Spectroﬁeter over the range 400-4000 cm—l. Gasesfgeﬁerally were ex-
amined in a&silver-pléted fionel cell with AgCl windows and a 10 cm
path'lengtﬁ."ﬁhere contact of the gases with metél surfaces was to be .
avoided, as in the hydrolysis of Xe2F3+MF6- salts, a cell of similar
size, machined from a solid block of Kel-F, was eﬁployed. Solids and
liquids were pfessed between AgCl windows in a Kel-F cell. |
| Raman,Speétra were routinely run on a Cary 83 Raman Spectrometer

ﬁsing Ar+ laser excitation at 488 nm.. For more precise data, and for
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compounds sensitive to the blue exciting line ot the Cary 83, samples
were taken to the USDA Western Regional Research Laﬁoratories in
Albany, Celifornia, where Kr+ and Ar+ lasers previdedbé wide range of
/excitation:wavelengths. Back-scattered light at 180° was analyzed
by a Spek.léol double monochromator and photon counter. A Llow-
temperature cell utilizing a liquid nitrogen cooied:coppef block was
aveilable_ngjthermally unetable or 1ight—sensiti§e materials, as wes
a coid nitrogen gas stream for temperatures down to ~75°. Samples
of solidsvand»liQUids were loaded into 1.0-1.5 mm 0.D. quartt or
pyrex capillaries, which were dried at 190° for.several daye prior
to intrbductibn into the dry box. Once filled, the capillaries were
temporarily sealed by a plug of Kel-F grease for removal from the
drybox, then sealed in a micro—flame.

Electron paramagentic resonanee spectra wete dbtained using a

Varian V4500iEPR;spectrometer with a 9-inch magnet, operating in

* X-band (9.5 GHz), with a variable temperature probe capable of main-

taining the samples at temperatures as low as -110°. The spectra were

run by Richard Wilson of this department. - Samples were held in 4 mm 0.D.

pyrex, quaftz, or Kel~F tubes.
. Bulk magnetic susceptibilities were determined using a Priﬁéetoﬁ;
Applied Researeh vibrating-sample magnetometer, operating at liquid

helium tempefatures and above. Samples were contained‘in'specially

fabricated Kel—F tubes with a threaded piston to. 1nsure tight packing’_

‘of the solld,and a Viton O—ring seal ' L _e .

b
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X-ray quder diffraction patterns for solid samples were photo-
graphed on a General Electric Precision Powder Caméra,'using CuKo

’ i

radiation and a graphite monochromator; Solid méterials were finely
powdered and shaken, tapped, or vibrated into 0.3-0.5 mm O.D. quartz
capillaries'which were dried and sealed in the same manner as those

used for Raman spectra. X-ray films were measured on a Norelco

"illuminated filﬁ meashring device and, where possible, indexed.

Suppliers of Chemicals and Materials

R

Matﬁésdn_Gés,Products; East Rutherfprd, New Jersey;bsupplied:
| | Anhydrous hydrogen fluoride
Bromine pentafluoride
Bromine trifluoride
Chlorine }
Chlorine trifluoride

Fluoriné

P

Iodine pentafluoride
Phosphorous pentafluoride
Tungsten Hexafluoride

Xenon

PCR Inc., Gaiﬁesville, Florida:
| Hexafluorobenzene
Octafluoronapthalene

Potassium héxafluofophqsphate
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Pacific Oxygen Co., Oakland, California:
Argon

Oxygen -

Ozark~-Mahoning Co., Tulsa, Oklahoma:
Arsenic pentafluoride

Potassium difluorophosphate

Mallinkrodt Chemical Works, St. Louis, Missouri:

Potassium fluoride

Silver Nitrate

Aifa.Inorganics, Beverly Massachusetts:

Cesium nitrate

~ Cationics Iﬁc.,'Cleveland, Ohio:

Antimony pentafluoride

A4

Research Orgaﬁic/lnorgénic Chemical Corp., Sun Valley, California:

Cesium flubride

Fluorocarbon Corp., Anaheim, California:

Teflon FEP and Kel-F tubing

N

Traco, Inc., Somerville, New Jersey:

" Quartz capillaries for‘X—ray,and 

Raman

spectroscopy

0



Halocarbon Products Corp., Hackensack, New Jersey:

.Kel-F grease

~d

Units

|
(

An attempt has been made to standérdizé uni#é through@ut this
lthesis. Temperétures are given in degrees centigfade unléss otherwise
" noted. “Pressures are in mm of mercury ér atmospﬁefeé as indicatéd.
Weights are in grams, energy units are k-cal mol-l or electron voits.
Yibraﬁionalnfféquencies are stated in‘reciprocal_centimeters, unit
_céll dimensiéné in angstroms. Magnetic éusceptfﬁilities are in

cgs units, magnetic moments in Bohr magnetons.
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III. OXIDIZING AND FLUORINATING PROPERTIES OF IRIDIUM’HEXAFLUORIDE
The rematkable oxidizing capabilities of the third transition series
hexafluorides have been described by'Bart'let_t,5 whd showed that the'

electron affinities of these molecules increase regularly in the

< ReF6 < OsF6.< IrF6 <'PtF6. A studyvby Jha6 of the

Xe, 'NO, CO and NF

sequence'WF6

reactions of PtF6 with 02,

iimits for its electron affinity. That PtF

3'established-uppef and lower

is a more powerful oxidizer
2,4

6

' than'I_r'F.6 haérbéen demonstrated by the qxidation-bf 02:
. + _
02‘ + PtF6' > 02 PtF6-

(8) (8) (s)

.0, - + IrF

2 6 > no reﬁction
(g)

(8)
On the othér'hand, although both PtF6 and IrF6 convert nitrosyl fluoride
to nitrogen oxide trifluoride, the yield of QNF3 is much gréatervin the

case of IrF6, proceeding éccording to the equation:

. , . L
+ > + =
31r§6(g) 4ONF(g) 3N0" IrF > F,

F "4+ ONF.. ,
(s) (g) '

3(g)

whereas the Ptf reaction gives only a trace. . It would appear, then,

6

.that the fldqrine ligands in IrF6 are more labile.

| | . - /AN -
" Because of its relative ease of preparation, iridium hexafluoride
'is a more convenient reagent than platinum hexafluoride. An investigation

into the feasibility of generating neutral inorganic radicals by one-

electron oxidation -of NO,, PF;, POZF;, WOF5 and Re0, by IrF6 was under-
taken. The ease with which IrF6 gives up fluoride ion, however, thwarted
these preparations, and the product in each case was a knownvhighj

valent fluoride or oxyfluoride.
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Historical Background

N03. The nitrate radical,'NOB,was first proposed by Ogg8 as an
intermediate in the decomposition of Néb5° Johnétoh9 later extended
the chemistry of NO3 to other nitrogen-oxygen kinetic systems. It

has been prepéfed and identified by its characteristic optical

absorption spectrum10 in flash-photolyzed ceric ammqnium nitrate

solutions. 'N03 has been prepared directly from NOzvand atomic oxygen

on molecularvsieves, and characterized by epr spéct_r'oscopy.11 These

spectra indicaté an axialiy syﬁmetric,'ﬁlanar D3h mo1ecule, a finding

12-14 '

substantiated by other workers who observed the radical in

irradiated crystals and glasses. Calculations by Olsen and Burnelle,15

however, suggest a weak Jahn-Teller distortion in:the plane, lowering

"the éymmetry from D3h to sz in the ‘gas-phase molecule. The electron

3 was estimated from a molecular beam study to lie between

2.77 and 3.2 eV.16 This puts the oxidation of NO3 W§11 within the

range of IrF6.V_Since the decompdsition of NO3 via the mechanism

2NO3 ad ZNO2 + O2

/appearsg to have a fairly low activation energy, thé radical would

probably have to be trépped éf‘low temperatures and identified by

an epr spectrum.

PF6. The hexafluorophosphate radical has not been prepa:ed or

suggested in chemical reactions. It is electron affinity, however, may
be estimated by comparisonﬂwifh'the ionization potgntial of SF6, which
is isoelectronic with PF;. This value, 15.29 eV,;7‘is-probably_somewhat

high, due to the slightly larger nuclear change in SF6. Christe18 has
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claimed evidence for the similar species AsF6, from AsFS'énd fluorine
atoms,. as the high energy oxidizer in the photochemical oxidations of

NF3, O2 and xé; These reactions, however, proceed equally well in the

absence ovasFS, and no other evidence for AsFé was obtained.

P02F2 The'difluorophosphate radical, PO Fz; was first observed by

2
~ Symons and co-—workers19 in Y—irradiated POF3 containing HP02F2 impurity.

va1dence for the existence of PO F, as a moderately stable free radical

2
has been presented by Des Marteau and Eisenberg,z0 who obtained intenéely
colored yellow-orange solutions from the decompoéitibn of xenon (II)

difluorophosphates in CFCl3 and 'C14. The uv and epr spectra of these

solutionsfstrongly resemble those of the isoelectronic species SO3F.

. The dimer of P02F2, however, was not observed, asAthe decompbsitionsf

- followed the route:

1

: I"XeOl”OFZ.'> Xe + 5-02 + POF3-
and . ‘ - {
' 1 . _
Xe (OPOF,), > 'Xe + 5 o2 + P203F4 s

Ithe peroxy-bridged dimer P2 4 4 being apparently much less stable than

FZOP—O—POFZ, the anhydride of difluorophosphorlc ac1d This is also

the only product of the photolysis of . POFZBr in the presence of excess
oxygen.21 It is worth noting that the reactlon of Xer with HOPOF2

gives not the d1f1uorophosphates of xenon, but fluorinatlon products,‘.

POF3 and PFS’ along with Xe, 02 and HF.ZO

WOF, . The oxopentafluorotungstate (VI) ion, WOF;,was'first

prepared by Bartlett anngobinsonzz_in the fluorinatibn'of _WO3 by

SeF4 in the presence of KF. The n1trosyl salt, NO WOFS, is produced
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\along'with-ﬁFé, in the reaction of NF3 with wp3.23- Thus, a strong
fluorinating.agent can completely eliminate the oxide ligands around
tungsten, providéd the oxo;complex is not stabi}izéd by salt formation.
Upon one-electron oxid?tion-of the anion, the resulting "fungsten (VID)"
oxyfluoride might be gxpected to form a peroxy—bridgéd dimer, or possibly

to eliminate oxygen:

5 . ot

: -
| ZWOFg > 5 0, + FyW-0-WF

ReOA. The highest known oxide of rhenium is R¢207,24 a stable,
high—boiling‘solid. Early reporfsza’25 of volatile  "rhenium octoxide",
_Re208,-have nqt‘been substantiated, and the materiél in question was
mostiikelypgrrhenic acid, HReOa. "Being a radigal ﬁ01ecu1e, ReO4 wﬁﬁld
a}so be exﬁeéted to dimerize, with the resulting peroxy-bridged molecule
unstable at elevated temperatures to oxygen and Ré'07. In an oxidizing
medium, howeve;,:ReO4 might persist long enough té_allow it to be trapped
at lowvtempeféture and characterized by ggz_(naturéliy occurring |

185 and R3187). Additionally,

rhenium has two isotopes of spin 5/2, Re
the dimeric species, R.e_208 would probably be sufficiently volatile for

vapor-phase infrared spectra, if sufficiently stable to persist at room

temperature. -
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. The Reaction of IrF, with AgNO

6 3

Silver nitrate (0.16 g, 0.94 mmol) was dissolved in iodine
pentafluoride (2 ml) (m.p. 9.4°, b.p. 102°) in a Kel-F reaction vessel.
Not all of the silver nitrate dissolvéd. No reactidﬁ occurred between

AgNO3 and IF5>at room temperatufe. Iridium hexafluoride was ﬁrepared

by heating Ir powder in an excess of F, to 300° for several hours.

' IrF6'(vapor pressure 226 mm at 25°), in excess of -the amount required for:

~ AgNO, + IrF,  NO, + AgIrF,

3 6 3

‘was condensed into the reactibn'véssel at -1966, and the contents allowed
to warm up. As the IF5 solvent melted, IrF6 dissolved in it to produce
a bright yellow solution. A brown solid, later identified as silver

rdifluoride (Ang) was formed and floated in the IFS,’While the pressure

above the-liqUid rose to 250 mm at 25°. An infrared_épectrum,qf-the

gaseous products showed absorptions due to IrF6,'IF5 and nitryl fluoride,v,
NOZF. .On removing the volatile material by pﬁmping into a liquid

nitrogen.trap, a brown residue was left behind. Xfray powdér diffraction
photographs indicated the présénce of silver difluoride and one or more
other phases, probably lower fluorides of 1ridiumtv Thus, the reactibn_

may be written:
' ' IF
- —> AgF, + NO2

6 2

| IrFg + AgNO, F +-IrFX” (x < 6)

Since the X-ray powder pattern did not contain lines due to NOZIrF6,
which would surelybhave Been formed from IrFS.and NOZF, it is likely

: .

that x < 5 in the above equatioh.
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- The Reaction of IrF6 with CsNO3

Cesium nitrate was dissolved in iodine pentafluoride and IrF6 was
added until the solution became yellow. Some non-condensible gas was
- evolved during the reaction. The infrared spectrum of gaseous products

showed onlvarF6 and IFS' No NOZF was seen in the gases. An X-ray

powder diffraction photograph indicated the presencevbf approximately
. i ] ’ o + -
equal quantities of CsIrF6 and nitrosyl hexafluororidate, NOZIrF6' The

net reaction is:
‘ IF
5

. CsNO, + IrF, — CsIrF, + NO,IrF, + 5 0,

Here nitrate is oxidized to molecular 6xygen, perhaps via a nitrate

radical, N03:

NO3 + IrF6 -+ NO3 + IrF6

1
NO3 > NO2 + 2 02

. v + -
N02 + IrF6 > NOZIrFG .

The Reéction of IrF6 with CsPF6

Cesiﬁm_hexafluoréphoéphate was prepared by the reaction 6f cesium
fluoride and phosphorus pentafluoride in anhydrous hydrogén fluo;ide_
»isolution."df38 g (2.5 mmoi) césium fluoride was &iséolved in about
4 ml of anhydrous hydrogen fluoride, Phosphorus-penfafluoridevwas
admitted at a pressure of about liOO mm Hg. White_CsPF6 ﬁrecipiﬁated
rapidly. Wheﬁ_ﬁ?take of the gas ceased, the PF5 aﬁd HF solvent were
removed slowly under vacuum. The product, 0.66 g‘(Z.A mmol), wés

identified as pure CsPF6 by its characteristic X-ray powder pattern,
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and by a Ramanrspectrum45 (vl PF; 705 cm—l);

CsPF6 was dissolved in several ml of IFS’ and a small quantity of

IrF6 was condensed onto the soiution at ~-78° (dry ice-isopropanol slush

bath}, On warming to room temperature, the IrF6 dTSSolved in the IFS,
imparting a bright yellow color to the liquid. A slqw evolution of gas
was accompanied by gradual-decoloration of the solution. The solvent
was remo#ed under vacuum, leaving a white solid residue.

_An iﬁfrared spectrum of the evolved gases showed bands due to PFS’

CF and'COFZ, the latter two the result of attsck'on the Kel-F

¥, CF,
reaction vessel. An X-ray powder pattern of the whlte solid indicated

the presence of cesium hexafluor01r1date CsIrFG, as-well as the startlng

materlal, CSPF6.

The net reaction, then may be written:
F .
IFg 1

CsPF6 + IrF6,——f'QSIrE6;+_??S»f1§ E2

It is pos31ble that the reactlon proceeds through an 1ntermed1ate,

[PF I:

CsPF, + IrF, - CsIrF + PF

6 6 6

F

PF > PF. + = 2

6
1
6 5 2
buﬁ.no evidence was seen for this species.
When IrF6 was added to a saturated solution of PF5 in anhydrous ﬁF,
no decoloration of the solution was observed. Howeverf\a small amouht

of OPF3, present as an impurity in the commercial PFS’ was removed

apparently by conver31on to PF5
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The reaction of IrF,_ with KPF6 was also run in bromine pentafluoride

6
solution. . Again, the only volatile product was PFS'

The Reection of IrF6 with KP02F2

Iridium hexafluoride was reacted with potassium difluorophosphate
in a static sYstem, both neat and in iodine pentafluoride soiution, and

in a flow system diluted with argon.

‘In the static system, IrF, was condensed onto finely divided KPOZF2

6
contained in a Kel-F tube, and allowed to warm up. After 2 hr, an infrared .
spectrnm of the gases showed only IrF6, while a Raman spectrum and X-ray

Y.

powdef pattern of the solid showed no change from the originallKPOZF2
starting matetial.
‘“?hen IF5

with evolutlon of a non—conden31ble gas. The yeliow(color of IrF6

was added to the feactants, a vigorous reaction took place,

faded An 1nftared spectrum now showed the presence of PFS’ as welllas
CF4 from attack on the container walls. The solid residue which
remained after removal of volatiles contained potassium hexafluoriridate
as shown by ite X-ray powder.pattern. |

"In the flow system, potassium dlfluorophosphate held in a Kel-F
trap, was exposed to iridlum hexafluoride carrled by a stream of argon
gas through the reaction vessel and then through a trap held at -78°.
6 effused slowly from a can whose temperature was varried from 0°

to ambient, depending upon the desired concentration of IrF6. The cold

trap captured nearly all the IrF6 and a small amount of a white solid

"which was not volatile after deposition, and was not'characterized due

to insufficient quantity. No other compound appeared in infrared

spectra of the contents of the trap.
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As in the case of the.OPF3

,» with evolution of molecular bxygenf

-

impurity'in,PFs;_POQF; was completely

fluorinated to PF5

ItF, + KPO,F, KIrF + PF, + 0, + IrF_ (x < 6)

6 272 6 5 2

The Reaction of IrF6 with KWOFS'

Potassiﬁm'onbentafluorbtﬁngstaté (VI); KWOF,, was prépared by the
feaction'§f p§fassium fluoride, water and tungsteq hexafluoride in
' _anhydroﬁs ﬁydfogen flﬁoride solution. A 1:1 mixtgre qf KF and H20.was
prepa;ed by.feaction_of KOH pellets with excess HF.. An excesé of
'tqngsteﬁ.ﬁekaflﬁoride was.then combined with this ééluﬁion to-prOdpcé

the desired oxopentafluoride:

0 + KWOF_ + 2HF

VIWFG + KF‘+ H2 5
The remaining WF6 and HF were easily removed undér:vacuum; leaving the
pure white KWOF-5 behind. It was identified by its Raman spectrhm,46

which consists .of bands:at:

. 1041 cm—l_v “‘. W-0 stretching 
698 . © W-F stretching
321. . F-W-F bending

312 F-W-F bending

The spectruﬁ is'quite similar to that of the parent oxyfluoride,'WOF4,
which has the same point,symmetry,'c4v.

When IrF, was exposed to the dry solid‘KWQFS, no reaction was

6
-apparent. In the gas—phése infrared>spectrum, avSmall amount of WF6-
was observed. _Addition of a few ml of anhydrous HF caused the reaction

of proceed rapidly,vas.indicated by decoloration of the solution. -Some
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non-condensible gas was produced. The gases above this solution included
a quantity (>5%) of WF6, some SiFa, CF4 and COFZ,_a preponderance of HF,

' ' ' -1 .
and an unidentified material absorbing at around 950 cm (PWR band) and

1160 cm—l, which faded with time. Attempts to isolate this substance

- from HF and WF, by trap to trap distillation were unsuccessful.

4

A similar reaction was carried out using bromine pentrafluoride as

solvent. The amount of WF6 produced in this reaction was greater than
that in the HF case.

The Reaction of IrF6 with KReO4

- “Potassium perrhenate (0.05 g, 0.17 .mmol) was gfound to a fine pow-
der and placed in a teflon FEP reaction tube. Ifidium hexafluoride
(0.0ng, 0.17 m-mol) was condensed onto the powdetxat —196°-and the tube .
was Qérméd slowly to room temperaturé.A No imﬁediate.reaction wés apparent.
An infrared épectrﬁm of the gases present showed only IrF6 and tetra-
fluoromethane (from attack on the reaction tube apd/ér IR cell),

Gentle héating of the gas-solid mixture cauSea'the white solid to
become gray, but no change was observed in -the composition of the gases.
An .x-ray powdér pattern of the solid showed only liﬁesvdue to KReOa.

When bromine pentafluoridg was coﬁdensed.ontolsolid KReO4 wifh the
intention éf.reacting the resulting solution with IrF6, oxygen was

evolved, the liquid became orange, and a black involatile residue was

forméd-(possibly Reoz).
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- IV. OXIDIZING PROPERTIES.OF DIOXYGENYL-SALTS
The dioxygenyl ion, O;,'was first prepared by"Bartlett_and"L'ohmann26
as the compound O;?th, from the flunrinatiOn‘of:piatinum in the‘preSence
of silica. 'Since then, many dioxygenyl salts have been made by a
number of different routes. Young'and co--workers?7 prepared O 6’

0,AsF, and O SbF by the reaction of 0,F, with the. corresponding

2 6 27776
pentafluqridesf 0 BF4 also was prepared from O2 2 and BF3 by

22

Solomon’et’al.28 OZASF6 and OZSbFG are more easily prepared by;heatingz_9

or photolyzing30 mixtures of oxygen, fluorine and.Ast or SbFS. »A
recent paper3; by McKee and Bartlett clarifies theﬂfluoroantimonate

system, and descrlbes convenlent syntheses for OZSbFG and O Sb2 11°

02AuF6’has been prepared by Leary and Bartlett.32 ~Edwards et al.33

have reported the new salts: 02RuF6, 02RhF6, 0231F6, 02B12F11, OZNb?6f-
OZNbZFll and OZTaZFll .Thevsame“dnyestigatnrednavé;?rgq.pre?ared

34
02Pdf6.
35

With an electron affinity for the free ion of 12.2 eV,”” the 0;

salts are powerful oxidixing agents. Gibler36 showed that OZPtF6

will convert IF_ to IF+. The reaction of IF wi'th'O'AsF6 was carried out .

-5 6 -5 02
" in this work to determine whether 0; alone can'accompliSB this 6xidation,
or if'Pt(V) wvere involved. O;BFZ has been shownzﬂ'8 to oxidize N204,

‘prodUCing NOZBFZ. 'Stein37 has further demonstrated the oxidizing -
+ . o . : -
- capability of 02 by fixing xenon as the xenon (II). salt, XeF+Sb2Fll:

2°11 2

Fe oyt 20*2’5ng > XeF+Sb F.. - +20, .
& e (s) (g)

.
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02AsF6

and because of the volatility of its decomposition and reaction

was chosen because of its ease of preparation and handling,

by~-products, as an oxidative reagent in reactions with IFS’ XeOFA,

BrFS, KReOa, KPF6, 802, KSOZF and KPOZFZ' In the attempted oxidation

of ClF5 by OZ, a 1:1 mixture of 02AsF6 and 02AuF6 was employed, in the
Belief_that ClFZ might fqrm a more stable salt with AuF; (Ref. 32) than'
with AsF;. When this combination failed, and noting the recent

photochemical preparation of ClePth by.Christe,38 a mixture of 02AsF6

-~

and PtFg, and also IrFé,was reacted with C1F5.

The Reaction of‘O AsF

2 6 with IF

5

Dioxygenyl hexafluoroarsenate was prepared by both the static

thermal method of heating a 2:1:1 mix of oxygen, flﬁorine, and arsenic

29

pentafluoride to 300°, and by photolysis of a similap mixture of gases

using a high-intensity mercury—vapor uv.light.30 -Yiélds in each case

were essentially 100%.

The prodd¢t is a very finely divided powder, with the texture and

appearance'of talc. It giveé a cubic X-ray powdér pattern‘(ao= 8.00&),

and an intense Raman spectrum:39 O;VO_O 1858 cm—l, Angvl 687, VZ 574,
=1
vs 375 cm .
Excess.iodine pentrafluoride, carefully distilled to eliminate
IF7
reaction vessel. The IF5 melted quickly and became red-orange as gas

and IOFS,'ﬁas coadensed dnto 02AsF6 held at —1969 in a fused quartz

evolved at the éolid-liquid interface. Cooling to 0° was sufficient to

freeze the IF, and quench the reaction, as evidenced by the disappearance

5

"of color and cessation of gas evolution. The reaction was allowed to
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proceed until all the OzAsF6'had dissolved and the ¢qlor‘had faded.

The excess IFS,'along with oxygen and arsenic pentafluoride produced
in the reactidn, was removed under vacuum, leaving a white, crystalline

‘residue. This material was shown by X-ray powder diffraction (body-

centered’cubic,_'a0 = 9.443) and Raman spectfdscopyéo.to_be IFZ AsF;.

The reaction may be described:

o R
" 20,AsF + IF > IFAsF,  +20,  + AsF

b Py e e P

- Gravimeric data indicate the reaction to be_apprqximatelvaOZ

efficient baséd on OZASF6.
The Reaction of 0,AsF with XeOF,

.vXenon §xide tetrafluoride was prepared by D. EQiMcKee by\reactiqﬁ-
of Xenon hexafluoride with quartz.41 Iﬁs pprity wés‘demonstr;ted B&'
. a gas-phase ihffared spectrum. B

0.1 gm OZASF6 was placed in a fused quartz fgéctién tuﬁe fittéd 

with a brasS»Wﬁitey valve. 1.5 ml‘XeOFAl(m}p.'—Zggifvapof préséﬁfe at
23°, 29 mman).Qas‘condensed into the solid at —l96°.',0n warming to
room #gmperatﬁre,'thé solid diégolved completely £o giVe a deep red
solu;ion. A gas evolved from the solution, but muchbﬁﬁre slowly fhanv
in the'caéézof IFS. Heating the solution causéd.tﬁé XeOF4 to reflux;.
but did not‘significantly.increase the rate of increase in thé preséuré :
‘of the gases ébpve it.b Cooling?;he solution td 4196° caused the deep
red color td-ignish.'vA non—condensible gas was ﬁreséht, The reacﬁioﬂ
mixture was then irradiated with higﬁ intenéity uv 1ight»ffom‘a 500-watt

mercury—vapdr lamp for 1 hr. The preésqre approximatelyvdoubled,

from 500 mm to 1050 mm, but there was still no vigorous reaction. The
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volatiles were removed under vacuum. An infrared spectrum showed the

presence of XeOF4 and Ast. The white solid which remained was examined

by Raman spectroscopy and found to be pufevOZAsF6.

The Reaction of 0, AsF, with BfF

2 6 5

Bromine pentrafluoride was fluorinated at 1000 mm Hg and 150° for

several days to ‘convert a small but significant bromine trifluoride

impurity to the pentafluoride. The now colorless BrF5 was condensed

contained in a quartz tube at -196°.

6

onto about 0.1 g (0.4 mmol) OZASF
As the mixture warmed and the BrF5 melted, gas was rapidly evolved at

thé liquid—solia interface. The solid appeared to:dissolve somewhat,

although no c_olo.r change was evident. When the last"of the solid had i
disappgared;,;hé‘vblatiles were removed under vaéuﬁm. ‘Nothing remained
in the rgéction vessel. An infraied:spectrum of'the volatile products

of the reaction showed the presence of BrF5 and AsFS. 02ASF6 decomposes

rapidly in the presence of BrFS. Contrary to the situation in the

IF. and XeOF

5 4 systems, no deeply-colored intermediate was observéd;

The Reaction of OZASF6 and 02Au_F6 with ClF5

Chlorine bentafluoride was prepared by the action of high-pressure
fluorine on ceéiqm tetrafluorochlorate (111), CsClF&, at elevated |
temperatures. Since ClF5 does not form a stable édduct with cesium
fluoride at ;oom'temperature, ti may be prepared free of chlorine
trifluoride in this manner. A high pressure monel bomb containing
about 50 g of CsClF4, prepared from CsF and chlorine trifluoride, was

filled with fluorine gas to a pressure of 100 atmospheres at room

temperature. The bomb contained several stainless steel ball bearings
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to 'aid in breaking up the solid as the entire bomb ﬁas shaken by a
. mechanical agitator and heated to 300° for 3-days, The yield was a
small (<1 ml) but pure sample of ClFS; shown by-ifs infrared spectrum101

to be free of C1F C102F and any other volatile impufity.

s

A 1:1 mixture of OZASFG 6

prepared and loaded into a fused silica reaction tube in the dry box. -

and 02AuF, (prepared by Kevin Leary) was

The DlF5 described above was condensed onto the ihiimatelyvmixed solids

at -i96°.v Onnﬁarming, some of the solid dissolved;_cdloriqg thé solutidn
deep blue. _Sqme‘non—condensible gas evolved slowly.;

| 7 After 15 min, the color faded. A yellowzsolid'layvund13501ved
‘beneath fhe noﬁucplorless liquid. An.infrared_spectrum of the gases
above the.solution showed the presence of ClF‘ and AsF‘, Plus some

5

.SiFa,/CF4 and COFz'from attack on the reaction vessel .and teflon»ofrings

‘of the infrared cell. An'X-ray powder pattern of the yellow solid which =~
- remained after pumping away the excess ClF5 Showed‘ifbto be isostructural
with ClOZIrF;_(see Chapter VIII), .and a Ramén spectrum confirmed its

identification as ClO;AuF;,BS
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The Reaction of 02AsF6 and IrF6 with ClF5

When chlorine pentafluoride (~0.5 ml) was condensed onto 0.17 g

(0.77 mmol) O,AsF, held in a Teflon FEP tube at -78°, the solid took

27776

on the intense purple coloration previously obseryéd in interactions be-
tweén Cl2 (and other chlorine*containing cohpounds) and 02+ salts. No
lower thoriné_fluorides,‘and no chlorine oxyfluoridés were observed-in
"the infrared speétrum of the ClFS, however, and the;liquid appeared
colorless béforeiuse, so that the strong color isvﬁof believed due. to

Cl2 impurity. As in the previous experiménts, removal of the liquid

under vacuum gave back pure white OzAsF6.

(0.5 ml) were co-

Next, iridium hexafluoride (0.75 mmol) and ClF5

condensed onto the solid OZASFG at -196°C and allowed to warm to -78°. o
The resulting solution was a deep greénish blue, due to the combination
of bright yellow IrF,

solution was warmed to 0°C, oxygen began to evolve. The purple color

with the burple'colqr described above. If the
faded somewhat after a few minutes, but the yelloﬁ ;rF6 persisted. The
reaction appeared to have involved only 02AsF6 and les. On removal of
the volatile gases (02, ClFs, AsFS, IrF6) at room témperature, a pale
yellow Solidvremained. (IrF6 is appreciably soluble'in‘FEP, and colors
it yellow. Moét of the color of the solid yasldue.to_the walls‘of the
»vessel.)v‘A raman specfrum'ofkthe solid contains béﬁds due to OzASFé’
plus a strong band at 1050 cm-l, likely due to C102+ASF6_. The solid
hydrolyzed rapidly in Qater, giving off chlorine gas; No blue iridium-

containing material was formed in the hydrolysis.
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27776 6 5
0.17 g (0.77 m-mol) dioxygenyl hexafluoroarseﬁate»was placed in a

The Reaction of O AsF and PtF, with C1F

Teflon FEP reaction tube. 0.79 m-mol platinum hexafluoride (prepared by
Kevin. Leary) was condensed onto the solid at -196° .along with an excess
- (v 0.5 m1) of chlorine pentafluoride (shown by infrared spectroscopy to

be free of C1lF., and C102F). The contents of the tube were warmed to

3

~-78°. PtF, dissolved in the liquid CIFy (m.p. -103°; b.p. -14°), to

give a deep blue green solution at -78°, turning to pale yelloonn
warming to 0°. A small amount of noncondensible gas evolved. The solid
at the botton of the tube was red orange, and of a smaller volume than

the 02AsF6'starting material. The tube was agitated; and the temperé¥

ture cycled several times from -78° to room temperature.

An infrared spectrum of the gases showed only CiF5} AsFS; and CF4
(fromvattack‘on:the Qessel)} The voiatile gasés wére remqygd, leaving a
hard; sticky drange solid, with a sufficient vapof ﬁrégsure to éllow if‘ 
to sublime under vacuum at room temperature. The_cdnsistency of the solid
made it impossiﬁle to load into 0.5 mm x-ray powder éapiilariés; A larger
(1.5 mm) caﬁillafy was loaded for the purpose of»oBtainiﬁg‘a raman spec-
trum, Butvho spectrum was obtained using'the,Cary 83”$pectrometer with its
488 nm exciting liné. The appearancé.and pﬁysiéal proﬁerties 6f the orahge

‘solid are conéistentvwith those described by Robérté'and Mamantov42 for
ClF4 PtF6 . | -

The Reaction of OzAsFé with KRéO4

Potassium perrhenate (0.200 g, 0:.69 m-mol) and dioxygenyl hexa-

" fluoroarsenate (0;153 g, 0.69 m-mol) were mixed in;imatelyuin the dry box
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e

and tranéferred to a Teflon FEP reaction tube, which was then connected
to the vacuum system. No reaption took place betwéen'the dr&_powders
6n long standing:or when heated gently.

SUlfurylzfluoride, S0,F, fm.p. - 135.8°, b.p;'h 55.4°) was condensed
onto the white solids in sufficient duantity to immerse them. The vessel
waé maintainedvat -78° and agitated to encourage dissqlution'of the
solids in thé.liquid SOZFZ' vLittlé or none of the poﬁdér dissolved. The
mixture was warmed slowly to room temperature. A'sﬁéli'amount of non-
condensible gas had forme&. An infrared‘spectrﬁm.of‘the gases at room
temperature and 300 mm Hg showed onlyﬂa weak; shafp absorption at 775 dm+1
in addition to bands due to SOZFZ'

When anhydrous hydrogen fluoride was condensed onto the KRe04/02A3F6
mixtufé,.ﬁo_vigorous reaétion ensued, and little of the solid dissolved.
Some noncondeﬁéible gas was evolved, however, and an:x4ray powder pattern
of!the residue in the‘tube showed only potassium hexéfluoroarsenate,
indicating fhat'reéction did indeed take place, and that the rhenjium
preseht must have been removed as a volatile speciés} bNo rhenium com-

pound appeared in the infrared spectrum of the gases, however.

The Reaction of 0,AsF, with KPF

26 6

0.025 g each of potassium hexafluorophosphaté'(0.14 ﬁ-mol) and di-

oxygenyl hexafluoroarsenate (0.11 m-mol) .were mixed in the dry box and

 vL placed in a Teflon FEP tube. The dry solids did not interact. _Anhydrous

hydroééhlfluoride was condensed onto the mixture and warmed first to 0°

and then to room temperature and above. Nonme of the solid appeared to

dissolve, no color change was observed, and no noncondensible gas
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evolved. An infrared spectrum of the Vapor above the liquid HF gave no
e&idence for phosphorous-containing substances. "A'raman spectrum of the.

white solid residue after removal of the HF shbwéd the presencevof 02AsF6

and PF6_. It would seem that neither of the reactants is sufficiently

éolublé in HF to allow interaction. Since 02PF6fis unstable at room

27 .
temperature, the reaction:

OZASF6 + KPF6 > 02PF6 + KAsF6

should proceed, with decomposition of OZPF6 to oxygen; fluorine, and

Vphosphorous peﬁtafluoride, possible via the radical PF6 .

The Reaction of 0,AsF, with SO

2°%"6 2

vSulfur dioxide ( b.p.-10° was obtained from a cylinder and used
withbut purification after its purity was established by means of an
infrared spectrum. 0.015 g (0.07 m—mol)'OzAsF6 wasipiacéd'in a Teflon

FEP tUbé‘and_exposed to 502 gés at room témperatﬁre.f At a pressure of

200 mm Hg, the reaction is slow, but noticeable. When the SO2 was

condensed 6nt6 the solid OZASF6 at -196P and allowed‘to melt,

the interaction proceeded rapidly. The gaseous products>aré_SO

‘ _ 2F2~and
AsF5 (identified by infraréd_spectrometry), arid O2 (identified by'itérb
~ vapor pressure of 150 mm at -196°)." The net reaction may be written:

+ 20,AsF, > SO,F, + 20

50, 28sF¢ 2o g T 2ASF

5

Itfmay bé:thatban intermediate in this reactiqn,is the radiéai species
sozf’. Disproportionation of S0,F" (see Bélow)’reSulfsvin formafioﬁ of
SOéFé and SQZ’ the latter being re-oxidized by 02AsF6.

The Reaction of OzAsFG_with KSOZF:'

.O.OSO_gA(O.41 m—mol) potassiumvfluorosulfinate and 0.080 g (0;36

m-mol) dioxygenyl hexafluoroarsenate were mixed in the dry box and 1oaded
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into a Teflon FEP reactor with no immediate reaction. Anhydrous hydrogen
fluoride was condensed onto the solids, and the vessel was warmed to 0°.

Reaction was rapid, with the evolution of O An infrared spectrum of the

9
gasés showed, in addition to bands for HF, absorptions due to 502F2 and
SOZ’ in approximately equal amounts. These molecules are the expected .
products from the disproportionation of the free radical SOZF'. The
reaction may be written:
HF .
0,AsF, + KSO,F —+KAsF, + SO F" + O

27776 2 6 2

2S0,F > SO,F, + S0, .

2 b

‘.No color was observed, evenrfleétingly, in. the reaction medium. It

is possible that SOZF’ dimerizes very rapidly to anIO—bonded intermediate:

0O — 0
/ \
.
/ N\ /
F 0 F
272 2

F, and SO,. Another possibility is a route
involving free fluorine radicals:

which is unstable toward S0

SOZF > SO2 + F

SOZF +F > SOZFZ'

" The Reaction of 02AsF6 with KP02F2

0.025 g (0.18 m-mol) potassium difluorophosphéte and 0.030 g (0.14

m-mol) dioxygenyl hexafluoroarsenate were combined ih a fused silica re-
action véssel._'No reaction occﬁrred beiween the dry solids. Tungsten
hexafluoride was'éondenSed onto the solids and refluxed at slightly
above room teﬁperature. 'Again, there was no reactiqn, Both constituents
Being insolublg in WF6. The WF6 was removed undef.jacuum, and iodine

pentafluoride was added. The mixture took on a faint orange color, and '
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gas slowly evolved. An infrared spectrum of the gases, however, showed

only IF_ and AsF5 {(no phosphorous-containing material was seen).

5
In another experiment, a 1:1 mole ratio of KPOéF  and 0,AsF . were

heated to 120° for:two days in a monel autoclave bomb. The only gaseous

product visible in the infrared was phosphoryl‘fluoride, OPF3. The sqlid

product was white and soft, giving no Raman spectrum and a weak and dif-

fuse powder pattern in which lines due to KASF6 were detected. The solid
did not react Vigorously.with water.

_ The remainder of the solid may be ajpolymeric Qkyfluoridé of com-
. position (Pozg)n:'
5

+ (PozF)n +20

+ 2KPO.F, > 2KAsF, + OPF >0,

20,AsF 2¥2 6

6 3

This reaction could proceed thrdugh'an intermediate, PO F2', which might

be expected to dimerize by means of an 0~-0 linkage:

F.
O=P-0-0 - L =0
' b
Breakage of the P - 0 bond would be facilitated byithé forﬁation of_a.
new P - F bond,‘for¢ing OPF3 and 0-0-P(0), which gigh; lose thé fermiﬁal
oxygen atom,.éﬁd pély@erize.
‘-_Of course, if would be possiblévfor‘fUrfhér fluorine aﬁstraction to

occur, with formation of another OPF, molecule, and P,010° but -the ‘slow

3

reaction with water is not characteristic of such a product.
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V. THE REACTION OF o; SALTS WITH Cl, AND CHLORINE-
CONTAINING REAGENTS

The ionization potential of elemental chlorine is 11.48 eV

(265 kcal mo}—l), compared to 12.06 eV (278 kcal molfl) for oxygen. This

suggested the use of 0; salts as one-electron oxidizers for fixing C12:

R + -
Cl + 0,A +0 + Cl1, A .
Zgg) 27(s) Z(g) 27(s)

o /’

Since the lattice energy of the ClZ salt should be slightly smaller

than that of the 0;

reaction would depend on the 13 kcal mol-_1 differehce in ionization

salt due to the larger volume of the cation, the

potentials for its_driving force.

Such a';éaétion was cafried out for each of the dioxygenyl salts:
. OZASFG,'OZSbF6 and OZSbZFll' The results are not clear cut. A thermallyi
unstable adduct_ié formed in each case, with 1itt1e or no initial O2
evqlufion., The adducts are lavender colored solids at -78° and.below,
whose exact gomposition is not established, although the findings suggest
al:1 étoicﬁiometry. N

Historical Background

- Olah and Comisarow;have reported["3 direcf observation of the Cl;

ion by epr‘in-SbFs, HSO3F—SbFS and HF—SbF5 solutions of chlorine

monofluoride C1lF. They proposed the disproportionation reaction.

+ + -
SCLF + 3SbF, = 2C1, + C1F, + 3SbF, |

and suggested a temperature-dependent equilibrium between Cl2 and another
- radical they later claimed to be ClF+ (Ref. 44). The assignmént of

. these spectra have_beeh questioned by Eachus, Sleight and Symons,47 and
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by Christe and Muirhead48 on both sbectroscoﬁic ehd-cheﬁical grounds.
Symons and co-workers agreed that the data supﬁorf a radical containing
two eeuivalent chlorine atdms, but maintain‘thatvthe egz.parameters caﬁ
only be explained by the presenCe of at least omne etem of oxygen'in |
the radical. This ie furtherbsupported by the work of Christe and
Muirhead, who found that a solution prepared fromﬁreagents'carefully
purified so as to containbno oxygen or moisture failed to give the
reported spectra. Only when the antimony pentrafluefide was’distilled
in glass apparatus before use did the signal appear.

-Many qthef radical cations have been identifiedein antimoﬁy .
pentafiuo:ide and superac1d".solut10ns, 1nc1ud1ng Brz, 12 and C6F6
Refs. 49,'51—53). The d1atomic species, however, do not give strong
er well resolved epr spectra from room temperature down to -196°,
Resonance Raman spectra, however, have been recorded for Br; and I2
showing as meny as four overtones for the dinucleafstretching made..

The  fundamental for I; is at 238 cm_l,-that of Bf;:at 360 cm—l in

superacid solution,49’50 and at 368 cm_l in the solid Br25b3F16 >4

The reactionvof Br2 with O2AsF621 has been shown”by Glemser and Smalc
te'givelthe chocolate brown, diamagﬁetic solid, Br;Ang.

The reacfiohs of dioxygen difluoride with Clé, HCl, C1lF and ClF3
have been studied By Streng and Grosse.56’,57 They.peported formation
of a deep-violet compound, stabie at f78 and below,-which they claimed
to be (02C1F3)n' This materiel was found ﬁb pe seluble ie'anhydrogs HF,.
forming a strongly-colored, uhstabie solution whieh evolyed exygen,

Thermal decomposition of "(OZCIFS)n" gave57 O2 and3C1F3.'vSubsequentlyg

¢
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Gardiner repqrted58 the prepération of such a compound By uv photolysis

of an 02/C1F3 mixture at.—78° (but see later p. 49). This violet compound
was in equilibriﬁm\with oxygen gas and.dfher, blue, compound, the color
depending upoﬁ the 02 Pressure above the solids. . ﬁe suggested the
structures F2C102F and F2C10201F2 for the violet and blue compounds,

respectivély, but presented only visible spectra to substantiate these

claims.

Experimental Observations

When chlprine gas was admitted to an evacuated quartz or FEP feaction
vessel'containing 02AsF6 at room temperature, the.whitg solid turned.
yellgw—green and began to decémpose ﬁo gaseous co?étituents. An
infrared’speétrum of the gases produced'in fhe reaction showed only afsenic
pentafluoride, and no chlorine fluorides or oxidgsﬂv_Thg colqr change in
the solid was_féversible aﬁd dependent upon the 012 éressure. If the

gases were pumped away before the solid had completely decomposed, it

regained its original appearance, and was show by Raman spectroscopy to

be pure 02AsF6.

On admission of chlorine to a vessel containing O

2SbF6 or 0,Sb,.F

2772711,

the white solidsrbecame purple—g;ay at low pressure, slowly turning black
and liquefying'a§jthe pressure rose. This reaction could not be reversed,
and pumping Qh the resultant élue—black oil caused it to lose'.chlorine and

oxygen slowly.
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-~ o T
If the solids were maintained at -78 during exposure to gaseous or

liquid chlorine, deep purple solids were formed,which were stable at -78 ~
and lower. These granular, free flowing solids had no appreciable Vapor
pressure, and were quite soluble in aﬁhydrous HF,'forming deep blue solutions

which were somewhat less stable than the solids, eVoIving_Ozvand Cl2 slowly

. |
- at -78 but faster at higher temperatures.

A volumetric_study of the oxygen evolution in the reaction of

o

0,Sb,F.. and Cl, at -78 was undertaken using the Toepler pump described

2772711 2 /
earlier in the section dealing with the prepartion_of C6FZASF6. The
results are summarized in Table V-1.. In the .latter two experiments, the

o ) .
,prior to use, to remove possible impurites

chlérine Qés distilled at -112
( although.none was visible in an infraréd spectfgm‘ruh at 1500 mm pressure
In addition? the chlorine was added more slowly to.gvéid warming of the e
solid. Wifb:ghéseprecautions, 02 evolution was es;entially ﬁil.

The deep'pﬁrple’sélids;thﬁs préﬁéred decomposedfbn Warming';oward ,Z_;‘:'
O° to the same materials prdduced in the‘room-temﬁeratpre reactioﬁs. 'v |
This allowed a:gravimetfic étudy to be'carfiéd oﬁt-qh'the C12+ O2 SbZFll
reaction. (Such a study was not feasible in the cése of 02AsF6, as the .
gaéeoué decomposition prodgcts developed dangerously ﬁigh pressufes in
the weighing vessels when brought: to room températﬁfé.) The'éxpérimén;al

_ , _ . ) ‘ +
technique consisted of condensing liquid C12 onto the weighed O2 salt

° : : ’ L
~slowly at f78 to assure complete contact of the two reactants (Neither

OZSbZFil nor the reaction products is soluble in Clz), foliowed by evécuation :

of the vessel for 15 min or more to remove the uncombined chlorine. As

the.dgta in Table V-2 indicateé, the resultsrweré ndt<reproducible; The
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~ Table V-1 ~78°

02 Eyol\ution in the reaction Cl2 + OZSbFll > .
Expt. v OZSbZFll . O, Evolved . 02/028b2Fll
No. ~ (mmol) (mmo1l) ' ‘
1 : 0.726 0.205 ] 28.3%
2 0.305 0.074 L 2437
3 0.572 0.105 0 18.4%
4 - 1 0.707 0.023 0 3.3%

5 7 0.630 ©0.023 B W 7'
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Table V-2 : , R
. _ - -78
Gravimetric data for the reaction Cl2 + OZszFil-f

Expt. 0, Sb,, F,. Product ... Mole Ratio

No.. ‘ ' z(mgg 11 (mg) i  Clz:OZSbZFll
1 o 3518 o | se4.7 '_3?' 6.57

2 147.8 | 149.9 013
3 e | . 206.4 -f_  0.59
. 3425 | 381.5 _: 0.80

5. -  v f395.4 o 501. E -'-_4.56

6 . 315.8 3356 B fo.aé#
7 292.9 338.6 _' “ 106

.

* Not corrected for Oz_evolution.
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mole ratios'ip experiments 1 through 5 have been corrected for 02
evolution by reducing the number of moles of OZSbéFll by the corresponding
number of moles-o‘f'O2 evolved. It is like1y that Sdﬁe chlorine uptake

- (in each experiment) is a conséqugﬁéé of chlorine fluoride formation

(the extent.bfbthe lattér being~corréiated with the quantity of evolved -
‘oxygen). 'Thé fate‘of.the 1/2.mble of F, which must be produced in the
decompositiop'df a mole of OZSbZFll ié not’clear; but no flourine was

detected in the evolved gas. The masses of the products in Table 2 may

include Cl, dissolved in SbF_ from the same source (décompbsition of

2 5
. OZszFll),‘bu£>this should be small at -78° where'SbFS is quite solid.
‘The wide scatter in ﬁhe gravimetric data is undérstandéble'in view of the
relatively largefwieght of thesweighing'vessel, wﬁith, with its brass
thiléy;vaivé, é Monel reducing union, a quartz or'FE? tube, and»SWagelok
connecting nuts:weighed very nearly 200 g. In most of these experiments,
"the chemicals made up oﬁly about 0.15% of the total\weight.

In a further effort to clarify the coﬁbining ratio of the reactants,
OZSbZFll was.;eécted with an eqﬁimolar quantity of Clé, measured
volumetrically. Repeated cooling to -196° and warming to\;78°‘was
necessary to insure contact of the solid and gas/liquid. All but 7% of
the chlorine was taken up. The product was the‘pﬁrple solid previously
described but small lighter-hued'spots remained where,. presumably,
complete:reaction,had nqt‘occurfed. Addition'of another 0.25 mole of Cl2
per méle of OZSbZFll failed to reduce the size of the light areas,
and no more 012 was taken up. In a similar experiment, a C12:028b2F11

mole ratio of 0.5 was used, producing a pale blue product with only

a few darker spots.
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EPR Spectrum

Since the purplé solids prepared from chlorine and dioxygenyl |
salts could ﬁot'be han&led at room temperature, 5nd.consisfed of granules
0.3 mm in diameter or larger, they proved difficult to load into v
capilléry tubes for‘examination. It was necessary,’thereforé, to pre-
pare the material in situ. OZSbZFll wés piaéed in'a‘3/16 in.'Q.D. pyfex N

tube which was connected to the vacuum system by means of a 3/16 in. to

’

* 1/4 in. swagelok reducing union with Tefloﬁ_ferruies?'and Cl2 was
cqndensed‘Onto the_solid-at -78°.

An epr'spéétrum of the éompbund_thus pfeparedfékhibited a very
strong, éymmetric resonance at g = 1,999 (Fig. V;l); ﬁith é 1inéwidth pf

90 gauss, at a-temperatﬁre of -110°. O0lah and'Comisardw reported g-

;%% and 2,006 for "crrt.

- values of 1.998 for 'Cl
sampie of OészFll gave a weak, asymmetric signal_at érohnd g‘#_1.93

In contrast, a

at —llO°; DivShkvo et al. report59 signals from OZSbéFll at 20°K with

g-values of 1.96 (gl) and 1.74(g)).

Raman Spectra

Samples of the purple products of the reactions of Cl2 with OZAsFé"

and AOZISb‘ZFll were prepared in 1.0 mm pyrex capil'lafie_s.whigh w»eré '
scaledvté 1/4 iﬁ. glass tubing. Ihey were mounted in a liquid nitrégen4-
cooled low femﬁerature Raman cell consiétiﬁg of avcbld_coppef Bldck to |
which the sampleé were affixed, surrounde§ by a yaguhm'jacket with

optical windows. The‘spectra were recorded by'the technique of 180° '

back-scattering with laser excitation at 647.1 nm. The spectra (Fig. V-2)
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Fig. V-1. EPR spectrum of the ClZ:OZSbZPll adduct.
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of the two compounds are essentially identical, and conéist of a rather
intense peak at 271 cm_1 and a much weaker one arouﬁd 532 cm_l. The
vibrational.freQuencies of the anions in these compounds are nearly
invisible due,fo_the very high noise level in the spectra. The OZ

stretching frequencies at 1858 cm._1 (02ASF6)60 and 1865 cm_l (OZszFll)61

are notkobserQed, or iS~Cl; (645 cm;l).62

Visible spectra of these maferials were not obtained due to
experiméntal difficulties. Gardiner, however, reported58 the visible
spectrﬁm of his‘"violet cdmpound of chlorine,rfludrine and oxygen"
which'éeems to héve a similar color, and may be the'parent molecule of
the cations in these salts. This spectrum shows strong absorption in -
the region 350 to 650 nm. Laéer excitation at 647.1 nm could thus
result in%Bbseration of a resonance Raman spec.trum.f’-3 The peaks at
271 and 532 cm—l could bé the fundamental and firstvovértone of the
Cl-Cl stretchipg-mode in the radical cation CIZOZ. The drop in fréquency

from the solid chlorine value of 540 cm_l (Ref. 70) méy be explained by

fhe formation of two weak chlorine-oxygen bonds:

+

! \
+ , ‘
2

Cl2 +0
' Cl

/
Cl

’ *
A simple molecular orbital model for this interaction considers the T

+

9 in a trapezoidal cation:

antibonding orbitals in O and_Cl2



bonding:
C

o
’—l
e
N~
o
i
(@]
=

and

i

Ryl o _
/é?T}' antibonding

cte. el
™

Since there are three electrons available, two from chlorine, one

from O;, two'shpuld fill the bonding orbital, and'the'éther becomes:
antibonding. vThe‘net results, then, is_a total bénd order of 1/2; or
‘twov1/4fbonds; - Since chlorine is. the more electronégative éf~the two |
elements, tﬁe electron density inithe T* region of the Clz-entity
would be increased by this type of bonding, and the strength of the
C1-C1 bond diminished.

Attempté to obtain spectra of the deep blue—bléck adil-wbiéh results
from tﬁermal deéompositions of the compoﬁnds prepafed'from didxygenyi'

. fluoroantimonates were unsuccessful, due to -their intense coloration.
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Infrared Spectra

The ClZ/OZSbZFll adduct was prepared in a Teflon FEP reactor and

removed to.the_drybox. The product was converted to.the previously-
described blue—biack oil on warmiﬁg to room temperatufe, and this
material was spread onto AgCl ;iscs which were then preséed together .
in a Kel-F sqlid sample infrared cell. The spectfum thﬁs obtained is
shown in Fig. V-3. The sharp band at 1530 cm_l and ifs.overtone at

3060 cm_l are indicative of a gas phase molecule, and are most likely

due to an 0-0 stretching mode (V0 = 1555 cm_l).as The proximity of

- 2
this frequency to that of free oxygen suggests a weakly bonded 02—X

species, such as OOF or 00Cl. Indeed, infrared spectra of 02F, ffozen

'matrix, exhibit’O—Ostretchingfrequéhcies of 1500 cm-.l

2 -
64,65

in a solid N
for tﬁe ménoner, and lSlO‘cm-1 for the diﬁer, 04F2. Similar

measurements on 02Cl in an argon matrix revealed an 0-0 stretch at

1441 cm_l.33 ~The corresponding O-~F and 0-Cl stretching frequencies

v v - . -1 66
in 02F and 02C1 are 586 cm 1 (Ref. 64) and 407 cm 1.

broad band around 590 cm_1 in Fig. 3 may be due to the O-F stretch in

The somewhat

02F, but its assignment is less certain because it-is in the range

of the very intense Sb-F absorptions.

A possible‘éxplanation of the presence of OZF in this spectrum

follows. The deep purple compound formed from OZSb2 11 and Cl2 may

be the unstable salt CIZO;SbZFII' At temperatures above —78°; this

material dissociates into the parent compounds:

+ - _ .
C1202Sb2F11 - C1202F + ZSbF5 .
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The remaining C1-0 bond is further destabilized by formation of the O-F

bond and avSécond dissociation occurs:
€1-C1-0-0-F + C1-Cl+0-0-F

The reéultingJOZF is not complexed immediately by the SbF5 because the

pentafluoride reacts with the AgCl windows of the infrared cell to form

Ag+SbF501".67

P R +oo o
Reaction Chemistry of CIZOZSbZFll

The reactions of the purple solid formed froﬁ OZszFll and 012
at -78° with nitric oxide, nitrosyl fluoride, fluorine and hexafluorobenzene
were investigated. The products are e§sentia11y Fhose which would be
expected from’réa;tions of ;ﬁe)above ;eagents with a mixture of Clz and
and O;”salt. That is, they support the fprmulation of the purple solid

: , . :
as tﬁé salt CIZOZszFIl, with a weak chiorine—oxygehbbgnd in the cation.

Nitric Oxide

It was displacement of hexafluorobenzene by nitric oxide from the

. + -
salt C6F6ASF6

' ‘ +
which confirmed the identity of the C6F6 ion. An attempt
was therefore made to displace the cationic species present in the

C12/028béF11 adduct with nitric oxide. NO (Technical grade), purfied
by fractional distillation at -160° to remove traces of nitéogen
dioxide, was aamitted to é quartz tube_confaihing the pupple solid
prepared as descriﬁed previdusly. The temperaturé.was maintained at
-78° throughouﬁ‘the'reaction. The color of the solid.faded slowly to

yellow-green, and the pressure fell slightly. An infrared spectrum of

the gases above the cold solid contained bands for nitrosyl fluoride
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(ONF) and nitric Qxide. On wanming to‘roomvtenperature,ithe gases above
the solid, which was now white, alse included nitrosvi chloride (ONC1),
nitrogen dioxiqe (N02), and some hypochlorous acidh(HDCI), 'fhe white
solid which nemained vas examined by Raman'speccfesccpy and X-ray
'powder_phqtography and found to be NObeF;.Gs
The origin»of HOCL in these.spectra is somevhac»mvsterions. No

hydrogen—containing.molecules_Were seen‘in infraredfepectra of the
chlorine or niﬁric oxide gases, and the solid 0 Sb2F11 was stored‘in a
pyrex tube in the dry atm0sphere ef the'drybox prior_beuse, so that
the pnesence’of HF in it is unlikely. In aubsequenc.experiments.the
chlorine'was distilled'befofe nse,'and the HOCl_bande vere nearly

eliminated. The presence of NOZ’ ONC1, and ONF are explained by the -

reactions:

cl, o; + 3NO + 20NCl + 0, + Noo
0120 + 5b2F11 + C1,0,F + 28bF
C.1202F + No > ONF + Cl, '+ 0,
~and
| NO + L0 -+ NO B
O + 50, > N, ]

'c.Fornacion of.the neucral radical.él 02F would pfobably involve |
cleavage of one of ‘the Cl 0 bonds, and because of formatlon of the
O—F bond, weaken the remaining Cl-O bond further.v;The:reactlone
chenisfry of this species, then, is‘expected to be(eseentially that

of 02F and.Clzy
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Nitrosyl Fluoride

The purple solid was next reacted with ONF with the hope of displacing

the parent Lewis base of the cation. The, general reaction:

+ - + . -
ATSb,F) + 20NF > AF + 2NO' SbF

will.proceed if ONF is a stronger base than‘Af, and'if AF is suffi-
ciently volatile to aliow itevremoval. In view of the instability of
the Clz/O; adduét, the,reacﬁion was expeeted to pfpdeee CiZPZF as a
first product, which would ;ikely diesociate rapidly into Cl2 and OéF.
The exberiment:Was carried out in essentially the same manner as in

the nitric oxide feaction. The gas-solid reacfion proceeded

.slowly at ~7é°,’ﬁut tﬁe gas-phase reactions between the initial

produe; and ONF were rapid, yielding ONCI; oﬁZC1,'and NOZ' In this
experiment, no fluorine—containiné mdleedies were observed in the gases.
This is most iikely due to oxidation of chlorine to form C1lF, which

5

nitric oxide case is prevented by the presence of the reducing agent, NO.

theﬁ forms a solid complex with SbF_. Oxidation of chlorine in the

Ox1dation of ONF to NO, and N0201 may be achieved either by the cation

2

2 s OT by_O F. The reaction sequence may be as follows:

itself, by c1,0 @)

“2

ONF . + C12028b2Fll + NO SbF6 + SbF5 + C1202F

(=]
N

C1202F +'0NF NO2 + 2C1F +

N N

. - 1
Cl1,_0 F + ONF NOZF + C1F + 02 + > ClZ

272"

1 , . :
E—Cl2 + 01202F + ONF - ONC1 + 2C1F + 02

- -
2 CIF + SbF, > CL,F SbF,

+ . -
NO,F + SbF, - NO,SbF, .
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The species reﬁresented by [C1202F] may be a méleculé or simply a.
vﬁixture of Ciz'and OZF; | |
Fluorine

'Fluorinebgas was admitted té a vessel containiﬁg the purple éolid
at -78°. Thé.FZ bre&sure was initially 200 mm. Nq;change in the breSsure‘v
or in the appeatance'of the solid occurred dﬁriﬁg 10vmin of exposure.
The F2 pressure.was increased to 750 mm and subsedue#tly to 1500 mm,
with still no apparent interaction between the sblidﬁand géé. An infrared
spéétrum of the.gas aftef 30 min showed-novnew abéorﬁtions, and in
particular sHoWed no increase in aBsorptioné_due t§ HF. The solid was
warmed tqlrodmvtemperatUre under 1500 mm of_F2 pfééé#re anq decomposed
in its normallfaéhion. Again, there was no detectable change in' the

infrared spectrum.

Hexafluorobenzene

'C6F6 was condensed into a vessel containing the'purplevsolid at -78°.
The solid CGF6 was slowly worked down the sides of the. tube u31ng a heat -

gun.'-When contact was made between the two solids, the familiar yellow
color of C6F6vappeared (see'Chapter VI), and chloriﬁé (identified by

its yellow—green-tolor) was evolved. In the‘absence of a'solvent,
,Howevef; the reaction became uncontrolled, and no C6F6 sait was,reédvered.

This result added further weight to the conjecture'that the cation

‘ B
contained an 02—like entity.



L -49-

Aiternate Syntheses

Attempts were made to prepare.the deep purpievcompounds by alternate
routes in order to confirm their composition. A mixture of chlorine
monofluoride,'fluorine, and oxygen was photolyéed'atv—78° in the manner
of Gardiner.58  Similarly, a mixture of chlorine trifluoride and
oxygen, as well as a 2:2:1 mixture of Chloriné; flﬁofine, and oxygen
. was photolysea'ﬁsing a high—pressure'ﬁercury-lamp with a pyrex filter.

In each'case,'ho colored products Qere formed, and}infrared épeétra
sﬁowed‘thaé only chloryl fluoride (ClOzF), along Qith SiF4 from attack
on the quartz &essel, was present. All attempts to duplicate Gardiner's
photolYtig syntﬁeses met with failﬁre, although it is almost certaiﬂ that
,02eradicais should have been formed :in his experiméntsf

: Sgbséquently, a mixture of C12, OZ,F2 and Ast,'prepéred by
deéomposing.the C12/02AsF6'adduct, was photolysed aF -78°. After 2 hr
of irradiatioﬁ, no solid product has formed, and the only new materials
visible in‘thg infrared were SiF4 and BF3 from atfack on the pyrex
bulb in which ﬁhe gases were held. Apparently, C12 inhibits the gas-
phase produétidn of 02F, or prevents its reacfion'ﬁith AsF5 undef

conditions which have been r0utinély used to prepare:OZAsF6 in the

absence of clorine.
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Conclusions
: . + . . _vo . ) . )
The reactions of 02 salts with chlorine at -78° produce deep purple,
paramagnetic solids whose reaction chemistry is that of an 02.:C12
mixture. No oxygen evolves in the p-eparations when they are carefully.
carried out at -78°. Quantitative oxidation of chlorine is not observed

in the preparations or in their decomposition products. = Decomposition

at ryom tempe-ature in the presence of silver chloride appears to prodﬁce

A\

2

however, most likely'an intermediate in the photolytic preparation of -

géseous 0,F, a molecule nof_previously observed above -40°, 02F is,

O; salt'from mixtures of 02; F2 and arsenic or antimony pentafluofide,71
~ and must, therefore, haﬁe af léaSﬁ a short lifetime‘at_20°. Since thére
is ﬁo evidence of é strong 0xygen—ch10riné bond invthesé adducts, and,
indeed the aaduct formationvappeafs to b;_only slightly,'if at all,..
eXotﬁermic,.it.seems likeiy.that ngithgr the Cl-Cl1 ndr_O—O bdnd is .
brOken when the adduct is formed. The structure of thev¢ation_in these
,sal;s is, thefefore, probably: |

o=0 1"
N \

' ' .+ ' R
The C1-0 bond in C1202 is probably similar to that in OOCl, which has
been found66 to have an extremely small stretching force conétant, e?eh'

lower than that in OOF.72 Benson andiBuss73 haﬁe caléulatéd fhé:Cl—OO

bond energy as about 8 kcal.
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:VI. SALTS OF THE HEXAFLUOROBENZENE CATION C6 6’
~ AND THE OCTAFLUORONAPTHALENE CATION, C10F8

A number of,organicvradical cations have been detected spectro-
scopically in éntimbny pentafluoride and "'superacide'” solutionms, inclﬁding

(Refs. 53 69) and C (Refs. 74-76). Their”egr speétravare

6 6 lOF;
well-resolved at -196° and show the expected lgF hyperfine splifﬁings.

It is not éeffain precisély how these species ariéé, i.e., what the
oxidizing ageng.in these.solutions.might be. Becauéé ;ntimbny penta-
fluoride is,genefally prépared_from either the me;gl éf Sb203 and
fluqrine'(which géneréily contains somevoxygen), undervconditions
kﬁown-fo produce OZ salts,6l_it seems likely that a small quantity of

Q; iﬁpurity in the SbFskor'"suﬁeracid" may be respénsible.v Chargé—_
traﬁsfer inteféctions'havé been oBserVed”’78 in'SplUtians of aromatic
hydrocarbons‘aﬁd fluorocarboné in tungsten and molybdenum'heXafluorides,
as evidenced by their strong concentration—dependent colorations. Sfable
complexes afe not formed, hoWeVer, and the colors vanished when the
éolutions

Although the unusually high electron affinitieé of the heavier

transitibn metal hexafluorides (PtF6 and IrF6 in bé;ticular) suggested5
thelr utility in synthe31sing salts of the C6 6 1on*(I = 9.97‘eV),3$
attempts by Jha to prepare C F PtF resulted in destructlon of the

6 6

aromatic ring'and fluorination by PtF'6.6 As descrlbed below, IrF6

reacted w1th C6F6 1nitiaiiy to form a bright-orange solid, belieVedv

to be C6F6IrF6 (Ref. 79) - This material decomposed on warming to room

temperature, however, due to the strongly oxidizing and labile nature

of the hexafluoroiridate (V) anion.
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Since the AsF, ion has considerable kinetic stability, it appeared
+ - . Y+
that 02AsF6, with its potent one—electron oxidizer, 02‘(E = 12.2 eV),

would be an ideal reagent for synthesis of a C6 6 salt. It was neeessarj
to use tungsten hexafluoride in these reactions as a solveﬁt for the
hexafluorobenzene and as a moderator for the rapid, eXofhermic reaction.
Other mofe common solvents such as carbon tetfachioride or perfldoropropane

were found to have insufficient heats of fusion and heat capacities to

control the raction, and very low yields were obtained using these

materials.
A. Salts of the Hexafluorobenzene Cat10n,_46_6
The Reactlon of IrF "with C F 66 :
L1qu1d C6 6 (b.p. 80.2°) was placed in a Kel-F tube, and IrF6

was condensed into the tube held at —l96°._'As the confents were pefmitted
to warm, tbe cohdensed IrF6 movedvdown the sides of ehe vessel towerd
the héxafonrbbenzene, which was still solid.'.A bfight Qfaﬁge'solid'
 was formed atvtﬁe point of contact. Suddénly, theventife'contents of -
the trap,burst_intovflame. The pressure in the system Juméed from

25 mﬁ'tolover:SbO mm Hg. The fire d1ed out after a few seconds, leav1ﬁg
the inside‘of_the trap eoated;wlth a fine dark green»powder. The vessel
was'faken into the drybox and opehed._'All that eeuld>be obtained from
the walls of the tube was a fine grey-black powder; too_small a‘quantitf
to charecterize. In light of‘subseQuent experimenfs, fhis was probably
metallic-iridiﬁm. An infrared spectrum of the gases produced indicated

the presence of hexafluorobenzene, carbon tetrafluoride, hexafluoroethylene,

and other caqun fluorides.
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The Reaction of IrF, with C F in WF

6 66 6

It was previously been observgd78 ;hat solutions of hexafluorobenzene
in tungsten hexafluoride exhibit a strohg yellow—greén colo;ation. This
feature has Been attributed to a charge-tfahsfer iﬁgeration in which
the planar érdmatic ring is ionized by tﬁe ébhefiéally symmetric
'hexafluoride. ~No stable salt is isoiable, howevér, and the éonéﬁituents
may be separated easily by fractional'disfillatioﬁ.

From thg heat reaction of hexafluorobenzene and iridium hexafluoride
(abové, it-wasjépparent thét a great deél of heaf was genefatéd, alfhoﬁgh :
a‘metastable_qrange solid was fdrmed’before the-tééction became uncon-
 trolled.  In order to diséipate‘this thermal energy?vand to insure a _
smooth‘feac;ibn in a homogenéous'reéction medium; tﬁﬁgsten hexafluoride
(m.p; 2.6°,‘b.p. l7.1°) was employed as solvent for Béth reactants;
and as a heaf Sink.

0.5 g (2.6 mmol) hexafluorobenzene was placédbin a Kel?F trap,'énd
tungsten hexafluoride (Zrml) was condensed onto it to form the:gréen
solution described earlier. This solution was thenyfrozen and iridium
hexafluéride ﬁas condensed onto fhe solid at -196°. - The trap was
warméd slowly tb room temperature. As the solidsrmélted; the reéction
proceeded sﬁoothly, producing an orange brown solidlﬁhich floated on the
surface of the WF6 whiéhvretained its green coloration due to the
presence of a molar excess of C6F6 over IrF6, whiéh was entirely consumed

in the reaction. The solvent and excess C6F were removed under vacuum

" and the solid was examined in the drybox. During the 20 min required

to transfer the reaction vessel into the drybox, the solid had lost its
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. orange cdlor, and was now a uniform light brown. This material was put
into quaftzvRaman_énd X-ray'powdef,éapillérie# whigh were sealed_in
the flame of a micro torch, a smali plug bf Kel-F grease serving to
protect ﬁhe samples from the air during this operatibn;v A metallic

: mifror was formed at the point where fhe'capillariesﬁwere‘seaied éff.
No Ramén épectrum was‘obtained from this matérial.: An X~-ray powder -
photograph cpntainéd only lines due' to metallic iridium.

The Reaction of IrF6 with C6F6 in BrF5

Broﬁihe pgntafluoride was'pﬁrified by fluotination at 150° under
aﬁ initial fluorine pressure (r.t.) of 1000 mm Hé untii it was colorless
.and no.impﬁrities appeared in its infrared spectrumL_ ﬁexafiuorébenzene_
(0.2 gm,'l;i'mﬁol) was pla;éd in a Kel—F trap, énd BrF5 was condensed
onto it. The result was a red-brown solution, indicating,some reduction
of_fhe bromine pentafluoride.. IrF6 wasrthen condénééd ontq the solution.
A Vigorous.reaétion ensued, with some gas evélutidn. The resuit was a
red—brown.éoiutiont Removal of thevsolvent and vélatile prdducts left
a brownish residue. An X-ray powder pattern of thié solid contained .
feflectioné dué to iridium pentafluoridé,81 along with a.feQ low angle
.liheé of undetermined origin. An.attempt to‘obtaiq,a-Raman spectrum
of this ﬁéterial using the Cary83 'spectrometef résqlted in therﬁéi
-decompbsitiqn of'the‘sample by the blue (4880&)_iaéerAexci¢ing source.

with C.F, -

On‘the Reactions of IrF6 6F6

Although the initial prodﬁct of the reaction between hexafluoro-
benzene and ifidium_hexafluofide produces a bright orange solid, especially’

at reduced temperatures, this compound is thermally unstable towards lower
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iridium fluorides and even iridium metal, with concorrent fluorination .
and destruction of the aromatic ring. The extent_of reduction of the
iridium hexafluorlde depends on the reldtive quantlty of hexafluoro—
benzene atallable, ‘and upon the solvent, 1f any In tne'presence of
bromine pentafluorlde (which also attacks the ring), the pentafiuorlde
is the prlmary reductlon product even when excess C6F6 is present.
Iridium pentafluorlde was also formed in the tungsten hexafluoride-
mediated reaction when a deficiency of C6F6”was:used. In the case of
the neat reaction as well as in the WFg/excess CéFé case, the iridium -
hexafluoride'was reduced all the way to the metal.

The hright orange metastable solid is believed;.in partvbecause of
its appearance, to contain the hexafluorobenzene catlon, most llkely as
the hexaf1u0r01r1date(V) salt, C6F6 IrF6 Due to 1ts thermal instability
"(most probably the result of the strongly ox1d1z1ng nature of Ir(V) and .

" the relative labllity of the fluorlde 11gands demonstrated in other
reactlons), 1t was not successfully characterlzed, It was for-these
‘reasons that a study of the oxidationlof C5F6 by dioxygenyl salts was.

undertaken.

The Reactlon of 02AsF6 with:C6F6

A small quantityb(~0;15 g, 0.67 mmol) of dioxygenyl hexafluoro-
arsenate was placed in a fosed silica reaction tube ‘connected to a

brass Whitey vlave by means of a 3/8 in. Swagelok union which was drilled

out to accommodate the 10 mm diameter of the top of the tube. A molar

. / .
excess of hexafluoribenzene was condensed into the tube and allowed
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to react with the solid. A very small amount of the canary, yellow

solid, C6F6AsF , was produced by the initial gas—solid reaction. When

contact was made between liquid and solid, however, the reaction became
- violent and the contents of the tube ignited.

The Reaction of 02AsF6 with C6F6 WF6:

The Preparation of C6F6ASF61 e

" As in the iridium hexafluoride/hexafiuorobenzene reaction,'a mediator
was required to.control the rate of reaction. N0~satisfactor§ solvent
has been discovered for dioxygenyl salts. They teaot-slowiy enough
withttungsten hexafluoride, however; to allow.ita:gse as solvent for the
hexafludroﬁenzene, and‘as a heat sink for the liquid/solio reaction.

In a.typieal experiment, 1.5 mmo.l'es.OzAsF6 (0;33'g, 1.5 mmol) was
placed in a'3/8 in. O.D{'Teflon FEP tube eduipped uith a brass Whitey
valve. Quartz tubes were also used, but the product usually contalned
a certain amount of WOF4 impurlty when prepared in glass.. Approx;mately
0.5 ml of WF6 was then condensed onto-the solid at =196°, followed by
a slight molar excess of C6F6 and another 0.5 ml of WF6 As tHe tube
was allowed to warm to 0° in an ice bath, the_WF6 melted fitst, dissolving
the C6F6 aa'it»moved'slowly‘down the sides ot the tuoe;t'The reaction
begins immediately upon contact_between liduid and aolid, proceeding_i»
rapidly to completion,.with evblution of all of thevoxfgen, asbdeuonStrated .
by duantitative measurement using a Toeoler pump’(aee'below). Tﬁe ptoduct,’
‘canarf'yellow 06F6AsF6, was a f1ne, soft powder, Wthh floated w1thout
diSsolution on‘the surface of the WFG' Ihe WF6 was removed under vacuum
'slowly at 09_toiaVOid buuping;and to reduce thermai decomposition of»tﬁe

product. When the solid‘appeared dry, the tube was warmed to roomv
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temperature to insure removal of excess C6F6 end'any volatile decomposition

products. Yield of C6F6+ASF6— was generally 25 to 35% based on QZASF6;

occasionally as high as 46%. - Continued pnmping.nt'room temperature

resulted in rapid decomposition of the product.’

Determination of Evolved Oxygen in the

Reaction of 0-9AsFg with C6F6 in WF6

A mannally operated,-borosilicatevglass Toepler pump was assembled
and’connected to the metal vacuum.system via a glass U-trap and kovar-
to-glass graded seal. A series of bulbs, whose'vnlumes were~determined"
by weighing the quantities of mercury required te fill them, formed the
reservoir into which gases were pumped and in which their pressure was

measured. These volumes were as follows:

Bulb Volume (ml) , Total Volume of Reservoir (ml)
1 0.24, o o 0.24
2 3.64 . 3.88
3 20.47 - 24,35
4 52.85 - o 77.20

' Using-this pump, a large or small volume could be determined with

similar accuracy.
C6F6 AsF6 was prepared as descrlbed above, except that before re-
moval of the WFg and volatile products, the reaction vessel was cooled

to -196°. A liquid nitrogen bath was placed around the glass U—trap

"leading to the Toepler pump to remove any res1dua1 WF¢ or arsenic

pentafluoride from the gas. The residual gas was‘then pumped into the
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calibrated-vblume and its'pressure was determined by meesuring the -
difference in‘ﬁeight'between columns of merCury:aBove which stood tﬁe
gas sampie on the one hand, and the system vacuum on the»other; The
temperature of the gas was‘read from a mercury thermometer in proximity
ro the calibrared bulbs. Once the PVT data for the sample had been
collected, irjcould be expanded from the Toepler pump reservoir into
-an infrared oell;-and,a spectrum obtained to verify_its'compositioh
fhe ges from the OzAsFé/C6F6 in WFg reaction did:dot'attack the meroory
in the Toepler pump even after extended oeriods'of exposure, and was -
therefore presumed free of elemental fluorine. A.emall quentiry of WFg
was ocoaSionally observed in the infrared spectrum, but never more than
1% of the totai.
‘Resuifs of several determinationsvof the oxygen erolved in thie

reaction are summarized below.

~

Expt. ‘OZASFG reacted (mmol) : 02 evolved (mmol) B dZ:OZAsF6
1 - 1.68 . 1.8 . - 1.07
2 .47 L4k ~ 0.98

3 ' 1.76 - 1.63 - 0.93

 The. Reaction of . OzAsF6 w1th C6F6 1n HF

When it was discovered that C6F6 A3F6 s prepared in WFG, was exceed—'
ingly soluble in anhydrous hydrogen fluoride (see Below), an attempt was
made to utilize HF as solvent/medlator for the preparatlon as well About

2 ml of HF was condensed onto 0.30 g (1 4 mmol) 0 AsF6 in a Teflor‘FEP tube.

A faint purple color was observed, poss1bly due to some ohlorine-con-
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taining impurity (see the section on.the.reaction of'Clz with 0,AsF¢).
A small amount of the solid appeared to dissolve and some (<10%) of
the OzAsFé decomposed over a period of 15 minutes at room temperature
in contact withtliquid HF.- The solution: was cooled to -196°, and CeFe
, was distilled into the tube. When the mixture was allowed to warm to
0°, the melting HF quickly became bright yellow, but the reaction
proceeded uncontrollably and the yield of C6F6 AsF6 was very low.
| Apparently HF has not.sufficient latent heat of fusion to enable it
,to control this exothermic reaction. In addition, the'product belng
soluble in HF is exposed to solid 0,AsFg, perhaps resulting in some

further oxidation. This was not a useful'preparative method.~

EPR Spectra of CSFZ Salts

dEPRvspeCtra were obtained from the neat powderskprepared from
hexafluorobenzene and 02AsF6 and OZSbZFll in WF6; aa well as from
solutions of these powders in iodine pentafluoride;'antinomy penta—.,
fluoride, and anhydrons hydrogen flnoride. Exceptifor the HF solution
spectra, the‘samples were contained in 3/16 in. or 4 mm O.D. pyrexvtubes.
» Samples were‘transferred in a drybox from the vessels in which they
were prepared to tne sample tubes. In the case:ofntﬁe.neat powders, the-
.open.end ofethe.tube was plugged with Halocarbon grease and sealed |
in a flame on removal from the drybox. For the solution spectra, the.
solid was placed in av3/16 in. pyrex (Kel-F in the‘case of ﬁF) tube
which was inserted into a 3/16 in. awagelok‘union connected to a brass’
Whitey valve; .The sample tubes couldlthen be evacnated and an appropriate

quantity ofosolvent distilled onto the solid.
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C6F;Ang bowder exhibited a véry strQné, b;dad, symmetric resonance-
(Fig. VI—i)_at g = 2.0063, with a line-width of about 20 gauss at .room
temperature. .Spéctra obtained at temperatures as 1ow as -120° were
essentiallyAthe same. A similar resonahce was dbéefved in the spectrum

of material p?epared from OZSbZFll' Spectra of C6F6ASF6 solutions in

IF5 and SbF5 at -110° were no betteeresolved.
According to Bazhin;’gE_g}:Jégsolutions Qf he#af1uorobenzéne in
superacid gavé fesolved spectfa of C6F6+ with_gv;_Z;OOBS; An unresolved
,siénal*at g = 2,004 was observed from é sémple df C6F6 diéSleed in
antinomy peﬁtafluoride.' No signal was detected from>avéolution of CSFGI'
in WFé. | |
o When CgFgAsFg was dissolved in anhydrous HF_and‘ihe resulting
yéllow‘solution qﬁickly frozen to a glass in 1iquid nitrogen, the
spectrum at -100° showed some signs -of hyperfine Sfructure, but no
".fﬁrther,informatibﬁ'could"be;obtained ffomlthis'éﬁéctruﬁ. :

~

The Magnetic Susceptibility,9£.C6F6+ASF6fv

A Priﬁgetbﬁ»Appligd Research Vibrating Sample Magnetoﬁeter'was
utilized to determine the ﬁagnetic'susceptibility»df C6F6+ASF6f in the
temperature rénge 3.8°K to 71.5°K. Samples were heid‘in specially
fabricated:Kel—F tubes, which Qere’loaded withfthe freshlyvpreparéd_

compound - and kept at -196° until réady for.uée., Several properties of

this material'severely hampered an accurate determination of its

magnetic moment. . In order to insure removal of all tungsten(VL)

fluoride and oxyflouride,'as well as excess hexafluorobenzene from'tﬁe
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Fig. VI-1. EPR spectrum of solid C FghSF, at -110°.
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preparation, it was necessary to expose the therméliy ﬁnstable powder
to ambient témperatures while evacuating the reactibn'vesself Further
decompositioh:(to diamagnetiq prqducts).rgsulted ff&m the manipulation‘
- in the inert atmosphere of a drybox required to 10ad thé sample tubes;
In addition, the ﬁressure—sensitive nature ofkthé compound, which ﬁad'
to be pa;ked énd compressed into the sample tube; ?eéulted'in a less
pure sample.*:

“All of these difficulties have the effect of reducing the observed
moment of the material. The determination was.éarried.out twice, déta
from the second attempt being considered moré accﬁraté because the
compound was pfepared in Teflon FEP apparatus rather than in fﬁsec silica
“(thUS minimizing the WOFA impurity), and because.ﬁhe ?6om-temperature
manipulations were kept to a minimum. A wider temperature range was
studied infthe second éxperimeﬂt:as-well'(3;8°K tb:7iaqu as compared L
to 4.2°K to 52;2°K).

The techniqﬁe followed was the same in each case.. The magnétpmetef
was first calibrated using a standard sample of meréury tetrathi%cyénafo.
cobaltate(II) (curie constant 2.28) over the temperétgre range 4.2°K to
46.4°K (Fig. VI—Z)f’ The CGFZASFE sample wag.thenfput into the |
magnetbmétér and moments measured at twelQe temperatufésvfrqm 3.8°K
'to 71;5°K, and;at field strengths Qf 2.5, 5,0, 7.5;'10.0,.and 12.5 kilo—
.gauss; From a plot of the digitél voltmeter rea&ing vs applied magnetic
field (Fig. VI-3), tﬁe gfam magnetic susceptibility of the sample.at
eacﬁ temperature isvcalculated‘(Table VI¥i); .it is élso;apparent.from :

this plot thét there is no residual’paramagnetism:(possiblyvariéing from
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VI-2. Standard calibration data for the vibrating sample
magnetometer (temperatu:es in degrees Kelvin).
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VI-3. Magnetic data for C6F6ASF6 (temperatures in degrees Kelvin).
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Table'V]",—‘lv. Magnetic susceptibility vs t.empéfé_tpre of C6F2AS‘F;
TR X (cgs) Wy Mgy (BMO
'3;8 . f.f- 0.0607 ° : | 16.47 j_v - .1.36
5.6 C 0.0437 o 22.88 1.4
8.3  0.0266 37.57 ;; S 1.36
10.2 | 0.0198 ‘ so.st 1.8
14.7 ©0.0137 7310 128
18.6 - £ 0.0109 9192 - 1.28
239 : 0.00859 116.40 o 1.29
29.3 . 0.00733 13642 132
38,5 o 0.00509 | 196.49 . 1.26
45.6 | 0.00392  os497 120
51.8 0.00336 297.47 1.18
71.5 . 0.00266 Ts1s.7a . 1.4
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metallic impurities or contamination of the sample fube). A piot-

(Fig. VI-4) of the reciprocal molar susceptabilities (gram susceptibilities
divided by the sample weight) vs the absoluﬁe teﬁperature shoﬁs that

the compougd oﬁeys the Curie law, Xy = C/T, with‘ueff.% 1.3 B;M. For

the réasons deﬁailed above, the true moment is unddubtedly in excesé of
this value, as expected for a species such as:C6FZ,.¢ontaining‘one
unpaired eiectron. |

<4

Vibrational Spectra of C6F6 Salts

Thé inffared spectrum of CGFzAsF;, pressed bgtween the silver
chlori&e windows-of a Kel-F solid céll, is'showﬁ in Fig. VI-5, along
with the spectrum of 1liquid hexafluorobenzene, éimilérlyvobtainedg.
Cbnsidérable decomposition of the C6FZ salt occuré du;ing handIing
at room témpératufe and from contact with the wipéowé of the cell.
’Those bands ﬁﬁich grow with time, as the decompésition proceeds, are

marked by an X, and are primarily hexafluorobenzene and octafluoro- -

cyclohexa-1, A'diene_(seevthe section on thermal deéomposition of

'C6FZAng). The remaining absorptions are due to thé undecomposed
;solid. 'v3 and Va4 of the 0ctaﬁedra1 Ang'ion appear_at‘around 700 and

; 400 cm_;,'respectively. The carbon-fluor;nevsttet¢hing ffequen;y’at- 
;49Q cm;l is éignificantly lower than tﬁat in C6£6’ 1530 ém_l. The
ring stfetching frequency, hbwever, is élightly.ﬁighér;.appéaring.at
1030 gm_l as-compafed to 1019 aﬁd'l994‘cm—l-in'tﬁe‘liﬁuid. _Thé drop
in the C-F stretching frequeﬁcy:is surprising, in that ﬁhe.positive
charge on the'rihg mighf'ﬁe exéecfed»to strengtheh the C-F bonds. Thié

could'simply‘be due to crystal-packing effects, however. Removing an
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antibonding electronlozxfrom the ring system shoold‘strengthen the C-C
bonds and increase their stretching frequency, asdie the case.

Repeated attempts to record Raman spectra of C6F6AsF6 powders,
crystals, and HF solutions met with no success. Ayhlgh level of
fluorescencé was always observed, regardless of the wavelength of the
laser excitiag line, and at high intensities of’exéitation; decomposition.
was rapid even with efficient cooling. A dark éreen sample of the
product of“C6F6 and OZSbF6‘gave the spectrum showh iﬁ Fig. VI—6.

' Theilaser wavelength Here was 647.1 nm, and the sample was kept at -15°"
by a stream of cold nitrogen. Some decomposition.of this material

was apparent; as the solid was wet. Only a small quantity of
hexafluorobenzene is present, however, ev1denced by the peaks at 559
443 and 370 cm ! (Ref;lOO). The strong peak at 655 em is‘probably
the Sb-F stretohing frequency of the anion, which could be‘SbF; or

Sb FIl,-as side reactioos in the preparation result in the presence of

SbF5 in the_product;

Solubility. and Recrystallization of 1C6F6-'- Salts

Salts ofbthe,hexafluorobenZene cation_were found to be insoluble
inlmany solvents, reactive toward a few, and'soluoieiin three, though -
thermal decomposition was more rapid in solution than in the dry
solide.' Flooroearbon and chlorofluoracarbon solvehte'trichlorofiuoro—_
methane (CFC13), pertluoropropane {C3F8), hexafluorobenzene (C¢Fg) »

- and carbon tetrachloride (CC14),nand non-polar tuogsten ﬁexafluoride.
(WFg) dissolved C6F6+ salts sparingly or not at ail;ibut showed no

tendency to react with  them. Acetonitrlle (CH3CN), chloroform (CHC13)
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~ Fig. IV-6. Raman sﬁectrum of'CGF6SbF6}
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and water (Hy0) reacted rapidly to decompose the solids, though in
each case some dissolﬁtion was evident.

Iodine pentafluoride (IFs), antimony pentafluoride'(BBFS) and aﬁ-
hydrous hydrogen fluoride (HF) were fouﬁd to diSSolvé large quantities

of the C6F6+:salts. They could Be recovered from IFS and from HF,

though in low‘yield from the former. Decomposition occurred too rapidly |
at room teﬁperafure to permit recovery from SBFs.solutions. In each case,
the rgsulting solufiohs wére similar in color”to~the.solute powders,
bright yellow for the hexafluoroarsénatés, yellow greén‘to dark green
for the fluoroantimenates. | v

Whéﬁ a solution of C6F6+ASF6- in anhydrbus HF was époled slowly to
0°, neédié-liﬁi?}éiiBQFor£E§E EE;gfalé_gf“£ﬁ£7éoiﬁfgméréQAfroﬁ_Eﬁé
sides of the Teflon FEP tube toward the center of the soiutiqn._ Very
E little of the salt remained in'solution-at o°, dnd on Eooling to
-78°, the.sbivént copld be removed under vacuum without disturbiﬁg
the freshiy—éfown crystals. By varying-the rate at'WHich-they were.
grown:from a few seconds to several minutes (thélsolufiqn is relatively
unstable and'éioﬁer cooling resulted in poor yields.éhd a contaminated
product), crystals as large as 3 mm X 0.3 mm X 0;3 mm could be grown.
wﬁen bdoliﬁé,‘and hence crysﬁal growth, was rapid, élumps of very
sma11 crysfals'were formea,rwhich could not easily be seﬁarated.

iike the'powder‘from_which they 6riginated, ﬁhe.cfystals of .
‘C6F6+ASF6_ were heat,'ﬁoisture; and'pressuré sensitiVe. They were

quite fragile, tending to splinter(alqng the needle axis, and required

- .

extreme care in handling. They'weré observed to decompose ful1y in
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6 or 7 hoﬁrs #fter preparation when kept at .room cémperature. Their
érystallogréphic quality, as evidencéd by X-ray diffractometer
omega-scans, however, deteriorated even more fapidly,'re?dering them
ﬁseless for data collection beyond 45 minutes to dne‘hdqr at ambienﬁg
temperatureé; Weissenberg photoéraphs and diffréctpmeter examinatién
showed theﬁ-tb be single crystals in many cases._,Exposgre to.X-rays
significantiy reduced their lifetimes{

When.the yellow-green product of‘the reactioh pf'OZszFli with C6F6.
in WF6.wa§ dissolvedvin anhydrous HF and recrystallized in_the.same |
fashion, pale gteeﬁish—yellOW‘crystals, of similar méfphblogy, but shorter
and thicker,.were obtained. Thgse,'like thé powder'from_which they were
prepared,.ﬁere much more thermally staﬁle than.the'ﬁexafluOroarsenate,
persisting‘éqr»séveral déysvat 20°. These were iﬁ&é?iably'of poor.crystal-
IOgrééhig Quaiity, howgver, andﬁwere_ﬁadlyvtwinned;,;A Weiésenbepguéscillaf"
tion photograph of one aﬁpérently singie crystalléﬁowed'it_to bé»a'cqn—'
glomerate éf.a larée.hﬁﬁﬁefnbf small crystals. 1In ;ﬁé insignée a single
crystal of oﬁherwise pbor quality gave indicétions'of Hexagbnal symmetry,
but no geli éonstanf or further information was obtained fromthiSvméterial,"

and its exact composition is unknown.

.Cryétallographic_Data.for.CGFSfAsFef

s

Zero- and first- layer Weissenberg osc1llat10n photographs of -a large
(0. 2 X 0.2 x1. 5 mm, . approxlmately) single crystal of C6F6 AsF6 recrys-

talllzed from anhydrous hydrogen fluoride solugxon conflrmed the hexagonal
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symmetry suggested by a powder pattern of the freshiy prepared salt
(see below)..‘They.established the space group aé Rg‘(Cgi), No. 148. The
ceil ;onsfants for the hexagonai setting”are ay = 10}55(1)3, o = 7.66(1)3.
For the rhombohedral setting, ay = 6.60(1)2, = 106.0(1)°. The |
hexagonal Unit cell volume is‘738.3§3, with‘three molecules per unit
cell. With a formula weight of 374.9 gn/mole, the:qalculated density is
2.53 cm/cm3. | : |

Repeated attempts to obtain X-ray diffraction intensity daté using
a Picker automatic fouf cicle diffractometer were unsuccessful due to
the high'thermal instability of the comﬁound. _Sémpleé:of C6FZASF;
were prepafed'in Teflqn FEP reactiop tubes and‘imﬁédiétély dissolQed
in_anhydrous;HE,_Iecrystalliqed3»the—soiventfrem§§e&;under—vaéuﬁﬁ"ét -
-78°, and transferred as quickly as possibie to a Vécudm Atmosphefes
drybox. With éxperiehce;ﬁthe time during which fhe‘pfdeCtIWas at.
room temperature could be reduced to as little as’26#25 min. The
crystals wére loadea in;o 0.2 mm 0.D. qﬁartz capilia?ies which'wefe
plugged with Kél—F.gregse and sealed in a small flame oﬁ.removal from
the drybox. Thesé capillarieS'ﬁere maintained.in'éry ice qr-liQuid

nitrogen until ready for use. They were quickly studied undér a polarizing

micrbscope (the single crystéls'exhibited good extinction in crossed

polarizers), and mounted on a'goniometer head. Oncé the head was in
its place on the diffractometer, the cabiilary was bathed in cold
nitrogen gas by'means of an Enraf-Nonius Low Temperature Device which

automatically maintained a constant temperature, generally in the

neighborhood of -130° to ~150°.
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In spite of the éreat care taken to avoid thérmal &ecomposition,
which in the powder produces impurities, and in_the crystals causes
fracturing due to the escape of arsenic péntéfluoridé gas, each of at
least 40 crystéls so studied Was‘found to be of inéufficient quality
for detailed structural analysis.

The powdef pattérn of the fresh product was indexed with the help

[

of the single-crystal photographs mentioned above; deﬁonstrating the
identity of phé canary-yellow powder and yellow—oréhge crystals. The
pattern appears in;Fig. VI-7. Table VI-2 éontains-fhe crystal data,

powder pattern, and indexing.

6

The Crystal_Structure,df C6FZASF

From the space group and unit cell data which_have been obtained'
from the powder pattern and:singlefc:ystalTphotogfaphs, it is possible
' -
6F6AsF6. The_prec1se geometry

of the C6FZ ion cannot be determined from the avaiiable’information;

to draw an approximate structure for C

but it appéarsfto be planar or nearly so. It lies dpdn a three-fold

rotation axis in the R3 unit cell, but the structuré‘could be disordered.

Indeed, the tailing off of the intenéities of_tﬁé'higher—angle réflectibns   .

(see Table VI-2) is_typiéal of a disordered strucﬁure.
) The cdqr&iﬁétion of C6f:,unitsbaﬁogt thé Asfg o?téhedron is shéwn

in.Fig..VI—S. This is eségntially_a prigdﬁélly diséortéd cesiﬁm»chl&ride‘

struc?uré, withYS*COérdination‘of both éniqp and,cation; ﬁot shown. in

6_whlch )

; + v S
Fig. VI-8 are C6F6 rings immediately above and below the AsF

is at the center of the rhombohedral éeil.
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~ Space Group R3 v
Hexagonal Setting, a_ = 10.55(1), c_ = 7.66(1)A
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‘* Table VI-2. The X-ray powder pattern of C

\' =»738.4K3, Z =3, N.W. = 374.9 g-mole—l, d,

 Observed'reflections obey the rule:

-h +k +1=3n

Rhombohedral Setting, a_ = 6.60(1X, a = 106.0(1)°

V= 246;123, Z =1, no systematic absences.
oy S (K R S C SR riv
101 010 5.8 290 293 w
110 011 5.29 359 - .357A “vvs
021" 111 3.294 650 650 s
012 110 3.532 802 802 v
211 02l 3.151 1009 1007 vs
300 Sriy 3.054 1078 1072 v
202 020 2.948 1i61 1151 v
- 122,003 , 121;111’ 2.550 1520,1534 1537 v
| 13i 1123 2.408 1728 1725A5 W
13 120 2.308 1893 1877 W
312 031 218 2239 2229 m
R 032 . 2.021 2447 2448 w
303 030 - 1.955. 2612 '“-2615 w
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Table VI-2. Continued.

el ST IR R Y

106 121 1.871 2847 2858 —
232,223 132,131  1.840  2958,2971 " 2955 w

| 1.688 3508 —
502 141 1.652 3677 3662 vvw
| 1.608 | 3867 S
1.574 4036 vw
1.534 | 4249 W
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Three.C6FZ'ions surround the anion at a height of one-third of the
body diagonal of the R cell, and pack with three'ofvtﬁe fluorine.afoms
attached>t6 arsenic. Another three cations lie at two-thirds of the
body diagonal,;packing withAthe ;emaining three AsF; Eluorine ligands.
“The bond diétances given in Fig. VI-8 are t;ken from the.mﬁlecular |
structure of Hexaflqorobenzene86'ana the crystal struéturerqf

+

ClFZAsF6 (Ref. 87).‘

The cation is similarly eight;coordinate, with an Ang centered
above and belqw‘the‘ring, and two sets of three surrqunding it,
alternateiy aboyevand below the ring. In the idealized struc;ure; there
is an approximate close-packing of fluorine atoms, with vécant_"holes"
galfwéy-betweén‘the centers of adjacent coplanar %ings, and filled
"holes" occupied by the six—mémbé;éd carﬂon.ringé.ibfﬁus each unit cell
confainé 12 F atoms and 2 F atom-sized "holes", in a total volume of
246.1&;3 Thisvgives a volume of 17{5823 per F a;oh,'in good agreéﬁent
with Zaéhariéson;s rule88 for close-packed fluoride latti¢es.v

Using a fluoride ion radius of 1.3A and the boﬁd distances in
Fig..VI—B,-thé uﬁit cell dimensions forvtﬂe idealiéed'strucﬁure are
aé = 10.34 apd ¢y = 7;23K, 0.21 and 0.432.smaller‘thén'the;experimgntal
vélues."These are, of coﬁrSe,*qnly lower limits,fand.d04n0t:také.into,
account the "thickness" of the érbﬁatic ring system of péssible puckering

in C6Fg. An ﬁpper limit:on'gﬁe cell constant a, mgy.be estiméted by
assuming free rotationyof_the ions aboﬁt the three-fold axis in fhe
c;ystal, so'thaf.éach unit sweeps‘out_a cylinder of radius equél to

- its greatest dimensions. This would require a to be 11,53..vThué,7it -
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Fig. VI-&. ‘The crystal structure of C, T AsF, .
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is possible tnat there is some departure from the ideal, ordered
structure, but-not enough to allow free rotationL A'fnrther, but slight,
expan51on of a  may be the result of a longer C F bond in C6 6’
indicated by a decrease in stretching frequency of about 40 cm lvfrom
the noutral molecule. |

The major‘crystallographic axis is'coincident nith the needle axis
of the crystaio. One can envision.the growth of:tnesebcrystéls as

layers of C6 6 plates and AsF, octahedra can allgn and add to the

6.
crystal most favorably at the 001 face. ‘Thus, the-crystal grows.fastest
in the c—direction,,prOducing a‘needle. o

| It is torbe hoped that an occurate crystal strncture determination
will reSult}fron further efforts to obtain and pre§§;§é high4quality -

crystals of C6F6ASF6'

The Reaction of CgFg AsFg  with NO

The ionization potential of hexafluorobenzene.is 9.97 eV, that of

nitric oxide 9;25_eV;82 This suggested the redox reaction:

. ) . _ K
| CgFgtAsFgT  + No —s= NO'AsFgT + CgFg
Nitrosyl hexafluoroarsenate would, additienally, be expected to have a
greater lattice energy than the CgFg salt, making the reaction more
favourable.
The gas—Solid reaction is instantaneous at room temperaturé, the

products being hexafluorobenzene and NOAsFg, the former identified by its gas

phase 1nfrared spectrum, the latter by its X—ray powder dlffractometer pattern

v
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and Raman spectrum. Due to the exothermic nature of the reaction, and the

relative thefmal instability of C6F6+ASF6_, however; the process is not-

quantitative according to Eq. 1. Thermal decomposition of C6F6+AsF6—

produces, among other things, arsenic pentafluoride, which reacts with
L 83 "

nitric oxide. as well:

3AsF5 + 2NO —= 2NOAsFg + AsFj.

Some attack on the benzene ring also occurs in the decomposition,

further reducing the yield of NOAsFg, as shdwn by the following table:

CeFg AsFg
Expt. . Reacted (m-moles)
B N - h__;0740"f.___m_“
2 0.072
3 -0.119
4 - 0.656

NOAsFg
Produced (m-moles) Ratio
-:~4i¥0;2L-A»—~—~~—T 52:5% -
0.047 65.3%
10.072 ~ 60.5%
0.639 97.4%

In the last ekperiment, nitric oxide was admitted to the reaction

vessel very slowly and not in excess until all the solid appeared to

have reacted.

Thermal Decomposition of C

6F6AsF6 and the

Reaction of C_F_AsF

6 6

6

with CsF

4
C6F6ASF6

decomposes in a few hours on. standing at room temperature.

If heated to.50—60°, the decomposition becomes vety rapid. The products

are the same in each case: arsenic pentafluoride, hexafluorobenzene,

and a material of similar volatility to C

in the same regions as C

CeFg (Fig. V;79).

6F6’

identified84

6

F6’ with infrared absorptions

as octafluorocyclohexa-1,4 diene,
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Fig. VI-9. Infrared spectra of the volatile products

of the reaction of C6F6ASF with CsF
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The decomposition may be described in terms of:stepwise dissociation
of the salt 1nto arsenic’ pentafluoride and the ion pair C6 6 s, which
then disproportlonates to C6 6 and C6F8 through an“1ntermediate neutral

radical C6F7 . That arsenic pentafluoride does not enter into the dis-

proportionation is born out by the results of a study of the reactlon of

CoF ASF, with cesium fluoride both neat and in HF solution- Again, the

end products are C6F6 ande6 8 in approx1mately equimolar proportions,

along with Cs+AsF6—. This reaction may be written'

- - + -
+Cs'F > s AsF +C,F_F
(s)

: +

C.F_ AsF
6

- 6(S) 66

66 ’6(s)

'Thc'noot solid-solid reaction begins at about 40° and continues to
completion without further heating, producing a dirty—brown solid whose
powder_pattérn'is diffuse, but contains only lines due.to CsAsF6. ‘An
infréred spectrum of the powder presscé Between AgCl windows exhibits
only a Strong, broad absorption centered at 700‘cm"_l (v3 AoF6_). The
gaseous products are identical with those from the tnermal decompoéition-
except for the absence of Ast. |

 The reaction of C_F_AsF

66 6

solution proCeeds at a temperature slightly below 06,'and is.sufficiently

and CsF in anhydrous Bydrogen fluoride

exothermic to cause the liquid to boil in the reaction vessel. Here
again, the same gaseous products were observed; however, the solid re-
mained wet even after a long period of evacuation at room temperature,

and was not further examined.

85 '
Claret, Williams and Coulson ~ have studied the arylation of hexa-
fluorobenzene by diaroyl peroxides and proposed a mechanism involving

hepta-substituted radical species:
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These are somewhat unstable, and decompose by roqteé inyo1ving both

fluorine radical elimination:

ArC F,* > ArC.F

6 6 6'5 T F
ATCF "+ F' > 1,4 ArCF, 5
and dimerizatibn:
, : F F  F_F
ATCF " - A R AT
PN/ N/ F
F F F F
In thevcése:bf C6F7', . the dimer may not be‘sufficiéntly stable to per—
sist (although a small amount_of_Cle14 would not'have been detécted),

and may underxgo further rearrangement to form C6F6fand C6F8,

The Beactlon;of 06F6ASF6 with C6H6

, C6F6ASF6’ﬁés prepared ip tungsten hexafiudri&evas describéd'pre—.
viously. Benzene was shown to be free of gross impqrities by infrared
spectroscopy, éndbwés used without fprther purifiéation. About 100 mg'
'C6F6ASF6 in a Teflon.FEP tube was exposed.to bénzeﬁe.vapor for’seve;ai
‘minuteS'wifh iny a glight dafkening‘in the cdlor7df.the solid. A small
éuéﬁtity qf benzene was then condensed onto the soiia’at -196° .and

allowed to warm in an ice bath (0°). The reaction proceeded smoothly as

the benzene melted, with little change in pressure. The solid became
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first blue, and thengray-black. An infrared specérum'of the gases pro-
duced shows mainly hexafluorobenzene; along with,some benzene. No
arsenic'pentafluoride and no other carbon—fluofipe bands were seen. Thg
blaqk'sélid_résidue has the appearance of graphité, It is ﬁhermally
stablg at.room temperature, andgddes.not react ﬁifh water. An infrared
spectrum of the solid, préssed between silver chloride windows, shows
only a weak, broad absorption centered around 710:é@f1, which may be
due to residual AsfF bonds. No‘Raman épectrum coﬁld be obtained due to
the very dark color. o |

The reaction produced a likg material when éarried_Out,in anhydrous
hydrogen fluoride solution. Both reactions (nea; anq HF éolution)‘were'
‘studied gravimetribally. The data are as follows;; |
) \ C6F6ASF6 K . Prgductj
Neat Reaction  0,2148g(0.57 m—mol).: 0;0684g

" HF Solution 0.4179g(1.11 m-mol)  0.1520g

The Black, unreéctive éolid is insoluble in HF, and‘pfecipitateé imme—;
diately whep.beniene contacts the 1iqﬁid containing C6F6AsF6. No Asf6
is provided. The product does not react with nitric oxide. When ex- |
posed to 100 to 300 mm Hg Qf fluorine gas, the soliaftakes up Fz; 1f
fhe‘pressufe is raised above 300 mm Hg, sparking'OCCdrs in the powder,
with emission of orange-red 1ight. CF4 is produced;'énd the solid be-
comes light gray in color. :

An x—réy powder pattern.was obtained for the solid prepared in the
neat reaction. It is complex aﬂd méy contain more tﬁan one phase; The

powder pattern is given in Table VI-3.
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Table VI-3. X—ray powder pattern of the Blaék'solid prbduct of the

of C6F6AsF6 with benzene (film No. 641).
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C6FZ Salts of the Fluoroantimonates

The investigation of C6F6 salts has centered around C6f‘6AsF6 for
several reaSons. ‘Because the preparations ‘do not proceed in 100% yield
by—products‘which are not volatile remein in the reéction vessel and
oontaminate thé product. In the case of C6F AsFé, the by~products are
02, AsF 55 and fluorination products of C6F6, mostly C6F8’ all of them-
suff1c1ently'volatile to allow their removal under vacuum at room temp—
erature. In the case of the fluoroantimonates O SbFé and OZSbZFll’
however, SbF

5

removed .in the limited time available before decomposition occurs.

is a by—product which is not sufficiently volatile to be

Furtheruore, SbFS tends to form fluorine-bridged polyémionslo3 such as

Sb2 11 and Sb3F16 with SbF6

may contain more than one C6F6+ salt. These difficulties make the

and Sb F, 11° which results in a product which

‘hexafluoroarsenate salt more amenable to grevimetric study in spite of
the fact thet‘the yields in the fluoroantimonate.reections appear tovbe
greater, perhaps as high as 80%.

In addition, the materials prepared from CGF6 and OZSbFG or OZSbZFll
are sufficiently stable that they do not interact_quickly and smoothly at
room temperature with nitric oxide, whlch reaction has proved 1nveluabie
in elucidating the composition and stoichiometry of C6F6AsF6 |

Preparations of the fluoroantimonate salts of C6 6 were carried
out in essentlally the‘saue manner as those of C6F6ASF 02'eVolution
was consistent,with complete reduction of 02+ to molecular oxygen; and
vibrational and &pr spectra were similar to those for C6F6ASF6 The

material prepared from 0 SbZFll was ‘nearly 1dent1ca1 in color with
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C6F6ASF6’

from deep forest green to yellow-green, often containing an inhomogeneous

bright'yellow—green. That made from Ozsbf6; however, varied

mixture of yellow and green solids. This is most likely due to the
presence of a 1limited quantity of SbFS, produced in side—reactlons, which

combines with some or all of the SbF, available to form Sb.F the

6 2 ll ?

C6F6+ salt of the former being green, of the latter, yellow.

The fluoroantimonate salts also react with octafluoronapthalene to
form blue—greeﬁ materials, similar in appearance and stability to
10 8AsF6 (see the following sectlon), but these were in each case, wet

and untractable.

B. The Octafluoronapthalene Cation, Cle8+

Because of the relative involatility of octéfluofonapthalenel(m.o.
87-88°, vapor preseufe.15 mm af'86°),891t wee necessary to introduce it
into'feaction oessels as a solid. When C10F8 cryefals and dioxygenyll
hexafluoroareenate were mixed in the dry box, thefvreacted,e#othermically
oon contact to form a wet greeh mass which was quickly removed from the
dry box so aé.to minimize cootamihation'ofvthe-nitrogen atmosphere.'

In hooe of obtaining e slower feaction, wﬁich'oould favor higher

_yields aod_greatef purity, the reaction of C10F8 with hexefluorobenzene
.'cationvsalts was inVestigated.‘ The dry solids, ClOF8 and C6F6AsF6_were
combined in the dry box, whereupon the yellow C6 6 salt turned blue
wherever it contacted a crystal of octafluoronapthalene, which appeared
to dissoive'and consume the powder. When the reac;ion wes complete, a
very wet; deeb green oud remainedf_ 1f the_mixture'were_quiCkly crense_

-

ferred to a reaction vessel and removed to the vacuum line, the greater
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part of the liquid could be removed under vacuum, and examined, along
with the gaéeéus‘product, by infrared spectroscopy;::Seen,in the spectrum
thus obtained were hexafluorobenzene and arsenic pentéflporide, along |
with octafluorocyciohexa—l,évaiéne, which ié produced in the thermal
"decomposition Of;c6F6ASF6'

When the'sqlids were kept separate in the reaCtion vessel until it
‘could be remove& from the dry box and cooled in 1iQuid nitrogén to
prevent interaction, a small quantity of the material reacted due to thé
vaﬁor réaching the C_F_AsF, . Tungsten hexaflubride or anhydrous

€10%8 6" 625%6

hydrogen fluoride could then be condensed ontobthe'éold.mixture, and on
warming, the"reaétibn was immediate, prpducing vef&liittle of the above-
mentioned by-products, especially when WF, was used'asvthe sdlvent/médera-
tor. | | |

The reéction may be written simply,

o+ - o i + C- :
C_F_ AsF + C,.F »> C,.F_ AsF + C,F
6 6
676 6(8) 10 8(5) » ;0 8 (s) _'6(£)

The behavior of the solid—soiid reaction ié easily_expiéined by dissolution
of the crystglline CiOF8 in the liquid CeFe pfoducéd at the reacfion front.
C10F8+ASF6f.is a soft, forest green solid,_m.p.'122d i‘3°, often |

containing_octafiuoronapthalene‘as an impurity_(evacuatioﬁ for extended
periods eventuallyvremqves_CloFS). It is stablg at.room temperaturgbin'
quartz tubes, but has been observed to decompose in a day or two when
.stored in pyre#? faster if prepared-in‘or treated,With'anhydrous,HF. It .
iquuitebsolub1¢ in HF, but attempts to grow crystais'from HF solution

have failed, and the material recovered is ‘generally wét and untractable,

although unchanged in color.
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Gravimetric studies of the preparation are hampered'by both the pres-

ence of C, F_ in the product and the side reaction which involves decompo-

10 8
sition of the less stable C6F6 AsF6 . The data obtained indicate a low
yield of C10F8 AsF6 based on C6F6 AsF6 .

Exposure of the octafluoronapthalene cation salt to one atmosphere
of nitric oxide resulted_in'novreaetion at room temperature. 'With'strong

heating, partial reaction was achieved, probably the result of thermal

10°8

Several attempts to obtain Raman spectra.of this intensely colored

decompositionhof the C, F AsF6 and_subsequent reaction of AsF5 with NO.

material were unsuccessful.

When the green C materials are exposed to moist air, they

10F8 » .
quickly become pale yellow, with no change in texture. The resulting
yellow powder deliquesces slowly on standing in air.

EPR Spectrum of ClOFSASF6

The 'Q spectrum of C10F8 AsF6 powder at room temperature consists

of a single,»unresolved, symmetric resonance at g = 2.0049. It‘is a
very intense signal ‘with a line width of 8 éausa; conSiderably'narrower'
than those observed in C6F6 salts andisolutionsli:,.-'

X—Ray Diffraction Powder Pattern of ClO—Béﬁzﬁ

A sample of the deep green solid prepared from C6F6ASF6 and ClOF8
in WF6 was loaded into a 0.5 mm quartz capillary and examined by X-ray
~ powder photography using unfiltered CuK radiation. The resulting pat—

tern, w1th a tentative 1ndex1ng, appears in Table VI- 4. -
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Table VI-4. Powder Pattern of C10F8+AsF6- (Film No. 679)

‘Tetragonal: a_ = 8.27(5), c_ = 18.57(5)A

03 ’
12708° = z = 4

hkl _Egl’ ' 104/d2(obs.) 104/d2(célc.) " Rel. Intensity
100 8.21 TS | 146‘f - | s
101 7.54 176 175 o s
10 5.9 . 287 - 292 ms
112,103  4.963 406 408,4Q7v o | s
004 4.673 | 458 o aek . - MW
13 4249 554 | 553 | s
201,106 4.051 609 - 13,600 s
202 3.779 700 . | 700 VS
11,114 3.634 157 759,75 vs
212,203 3.436 847 846,855 s
213 3177 991 5 U
220 2.918 1175 1168 »‘ M
300 2.731 1341 1343 W
310 2.631 1444 1460 | o W
312,303 2.517 1578 1574,1575 0 ws
314,321 2.282 1921 1924,1927 W
‘322 2.230 oo | 2014 W
323 2;153 2158 12159 - M
400,324 2.063 2350 2336,2362 M
1.955 2615 » SO | W
420 1.845 2037 290 W

1.513 - 4370 - A | | W
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vu. THE HYDROLYSTS OF XézF;Rqu AND XezF;Ing

Only thrée binary tetroxides are presently known, those of osmium,
ruthenium and xenon. OsO4 and R_uO4 wérgldiscovefed;SOOﬁ éfﬁer the.element§
were isolatéd, and were chatactéfizedgo by Draus:ana Schrader in 1928. 0504‘(
is prepared by burning the mefal, or by oxidatioﬁ>§f osmium SOiutions with
nitric aéid; Ruoa; the less stable of the two,'ié:pfépared by hgating
acid solutions Containing rutheﬁium with strong oxidizers such aé
‘periodate,' permanganafe, or bromat_e.91 Xenon»tetroxide, Xe04, was
producedgzlin‘l964 by Selig et al., in the reactioﬁ‘of sulfurié écid
: with the berkenate salts Na4XeO6 and BaZXe065 All ;hree tetroxides
ﬁave been shoﬁn to be tetrahedral molecules inrthelgés phasé.

The highgst known oxide of iridium is the dioiidé, Iro,. Oxidation
sfgtes highef'fhan-lr(IV) have thus'far Been;foﬁn&.oﬂiy in the fluorides’

6

would be expected to be dl,'and paramagnetic. The'.E spectrum of such

and in IrF-. Since iridium (0) has a d7s2 conflguratlon, the tetr01de

a.species should exhibit hyperfine splittings_due to 191Ir (natural
abundance 38.5%) and 193Ir (61.5%), both with spiﬁj/Z. wa.is possible
‘that d1merlzation of thlS molecule could occur via a peroxygen brldge;'
thereby 1owering the effective oxidatlon state to +7 This would -
 probably still be a paramagnetic,specigs, however,_with fhé two d—ele;fréné‘
in different orbitals.‘ | | -

In an attempt to prepare the tetroxide of iridlum, the hydroly31s
. of the 2:1 xenon difluorlde irldium pentafluorlde adduct was 1nvest1gated._

In order to ascertain the feasibility of the reaction,‘and the best

method for carrying it out,_thé known compound ruthenium tetroxide'waS»'
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prepared by hYdrqusis of the analogous xenon diflgoride—ruthenium
pentafluoride adduct.

Both compounds, properly.fofmulated as the salts XeZFBIrF6 and
Xe2F3RuF6, respectively,93‘weré prépared by the room temperature
1nteract10n of a 3: 1 mole ratio of XeF2 and the correspondlng pentafluoride
invbromine pentafluoride solution. Thé'reaction is quantitative,'pro—
ducing small crystals of the péle.gréen ruthenium Salt and the paler
yellow-green iridium salt;b Raman spectra ofIthese'CQmpoﬁhdéfshowed them
to be éufe, except for a very small (<37%) quantity of the 1:1 adduéts,-
XeF'RuF, and XeF'IrF. |

-‘Hy&roiyéié of the ruthenium salt'was first carried out in the flow
system dépicted in Fig. VII-1. Se2F3RuF6, contalned.ln a platlnum boét,
was plapedfin”aiquarti'reaction tube with a valve at each end, whlchj
was evacuated and removed to the>dry on for”thié pﬁ;pose. A wet stream
of argon gas was passed over thevsold, which immediately became aafk brown,
then black. An infrared spectrum of the contehté’of the coid trap shoﬁs
absdrptibn‘maxima at 1220 Cm_l (PQR), 1360 Cm—l;”and'l735 cm—l (PQR).

Next, the reaction of Xe2F3RuF w1th water was carrled out in a
static system. Water was condensed into a Kgl—F tgbe.containihg the
ruthenium salt at -196°.

The contents were allowed to warm to room tempéraﬁure, and the
.- volatile products collected in a Kel-F trap held at -196°. A volatile
yellow material appeared in the cold trap and was 1dent1f1ed by 1ts

infrared spectrum as ‘Ru0, [v3.= 920 cm (PQR)] %, 95

In this experiment,
no other absofptions were seen in the spectrum of the gases from the

cold trap. The absence of HF is explained by adsorption of the small
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VII-1. Apparatus used in hydrolysis of Xe,F.RuF
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amount present onto the prefluorinated silver plate'walls of the

infrared sample cell. ‘The reaction may be written:

S : 5 o 1
2Xe2F3RuF6 + 9H20 > 2Ru04 + 4Xe + 18HF +-§ QZ

e

Having succeeded in preparing Ran in this'maoﬁer; the hydrolysis
of Xe2F3IrF6 was undertaken in a 11ke fashion. Agéin; a‘volafile light
brown material Qas collected in the -196° trap. 'This'time; however, on
expanding the‘gas into the infrared cell,'nO'ebsorption was detected.

A large quantity of the iridium salt was hydroleed in the same
- way. fhe oolatile.1ight'browﬁ'substance was agaio formed and eaught
in the eold ;fap, but no infrared absorption seeo.

Subsequent hydrolyses were. carried out in p&fex; quartz and Kel-F
apparatus, with and’withdut:sodiuﬁ flooride preéeﬁt toetake up'hyd:ogen a
'fluoride and 1iquid H20° In each case, as in the first two experiments,‘
- iridium residues were‘found in the area where the prodocts were con-
densed. When pyrexvepparatus ﬁas used, the produco attacked the glass
immediately'upon warming towafd room temperature; aﬁdithe'purple residue
appeared. |

It is ev1dent that a volatlle, 1r1dium—contaln1ng material is
produced in the hydrolysis of Xe2F3IrF This compound is.unsteble
in the presence'of NaF, and decomposes on expansion into a silver-plated
infrared cell with orefluorina;ed silver chloride windows.

The hydrolysis was, therefore, run in situ, within a solid Kel-F
1nfrered cell equ1pped with silver chlorlde windows and hav1ng no
metallic surfaces on ;ts interior. Xe f IrF, wae 1ntroduced into the

237776

cell cavity through a hOle:inﬂthe:side which was closed by a threaded
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Teflon plug. The cell was removed from the dry box'and evaeuated. A
quantity of water insufficient to effect compiete_hydrolysis.was'
introduced into the tubing between two values conneoted in series
to the cell,{and then forced by air pressure into the evacuated cell
on opening of the valve on the cell body. The reaction was monitoted
by repeated recordlug of infrared spectra. |

Initially, a strong PQR band, centered around 1110 cm lvappeared
when the water wad admitted to the cell. Over a period of 20'min,
its intensity had diminiahed by half, and in_a little overvan‘hour,.had
disappeared'entirely; This band has been_assigned.to chlorine dioxide,
C102. _The aoparent PQR structure is in fact‘due‘to‘isotopic chlorine

96,97. o

splitting of v3 of ‘this sz molecule.

" Preparation of Chlorine Dioxide

In order to:confirm the assignment of this.abeorotion_to chlofine
dioxide;Aa smalliquantity of CiO2 was prepated‘by'the:uethod of McHalev
‘and von Elbe.98 Potassium ehlorate (0.025 g, 0.20 m—moi) and oxalic acid
dlhydrate (O 028 g, 0.22 m—mol) were mixed in a Teflon FEP reactlon tube.
The SOlldS were m01stened with water, the tube was connected to the '
vacuum line, eVacuated, and opened"to a monel infrared cell and to the
Helicoid gauge.v The mixture was heated gentlyvuntii.the preSSure'in.the
entire voluﬁe“had riseu to‘25 mmng; :The pressure uas kept low to avoid
decomposition and poesible detonation of the'gaseous c102';

The'reaction proceeds according to the equation:

H.0

2KClO3 + 2 H2C204 'ZHZO

> ¥ N

KyC,0, + gcozgf 6320‘+ 2 C;OZ"
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An infrared spectrum of the product of this reaction was found to corres-

- \ g ' ) . + -
pond precisely to that obtained in the hydrolysis of Xe2F3 IrF6 .

U S
5 in the Hydrolysis of Xe2F3IrF6

Cl09 may have’Been formed froﬁ'the reaction of the silver chloride

The Origin of Cl0

windows of the infrared cell with an active oxygen Specigs such as IrQ,

or XeO. 'To>investigéte this further, a low—tempeféture»cell'with a
liquid nitrogen-cooled AgCl windowvin the center, and potassium bromide
windows oh the ends was utilized. 'The centra1~AgC1iwindow was mounted
on a coppér.cold finger, which could be rotated.90°'to receive vapors
from an inleﬁlnozzie, and at right angles to this,'fo record the sPec-
trum. |
§ Xe2F3+IrF6— was hydrol&sed in 'a KelfF_tubé cOnnécted dirgctly t6 

the évacuaﬁed low-temperature celi By-a_6 cm'lehgth of Kel—E‘tubing

_ which terminated ~1.5 cm from thé cold window.  The only bands observed
in the infrargd spectrum thps obtained were due‘éb water and hydrogen

: fluoride.'

The Hydfolysis of_XeFéiIFS

In order to determine whether XeOImight'be an important inter-
S _ ' mediate in the hydrolysis of XeF, compounds, an inveétigétion of the
- . reaction of the xenon difluoride-iodine penfafluoridg molécular_addi.xct99
‘with watgr was_underfaken. The formation of IOF5 in this reaction
would be indicative of such an XeO species.
-XeFé-iFs Qas prepared b&»the‘roqm temperatu;e interaction of
xenoﬁ difluoride and a‘'slight excess of iodine pentafluoride. The

reaction is rapid and quantitative. Excess IF5 was removed under

vacuum, leaVing the finely powdered white solid;'Xer-IF5.
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This material was introduced into the Kel—Fvinfrérea cell éreviously
‘used for'hyarolysis of XezFékIrFéh. A spectrum recorde& béfore'adﬁitting
water tovthe cell shoﬁed the presence ofvdissociatedeer apd_]Fs.'-Another
‘ speétrﬁm iﬁmediately fpllowing the addition of'water'showgd a disappearahée
of the XeF, absorptions, and no change in that'éf ]F5..-No baﬁds duelfo

v:IOF5 were observed.

Ihe Reaction of Xer-IFS with‘N204

In a further attempt t§ determine whetﬁer XeO migﬁf be preSép£ in.
-Qxidatiéns By XéFé, the iodine pentafluoride complex wés é#pgsedutq:
_ liquid dini;rogen tetroxidé, with the hope of producingv]DFg.
| An infrared spéctrum of commercial dinitrogen tetroxidé, N9O4, showed
no impurities aﬁdbit was.used witﬁout purification;' 0.1 ¢ (0.26.mm01)
XeF2~IF5 was p1aced inva Kel-F trap and liquid N204’(2 ml) was |
transferred onﬁo.the solid. The mixtufe was shaken at room temperature
and heated genti&. No gas evolution was Qbserved, and cooling to -196°
showed the ﬁresence of no non-condensible gas. The infrared spectrum
of the vapor aS;vé the mixture was identical with that of pure Ny04, i.e.

no evidence was found for ]DFS.

Conclusijons
An unstable, volatile, iridium—confaining compound has been
produced in the hydrolysis of XeZF;Ing. This éompodﬁd'is.alﬁbétvf

certainly not irF6, which is rapidly hydrolysed itseif.':Iﬁ»ﬁéy be an

unknown oxide, an oxyfluoride, or an oxy-acid such as H1r04. Further
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investigation of this system by means of mass spectrometry will be

undertaken.

2%
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VIII. THE CATIONS‘CIF;_end ClO;

The compounds C1F,*AsF_ .and CiF -SbF,_ were first reportedlol"105 in

3 5 7 37775
. S ol oo -106-108
1958 and 1959 by Seel and Detmer. Subsequent vibrational and o

crystallographic87f109 studies have confirmed the ionic character of
' . . .. 111-113 . R
these the other C1F3—Lew1s acid adducts. The difluorochlorinium (III)

2° has sz symmetry, with a bond angle of 95.9 (3.1)° in the
SbF¢ salt,'% and 103.17 (0.70)° in‘cll-‘;Ang.87

bond distanees are 1.57(3)% and 1.54(14)3, respectiVely.

~ionm, ClF

-The_corresponding Cl-F

'WOolf‘preparedll4 ClOZF.adducts with BF3, AsFS, SbFS, etc and

correctly 1dent1f1ed them as salts of the chloryl 1on, ClO fﬁis
formulatlon was confirmed by Christe et al.l-15 who obtained infrared -
and Raman spectra along with X-ray‘;owder patterne. ‘They pointed out
that‘ClOZF'ie the most stable pfoduct of reactioos of water or oxides
with.chlorine'fluofides of all'oxidAtioo states; and is hence a common
impurity in these reagente; The.spectrum of commerciallf ootéihed
chlorine ttiflooride,is shown in'Fig..VIII-l. - In afdition to the large
.ClOZF_impurity,-arsignificant'emount of HF is preeeot, which.facilitates.

the attack of ClF, on glass, pfodocint more C10 F_end,SiFa. Edwards .

3 2

and Sills have recently reported117 the crystal sttucture of chloryl
u—fluorobis [pentafluoroantlmonate (V)], ClOZSbZFll ' The crystalé from |
whlch this structure was obtalned were prepared from chlorine, chlorine
trifluoride, and antlmony pentafluoride stored together in pyrex glass

at room temperature for several months. The mean-Cl—O dlstance.lnhthe

cation is 1.31(3)&, with an 0-C1-0 bond angle of 121.9(l1.5)°.
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A single crystal X-ray determination of the struéture of the adduct

3 5

were interpreted assuming the composition ClF;Ing. The C1-F bond

prepared from C1F, and IrF_ was carried out-by Passmore.4 The resﬁlté

distances wefe, however, very short (1;233); and thevF—Cl—F bond angle

quite large (128°). Because of uncértainty in agreement between-

galéulated_and'observed structure factors, and the'small number of

reflections measured, the structure was not published, work was undertaken.

on the ClF3'AéF5 adduct, and a stfucture was réported87vwith_the more

acceptable C1-F distance of 1.54A. It nowbappéars,likeiy that the

single crystal from which the X-ray data were collecﬁed4 was actually
2776

and Sills.

+ - ’ .
Cl10,IrF,, as there is close agreement with the parameters of Edwards

‘The crystals in the original study were prepared by sublimation
‘'of the adduct in the presence of 2 atm chlorine trifluoride and 3 atm
fluorine gas at a temperature of 160°. Under such conditions any

Cc1o0 or arising.from oxides on the walls of the

2 3
monel reactor or from reaction with 02 impurity in the F2 would almost

certainly have displaced ClF3 in the adduct to form_ClO?IrF6 ‘Although

F present in the C1F
‘an elemental analysis of the bulk material favored the formulation

3
the éepératioﬁ of ClOZIrF;. ‘
+

In order to confirm this'hYpothesis; a new preparationhof’lezing,~'

ClF -IrFS,'selectibn of good siﬁgle crystals may well have preferred

was undertaken. Chlorine trifluoride was partially freed of chloryl
fluoride by holding several ml ClF3 at -78° (where‘it.is a solid when
pure), and pumping to remove the slightly more volatile ClOZF (vapor

pressure'~10 mn at -78°). Infrared spectra of the ClF3 showed fhét it
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still coﬁtained a trace of C102F. ClF3 (1.6 mmol)”ahd IrF6 (1.6 mmol)
. were combined in a prefluorinated monel can_with'g feflon gasket and
water-cooled removable 1id. The bottom of the éan}was maintained at
190° oVernigﬁEf An infréred spectrum of the residﬁéi gases contained

absorptions due to IrF6 and C1F3, but no trace of ClO2

the greater stability of the C102F~IrFS adduct rélative to that of

CLF, IrF.. o _ o - : .

On opening the can in the drybox, a conSiderable quantity of

F, indicating

bright yellow crystals were found on the 1id. The Raman spectrum of
a represehtative sampling of this material is Shbwn in Fig. VIII-2.

It is seen to consist mainly-of»ClF;Ing, but withnablarge impurity of

+ - ) . . : )
ClOZIrF6.110v'An X-ray powder pattern of the same sample was obtained

and compaféd-with those of Passmore, and with the powder pattern of

ClF;PtF;; prepared by N. K. Jha.116 Due to the nearly identical unit
. cell cimensions of the two iridium compoﬁnds,vthé patterns are very

similar. ~Slight differences are_obserVed, however, and the pattern of

+
ClFZIrF6

prepared in this work more nearly resembles that of the
corresponding platinum compound. Table VIII-1 summarizes the powder

data, and the patterns of ClF;IrFG, ClOZIrF; and ClF;-PtF6 are shown in

Fig. VIII-3.
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Table VIII-1. The X-ray powder patterns of ClOZIrF6 (Passmore)

and C1F+IrF6 (this work).

2
g o e
ClOZIrFG ClFZIrF6
hk 2 104/d2 obs 104/d2 calc 104/d2 obs
100 315 308 311
011 381 386 361
406
101 477 500 485
110 501 501 529
575
640
111 691 681
724
002 757 768 767
020 774
904 847
996
102 1075 1076 1069
120 1082
1163
112 1247 1269 1272
1274 ,
201 1425 1431
210 1427
211 1619 1619 1626
013 1996 1922 1996
031 1933
2127
113 2213 2230 2205
2241 ,
2309
123 2787 2811 2796
132 2817
3045

Single Srystal data (passmore) ClOEIng a,=3+69, b,=7.19, c0=7.22A,
V=295.4A3 M.W. 373.7 gm mol~-1l, z=2, de=4.20 gm cm™>. Space group: Ppmms
systematic absences: ok, when k + £ = 2n + 1. '




Fig. VIII-3.

X-ray powder patterns of ClFZIrF6, ClOZIrF6

and ClePtF6.
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IX. CONCLUSIONS o

The identity of'the'yellow solids'obtaiﬁed:froﬁ the reaction of
hexafluorobenzene with dioxygenyl salts in tungsténhhexafluoride has
been estébliéhed, and much has been'done. to éharaétetize the hexafluérobenzeﬂe‘
cation.  The octafluoronapthaleneycatioﬁ has aisovbéeh prepared - and .
characterized,lthough much less fully.\'An accutéte crystal structure is
neceséary tb elucidate the precise nature of these materials. |

Further investigation into the deeply—colored adducts of chldrine_and
the dioxygenyl salts should clear ub their composition and structure.

More spectrostopit evidénce is requitea, such as viéiblé uv/épectra‘of
HF solutions, resolved ggz_spettra of dilute solutioﬁé, and betterl
infrared and Raman data.. It should also be.pdssible to obtéin an X;ray
pdwder pﬁbtograph, and pqssible‘éingle crystals.u’

There”ié»étill hope for synthesis of ﬁany or all of the inorganic
radicals attempted in Chapters III and IV. A good solvent éystem»is_
definitely needed‘hére, and the téchniques of cryogenic isolationAof
metastable products will no doubt be useful, as‘woula availébility of

a molecular-beam mass spectrometer.

The hydrol&sis of XezF;IrF; and other reactions may yet lead to
Iroa, or at least a new oxyfluoride or oxy acid ofvitidium, and the v'
oxidizing capability of Xe (II) should be explbitéd in other systems.

The research described in‘this thesis is a patéﬂwork of success

and disappointment, but in every part of it there is some promise of

future development.
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