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The Chemistry of Krypton, Xenon and Radon

1. General Features of Noble-Gas Chemistry

 l.l Historical Introduction

When xenéﬁ cpmpoﬁhds were reportedl’2’3 in l962,»most chemists were
greatly sﬁfpriéed, yet; for ﬁore than thirty yeais thére had1been

clear indicatioﬁsu, from the chemistry of iédinekand the other halogens,
that the heavier noble-gases might well fdrm compouﬁds,.with the more
elécfronegétive ligands( However, the_mostipromising préVious attempts

to prépare chemical compounds had failed. This and the ke& role fhat

fhe noblé—gés.vaienCe electroﬁ configurations assumed in thé electrQnic"
thebriesIOf &alence,'resulted (at ieast.by'fhe 1960'5) in én unquestioning
confidence ih the chemical inertness of tﬁe gases.

The diécovery.of argoh (1894), by Rayleigh and Raﬁéay, was unexpected
and was received with much skepticism,'even by the great Mendejeev.5 Of.'
course, once the gases.were established as a'new_grbup in the Périodic
ClassifiCatidn, all chemists recognized that this:new group beautifully
completed Méndeleev's Table. The inert elements fitted perfectly into
the scheme, between the electronegative elements (the halogens) aﬁd thei
eléctropésitive elements (the alkali metals).

It.is a mark of Raﬁsay?s sure chemical awareness that he saw to it
that his friend Moissan (see ref. 5, p. 146), the discoverer of fluorine,
was promﬁtlv supplied with 100 cc of the gas, in order thaf he should
attempt fo-prepare é fluoride. Moissan was unsuccessful and concluded

his account6 of his experiments (reported in 1895): "A la temperature

ordinaire ou sous l'action d'une étincelle d'induction un mélange de

fluor et d'argon n'entre pas en combinaison."
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Undoubtedly Ramsay, rightly, considered this the ultimate teét for chemical
activity aﬁd‘this'presumably led to his disagreement with the suggestion of

Oddo7

5 thatfkryptoh'ahd xenon halides shbuld>be.preparable.

The Bohr model of the atom (1913) quickly brought the noble gases to

an established key position in the electronic theory of valence, pafticularly
as first pfopSunded by Lewis (1916) and Kossel (1916).8 The Lewis and Kossel
theories had immediate impact, in rationalizing much.ofvfhe chemical behaviour
of'thevelements; iThe noble-gas valence-electron configuration was clearly
defined as the configuratioﬁ‘tovwhich dfher elements ténded in their chemical
bonding. As with alivvery successful theories, the exceptions and awkward cases
tended, as time passed,-to be ignored. A few chemisté _ﬁersiéted ﬁevertheless
in attempts to bring thé heavier gases'into chemical combination. Ruff.and
Menzel (1937) again studied the drgon/fluorine system énd also kfyptoh/
fluorine9; voh Antropoff‘(l932~33) examined krypton/chlorine or bromine
mixtures;lo - No lastiﬁg evidence for'cbmpounds was found. Of all the
post-electronic—thebry-of;valence predictions of compounds of the gases,

that of Pauling waé'the mosﬁ accurate. He suggested4 in 1933, from
_considerations of ionic radii,_that,XeF6, KrF6 and perxenates should‘be,
preparable and at his suggeétion an attemptll was made to synthesize a

xenon fluoride. The attempt failed. Iionically a similar experiment,la
carried out thirty‘years later Dbut replacing the elecfric discharge of
theuearly experiment_with'sunlight, provided a convenient preparative

method for xendn difluoride! ' . : “‘v : o
No doubt, if xenon had been as abundant as argon we shouldinot have

had to wait more than sixty years for noble'gas chemistry -- it is

conceivable that Molssan would have prepared the xénon fluorides in the
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last years-of: the 19th Century, but"surely Ruff‘(theifirst'to.syhthesize

iodine heptafluoride) would have succeeded,if Moissan.had failed!

EszgﬁigiﬁiéEMQEMKSEQE; 1962. The key to the eventual recognltlon ‘that

the noble- -gas octet, in the heav1er gases, is not chemlcally 1nv1o]ate

lay in the long known ionization pbtentials of the gases: I(E,g): He,24.58;

Ne; 21.56'; Ar, 15.76; Xr, "ih.oo',- Xe, .12.13;Rn, 10.%{5_ ev. Bartlett and |

Tohmann had discovered an oxyflooride of platinum which proved to be the

salt o oty 6] . This "formulation implied that platinum ”hexafluoride

was capable of ox1d121ng molecular oxygen, 2( )+ PtF6( )——»-O [PtE6](c>,

;and 1ndlcated that the hltherto llttle investigated hexafluorldc of

platlnum was an ox1dlzer of unprecedented power (w1th an electron afflnlty

1nvexcess of =160 kcal mole l)} Since the flrst_lonlzatlon potentlale of.

Rn and Xe'were less than,or oomparable to, the first'ionizetion poteotial : R
of molecular oxygen (12.2 ev), it was apparent that the heavier gases |

should be susceptible to oxidation (i.e., should depart from their octet-

valence-electron configuratioos) in interaction.withvthe strooély electron

attracting PtF6 molecule. As predicted, platinum'oexafluoride.vapour

(deep red) spontaneously oxidized xenon gas (colourless), at ordinaryv

temperatores, in a visually dramatic, fast, reaction, which deposlted a -

yellow-~ orange qulnquevalent platlnum complex fluorldel’ lu. This and -:

2,3 .

the subsequent dlscovery of the Xxenon fluorldes initiated the surge

of actlvity, the .essence of Wthh is reported in this section.
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Ihe Relatlonshlp of Noble-Gas Compounds to Comgounds of the Other Flementb

1.2.1 The thent of Noble-Gas Chemnstry

‘so far (1970), the experimental evidence suggests that only the heavier
noble gases (Kr, Xe, Rn) can form chemical compounds; The favoﬁred oxidation
stateo'aro in harmony withzthé pattern'of'usual_OXiaation states of the other
non-transition elements, obéying fhe“gehefai rule that the groué'humber (8),

or group number minus 2n'(n = 0, 1,2,3), oxidatioﬁ'states, are preferred. .

' The compounds of xenon.illustrate this pattern well, with the established

‘positive oxidation states, +8 (e.g. Xeou), +6(e g. XeF6) +h(e.g. XeFu) and

15,16
+2(e. g XeF ). 27

'The'n0blé-gases are brought into chemical combination only byathe'

most powerfulLy ox1dlzlng llgands and the known compounds all 1nvolve

~the assoc1at10n of a heav1er (more readlly ox1dlzable) noble—gas aton

(Rn, Xe.or Kr) with electronegative 1igands (e.g.. F, O, 0SO,F, ete. ).
Here ﬁe'see the drive of the electroﬁegati§e ligahdvtowardé the light
noble~gas’configurations (particularly that of Ne){- Clearly thevdrive

of the fluofine atom to attain the No configuratiOn exceeds the capability
of the héayy noble gases ﬁo maintainvtheir configﬁrations. Of course, the
ligands which provide stable noble—gaé.compounds are also llgands which
promote-unusually high oxidation states in othef elements. There is a
particularly close relationship of noble-gas compounds to non-transition-
element.Groop VII and Group VI compounds involving.the same ligand. Thus,
the fluorides of xenon and krypton show a familial resemblance to the
fluorides.of icdine, bromine and even tellurium,and thevoxidesvand‘oxy—
salts of xenon conform to the pattern of antimony, tellurium ond iodine

behaviour.
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1.2.2 Stfﬁdtural:Features

The”simple.noble—gas compounds are closely related
structurally “:,to'analogous. compounds of Groups VII and VI.
Since eaéh'of-ﬁhe noble gas cations is isoelectronic with its neighbouring.

halOgen-atom,fitvas_toibe expected'that'the monofluoro-noble-gas cations

.(e;g. XeEﬁ; KrE&) would show a: close relationship to the corresponding

halogen monofluoride. Todine monofluoride and XeE& are compared in

Teble 172;i.jj
Table 1.2.1
ComfariéOn of XeF+‘and‘IF.;.
XeF' IF
Bond Length(z) S 1.84(a) |  5’ . 1.906(6)
sy e ®) j  610 (4
‘ fo%ce_constanf(md/ij 3.7 (®) , N 3.6 (e)

_ (a) v. M.chRae, R. D. Peacock,-and D. R. Russell, Chem. Communs.,

(1969) é2.

(b) F. 0. Sladky, P. A. Bulliner, and N. Bartlett, J. Chem. Soc.,

(1969) 2179.

(¢) L. G. Cole, and G. W. Elverum, Jr., J. Chem. Phys., 20 (1952) 1543.

(d4) R. A. Durie, Proc. Roy. Soc., A207 (1951) 388.

(e) 6. R. somayajula, J. Chem. Phys. 33 (1960) 1541.

Of course, the chemical bindingvmust be similar in these related
species and 1t is»appropriate to think of the bonding in terms of a

classical electron-pair-bond, each element achieving an octet configuration.
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The’bonding:of two fluorine atoms to‘avneutral noble-gas atom,as in‘the
generatlon off XeF or KrFQ, must be very like the: bondlng of two fluorlne_
atoms to the ha]ogen atom of halogen monofluoride: (Cl(Br,I)F + 2F p
Cl(Br,I)F ) ‘Certainly the*approx1mately«llnear part of the T shaped
BrF3 molecule resembles -the Kng molecule as Table 1{2;2 shows.
Table 1.2.2
otructurﬁl Comparlson of KrF2 with BrF dnd BrF3

(dlstances in A units)

1.87

F-e—-Kr-—-Fv' ' C. Murchlnson, S Relchman, D. Anderson, J -Overend,
o and F. Schrelnel, J. Amer Chem. Soc., 90 (1968). 5690
1.810
F———~Br-————F S D{ W. Magnuson, i. Chem. Phys. gz (1957) 223.
\ i L. 721 ’ | '
86-21\F
1.759 | R N
Br—f—;F D. ¥F. Smith, M. Tidwell, and D. V. P. Williams,

Phys. Rev. T7 (1950) k20.

The unique bond in BrF3 is short, like the bond in the Br-F molecule.

Undoubtedly, the KrF bond in KrF' like XeF' will be shorter than in KrF,.
and should resemble the BI‘—F molecule bond.

) . 1
. The XeFu molecule Wthh is square planar,ras s1m11ar to the approy1mately *

l .
square IFM group in the IF molecule .

Presumably IFA , like BrFu, is also of D ~hh geometry The
well characterlzed isoelectronic species XeFr , IF5 and TeF5 are very
- 5 : _

similar in shape, the bond lehgths showlng a deerease with increase in

the atomic number (nuclear charge) of the central atom. The details are
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L pable 1.2

Comparison of Xenon Compounds with Related Molecules

. UCRL~1935

.3 B

. o .
(Internuclear Distances in A Uniis)

_ EFS (ghx'éymmetry)

F
|
exﬁ/ue
ngrA I,
| Te¥s () Ty (€) N XeFs' fb)
E-F 1.84 1.86 1.81
E-F, 1.94 1.8 1.88
- E - F_(°) 9 ~8 79
FOM (T4 symmetry)
- (@) ) (e)
Xeour :
E-0- 1.79 1.7k
EO3‘(Q3X symmetry ) - (o)
T0 "(f) ' _Xe03 _
3 .
E-0 1.82 | 1.76
0-E-0(°) 97 103
EO¢ (92 symmetry)_  "
[sb%](h)‘_ [reo ) EORICH ixe0,) )
1.97 1.83-1.95 1.93 1.86

a0
Pigle
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(b)
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(e)

(£)

(8)
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(3)

(k)
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given in'Table li2.3.' The same kind of relationshipv0ccurs in XeO3 and
3, both of Wthh are pyramidal and Xeol\L and IOA’ both of which are
tetrahedral, 'The-perxenate are octahedral like the paxaperlodateu
and orthotellurates.
vTable,1.2.3

Comparisoh of Xenon Compounds with RelaﬁedfMolecules

1.2.3 Thermochemical Relationships
The structural relationships
shOW'that»thé;chemical bonding in.each series of related compounds
across the Periodic Téble cannot change sharply in character and indeed
suggests that a common bonding description is appropriate. The thermo-
chemical evidence further supports this view.

J As may be seen from.ﬁhe thermochemical cycle, for a gaseous xenon
compound,, xezy, formed from xenon atoms and gaseous diatomic molecules
Ly: :

_ o -
Xe, v + % - » Xel,
“(e) 2 Te(g) s

AHf(L)g)

yL( ) ¥Xx Mean Thermochemical
& v Bond ‘Energy

the enthalpy of fbrmation.éf the gaseous compouhd will be exothermic

©if the mean thermochemical bond energy (T.B.E.) exceeds the enthalpy
of formation of the gaseous-ligand atom I, In comparlng fluorlne, ‘
oxygen and chlorine ligands it is evident from 1nspectlon of AHf(L,g) 9
F, 18 8 0, 59° 2 Cl, 29-0 kcal mole l, that fluorine presents an
unusually‘favourable case. Furthgrmore, the fluorine atom has’a higher
electronegativity(fhan oxygen qnd chlorine and iévalso thé sﬁailest?olt

i
|
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Table 1.2.4

' ) ' A
Mean Thermochemical Bond Energles for Chlorides , and

" Dissociation Energies of the Diatomic-Qxides

Of The Xenon Period (values in keal mblefl)

Bond Energies

(a)
(b)
(c)
(a)
(e)
(£)

SnClh(a) 55b015(a)
61
(2) o () () (@)
Sbe1+7 Tecl,, )
90 75
ey (€)
e’
CuT
:iCl(e) o XeCl,
58 ' '<32 est.
Dissociation Enérgies(f) o
GeO. ‘AsO Se0 .. . Bro | KrO
158 15 101 % <1
Sno SbO TeO o100 XeO
127 89 ey 9
%

Llnes connect molecules of related geometry.

National Bureau of Standards, Technical Note 270 3 (1968)

L. Brewer, G. R.

K. J. Frederick,
J. H. Simons, J.

R. H. Lamoreaux,

Chemistry.,

Somoyajula, and E. Brackett, Chem. Revs. 5 63 (1963)p 111- 121.

‘and J. H. Hildebrand, J. Amer. Chem. Soc., ég (1938) 2522. .

Amer. Chem. Soc.; 52 (1930) 3490.

and W. F. Giaugue, J. Phys. Chem., 73(1969) 755.

L. Brever, énd G. M. Rosenblatt,_Advancés in High Témperature~

Vol. 2. Academic Press. Tne.. New York. 1969. 1p.. 1-82.

v
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is anticibaﬁed, therefore, that fluorine vill form stronger bonds than
chlorine; or the other'halogens,'and that the heavier halides and oxides

will be thermodynamically less stable. This is the usual situation and

the nobleégas compounds prove to be no'exception. ZAlthough all of

the xenon fluorWdes are thermodynamlcally stable, 'he oxides and

'chlorldes are not. Chlorides have been synthes1zed under hlgh energy

condltlons, and also by 1291 decay, (see XeCl, , and XeClh). Oxides
Have been obtained from_the fluorides by metatheticai reacfions.

This instabillty conforms with the’ character‘ of oxides and

rchlorldes of elements close to the heavier noble»gases in the Periodic

Table, as may be seen in Table 1. 2.4, Although the mean thermochemical

bond energies in thé xenon ox1des ( L 21 kcal mole” ) are lower than
in. the- fluorldes (~ 30 kcal mole” ),“structural and'sPectroScopic
ev1dence suggests that the 1ntr1ns1c Xe~O bond energy is greater than

the Xe—F bond energy. ThlS p01nt is dlscussed further in 1.3. 3

‘This may account for'the'con51derable klnetlc stablllty of xenon(VI)'

and (VIII) oxides. o
(Table 1.2.4)

Aszmay be seen from the mean thermochemical bond energies listed |
in Tablehl.?.S, there is, for fluorides, a general, emooth, trend of
decreasing mean.thermochemical bond energy, frou left to right indeach‘
period of +he Periodic Table;' This is alSofthe-direction-of increasing
first ionization potential of the elements and, of coufSe, increasing
electronegativity . If the mean thermochemical.bond energy iSvtraced
across a series of gecmetrically related species (e.g., bhe octahedralk
or pseudo- oatahedra] set, TeF6, 82; 1Fs, 6l ; XeFug 31 keal mole_l) it

is seen to fall oharply as- tbe noble-gas compounds are approached.

11



Table 1.2.5
Mean Thermochemical Bond Energies (kcal molefl).for7.

. -Noble-Gas Fluorides and Related Fluorides -
si P s ¢ . Ar
SFg' " [c1F. ]

9

SF4(a)

UCRL-19658
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Table 1.2.5
‘ <Meanv T_h'ermochemical. Bond Energies (kcal r_nole—lt) Ifor>’

- Noble-Gas Fluorides and Related Fluorides

Ge , . As . ‘Se: ' Br ‘ KI

(c)

Gth

112

éef-a(c) 'ASF3(e) | R seFui(f) | BrFS(_e,)_‘._ - [xrFg)
113 €9 est.
or,]
£ 9 est.
xrm, ()

UCRL-19658
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' , ‘ 1k
.Table'l.E.Sv.

<¥eah»Thérmocheﬁical Bond Energies'(kcalbmolefl).foi)

- AT . L%
Noble~Gas Fluorides and Related Fluorides

sn . sb e 1 xe

- SbF (f)<_ | TeF6<

15 . 88

* ' : ‘ ‘
Geometrically related molecular specles are cross-linked
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'Most 1mportantLy, however, in the krypton and xenon perlods the bond
energy does not fall to zero and indeed the trend in bond energies,
already avallable prlor to;the.drscovery of xenonlfluorldes,was sufficiently
cleer to”have provided the‘unbiesed observer2%i£h enlindlcetion that xenon
fluorides_should not only be bound but also thermodynamically'stable.
'(nmleddeﬁ)
The rapid decline.in mean thermochemical bond enéfgies in the

fluorldelsequence.Gef4‘Br préseges the thermochemlcel instability

of the krypton-fluorides. The aifluoride of kgyptoh ls:the only

known binary compound aveilable ih machSCopiclénentities»and its

low bond energy of 12 kcal mole -l‘indicates that little hope

can be held for hlgher fluorldes s1nce, 1f the usual pattern holds,v

the higher fluorldes will have slightly lower bond energies. Of course,

the entrofy'of formation becomes an eVer more unfevorable feature

towards thermodynamic stablllty as the number of atoms 1in the

organlzed molecular unit increases Thus for the blnary fluorides of

xenon the entroby changes (cal deg. -1 mole” ) are;

XeF, XeFy . XeFg

A0, - 26.5 -61 =96
The combination of lower bond energy and less_favourable entropy'
5 A glance at the

bond energy data for the fluorides of the Si-eCl set of elements show

make Kth and KrF6vmarkedly-less likely then KrF.

that the prospect of obtaining neutral argon . fluorides must be very
low indeed.
It is striking that for the addition of each pair of fluorine

atoms, in the sequence Xe—q»XeF6, the enthalpy changes are approximately
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. constant:

. T | A
\ [ 2 L\ — : "6

AR (Xé‘Fa(gl')' + 2F(_g)+?5¢91*4 (g)..) = -61 keal inolef_l

Do L e TN  .v- -1
o By (XeFy v+ 2F, (=—a-XeF,, . ) = =55 kcal mole
B Hy (XeR, gy BF(gy T XeFg(g)) = <55 »
This ié siﬁilar to theﬁsituation in the chlorine and bromine fluorides.
The enthalpy'change for additioh of eaéh'pair of fluorine‘atoms in the

sequence” C1F—+ClF." involves approximately the same énergy:

>

-6l keal mole™t

T

'__Z__SHl» (91F<g) o+ _eF(g)*.f-s»_c'lFs(g))

A C1F. + 2F, = C1F = =56 kcal mole
ATy (CUFypy + 2Ry ClF5(py) = =56
'thls belng approx1mately the same as for a single fluorlne atom union
w1th chlorlne in ClF'.
‘AH (c1, + F, | — CIF, ) =-61 xeal moler.
AR i)+ ) &)
The ermine fluofide enfhalpy relatiCnships afe-similar but the BrF
moleculé bond energy (-60 kcal mole"l) is only 50% greater than

the enthalpy change (ca. 40 kcal g atom” ) for the addltlon of each_v

fluorlne llgand in the sequence BrF ——*-EEF5
The halogen monofluorides are classical électron—pair—bonded'

compoﬁnds, whereas the higher fluorides mﬁst-invélve either higherv

valence orbitals of ﬁhe central atom, or less than electron-pair-

bonding, for some of the ligands at least. It is therefore reasonable

that the halogen monofluoride - ‘T.B.E.'s  should be higher. Clearly, |
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the isoeleotronic noble-gas relatives XeF&,YKrF&, ArFﬁ etc., should
.also show stronger bondlng than the neutral fluorldes 'This:is S0
for XeF P where the bond energy is ca. U keal mole -1 (see 3.2.1.),

in contrast to the mean bond energy 1n XeF of 32 kcal mole l} The .

2
KrF bond energy must certalnly be greater than 12 kcal mole -1 and it
,'is argued  that ArF' should . also ':beina bound |
fspecieségait should be appreciated however, that the ArF bond is
'unlikely.to be as strong as the-bond in 1ts isoerectronlc relatlve
Clr. Unfortunately, the enormous electron afflnlty of the ArF' 1on,"
which must exceed - k.0 ev (see 2.2.1. ),Wlll demand an unusually
ox1dativelyvre31stant counter anlon 1f it is to be stabllized

The change in bond—energy in the iodine fluorldes (T B.E.: IF, 67,
F,, 65(est.); IF., 63 keal mole ) is much leus,dramat;c ‘than in
the chlorine and bromlne serles, but:there is 'a sharp decline with
IFT (T.B,E; 55 kcal.noie-l). This represents an enthalpy change for”

the process:

o e a1
IF5(,.g).‘-Jj EVF(g)-—-‘—_-;l».IFT(g) = _,65-_.'_1;0?1 mole’

wh1ch contrasts w1th AIH, for each previous fluorlne ligand palr
addition,,ofvca. 125 kecal mole -L . It may be that thls lower enthalpy

derives in part from the ligand crowdlng in molecular IF It so,.We

T
_can beveertain that the Steric inhibition to XeF8 formation Vill be
even more pronounced.; The.extrapolated mean bond energy giren in'
Table l.2i5, may therefore be over-optimistic of,keF8 formation,
Since the fluorides are thermodynamically the most favonrable

compounds of the noble gases, it is evident from Table 1.2.5 that

unless,remarkable,oxidatively resistant, anion sources can be found

.
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to stabilize cations like ArF' and NeF', the chemistry of the noble
gases will be limited to the heavieSt elements, Rn,tXe and Kr.

.1,3. Bondlng in Noble-Gas Compounds

l 3 1 Introduction

Bonding 1n noble—gas compounds has attracted much attentlon from theorlsts
as well"as experlmentallsts,' Unfortunately, there is still no definitive
findinéttohresoive-the central controversy, which is concerned with the
degree of’invoivement of . ‘'outer,' valence—shell_orbitals'of the noble-
gas atom in bonding. | - |
Obviously any acceptable theory should account for the follow1ng

observatiOnsj (a) only.the heavier,.more readily'ionizable gases, form
compounds'(h) only the.nost eiectronegative'atomsvor groups are satisfactory.
1igands”forithe noblevgases{. Clearly, no matter vhat the nature of the
bonding;'the noblefgas atom,vin”a compound, should;hear a net positive
charge.and the iigands Should be negatively charged.

| From the outset, the maJorlty of bondlng models have preferred to

involve only s and p valence shell orbitals of the noble~gas in bonding. 15,23

Most descrlptlons vse only the gvorbltals All preserve the valence .octet
as a honding criterion, : f'*. The proponents ~ of these models
arguevthatythe promotional energy necessary for the involvement of 'outer!
noble—gas’Orbitals in bondinglvis greater than the possible bond-energy
gain. Thus, it has been pointed out that for the'xenon atom, the.spectro—*
scopic data-E“ indicate-the 52:—#>Sd;promotion energy'to be ~10 ev. It
appears. then that the valence-state promotion energy for the pentagonal
tﬁpyramidal—valence—state xenon atom, appropriate for XeF6 formation,'

o .. ' - : ) _ *
would require ~ 1100 kecal g atom L valence-state promotional energy25 .

,*Valence;state promotion energies of several hundred kcal mole"l are probably
common,thuo, the tetrahedral carbon atom requlres2 ~ 150 kcal g atoms™ in
“its valence state promotion, butthis is. more than adequately returned in
enhanced bond energy. )
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Most;theOrisis havé been'unwilling to aCCepﬁ that‘this energy éxpenditure
“could be prdvidéd,by'the enhanced bond energy; fThis has not been the
_ . 25 .

. unanimous view however,26 and recent work suggésts that outer orbitals

may play'é'ﬁéjof role in the bonding, at least in.the higher noble-gas
'oxidatianstates;27' o ) ' E ;  ' N . b
- Thé'electron—pair—bond déscriptions of the nobleegaé halideé, which models
either implicitly'or,explicitly involve ‘'outer' d (Qr'f) orbitals of the
noble-gas in bonding, are_éupported by the phenoméhological evidence.
Thus,‘théﬁnoble—gas. and other non—tfénsition~eiemehf,cémpounds; exhibit
close phyéical relatiohships to‘fhéir transition-element relativéé.
Furthermofe, fhe very sucééssful ElecﬁrOQEPair—ﬁepulsion Rule529 for
molecule'aﬁd ion shape are as effective for néblngas compouhds.and

their rélativés as for classical 'octet! compounds.

1.3.2 A Comparison of Non-Trensition-Element with Related Transition-Element Compounds

It is generally accepted. that all of the valence-shell orbitals

of the iransition elementé‘are available for bond.formation. Thus,in'tUngsten

hexafiudride, a Q?EE; fungsten atom orbital hyﬁridization (or its equi&alent)
is assumed‘fbr.the g.bbndsﬂ-'ﬂ bcﬁaing, inVolvihglthe.cher d orbitals may.
also beiadmitfed. Similarly, rheniumAheptafluofidé is assgmed t§ iﬁvoive
g?ég? rheniuﬁ g orbital hybridization. Also;:bsmium tetroxide may_bel
deécribéd ip terms of four g'orbitals in?olving oémium 523 hybrids,'plus

I orbitais; involving at least four osmium g_orbitals. | -

Now5'as may be seen in Table 1.3.1 the analogous non-transition clement

compounds, TeF6, IFT and XeO)+ are geometrically akin to their transition
element relatives. It should also be noted that OsFg 30 like XeFg (see 3.5.1.)
is unknown, all evidence pointing to both as very unstable species. Similarly,

OsOQFu'and XeOth (see 3.5.3.) are unknown and again appear to be Véry
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_ f'“fTable lQ3fi: e

A Comparisoh of Some Tranéition and Non-Transition Flement Compounds
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736(e)‘ “676(95

s

oL - 9O6I.e_.svtb

Xth. |

T.B.E. (kcal mole”

L)

| 121(m)__

V82(n) |

100 est 55(°)

or(®) py(@)

T2

8996T-THOH



| UCRL-19658
22

(a) K. Nakamoto, Infrared Spectra of Inorganic and Coordlnatlon Compounds,

(b).

(e).

(a)
(e)

John Wiley, 1963

R. D. Burbank, and N. Bartlett, Chem. Commun., (1968) 6&5

E. W. Kailser, J. S. Mhenter,,w.'Klemperer, Ww. E. Falconer, and W. A. Sunder,

Bell Telephone Report, 1970.

W. A. Yeranos,. Bu11 Soc. Chlm. Belges, 7& (1965) Lik.

M. Kimura, V Schomaker, D. W Smith, and B. Welnstock J Chem Phys., &g

~(1968) Loo1.

(£)

(g)
(n)

(1)
(3)
(k)
(1)
(m)

(n)

(o).

(p)

Mean of 1.84 and l.823_quotéd respectively by L. Pauling, and L. O. Brockway,

Proc. Natl. Acad. Sci., 19 (1933) 68 and H. Braune, and S. Knoke, Z. Phys.

chen. (Leipzig) 21 (1933) 297

T.

~oE Q

23]

Ueki, A. Zalkln, and D. H. Templeton, Acta Cryst 19 (1965) 157

. Gundersor, K. Hedberg, and J. L. Huston, Acta Crystv A 25 S3 (1969) 124,

. H. Claaséem, J. Chem. Ph&s.; 30 (1959) 968.

0. Chrlsty, and V. Sawodny, Inorg Chem. , 6 (1967) 1783.

K. Khanna, g Mol. Spectrosc., 8 (1962) 13&

jue]

. Cleassen, E. L. Casner and H. Selig, J. Chem. Phys., 49 (1968) 1803.

. A. C. O'Hare, and W. N. Hubbard, J. Phys. Chem., 70 (1966) 3353.

. A. C. O'Hare, J. L. Settle, and W. N. Hubbard, Trans. Faraday Soc., 62 (1969)

558.

JANAF Thermochemical Tables, The Dow Chemical Co., Midland Michigan, Supplement

32 (December 31, 1969)

Nat. Bur. Stand. Technical Note 270-%, U. s. Department of Commerce, Washington,

D.C. (May 1969).

(a) s. R. Gunn, J: Amer.,gggg. Soc., 87 (1965) 2290.



UCRL-19A58
23

unstable spec1es, whereas both OsO3F2 and XeO3F2 are kncwn (the
.'latter is klnetlcally stable to decompostion, although, thermodynamlcally
unstable ( see 3 5.2. ) These admlttedly superflclal relatlonshlps do
glve the 1mpress1on that the bonding in the non—tran81tlon element
compounds should be akln to that in thelr tran51t10n element relatlves
Table 1.3.1 .

A Compafisbh ofvSomejTrahsitlon-and,Non~Transition.Element'Compounds

Siﬁee}the bond?lengthSténd1stretching force‘eonstants for WF6land.
' TeF6 aretslmilar, we cenlassume»that_the lntriqslc bond energy (which is
represeﬁted;in.Figure 143.1.) must have.approximetely‘the same valﬁeln
vFigur_'e 1.3.1°
The Interéreletionship of IntrinsiC'Bond-Enefgy;'Valence-State Promotioﬁ.
| " Energy ana MEan'Thermochemical-Bohq Energy

Valence State.

, v.s. + x L' v.s..
ones ¢ AR o))
Valence J o o W :
‘State ' N .
. OH (Ev < ) : x X Intrinsic

Promotlen Bond Energy
Energy :

| Ground State R, XL, = Ly

| () | (e) % m.5.E.  x(e)

the twofcases;‘ It is a'reasonable'aseumption that:a ?g state‘F‘etom, is
alreadylin its valence state, but in any case it ls-unlikelyvthat-the
.valence'state is very different for WF6 and TeFé. Differences_iL the
total valence»stateAPromotlon energy for wF6 and’ TeF6 can therefore be

related to dlfferenceo in the central-atom valence -state~promotion energy.
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Since the I B F for both WF6 and TeF6 appear to be 31m11ar, the
"dlfferences in T. B E presumably reflect dlfferences in the W and

Te valence-state—promotlon energies. It would appear then, that '

the valence;state;promotion energy':for the tellurlum atom, i. e.,‘

AH(Te( )(ground _state ) — Te( )(valence -state ) ), exceeds the : a
correspondlng tungsten promotlon by -240 kecal g atom l. It is not
inconceivable that thls energy could represent the dlfference in tbe

3d2 Te, each in an

valence state~promot10n energies for da sp3w and sp
.octahedral.fleld of six fluorlne llgands ”

The oxides Xeou and’ Osou are also similar. The bond lengths ére
akin and the bond stretchlng force constants not too dlss1m:lar Again,
the intrinsic bond energles shonld be alike. Tnls is in sharp contreStc,
to the inpreseion giﬁen by the mean tnermochem{cei bond‘energies. it
isrtherefore probable that'the talence;state-pronotion energy,‘forf
Xe0), formation, ekceedevthat for Osou.formation,nny approximately 420
kecal mole-l. It is possible that this derives,from“g (or f) orbital
utilization'in the‘xeno.n bonding. o

It should also be noted that although the bond lengths decrease
and the stretchlng force constant increases 1n the sequence XeF ; 2. OOA,
2.8 mdyn/A, XeF), 1. 954, 302 mdyn/zi XeF6, 1.893, the T. B.E. shows a -
slight decrease (see Table 1.2.5). (learly, the T.B.E. should increase
in-thie sequence. Evidently, some valence-state pfomotion must bev. |

involved in xenon fluoride formation (at least for the higher fluoridcs).
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1.3.3. Bonding Without 'Outer' Noble-Gas Orbitals

15, 23, 3L

There.ie a considerable weight of expert opinion g that
.the bonding 1n noble-gas compounds does not 1nvolve outer, or higher
velence-~ snell orbitals of the noble-gao atom, at least not to an
extent which could 51gn1f1cantly affect the bond energy Thus,

xenon is con81dered to use only its ﬁ; and poss1bLy 5s orbitals’ 1n
bonding, which is essentially of sigma type The bonding ‘has usually
been'discussed in molecular orbital terms, although Coulson has
favoured‘the.valence;hond schéme for hie_diecuesion of the xenon
fluoridee223-vln;this model, XeFe_is'represented_astprimarily involving
: resonanoeVEetween FFXe%F; and_F-Xef—F; This eoheme_preserves both
clasSioal:éQnCeptsﬁ;the"octet' and.the 'electronfpair-hond.f
vHalideshfiThe widely:aooepted simple h.o. model, pronOSed independentlyv
by ?imentel32 and Rundle33, applies-well'to noble-gas—halides. It is

of histor‘ical ‘interest that in Pimentel's 1951 paper, which was devoted
primarily to bonding in'trihalide ions,_he disouesed the validity of his
bonding-echeme.forvnoble gas dihalides also. Thievmodel is best presented
with a brief description of xenon difluoride. lThe krypton difluoride

case can.be taken as similar. Three three-centre molecular orbitals_

_ (represented in Figure l 3. 2 ) generated from the Xe 5p , and a 2p orbital
of each fluorine ligand (molecular axis being taken as x), are of most
favourable energy, with a_co—linear disposition of the atomic orbitals

'Figure 1.3.2.

~ Simplified Representation of the po m.o.s. for XeF,

; / : o — J—
4

{\ -+ e
\\‘/K' . . i ! : \\\.

g »-&> ~ B

Xep.. . S -
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from whioh'they are derivedr‘ The best net:bonding for the three atoms
“occurs when the arrangement-is centro—symmetrio :The observed D Dy
molecular symmetry of XeF (see 3 2.1.) is in harmony w1th these’—-
requlrements. Slnce the noble-gas atom contrlbutes two electrons and each
of the fluorine ligands only one electron to thrs gg m.o. system, the antlf -
bonding m.o. remains empty. In effect the filling of the non-bonding
orbital"restores' the fluorine ligand eleotronvdensity, since the orbital
is largely concentrated on the fluorine ligands.' The bonding pair of
electrons 1s, therefore, respon81ble for the blndlng together of all
three atoms Obv1ously, the delocallzatlon of the electron palrs in thle
orbital must result in. a net negative charge on-each of the fluorlne l;gands,
thus leaving‘the xenon.eton ﬁositively cherged:p'Beoauee of this,:the bindf

15

ing haeabeen termed 'semi-ionic' Theebest calculetions Place the net
.‘charge dlstributlon to be close to the representatlon F%' Xe F2 . As‘
will be shown (see 3.2.1.) this assignment fits most, if not all, of the
: physicel'and chemical pro?erties of'the compound;;hA eimilar view of_the"

bonding in XeF2 is given bvainnett*s representation.

mmF ee&eF‘"‘"
| N
Eagh fluorine ligand‘posseeses-a closed spin quartet, the other quertet
being shared with the central ienon etom, which, in effectvthen, provides
the two electron for bonding. |
Bonding in the xenon tetrafluoride molecule may. be deelt with :
similarly,.by considering two three~centre orhitals at right'angles.33

. The sqnare_planar geometry of the molecule is 'predicted' by this
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Table 1.3.2. .
~ Comparison of Bond'Lengths in XeF+,_XeF and Bromine Fluorides
'(inﬁernucléar distances ih”i units)
'Eieétrbh;fairfBondf'SPeéiésf
N R _ R
o | o 10t U | , |
1756 T - L R 1.84 -+ (c)
. Br— &) TN Xe——F
(Coy)
'Single}Eiectron—BQnd"Speciesfi T
- -
- |a.e8 2.00 (&)
F BI F F Xe F
(D) (D)
A Mixed Species:
181 ()
86.2 -»! 1.72
ey | 3 o
(2) D. F. Smith, M. Tidwell, and D. V. P. Williams, Phys. Rev., T
. (1950) k20. -

(b) .AQLJ. Edwards-and G- R. Jones, Chem. Commun;,; (1967)'130h.

{e¢) " V. M. McRae, R. D. Peacock, and D. R. Ru$Sell,>Chem. Communs. ,
(1969) 26. o
(d) W. G. Sly, and R. E. Marsh, Acta Cryst. 10 (1957) 378.

(e) 'S.‘Reichmann, and F. Schreiner, J. Chem. Phys., 51 (1969) 2355.
(£) . D.-W. Magnuson, J. Chem. Phys. 27 (1957) 223. :
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descripfion.as is the>aﬁproxiﬁate'chafge distribﬁti6ﬁvXe+2.(Ff%)4.
A fulliméleCular orbital treatment (see 3.3.1;) is needed to infefpret
‘the.detaiied spectroscopic (electrbnic) propérfie#, however. 'Thé simple
threefééhtfé four-electron m.o. apprqéch'fails:iﬁ £he‘cgsé of XeF,
éinCe 1t predicts an octashedral symmétry fdr:the_monomer. Tt is
necessary to use'a full m.o. description (see'3.ﬁ.l;) in ofder'to
aCCOﬁhiva? the obsérvedinon-octahéd;al geoﬁétfy; althdugh aéain, in
this-désériptioﬂ, higher orbitals aré not necessarily'ihvolvéd.and>
~the bonding may simply.amount to one-eléétron—boﬁdiﬁg{

’ wékwoqld expect phevcnefeiectron-bonds iﬁ'tﬂe hoble-gas halides -
to be wéaker thén in related compounds, where eiéctron-pair-bonding
must ogcﬁr,. In particulaf, we would expect theiXeTE bond in XéF2 to
be wéakef.than:in xeF . This is supported by fheveiperimentél findings
(see 3.2.6.), given in Table 1.3.2. _Aé has alreéay been discussed.
.(dﬂ2.2.) the reiationship Qf XeFf to XeF2 is,véry-éimilar to that 0f 
the haiqgén monbfluorides to their higher fluorides. Thus, for bromine

fluoride>stru¢tures, shown in Table 1.3.2., thé"électronepaif;bond'
.(Eable 1.3.2)

length woﬁld be representéd as 1.68 - 1.76R and‘thé"ohefelectron;bond"f
as 1.78 ;'1.88£. It is appatent that the 'electron-pair-bonds' are
not twice as strong as fhe 'one-electron—bondsf-aévthe above bonding
descripﬁio# impliesQ Clearly; either the repreééh£étioﬁ of the_bonding;
in tefms,ofvassemblies of two-étom and three—atdm'centres is not.adeéuate,
or the total neglect of outer orbital contributions to the bonding is
at fault;” |

.?hé.sbnd shortening in the series of fluorides Xefé(é}ooﬁ), XeF),

(1.95&),’XéF6, (1:89R) (see 3.2.1., 3.3.1. and 3.4.1.) may be accounted
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for in terms of the increase in the charge on the xenon atom. The
'same feature 'is seen in the bromine fluorldes and the other halogen
35

fluorides. There 1is also the p0551b111ty of greater 'outer' orbital

participétion of the central atom in bondlng,»the hlgher the ox1dat10n
state, 27'aﬁd this perticipation may:contribute’to the bond shortening.
Oxidee.' The‘only.noble—ges oﬁideevestablished so;far are the.trioxides

. and tetroxides of xenon. Altnough tne Xe—~0 bonds'are shorter (Xe03, 1.76;
XeOh, 1. THA, see 3.4.h. and 3.5.4.) than XewF bonds and the Xe-0 stretching
force constants, e.g. (XeO ) = 5.66 mdynes K (3.4.k.), are greater |
than for Xe-F, e.g. f (XeFu) = 3.02 mdynes A (3.3.1.), the mean
'thermochemlcal bond energy for XeO is = 21 kcal mole l, whicn contrasts
with the Xe~F value of 31 kcal mole -1 . FEvidently, some oxygen or

xenon valence-state excitation'is involved in the oxygen-ligand bonding.
Again, it is commonly assumed that higher orbitalé (e.g. Xe Uif and 5d)
play an 1n31gn1f1cant role. Sincethe oxygen aton,can receive two
electrons, the 31mplest representatlon for the Xe—O bond is as an
'electron—palr-bond,' both electrons, in effect, belng prov1ded by the -
xenon atom; il.e., a classicel semi-ionic linkage Xe ;—0. Of course,

the appropriate valenceestate of the oxygen atom for such a bond would'

3P state. 36

be 123 which is 4s. lrkcal mole™ above the ground On this
bas1s, then, the 1ntr1ns1c Xe—O bond energy would be the mean thermo-
chemical~bond~energy (%= 21 kcal mole‘ ), plus the oxygen valence-state
promotion energy (~ 45 kecal mole~l), i.e., 65 kcai mole-l, which is more
in keeping with the vibrational spectroscopic aata. rNothhe XerO bond

must have considerable polarity, since any oxygen'ligand share of the

bonding-éleptron pair will contribute net negative charge to that ligand

s
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and corresponding positive charge to the xenon atom. For .an ideally

shared.eleotron—pair, the charge distribution should amount to Xel+ - Ol~.

Valenceestate promotional enhancement of the-boﬁdihg in the oxides may

well account for the klnetlc stablllty ‘of XeO and Xeoh

3
1.3. h Electron—Palr Repulsion Theory

Although as has been remarked “there has been considerable
veluctance on the part of those prov1d1ng bondlng models for noble-
gas coﬁpounde Lo admlt ‘the involvement of ’outer noble -gas. orbltals
in bondlng, it is strlklng that the theory Wthh almost without
exceptlon, has correctly predlcted the geometrlcal features of the
noble-gas‘compounds, has been the Electron-Pair RepulsiOn Theory. This
theory . implies touter! orbital involveﬁent in the bonding.

| Electron Pair Repulsion Theory;whlch was flrst formulated . ln@e-
pendently by Tsuchlda37 and Powell and SldWle38, gained widespread
_appeal when it was rendered‘much more quantitative_hy Gillespie and
Nyholm;29h:fhe theory assﬁmes that each halogen-ligand bond to the
central_atom involves'ah electron-pair, and also usualLy assumes that
the:binding of a unidentate oxygen ligand,'involves‘four'electrohs (a -
double hohd). Furthermore, all non-bonding valence electrons are assumed‘
to have steric effect (i.e., be in directional orbitals). A basic tenet
of the Gillespie—Nyholm rules.is that the non—bonding electron pairs repel
other electron pairs more than do bondihg electron pairs (although\the two
'pairs' of.an oxygen-ligand bond,vhave approximately the same_repulsive
effect &s a nonhbonding 'pair').

Shortly after the first reports of the nohleegas cohpounds,vGillespie39

-

- used the,theory to predict the shape of a number of then unknown species.
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Some Molecule and Ton Shapes Predicted by Electron—Palr Repu181on Theory

(Internuclear distances are in A unlts)

Species Centfal Atom Coordination Predicted Géomet_ry Observed Structure
XeF2 5, - trigonal b1_pyr;am1d :‘?b' - . (2)
(3n-b e.p.; 2b.e.p.) F Xe ——F Fr———Xe-———F
. ¥ . ¥ (v)
XeF), 6 - pseu@o octahedron | ; . . l 1.95
(2 n-Db. e.p.; bb.e.p.) F- !Xe: | F F—-—Xe F
P |
o‘~, ! '
F , ' ¥
(Dy,) (Dyy,)
“F
XeFg Either: P \ ST XeFg monomer. is not
, <
T - pseudo pentagonal L Xe - octahedral. XeF6( )
. o F<7{/ N F N
.b}pyramld_ (L n-b. e.p; F « undergoes rapid intra-
6 b.e.p. ) w VI(C ) molecular rearrarigement
2y through Oy, Ce, and Cg
oT:. ‘*/Ii P symmetry species. 5. (2)
T -~ face occupied octahedron = Xéc:-'iF The cubic crystalline
(1L n-b. e. p.; 6Db. e. F ‘ <Ur phase contains tetramers
' ' o and hexamers which are
(_Q3V) essentially XeF5+ F

clusters. (€)
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Species Central .Atom'Coor'ainaLti:on’ ' "Predi.c't:ed VGe‘or'ne't_ry Observed Strtlc’ture.

3 5 - pseudo t‘rig'ona'l':bi—- ' : ' " ‘ - unknown-

XeF - ,®
’ pyramid (2 n-b.e.p.; 3 b. F —— Xe{
€.p.) ' . _ K § '
- 3 ' {90° *F

(X_e-Fa) XeFe) _

P00 ra r g O

F | L F. F\lv\u F
'&7 c’/’e . ) w (4/“/ ‘
F< l Sr . F2ODF

XeF 6 - pseudo octahedron

(l n-b. e.p.; 5 b'._e.p.;)
_ (glw) L '('.C.lw)

. ,.(Xe, - Fa<,X.'e' - Fe)

| L o o . L0 0, 9 (&)
OXeF 6 - pseudo octahedron | ~0° o ' '\4
I_{_ . . ] R - F‘\‘/ Xe “7’ F . . F-\:) XeV-F
(L% - e.b.; 1 n-b. e. Foo ' R

p.; b b.oe. p.). S S

: - ' | F (n)
: - . . : " e ~ [} ) . . :
OpXeFp 5 - pseudo trigonal bi- ~125£0 7 )I(‘e\—-9—(‘) ¢ 180 s D ~180°
pyramid (2, b -~ e.b.; 1n - " T o Le |

. |
b. e. p.) o - T
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Species ‘Central Atom Coordination Predicted Geometry Observed Structure
03Xe}_?2- ' 5°~ trigonal bipyramidal - b; (1)
(3, M - e.b.; 2 b.e.'p.) v 0\7 }J(e 0 Molecular Geometry
’ - | Od ' Unknown
F
(D3h>
. v .o (3)
XeO, i - _pseudo tetrahedral !\~109°28f
.(1. n-b.e.p.; 3, l&-eb ) : ',_/\)ﬂ(eéx O/i\i(eA\O 1.76
0 0
, 103°
. _ (k)
Xe0 b - tetrahedral O 109°28: oy
L . = L7k | 109°28'
(b, & - e.b.) L Xe, ¥ ~Xe 7
0= BQO 0 r g
o} 0
(gg) (-T-g_,)
: R | ‘ 0 =go° ’
XeOF), 6 - pseudo octahedral 14\4 Compound
(2, b - eb.; keup.d.) T e n * Unknown
) . s Xe° l 90° .
£ , R
. o -
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Species Central'Atom Coofdination“' ' Predicted Geémetry ' Observed Structure

XeQFS+ 6 - pseudo octahedral : |4\¥9O .
| (l h cv.; 5 b cp) P Xe\// (ion unknown)
<:)l 'A,F':'
; o
(Cyy)

e., electron; p., pair; n - b, non-bonding; L - e, four electron. The ground state
geometry 1s the geometry Whlch provides the largest solld angle for the non-bonding
electron palrs or multiple bondlng pairs. Non-bondlng electron pairs and multlple

bonding pairs usual¢3 have maximum separatlon
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Those thét are now known-éonform'ﬁiﬁh his prediétions. 'Some‘predicted
and est&blished geometries.are compared in Table‘l.3;3;

Tt should bezrealized:that the shéﬁe—predicting'quantities of
Rundle'é:three—ﬁentre four-electron m.o. approaéhhoareassdcééssful aé
the E.P.B;Mapproach for“less than six coordinatibh.b.Thus, XeF3+ is
prediétéd tb be. a T:shaped‘species, the 'linear' F—Xe;F array being
three~ceh£re-fdur-elecérdﬂ‘bbndéd (hence long,'weékér,‘Xe—F bonds ),
the uniqueVXeF bond being an electron pairvbond;(hence short). However,
as We'héveléeen, Rundle's app;oacﬁ fails for XeF6_gﬁd IF7°

Qf coufsé, it can be érgued that‘thevelectrop_repulsion rules would
be appropriate for bonds contéining.less than eleétron pairs. Thus, IF7
could be-répresehted'as ihvolving_7 singlerelectrén bonds (see Linnett,
Jfgc;]citr) énd XeF6 as 6 single-electron;bonds and a non-bonding electron .

pair. However, the similarity of the IF bonds in IF and IF5 (see 1.2.3)

should be borne in mind.

1.3.5. Covalent Radii of The Noble-Gases

Co&alent radii for the»noble gases have beeﬁ given by several
aﬁfhors,%;? 39, _AQ . their estimates, usually heing
extrapoiaﬁions from Pauling valuesh'3 for the neighbburing elements or
otﬁerwiée dependent on them. Sandersonuef has taken a somewhat
different approach, his values being based on his electronegativity
equalization principle and related concepts 4h-4- his valﬁe foﬁ xenon
is similar to that given by other authors. Values from the various

authors are given in Table 1.3. k.

1.3.6 Electronegativity Coefficients of the Noble Gases

Mcst authors are agreed that the chemically reactive noble-gases

41

»f;are of high electronegativity. ‘ Fung _'has derived electronegativity

-~
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coefficients via a variant of the original Pauling method,43 "ther

~estimates given by Rundie33 were from the Mullikéhwfo?mﬁla. The various
values are given in Table 1.3.k.
Table 1.3.4

- Covalent Radii of The Noble-Gas Atoms

He CNe  Ar k. Xe - “Rn  Ref.
0.4-0.6 u ' : 0.70 ~ 0.9% 1.09 | 1.30 _1- "1;4-1.5 | | (a)
0.95 L1 L3 (b)

| ©1.31 . 2.12 " (e)

‘Electronegativity Coefficienus 6f‘The_Noble~Gases

He e Ar- . Kr - Xe 'jiRn .. Ref.
2.5-3.0 '1_  h.h 3.5 __3.0' : L 2.6 .'_,;12-3-2-5 S (&)
ks . ko o 2.9 o6 - .05 - 2.00 ()

(2) Bing-Man Fung, J. Phys. Chem.réég 596 (1965).
(v) R;'J,HGillespie,'Noble-Gas Compounds, " H. H. Hyman, Ed., The

Uhiversity of Chicago Press, Chicago and London, 1963, P. 333.

(c) R.'T.'Saﬁderson,'lnorg; Chem. 2 (1963) 660;. R. T.VSandersbn,

i.'inorg. Nucl. Chem. 7 (1958) 288.

(d) R. E. Rundle, J. Amer. Chem. SO¢.,§§ (1963) 112,
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1:4 Adsorption, Enclathration and Encapsulation of The Noble-Gases

The_heavier noble-gas atoms are biggerbthan,tﬁe lighter. The
packihg,&iéﬁeters derived for the gases in their cfystal lattices
and the'diaﬁeters derived fromwviscositj measuremeﬁts, are in rough
agreement, asvmay be seen from the data in Table 1.4.1, and show
a smooth 1ncrea e w1th atomlc number Of course, the size of the
atoﬁ is a rouéh measure of the 51ze.of the outer most shell of
electrons,‘which is the valence shell. Clearly, the valence electrons
of the lergef-atom_noble-gaSes; being further from. the nucleus, are
less firml& held. _We have seen, earlier, that the heavier gases are,
active cﬁemicelly. They afe also»the more polariZable. The static
atomic poiarizabilit$' o, for each_of'the noble-gae atoms is given
in Table l!h.l. The lineaf relationship of the heat of adsorption

- | | Table 1.4.1

NOble-Gas Atom diameters, ionizatibn-potentials, static

pOl&rlZ&bllltleS and ‘heat of adsorption on activated charcoal.

He - Ne Ar " Kr Xe
crystal ) ' - v o

. Loitios ( ) 3.2 3.8l 3.96 k.36
Atomic . .
Diameter(a) . o :

fviscosity(A) 2.7 2.8 3.k2 3.6 k.05

1st ionization S o |
potentialcb)(ev) 24,586 21.563 15.759 ©13.999 .12.129
Static , ‘
polarizability(®) @ (A ) 0.204 0.392 1.63 2.465  4.01

Heat of adsorption '
on activated charcoal( ) o. 5h(ver§ 1. 13GJ£Q) 3. 939105) 5. 33 50) 8.74(-25)
(kcal/g-atom) at temp( c)

indicated in parentheses

(a) G. A. Cook, Ed., "Argon, Helium and The Rare Gases,V 2 Vols, Interscience
Publishers, Néw York, London, 1961, Vol I, p. 13.

(b) gef'(a) p. 237.
(¢) Ref (2) pp. 150-152.

(d) Ref (a) p. 224. The pas pressures were in the range O.02-0.0% mm He.



‘Teble 1.h.2,

Some Properties of Ndble;GanHydfates(a> B

. ' - H20 o , , : D20
Decomp. Temp.(°C,| Dissocn. Press. _AHf(kcal mole l) Cubic unit cell AH(G(gjhost_ Decomp. Temp.
Noble=Cas 1 atm pfess)’ (amt, at C‘c) G. 5.75 Ho0 constant(ﬁ) . latticezkcal (°C, 1 atm. -
: _ v . A N mole” " press.)
Ar -12.3 105 .- ---
Kr -27.8 1.5 13.9 - - 6.5 -25.1
T Xe 3.4 1.5 16.7 11.97 9.3 - 3.2
n; Rn l - - -

(a) The values

in this table, are taken from G. A. Cook, ref (a) Mable 1.4.1, p 16k, éxcept for those under

A H(G(g) + host lattice) which were derived from the values in column 4, uéing Pa.v.ll.ing's__es’;imza:t:e'h"5 of

0.16 kcal mole-; for the enthelpy of formation of hydrate cage from ice I{

* 4

gt |
8596T-THIN
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to the polafizabilit&,of»ehe'ges_atoms wes diseo&ered by Chackett
and Tuck“(see-ref (d) Tabie ifh}l). ’There iS'also abuhdant evidence
that the adsorptlon of the gases on zeolltes and enclathratlon, in
wvater, hydroqulnone, or other host cages, 1s prlmarlly dependent
upon: the London dispersmon energy Thus, as dlscussed by Paullngl'L5

for the:case of the noble—gaS~hydrates, “the energy of the electronic

dispersion interaction ' between two-molecules A ende is

ABEAEB

T (EA +'E§)

jw

A and ap ere the'electric polarizabilities of the two

and E are their effectlve energles of electronic excitation

In this equation.a

vmolecules, E

A )

and r is the distance between thelr centres. The observed enthalpies of
subiima;iee of crystals of the noble gages‘require_that the effective
excitation energy be taken as 1.57 times the firsfyienization energy.

- The heat of interection o'f‘ each of the noble-;ga,ses with the -water
cage in_fhe 8 c. 46 H20'hydratee is listed in Tabie 1.4.2. The values
of 6.5 and 9.3 kecal molefl, for krypton and xenon respectively, are

similar‘po the heats of adsorption for these elements on charcoal.

( Table 1.k.2 )

1.h.1. Neble—Gas Clathrates

Shortly after the discovery of argon, Villard 'pre]paredlL6 a hydrate
of the gas (1898). Hydrates of krypton, xenon and radon were prepared
somewhat later.uT A1l have the general ideal formula 8 G. h6'H20. The

gas atoms are held in ‘'cages' in a pseudo-ice water lattice.
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In'lQhQ;'Powelldand Guterh8 prepared a compound of argon and
hydroqulnone by crystalllzlng a solutlon of the latter in benzene
under argon at a pressure of 20 atmospheres Hydroquinone compounds‘k
with krypton or xenon proved to be’ easier to prepare These compounds
like the hydrates were shown from structural analyses by Powellu9 to be
hydrogen bonded networks of the 'host' spec1es(§7hydroquinone) contalnlng
cav1t1es,'wh1ch serve“as cagesvfor the 'guest'spe01es 1fe.; noble-gas
atoms,vor:other suitably_sized species,‘e.gl;jmethane; Tt is a usual
characteristic of these cage-compounds, which were:given the name
elathrates bydPowell, that the lattiee of the 'host' showsda structural
modification, from that‘of the pure 'host{fso The modifled thost!' " |
latticeieontains fewer but laréer cavities than the_more stable; pure,
'host."'This nodificatlon isienergetically:less favourable, but, of. |
course, the energy of 1nteract10n with the guest atom (van der Waals
bonding) more than offsets that unfavourable feature
Jf.H. van der'Waals has used5 a statistical.mechanicaldtheory to
account-TOrithe noble-gas elathrates, particulariy the hydroguinone
compounds, From his'theory,'wan der‘WaaIs'calculates'the heat of
formation, at constant volume, of the argon—hydroquinone clathrate
-to be‘S,l’keal g;--atom'v'l (from solid é:hydroguinonehand gaseous'aréon),
coﬁpared}tova value of_S.htkcal_g—atom_l, deriveds} from experimental
findings of Evans and Richards. In this theory, the nohle-gas_atoms -
are assumed to be rotating as freely as in llquid argon |
It is not essential for all suitable cav1t1es in the clathrates
to be filled to sustain the structure, so lcng asthere-is sufficienth
interaetion energy to maintain the ‘host’ structural-form;' Aecordingly,

the clathrates are usually non-stoichiometric.
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Apart from their'theoretical interest, the olathrates are'important
as a means of concentrating and holding the heavier noble-gases. The
gases may;bé readily released either by dissolution or thermal decomposition.

52

To illﬁSﬁrotef argoo”ombunts_to ~ 8.8 wt % of the argonlgjhydroquinone
compounqo(whioh haS"an“iqoal'vstoichiometry [C6HH(OH)2]3Af)._ it may
bé'preséfVed]for ééveral ﬁeeks ih air af 1 atm. pfeésure with an argon
ioss of iéés'than 10%. .When_it>is dissolved.in.othér, methanol, or

other solvénts,or heated, the argon is liberated. "To -achieve the same

space concentration of the argon, as in the clathrate, it would be

necessaxy'to compreSs'pure argon tov95 étm.at.room'tembératuré. A

53

g-hydroguinone clathrate has already proved useful’” as a carrier

Sir.

for radicactive

Noblé;gosohzdrates.' Thé cryétal stfﬁctureé of the.simple—noble—gas

_hydrates Wefe estab;ishedSH'by‘Claussen inol951. ,Struotural'features, of

the clathrate hydrates generélly, have been revieﬁed by Jeffrey and McMullen.””

Each nobléfgas, except helium and'neoh, forms a:hydrate when mixed with

water at ~d;C, under a gas pressure oxceeding thovinvariant decomposition

pressure'(geé'Table 1.4.2)." crystallization takes place at the phase

boundaries within tho water. The hydrates are uéually non-stoichiometric.
'SO:Called "double hydrates" can be formed if a noble-gas is mixed

with anothef species like aoetic acid, chlorine, Chlorofornl.or' carbonA;

tetrachlorido. The noble;gas.can olso act as avso.oalled "help gas,' in

enhanciﬁé the stability of a clathrate. Thus double-hydrates of acetone

with Ar,.Kr or ¥Xe have been prepared from aqueous-solution at -30°C, under.

56

gas pressures of 300, 30 and 1 atmosphere respectively.

25

All noble-gas hydrates contain a common structural feature. This

is a pentagonal dodecahedral arrangement of water molecules, shown in
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Figure 1.Lk.1

~ The 12A Hydrate-Clathrate StruCturé(a)

(a)

After L._Pauling, Science 134 (1961) 15.

© OSHe_s for
0" e o ~ pentagonal
_  '_ () | | dodecahedra
Nl R —— - oSites for

| .|~ tetrakaidecahedra

) ,' Tetrakaidecahedron = Pentagonal
R - dodecahedron

. XBL704-2666
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Figure 174.1

Figure l.ﬁ.l}v Ih>these:Hu0020 units,‘each dodecahedron verfex is

én oxygen,étom site and each edge represents an O—H— O hydrogen

bond. EheSé units are linked differently in thefﬁwd-known, noble-
gas-cohtgining, clathfate hydrate structures. |

In the.simpler_structure, whichihas a cubicvgnit cell, a_ zrlQR,

the Huooeo_ﬁnits are linked 5y'othér Watef moleculeés to form a pseudo-
.Eody—genﬁeréd'array ip which the twothOOEO polyhedra at the corner

(0,0,0) and body centre (3,3,4) of the cubic unit-ééil (oﬁ - Pm3n)

are linked‘by six water méleculeé-(tWo»in each fa¢e of the cube).

The polyhedré at 1,3,4, are rotated through 962 with'resbect to those

at 0,0,0'siﬁes. Fach water molecule is surrounded by four others,

with whi’:c,hv 1’0 fox;ms .hydrogen bond:sv., The 030 disténce in the
dodecahedfon:is 2.752, which is;essehtialiy the.sémebas the value

for ordinary ice, which is 2.76&. The unit cell contains 46 water
" molecules in'ali and‘the‘water struéture is apprdximately 12% less

dense than that of ice I. The water strﬁcture cdntéins feWer loles

than ice I, but the holes are larger. The noble-gas atOmsvocéupy )

the holes.' The holes, or éhambers; are of twort&ﬁéé: two are definéd

bj the dodecahedra and are smaller than the other six chambers which

are defined»by 2l water molecules at the corners of a tetrakaidecahedron
(showﬁ in Figure l.M.l).. The tetrakaidecahedron has 2 hexagonal and

12 pentagonal faces and there are six tetrakaidecahedra in the unit cell.
The hexagonal faces. include those wéter molecule; which link the ‘
dodecahedra. Pauling has discussed this hydrafe structure in detail.u6
He points out that in the crystal 8Xe.h6 HQO, two xenon atoms are in
pentagonal dodecahedra chambers, and the 20 water molecules are at a

distance‘of’3.85ﬁ from the xenon atom. For each of the six xenon atoms
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in tetrakaldecahedral chambers, there are 12 water molecules at 4 O3A

and 12 at h W6A from the xenon atom Using the d;sper51on energy
equation'givén'above, and aSSuming EHQO_:EXe R 1.57 x the first
‘ionization potential" of xenon (280 kcal mole"l-), Pauling derives the
1nteract10n energy for two molecules (Xe and HQO) to- be.= - a RXeRHEO/r ’

in which R. ( =10. 16 ‘ml) and R ( 3.75 ml) are the ‘mole refractlons

0
of Xe and HQO, a = 51 keal moii l, and r is the average Xe—HEO distance
in A unlts (the mole refractlon is 4 N/3 tlmes the polarlzablllty,

N is Avogadro s number ). With 1nclu81on of terms for.more distant
water'molecules and other xenon atoms his value forfthe interaction
energy becomes -10.3 keal mole-l; which is in fairtagreemehtbwith

the experimental.yalue of ~9.3 kecal mole"l éiven'ih Table 1.4.2. This
interaction energy 1is large compared to the o. 16 kcal mole -1 lomer
enthalpy of the clathrate '1ce' structure compared with 1ce I.

In the other common hydrate structure, Wthh 1s the one usually
adopted by the "double hydrates,"vthe cubic unlt cell (a =~ lTE)
contains 136 water molecules in a hydrogen bonded framework which
defines 16 small chambers, w1th the pentagonal dodecahedron as the
cage, and 8 large chambers, each formed by twenty—eight water molecules
at the corners of a hexakai-decahedron. The hexakai;decahedron has
L hexagohal and 12 pentagonal faces.. The large_chamhersvaccomodate
large molecules like chloroform.and the ‘smaller chambers, smaller
molecules,like xenon and krypton. Thus-chloroform andrxenon yield ;

a hydrate of ideal composition CHCl, . 2Xe. 17 H,0., i.e., 8CHCL

3° 3',
16Xe. 136_1—120.

o7

Pauling%6_and Miller” ', independently, have proposed that clathrate.

hydrate formation may be important in anesthesia. . Certainly, xenon_is
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S an effecfivé anesthetic:and_thét‘role_must involve London dispersion
‘interacfiéﬁéfand‘not'chemiCél bbnding.
-Thefféééﬁtly‘reportedselbindiﬁg Qf xenon'to myoglobin. is also,

apparently; anothérvexamﬁle of enclathration. It.méy also be noted
heré thap the‘lafge‘neg£tive entropy of soluiion.bf‘argon in’water59

vmay be dug.ﬁo'thenformation of an»orientated watér{sﬁéath‘about the

dissdlved,aﬁéms. Addition ofvsmall quantities of.dioxane leads to

a rapid incfease'invthe entropy.of solution, presumably'beéause of

the destruétion of the argon water sheath.

B-Hydroguinone and PﬁenoL'ClathiéEgE;. Argon, kryﬁﬁon and xenon.
B-hydroquihéﬁé clathrates have been“prepared and characterized by
_Powell.53-,Ciathrates involvingvbther'phenolicvmaﬁérials have also
been deséribed, principalxy those §f phenol. It is of interest
that Niki_ﬁin_éo used the latter host-precurser in 1939, to attempt
to preparé é phenoi—radon clathrate. He was éble‘tQ producé é mixed
phenol clath?ate of radon and hydrogen sﬁlphide,:but'not a pure
Rn clathra{_{ie_. Tn 1940 he prepared a xenon-phenol clathrate and
incidentall& was thé first to infer from this sﬁud& ‘that this and
related compbunds involved an'inclusion type of aésociation. Von
Stackelbefg and his_assgciates6l ha&é'elucidated the structure of ' ,
this and a number 6f other phenol clathrates, se?éfal of which were
firsﬁ preparéd by them. |

Thé;ideal composition of the B-hjdroquihonevCiathrates is
G. 3ﬁfc6ﬁh(OH)2‘ “Typical compositions are represented in Table l.ﬁ.3.,
where G'isiAr, Kr and Xe. Structural analysés_éhbw,that the noble-gas

atoms dre located in approximately spherical cages of hydrogen bonded

51

o ‘ : o
hydroguinone molecules. The free diameter of the cage hole is ~ 4.2A.
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The thydroquinone structure is 82 cal mole-l less favourable in;free

2 Although the. hydroquinone

energy than the-non—clathrate o form.
clathrates are usually derived from solutlons this is not essential
The argon clathrate has been prepared by subgectlng SOlld a-hydroqulnone

to argon pressures of 300 atm and above. YVon Stackelberg63 has shown

. Table 1.k.3.

fNoble-gas—g;hydroquinone.and Phenol clathfates

: 3-Hydroquinone clathrates(a) _ Phehol Clathrates(b)
Noble-gas |ideal formula: G.3CGH)(OH), | formula: mG. 12 CHsOH
"C.H),(OH),: G | AH & T OH
ey (Ot)pr G | A n o
Retio keal mole™d . s kcal mole”
Ar 3: 0.8 | -6.0 2.92°  -9.85
kr | o 3:07% | -6.3 | 2w | -8.97
xe . 3:0.8 hoo -8.8

* . : L B o ’
, AHQ represents the enthalpy;change for the process: Host lattice (ﬁform)(c)+

G( )-—ﬂ> clathrate compound.

(2) H. M. Powell, J. Chem. Soc. Soc., (1950) 298, 300 and h68 W. C. Chlld Jr. s
'Quart Revs., (1964) 321.

(b) P. H. Lahr, and H. L. Williams, J. Phys. Chem 5 ~§ (1959) 1h32

that the phenol clathrates contain 12 phenol molecules per unit cell. The
argon, kfyptdn and xenon phenol clathrates have also been made directly

from the gases and molten phenol at > 40°(C.
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Mbsqbauer Studles of Noble-Gas Clathrates The value of M8ssbauer
studles in the further eluc1dation of the noble gas clathrates has -
_ been brlefl" revieved by Herber.62 Evidently the'recoil—free_

83 =

fractlon of the , —h&dquuinone:clathrate ebsorber is essentially

constant between room temperature and ~ lSd; The recoil free fraction
1ncreases-very rapldly below thls temperature. The results for T > 150°
are- what one. would expect for a square well potentlal but the low
temperaturetresults are open to several_lnterpretatlons.. The latter
results arefmore typical of ordinanj‘harmonic binding and suggest |
either. the onse1 of phenomena normally assoc1ated w1th bulk ma+er1als
(such as condensatlon and llqu1fact10n), or "stlcky" collisions with
the cavity wall. The work on both xenon and: krypton hydroqulnone
clathrates shows that the noble gas atoms are essentlally 1n spherical
sites —-'slnglevresonances only are observed. |

The Y—ray transitions 1n the xenon halrdes hare excesslenergy
relative to atomic xenon in the @;hydroqulnone clathrate whereas the
tran81t10ns in the tetroxide and perxenates have less energy. The

‘ isomer shlfts are dlsplayed as an energy level dlagram in Flgure 1. 4 2.

The excess energy of the Ifrays in the halides can be explained on
(Figure 1.k.2)
the assumption that these compounds involve Xe p orbitals. in bonding.

These findings have been accounted for by Perlow and Perlow (see Fig;

1.4.2) as follows: The transfer of 52 electrons from,xenon increases

the effective field acting on the Xe s electrons (55 and inner electrons) =-.
hence, As (the isomer shift) > O. On the other hand, the oxygen containing

compounds{'having octahedral or tetrahedral symmetry, have appreciable 55.



Figure 1.4.2

. N . *-
© Xenon isomer shifts

XGF)_*_

o

{XeClz}

 XeF

CLATHRATE

_-0.19

Xeohv

Xe 06 e o

N -

+0.40

+0.25"

C40.17

_ +0.10

~0.22 +
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+ 0.0k |

+ 0.08".

+ 0.08

Energy(mm/éec) |

+ 0.02

— - —0.22 + 0.02

*¥The energies shown are 1o be added to the transition energy for the'

neutral atomic species.

(a)As given by G. J. Perlow and M. R. Perlow, J. Chem. Phys., 48(1968) 958.
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admixture 1nto their bonding orbitals. and the direct effect of the
transfer of 5s charge reduces the central charge density more than
the shieldingjeffect of 52 transfer increases it. ‘Consequently;
As < 0. -Tmplicit in this explanation is the assumption that the

enclathrated xenon'is_essentially an'Unperturbed xepon atom.

a?{l;h,e;rNoble-Galencapsulation in Zeolites

TheleaoapSulatioh:of noBle!gases‘in Zeolites&sris quite similar to
the trappisg‘of'the'gases in clathrates; bdt no simple'stoichiometry |
appears to ex1st Encapsulation does not appear to change the structure
of- the adsorbing zeolite The process consists of for01ng gas molecules
into the pores of a suitable heat- stable material at elevated temperatures
and pressures; and then trapping them by cooling the material in the
presenceoof'the gas, maintaining the high'pressure:until the cooling
is complete, ‘The most suitable host materials have 50 far'proved to
be the syntﬁetic zeolites. ~These are déhydrated alUmino;silicates,
which are 1nterlaced w1th regularly spaced channels which are of
molecular dimens10ns. Pore and channel size in the synthetic zeolites
~ can be controlled by rarying the cation type of the zeolite. With this
control,-atoms or molecules above a given size can.be excluded -~ hence
the termr"aolecular sieves." Presumably in the “encapsulation" process,
the increased vibrational motion of the atoms in the zeolite lattice
lowers tﬁe potential energy barrier and the increased kinetic energy
of the gaseous atom aids in overcoming this barrier. In any event,
the channels £ill up with gas atoms. With suitable choice of zeolite,
the welght of'gas trapped per unit weight of zeoliten is greater then
for any.known clathrate, e.g. up to 20 wt % argon has been encapsulated.
Table l.h;h-éives some representative findings. Encapsdlation is not

yet very effective for neon. The most effective zeolite pore diameter
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_(at room temperature) for argon and krypton atoms are about 3.82
and L. OA, respectlvely There are.indiCatiohs thaffthe 85Kr_encepsulates
may be as, stable as the clathrates (see l L.1).
| Table 1.h.4
Encapsulatlon of Argon and Krypton in Synthetlc Zeollte Type A (a)
Gas Cafionic>Composition- Initial Encapsulatidn, - Quantity Encapsulated
. ofﬁthe>zeolite e pressure, atm  w (g gas per 100 g zeolite)
_K/Ne retio. . At Start  After 30 days
ar 7 20/8 =500 16,7 {30% loss
w0 /60 . 2500 I R A
60/ ko - | 2500 . 1900 v
S : o - ' S - s
Kr - '100% Na . k300 32k . 32.8
60/ Lo 4300 S 34.8 30.2
92/ 8 R 4300 L 21.6 20.1

* . L %3 . - . ry
The apparent increase most probably arises from analytlcal inaccuracy

v.( 2) Work of I. H. Schaffer and W. J. Sesuy, quoted in "Argon, Helium
and The Rare Gases," G. A. Cook, Ed., Intersc1ence, Vol l, New
York. 1961, P 230.

IIQS'IGaseous Noble-Gas Cationic and Excited Atom Species

There are numerous reports of cationic species involving a noble-
gas atom and some other atom or molecule. Two recent reviews have

dealt with them.63’ 6@1
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‘These trén sient species are.usually produced by hlgh energy
radlatlon or bombardment with hlgh energy partlcles (e g electrons)
and have 1nvar1ably been detectea by mass spectroscopy .Slnce the
noble-gas catlons are 1soelectron1c w1th the nelghbourlng halogen
atoms, they;are ant1c1pated;to be more electronegatlve than them
(because.of’theirbhigher nuclear charge). Tt is to be expected, then,
that the noble-gas catlons should form bound spec1es with other atoms
and llgands - Now the electron afflnlty-of these catlonlc species will,
in many cases, approach the electron affinity of the noble gas cation
itself Thls mekes' it unllkely that stable salts of cations. containing
helium and neon. for use at ordlnary temperatures and pressures will be
isolated,_pihere is more hope for Rn,?Xe, Kr‘and Ar specles. As mentioned
earlier (see;l.2.3 ) certain:argon cation species ng..ArF+ may be isolateable
as salts,'-Honever, KrF ' salts are more likely'(see 2,2.1) and XeF salts_

mekmwn(%e32Jﬂ)

1.5.) Hydride Cations -

The simplest cation derivatives are the hydrides.‘ They may be

- generated in ion-molecule reactions:

¢" + Hy—cH + H

G + Hy—>CH + H
The first reaction has been observed for'hr, Kr'ana'Xe.’ The estimated
:‘.'. . + - +
roton affinities, i.e., MH(G + H - (GH for the diatomic
? mities, Loeey MG + I (> (@) (g))

hydride cations are listed‘in,Table 1.5.1. As may be seen from the

thermochemical cycle:in Figure 1.5.1., the electron affinity of GH%(g)
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‘Table 1.5.1
Proton affinitiésga) Gp, and iohization’potentials ofv£he noble gases
| Ee Ne  Ar Kr . Xe |
ép (ev) 1.8 2.2 3.0 b 36 - <

I(c)(ev) 2h.586  21.563  15.759  13.999 = 12.129

(a)G{th Bunan,'Fortschr.>Chem;'Forschung,'éie) (1965) 37&.

is equal to the electron affinity of the proton (—13}6 eV) minus the
proton affinity of G. This is so only if AH(GH, v— G, y + H,_\ is
i , v A AIGH 7 G(g) + Heg)
zero. Thus the electron affinity of ArH' should be ® - 10.6 eV.
Figure 1.5.1

Relationship of ionization potential, proton affinity andshydride>cation electron‘affinity

S Gp

I & P,
%(e) _+ Higy— ()
S M) e—an,, L

MH diss X 0(2)

Note that'E(Xer) X - 7.6 eV. This is encouraging. Xenonium salts may
be prepérable., ‘
1.5.2 Excited Atom Reactions

Energyvlevels and radiative lifetimes of the noble gases are ‘given

in Table 1}5.2. The excitation energies,of even the lowest excited
. R S '
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Table 1.5.2

‘Energy levels of the noble-gases and their radiat_ive lifetimes

(2)

'V.Metastables ' - ' Iohs_m"

e —A- — N
S leos288 2218 o 21p L
He 19-81 20061 2121 — 2458 0 —  ev
S — — 056 . — — + . = . nsec.
S L 3P2 SPIV . 31)0' 1P1 2P3/2 2})1/2
.Ne . 1661 . 1667 - 1671 1684 2156 2166 ev
B - © 21 — 15 —_ S e nsec.
Ar . 11-55 11-62 11-72 11-82 1575 1593 ev
: — 81 — 18— — msec.
Kr 991 10-03 10-56 10-64 1400 - 1466 ev
e 34— 33 — .. —  mDsec.
Xe .. 831 . 843 944 957 - 1213 . 1343 ev.

B .38 — 32 — - nseé.

(a)Frdm B.."Bx;ockl'evhvurs't, Quart. Revs., 22 (l968)>,_l)+7.'

statesvoflthevnoble-gases are greater than the ionization energies of

many molecules. Accordingly, excited noblé-gas atoms wilf_often bring

63

5N

about associative ionization:
¥ . + ' .
G + X—>GX + e

The noble gases can therefore act as photosénsitizers in much the same

way as mercury. Thus, krypton sensitized dissociation of Né has been

establishedf 'Excited xeﬁon étoms generaté the short lived XeO molecule
, 6 c ,

in the reaction:

* , *
Xe + '02-+—~> X0 + O
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2. Krypton Chemistry

So{far,ﬁthe chemistry of krypton-has been limited‘to that'of”
krypton difluoride and its derivatives All efforts'to confirm the

65, or hlgher fluoride of krypton have

synthes1s of a tetrafluoride
failed. These attempts have 1ncluded the subJectlon of Kr /Fe,mlxtures
to high energy 1rrad1at10n at low temperatures.66 Nor has any firm

67

evidence. appeared to support the ex1stence of ox1des, oxysalts or
chlorides.

1. Krypton (I) .Compounds

NofKr+'saltSvhave been,claiméd and'the‘only established krypton(I)
compound is: the low temperature spec1es, krypton—monofluorlde radlcal

2.1. l The Krypton Monofluorlde Radlcal

Although krypton monofluorlde has only been generated in exceedlngly
small concentratlon68, in krypton dlfluorlde crystals subJected to r
radiation (l 3 Mev , it 1is nevertheless, of'interest because'of the
informatlon the unpalred electron probe yields on the nature of krypton—
" fluorine bonding. .The radlcals, which colour the host crystals v1olet,
persist indefinitely at -l9é;phut disappear on warming to -l53°. The
KrF radieal'has one more electron than bromine monofluoride. ‘Since
this electron must be in an antibonding‘g_orbital; the Kr-F bond can
amount only:tova one electron‘bond}. The bond strength may be comparable

69 =l12 kecal

to the KrF bond in KrFé (meanvthermochemicallbond energy
mole-l) but certainly weaker and presumably, at most, only half the strength
of the bond in the Kr-F+iion (isoelectronic with BrF, for which the thermo-

chemical bond energy = 60 kcal'mole—l).
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'In'ah'electron spin:resonance study of the radlcal hyperflne

19

interactlon of the electron spin w1th the F nucleus was oObserved, which
was suff101ent to show that the fluorlne component of ‘the anti-bonding o
orbltal, contalnlng the unpalred electron, is chleflyngpo, (2po population,
CF 2p = 0. 61 whereas, C 2s v0.0h). Thls is slrllar'to the situation in
XeF (see 3;;;ls)., Furthermore,‘the findingsvindicated s lover fluorine
characterfin‘the bonding orhitsls of Kr¥, compared:with XeF, which is in

harmony withfthe greater electronegativity of'krypton; than xenon.

2.2. Krypton (IT) Compounds

2.2.1 Krypton Difluoride

Synthesis.:fKrypton difluoridevwas;firstvcharacterized by Turner and
Piméntel?o'whb prepared it by the u.v. photolysis of fluorine, suspended

o

in a solidemirturevof argon and krypton at 20 K. _Although the first

krypton éomﬁbﬁna to be prepared was described - by 1tsldiscoverers,.

Von Grosse'éha his coworkers, és théltetrafluoride,ithe properties ascribed
to thisvmaterial have.been shoun to be those.of'the:difluoride.
;aborétongPreEaratioh. Because the‘difluoride is thermodynamicallyuunstable
all successful syntheses have used'krypton and fluorine mixtures held.at low
temperatures (usually -193°), and have involved elther irradiation with y
rays, 1.5 Mev electrons,le ultraviolet llght,To or. lO Mev protons66 , Or

65, T2

“electric dlscharge of the gaseous mirture The last procedure is
the simplest_to reproduce -and has been employed,ln several laboratories to
make gram quantities of the fluoride. ’The essential‘apparatus is shoWn ih:
Figure 2;2.1. The cleanest'synthcsis, which is alsoimoderately efficient,
involves the irradiation, at temperatures of less than -60 and approachlng

-~

_196°,_of the gaseous krypton and fluorlne mlxtures‘ w1th 10 Mev protons 66,

69

D
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CPigure 2.2.1 |
Diagram»of eoparatus.used for the’preparation of;krvptoh dif}uoride.

A Polychlorotrlfluofoethylene contalner for the collection and storage
of the compound attached to the glass apparatus by compress1on flttlngs
B and C: 'U-tubes of Pyrex glass with break-seals.; D: Electrical
diSchargeereection'vessel madebof Pyrex glass (diameter, 60 mm;;v
heighf of wide portion, 200 mm. ). Two_eopper disks of 20 mu. diameter

_ and S”mm: thickneés, spaced 5 mm.‘apart, serve eetelectrodes.: The
leads to the elecirodes'are‘silVer soldered iptolkovar‘tovglaes seals.

EE Valve ﬁehifoldbto convert puéh4puil operetionoof maénetioepiston,

'pumb into:dnidirectiOnal gasAcirculation aeviﬁdicateav anh indivioual
valve consisted of a - 10-mm. glass tube ground flat at the end, protfud—
1ng into a w1der tube and closed with a thln square piece of glass held
in place‘by grav1ty. Appllcation of a small pressure head from below

(0.1 mm-) ﬁermitS'gas t6 flow upward. Downward flow is ihhibited by
the closure of the ground end of the glass tube by the square piece of
glass.. Arrangement of four valves in the way 1nd1cated in the figure
permits use of the pumplng action of each half stroke of the piston.

. Magnetic piston pump after Brensohede.(a) q:._Piston of pump
suspended.from stainless steel spring.  H: Solehoid. Vi, v2, V3;
Monel vaiveé. With the'feaction ih progrees veive 1 is kept closed -
while valves 2 and 3 are open. During the:purification and sublimation

"~ of the product, first to tube C and then into tube B, valves 2 and 3

are closed to separate the pump from the rest of the syétem, and valve.

1 is open to establish a connection to the vacuum line.

(2) W. Brenschede, Z. Physik. Chem. (Leipzig) A 178 (1936-1937) Th.

.
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Figure 2.2.1
Since the proton beam ﬁaéses effectively through a.0.03 cm thick aluminium
wihdow, thé:synthesis of this most oxidatively reactive of all fluorides
can be carried out in an all aluminium vessel. (Aluminium is highly'
resistent to oxidative fluorination.) A l-hr. irradiation at Sua yields
ca. lg of KfFé. The G value for KrF, formation Liés;in the range 1 to
. EEE 66 : . I :
1.5 molecules/100 ev.
'Kiyptqn-difluoridé is most conveniently identified by its vibrational
l:méde at hh9.cm-l; ‘The

spectra and:?értiCularly by ifs.Ramén aéti&é v
Raman sPéctfuﬁ is easiest to obtain since sépphire{which is chémicélly'
resistaﬂf'féﬂKer"Can'be.ﬁééd as.iheféontainer méﬁerialﬁ' The'vefy
strong infféfed'baﬁd‘ét”588 em™t also serves féfbréédy identification --
silvér.chiéfide'windows should be used. The instabi;ity of'KfFé requires
that thé iaentification bé'éaified out quickly aﬁd:ét the l6west possible
temperatﬁre;v | |
ggggmggxggggg'g;gggggggg; Krypton difluoride 1sgcoiour1ess both in the solid
and vapoﬁf phases. it decomposes 5pontaneously‘;t'fémperatures.well'below
room tempéraﬁﬁre, fhe»decompoSitiOn rate for the”yépourl at room temperature
being ~lO%vhr._l. .
o

f'and'evidently negligible at Dry Ice temperature.

‘The decomposition rate is substanfially ldwerifOr'the

T2

solid " The spontéﬁebuéf

dissociation has Prevented the accurate determination of a number of the

physical properties of K&Fé, but there is genera.vlvag'reementTE’T4 that its

vapour preSsure is ca. 30 mm Hg at 0°. The‘enthalpy of vapourizatién

LH ='9.9 keal mote™t has'been derived ?rom.vapoﬁripressure measurements
, - o .

over the limited temperature range -15.5 to 15°.

&

Measurement of the heat of dissociation 7, at 93;; of‘a.gaseous

sample oflthe difluoride (which is rapidly decompqéedvét_thié tem@erature)
has givép a:standard heat bf formation Aﬁg;.(KrF2(g9¥ 1&;& + 0.8 kecal molé“l.
Thevcalorimétric meééurements are supporfed.by massespectrometric, appearance-

{ I
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potential data. ™ 'Although there is soﬁe ambiguiﬁy,of interpretation,
1t is probable that the observed appearance potentlal A(Kr 5 KrF ) = |
- 13. ?l 0. 25 ev, is approprlate for the process Kng( ) + e—«»Kr + F ( ) + 2e,
If so, s1nce}I(Kr) 14.00 ev, it follows that AH(KrFE( )—*>Kr( ) % Q(g)) =
0.79 + 0.25 ev (i.e., 18 + 5. keal mole l).

'The:thermochemicaioavéragevbond enepgy defiVe@Ifrom:the calorimetric
data is 12 koal mole"l. This is the lowest average bond energy -of any kﬁown
fluoride;‘flndeed.the atomization of'KfFQ'involveo aAlower enthalpy than the
atomizétion‘of molecular fluorine! Krypton difluofide should, of all —
oiidativeofluorides, be closest in activity to atomio fluorineé.

Although the KrF' ion is not established there is reason to believe
that it occurs in the complex KrFe,.QSbF5 (see 2;?.2)} As can be seen from
Fig. 2.2;2,'£he electron affinity of KrF+ equals the electronvaffinity of
Kr' (-I(kr,g) = 14.0 ev), less the difference in bond energy between KrF+
and KrF. Tt is reasonable to Suppoéé that the BQE;.(KrF+) is ~ 2 x B.E.

(KrF).

A recent value for the appearance potent1al76 for KrF 5 A(KIF R
KrFE) = 13.39 eV. Since this corresponds to the process Ker(g)-—>
+ . : g B
KrF + F(g) + e, then from Fig. 2.2.2, A(KrF , KIFQ) = LH (Kng(g)f¢>
Krgy + 2F(g)) + 1(Xr) + B.E.(KrF' ). Therefore, the bond energy for the’
| ' | - el
cation =(13.39 - 14.00) eV - Aﬂat(Ker) ~ 37 keal mole ~. This is

approximateiy 3 times the mean thermochemical bond energy of Ker.

Figure 2.2.2

The Electron Affinity and Bond Energy'of KrF+
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'4I(K%E(g5> ;I(Kr) ; B'Ef<K?Fzg))]+ BfE'.(Kr£;5? '

‘Figure 2.2.2 -

3ifThé'Eiectron Affihity andsBdﬁd:EnergyﬂbfZKrF+'
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Structural Features. lee its relatlve, xenon dlfluorlde, KrF is

a symmetrical linear molecule (lei) 7% 73 The Kr-F interatomic

distance’has'beeh'determined for the gaseoﬁs spécieé-by eleetron

dlffractlon, (l 889+ O OlOA) and ‘rotational 1nfrared spectroscopy77

(1.875 0. OOEA) The 1nfrared and Raman data are in agreement with

the D molecular symmetry and the force constantsf : 2. h6 f =

o h

-0.20 and f 0.21 indynes l; obtalned73 from ‘the computed potentlal

2
| fuectlon 2 V = fr(Arl

+ Ar2 ) + 2frrArI4r2 + r02 ﬁiA(lg; where Aml
and Ar, are changes in the bond distances and A o is the change in bond
angle,fhave;béen_inﬁerppeted T8_'(particularlyIthe_heéatifre sign of
fri,the'bdna~bond ihteraction‘constanﬁ) in termsxofa considerable
weight of:a"ho—bond_F Ker structure inlresonance.admixtﬁre with
(F-xr)t 77, F-(Kr-F)+..’The krypton difluoride moiecule is related

to the bromine'trifluoride mdlecule.. As may be séen,from the molecular.
characteristics represented in Fig. 2.2.3, the Kr—f internuclear distahce

in KrF is‘siightly greater than the Br-F distance in the approximetely

2
linear part df the BrF3,molecule‘ The unidgue Br-F bend distance in BrF3
is compareble to the internuclear separation in‘the bromine monofluoride

molecule. = The bonding assoeiated with two longer'bonds of BrF, is presumably

3
similar ﬁo that involved in KrFé. If four-electron,,three-centre gg_m.e,
bonding is'assumed, then_each F ligand is, in effeet, bonded to the central
atom by one electron. The shorter, stronger bond in bromine monofluoride
is consietent with electron-pair-bonding. _Presumebly; the bond length in
KrF will be similar to that in BrF and it may, like'XeFi'@ee 3.2;6.); e
slightly shorter than its halogen relative. ‘Although crystalline krypfon
difluoride is not isostructural with xenon difluoride 7 it is, like the
.Figure 2!2.3

Comparison of KxF, with BrrF, BrF3 and XeF,
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Figure 2 2 3

Comparison of KrF w1th Br¥ BrF and XeF

©.1.88

~ Kr —— F

Molecule ¥

'KrF2

(F)BrFe*i;

xeFé.':

" Frequencies (em”

Xe - F

i o2 3
] fﬁ49 2326 588
;531 .f_ ‘ : .f §13,
515 2132 558

S 1.810
F——Br——F
8620 | 1.721

" tﬁ’TF

1. 759
Bn——-—F

Force_Constantsifmd/z)

£ £ g
T - .I‘I‘.‘\ ‘cx,

';2.46_"-0,20___ 6;2;_ '
3.00 015

o 2.84 0.13,1L#Q.2o

Only the approx1mately 11near BrF part of the BrF molecule is

relevant for thls comparlson

3 B
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later, essentlally a moleculaf assembly The structure is not known
with hlgh precision, but: is known that the molecules are orlented
such that each fluorlne l1gand of one molecule is orlented towards a Kr atom of its
nearest nelghbour The orlentatlon and allgnment of the molecules is

ons1stent W1th an apprec1able bond polarlty The effectlve volume

of one molecu]e in crystalllne KrFQ which is 37 5 A.3, is similar

to the XeF, value of 392 3. o o
Bond. Polarltx and Bond EXE . Both 19F n.n;r; stnoies ol‘.KrF2 solutions
in anhydrous-hydrogen fluoride?g, and'MBssbaner studiesiao on the pure
solid, héVe:yielded date.whioh have been interp:eted'in terms of the
chargé'aistribution in'the linear molecule. In both studies close
relationshiphof-KrFe'fo'the much more exfensiﬁely_studied.Xer'nolecule

was assumed. Thel F ohemical’shielding value, UF,_relative'to F,, for

_6).

The interpretafion of these findingsfwas based on‘the'assumption that

Ker(oF{ ~ 370 x 10’6)Ais much less than for XeFQ(of-e'629’x.lO

the bondlng in Ker,as in XeFéqis of the three—centhe, four-electron,

po m.o. f&pe and that the shielding‘afises from‘thevparamagnetic term.

On this_basis, it has been arguedhthat ap(KrF,) =J—‘O.h5 e, whereas for /
XeF,, QE'A'- 0.73 e. The lower polarlty of the Kr-F bond relative to

the Xe-F bond, is readily rationalized in terms of the hlgher electro-
negat1v1ty of krypton than that of xenon (see 1.3. 5) ‘It is of interest

19

'that_the “F n.m.r study of KrF solutlons in HF showed that there is

2
no fluorine exchange with the solvent, even at 25°, in contrast with
XeFé(see 3.2.1). It is-to be expected that ionization to form KrF+
is less favourable than for XeF'+ formation.

The KrF2 charge distribution derived from the MBssbauer findings

is similar to that from the n.m.r. data. Since the experimentally derived

gquadrupole interaction energy for KrFe, equ (where e is the charge on the

electron, Q the guadrupole moment and eq the field gradient) = 960 #30 m Hz, -
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is a conseqnence of an electric field gradien* at the pos1t10n of the
krypton nucleus, there must be a non- spherical electron distribution
about_that.nncleus,' This is assnmed to arise from thg-sharing,of
somé kfypton_hp.electrons.with the'fluorinefatOms.v'Qn the assumption
of that only po orbitals are 1nvolved in the bondlng, the 1nteraction

energy (for one electron transferred from krypton) e qQ(KrF ) =+ b
5

e Q dr” 3;} > ‘i.e., the field gradient due to one h po electron is
eq = +'EL¢-<I' . ‘However, atomic beam work~hadvshown that for the .
3P2 state of Kr (i.e., for a Hp?

58 confignration;where one electron
has been removed from ap orbital) % e2Q <?-%7.

= hSQ!é mHe.. If'<r 3)

is approx1mately the same for K'rF2 ‘and Kr, the 1nteract10n energy

for the one ppelectron deficiency for the two cases, should be in the
ratio 2:1; they are approXimately'so (960345212),"¢his indicates,”
supposing the<r-%> assumption t0 be valid, that the5eiectron transfer
‘from the krypton atom to the fluorlne ligands would be ~ le. ‘The |
authors of the M0ssbauer study have. p01nted out that this flnding can

be 81mp1y rationalized (1n valence bond terms) on .the assumption that
KrF2 is a resonance hybrid of F ~ Kr F and F Krv -fF. They p01nt

out that if the electronegativity of Krt andrF arepsimilar this would.
result in equal sharing of the bond‘electron pair in'KrF+; Consequently;
the krypton atom in KrFé would have a'net defidienc&dof one hpo electron:

An electron transfer of le from the Kr atom to the ligands, however, seems

rather high particularly since a charge distrlbution of that size has been'well

substantiated for XeFé (see 3.2.1), and_xenonvis‘less electronegatlve__
than krypton. Furthermore (Coulson's interpretation78 of the_pecnliar
nature of the bond-bond interaction force‘constant.requires considerable

weight of the no-bond structure, F Kr F, in the resonance admixture
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with F (Ke-F)" and (F- Kr) F ,‘whlch requlrement of course reduces
the:Kr ehafgetto less than +l;v The form)Ff—,Kr2 F presumale does
not make ngnificént eontributioﬁs té fhé boha;ng;. It may be that.
ihclusioﬁ7bf'0utef'Orbifal charactef‘(e;g. hd)lbffthe'krypfon atom
in the bondlng model used to 1nterpret the MOSsbauer flndingc. would
have ylelded.a lower charge dlstrlbutlon. The phy51cal propertles

of krypton dlfluorlde are summarlzed in Table 2. 2 A

Table 2.2.1

Physical Properties of Krypton Difluoride

The Chemistrz of K{xgton leluorlde “As the thermodynamlc instability

of the compound towards d1s5001at10n suggests, 1t is ‘a powerlul oxidative
fluorinator, 'In keeping with an anticipated fluOrinating.ability,
approachiné that of atomic_fluorine, it oxidizes eﬁioride'(of silver
chloride infrered cell windoWs)'to chlorihe trifludride and chlorine
pentaflueride;73 Its ipﬁeraction with water,genereﬁes krypton and.
oxygen.’?2 :

KrFQ« + .H20f—¢-Kr- +_/O.502 f» 2HF

Althbﬁgh. cieerly an unusuel fluorinator, it”has failea to -
oxidize xenon trioxide to the tr10x1de dlfluorlde (see 3. 5 2.) or
‘indeed to any other xenon(VIII) oxyfluorlde or’ fluorlde Furthermore,
it has not_proven possible to prepere XeF8 (see 3.5.1,) by bringing
XeFy into interaction with it. |

61 that the hydrolys1s,by ice, of krypton

There have been claims
dlfluorlde (incorrectly 1dent1f1ed e as’ Kth) at_—30 to -60° yields
2 to 3% of an acid and that hydrolysis”by 0.35N barium hydroxide aﬁ 0
to 50°resﬁltsvin a yield of approximately T% of the.barium salt.” These

claims have not been substantiated.
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The difficulty of preparing quantities of KrF, and problems
of handling have resulted in meagre study. Undoubtedly; this scant
attentiqn~ﬁill:be remedied when the remarkable potentiél of the

compound aé»an oxidative reagent is more generally-appreciated; It is

important to note the greater stability of the complex of KrF, with

SbF5.(see»2.2.2). Because of this, the complex may prove to be &

more useful reagent than the parent fluoride.

2.2.2 Krypton Difluoride Complexes

The only established derivative of kryptdnidifluoride is the i
briefly described compléx 81 with antimony'pentafluoride, KrFe, ZSbFS.‘

There are also indications that an arsenic pentafluoride complex forms

at -78; buﬁihis compound dissociates readily at low temperatures. The

antimony édmppund was formed byttreatingiKrFe Witlh’_.:S'bF5 in glass or

Kelp Qontainers. The components interact COmpletely ét--20°. The
compound dissolves inveXCeés antimony pentafluoride, ﬁhich cén bé

removed at 25°, to leave a colourless solid, KrFQ,'2SbF5,'m.p. ~ 50°

(decomp.~;¢;Kr2 + F, + SbFS)}'”The solution in SbFS‘decomPOSés slowly
at 25°. élthqugh the decomposition of the solid at this temperature is

very slow. Aqueous hydrolysis(either basic or slightly acid) liberates o

krypton, oxygen and fluorine monoxide.
Although the only structural information avéilable'on this compound o ,3
is an infrared spectrum with strong bonds at 813:and 6OO—TOOAcm-l) it is quite prob-

-

able thatthe compound is the salt'KrF#[SbeFlij-,'analogous to XeFﬁ[SbeFll]-

|

|

|

(see 3.2.6). Unfortunately, the stretching frequency anticipated for : A i
B _ : : S ” _ |
the cation (approximately that of the BrF molecu‘le,'35 i.e., 672 cm l) ‘
; |

|

lies in the region of Sb-F stretch. It will probably be nécessary to

solve the crystal structure to confirm the salt fofmulatibn.The salt _ }
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e
' formulatlon accounts for the observatlon that the thermal stablllty of‘\
: the complex, " 'gr‘eater '-_ than that of 1solated krypton dlfluorlde.

Note that the bond An the Kr-F ion (2 2 2) appears to be cons1derably

strong,er (T B s 30 kcal mole l, see a‘wove) than 1n the molecule

(T B.E., 12 kcal mole l).,= h
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Table 2. 2 2

3? Phy81cal Propertles of Krypton leluorlde '

Thermodynamic (&)

AH subiimatiéﬁa keal mole™t ~ 9.9 P
Vap. Press,;ﬁméﬁg, (T°c) 10 + i(:,l5r5€h 29 2«ﬁw3 3,(15 0° )
AH,° 298.15 , keal mole™d kb £ 0.8
o oF, . “Looay
AH (KrFQngmarKr(g) + F(g))’ kcal mole ~, 23.4 -

Mean Thermochemical Bond Energy,kcal molefl, ll.T_vr

Solublllty(b)

Anhydrous HF dissolves KrF, to o~ 16 moles / lOOO g HF at 20°

2
(b) :
19F n.m.r; dat

(no F exchange for HF solutlons) Chemical Shielding Values
(®) crntive o 5o (3) N S
9 relatlve to FE’UF (2) = 0 : 37T x 10 6_(h;6.moles / 1000 g HF),
362 x 10 (16 4 moles / 1000 g HF) at o°'

Infrared and Raman Data(c)

Infrared bands, cm™>  232.65 580,596"&% : 1032 m

Raman bandé, em™ T 449 (vapour)

462.3 (solid)

,ASsignments : C +
o q e oY Mt
fundgmenﬁa;s, cm 230.6 | kg : 588_' :
force constants f , 2.46; £ -0.20 ;§ ”f', 0.21
r v rr - o :

(mdynes A™1)

' Molecular Structure( )

~wo h -

—

D . symmetry, Kr-F internuclear distance, R unitsvl.889 + 0.01
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' CﬁystallOgraphic’data (e)

Tetragonal unit cell, a = 6 533, ;’5;8312; V= 2&8.923; 7 = L

Dcalc

5 3. 2h g en™3

Molecular Fnergetlcs (f)

' " Possible Process
0. 25 ev (KrF + e—sKr + F o+2e)

H- o

Appearance Potentlals, A(Kr KrF ) =13.21

1+

13.71

A(KrF ,» KrF,) o.eo-gv (KrFé + e—a—KrF' + F + 2e)

() S. R. Gunn, J. Amer. Chem. Soc. 83 (1966) 592k; 5. R. Gumn, .
Phys. Chem 7L (1967) 293h. | |

(b) F. Schrelner, J. G- Malm, and J. C. Hlndman, J- Amer Chem. Soc 87

(1965) 25

(e) H. H. Claassen, G. L. Goodman, J. G. Malm, and F Schrelner, J. Chem.

— Phys. ue (1965) 1229 |
(4) w. Harshbarger, R. K. Bohn, and S H. Bauer, J. Amer ‘Chem. Soc. ~2 (1967)
6466. o

(e) S. Siegel and E. Gebert,.g. Aﬁer. Chem. Soc. 86 (196k4) 3896.

(f) P. A. sesea and H. A.sMcGee;_g, Phys. Chem. Zg-(1969) 2078.
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- 3. Xenon Chemistry

'STheeehemical behaﬁiour'ofIXenon_is appropfiafé]fof'an element .
.-of'Group'ViII of thefPeriodic Table. The normai"oxidation states
are eveﬁioombefed and range from +2 to +8. Then+8'okidation state_
is knoWn:only in the oxide, .Xeou, the perxenateggsxgo6h- ,» and the
trioxide’difluofide, XeO3F2 ' The ocfafluoride'is'ﬁnknowﬁ. This
pattern resembles that of osmlum, where the octafluorlde is unknown
but the tetrox1de, OsOu, and tr10x1de dlfluoride OEOSFQ,are Well
establisheq compounds. Octafluorldes would surely be llgahd
'crowded',molecules and it may well be that theﬁlsck ofvsuccess
in atteﬁpts to make tﬁese compounds is-essociateé'with a large
kinetic barrier (see 1.2. 3‘ahd 3 5. l”)‘;

so far, the compounds of xenon all 1nvolve.highly electronegatlve
ligands (e.g., ¥, O, —OSOEF,v-OTeF )- The fldorldes are readily |
'preparable from the elements and are thermodynamlcally stable and
the other known compounds (e.g., oxides, oxyfluorldes and oxysalts)
have uspally been derived from them. Xenon dichloride, which can be -
preserved -only at low femperatures, has been madeifrom the elements
by trappihg the'products from a glow disoharge at_20?K,_but the oniy
other'estsblished syntﬁetic route to the xenon'halides (see 3.2.2.)
| | | 129 |

has involved the g;decay of corresponding I anions'(thus;

- B
l29IBI'2---—-—--"--1?9Xe]3r2)

3.1 Xenon(I)

3.1.1 Xenon(I) Fluoride, The XeF Radical

The radical XeF has been detected by Morﬂon and Falconer82’ 83

in an electron spin resonance study of a single crystal of XeFu
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y-irrediated at TT°K. It is probable that the blue colour of the
'irradiaféd'xéFu crystal was due to the XeF radical'since the colour
T | - _

‘and thé‘e;s.f} spectrum were observed > to fade simultaneously and

rapldly at 1140 K.

It has been 1nferred from klnetlc data, that the XeF radical

. dis-an 1ntermed1ate 1n.water ox1dat10r181F and NO and N02 ox1dat10n85

by XeFé{ It is also probable that the decomp081t10n of FXe0SO, F

involves an XeF 1ntermed1ate (FXeOSO F-—4>XeF + SO, F; 2XeF’ ——»—Xe +

3
XeF,; 2803F-¢—S O6F )} since the overall chemieal change86 is

2FXeSO F—>Xe + XeF2 + u206F2-= similarly, t the decomp051tlon

3
'of'XeF+OsFG' is thought to involve charge transfer'(XeF+[OsF6]-—>XeF' + OsFg)
with subSeQﬁént XeF' disproportion. This accounfs for the obsei"véd87
pfoduc%s}‘ XeF [OsF6] ——v-Xe [OsF6] + Xe + 20sF6

85

Joﬂnston and Woolfblk have shown that the flrst bond dissociation

2
second. They suggest D = 54 kcal mole l. Sirice the total bond

_energy, AH(Xe ( j XeF( y ¥ F( )), of XeF, is greater than the

energy of XeF (see 3 2.1) is 6k kcal mole l', it follows that D, (XeF, )
i. e‘, B E. (XeF ) = would be lO keal mole . However, should the bond energy
in the XeF radlcal be less than AH, (F) = 18.7 keal mole l, then dissociation

2XeF-*-2Xe + F2 would be favoured, but there is‘no evidence to indicate

that this occurs. it is therefore more likely ﬁhét the value for Dl.is

closer to Lk kcal mole-l, since then B.E(XeF)¢3.20-kcal mole™ . This

value is still consistent with disproportion 2XeF—sXeF, + Xe, for .
. 7

vhich, since AS= 0, AG ~ -2k kecal mole”
It is obvious that the XeF radical - should be a very effective F
atom source.

The abundance of xenon isotopes, of differing nuclear spin, has
provided for a much better definition of the XeF radical than was

possible for KrF (see 2.1.1). The e.s.r. data given in Table 3.1.1,



" Table 3.1.1

XeF Radical Data

Bond energy (kcal molefl)ﬁj ~ 20

AH(PHCE (g = Yoy + Xe ) (keal mole™): -2k

'_UCRL-19558

72

see
text

Source for e.s.r. characterization: I - irradiétidn‘of XeF),

single crystal

(a) (b))

Principle values of the hyperfine interaction’tensors*.and g tensors : (b)

" Species Xen

'13EXeF - -
}29XeF 2368
13Lyep

- T0L

e,

1224

s ,g'u

2649 5#0 1.9740
2637 526 1.9740
2653 S - -‘v;1f97ho

(*Units'aré Mc, errors * 10 me. * Errors + 0.0008)

2.1251

2.1264

Comparison of Experimental Isotropic (A) and Anisotropic (B) Temsor ' (b)

Parameters with Orie Electron ParametersﬁThEOretically Derived

Nucleus
Yr(n = 2) 1243
129Xe(é =5) 1605

2
~ Bs

Asps [0 gr/3 B8] fos.
(0)
47,900 Mc

33,030 Mc

Nucleus
spin o :

popn.
3 Y - 2)

5 }29F(§ =5)

703

Bypg [2681/58] % np
x <y

1,515 Mc 47 -

382 1,052 Mc 36

(a) W. E. Falconer and J. R. Morton,

Proc. Chenﬂ'Soc. (1963) 95.

(b) J.LR,'Morton and W. E. Falconer, J. Chem. Phyé.'gg (1963) k2T.

spin - i

popa.

{

»
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indica£é that the unpaired electfbn_occupies an ofbital possessing

axial symmétry-ébdﬁt the'inteﬁnuclear axis. Neglécting inner-shell
polarizétiéh, the data indicatévthat this o molecuiar'orbital is largely
derived_ffbm Xe'5£band F 22, since the spin poéﬁiation corresponds to

4. 9% xe 5§;f36% Xe 5p, 2.64 F 2s and 474 F 23.-VT0 a first approximation
» then'XeFfjcan be described in.classical moleculéf orbital terms with

the unpairéd~electron_in‘the highest antibonding sigma orbital (g*).
Departﬁré of the pfincipal §;Values of XeF froﬁ 2.0023 (free spin)

muét be associated with'spin;orbit‘iﬁferaction'of,the groundvji: state
with flxéxcited states of the molecule. The grbund state configuration
i written: (9 20+ 2 hyer )% (a2 + 5 %Byer 140)"

(&2pp = £5Bye » Z3,4)" 5 (2 2p = 8 5Bye» )7, or Driefly

- F.-.
0% & R £ ' a bondi bital
=1 Bi,0 *f3;h“ 3 92‘ . O c?urse g, an X 2 ar¢ qn 1pg orbitals
and §3 h'énd % antibonding orbitals. The g shifts are attributed to
D . - o . LT
the transitions:
2 i Lo o o1 62 . o * 3 .2
~l 3 =120 5 =3,k 5 c2 = 21 5 =2 =3,h 5 2
G2 . e M. ko1 2 3 b2
-1 ’ “1,2 2 &3k 72— 23 7 -12 2 23,k 0 2
'3.1.2" Xenon(I) Complexes |
Several complex salts have been reported. The stoichiometxry

of these materials, e.g., XePtF6 and XeRhF6, iﬁplies either Xe(I) or
Xe(II)é species. ' The fifstlcompound'is-of partiéular interest ;ince
it waé:the first xenon compound to be reported in whiech the xenon valence
electron configuration"was unequivocally different fromsthe supposed
'ideal"octet. This and the related XeRhF6 are formed spontaneously'

at ordinary temperatures by interaction of xenon gas with the hexafluoride

13
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vapour Xe( ) + MF6( )——*-XeMF6( ) For the i;lcstoicnioﬁerry it
:1s essentlal to malntain a large excess of xenon over hexafluorlde

' The infrared data support the formulatxon of’ these materlals as Pt(V)
and Rh(V) compounds and their 1nteraction with alkali fluoride in
iodine pentafluoride (whlch is not an ox1d1z1ng solvent towards Pt(IV)
or Rh(IV) ) generates A" F6 salts. Of course, the xe' species should
be paramagnetlc. So far there is no rellable magnetic or structural
daia'ﬁo:snnport'the designation of the xenon in- the solid materials

as Xe+ ratner than X622+‘or XeQF# (which would.beiappropriate forv
the formilation XeQFﬁv[F5Pt—$LPtF5]—).: It is noteworthy that the
material ‘of composition,Xe(PﬁFs)eiwhich is forned'under‘conditions _

87

of twofold excess of PtF6,over Xe,is _an-equimolar mixture of XeFf-

[PtFg]™ and PtF, (see 3.2.6.). ,
5 D

Considering, the established C&P&blllty of PtF6 to oxidize O,

to O2 5. the rapid formation of the XePtF6 materlal from the gas phase,.
-and the quinquevalence of the platinum, 1n the-solid product,_lt is -

probable ﬁhat this and XeRhFé.represent trne xé(i) compounds.
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3.2 Xenon(II)

3.2.1 Xenon Difluoride

Xenon dlfluorlde was flrst detected 1ndepeﬁdently in two
.laboratorles,$8’ 3 and several effectlve syntheses were quickly
reported 9’ 90, 91 ’ v . |
Laboratogx Pregaratlon " The statie.thermal methed of preparation‘
jemploying large exeess of rehbh over fluorine isutﬁe best ﬁay to
make ler€¢'Quantities bfithevfluoride,ls"indeedvas:Falconer and Sunder

o

have shdwn, hlgh yleldo of pure materlal can be obtalned with Xe: F2

moiar'retids of ~12:l. The gaseous mlxture 1s heated in a nickel or
Monel tessel at hod;; quenched to rbom'temperature and the difluoride
isolated'tjbvacuum sﬁblimatidn.

Aveeﬁvenieht ﬁreparationlz’”93; which avoids the special metal
equipment used in the laSt:procedﬁre, simply ihvbives exfosurefto
sﬁnligptepf.Xe/Fe'miitﬁres (e*l at.tetal ?ressﬁre)chQtained in dry
Pyrex glass'vessels,:et room temperature. |
dther:SXntheses. ‘As might be expeeted, fluoride‘decompesition or
excitatioh to provide atomic flﬁorine, when cerried out in the‘presenee’:
of xeh0h5'has been shown'to yield xenon fluorides When the technlque _
allows for the separation of crystalllne fluorlde, either by contlnuous
c1rculat10n of the energlzed-gaseous mixture through‘cold traps (at O°
or beldw),vor by providing energy toﬂthe.fluoride_xenon s&stem at room |
temperature or below, the:xenon fluoride productfhas invariably prpved'
89

_to-bereFé-

a cold trap in a circulating gas system to effect the preparation of

' Weeks, Chernick and Matheson were .the first to exploit

high purity material. . Others have exploited this feature in successful

‘ : ) N S
application to hot tube syntheses oL, 9 . The‘Weeks 33 gi photosynthesis-89
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employed.ifraaiatioh of_Xe/F2 geseous mi#tures wltﬁ:light'from a higﬁ
.pfessufe mercury arc (é5oo-3ooo§)._ Photoéynthesié;lwith sunlight,
involvlnnge/bFé.mixturesle at -25° and Xe/O Fy m1xtures95 at ;llS°
are also effective; ‘ | - | | |
“Gamma ray iffadiatioﬁ at b x lQ6 radsvhf—l of ~1:2 Xe/F

mixtufeseet le'has“oeen Showo96'to yield ~l-l{XeF /Xth mixtures
with a G value (for Xe consumptlon) of 3.4 atoms per 100 ev absorbed
in the gas mixture. The observations of Gard, Dudley and Cady97 that

XeF, is formed in interaction of Xe with or, (. ) 187 ), CF,OF (220-250°),

3
and FSO F(l?O 180°), are consistent with syntheses 1nvolv1ng, simply,
1nteract10n of Xe, with Fé derived from d1ssoc1atlon of the other

reagent. The flﬁorination'of xenon, at 200°, by iodine heptafluoride
Xe, \ + IF.,, \— XeE,, IF .
(&) * T1(e) ™ ¥ F2r Fs(c)

is similarly dependent'ubon F,» generated by pyrolysis IF,?-—-'-‘IF5 + Féf‘
It iS'pOSSible'thatﬁxénon;difluoride'has also‘beeh,observed99 as a .
product of'the fission of a U0, - LiF mixture.

Of particular interest is the formationfof‘XeFé as a product

of the interaction of xenon with carbon tetrafluoride in a high voltage
discharge 190 na by the interaction of excited xenon ( Pl) with

perfluoro—cyclobutane-lOl: xet + E - Cqu"*'Xng +c -'ChF6'

Thermodxnamic Progerties Xenon difluoride is colourless as solld

liguid or gas. The vapour pressure of the solldl(_)2 at 25° is L. 55 mm,‘v

accordingly the solid develops large crystals easily at room temperatures.

Although the melting point of supposedly pure XeFé has been variously

given at 140, 130 + 0.6, 134 * 2 and 139.6 * 0.2° (Ref. 84 ), the most
' 102
reliable value is 129.03 # O. 05°, as given by Schrelner et al. The

98

6"



Figure 3.2.1

Thermocﬁemical Cycles for XeF2 and Derived Species

A(XeF', XeF, )
eF - .
XeFy (49 -

M (XeFp)

(Total B.-E.(XeFe)) -

'.(.B.E.'(xéi‘.))

Xe(g) +.'2‘F(g) —

A

I(Xe) ‘

~ From the thermochemical cycles:

B.E. (XeF') = I(Xe) - A(XeF, XeF,) + Total B.E.(XeF,,s)
' I(XéF) = A(XeF', XeF,) - D, (XeF,,g)

: “=te 1 276/
I(xeF ) = I(Xe) + B.E.(XeF') - B.E.(XeF')

' B.E.(XeF')

g)

LA

" 2¢96T-THN
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vaﬁourepreeeure date given by the last workers, for the_tempefatﬁre
range O ik _115-°, is also “the most ‘reliable, from wh'ieh M sub = 13.2
keal mOlefl; The entlalpy of sublimation is in eieee agreement'with
the,prior'value;'of 13.3 kcal.moie-l,.calculated=bj Jorﬁﬁer SE 335103
assuming an electrostatic>stabilizatioﬁ of ﬁhe soiié. involving a
poinﬁ charge of -O.See en each F ligand;and + 1. evon the.xenen atom.

Three values heve been given for the enthalp& of formation of
~ the difluorlde AH (Xe ,g)(kcal mole -, -25.9 from equilibrium
constant data®® -28.2 + 0.6 from a calorimetric etudy;oa and ;37 £ 10
from appearence potential sfcudies.lo5 The secena value is preferred,
frem which'the total thefmochemical bond eneré&’is 64 keal mole”t

85

But Johnston and Woolfolk have ev1dence from klnetlc studies 7,

involv1ng XeF and XeFu 1nteract10ns w1th NO and N02, that the first.

bond dissociation. energy for XeF. - XeF' 4 F, | is much greater |
- nerey 2(g) " (g) T () PPN E

than the second. As has been discussed under the XeF' radical (3.1.1)

reasonable values for ' the bond d1s3031at10ns are D 4l and D2 20

kcal lee Figurev3.2.l

It will be appreciated from the thermochemical‘cycle‘given for

XeF2

to the bond energy of XeF by the equatlon

in Flgure 3.2.1, that the total bond energy of XeF2 is reélated

T.B.E.(XeF,,g) = B.E.(XeF') + A(XeF', XeF,) - I(Xe)-

Since the last two experimentally observed Quantities are 12, & and

12°1 ev respectively, T.B.E.(XeF , g) = 64 = B.E. (XeF ) + O. 7 ev (16 kecal

'mole-l). Therefore the bond energy for XeF is 48 kcal mole” , which

is compatible with the greater strength and shortness of the Xe-F bond

in the cation,compared with XeF, (see 3.2.6).

8
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Table 3.2.1.

Physical Propertigs»of Xenon DifluoriQef_

Colourless crystals, llquld and vapour

(a

Triple p01nt,- a) 129 03 C

(a)

13 2 0.2 kcal mole -1

(a )

Vapour pressure(solid),.

AHsubllm.

log Pom 3057 67 - 1 23521 log T + 13. 969736

s (gas§ ) 25 c, 62 057, 2so°c, 69 7153 501°c, 75. 3h5 cal mole -1 deg.“l.'
g° (SOlld)( &), 57 C, 29 L. cal mole -1 deg.'l.

Thermodxnamlcs of XeFé formatlon

AH °; S} .)' 25 C, -25. 903, 50l°C, -25 h9l kcal mole -1

(b)

AQf°,’g,_ 13 25 c, -17.858; 501°c, -5 222 kcal mole’ l.
M atomizafion (XeF2 ( )-——>-Xe( ) + EF( )) ( ) 6& keal mole
Mean Thermochemlcal bond energy, 32 kcal mole l.

(d)

lst bond dlssoc1at10n energy, ~5h kcal mole” ,(bﬁtlsee text).

%olubllitx B

Relative solubllltles BrFS, very good, BrF3

formatlon), IFs, good (adduct formation); CH

very good (but complex '

3CN, good; HF, fair;

802, fair; WF6, poor. NH very Sllght( )

3
Solubility in 320( ) : 25 g/l at 0° _
o 8 pem(ec) 2.0 12.25 29.95
o 'C(moles/1000g) 6.38 . 7.8 : 9.88
_CH3CNl(h): Temp(°C) . - 0 el :
c(e/1) 168 320
ONF, 3HF (1) : Temp(°C) 16.8 33,2 k9.2 61.0 80.0

C(moles/1000g) 16.3 19.56 22.17 25.38  30.55

Electrical conductivity measurements support the essentially molecular nature of
XeF, in all of the solutions, look under approprlate headlngs for IR, UV and n.m.r.
spectra of these solutions.



| .AéﬁkXer(aq)

—53 h kcal mole_l

Hydrolysié

conditions
(0.01MHC10,, ) -

Only Xesei

in HQQ i

Vibrétionai'SEectra:

XeF, solid: -

bands'(cmfl) )

assignment . .

XeFQ,‘vapour;

bands (em™T)

assignment

3
bands (cm-;);

assignment

. UCRI-19658
) 80' S
igszggézgégigé;gggwkinetics~of XeFQ'hxdro%xsis;  Lo
- o ()
+ HQO -—»—Xe( ) * 502(g) + QHF(aq)) est.
N « o&o_' ‘ AR
s ence. q _ .
1st ordef rate.constant ‘_, _ é@activ. Asactlv Fef.
h.2 x lo-hséc-l(25°) : 19.6 ) 8.1 (k)
2.83 £ 0. 02 x 10 e (0°) | 1";5_-_ : - - o
2.52 % 0701ﬂx 1o’hsecf (25°) R - -- :, o -
P TN B o
1.2 x 107 exp(~18400/RT) min ~ - 18.hs2.1 - - (D)
| S m)  (a)o) o (a)(o)
. 57 IR (vs). _u96 R (1 o) 108 R (0.33)
Y3 vy lattice mpdg_'
o (a)e) CE)m)e) (o)
1070 IR (w) ' 560‘£B (vs) ' 213.2 IR (vs)
vy * Y3 3o vo
a (n)(a ' ()
1235 1R (v )( ) (a)(x ) NN'(S)< Xa)(r)(s) 509 (S)( )

CH.CN scluﬁion;

vy (cm-l) in other solvents:

CH NOQ, 532; dloxane 530; ccy,, 538

3
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Ultraviolet Spectrum:of“XeFé Vapour(t)(u)(v)(w), (seg also photoelectron
spectra): _'f‘ S ést. extinction R
S _ -coefficient  est. oscillator
Wavelength | Half width ' e.»mole-}_cm-e . 'strength
° i_ " ' S S " S
Lmax(A) o Ay (em ) Sax z
: o L . ,

2300 . 8249 . 0.86x10° - - .. 0.0033

1580 . 3.:f_ 860 . l12x1 F 0.42

s . (1000) 0.k x_ioh 0.2

1335 . (1290) 0.4 x 10* 0.02

1215 xmm) V2fa4xmh 0.03

11ks © - (2730) ' 0.6 x 10* © 0.06

;for assignmehts‘see referenées:(t)(u)(x)(v)(y)'
gxdbefg'Béhdé(y)(t)(?)(v)-
S B 0 s
~ Allowing for a systematic error of -18A in the Rydberg data of references
(t) and (v), this and the He I and II photoelectron data of reference (y) can

be fitted by the two series

4
F]

.._l

. {100,160 _ 109,737 e
v, = {105,550/ - (-TonR o R = 6T
- {100, 160 10 : | -1, ‘ _
and vy = {105 550f - (22 Hdee m i = 56,

The v, Rydbergs are(y) the spin orbit split components of a 5211—;——> 63
_transition.
The v 4 Rydbergs are probably the spin orbit components of a'5£.u —5d

transition.



Photoslectron spectra (see also UV spectrun)¥)(*);

- Term Energies in Xe 'and XeFé(Y)?iﬂ -

'*_  Xe(a')

5P(2P3/2)ég :L:
SP(?Pl/2)6;
?P(?P3/2)§9:th-
5pk2P1/2)6é_:'
5P(2P3)é)‘53"'A' |
5P<2P1/2)$é:
5§(éP3/2)7S:
5p(2Pl/2 )Ts

ippeazence potentials of tons (0V)
' A.P.(ev)

+
XeFé

XeF' -

30,400

31,433

19,317

19,322

16,628

16,567

12,551

12,590

12.28

12.78

=1
Term, cm

Upper Staté' ‘ 

o
Sgu( 113/2

5.7511(2:[1];/2.').'68 .

v5£u(2113/é)5dv

5--’-ru(_,IIl/e)Sd

65

17,860

116,600 -
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Observed and Calculated Tonization Potentials (eV) of Xer(y)

-

Adiabatic Obs. . Vertical Obs. . 0.9%2 K. T. Calc.
12.35 + o.bilf»' - 12.k2 + 0.01 ' 251 (5£u)
12.89 tvo.01ff; - 12.89 £ 0.01 |

13.5 - 13.65£0.05 1.7 (109,)
1h.00 £ 0.05 1k 35 ¢ 0.05 . 1m (3x,)
15.25  0.05 15.60 £ 0.05 - 15.92 (x)

16.00 + 0.05 -

16.80

£ 0.05 2 17;35 £0.05 >,fj‘* 16.93 (6g,)
e 225 o - 25.2k (9g,)
37.10 (59,)

37-20 (8g,)

*There is‘an indication of .a weak shoulder centered'at 12.30 eV which

may correspond to the trﬁe adiabatic IP for this band. However, it

UCRL~19658

€3

seems more “mlikely that this lewest band is‘e'hot one, arising

" from the appre01able excitatlon of the low frequency bending mode in

the ground state of the neutral molecule.



 UCRL-19658

8l
XeF2 n.m.r.-daté
y o tvea o via pee . 19 - o
- Microcrystalline solid, 25° ; "“Fo , 612 p.p.m.; line width 6.0 G
HF solution (1 mole/1000g), » 19.5: ““Fo ') I 129
-  Ref. - ‘ T B - xe
(p.p-m.)  (p-p.m.) (c/s)
) ey o= 5,600
(e')  630.3 -3930. - 5,690
ONF, 3HF solutions (~ 1 mole/100g), 40°; |
BT " Ref. , | : ‘
(1) 631 - - , 5,640 £ 20
CH3CN solution ‘ o o ' S : :
S (h) 610 + 2 - - 5,450 £ 20
inote ervetal datald)
n.m.r. single crystal data - : _
(rigid-lattice second moment M, =M, + L/4s A{g_-Ho s
H0 é'applied fie;d strength A g=0 - o“_-,.vhere oy andv-
g|g:‘are the shielding L and |} to symmetry axis.)
M, Obs = 3.25 6%, Mycale = 2.85 G? -~ the difference probably
‘represents thermal displacements (see crystal structure data)
|a o) = (105 +£10) x 106
MSSsbauer;spectrum(e )(£") (see sections 1.4.1, 2.2.1, 3.2.2)
splitting e q Q - Isomer ‘shift y& v Ep Electron transfer
(mm/sec) (Mc/sec) (mm/ sec) T per bond
ooy o o - % Lo *
(k.2°K) 39.00 £ 0.10 2490 0.10 % 0.12 1.437 1.43 - 0.71"

*y? is the quadrupole coupling in units of the quadrupole coupling of a single

" p g hole.
* o ' : ' :
~h_is the hole in the >p shell, assuming that the. bonding involves Po_orbitals

only.
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Molecular structure
ours D ' \iehed (o)(u*)
V’apour_;gg°° h geometry established by IR and R data
_'Rotational IR"(v3 band)(p) gives; a3 = 3;31.x 10 ucm-l,.
) Eo'= 0.11350 cm —, and X _23 - 1.uu cm .
From B s the Xe-F bond length is 1. 9773 O OOlSA
Slngle crxstal structure (see Flgure 3.2. 2)
Tetragonal unlt ce].l(g ) Lao= h.315 0.003; ¢ = 6.990 * 0.00HR;
V= 130 15A3 2= 2.
. RS |
, Dcalc L. 32 g em . _S' G. Ib/mmm '(Duh )
Structural parameters :
S ' : f
o . z. B B33 (fermi units
~ Xe (0.0) 0. o3h1 - 0.0020 O. oo83 + 0.0006 (0.476)

‘F : 0.2838lt'0.000h | o.o635 + 0.0022 0.0087 + 0.0004 (0.550)

(values in parentheses were not varied; f are neutron scattering amplitudes)

Intramoleculer distance Xe —'F, 2. 00 + 0. 01K

"Each Xe atom has 8 'non—bonded' F nelghbours at 3. Ml b

Each F atom has one F neighbour at 3.02 A (along e) and ﬁFvat 3.09&
Ma%netic Sﬁeceptibilitz (if)'

- = -6
=X, = 50-50 x 1077 emu.

Bonding:'Réfs# (3 )(k')(l')(m')(n )(o )(p" )(a" )(w)(e' )(r')(s (" )(u')(V"

Proposed energx levels: Refs. (w)(v)(u)(y)



(a)
(b)

(c)
(a)-

(e)
(f)
(8)

)

(1)

(3)

(k)

(1)
(m)
(n)
(o)

(p)
(a)
(r)
(s)
(t)
(u)
(v)
(w)

m = o] tx]

=
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The Kinetics of;%ggemggrmaﬁion. Rate studies of the interaction of

| o ] | e . 106, 108
- xenon with fluorine have shown that the reaction is zero order in Xe. » Y07,

These éaﬁelinvestigationsvindicate_ﬁhat theffeacfion:is primarily hetero- E
geneous; 'WéaverlO7 has'hoted’a_lst order dependéhCé of the reaction on F,, which }
may be due'to a slow"step~ involving the diééociétion of adsorbed. : - 4
flﬁoriﬁé’ﬁolecules into adsérbed fluorine atoms:..ﬁvidently; the walls l
of nickél‘dr Mdnel'vessels have marked catalytic_activity and ¢0F3, NiF2
and CaFé have'beeh'shown'to be effective catalyétsfl However, metal
fluorides Qannot be catalytic agents in the photéchémical synthesis,
carriea.out in'Pyrex vessels, Again;'wall reactions may be involved,

but the}e'is no clearvevidencéAfor fhié at fhis time. Sinel'nikov

et a1 T9? have'shpwn that‘atomic.flﬁoriﬁe (genérated'in a~g16w'dischargé) )
is capaﬁle-of converting condensed xenon (at 77?K)_to xenbn difluoride 5
(45% yield in TS min;)’ From this;.and the efficiency of the'gas‘discharge ;
synthésis, they have»cohcluded.that,xenon activation is not\neceSsary for.

xenon ‘difluoride formation.

110, 111 112, 113, 11k, 115, 110

Structures Features. Infrared and Raman

spectroscopy have establiéhed the symmetrical linééf (Qwh) geometry of the

XeF2 molecule. The vibrational spectrbécopic data is given in Table 3.2.1.

116

A high-resolution infrared Study "of the we'stretching'mode has provided

o ° o ) .
a bond length of 1.9773 + 0.0015A for the vapour phase molecule. This

bond 1ehgth is similar to that in the moleculé in the crystalline phase.
117, 118

The value given by ILevy and Agron frbm their single-crystal
neutron diffraction study is 2.00% 0.01A.

In crystalline'XeFé, the- linear molecules afeAaiigned parallel in

a body-centered tetragonal arfay, the unit cell of which is shown in
Figure 3.2.2. It is clear that there are stong interactions.between ' : ;

molecules since each xenon atom has not only its 2 bound fluorine

Lo Figure 3.2.2 | o | R
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‘atoms]at’?,Oﬁ but alsd 8 fluorine atoms;ﬂ;3.hlA,‘the latter being

fluorine ligands-of the 8 nearest,XeFQIneighbours.' This structural

arrangement is compatlble with the high enthalpy of subllmatlon of

1ok
XeFé(AHSub = 13.2 kecal mole” ) and Jortner et al

have convincingly accounted for these features. They point to the

considerable bond polarity in the_XeFé molecule and account for

M, in 'te"rims of an electrostatic stabilization energy of 11.31 keal
mole—l (assumlng the charge dlstrlbutlon in each molecule to be

-0.5

F—Xe;- 0. 5) and a dlsper51on energy of'~2 kcal mole -1 ~ a
total of'vl3.3 kcal mole l.

It 1s evident. from the packlng arrangement that the region
close to the. equatorlal plane of each XeFé molecule is av01ded by
nelghbourlng—molecule fluorine llgands. This may_indlcate that the
'ncn—bbnding' valence electrone of the xenon'atom‘provide very
effective,ehielding_of the xenon bositive charge'in this plane. It

seems-aleo that the effective volume. of .the xenon atom is considerable

in crystalllne XeF (and even in 1ts derivatives, see 3.2. 6. and 3.2.7. )

The molecular volume for XeF2 is 65. lA3 But in many fluorides (e.g.,
.XeF6, IF7, IF6 AsF6 ) the effective volume of each fluorine llgand
is 17.8A3 Therefore ~'29A3 of the effectlve molecular volume . of XeFé can

be attributed to an effective xenon(II) volume. ,This effective volume
may largely derive'frpm the shielding Pproperties ' (or steric activity)

of the *non-bonding' xenon valence electrons.

119, 120, 121, 122

Findings from nuclear magnetic resonance and

123, 12k (see 2.2.1. and 3.2.2.) have generally

Mﬁssbauer studies
| ' 125, 119, 123

been interpreted in terms of considerable bond ionicity
Recent broad-line n.m.r. studiesleo show that the previous quantitative

evalvations may be considerably in error, since much of the earlier n.m.r.
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experimental work was apparently carried out using rather impure

sanples. Nevertheless, bond polarlty in XeF must be hlgh '

_XeF2 "
and is probably not very different from the value derlved by Rlce
10h

and his coworkers.
From tne core-electron cnemical-shift derived from Xeray electron

'spectroscopy:(EJS.QlA.) of gaseous XeF 22 Karlssoniet:él}Qé have

.concludedltnat the positive charge on the xenon atom is ~+1 — a

value ln'fair.agreement with n.m.r. and Mossbauer findings. A high
_resolutlon Hel and Hell photoelectron spectroscoplc study of the

difluoride (1nvolv1ng valence electron promotlon or 1onlzat10n) has

been repOrted by'Robin'and his.coworkers.IQTQMey have shown that

the vertical ionization potentials of the first eight fonizations

in the(XeFé.molecnle compare well:with the results of Gaussian Type
Orbital‘calculations} Ihe first two ionic states of XeF2 are the 21'3/2

(12. 42 ev) and 2ﬂ 1/2 (12 89 ev) spin-orbit components formed by

ionization from the highest filled g.orbltal (5£u)‘ They conclude

that the XeF2 molecnle'in these two states is essentially‘of the same

size and shape as the ground state neutral speciesr This indicates

that the'Sﬂ orbital is essentially non-bonding. The photoelectron . .
' spectrum of XeF2 yields characterlstlc Rydberg energles which correlate
with Rydberg excltatlon energles derived by Rice and his coworkers128 129’ 130
from the XeF,, ultraviolet spectral date,: The~interpretation given by
the latter workers for the ultraV1olet spectrum of XeF is in terms

of a sem1~emp1r1ca1 ILCAO molecular orbital description.
.The Bonding in XeFé. - The bonding models for XeEé have been presented
earlier (see l.3.3—4). Perhaps because of the wealth of data on the |

molecule and its simplicity, it has been the subject of many theoretical

papers! The majority of these have depended upon molecular orbital
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" models which have excluded Xe outer orbitale_(Sd and 4f) from.

23 .

signifioant_involvemedt;v Coulson's review gives the essence -

of these models. on the‘other ﬁahd; more_‘recenf;ly_b,‘Mitchéllg5 v

hes oonoluded on.ﬁhe oaeis Of'model célodletloné,'folloﬁing the ektended;

‘valenceABOod method of Hurley, Iehherd-Jones“énd;fople; that the XeF, |

sfrdofufe,jwith.loweet.energy is.the looalizedrelectron pair)strﬁcture

F-Xe;F;'ﬁhioh involves a contracted 5dg Xe orbital”in the bonding. Mitchell,

furtherﬁore; argues that Coulson's fevoured valeocelbOnd_sﬁructufe,

F-Xe+F-,_ls.energetically'ﬁnfavodreble; .HoﬁeVer,:the Fer2+F- structure

ie’claimed'to be lower in energy'then E—Xe+F_ and hence to be mofe v

likely‘foeoontribute to'fhe bohding deScriptioh. Clearly, it will

be some tlme before the qpestlon of outer Xe orbital participation

in the bondlng in the Xe compounds can be satlsfactorlly resolved.

| Non-aqueous XeF2 Chemlstzx. Slnce XeF2 is easllyvmade and is

_thermodynamically steble; at ordinary ieﬁperatufes end pressures,

it is a oonQenient source of other xenon(II) compounds. Furthermore,

sinceifhe'Xe-F mean thermochemical bondvenefgy is one of the lower

bond energles of known fluorides, belng comparable to the mean bond

energy of ClFs, XeFé 1s,”potent1ally, a strong oxidizer and fluorlnator.‘

. Both of these aspects have been explored | |
The fluor1ne ligands of the XeF may be substltuted by highly

electronegative ligands, using the ligand protonic acids:

XeF,,

'y HL-—FXelL + HF

FXeX + HL——*—XeIQ- + HF

The high exothermicity -of AHf (HF) is a major factor in bringing

about the}forward reaction. Solid products have.been obtained for
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e 86 . .- 131,132
L = 805 and £10,” 5 OTeRy 5

.perchlorates and trlfluoroacetates are detonatable All of these compounds

133,134

and pos51bly 0 CCF The

are descrlbed later (see 3 2 . et. seq.). ‘Efforts to generate FXeCl or
by'intéfaction‘ovaeF with HClor BCL

2 -3
135

XeCle'

elimlnated quantitatlvely

‘have failed, xenon being

Although xenon difluoride is potentlally a strong oxidlzer it is
frequently unreactive for klnetlc reasons ‘ Its stablllty in aqueous

solution (see later) is typlcal of thls kinetic 1nertness, although

solutions in other solvents, e.g. CH3CN 136 137 and other organic
138 o

solvents, are also stable, if certain catalysts, particularly fluoro-

aoids;are~absent. The dlfluoride is also soluble in the halogen

139 140

fluorides,'IFS, BrF and BrF and in anhydrous hydrogen fluoride:

3 p)

Physical:evidence,where available,has always shown the dlssolved XeF

_ 2
141, 1k2, 136, 138, 143

to be mono-molecular in solution and to be

geometrically similar to the gas phase species. 'Oceasionally the

solvents form complexes with the difluoride (e.g. IF “and Brfy ) and

>
this limlts thelr usefulnessin preparatlons - Either BrF5 139

137, 142, 1hk, 136

or acetonitrile (dependlng'on the particular application)

is a convenient solvent: for XeF,, but it is p0551ble that ONF, 3HF (b.p. 9h )
| 143

will also prove to be a very useful solvent for 1t

The oxidizing capablllty of XeF2 can be exploited by using a fluorlde ‘
139

ion acceptor as catalyst Thus, a solut1on of 1od1ne and XeF

acetonltrlle may be kept 1ndef1n1tely (particularly if CsF is present,

to absorb fluoroacids) but on introduction of HF or,BF3 the XeF, oxidizes

’ ’ F~ acceptor
+ XeFe - 2 > Xel + 2IF; -

the iodine to form iodine fluorides; I,

F acceptor

IF + XeF, xel  + IF, ete. Oxidizable strong fluoride ion

acceptors interact rapidly W1th the difluoride:
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4+ 280

XeF
' 3

2 —xel 4 5o,

: Soiutions'of'xenOn'difinoride énd benzene or.bther‘arométics

~are stable untll hydrogen fluorlde is introduced at whlch point thev
solutlons become coloured xenon.evolves and HF and fluoroaromatlcs

are formed;‘ Thus, U4. 1x10 -2 ‘ mole ‘of benzene'in interaction with
1.26 x lO'-2 mole of XeF2 for 2— hr. ylelds a dlstlllate of composition;
88.72% benzene, 10. 28% fluorobenzene, 0. T% p- dlfluorobenzene and 0. 3%
g-dlfluorobenzene. A tarry residue (O 640 g) contalned monofluoroblphenyl
biphen&l, difluoroblphenyl and tr;fluoroblpnenyl. Xenon difluoride falls
tOH interect with.perflnoro;olefins, even aften‘sevetal days, whereas it
1nteracts with oleflns to yield difluoro- oleflns 155 This may be due |

to the-presence of some HF in the lafter-reaction; It is of interest

that the vic difluorides formed in this reaction isomerize to the

gem difluorides:

f

CHp

o  CHy—— CH,FCH,F —~ CH,CHF,
XeF » '
3 -

= CHy —> CH3CH25C1{E’2

It seems likely .thet in all of these fluorination and oxid.ati_on
reactions, the reaction takes place firsf by ionization of XeFé to XeFf
(or releted‘species) followed by eleetron transfer to give XeF' . As
diseuesediabove, the XeF species is very weaklyebound and must be e
very effective F atom sonrce (see 3.1_1). | ,

The Xe-F bond in XeF (see above and 3.2.6.) is'considerably'stronger
than ianefé,~as is to be expected, eince here we have essentially electron

pair bonding involving Xe 5p (and possible 55) orbitals in the bonding



UCRL-19658
95

(See 1;3.1f-'4)} This muét contribute to fhe ready ionization of XeF,-
A number of salts of the XeF' ion have now been esteblished and they
are disoussed in'sectioni3.2.6. The ionization,enthalpy AH®

(Xe ( )—a» xeFt ( ) + F )) is ~ + 215 kcal mole l, which compares

(8
'w1th that for ONF, AH (ONF( )-—>-NO (& )' + F (& )), of + 208 kcal mole™t
There_ls no reason why a large number ‘of XeL salts should not be

2

v essentiai_to use rather electronegative liéands.'L, end_it will be

BN ot L
derivable from the XeF salts or XeF, itself. It will probably be

necessary, for stable salts;bthat }E: (1attiee energy ~ ionization
potenﬁial_of the anion),'shouid be more exothermic than the electron
affinity of the cation. |

Thefcompounds wh;ch'XeFe forms with XeF,, IFs{ XeCFu and XeFg'

@ee'3.2;7.)ipfeserve‘the eseentialeorm of XeFé . The intermolecular

bondlng 1n these compounds is primarlly coulomblc and like that in

solldeeF2 itself. It is a consequence of the cons1derable bond polarity

-of XeF

The aqueous solutlon chemistzz of XeF Xenon difluoride dissolves
in'waterv(725g‘2 Lt O°) with ‘only very slight decomposition. The

presence of molecular'XeFe'in the solution has been established by

“uv s}_)ectroscopyll"l and electrical conductance.;MG‘ The difluoride may

‘be recovered by CClu extractlon or fractlonal dlstlllatlonlul Clearly,

XeF, has remarkable kinetic stablllty, since AG (Xe 2 (2q) + HQO-——> | ,
) has been estimated8u to be - 53.4 kcal mole_l,o-

Xe(g) + 202( ) + 2HF
ho

(ag
from Wthh;K = [Xe][0, ]2[HF] / [XeF, ][H,0] ¥ [HF] / [XeF B
‘Neutral or acid solutions decompose rather slowly; the half—life being
~_T»hr} at 0°. 11 So far, XeF, is the only established Xe(II) agueous

solution species. Decomposition in basic solution is very fast, the

baee catalytic effect being roughly in the order of base strength.
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ThenhydfelyeiS'pfeducts arevxenon, oxygen, flueride-ions and hydrogen
. perox1de o -
Ev1dently, AT in 0.01 M perchleric acid, XeF, oxidation of water
proceeds.w1th a first order rate eonsﬁant of M.QIX lO"LL sec-lvat 25°,
with an actlvatlon energy of 19:6 kcal mole” o and As(actifation) .= -8.1 ev.

Two independent ‘studies of the klnetlcs of XeF hydroly81s, in water alone,

u8
rhave been reported. ‘Fehér and Lorine_studled the reactlon at 0 and 25°

,and'found the reaction to be first order, their rate constants being

~1

2.83 + 0. 02 x 1077 sec ~ at 0° and 2.52 + 0.0l x 10'1" at 25°. Ilegasov

et al 8 similarly found first order kinetics with Kkt = 1.2 x 10%°
exp(—lBhOO/RT) min-l, for the temperature range'ibfhob. From thiev
study the activation energy is 18.4 + 2.1 keal mole "L since the first
bond dissocietidn of XeFé is known to exceed the second,vfhe latter |
authors COncludednthat their observed activation energy was in keeping
with_XeF"radical formation in the first stage: 6xygen atom‘formation;
in aqueoué,XeFé decdmpesition, is coneistent with‘some of the OXidizing
properties of aqueous XeFé. | o
-k -1 -1 146

The specific conductance of b x10 ~ohm = cm ©, found for a

saturated XeF, solution, at 0°, is probably that of hydrogen fluoride. '

2
formed in the oxidation of water by the XeFé. This finding in any case

is consistent with the spectroscopic findings and suggests that at

least 97% of the dissolved XeFé is initially present as molecular XeFé.

Furthermore, since 18F_exchangelu6 between XeFé and agqueous HF proceeds -

only to the extent of ~ 0.8% after 2 hr. at 0° it is clear that reversible

F~ ion addition (e.g. XeFe(aq) + F'(aq)::: xeF"B(aq)) or ¥ ion
abstraction (e.g. XeFQ(aq) (a )<n__XeF (a )_+ HFQ-) are not

significant processes in acid agueous media.
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The interaction of XeF, with water is‘not only>cataliZed by base

2
149

but alsp byfspecies which have an affinity for fluoride ions. or
a'variety‘of metal ions ihvestigatéd, the ordériof-the accéieratihg
effect is.the"éame as the ordér ofvthé'Stability'§§nstants.of their
mono_f'_lu.c;{r'ov.compledéevs;''E[.‘U:I.h—lr'}-J'\l?"+ >'v3é2+:> La3+;' Thesé fihdings
parallel th¢:oxidizingibehéViOur of.XéEe iﬁ_non-éqgeous solvents in
which the stronger fluoride'ioh_accept§rséhave greaterveffeét in
prométing 5Xidation'by:X6F2.- These fiﬁdings sqggést that the hydrolysis

of XeF2 may involve XeF' formation.

It is'significant;_that,in spité_of the corisiderable investigation

of the chemistry of XeF25 no -evidence for a kinetically stable monoxide

has appeared.it may be that the fleeting yellow-coloUr repofted by -
' 9h, 141

severaliinvestigatorsm to accompany alkaline hydrolysis of

XeF,

o is associated with  the XeF radical, but it is more likely to
be an unstable hydroxy species or oxide;’

oH |
—> 2HF + Xe(OH), or Xe0. y H0

» HQO + XeF2
It is possible that XeO, like its iodine analogue IF, could exist as
_an unstable polymer. Evidently, if XeO is forﬁéd; as an intermediate
in aqueous:hydrolysis, its lifetime must be very short, since there

is no evidence for higher oxide formation, suchués might be anticipated

from mutual oxidationreduction reactions of the type: 2XeO—»Xe + XeO,, .

Tt is of interest that the disproportioaation of ‘hypoiodite, IC~ + IC —

I+ IQQ- is very slpw compared with the iodide catalyzed reaction:L5o

involving an activated complex { I" + 2I0 + H+ } . The xenon counter-

part of the latter would be unlikely to exist, since Xe (0)would not be
147

_ . v
introduced™ = into an aqueous XeFEvsolution

retained. Evidently, XeO3
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is extehsiﬁely'consumed‘in the:coufseiof the dﬁtefactioniof XeF,
| with water, although anlégueous solutichcleeQ3 itsélf.can be kept
Ny almostfindefinitely{lsldeit"has‘been'pfeeumed.fhat_the.XeO3 consumption
results ffcﬁ reddction.by'anfxeo dnﬁermediete: 1Xe0(aq)"+ Xe03(aq)——+»
éXeOQ;‘XeCQ——>-Xe f' Oé, bdt even'en chgen atcm'cculd serveias_an
eqdall§,effective reducer [O]"+ Xe03 T

of XeFé W1th water is 1n effect an oxygen atom source for bromate
' 152

-—>-Xe0 +'02- The'interecticn

oxidation to perbromate. Thls is perhaps the most dramatic example

of the cxidizing capability of X_eF2

unknown:and had been considered by'eome fo'be impgesible to synthesize.

since perbromates were previously

Aqueous XeF soiutionS'also oxidizelul’%%icride to chlorine, iodide and
iodate to perlodate, Ce(III) to Ce(IV),. Cr(III) to Cr(VvI), CO(II) to Co(III)
and Ag(I) to Ag(II) and the fluoride has even been suggested as an
analytlcal reagent for I and Cr(III) 5?Alkallne solutlons of Xe(VI)
are ox1d1zed to Xe(VIII). The oxidation pofentials'have been estimated.
for XeF / Xe in acid solutlon to be 2.2 v and for Xe09/Xe in alkallne
solutlon'to be 1.3 v. A polarographlc studyl5#,shows that acidified

XeF- solutlons are reduced in a single step to xenon, at a potential

of ~ O V. w1th respect to the HgQSOu/Hg reference electrode
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Analysis and identification. The analysis of XeFé'Samples may be carried
v - v .

. out conveniently by'transferring known weights of the material to a
small nickelVWeighingfbottle'(provided_with a'val#e) containing an excess
of degaesedemercury.‘ By»keepihg'the_bottle warm'and»the'contents

agitated;‘complete reductiOn of the difluoride occurs within a few hours:
Hg + XeFQ——->HgF2-(Hg2F2> + Xe

Xenon production may be'determined'by gas messurement or by weight ioss.
The fluorine content is simply given by the increase in weight due to

89

'mercury'flubride formation._.This method-is easierithan the earlier one
which used‘hydrogen t0 redﬁce.the difluoride,Hydfqusis in base155;
with gaezeollection (xe f_%og) and mass spectrometric charecterization,
together with e‘eﬁmetric_;ar_galys_is: for the HF fbx:m_ed in the hydrolysis:

H,0 + XeFy— 2HF + Xe + 30,

or iodimet?ic titratidn, on'the basis of the reecfion;
KeFp(gq) *+ 2T —>Xe + oF + I,

' have.alee been used effectively.9h
Perhaps the most seﬁsitive test for the presence of XeF) and

XeFg in the difluerid_e sample is’the melting p‘oin't (129.025)102. _

The disﬁinctive infrared absorptions ofVXeFé (555 cm—l), XeF), (590 cm-l)

and XeFé (broed band, 530-610 cm'l) serve to detect the presence 5: a few

perceht of each of the fluorides in a sample of any one =~ down to ~ l% _

of Xth'in XeFé'can be detected. The advent of iaser Raman spectroscopy

has now made identification.or detectien'of very small quantities er

concentrations of XeF2 rather easy. A dry glass container is satisfactory
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for sample hOldlng and the band due to symmetrlc XeF stretch (v

2 l) ‘
at h97 cm l is extremely strong and well removed from bands attrlbutable
'to the other xenon. compounds An X-ray powder photograph will readlly

conflrm whether the bulk of a SOlld sample 1s or 1s not XeF S a 10%

‘abundance.could well be missedvhowever.

v3.212' Xenon Dichloride and Dibromide

ngthesis. The synthesis'of xenon dichloride was‘first ciaimed by
Meinert156_ who subgected a l 1:1 mlxture of Xe, F and 81014 or.
cCly, to a hlgh frequency discharge (25 MHz, 150 -350 m), at _80°.
This ylelded‘colourless crystals which decomposed at ~ +80?. Mass-
spectroscopy of the reaction productfgave a strong xec1lt spectrum.
The c0mpound was'not characterized'further .Presumably interaction
2

for XeCl formatlon

"of F, with the tetrachloride(of si of C) generates Ccl atoms, essentlal

'- The,compound has also been prepared, using the matrix isolation

. : 1 . .
technique, by Nelson and Pimentel.sqin this preparation, a Xe : Cln

<

- mixture of’EOO-lOO f 1 was’ passed through a microwave dlscharge @hSO Mc,
RK 5609, - Raytheon Corpn) and then- condensed upon a cesium iodide optlcal

. window, maintalned at or close to 20°K. " Infrared. spectra were-recorded_

-l‘

in the range 400-200 cm An absorption centered at 313 cm-l was shown

to be due to XeCl .
Xenon dichloride ( and a number of other xenon compounds) have been

detected 58 by Mossbauer Spectroscopy, as products of the g decay ot
- 129 '

their I relatives:

-@_ 129
ICl2 | Xe012

1?9
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See also Figure 1.k.2
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Table 3 2. 2
Comparlson of XeCl with other Xe Dlhalldes and KrF2
XeF2 Xe012 g XeBr, KrF,,
Infrared 'vé(cm_;)b w(@) o 5y5(P) — - s80(a)
data ) force const kr—k r v2;60(b):' I.BiT(b) , e 2-59(b)
(e dynes/A) ' R
*Massbauer. QSpllttlng (mm/sec) -'39;0310.1 -28.2@&0;1 20.0 # o.h - -
vdata<°)<4) e qQ (MHQ) kg0 1800 1has 960 + 30(¢)
1o R _ S
( 9Xe),:b 'Electron transfer . 0.72 0.52 0.k1 0.5(6)

‘ The electron transfer per bond, from the noble- gas atom to each ligand,
is derived on the supposition that outer orbitals of the noble-gas atom
e.g. Xe 5d are not involved in the bondlng, and that the bondlng is

prlmarlly Po.

3t

(a) J..J. Turnerjand G. C. Pimentel, Preparation of Inert-Gas Compounds
by Matrix Isolation: Krypton Difluoride," in Noble-Gas Compounds,
" H. H. Hyman, Ed., The University of Chlcago Press, Chicago and

- London, 1963, p. 101.

(b) L.,Y; Nelson and G. C. Pimentel, Inorg Chem 6 (1967) 1758.

(¢) 'G.'J}rPerlow, and H. Yoshida, i. Chem. Phys. ~2 (1968) 1hTh.

(4)

o
oy

. Perlow and M. R. Perlow, J. Chem. Phyé}_ﬁg (1968) 955.

- (e) S. L. Ruby =znd H. Selig; Phys. Rev. 14T (1966) 348.
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Although of value in thé.study‘of structure aﬁa béﬁding the iast
teéhniqﬁe'déés not,;of'éourse, lend itself»to”fhe'ﬁreparation of -
macroécdpié quaﬁtities‘of the xenoﬁvcomfdundsw'A |
Thermodxﬁémic features. As‘diséussed in Section-1.2.3., the greaterquhd
energy Qf Cie relative to Fg and the lower'thermoéhemicai bond enéfgy.of
_chloridés'relativé_to fluorides, together indicgiélﬁhat xenon chlorides
shoulqrbe_fhermodynémically unstable (see Figurezl;e.h)f The. failure to
prepare theaxenon chlorides from.}hé fluorides in'metathetical reactions

. ; ‘ 135
-T0 .

and the'éVidentiinstébiiity:of.the.dichioride, show-that this is so.
Structure and bondihg. The infrared absbrptiohiat 313 cm-l; observed
in the sﬁectfum of'fhe matrix iéoléted'materiaiiat 20;K,.has'been |
coﬁvinéingiy’attributed,to the v3i(aéymmetfic Xe ;ACl s£retch),ﬁQde of
XeCl,. Since no other abéorption (attributablé to_the symmetfic stretch,

2
vi) was,obServed, the molecular symmgtny,is evidgﬁtly 2-w11.(the behding'
mode, ye,:is expected to be < 200 cm'l, i.e. beiow the liégt of-detection
in this staay).

The asymmetrig_gtrgtching force constant Er'f Errsxgiven‘in Table
3.2.3, shows that the Xe ;iCl bond is weak compared'with the difluoride 
Xe - Fiand Kr -~ F bonds.

Teble 3.2.2.

Thé MO8ssbauer effeect is uniquelyvsuited‘tOVStudy the process of

129

xenon cbmpound'formation by g decay of I compbunds. The new molecules
‘are formed one at a time in the decay and each molecule signals its

formation, and the details of its structure, through its contribution

to the hyperfine spectrum of the y-radiation. This radiation is emitted

29

from the. - Xe nucleus, the 39.6 keV first excited state of which is
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populated in the g decay of I. Thls state decays w1th mean

Alife'vT l 46 + 0. 06 x-10 -9 sec, usually by 1nternal conve151on, hut
by I emiss1on in 8% of the cases. The exc1ted l29Xe nuclear state |
(spln and parlty §-+) has a quadrupole'noment eé;'which results in a
doublet absorptlon spectrum if the electrlc fleld gradlent eq (=9 V/oz )
does not vanlsh Therefore less symmetrlcal llgand arrangements (1 e.
non spherlcal .non O or non T ) give rise to a resonance splitting.

.The spllttlng is proportlonal to qQ on the ba51s ‘of a calibration

'agalnst spectroscoplc and atomlc-beam studies of the quadrupole

coupllng caused by a 31ngle hole in the 5p electron shell of 31Xe,

129 158

' and comparlson of Xe ‘and 3lXe Mossbauer spllttlngs in Xth 5

a quadrupole spllttlng of 27 3 mm/sec, is a531gned ‘to the loss of one

5 electron (symmetry axis z) or a palr of_5 or 5 electrons. This
- LT | | , _ x By :
inferpretation assumes that the only xenon orbitals involved in the

bondlng are the 5s and SP, the latter having prlme importance in
formlng g molecular orbitals. |

The observed data for Xe012 are giﬁen in Tahle 3}2.2. It is clear,
o and XeBr2 date,:that the bond polarity

o > XeCl, > XeBr,.

with the decrease in electronegativity of the ligands F—>Br. It is

from the comparison with the XeF
decreases in the'sequence‘XeF This is in harmony

' donhtfﬁl, however, if any of thetbonds are as polar as the figures given
in Table 3.2.2. indicate (see section 2.2,1), The figures probably
represent.npper linits for bond polarity: If there is significant Xe 5d
' orhitalrparticipetion<in the bonding as Mitchell'asserts,25a this must B
have appreciable influence on'the electric field gradient, in which_case

the sPlitting calibration just referred to will not be valid.
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Other pIopertles. Nothlng is known of the long term stablllty of

the d1chlor1de and heav1er halldes, nor the hlghest temperature at

whlch they may be safely stored Nor is anythlng known of the.reactlon -

chem;stry.of XeC 2,_although 1t is clear‘from,thermodynamic considerations
" that it:isﬁpotentiallyAa.powerful oxidizer and chlofinator. Attempts to

make.XeCl+ Sélts haw’/efa'i.led.l?’vS

Xenon Dibromlde.The dlbromlde of xenon- has been detected by M0ssbauer _

Spectroscopy as a product of the & decay of its. 1291 relative:

-

IBre'—-f¢-XeBr2

' It is to be expected

2

is known about the compound.

that XeBr will be much less stable than the chlorlde Nothing further

3.2.3 Xenon(II) Oxide and Hydroxide

. S , v . 159
~, It is of interest that Xeo(g) was detected spectroscopically as-

a'hound‘gas phase species prior to 1962. The bond energy for this
species isiéiven as 9 kecal mole™t (See Table 1.2;4. and section 1.2.3).
Xenon(Ii)hoﬁide has not been isolated in the condensed phase however ~
not even‘hy matrix isolation techniques. |

There are 1nd1cat10ns that the hydroly51s of XeF, > glves rise to
-xenon(II) 0x1de or hydroxide, this belng a plau51ble explanatlon for
the fleeting yellow colour observed, occasionally, to accompany the
XeF2 decom?osition (see section 3.2.1, aqueous'XeFé chemistry). - Since

: 150

I0” is a kinetically rather stable species 5 similar'stability would

have been expected for XeO.
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It istprobable that monomeric XeO ﬁould be much'iess'favourable
éhergetiéally thén.the oxygen bridged pqumer..,(It ié conceivable
that the!bfgwﬁvsplid reportéd.to be (If)n.by‘séhméiéser and
Scharf:‘;6g:- is a fiuorinérbridge_pélymer).fgPolymeric Xe0 would
presﬁmably;ﬁe-a helical polymer with'liﬁearlér near linear ;(O—Xe—o)—
groups aﬁd'afhgn-linearAX¢§O-Xe boﬁd. The fleetiﬂg'yellow product of
-.:vXng hydfd;&sis could be such a polymer. OFf coursé,:(Xeb)n is anti;ipated

to be thermodynamically unétable;.
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3.2.&._'Xenon(II) Fluoride Fluorosulphate and Related Compounds

Altﬁough; so far, it has not proved possiblevtotderive xehoh(II)
oxide or‘repon dichloride ty petathesis"from the difluoride, several
ligauds~haved5een successfulli substituted.forlfluoride.' One or both
of the fluorine ligands of XeFé may.be‘subStituted; ‘Compounds of this
type were flrst reported independently by - Bartlett and Sladky86' and by
133. In the monosubstltutlon derlvatltes,86_ 131, 123 the known
1igands are _-osozr, | 00103 -O'I‘er - and -OC(O)CF . It is
probable that other highly electronegatlve 11gands, (e .g. ,-—OCF3

Musher.

‘l.—OSF and even ~SFy ) w1ll also prove to be effectlye.

> -
. eneral sxntnetlc procedure The.preparation of the‘monosubstituted_,

'XeF derlvatlves has generally involved 1nteract10n of the fluorlde

with the approprlate anhydrous acid

XeF, + _'HL'*—'*- FX-L + HF
‘ ' ST a9
“The con31derable exothermi01ty of" ArH °(HF)( - éh.g2 keal mole )
eprov1des the main driving force gor these reactlons In the cases of |
: . 6, 135 :
the fluoroSulphate and perchlorate ,the dlfluorlde is treated ‘with

an equimolar amount ofiacid at temperatures of -75? or lower and the
' hydrogen-fluoride generated is removed as thdrougﬁly as possible at thed
vlowest'poeslble temperature. The perchlorate~and trlfluoroacetate are .
kinetically unstable and detonate ea51ly The pentafluoro tellurate

131

is the most’ stable of the established compounds.
. 4 . 1

'General etructural featgreg..fhe available structural data show that
the linear threencentre;atomic feature of XeFé is maintained when one
of thevfluorine ligands is substituted. So.far;rall effective ligands
are highly.electronegative -OR éroups. The Xe-O bond is_longer.(andlv

‘presumably veaker)than the Xe-T bond. These features are exemplified




‘ }’Figure 3.2.3.

. The Molecular Structure of'FXeOSOQE3

e

Precision. of bond lengths is ca. 0:0l A (uncorrected for thermal
‘motion). The angles F(1)-Xe-0(1) and Xe-O(1)-S are 177.5 + O-4°
and 123-L'+ 06°, s ' S '
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S A ‘86 . o )
by the structure of the fluorosulphate »~6 whichvlS»shown in Figure
3.2.3. -Evidently, the Xe—F‘bond is shorter than.injxeFé itself and it
Figure 3.2.3.

The Molecular Structure of FXe 0S0,F

~

is as_though'the bonding were tending to XeF SOF~ (see 3.2.6) i.e.,

3.
the resonance form F-Xe SO_F  has greater weight than ~F Xe+—OSO F.

3
The s1mllar1ty of the Xe-F features of the v1brat10nal spectra shown
in Table 3 2. 3 1nd1cate that the Xe~F bond 1n all of the known FXeL
compounds,lls similar to that in FXeOSO F.
:Stabllltx_and reactlons. The fluorosulphate and perchlorate are thermo—
dyuamicallylunstable and the latter 1s_dangerously'explos1ve. The
fluorosulphate.has been kept for mauj weeks at O° but has a half life

of only a few days at ~ 20° and decomposes smoothly when molten according

to the equatlon

2FXeS0,F —XeF, + Xe '+ 8206F2

3

Presumably, thls 1nvolves radlcal formatlon FXeSO F-—»-FXe + SO0,.F, and

-3 3

the yellow green colour gives some support to this The equillbrlum

161 . :
2803F.____S O6F is well known- apd’as has been dlscussed under Xel’
(sectlon 3,1.1)3all evidence indicates that the radical disproportionates:

2XeF—»Xe + XeF,. So far it has not proved possible to obtain (C10,),

x
from the perchlorate, the decomposition usually being complex (yielding
malnly ClO some il%O sy X€ and ClOeﬁ-and occasionally'proceeding vith
explosive violence. ] In contrast the pentafluoroorthotellurate is thermally
quite stable (to 120° in prefluorinated : vessels) and can bet3! aistilled
(liquia) unchanged at 535.(0.01 mm Hg). | | |

These eompounds have considerable potential as oxidizers. in reactions in

.which the substituted ligand is transferred to a more electropositive centre,

but little has. so far, been revorted on these aspects.
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" Table 3.2.3.
" Comparison of FXéOSOzF; and Relatéd'Comeﬁﬁds
| Fx'eOS'oéF(a) rxe_0c103(’a) | FXeOTeP (v) FXeOCOCF‘3( ¢)
Coldur Colburléss Colourless 'i v. pale yellow pale yellow?
T ’ T
m.p. (°C) ;36h6f' 16.5 L ‘,.“‘ -2k (detonates)
b.p. (°C) sublimable (detonates) - " 53(0.01 torr) "
'>Haif—life : &31 ﬁéek rapid decom?osition I ~ 10 hrs.
at ~ 20°C ' of melt. ' -
Unit cell a=9.88, b=10.00, ‘Powder patterns show . =~ - - - - - -
¢=10.134(all#0.014) that FXe0C10; is
z:8, gpace group similar to FXeOSOQF
A 15 Pbca(a) but not ?ngorphous ,
E . : w1th 1t
olvents CH. 'L
?q ven CHON CHCN CH4CN, CCl,
“F n.m.r. data . ' L
op(p-pom.) - - - - - 37(F(Te)) - -
(—CFSCOOH ) --- - - - : '66;3(F(Xe))
~(in CH.CN soln.)
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@@ e)@) @ L(2)(@) IR() O memamen©

Infrared and . 253s S . 202m
' ' ' o o . 8(F-Xe-0) | S . o
U oh3m o 288 ST .
‘Raman bands Q(Xé;OS); o . §(Xe-0-Cl) ' - - -
(cm-l) L
_ 395mw
& assignments o
' G 433s
(7). I . o
S 505vs - h70m
B 507Tvs -

‘540s . 520sh Spsms S20m | 510 '

530sh..

518vs 521vs R » . o
| fXe-F) + wKe-0) y(Xe-F) + y(¥e-0) ' vfe-F)+ ffe-0-) y(Xe-F) + y(Xe-0-
53 | | |
_ 3 536m . o .
- , 5865 . 04 vs
59w 58kmw ’ S o93w -
' 768 s

‘61hm | 616mw - ggg}vs 61hw
s ' : o 638w

. 623 s

g(o-sfo) 'jnl(TeFF)+ v(Te-o;) .

JERTESE . Te2vs - 726ﬁ
. T98s 800w 758

v(8-F) L | g;{g}w S 970-1220

V976,vs— 9Tow §(Cl°3)_ + o (c10) R _v_(ch)' |
v(8-0-) o a(or-0-) - - -

1210§s_ 1197w 1018vs 100k mr 5
B  1048sh 11032 w

v(8=0) v(C1=0) '

1393s 1243 vw

1390w 1730
: 1215vs

1295w 1202 mW

v(8=0) | .- v(C1=0) | - iZKC=°)




(a)

()
;:(C)

(a)
(e)

.M;'EiSenberg'and'D.‘D‘ DesMarteau
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| Intefadtioh*of-thé FXeOR -compounds with one mole of the anhydrous

acid'HOR,”generates fhe bis'compound 86 132 13k (see sectlon 3. 2 5)

FXeOR + HOR = Xe(OR)2

Attempts to prepare mixed compounds (e g. by interactlon of HSO.F with -

3
' FXeOTeF ) nave so far falled-l62

TeOTeFs, Xe, O

. FXeOTeF + HOSO,F — HF, S,0.F,, F o

P 5

It is possible that the F—ligandiin the FXe-OR Compounds can be

donated to”strong fluoride ion acceptors (like ASFs'ahd SbFS):

FXe-OR + AsFS-f+>{Xe0R]*[AsF6],‘¢2-

. o 13 . o

since FXeOTeF5 forms a 1l:1 complex with AsF5 » of which preliminary
| 162 |

studies indicate the salt formulation. " The interaction of FXeOTeF
131

5
with Cs¥:

TeF, + (FXeO Cs )= CsF + Xe + 30,
FXeOTeF,. + CSF"/’”’ 6 2

2 \\\“XeFa + CsOTeF

5 3
raises the possibility of isolating FXeO salts by careful control of .
reactions of thes kind. Much can probably be achieved,'in exploring the

chemistry of these compounds, by exploiting the solvent properties of

CH3CN (ﬁhich_is oxida‘tively rather inert).

3.2. 5 Xenon(II) bis Fluorosulphate and Related Compounds

Stability and Reactions. The disubstituted derivatives of XeFé are less well

characterlzed than their monosubstituted relatives. The compounds are

86, 132, 134

obtained by treating XeFé with two moles of the anhydrous acid
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or by eiloﬁiﬁgethe FXeOR'relatire to interact with one mole of'écid.
As dlscussed in sectlon 3. 2 h attempts to prepare unsymmetrlcal RO—Xe OR
compounds have falled The bis fluorosulphate decomposes_more readlly
than FXeOSOéF s

spontaneous

© Xe(0S0,F),, ——————s Xe + (SO.F)
' R at 20° , 3

2

b

" and the meagre avallable evidence 1ndicates that thls lower stabllity
of the b1s compounds w1ll prove to be general The decomposition of

the fluorosulphate prov1des very pure (SO F)2 bu@'unfortunately, thls

mode of decompos1t10n is not general and the perchlorate86 ) orthotelluratel32

134

and trlfluoroacetate . decompose as 1nd1cated (the first and last being

dangerously:exploeive-materials):

20°

Xe(C€10),), ’:*f”’_xe-'+ ’(0103)}(4 0, ' (+. some c’_l'eo?). |

1200 r

Xe(OTeFs ), f—f-—'»Xe + FgTe-O-TeFy + O, (+ some TeFg) .
~20°

Xe(OCOCF )2—-—-»Xe + CoFg + 2C0,

' t‘é“ l7hr.

Teble 3.2.L
Physica data on the bis compounds is given in Table,3.2.h. Fluorosulphonic-

162

acid will displace the perfluororthotelluric acid

Xe(OTeF5 )s +,1_10302F —>Xe(0s0,F), + QHOTeFS

but attempts. to displace the telluric acid with HOOCCF 16? have led to

3



Colour

v ()

solvents

Unit Cell

Vibrational

spectra(em=1)

_xe(oso F)E(a)'
Qpale yellow

: / o - Table 3 2.4,
~Phy51cal Propertles of Xe(OSO F)2 and Related Compounds

U345 B

(decomp )

:CH3CN CH3CN

B N

See Table
3.2.5

a,
_xe(00103)2( )
pale yellow

~ UCRL-19658
11k

(e\

Xe(OTeF ) (e) Xe(OCOCF )2

: colourless _ pale yellow
3537 : - -
CHgJN,CClu : CH4CN

‘(exp1031ve with

OH, acetone

5
benzene)_
-15.68 (4 -
- .1 . L
¢ = 12.9
7 = h_‘l
space-ngup
Cmca
- o o
780 w
705 vs  TOLw
628 vs © 692m . 510
. 6m v (Xe-0-)
v(Te-F)+ y(Te-0-) .
970
g y(Xe=0-) . v(C-F)
300 w 1730
320 w v(Cc=0)
23T m o
178 ww
131 vs
5(0-Xe-0)?

Burbank,

Chem. Commuyn

(a) N. Bartlett, M. Wechsbeﬂé_ég) 0. Slako, P. A. Bulliner, G. R. Jonés and R. D-.

(b) M. Wechsberb and N.

Bartlett, to be published.

(¢) F. 0. sladky, Angew Chem. Int. Ed. 8 (1969) 523.
(a) F. O. Sladky, unpublished 1nformatlon :
(e) M. Elsenberg and D. D. DesMarteau, Inorg. Nucl. Chem Letters, 6 (1970) 29.




A <
/
' Table 3.2.5 .
: . (a)
Raman Freguencies and Abngumeﬂts for cacOSOzt, Xe(ObO2 2;335V3206F2!~
so_. - 1287 . 1082 - 786.. - .- . 5%2 568
ST e v(s~0) . v(S=0) . v(s-F) . - . &8l0-s=0j
. ‘ 7 terminal 7 . terminal O R
Xe0s0_ 7 .lSébw S 1197w 970w 800w . ©®léxw 536m 5205 . 433s
2 7 T I U R  584mw,_531m 521vs
/L j \ L N viXe-F)
A S o\ | +V{Xe=0)
T T B \ L
:e(OSOZF)2 1425w 1238w : - 959mw 823w~ - 60ls 541w - = 436s
. 1?17w - - 1219mw 94§mw 815w . u(Xe=0)7? I -2
. _ | o » A | ' - ]
T . N : A : | . , ]
'*0,S0050,F 1497mw o 1251vs . 880m 824s 798vs = 598mw 527mw .
o2 2" : « - IBVS PHW 94 [
{8,0.F,) v(s-0) v(0-0) C
tT2ve"2 bridge '
W =weak, nm = medium; 8 = stroné, -V = very

stretching, & = deformation, Pw-= wagging

(a) P.A. Bulliner, Ph.D.'Thesis, Princéton University, 1970.

(b) K. Nakamoto, "Infrared Spectra of Inorganic and Coordination Compounds," John

‘ Wiley and Sons, Inc., New York, 1%63..

403
lowk(-S-z )
fi, |
395xw - 2533
| 243w
| L
- |
T 1
38emw 257
e - 253
! S(xe-C
|
|
|
|
392mw 299s
[
[
o
¥
}_
\C
)
\J
— 0
}-—J
\J
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decomposition;
~20° o RN

Xe(OTeFy), + 2HOOCCFy ————Xe + 2HOTeFg + 2C0, + CyFg

StructUrai features,- The available structural erideoco, which isvprimarily
infrared gpd'ﬁaman data, suggesﬁvﬁhatﬂthé xenon atom is symmetrically
plaééd:betweén tho two ORvgroupo.' The Raman'dafa'for Xé(OSObF)e'ahd
relatedVSO3F'compounds giyon;in'Tébie13.2;5_support$:the R-0-Xe-0-R ;

formulation but suggests that the molecule is hot‘centrosymmétric;

3.2.6 XeF, as a Fluoride Ton Donor

Compounds of composition XeF 2MF (where M is a qulnquevalent metal
1h 163

but several years passed before

16h 165, 87 fon.

atom) have been known since 1963

they were shown to be salts containing the XeF Ihdeed,

5

readily'withdraw avfluoride ion'from Xefé and three classes of salt héve:

been established! : XeF' MFe17, (XEEpMF ); XeF [MéF l] , (XeF , 2MF ) and

strong fluorlde ion acceptors, such as AsF. and the metal pentafluorides,-

‘Xe F3[MF6] (2XeF

2
extensive than this since the phase study by Maslov et al 166 of the
XeFe—SbF5 system established the compounds Xe o SbF_; XeFe, 1.5 SbFé;
XeF,, 2S'oj'5(provedl65 to be XeF' [SbFG] ) and XeF,, GSbF5
Iaboratorx Eregaration. It is possible to prepare the XeFé salts by

165,

simply fusing XeF, /MEF5 mixtures 166, 167 but the fluoroarsenates

cannot be made in this way. It is better to prepére the compounds from
a solvent, and bromine pentafluoride (b.p. 41.3°) has proved to be excellent

87

for this purpose. Typicelly, the difluoride and appropriate pentafluoride

are weighed (by difference) in the desired molar ratio, into a Kel-F tube

,MF ). Tt is quite possible that the range of salts is more-'
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o o Figuwre 3.2 o
o . .The Moléqu]_.a"if ‘S't-ruc__tur'e'of_‘ XeF+[Sb2Fll]- .

JEE————
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which is'then attached‘to avvacuum line. Bromine pentafluoride is
distilled on to- the XeF‘/NEB mixture, which is allowed to dissolve at

room temperature. By remov1ng the BrF slowly, Well-crystalline,

)
homogeneous material may be obtained |
Structural features -The molecular structure l65_>o_f XeF*[szFll]- is
represented in Figure 3.2. L, The structure establishes the existence
of a short—bonded XeF species, the properties of which . as may be seen
from the comparison w1th IF molecule in Table 1.2. l are cons1stent

87

. with its>de51gnat10n as XeF It is clear from the Raman spectra

of the compounds XeF 2MF that they are structurally similar to XeF

-1

p

[Sb All are characterized,by strong bands in the 600-621 cm

2 111’ .
region assigned to the XeF stretch The rather short Xe «+* F distance

’ Figure 3.2. h.
The Molecular Structure of XeF" [Sb llJ

. 0. S o .
of 2.35A between the cation and anion. in the antimony salt. indicates
a small Van'der Waals radius for the positively charged Xe atom.

The Reman data for the XeF2 MF5 compounds'showvthe formulation Xeﬁ*'

' [MF6] to be appropriate, the v1brational characteristic of the XeF' spe01es ,
being very like that of the XeF [MEF l]r Not only is there evidence of a
weak interaction of the XeF ion with the MF6 but_some interaction between

the.XeF 6é.ons is also 1nd1cated | It should be noted that I-Cl forms a chain
l .

polymer and it may well be that the XeF species tends to that behaviour.

The crystal structure of 2XeFé3AsF proves léh the formulation

5
Xe2F3+[AsF6]_ to be appropriate. The cation is planar and v, shaped and

is represented in Figure 3.2.5. The Raman spectra of this salt and the other

2XeF2 3 MF5'compounds establish that the latter also contain the Xe F ion.87

273
ions.

and I.
5

This ion has a similar shape to that observed in the H.F.,

273"

Figure 3.2.5
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' Figure 3.2. 5
C A Comp»ara.»son of thg -Xe2 3 s HQF fand I ‘1._ons_.
[Xe, F

1" - -
2”3 L °
: ‘-2.1u,(o.o3) A

'iff\\11' 1.90 (0.03) &

viii78(2)o .

[HQF3]ff   '

130 139

185(0.5)°

/-

2.82 (0.015) A

P

. ./ \




UCRL-19658

120

-The near llnearlty of . the FXe . F assemblies indieates,thei thevcationT
resembles two XeF2 molecules sharlng a common F atsm The bsnd lehgth
disparity shows, ‘however, that the f1ve centre system is tending to
F-Xe F Xe~—Ff  It is perhaps of 51gn1ficance ‘that the X62 3 salts show
little evidence of interaction of the cation with the anion -- highly'
polarizing XeF' ions"are'adeqﬁately'#neutfelized"'by the bridging fluoride
ligand. . | |
Reactions.  The fluoriae'ion donor ability of xeyé;isiéomparable to that
of nitrosyl fluoride and the available thermochemical'data.inaicaté that
AH?(XeF2( )—->-XeF( ) + F(g)) = 4215 keal mole™" (see section 3.2.2 and
Figure 3.2. l) The increase in the Xe-F bond energy (h8 kcal mole -1 in
the catlon, 32 in XeF ) in cation formatlon contrlbutes to fluoride ion
donor ability of the difluoride. Tt is a better F~ donor than XeFu but
inferior to XeF. }69, | |

An important aspect of the XeF+ species is its high electron affinity.
Since E(XeF') = B.E,(xeF+)se~B.E.(Xe—F)—I(Xe) (see Figure 3.2.1.), the
eleetroh_affinity must be in the range lO'; 11 eV.A This value is consistent

with the'decbmpositiOnvof the salt XeF+[OsF6]_ to OsFg and xenon;
3XeF" [0sF,] -—a—[Xe2F3] [QsF6]‘ + 20sF6 +_Xe

In the'[Xe ion, each XeF" species receives;electron density from

3]
the associated F~ ion (for which I(F ) = 83 kcal mole-l). Thus the assembly
becomes a multicentre bonded system, ﬁith a lower electron affinity.thsn
XeF .

So'faf, the salts have not been used as reagents but the acid cataiysis
of XeF oiidation and fluorination reactions, referred to in_sectidn'3f2.é,

2 3
The known salts are briefly described in Table 3.2.6.

implies that the XeF or Xe F ions are the effecti#e oxidizers.



Some Physical Properties of XeF' [MF 1™ , XeF' [M,F;;]” and Xe,

- XeF [iMFg]” salts

o Taﬁie 3}2;6;

7' )” salte

M= As

pale

‘Colour . yellow-green

vm}p._(°C) - -
. Xe-F Stretch - -

‘l(Raman,cm )~

: Unit.Cell B

* ‘ - -
unstab;e

604,509 - -

e 0 s w®

pale -
yellow-green  brown

110<1 == 1523

A

' 1somorphous

1y¢110w-green

608,602

R W

pale ° pale.
orange red yellow yellow :

82-3 o52-3 30-5j1

609,602 ' f'u;;f' R

11 1, b =17T.96, ¢ =T. 2uA, 2 = u

Space group ana

12T

8596T-THoN



: XeF'_"_[MéFll']- salts

M = - " sb

' - Ru ' :_Ii' ' Pt Lo Ta"v 1)
| ‘ -~ ~ Dale &~ pale
Colour yellov(rcD bright-greer@ ‘ orange-yellowa dark red‘ja‘ yellow yell‘ow.‘
o RO ' f\ . & . R N b
w.p. (°C) 63°¢2 9 hg-50% 69-70™ - 83 bep®
Xe-F Stretchg y | _ _ e - : : }
(Raman, cm™1)™ T 621 6ok, 598 S 612,601 . - - - .- ==
Unit Cell < isoinorphous — | ~~isomorphous—=
" —
Xe2F3 [MF‘6] Salts | | ' - |
g a ) ~ ' B
M = - G Ru®™ 0d® Rt
' pala pale pale , pale
Colour yellow-green  yellow-green _ye‘llow-brownv yellow-green
oy o (eya a - o @,
m.p. (°C) 99-100 "’ 98997 - - - 9293
XeF Stfetcg a C ' o E
(Ramen, cm™) =~ 600,588 593,579 . 593,582 . . 592,578
Unit cell ~———— 1isomorphous ———-
) ' a8 = 15.)4)4-3
b = 8.678
C = 20. 888
g = 90.13
z = 12 E
_ o

§696T-TH0N
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3.2.7 Molecular Adducts of XeF,

Short]y after .the - preparatlon of thz flrst xenon compounds a flucride

'of xenon was 1solated Wthh was 1n1t1ally thought to be a second crystalline

170

modlflcatlon of XeFu A three-dimensional X-ray structural analysis
quickly showed however, that the compound was a 1:1 molecular adduct of
XeF and XeFu The molecular dimensions of the molecules are not s1gn1f1cantly

different from those of the pure components (see Table 3.3.k.). several

2
is essentially indistinguishable'from the molecule in crystalline XeFe-

Establlshed 1:1 compounds are XeFe, XthlTO .XeFe, IF 18, XeF,, XeOFh_l35

5 2
o 142
and XeF [XeF ]TAng] and thevl:2bcompounds_XeFv) QIF5 and XeFQ,

aIXeF ] [ASF6] )have been reported 'Some physical properties of the compounds

other adducts of XeF' have since been prepared: in which the XeF2 molecule

are given in Table 3.2.T.

Table 3.2.7.

Some Physical Properties of XeF, Adducts

Preparation The adducts may be very convenlently prepared by mixing the
35, 98, 171

components in the appropriate molar proportions. Ry fusing

142

the mixture, or_d1ssolv1ng itinélsultable solvent (e.g. acetronitriké

a homogeneous sample is produced. The 1l:1 XeFé, IF adduct may also '

>
be maded by heating a xenon/IFT mixture to 200°;
200°
Xe + IF,— XeF,, IF

Structure and bonding. Attention has already heen drawn to‘the semi-
ionic pature of the bonding in XeF, (see sections 1.3.3. and 3.2.2.),

and the excellent agreement,with the experimental,enthalpy.of vapourization.)

given by the lattice energy calculation forvXeF based on coulombics

é(cryst))



.'Table 3.2.7.
~Adducts

UCRL~19658
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XeFé, XeOFu

" Some Physical Properties of XeF,
Crer . xew (8 ran 1 (D)
o wen e en,
Colour = = — ‘colourless solids
w.p. (°C) . . : . 98
vy(XeF) - - - .
~1 . ST . ; )
cm
Xé-F % . 2.010 (o = 0.006) 2.007 (g = 0.009)
- bond %ength'f- : . : Lo S o
(A) .
Unit cell o a= 6.6k .. as= 7.65 }i~0.0lR_
S T S
Cc = 6.‘):#0 2 = )+
B =92°40 + 5' . . space group I4/m
z =2 R

o 3p§ce group P?l/c )

* . L x
Bond length in XeF, ) = 2.00 * 0.014

| 8.:7.56

e

Lol

-]
+ 0.01A

1

11.36
z =14 ' ‘
space group Ik/m

() J. H. Burns, R. D. Ellison and H. A. Ievy, Acta. Cryst. 18 (1965) 11.

(b) G. R. Jones, R. D. Burbank and N. Bartlett, Inorg. Chem. 9 (1970) in press.

(e) N.;Barflett and M. Wechsberg, to be published.
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+1 -3 170

_.;_ Y ’ ) ) o
interactions between 2p-Xe "-F © molecules. The crystal structure

of" XeF, >Xan_'}shows that similar coﬁlombic.interaqtions between the

2
XeF2 and'XeFu moleculéSfare.responsible»for‘thevordefed_CIOSe packed -
structure. Undoubtedly, all of the'XeFe-moleculér complexes owe their
existenéé toléppreciable coulOmbic~intera¢tions between the interacting
species.f‘”:'".
Lo 18 ...
5 compound™ , illustrated

in Figure 3.2.6., nicely illustrates the nature of the intermolecular

The ¢rystal structure of the 1:1 XeF,, IF

interactions. Each molecule is surrounded by an approximately‘cubic
Figﬁre,3.2.é.

arrangemenﬁ,bf molecules bf_thé bther kihd.’ Thevdétailed arrangement

is conéiéteﬁf withxcloéefpackiﬂg of the molecules and with electrostatic

attraction of the negatively charéed fluorine ligands of one molecular

speciés-fofrthe positively charged central atom of the other. The attraction

" of the fluorine ligands of XeF, for the iodine atoms of the IF. molecules

2 P

is  particularly important. The disposition of the fluorine ligands in
a layer”of"XeF2 molecules is determined by the orientation'of the nearest

IF. molecules as illuStratéd‘v Where superimPOSed.iF vmolécules, in

2 >

adjacent layers, are base to base, the sandwiched XeF2 molecules orlent

to make short I-F contacts. On the other hand, the XeF2 molecules are’

5

This‘arrangément suggests that the iodine atom bears an appreciéble

oriented'éway from the IF_ molecules where they abut apex to apex.

‘positive charge which is effectiveiy shielded by fluorine ligands but

not by thé non-bonding valence electron pair. Presumably, the non-
bonding pair is concentrated significantly on the c axis rendering

the I¥. molecule pseudo-octahedral. Consequently the centres of thé

5

faces of the pseudo-octahedron on the 'pair' end of the molecule would
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Eié;ui*e 3.2.6.

_"7Ehé.Ciyst?l_Structuré?Of"XeFé’vIF5'

2
i
|
[ ]
. 4 .
-

O
to il

5 q/

(0" )

-A.portion ol the structure selécted to indidate'the basal -
to basal and'dpiéal to apical environment of 1F5 molqu?es»
Yhe “"eells" which have been dravn through Xe dtoms,t; |
assisp in spacial-pércepﬁion should not ve confused with

43I peend 4 'nc;ﬁ’l
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| .Figure 3.2..6.
: 'I‘lr.le._CI;ystal Structure of XeF,, IF5 o
‘INTERATOMIC DISTANCES(A) AND ANGLES( )
WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES
In IF molecule e
. : *
vI—F(l)- 1.817(10) 1. 862(10)
I-F(2). - 1.873(5) 1. 892(5)
F(1)-++F(2) 2.395(9),,. F(2)--- F(2 ) 2. 615(8)
F(l)—I—F(z)-SO 9(0.2)
In XeF, molecule : .
¥*
Xe- F(3) 2. 007(9) 2. 018(9)v
Attractive interactions between XeI‘2 andﬁifs' |
F(3): T 3.142(7)* ~ F(2) Xe 3.516(5)
F(2)-"--XeII 3.361(6)
Intermolecular F...F contacts
F(1)---F(1) 2.621(19)  F(2)- F(QIII) 2.929(12)
F(2)---F(2'1)2.953(8) F(2)-F(3)  3.418(8)
F(2)--F(30)3.214(8)  F(2)-F(3'T) 2.901(7) o
F(3) (37 V)2.961(14) | o,

\
wN
.

Corrected for thermal motion, assuming that F atom rides on
heavy atom. All other distances were ‘uncorrected.

Roman- numbers refer to atoms at symmetry- equivalent positions,
where I = (y,-x,z), II = (1/2-y, 1/2+x, 1/2+z), IIIL = (1/2-x,

1/2-y,1/2-2) IV = (1-y,%x,z).
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effectively possess posifive'charge_(fhe'fpair'vscreeningfbeing poor
in this'directioh).:bThe“fluOrihe ligahds‘of the XeFéfmolecules‘align

approximately as this model dlctates

| The Xe-F 1nteratom1c dlstance of 2 OOT (o 0. 009) A in the XeFé

molecules 1s not 51gn1ficantly dlfferent from that observed in crystalllne

: XeF2 (2 oo 0. OlA)

Although IF and BrF are known to be geometrically s1m11ar O, the

> 5
latter does not form a stable adduct with XeF Presumably, this is

because the'charge on the (more electronegative) Br atom is less than
on the I atom and perhaps also because the central atom charge screening

by the F ligands; in BrF5 is more effectlve than 1n IF5 Jt is of interest
that the*XeOFh adduct with XeF2 is much less stable than is XeF

, IF

2 >

negative;- This is compatible with the greater.screening of the positive
charge on the Xe(Vl) atom in XeOFu compared with the iodine charge

screenlng in IF In XeOFu, the basal fluorine llgands are in the same

5

plane as the xenon atom, i.e. LE;-Xe-Fb = 9l P whereas in IFS)LFa-I-Fb = 80°.
The interaction of XeFé with .the XeF5+vion is not surprising in vieW'

of the close similarity of XeF.' and IFS(see section 3.4.5).

p
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3.3. Xenon (iV) Compounds

‘Xenon tetrafluoride_is-the only xenon(IV) compound,available in
macroscopic Quantitiés, so far characterized unambiguoqsly. The
tetrachloridé and tetrabromide have been detected by3M6ssbauer

spectroscopy, as products of the g decay of'129IX4— ;29Xexu.

3.3.1 Xenon Tetrafluoridé

Hisioriééi aﬁd'préﬁafative. Xenon'tetrafludrideAwas first repdrtedQ,-
invl96é, by'Cléassen, Séiig and"Ma;m; _They prepaied it by heating
mixtures of:xéﬁon and fludrihEQ,at‘about‘6 éfm;,p~.in ailfS ratio at
EOd° in a sealed nickel ¢can. These conditions are close to optimum
for‘Xeﬁg preparation énd'thevstaﬁiE'SyntheSis-remains,the'most‘
convenient one for the préparatibn'bf_gram iots.: A'hot-tubé flow method172
is claimed to yield goqd quality‘tetrafonride;_if;the F2/Xe molar ratio
is h:1 and the residence time in the hot zone of & nickel tube, at 300°,
is 1 win.t™ A fiow system, designed fof continuous production of the
vtétrafon?ide,'uéing a Fé/Xé'mplaf'rétio 3:1 and,avfurnace temperature ;
of'56d% has also been described. (3 There are indications, however, that
considerable care.mist be ex.e.rcised;if high purity XeF,_L is to be obtained
_by‘thevflowfmethOd. |

-Thus;vthe earlier erroneous report. thaﬁ'xenon tetrafluoride'.
, 5t XeF) + 2'st5 —
XeF,, ESbFSE s was undoubtedly due to the sample of supposed tetrafluoride

Cprebared'by the hot-tube flow method) interacts with SbF

‘having been largely difluoride. However, even the static method is far
from perfect. As Weinstock and his coworkérsee ﬁave demonstrated, it is
ndt pbssible to prepare XeFA pure (see_Figure 3.3.1 and.thermodynamic
features)'by the thermal method, therefore, if high purity material is

169

desired, it is necessary either to resort to chemical purification,
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or else submit_ﬁhe sample to jtedious'fract'ionatiori.lo2

| An essentlally quaetltatlve yleld of XeFu has been clalmed for

the electrlc dlscharge method 17h A F2/Xe molar ratio of 2:1 (operatlng
pressure 2 to 15 mm) in a reaction vessel at -78° ylelded XeFu quantltatlvely
Like the hot tube flow method 'this lends 1tself to contlnuous operation.

The.tetrafluorlde alse forms 117 When F /Xe mixtures (2.6 - 2. 08 l)
are irradieﬁed with'OO -‘I.reys'dr l.S'MeV electrons, without cooling of )
the sample. When the reaction Vessel is cooled weli below d;, so as to
freezevoet:any;Xng:(fhe first reaétion'prbduct), the yileld of XeF) is
'very”smeli.i Utilizetioh’ef absorbed eneréy must be efficient since
initiéi'g values, based on xenon éonsumptioh,are in the range 5 to 15
atoms péf 100 eV abSorbed; XeFﬁ is.reletively‘stabie td 1-radiation
Wiﬁh an‘iﬂitial givaluevof 0.6 to 1.8 at 45;} An indepe'ndentvstudy176
involving.l.6 MeV'electrons agrees.ﬁith the above fihdings;
Laborategxepreparation. Xenon tetrafluoride is,diffieult to separate
“from the difluoride by physical means (the two have simiiar vapour-
pressure'relationships;and also form a 1l:1 adduct - see section 3.2.7.)
and to circumvent this it has often been the practlce to employ F /Xe
ratlos (2 1) and temperatures of ~ 450 506;; whlch conditions generatel
mlnlmal XeFé but XeF6 as a - maJor 1mpur1ty. : The XeF6 (approx1mate1y

/3 of the product) 1s removed by treatlng the mixture with sodium

fluorlde, whlch forms a. complex with it at room temperature 81 A more
169

general chemical purlflcatlon o

XeF6 simultanebusly, exploits the inferior fluoride ion donor ability

, vhich effectively eliminates XeF, and

of Xth compared to_XeF2 or XeF6. With this purification; conditions
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which. maximize- jf‘ the XeFu productlon, may be employed Ouchva:
.product,whrch w1ll contaln small but s1gn1f1cant quantltles of XeF
and XeF6 (1n approx1mately equlmolar amounts),ls dlssolved in bromlne.
pentafluorlde and an excess of arsenic pentafluorlde is’ condensed upen

vthe-mlxture Since XeF2 and XeF6 form 1nvolat11e salts, and since the

”solvent and AsF may be removed quantltatlvely at O° or below (at which.

p

temperatures the XeFu has a very low vapour pressure), the XeFu can

be 1solated by subsequent vacuum subllmatlon, at 20°

o . '3 . . -
0% in . static Xe F [ASF6] o

2. ‘vacuum .
» _ o vacuunm _ _
Xth- + AsFEF (excess) - — —>- XeFu e Xqu,?
X © -AsF_,-BrF. !0t
) ' o + . -
XeF6 _in BrF5 soln,w.‘v - XgFS[ASFGI

Samplesfpurified in this way'melt (llf;) atttﬁe‘same temperature as;those
cbtaihed;bi repeated fractional sublimation and give identical broad liue
L% n.mﬂr; spectralTT.

"It is best tolmake'the crude XeF) in a nickel or Monel vessel after
the methcd.of Claassen et al 2', but the purification is best carried cut
in Kel-F vessels. |
Theruodxuamic.Features. A thorough study of equilibrium conditions in
tﬁe Xe[Fevsystemaas a function of temperaturegz has uell defined conditions
for makimizing the yield of each of the binary fluorides. The tetrafrucride
rsAthe most difficult to obtain in high purity, as perusal of the eQuilibrium
'constaﬁt data in Table 3.3.1 and Figure 3 3'1 reveal It will be apprec1ated

that low. temperatures and high fluorine pressures w1ll favour XeF6 formation
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~ Table 3.3.1

*_ Equilibrium Constants for the Xe/F2 System?2

Te_m.p.;K. 29‘8‘.15 | 523.15 ! 573,i§ | ’_v62'3..15  6.73.1_5 T773.15
Kl'(ieﬁe){. i,e3 X .10%135 8.86 xvleu'_ | 1,52 x 101P 1676 .' | 360 | -29.8

Kg(XeFu?QZE:37 x 1011_ '1-h3 x 103‘- 1.55 x 102v*2f¥2 k.86 0.50
KS(XEF6)v:::" 8.0 x 10° . 0.9kk ' 70.211 ' @50558 _‘o.0182 10.0033

‘Kl-='(XéFé)/{Xe)(F253 'Kg,e'(xéFu)/(Xng)(Fg); 'Ks - (XeFg)/ (XeF), )(F,)

Underlined values are calculated

. ;Figurei3.3.l o
Table 3.3.2

and low F,, pressures and high temperatures favour XeF, formation. The

2

_ tetfaflupridé cannot of course be made pure by'the.thermal method (see
under pfeparatipn); vThe}AH; (Xngxg)y=—3L6 kcal molélqbtained from calorimetry
.agrees with that from photoionizatioﬁ studies,(Table 3.3.2) and is therefore the
most reliaﬁle value‘Kinetic sfudies, involving interaction with NO or

NOQ, have shown that the first bond dissociation‘éﬁergy of Xth is

considerably greater than the second. This is similar to the XeFé case.

N = 48 and_Dé‘= 15 kecal mole-l have been indica‘ced.'85

The tetrafluoride, unlike the Xe(IV) oxide and hydroxide systems,

Values for D

is stable with respect to disproportionation. :This is consistent with

the enthaipies and entropies of formation:'

AHf5 (kcal mole"l) -28.2 -57.6 - -8

£S, (cal deg™  mole™)  .26.5 s 96
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.Figure 3.3.1.

Pressure and Iemperatﬁre'influence on XeFé,'Xth énd'XéF6 Formation

o
1

. Equitibrlum pressures {otm}
F Y
]

O

3
2l
| ] SR i
’ NS T T BT et
T 300 400 500 600 - 700

Temperature (°K

800 800 . 1020
) .

@ ¥30:-}. Equilibrium pressures of xenon fluorides as a function of tonperature. Tnitial
conditions: 125 minioles Xe, 275 mmoles Fy per 1000 ml. .

51—

Equltibrium pressures {6tm)
a
|

L1
300

1l

400 500 600 700

Tempercture (°K

b Fic2: Equilibriumn pressurcs of xenon fluorides o

I

800 930 1000

J

5 2 functicn of termparature, Initial -

- econditions: 125 rmmoles N, 1225 mumolrs F, pee 1000 ml,

(permission being requested from H. Seiig and Academic Press)

131a
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Table 3.3.2

Some Physical Properties of Xth )

Colourless cryétalé,.liduid and vapour
Triple-point 390.25°K (117 10° c) (2)
hormodxnamlc feaLuIcs

Vapou1 pressure (solld), (275 to 390 25 Y),log pmm'—‘é 3226.21 ~ 0.13430 log T +
. — )

12.301738 (2)
390.15°K : 817.97 tm. (only point for ligquid XeF), )
- (XeFé'is more volatile than XGFM)'

AL ='14'8 * 0;2 kcal‘mole"l (a)#
sublim

15 3% 0.2 keal moie™t (b)

Heal Capacity (cal'deg-l molé (at 298 15 K))
o vapour: (&) 91,5 -

©  solid: ( ) 28.334f
Entropy - ” ‘ vapour (a) 73 O
| (calc from molecular data) fS 7 + O. M(a)
| 75.6% 0. u(d)

o so11a: (%) 35.0

Heat of Formation

ek

f(g)
- 393 -57.6 kcal/mole ( ) =.'-; 58 (x)
208 g (F)
ko3 - .53 ¢ 5°(&)
298.15 _51.5% (d)

Preferred value

* ,
XeF) sample may. not have been pure
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Mean Thermochemicél Bond Ener%XI(EXe‘F)
31.7 kgal;molefl-(based dh'AH§_=,- 51.5, AH%_(F,g) =.18.8'kcal'mole—l)

Density (Xéray);{fﬁ;lo (n), k. Ok (1) (4) gVCm-s N

Solubility _: ST - In'Anhydroﬁg'HF(k)-
| - © ¢ mole xeF,l""' ' mole HF
' ~~ 1000g HF ' mole Xth
20 . 0.18 278
e vo;26v - 192.
ko ok 1

6 0.73 - . . 68

Dismagnetic Susceptibility note  [50-6 x 1070 (~200)(1)
o - | " (c.g.s.-52 %3 x‘10'6'(77 to 293°x) (™)
. units) ! -6 ) (n)
\-53 x 10™° (calculated)
Ultraviolet Absorption Spectrum of XeF, (g) ,.(0)

Estd. . Est.

L L | |
Wave Iength(A) - Half-Width, cm 1 Extinction Coefficient Oscillator Strength
S B 0 mole ™ cm™2
2280 . | 398 | 0.009
2580 . 000 160 | - 0.003
180 - - 10000 - bh.75 x 103 | 0.22

1325 11200 1.5 x10% 0.8




IR, Raman of X{eFLL (&

: Symmetry

. a.'lg

-a2u
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2g

blu

Force Constants
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3,00 mdyn &~

;@) (x)

Fundamentals

. Vu inactive -

Ve IR

Vi IR.v

0.12

0.06

(@)
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v: j-'543 ys.
291 s

235 w

502 vs -

- 221
v'.586 Vs

’:182 (calculated)



Crystal Structure = -
X-ray Difffaction(J)
'monoclinié> -

R 321/n;_f

o
1t

5.050 + 0.003A

. 5.922° % 0.003A

Q.
1t

5.1+ 02005

i3
]

99.6 + o.i?._" '
Z :v2_ .  o
1

4 = u.Oh‘g:mlf
Xe-r = 1.938

A pder 8.1 (o - 0.9%)
o 9.3
P warr. pate (%)

Chemical Shift;

Neutron-Diffraction (1)(8)(R)

S .
Xe-F - 1.953 £ 0.0024

Z_ FXeF - 90.0 + 0.1°

See Figure 3.3.2

Coupling Constaﬁt:'

) ‘ . 'g"F (P-p.m.; 9‘F :]- (HZ)
. C - A 2‘_\ -
solid - 482, Li8 -
Liquid M5 | 3836
HEF Soln. _ h56, 452;' 450
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3860, 386k, 3860



Broad Llne N.M. R Flndlngs (u) .
Xth’ mlcrocrystalline SOlld

_ _ Fxperlment » Theory
EABgf*' (P.P.mQ)l‘.ﬂ"ElS £5 f'“' B 168o‘
o, 8 - E 018 | -33.
o . 261 + 25 ox 394 £ 258 33
gz_,' o 394 + 25 or 261 + és 570

XX The absolute scale values-for chemical shifts. are referred to the bare
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'Rigid Latﬁice Second Moment

. Exp. R.L.S:M. = 6.1, £ 0.16 G?
| motsl cale. R.T.S.M. = 5.6 a2

(Intermolecular interactions account

for 3.8 G2 of the Total Calec. R. L .M
‘Field IKdependent S.M. (300°K) = 83G£
19'

F nucleus

vg o_ is the out of plane shleldlng XeF, ,‘o is the shleldlng Il Xe—F bond, and
Din h

Mass Spectra (g)
ton  xep’ :f xeF,*
Abundance T 100

Appearance Pot. (ev) = 12.9(0.1)  12.1(0.1)

o 1is the in plane shleldlng perpendlcular to the Xe-F bond

If 9, = 39h"p.p}m. then 9 = QSl-p.p.m. or vice versa.

’

Xep - Xe+

3

60 'oﬁ 67 - ~800

71&.9(6;1) 13.3(0.1) 1é;h(o.1j

Photoionization(x)-spectra give Aﬁs (XeFA(g)——~f>_XeF3+(é5 + F_(g)) = 9.66 ey

Radial distribution maxima: 1.94%, 2.77 and 3.88R. Ye-F (Dy,,) = L-9% ¢ 0. 01A.

Mggggggg£w§pectrum:' See Table 3.k4.1.

(w)
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(t)

(v)
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(d)}_B,
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Figure 3.3.2 (i)

i The v1ew of the XeF crystal structure( ) along the b axis.
u

The numbers glve the elevatlon of the atoms in unlts of EOb above |

the plane_of p;ogectlon.

(8) see reference 17 b.

MUB-I1522
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Figure 3.3.2 (ii) L 1bo

The Molecular Structure of XeF), as determinéd»by X;yay diffraction(a).

259*03&

2,71+ 034 — ' .an

Xe Fq

(a)

See reference 17 b.
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Thus, for the disproportionation: 2XeFu(g). "»XéFg(g) + XeFG(g):

AH® =+ 5 keal mole™ and AS ~ O cal deg ‘mole™ and for 3 Rl (g)—
Xe(é)‘+‘QXeF6, LH® = + 9 keal mole ™ and AS ~ -9 cal deg-l mole™™.
The enthalpy of vapourization of XeF),, as in the case of XeF,,

is indicativé of strdng electrostatic interactions,between'XeFﬁ molecules.

‘ Kinetic features. Since XeF is an 1ntermed1ate 1n the formatlon of Xe¢h)

2
the kinetics of formation Of the former (see section 3.2.1) are relevant

to the ldtter. Fromva stﬁdy lTsdof the thermally excited Fé + Xe reactions,

With;Fé:Xe ratios of 16 or more and total pressures Of 10 to 20 mm Hg,

in the temperature range l90—250°' the XeFé formetion was found to be

zero order 1n F2 and flrst order in Xe (the reverse of the flndlngs for

the condltlons which favour exclus1ve XeF2 formatron—see3.2.l) and the

Xth formation, zero order in Fé and first order in‘XeFe. The thermal

reactions were shown to be heterogeneous and a mechanism involving

absorption and dissociation of'Fé,‘on'the nickel fluoride surface of the

contaiﬂer.‘has been propoSed.‘ The activation energy for Fé+XeF2-—4»XeF4

was deduced to be ~ 13‘Jz:cr:ll'mole'-l

179, 180, 181

Structural -features. Vibrational spectroscopic and electron

diffraction datalee‘have established the XeFu( ) molecule to be square

planar (~4h)’ the latter study giving Xe-F to be 1. o4 + 0.018. The

17 show that the siz= and shape of the isolated

crystallographic findings

molecule is not significantly different in the crystal (see Figure 3.3.2).

A neutron diffraction studyl7a"has shown the Xe-F bond length in the

solid to bé 1.953 (o.oou)ﬁg the . FXeF = 90.0'(o.02)°, and the amplitudes

of vibration. normal to the bond directions to ce greater_than in the bond
. : 19

direction. Thermal motion has also been indicated‘by the broad-line F

n.m.r. studies. 177
Figure'3.3.2.

The Crystal and Molecular Structure.of XeF,
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Bond Polarltz and Bond Type Nuclear magnetic resonance, MBssbauef and
electron spectroscopv all 1nd1cate con51derable charge migration Xe—~TF

in the Xe—F “bond .

1_9 183, 121 18L

129,

Xe—lg

The ~7F chemical shift’and F coupling constant
(see Table 3.3.2) do not differ substantially from those obtained for the
F—X bonds in. the other xenon fluorides and the related fluorides BrF3, Irs
and TeF6..,The chemical shifts have been interpreted by Karplus and his

125 '

coworkers' in terms of a F ligand charge of - 0. 50 This evaluation_e
assumed the bonding to involve primarily the F2p and Xe5p orbltals Onv
19 »
_the other hand, Gutowsky and his coworkers %m.the basis of a localized
_ bond description, using’sgd hybrid xenon ofbitals, have concluded that
; : ) : N 177 .. s
the F-ligand charge is 0.49. A broad-line "“F n.m.r. study has shown
that prior, similar, studies are erronedus, probably as a consequence'of

XeF,. contamination. Experimental shielding values (see Table 3.3.2) are

2
in quantltatlve and even, in some cases, qualitative disagreement with
theoreticel values obtained us1ng a semi—emplrlcal localized-orbital
bonding scheme. It seems thaf more complete theoretical treefmenfs,_
including delocalized orhitals; will be necessafy.to account for the
observations.

The M8ssbauer spectrum123’ 12k

of XeFu, which ‘is discussed furthe

in section 3.3.2, has.been_interpreted 38, on the_assumption of bonding
-involving Xe Dp orbitals. A F-ligand charge of -0.75 is essigned. This:
seems rather large and it may well be that the fault derives from the
over-simplified bonding model. The chemical shift observed in the X-ray
photoioniiation spectruml?6 has been accounted for on the basis of a
coulombic model, which assumes the central. atom and ligands to be charged

spheres. A F-ligand charge in the range -0.3 to -0.5 is compatible with

~the findings. (See section 3.4.2 and Table 3.4.k4).
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The'mest<pdpulaf bonding deseriptions.havevfOllowed the lead of

Pimenﬁel 32 and'ﬁundle 33 and generally emphaslze the 1mpoxtance of

the Xe 5p and F2p orbitalq Allen,3lb'Coulson23 and Jortner and Rlce'15

130, 185, 186, 187

have rev1ewed the bondlng-modeis. Several aﬁﬂhbrefhave giyen
energy'levei.diagrams to account‘for_tﬁe”observed spectroscopic features.
.There afe perSistent claims also'for tﬁe involvement of outer orbhitals,
particularlvae 5d, in the bdhding?sv(See'sectiens-l.3fl - 4 and 3.2.2).
Chemical.Prégerties! A number of the earliér»Studiesu involving XeF),
arefsuepeet.”because'of the likelihood that the samples were contaminated

" with XeFé'Or;XeF6 or both (see under 'preparation"and'thefmodynamic features').

The tetrafluorlde can be kept in thoroughLy dried glass or quartz and can

be stored 1ndef1n1tely in KEl—F nickel or Monel containers.

The tetrafluorlde undergoes 1n<tantaneous hydrolycls, w1th the

formation of a tranc1tory yellow species. 188 189 “The latter has been

trapped at -80° and, on the basis of infrared and e.s.r. examination}go
fofmuleted{ae XeOF (seefsection 3.3.3). . The ultimate products of hydrolv51s

ar 188 Xe, O, HF and XeO (see section 3.h. 4) If the hydrolysis is carrled

out in strong baee, perxenates are formed 151 188 155 (see section 3.5. 5)3
and 1f the hydroly51s occurs in aqueous KI  very llttle free O2 is llberated,ITQ
XeF) + hI > Xe + hF4-21 |

As W;th XeF,, the low bond_energy pf XeFu,.ceuses'it to be a strong

oxidative fluorinator and it should compare with BrF., in oxidative capability.

3

It seems;'however, like XeFé; to be kinecically rethef inert. Solutioas of XeFu

in anhydrouq HF (with which the fluoride does not undergo F-ligand exchange 3)

88, 173

are strongly oxidizing and fluorinate Pt metal to Pch The neat

compound oxidizes SFM to SF6 191, oxidizes NO te.ONF, but does not interact,

85

at a measurable rate, with NO, . The interaction of XeF) with H, does not
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'proceed at room temperature in the absence of a catalyst, but a slow

192

reaction occurs at TO°'and this proceeds rapidly at l30° The

tetrafluoride{ in contrast w1th XeF » fluorlnates perfluoropropane at

room'temperature 15 ‘but glves 31milar products to XeF . in'interactionn

with the hydro-olefins (see section 3.2. 2).

Attempts to prepare other Xe(IV) compounds by metathetical reactions

have metnwith little success. The interaction of Xth with BCl, at -78° 193

3

yields xenon and chlorine quantitatively:-3Xth + hBC1 '—__>AIEL + 3Xe +:6C12.

3

There are.indications,however, that (as in the XeFé case), the F-ligands

may be substltuted by other highly electronegative ligands, since Xth

dissolved in trifluoroacetic anhydride is reported to yield-a cryStalline

194

compound considered to be Xe(OOCCF )4 Clearly, ligands such as -O- ClO

3

OSOQF and OTeF5 are poss1ble but there is no certainty that the compounds

will be stable_to dlsproportionation or spontaneous reduction.

169

The fluoride ion donor ability of XeFu has been shown to be less

than that of XeF2 or'XeF6 and this forms the basis_ofua.chemical purification

for XeFu. These findings are in harmony with the enthalpies of ionization

195

derived from phot01onizat10n studies by Berkowitz:

Process N _ AH°(eV)

: g - ,
rXeFu(g) —_— XeF3(g)+ F(g), = 9.66
- + - o .
196, 197.

The best fluoride ion acceptor (SbF ) forms a crystall*ne solid
197

or solids  with XeF, , probably containing XeF." and there is also ev1dence
"l &

3

for weaker fluoride ion acceptors (PF_, AsFS) forming compounds in BrF

5
solution. Reports that XeF) interacts with SbF

3

5 or ’I'aF5 to form XeFé
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derlvatlves, o? to yleld XeFe;QIfS on>dlssolutlonl98 in iFS,bare'
_certalnly erroneous T Itls probable that the XeFu used in ‘those studies
was groqslv contaminated with XeF,.
:Analzsis of?XeF4 The solld is, most convenlently tested for purity by
a melting. p01nt determlnation (117. l°) but 1tu Raman spectrum is also
thlghly characterlstrc-and"readlly reveals the presence of XeFenor XeF6
(see Table 313'2)‘ ~The;infrared.spectrUm-readily,ehéracterizes-the vapour.

--Samplesnof XeF; have been_analyzedfby reductionvwith hydrogen at
1306_: ‘ 192 . X | ’ | | T .
| ey + 2y —Xe # b
A”more:oonvenient-enalyticei,technique involﬁes;redugtion nith
mercury;ﬁtb.. | |

- XeFu»+ 4Hg~—&>xe + 2HgéF2 (or‘.2HgFé) ;

The xenon may be measured.tensiﬁetrically or gratinetrieally and the
'flnorine>eontent isAobteined from thevweightlof‘nereury.fluoride formed.
As.has been.remarked above,'it has also been cleimed that Xth may oe

analyzed iodimetrically; by dissolution in aqueons‘KI.

3.3.2. Xenon Tetrachloridet‘

Efforts'to prepare macroscopic quantities»of XeClh and'XeBru from
Xefh by metathetical reactions have failed, but the former has been
158, 199
detected by MOssbauer Spectrosccly as a’ product of the B decay

1291 analogues: 129'ICll{_ . B ,129XeCl._ There is no evidence

of its .
for the existence ofTXeClhf The conditions for the observation of this
species are essentially the'same'as for the dihalides described in

section 3.2.3.



Halide

XeFLI_
XeF,
XeCl,
'XeCle

XeBr
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' The chemical shift observed for XeClu is shown in Figure 1.L.2

relative to shifts_for the other xenon compounds, The Mdssbauer data

- for the xehon halides are compared in Table 3,3.3{ The quantities in

Table 3.3.3
Mossbauer Data’ for . the Xenon Halldes2oo 199

SPllttlng ' e2q Qexc | SQ.E;ecﬁren‘ A: Electron transfer
‘(mm/qec ) " (MHz) ~ transfer. per bond
k. oh + 0.07 2620 - - 3.00 ‘f.jy ‘ 0:75

39. 0 i'o.; ' 2b90 . 1.43 fe} - 0.72

5.6 0.1 160 188 . 0.k7
28.2_£ 0.1 180 . L.03 \'f* l 0.52 |
22.2.£ 0.4 . 1k1s5 . om :, 0.41

the table have the same meaning and were derived_in the same way. as those

discussed in section 3.2.3. Again, the bonding model assumes that the

"bnly Xenon:orbitals»participating.in the bondingjare the Xe 5p orbitals,

hence the indicated bond polarities are probably not quantitatively

reliéble;uthe trends are probably correct.

3.3.3 Xenon Oxide Difluoride

Of the several claims for XeOF, in the literatdre,ng, 191, 190

onlyeone is supported with experimental evidence. The compouna identified
as XeOF2 is the bright yélloﬁ solid formed by hydrolizing XeF) at -80°.
ThlS product gives neither an e.s.r. spectrum, nor an infrared D shift '
(D 0 in. place of H20)>and contains only one atom of O. The observed

infrared absorption bands have been assigned on the basis of C symmetry:

-2V
THT (119 A, Xe-0 str.), 520 (Ke’ Ai, Xe-F sym. str.) and 490 cmt
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ilh’ Eb;’Xe—F asym. str.). It is argued that*these data are compatible
with a structure | | | . |
o
) 3
F-Xe-F
‘with 2§.7F;Xe—0 of about'90° thus resembling ClF3.
‘l.h.h). The Xe-0 stretching force constant is k.7 mdynes/ﬁ on the basis

and BrF3 @ee-section

of thls model and a531gnments ‘ Thlc appears a llttle low, even allow1ng
for a lower value w1th the lower ox1dat10n state, since the force constant

for XeO in XeOFu is T. 08 mdynes/A (see section 3 h 2).

'3.3.& Xenon(IV) Oxide
Alt:_ho_ugh»XeO2 has been postulated as an intermediate in the hydrolysis

of XeFL‘@ee'sectiQn 3.4.4) there is no firm evidence for its existence.

3:3.5F), Xe(O_R)x Compounds -

194

Apart from the report™ " of the synthesiquf'xe(OOCCF3)4 (see section

3.3.1), no other compounds in this class have yet been reported.

3.3.6 XeF, as a Fluoride Jon Donor and Acceptor

There:is_nb evidence that.XeFu can accept fluoride ion (or any other
ion)'andbthis préVides for the ready removal of XeF6 contaminant. by
. absorption of the latter with alkali fluoride?l
Although Xth is a poorer F donor tﬁan eiﬁhef XeFé of XeF6 (see

section 3.3.1) it does form compounds with the best F acceptor, SbF5-197

These may contain the XeF3+ ion, but there is presently no evidence to

‘support this. (See also sections 3.4.1 and 3.4.5)
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. 3.3.7 Molecular Adducts of Xthfin
Onlyuone molecularvadduct of XeFu has been establlshed XeF
XeFu. lTQ‘ The crystal structure of this adduct shows 1t to be an ordered
arrangement, in whlch as may be seen from Table 3 3 h, each molecule

possesses ecsentlally the same size and shape as in the component sollds

The bondlngvls presumably_a_consequence_of the coulomblc 1nteract10ns

Table 3.3.4
Intramolecular Distances in XeFe)'XeFu and their Components
: ' (a) (p) )
XeF,, XeF), : - XeFyt 0 Xth g

.XelF (K):ié XeF, .~ (2) 2.010 (0.012) (2) 2.00 (0.02)

Xe-F (E)iin.Xerh - (2) 19712 (0.0nk) . ©1.953 (0.00k)
(2) 1.945 (o. 014) o S
P-Xe-F. in. XeFa (2) .89.1° (o 8) - 'a - 90.0 (0.02)

(a) J. H. Burns, R. D. Elllson and H. A Levy, Acta Cryst 18 (1965) 11.

(v) H. A.“Levy and P. A. Agron, J. Amer. Chem._Socm 85 (1963) 241,

(¢) J. H. Burns, P. A. Agron and H. A. Levy, Science 139, (1963) 1208.

- - - - - - - - - - - - - . - - - -~

» XeF), Intermolecular Contacts .

| Xeﬁé
Xe(1I) - - - F—Xe(IV) distances (2) 3;28, (2) 3!#?, (8) in range 3.61-3.69A
Xe(IV) - = - FXe(II) (6) in range 3.35-3.37A |

-Compare_with data in Figures 3.2.2 and Figures 3.3.1(

between positive charges on the Xe atoms and negative -charges on the fluoride
ligands of the surrounding molecules. The compound resembles other _Xerﬁ
adducts (see section,3.2.8).
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3.L Xenon(VI) Compounds

fhe chemistry of Xe(VI) is ii@ited_to.thé fluoride Xer; the oxy-
fluofide§ XeOFu and XéO2Fé, the‘oxidg Xe03, and COmpléxes of these
compounds;  The trioxide is'thérmodynémicallj unstébie with respect
to the eléﬁénts in their standard states ahd there are indicaﬁions that
this is éléo’so for XeOQEé.- The oxideé is é poﬁerfﬁl explosive. The
oxyflﬁqride keOFh and the fluoride'are thermodynémicélly stable at .
ambient.fémpératurés. ALl of the éombbunds, éé;leaét potentially, are

strong oxidizers.

: 3.h;i} Xenon Hexafluoride

Pregaration; ‘The pfepafation of XeF was firét désbribéd in four in-
dependéﬁt:énd almost'simultaneéus reports. 201? 202, 1075‘203 All
preparatioﬁs are carried éut in nickel or Monél'&eséels and, in general,
high Féabressurés and'lower'temperatures favOur,XéF6 formation. A 95%
conversibn tQ‘XéF6 is obtained With'FQ/Xé fatios'bf'zo:l at 50 atm.
ﬁressuré (see section 3.3.1 and Table 3.3.1). Thébhexafluoride has
aléo,been reported 191 as a product. of ﬁhe'éléétrié discharge of a

3:1 F2:Xe:mixture, the product being trapped at ;78°. Furthermore,

_ . 1 .
0,F, is reported oL to oxidize XeFu to XeF6 between -133 and -78°.

2 2

Labora£0r"Preparation.,Ih order_to obtain pureréF6 it is bestzolL
.£9 form‘the NaF.XeF6 adduct. by'mixing.with Naf,'the other xenon
fluorides (Xeﬁé, XeFu and XeOFu) likgly to be prgg;nt; being ungple
to form stable complexes with the Nak.

205

The apparatus and experimental procedures for XeF6 synthesis are
essentially as given under XeF, and XeF) but since higher fluorine
pressures are desirable, the nickel or Monel vessels used to contain

the hot mixtures should be strong enough to safely withstand MOOvatmospheres
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pressure of Fn- A Xe/F ratlo of 1: 20 is satlsfactory  The mlxture

2
is heated to 300° for l6 hours Excess fluorlne_ls removed under vacuum'»v
vat _1920 and.the crude XeE6 condehsed onto NaFv(previously fluorinated

and in"appreciablevexcess)' .This mixﬁure.is warmeddto 50° for_? hours_
then "left- at room temperature overnlght : Tﬁis serves'fo complex all
-of the XeF6 as a NaF XeF6 adduct Uncomblned 1mpur1t1es (XeOFu, XeF2
Xth) are removed by pumplng on the NaF mlxture at temperatures up to
_SOf, to constant welght (an hour or so should sufflce) The XeF6 is

then retrleved by heating to 125° under vacuum when the gas is rapidly
evolved and may be .collected in cold traps (nlckel, Monel or Kel-F at
-196°). . .

The usual-care'should be'takem fovguard against:XeO3"formation
(EXPLOSIVE) and it should always be assumed that the oxide may have
formed in- apparatus used for XeF6 synthe51s and handllng

Table 3.4.1 |
Thermodimamic features. Eq,ui'libribumstudiesa2 of the Xe/F2 system
have deflned the optlmum condltlons for XeF6 formatlon The equilibrium/
conctant data from these studies are glven in Table 3. 3 1 and the thermo-
dynamic data and other physical data for XeF6 are given in Table 3.k.1.
It is of 1nterest that the experimental equlllbrlum constant data suggest:
an entropy,bs°, for XeF6(g) which requires a molecular symmetry lover. 6_
' 20

than O (see below). Heat capacity and vapour pressure measurements

have provided accurate physical constants and also indicated structural

i

changes in solid XeF6 at 253.8 and 291.8°K. The interpretation of these
regionsvof_anomalour heat capacity, in terms of changes between previously
) ' 208

identifiedeOT crystalline modifications of XeF63has been questioned.

The high entropy. of vapourization of the liquid206 (32.7h e.v.) is
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" Table 3.b4.1

- Some Physical Properties of XeFg A

The‘solld is’ colourless below m.p., tho llquld and ﬁapour are yellow greer( 2)(b)
m.p. (° c)(c> h9 h8 phase changes( c) (° C) 18 65, —19 35

bop. (o0)(®) s 1557

Thermodznamlc Features

; Vapour_dehsity(b>: "Molecular we1ght" (25.6°), 2#9 6 (24 8°), 2&5 5., 248 (t)
’ Theor. XeF6, 2ls5.3. a

Vapour pressure (mm)<b) 2.7 (O oke); 23.43 (22 67° )

Vapour pressure ‘equations: 1og:3mm =-x/T + ¥
501id: Temp Range (°K) - x»l“. ‘_f Y
| 273 19 ——»-?95 g(®) © 3400.12 12.86125'l
25k }-——»-291 g (e) 3313.5 12,5923
291 8 -——»—322 38(°) - 3593 o 11.8397fl:5
Liquid: (Séé 38 ->—350-¢)0:§5g Py = - 6170.88,.7 - 23 67815 log T + €0. 77778
second virial coefficlent, B, (PV = gr + 2) (%) = - 955 cn3 mole™l

A H subllm‘(kcal mole™ ) : 15.6 (b), 13.2 (a) AH fus (keal mole” 1y 1.37 - (e)
A S vap (cal'aeg“l mole ™ ) ; 2.7k | |

Co solld(at 298.15 °K), (cal deg * mole'l)(°> k1. 53

AH o( y (kéal.mole'l)(298 15°K): " 70. 1(P); g, 9(6) 81(f)

ASf (8) (cal deg -1 molé—l) 9T(b)

s° (cal degfﬁ mole—l)(c): 5011d(298.15°K), 50.33; liquid (335°K), 61.10;
’ | cas (335°Kj, 96.27; aléo(b) from Xe/F2 equilibria, gas

: (298715°K), 88.8L or 91.87

ATTO ‘." - ‘+ 'v"" (f)_ . 1 -1
AH (Xer6<g)f«f‘, XeFs () + F(g)) /2 9.2k ev (213 keal mole )
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Solubility o e
T Moles XeF6,/' Moles HF /
AnhydrousvHE:(g) t(°C) VV'_lOOO'g HF - Mole'XeF6 
15.8 3.6 | 15.8
S '6.06"‘ 1 8.5
285 | 12 S b6
3025 | 19.45 | 2.5t

Molar conductivity(g)Aof HF solutions (ohm™ erf) in range 60-147 ohn™t

(0.75 - 0.02 mole £71)

»

XeF6 glves yellow-green-solutions in WF6, IF5 and'BrFS(h)
Dielectric Constant( 1), :(55°C), h 10 .+ 0.05

Dipole Moment_ (J):<o.o3D

Magnetic Susceptibilitx;(k) Xy = - (hh.Sfi,O.S) x 10-6 cm> mole™t

16 . -1 -2

Specific Conductance(l)(50°c): l.ﬁ5 + 0.05 x 10" ohm ~ cm
UV and Vislble Absorption Sgectrum( ) 3300 A, strong, half-width 580A

v very intense absorption below ETSOA
First Ion;§a£1q@ Potenfiél: I(Xer(g))(f).(lOléA)v=_28l.S kgal ‘mole™t |
Infrared‘éné.ﬁéman Spectium: non-octahédral(m)(n) mondﬁer.
Solid (unknown crystalline form)(m): _
g(gm‘l)_;_zouz, 300 w, hOh'vw, 583 s; 636 sh; 656 vs
vLiqﬁid(ﬁ)ﬁ ‘ A |
R(em™T) (5k4°C): 2057, 295 w, 370 ww, 403 vw, 506 ww, 57u sh, 585s (P),
| 637 sh, 654 vs (P) ”
(92 C): 2057, 295 w, 370 vw, 403 wvw, 506 ms, 577 s, 616 sh, 650 vs.
Vapour:

IR (cm’l)(“): 400 ms, 520 m, 563 mw, 616 s, 1036 vw, 1075w, 1118 ww, 1238 w

R (em™1)y (9u°c)(m): 520 s, 609 ms (P), also 2067
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Electron _Diffré;ction: Non octahedrdl molecular. symmetx’y( )(p)(q)
e Xe—F ‘bond length: 1. 89OA(O)
Crystallographlc Data
- Unit Cglls: Cublé )(stable between 103 and 301 K)( s) Monoclinic
| a (-80° c) = - 25. 06 (0.05) & ‘_.1 5. “a_ 9.33 (0.03)F
Space group Fm3c; z = 1uu XeF6v o b 10.96 (0.03)
I yray (€ ©F 3) (-80°) = 3.73 (0.2) ¢, 8.95 (0.03)
(See Figure 3.k.1) | ' v ’ g 91.9 (0.2)°
Densiﬁy(c) - —————— solid = — ER ' liquid
Tk 7722 - 19k.h2 2h2.97 ,,293.11‘ 297.55 328. 3k

~d(g cmf3) 3.848(0.006) 3.751(0.007) 3.668(0.01&)_3.465(0.013) 3.411(0.015) 3.173(0.03)



(a)

(b)
(c)

(a)

(e)
- (£)
(g)
(h)
(1)

(3)
b (1967) 14955.

(x)

(1)

(m)
(n)
()
®)

(a)

(r)

(s)
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' Table 3.1
| . 'RE£érénceS'
3. G. Maim;73; D. Holﬁ'anq.R; W. Bane, in‘“Nobié"Qas Compounds” H. H.
Hyman, Ed., The University of Chicago Press, chicagq-and"Loﬁdon (1963)

R 167.

B. Welnstock E. E. Weaver ‘and C. P. Knop, Inorg Chem 5 (1966) 2189

F. Schrelner, D. W. Osborne, J. G. Malm and G N. McDonald J. Chem. Phys.

51 (1969) 4838.

. See reférence (a) p. 39.

See reference (a)Vp.vihh.
J. Berkowitz,'Argohne National Laboratory, personal communication.
See reference (a) P. 275

N. Bartlett and F 0. Sladky, J. Amer. Chenm. soc. 90 (1968) 5316.

_H._Sellg-and A. Mootz,-Inorg. Nucl. Chem. Letﬁersﬁgw(l967) 1h47.

R. F. ccde; W. E. Falconer, W. Klemperer, and I. Ozier, J. Chem. Phys.

B. Volavsek ‘Mh. £ Chemie gz (1966) 1531

7. @ Malm, I. Sheft and C. L. Chernick, J. Amer. Chem. Soc. 85 (1963) 110.

E. L. Gasner and H. H. Claassen, Inorg.. Chem. 6 (1967) 1937.

H. Kim, H. H. Claassen and E. Pearson, . Inorg. Chem. 7 (1968) 616.

R. M. Gavin, Jr. and L. S. Bartell, J. Chem. Phys. 48 (1968) 2Léo.
X. Hedberg, S. H. Peterson, R. R. Ryan and B. Weinstock, J. Chem. Phys.
Ll (1966) 1726,

R. D. Burbank and N. Bartlett, Chem. Commun. (1968) 645.

P.-A. Agron, C. K. Johnson, H. A. Levy, Inorg. Nucl. Chem. Letters 1 (1965) 1hs5.

R. D. Burbank and G.R. Jonmes, Science 168 (1970) 248.

(t) J. Serpinet and 0. Rochefort, Bull. Soc. Chim. Fr. 10 (1968) 4297.
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indicative of,polymeriZation in the liquid state.' Two independent

vapour density measurements22’ 209 show thelhexafluoride to be>

predomlnantly monomerlc in the gas phase The hexefluoride is much

Amore volatile than either XeF2 or XeFu,'although much less volatile

than other hexafluorides.

T.Thereuis considerahle disparity hetween'thehenthalpy of formation
from ‘the equilibrium studies (-70.# kcel'mole-l)fand the value (-82.9
kcal mole ) from the heat of combustion of XeF6 (XeF6 + 3H;—Xe + 6HF) .
Slnce the latter value is also in agreement with the value from photo-

195

jonization studies ,'it is preferred. This infers a mean thermochemical

bond energy for XeF6‘cf'32 ~.33 kcal‘mole—l, which.is, within the
experimentel'unCertainty; the same as the ValuesAderived for XeF, and
XeF), . |

” Although equilibrium. studiest showed no evidenée'pf.xeF8 formation
with XeF, at 150°

it is of interest that the rate of exchange'of718F2

was found to be a linear function of lsFé concentration, indicating

e . . 210
an associative mechanism.

Crzstal and Molecular Structure. Although both a cubic and monoclinic
form of crystalline XeF6 have been 1dent1f1ed 7 only the cubic structure
has been described in detail. 21 (See Figure 3. h 1.) This structure

indicates that XeF6 is effectively XeF F y In the cubic phase The

5

- Figure 3.4.1

existence  of both tetramers and  hexamers 1in
ion 1is
>

'bridged'_by'the F~ ions is not of prime importance. It should be noted,

the same unit cell indicstes that the way in which the XeF+

however, that the 'bridging' F ions are not close to the four-fold axis

of the XeF+ groups. This is consistent with the location of the non-

P
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Flgure 3. h 1 _
The Structural Unlts of XeF6(cublc)( )
Caption. = The cubic'unit cell (space_group Fm3C), a0(—8O°C) = 25.06 +

- 0.05% contains lhh"XeFé-units.' ions of Xer+ and F . are

";‘assoc1ated in tetrameric and hexameric unlts((a) ‘and (b) in
. the flgure) There are 2l tetramers and 8 hexamers in the

unit cell. Both right and left handed conformations of

“both tetramers and hexamers occur.

" The XeF " ions have simllar size and shape in the

5

' tetramers and hexamers. The F_ ions 'brldge' the XeF5
, ions in each cluster type. The FSXe o F - - —-XeF5
‘bridges are,unsymmetriéal in the tetramer but symmetrical

in the heXamér;~the chemically importent bond lengths and

' angles are: '
Hexamer : Tetramer

e-r, (TU(R) L76(3)  L.8k(k)
e-F,, (83(4 ) 1.92(2) 1.86(3)
. Fop~Fras (A) 2.33(3) . 2.29(6)
XeF5 ’ o o .
Fras Foas (a) - 2.63(3) : 2.5k(13)
,ngapre-FbaS .80,0(0.6)f  ' 77.2(1.8)%av.
o FpggXe-Fy g o 88.3(0.2)° - 871.2(k.5)°av.
' +_'_,_ ) s ' : o : - 223(3)
FSXe : F ‘'bridge dlstance(A): 2.56(2) | v {2.60(3)
' F5Xe+-——F--'-—.-—XeF5+ 'bridge angie 118.8(0.3)° 120.7(1.2)°

. The ¥ bridges 2XeFS+,groups in the tetramer and 3 in the hexamer.

(a) ‘R. D. Burbank and G. R. Jones, Science %éé (1970) 248.
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bonding (Xe(VI)'valehce electron pair on the four fold axis, trans to
the unique Xé-F bond of the XeF; ion. - Thus, the XeF;
vbe”pseudohoctahedral. Note the similarity of'the_structure of (XeFg),

would appear to

to the structure of [XeF ]+[AsF6]— shown in Figure 3.4.5 (discussed in

sectioh 3;ﬁ}6)} The XeF unit in (XeF6) is almoct 1ndlst1ngulshable

>

: from that observed in “the XeF5 salts.

From the llmited structural 1nformat10n available on the monoclinic

207"

phase . 1t is probable thatvtetramerlc units rather»llkevthose occurrlng
in the cublc phase form the structural unit |

The entropy of vapourizatlon 1nd1cates that the liquid is polymerlc
bﬁt,the colour is s;m;lar:to that of the vapour. It 1s_poss;ble that
v ah_appreoiable proportion.of the liquid is.monomeric. The polymerie
nature of the liquid is again attributable to Ff'bridging_between XeF;

units.: The solutlons -of XeF6 in HF212 and WF6213 show ‘a dependence of '

19F n.m.r. chemical shift upon the temperature.. These observations are

simply explained by polymerization-depolymerizationvequilibria. The

high conductivity of solutiohsvin H}_?‘gl‘1L suggests'the ionization:

"AXeF6(soln.) + HF XeFS( soln.) HF2(soln )

vMolecular XeF6. Thebmoleoular structure of xenon hemafluoride in'the

gas phase has been the subject of much work ahdimany papers. We still

do not haVe a clear view of the structural features of isolated-XeF6
molecules. sIt is certain that the vapouri at room temperature is not

a collectioh of octahedral molecules. It is also evident that a large
proportlon of the molecules must be of non- -octahedral symmetry " Electron

21
diffraction data 5have-established that XeF6(g)lhas a very different
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216 217 18 219

have been 1nterpreted
217, 218

symmetry from that of TeF6 and ‘the data
on the ba51s of’ non—centrlc molecular symmetry Bartell et al
vconcluded:that'the,1nstantaneous molecular_conf;gurat;ons.encountered
by'incidentﬁelectrons afe predominéntl& in:the btoed'vicinity,of

the Xe(VI) non bonding valence electron pair avoids the bonding pairs.

219‘

structures conveniently described'es diStortea octahedra, in which

Burbank et:al found that a mixture Of geometries of- Coy —3v

»andig symmetry, each dlfferent symmetry hav1ng equal welght in the

—

- mixture, accounted for the observed electron dlffraction data, within

the limits'of_the experimental error. Bartell'derive5217_xe—F to be
1.890 + 0.005 ZQ' fFaci1e= molecule inversion or intremolecular re;

arrangement is certainly.compatiblelwith the findings. Evidently,> ,
‘the major gas species.are'(or’ls) appreciably distorted, but Goodman 220
hes persistently maintained,’from theoretical considerations,”that an

o ground state for Xng'would'be separated by only very small energy

from a triplet state of'Qéd symmetry. Goodman predicts‘this triplet
because his Oh structure has 2_electrons populating an antibonding

21g orbital (see Flgure 3-4-2J- The excitation of one of these

: electrons,to generate a trlplet,requites little energy but the state

would be'Jahn-Teller deformed to remove the orbital degeneracy. Good-

msn considers that a centro-symmetric distortion is required and since
—Hh dlstortlon is not comnatlble with the observed electron diffraction

218
data, concludes that D

Dsa symmetry is appropriate. Bartell allows that
—3d specres could be consistent with the electron diffraction findings.
Unfortunately, a magnetic deflection molecular-beam exDerlment221 has

prov1ded no evidence for a paramagentlc XeF6 species, although this
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does hbt.necescariLy deny the exisfence of aitripiet'.epecies
(1f the spln—orblt coupllng is sufflclently strong) It should
also be noted however, that an electrostatlc deflectlon molecular~
beam expe_arimentg22 has prov1ded no ev1dence for a dipolar XeF6

species.  Tndeed XeF must be-/’ 0. 03 D and this is difficult
: H 6 N

223

t0 reconcile with non-centric Struqtures. Claassen and hlS coworkers,

from millimeter waveband.studies, were-unable'to obtain evidence to

support‘Bartell’s inverting br pseudo rotatbr mode'l.z2LL Raman and

inffared daté 22> 1ndlcate that elther the’ ground state vapour molecules

possess a ‘symmetry lower than.gh or they have some very unusual electronic
propertiee that markedly'influe;eevthe region of‘the spectrum usually
coneidered_the Vibfatidnal—foﬁational region. Clearly more work must

be done to settle this important structural probieﬁ;

Bondin% endeBond Polaritz.: Aione; of‘the first theoretical papers

onkthe boﬁding infnobleégas compounds, the valence;shell—electroh—

39 that the'XeFé molecule would be non-

pair-repuieion model predicted
ocﬁahédfai (eee section 1.3.4). fThe 3fcentre-h-eleetron 'molecular
orbital‘mOQel predicted an octahedral molecule (see section 1.3.3). Itl
now eppeers‘howevef, that the 'non-bonding—valencefelectron—pair'

in XeF6( ) does not have the ’bulk (or steric act1v1ty) usually

,assoc1ated with such a palr '218

Ev1dently, even g Huckel molecular -orbital mocvielgl8 226 containing
only Xe 53, op atomic orbitals and a po orbital in each F iigand, generates
essentialiyvthe same struetural predictions as the'electron~pair—repulsion‘
theory, and.like it, predicts a larger distortioﬁ ffom-gh symmetry than

that observed.
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5

The non- octahedral geometry and exceptlona] flex1b111ty of
"the Xeh6< ) molecule, 1mp11ed by the electron dlffxactlon fJndlngs,
' have been 1nLerpleer in ‘Lermc of a pseudo Jahn Tc]ler eifeot 218

’Thlc exp]anatnon is probably best understood WLth the ald of Inéure . I

3.4.2. Th1 model supposeo that Lhe Xe )d orbltals pdrtake in the

Figure'3.h.2' . S ' .
Schematic Cofrelation Diagram Illustrating MO Energy ILevels for an thMolecule

5d

5p ...

SS".
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bonding, the d oxbltal degeneracy hav1ng been removed by the llgand

fleld. Thls model places a palr of " electrons of the O symmetry

¥ . i
XeF6 molecule 1n the antlbondlng orbltal alg ThlS orbital is
supposedly very close in energy to the trlply degenerate t set

of orbltals and 1ndeed SO close that certaln deformatlons of the"

molecule- can brlng about cons1derable m1x1ng of the ground and

exc1ted states .The,t_lu deformatlon mode_ought to-have maximum

effect in this regard and therefore'be_particularly favoured energetically.
This»is'described as-a pseudo-Jahn Teller effect. The amplitudes . of

vibration of the i deformations indeed do appear to be large. A

Elu3'deformation*is,equivalent,'geometricelly, to‘e "lone~pair"

puéhing.aside the ligands and protruding into the_coordinationvsphere.
_Thé.same correlation diagram (FigurelB.h.2) is‘appropriate for
Goodman's description. Goodman considers the represented XeF6(Oh)

o _ . o , %
species to be the ground state species)but allows that the Eig - Elu

energy gap ié so small that there is an extensive population of the
trlplet state (sultably dlstorted to 1ift the. orbltal degeneracy of

the tl set — a first order Jahn Teller effect) Thus, accordlng

to this v1ew,;the XeFg populatlon should contain octahedral and D

=3d

symmetry species)the concentration of the latter lncreasing with
increasingrtemperature.

19

As in the case of the other fluorides, the ~“F.n.m.r. data has

been interpreted on the basis of bond polarities anproximating'to
Xe3f —(FQ')*)6. Both extreme theoretical approaches 119, 125_(one
involving Xebd orbitals, the other not) yielded this high bond polarity.

Soft Xeray photoionization studie5126 (involVing the ejection of core

~electrons from the Xe atom) have shown that the charge withdrawn
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from the xenon atom in XéF6 is.a little less than‘3vtimesvthe'charge
withdrawn in XeFQ}Y'A~§harge somewhat less than 3+ on the Xe;aﬁom is
consistent with the findings (see Table 3.4.lL and section 3.Lk.2).

195

The ready ionization

, XFg(g) ™ xerf(g) FF

g) éﬂl= 9.24 ey

compared with XéFu and XéFg, thé'corresponding enthaipies of which
are 9.66 and 9.45 eV respectively, is of considerable chemical
importance and sufely of significance to bonding theory. The
enthalpy”oftionization is approximately 0.6 eV less than anticipated
‘on the basis of the XeF, and XeF) data. This is compatible with the
. . _ _ .,

> 3
salts (see section 3.4.6)s Evidently, the pseudo-octahedral geometry

. greater stability of XeF.® salts compared with XeF.' and even XeF'

of the XeF.® ion must be especially favourable. The-IF6+'ion is also

+
> _ , .
a very favourable species (thus IF6+ salts havevgreater stability than

IFhf salt52?7;and IOFS, which is nearly octahedral, is not known to

form_IOFuf'Saltg} ;69'

As.we ﬁéve seen, the preference for the 'Qciahedrél' geometry
giso shbwé:up in ‘the crystal structure of XeF6(éﬁbic). "It is possible
'that e&éhrin the molecular state, XeF6 and'IF7 'are glose to
XeFS+Ff'ana IF, F~ ion pairs. - |
 Chemical-Progerties. As befitéits higher oxidation state, XeF6 is a
.much mdre powerful oxidizer and fluorinator thah XeFé or XeFu. It

seems th?t,XeF6 has little of the kinetic stability noted in XeF2 and
d{eFlL bhémiéal behaviour. Thus, unlike XeF2 and XeFu it is not possible

to store‘XeF6 in glass or quartz. There is pﬁesumably a stepwise
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interaction but thesé"reactions are onlyfeffective,for'the formation
of XeOFu'aﬁd_Xeo3 228,

2XeFg + S10, ——v 2XeOF) + SiF)

| 2XeOF, + 510, ————2 2XeOF) + SiF,

, -.2XeO2Fﬁ+ 810, ———* 2XeO3 + SiFu R

The interaction withfWater'229’ 230, ?31’ 232’ 233’ 203 similarly

yields XeOFuvandeeO and the latter creates a hazard in XeF6 handling.

3 .

A large excéss'qf water yieldS'XeO3(aq)‘as described in sections 3.h. 4.
and 3.4,5; Hydrolysis in strong base leads to the formation of

perxenates, the ’ideal"disproporﬁionation being

BXeFy + 16NaOH ——>NayXeO, + Xe + 0, 12NaF -+ BH,O

The 'disproportionation' can be much more complex than this (see
section 3.4.5.). Hydfolysis‘in the presence of ozone ‘generates

perxénate much more efficiently. The hexafluoride interacts violently

with Hg.tb yield Xe and HFQO2 and with mercury to give Xe and mercury

-fluoride_s.,l,oT

The greater reactivity of XeF6 is illustrated by its interaction

with per‘fluoropropenelu'5 which cleaves the moleéﬁle:

2X8F6 + 3CF 1-CF = CF2 -—>3CQF6 + 3CF)+ + 2Xe

3

The tetrafluo:ide'yields perfluoropropane and XeFQ:does not interact

with the olefin. ‘Cleavage of the carbon skeleton is not characteristic
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of XeF6 however, 51nce 1t 1nteracts w1th perfluorocyclopentane to
generate the cyclopentane and lower xenon flu.orldesg"o"l'L

| Efforts to prepare derlvatlves of XeF6 other than oxyfluorldec
and ox1des have 50 far failed. Thus, HCL and NH “interact wlth

A 37
XeF6 accordlng to the follow1ng equatlons.?34-

XeFg + 6HCL —sXe + 3CL; + 6HF

XeFg + BNHy — Xe -r_-v_6NH)+F + N,
It is reasonable to suppose that substltution by highly electronegatlve
groups, as in the case of XeF :(see sectlon 3.2. h) can oceur.

It is not surprising, 1n‘the llght of the physical evldence on
the considerable fluoride'ion donor ability'of'XeF6, that the fluoride

should form XeF.' salts with fluoride ion acceptors. The'salts are

>
described“in section'3‘4e6 The greater fluoride ion donor ablllty
of XeF6 and XeF2 relative to XeFu prov1des for a chemical pur1flcation
of the XeFu( see section 3.3. l) |

Although there is 1 no flrm physical evidence to support complex
.anions XeFT and XeF8 s the formatioh of salts. w1th_the alkali

fluorides, of form AXeF, and A2XeF8, indicate that these aniohs may

T
.'well exist. These 'salts' are described in sectionv3.h;7. The sodium '
salt,QNaf;XeF6,'forms readily when the components'are mixed at 50°,

but decompoSes under vacuum at lé5°.' This provldesEOh:for the purificatlon
of XeF6v(see laboratory preparation). | |
Analxsis_ahd Characterization. The hexafluoridevis best characterized

by 1ts vapour infrared spectrum.. It is necessary to use AgCl windovs

to withstand the chemical attack. Care should bé takeh to scan the

-1 . . ' .
928 cm © region for signs of XeOF, (the most common impurity). Analysis
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can be carrled out in much the same way: ‘as for XeFu, by using Hé

202, 107

or Hg as the reduc1ng agent. The latter is preferred.

'3.4.2 Xenon Oxide Tetrafiuoride. o

Pregaration The oxyfluorlde, XeOFu, was flrst detected by mass-
spectroscopy,88 among the ¥enon fluorldes prepared by thermal

excitation;. and was soon 1solated in macroscoplc quantltles by

the partial hydroly51s of XeF6 229’ 230

Unreacted XeF6 and HF are removed by treatment w1th NaF (whlch

2
forms compounds with both) e3l, 232,

229

'The pest reported procedure
is that of Smith 3 who used a circulating—loop incorporating
an infréred.celi' for monitoring the interactioof in'this arrange-
ment, air eeturated with water vapour 1is bled ihto the circulating-
Zloop, fiiled:with XeF6‘near its saturetion vapoﬁr.pressure, and the
XeF6Acoosuﬁptioh.is_monotored by folloﬁing the ioteneity of the XeFg
band at'5eo'cm'l. Yields of 80%, based on XeFé'cohsumption, have
been obteineo; | |

‘The static oethods; involving interaction of XeFg with HéO or

235’“112, are hazardous if not carried out with great care and

Si02 . .
it is probably better, if efficient and large scale synthesis are
not importent factors, to prepare the.compound'by heating Xe/F2/02
mixturesvto 235 ;>the Xe;Fé_ratio being ~ 1;4-end the oxygen in
considerable excess (Sétimes_the Fé content).135 The last procedure

yields XeF#-as a major impurity, but the much greater volatility of
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the XeQFuipermits ready separatiea:by'Vacaum.aistiilatioﬁ at~;O °.
This‘method‘ie‘ne mere hazardouévthah XeF6'syn£hesie?

Whenever XeF6 is handled in an apparatus, whlch has not been
. prev1ously fluorlnated or plckledf:w1th XeF6, the oxyfluorlde XeOFh
s produced ThlS oceurs so readlly that 1t was a source of some

236

confu51on 1n the early studles 1nvolv1ng XeF6

Some ngslcal Propertles. The hazards assoc1ateq.with the pre?aratioh'
of XeOF&:ﬁave restricted its Stuay.b Tﬁe limited_phyeiCai.data-are
summarized:inaTabie 3.4.2. . |
 peble k.2
The compound is colourless in all phases, is low melting (-46.2°)
and‘easily Voiatile.'237

» stab1e238

'It'is anticipated to'be fhermodynamiéally

and all observatlons indicate’ that it is so.,

The_n;m.r. data (19F lTO, 129Xe, see Table“3.h.2) are consistent

with the liquid being non;associatea,(unliké XeFé)»and'the low electrical
'condactivify of the pure liQuid:shoWs thatautdioaizafion is'yery limited.
Neveftheless, the liquid has a mOderateiy high.dieleetrie constant
(24.6 at 24°) and dissolves the alkali fluOrides,“with considerable

\

enhanceﬁeht‘of the electrical conductivity.237‘ Thus, a 0.29 M CsF
so-lution possesses a specific conductivity of 8.5 x 1073 omm™t em™®
at 24°?37. Although XeOF) dissolves XeF¢ and is miscible with HF,

the electrical conductance is not markedly effected‘by their addition.

35

-Structﬁral Features. Like the 'isoelectronic! halogen pentafluorides

and XeF. (see sections 3.4.1 and particularly 3.4.6 for a structural

p
: T :
comparlson), XeOEh is known from n.m.r., 121 vibrationall8o’ 114 and

239

mlcrowave specbroooopy to be square-based pyramldal in shape, w1th the

O—ligandvapical (ghv) . The microwave data indicate that the Xe and
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Table 3.L.2
Some Physical Properties of XeOF#
Colourless solid, liquid and vapour(g)'
m.p. (OC_): _28(3-)
_ud(c)
6.2(d)
Vapour pressﬁre(b)_ T°C P . Density (g cm-3!: d = 3.168-0.0032T(e)
| | o 7.0 |
o 8
23 29
Opticél grégéfﬁies
e i , o o ' ' 5
Refractive-index;(e) (Cauchy relation) n = 1.40753 + &;§19§§_£9_ + 0.0003

A

(Measurements at 4358 and thlR)Temp. Coeff.of n; -0.00049
' i (&) 0n ) -1
Molar refraction: RD(QS C) = 18.2k cc mole
‘Dipole Moment(f) 0.65 + 0.09 D3 Dielectric Constant (24°C) : 2h.6 (d)

Volume Susceptibilitz(c) -X = 0.82

Infrared end Remen gpectra (6)(1)

c by Symmetry

—

IR R
vy 926 s 920 (2) P
a) Vo 576 m 567 (10) P
vy 2% s 285 (0+) P
b (X 527 (&)

230 (calc.)

i<
\n.
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o
no
N

2  6©8'vs ,
vy 361 s 365 (2)

v

oy  161__((:)+)
‘Molecular dimensions o _
MiCrowavé_spéctroscopy(f)(i)
© Xe-0: 1(703': 0{015'K’-'.
Xe-F: - 1.900 & 0.005
f 4_ Q-xé-F§'1 91.8 * 0.50(1)
N-M.ﬁ~ Sgectra' |

.»l70_Shift;: gé = =313 * 2-ppm_(g, H2170_= 0), J(;nge-lTO coupling) =
g +'692;i 10 cps (J)

19

F shift: ‘o = 100.27 ppm (EFJ£¢;3F_5;O> 5 = 330‘ppm (oF, Fe(g)

o)) (1)(m)

i

-F

'129Xe Shift{ 19Xe = =~ 5511 ppm (gXe, Xe(g)= O)(m)

Photoélectrcn Spectroséopz(n)

.AE(XeOFh(g)) =7.02 % 0.13 ey.(:elaﬁive.to Xe(g))_v

Electrical quductivitx(d)
o . o e N
Specific conductivity (at 24°C): 1.03 x 10 © ohm ~ cm _, increases markedly
‘ with CsF or

' . . ,_—l_
~ RbF added: specific conductance (0.29M CsF soln. in XeOFu): 8.5 x 10 3 ohm ~cm 2



(o)

Mass Spectrum

Negative ions:

. .

XeF--, XeFéy XGF—, XEF;;;_ XeOE

3
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Positive ions: all uni-positive ions observed but XeOFg / XeOF) ratio ~100:1
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by - ]Jgandq, ‘are very nearly coplanar (:3 O—Xe—F 9l 8 . 0. r°). The
Xe-F bond»length (1.900 O OObK)239 is vcry 51mL1ar to that found for

XeFg (1. 8901\)2 T ana ulgnlfLCdntly shorter than for XeFl (1.95R )lTa.

The Xe-0 . bund lepéth (1.703 % O. OlBﬁ) is shorter than observed in

)2uo 241

either XeO. 1. 768)° 7 or XeOu_(l.TMA) . The force constants

_5<

giVén ih Téble_3.4.32 derived from the vibration dataSare cons%stent

with theée observations,'the Xe-0 bond evidently being stronger than

Table 3.h4.3
Comparison of Bond Stretching Force Constants (mdynes ﬁ~l)

~ of XeOF) with those of Related Molecules

XeO‘Fu R - XeF) XeO:

o _ : XeQu
'kr(xe—Fdff ,"3.21(3)? 3;26(¢).'_ 13.00(b) ; %ghv . ‘. o
kr(Xeéo)}‘} .‘7.ll<a), 7;08(9) | o ' 5,66(d) 5,75<e)(6.7)*

(a) D. F. Smith, science 140 (1963) 899.
(b) gézg. Claassen, C. L Chernick and J. G. ‘Malm, J. Amer. Chem Soc. §? (1963)-
(¢) G. M. Begun, W. H. Fletcher and D. F. Smith, J. Chem Phys b2 (1963) 2236.

(a) D. F,»Smith; in "Noble Gas Compounds," H. H. Hyman, Ed., The University

of Chlcaéo Press, Chicago and London (1963) p. 295.

(e) W. A. Yeranos, Bull. Soc. Chim. Belges T (1965) ik, This value was derived
: using a Urey-Bradley force field and an “assumed value for 2K ® Convertlnv this
toa valence force-field value yields a k (Xe-0) of 6.7 mdynes -1

in XeO3 Q?_XeOu
Bonding and Bond Polarit . The observed geOmetry‘is as predicted by
39 X

valencé—electron—repulsion theory, and by the three-centre-four-

electron bond descri?tion3g’33 (see section 1.3)}. In the former
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,representatlon the molecule is pseudo octahedral (the non-bondlng
valence e]ectron palr belng on the k -fold molecular ax1s trans to
the oxygen atom.¢

The X-ray photo-electron spectrum of XeOFu( ) ylelds a Xe
core—electron chemlcal shlft 1ntermed1ate between XeFu and XeF6 as

shown in Table 3.4 4, These-data show that the ligands remove

Y-Table 3.&.4.'

X~ ray Photo-Electron Chemlcal ‘Shifts for XeMv

Core-Electrons in Gaseous Compounds( )

| _Xe(g) XeF2<g) - X‘?Fu(g> O EFg) XF(g)
XeMy Chemical O ‘-2.95(13) -5.47(18) . -7.02(13) -7.88(18)
shift (ev) | -
Shift/F atom' - - 741.&8 B =1.37 : - - -1.31

‘(a) S.-E. Karlsson, K. Siegbahn, and N.. Bartlett, J. Amer. Chem. Soc. (1970)
in. press ) , ;

electron-density from the xenon;atom (-the‘expellea oore electrons
neing more.bOund than in atomic xenon). The XeOF# shift_is seen to
be closer to that of XeFy than that of XeF,. The shifts have been
interpreted'quantitatively-in terms:of a simple,coulombic model.lg6

This assnmes'a spherical,poSitively charged, xenon atom of charge'+q”

and radiusrv and spherical, negatively charged ligands at a distance Ry

The steric activity of an oxygen ligand appears to be comparable

(see

3
section 3.Lk.4) is pseudo-tetrahedral with £ 0-Xe-O __ = 130°.

to that of a non-bonding-valence-electron-pair, thus XeO

i
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- from -the Xe atom. Thus,-for XeOFhv
xeor, (27 %) (- 1) slw - )
and by equating the first term with AEXeF' or /3 AEXeF
Do ' ' : T ) 6
- 7 _ ) 2 1l 1
L AEXeQFh B AEXeFu(Qr /3 AEXeF6) qo(__%rV RO) )

Thus, the dépendénce of q upon r, has been evaluated and compared
withva similar interdependénce_for the xenon fluoridés. The findings

are as follows:

Xe valence shell radius (A) 1.5 1.k 1.3 1.2 1.1 1.0 0.9
0-ligand charge a 1.5 0.91 0.6k . 0.47 0.36 0.28 0.22
F-ligand charge qF*l © 0.63 0.48 .0.37 0.30 0.20 0.16 0.13
(¥*essentially constant

for all xenon fluqrides)

They show, no matter what the choice of the Xe valence-shell radius,
that the oxygen ligand withdraws more electron densityvthan a fluorine
ligand.a-This is compatible with the valence-electron-pair theory, if
mditiple bonding'is allowed for the Xe-0 bond, but is also in harmony
with the three-centre orbital model, which, in its simplest representation,

1

. L -
yields a charge distribution Xe+3(F'2)h 0~ for the oxyfluoride. In the

latter view the Xe~0 bond is a semi-ionic bond, Xe+:0;' The considerable
polarity of the Xe-0 bond Predicts a large dipole moment for XeOFu

( > khp), if the non-bonding valence electron pair is sterically inactive
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(i.e., iﬁ fhe Xe 5 s orbital). Since the observed dipole moment
is only 0 65 0.09D, at least considerabie Xe valenCeéshell polarizaﬁion
occurs, or else the non—bondlng palr' res1des 1n a sterlcally actlve
orbital (e.g. an sp hybrid).

. 17 I _ S = ' .

The: ~ 'O n.m.r. spectrum of OXeFu shows ‘a resonance ( ¢, =313 ppm

relatiVe'to HelTO) down field from aqueous_XeO3'2u2’ 243 which has been

. .230 . . .

1nterpre£ed in‘terms‘of greater double bohd cheracter for Xe-O in XeOFn

The resonance is, however, to higher field than many

o).

tha ’n' el
nl X 3(8,)

'double-bond"’ oxygen compounds, (o, =500 to -600 ppm relative to H2

11
A locallzed orbital model - (employlng Xe 5d crystals) has been glven, 9

to account’for the’observed n.m.r. chemical shifts and coupling constants.

- Ligand: Exchan e in the § stem XeO F XeOFh A F n.m.r. study and 18F

radlotracer 1nvest1gat10n 1n the systemXeOeFe/XeOF4 has shown the half

life for F—llgand exchange to bed 7 min. at 0° and > L sec. at T70°,
vbut.e detailed kinetic study ﬁas not carried .out.

Chemical'Progerties of XeOFﬁ;'EThe'oxyfluoride'hydroLyses further, evidently

- in stepwise fashion

XeOF) + H,0 —_— XeO,F, + 2HF

XeOeFQ + HQO-——ﬁ> XeQ3 + 2HF

but it_has not proved possible to control the hydrolysis to generate

229 :
. The
oxyfluoride interacts similarly with Si02, especially at elevated

temperatures. The ready forma‘ion of XeO

The usual productfis XeO

macroscopic ylelds of XeO, 2 2

renders investigations

. v 3
of'XeOFu (also XeF), and-XeF6).hazardous, particularly if carried

out in oxide containing apparatus.
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© Adducts of XéOFu’with alkali fluorides (CsF;.RBF,.KF but not

NaF) may contain the XeOFS_

ion, or polymers of it (see Section 3.4.9).

The adducts;formed with strong fluoride ion acceptors (see section 3.&.8)

probably contiain the XeOF_" ion. The 1:1 molecular'adduct formed between

3
Xeﬁé and X?OFL'has been discussed in.section 3.2.7.. The formation and
structuré.of-thiv adduct are consistent witﬁ the high bond polarities
dlscussed above : |
Analxs1° and Characterlzatlon '. The éompound is moét readily characterized
and detected by infrared or Raman ‘spectroscopy (the Xe-0 stretch at 926(IR),
920 (R), is very characterlstlc, partlcularly in conJunctlon with the Xe-F
stretch at 60R vs (IR), 567 vs(R)) Analy31s ha°=been accompllshed 235
by 1nteractlon of XeOFh w1th Hé in a nickel can at 300°

-

XeOF), + 3H, —— Xe + Hy0 + MHF.

but it is-probable £hat similar reduction with ﬁercury would prove to

be more convenient.

3.4.3. Xenon Dioxide Difluoride

' Preparation.’ Mass spectroscopy gave the first indications of the
| 1
existence of XeOQFQ It was subsequently prepared by HustonglH by

mixing XeO with XeOFu, The latter is distilled’ onto the former which is

3

cooled to_dryfice temperature. (Dry ice is used to minimize detonating

the XeO, by thermal shock.) The XeO, is allowed to dissolve in the

3 3
XeOF), (overnight). The resulting mixture of XeOQFé, XeOF), and XeF, is

fractionally distilled in a Kel-F apparatus. The XeOFu being more
volatile is readily removed. The difluoride is slightly more volatile
than XeOZFE; 1t is_possible that chemical purification could be
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Table 3.4.5 o
Some Physical Properties of_'.XeOQIF2 -
Colourless'solid;’liquid and‘vapour(a)' ;'

m.Dp. 30.8“c(a)

AH;-(XeOQFé(é)) estimatéd(b): + 56 keal mole ™

Volume Susceptibility — x, = o.86¢¢)

Infrared'énd Raman (1liquid and solid)(d)v

 Reman -Inf'?a'rea o | Assigmment
solid = Liquid '--.. f(Ar_matrix) ’ gei'Symmetry '
205 ms 198w .' vy (ay)
22k w .7223 W B - vs(ay)
315 vs . 313ms - 31Tms . yg(by)
. 3ks (b))
350 ms "33_3 ms o | _,'--33'(al-) |
537 ve 1490 s | - o nley)
S o 5.‘37 vs . vs - vy 51;1(313). |
550 w ve + ovo  SHT(By)
_ ’ CS5Thw o
Cost8w . 585 vs jg(bg)
9w - 788w '
81k w ;:‘ | S g
850 vs  Bu5vs 848 ms ¥y(a)
882 s 905 w 905 s o 35(51)
1023 w | 2 '
Wkl w .y, o+ yg 1433(B,)

1496 vw  _ 7
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. S (a)’
Mass.Spectra.
'Positive ions : ’xeoéfg(o.Sg); xé02F+(o.66), erFé*(u.B), X602+(l.6),

: xe£é+(3.3) xeoF+(2.3),leQ+(2;3); Xe0"(1.0), xeFt(k.1).

Negative ions ~: XeF , Xeﬁé',-XeOF" - 1o evidence for heavier ions.

.‘Hﬁstqn, J. Phys. Chém;, TL (1967) 3339.

(a) J. L
-(b) S. R._Guhn, i; Amer. Chem. Soc. §Z (1965)‘2290..

(¢) H. D. Frame, J. L. Hustbn and'I. Sheft, Inorg. Chem. 8 (1969) 1549.

(d) H. H: Claassen, E. L. Gasner and H. Kim, J. Chem. Phys. %2(1968)253.'
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achievéd.byféomblexing the'Xer'wiﬁthst_(see%seétioﬁ 3.A;l) buf
thig suppoSés'fhat'Xe62F2 doés not, fprmba-salt or addu§t with‘ASFS,A
Pgisical P%bgertieS. .The éolidgliquid andAvapour’ére col6urless and
the solid~l&wsﬁelting (29.5 - 30;5°).r_AL£h6ﬁgh thermodynamically
unstable,:yith respecf to XeF2 and Ogiit_can be kept at room temperature
for several days in preconditioned Kel—F‘containers.
| ' Tab1¢’3.h.5

Thgrfibrqtional spéctra, rep:gsented in'TaBi¢_3.4.5? indicate

that the mélegule is ofvge \ | .

compatible with thé_observation that the isoelectronié species

y Symmetry. Such an assignment is

2'2 =2
(A4.0-1-0 =180°; 4 F-I-F = 110°).

.IO is of C v'Symmétry2u5,being_pseudo,trigonal bipyramidal

Chemical Properties. The compound in£eracts withFXeFé, with liquifaction,
to yield XeOF, :

XeFg + XeO,F,—> 2XeOF; o

It rapiély hyarolyses in moist airvto'yield XeO3.but a faint ozone
| | oLk :

like odour, reminiscent of Xeouacan be discerned.
Analxsié. ‘The compound has been analyzed by decomposing it in a

quartz container at 300°. The mixtures of Xe, 02 and SiFu were

- XeOQFé

VU I .

510, 1.0 Xe + 1.5 0, + 0.45 SiF, Found

1.0 Xe + 1.5:0, + 0.5 8iF,  Calculated

analyzed mass spectrographically, with relative sensitivities to the

3 gases calibrated by means of a known mixture.
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3.4.4  Xenon Trioxide .

Hiéﬁorical the and Preparation. 1In théir_first "reporf.2 on:the‘
syntheéis‘of XeFu, Claassen,'Selig and Malm noted:fhat the hydrolysis
| of the sélidfyielded_initialky a yeilow solid (nOW«considered to be

XeOF,

'see-éeétion 3.3.3 ) which dissolvéd to yield»d clear, pale
yellow solution. Cady'and his coworkers, in their first report

203

of xeF6,notea phat the ;hydrolysis’pf the f1uofide.yie1ded a solution
containiﬁg.an oxidiiihg‘xen0n épecies which they assumed to be xenic
acid Xe(OH)é;‘ Simﬁltaheous;with thgﬂlatter'invgstigation, Smith 233
obsérved‘that XeFyg épréed to moist air yielded-afsdlid product,

| ﬁhich'pfq&edfto be xenon trioxide. vIndépendently;.Williamson and
chh diééovéfed188'that the solid recovered'by evaporation of a

, . , plo

3"

Since XeO.,, is a powerful explosive, great care must be exercised
)

hydrolysedeeF4 solution was also XeO

in its preparation ( and indeed in the handling of XeF, and XeF, since

the oxide is formed when these interact with moisture). The oxide is
most efficiently prepared from XeF6 and two detailed procedures have

ok6, 2T

- been given The method given by Hustoh and his coworkers is
'probably the safer. Figure 3.h;3 illustrétes the.ekperimental arrange- 
ment fo:uthe'controlled hydrolygis, The XeF6, contained in a U-shaped |
Monel ﬁéssel, has a vapour pressure of ~ 30 mm at room témperature,

and this vapour is swept .in a streasm of dry nitrogen into water contained

in a Teflon bottle:
XeFg(g) * 3MO(g) T O (aq) * Xe03(aq)

The hydrolysis of gram amounts takes several hours. It is essential

that a stream of dry nitrogen be maintained at all times, since water
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' Apparatus _for"‘i-b(drélysis fofi Xe’n'op‘ Hé'xa'_flﬁor_ide”

e
. Kel=Ftgbe © . : ¥
R Al | ORI

: /Tef!oh “bot iy

Mone! U tube - )
" containing XeFs -
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Figure 3.4.3
chould not gaip entrance to the:XeFé container.

If it isfﬁeeeséary to'femeﬁe_the'HF ffbmithe equeeﬁs Eblution,
this cen beaaehieved by treating_thefsoiution with‘magﬁesiﬁm oxide
(Mg0 + 2Hﬁ15a> MgF2{+ HEQ) fe.meke aksiightiynalkalipeeslufry.-'
Following fiitratidn through a sintered'glese'filter of medium_porosity,
tﬁe magneeieméin splutiqqxis‘remevedvby;pes§ege ?ﬁfough a column. of
hydrOquzirqenium oﬁide, cbhverted-to,the'niﬁrafe:form”by eghaustiVe
washing wiﬁheO.1 M_HNO3,_l

solﬁtionS‘may'be kept indefinitely if oxidizable

3

_impurities afe excluded. It is important_to_exerciee the greatest

' The agueous Xe0

care if theieolution is evaporated to dryness eince-the solid oxide
may detqna£e,' L ,
g T&@e3ﬂ§6e

' PEXsical'Properties.f The oxide is coioﬁrless; _Tﬁe_solid deliquesces

at humidities greater than ~25%. The enthalpy of sublimation has

been estimated from mass EPectremetfic obsefvatidnsng:to.be 30 * 10
: -1 S .28 | o s -1

kcal mole g Calorimetry has given Aﬁf = + 96 kcal mole from

which an Xe-O bond energy of ~1T7.5 kcal'mole-l has been derived.

3
and size to the I0

molecule is Pyramidal and almost’ideﬁtical in shape
n.249, 2L0

The XeO

3_ io The bond angles O-Xe-O are CLOSer
to'ga_anélesvthan right angles. The structure is shown in Figure 3.4.L.

—

Bondin, [aﬁd Bond Polarity. The pSeudo—tetrahedral geometry of the

XeO moleéUle conforms to the representation of the_bonding as Xe

3 .
electron-pair donation, Xe':; —= 0, the Xe orbitals being §p§ hybrids.
" This modél'also;implies that the oxygen ligand valence state might

be a singlet (see section 1.3). The shortness of the Xe-0 bonds

relative to Xe-F bonds and the higher force constents of the former
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5

;Some'Physical.Pr0perﬁiés of XeO

Cblourless,.hygrOScopic,fdetonatébleAsQlid.with lbwfvapour pressure at 20°,

Thérmodzhamié Features
 AH sublimation (est): 30 % 10 kcal'ﬁdléf;(a)f‘l
oy (298.15°K)(s): + 96 + 2 keal mole™ (P)
‘Mean thermochemical bond energy:

27.5 - A sublim : 17.5 + & kea1(®)
’ S°,;Xé03(g)‘ = 68.69 cal'deg-l moléfl (c)

Index of refraction: g = 1.790%)
_ Vibratioﬁéi 5p¢ctra(e) |
Infrared Spectrum

(solid) T O R R
(A)' . ’ 311..
v E) 820

Xe-0 stfétch force constant kr:_ 5,66.mdyn/z

" Raman Speétfum.(of 2.0 M aqu. soln,)

'ijv : :
Y it (p)

v 7 34k
vy 833

vlh_ ' 317
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Crystal Structure,(X-ray)(g)£ 

Orthorhombic
a = 6.163 + 0.008 & 2=k
b = 8.115 £ 0.010 - v=262 83
¢ = 5.234 £ 0.008 Vo = 394 end
dX-ray'-&'SS g cm ° Spaée group: 3?12121
‘Xe-0 ' 1.7h £ 0.03k |
. Lo . o ] . ] ° )
1.76 - av. 1.76 A -
N |
X 0-xe-0 108 x2°
100, . -} av. 103°
101 |

See Figure 3.4.k

(2) 8. R. Gunn, J. Amer. Chem. Soc. 87 (1965) 2290.
(v) S. R. Gunn, in "Noble-Gas Compounds," H. H. Hyman, Ed., The Univeréity
of Chicago Press, Chicago and London (1963) p;”1u9. » |

(¢) G. Negarajan, Bull. Soc. Chim. Belg., T3 (1964) 6€65.

(d) D. F. swmith, J. Amer. Chem. Soc. 85 (1963) 816.

(¢) H. H. Clsassen and G. Knspp, J. Amer. Chem. Soc. 86 (196k) 23u1.
(f) see reference (b) p. 295. | |
(g) D. H. Tempieton, A. Zalkin, J. D. Forrester and S. M. Williamson,

J. Amer. Eégwf'ﬁgg-'ﬁé (1963) 817.
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Figure 3.4.L4
(see Tablecélﬂ.3) indicate that the intrinsic Xe-O bond’energies
are greater.than the intrinsic Xe-F bond'energies.i As has
alree&rbeeniremarked (see section 1.3.2) there.afe'indicafions'
that the'intninsic energiesiof Xe-0 bonds are not”significantly
dlfferent from tran51tion metal oxygen-ligand bonds, usually
con51dered multlple, e. g 0s-0 in Osou The greater strength of
the Xe-O bonds, relative to Xe-~F, may therefore‘be a consequence
of thegreater electron affility of singlet oxygen. (- D ) or alternatlvely,
a result of multlple bonding of the oxygen to xenon. The latter
explanatlon'lmplles the involvement of 'outer' Xe~orbitals (e.g. Xe 59).
The,conSiderable kinetic stability of the_xenonvoxides must
be of significance to bonding theory But this poinc'has not been
given sefioue theofetical consideration‘ This klnetlc stablllty
contrasts with the evident kinetic instability of. the chlorides and
'heavierF helides. Presumably the difference lies in a readier
_formation,:on the part of the halogen ligands, of an energetically

favourable ligand diatomic, by electron transfer back to the Xe atom:

L

»;*
\\,L

S

\\ \\\ Xe
7 7

There must be considerable polarity in the Xe-0 bond and the
3 near-neighbour Xe-~--0 distances of 2.8, 2.89'andf2.9OE must represent
coulombic"interactions -Xe+x‘---0-y-. The low volatlllty of the

compound is compatlble with such interactions.
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'Cheﬁical’Pfépértie;.‘ iﬁe'thermédynamic instabiiity of the solid
oxide and its:high‘sbiﬁiility and kine%ié $tabilityiin aqueous
solﬁtidﬁ:ﬁéé:résﬁltéd in most work 6ﬁ tﬂé'oxide‘béihg invoived
with,aquébus SOlﬁtions{ ' The éhemistry 6f7the aquebus'solutiqﬁs is
discussea_in.the foliowingfsééfion.' |

’ThefOXiae also forms salts with the‘aikali hjdroxides (éee
section 3;#.11) anq'with aikaii'fluorideévand chlorides (see
section 3<4.12). Cétiﬁnic derivéﬁiveé are not.anWn; Thefe is
200, 250 | S |

— alcohol intermediates,
250

also some evidence . for ester like-XéO

3
ih_the 6xidation'of'alébhois: A solution of Xeo3'ip_t-buty1 alcohol
has beéﬁ.titratéd with pbfassium.or fﬁbidiﬁm t-bﬁtokide, using.a PH
méter,wifh’glass4calome1.éléétrodes.’vThe titration éﬁrves are similar
to those given by glacial acetic acid in the same solvent and have
end pointé'gt'l;l”mélar ratib. 'Uﬁstable precipitéﬁes formed during
fhe titraﬁion, anélysisvof which, indicéted empifical'fdimulas .

- t-Bué;xgog;oM.t-BuOH'or MHxéou.et-BuoH'(M = K or Rb). Attempts

to isolate a XeO,-t butyl alcohol ester failed and XeO, was lost

3 3

on COncéhtration beyond 0.4 M ~ vapour phase-décomPOSition of
ester-like species is possible.

Anélzsisf The trioxide is most conveniently analyzed by iodometric
. 151 _ : .

titration.’ Excess sodium iodide is added to an aqueous acids

.XeO

+ 617 + 6H — Xe + 300+ 312‘solution. The liberated I,

3

2.
is titrated with standard thiosulphate to an amylose end point. Tt
is of interest that -if acid is added before the I; any perxenate

decomposes to Xe(VI) and oxygen, whereas if I~ is added first, all

of the oxidizing power is captured as triiodide;
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3.4.5. Aqueous Yenon Trioxide (’Xehic Acid")

151 247

Preparation.'Aqueous XeO3 ‘solutions are prepared as described

under XeO Solutlons mae concentrated than 2M in XeO may be obtained.

3T | | 3

251

Solutlon calorlmetrlc measurements have ylelde f(XeO 00 H O).

3
Phxsical Properties. The phys1cal propertles of aqueous XeO3 are
giveh ianabie°3.4.7, at 298.15 K.to be + 99.94 * 0.2l kecal mole -1

-1

This implies a: = 3.9 %2 keal mole ". Ihe"Xe/Xe(VI) redox

soln.

potentlalb, derlved from the aqueous solution calorimetric data,
show XeO,; to be one of the strongest oxidants in agqueous media:

3

Acid, Xe(g + 3H20(l)--.Xeo + 6H (2q) +'§e:,‘E = 2.10 .+ 0.01V

3( aq) A
‘Base, Xe(g) + TQH (aq)-—*ﬁﬂxeoh.(aq) fh3H20 + 6e, Ep = 1.2k + 0.01V
Table 3.4.7

These potentials may beYCOmpared with those of the well known oxidizers

IV) (E°.= -1.61V) and O (E = - 2.07V). Xenic acid is reduced at

the dropplng mercury electrode in a s1ngle step to xenon 252

The Raman spe ctrum of 2M soln of XeO3 establlshes 2h3 that the

3

by the low electrical'conductivity of the solution.

Thls is further supported

151 A ;T

primary solutlon species is molecular XeO

O n.m.r.
ok . s .

study shows that the oxygen ligands under fast exchange with

the solveht, equilibrium being established within 3 min at 23 + 10°. .

" The ;TO chemical shift (-278 + 2 p.p.m. with respect to water) is

. - -
~in the same range as those of perchloric acid (-288) and BrO3 s ClO3

and 0104' (-297, _287,‘-288). This study also confirmed that Xeo3
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Table 3 T ¢ .

- Some Physlcal Propertles of Aqueous XeO

_Solubllity of XeO in water >> 2 M(a)

3

Thermodznamlc Feature AH soln ( ) 3 9 + 2 o kcal mole -1
- (v) '
AH° (XeO Hgo 298.15 "K): 99.9k + 0.2k kcal mole™t

s o«
| . -1 -1

,Asf = - 70 £ L4 cal deg™ mole
ey J(Xe0,. © 1,0, 298 15 K) + 120.8 + 1.2 kecal mole ™t

Electrode potentials of the Xe/XeO3 couple:

+ 6H(aq) + 6e”) =2.10 £ 0.01 V

-vAc;d-:» EA_(Xe< o+ 3Hé0(l)--+-XeO3( q)

o . : . » .
Base'; E._ - + TOH “HXeO, ;.\ + 3H,0,.y + 6e”) = 1.2k + 0.01
Bt By (1e(g) + TON (gq) = W60 0g) + Tp0(y) + ) = 124 # 0.01 ¥
7_ Equlll.bx.‘.]..um consﬁagt. ,(HXe.ou. (aq‘)-f»xeo3(aq)_.+ og (aq_)) = (6.7 \i O',S) x 10
Raman Spectrum See Table 3.4.5
Electrical Conductivitx(a)
i Mblaf_édnduqtance (0.02 M Xe(VI) soln.): ¢ 0.0k at 25°

Molal Freezing Point Depression: (a); 1.95 + 0.15°

5\

(a) E. H. Appelman and J. G. Melm, J. Amer. Chem Soc. 86 (l96h) 2141.

-

(b) P. A G O'Hare, G. K Johnson, and E. H. Appvelman, Inorg. Chem. 9 (1970) 333{.
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155

may-be'extracted'from,aqueous solution with CHC1,.
. ) 3

 An equilibrium constant, 6.7 + 0.5 x 10”7 )has been reportedlsl
for the process:

HXeOL;(a) Xe03(a ) + OH (aq)

151

This accounts for the variation in the UV spectrum as a function
of pH. Shoulders at 210 and éSO m p which are eVident'in acid media
are presumebly aésocieted uith XeO3 and a shoulder which appears at
265 m p in strong base may be associated with HXeOMf. The isolation
of salts e}g;,'CSHXeOA, (see section 3.4.11) support.this’rational.

) S A : - o\ s ; 253, 151
Dlsgrogortlonatlon. In strong base XeO3 (HXeOu ?) disproportionates.
The yield of perxenate at ~25° is ~33% for NaOH- solutions of 0.25 -~ L.oMm
253 - |

and KOH solutlons of 2-—*-3 M. Higher OH-'coneentratioﬁ and higher

temperatures increase the yleld With LiOH the'yieldrof perxenates is
clalmed to be 50% or hlgher The disproportionation is complex and there
are probabLy several routes to perxenate. In at least one experiment,

lSl 3

however, the reactlon appeared to be: hHXeOh + 50H ———>»3HXeO6
Xe + 3H,0. Complexes of Xe(VI) and Xe(VIII) do  play a role in KOH
(where a'yellow solid appears) and NaOH (yellow eolution%but must have
small ihfluence_in"LiQH solution where'no appreciablevamount of Xe(VI).Xe(VIII)
complex eppears to be formed. A complex of composition KMXeOé.QXeO3 has
been isolated from the KOH/XeO3(aq) system254 but other complexes probably
occur. - Evidence has been presented to show thatvthese'Xe(VI)er(VIII)

‘ 253

complexes decompose predominently according to the equation:

[Xel vy 0, +3 y]-—»[Xeoh] + yXe + 1.5y0,
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It appears that the hlgher the perxenate concentratlon the less

llkely is the XeO to dlsproportlonate as follows

3

2Xe0

35—4¥[Xe02jf+.[Xeouj;_'[Xeqaj ;—>vXe-'+; o)

2

The better than 50% yield of perxenate obtalned in certaln
NaOH solutionq and the LiOH system 1nd1cate that XeO (HXeOu )
also 1nteracts with a lower oxidation state than Xe(VI) The

sequenceeXeO + [XeO ] —»QIXeOu] +”[Xe0];[XeO]-¢QXe + 50 , appears

3

- more llkely than XeO

3 + [XeO]—> [XeOu] + Xe ,since XeF 2(a q).is

147
3(aq)’

'Ox1datlon of Inor%anlo Ions}_The‘oxidizing'capability of Xe03(aq)'
is in accord with the oxidation potehtials cited above. TIodide is
151

known to reduce XeO

‘oxidized?53" rapldly 1n acid solutlon (but this is slow above

, : . 251 .
PH T),_and calorlmetry gives T AH(XeOS(aq) + 91 (2q) + égt (2q)

, -1 .
Xe( ) + 313 (aq) + 3H20(l)) = -219.63 + O. oékcal moi:l . Bromlde

and chlorlde are also: ox1dlzed to the free halogen Acidic

Mn(II) solutions are oxidized to MnO, over several hours and after

a day or two Mnou— is detectable. In 2M HC10), I, is oxidized to

iodate and‘ﬁhe rafe is greater in 6M acid. Under the latter conditions,

'Bre i5 oxidized to BrO, . The kinetics of the interaction of XeO

| 3 | . 7773(2q)
with Pu(III) solutions have been explored.255 The reaction is:

6Pu(111) + XeO, + 63+f—f>~6pu(1v) + Xe'+ 38,0 (in HC10), acid)

3

and the rate law is -d[Pu(ITI)JAt = k[Pu(III)][Xeos].‘.The activation

~enthalpy, free energy and entropy are AH* =15.3 £ 2.1 ; A,Gt = 20.2 £ 0.1

_ keal mole'l and AST = 16 + 6.9 cal deg’l mole L. “Although the studies
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did not provide for a decisive meéchanism for the reaction, a two
electron change producing Pu(V), which then reacts with Pu(III)

to form Pu(IV); appears most,plausible. A photoéhemically induced
ST . , .  psg

oxidation of Neptunium(V) by XeO has been reported;

3(aq)

ENp(V) + Xe(VI) —~ Gip(VT) + e

The réacﬁioﬁ;is fir$£ ofde% in Xgoaﬁthe'fate expfégéioﬁ'being L

5d[NP(V)j/d£:= kl[XeO3] fdr which kivx'106 (sgc_lj ;'6.28 * Q.58.
Thé,forﬁaﬁion'of'excited Xé03§ Xe03.
be the rate-controlling step. It is noteworthy that the thermal

+ hv’UV*——»—XeO3 , appears to
readtion is very slow. Since we may expect XeO3 to be a ' two

electron oxidizer,' two NP(V)‘ions would need to be oxidized simultaneously
(Np(VII) ié not a realisﬁic species). (The effective oxidizer here may

by réaction.)»

not éontainiXe.but'be a derivative-of a XeO3 +'Hé0"

Oxidation of Organic comgounds; 'Sinée periodate is highly specific

for the okidatidn of vic-diols, their oxidation by XeO3(aqj has also

3

diols and primary alchols in neutral or béSic solution but. there is.

been inVestiéatéd?QST ‘The XeO solﬁtion‘interaétsvreadily with Xié.-

‘ ho inteféétiqn in acid. The vic-diols yileld carbo#ylic acids or CO2

fﬁbm the tgfminal -OH group. This contrasts with.ICh- oxidations,

which yiéld aldehydes (103' being the reduction'product). ‘It may

be thaf thié difference in behaviour has to do with the absence of

sﬁable:équééﬁs bxi&étion'states of the xenonfbeibw_Xe(VI);fv:
Xeﬁon £rioxidevhas:been reéomméndedv?oo aé éhiahalytiéal reageht..'

for the determination of priméry and secdndary alcoholg ih aéueous

solutiqn;‘the products being 002 and HQO. The'oxidatibn of teftiary

191
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alcohols}ié'slow.v Similarly, carboxylic acids may -also be quantitativel&

oxidized to CO, andeéO.258'

2

" 3.4.6. complexes of XeF, with F Acceptors

A:number of adducts involving XeF6 in'combiﬁation with recognized

F acceptoré'have been reported. They include the follow1ng 1l:1 adducts

(m.p- (°C)'giveh in parenfheses); XeFg. AsF (130,5-) 259, 260, 261,

XeFg- BF (9o°) 59, XeF6 SbF523u 5 XeFg. Gan (sub ) 62', XeF6 PtFS

cvloo°) 263’ 26k XeFg.IrFg (116°) 169 ; XeF6 RuF (118ﬁ 22T, he

X-ray structures of the l:1 adducts wiﬁh PtF5 and AsF5 have shown them

to be X?FS :salts 26k, 265 (see Figure 3. h 5). The Ir and Ru compounds
22T In. viéw of the observation

are isOStructural w1th the Pt compound.
that the cub1c form of XeF6 is essentlally XeF5 F (see Flgure 3.h. l)

it seems probable that all of the 1:1 adducts are XeF5 salts. However,

the follow1ng XeFg adducts (with F~ accepto;s) may also contain XeF5

ions, in clusters with brldging with F~ ions: 2XeP6 .AsF (llO")26l

261, , 23k 263
5 5 2 XeFg.8bFg "~ '; 2XeFy.PtFc

xeF6.zsbr5 (198°)‘234; bXeFy.GeF); 2XeFy.CeF)
266 -

169

-2XeF6.PF 5 2KeFg.ITF, (135°)

262, 4XeF6 SnFu and

2XeF6.Sth;
Pregaraﬁionf Tﬁé cpﬁplexes may be prepared simply'by fusing the neat ..
éomponents or by dissolving them in non-reductive solvents (g.g. BrF5
or HF); rAirernatively,,XéF6 may be formed in éiiﬁ; thus, XeF+[PtF6]_

and 2XeF6.PtF have been isolated 263

p

fluorine pressures and the reaction temperature  favoured XeF6 formation.

from Xe/F. /PtF5 mixtures where “he

The same mixtures yielded XeFf-and Xe2F3+[PtF6]j salts (see'section 3.2.6 )

at low fluorine concentrations.
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_ Figure 3.4.5
The Molecular Structure of XeF5+[AsF6}'f

F. Hollander, D. Templeton, M. Wechsberg and N. Bartlett
. . )

. unpublished observation.

193
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Some Ph%sicsl and Chemlcal’Progerties. ‘The compounds'are‘colourleSS
lf the_ecceﬁtor fluoride is a non-trahsition elemehtvfluoride and
appropriately coloured if it is e transltion.metel derivative.v All
of the compounds are rathervlow melting_andlevidehtly dissociate
readily. ?66’ 262 | | | |
Although the crystal structures of XeF [PtF6] and XeF [AsFé]
clearly 1nd1cate the ionic formulatlon they show the cation to possess

considerable polarizingicapability. The XeF5 [ASFG]- structure, represented

in Figure 3.4.5, shows the AsF6- ion appreciably distorted as -a consequence
Figure 3.L4.5

of those Fsligands ofosFélhear'the'xenon“atomsAbeing attracted to
the xenontr This is consisteht,with the’charge of:~ +3 which the
bxenon(VI)vatom is considered to bear.

Hy@rolysis of these7XeF6 compounds occursIVery readily. An almost
quantitetive yeild of Xe(VI) in solution has beenvreported.2§6. The salts

have considerable potential as oxidizers and fluorinators, but there

are no reports on these'aspects of the compounds.

3.4.7 XeF, Adducts with ¥~ Donors

A number of compounds have been reported involving XeF6 in

combination with recognizedvfluoride ion donors. The following

267; 268

alkali'flvoride compounds have been reported:

'CsF XeF6 (yellow, p k. 72 g cm 3) 2CsF -XeFg (cream coloured)~—£99+~c F

RbF.XeF6 (colourlesﬂ -—£L4>2RbF.XeF6 (colourless) _lﬁEL, RbF

£.250°
e s

2KF. Xer6(colonr1ecs ) KF

2NaF.XeF6(colourless)éé:%ég_,rmap
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Oh 232

Lithiun.compounds*da not form.' Other-repofts mention Na¥F. XeF6
and give a'decomposition'temperature (undar vacuum) of 125?. This
VdecnmPOSi%ion tenperature présumably appliea ﬁo thev2NaF;XeFé compound,
since there is no ev1dence for a l 1 compound 2687 As mentioned in
section: 3 h .1, .the revers1b1e compound formatlon of XeF6 with NaF |
pronldes a- convenlent method for the purlflcatlon of XeF6,51nce XeFé
Xth and XeOFA (the common 1mpur1t1es in an XeF6 preparatlon) do not

complex with NaF.

The enthalpies of dissociation of the 1:1 adducts;
‘vQCS(Rb)F.XeF6-—f——>~CSQ(Rb2)FQ.XeF6v:+ XeF6

have been derived from vapdur presSure-teﬁperatufe measurements to
be lh,Opand 8.7 kecal molé_l'respectively.

A'éompbund with nitrosyl fluoride'269

s EﬁOF.XeF6,‘is presumably
' alosely felated:tovthe alkali- fluoride compounds(.:The occurrence of
infraredfand Raman bands_at;23i0 and 2305 cm"l indicate the.presence qf
No+ éaﬁiané. The band ati5h0 em™ T islpresumably associafed with Xe-F
stfetCh."This is the only structural infofmatidn availablévfor the F~
dOnon cnmpounds. It does support the expectation that they are salts
of‘general formulaev Af[XéFT]- and (A+)2[XeF8]2-.x Presumably, these
anions,’iike XéF6 itself'vwill exhibit steric'actiVity of the non-
bondlng valence electron-palr

The adducts are extremely reactive chemically and raant v1olently
with water. The hydrolysis presumably gives a Quantitative yield of
Xe(VI)‘in‘solution, sinca Xe is not evolved. vﬁydrolysis of CsXeF., in

(

moist air yields CsXeO3F (see section 3.&.11). - Dissolution 6f the latter
yielas cemeo, 268
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'3-4b8;;XeOFh Complexés'with-Fluoride~Ioh Acceptors -

" As invthe"cése of XeF6, éhtimohy pentafluoridé:forms a fcompléx23T
with XeOFu which is stable at foom'tempé;ature.; EXéesS"SbFs yields

a’@éteriél“of cdmpositibri.XEOFu.QSbF5 (ﬁ;p.-~ 70°). A complex,'EXeOFu(VF
' 270 ' 237

_ArS¢nic pehfafluoride'fbfms an adduct”

5

is alSo'reported;v with

XeOF), at =-78° but this does not exist atvroom temperature, even under

pressurés'of one or twd,atmospheres.of AsF This- contrasts with the

S-.

XeF6 behavior and it is clear thét-complex formation using AsF. may be

>
.used‘éé a'éoﬁvenient chemicai method-for separating'XeOFu_énd XeF6.

. There is nb-fi:m'str@ctural information on the XeOFu'complexes with

ihe fluoride acceptors,-bﬁt'it is probable that:thcy are salts of the
XeOF3f_ion, whichlié pre§u@ably;psgudogtfigonal bipyramidal (the oxyéen
ligand_beipg.in an equatorial posiﬁioﬁ).

3.4.9 XeOF) Complexes with Fluoride Ton Dbnors

The oxide tetrafluoride complexes readily.fs with CsF, RbF, KF a3t
69 '

and NOE_? The trend in'thermal stabilities of the alkali fluoride

complexes is similar to that 6bserved in the'XéF6 compiexes,-namely Cs}
RbD> K. The NOF complex, ONF,XeOFu, dissociated readily (m.p. ko°, v:p.

30 mm‘Hg at 23°) 269. Thermogravimetrié analysf1523T indicates the

folldﬁing sfoichibmetriés:

~27S° . hod°

B ) . N o -
~ CsFXeOF, 22225 30sF.2Xe0F, 2124 30sF . YeOF), ~t2 0 CsF
: ‘ R . o . . N o .
. ' v ) N o
3KF - XeOF), 207, 6KF.XeOF4 220 KF

The‘MF.yXeOFu adducts are chemically reactive and bulk samples dissolve
éxothgrmically in water but xenon is not evolved. When allowed to stand

in moist air, HF is evolved and MXeO,.F salts (see section 3.L.12) are

3

formed.

.
-
'
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y

The'XeOF5 ~ion mdy oceur in these XeOFu complekes but 1t is more

probable that polymerlc spe01es 1nvolv1ng XeOFu molecules 'brldged' by

F-'lons llke the XeF tetramers and hexamers see Flgure 3 h.1) wild
4 6

'3.4.10 Xeoggé Adducts

Adducts of XeOeF have not been reported but 1t is p0551ble that

-

27 3
be structurally akln to XeO

both XeO F and XeO ¥ salts will be preparable “The catlon should

and the anion pseudo ~-octahedral.

3

3 kL, 11 Xenates

.Pregaratien; " Mono alkall xenates of emplrlcal formula MHXeO4 1. 5 H20

(M. = Na, K, Rb, Cs) have been prepared 2Tt by lyophlllzatlon

of 0.1 M XeO3 and alkall hydroxlde in l:l ratio . ,The ce51um'saltu
has aléo'been prepared by interaction of'Xeos(aq).in the presence
of‘F-; 2&7' A barium salt has also been claimed1 1 and questiohed.l51

Phxéicel Pfogertieé. The infraied s?edfra of %he:Salts are represented
ih Tablef3:h;8. The:Salfs ure colourleSS and ate eonsidefebly more
sgablé}(kiuetlcally) thah”XeO3, particularly when anhydrous. They
are sueceétiblefto detonation, particularly if'tﬁey contain excess

3
CHC1

XeO.. . The salts are insoluble in methyl, ethyl and t-butyl alcohols,

3 eud_CClh.

The infrared spectfa show that the salts de”ncf contain perxenate.?Tl

Evidenﬁly the sodium salt. is struéturally different from the heavier

alkali salts. Infrared absorptions at 3500 and 1600 el indicate

that the former contalns hydroxyl groups. All are characterized by
a strong band or tends in the region T70-810 em L - presumably
associated with Xe-O stretch.

Table 3.4.8°
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| Table 3 ."l|~.8 .

1nfrar >4 Spectra (cm” l)'of Monoalkali.xehates(VI)-

:Emplrlcal BOquld

NaHXeOu( ) 3)OOw 1600w 1360m 770 8005 730sh 625s u69s 3ho 370m
K(Rb)ﬂxeoug-3500w : léOwafl360m.v770-800s 730sh - ~480s - - 340-370m

come0,P) " 3120vw 1430w 783s  Thls  T2ls  699s 386s 34,3165

(a). T."M. Spittler and B. Jaselskis, J. Amwer. Chem. Soc., 87 (1965) 3357.
(b) B. Jaselskis, T. M. Spittler and J. L. Huston, 1ibid, 88 (1966) 21&9

vhave been prepared Bfief,mentioh'has also beeﬁ_made of CsXeO3Br.

equal folumes of 0.5M XeO.

v'drops of;HF.

~2.0 ml of 1.5 M CsCL with 0.k ml of 1.5M XeO

Chemical Propertles_ The xenates dlsproportlonate on dlssolutlon in

~ water to Xe(O) and Xe(VIII). 'lee_the oxide 1tself the xenates(VI)

: C el ' . o o . 271
oxidize I 'to I2 and this has served as the basis for thelr analysis. T
"_3;4112 Complexes of XeO, with F-:and Cl” and Br_ Donors .
Alkali. fluoro xenates (v1) TdXeO3F T » and chloro-xenates(VI)
' 272

Pregaratiqn. The IﬂXeO3F salts (M:iK’ Rb, Cs)”are'prepared from
vaqueouS'SOiation The Cs.+ and Rb' salts have been nade by neutralizing
the XeF6 hydroly81s product (O SM) with 2M alka11 hydrox1de, to PH k4.
Evapouratlon of the solutlon ylelds crystals. Ihese are washed w1th
ice cqld'water and are best stored‘in-a desiceator. All of the salts‘v
may also Ee'prepared by evapourating a sdlutien'frepared by mixing

and . -y and taini few
3(aq) nd 1M _KF(aq) .n containing a 7

273

The ehloro—xeﬁate CsXe0.Cl is prepared - similarly although

3

acetroniﬁrile'may be used as the solvent. A white crystalline precipitate

1is obtained after 3 hours folioﬁing mixing of an ice-cold solution of

3(agq)’



’The'flﬁ0r04xenetes(VI) afe:ciaimed to be

Ph181cal Propertles

the most thermally stable of the SOlld oxygenated Xe(VI) compoﬁnds.

273

Even the chloro xenate - 1s con31derably more stable than XeO

MXeO3F-salts are'cheracterized
by bands at 812(s), 76l(m), 380(w) and 333( ) ¢

The 1nfrared'3pectra of the o

l but no bands
-1

were observed in the usual Xe-F stretchlng reglon (SOO 600 cr ).

This flndlng is compatlble with the crystal structure of - the
27k :

potassium salt Thls structureé shows Xe03_units linked in

inf1n1te chalns by brldglng F atoms. The geometry of the XeO

3

itself, as may be seen from

272
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moietyjls very’ 51mller to that of XeO3
'the'reppesentetion ef_the xendn coordination greup in Figure 3.4.6.
Flgure 3. h 6
‘ 27h
The Xenon Coordlnatlon Geometry in I(XeosF
Angles
0 ¥e-0, 101.1(8)°
;OEXe-o 97.8(7)°
‘ ’ s o
Ql-Xe—o3 100.5(1.2)
ije-F 1 85.3(5)°
--Xe—Fl 77.2(6)°
FQ-Xe-Fl_ »_98.7(2)
-Xe- LGl1.1)°
Ql Xe-F,  87.6(1.1)
0,-Xe-F, - 85.8{; "
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The xenon flrst eoordlnatloh.sphere 1s a grossly dlstorted
square based pyramld W1th one of the 0- llgands aplcal To a
.flrst approx1mat10n the F- ligands are F spec1es - the Xe—W bonds
are - certalnly much longer and (from the 1nfrared ev1dence) weaker
thanbln*the fluorldesg.'Presumably the non—bondlngfvalence-electron-h
-pair oeeﬁpiee the sixth apical position of the‘peeudo-oetahedral
complex The F llgands presumably lower the p051t1ve Xe charge
ang lower 1ts polarlzlng power - sO enhan01ng the stablllty of the

Xe0 group-

3

S E : P - Ch
-Since the infrared spectrum of the chloro-Xenate7%hows some similarities
to those of the fluoro-xenates (818( ), 793(s), 766(m), TH9(m), 663(w) and

hOO(m) cm ) the structure may be s1mllar to that of KXeO,F.

3

ChemicalvProperties. . The fluoro xenates do not decompose thermally below 200°

2

exploded:ahove 300°. The cesium'chloro—Xenate-is stable to ~ 150°,'and'

explodes“at 205° in-vacuo leaVing CsCl. Additionhof concentrated

‘but loose Substanfialbquantities_of Xe and O, above 260°. Some samples

HQSOhuto;CsXeO3Cl-yields Cl,, chlorine oxides, oe'and Xe.
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3.5 Xenon (VIII) Compounds

The -octafluoride of xenon isvunknOwn’andvavailable,evidence

.indicates that should it be preparableiii-will'not be thermodynamically

stable under ordinary conditions of temperature and pressure (see
sectlon l 2 ) The trioxlde difluoride and Xeou are the only knOWn :.
molecular compounds of Xe(VIII) The perxenates are the best |
characterlzed Xe(VIII) compounds and the alkall metal salts have
con31de1able thermal stability (presumably klnetic) The pattern
of known compounds of Os(VIII) w1th F and O- ligands is similar,

275

.>3F2 being.knoun_and OsF8,:OsQF6,anvasOQFh unknown.

.3;5.1 XenonvOctafluoride

276

Although, in an early report T , & claim was made for the

'preparation of XeF8, this has not been substantiated and much

further work has failed to support the ex1stence of this compound

In a thorough study of equilibrla in the Xe/Fg_system Weinstock

et al 2 found no evidence for XeFg, even at'high_Fe/Xe ratios and

noderate.temperaturesf (see section 1.2).

3.5.2. Xenon Trioxide Difluoride

.Xenon trioxide difluoridehas been prepared by interaction of
XeF6 with so0lid sodium perxenate contained in a Kel~F tube. This -
interaction produces a larger quantity of-other'xenon compounds,

pxinc1pally XeOru The compound was detected mass spectrometrically,

"XeO F . being observed.  Xenon tetroxide is formed in small quantlties

372

along with XeO These two compounds hawe comparable volatilities,

. 3F2.
both being sufficiently volatile at -78° to yield characteristic
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mass spééﬁra. Since XeO.F

32

secticn,3[4.3)_the former is probably symmetriCal and non-polar.

isvmorefvalatile'than’XeOQFg'(See

This indicates that fhe 93h geometry shown is-probablé;  This would be

0

Xe

i
0

F

F

consistent with all theoretical predictions (see section 1.3). '

 3.5.3 Other Xenon(VIII) Oxyfluorides

Although;.in view of the sik_energetically_favourable Xe-F
bonds, XeOF6, at first sight, appears to be-a_thermodynamically

favourable. formulation, the low enthalpy of formation of- IF

7

from IF. for the process: TIF., « + F., \—sTIF. , '\ (see section 1.2
Bt i ? 5(g) " “2(s) -7(5)'( )

>
suggests that the compound may be thermodynam'.ic'ally unstable and
. hence déménding of a speciai syhthetic approaéh; ‘No such objections

apply to the OXeF.' ion and it may be that'the'parent'oxyflﬁoride'can

5
be prepared from salts of this ion.v
.'Thé’oxyfluoride XeO,F), may well be preparable. The AHfo may be

no more unfavourable than +10 to 20 kecal mole—l}

3.5.4 Xenon Tetroxide

Pregaration.‘ Xenon tetroxide was first prepared by the interaction

. . R ‘ ' - 277, 278
of concentrated sulphuric acid with xenates(VIII) at room temperature.
Sodium or barium perxenatiNauXeO6; BaQXeO6), dried in a vacuum desiccator,

is contained in the side—arm of an all Pyrex apparatﬁs. it is tapped



‘kcal; which is a llttle greater than the value for XeO
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slowly-intovcold‘(-5°) reagent grade'sulphuric acid, contained

ina bulb“below‘the side-arm.Wifh care“an approkimately 3k

percent y1eld of the tetrox1de is obtalned The»barium'salt is”
more satlsfactory than the sodlum The gaseous tetrox1de is

condensed'ln liquid nltrogen-cooled traps as a yellow SOlld..If

.the m1x1ng of the reactants is too fast or mas31ve, the tetroxide

27T
decomposes with 'flashes of fire' . .and negllglble XeOh ylelds

are obtained;"The tetroxide is readlly»purlfled by vacuum sublimation -

into a trap at ~78°.

Table 3.5.1.

hy31cal Propertles Thedlimited data availablefon Xeoh’are given

in Table 3 5. l | The vapour pressure of Xeou is ~ 25mm at 0° and

the volatlllty at -78° is sufficient to provide for mass spectrometric

detection} Usually, decomp031tlon to Xe and O2 occurs before the

sample reaches O° and the decomp051tion can be v1olent ~ samples
277 . _

have exploded at -40°. This instability is in accord with the

' 238 ' ’

heat of fordation,~obtained by detonatingvseyeral gaseous samples

at ~25° AH XeO ——»—Xe + 20 = = 15 .5 kcal mole
(xe0yg) () 2(g)) = 7 1937

This enthalpy 1nd1cates a mean thermochemlcal bond energy of 21.1

3"

The infrared spectrum of gaseous samples were obtained using

nickel cells having either silver chloride of polyethylene windows.

., The findings and their interpretation are given.in Table 3.5.1; The

vibrational data indicate the molecule to be tetrahedral and this is
borne out by the electron diffraction findings.epl The Xe~0 stretching

force_constant is lower than in the'case of XeOFu which suggests that

- the Xe-0 bond in_XeOu is weaker. This is supported by the bond

203



Table 3.5.1 3

Some Phy51cal Propertles of XeO4

The solld is yellow
Thermochemlcal Features

UCRL-19658

_AH;‘(g)_(298.15?K): +.153.5 kéal(a)jIMean thermochemical bond

energy: 21.1 kcal(a)-

Vapour-ﬁressure, mm (°C) (b):'3(-35;), 10(~-16°), 25(0°)

Vibrational spectra -

Infraredf : dbs.(b)

, v, »
Supports _% Vo |
symmetry( (c) S T

vy 877 (Pa)
870 &8s

v), 306 (PQR)

. 298 31k

Calc.(?)
906

301

. 8716

1305

204

¥l

Urey-Bradley Force Constants( c) (mdynes x- )g K, 5.75; H,.O.lO;'F, 0.5; k, 0.05

Molecular Geometrx

Xe-O Bond Iength: P;R‘sépération(b)‘yields Xe-0 =

24

vEléctron'diffraction(d) confirms T

symmetry and gi

1.64 + 0.2

ves Xe-0 = 1.736 + 0.

002 A

(a) s. R. Gunn, J. Amer. Chem. Soc.

(p) H. Selig,iH.'H. Claassen, C. L.

science 143 (1964) 1322.

87 (1965) 2290.

‘Chernick, J.‘G. Malm, and J. L. Huston,

(¢) W. A. Yeranos, Bull. Soc. Chim.
(d) - G. Gunderson, K. Hedberg and J.

R. J. Gillespie, in "Noble Gas Compounds," H.

Belges, I& (19

Huston, Acta.

56) Lik.

Cryst. 25 (1969) 12k ;

H. Hyman, Ed., The

University of Chicago Press, Chicago and London (1963) p. 333.

see also
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lengthrofii~7363cbtained.from electron diffractiohvdata, this

bemg ~0. ou A longer than the Xe-—O bond in XeOFh 239
Since the Xe-O bond strength in XeOFh appears to be. greater

than in Xe0431t may be that the charge removal from the Xe atom

by the k4 0- ligands in Xeou is less than the charge removal by the

L E-ligands and l'o-ligand_in the oxide tetrafluoride.‘ If each

Xe-0 bdhd involves a net charge distribution Xe+-0- (as in Xe: = é; )

this wcuidayield a central—atom»charge of f4 for Xebuiand oniy_+3 for |

VXeOFu @sSuming 3 centre%h~eléCtrcn bohds-%F-Xe+l-f-%). However,'the

1igand repuisions for the oxide would be greater than for the oxy-

‘fluoride}; The chemical shift derived from the MBssbauer spectrum

_of'XeO;ihas been interpreted158 as-indicative/cf a charge of +1.7

on,the xench’atom, whereas the samelauthors argde,that the‘Xe-atCm

positiﬁe charge inixth'is +3. These Vaiues'seem'too disparate and

the bonding assumptions upon which these numbers are based are probably

at faultv (the only Xe orbitalsassumed to be involved are the 58 and

5p). _ |

Chemical Propertles. Although potentially ah oxidizing agent -of

great power, hothing has.been reported on the'chemicai properties

cf the tetroxide. o o

| 'Analxsis'and Identification. The tetroxide.is probably most readily |

identified by itsvstrchg‘infrared bands at BTT ahd 305{7 cmfl. Mass

278

show the typical isotope pattern of xenon repeated every

238

spectra
16 mass,units up to Xeéu.' Conventional analysis has been achieved
by decomppsing a sample with a spark (thermal decomposition would
suffice)'follcﬁed by cooling of the sample tov5196° (to retain Xe),
“the oxygen then being measured with a Toepler pump. Subseduently,
the-xehon was measured in a like manner. .

i .
i - P
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3.5.5 The Xenates(VIII) - 'Perxenates'

N SOIfar;.attempts to fréparé perxenétés ana bther-oxysalts
ofrxehon;by_OXidiZing‘Xe with.poﬁérful dﬁidizefé in'aqueoﬁé
medid haVé failedL All:of.the oxyséltsvare deriVed from the
~ fluorides. _
Prégaration; Perxenaﬁes were first described by Malm, Holt and Bane.l55
They foﬁﬁd‘that-thé hydrolysis of XeF6 in stréng stium hydroxide.
generated Xenon gas and.a preéipitate bf hydrated'sodium perxenate.
The reéction has been studied in detaillsl aﬁd it is known that
~Xe(VI) iéithe imﬁediate pfoduct_of thé'hydfolysis; the formation
of perxenatevﬁfpceéding slpwly‘at room fempeféturé'with‘init{al
halfvfimesrraﬁgiﬁg frém 2 to 20 hou;s. The reaction iS'catalyzéd
by.impuritigsj of’unknown cémpo;itioﬁ. The producfion of_perxenat%
iq;imséhydrolysis experimehté)obeys thé_stoicﬁiometfy represented
in theiéquétion. | | | | |
+ 12F + BHéO

2XéF6 + MNa+ +A1160H--~—>~Na4XeO6 + Xé + 02

‘Evidently,.the disproportionation of pure XeO, solution in base

3

is much slowerlsl and it is clalmed T%hat only ~33% ylelds of perxenate
are obtalned over a NaOH range. of 0.25 to 4.2 M and a YOH range of

.2 to 3,6 M. t seems that high perxenate cqncentratlons suppress

the dis_propo'rtionautione35 but high [OH]' concentrations lead to

yields of’Xe(VIII) in excéés of 50%. This implies that a xenon

spec1es of .xidation state lower than Xe(VI) is contrlbutlng to

the ox1dat10n of XeO, to perxenate (see section 3. 4h.5 for -a fuller

3

discussion of XeO, disproportionation).

3

Fa
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The most efficient synthesis of pe:xénate isrprovided

- by OZonizihg a pure XeO_ solution in 1 M NaOH. Since the

3
solubility'of SOdium.perxenate in.watér_is only“&Q;OQSM the sélt
.précipitétes out nearlyiQuantitéfiveiy; YWaéhihgiﬁith a little
cold'Watér feadily removes eXcess'basé;' The salt is a Vhité
crysﬁaiiiﬁeIPOWder which ﬁéy contain from O.6v£o 9 molecules
Héo.pér'Xenonvatom)ereﬁdingon the drying ?rdéedure;. Ihe2$;eparation
. of the potassium salt,'KAXeoé. Hgo; fequiréé gréaﬁef care, since

a mixed vaience'product KﬁXeO6.2XeO readily precipitates. 2, 25k

- | 3
ngsical Progerties. The perxenates are colourless, thermally
stable solids. The hydfated sodium salt becomes anhydrous at

100° and decomposes abruptly. at 360° and the barium salt decomposes

151

at ~ 300°. The latter is almost insoluble in water,”  a

saturated solution at ~25° being 6n1y 2Q3'x‘10-5'M. The solubility

of the perxenates decreases in the sequence Nat > 1i(1.0 x 10-3M) >

)289 Solutions of the 'aikali '

Am3+(6.'1 x 1077M) Ba2+(2.3 x 1077
salts are strongly basic, the pH correspondlng approx1mately to
the llberatlon of 1 mole of OH per mole of the compound dissolved:
Ney,XeOp  + Hzo—-«»ero6'3' + OH  + Lna®
Thevultraviolet spectra of the.perxenate;solutions are pH
dependent. Isobestic pbints at 220 and 270 m p'indicate that
two,prihciple_species'contribute to the spectra. Potentiometric

titrations suggest the following equilibria:

H,)Xe062" + HY 3= HXeOs"  (pK, ~ 6)
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Table 3.5.2.

Some,Physical Properties.of PerXehateé

Crzctallographlc Data

mgw6@§ 'mgwaﬁ%&mfg ﬁk%'%f(w

Spéée group:. Pbca | fbén Pbc2, ‘
a(A) 18.44(1) L 11.86k (5) 9.0k (k) -
b 10.103(7), 10.426 (5) 10.924 (k)
c | 5.873(5) 10.358 (5). 15.606 (6)
dX—ray(g Cmf3) 2.59 .2.33 (5)>.‘ 2.35
dm’easured" >2'17, ‘_ 2'3.8 -7
z h; : | L , b
o o ?_.  (2)-1.86_A' (2) - (2) 1.88 (i) 1.86 (1)
xe-0 (R) - (2) 1.87  (2) S (2) 1.85 (1)
- . (2) 1.80  (2) (1) 1.8 (1)
840 ( (1) .89 (1)
| av. 1.8%01(‘§) av. 1.864 (12)
Z- 0-Xe-0 89 (1)°  89.3 (8)° 88.8 to
87 (1) 89.0 (8) or2 (7)°
| 88 (1) - 87.4 (8)
' "..(See_Figure 3.5.1) |
Viﬁrational bata(e) |
" 1.8 M cesium perxenate.solution:
‘Reman bands (cm™T) 685 (vs)P K48 (mw )P  hoa(w)
infraréd bands (cm“l)' 505(s) Lh3 425(s) g
- NauXeO6 0.41,0 (solid):
Raman bands (cm l) - 683 (vs) 655(m) 390 (w)

- b70(mwr)

Oxidation Potentiais(™)

Xe(VIII) -Xe(VI), Acid:;3.0 V; Base: 0.9 V.
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. Figure 3.5.1
"The Crystal Strucﬁure of NaMXeO6.6H20 ¥

A'¢ReproduCed with permission from A. Zalkin, J. D. Forrester and
' D. H. Templeton, Inorg. Chem. 3 (196L) 1k17. - ' B
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‘ ligands'éré also hydrogén:bonded to water molecules.

UCRL-19658

The 1nterpretatlon of the solution propeztles is also compllcated

by the reduction of Xe(VIII) to Xe(VI)
H3Xé06' — HxeO, " +jo.502'+'H20

This decomposition is more rapid the lower thepr._'

Table 3.5.2
~ Figure 3.5.1 ,
The crystal structures of several perxenates,.lncludlng a

281,282 o 283 . . - 279

: hexahydrate\ 'octahydrate and a nonahydrate‘ ~ have

been determlned and the flndlngs are summarlzed 1n Table 3.5. 2.
.The structure of NauXeO6 6H20 is shown in Flgure 3. 5 1. The

perxenate ion is seen to be octahedral. Much of the water inthe

hydrates is coordinated to the cations but the perxenate oxygen

283, 279, 281

' L ' ° o :
The Xe—O bond length, l 8h-1. 88A-is slightly shorter than the
Xe-F bond in XeF6(l 89A)and much longer than in- Xeoh (l TMA)

and XeO 1.76A)..As may be seen in Table 1.2.3, the size and shape

0,
of the perXehate ion is what one would have antioiﬁated on the basis
of the data for antimOnafes(V), t?llufates(VI)rand periodates.
The;vibrauional spectra of aqueous solutionscfthe perxenates 284'
suggeSt'that a high coucentrafion of symmetricaliXeO6u_ ions occufs
in the‘coucentrated (1.8 M cesium perxenate ) solutiohs, but certain :
details imply the presence of other iouic forms. The vibratioral

\spectfa are included in Table 5.3.2. 'The inténsefhighly polarized

Raman band at 685 cm -1 in the solution spectrum is very close to

'the 683 cm -1 band in the solid NaAXeO6.O.hH20. It is very probably}

the totallyisymmetrical octahedralﬁll band. 'This st}etching frequency

211



-of Xeon,and the deriﬁed Xe positive charge is indistinguishable
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is compatlble w1th the Xe-O ‘bond length and is suggestlve of a
sllghtly stronger (1ntr1n51c) bond than the Xe-F bond 1n XeF6
Bondlng %ng Bond Polar1tx.1 The MOssbauer spectra 158- of the’ =

perxenates,'imply,chemioal shifts which are-very'close to that

from.thét obtained for the Xe—atom in Xeou.
The bonding in Xe06h- can be dealt with in terms of
‘ o 32, 33 '
the Rundle—leentel theory, which in its 51mplest form

repreqents o the ion in terms of three 3- centre-h electron

| bonds 1nvolv1ng(formally) Xe (conflguratlon 5q 5p ) and 6 0

conponents, each 3= centre-h-electron bond ar1s1ng from a llnear

array (see Figure 1.3.2):

The'hignibond polarity | _of this model accounts for the greater intrinsic
bond sirength of Xe-0 in_[XeO6]u; relative tb-XeFein Xe-Fg
Alternatively, if d orbitals areoinnolved.in the bonding;vthe
ion can be represented as an spsd2 hynrid syétém#eech Xe-0 bond
involving one'bonding.electron pair. In moleculer orbital terms,
this impiies the inﬁolvement’of two Xe 5d orbitals in genefating

2 e oribtals, by the agency of a ligand field effect. The

T

simplest m.o. scheme would be as shown in Figure 3;5.2; "There
is, ofjoourse, no proof that Xe 5d orbitals are involved in the
bonding.’

Figure 3.5.2.



' UCRL-19658

213

[
: _ Figure‘3.5.2; ..

A Simple Molecular Orbital Scheme for vXeO6)+- ihvoiving Xe 5d orbitals

Csa e TN

snp SwNLmL  Boron,  SuvRD

“ NS
u__..__-— - —— E———

‘ lg : A
xe . 607
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ChemicaI:Préperﬂies. Pérxehéte’solutions are pdwéffﬁl and rapid
oxidizing;ggents, the xé(VIII) being rédﬁced to Xé(VI). Iodide
1s'oxiéiééd to Ié, evén_in'lM base. Similariy Br; is.oxidized
to Br, at PH 9 or less and C1™ to Cl, in dilute sc1d.®’ Also
in diiﬁté;acid éerxenatef immediafely_cbnverts | :Mng+ to MnO#'.
Iodate';s_bxidized to IOu- and Co(II) to Co(III%}n‘bése as well
as acid. It should be noted that the oxidations in acid, to be
effective,fmuét‘be fast enough to compete with‘fhe rapid evolution
of oxygen;' |

Ameri¢ium perxeﬂate, Amk(Xe66)3;ho‘H26, prepéred 280 from
basic solutions of Am(ili):is of low solubility in water (4.6 x
107°'M) but it dissolves in acid to form Am(vi)'ahd An(V) solutions.
Up to 80% Am(VI) has been obtained ~by'this technique. The formal
okidation‘potentials for Am(iii)‘— Am(VI) and Am( V ) are, respectively,
1.75 and 1.83 V.
Analxsis. It is'evidently characteristic of:perxenate that rapid
decomposition to Xe(VI) occurs in acid media.“-Thus, if a solution
of perxenate is first acidified, then iodide ié édded, only six
equivalents of oxidizing powgr'per mole of xenon are measured as
iodine liberated. If iodide is added before the acid all eight
oxidi#ing equivalents are measured. This can be useful in assessing
the Xe(Vi).impurity in a sémﬁle of perxenate. The iodine liberated

154

is détermined’using thiosulphate according to standard procedures.

214
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4, "Radon Chemistry

4.1 Introduction .

285

l Prio£l£0‘1962 when Fielés, Stein and Zirin reporfed a fluoride )
| there was ‘no. ev1dence forzitrue compound of radon,’although the low flrst :
_1onizat10n potentlal (lO 75 eV), hlnted at chemlcal act1v1ty In thelr
ploneerlng work on radon, Ramsay and Soddy demonstrated286 that it did
not react with metals and a large number of other substances Nikitin

287

was ablel. to prepare clathrates of radon, 1nclud1ng hydrogen chloride,
hydrogen bromlde and hydrogen sulphide clathrates and he was thus able
tolseﬁarete radon fromvhelium and neon.

Unfoffnnately,lthere are no stable isotopes'of.radon and the longestv

2'E\ERn, has a half-life of only 3.83 days. This

lined {naﬁnrel‘ isotope,
isotope ie”derived from the decay of ?26Ra (usually in chloride solutions).
Experinental difficulties'arisevnot only from the radiation hazard, but
also from.radiatiOn decomposition of the reagents:eméloyed in the studies.

The latter factor rules out the utility of large scale experlmentatlon (even

allowing that large quantltles of 2Rn could be collected).

k.2, Compounds of Radon

v Slnce.che Xe-F bond energy (32 kcal in all 3 fluorldes) 1s much greater
vthan that .of Kr~F in KrF ( ~ 12 kcal) and thls follows the trend obezrved
in the fluoiides of .the other groups (see section l.2-$, we anticipape
the Rn-thond to be at least as energetic as thetlof Xe-F. It also appears
Rn06u- ete.) would

likely that chlorides and oxides (RnCl,, Rn0,, RnO

2) 3)
be thermodynamically more stable than in the case of their xenon counter-

.parts. Evidently,288 however, radon, like astatine, is markedly more metallic

_than the elément above it in its group.
h , 3
! i
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" So far, there is evidence only for a fluoride and attempts to prepare
chlorides'énd'oxides, directly and fromvthe fluoriae, have failed. - A claim

290

for the oxidation of Rn byvetrong aqueous oxidizers has been refuted and
efforts tb}oxidiie Rn with ozone and with sodium ﬁerxenate in aqueous nedia

have failed-to 'fix' the gas.

" L4.2.1. Radon Fluorides - RoF, (7 )

In their initial. report3285’ 29k

Steln and his coworkers establlehed
that Rn comblnes w1th fluorine at MOO° to give a compound of lew volatlllty
which is reduced by hydrogen only at‘temperatures‘above 200°. More recent

WO 288 292 . has shown that 222Rn interacts spontaneeQSly with fluorine and
all of the stable 1nterhalogen fluorldes (e g. EBrF3 + 3Rn-——»—Br + 3RnF2(?))

_except IF and is even ox1dlzed by the [N1F6] 1on;f In these experiments,

2
gaseous 222Rn from:a 5-eur1e radium chlorlde solution, dried by passing
throﬁgh a column of ealcium>sﬁl§hate and purified by distillation at -78°
_ (to remove radlolytlc hydrogen and oxygen),was condensed onto the various
reagents held 1n Kel-F tubes. ‘The mlxtures were agltated at room temperature,
for an hour.or so’after which the’222Rn was found te be in the liquid Phase.
' Remeval‘ofethe excess reagent (BrF5 or BrF3 or ClF3) in a vacuum at room.
temperature yielded, in alllcases, a white solid'containiﬂg all of the 2?eRn
activity,. Ail of the solids appear to be the same meterial, and to be_identical
to the fluoride prepared earlier.

Sineebfhe fluoride interacts with water without generating radon exides
and leaveeAlittle Rn activity in the aqueous phase it is probable that the
compound 1s RnF,: RnF, + H,0 —=Rn + %Oe + 2HF. .From.the observation that

ASF5 3 will, the standard free energy of

formation of_RnF2 has been set between the limits of -29 and -51 kcal ‘mole-l

will net oxidize Rn, whereas BrF



UCRL~19658

. 217

Stéin‘aud_his ooworkefs have shown288 that £h¢ fluoride deoomposes above
250°_in‘abuaouum. Evidently, the fadou‘fluorlde'does:hot vapour ise as'av
molecula;'speoies. Electromigration studies.of the:radon fluoride dissnlved
in‘bromineftfifluoride or'auhydrous hydrogen.fluofide have established that
.the radon is p?esent as a cation. The species RhF+ ano Rn2F + would seem.l
more reasonaole than'ﬁn?+. Presumably, the fluorlde is ionic - both Rn (F_)e
and RnF (¥~ ) are consistent with the known properties.’

Although complex salts contalning RnF , Rn 2 3 .or eve‘n‘Rn2+ appear;
feasible therevis no evidence for such compounds atvthis stage. So far,
no effort‘uas Been made to oXioize Rn with the more powerfully oxidizing"
hexafluofides. Since I(Rn) 10. 75, whereas I(Xe) 12 1 eV, it is obvious
vthat PtF6 ‘should oxidize Rn ( See section 3.1.2) and 1t seems likely that
IrF6 and p0381bly OsF6 could also oxidize the gas spontaneously at ordlnary
temperatures.
§3§3vPractloal Applicatious.4 AThe formation”of raooo compounds provides

Afor,the'mefefing and looatioufof the éamma'radiatlon;souroe, radon; at a
specific siteQby bringing it into chemical interactiou with fluorine, a
.'halogen fluofide’or platinum hexafluoride. Thus, the Rn ectivity can be
readily transferred to some ideal location then'fixed'. Removal of the
fixed" Rn from the chosen site may be achieved by reductlon (01 hydrol/51s)
Encapsulated 1nvolatlle Rn compounds may replace the'radon seeds_ or
needles presently in uedioal use. | | |
.Radon:ocoasionally produoes hazardous radiation 1evels in uranium mines.
It is.feaslble288 that this problem can be overooﬁelby olrculating ﬁhesair’

through bubblers or packed towers containing oxidizing agents.
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"_The-Chemistry of Krypton, Xenon and Radon‘
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