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When, in 1962, chemists were informed that a compouhdef a noble-gas

had been preparedl, there was much expression of surprize and initially

even disbelief.
" ‘Faith in the chemical inertness of the noble gases had been
fostered in part by previous failures to prepare compounds. The greatest

prejudice,'however, derived from the electronic‘theories of the éhemical

‘bond, which stressed the noble-gas electron arrangement as thé ideal

to which all other atoms tended.
Althdugh,'when the noble gases were discoveredQ, in the last

yedrs of the 19th Century, they were unexpected,'they_wére quickly

"recognized as a new Group of elementS'of Mehdeliev's'Tableof The Elements.

This new Groﬁp of elements fitted naturally into the "Table", each noble-
gas being located betweeh a halogen and an alkali metal. Since the

HalogénS'included the most strongly oxidizing elements, whereas the

Alkali Metals were the most strongly reducing elements of the Periodic

Table, it Was appropriate, for the ihtervening group of eiements, to
éxl;ibit neifhef c'>xidivzing no'r.re‘ducir‘l.g proper£ies,‘ i.e., to be _chemically
unreactive. . All efforts tO'oxidizévbr.reduCe helium and argon (i.e., to
bring thém into chemica1 cambination.with other elemeqts) failedz,
perhaps‘the.mogt significant'failureibeing Moissan's‘attempt in 1895 to-

3

prepare an argoh fluoride®. The rarer .noble gases were notl. subjected to

the same intensive chemical investigation, and no claim for chemical

activitycf'the gases was sustained prior to 1962. .

When the elecﬁrbnic théories_deChemical bonding were developed it-

- was natprdllthat thevchemicalvinertneés:of the noble gases should be

- expressed in the theory. In their pioneering papers of 1916, both
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W. .Kosse‘l_h and G. N. ’Lewiss .el'npha.sized the‘ ideality of the noble-gas
configurafidn. " An atom of an'element other then a noble-gas was
represented a.s. ga1n1ng or losing electrons unt:Ll 1ts electron arrange--
ment resembled that of & neighbourlng noble-ge.s atom. Thus, as ma.y be .

seen from Table I, Kossel suggestedh that the elements of Groups I, II,

Table I (from W. Kossel')

T Gruppen ——
Iv vV VI VII- I IT  III IV v v VI VIII
Aufnahme ~ IR R Abgabe o - von Elek-
, : . B ) troz_xcn
(uegatiye) o . T ~ (positive) - : (Funktion)
—t s | —ef=afo} +1 | w2 | 48] +4 ] x5 | +8 | +7 s
H,
mo | | | |
He| Li Be B C N.| © (F))
N v | = @0 | BeO) | B0y | €Oy [ N0 | — | -
. C. N 0 FI | Nel Na |- Mg Al Si 4 S -Cl
(CH) | (NH,) | (OH) [ (FIH) | = | (Na,0) | (gD | (ALO,) | (810, | (P,09) [. (805 | (CLO)
Si P s | o laf K Ca | Sec Ti v Cr Mn~
(8iH,) | (PH,) _(SH,) (CIH_) = (Kéo) {Ca0) | (Se,0 s) (Ti0y) | (Vi04) . (CrO) (Mn:l01)
Ge | As | Se |'Br | kel Bb | sc | Y | 2z | Xo | Mo | uwove| R
(Geu,?) (AsH,) | SeH) | (BrH) | = | ®b,0) | (8r0) | (¥,0,) | xO9) |(Nb,0) | (MO,) Kannt (Ru‘(l).)
s | me | 5 x| o | Ba | ta | co | B | xa
(SbHy) | (Tell)| JH) | = | (Cs0,) | (BaO) | (La,0p) | (CeO,) | (Pr,0,)% (N d;0)7
Eman. — Ra — Th -— Ut
= — (RaCly) — (Th,0,) — (UsOy) ¢+

III, IV and V of the Periodic' Table, in their "oxides, lose 1, 2, 3, 4 and
5 electrons reSpectively, to the oxygen atoms. Each element, in _'it‘s /
'h_ighest oxide, .thereby diminished its electron complement to that of

the immediately preceeding noble gas. On the other hand, A for the
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hydrides of.the elements of grOups v, V, VI and VII, Kossel'proposed
that each atom of these gréups, acquire L, 3, 2.or 1 electron respectively.
Each atom of these groups thus increased its electron complement to that
-of the succeedlng noble-gas. ‘Kossel, in hls theory, visualized complete
.electron transfer between the bonded atoms, whereas Lew1ss, although
.allow1ng the approprlateness of complete electron transfer in some cases,
-stressed 8 sharing of electrons between the chemically bound atoms.
By sultably sharlng electrons,. Lewis demonstrated that the great
majority of the known chemical compounds could be ratidnalized in terms
of each atom attaining‘a noble-gas electron arrangement. Thus he
2, as H:H, the symbol,

:,'implying the pair of-electrons for the combined molecule. This pair

represented the diatomic molecule of hydrogen, H

of»electrons, placed between the positively,charged.kernels (nuclei, in
this case)'accounted for the binding.of the molecule, and, being shared
.-eqnally between the two atoms, provided each atom of the molecule with
an approximation to a helium'configuration. In like fashion, Lewis
represented the Water:molecule as H:§:H,' the symbol, O,'being the
Kernel, or‘chemically inveriable part of the oxygen atom, and electroni-
cally equiwalent to the helium{atom.' Thus, by shariné a pair of electrons
with each_hydrogenlatom, the ox&gen.atom'approximates its electron ‘
arrangementvto that of the next noble—gas,vwhich"is neon. The hydrogen
atoms again tend to a.helium-like electron arrangement.

Thebessel and:lewis theories unified and correlated much of what
was then known of the-bonding capabilities of theechemical elements.
'The theorles qulckly had wide appeal. Since the electron arrangements

of the noble gases were ev1dently the 1dea1 arrangements, to Whlch all
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other'atoms aspired, the ehemical inertnees of the_gases,was self -
evident;'at.least'at a Superficial level of inspection; Unfortunately R
in the:ineyitable shorthand of convenient description,'the noble-gas
electron arrangenents were asually'represented by the_group term "ootet",
this being (exoept;in.helinm, which poSSesses a Vduetﬁ) the'outermost"
l.set of electrons ‘of the noble—gae atom. Thie'common term helped to
foster the illusion that all nOblngas electron configurations are
essentiallyfthe same and of the same stability. = They are not.

Of.prime importance to the discovery of the'chemical’activity of
the heavier_noble gases was the-discoyery6 by Bartlett and Lohmann of N
the remarksble oxldizing properties of the gaseous compound platinum
hexafluoride.» In l962 they had established‘that a red solid; prepared
by bunrmg platlnum or platlnum compounds in fluorlne in glass apparatus,
was the salt, dioxygenyl hexafluoroplatlnate, O [PtF6] Thle salt was
‘2+; The salt formulation unplled
that the free hexafluorlde (which had prev1ously been reported, in 1957;

' espec1ally noteworthy for its catlon, 0

by Welnstock, et al 7, of The Argonne Natlonal Laboratory) should be

-"capable of spontaneously oxidizing molecular oxygen.' This proved to be

. s0: V _ . | |
O2(g) * PFe(g) ™ Op [PFg) (o) -

The two gaaes comblned'immeaiately to'proyide the now faniliar salti .

02’:.“ [P,tF6]"". Although the salt formulation had seemed appropriate much | v

earlier in the investigation, it had posed the difficulty that in order

- for the ox1dat10n of molecular oxygen to proceed Spontaneously, the

electron afflnlty for the platinum hexafluorlde,

E = -AH(PtF6( ) + e —3 PtF6( ) )
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needed to be greater than 160 kcal/mqlefl»(thﬁt ié, approximately twiée
the velue for atomic fluorine or atomic chlorine: wa,‘with'thev
spontanebus]oxidation'of‘oxygen and the salt formulation proved, it was
clear that plafinum hexafluoride was.the most'powerfﬁl'qxidizér‘avail_
able hithertoo. At this point, Bartlett noted that the ionization
potentiais'of the noble gases decreaéed'markedly, with increasing atomic

number as Shown in Table II.

- - © Teble II
| . Atomic Redius and First-Ionizatioh Potentiel
_ . ~ For Each Noble-Gas
Noble-Gas _ He.  Ne Ar Kr Xe Rn
Radius.(ﬁ)(a) ’ 1.3 1.6 1.92 "1.98 - 2.18 -f'

 First Ionization

'Potentialf(ev)(b) ?”'586 :21-563 15759 13-999 }2.129 10. 747

& G. A. Cook, Ed. "Argon, Helium and The Rare Cases) 2 Vols.,

" Interscience Publishers, New Ybrk; London, 1961, Vol. I, p. 13.

b. 'Ref.-(a) p- 237.

It was evident that the heavier gases should be more easily ,
~oxidizeable than the lighter. Most importantly, the ionization -
 'potentia1s of xenon (12.2 V) and radon (10.7 eV) were as low as, or

lower than, molecular oxygen (12{2'eV). Radoh_being.difficult to
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handle as & consequence of the short life and o-particle activity of all

df its isotopes, the oxidation of xenon appeared to be the easiest noble- -

gas okidﬁtion to carry out.
| Xepon gas proved_to be as easy‘tO'oxidize as;molecular oxygen.,'Ah

orange-yeiidﬁ Solid_forméd rapidly in the spontaneous gas-gas-reactioﬁ
~and was deéignated xenon:héxaflubrqplatinate.ie+[PfF6]-.* Clearly, the
xenon electron arranéémént was not éhemically inviolate!

, Wheh_this oxidatibn of.xenén by ﬁlaﬁiﬁum hexafluoride was'reportéd;
it wasvimﬁediately repeated at the:Afgonne National Laboratory and, there,
similar studies were glsO(carried out with the»rélaﬁed'hexafluorides

9

ruthenium hexafluoride and. plutonium hexafluoride”. The products of

the ruthenium hexafluoride-xenon reaétion.appeared to contain ruthenium

Although the greater sizes of thé more easily ionizable gases is
~ somewhat disadvantageoﬁs'to bond_fofmation, this adverse size effect is

much less significant than the ionization potential influence.

¥ Subsequent investigation showed that the product of the xénon/PtF6"

reaction is more complex. Two reactions occur, the first being:

oy -
Xe + PtF6 —> Xe PtF6
~ followed by interaction of any ekcess-PtF6 with the first product:

et *IPLR.]" + PLF.
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;Independeht7stﬁdy of the xenon—flﬁorinevsystem by Hoppeband his coworkers

-
pentafiuoride'and this observation sﬁggested fhat xeho# fluorides should
exisf. | | | | ”

a JTﬁé‘first'xenon fluoride to be reported;o was the tétrafluoride
preﬁared‘b&‘CIéassen,'Selig #nd Mglm;of'fhenArgohne N&fién&l Laboraﬁbry.'
. | | ' 11
in Giessen, Germany,‘led’to the isolaﬁién'of a diflubride; 1Wi£hin a few
weeks‘the.flﬁbrides XeF,, XeFu, XeFé-and the Onyluéride’XeOFu were known.
and.viﬁhinvnine months, of the first_repoft;ithe first'conference.oni |
Néble-G@; Chgmistry was called and met.at The Argonné'ﬂationél Laboratory.
More than fifty'papersvwére contributedvin'the two'day meeting'and the |
prdceedings SUbsequently appeéred as a 40O page volumele. (Figure 1
provides thé'propértiés of some of the known coméOundS'Of fﬁé noble
gases. ) '

‘}'(Figﬁfefl)-
During the:April 1963]meeting tﬁe range of noﬁlé?gas chemistry was

rather well defined. AS'might have'been'exPected, the nature of the -

__bonding:in'thé new compounds‘évoked the greatest intefest‘and discussion.

Since that‘time important physical details 6fAthe'properties ofvthe
compounds*have‘been accumﬁlated and the nature of the bonding is néw_.
rather well defined. |

| ?g.ﬁﬁpreéiéte the natﬁre of the bonding iﬁ the noblé-gas}compounds

it shouid be noted that_the'following conditions apply to compound

4fonnatioﬁ:,‘(l) only the heavier, more easily ionized gases'form

compounds, and (2) only the most strongly electron withdrawing atoms

or groups make bonds to the noble-gas atoms.
| S B ' :
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It is clear ‘that compound formationndependS“npon’electron removal
from the noble-gas atom. Table IT gives the first ionization potential .
and the atomlc radlus Tbr each of the noble—ga°‘atoms It'should be
noted that'the”bigger the atom the further are its outermost electrons
from the positlvely charged nucleus (whlch is virtually a p01nt charge)
The bigger atoms therefore lose their electrons more readlly than the
smaller.

If fluorine atoms bond to & noble-gas atom it is essential that
the latter should give some of its electrons to the fluorine atoms. If
we apply either of the classical models (either that,of Koséel or that
of Lewis) we recognlze that the fluorine atom, by‘acquiring an electron,
or atéhare in an electron,'attains a neon-like electron arrangement,
.The electfon arrangement of the‘noble-éas atom, in such & bonding .
situation,'must, eimultaneously, becomé less perfect.'A detailed
appraisalvoffthe bonding in xenon difluoride is illnstrative. :

If we insist on each fluorine atom, in;xenon difluoride;. being
bound to the’xenon,aton by an electron—pair'bond,'the>Lewis dot formuls,
| would be: | |

sFXe

FiXeF: .

With'thisvmodel, we see that the xenon atom possesses an electron
arrangement (including ehared electrons) amonnting'to 10 in nunbera

But a xenon atom has no affinity for electrons. Furthermore, the
crlterla, prev1ously mentioned for bond formation in noble-gas com-
pounds, 1nd1cate that the noble- gas "atom, as a result of bondlng, should _

suffer a net loss in its electron complement. The classical ILewis

, , ‘ B , , %
electron pair model must therefore be judged to be unsatisfactory.



-9-

Tt should also be apprec1ated that the c1a831cai Kossel representa-

tlon of bondlng in XeFe, wouldabe. |
_1:§? .é@Q{ i?:'l o .v

This leaves tﬁe'xenon atom two electronelShert of the noble-gée configure-~
tion. SinCe tﬁe-noble-éas"electroh arfangement is evidently such a
favourable one elsewhere in chemlstry, it is dlsturblng to have to
abandon it completely at thls point: I ' ‘ l

It 1s a happy but perhaps not too unexpected flndlng, that the
best model'for»the bonding in the noble-gas compounds is essentlally a
mixture of aspects of bdtheihe Lewis and Kassel models; Thus, .as first
poiﬁted out_by:Coulsonlh, we eanlwrite XeF2 as‘a‘fueion of equal weights
of the fwe_(canonical) formsi

( f %e ¥ -F and :?:—(:ge{§:)+_

The cetioh is a classical Lewisfelectren pair species. The anion hes
ettained its neon-electron a.rrangementv by.complete electron ‘acquisition,
as"in a Kossel description. The new 1ngred1ent in the bonding descrlptlon'
is the canonlcal-form-fu51on, called resonance.l.5 We can, however,
represent the bondlng in an equlvalent manner and avoid the concept of

resonance, if we adapt the classical Lewis electron dot representation

* The‘sﬁCCess of-#alence'electronpai; repulsion.theor&l3 in

accoﬁnting for the moleeuiai geometry of each ofvthe known‘nobie;gae_
cOmpouﬁds,'has ledwmanyvto the erroneous conclusion that fhe haldéen—
'nqble-gas'eonds (e.g., Xe-F) are electron bair bonds. Similarly the

oxygen-noble-gas bonds have erroneously been visualized as four electron

» bonds.
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as f1rst suggested by Bllham and Llnnet 6

.F e Xe he F. . . v ) } L SN

This implies that each fluorine atom acquires a share in one xenon

velectron end”it thus becomes approkimately neon;like;. At the same tine
the xenon'atom;although no longer having a perfect'noble-gas electron
arrangement;”does.retein the form of such a configuration.- We note that
: if each of the sinéle, bonding eiectrons,'is equally shared between'the
‘xenon etdmiand the fluorine.atom, the noleculedwill heve a net charge

distrubution:'

o=

| ZpxetlF |
This bondvpolarity is in harmony”with the'known enthaipy of suhlination
of the dif:l_uoridel?f'l-8 and w1th its other phys1cal propertleslg., In this
" last description of XeF we have used the Lewis concept of shared |
electrons, for the generation of noble-gas electron arrangements. It

5 are, in-

should be noted, however,'that'the xenon-fluorine bonds in XeF,

effect, s1ngle electron bonds.

It w1ll be recognlzed that if a fluorlde ion is removed from the

XeF2 molecule: .XeFQ.—- XeF + F, the resulting cation is an. electron

"~ pair bound species

0. .0

If therefore, the 31ngle electron bond representatlons for the XeFe
molecule are valid, the XeF salts should exhlblt shorter stronger bonds
than in XeF2 1tself. We have partlcularly addressed ourselves to thls
question in recent years. Vlbratlonal spectroscoplc8 and crystallographicv

‘studleseo 21 have conflrmed that the removal of a fluorlde ion. from the

=
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XeF2
than‘in‘XeFe_itseif. The structural and vibrational spectroscopic
. G o . \ ) o B
findings are given in Figure 2. It is persuasive that if we accept a

emoiecule‘leaves & residual bond which is much shorter and stronger

(Figure 2) .
bond order,of 0.5 (a one electron bond) as appropriate for the bond

o . . . . {
length of 2.01 A reported 22 for. XeF,, the bond length predicted, from

2
an empirical Pauling eqnation,23 for the cation XeF+'(bond order one) is-

- 1.83 4. This is very close to the bond length ofhl.Sh-E given2l for
the‘residual_XeF species in the strncture of EXeSbQFll, as reported by
Peacock andzhis coworkers. o o |

Similar bonding models apply to the other noble- gas compounds. Thus
Xth can be represented in terms of the XeF (F ) canonical forms andt
XeFg in terms_of XeF33 (F~ )3 forms, or,-equivalently; as Xe(-F')h ond
Xe(-F )g- The oxides on the’other-Hand.are electron;pair bound. Thus
xenon . tetrox1de may be repreSenfed s1mp1y by the' LeWis formula |

. o .
. ‘ ) .o ." *e " .
20

- This automatically implies an appreciable positive charge on the Xenon’
atom (+h for equal sharing of the electron pairs) Since the Xe-0

~ bond is an electron pair bond we expect a shorter stronger bond than in the

fluorldes. It is 1mpress1ve that the Xe-F bond length in XeF6 is 1.89 A h

whereas in XeO the Xe-0 bond length is 1. 76 A 23,

3
We.can conclude that it remains true»that the noble-gas electron -
arrangement is a peculiarly stable arrangement which all non-tranS1tion-

element atoms-attain, or retain The heav1er noble gases are not

i i
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excéptional'to'this rule. Of crucial importance to the ﬁndersfanding'

of noble-gés chemiStry; however, is the lower stabiligx of the electron

arrangements of the heavier gases relative to the greater stability'of

the lighter-gas electron configuration (particularly that of neon). The

octet is of'paiamOuntfimportance, the electron-pair bond is not.

It is a tribute to the great insight of W. Kossel that, in his 1916

paperh, hé reCOgnized the inequalitY‘of the nobleégas electron arrénge-,

- ments, wvhich, we have seen, underlies noblé—gas chemistry. -Aftér pointing

to the ionization potential dafa then available for the noble gases,.hé
remarked: "PFiir die Beurteilung dér exzeptionellen Stellung der Edelgase
wire es demnach von h6chster Wichtigkeit, zu wissen, ob ahalog etwa zum
Jodfluorid'auch ein Xenon- odér vielleicht auch Kryptonfluorid
existenzféhig ist, oder deren Existenz ﬁit Schérfe.ausschlieSSenvzub
kénnen — auf jeden Fall ist eine solche Bindung durch das negativste
Element fiur diejenige Form zu halten, in aer sich am ehesten ein Edelgas
in eigentlichef Valeﬂzbéﬁétigung in ein bindres Molékﬁl m'ss einfiigen

lassen."

v|,|
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Figure 1
, ' )
Some Simple Noble-Gas Compounds
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Figure 2
The Xe''-F Bond ‘
' . , v S ._. R ' . Stretching
. Species o Bond Lengths (&) ~ Bond Order”™ . '_Frequency (cm )
o Ye-F(1) Xe...F(2)  Xe-F(1) Xe-F(2) TVXe-F(l)
F(1)-Xe-F(1) 2,01 ) o S Lo
- @ 190 2.0 = 0.7 0.3 - 588
 Xe Xe » B ' : o S -
. 4 -
-F(l) F(l) .
F(1)Xe..F(2)ReF.  1.88  2.2(¢) 0.8, 0.2 ~ 6ok .
F(i)Xe..F(a)SthFSbFS' ©1.84 2;35(d) 09 0y 621
a f o .83 - - 1.0

From the Pauling equatlon : (n/2) = r(l) - 0.60 log n/2, where n is the bond
order and r is the bond length (K) '

: AsSumed value

(a) Ref. 22; (b) F. O. Sladky P. A. Bulliner, N. Bartlett, B. G.-DeBoer, and
A.. Zelkin, Chem. Communs. , 1968, 1048 and Ref. B; (c) Ref. 20; (d) Ref. 21;
(e) Ref. 23 ' ' '




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or -assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process -disclosed, or represents
that its use would not infringe privately owned rights. :
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