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ABSTRACT |

The xenon fluorides XeF,, XeF4 and XeF6 and
xenon oxide tetrafluoride have been subjected to
electron spectroscopy (ESCA) both in the solid and

gaseous phases., Chemical shifts of the XéMV'electrons

indicate that each fluorine ligand withdraws at least -

0.3e, from the xenon atom. The greater the charge
on the xenon atom the smaller is the‘charge removed
by each fluorine ligénd. The‘oxygeh ligand in
XeOF) 'is almost twice as effective in removing
electron density as éach fluorine ligand.

_ Tﬁe ESCA findings aré consistent with Xe-F
_bonding involving three éehtre four electron
molecular orbitals and with electron pair bonding

of the oxygen ligand in XeOFa, as in a’classical.

semi-ionic linkage F4Xe+:0_
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1. Introduction

The nature of the chemical bonding in xenon
fluorides and other nbble gas compounds has attracted
much interest and some controvergy has arisen.l’2

It appears, however, that accurate a priori calcu-

lations relating to xenon compounds will not be

‘forthcoming soon and that quantitative'descfiptions

will need to be empirically based.
Although molecular orbital descriptions of the
bdnding in xenon compounds have been most favored

and, generally have provided a saﬁisfactory

accounting of the bonding,2a without involving high

energy outer orbitals, this approach has not been
fully established. Unfortunately'the simple

molecular orbital theory (involving three center

2a

orbitals) which is very successful in that it

explains the molecular shapes of XeFé, Xqu and

XeOFa, predicts XeF6 to be octahedral. Vibrational
3 4

spectroscopy and electron diffraction data,

" however, indicate thatvXeFévis~not-octahedral. A

more specific molecular orbital description is
therefore called f’or',5 but, it'may'not be abie‘to

prove, a Qriofi, a ground state geometry of lower



than octahedral symmetry for XeFg.
| On the other hand, eléctrbn pair repulsion
theorygb which allots an electron pair to each
~ fluorine-xenon bond and considers all non-bonding
valence electron pairs to be stérically active; is -
more suécessful in predicting molecular geometry
vthan the simple m.o. theory, in that i1t gives the
same answers for Xng,'XeF4 and‘XeOFﬁ, but also
predicts XeFg to be non—bctahedralf
Unfortunatelyithe»electron—pair-bOnd'description
impliés the use of outer orbitals, Which are energet-
ically far remové;il ffom 6ﬁe valence shell. In
spité of this, however, and mainly because of the
npn—éctahedral shape of monomolécular XeFg, the
suspicion'has lingered on that outer orbitals may
be involved by the agenéy of some ligand field
effect. |
As far as charge distribution in thé xenon

fluorides 1s concerned, n.m.f.6 and Mossbauer
étudiés7 have already provided_some guidance but
sincé ESCA promised .a PelatiVely‘direét route to
the determination of charge distributions andksince
the method may be applied conveniently to gaseous

species as well as condensed phases, we have studied

L
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the series.of volatile xenon fluorides; Xng, Xqu,
XéFG and XéOFA. These compounds, furthermore, give'
a rafe opportunity for cdmparison of volatile
COmpounds of an element in several oxidation.states
but with common ligand type. invaintibn, the
relationsghip of xendn oxide tetrafluoride both to
xenon tetrafluoride and xenon hexafluoride permits
alcompariéon to be made of the relative electron
withdrawing capabilities of oxygen and fluorine in
chemical combination with a heavier’non—transition'

element.

THE ESCA METHOD

Since the ESCA method has been -described in
detail elseWhereronly a short summary of the
principles will be given here. The compound to be
sﬁudied is irradiated with X-réys'and the expelled

electrons are analyzed in a high resolution electron

spectrometer. If Ekin is the kinetic energy of the

expelled photoelectrons and E is the quantum

X-ray
energy of the X-radiation, the electron binding

energy E, is obtained from the following felation:

b

By = Ex-ray = Fxin " C (1)
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In studies of solid samples_c is equal to the
wofk function of the spectrometer material. Thé
binding energy is then referred to the Fermi level,
In measurements on gaséous_samples C is a small
correction, which is maih1y due to contact potential
differences., The binding energy for gases is then
réferred to the vacuum level.

.The binding energy for é core shell electron
depends on the,éhemical_surroundings of the atom.

A "chemical shift" occurs inbthis binding energy
due to change in the effective charge of the atom
as a consequence of chemical bonding. in principle
then, chemical shifts may be used to derive the

charge distribution in different chemical compounds.-

Experimental

Preparatibn and manipulation of samples

The xenon fluorides were prepared by standard

procedures. Xenon difluoride was prepared in Pyrex
9 10 10

glass” and the tetrafluoride C and hexafluoride

~

in Monel vessels. The oxide tetrafluoride was
'madell in a Kel-F container by the addition of water
to the hexafluoride. All of the. compounds were

characterized by their gas phase inffared spectra



 which agreed closely with thé-épectra repbrted.

12

ESCA measﬁrements and results

M’gKozl,2 (E

The study was pérformed on the 50-cm iron-free
double fOcussing-spectrbmeter at Berkeley. The
radiation used to excite the ESCA spectra was
X-ray = 1253.6 eV) and the detector was

an electron channel multiplier,

The samples, Xe, XeF XeF), XeFg and XeOF),

2’
were studied in the gaseous as well as in the solid
phéée. The compounds were stored in bbttles outside

the spectrometer and provision was made for a con-

'tinuous_flow of gas into avsmall source chamber

situated near the X-ray anode and separated from

the X-ray compartment by a thin beryllium window.

'Wheh the compounds were studied in-the solid phase

a‘plate.cooied by liquild nitrogen was introduced

in the chamber and the gas became continuously

solidified on its surface. The expelled electrons
were ih both types of study allowed_to.enter the
spectrométer thrdugh a narrow slit (width varied
between 0.2 and 0.5 mm). This slit served two
purposes: 'if definéd a narrowlelecﬁron source:
for the spectroméﬁer, and it ﬁade pro&isioh fofva

differential pumping of the gas in order to maintain



a much higher presshre in’the soﬁrCe'chamber than

in the X—ray compartment and the: spectrometer vacuum
chamber. A falrly good 1ntens1ty at a high resolu-
tion was thereby obtained for_therrecordedvspectra.
Usually two or more gases Werellettihtojthe-chamber.'
simultaneously, thus making it possible to achiere

a directbmeasurement of_the‘shifts. 'For celibration,
the binding energies for gaseohs.Xehon, as;determined

13

at Uppsala, were usedr

The first set.of measuremehts'was performed on
the compoundé in the solid phase. For all the above-
mentioned compounds the ESCA spectra of the_MIV,

Mys NIII and N levels in xenon'and the K level

v,V
in fluorine were recordedg Examples of the spectra
are shown in Figs., 1 and‘2, For each‘compound the
chemical shifts-were found to be_the same for all
levels in xenon (within_an'experimental accuracy
of a few tenths of an eV). Due to this agreement
the main measurements on the compounds inbthe
gaseous phase were performed,only on one level.

The level XeMV was chosen since the correspondlng

ESCA 11ne (compare Fig. 1) 1s strong and does not

v001n01de-w1th ESCA spectravof other_levels;
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For the measurements on the compounds in the
gaseous phase, xenon and one or two of the xenon

compounds were let into the‘chdmber simultaneously.

"The ESCA spectrum of thé XeMV level was recorded at

least three times for each mixture. Examples of the
spectra are given in Figs. 3-6 and the mean values
of the shifts obtained are given in Table 1. The
limits of error corresponds to two standard
deviations. For the fluorides the shift in the
level eﬁérgy is given, in Fig, 7, as a function of

oxidation number. The correlation curve is very

smobth.

Discussion

The xenon core electrons, in the xenon. fluorides,

typified by XeMV, become increasingly mofévbound as

" the ligand number increases, therefore the xenon

Valencé;shell must lose electron density to the
iigands; The energy Change per ligand decreases

in proceeding from XeF2 to XeF6 (see Table l) and
this fits the expectatioh'that electron removal
should become more difficult aé the positive charge
on the xenon is increased. |

To assess the charge distribution the simplest
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ionic model 1s convenient.b in this device the xeﬁon
velence sheli loses charge -g but retains its
vspherical symmetry. Each ligand atom acquifes an
appropfiate negative charge, dps which is considered
to have its effective center at the ligand nucieus;
Xenon difluoride is thereforevvisualized as
§A/2 4 4 ga/2" Ir, for the general case, we let
the xenon valence shell radius be rV(Xe); the inter-
nuclear Xe-F distahce be R and the xenon'valence-i

shell is treated as a spherical conductor, then

with’whioh,‘for all quantities in atomic units, g

is given as the rnumber of electrons tfansferred from
the xenon atom to the fluorine 1igands, This .
eQuetion conﬁains two unknowns, q\and_rv(Xe).

The dependence of the'negativevchafge'on each
fluorine ligand, A s in each of the three binary‘
xenon fluorides, upon fhe choice for the xeﬁon
valehee shell radiué,:rV(Xe) is shown in Table 2 end
;Fig. 8. It is remarkable that for all'three.biﬁary_
'fluoridee, the qp versus rV(Xe) curve is, Within the
experimental error,‘the same, It is evident that a

significant part of the decrease in AE per F ligand,
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With increase in oxidation number'of the_xenon
atom, is due to the associated decrease in R. The
values previouSly assigned to Rvare included in
Table 1.. the that if rV(Xe) did not change with
change in charge,vqF would be constant in the series
of xenon fluorideg and the charge developed on the
central xenon atom would.be directly proportional
to the number of fluorine llgands

In order to obtain a measure of r (Xe) the mean,
value of the radius of the valence shell 5p3/2) was
calculated using a program developed by A. Rosén
and I. Llndgren14 for calculatlon of electron

blndlng energles.* . In this program relativistic

"The authors are greatly indebted to fil. lic.

Arne Rosén who performed the calculations.

wave functions and a modified Hartree-Fock-Slater
method were used. The 5p3/2 electrons were removed
one by one and the valence shell radlus ‘was
calculated. In Fig. 8 is shown the dependence of
the Xe? 5p3/2 shell radius upon the charge dps On
each fluorine atom, for each fluoride. 'The'crossing-

proints of these curves and the curve representing
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the dependence of qp upon rV(Xé), obtained from the
ESCA measurement;, indicate qy énd rV(Xe) in each
compound. 'TheAnumérical values ére given in
Table 3, Becausé our model is oversimplified these

- ' ' *%
values must be somewhat approximative.

* An alternative estimate, of each valenée shell
radius may be madé, if we assume our 'device' ﬁo be
close to reality. Since rV(Xe), for our spherical
cation model, must decrease from Xe(II) to Xe(IV)
to Xe(VI), it is clear, from Figure 8, that qF must
also decrease similarly. But the internuclear
to XeFu

2
and from XeFulté“XeF6.' We can take this to repre-

distance, R, decreases by 0.05 A from XeF

sent mainly a decrease in‘rV(Xe),ﬁsinCe, from

Figure 8; for changes of 0.05 4, the change in charge
on the fluorine ligands is never more than 0.07¢ for
all reasonable valués_of.rV(Xe)ov Furthermore the
greater ligand—ligand‘repulsions in the higher
fluorides could offset any decrease in the F ligand
size andAeven_allow r (Xe) to décréase.bj > 0.05 A
for éach increase of two units in oxidation number.
It is a reasonable assumption, howevef, that‘the

bond shrinkage represents rV(Xe) shrinkage.
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Furthermore if we assume that the valence shell

radius 1s determined primafily by‘eleétron repulsion

and that
i E q( )) = constant, then
m(r_ (Xe '
| | 8 - q,.(XeF,)
Xe 4
rv(xqu) = rV(XeFE) X J/é - qu(Xng)

'For a given choice of rV(Xng) and its related

qu(Xng), rV(Xqu) may be obtained iteratively by
applying an approximate choice of qu(Xqu).to obtain
an approximate»r (XeFu) which in turn, is used to
obtain a more rellable value for q (XeFA) from the
relationship (2), until self cons1stent results are
obtained. With thls relationship a ch01ce of

r (XeF,) of 174 i givee r (XeF,) =v1.33 A, i.e.

r (XeF,) - r (XeF,) = 0.07 A, which seems too large

a change, but for rV(XeF2) = 1.3 A, r_(XeFy) = 1.25 A
and for rV(Xng) = 1.2 A, rV(Xeﬁq) = 1.155 A. There-
fore applying the criterion that the valence shell
electron density per unit area is‘constant and that

the change in valence shell radlus r (XeF )

(XeFu) be 0.05 A the best choice of r (Xng) lies

between 1.2 and 1.4 A&, From this procedure rV(Xng)
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is ~ 1.3 4, ap(XeF,) = 0.38; v (XeF,) = 1.25 A,
qF(Xqu) = 0.33, rV(XeFG) = 1.20 A and qF(XeF6) =
0.30. Thus the positive charge on: the xenon atom in _ A

the three fluorides would be: XeF 0.76; XeF) .,

2’
1.52 and XeFg, 1.80. This represents fair agreement

with the results given in Table 3.

In particular, polarization of the anions by the
cations should result in a shift. of the’negative
charge centér towards the cation; This implies thatv
we have overvalued R and hence undervalued A The

qF values could, therefore, be ~ 0.5 e,'whichiis the
'~ charge transfer predicted:L by the simplest three |
center m.o. treétments;. |

Furthermore, Koopmans; approximation /15/ has

beeﬂ assumed to be valid, i.e., valence electron
felaxation has been’neglected; Although the core
binding energies are lower than those calculated /8/
using Koopmans' approximation (for XeMV for instance
676.3 eV /13/ compared to 693 eV /8/) the influence on

the shifts can generally be assumed to be small /8/.

Lt

With a couple of exceptions satisfactory agreement

betweén experimental results and calculations of

¥

binding energy shifts using-Koopmans"approximatioh



14a,
are reporﬁed in refs. 13 and 16,

The case of xenon oxide tetrafluoride gives
fﬁrther support for the molecular-orbital approach.
The structural parameters obtained by Mértins and
Bright Wilsonl! for XeOqu'Xe-F,_1.95 * 0.05 A; xé-o,'
1.70 = 0.05 A; F—Xe—O,'9l +2° show thaﬁ thékXqu

part of the molecule is (within the quoted efrors)v

 indistinguishable from the XeFa; (Xe-F, 1.95 * 0.01 A)

molecule, »Indeed the.XeOF4 molecule looks remarkably

like an unpgrturbed'Xqu molecule bearing an oxygen

atom on its fourfold axis. Now for»XéOFu:
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o 4q(XeOF, ) + q 4q_(XeOF : q
AE(XeOF)) = — 4 o _ X 4),— 0
r_(XeOF,) R(Xe-F)  R(Xe-0)
_ Uqn(XeOF, ) _ 4qF(XeOF4) . 4 -9
v, (XeOF)) R(Xe-F) r (XeOF,) R(Xe-0)

‘If we allow that qF(XeOFq) = qF(Xqu)vand that
r (XeOF,) = rV(XeF4), since R(Xe-F) is the same in

both molecules (1.95 4), then

AE(XeOFM) = AE(XeFu)‘+ 4 (‘%'(X§OF4) f'%YXe—o))°

Since all but rV(XeOFA) and q, are known, the
dependence of the valence shell radius upon the
oxygen charge cathherefore be evaluated and is

represented in Table 4. Of course it is probable

‘that our assumptions have overvalued g and over-

valued rV(XeOFq) but to some extent these over-
evaluations will cancel., However we can obtain the
4, dependence upon TV(XGOFq) in a different way.
If we let qp(XeOF)) =‘qF(XeF6) aﬁdvrv(XeOFa) =

rV(XeF6) then we can write - -

: 2 | Nt 1 £ :
AE(XeOF)) = 5 AE(XeFg) + q) (';;(Xequ) " R(%xe-0))
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and again are able to determine the dependence of v Wi
the oxygen ligand charge (qé) upon rV(XeOFu). This
dependence is also shown in Table 4 and the results
are seen to be very similar to those from the cher
approgimation. The last approximation shouid under-
.estimafé both qF and rV(XeOFq),V We would therefore
expect the mean of the two results for the oxygen

' 4 * 9 .
charge (———5——~) to represent the true situation.
better than elther approximatidhr In any Case the
différénce between qé and qo.is not considered to
be significant for our'purposes;"

As the results in Table 4 and the curves in

Fig; 9 show, the electron withdrawal by the oxygen
‘ligand is cOhsideraﬁly greater than the withdrawal
by each of thé?fluorine ligands. The relative
eleétron withdrawing capacity depends upoh the
choice of rV(XeOFq); If the mean of thé'calculaped
rV(XeF4) and rV(XeF6) is used, qq = 0.44 and
dp = 0.28. On the other hand, if'rV(XeOFq) is
taken to be 1.25 A (see footnote p 12 ms), dq - | 1  | o
-0.54 and dp = -0.33.. Note; thatlfor ap to be!:v |
0.5, as predicted by the Simplest three center,

2a
3

.~ four electron m.o. approach, rV(XeOFa) is
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W

ir.
required to be = 1.42 A, but the charge on the oxygen
iigénd (qg = 0.99) approaches unity. As has already
been pointed out abové, the polarization of the
ligand éharge by thé central atom probébly causes
R to be overvalued. A greater Qalue for r (Xe)
would compensate'for this error. Therefore the
value of r (XeOF,) = 1.42 A may not bpe unrealistic.
Of course if higher orbitals (4f or 5d) afé not
used, it 1s convenient to assume that the oxygen
ligand is bonded to tﬂe‘xenon atom by the agéncy
of a semi-ionic lihkage F4Xe+ﬁo-.' This, plus two
3 center 4 electroh m.o. bonds for the fluorine

3+Ol—

ligands, yields the charge distribution (F%—)MXe

for the molecule. | | v
Since the charge on the oxygen ligand probably

exceeds 0.4'(rV(XeOF4) =1.15 4) in XeOF, and since

the.XeF4 part,lwithin the experimental error; is

planar,vthe molecule should have a dipole moment

w > 4D, if the non-bonding valence electron pair

is Sg{ If the moment should prove to be low, we =

can be cdnfident of the non—bondihg pairvbeingv_‘

in an sp hybrid orbital.
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Table 1.

Chemical shifts in the XeM, level for
some xenon compounds'studied in the
gaseous phase. The internuclear Xe-F

distances R are also given.

Shift Shift R ref.

Compound ,
AE per fluorine .
(ev) atom (A)
0
2.95 * 0.13 - 1.48 2.00 = 0.01 18
5.47 + 0,18 1.37  1.95 £ 0.01 19
7.02 % 0.13 | 1.95 £ 0.05 17

7.88 £ 0.18  1.31  1.89 * 0.005 4

22,



Table 2. Dependence of éharge distribution -upon choice of

valence shell radius (rv) of the xenon atom in

23.

XeF,, XeF, and XeF.
r (h) 15 1.4 1.3 .2 1. | 1.0 0.9 0.8
ap(XeF,) - 0.61 0.48 0.38 0.31 0.25 0.20 0.17 0.1k
qp(XeF,)  0.62 0.47 0.37 0.30 0.24 ~0.19 0.16 0.13
ap(XeFg)  0.66  0.50 0.38 0.30 0.24 0,19 0.16 0.13

’qF is the net negative charge on each F ligand.



Table 3. Valence shell radius r  for Xe and : y
charges obtained for the Xe atom and the
ligands in the compounds studied, using
theoretically derived r, values.
Compound - rV(A) Aye dp g
XeF 1.22 1 0.62 0.31
XeF) 1.19 1.16 - 0.29
XeF 1.16 1.62 0.27 N
1.18 1.56 0.28 0.44



25.

Table 4. Charge distribution in XeOFq‘as a function

of the valence shell radiﬁs r

iy 1.5 1.4 1. 1.2 1.1 1.0 0.9 0.8

r.( 3

qo? o 1.6 .0.98 0.68 0.50 0.38 0.30 0.24 0.19
@, 1.4 0.8 0.59 :0;44, 0.24 0.26 0.21  0.16
Egéigg 1.5 0.91  0.64 | 0.47  0.36 0.28  0.22  0.17
ap 0.6 0.3 0.37 0.30 0.24  0.20 0.16 0.13

qoi is the charge on the oxygen ligand assuming r

v = rV(XeFé) and

interatomic distance Xe-F = 1.89 4 (ref. 4).
Xqu) and

- q, 1s the charge on the oxygen ligand assuming r = rv(

interatomic distance Xe-F = 1.95 A (ref. 17).



Fig. 0.

27.

measurements (ESCA) and according to the

calculation for Xng,ﬁXqurand,XeF6.

A comparison of electron withdrawal by

oxygen and fluorine ligands in XeOFq.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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