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ADSORPTION OF NOBLE GASES ON METALS

* .
B. E. Nieuwenhuys

Gorlaeus Laboratoria, Leiden, The Netherlands
' SUMMARY ‘
| The 6bjective'of this.review is to outline the. present knowledge
about adsofption‘of noblevgases on metals. Due to the development ofb
.the ultrahigh vacuum techniquevand the recent availabilityvof several
sufface technidues (LEED, Auger electron spectroscopy, field emissioﬁ
probe-hole microscopy) a number of physical adsorption studies on weli—
defined clean metal suffaces have appeared. These results are described
and discussed in the light of theories dealing.wifh the nature of the
interaétion of noble gases with metals.
SAMENVATTING

In dit artikel wordt ecn overzicht gegeVen van de adsorptie van
edelgassén op.metalen. Pas de laatste jérén zyn er dank z¥ de
ultrahoogvacuumtechnick en nieuwe oppervlaktetechnieken (LEEb, Augér
elektronén spektroskopie en vel&emissie probe-hole mikroskopie) voldoende
experimentele»gegevené over de biﬁding tussen edelgassen en goed
gedefiﬁieerde schone metaaloppervlakken beschikbaar gekomen; Deze
resultaten worden beschreven; De veréchillende theorieen over de binding |

tussen edelgassen en metalen worden besproken en vergeleken met de

experimentele gegevens.

* .
Currently at the Inorganic Materials Research Division, Lawrence Berkeley
Laboratory, University of California, Berkeley, California 94720



1. Introduction’

When a gas molecule approaches a solid surface it experiences
forces which may result in a greater concentration of gas molecules near
the surface than in the gas phase. This phenomenon is called adsorption
of thergas on the surface.

Conventionally adsorption is divided into two distinct types. In

the first type, called physical adsorption the adsorbed molecule is

bound to the surface by the weak van der Waals forces. The adsorption
is similar in nature to the condensation of an inert gas on the surface

of its own crystal or iiquid. In the second type, termed chemisorption,

a chémical bond is formed between the adsorbed molecule and the solid by
sharing and/or transfer of electrons. While chemisorption is acéompanied
by large changes in.electronic-structure, physicai adsorption is
characterizéd by much weaker electronic perturbations, the electron
sharing or transfef between the interadting species is absent.

Experimentally it is sometimesvdifficult to decide which kind of
interaction is operating. Criteria based on the heat of adsorption
e.g., have no generél validity since heats of chemisorption are sometimes
coﬁparable in maghitude to heats of physical adsbrption.

Thedries of physical adsorptidn have developed over the past 45
yearé. Reliable. experimental déta in this field with well-defined
.surfaces, however, dre still scarce. This may for a large part be
éttributed to the extremely clean conditions required for this kind of
investigation: residual gas pressures below 10”lO Torr and extremélf low
levels of impuritiés in the gaées and metals studied. Since the recent

developments of techniques for the production of ultrahigh vacuum, for



surface snalysis, for characterization of solid surfaces and for studying
_adsorption processes, this interesting field has also become accessible
to the experimehtaliSt and an increasing number of papers about physical
adsorption have appeared. For comprehensive reviews of all'phases~0f
physical adsorption the reader is referred to Refs. lﬂthrough 6.

This‘work'is:cohcerded'with'the adsorption of the noble gases,
He, Ne, Ar, Kr and Xe, on metals, ad adsorption system which is con-
ventionally described as a typical example of physical adsorptionvon
metals. The msin objective of this article is to give an insight into
the prssént knowledge about: (1) the nature of the interaction of noble
gases with metals, and (2) the confiéuration of the adsorbed ooble.gas
atoms with respect to each other and-to tﬁe substrate stoms;

First the different thoOries on the physical interaction of gases
with solids are'discussod~and applied to the speoial case of noble
" gases oh metals. Then in subsequent chapters exﬁefimental»results are
vreviewed and compared with theoretical predictions. It will be shown
that recent experimental resulfs have brought about a new view on the
nature of physical adsorption on metals.

2. Pfinciplesbof.van der Waals Interaction

2a. Dispersion Forces between Two Molecules

Let us first consider two molecules which are unable to.form a
chemical bond With each other, e.g., two Ar, Kr or Xe atoms. At a
suffioieotly low temperature thsse atoms condense to liquid or solid phases,
illostrating that attractive forces, known as vaﬁ def Waals forces,-ﬁust
exist between approaohing moleodlss. The heat of sublimation of Xe,

for instance, amounts to 3.8 kcal/mole.
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" A plausible explanation of the van der Waals attraction between
two molecules having no permanent dipole moments waé given by London
in 1930.7 Upon approaching the molecules experience electric forces
induéed by each other, because the mblecules become virtuaily excited.
Tﬁis arises.from the non—éaﬁcellation of repulsive and attractivé_forces
‘between the molecules if excited in non-étationary statesf - These are
,the>Quantuﬁ-ﬁechanical analogues of the'classically inducéd dipole moments'
dﬁé to the rapidly changing positions of theélectronsaround the nﬁciei.
fAlﬁhough the average‘elecﬁfon’charge dn fwo molecules approaching each
' otﬁer will not change,ﬁhe electron distribution changes such that the
total energy is lowered. This kiﬁd of interaction is‘usually called a
disﬁersion fbrce or London interaction.

Anvédditional interaction is présent when one.ér bofh of the
interac;ing pair Of mbleculeS'pOSsesses a permanent dipole moment. This
kind of interactioﬁ>is kﬁoﬁn as Débﬁe.and Keesom forces.

 Thé'potentia1 energy of vaﬂ-aer>Waals interaction between two
mblecules separated by a distance R is usualiy expressed,by the-Lenhard-
Jones 6-12 pétential‘law{

UR) = - cR™® + 712 S N (1)
The fifstvtéfm accounts for the London attraction of mutually induced.
dipoles."Sometimeé.terms involving higher powers of 1/R are included,
taking thus intovaccount dipole-quadrupole (~R—8) and quadrupole-

10). The second term in Eq. (1)'is'an

quadrupole interactions (R
approximate expression for the repulsion between the two molecules.
The contribution of this last term becomes increasingly important at

still smaller distance R.
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When Ré corresponds‘to'the distance between the molecules where U
has a minumum value, Eq. (1) can be rewritten as

U = ~cfx RS G S @

~ The velue of C is usually evaluated by means of one of the following
formulae: The expression of London7

I.I

o 172 : o .
=3/2 a — ., : ' ‘ : 3)
1 2 Il + I2
The Slater-Kirkwood fprmula8
o, = 3eh_ 2 W
. ’ -1 . ’
SK '-41Fm1./2 (a >l/2 o 1/2
) __l + .._2.
| N/ N2 _
9,10

_ and,the,Klrkwobd—Mﬁller expression”’

(5)

ln Fﬁese fofmulae‘dl and o, represent the polarizibilities, Ii and I,

the ionlzation enercies; Xl and.x2 the diamagnetic susceptibilities.of'

_the.atoms, e and m stand for the eléctronic charge and mass respectively,

c is the velocity of light and h is Planck's constant. |
Theee expressions show_that therinteraction_increeses with increasing

polarlzlbility'of.the interacting ﬁolecules, or, according to quantum

mechanics, the smaller the distance in energy levels between the first |

v exclted scate'and the grouﬁd.state the stronger the interaction.

‘For a discussion cf the dispersioc force interaction between molecules

thevreader is referred to reviews of Margenau,11 Hirschfelder et al.,lz
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Pitzer,13 Salem,14 Mavroyannis et al.15 and Margenau et al.16

2b. Atoms Adsorbed on Insulators ]

'vS§ far énly the van der Waals interaction between two molecules has
been considered. For calculating the dispersion energy U of arsingle
‘atom in the neighborhood of a solid, it is generally assumedkthat U is
the resultant of all th¢ intéractions Ui occurring between the single'gas

atom and each of the surface atoms i, i.e., '

) =Z U, (R,)+ZU, (R)
i 1at_tr. 1 i irep. 1 . (6)

~ where U, is the interaction energy of the gas-atom with the ith atom

i

of the surface at a distance»Ri between gas and surface atom. The

individual Ui can then be calculated by means of Eqs. (1) through (5).

-

This additive pair-wise interaction approximation is justified in

the case of the attraction term which is obtained from quantum mechanical
perturbation theory as the second order contribution. For the repulsion
térm, however, there is no theoretical justification for additivity.
Ne&ertheless, the assumptioh of pairwise additivity is often'satisfactory
for many calculations of the gas-solid interaction.

In the case of a semi-infinite solid a'éimple expression for theb
potential eﬁergy of an atom at a distance r from the surface can be

obtained by replacing'the suﬁmation in Eq. (6) byba volume integration:

N L
v - __E'ﬂp(2r3 i 15r9) . -0

where p is the atom density in the solid. The minimum value for U, Uo’
is obtained when the atom is at the equilibrium distance ro from the

surface. Then,



" of calculations. We mention here only calculations of Ricca et al.

7pC o o | o :
U(r) = ~~3N\gs/ - 1/3<;~ : » (8)
o :

The variation of the potential energy with the distance r is showm

. schematically in Fig. 1. It can directly be seen from Eq. (8) that

'U(r) can be'calculated ffom Eq. (8) for any value of r by using
reasonable values for T and C (C e.g., by means of Eq. (3), (4) or (5)).

It is not the purpose of this article to review here all these kinds
| 17

for noble gas atoms adsorbed on different sites df various crystal
planes of a solid Xe crystal. Using a variational method they calculated

for Uo of He on the (100) face of a face centered cubic Xe crystal a value

of -340x10 1% erg, on the (110) face -349x10™1°
—270X10fl6 erg. This i1llustrates that large differences can be expected

erg and for the (111) face

-in adsorption behavior between various planes of ‘a solid crystal.

The variation ofvpoténtial energy over the surface of a single
crystal plane, as caiculated by Ricca et al. is also interesting.
Figuré 2 shows the (100) féce of a Xe lattice. Thevpopential energy of
a He adatom on the square site A aﬁounts tb'—340X10—1§ erg, on the

saddle site B -209 and on the site C directly above a Xe atom, only



~135 erg. The differences are much smaller for ﬁhe sites on the smopther
(111) plane. |

These results of.Ricca.et al. show that the fesidenée time of
physically adsorbed atoms may be especially large on certain surface
sites and-that.the heat of adsorption will exhibit a large variation
with tﬁe surface structure of the adsorbent.

2c. Physical'Adsorption on Metals

There are also theories dealing speéifically with the dispersion
interaction of gases with metal surfaces.

Lennar_d—Jones18 assumed a metal as an ideally polarizable system
" because of the mobility of the fluid of conduction electfdns. He
considered the interaction between an adsorbed molecule and the surface
as a Coulomb attraction between the instantaneoug charge distribufion
of the molecule and its classical image in the conductor which is
induced bybthe fluctuating dipole in the molecule. For the interaction
of an inert gas molecule with a metal surface he fdund the following

expression for the interaction energy:

u, = - L ‘ o (10)
‘ 2r

where‘m stands for the mass of an electron, c for the velodity of light

and x for the diamagnetic susceptibility of the molecule. |
Bardeenlg.corrected the Lennard-Jones theory by téking-into account

vthe interaction of the electrons in the metal. He obtainedvthe follbwing

expression:
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U, = - : = ' (11)

whére e is the charge of an electron, k is a numerical constant approximately
equal to 265, re'is the radius of a sphefe in the metal containing one
conduction electron, o is the polarizability and 1 tﬁe ionization energy
of the gas molecule.

Margenau and Pollard20 noted that a metal cannot actually be
qdnsidered to'bé ideélly polarizable becaﬁse of the finite relaxation
time of the electrons.which cannot maintain an electrical image of the
céntinuouély.fluctuating charge distributién in thé molecule. They
calculated the interaction energy by coﬁsidering the interaction of the
adsorbed molecule with infinitesimal elements in the metal surface and

"by summing over these elements. Their result is

) -
ea k hn :
T W o
P 16r> \Te 'WmYO '

where n is the density of conduction electrons in the metal and v, the

characteristic resonant frequency of the molecule.
Prosen and Sachs21 used second-order perturbation theory for their

calculation of the interaction energy, resulting in

N’k ? 1n 2k 1) |
u_=-A | - 13y
s 2 2 :
P 8t T
with
- 2 .1/3 - -
K, = Grrot | (14)

p being the electron density in the metal.
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More recently the following expression was derived by Mavroyannis:22

LN 22 gy s
m 1/2 8 3 1/2 he ' '
m r (E) 28 } hwp/v2
@ /m

where wp is the plasma frequency of the metal.

A discussion of these different approaches can be found e.g., in
the‘rgview of Margenau and Kesfner;16

It is important to note that in Egqs. (10) through (15) the solid
is considered as a uniform structureless medium. The influence of the
of the surface structure on the bonding has not been taken into account.
We saw, however, in Section 2b that an important variation of the binding
energy with the crystal plané.can.be expected. Further, Eqs. (10)
through (15) give only the attractive part of the interaction, the
repulsive forces have been omittgd. This is a rather serious omission
for small -values of r. Useful‘expressions for the repulsi#e interaction
between a sqlid and a gas molecule in a manner analogous to that of the
attractivé.part ére not available. As Fig. 1 alréady shows it may be.
expeéted thét the contribution of repuléive forces is of the‘order of
a_thirdvto a half of the atﬁractive interaction at thé equilibrium
distance.

3. Brief Survey of Calculated and Experimental Heats
of Adsorption

In this chapter we shall discuss in subsequent sections what may be
expécted from dispersion force interaction for (a) tﬁe heat of adsof?tioﬁ
of Xe on different‘transitiOn metals, (b) the dependence of the heat of
- adsorption on the surface-structuré of the metal and (c) the dipole

moment of the adcomplex. Further relevant experimental data are
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\ L .
introduced in these sections and compared with the results calculated
from the dispersion force theories.

3a. The Heat of Adsofption of Xe on Different
Transition Metals

Let us first try to’célcuiate absolute values forvthe heat of
‘adsorption arising from dispersion forces for Xe adsorbed on a metal
surface. The first problem encountered in this kind of céiculations
is,wﬁich value has to be taken‘for LI the equilibrium distance between
Xe énd'the metal. As pointed out by de Boer23 there is a large
uncértainty in r, and, thus, in the vaiues for the heat of adsorptibn Q,
calculated by means of Egs. (10) through (15), all of which vary asb
' r_3,(except that of Prosen and Sachs).

Taking for:ro.the sum of the metallic radius and the van der Waals
radius of the adsorbate, values for Q have been calculated from
EQS. (10) through (15) by Chon et al.24 énd by Mavroyannis22 fdr He,
Né,‘Ar and Kr on Pt. The values obtained from Eqs. (11) through (15)
appear to befinvréasonable agreemenﬁ with those found by gxperiment
on platinum black.24 Accepting these values for r, we have calculated
Q from Eqs. (11) through (15) for Xe on five transition metals, viz
Au, Cu, Ni, Pt and Rh.25 The numerical values for Q following from
Eq. (13) and (15) are given in Table I. Values calculated from Eq. (11)
: énd (12), not shown iﬁ this table, are somewhat smaller than those
obtaine& from Mauroyannis' equation. On the other haﬁd, much higher
| values are obtained by using Eq. (13).

Niéuwenhuys, van Aardenhe and Sachtler25 determined the heat of

-adsorption on films evaporated in ultrahigh vacuum of the metals mentioned

-
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above using adsorption isotherms (obtained via work function measurements)
at different témperatures. These values for equal coverages have been
compiled in Table I.

It appears that the values Q,, following from Eq. (15) (andvalso
from Eqs. il and 12) are much lower than the experiﬁentél values Qexp'
The large differences between Qexp and QM cannot be attributed to the
uncertainty in fo since QM is fairly constant on the metals considered
while Qexp 6n Rh e.g., is nearly twice that on Au. QP.S. (from Eq. (13))
is .about equal to Qéxp for Xe on Cu, Ni and Au while on Pt ;nd Rh it is
lower than Qexp by more than 3 kcal/mole. ,

It was discussed previouslyfthat no unambiguous values for QdiSp
‘can be calculéted by means of the presently available theories on
van der Waals adsorption. This is caused by the approximations required
in the theoreticél approach in order to get useful equations for Q, by
bthe uncertainty of the contribgtidn'of Qrep énd byvthe uncertainty in.ro.
Yet, we have to conclude that there exists a large disCrepancy between
theofy and experiment: none of‘the present disbersion theories caﬁ
explain thé large Variation in the heat of adsorption with the transition
- metal.

3b. The Dependence of the Heat of Adsorption on the
~ Surface Structure of the Metal

In Section 2b it was-shown that the heat of physical adsorption
- may depend.On the surface structure of the adsorbent. Unfortunately,
Egqs. (10) tﬁrough (15) ignore completely the aqtual structure of the
metal. Therefore, several authors used the additive pair-wise interaction

approximation for calculating the heat of adsorption on different crystal
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planes. In Table II are shown values for the heat of adsorpfion‘of Xe

von severai crystal plangs’of Rh, as calcula;ed by Ehrlich.26 ABsolute
values determined in this way are open to doubt since the uncertainties

in B and C'in Eq. (7). Moreove;, there is some doubt about the general
validity of this approach becaﬁse of the collective behavior of the
electgons'in metéls. However, it has been mentioned in Section 2c¢ that
the response.of electrons in a metal at high frequenéy is not instantaneous.
At very high frequencies metals behave more like insulators than realv
metals, so that the pairwise interaction model willvprobably be reasonably
valid, certainly if only the order in heat of adsorptionvon different
crystal faces is requested.v

27,28 calculated the order in heat of

Bacigalupi and Neustadter
adsorption of several gases on different planes for vari¢us‘face— and
body-centered-cubic metals. For Xe on Pt, Rh and Ir we may expect from
their data:- Q210 > Q110 > Q100 > Q111 and for Xe on W:

%11 > %10 > U11 > %00 > Yo

It is intEresting to compare these calculations with experimental
data. Table III shows the available data for the heat of adsorption of
Xe on different single crystal planes of several metals. Qmax and Qmin
correspond to the heat of adsorption at low and high éoverage, respectively.
Experimental data on the heat.of adsorption of Xe on several crystal
faces of é sinéle metal are limited tqlw, Pt and ir, all values obtained
‘by field emission probe-hole microscopy. Thevmethods used by the
:different investigators does not allow the determination of the heat

of adsorption with an accuracyrbetter than 1-2 kcal/mole. The error in

‘the relative heat of adsorption is, however, very small, below 0.2 kcal/mole.
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The differences between Qmax on the various crystal planes of Pt
and Ir are small, in the order of 10%Z. This proves that the variation
in the Q.valueé given in Table I are merely caused by different
metallic properties and not ﬁy a difﬁerent abundance of crystal planes
on the surface of the polycrystalline films used in fhese experiments.

The order in initial heat of adsorption is not in agreement with
the order pfedicted by the pairwise interaction model: Qmax on the close-
pack;d faces (lll)‘and (100) of Pt and Ir is larger than on the rougher
faces (110) and (210). This holds also for Xe on W where Qmax is higher
on the closest—packed (110) face of W than on the (100), (111) and (210)

30

faces.

3c.. The Dipole Moment of the'Adcomplex

'Mignolet37_discovered in 1950 that‘Xe adsorptioﬁ produces.a iarge
decrease in the work function of transition metalé, i.e., the Xe-metal
Boﬁd is charactérized by a considerable.dipole moment with the poéitive
end directed away from the metal. ‘This'waé confirmed by other investi-
'gators.30_42' Some charéctéristic values have been compiled in Table IV.
It is.interesting to note that the &ecrease in work function is large
on traﬁsition metals, small on metals such as Zn, and zero on alkali metals.

A change in the work function ¢ of a metal, A, is related to the.
number N of adsérbed‘molecules per unit area ana the dipole_mément M
bof theAadcomplex: | | |

Ap = -4TNu . (16)
Generally the dipole moment decreases with increasing coveragé»aé a result
of depolarization of an adatom by the neighboring adatoms; In Table I |

some values are given for the estimated dipole moment normal to the
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surface in the limit of zero coverage, estimated frdm the obsérved change
in work funcfidn bybmeans of the Topping'équation.

 Table ITII shows values for the work function’reducfions on different
crystal planes. The mégnitudes of fhe work function decrease érev
relatively iarge on all crystal planes. 'The highest values on W andb
Ir have been reported fof the closést—packed faces, thus (111) and (100).
~ for the fcc métal Ir and (110) for the bcc metalvw. There is some doubt
‘on the absolute values of the work function reduction.on‘;he'close—packed
faces as:detérmined by the Fowler-Nordheim relation in field emission
microscopy, thekorder is, howevef, probablyvcdrrect.30

In Sectiqn 1 physical interaction between two atoms was defined as

an interaction in.which electrqn sharing and electron transfer between
the atoms is absent. The observed dipble moments look, therefore,
incompétible with dispersion force’interaction.v Antonié‘;\ric_z43 pointed out
that a small decrease in work function may be expected. This is a result
‘'of the tendency of the orbital electrons of‘the adatom to move‘towards
its image charge, hence the electron éoncehtration on Xe will be somewhat
larger in the direction of the metal than in the opposite direction. It
is'difficﬁlt to estimate which value for the dipole moment may be expected
from this effect. Due to the nature of dispersion forces if cannot be‘
a large éffect. We séw, however, that.the observéd decrease in work
function is very large, comparable to that of alkali atoms>adsorbéd on
transition meféls where, as generally assumed, the bénd ﬁas a strong
ionic character. Moreover, adsorption of Xe on alkaii metals does not
bring about any detectable change in the work function,38—4l>what is

also hard to reconcile with the model of Antoniewicz.
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4. Alternative Boﬁding:Models for Noble Gases on
' Transition Metals

It was shown in Section 3 that there exists an appreciabie disagreement
Setween the experimental data and the expectations from dispersion fbrce
binding: Thé-relative high heat of adsorption of Xe on Pt and Rh, fhe
order in the heat of adsorption on different crystal planes of Pt, Ir
and W and the large dipolé moment are incompatible with disPersioh force
interaction. Hence, we have to conclude that the adsorption ofbnoble
gases on metals cannot be described in terms of mere dispersion forces.

In this chap;er-wevshall discusé other approaches which, of course,

have to incorporate the results of Chapter 2.

Aaf Electric’Polarizationvof Adatoms by the Surféce

A model frequently used for explaining the large dipole moment
assumes a dispersion force interaction to which an additioﬁal interaction
term is added whichvis'due to a classical polarization of the adsorbate

h4-47 This field would arise from the

in a hypothetical sqrface field.
Helmholtz double layer at the metal surface. This model was récently
critized on the basis of the data described in Section 3?5 The authors
rejécted the model for thé following reasons:
(1) The dipole moment of an a&atom polarized by an electric field.

F is given by

Cw=e | an
The heat.of adsorption ariéing from this interaction, additional to
~dispersion forces |

Q= Qdisp + onl | , | (18)
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is theﬁ
T |
Qoy = 7 WF 19

From Eqs. (17) and (19) it follows that

%o1 ~ R S (20)
The values'for‘on1 emefging from Eq. (20) have been cqmpiled in Table I
In this calculation o = 4.023, fhe polarizability of Xe in the gaseous
state, while for ¢ the values mentioned in Table I were taken. The
electrostatic contribution to the bonding would be only‘5—10% of the tétal
heat of adsorption. Clearly, the numbers for onl in combination with
Qdisp cannot'explain the much higher heat of adsorption of Xe on Rh and
Pt in comparison with Xe on Au and Cu.

(2) The model has to explain why its contribution to the bonding
would be larger on the smooﬁh crystal planes were both the work
-functiqn reductions and the heat of adsorption are larger
‘than on'othervplanes of W30 and Ir.33 It is generally assumed that oﬁ
i'smooth planes the'electrié doubleblayer, conventionally ascribed to a
"spill-over" of electrons has its negative sign at the outside. It is,
thérefore, diffiéult to reconcile the observed sign of the dipole moment
with the direction of this electric surface‘fiela. Only a deep
penetration of the big Xe molécules into the double layer, and thus in
the electron sea at the metal, céuld cause a work function decrease.
Such a penetfation is,vhowever, incompatible with the basic ﬁriﬁéiples

of van der Waals interaction.
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4b. Charge-Transfer Model
| This model is based on Mulliken's charge transfer nofbondvtheory

of organic'éharge transfer complexes.48 It assumes chemical bond
formation by a partial electron transfer from adsorbaté to metal. It
seems thatvMigm‘)let49 was the first to realize the importénce of this
type of bonding iﬁ‘fhe metal Xe interéction. The theory was later ;'
elaborated and applied by Gundry and Tomkins,50 Engel and Gomér30 and
Nieuwenhuys, von Aardenmne and Sachtler.25 The electronic chargé per Xe
adatom must be in the order of 0.05-0.10 in order to explain the
observediﬁork function changes.3o’32

Just as done before for dispersion forces and electrostatic
contributions we shall try to calculate the heat of adsofption QéT
arising frdm this iﬁteraction and compare it with the heat of adsorptibnv
found experimentally.

Charge transfer states are formed by electron tranéfer from Xe

to states k in the metal above the Fermi level; The theory gives the

vfollowing eqﬁétion for the heat of adsorption QCT and the dipole

moment U of adsorbed Xe:25‘
Q =282/( -H) ' (21)
CT k k Hk fo) _ . ’
and
'u=ze'rzsz/( —H)2 N ’ - (22)

where'Bk corresponds to the energy of interaction between the unperturbed,
no-bond state and a charge transfer étate; Ho is the energy of the

unperturbed no-bond state and Hk the energy of a charge transfer state
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(Xe , metal ). In order to calculate QCT the interaction integrals B

must be replaced by an expression which contains experimentally known

terms. The following approximate expression can be derived for QCT:ZS
- CT - 4mNer

 In the derivation of this equation any contribution was neglected of
charge ;ransfer'from metal states below the Fermi level to an excited
state of the inert gas datom. Xe has excited stateé at -3.7 and -3.8 eV
1re1ative to the vacuum level;30 thus levels of about 1.4 eV from the
Fermi level of a low work function surface of Pt. Some contribution of
"back donation'" of electrons to Xe may, therefore, be expected. In
first approximation thevneglect‘of back donation is prdbably reasonable
iﬁ view of ghe large decfease in work function by Xe adsorption.

Values for QCT calculated from Apusing Eq. (23) are given in
T#ble I. For r and Ad the values mentioned in this table have been
.gaken. It appears that the calculated values of QCT combined.with a
contribution of dispersion forces in the order of 2 kcal/molé (as
"predicted by Mavroyannis, Eq. (15)) can expléin_the measured heéts of
adsorption. |

Equation (23) showé that an electroh transfer to thg‘metal as
requiredvin the Cf model is favored by a high work function of the édsorbing
surface. .The relatively large heat of édsorption on the (111) énd (100)
regions of a Pt (Ref. 34) and Ir (Ref. 33) tip or the (110) regiﬁn of
aw tip30 can thus easily be rationalized in the CT model.

The large dipole momént, the high heat of adsofption, the

relationship25 between heét of adsorption and dipole moment on different
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transition metals, and the relatively high heat of'adsorpﬁion on high work
function‘plénes éuggest that charge transfer bonding play an important
role in noble gas adsorption dn transition metals. |

A more direct evide;ce for CT biﬁding could possibly be obtained
by means of'phdto énd field emission electron'spectroscbpy. Only two

/ -

studies of‘noble gas'adsérption by means of ¢1ectron'spectroscopy are
* known to the aﬁthor: a field emission study by Lea and Gomer29 and a
X-ray photoemission study by Yates and Erickéon.51

Lea and Gomer measured the total energy distribution_of electrons
field emitted from different crystal planes of W as a function ovaf
coﬁerage. They were unable to detect a direct evidence for charge
transfer, neither for donation of electrons, nor for back donation of
‘electrons to excited levels of Kr. It is, however, interesting thaf
the "Swanson'hump",-s2 characteristic for the electron energy distribution
of the (100) plane, disappears upon Kr and Xe adsorptiom. The ''Swanson
hump" which isbgenerally attributéd to specific surface states;
'disappears upon chemiéorptibn-of gases;53 Since it would be sﬁrprising
if surface gtates could be modifiéd by dispersion forces, Lea. and Gomer
cénéluded that their results yield indirect evidencé for charge transfer
bpnding.

Yates and Erickson found a consi&erable shiff (2.1 eV) in the

binding energy of the Xe core 3d5/2 level when Xe is1adsqrbed on a

W (111) plane. A similar shift was found for Xe adsorbed on or:

imbedded in a Pt polycrystallihe rod.54' They arguéd that a small

increase or the 3d energy level could be expected on electrostatic

5/2

grounds since the dipole moment has its positive pole outwards. The.
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observed shift was, however, in the oppésite direction. They attributed
the shift to core hole/extra—atomic‘relaxation processes.

The_present data from X-ray photoemission and field emission
électron spectroscopy dq not.thus yield direct evidence for the bonding
mechanism.'.It can be expected that in the near future_moré studies
by méans of electron spectroscopy Will appear which may provide more
detailed informatidn about the noble gas~metal bonding.

5. Some General Remarks on the Bonding of
Adsorbed Inert Gases

Surveying all experimental data available at the moment we can
conclude that'the bdndiﬁg between Xe and transition metals is satisfactorily
déscribed by.thg charge transfer model. According to the definitions
_of physiéal and cﬁemical adsorption as given in Section 1, the adsorption
of Xe on transitibn metals may.be considered as a weak chemisorption.

This ﬁork is merely devoted to adsorption of noble gaées on metals.

It has to be noted here that the charge transfer model may genérally

be applied to weak chemisorption systems, e.g., N2 adsorption on group

VIII b and ¢ metals an& CO adsorption on Cu, Ag and Au. These.adsorption
systems are characterized by heats of adsqrption in the order of

10 kcal/mole. Some authors explained the bonding in terms of physical
adsofption.ss’SG- Recent data;57 however, show that the interaction |

- is of a chemidél_nature. Nieuwenhuys et al.57 &escribe the bonding

as a donatipn of electrons from the 30g orbitalé of the Nz’molecules.

to thé metal stabilized by back donation of electrons from the metal
d—band into the vacant degenerate 1 Tg antibonding orbitals of/Nz. While

thé back donation of electrons in the Xe-metal bond play only a minor

role as suggested by the large work function decrease, it is of considerable
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importance in the Nz-metal and CO-metal bond. This is directly
demonstrated by the work function changes: on some faces.of Rh; e.g.,
_the work function increases by N2 adsorpt:ion.-5

The description of‘the interaction of Xe with transition metals in
tefms of a weak chemical bonding is in line with the newly realized
chemical réactivity of noble gases: a large number of noble gas compounds

59’60 Especially Xe compounds with fluorine are remarkably

are known now.
stable. - XeF2 e.g.,‘has an enthalpy of formation of ~37+10 kcal/mole with
an average bond energy between Xe and F of»39110 kcal/mbie. In}Xe03,‘
"although on endothermic compound with enthalpy of formation of

+96+2 kcal/mole, the Xe-O bond energy is still 28 kcal/mole.

6. Configurétion of Adsorbed Molecules on Metal Surfaces

In this section we shall discuss the arrangemeht of noble gas
adatoms on single crystal Surfaces. Adsorption of inert gasés has been
used over many years in order to deterﬁine the surfacé area éf poly-
crystalliﬁe metai samples. It is generally assumed in these’calqulations
that the inert>gas atoms do not feel an.influence of the geometry of the
surféce. Thebpacking in the adsorbed layer»ﬁould resemble the closest-
packed layer as is formed in the condensed phase of the particular gas.

A value of 16.832 is e.g., often assumed for the area of a Xe adatom
cdrrésponding to the value_in the densely packed plane of ; Xe ;rystal.

Results obtained in the last 15 years cast doubt on the general
correétnéss of tﬁis procedure. Field emiséion experiments revealed'.
that adsorption of Xe, Kr and Ar on W display a large crystal face
44,61,62

specificity. The field emission results indicate also that thé

diffusion rate of Xe at 78K is already large enough for the establishment
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of a diffhsional equilibfium-distribution of Xe over the'whole tip surface.
Further the heat 6f adsorption of Xé at low coverage appeared to be
higher on (411)—(611) regions on W Qhere the adatoms fit perfectly into.
' thg substrate structufe_than on (111) faces where‘Xe'is less
coordinated;44’62 Comparable results were obtained on Mb,63 just as W
a metal with the bcc structure, on Re (Ref. 64) with.the'hcp structure
and on.Rh26 with the fcc structuré. Apparently Xe adsorption is highly
localized on these metal surfaces at 78 K. The adsorbed atoms jump
_rapidly from site to site until they have found the most favofable sites
where their time ;§eraged residence is much larger than on other faces.
‘More recent measurements on individual crystal faces of Pt (Ref. 34) and
Ir (Ref. 33),'bo£h having the fcc structure, are in agreement with this
view. As_éhown-in Table III, the initial heat of adsorption is especially
.large on fhe (321) tip areas of these metals, and juét on these planes
sites afe available where Xe atoms have a very good coordination with.
‘metal atoms. |
While site adsorption plays an important role at low coverage, one

may imagine two processes at high covgrage:
I. The formation of a two4dimension§l close-packed Xe layer. When all

favorable sites have been occupied, Xe adsorption proceeds vié lésé

favorable sifes. Usually the formation of a close-packed layer will

require a rearrangment of the already adsorbed Xe atoms, so that a

part‘of the Xe atoms must leave their low-energy sites.
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II. Adsorption is finishéd when the faﬁorable siteé have been oécupied.
.The Xe layer will in most cases be appreciably less denself packed
than in bulk Xe. |

One may expect that the occurfence of I or ITI depends on the crystal
face, the heat of adsorption and the temperature of the surface. Further,
not only adsorbate-metal but also adsorbate-adsorbate interaction will
play a role in the afrangement of the adatoms'at highvcoverage;_ This>is
because the adsorbate-adsorbate interaction may be attractive due to-
dispersion attraction or repulsive as a conséquencé of the mutual repulsion
between glectrig dipolés on the surface (sge Section 3c¢). Clearly, the
former fa§6rs the formation of a close-packed layer. Most data obtained
on single crystal planes in&icate that the latter is more important than the
former for Xe on crystal planes of Pd;35 W,30 Pt,34‘and Ir (Ref. 33)
since the heat qf adsorption decreases with increasing’coverage.

We shall review now the éxperimental results relevant for a
discussion of the two alternative pdssibilitiés I and I1. Some
obéefvations obtained with polycrystalliine metal films support II. Ponec
and Knor65 reéorted that the numbef'of adsorbed Xe atoms in a monolayef
on a Ni film ié in no way smaller than the number of adsorbed Kr atoms
on thebfiim while Xe has a much larger atomic tadius than Kr. Brennan
.and Graham66 found that the ratio of the monolayer capacities for these
two gases on filmsldf-seﬁeral metals is close to unity.

A more direct evidence for I or II is obtained by meéns‘of low
_energy electron diffréction. The firstvobservations were répbrted by
Lander and Mortison67 on the (0001) basal plane of graphite. Théy observed

for monolayer coverage at a température of 90K extra diffraction spots
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corresponding to a (V/3%/3 R30°) structure thch is consistent with a
dense hexagonal arrangement of the adatoms in complete registry with the
substrate structure. On this plane close-packing and site adsorpfion
are combined resulting in a Xe area of 15.732 which is somewhat smaller

68,69

than the area of’16.8z2 in solid Xe. Suzanne et al. confirmed

these results for Xe on the (000l) face of graphite. - Dickey, Farrell

and Strongin7o’71

found a similar behavior for Ar and Kr condensed on a
(100) plane of the bcc metél Nb: crystallization of Ar(111) and Kr(11ll)
layeré in full registry with the uderlying substrate surface whicﬁ is
possible due to a very small compfession of the Xe-Xe distance compared
to bulk Xe. They‘also succeeded in obtaining LEED patﬁerns of Ne,
several_laye:s thick,'condensed on this plane; The‘pattern observed was
similaf'to those for Ar and Kr .despite the 18% lattice mismatch between
the Ne(11l1) and the Nb(100) face. Xe condenses with the (100) face
parallel to a'Nb(lOO)‘substrate and is slightly out of registry with the
substrate. When this layer was annealed pure (111) crystallites could

72,73 condensed Xe on a Ir(100) plane at 55K.

be grown. - Ignatiev et al.
.Here the Xe crystals grew ebitaxially,with the (111) face of Xe parallel
' to the substrate face. The measured lattice spécing'is very close to
the value obtained from X;ray data on solid Xe. Multilayer formatioﬁ is
not observed at a substrate temperature of 78K. |

Xe adsorption up to monolayeerOVerage wés studied at‘a temperature
of 78K on PA(100) by Palmberg>® and on Cu(111), (100), (110) and Ag(1ll),
" (110) and (211)_by Chesters and Pritchard.36 Theif LEED observétionS'

indicate that a monolayer coverage the adatoms are close-packed on these

surfaces. The surface area per Xe adatom in a complete monolayer is



-26-

about 1732 in each of these surfaces resembling the area in bulk Xe.-
Site adsdrption was observed on Cu(l1l). The overlayer was noﬁ in registry
with the substrate on Cu(100). On all other faces the Xe layer was
~epitaxially related to the substrate witho;t true site adsorption. The
difference bet&een Cﬁ(lll) and Ag(lll) is interestiﬁg; The lattice
packing model would predict an adatoﬁ area for,Xé of 16.91‘-’\2 on Cu and
21.53.2 on Ag, comparing with 16.8&2 on solid Xe. ‘Site adsorption was
observed on Cu(lll) but not on Ag(lll) where an area per adatom of 17.532
was found. Apparently close-packing is preferred.

The genéral conclusion whichvcan be drawn from the LEED.results is
?hat the.packiﬁg of Xe on the low index surfaces studied is, at least at
monolayer coverage, more governedbby the adatom size than by lattice -
packing., ' This is clearly invyariance with the earlier results on
polycrystalline,films. Films have poorly defined surfaces, not only
atoﬁically smooth but also open.faces contribute/to thévsurféce while
the LEED observations we;e carried out on relatively émodth faces.
Relevant to tﬁis épparent contfovérsy ére recent results of Nieuwenhuys
et 31.33’34 obtaiﬁed by field emission probe-hole microscopy.. They.:
observed that fhe decrease in heat of adsorption with coverage (AQ) is
"significantly different on the various»érystal faces of Pt_and Ir tips.
Somé values fof AQ are given in Table III. Apparently the'repulsion'_
between Xe aaatoms at monolayer coverage depends on the crystal face.
This cannot merely be‘attributed to differences in the diﬁole moment :
On (210) e.g., AQ is smallef than on (321) while the change in work
function (A¢) ié larger op.(210); VAQ is very small on the (210) regions,

~indicating a very small repulsion between the adatoms. Apparently, no

‘close-packed layer is formed on this plane and only a part of the
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favorable sites'bécomes,occupied. On (321)_the sites are évenlmore
favorable than on (210). When all these sites have been occupied the
Xe-Xe distance approacheé that of a closé-packed layer in one dimensibn
only, causing a_largér Xe-Xe repulsion fhan‘on (210). - A localization
of the adatoms on single sites is less favorable on the smooth regions
(111) and (100). A close-packed Xe layer is presumably formed on these
planes, as here AQ is large. | |

It may be concludedvfrom allvavailable data that a close-packed Xe
layer is formed at high coverage on the smooth faces while on the faces
poséessing suitable sites for Xe site adéorptibn is preferred to the
formation of a close—packed Xe layer. |

Conclusions

1. Experimental data on the adsorption of noble gases on transition
‘metals are incompatible with an interaction entirely due to dispersion

forces.

2. All available data point to a weak chemical interaction of
xenon with transition metals, as is properly described in the charge

transfer model..-
3. LEED experiments prové that noble gases form at monolayer coverage

a densely packed Xe layer on close-packed planes of metals.

4. Field emission experiments show that Xe adsorption depends
strongly on the exposed crystal face of the transition metal. Site
adsorption is preferred to the formation of a close-packed layer

on rough faces possessing favorable sites for the noble gas.
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Table I. Xe adsorption on metal films annealed at room temperature. For a legend of the symbols,
see Table V. ‘

C
» — : : — : -
Metal ro(&) b—A¢(V) ué(Deb§e) Qexp(ﬁg%%) QM (Egii) QP;S.(igii) onl(igii) QCT(zgii) ........
_ _ . {;
Au  3.62  0.52 0.36 4.6 2.9 4.0 0.2 2.7 )
Cu 3.46  0.63 0.43 5.2 2.8 5.8 0.3 3.9 e
N 3.43  0.82 ' 0.56 6.4 2.9 6.3 0.6 4.8 o !
Pt 3.56 0.95 0.65 7.6 3.4 4.6 0.8 4.8 <
Rh 3.52  1.08 0.74 8.7 3.2 5.0 1.0 6.1 B
$ P
o
Table II. Lennard-Jones interaction energies :
Q on Rh as calculated by Ehrlich.26 _ “%Q
Plane Q (kcal/mole)
(100) 8.6
(110) N 9.2
(311) 9.6
(210) 9.6
(320) | . 10.2
(531) o 10.5
(321) 11.0




Table ITII. Work function changes and heats of adsorption of Xe on single
crystal planes. For a legend of the symbols, see Table V.

a b c d kcall  bfkcal kcal
ORGSO 5 (keat )..Q (keat) Qmin( kel )

mole max\mole mole

W (110) 5.8 2.4 1.5 9.2

(210) 1.4 , 6.4

(100) 4.9 1.35 0.9 5.9

(111) 4.7 1.13 0.6 1.1 5.9 9.3 9.3

(211) 5.0 0.92 1.0 6.5

(611) 1.1

(320) 0.6

_f7€_

o(V) Ag (V) Qmax(iiii) Qmin(ﬁg%%>

© 11) 5.8 1.8 7.5 6.5
(100) 5.7 1.6 5 6.5
around (110) 5.0 0.8 7.0 - - 6.3
(210) 5.0 = 1.3 2 6.7
(331) 5.4 1.1 |
(321) 5.4 1.0 7.8 7.0




Table III. Continued.

o M o, (52 Qmin(iﬁii) |

pef (111) 5.9 7.6 6.3
(100) 5.8 . 0.96 7.5 6.4

around (110) ' 7.1 6.4
(210) 5.2 = 1.1 7.2 6.8

(321) 5.4 0.9 7.8 6.9

(311) 5.5 0.9

b .A¢(V) @ (Bga_l_) Qmin<k&l>

_S‘E_

max\mole mole
cug (111) . 0.48 a Ref.
(100) 0. b Ref.
. ¢ Ref.
(110) 0. d Ref.
Ag® (111) 0. e Ref.
i . f. Ref.
(110) 0. g Ref
(211) 0. h Ref.
pd (100) 0.

29
30

31

32
33
34

. 36

35
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Table IV. . Changes in work function brought about by Xe:
adsorption at 78K on films annealed at room temperature.

Metal —A¢(V)‘ Reference Metal -Ad (V) Reference
Na ~0.00 38 Ni 0.85 39
K 0.00£0.02 39 0.82 25

© 0.00£0.02 40 Pd 1.08 42
Ca  0.00 39 Pt 0.95 25
Cs  0.00%0,01 41 Cu 0.67 39

_ 0.61 38

Ti 0.84 39 0.63 25
Cr 0.95 - 39 Ag - 0.71 42

Fe 0.66 39 Au 0.52 42

0.60 38 Zn 0.21 - 39

Ru .. 0.98 42 Hg - 0.23 39

Rh 1.08 42 sn 0.00.01 41

Ir 1.03 42 Se 0 39




-37~

Table V. List of symbols used in the tables.

Q ‘heat of adsorption

Qexp experimentally heat of adsorption

Qdisp' contribution of dispersion forces to Q

onl contribution of induced polarization to Q

QCT contribution of charge transfer bonding to Q

QM Qdisp calculated from the eQuation of Mavroyannis (Eq. (15))

QPS QdiSp calculated from the equation of Prosen.and Sachs (Eq. (13))
Qmax heat of adsorption at low coverage

Qmin heat of adsorption at high coverage

Q work function of the bare metal
Ad change in work function by Xe adsorption at full coverage

dipole moment

Uo dipole moment at very low covefage

R ‘distance between two molecules

r distance between an adatom and a solid surface
r equilibrium distance between adatom and surface
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Figure Captions
Fig. 1. Change in potential energy U(r) of a molecule as a function of
the distance r from the surface.

Fig. 2. A schematic drawing of the (100) plane of a fcc lattice.
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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 Energy Research and Development Administration, 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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