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ADSORPTION OF RARE GASES ON A RARE GAS SURFACE™

Mary W. Barnes and William A. Steele

Department of Chemistry
The Pennsylvania State University
University Park, Penna.

Experimental sdsorption heats and
isotherms for He, Ne and Ar adsorbed

on a xenon-covered sample of carbon
black are analyzed to obtaln several
thermodynamic properties which char-
scterize the behavior of isolated
sdsorbed atoms and pairs of atoms on
the surfaces. The experimental re-
sults are compared with theoretical
cstimates of these quantitles which
are obtained by evaluating the ap-
propriate statistical mechanical eX-
pressions with the 3id of the com-
puted potential energy funetions fer
the gas atoms interacting with the
<0lid and with each other. Reasons
for the discrepancies between theory
and experiment are discussed, and
some conclusions are drawn conceri-
ing the surtace distribution of the

sdsorbed atoms in these systems.
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FUNDAMENTALS OF GAS-SURFACE INTERACTIONS

TNTRODUCTION

Studies of the adsorption of rare gases on surfaces
which have been prepared by preadsorbing a layer of an-
other higher boiling rare gas on a high area substrate
can provide valuable data for comparison with theoretical
calculations of the thermodynamic properties of adsorbed
atoms. Since the parameters of the intermolecular poten-
tial energy functions for pairs of rare gas atoms are
relatively well known, one can make reasonably accurate
estimates of the energy of interaction of a gas atom with
the solidified rare gas layer plus the original substrate
by summing the pair-wise energies of the gas atom with the
atoms of the adsorbent. With the aid of these potential
surfaces, one can then compute energies of adsorptidn in
the 1limit of zero coverage, free energies of isolated ad-
sorbed atoms, and the most probable positions of the ad-
sorbed atoms relative to the lattice structure of the
surface. Although such calculations are feasible only 1f
it is assumed that the surface of the solid is present as
s perfect crystalline array, experimental systems which
approximate this model can be obtained 1if the substrate
ig carefully chosen and if the preadsorbed gas 1is care-
fully laid down on the substrate and cooled to the exper-
imental temperatures, which are preferably well below the
freezing point of the preadsorbed substance. In this
paper, experimental data are presented for several gases
adsorbed on a monolayer of xenon which had been pre-
adsorbed on a graphitized carbon black with a specific
area of 70 m®/g. The results of some previous work on
the properties of argon adsorbed on such surfaces at 65 -
80° K. are included for completeness (1,2); however,
measurements of the isotherms and heats of adsorption for
neon from 20 - 249 K. and helium from 11 - 139 K. are also
reported, and the thermodynamic properties obtained from
the low coverage portion of the data are compared with
theoretical predictions. In the theoretical work, Two
possibilities for the lattice structure of the pread-
sorbed xenon layer are considered: that of a triangular,
and that of a square array. Although the previous anal-
vsis of the argon adsorption data had led TO the tentatilve
conclusion that the xenon was square packed, the more ex-
tensive data reported here do not lend further weight to
this deduction. (In fact, recent LEED measurements indi-
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cate that xenon monlayers on graphite surfaces have Lri-
: E o s
angular packing at low temperatures. Sir

FXPERIMENTAL

The apparatus used in this work has been described 1n
detail elsewhere (4). It consists of a simple celorimeter
in which the adsorbent-filled container 1is surrounded by an
electrically heated shield which is suspended in an evacu-
ated can. With the can immersed 1n ligwwid or selid yoro-
gen, the temperature of the sample could be set and held
constant to withiln 0.001%K. at any temperature from 11° to
250 ¥, The thermometer used in this range was a carpon
radioc resistor which had been calibrated against a plat-
inum resistance thermometer of lower sensitivity and check-
ed at the boiling point and the triple peint temperatures
of hydrogen. Isotherms were determined for neon at 96.590
and 2%.17°K., and for helium at 11.57° and 12.54°K. which
included coverages ranging up to roughly one moriolayer . 1n
addition, heats of adsorption were determined calorimetric-
511y for neon in order toO check the heats obtained from the
temperature dependence oI the isotherm data. Plots of the
heats of adsorption as a function of the coverage are shown
in Figure 1 for hellum, neon and argon on the xenon-covered
carbon black. As expected, both the heat abt zero coverage
and the change in the heat with increasing coverage increase
substantially as one progresses from helium tc argon. The
curves shown in this figure were used together with the low
coverage portions of the lsotherms to calculate several
properties of theoretical interest. The determination of
thegse parameters is based on carlier work in which 1t was
shown that (5):

lim (8/p) = 2_/XT + 6Bz (Z_/KT) (1)
_ 9=0 .
and .
B o BT = L8y 9€2> (2 ]
80 st

where B is the fraction of surface sites covered, ZS is the
configurational integral for a single adsorbed atom on one
of the surface sites, and e€: 18 classically the average
potential energy of an isolated adsorbed atom; L 18
Avagadro's number; B, 1s the second virial ccefficient for
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Figure 1. Heats of adsorption as a function of the surface

coverage for rare gases on a xenon-covered surface.
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a pair of adsorbed atoms and ez i1s the average lateral
interaction energy of an isolated palr of adscrbed atoms.
It is evident that such guantities can readily be compared
with theoretical values based on the estimated potential
energies of the adsorbed atoms with the surface and with
each other when the appropriate quantum expressions for £
¢1, and the pair parameters are introduced. The eXperli-
mental values of these parameters which are reported 1in
Table 1 were calculated by fitting the data obtained 1n
this work for He and Ne to Egs. (1) and (2). In addition,
some data were obtained for Ar in this work which checked
carlier results (1), but which were concentrated in the
low coverage region and thus gave more reliable values for
the parsmeters shown for this substance in Table 1. The
estimated uncertainties in the tabulated quantities are

3% for Zg and e; and 0% for Bo. The values of c-/k are
probably accurate to 10° for He and Ne and 25° for Ar.

S)

Table 1. Experimental Values of the Properties oi Atoms
adsorbed on o Xenon-Covered Substrate.
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A Ve 7, /A 3
. = ) S = 61& QE/K |
(A3/ site) (A.:/ L (deg. K., ‘dog. K.
He at 12.5° K. 8.0-10° Ve, BE1OE =1 w2 ~-100 O
Ne at 23.2° K. 16.7-10° 9 .01 0.9 - &0 -5
Ar at 79 .P K. 5%.910° 29 .01F 1.5 ~700 -260
(a) Calculated assuming that the site area A - 16 .6 A2,
THEORETTCAL

Potential energy surfaces were constructed for 1iso-
lated He, Ne and Ar atoms over simple square and triangu-
lar xenon monolayer lattices adsorbed on a graphite basal
plane. The energy of the adsorbed atom Y was obtalnéd. Oy
summing the pair-wise Y-Xe energies over the Xe layer and
adding a term to this sum which accounts of the inter-
action of Y with the graphite substrate:

] 12 6 L 3
G O 1 2
] Y-Xe Y-Xe ~c B e mell)
u L;):+ € s - = Y-C Y- KE

S Y-Xe 71 L i

—_—
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where €y_xe? €Y-C are the parameters which characterize
the streng%hs 5T the interaction of a Y atom with a Xe atom
and with the atomsof carbon in the graphite, respectively;
Ov_xe is the distance scaling parameter 1n the Leonard-
J5nes expression for the Y-Xe potential Pulietien, Z° is
the distance between the atom of Y and the surrace ot %he
graphite and d 1s the separation distance between sycces-
sive basal planes in the graphite crystal; and Y (5 de-
notes the generalized zeta function of order threc.

Values of € were calculated from the equations given
by Crowell aﬁg Steele (é) and are listed in Table 2 to-
gether with the values Uk v _Xe and © _Ye which were ob-
tained from the geometric mean (P e% and the arithmetic
mean (for o) of the tabulated parameters for the Y-Y and
the Xe-Xe Lennard-Jones potential curves (7). The Xe-Xe
spacing in -

Table 2. Parameters of the Gas-Solid Potential Functions

FUNDAMENTALS OF GAS-SURFACE INTERACTIONS

Y c. Jk € /k O
(Eag. K. ) (géé? K.) (Xt%e
He - L7© % 30
Ne 88% 88° 3.0
Ar 2G7° 166° 3. Th

the surface layer (which is denoted by a in this paper)
was assumed to be equal to that in_the bulk crystal at o
K., and was thus taken to be .31 A. In this way, the
cummation over all values of r,, the distance between the
Y atom and the 1'th atom 1in thé xenon layer, could be
carried ocut by a computer and the energy defined in Eq. 3
could be obtained for a number of positions of the Y atom
relative to the Xe lattices. The perpendicular distance
of Y above the surface was varied until the position,
depth and curvative of the energy curve at its minimum

was found for each position. The values of these minima
are shown in Figure 2 as a function of the x-coordinate of
the adsorbed atoms. The origin of the coordinate axes was
taken to be at the center of a square or a triangle of
wenon atoms and the x direction was defined to lie along
the bisectors of the square and triangle. Thus, x/a =
1/2, y/a —- 0 corresponds to a Y atom above the midpoint of
5 line connecting a pair of Xe atoms in the square lattice,
and x/a:l/g, y/a:l,g corresponds to the atom directly
above a Xe atom, whereas %/ a= 800 ; y/a=0 corresponds to
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&) T T |
He - Triangulay
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|
2001~ Ne- Triangular |
,\D Ne - Square
400 i
=Umin
K
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=)D O 0.2

X/a

Figure 2. Variation in the computed minLmum potential

energies with displacements parallel to the surface jor
rare gas atoms over a Xenon covered surface.
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the Y atom above the mid-point of a line connecting a palr
of ¥Xe atoms in the triangular lattice, and x/a=.576, y/a=
0 corresponds to the position directly over the Xe atom.
It is evident that the differences between the energles at
the end point of the curves in Figure 2 and the valunes at
the points with x/a=0 correspond to the heights of the
barriers to translation across the surface. Since these
barriers are greater than kT at the experimental tempera-
tures for the gases considered, the adsorption 1s best
described as sitewise rather than as a two-dimensional
gas. The square-packed xenon lattlce is now seen to
consist of an array of square adsorpticn sites wlth areas
of 18.6 R.2 each, and the trlangular array consists of
triangular sites of areas equal to 8.1 A.% In either case,
the sites are defined by the xenon atoms which are present
at each corner.

The fact that the adsorbed atoms will most probably
be located at or near to the center of the sites formed
by the array of xenon atoms will greatly affect the inter-
action energies of pairs of neighboring adsorbed atoms .

Tn the case of the square xenon lattice, one Y atom will
be adsorbed per square xenon site and the Y-Y distances,
which are defermined by the Xe-ZXe spacings, will be 4.31
A., J2-4.31 A., etc. On the triangular lattice, the
situation will be more complex, since the Y atoms are in
general too large to be accommodated on nearest neighbor
pairs of sites. Figure % shows schematically a possible
arrangement of a "complete' adsorbed layer of atoms on
triangular sites; the circles indicate the oy_yvalues,
which are roughly equal to the hard sphere radii of the
adsorbed atoms and the dotted lines are drawn through the
xenon lattice points and thus outline the site boundaries.
Tt is evident that only half the sites can be occupied
when a complete layer of Ne or Ar 1s adsorbed; although
the sketch for adsorbed helium would seem to indicate
that these atoms are small enough to be accommodated on
nearest neighbor sites, it is probable that the ampll-
tude of the zero point vibrations of the helium atoms 18
large enough to prevent the occupancy of nearest neighbor
sites, at least until all the more energetically favora-
ble sites are occupiled.

It is now possible to use these computed potential
functions to calculate values for the thermodynamic prop-
perties of the adsorbed atoms which can be compared with
the experimental results tabulated 1n Table 1. If one
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He on a A A Ne, Ar on o
Triangular Trianguiar
Xe Lattice Xe Lattice
S

s
HAAH DA

Figure 3. Possible packings of atomg on sites for d

triangular xenon lattice.

starts by considering the properties of the isolated atoms,

write: O
Y, —: AF = mirl g 8
S f
O 5 C o
s _ + ¢° + <g,.” L
S “min th )
where ¢ . 1s the minimum potential energy of an adsorbed

atom, eglgs the total zero point vibrational energy and

<e .> ig the change 1n PE% average potential energy due to
thgrmal excltatlions; Vo is the free volume oceupled Dy
an atom adsorbed on a site. Tnasmuch as the adsorbed
helium is far from behaving Class?cally; both.the quantu%ﬂ
mechanical and the limiting classical expre531ong for Ve
and {eth> will be required. Quantum mechanically,
Telg)-(e . + €2)]/KT £y

vf(s) = A?'% S min

l

w / kT e §f ;
th

Vz
dhere N = (hE'2 # mkT) |
of the atom in the potentlal well at the surface ©I
solid; P(3) is the probability that the atom will be 1n

de B :'§€ (3; P (J) -

|-"' - ll"i = o 1 B . T s s mE - TR -~
= () ig the J ti energy sSLELe
.’ A A ' = i v
4
[
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the j'th state, and is given by a simple normallized Boltz-
mann factor. The term of 5/2 kT 1in Eq.@@ 18 included to
correct for the fact that the first term on the right
gives the total thermal energy, whereas one actually wants
the effective average potential energy in the guantum case.
The classical limits of Egs. (6) and (7) are:

g -er--.+€o
'?f( - SV € [ (AJ (emln i1fee dr (8)

~
S

<gLy > = l/vf(s) [e('{;)-(emin T €O)jeﬁ[e(£)-(€mm+€0)%%£

Vs (9)

where VS denotes the volume over a site in which the gas-
solid interaction is appreciable compared to kT.

Tn the previous work on adsorbed argon (2), it was
shown that the classical limiting equations apply rather
well. Theoretical values of the free volume and the
average potential energy were evaluated by substituting
the computed potential surface for argon atams over the
square and triangular xenon sites into Eqs. (8) and (9)
and performing the indicated integrations. After a small
quantum correction was also computed, results were obtained
for the various terms in Eq. (5) for the energy of an iso-
lated adsorbed argon atom which are shown in Table 3. In
addition, the calculated free volumes and configurational
integrals are shown in Table 4. In order to compute a
value for Zs’ it is of course necessary to estimate the
minimum poténtial energy of the adsorbed argon atoms; in-
asmuch as these calculations are very sensitive to the
choice of this energy, the best experimental estimate of
the energy was taken rather than the theoretical energiles
which are sufficiently inaccurate to give totally unreal-
istic results for Z . The energies used in this calcu-
lation were obtained by substituting the experimental
values of e3 and the theoretical values of <eg > for He
and Ne, and <e,.> + ¢° for ar 1 Eg. (f\?hThe ) -
. 5 - gon 1in Eq 5 numer
ical values which resulted are inaicated in Table 4. The
calculated parameters for isclated adsorbed He and Ne at-
oms are also given in Tables 3% and 4. These computations
required a knowledge of the energy levels of the atoms.
Although it was possible to solve the wave equation for a
simplified representation of the potential function for the
atoms over a square site, the problem has not yet been
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solwad for the triangular lattice; exgepl 16¥ the ground
state. In this case, the potential waplation ogn e 4
proximated by a purely radial harmonic oscillafor functicn
for displacements parallel to the surface plus a perturovza
harmonic function for displacements perpendicular to the
surface [ for small displacements). In the case of hellum,
it appears that only the ground vibrational state 1is peCp-
ulated even at 13°K., so that the detalled spacing of the
higher levels 1s not needed in the calculation of the ther-
modynamic properties. For neon on a triangular site, the
thermal energies and free volumes have been assumed to be
roughly equal to those for the square site; The parameters
estimated in this fashion are distinguished Prom thiose
which have actually been calculated in Tables 5 and & Ty
being enclosed in parentheses. It is evident that

Table 3. Theoretical Values for the Energies of Isolated
Atoms Adsorbed on Xenon Lattices (Units 1n deg. K. )

ogueare Trigngllar
?{ O > G <> c
€ 3 @& <%m/k ek ¢ ik A ﬂﬁ&; e1/ k
Be, 12.5° -220 D We'o a5 <185 280 2 -20  =LES

Ne, 23.2° -L450 60 - 10 2380 -375 5C  {(~10) -5
Ar, 79.-& -85 60 150 =675 -190 0 -95 -6k

theoretical estimates for ey and 7  which are shown 1n
Tables % and 4L are in reasonably g%od agreement with the
experimental values given in Table L. The limits of un-
certainty in the celculated Zg, are rather wide because oI
the large effect of errors in the factor in the exponential,
as noted above, and it is thus d1ffieult te attach &Ny
physical significance to the discrepancies found here.
However, the differences between the calculated and theo-
retical energies are more significant, and 1t 1s probable

Table L. Theoretical Values of the Configurational Prop-
erties of Atoms Adsorbed on Yenon Lattices {(Units in A?/Ai

except for energies, which are in deg. K.)

~.Square Triangular
I % O\,
viKS) 2, Leﬁdn+eoyk; 1&(8/ Z, (gmin+€ )/ &
He, 12.5° .80 7.10° 1009 1.80 16XF L1565
Ne, 23.2° .08 18.10° - 2309 B 2oy - 240
Ar, 79.2° .0k L0.107 816" 0% B0 36F -Bis5
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that the fact that the calculated energies become 1n-
creasingly larger than the observed as one progresses from
Ar to Ne to He is a consequence of the inaccuracy of the
simple combining rule used in this work to obtain the
depths of the potential wells for the interactions of the
atoms of the adsorbates with xenon atom. Many other more
refined combining rules have been proposed which generally
cive appreciable differences from the rule of the geomet-
ric mean only when the differences between the atoms 1n
the pair are large. To take only one example, 11 one uses
the rule suggested by Sams (9), the Ar-Xe well depth 1is
hardly affected, but the Ne-Xe depth is reduced by 15% and
the He-Xe depth by 20%. Such reductions in the computed
energies shown in Table 3 would evidently give a marked
improvement in the agreement between theory and experiment.
Finally, cne can estimate the average mutual inter-
actions of pailrs of atoms on the surface and the second
virial coefficients 1f it is assumed that the adsorbed
atoms are to be found only at the centers of the adsorption
sites on the xenon lattices. In this way, the only poss-
ible values of the separation distances on the surface are
determined by the xenon lattice parameters and the mutual
interaction energies are calculable by substituting these
distances into the Lennard-Jones functions for the Ar-Ar,
Ne-Ne and He-He interactions. Energies calculated in this
way are shown in Table 5. Here, w is the estimated repulsive
energy for atoms on nearest neighbor sites in the triangu-
lar lattice, wi is the nearest neighbor attractive energy
(next nearest neighbor sites in the triangular case) and
wo is the energy of atoms on the next distant neighbors.
The c. are the numbers of such palrs of sites per site
and are thus coordination numbers for the lattices. bec-
cond surface virial coefficients for sitewise adsorption
can readily be obtained from these parameters by evalu-
ating the expression

Bz = -1 + & ¢, (e—wi/kT—l) (10)

Furthermore, the equation for e, the average potentlal
energy of pairs of adsorbed atoms, is also glve in terms
of these quantities:

] L
cp = L C W, C y/ (11)
However, values of e, calculated from this expression are

not quite comparable with the data listed in Table 1,
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since these values refer not to the limiting slopes of the
¢« versus O plots but rather to the average slopes taken
5%5r the region 9=0 to 6=.5. In thls case, it 1s readily
shown that Eq. (11) can be replaced by a sum O ¢ W, OVer
the attractive energles only (e esurses; the limi%ing
slopes and these average slopes will not differ greatly as
long as the attractive energles are smaller than kT).
Values of Bs and e calculated for the various adsorbates
sre also shown in Table 5. Upon comparison with the eX-
perimental results, 1t is evident that the calculations
give interaction energies which are too large; in the

case of He and Ne, this could be due to the neglect of
quantum effects in these calculations of B- and €o-. Hoy-
ever, it is unlikely that this will affect the calculation
Por Arg the discrepancy in this case is probably due el-
ther to the use of a Xe-Xe lattice dimension which is ToO
small (which of course would affect all threc gases ) or to
the factor that the perturbation of the potential func-
tions of the pairs of adsorbed atoms by the surface causes
an appreciable reduction 1n the well depth of the effec-'
tive potential on the surface (this perturbation, which 1s

proportional to polarizability, should be largest lor ars
gon) (10)-

Tapbre 5. Lateral Tnteraction Parameters for Pairs of Ad-
corbed Atoms. (Units of energies are 1n deg. K.)

olk, Ba Tuk; & Wo/k,co Bo ez/k

O s Ol ~ @
He, 12.5°, Square - '156 LU 0.2, 4 -0 =T
Ne, 23.2°, Square . 9% i Ly T =0
J o’ 380 | 1191 8 -L0o°
Ar, 79.2°, dguare " - 64 - é;_ o RO
He, 12.5°, Triangular 14-,3 _166 L6 —968 5 -2 —}fo
e, 25.20; Triangular lOOOOJB - 66 -%16; -i.6 :?JO
ar, 79.2°, Triangular 10000°,3 -88Y,6  -4%47,5 7 -660

In summary, it has proved possible to make a detall-

ed comparison of the thermodynamic propertiles of atoms ad-
sorbed on a xXenon momolayer at low coOverages with thecret-
ical compubations. Although such calculations have been
frequently reported recently, especilally for isolat§d |
stoms on graphitized carbon blacks i;;j; less ambigulty 1s
introduced in the calculations of the properties of rare
gases adsorbed on ancther rare gas than for any other_ad—
sorption system known. From the analysis gilven in this
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paper, 1t appears that the adsorption of He, Ne and Ar on
a Xe lattice is essentially sitewise, with the spacings

between adsorbate atoms determined primarily by the lattice

parameters of the underlying xenon atoms; that the simple
geometric mean combining rule gives theoretical energies
which are somewhat larger than the experimental, especial-
ly whnen the atoms involved are very different from one an-
other; and that the mutual interactions of atoms on these
surfaces are even smaller than those calculated using gas
phase potential functions and separations determined from
the Xe-Xe spacings. Surprisingly, the calculated proper-
ties of atoms adsorbed on a square xenon lattice are not
distinctively different from those on the triangular lat-
tice. It was hoped that the helium experiments would pro-
vide the crucial test, but fact that the monolayer capacity
for helium was not twice that for the other gases does not
prove the existence of the square lattice in the light of
the calculated repulsive lateral interactions for nearest
nelghbors in this case as well as for Ne and Ar. The cgl-
culated properties of the isolated atoms on the triangular
lattice seem to be in somewhat better agreement with ex-
periment than those for the square, but the reverse seems
to be true for the properties of pairs of adsorbed atoms.
In any case, it does not appear that one can draw any con-
clusions from this work that are in contradiction to the
LEED results which indicate that the xenon monolayer occurs

as:a slightly distorted triangular array on a graphite
surface at low temperatures (3).
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