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Adsorption of Kr, Xe, and Ar on highly uniform MgO smoke
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The first atomic layer of Kr, Xe, and Ar adsorbed on MgO smoke is explored by using adsorption
isotherms. A procedure has been developed by which we produce MgO smoke powders of higher

homogeneity than previously reported. On these powders, apparent two-dimensional {2D) solid-

vapor, fluid-vapor, and solid-fluid coexistence regions are observed for Kr and Xe. Triple-point
temperatures are estimated to be 66.6+0.5 K and 100.8+1.0 K, and the critical temperatures are es-

timated to be 86.8+1.0 K and 119+2.0 K, respectively, for these two elements. A comparison be-

tween Kr and Xe 2D-solid densities at the fluid-solid transition suggests that the 2D-solid phases
are incommensurate with the substrate. The Ar isotherms are qualitatively different from those of
Kr and Xe, showing no features corresponding to 2D phase transitions in the P- T range studied. A
qualitative estimate places the Ar 2D critical temperature at about 65 K.

I. INTRODUCTION

Most highly homogeneous surfaces currently used for
thermodynamic studies of physical adsorption have either
triangular or honeycomb lattices of adsorption sites. Typ-
ical examples are basal-plane graphite (exfoliated graphite,
Grafoil, Union Carbide ZYX, graphite foam, etc.), boron
nitride, lamellar halides (double halides), and graphite
plated with rare gases. Possible phases of adsorbed films,
the character of phase transitions among them, the ex-
istence of critical and triple points and their temperatures,
and the growth of bulk properties are, for a given adsor-
bate, strongly dependent on the crystallographic structure,
the lattice parameters, and the adsorption potential of the
substrate. '

It is well known that the equilibrium surface of an
MgO crystal is a (100) plane. Crystals intentionally cut
in other orientations will reconstruct to that plane after
moderate heat treatment although forming a stepped sur-
face. He atomic beam diffraction studies show that (100)
MgO has an adsorption potential dominated by the (00)
and (10) Fourier coefficients, thus providing a square ar-
ray of potential minima with the periodicity of the MgO
lattice. ' A preliminary calculation shows that for all
the rare gases the minimum in the adsorption potential is
on top of a Mg ion. If localized adsorption of rare gases
were to occur on this lattice, for all of them except Xe
(too large) only half of the sites would be occupied due to
the relative sizes of the adsorber and adsorbate. At melt-
ing this would provide a good realization of the two-
dimensional (2D) Ising order-disorder transition as con-
trasted with the three-state Potts transition actively stud-
ied on graphite surfaces. " If, on the other hand, the
adsorption was not localized, MgO would provide a
square symmetry substrate for adsorption of an incom-
mensurate (triangular symmetry) monolayer. The melting
transition of a solid 2D layer on this substrate may be Is-
inglike.

The reasons for using MgO smoke for thermodynamic
studies are its relatively large specific area and that upon
electron microscope examination the smoke particles ap-

pear to consist primarily of single-crystal cubes with only
the (100) surface exposed. ' These crystals vary in size
from about 200 to 2000 A. A few years ago Dash et al.
reported using adsorption isotherms of Kr on MgO at
liquid-nitrogen temperature to find the right procedure
for obtaining powders with a uniform surface. ' Various
experiments have since used powders prepared following

that procedure. ' ' Recently we have been able to pro-
duce MgO smoke of much higher homogeneity than pre-

viously reported. ' Utilizing this MgO we have studied
the first-layer adsorption characteristics of Kr, Ar, and

Xe in a temperature range consistent with vapor pressures
in the (0.001—10)-Torr range. This range, for Kr and Xe,
appears to be sufficient for determining 2D liquid-vapor
and solid-fluid coexistence regions and critical and triple
temperatures.

Other authors have studied adsorption of rare gases on

powder substrates with cubic symmetry. In particular
Ross and Clark, ' Fisher and McMillan, and Takaishi
and Mori ' have performed extensive measurements using
various gases and ionic crystals such as NaC1, NaBr, KC1,
and RbC1. All of these crystals have a considerably larger
lattice parameter than MgO. A more important aspect
for adsorption studies, however, is that none of these sub-

strates appear to have been produced with the surface
homogeneity possible to attain with MgO. While this
work was in progress we became aware of an x-ray dif-
fraction study of Kr on MgO. The results of the dif-
fraction work will allow us to calculate the total area of
our sample and to deduce the structure of a monolayer Xe
solid film as well as to conjecture that the Ar films are
liquidlike at monolayer completion in our temperature
range, while they are probably solid at much lower tem-

peratures. ' This article briefly describes the surface
preparation procedure and the apparatus used for obtain-

ing the adsorption isotherms, followed by details and dis-

cussion of our measurements.
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II. EXPERIMENTAL PROCEDURE

A description of the detailed study that led to the
preparation of the MgO substrate has been published. ' A
brief summary of the techniques used is given here.

One to four Mg ribbons (Matheson, Coleman, and Bell)
0.010)&0.110)&12 in. long were burned in static air. Only
the smoke that rose and coated a clean aluminum surface
was collected. We noted that the transferring of this sam-
ple to a quartz bulb for heat treatment (at about 950'C)
under vacuum (P less than 1X10 Torr) should be done
in a relatively short time (less than 5 min). When this was
done, the vertical step observed in the first layer of many
Kr/MgO isotherms at liquid-nitrogen temperature grew
considerably in size, and a second smaller step appeared
within that same first layer, as shown in Figs. 1(a)—1(c).
To sort out the reason for this improvement we also
prepared MgO by burning the ribbon in dry Oz/Ar mix-
tures of varying composition in a glove box. Although
the samples collected in this way were very small, the 77-
K isotherms were the best ones measured (see Fig. 1) as
judged by the size and verticality of the first step and the
curvature of the very low coverage portion before the step.
With this experience we concluded that it is likely that the
quality of most large (several grams) smoke samples used
in previous experiments, all prepared in air, have at best a
surface that will yield isotherms like the one shown in

Fig. 1(a) or Ref. 14, and not as good as the samples used
. for this study. This degradation must be associated with

formation of Mg(OH)z by moist-air exposure to such an
extent that baking and thermal decomposition cannot
reconstruct uniform large (100) surfaces for adsorption.
This conclusion is consistent with the rather poor iso-
therms obtained by direct thermal decomposition of
Mg(OH)q.

I I i I
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For the measurement of the adsorption isotherms of
Sec. III, samples of about 0.15 g of smoke made in air
were attached to a high-vacuum system within 5 min of
production. After baking for over 24 h at -950'C and
P ~ 10 Torr, the oven was removed and a CTi Model 21
cryogenic refrigerator was attached to the quartz bulb
containing the sample with a graphite-vacuum grease
paste for &hermal contact. Care was taken to completely
enclose the quartz bulb with a copper container and a heat
shield (as well as a vacuum enclosure). In spite of these
precautions we believe that a small temperature gradient
may still be present in the sample since isotherms ob-
tained by immersion of the quartz bulb in liquid nitrogen
show steps that are slightly more vertical than the same
steps obtained at the same temperature with the refrigera-
tor. Nevertheless, the refrigerator is extremely useful
since one can change temperatures with ease. The tem-
perature stability of our unit is approximately 0.01 K over
the time necessary to complete an isotherm ( —10 h).

The isotherms were measured by dosing from a cali-
brated volume using a 10-Torr full-scale MKS baratron
capacitance gauge. Although the minimum scale readings
of this unit is 10 Torr, relative measurements can be
made which are ten times better by use of an external di-
gital voltmeter. For most of the isotherms the tempera-
ture was determined at the end of each run by condensing
the appropriate gas on the bulb until the equilibrium pres-
sure did not change any more. The temperature was then
obtained from published vapor-pressure tables. 5 We also
calibrated a diode attached to the refrigerator against the
vapor pressure and used this calibration for some of the
isotherm s.

The gases used were (a) Kr, Airco grade 4.5 (99.995%
purity), (b) Xe, Linde research grade 4.5 (99.995% purity),
and (c) Ar, Linde research grade 5.5 (99.9995% purity).
A thermomolecular pressure correction was made (only
significant for P &2 Torr) using Takaishi and Sensui's
formula. '6
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FIG. 1. Kr/MgO isotherms at liquid N~ temperatures for
four different samples. (a), (b), and (c): Samples prepared in
static air placed in vacuum system 80, 22, and 5 min, respective-

ly, after preparation. (d) Sample prepared in 20&oO~/80 vol. %%uo

Ar mixture. All samples baked at least 24 h at 950'C after be-

ing placed in vacuum system.

III. RESULTS

Adsorption isotherms for Kr are shown in Fig. 2. The
lowest temperature at which we measured an isotherm
was dictated by the pressure measurement sensitivity.
The unbaked portions of the glass vacuum system and
Baratron heads have an outgassing rate of about 0.001
Torr/h. Equilibration times for each point vary between
points but are —15 min; the powder sample we use is to-
tally uncompressed so gas diffusion through it is easy.
Equilibration times are much longer on compressed
powders. For practical reasons we limited most of our
measurements to the first monolayer and the beginning of
the second-layer step. A complete isotherm at liquid-
nitrogen temperature shows at least three large vertical
steps indicating a minimum of three-layers formation at
that temperature.

We show, on a semilogarithmic scale in Fig. 3, a P
versus 1/T possible phase diagram for this system de-
duced from the location of the quasivertical steps on the
isotherms of Fig. 2. The straight lines through the points
have been drawn as guides to the eye. The data points
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represent, for each isotherm, the following features: (a)
the pressure at the density in the middle of the "first"-
layer large vertical riser [determined by estimating the
center of the riser for each isotherm below the critical
temperature (defined below) and averaging over all iso-
therms], (b) the pressure at the inflexion point on the
small substep (sub) between the first and second layer, (c)
the pressure of the low portion of the second-layer riser,
and (d) the "bulk" three-dimensional (3D) saturation va-
por pressure of Kr, the property measured to determine
the temperature of the isotherm. The line called first on
Fig. 3 ends at a point we believe to be the 2D liquid-vapor
critical point, T, (2D)=86.8+1.0 K. This temperature
was estimated by constructing from the isotherms a graph
of (BlogioP/Bn)„versus T where the derivative is taken

for all the isotherms at the critical density as determined

10 10 10 10
pressure (Torr)

FIG. 2. Kr/MgO isotherms. The amount adsorbed is speci-
fied as the volume of ideal gas at STP adsorbed per gram of
MgO sample. Isotherm temperatures: (a) 66.76, (b) 67.82, (c)
69.10, (d) 70.97, (e) 72.56, (f) 75.21, (g) 77.47, (h) 78.97, (i) 80.28,
(j) 81.59, (k) 83.16, (1) 84.52, (m) 85.87, (n) 87.56, (o) 90.88, (p)
95.21, and (q) 98.66 K. Dashed lines indicate estimated phase
boundaries determined as described in text.

in (a) above. This method has been used extensively by
Larher to determine 2D critical temperatures for a large
number of systems. For a perfect system, below T,(2D)
the slope should be zero, while above T, (2D) the slope in-
creases, the departure from zero thus being taken as the
critical temperature. For a real system inhomogeneities
(finite size and energy variations in the adsorbing poten-
tial) lead to finite inverse logarithmic slopes below T, (2D)
and profound rounding effects near and at T, (2D), so the
method is not very accurate. This is the reason for the
relatively large error associated with our determination.

The line called sub on Fig. 3 runs into the first line at
66.6+0.5 K, a temperature slightly below our lowest iso-
therm and quite a bit below the isotherm for which we
were able to resolve the substep. Following our interpre-
tation of the results, we believe this to be the triple-point
temperature, T,(2D) for this system.

On the high-temperature end, the sub line will run into
the second-layer vertical riser. Vfe did not pursue the
study of this merging or two-layer regime.

Adsorption isotherms for the Xe/MgO systems are
shown in Fig. 4, with the P versus 1/T semilogarithmic
plot (obtained in the same manner as for Kr) shown in
Fig. 5. A comparison between the Kr and Xe diagrams
shows qualitatively the same features, with T, (2D)
=119+2 K and T, (2D) =100.8+1 K, both temperatures
obtained by a procedure similar to that described above
for Kr. These temperatures are very similar to those ob-
served in the Xe/graphite system.

Adsorption isotherms for the Ar/MgO system are
shown in Fig. 6. It is obvious that no substep is present
on any of the isotherms, so the P-versus-1/T diagram
shown in Fig. 7 has no sub line and consequently no triple
point. In addition, the first-layer vertical riser has a
larger inverse logarithmic slope than for the Kr or Xe iso-
therms below T, (2D), and shows only a slight increase of
this slope as the temperature is increased to isotherm pres-
sures at the upper limit of our measuring range. Thus we
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FIG. 3. P vs 1/T diagram for Kr/MgO and vapor pressure
of 3D Kr. The monolayer critical and triple points and various
adsorbed phases are indicated. First, sub, and second corre-
spond to pressure and temperature pairs taken respectively from
the first-layer large step, the melting-line smaller step, and the
second-layer step in the isotherms of Fig. 2.
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FIG. 4. Xe/MgO isotherms. Temperatures: (a) 96.86, (b)
100.47, (c) 106.20, (d) 108.44, (e) 111.02, (f) 116.14, (g) 118.72,
(h) 121.15, (i) 126.17, and (j) 131.19 K. Dashed lines indicate es-
timated phase boundaries determined as described in text.
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also find no strong evidence for a 2D critical point in the
range studied. Nevertheless our discussion below points
towards the existence of a liquid phase in the range stud-

ied, with a critical temperature in the vicinity of 65 K.

IV. DISCUSSION

3.0

In Table I we compare our results to a sample of those
obtained by other authors for the same adsorbates on dif-
ferent substrates. In particular it is interesting to place
our results on the broader picture developed by Larher
and collaborators '3 for the adsorption on double halides '

where the (triangular) lattice parameter of the adsorber
can be varied over a wide range, and also compare them to
results on graphite where a large amount of both thermo-
dynamic and structural data exists. In the double-halide
adsorbers the dimensional incompatibility I =(a —d)/d,
where a is the crystalline parameter of the sublattice of
sites and d is the distance between nearest neighbors in
the (111) plane of the 3D adsorbate, plays a very impor-
tant role producing large variations in the critical and tri-

~ P
IO

O. 0I6 0.018

I/'T (K )

0.020

FIG. 7. P versus 1/T diagram showing first- and second-

layer steps for Ar/MgO, and vapor pressure of 3D Ar.

pie temperatures. When I =0, the adsorbate and adsorber
would be perfectly compatible. The closer the system gets
to this condition the higher (with soine small deviations)
are the T, and T, observed. It seems important to inter-

pret our results to try to decide whether our films are
commensurate or not.

The recent x-ray scattering measurements of Jordan
et al. 2 on Kr/MgO show below -67 K a slightly
compressible 2D incommensurate triangular solid with
nearest-neighbor distance very close to that of the (111)
planes of solid 3D Kr for similar temperatures. Their
measurements cover the range between 20 and 120 K and
from about 0.45 to 1.11 incommensurate layers. The
-67-K constant melting temperature they observe is the
same as that determined in this study for the triple tem-

perature within experimental error. %'e believe that due
to the higher surface homogeneity of the present sample

to that used in the x-ray experiment, we are also able to
track the solid-fluid coexistence line up to the point where
it merges into the second layer. The results of Jordan
et al. give a surface density of 0.0657 A at 67 K. Thus
we can use this solid density at the triple line to obtain the
adsorption area of our MgO samples and a density scale
for all our measurements.

It is possible to compare the densities at melting of a
Kr and a Xe isotherm. The two isotherms chosen, shown
in Fig. 8, are at comparable relative temperatures using
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TABLE I. Temperatures (in K) of 2D triple and critical points for Xe, Kr, and Ar adsorbed on various substrates. MgO data from
this work. I =(a —d)/d is the dimensional incompatibility (in %); comm. is the commensurate structure that preempts the critical
aud triple points; n.a. (not applicable) means that the substrate has square symmetry. Question mark indicates uncertainty.

Substrate

Graphite

BN
NiC1
CoC1
FeC1
CdCl
CdBr
PbI
MgO

Kcl
RbCl

99'
100'

102
99g
99~
99g

100.8

Xe
T

117'

112"
114
112

119

—3.5

—21.0
—19.6
—18.5
—12.8

n.a.

comm. b

66.6
67 0'

Kr
Tc

comm. b

87'
81

90h

86.8

76.0'
75.5'

+ 4.6

—14.4

—5.7

n.a.

n.a.
n.a.

50'
479
47.2~

&48

Ar
Tc

55~

58

63h
79h
83h

60.5"
65(?)

+ 12 3

—8.8

—5.8
—0.3
+ 3.3

+ 19.4
n.a.

'A. Thorny and X. Duval, J. Chim. Phys. 67, 1101 (1970).
J. P. McTague, J. Als-Nielsen, J. Bohr, and M. Nielsen, Phys. Rev. 8 25, 7765 (1982}. Not interpreted by these authors as a triple

point.
'F. Millot, J. Phys. (Paris) Lett. 40, L9 (1979).
A. D. Migone, Z. R. Li, and M. H. W. Chan, Phys. Rev. Lett. 53, 810 (1984).
J. A. Litzinger and G. A. Stewart, in Ordering in Two Dimensions, edited by S. K. Sinha (Elsevier, New York, 1980), p. 267.
J. Regnier, A. Thorny, and X. Duval, J. Colid Interface Sci. 70, 105 (1979}.
C. Tessier and Y. Larher, in Ordering in Two Dimensions, Ref. e, p. 163.

"F.Millot, Y. Larher, and C. Tessier, J. Chem. Phys. 76, 3327 (1982).
'J. L. Jordan, J. P. McTague, L. Passell, and J. B.Hastings, Bull. Am. Phys. Soc. 28, 874 (1983).
'T. Takaishi and M. Mohri, J. Chem. Soc., Faraday Trans. I, 68, 1921 (1972).

T, (2D) for scaling. Taking surface coverages slightly
above solidification for both elements (2.23 cm /g for Kr
and 1.86 cm /g for Xe for this smoke sample) we get a ra-
tio of 1.20 for the 2D solids at melting. Using the densi-
ties for 3D Kr at 75 K and Xe at 110 K we get from the
nearest-neighbor distances (4.06 A for Kr and 4.43 A for
Xe) a ratio of surface densities for close-packed structures
of 0.0701 A ~/0. 0589 A =1.19. This ratio is essen-
tially the same as the experimental ratio for the coverages.
Thus we conclude that Xe also forms a triangular incom-
mensurate lattice on MgO.

The Ar results are more difficult to interpret, but they
may point towards a large liquid-vapor coexistence region.
Table I shows for Ar a very large variation of T, with the
various substrates, while at the same time T, is normally
below the pressure range easily accessible for studies of
adsorption isotherms on powder samples with high-
vacuum equipment. The best high-resolution study of
Ar/graphite using heat-capacity techniques have recently
yielded a triple-point temperature of 47.2 K, in reason-
able agreement with scattering and isotherm measure-
ments (although the scattering measurements disagree in
the interpretation). ' Our lowest temperature isotherm .
was taken at 48.2 K„and at this temperature the accuracy
in the pressure measurements is relatively poor. Thus all
our measurements may have been taken above the solidifi-
cation temperature.

The critical temperature could have been in the tem-

perature range measured. The logarithmic slope of the
isotherms, although in all of them much larger than for
Kr and Xe, increases slightly for the highest two tempera-
tures we measured. By using this increase and comparing
with the actual variation of the inverse slopes for the oth-
er two gases near T„we can conjecture that the critical
temperature is in the vicinity of 65 K. This value is rela-
tively high for a fluid with large incompatibility, and thus
may be also high (see Table I), for a completely incom-
mensurate system, but it is not totally unreasonable.

Additional support for the existence of the liquid phase
comes from considering the ratios of either a close-packed
plane of solid (at 55 K) or liquid (at T, ) 3D Ar to that of
solid-Kr highest-density planes such as the above. They
are 1.14 and 1.01, respectively. The ratio of the Ar mono-
layer density (2.25 cm /g for T =55 K) to the solid-Kr
monolayer density (2.23 cm /g for T =75 K) is 1.01, the
same as the liquid-Ar —to—solid-Kr ratio. Using the
close-packed solid ratios, the substep indicating crossing
of the solid-fluid melting line should have been around
2.54 cm /g for our sample. This coverage is very close to
the start of the second layer-step in the temperature range
surveyed, and thus a substep would have been very diffi-
cult to observe.

The final possibility that Ar/MgO form a commensu-
rate structure, thus not showing critical or triple points
(like Kr/graphite) seems unlikely since the commensurate
density (0.0564 A ) would occur at about 1.79 cm /g in
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our sample. This surface density is well within the first
vertical riser.

If our interpretation is correct, the solid-liquid coex-
istence region could exist over a very small temperature
range on the first monolayer and would not extend to
much higher temperature than T„aphenomena with ana-
logs in films of other substances on graphite. [For exam-
ple, in 02 (Refs. 35—37) the solid "6"phase-liquid-vapor
T, =26 K and the liquid-vapor T, -=65 K, but the 5-
phase monolayer melting line goes up to only 32 K, well
below the volumetric isotherms range ( T & 55 K).]

A characteristic of the isotherms that we are unable to
account for is the large difference in the slopes of the first
vertical step between Ar on one side and Kr and Xe on
the other side. Dash and Puff, and Ecke, Dash, and
Puff have developed a theoretical model for incorporat-
ing the effect of inhomogeneities due to variations in sub-
strate binding and/or finite sizes into the free energy of
the film. From this free energy one can calculate the
chemical potential of the adsorbate and since at equilibri-
uin pf p„and——p, =kT ln(PA, /kT) for the very low den-

sity (ideal gas) 3D vapor that corresponds to the measured
pressure, variations in the chemical potential of the film
will be reflected in variations in the equilibrium pressure.
Thus heterogeneities produce finite slopes in the isotherms
measured over a film two ph-ase coexistence region. For a
perfect substrate bP/P =0, while for an imperfect sub-

strate, bP/P =bpf /kT= he/kT, where —he is the vari-

ation in substrate binding for the particular film being
considered. Dash and Puff developed a simple way of re-
lating the slopes of the isotherms at coexistence for vari-
ous substances on the same substrate, namely,

- (2)
'

BlnP &o n —n T' ' BlnP
BN TA Eo n2 n 1

T' — BN TA
(2) (&) (1)

where E'o is the single-particle binding energy, n'2" and
n i" are the densities of the two phases in coexistence, and
T'" is the temperature at which the isotherm is being tak-
en, all the quantities for species (1), with similar meanings
for species (2). From the isosteric heats described below
we have estimated the single-particle (zero coverage) bind-
ing energies to be approximately 840, 1100, and 1400 K
for Ar, Kr, and Xe, respectively. Using the average slope
for all the isotherms in the two-phase region, and taking
the temperatures and densities for the two phases at ap-
proximately the middle of the two-phase liquid-vapor
coexistence region (54, 77, and 111 K), we estiinate that
the Xe slope should be 1.19 times the Kr slope, and the
Ar slope 0.99 times the Kr slope. The actual experimen-
tal ratios are 0.94 and 2.64, respectively. The Xe/Kr ratio
is within the scatter of the average slope determination
(about 25%%uo). The Ar/Kr ratio is completely outside the
uncertainties. One possibility for this discrepancy is that
the Ar film is strongly affected by this substrate (orienta-
tion or partial commensuration), while Kr and Xe are not.
This would render the comparison using (1) not appropri-
ate since epitaxy effects were not considered in the Dash
and Puff model. Equation (1) is a simplification of a
more general equation that includes the isothermal
compressibilities of the adsorbed film. An estimate of the
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constant coverage versus coverage for three temperature regimes
for Kr/MgO, determined from P vs 1/T constant coverage
plots. Lines are guides to the eye. The line (—0—) was deter-
mined in a single-surface phase region for V&2 cm STP/gram.

neglected term using the 3D cornpressibilities does not ac-
count for the experimental difference in slopes.

The latent heat of adsorption of the monolayers at con-
stant coverage

BlnP
aT

TABLE II. Estimates of the zero-density binding energies
and average latent heats of adsorption (+5%) at various iso-
therm features.

eo/k (K)

Ar

840 1100

Xe

1400

First-layer, large step
(liquid-vapor)

q (kcal/mole) 1.98 2.79 3.72

First-layer, sub step
(Quid-solid)

q (kcal/mole) 4.18 5.88

Second-layer step

q (kcal/mole} 1.95 2.77 3.76

can be calculated from the data by taking pressure and
temperature differences between contiguous isotherms
along an isostere. If the isostere is taken in a single-
surface phase region, the latent heat defined by (2) is the
isosteric heat of adsorption qst. We have observed that
this method, while giving considerable detail, also pro-
duces considerable scatter from isotherm to isotherm due
to small absolute errors in T that translate into large er-
rors in hT. At very low coverages, in addition, small ab-
solute errors in coverage produce very large changes in the
equilibrium pressure, so the zero-coverage isosteric heat
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0
eO=qst —

2 kT (3)

reported in Table II. Similar determinations for Ar and
Xe (see Table II) were used in Eq. (1) to estimate the
slopes. Equation (3) assumes at zero coverage a 2D classi-
cal gas with a vibrational degree of freedom perpendicular
to the substrate. ' Results are also shown in Table II for
heats of adsorption representative of other features of the
isotherms. The values of eolk and q„ for Ar, Kr, and
Xe/MgO are substantially lower than values reported for
the same adsorbates on BN or graphite. For example, in
the case of Xe which appears to have a similar phase dia-

(from which the single-particle binding energy can be cal-
culated) is difficult to determine. Thus it is sometimes
more accurate to make semilogarithmic graphs of P
versus (1/T) for different constant coverages, whose
slopes give q/k (or q„/k). Figure 9 shows three latent
heat of adsorption curves at different constant tempera-
tures versus coverage for Kr determined in this second
way. The extrapolation of the 87.56-K curve (single-
surface phase) to V=O gave q, , =2.25 kcal/mole from
which we estimated the zero-coverage binding energy

gram on the three substrates, the eolk for BN is approxi-
mately 1810 K, while for graphite it is about 1980 K. On
MgO we find it to be about 1400 K. The first-step heats
of adsorption (within the liquid-vapor region) are 4.20 and
5.01 kcal/mole, respectively, while for MgO it is about
3.72 kcal/mole. Thus MgO appears to be a much weaker
substrate for adsorption then either BN or graphite.
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