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Displacement refers to a surprising phenomenon observed in a number of adsorption systems. At
low temperatures, some relatively inert gases, such as krypton (Kr) or methane (CH4), are found
to displace molecules from preadsorbed monolayer films of a more condensable species, such as
carbon tetrachloride (CCl4), from a graphite substrate. We present a simple thermodynamic model to
explain displacement and make a prediction applicable to both first-order and continuous displacement
processes. We also present measurements on CH4�CCl4 and Kr�CCl4 coadsorbed films from 77–112 K
that verify our prediction and yield the CCl4 film spreading pressure.

PACS numbers: 82.65.Dp, 68.35.Rh, 68.45.Gd
Simultaneous adsorption of two distinct chemical
species on a smooth substrate provides an arena in which
questions concerning phase separation and miscibility meet
quasi-two-dimensional phenomena such as first-order and
critical layering transitions, commensurability, and layer
melting. One class of coadsorption systems, in which
two species with very different adsorption characteristics
are adsorbed on graphite, displays a counterintuitive phe-
nomenon known as displacement. CH4�CCl4 falls into
this class. CCl4 interacts strongly enough with graphite
to form thick films at room temperature [1]. Yet CH4,
a relatively inert gas with a much weaker attraction to
graphite, succeeds, at low temperatures, in displacing a
preadsorbed monolayer film of CCl4 from graphite and
adsorbing directly onto the substrate [2]. Displacement
of a more condensable species by a relatively inert species
is observed in a number of similar systems, such as
Kr�C6H12 [2,3], Kr�CCl4 [4,5], Xe�SF6 [6], and Kr�SF6
[7,8]. We present here a simple thermodynamic model of
displacement and compare it with experimental data for
the Kr�CCl4 and CH4�CCl4 coadsorption systems.

The primary experimental evidence for displacement
has come from coadsorption isotherms [2–7], which mea-
sure the film coverage of the inert gas species (species 2),
as a function of its vapor pressure or chemical poten-
tial, dm2, in the presence of the preadsorbate (species 1)
film (dm2 � m2 2 m

0
2, chemical potential measured rela-

tive to bulk saturation). Typically small preadsorbate
saturated vapor pressures (�10220 Torr for CCl4 at 77 K
[9]) permit accurate measurement of the species-2 vapor
pressure. Coadsorption (COAD) and single species (SS)
isotherm data in Fig. 1 illustrate displacement of CCl4
from graphite by CH4 at several temperatures. Adsorp-
tion in the COAD systems is limited at low dmCH4 . How-
ever, at higher chemical potentials, coadsorption of CH4
proceeds much as in the SS case, with the COAD curves
overlaying the SS curves very closely if the COAD cover-
age is multiplied by a scale factor, F � 1.48. The inter-
pretation here, in close analogy to the other coadsorption
isotherm studies listed above, is that CH4, at high values
0031-9007�99�83(19)�3888(4)$15.00
of dmCH4, is adsorbing on bare graphite as in SS adsorp-
tion, with CCl4 displaced from the substrate. Similar data
for Kr�CCl4 and an explanation of our experimental tech-
nique (and the scale factor, F) will be presented later in
the paper.

Displacement of CCl4 by CH4 occurs in continuous
fashion, without a vertical step in the COAD isotherm,
at all temperatures of our study (a continuous isotherm for
this system at 77 K was also presented in [2]). Other sys-
tems, Kr�CCl4 at 79.6 K, for example, exhibit first-order
displacement [4]. Schematic isotherms in Fig. 2 illus-
trate first-order and continuous displacement. Evolution
from first-order to continuous displacement with increas-
ing temperature was also reported for the Kr�C6H12, with
a critical point of 80.25 K [2]. A model of coadsorption
must be consistent with either type of displacement to de-
scribe the phenomenon successfully.

FIG. 1. CH4 isotherm data on graphite, SS ��� and COAD
with CCl4 (�). COAD data are scaled by F � 1.48.
1 stpcc � 2.687 3 1019, the ideal gas number in 1 cc at stp.
Low pressure SS data at 77.3 K are from TD [12].
© 1999 The American Physical Society
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FIG. 2. Schematic isotherms illustrating first-order (top) and
continuous (bottom) displacement. Species-2 film density,
n2, is plotted as a function of chemical potential, with
SS adsorption and COAD curves represented by solid and
dotted lines, respectively. dm

DISP
2 indicates the completion of

displacement, accompanied by a vertical step in the case of
first-order displacement.

It is the wetting behavior of the preadsorbate that makes
displacement favorable and permits a simple thermody-
namic picture of displacement. Previous reports have
linked the preadsorbate’s wetting properties to displace-
ment [6,10,11]. Unlike Kr and CH4, which exhibit layer
by layer growth into thick films on graphite [12], the
preadsorbates discussed here, CCl4, C6H12, and SF6, do
not fully wet graphite at the temperatures where displace-
ment is observed [1,3,13]; instead, a full monolayer film
coexists with its own bulk crystals. Such coexistence im-
plies that CCl4, for example, can be moved from film to
bulk phase without a change in free energy, provided it
does not leave an empty space behind. In a coadsorption
system, an inert gas such as Kr or CH4 can, at sufficiently
low temperature, lower its free energy by condensing as
a film on graphite. Displacement of CCl4 from the film
into bulk crystals, accompanied by adsorption of the in-
ert gas onto the bare substrate, thus lowers the total sys-
tem free energy, and so, despite the stronger attraction
of CCl4 to graphite, thermodynamics favors displacement.
Simply put, displacement of the CCl4 film occurs not be-
cause the substrate is equally attractive to both species,
but rather because the CCl4 has another equally stable
phase to enter. This view of displacement is consistent
with structural studies of, among others, the CH4�CCl4
[2] and Kr�CCl4 [4] systems, which show evidence of
displaced CCl4 entering bulk crystalline form.

Restricting ourselves to full monolayer films of such
partially wetting preadsorbates also yields a general ther-
modynamic prediction for displacement. The schematic
isotherms in Fig. 2 show displacement completion at
dm

DISP
2 , where the curves join. For dm2 $ dmDISP in

the COAD system, we assume a pure film of species 2
on graphite, with the same film density, n2�T , m2�, and
spreading pressure, f�T , m2� as in the SS system,

nCOAD
2 �T , m1, m2� � nSS

2 �T , m2� ,

fCOAD�T , m1, m2� � fSS�T , m2� ,
(1)

with temperature and the chemical potentials of both
species chosen as the COAD ensemble variables. We
can evaluate the spreading pressures in the SS and COAD
systems, and equate them for dm2 � dm

DISP
2 . For SS

adsorption of 2, the thermodynamic relation

sdT 2 df 1 n2dm2 � 0 , (2)

where s is the areal entropy density, can be integrated,
at fixed T , to obtain the standard result for a single
component system (as in, for instance, Ref. [14]),

fSS�T , dm2� �
Z dm2

2`
nSS

2 ddm0
2 . (3)

We ignore here the spreading pressure contribution of
bare graphite. For equilibrium in the COAD system,

sdT 2 df 1 n1dm1 1 n2dm2 � 0 . (4)

The presence of bulk crystals of species 1 simplifies
evaluation of Eq. (4). Before introduction of species 2,
coexistence of preadsorbate film and bulk phases dictates
that m1 equals the bulk saturated value, m

0
1�T �, and that

the film has a “saturated” spreading pressure, f
0
1�T �. As

species 2 is added at constant T , assuming the presence of
pure bulk species 1 fixes m1 � m

0
1, allowing calculation

of fCOAD by simple integration over m2,

fCOAD�T , dm2� � f0
1�T � 1

Z dm2

2`
nCOAD

2 ddm0
2 . (5)

For dm2 � dm
DISP
2 , displacement is complete, and

species 2 is adsorbed on bare graphite. Equations (3)
and (5) thus refer to the same state of matter, with equal
spreading pressures. This equality can be written

Z dm
DISP
2

2`
�nSS

2 2 nCOAD
2 � ddm0

2 � f0
1�T � . (6)

The quantity on the left side of Eq. (6) is simply the area
between COAD and SS isotherm curves, as sketched in
Fig. 2. f

0
1�T � (� f

0
CCl4

in our experiment) is a prop-
erty of the preadsorbate, independent of the inert gas
species, and so the measured quantity on the left side
should be equal for two COAD systems using the same
preadsorbate, such as CH4�CCl4 and Kr�CCl4. The small
vapor pressure of CCl4 prevents direct measurement of
f

0
CCl4

�T �. However, isotherm data for the two coadsorp-
tion systems can test this model and measure f

0
CCl4

�T �.
Equation (6) applies to both continuous and first-order

displacement. In a first-order displacement transition, two
distinct phases coexist with the same spreading pressure,
at dm

DISP
2 �T �. One phase is the preadsorbate film, per-

haps with some quantity of species 2 mixed in or ab-
sorbed on top, and the other consists of self-condensed
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islands of the inert gas species on bare graphite, growing at
dm2 � dm

DISP
2 as species 2 is added. For the special case

where nCOAD
2 � 0 for dm2 , dm

DISP
2 , Eq. (6) is equiva-

lent to the result of Menaucourt and Bockel, who con-
sidered first-order coexistence between pure films of each
species, with a partially wetting preadsorbate [6]. How-
ever, Eq. (6) is considerably more general, also applicable
when species 2 is partially or totally soluble in the pread-
sorbate film or adsorbs on top of it. In a fully continuous
displacement, the coadsorbed film is a single mixed phase,
in which the species-2 concentration grows from zero at
low dm2 to 100% at dm

DISP
2 �T �. Thermodynamics alone

does not reveal the structure of the coadsorbed film prior to
displacement or predict which type of displacement should
occur. However, Eq. (6) expresses the general condition
of equilibrium thermodynamics, applicable to any system
where displacement of a saturated preadsorbate film ends
with a pure film of the second species. Our measurements
of CH4�CCl4 and Kr�CCl4 coadsorption test this thermo-
dynamic description of displacement.

Coadsorption experiments were carried out in a
graphite calorimetry cell, which was used simultaneously
for a film heat capacity study [15]. The cell consists of
100 cc of exfoliated graphite foam [16] with a

p
3 3

p
3

monolayer coverage, Np
3 , of 165 stpcc. After transfer

into our gas handling system, the preadsorbate, CCl4
[17], was purified of volatile contaminants by successive
pumpouts at 77 K [4]. To form a uniform and complete
CCl4 monolayer film, the cell was intentionally overfilled
(430 stpcc of CCl4, roughly 5 times the monolayer quan-
tity) at room temperature and then slowly cooled to 70 K.
CH4�CCl4 and Kr�CCl4 coadsorbed films were grown
by adding small doses of the inert gas species, typically
less than 10% of a monolayer. For each cell filling, a
dynamic measurement of film vapor pressure was made
while scanning over a range of temperatures, allowing a
volumetric calculation of film coverage, NCOAD

2 �T , dm2�.
Coadsorption isotherms were then reconstructed using
the complete data set of all cell fillings. Single species
adsorption isotherms of Kr and CH4 were measured at
various fixed temperatures using a standard volumetric
technique, or taken from published data measured using
the same cryostat [18,19]. At lower temperatures, where
film condensation pressures fall below the accurate range
of our gauge, SS isotherm data from Thomy and Duval
(TD), as read from published graphs [12], are used. All
data were corrected for thermal transpiration [20], and a
correction for the finite film-gas equilibration time was
performed on the dynamic data. While equilibration
was slowed on crossing dm

DISP
2 �T �, the coverage was

observed to change reversibly; adsorption as the system
was cooled across the line of displacement completion
was followed by the same amount of desorption upon
warming. A COAD isotherm for CH4�CCl4 was mea-
sured at a fixed temperature of 77 K and confirmed the
spreading pressure obtained by our dynamic technique.
3890
Details of our apparatus are provided in Ref. [18], and a
complete explanation of our experiment and analysis will
be given in a subsequent publication [15].

Figures 1 and 3 display coadsorbed film isotherm data
for CH4�CCl4 and Kr�CCl4, plotted with the correspond-
ing single species data. The inert gas species coverage
for each COAD system, NCOAD

2 , has been multiplied by
a scale factor, F, chosen to allow overlap with the SS
coverages at dm2, where displacement is complete. The
value of F for the data presented here, measured with a
single filling of CCl4, was found to be 1.48 6 0.02 for the
CH4�CCl4 and 1.60 6 0.02 for Kr�CCl4. Our need for a
scale factor, F . 1, to overlap the COAD and SS data re-
flects the reduction in the total coverage of species 2 in the
COAD system (relative to the SS case) after displacement,
as observed in every coadsorption isotherm study refer-
enced above. While displaced CCl4 is shown to make
bulk crystals, it has been suggested that these crystals are
relatively flat and thus take up a sizable portion of the
graphite surface [2]. This appears consistent with the low
CCl4 vapor pressure, which may prevent true equilibra-
tion in the sizes and positions of crystals on experimental
time scales. F21 represents the fraction of the surface re-
maining for adsorption by species 2 after displacement.
Disequilibrium may also explain the variation we find
in F, not only between the two coadsorption systems,
but also for the same system grown twice on the same
filling of CCl4. However, for a data set from a single
coadsorbed film grown in small doses, a single value of
F produces good overlap with the single species data
across our temperature range, as seen in Figs. 1 and 3.
Also, the spreading pressures and chemical potentials at
which displacement is completed are reproducible within

FIG. 3. Kr isotherm data on graphite, SS ��� and COAD with
CCl4 (�). COAD data are scaled by F � 1.60. Low pressure
SS data at 77.3 K are from TD [12].
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FIG. 4. f
0
CCl4 , calculated from Kr�CCl4 and CH4�CCl4 data.

“ML” refers to the
p

3 3
p

3 monolayer density. Low pressure
single species data from [12] have been used to calculate f for
the “TD SS” data points at 77.3 and 90.1 K. Data points taken
at the same temperature have been slightly separated in order
to show the individual points and error bars.

experimental uncertainties for data sets measured with
different CCl4 fillings and different values of F.

The data in Figs. 1 and 3 can be integrated, as in Eq. (6),
to give the CCl4 spreading pressure and to compare directly
the two coadsorption systems. Film densities, in units ofp

3 3
p

3 monolayers, ML, are simply nSS
2 � NSS

2 �Np
3

and nCOAD
2 � �F � NCOAD

2 ��Np
3 . We perform the in-

tegral on the left side of Eq. (6) numerically, by evaluat-
ing the area of the polygon formed by the SS and COAD
isotherm data points. Results of this calculation, for f

0
CCl4

using both Kr and CH4, are displayed in Fig. 4. The domi-
nant source of error is uncertainty in the chemical potential
measurements at low adsorption pressures. The agreement
between the CH4�CCl4 and Kr�CCl4 results confirms our
thermodynamic model; the measured value of f

0
CCl4

�T � is
the same whether Kr or CH4 serves as the displacing inert
gas species.

We conclude with a few comments on the data presented
here. The estimate of f

0
CCl4

from displacement data is
independent of the inert gas species used, as expected, but
also exhibits no temperature dependence (see Fig. 4). A
truly temperature independent f

0
CCl4

would imply that the
phase transition from monolayer film to bulk solid for CCl4
has no latent heat. Assuming temperature independence,
the data are consistent with

f0
CCl4

� 465 6 15 �K ML� . (7)

The CCl4 spreading pressure measurement is remark-
ably insensitive to the wide variety in the coadsorption
isotherms used to obtain it, including a nearly vertical dis-
placement step for Kr at 77 K and clearly continuous dis-
placement for both species at higher temperatures, where
displacement is not complete until well into second layer
film growth (see Figs. 1 and 3). The steep but finite slope
in the COAD isotherm for Kr at 77 K may be consistent
with earlier studies finding first-order displacement [4] if
bulk CCl4 is in microcrystals or capillary condensate, as
observed previously for inert gas adsorption in our ex-
foliated graphite sample [21]. Continuous displacement
isotherms were seen before for CH4�CCl4, although neu-
tron diffraction studies actually revealed separate CCl4 and
CH4 solid film domains [2]. While these scattering results
conflict with the picture of a continuously mixed film, our
data also show continuous displacement, for both species
over a wide range of temperatures, and are consistent with
the thermodynamic requirements expressed in this paper.
The model presented and verified here provides a thermo-
dynamic basis for further investigation into the possible
phases, pure and mixed, formed in such coadsorption sys-
tems. Our calorimetry study, to be published, will probe
the complete coadsorption phase diagram for CH4�CCl4
and Kr�CCl4.
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