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Layer growth of methane on MgO: An adsorption isotherm study
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Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973-5000

~Received 14 April 2000!

The layering properties of methane on MgO~100! were measured between 70 K and 96 K using high-
resolution adsorption isotherms. The results demonstrate that at least five layers can form. Phase transitions for
the different layers were identified by monitoring the changes in the isothermal compressibility of a particular
layer as a function of chemical potential. A phase transition~melting! for the monolayer is observed at about
80 K, whereas layers 2 through 4 show a similar transition at about 85 K. The isosteric heat of adsorption was
calculated as a function of coverage to gain insight into the growth process of the CH4 /MgO system. The
thermodynamic quantities determined here are compared with published experimental values. Our data provide
key information for defining current methane-MgO interaction potentials.
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I. INTRODUCTION

Methane is an ideal choice for investigating the adso
tion properties of substrates with different surface symme
because the molecular symmetry and crystal symmetry of
bulk solid ~i.e., cubic, closed packed! facilitates the forma-
tion of two-dimensional~2D! solids with either sixfold or
fourfold symmetry depending on the structure of the adso
ing surface. Additionally, at high temperature methane
hibits classical adsorption behavior~e.g., translational diffu-
sion and uniform layering! while at low temperatures i
exhibits quantum behavior~e.g., rotational tunneling!. Fi-
nally, the relative strengths of the adsorbate-adsorbate in
actions versus those of the adsorbate-substrate should le
interesting order-disorder and layering phenomena.

Significant theoretical and experimental progress has b
made in understanding the adsorption properties of meth
on a graphite basal plane composed of the well-known h
agonal network of carbon atoms. These studies examined
thermodynamic properties, monolayer and multilayer m
ing and structure, commensurate and incommensurate tr
tions, and orientational ordering and wetting. Bruch, Co
and Zaremba’s monograph1 contains a good review and bib
liography of these earlier studies.

We discuss here our thermodynamic characterization
the multilayer adsorption properties of CH4 on the~100! sur-
face of MgO using adsorption isotherms. MgO is an ion
crystal with a cubic, rock-salt structure. On the~100! surface,
Mg and O atoms are distributed on a square lattice.

A body of knowledge exists on the behavior of thin CH4
films ~one-to-three layers thick! on MgO. However, there are
fewer studies of adsorption on MgO because the prepara
and handling of the sample is more challenging than it is
graphite~see e.g., Coulomb, Sullivan, and Vilches2! since the
MgO surface tends to readily hydroxylize. Neverthele
there is some information on the structure and translatio
dynamics of CH4 monolayer and multilayers on an MgO
substrate. For example, using neutron diffraction Coulo
et al.3 showed that at monolayer thickness CH4 forms a&
3&R45° square solid on MgO at 50 K. Gay, Suzanne, a
Coulomb examined the structure and dynamics of thin fil
of methane on MgO near the bulk triple point. They fou
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that the formation of solid multilayers is aided by the fa
that the MgO~100! surface is a nearly perfect template f
growing the ~100! plane of bulk methane. We confirme
their findings using neutron diffraction.5 Gay, Suzanne, and
Coulomb4 also reported that melting takes place near 80 K
monolayer coverage but that the melting temperature
creases with increasing film thickness. Lakhlifi and Girard6

have studied the CH4/MgO system theoretically and pre
dicted that near 80 K and at monolayer thickness the is
teric heat of adsorption should be about 160 meV. Wh
much is known about the behavior of monolayer metha
films on MgO some uncertainties remain. For example,
graphite, monolayer methane solid films form with the C3v
axis of the molecule perpendicular to the surface plane~the
so-called tripod-down configuration!. But, on MgO, the mo-
lecular orientation is debatable.7–9 New theoretical work on
this topic10,11 was stimulated by high-resolution inelasti
neutron-scattering measurements by Larese,5 which charac-
terize the low-temperature rotational dynamics of t
CH4/MgO system. Analysis of the neutron rotational tunn
ing spectra indicates that a C2v orientation of the molecule
provides the best fit of the monolayer data.

A very limited amount of thermodynamic data about t
multilayer CH4/MgO system was included in the studie
cited above; however, there has been no comprehensive
amination of the thermodynamics of methane on MgO
sorption. Some information on the thermodynamics w
given by Coulumb, Sullivan, and Vilches2 and by Madih.12

They used adsorption isotherms to set a critical tempera
for the monolayer at 8062 K with greater uncertainties on
the transition temperatures for higher layers~i.e., for the sec-
ond and third layer>87 K!. We undertook this thermody
namic study as part of our ongoing investigations of lay
by-layer growth, surface melting, and the rotation
dynamics of methane on MgO using inelastic-neutro
scattering techniques.5,13,14

II. EXPERIMENTAL PROCEDURE

The MgO powder used in this study was prepared fr
magnesium vapors using, to our knowledge, a no
process15 ~patent pending!. Electron microscope examinatio
8360 ©2000 The American Physical Society



le

c
e
a

a
n
ia
in
su
le
ca

le
p

ga
it
t

y
ra

us

a
t

at

k
re
d
e

ul
on
th

to
m
g

iso-

-
eri-
-
, in
de-

em-
ms.

fol-
ple

ring
er-
y.

ted
a

sing
the
-
ates
our

ract
ical
ate

ese

t to

w
0

e

PRB 62 8361LAYER GROWTH OF METHANE ON MgO: AN . . .
of these powders shows that they contain cubic partic
~about 2500 Å cube edge, see Fig. 1! with a narrow distri-
bution of particle size. Typically, the powders have a surfa
area of about 10 m2/g. The total amount of impurities in th
MgO was no more than a few ppm. The MgO powder w
heat treatedin vacuoat 950 °C for about 36 h before use.

Approximately 0.5 g of the heat-treated MgO powder w
loaded into an oxygen-free-high-conductivity copper cell a
indium sealed inside a glove box filled with argon. Spec
care was taken to avoid exposing the samples to air s
extended exposure to moisture hydroxylates the MgO
face. This is a significant problem with most MgO samp
because most have a substantial number of oxygen va
cies, the primary surface defects for MgO~100!. The sealed
cell then was mounted on the second stage of a disp
closed-cycle helium cryostat. The dead space of the sam
cell was measured as function of temperature using He
Its temperature was monitored during the experiments w
two temperature sensors, one on the sample cell and
other on the second stage of the refrigerator. The accurac
the temperature sensors was checked against the satu
vapor pressure of the methane gas.

Adsorption isotherms were measured volumetrically
ing an automated apparatus described elsewhere.16 The data
from the isotherm measurements between 70 and 96 K
presented here. After each isotherm was measured
sample cell was warmed to room temperature and evacu
for at least 12 h.

Figure 2 shows a subset of the adsorption isotherms ta
between 70 and 96 K, more than fifty isotherms were
corded in steps of about 0.5 K. Remarkably, we observe
least five isotherm steps of nearly equal height over the
tire range studied, leading us to believe that the molec
density of the layers is rather uniform with no large variati
in the adsorption potential nor particle size throughout
powder.

We examined how the reported sensitivity of MgO
moisture and its known chemical reactivity affects a sa
ple’s quality and the reproducibility of the isotherm, usin

FIG. 1. Transmission electron micrograph of random MgO po
ders used in this paper. The largest cube is approximately 200
on a side.
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three different MgO samples and measuring several
therms at the same temperature~usually near the beginning
and end of a run of several weeks!. We were especially con
cerned about the sample’s degradation during long exp
mental runs~i.e., 3–4 weeks!. In one set, consecutive iso
therms were measured while increasing the temperature
another set consecutive isotherms were recorded while
creasing the temperature, and for a third sample, the t
perature was varied randomly for consecutive isother
There was no evidence suggesting that the sequence
lowed was important. Some minor degradation of the sam
was apparent after runs longer than 3–4 weeks.

III. RESULTS AND DISCUSSION

Because several different MgO samples were used du
this investigation we minimized random and systematic
rors by processing the isotherm data in the following wa
First, the experimental data from each isotherm was fit
with a smooth curve using the interpolation function of
commercial software package~Kaleidagraph®!. This routine
uses an algorithm that generates a smooth curve pas
through each data point unless there is a discontinuity in
slope at one of them.17 For each isotherm, we typically re
corded between 200 and 300 data points. Figure 3 illustr
how accurately the interpolation procedure reproduces
data.

We subsequently used the interpolated curves to ext
the thermodynamic quantities. For example, the numer
derivative of each isotherm can be used to precisely loc
the position of each adsorption step. The location of th
pressure steps associated with the formation of thenth layer
can be plotted as a function of inverse temperature and fi
the Clapeyron equation:

log10~p~n!@ torr# !5B~n!1A~n!/T. ~1!

Figure 4 shows a linear fit to Eq.~1! using both the logarithm
of the saturated vapor-pressure bulk of bulk methane,p0 ,

-
Å

FIG. 2. Set of isotherms~chemical potential versus coverag!
for temperatures between 70 and 96 K.
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8362 PRB 62ANDREA FREITAG AND J. Z. LARESE
and the logarithmic pressure location of each adsorption
p(n) as function of inverse temperature. From these fits
coefficientsA(n) and B(n) were determined~see Table I!;
several observations can be made about them. First, the
efficients A(n) indicate that at lower temperatures, it is i
creasingly difficult to differentiate between films that a
four or five layers thick and the bulk methane. Extrapolat
the fits forp(4) andp(5) with the fit for p0 , shows that at a
temperature of 48.062 K the p(5) curve intersects with the

FIG. 3. Data points recorded and interpolation~solid curve! for
an isotherm taken at 74.34 K~reduced pressure versus coverag!.
The inset shows a detail from the third adsorption step of this
therm.

FIG. 4. Log10(P@ torr#) of adsorption steps 1 through 5 and
the saturation vapor pressurep0 plotted as function of inverse tem
perature. For the fifth adsorption step, only data points are inclu
for which the adsorption step was clearly observed. The parame
for the fit of the Clapeyron equation~solid line! to the data is sum-
marized in Table I.
ep
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p0 curve, whilep(4) intersects it at 26.462. Unfortunately, at
these temperatures, the saturated vapor pressure of me
is too low to measure isotherms. However, Larese and
workers found at low temperatures when the coverage
methane on MgO exceeds four or five layers, the rotatio
tunneling spectra converge towards that observed for b
methane.5

Adsorption isotherms also can be used to characterize
response of the methane film to a change in spreading p
sure by calculating the 2D compressibility,K2D :

K2D5~A* p!/~NA* kB* T* N2!* dN/dp, ~2!

whereA is the surface area of the substrate,p the pressure,
NA Avogadro’s number,kB Boltzmann’s constant, andN the
number of adsorbed molecules. Larher and Angera
demonstrated18 that the 2D compressibility is an extreme
useful quantity for tracking thermodynamic changes in
adsorbed film and identifying the location of phase tran
tions. They found that both the intensity and width of t
compressibility as function of chemical potential provid
important information about changes in the structural pr
erties of the layers. Based on his findings, it is genera
accepted that narrow~broad! compressibility peaks are usu
ally associated with solid~liquid! layers. Thus, monitoring
the width of the compressibility peak as function of tempe
ture is useful for locating a melting transition.

We did not produce a functional form for the shape of t
compressibility peaks since there were several parame
that we could not properly characterize~e.g., the size distri-
bution and heterogeneity of the MgO powder sample, a
the instrument’s response function!. Therefore, we used the
full-width-at-the-half-maximum~FWHM! of the compress-
ibility peak ~regardless of its shape! to track the behavior of
compressibility with temperature.

Figure 5 shows the compressibility derived from the is
therms displayed in Fig. 2 as function of chemical poten
for the first and second adsorption steps. Its peak is lar
for the monolayer films and decreases as subsequent la
are added. Since the strength of the molecule-substrate i
action decreases with increasing film thickness, it is not s
prising that the magnitude of the compressibility decrea
as the number of methane layers on the substrate incre
For example, the mean value of the bilayer compressibi
peak is about a factor of 5 smaller than the mean monola
value. Furthermore, since temperature-driven phase tra
tions take place, it also is not unusual that changes are
served in the magnitude of the compressibility peak a
function of temperature. For example, at monolayer thi
ness, the compressibility peak decreases by a factor of a
20 over an interval of a few degrees.

Not only are there changes in the magnitude of the co
pressibility, but changes in the width also are observed.
illustrate the changes in the FWHM of the compressibility
function of temperature, Figs. 6~a! and 6~b! display the be-
havior for layer 1, and layers 2 through 4, respectively. F
ure 6~a! clearly shows that the width of the monolayer com
pressibility feature is nearly constant up to 80 K, abo
which it broadens dramatically, indicating that a phase tr
sition takes place near 80 K. Most likely, the change in wid
is due to a transformation from a high-density phase~solid-
like! to a lower density~liquidlike! phase. This observation
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TABLE I. Thermodynamic quantities for the CH4 /MgO system calculated from the isother
measurements.

1st layer 2nd layer 3rd layer 4th layer

A(n) 601.5963.017 526.261.06 510.7561.06 507.0860.818
690.3622.6a 529.462.6a 511.365.3a 506.6a

B(n) 6.647760.036 7.330960.0128 7.400260.0128 7.456960.0093
7.67660.25a 7.38560.031a 7.4260.064a 7.462a

Tcr~K! 8060.5 8561 8561 8561
8062a >87a >87a

K2D~mm/N! 1.53107 23106 73105 43105

@T,Tcr#

K2D~mm/N! 1.33106 13106 33105 23105

@T.Tcr#

Qst~KJ/mol! 14.462 @89.1# 10.461 @82.7# 9.9461 @83.46# 9.8561 @83.46#
@T(K) # 13.22@89.1#a 10.12@82.7#a 9.79@82.7#a 9.71@82#a

aData from Ref. 12.
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agrees well with the monolayer melting temperature of
62 K reported earlier by Coulombet al.3 and Gay, Suzanne
and Coulomb. We note that the data in Fig. 6 are deri
from three different samples, each with a slightly differe
surface area. The temperature at which the phase trans
occurs is independent of the sample used, however, the
perature dependence of the width of the compressibility f
ture above the phase transition is slightly dependent on
surface area of the substrate. The sample with the lar
surface area, that is about twice the surface-to-volume r
compared to the smallest sample, exhibits a slightly gre
slope. Further, we note that as the surface-to-volume rati
the powder increases~i.e., smaller MgO crystallites!, the
compressibility of the film decreases slightly, probably b
cause the edges of the MgO crystallites play a fraction
greater role in determining the stability of the films, there
increasing the width of the compressibility peak. Figure 6~b!
shows that the compressibility for films, two-to-four laye
thick, is nearly independent of temperature regardless of

FIG. 5. Compressibility versus chemical potential of set of is
therms between 70 K~a! and 86 K ~b! for the first and second
adsorption step.
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initial film’s thickness below the phase transition. While th
data is more scattered at higher temperatures, we can e
lish with some certainty that the phase-transition tempera
for layers 2 through 4 is 8561 K. Earlier reports indicated
that the phase-transition temperatures for the second
third layers were>87 K. Finally, Table I summarizes th
mean values of the 2D compressibility of the CH4 film above
~low density! and below~high density! the phase transition
For the monolayer film, these values differ by about an or
of magnitude while for layers 2–4 they differ by about
factor of 2.

Another important thermodynamic quantity related
layer growth of an adsorbate on a substrate is the isos
heat of adsorption. It is defined as the energy necessar
bring a particle from infinity onto the surface~clean or pre-
dosed with gas!. The isosteric heat of adsorption can be c
culated thus at constant coverage:

Qst5RT2]~ ln p!/]T. ~3!

We approximated the partial derivative in Eq.~3! by calcu-
lating D(ln p)/DT at constant coverage from two adjace
isotherms separated by a temperature difference of about
2 K. The numerical value of the isosteric heat calculated
this way is weakly dependent on the temperature interval.
the temperature interval is decreased the value obtained
the isosteric heat should converge towards the real diffe
tial ~i.e., become more accurate!. However, not only does the
temperature interval chosen effect the value ofQst, but some
extrapolation is required to produce the isosteric data si
all of the isotherms are not measured at exactly the sa
coverage. Both these uncertainties contribute to the accu
with which Qst can be determined. However, because all
the data reduction was performed consistently, we beli
that the variation ofQst with coverage and temperature
accurately represented.

Figure 7 shows the variation ofQst as a function of sur-
face coverage for several temperatures near 80 K. The t
perature interval used in calculatingQst is approximately
constant~i.e., about 260.1 K!. Several comments can b
made about the behavior of theQst. First, a peak in the hea
of adsorption is readily observable for the first, second, a
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8364 PRB 62ANDREA FREITAG AND J. Z. LARESE
even possibly the third layers. The magnitude ofQst is great-
est at monolayer coverage, and peaks near the completio
the monolayer. It is still easy to identify the relative max
mum inQst near the completion of the bilayer; however, th
relative maximum is less obvious for layers three and abo
Furthermore, the variation inQst decreases as the film thick
ness increases. These observations are consistent wit
fact that as the film grows thicker on the substrate, a meth
molecule that joins the film from the vapor experiences
force dominated by molecule-molecule interaction and
the molecule-substrate interaction. Furthermore, regard
of the status of the film, the fall off from the peak inQst at
the completion of a layer is indicative of the layer’s relati
stability. Finally, the isosteric heat is roughly consta
~;9.75 kJ/mol! for coverages of more than 5 layers. We no

FIG. 6. The linewidth of the compressibility peak of layers
through 4 is plotted versus temperature. A linear fit of the slop
part of the data gave a transition temperature of about 80 K for
~a! monolayer and of about 85 K for~b! layers 2 through 4. Tran-
sition temperatures and error are summarized in Table I.
of
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that this value is still quite different from the latent heat
vaporization of bulk methane@;8.68 kJ/mol at 91 K~Ref.
19!#. The difference inQst is most likely due to the effect o
the MgO substrate on the 4–5-layer film, and also perh
because the methane film grows like the~100! face of bulk
CH4 on the MgO substrate. Some limited data are availa
for comparison with our values forQst. Table I shows how
the peak values ofQst we determined compare with earlie
measurements as a function of coverage. An alternative
proach for calculatingQst, described by Madih,12 uses the
Clapeyron coefficientA(n). With these data, we derive sim
lar values forQst for layers 1–4 as were measured, rangi
from 13.221 through 9.707 kJ/mol.

Below 80 K ~i.e., below the phase transition identifie
using the compressibility!, there is a rapid and nominally
linear increase inQst between 0–0.2 layers. This behavi
can be understood in the following way. At low coverag
the methane film forms as a dilute, lattice gas on the surf
of MgO. As the density of the lattice gas increases, the li
lihood of near-neighbor interactions rises resulting in the
served increase inQst. Between 0.2 and;0.9 layers,Qst is
nearly constant, presumably reflecting the formation of
lands of a commensurate&3&R45° solid. Finally, near
the completion of the layer, the rapid increase with covera
of Qst is most likely due to a slight film compression, th
interactions between solid domains and the crossing of
main walls. The same description can be applied to
changes inQst observed over the same relative covera
range for the bilayer below;85 K. It is also applicable for
higher layers as long as layer-by-layer growth occurs an
sharp interlayer interface is retained. At temperatures.80 K
for the monolayer and.85 K for the bilayer, fluidlike meth-
ane layers form. Increasing the methane coverage entail
attendant increase in density and near-neighbor interac

g
e

FIG. 7. Isosteric heat of adsorptionQst versus reduced coverag
for a set of isotherms at temperatures between 73.29 and 85.
The inset shows the shape of isosteric heat curves for the first
sorption step. These curves are offset by a small amount to dis
the progression with temperature. The temperature increases
top to bottom.
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causing a steady increase inQst. This behavior is consisten
with our earlier suggestions that a phase-transition occ
signaled by the dramatic change in width of the compre
ibility as a function of temperature@see Figs. 6~a! and 6~b!#.
Furthermore the formation of a fluidlike phase at these te
peratures and coverages is in agreement with earlier neu
scattering results.2,6,15,16

While the absolute value ofQst shows no clear tempera
ture dependence, we note that the differenceDQst ~without
considering of the shape of the peak and noise! increases as
the temperature increases, as expected.

IV. CONCLUSIONS

We derived several thermodynamic properties of
CH4/MgO system from our isotherm measurements. The
compressibility for various films of CH4 on MgO films was
determined. A phase transition between a solidlike and
idlike phase was identified for the first through fourth lay
We found that these take place at 8060.5 K for the first layer
e

y

.

s,
s-

-
n-

e
D

-
.

and 8561 K for second through fourth layers. These resu
place tighter bounds on the location of the phase transfor
tions than previous results.

The isosteric heat of adsorption as function of covera
was used to gain additional insight into the layer-by-lay
growth of the methane film on MgO. We believe that o
results will aid in refining models for the interaction of met
ane with MgO~100! surfaces, and expect that such improv
ments in the intermolecular potentials will be useful in re
dering accurate computer simulations of this molecu
adsorption system.
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