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Abstract. A neutron scattering study of the dynamics of CH4 molecules in the restricted geometry
of porous TiO2 with an average pore diameter of 110 Å is presented. Two different coverages were
studied: (1) completely filled pores; (2) walls covered by a monomolecular film. Rotational
tunnelling spectra of the methane rotors at T = 5 K show the coexistence of the low-temperature
phase of bulk methane (phase II) with a disordered phase (phase I′) in a layer close to the wall. In
the melting region of the condensate, the neutron spectra yield information about translational and
rotational motion of the methane molecules. The fraction x(T ) of molecules that are in the liquid
phase increases over a rather wide temperature range from x ∼ 0 at T = 83 K up to x ∼ 1 at
T = 95 K.

1. Introduction

Recently, porous materials have attracted considerable interest, and continue to do so. This is
mainly for the following reasons:

(1) They bear enormous potential for technical applications (e.g. catalysis, where they are
used in large quantities).

(2) They provide a framework for basic investigations of the physical properties of solids
under the condition of a restricted geometry.

When materials are confined into small pores, their properties may change substantially. In
particular, phase transitions can be strongly affected as result of finite-size effects of interactions
between the guests and pore walls, and orientational and translational disorder introduced into
the system by the guests.

The currently most extensively studied porous materials can be classified as either regular
or irregular structures. Examples of the regular materials are the zeolites or MCM-41 [9];
the irregular materials are represented by e.g. Vycor glass or silica gel. Guest molecules of
particular interest are e.g. hydrogen [18] (because of the possibility of observing superfluid
behaviour, when confined to small pores) and H2O, where special attention has been paid
to the melting transition [10, 14]. In this paper we present a neutron scattering study of the
dynamics of CH4 molecules in the irregular framework of porous TiO2 (pore diameters of the
order of 110 Å). TiO2 has considerable importance for technical applications, e.g. in catalysis
and (photo)electrochemistry [6]. The motivation for selecting methane as guest molecule lies
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in its high symmetry. Two different loadings were investigated: (1) completely filled pores;
and (2) pore walls covered by a thin film of CH4 molecules (thickness ∼1 monolayer).

At low temperatures (T � 10 K) the rotational dynamics of the methane rotors gives rise
to a specific inelastic scattering, which is a sensitive probe for local orientational order/disorder
of the condensate. In an investigation of CH4 in silica gels with several pore diameters
(d � 100 Å) and also in MCM-41 (cylindrical pores withd ∼ 30 Å) [11] we have found a broad
distribution of local orientational potentials without any long-range orientational ordering of
the guest molecules. The spectra were analysed in terms of a Gaussian distribution of the
local potentials. This approach was extended in a study of the quantum rotations of methane
molecules in two controlled-pore glasses (CPG) with average pore diameters of d = 120 Å and
d = 350 Å [12], where the analysis was improved by taking into account the T-state splitting
due to the low symmetry of the local potentials. The neutron spectra gave clear evidence for
the formation of a core with the orientational ordering of CH4-II in pores with d � 120 Å and
an orientationally disordered layer of thickness d ∼ 15 Å on the pore walls.

With increasing temperature, quasielastic scattering due to rotational diffusion of the CH4

rotors occurs. Of particular interest is the melting of the condensates. The melting region is
characterized by the onset of translational diffusion, causing a decrease of the self-correlation
function Gs(�r, t) for t → ∞. This leads to a corresponding decrease of the elastic intensity
with increasing temperature and, hence, makes the incoherent scattering a very sensitive tool
for the investigation of the melting behaviour.

In the following section we describe the characterization of the sample by sorption
isotherms and give the experimental details of the neutron scattering experiments. Section 3 is
devoted to the neutron scattering experiments. The low-temperature (rotational) dynamics of
the CH4 molecules will be discussed in terms of a quantum-mechanical description, while the
temperature range 50 K � T � 100 K is characterized by rotational diffusion and the onset
of translational diffusion near the condensate melting point. Section 4 focuses on the melting
behaviour. Section 5 contains a summary and conclusions.

2. Sorption properties of the porous TiO2

The porous TiO2 was provided by Sachtleben Chemie GmbH, Duisburg. It is produced
by a process of hydrolysis of titanium oxide hydrate and contains primary particles with
typical linear dimensions of the order of several hundred ångströms. These primary particles
are crystalline with anatase structure [4] (the anatase modification is less stable than the
rutile modification of TiO2, but is more widely used in catalysis) and aggregate to form
larger secondary particles with spherical shape and diameters of about 1 µm. Small voids
(mesopores) with diameters of∼100 Å form between the primary particles, while larger cavities
(macropores) occur between the secondary particles [16].

Measuring vapour-pressure isotherms is a standard method for characterizing the sorption
behaviour of a porous host material. Figure 1(a) shows the CH4 sorption/desorption isotherm
of the TiO2 sample. It was measured with 2.95 g TiO2 at T = 92 K and is of type IV according
to Brunauer’s classification [2] with two characteristic regions:

• Multilayer adsorption: the slowly increasing part in the pressure range 10 mbar � p �
70 mbar indicates the formation of a thin layer of methane on the inner surfaces of the
sample.

• Capillary condensation: the strong increase of the adsorbed amount of gas for 70 mbar �
p � 125 mbar is due to complete filling of the mesopores. Adsorption and desorption take
place at different pressures (hysteresis behaviour). In a very narrow pressure range around
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p ∼ 130 mbar (most clearly visible in the desorption branch), the isotherm levels off before
the saturation pressure is reached because now all pores are filled with condensate.

Various ways for calculating the pore size distribution from a given sorption/desorption
isotherm are described by Adamson in reference [1]. We have used the following procedure:

(1) For given temperature T and pressure p, a multilayer film of thickness h(p) is formed.
h(p) may be calculated on the basis of the Frenkel–Halsey–Hill model (the FHH model)
[1, 5]:

h(p) = hm

(
ε0

kBT ln(p0/p)

)1/k

. (1)

hm is the thickness of the monolayer coverage and p0 denotes the saturation vapour
pressure of methane at temperature T . The energy ε0 and the inverse exponent k

characterize the interaction potential of the gas particle and the pore wall. n(p), the
number of adsorbed molecules, is related to h(p) by

n(p)

nm

= h(p)

hm

. (2)

nm is the number of molecules needed to form the monolayer coverage. We have fitted
equation (1) to the experimental data in the multilayer adsorption range p/p0 � 0.5 by
adjusting ε0 and k as free parameters (the solid line in figure 1(a)). This allows also an
extrapolation into the region of capillary condensation, where the multilayer formation
cannot be observed directly.

(2) As an approximation, we assume spherically shaped cavities with radius R. Then a
sphere with the reduced radius R̂ = R − h(p) is available for capillary condensation.
Subtraction of the FHH curve (the solid curve in figure 1(a)) from the desorption branch
of the isotherm gives the amount of material ncc, which is desorbed due to the process of
capillary (de-)condensation.

(3) When the pressure is reduced during desorption from p1 to p2, then �ncc = ncc(p2) −
ncc(p1) gives the number of adsorbate molecules, desorbed in this particular step due to
capillary (de-)condensation. This material stems from pores with radii R in the range
R̂1 + h(p1) � R̂2 + h(p2), where the R̂1,2 are obtained from the Kelvin equation:

p1,2(R) = p0 exp

(−2σlvvL

kBT R̂1,2

)
. (3)

σlv is the liquid–vapour surface tension (σlv = 17.8 mN m−1 at T = 92.5 K [19]); vL is
the molar volume of the liquid phase.

(4) The pore size distribution ρ(r) follows from

ρ(R) = (R̂ + h(p))3

R̂3

�ncc vL

�R
(4)

with �R = R2 − R1. ρ(R) gives the volume, which is accessible to the adsorbate in the
form of spherical cavities with radii within the interval �R.

Figure 1(b) shows the resulting pore volume distribution. It has a maximum near R = 55 Å
and a FWHM ∼20 Å.
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Figure 1. (a) The sorption isotherm of CH4 in porous TiO2 at T = 92 K. p0 = 145 mbar is
the saturation pressure of methane. Adsorption and desorption show a clear hysteresis, which is
typical for capillary condensation. (F) and (M) denote the two different fillings (completely filled
pores and multilayer coverage, respectively), investigated in the neutron scattering experiments.
The solid line describes the multilayer adsorption according to the FHH model (see equation (1)).
(b) The pore size distribution extracted from the isotherm according to equation (4).

3. Neutron scattering experiments

The neutron scattering experiments were carried out on the time-of-flight spectrometer IN5,
ILL Grenoble, France [8]. A flat aluminium sample cell of thickness 1 mm was used (sample
volume 1.08 cm3). The wavelength of the incoming neutrons was λ = 6.5 Å for the inelastic
measurements at low temperature (T = 5 K), and λ = 5 Å for the quasielastic measurements
at higher temperatures between T = 50 K and 95 K. The corresponding energy resolutions
at the elastic position were determined by using a vanadium standard. On the basis of the
isotherm in figure 1, two samples were prepared for the neutron scattering experiments in
the following way: the empty TiO2 substrate was heated up to T = 275 K under vacuum
in order to remove physisorbed water. It was kept at that temperature for 12 hours (final
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pressure p = 10−6 mbar). Thereafter the sample was cooled down to T = 92 K, where
the condensation was performed. The methane was dosed stepwise into the sample cell until
the saturation pressure p0 = 145 mbar was reached. Thereafter, in a first desorption step,
the pressure was reduced to p = 0.85p0 (sample (F)). This removes bulk CH4, which forms
outside the pores and also empties the largest mesopores with radii R � 100 Å. In a second
desorption step, the pressure was further reduced to p = 0.5p0 (sample (M)). Now only the
inner surfaces are covered by a thin film of CH4 molecules. The nominal thickness of this
film is about 5 Å, which means about one monolayer. We will call sample (M) the ‘multilayer
coverage’ according to the usual convention in the literature [1]. A scan with the clean TiO2

substrate showed elastic scattering from the host material and the sample cell, but no inelastic
features. This means that the inelastic/quasielastic scattering is entirely due to the dynamics
of the CH4 molecules. The transmission of the samples was about 90%.

3.1. Inelastic neutron scattering at low temperatures

Figure 2 shows the INS spectrum at T = 5 K of CH4 in TiO2 with completely filled pores
(sample (F)). The scan with the empty host material was subtracted. The most prominent
feature is a superposition of two contributions:

(1) excitations at h̄ω = 0.075 meV, 0.145 meV (tunnelling lines) and 1.08 meV (the free-rotor
line) belonging to the partially ordered phase II of bulk methane [20]; and

(2) a broad distribution of excitation energies extending from the tunnelling lines up to the
free-rotor line of phase II.
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Figure 2. The neutron spectrum of CH4 in porous TiO2 (T = 5 K; λ = 6.5 Å) with completely
filled mesopores (sample (F)). Visible are the tunnelling lines at h̄ω = 75 µeV, h̄ω = 145 µeV and
the free-rotor line at h̄ω = 1.08 meV of CH4-II. Additionally, a broad distribution of excitation
energies shows up below the elastic line, which is described quantitatively (dashed line) by the
statistical model explained in the text. The solid line is the sum of the dashed line and Gaussians,
which describe the elastic and the inelastic lines.
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These latter excitations are attributed to a phase without long-range orientational order, which
probably forms near the pore walls. It will be called phase I′ in the following. Very similar
spectra were observed with CH4 condensed in controlled-pore glass with average pore diameter
d = 120 Å (CPG120) [12]. Surprisingly, also the spectrum of the multilayer coverage (sample
(M); see figure 3) contains contributions from phase II in addition to those from phase I′. This
is in clear contrast to what has been observed with CH4 in CPG120, where only scattering
from phase I′ occurred at that coverage. As a description of the orientationally disordered
phase I′, a model with a Gaussian distribution of tunnel-matrix elements is used. This model
is presented in detail in reference [12]; therefore only a brief description is given here: In
terms of the pocket state formalism [21] the rotations of a CH4 tetrahedron are basically
characterized by four transition-matrix elements hi (i = 1, . . . , 4) which correspond to 120◦

rotations about the four threefold-symmetry axes of the molecule. The strength and symmetry
of the orientational potentials acting on the methane molecules in the disordered phase I′ are
assumed to be statistically distributed, leading to a corresponding statistical distribution of
transition-matrix elements hi (i = 1, 2, 3, 4). A simple assumption is that of a Gaussian
distribution with mean value h0 and width δ:

f (hi) ∼ exp

(
− (hi − h0)

2

2δ2

)
i = 1, . . . , 4. (5)

Once a set of four hi has been selected, the Hamiltonian matrix can be diagonalized, giving
the energies of the (in general) fivefold-tunnel-split librational ground state. This procedure
is repeated typically 106 times and yields the scattered intensity as a function of the energy
transfer for a particular set of h0 and δ (see equation (5)). The contributions from phase
I′ in figures 2 and 3 are well described by this model. V = 17.6(7) meV (figure 2) and
V = 18.0(7) meV (figure 3) were obtained. These values are about 25% higher than those
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Figure 3. The neutron spectrum of the multilayer coverage (sample (M)) of CH4 in TiO2 (T = 5 K;
λ = 6.5 Å). The meaning of the dashed and the solid lines is the same as in figure 2.
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found for CH4 in the various SiO2 modifications [11, 12]. For comparison: V = 24 meV is
the corresponding value for the ordered molecules in CH4-II.

Additional information is contained in the dependence of the scattered intensities on
momentum transfer Q. The Q-dependence has been calculated by Ozaki et al for the rotational
transitions of CH4-II on the basis of an expansion of the potential and wave-function in free-
rotor functions [22]. For the 0 → 1 free-rotor transition of CH4-II at h̄ω = 1.08 meV,
for example, the following expansion in spherical Bessel functions jl(Qr) was obtained and
confirmed experimentally [20]:

S01(Q) = 45C exp(−γQ2)p0(T ))[0.873j 2
1 (Qr) + 0.0581j 2

3 (Qr) + 0.0605j 2
5 (Qr) + · · ·].

(6)

r = 1.093 Å is the radius of the methane molecule. p0(T ) denotes the population of the
rotational ground state. Equation (6) was fitted to the experimental data for the completely
filled pores by adjusting the normalization constant C and γ = 0.02 Å2 was used in the Debye–
Waller factor. The measurements are in good agreement with the theoretical prediction (see
figure 4(a)). TheQ-dependence of the scattering from phase I′ is also described by equation (6).

Based on the scattering functions for the inelastic intensities, a prediction can be made
for the Q-dependence of the elastic intensity. This is shown in figure 4(b). The solid line in
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Figure 4. (a) The intensity of the 0 → 1
transition at h̄ω = 1.08 meV as a function of
momentum transfer Q. The solid line refers
to the intensity calculated on the basis of the
free-rotor model [22]. (b) The elastic intensity;
solid line: elastic scattering from phase II;
dashed line: scattering from phase I′; dot–
dashed line: total elastic scattering.
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figure 4(b) is the elastic contribution from molecules of phase II while the dashed line refers
to contributions from molecules in phase I′. The sum of the two (dashed–dotted) is in good
agreement with experimental values. This means that the elastic intensity is a direct measure
for the number of molecules in the two phases: about 80% belong to phase II and 20% belong
to phase I′. Assuming that phase I′ forms a thin film on the pore walls and that the mesopores
have spherical shape with average radius R̄ = 55 Å, a film thickness of d ∼ 5 Å follows. This
indicates that a monomolecular film is adsorbed on the inner surfaces and that the disordering
influence of the walls is restricted to this film.

The reason for the existence of phase II in sample (M) (multilayer coverage) is as yet
unclear. Even in the case of smooth walls (for example CH4 on MgO surfaces [13]) at least
four layers of methane molecules are needed to obtain the spectrum of phase II. We will discuss
this point in section 5.

3.2. Quasielastic neutron scattering at high temperatures

The quasielastic neutron scattering measurements were performed on the same samples as
were used for the inelastic measurements. The measurements covered the temperature range
from T = 50 K up to T = 94 K, with the wavelength λ = 5 Å of the incoming neutrons. For
the completely filled mesopores (sample (F)) the QENS spectra were taken both on cooling and
on heating. In the multilayer regime (sample (M)) the QENS spectra were measured during
cooling only. Spectra at three temperatures (T = 75 K, 85 K, and 94 K) are shown in figure 5.
At the lowest temperature, a broad, but relatively weak quasielastic distribution occurs due to
rotational diffusion of the CH4 molecules.

With increasing temperature the quasielastic component grows strongly at the expense of
the elastic intensity. This indicates melting of methane condensates in the mesopores. For
both samples, we have found a broad temperature range where a satisfactory description of the
scattered intensities was only possible with the assumption of contributions from both a liquid
and a solid phase. In the following, we describe how the quantitative information (i.e. diffusion
constants, fraction x of the scatterers in the liquid phase) was extracted from the spectra. The
interpretation follows in section 4.

3.3. The model

It is assumed that a fraction x(T ) of the molecules are in the liquid phase, performing rotational
and translational diffusion, and that a fraction (1 − x(T )) of the molecules are in the solid
phase with rotational diffusion only. Under the assumption of an uncorrelated superposition
of rotational and translational motion in the liquid phase, the scattering function contains two
components:

S(Q,ω) = (1 − x(T ))Srot (Q,ω) + x(T )Srot (Q,ω) ⊗ Strans(Q,ω). (7)

Srot (Q,ω) is the scattering function for rotational diffusion of molecules in the solid and liquid
phases. Strans(Q,ω) is the scattering function for translational diffusion in the liquid phase,
which has to be convoluted with Srot (Q,ω).

The scattering functions may be written as (see [3] for details)

Srot (Q,ω) = A0(Qr)δ(ω) +
∞∑
l=1

Al(Q)L(ω,Drot l(l + 1)) (8)

Srot (Q,ω) ⊗ Strans(Q,ω) =
∞∑
l=0

Al(Qr)L(ω, ,l) (9)
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Figure 5. Quasielastic neutron spectra (λ = 5 Å, Q = 1.32 Å−1 for CH4) in the mesopores of
TiO2 at three temperatures. Clearly visible is the decrease of the elastic intensity and the increase
of the quasielastic scattering with increasing temperature. The upper spectrum corresponds to a
completely solid condensate (rotational diffusion) and the lower spectrum to the liquid condensate
(rotational and translational diffusion).

with

,l(Q, T ) = DtransQ
2 + Drot l(l + 1)

Al(Qr) = (2l + 1)(jl(Qr))2.

Here L(ω, ,) is a Lorentzian of width ,. Drot (T ) denotes the rotational diffusion constant.
Dtrans(T ) is the translational diffusion constant in the liquid phase.

A0(Q, r) = (sin(Qr)/Qr))2 (10)

in equation (8) is the elastic incoherent structure factor (EISF) of the scattering from the solid
phase (see equation (9)).
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In a first step of the data analysis, scattering functions with different Drot for the solid and
liquid phases were used. Since, however, almost identical numerical values for the diffusion
constants were obtained, in the following identical functions Srot (Q,ω) for the liquid and the
solid phases were used.

The scattering functions in equations (8)–(10) are the Fourier transforms of the solutions
of Fokker–Planck equations for diffusional (translational and rotational) motions. The
translational contribution to the linewidth in equation (10) has the Q2-dependence of a simple
(translational) diffusive motion. For details see [3].

3.4. Application of the model

The spectra from the single detectors were grouped together for intensity reasons to yield
seven sum spectra with average momentum transfers at the elastic positions of Q = 0.35 Å−1,
0.75 Å−1, 1.0 Å−1, 1.3 Å−1, 1.5 Å−1, 1.8 Å−1, 2.1 Å−1. For each temperature, the scattering
function S(Q,ω) from equation (7) was convoluted with the energy resolution function of the
spectrometer and fitted to the seven sum spectra simultaneously. The free parameters were
the diffusion constants Drot , Dtrans , and the fraction x(T ) of molecules in the liquid phase.
Additionally, a Debye–Waller factor was included.

Figure 6 shows as an example the fit for T = 94 K and three different Q-values. The
temperature dependence of the fraction x(T ) of molecules in the liquid phase is displayed in
figure 7.

For the completely filled pores, x increases with increasing temperature from very small
values up to values x � 1 within a temperature range δT � 10 K. A hysteresis loop of
δT = 5 K was observed. For the multilayer coverage, the increase of x is smeared out over a
temperature range �T � 20 K, and x is significantly smaller than unity even for the highest
temperature T = 93 K.

For both samples investigated, the diffusion constants display an Arrhenius behaviour
(figure 8). We have derived an activation energy Ea = 13.0(8) meV for the translational
diffusion constants for the completely filled mesopores, and Ea = 14.0(8) meV in the multi-
layer regime.

The activation energies for the rotational diffusion constants areEa = 5.4(5)meV (sample
(F)) and Ea = 6.2(5) meV (sample (M)). For comparison, a value Dtrans = 2.5×10−5 cm2 s−1

is reported in reference [23] for liquid methane at T = 95 K. In our case, the translational
diffusion constants are considerably smaller. Our results also show that the diffusion constants
in the multilayer sample are slightly smaller then for the completely filled pores, indicating a
slower dynamics of the CH4 molecules on the inner surfaces.

4. Melting of the condensate in the mesopores

In our approach, to describe the freezing behaviour of the CH4 condensate with decreasing
temperature in the mesopores, we have applied the two-phase model of Hill [7], which assumes
that the system under consideration (here the condensate in a specific pore with radius R) is
in one of two possible states (i.e. the condensate is either completely liquid or it is completely
frozen). For constant volume V and constant chemical potential µ, the probability of finding
the condensate in the liquid state is

PL(R, T ) = exp

(
− �J

kBT

)/[
1 + exp

(
− �J

kBT

)]
(11)

�J = JL − JS (12)
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Figure 6. The Q-dependence of the intensities
atT = 94 K (completely filled pores). The solid
line corresponds to the model explained in the
text. The dashed line is the elastic component.

where JL is the grand canonical potential for the system in the liquid state and JS that for the
system in the solid state.

At a temperature T , the fraction of CH4 molecules in the liquid phase may be calculated
from the pore volume distribution ρ(R):

xL(T ) = 1

vL

∫ rmax

0
ρ(R)PL(R, T ) dR. (13)

rmax is the radius of the largest pores, which remained filled after the desorption steps during the
sample preparation (see section 2). It is assumed that for completely filled pores, �J consists
of a volume contribution with a temperature dependence proportional to �T = Tm − T

(Tm = 91 K is the bulk melting point of methane) and a surface contribution, which is
temperature independent:

�J = C1
�T

Tm

R3 + C2R
2. (14)
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Figure 7. The temperature dependence
of the concentration xL of the liquid
phase. Shown are the experimental values
for the completely filled pores (obtained
both on cooling and on heating) and for
the multilayer coverage. The solid line
represents a description by the two-phase
model, while the dashed lines are guides
to the eyes only.

C2 is closely related to the surface tension of the methane crystallites:

C2 = 4π(σwl − σws) = 4π �σ. (15)

σwl and σws are the liquid–wall and the solid–wall surface tensions, respectively (more
accurately: the surface tensions of the interface between the condensate and the amorphous
CH4 multilayer on the pore walls). As pointed out by Awschalom and Warnock [25], �σ

might change during the freezing process, because the freezing front may propagate partially
through the multilayer after the liquid in the centre of the pore is frozen. This might also
account for the hysteresis between melting and freezing.

The following analysis assumes that 20% of the methane molecules (namely those in
the multilayer) show the melting behaviour according to the multilayer branch in figure 7,
while the liquid/solid transition of the remaining 80% may be described by equation (13).
Under these two assumptions, the solid line in figure 7 was obtained by adjusting C1 and C2

in equation (14). The resulting numerical value for �σ indicated a relatively small change
(about 5%) in the surface tension, when the condensate freezes. Such a small difference in the
surface tensions is not surprising, if one recalls that it is actually the surface tension between
the condensate and the (highly viscous) multilayer film on the inner surface.

5. Summary and conclusions

On the basis of the sorption isotherm, two different degrees of pore filling were realized
(completely filled pores and inner walls covered). In both cases, however we found the
coexistence of phase II (the low-temperature phase of unperturbed methane) with phase I′ (no
long-range orientational ordering of the CH4 tetrahedra) in the inelastic spectra at T = 5 K.
Assuming that phase I′ forms as a thin film on the walls of spherical pores with radius
R = 55 Å, a nominal film thickness of d ∼ 5 Å was calculated, which would correspond
to a monomolecular CH4 layer. This coexistence was also found for CH4 in the mesopores of
controlled-pore glass (average pore diameter d ∼ 120 Å; filled pores), but with considerably
different relative intensities of the two phases [12]. It is quite unrealistic to assume that
the disordering influence of the pore walls should be restricted to the first layer of methane
molecules. Additionally, the occurrence of scattering from phase II in the multilayer sample
(sample (M)) shows that even there larger CH4 crystallites must be present. Both findings
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Figure 8. Arrhenius plots of the diffusion constants: (a) rotational diffusion constants; activation
energy Ea = 6 meV for both curves; (b) translational diffusion constants; activation energy
Ea = 12 meV for the completely filled pores (lower curve) and Ea = 14 meV in the multilayer
regime (upper curve).

might be indicative of the existence of larger crystallites outside the pores. On the other hand,
the adsorption/desorption procedure described in section 2 excludes the possibility that these
crystallites have already formed during the sample preparation. One possible explanation is
that a partial dewetting could take place upon cooling, which would lead to the formation of
CH4 crystallites (possibly larger than those in the mesopores) outside the pores.

In the intermediate temperature range around T = 50 K, the dynamics of the methane
molecules is characterized by pure rotational diffusion. The rotational diffusion constant
displays an Arrhenius behaviour with an activation energy Ea = 6 meV.

The quasielastic spectra in the melting region of the condensate could be explained by the
coexistence of a liquid phase (rotation + translation; concentration x) with a solid phase (pure
rotation; concentration 1 − x). For the completely filled pores, x increases with increasing
temperature from very small values up to values x � 1 within a temperature range δT � 10 K.
A clear hysteresis was observed.

For the multilayer coverage the increase of x is smeared out over a temperature range larger
than 10 K, and x is still smaller than 1 for the highest temperature T = 93 K. The Monte Carlo
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simulations of Miahara and Gubbins [26] for CH4 on graphite have shown that the freezing
temperature of the contact layer depends sensitively on both the adsorbate–substrate and the
adsorbate–adsorbate interactions, and that a decrease of Tm might occur as well as an increase.
The translational diffusion constants show Arrhenius behaviour. The activation energies are
Ea = 12 meV for filled pores and Ea = 14 meV for the multilayer coverage.

The temperature dependence of the fraction of molecules in the liquid phase can be
described by the simple two-phase model of Hill [7], which assumes a barrier �J to be
crossed by the condensate in a pore, when undergoing the liquid–solid transition. This barrier
�J has a volume and a surface contribution. In this model, no coexistence of liquid and solid
phases in the same pore is assumed. The numerical results indicate that only a small increase
(about 5%) of the surface tension occurs at the liquid → solid transition of the condensate.
This small difference can be understood at least qualitatively from the fact that it is actually not
the surface tension between the solid or liquid condensate and the wall but the surface tension
of the CH4-condensate/CH4-multilayer interface which influences the melting temperature.
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