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The gas-surface interaction of molecular hydrogen D2 with a thin film of porous amorphous solid
water �ASW� grown at 10 K by slow vapor deposition has been studied by
temperature-programed-desorption �TPD� experiments. Molecular hydrogen diffuses rapidly into
the porous network of the ice. The D2 desorption occurring between 10 and 30 K is considered here
as a good probe of the effective surface of ASW interacting with the gas. The desorption kinetics
have been systematically measured at various coverages. A careful analysis based on the Arrhenius
plot method has provided the D2 binding energies as a function of the coverage. Asymmetric and
broad distributions of binding energies were found, with a maximum population peaking at low
energy. We propose a model for the desorption kinetics that assumes a complete thermal equilibrium
of the molecules with the ice film. The sample is characterized by a distribution of adsorption sites
that are filled according to a Fermi-Dirac statistic law. The TPD curves can be simulated and fitted
to provide the parameters describing the distribution of the molecules as a function of their binding
energy. This approach contributes to a correct description of the interaction of molecular hydrogen
with the surface of possibly porous grain mantles in the interstellar medium. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2168446�
I. INTRODUCTION

Amorphous solid water �ASW� has received great atten-
tion because of its fundamental analogy with liquid water at
low pressure1,2 and because water is a major component of
ices observed in low-temperature astrophysical
environments3 such as the interstellar medium �ISM�, pro-
toplanetray disks, planetary bodies, and cometary nuclei.

In dense �104–108 cm−3 hydrogen atoms� and cold
�10–90 K� molecular clouds, silicate and carbonaceous dust
particles are presumed to be covered with molecular ices
consisting mainly of H2O and other organic molecules.4,5

The surface layer of the grain mantles are grown by accretion
of atoms and molecules from the interstellar gas and by sub-
sequent reactions that can also form complex organic
species.5 These ices can be processed by cosmic ray impact,
ultraviolet photolysis, and shocks. The Infrared Space Obser-
vatory �ISO� has contributed greatly to the observation of
interstellar ices in the environment of dense clouds.6,7 The
physical structure and the chemical composition of interstel-
lar ices are dependent on the pressure, gas-phase composi-
tion, temperature, and gravitational conditions encountered
in these regions. Although the various forms possible for
such water-rich ices grown under interstellar conditions are
not precisely known, amorphous forms are likely to play an
important role.8–11 For example, the 3.07 �m interstellar ab-
sorption band is consistent with laboratory observations of
pure amorphous ice sample at 10 K.10 In the interstellar me-
dium, the interaction of the gas with ASW is therefore ex-
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pected to play a key role in the chemical evolution of dense
interstellar regions. Among the gas-phase species, molecular
hydrogen is of fundamental astrophysical relevance. This
molecule, which is a central species in interstellar chemistry,
dominates the composition of the molecular clouds and
thereby their dynamics.

In the laboratory, ASW can be obtained under high-
vacuum conditions by slow vapor deposition �typically
�0.5 ML/s� onto a cold substrate. It is known that amor-
phous ice is formed below 130 K, while cubic crystalline ice
�Ic� is formed between 130 and 160 K and hexagonal crys-
talline ice �Ih� is obtained above 160 K. Other amorphous
phases of H2O ice that are produced by compressing �at low
temperature� stable crystalline phases or by condensation
from existing supercooled liquid droplets are not concerned
by the present study.

ASW can be grown with various porosities, depending
on the impinging flux, substrate temperature, and deposition
technique.12–15 In particular, discrepancies in experiments
conducted by different groups can be solved by considering
that the direction of incidence of the water molecules onto
the surface can affect the morphology of the sample.16

Temperature-programed-desorption �TPD� experiments
monitoring well-collimated molecular-beam deposition pro-
cesses have demonstrated that the properties of ASW grown
by vapor condensation depend on the angular distribution of
the water molecule impinging from the gas phase.17–19 By
deposition at low temperature ��90 K�, nonporous to highly
porous ASW films could be grown, with apparent surface
areas as high as few thousands m2/g. Ballistic deposition

20
simulations that qualitatively reproduce the above results

© 2006 American Institute of Physics02-1

 AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.2168446
http://dx.doi.org/10.1063/1.2168446
http://dx.doi.org/10.1063/1.2168446


094702-2 Amiaud et al. J. Chem. Phys. 124, 094702 �2006�
provide a picture of the ice morphology presenting a network
of nanometric voids that are partly connected together and
open to the external surface. The apparent surface areas of
the ice films decrease with increasing growth temperature.
This effect has been related to the collapse of the voids.
Films annealed up to a given temperature are, however, not
equivalent �more porous� than films grown at that same
temperature.18 The average density values obtained by opti-
cal interference measurements21 are also consistent with an
increasing porosity for ices grown at very low temperature.
Finally, it has to be kept in mind that films grown by back-
ground dosing �e.g., by introducing water vapor to the
vacuum chamber through a leak valve� and at very low tem-
perature are found to be highly porous.

Electron-diffraction and x-ray measurements have re-
vealed distinct structures of ASW.8,22,23 At very low tempera-
ture �T�30 K�, the diffraction patterns closely resemble
those of high-density amorphous ice �HDA�, which is
formed by pressurization of �Ih�.8,23 High-density amorphous
ice and amorphous ice prepared at low temperature are, how-
ever, not equivalent.24,25 Between 38 and 68 K, ASW under-
goes an irreversible and gradual conversion towards another
form characterized by a diffraction pattern more similar to
the low-density amorphous ice �LDA�,26 which is grown
around 77 K at atmospheric pressure. Molecular-dynamics
calculations indicate that the resulting ice is best described
by an imperfect random network of hydrogen bonds �“H
bonds”�, contrary to the crystalline cubic ice in which each
water molecule forms four hydrogen bonds �two via oxygen
and two via hydrogen� in a tetrahedral configuration. These
calculations8,27 indicate that at very low temperature, a fifth
water molecule tends to joint the first shell of neighbors,
favoring a distortion of the tetrahedral configuration in the
hydrogen bond network as well as an abundance of
dangling-OH bonds. These x-ray studies provide essential
information about the bulk, but do not give information
about the surface layer of the ice. X-ray techniques adapted
to be more sensitive to the surface layer �photon-stimulated
desorption–near-edge-x-ray-absorption fine structure� indi-
cate a very slight relaxation of the oxygen-oxygen distance at
the surface of ASW.28 Also, the study of the evolution of this
distance upon annealing reveals a completely different be-
havior at surface and in the bulk, showing that the structural
evolution within the ice and at the surface can have different
histories. Various topological details of the molecular struc-
ture, such as the possible existence of pores in the ices, can-
not be obtained from the diffraction data. These are, how-
ever, of particular importance in the context of gas-surface
interaction.

Calculations approximating the ice morphology have
been given by Buch and co-workers,29–33 who studied amor-
phous cluster condensation by molecular-dynamics simula-
tion. This model seems to reproduce quite reasonably the
local neighborhood of a molecule in bulk H2O.29 In addition,
it provides interesting information concerning the surface
molecules: the structure of the �H2O�450 cluster calculated at
10 K presents a highly irregular surface with a large fraction
of incompletely coordinated water molecules.32 This picture

is supported by IR absorption spectroscopy that has been
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shown to be sensitive to the dangling-OH modes of the “sur-
face water molecules”.34,35 Experiments involving saturated
exposures of H2 at very low temperatures33,36 are consistent
with abundant two- and three-coordinated water molecules
present at the surface of the ice. In the case of porous ASW,
the term surface includes that present within the ice and in-
teracting with the gas.

The study of the desorption kinetics of gases adsorbed
on ASW is also a good probe of the gas-surface interaction.
Numerous TPD experiments have shown that ASW can ad-
sorb and trap a variety of volatile compounds.37–47 The most
volatile species �Ar, H2, CO, N2, O2, CH4� present a main
desorption feature at low temperature ��60 K�. Two other
features that are independent of the adsorbed species are also
present at higher temperature: an abrupt desorption at 140 K
corresponding to the onset of crystallization of water �also
called “molecular volcano”44� and a desorption feature at
160 K corresponding to a codesorption of the gas and water.
It has been demonstrated that the gas diffuses into the porous
structure of water, and a small part gets trapped by the pores
that later collapses upon annealing.43,44 This behavior is
strongly dependent on the porosity of the ASW film and of
the strength of interaction of the molecules with water.

Among the various volatile species studied, molecular
hydrogen has the particularity to be the most weakly bound
to the water ice surface. Consequently, these molecules dif-
fuse efficiently on the surface, even at very low temperature.
Indeed, Rowland et al.36 already noted that molecular hydro-
gen diffuses rapidly into the porous structure of an ASW
sample maintained at 10 K, in contrast to N2 that was found
to diffuse above 20 K. In parallel, the H2 TPD spectra do not
show any desorption peak at high temperature �140–
160 K�.45 This behavior is specific to molecular hydrogen
because most of the molecules are released before 30 K, that
is before the irreversible phase transition of ASW �occurring
between 38 and 68 K� responsible for the trapping of the gas.
Consequently, the collapse of the porous structure of the film
is expected to be limited in a TPD experiment involving
molecular hydrogen in the 10–30 K temperature range.
Rapid diffusion of hydrogen into the sample at low tempera-
ture combined with limited modification of ASW below
�30 K make molecular hydrogen a species particularly well
suited for probing the highly porous structure of ASW by
TPD experiments.

In a recent TPD experiment, Hornekaer et al.48 have
studied the influence of the surface morphology/porosity on
the desorption kinetics of D2 deposited on ASW at 10 K. In
this study, the binding energies of the D2 molecules at the
surface of the ice film were measured, revealing an important
role of the film thickness in the desorption kinetics. In a
parallel investigation, we have observed49 a strong isotopic
effect in the desorption kinetics of molecular hydrogen after
sequential deposition of H2 and D2 on 10 K ASW. This ef-
fect was explained by considering the competition between
H2 and D2 for their binding on the same adsorption sites.

In the present study, we focus on the D2 desorption ki-
netics on a 10 ML ASW film grown at 10 K by background
deposition. The D2 dose dependency is particularly investi-

50
gated, in complement to previous investigation. Exposures
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ranging from very low coverage up to the saturation cover-
age on the film maintained at 10 K are used. The dose de-
pendency is then carefully analyzed in order to determine the
binding energies of D2 physisorbed on the porous surface of
the ASW film. We first use the Arrhenius plot method for that
purpose. Due to the large uncertainties provided by this
method, we next propose a simple model describing the in-
teraction of molecular hydrogen �D2� with ASW at any tem-
perature. We show that this approach can provide an inter-
esting tool for recovering the binding-energy distributions at
any coverage. The results are revealing the highly heteroge-
neous character of ASW.

II. EXPERIMENT

The recently commissioned formation of molecules in
the interstellar medium �FORMOLISM� experimental setup
has been developed for the purpose of studying the reaction
processes of atoms and molecules on surfaces that mimic
grains under conditions relevant to astrophysics. The exten-
sive capabilities of the experiment and a complete descrip-
tion of the setup will be presented in a forthcoming paper.51

The parts of the system that are used in this study are briefly
described below. The experiments are performed in an
ultrahigh-vacuum chamber with a base pressure of less
10−10 mbar. The sample holder consists of an oxygen-free
high conductivity �OFHC� copper cylinder block in good
thermal contact with the cold finger of a He closed cycle
cryostat �ARS Displex DE-204S� equipped with an 800 K
heating interface. The temperature is measured using a cali-
brated silicon diode and a thermocouple �AuFe/Chromel�
clamped on the sample holder, both connected to a tempera-
ture controller �Lakeshore 340�. The temperature was cali-
brated by monitoring the multilayer desorption of CO and Ar
from the sample surface.52 The temperature can be controlled
to ±0.2 K and measured with an accuracy of ±1 K. The de-
ionized water samples have previously undergone several
outgassing cycles.

In the present investigation, the H2O ice films were
grown in two steps as follows. At first, a microchannel array
doser �1 cm in diameter� was installed at 2 cm in front of the
copper surface �1 cm in diameter� maintained at 120 K. This
layout was used to grow about 150 ML of nonporous ice.
�Although the term “bilayer” �BL� is widely used to describe
a complete single water layer, the unit used throughout this
paper is defined as follows: 1 ML=1015 cm−2.� In the second
step, the water vapor is introduced into the vacuum chamber
through a leak valve �“background” deposition� after cooling
the surface down to 10 K. By using this technique, an outer
layer of highly porous water ice is grown at a rate of
0.006 ML/s. The amount of water deposited corresponds to
10 ML, assuming the sticking coefficient of water at 10 K to
be unity. The first layer of nonporous ice is used to isolate
the porous film from the metallic substrate, in order to avoid
complications in the TPD spectra arising from the interaction
of the gas with the underlying hydrophilic substrate.53

In a typical experiment the ice film is exposed for a
given amount of time to D2, which is also introduced by

background deposition, while the sample temperature is
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maintained at 10 K. The incoming gas is composed of a
normal mixture of ortho-D2 and para-D2 at 300 K. A quad-
rupole mass spectrometer �QMS, HIDDEN 3F/PIC�, that can
be rotated and translated, is then placed at 3 mm in front of
the sample for the purpose of TPD experiments. A linear
temperature ramp at a rate of 0.17 K/s is used. In order to
ensure that the first and subsequent measurements are made
on a sample with the same thermal history, a blank experi-
ment �without introduction of D2� is performed before the
first D2 TPD experiment. Due to the open geometry of our
QMS head, it is also impossible to avoid contributions from
other parts of the cooling system. Therefore, for each of the
spectra, a second D2 TPD experiment is systematically made
with the QMS 130 mm away from the sample. This signal is
subsequently subtracted from that obtained with the QMS
placed in front of the sample.

III. RESULTS AND DISCUSSION

A. Experimental results

Figure 1 shows a series of D2 TPD spectra obtained on
an �10 ML porous ASW film. As explained in the above
section, the ice film was grown at 10 K by background depo-
sition over a 150 ML nonporous ice base previously grown at
120 K. In these conditions, the porous layer is completely
isolated from the copper substrate. The sequence of TPD
spectra shown in Fig. 1 has been recorded for increasing
�from �a� to �k�� initial D2 exposures. We have checked that
the TPD spectra are reproducible and not dependent on the
order of the dose sequence. At the lowest exposures, the
desorption rate is maximum around 25 K. At higher expo-
sures, the maximum of desorption increases and shifts pro-
gressively towards 15 K, while the curves broaden towards
lower temperatures. The way these curves overlay their trail-
ing edges and progressively peak at lower temperatures is
very similar to what Kimmel et al.18 have observed in the

FIG. 1. TPD spectra for increasing D2 doses on a 10 ML porous ASW film
grown at 10 K. The inset shows the integrated signal as function of dose.
1 ML=1015 molecules/cm2. �a� 0.05 ML, �b� 0.1 ML, �c� 0.2 ML, �d� 0.4
ML, �e� 0.8 ML, �f� 1.2 ML, �g� 1.8 ML, �h� 2.4 ML, �i� 3.5 ML, �j� 4.5 ML,
and �k� 5.5 ML.
25–45 K temperature range for N2. As explained by these
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authors, this behavior characterizes several important prop-
erties of the gas-surface interaction. For the spectra recorded
after low exposures, the gas is released at high temperatures,
showing that the molecules tend to be more tightly bound to
the surface at low coverages. This implies that the molecules
are mobile enough to explore the surface and find the stron-
gest bonding sites prior to desorption. Figure 1 shows that
new adsorption sites corresponding to lower desorption tem-
peratures �and therefore to lower binding energies� are pro-
gressively filled as the doses increase. Finally, the extended
range of desorption temperatures is the signature of a wide
range of binding energies available on the surface. The origin
of such a wide energy distribution is linked to the disordered
nature of the water ice surface. As noted in the Introduction,
the surface to be considered in the case of our porous film is
not restricted to the external part of the film, but includes
additional adsorption sites located within the film. The com-
plex geometry of the ice film, that can possibly contain tun-
nels and pores of different sizes, leads to a large variety of
adsorption sites associated to various interactions with D2.
The interaction of the molecules with the surface is also
known to differ significantly between ortho and para species
due to difference in the symmetry of their rotational wave
function, respectively.54 In this study, the ice film has been
exposed to molecular gas at room temperature which is com-
posed of a statistic mixture of ortho-D2 and para-D2 that
have distinct binding energies with the ice surface. In addi-
tion, interactions between adjacent D2 molecules might con-
tribute to the energy dispersion, in particular, because their
relative distance cannot be reduced as compared to the same
density of molecules distributed over a flat surface.

The inset in Fig. 1 shows the integrated TPD intensities
as a function of the exposed D2 doses. The doses quoted are
determined by calculating the number of molecules hitting a
unit surface considering both the D2 background pressure
and the exposure time. Doses are given in equivalent mono-
layer unit �1 ML=1015 cm−2�. Figure 1 indicates that the
sticking coefficient is constant up to 3 ML and decreases
above this limit. For a sample temperature of 10 K, a satu-
ration is achieved around 4.5 ML �curve j in Fig. 1�. Higher
doses do not cause any evolution in the TPD spectra, as
shown on curves j and k in Fig. 1. These spectra show a very
abrupt start, indicating that the molecules are escaping from
the surface almost simultaneously with the beginning of the
heating process. In other words, the tentative addition of
more D2 molecules on the 10 K surface leads to their desorp-
tion at a rate equal to their adsorption rate. This saturation
behavior does not imply, however, that the ice surface has
been actually fully covered. Indeed, no signature of D2 de-
sorption arising from multilayers can be identified on the
TPD spectra �Fig. 1�. Hornekaer et al.50 have assigned a D2

bilayer desorption peak to a TPD feature arising at 9 K in an
experiment concerning a nonporous ASW film. The same
kind of signature could be expected at higher temperature in
the case of a porous ASW film.18 Moreover, the D2

multilayer desorption is known to peak at 7 K.52 In our ex-
periment, the sample temperature �10 K� is high enough to

prevent the formation of any type of multilayers. We con-
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clude that the saturation dose obtained in this study con-
ducted at 10 K is below but very close to a full coverage of
the ice surface.

We point out that the doses quoted in Fig. 1 are related to
the number of molecules/cm2 impinging on the surface. The
number of molecules actually present on the sample at T
=10 K is a proportion of the previous number, due to the
sticking probability. Adopting a sticking probability of
�0.6–1 for porous ice,50 the effective density of molecules
present at saturation coverage on the 10 K surface is about
N=2.7–4.5 ML. Another important parameter, the porosity,
can be estimated from the saturation coverage. The porosity
� is defined as the fraction of internal surface area, relative to
the external surface area per monolayer of ASW: �
= �N-1� /NASW, where NASW is the thickness of the ice sample
expressed in monolayer and where the external surface area
considered is 1 ML. Using NASW=10 ML, � is estimated
between 0.17 and 0.35.

The minimum dose �0.05 ML� used in our experiment is
1% of that required for the saturation of the film at 10 K.
Thus, our series of D2 TPD spectra spans a very extended set
of coverages �1% to �100%� that provide a wide base for
the determination of the coverage dependence of the D2

binding energies on the surface of ASW, as described in the
following sections.

B. Analysis of the experimental data

Several procedures are currently used in surface science
and catalysis in order to analyze the TPD experiments. Ther-
mal desorption is usually described in terms of an Arrhenius
expression as

R��� = − d�/dt = A����n exp�− E���/kT� , �1�

where R is the desorption rate, � the adsorbate coverage, t
the time, A the preexponential factor of desorption, n the
order of the desorption process, k the Boltzmann constant, T
the temperature, and E the activation energy for desorption.
The temperature T and the time t are related by dT /dt=�,
where � is the heating rate. Several approximations, such as
assuming a �-independent preexponential factor, are fre-
quently made in order to simplify Eq. �1�. In this way, the
analysis of the TPD signal S�T� can be applied to a single
spectrum. In the present study, we use Eq. �1� without any
further assumption than considering a first-order desorption,
which applies here because desorption occurs at submono-
layer coverage, as established in the above section. The se-
ries of desorption spectra corresponding to different initial
coverages permits the so-called complete analysis55 to be
applied. The coverage is defined here with respect to the
saturation dose, i.e., ��T� is the ratio of the area of a TPD
spectrum for temperatures ranging above T, by the total area
of the saturated TPD curve, ��T�=�T

�Sx�T��dT� /�0
�Sj�T��dT�

where Sj�T� is related to the curve j in Fig. 1 and x=a,b ,c,
etc. Thus, desorption rates R��T� corresponding to a given
coverage � are determined on the different available spectra.
An Arrhenius plot of ln�R�� vs 1/T yields E���, while the
origin intercept provides ln�A����. Figure 2 displays the

binding energies and the preexponential factors A derived
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from this method for a set of coverages. In order to illustrate
the precision obtained by this method, we have repeated this
procedure a few times for small variations of the coverages.
This results in a cloud of points, as shown in Fig. 2. Despite
the high dispersion of the results, we observe a strong corre-
lation between the values of the preexponential factor A���
�Fig. 2�a�� and the values of the energies E��� �Fig. 2�b��.
The highest values for the preexponential factors are corre-
lated with the highest energies and conversely. Facing the
difficulty of finding a significant variation of A with cover-
age, we therefore choose to use a constant preexponential
factor A=1011 s−1 that corresponds to the absolute minimum
deviation.

Once the value of A has been set to a constant, the en-
ergies E��� can be obtained by direct inversion of Eq. �1� as
follows: E���=−kT ln�−R /A��. The results of such inversion
applied to each of our TPD spectra �Fig. 1�, using for A
=1011 s−1, are represented by the full lines shown in Fig.
2�b�. The curves E��� corresponding to different TPD curves
�and therefore to different initial coverages� pass roughly
through the same values. The same quality of superposition
between these curves has also been obtained for A
=1011±2 s−1, confirming the difficulty to constrain this value.

The population distribution P�E� of the molecules over
the binding sites with binding energy E can also be obtained.
Writing the coverage in all adsorption sites of binding energy
larger than E as ��E�=�E

�P�E�dE , P�E� can be computed as
P�E�=−d� /dE. The distribution P�E� derived from Fig. 2�b�
are plotted in Fig. 3.

In the case of first-order desorption, A corresponds to the
vibrational frequency �0 of the molecules at the surface, and
is typically considered to lie between 1012 and 1013 s−1. We
should keep in mind at this stage of the analysis that the
desorption rates may be affected by the structure of a porous
sample. As previously pointed out by Hornekaer et al.,50 the
molecules adsorbed at the top of the sample are more easily

FIG. 2. The set of couples �preexponential factor A, energy E� given by the
complete analysis. �a� A values associated with the energies E shown in �b�.
The full line is the constant A value that minimizes the absolute minimum
deviation: A�1011 s−1. �b� Binding energies E plotted for various selected
coverages. The full lines are obtained from Eq. �1� with A=1011 s−1 for the
curves a–j shown in Fig. 1. The coverage is defined with reference to the
saturation coverage at 10 K �see text�.
released in the gas phase than those lying inside the film that
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are more likely to be readsorbed on the walls of tunnels,
cavities, or pores. Consequently, molecules that actually con-
tribute to the instantaneous desorption rates are only a frac-
tion � of those lying on the top of the film surface. Following
these authors and assuming a uniform D2 distribution
throughout the film, Eq. �1� should be rewritten as follows:
R���= ���0�� exp�−E��� /kT�. Consequently, the complete
analysis leads to the determination of an apparent preexpo-
nential factor A=��0��0. According to the estimations
made in the previous section concerning the porosity �, this
effect could account for a maximum lowering of A by a
factor �1+NASW���4, as compared to �0. The small impact
of this effect is due to the use of a very thin sample in our
experiment �NASW=10 ML�.

This complete analysis method finally does not allow to
constrain confidently the preexponential factor within less
than few orders of magnitudes. Since A and E are correlated,
it is important to consider the impact of such a large uncer-
tainty for A on the binding-energy determination. For this
reason, we have also computed the population distribution
P�E� for A=1013 s−1. Figure 3 shows that a variation of A by
two orders of magnitude causes the population distribution to
be shifted by about 10 meV towards higher energies. Figure
3 clearly shows that the high binding-energy population is
coverage independent, while the lowest binding-energy
population is on the contrary strongly coverage dependent.
As already seen on the TPD spectra that exhibit very similar
profiles, this behavior is the signature of a sequential filling
of binding sites, from the most to less energetic ones.

Hornekaer et al.50 have determined the binding energies
from a 1.2 ML D2 dose on a 20 ML porous ���0.1� ASW
sample. They found energies ranging between 40 and
60 meV. Our curve f in Fig. 3, that corresponds to the same
D2 dose, covers the 45–65 meV energy range, which is in
very good agreement. However, the profiles of the distribu-
tions P�E� are different. The population distributions found
in the present study are very wide and asymmetric. They
peak at the lowest available binding energies, reflecting the

FIG. 3. The D2 population P�E� vs binding energy derived from a direct
inversion of the D2 TPD spectra obtained on a 10 ML porous ASW film. The
letters refer to the spectra shown in Fig. 1. A constant preexponential factor
is used. �a–j� A=1011 s−1; �j�� A=1013 s−1.
general shapes of the TPD spectra. The TPD experiments
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made after thermal annealing of porous ASW films suggest
that the high binding energies should correlate to binding
sites located within the ice film,50 while the lowest energies
are more concerned by the external surface of the film. The
profile of these distributions are therefore directly governed
by the morphology of the film and by the number and the
nature of the binding sites found by the molecules within the
ice structure of the film. Moreover, Kimmel et al.18 have
shown that at small thickness �less than 25 ML�, the pore
structure of ASW is not fully developed. As a result, the
general profile of the binding-energy distribution should be
particularly sensitive to the ice thickness in the case of thin
films.

Our study clearly shows an important property of the
D2-ASW interaction: the binding energy of molecular hydro-
gen on a porous ASW sample is highly dose dependent and
can vary by a factor of 2 with coverage. We point out that
such behavior should be taken into account in experiments,
or calculations, involving various doses of molecular hydro-
gen adsorbed on a porous ASW sample. We add that the
energy variation induced by the coverage exceeds by far the
small differences observed in the binding energies of the
various molecular hydrogen isotopes49 �principally H2 and
D2�. This property is also in line with molecular-beam ex-
periments conducted on polycrystalline water ice at very low
temperature,56,57 that have also shown a coverage depen-
dency for the binding energies.

In conclusion, the method used in the present section to
derive the binding energies appears to be dependent on the
preexponential factor. This factor is not very well con-
strained by extrapolation to the origin of the Arrhenius plot.
We have also noted that this method is not very well suited to
the TPD spectra obtained in this study. Indeed, we have seen
that due to the sequential filling behavior of the adsorption
sites, the spectra overlap in the high-temperature range. In
these common parts of the spectra, the desorption rates are
about the same at the same coverage. Thus, they are not
useful in an Arrhenius plot analysis. Consequently, only a
very few points located at the leading edge of the TPD spec-
tra can be actually used for the Arrhenius plot. Unfortunately,
these points are close in temperature, making this method
difficult to apply confidently. In the next section, we adopt a
new approach that allows the fitting of the experimental re-
sults and leads in addition to an easy description of the
binding-energy distribution of the molecules at any coverage.

C. Model of experimental data

We propose here a simple model in order to describe the
binding energies of molecular hydrogen interacting with
ASW, at any coverage and any temperature. One has first to
note the high mobility of molecular hydrogen, which can be
estimated by considering the competition between desorption
and diffusion, as shown by Kimmel et al.18 in the case of N2.
The average desorption and diffusion lifetimes are given by
	des=CeEa/kT and 	diff=DeEd/kT, respectively, C and D being
constants. The energy barrier for diffusion Ed is generally a
fraction of the binding energy Ea. Assuming C�D and

adopting Ed=Ea /3, we can estimate the number of steps
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prior to desorption as N=e2E/3kT. At T=10 K and considering
the lowest binding energies �Ea�30 meV�, the number of
steps is N=109. This is about the same for the highest bind-
ing energies �Ea�65 meV� that are only involved when the
temperature has increased �that is typically T=25 K�. Even if
a barrier for diffusion as high as 3/4Ea is adopted, the num-
ber of steps remains as large as 3
103 at T=10 K. We con-
clude that at any step of the heating process, the molecule
can explore a huge variety of adsorption sites available on
the ASW surface, prior to desorption. Consequently, we pro-
pose to describe the population distribution by assuming the
molecules to be continuously in complete thermal equilib-
rium with the surface. We also assume the molecules to ex-
plore the overall available absorption sites. Although diffu-
sion is not actually the same for all the molecules, we will
see that only those having large mobility are concerned by a
statistical redistribution with temperature. Due to the sequen-
tial filling of the adsorption sites �as already explained
above�, the function g�E� describing the distribution of ad-
sorption sites has to recover population distribution found by
direct inversion. Based on the shape of the distribution found
for the highest dose �curve j in Fig. 3� in the previous sec-
tion, we adopt a polynomial function g�E�=a�E0−E�b, where
a, E0, and b are parameters to be determined from the TPD
analysis. This distribution has to be populated taking into
account that one molecule only is allowed per adsorption
site. With such an exclusion constraint, the appropriate sta-
tistic law is the Fermi-Dirac distribution function. At a given
temperature T, the population of molecules P�E� distributed
over a set of available sites g�E� is thus given by

P�E,T,�� = g�E��1 + exp	−
�E − ��

kT

�−1

, �2�

where � is the chemical potential, which can be obtained by
the closing relation,

� P�E,T,��dE = ��T� .

In a second step of the calculations, we simulate the heating
of the sample. Thus, starting with saturation coverage, we
calculate the initial population distribution at T=10 K. We
then compute, following Eq. �1�, the variation of coverage
due to a small increase in temperature ��T�. At each tem-
perature step, the population is redistributed following Eq.
�2� and a new � parameter is determined. The procedure
enables a simulation of the whole set of experimental TPD
curves presented in Fig. 1. By using a least-squares fitting
approach �Levenberg-Marquardt nonlinear fitting procedure�,
we have adjusted the parameters defining the curve g�E� as
well as the preexponential factor describing the desorption.
The parameters found using this approach are the following:
E0=78.9 meV, a=1.23
10−4, b=1.6, and A=1013 s−1. The
excellent agreement between the simulated and experimental
TPD curves is illustrated in Fig. 4. The inset in Fig. 4 dis-
plays the adjustment of the preexponential factor. In com-
parison with the previous determination made by direct in-
version, we note that both results are consistent but that

higher values of the preexponential factor are favored by the
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fitting procedure, A�1013 s−1, giving the best fit, as shown
in the inset of Fig. 4. Due to the direct correlation between A
and E �discussed above�, this tends to reinforce the tail of the
population distributions for the highest binding energies. The
optimized population distribution g�E� is plotted in Fig. 5.
This distribution reaches even slightly higher energies
��80 meV� than, those found by direct inversion with A
=1013 s−1 ��75 meV in Fig. 3�.

The paramount importance of the mobility in this ap-
proach has been tested. This is illustrated by curve f� in Fig.
4, which has been obtained with the same initial coverage as
for curve f, but without any redistribution of the molecules
with temperature. The molecules were identically initially
distributed over their adsorption sites at 10 K in both cases.
Obviously, the curve f� cannot reproduce the experimental

FIG. 4. Experimental �points� and simulated �full lines� and TPD curves for
increasing D2 doses on a 10 ML ASW film. The experimental doses are
given in Fig. 1 caption. f� same as f but without allowing redistribution of
the population �see text�. The inset shows the least-square fitting for the
preexponential A.

FIG. 5. Model for desorption kinetics. The full line represents the binding-
energy distribution for adsorption sites available on the surface of the
sample. The dotted lines show the evolution of the D2 binding-energy dis-
tribution at several temperatures during the heating process. �A� T=10 K
with maximum coverage, �B� T=15 K, �C� T=18.5 K, �D� T=22 K, and �E�

T=25 K.
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spectrum �Fig. 4�. This demonstrates the crucial role of a
continuous redistribution of the molecules with temperature
during the heating process. This also indirectly supports evi-
dence for the high mobility of the molecules.

Figure 5 shows the binding-energy distributions obtained
by Eq. �2� for five selected temperatures. It provides snap-
shots of the population distribution P�E� at different steps of
the heating process. The distributions show that the most
energetic adsorption sites are always completely occupied.
The Fermi-Dirac statistics only affects the manner in which
molecules distribute over less energetic sites, that are pre-
cisely those diffusing very fast, supporting the initial as-
sumption concerning the thermal equilibrium. Curve A
shows the initial distribution before the start of the heating
process �T=10 K�, and for maximum coverage. Curve E is
obtained at T=25 K when most of the molecules have al-
ready been released in the gas phase. The profiles are very
asymmetric at high coverage and tend to be more symmetric
at low coverage �from curves A to E�. This characterize an
evolution in the filling of the adsorption sites. One can note,
in particular, that the molecules tend to spread over a wide
variety of binding sites at very low coverages and do not
accumulate in the most energetic ones. This peculiar behav-
ior cannot be obtained from a direct inversion of the TPD
profiles. Indeed, this view of the energy distribution is mark-
edly different from that given by the direct inversion. The
distributions shown in Fig. 5 are indeed not equivalent to
those presented in Fig. 3, although both can be used to re-
produce the same desorption curves. Those determined by
direct inversion of the TPD curves �Fig. 3� result from the
overall dynamic heating process. They provide the evolution
of population during the TPD experiment. Those defined in
the model �Fig. 5� are adjusted to represent a finite popula-
tion of molecules at fixed temperature, in the hypothesis of a
complete thermal equilibrium and statistical filling of adsorp-
tion sites. One of the main interests of this simulation ap-
proach is thus to provide a view of the population distribu-
tions at any temperature, independently of the dynamical
heating process.

Another interesting application of this approach is the
possibility to describe the competition between different spe-
cies that are susceptible to fill the same adsorption sites. We
have indeed successfully used the same type of model to
describe dramatic differences observed in the TPD experi-
ments involving H2 and D2 mixtures.49 In the model, the
same distribution g�E� was used for the two species H2 and
D2 except that the zero-point binding-energy difference is
taking into account. The presence of the other isotope also
has to be included since it changes the number of available
adsorption sites. Different population distribution P�E� are
found for H2 and D2, respectively. The most energetic sites
are found to be preferentially filled by D2, in good agreement
with the experiment.

D. Comparison with H2O clusters results

Fourier-transform infrared �FT-IR� spectroscopic studies
and calculations of the surface ice-adsorbate interactions of

various volatiles have been based on the assignment of spe-
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cific adsorption sites, such as three-coordinated water mol-
ecules with either a dangling-H or a dangling-O coordination
and four-coordinated water molecules with coordination
shells distorted with respect to tetrahedral symmetry.58,59 The
wide and continuous energy distributions obtained in the
present study suggest a very wide variety of adsorption sites.
Indeed, computation modeling of amorphous ice as de-
scribed by large H2O clusters does show a wide and continu-
ous range of the potential minima.33 The features of the H2O
cluster used in such models include a broad distribution of
angles between adjacent water molecules, a broad distribu-
tion of bond coordination of water molecules, and an abun-
dance of “dangling atoms.” In addition, various geometric
configurations of molecular hydrogen with respect to the wa-
ter molecules, associated with different numbers of water
molecules interacting with D2,50 contribute to the spreading
of the adsorption energy minima. In order to compare our
experimental results with this model of H2O cluster, the cal-
culated distribution of energy minima33 has been shifted by
h�0 /2 �zero-point energy�, using �0=1013 s−1, as determined
by the fitting procedure described above in Sec. III C. In Fig.
6, this distribution is compared to that obtained by our model
for maximum coverage at T=10 K. The very good agree-
ment between both distributions in their common energy
range is very satisfying. It should be mentioned that such
consistency is obtained when using vibrational frequencies
close to 1013 s−1, whereas lower values would give calcu-
lated energies significantly higher than those derived from
the experiment. The striking similarity in the shape of both
energy distributions is an indication of similar and strong
heterogeneity for the surface water cluster as for the thin and
porous ASW film used in this study. If this is correct, the
calculation also predicts the existence of adsorption sites
with even lower binding energy that could not be probed in

FIG. 6. Solid line: simulated binding-energy distribution given by the model
for maximum coverage at T=10 K �this study�. Dotted line: binding-energy
distribution obtained after zero-point energy shifting of the calculated po-
tential minima for molecular hydrogen interacting with water clusters �Ref.
33�. The vibrational frequency has been set to 1013 s−1.
the experiment.
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IV. CONCLUSION

We have presented a set of TPD experiments that allows
studying in detail the interaction of D2 with a porous and thin
��10 ML� ASW film. The results open new insights into the
characterization of the binding-energy distribution of the
molecules adsorbed on ASW, and point out the peculiar high
coverage dependency of these distributions. Molecular hy-
drogen that diffuses into the porous structure of the ice is
considered here as an ideal probe of the gas-surface interac-
tion, in a temperature range where the modification of the ice
structure induced by thermal annealing should be rather lim-
ited. We have investigated the desorption kinetics at succes-
sive increasing D2 dose, ranging from very low coverage up
to the saturation of the film maintained at 10 K. This system-
atic approach enables a complete analysis method, which
does not require any assumption concerning the value of the
preexponential factor of the Arrhenius expression, and which
provides the binding energies. This analysis leads to the de-
termination of a wide and continuous distribution of the
binding energies, presenting a maximum of population peak-
ing at low energy for all the coverages probed in this experi-
ment. We have further fitted a unique set of binding-energy
distributions for the adsorption sites, by using a simple
model describing the progressive filling of the adsorption
sites at any temperature. The model assumes a thermal equi-
librium of the molecules with the surface, even during the
heating process. This approach leads to a very satisfying
simulation of the TPD experiments and gives a very simple
description of the population distribution at any coverage
and any temperature. This approach also shows how the
binding-energy distribution evolves during the heating pro-
cess, revealing the natural tendency of the molecules to fill a
large subset of binding energies, even at very low coverage.

The existence of such a wide range of binding energies
could have interesting consequences in the astrophysical
context, because the strength of the binding energy is closely
related to the residence time of a molecule on a given site.
For a typical water ice grain mantle at 10 K, as found in dark
clouds, the average residence time of molecular hydrogen
can indeed vary from 100 days up to 109 years depending
upon the actual coverage of the grain mantles. An application
of this model could be the calculation of the number density
of molecular hydrogen that would accumulate at the surface
of icy grain mantles, in physical conditions relevant for dark
clouds, including, for example, lower temperatures than
those used in the present experiment.

In conclusion, we believe that systematic TPD experi-
ments using different types �porous, less porous, nonporous,
and crystalline� water ices are necessary in order to compare
in detail the energy distribution of their adsorption sites. The
use of molecular hydrogen as a probe of the ice structure at
low temperature in combination with the TPD technique
seems to be well suited. The model presented here might
help for this purpose and can serve as a template for future
studies. These investigations are under progress in our labo-

ratory.
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