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The influence of surface morphology/porosity on the desorption kinetics of weakly bound species
was investigated by depositing D2 on amorphous solid watersASWd films grown by low
temperature vapor deposition under various conditions and with differing thermal histories. A broad
distribution of binding energies of the D2 monolayer on nonporous and porous ASW was measured
experimentally and correlated by theoretical calculations to differences in the degree of coordination
of the adsorbed H2 sD2d to H2O molecules in the ASW depending on the nature of the adsorption
site, i.e., surface valleys vs surface peaks in a nanoscale rough film surface. For porous films, the
effect of porosity on the desorption kinetics was observed to be a reduction in the desorption rate
with film thickness and a change in peak shape. This can be partly explained by fast diffusion into
the ASW pore structure via a simple one-dimensional diffusion model and by a change in binding
energy statistics with increasing total effective surface area. Furthermore, the D2 desorption kinetics
on thermally annealed ASW films were investigated. The main effect was seen to be a reduction in
porosity and in the number of highly coordinated binding sites with anneal temperature due to ASW
restructuring and pore collapse. These results contribute to the understanding of desorption from
porous materials and to the development of correct models for desorption from and catalytic
processes on dust grain surfaces in the interstellar medium. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1874934g

I. INTRODUCTION

Amorphous solid watersASWd has been studied exten-
sively during recent years since it is considered to be a good
model1 or even a metastable extension2 of liquid water and
since it plays an important role as a catalytic surface in the
interstellar mediumsISMd.3,4 ASW can be produced in sev-
eral different ways: by pressurizing crystalline hexagonal ice
at low temperature,5 by hyperquenching of micrometer size
water droplets,6 and by slow vapor deposition of water on
low temperature substrates.7,8 Since ASW may exist in dif-
ferent states and exhibit different morphologies, it is unlikely
that the detailed structure of the ASW prepared by the vari-
ous methods is identical. In this paper we will limit our dis-
cussion to ASW produced by the last method, which is be-
lieved to be the one most closely resembling interstellar ices.

The morphology of ASW films grown by vapor deposi-
tion on low temperature substrates under vacuum at low
deposition ratesfa few monolayers/ssML/sd or lowerg is

known to depend on deposition temperature, deposition rate,
angular distribution of the incoming water molecules, and
the thermal history of the ASW film after formation.3,7–12For
deposition on low temperature substratess,90 Kd, normal
incidence water molecules produce nonporous ASW films,
while off-normal incidencesor background dosingd produces
porous films consisting of open networks of nanometer sized
pores.9–11 The ASW film porosity for non-normal or back-
ground dosing also depends on the growth temperature or
subsequent annealing temperature of the film.3,8,9,12 For ex-
ample, dosing or annealing at substrate temperatures above
90 K reduces the porosity strongly9 and at temperatures
above 120K, fully nonporous ASW structures result.13,14At
temperatures above,136 K crystallization into a cubic crys-
talline structure sets in, and at even higher temperatures the
normal hexagonal crystalline ice structure is produced.8,15

The porosity of ASW films can also be influenced by
codeposition of other gases.16

Apart from changes in ASW film porosity with growth
temperature, x-ray7 and electron diffraction8 experiments im-
ply that ASW films grown at temperatures below 30 K ar-
range in a “local” chemical structure of higher density than
ASW films grown at higher temperatures. This high density
state is referred to as the high density amorphoussHDAd
phase, while the low density state obtained at temperatures
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above 30 K is referred to as the low density amorphous
sLDA d phase.8 Annealing ASW films in the HDA phase to
temperatures above 30 K results in a slow and irreversible
phase transition to the LDA phase.8 Lately, experiments us-
ing neutron scattering17 have failed to detect a HDA phase
grown by low temperature, slow vapor deposition, while ex-
periments using x-ray absorption spectroscopy12 and
electron-induced dissociation of CF2Cl2 adsorbed on an
ASW surface18 has reconfirmed it. Molecular dynamics
simulations support the existence of a high density amor-
phous phase by showing that simulated vapor deposited
amorphous ice films grown at 60 K show a structure inter-
mediate between the high density and low density amor-
phous state.19

Infrared spectroscopy data of the dangling OH bonds of
ASW films grown by background dosing at low substrate
temperature shows a high absorption signal at frequencies
assigned to two- and three-coordinated water molecules.13 As
the ASW film is warmed to temperatures above 60 K, the IR
bands assigned to two-coordinated molecules diminish, and
as the temperature is further increased, the IR bands of the
three-coordinated molecules are reduced in number as well.
At temperatures above 120 K, only four-coordinated water
molecules are observed, corresponding to a fully hydrogen
bonded H2O solid bulk network.13 Likewise, classical trajec-
tory calculations of amorphous water ice clusters formed at
low temperatures show the existence of two- and three-
coordinated water molecules.20–22 Simulated heating of the
clusters resulted in a reduction in low coordinated molecules
and an increase in three- and four-coordinated molecules.
The reduction in molecules of low coordination with increas-
ing temperature parallels that for the reduction in porosity
due to annealing or growth temperature. The observed ther-
mal evolution,13 as well as theoretical models,21,22 supports
the interpretation that the two- and three-coordinated mol-
ecules are characteristic of H2O molecules at the surface of
the original nanometer sized pores.

Since ASW films on interstellar grains play an important
role as catalytic surfaces in the low temperature environment
of the ISM, a number of experiments and theoretical calcu-
lations have been carried out to study both catalytic
reactions23–28 and adsorption/desorption of atoms and
molecules3,14,29–40on ASW surfaces. These experiments and
calculations show that not only the chemical structure but
also the morphology of the ASW film play a role in deter-
mining its catalytic properties26,27and the desorption dynam-
ics of molecules adsorbed or created in the
film.3,14,29,30,32–35,41For example, the fact that ASW films be-
gin to reconstruct at relatively low temperatures, means that
adsorbed molecules can become trapped in collapsing pores.
The trapped gasses are then only released when the ASW
film begins to crystallize at much higher temperatures, a phe-
nomenon known as molecular volcanoes.29,31,33

In this paper, we present detailed temperature pro-
grammed desorptionsTPDd studies of D2 molecules ad-
sorbed on ASW films grown at low temperatures and show
that the desorption kinetics of this weakly bound species is
highly dependent on ASW film morphology. More specifi-
cally we present experimental data on the D2 desorption ki-

netics from ASW films grown at temperatures of 10 K and
120 K, as well as for ASW films grown at 10 K and subse-
quently annealed to higher temperatures. The desorption ki-
netics of this system, compared to the kinetics of more
strongly bound adsorbatessCO, CH4, CCl4d studied so far, is
simplified by the fact that D2 is very weakly bound to the
ASW surface. It therefore desorbs at temperatures below that
where significant thermal restructuring of the ASW film oc-
curs, e.g., pore collapse. This enables us to develop a simple
model which is qualitatively able to explain the desorption
kinetics of weakly bound species from porous films. We also
present theoretical results of classical trajectory calculations
pertaining to the sticking of H2 on ASW and crystalline H2O
ice surfaces. Molecular dynamics simulations were per-
formed to determine the sticking probability and the binding
energy distributions of H2 adsorbed on ASW and crystalline
ice surfaces. The theoretical results are compared with those
obtained from the TPD experiments.

The presented results have important implications for
understanding the chemistry in dense interstellar clouds
where ice covered dust grains are believed to play a decisive
role. According to present models the icy mantles on inter-
stellar dust grains are composed predominantly of water ice
with other molecular species, such as CO, CH3OH, CO2,
NH3, CH4, O2, and N2, added in varying amounts.42,43 The
majority of the water ice is formedin situ by recombination
of hydrogen and oxygen atoms to H2O molecules on the
grain surface, rather than by condensation of H2O molecules
from the gas phase.44 However, the absorption features of
interstellar ice are well reproduced by the absorption features
of ASW ice formed by vapor deposition of H2O and kept at
a temperature below 30 K.45 Hence we believe that ASW ice
films formed by low temperature vapor deposition constitute
the best simple one-component model for icy mantles on
interstellar grains. We have shown elsewhere26 that the mor-
phology of ASW films greatly influences the surface recom-
bination of atomic hydrogen to form H2. Most importantly
the energy content of H2 as it is released from the ASW
surface into the gas phase was observed to be determined by
the ASW film morphology and we also suggested that mol-
ecules desorb at a rate which is highly dependent on ASW
film morphology. This last effect can be qualitatively ex-
plained by the simple model presented later. We believe that
these observations have direct implications on understanding
the formation of H2 in the interstellar medium, a process
considered to be one of the most important in interstellar
chemistry. Also, the observed dependence of the desorption
kinetics on ASW film morphology may have implications on
the fate of other chemical species, such as N2, CO, CO2,
CH3OH, etc., formed or adsorbed on “ice” covered interstel-
lar grains, although complications can exist from entrapment
of more strongly bound species.33

II. EXPERIMENTAL SETUP

The general experimental setup used for the experiments
reported here has been described in considerable detail
elsewhere.46 All experiments are performed in an ultrahigh
vacuumsUHVd surface science chamber with a base operat-
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ing pressure below 1310−10 Torr. The substrate, a polished
10310 mm2 polycrystalline copper disk, is mounted on a
Cu cold finger attached to a flowing liquid helium cryostat.
Heating of the polycrystalline Cu sample is performed by
electron bombardment on the backside of the Cu sample.
Electrical insulation of the sample is obtained by inserting a
1 mm thick sapphire disk with a central 9 mm diameter hole
between the Cu cold finger and the substrate. This also en-
sures good thermal contact between the cold finger and
sample at low temperatures and reasonable thermal insula-
tion at high temperatures. The sample temperature is mea-
sured by two typeE s75 mmd thermocouples using a liquid
N2 temperature reference and a Keithley nanovoltmeter for
the actual temperature reading. The thermocouples have been
calibrated against both a silicon diode and against low tem-
perature desorption of gas multilayers.47 The uncertainty in
the absolute temperature calibration is ±1 K. Temperature
control and ramping are performed using a Eurotherm tem-
perature controller. The entire cold finger and sample mount
are surrounded by a cryogenic shield with a 6 mm diameter
circular aperture centered on the sample front face. The low-
est sample temperature attainable is 7 K. Before ASW film
growth, the Cu sample is cleaned by ion sputteringsAr,
2 keVd and thermal annealing to 650 K. Deionized H2O, pu-
rified by a series of freeze-thaw cycles, is dosed onto the Cu
substrate from a capillary array doser positioned 5 mm from
the sample surface with a,45° half-width at half-maximum
angular spread as judged by the ASW pattern on the cry-
oshield. Typical dose rates are 0.3–3 ML/s. Under these
H2O deposition conditions and a surface temperature ofTs

ø10 K, modestly porous ASW films are grown. Based on
the angular distribution and the temperature of the sample we
estimate a porosity ofjpor.0.1 swherejpor is defined as the
percentage increase in internal surface area per monolayer of
ASW relative to the external surface area of the filmd,10 how-
ever, this estimate is somewhat uncertain. Although we have
not made any independent studies on the nature of the porous
distribution, we certainly anticipate that this forms a three-
dimensional interconnected network as observed previously9

and predicted by ballistic growth models.11 With H2O depo-
sition at Ts=120 K, nonporous ASW films are grown.9 Ac-
cording to Ref. 8 the ASW films grown at 10 K will be in the
high densitity phase, while the ASW films grown at 120 K
will be in the low density phase. Calibration of the ASW film
thickness is made by comparing integrated water TPD sig-
nals to the integrated TPD signal obtained from the water
bilayer on a single crystal Pts111d surface of the same sur-
face area.

D2 molecules are dosed onto the sample from a 300 K
thermal molecular beam originating from a triply differen-
tially pumped beam line. The 1.5 mm diameter beam is di-
rected at the center of the ASW film at normal incidence. The
typical flux employed is 1013 cm−2 s−1 or .0.01 ML/s. All
molecular beam doses are given as equivalent monolayer
sML d exposures, although it must be accepted that this is
only approximately known due to the uncertainty in the ab-
solute determination of the beam flux.

TPD measurements are performed by heating the sample
with a 0.5 K/s linear ramp. During the TPD ramp, desorp-

tion of D2 physisorbed on other parts of the sample manipu-
lator and cryoshield can also occur. To reduce the influence
of such background signals, desorption of D2 from the front
of the ASW surface is preferentially detected using a differ-
entially pumped movable quadrupole mass spectrometer fit-
ted with a Feulner cap,48 i.e., a cone with a 3 mm aperture.
During the TPD measurement the opening in the cone is
moved to within 2 mm of the sample surface.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. D2 on nonporous ASW

Figure 1sad shows a series of D2 TPD spectra from a
,70 ML nonporous ASW film. The ASW film was grown at
120 K to insure that it was nonporous and the sample was
subsequently cooled to a temperature of,7 K prior to dos-
ing with the D2 molecular beam. The figure shows a se-
quence of TPD spectra with increasing D2 doses. The heating
rate during the subsequent TPD ramp was 0.5 K/s. At the
lowest D2 dose, a single desorption peak is observed at 17 K.
At slightly higher D2 doses, this peak shifts to lower tem-
peratures, broadens significantly over the temperature range
12–17 K, and exhibits a partially resolved triplet structure,
with an overall maxima at 15 K. As the D2 dose is further
increased, a new desorption peak appears at 9 K, and finally
at the highest dose a peak begins to fill in atTs=8 K.

We interpret the low dose behavior of the broad peak in
the 12–17 K temperature range as due to sequential filling of
a broad distribution of surface binding sites with different
adsorption energies for the submonolayer of D2 adsorbed on
ASW. Initial filling of the strongest binding sites at the low-
est dose gives the highest TPD temperature. The partially
resolved structure of the TPD spectra suggests three different
regimes of binding energies in the submonolayer, although
there is noa priori obvious reason for this. The interpretation
of sequential filling of a distribution of binding sites on the
surface is confirmed by Fig. 1sbd which shows the integrated
TPD signal from the 12–17 K peak as a function of D2 dose.
This saturates with dose, thereby suggesting saturation at

FIG. 1. sad TPD spectra after increasing D2 doses on a 70 ML nonporous
amorphous solid water film grown at 120 K and subsequently cooled to 7 K.
The employed ramp rate is 0.5 K/s.sbd Integrated signal in the high tem-
perature peakssd as function of dose.
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monolayer coverages, i.e., at doses of,6 ML. The TPD
feature appearing at 9 K at higher doses is attributed to de-
sorption of the bilayer of D2 adsorbed on ASW. For even
higher D2 doses, the bilayer peak saturates and a TPD feature
at 8 K occurs. This feature is interpreted as the desorption of
multilayer D2 and demonstrates that a surface temperature of
,7 K sRef. 47d is obtained with our sample holder and flow-
ing liquid He cryostat. The slopes in Fig. 1sbd represent the
sticking coefficient for D2 on the ASW and partially D2 cov-
ered ASW surface. We see that the sticking coefficient is
almost constant until ML saturation. Because of uncertainties
in the absolute D2 flux, we do not attempt to extract a value.
It was measured previously, however, using the method of
King and Wells to be ca. 0.2±0.15.26

Figure 2sad shows the binding energy as a function of
relative coverageEbsUd for the 3 ML D2 dose shown in Fig.
1sad. It has been computed by assuming a preexponential
factor of 1013 s−1 and inverting the Polanyi–Wigner equation,
as described elsewhere.49 The coverage in all binding sites
with binding energy above a valueEb can be expressed as

UsEbd =E
Eb

`

PbsEbddEb, s1d

wherePbsEbddEb is the relative population of molecules in
sites with binding energyEb. UsEbd is obtained by inverting
EbsUd and PbsEbd can then be computed as −dUsEbd /dEb.
Figure 2sbd shows the D2 population vs binding energy
PbsEBd on the ASW surface for the 3 ML D2 dose shown in
Fig. 1sad. The binding energy distribution in the monolayer
peak is seen to be rather broad ranging from approximately
35 meV to 46 meV. Note that the peak at,25 meV arises
because of the beginning buildup of the bilayer. We show in
Sec. IV that a broad distribution of binding sites for mono-
layer adsorption of D2 on an ASW surface is consistent with

theory, and give a physical reason for this in terms of the
nanoscale roughness of the surface.

B. D2 on porous ASW

Figure 3sad shows background subtracted D2 TPD spec-
tra from porous ASW films of varying thickness. The porous
ASW films were grown at a sample temperature of 10 K and
the film thickness range from 20–2000 ML. After film
growth, a 1.2 ML D2 dose from the molecular beam was
applied. For comparison a D2 TPD spectra after a 3 ML dose
of D2 onto a 70 ML nonporous ASW film grown at 120 K is
also shownsdashed lined sthe coverages in the nonporous
and porous cases are comparable, since the sticking on the
nonporous surface is reduced by a factor of 3 compared to
the porous surfaced. The key observations ares1d that the D2

TPD desorption peak shifts towards higher temperatures with
increasing ASW film thickness ands2d that the peak is sig-
nificantly narrowed for the thicker ASW filmss200 ML and
2000 MLd. For example, a relative sharp peak is observed at
28 K for the 2000 ML ASW film. This contrasts significantly
with the broader peak at 12–17 K for the nonporous ASW
film.

The inset in Fig. 3sad shows the integrated TPD intensity
as a function of D2 dose for a 2000 ML porous ASW film.
The integrated TPD intensity is strictly linear with dose, even
for doses significantly higher than that required to saturate
the nonporous ASW. This suggests that the D2 molecules are
sufficiently mobile at the dosing temperature of 10 K to re-

FIG. 2. sad The binding energy as function of relative D2 coverage on the
nonporous ASW surface for the 3 ML D2 dose shown in Fig. 1sad. sbd The
D2 population vs binding energyPsEbd on the nonporous ASW surface for
the 3 ML D2 dose shown in Fig. 1sad.

FIG. 3. TPD spectra of 1.2 ML D2 on porous amorphous solid water films
of varying thicknessssolid lined. A TPD spectra of 3 ML D2 on a 70 ML
nonporous amorphous solid water filmsdashed lined, rescaled by a factor of
0.5, is shown for comparison. The employed ramp rate is 0.5 K/s. The inset
shows the integrated TPD signal after increasing D2 doses on a 2000 ML
porous amorphous solid water film.

124701-4 Hornekær et al. J. Chem. Phys. 122, 124701 ~2005!

Downloaded 31 Aug 2005 to 130.225.29.242. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



distribute during the D2 dose to a larger overall surface area
by surface diffusion into the pores. This explains why no
evidence of bilayer or multilayer D2 peaks was observed on
the porous ASW films for any D2 dose. The D2 coverage
relative to the total surface area of the samplesincluding that
of the poresd is therefore below a monolayer. Again, the
slope in the figure gives the sticking coefficient of D2 onto
porous ASW. Again, absolute values were not obtained for
this due to uncertainties in the absolute D2 flux. However,
the ratio of sticking for porous to nonporous ASW is accu-
rately obtained by comparing the slopes of the inset in Fig.
3sad to that of Fig. 1sbd, i.e., as a ratio of 3.0.

To ensure that the upwards shift in temperature of the
TPD peak is not due to a temperature gradient or temperature
lag during the TPD ramp which increases with film thick-
ness, the TPD ramp rate was reduced by a factor of 5. The
resulting TPD spectra were nearly identical to those shown
in Fig. 3. They did, however, show small temperature shifts
of ca. 1 K consistent with anticipated ramp rate variations
assuming a Redhead analysis of first order desorption. To
further confirm that there were no thermal inhomogeneities
or gradients in the ASW films, we measured the multilayer
N2 peak desorption from the Cu substrate and from a 1000
ML porous ASW film grown at 10 K. These showed no ob-
servable difference in the multilayer peak desorption tem-
perature, again indicating no surface thermal lag caused by
the thick ASW film.

The qualitative effects of an upward shift and narrowing
with ASW film thickness described here for D2 TPD have
also been observed with small doses of N2 onto porous ASW
films. For saturation doses of N2, however, the overall TPD
spectra simply broaden to higher temperatures with increas-
ing porous film thickness.10

To explain the dependence of the D2 TPD peak position
on ASW film thickness we invoke a simple one-dimensional
model in which D2 molecules are assumed to diffuse rapidly
srelative to the time scale of the TPD experimentd into the
pores of the ASW film and thus become uniformly distrib-
uted on the surface of the interconnected pore structure as
well as the bulk surface. We consider a one-dimensional
model sincet!d, wheret is the film thickness andd is the
beam diameter on the surface. We assume that diffusion is
sufficiently rapid to cause a uniform D2 distribution verti-
cally in the ASW film, but not sufficiently rapid to cause
significant lateral spreading. Once the D2 molecules have
diffused into the pores, thermally breaking the ASW-D2 bond
will not produce direct desorption into the gas phase. Instead
the D2 will readsorb on the pore wall. The net result is a
series of desorption-readsorption events, in which the mol-
ecules perform a random walk in the porous structure until
they finally reach the upper layers and are able to desorb
directly into the gas phase. In this picture, the measured de-
sorption from the sample is not proportional to the total D2

coverage but instead to the D2 coverage in only the top layer
at the vacuum interface. The coverage in the top layerUs for
a Nl monolayer thick ASW film with porosityjpor is then
given by U / s1+Nljpord, whereU is the total D2 dose ad-
sorbed on the surface. The coverage in the pores is in turn
given byUNLjpor/ s1+Nljpord. Assuming fast diffusion and a

uniform D2 distribution throughout the film then leads to the
following modification of the Polanyi–Wigner expression for
the D2 desorption rate for a single fixed binding energyEb of
D2 on the surface:

dU

dt
= − k0e

−Eb/kBTsUs = − k0e
−Eb/kBTs

1

1 + Nljpor
U, s2d

wherek0 is the preexponential factor,kB is the Boltzmann
constant, andTs is the surface temperature.

This simple model predicts an upwards shift in the TPD
peak with increasing ASW film thickness since the prefactor
scales as~1/s1+Nljpord. However, one major limitation of
this simple model is that it does not take the distribution of
binding energies of D2 on the ASW film into account. Figure
2sbd shows that D2 adsorbs into a rather broad distribution of
binding energies on the nonporous ASW surface. For the
porous ASW films we also expect a broad distribution of
binding energies. Furthermore, we expect this distribution to
be affected by the porosity in two ways. First, because of the
porous nature of the film the total number of available bind-
ing sites is increased, including the number of high energy
binding sites. Hence for the thicker films a relatively larger
fraction of the D2 adsorption occurs into high energy binding
sites. Second, binding sites in the pores could have higher
binding energy than sites on the nonporous surface.

By inverting the modified Polanyi–Wigner equation
above and following the same procedure as in the nonporous
case we obtain the relative D2 population vs binding energy
for the 1.2 ML D2 dose on 20 ML porous ASW shown in Fig.
3sad. The result is shown in Fig. 4sbd. Figure 4sad. shows
Eb,20 MLsUdd. As can be seen binding energies ranging from
45 meV to 59 meV are mainly populated at this dose. Hence
we do indeed see increased binding energies in the pores as
compared to the distribution on the nonporous surface, the
dashed line. In Sec. IV we try to give a physical reason for
this shift in binding energies in terms of the degree of coor-
dination between adsorbed D2 molecules and water mol-
ecules in the pores relative to those on the ASW surface. It
should be pointed out that there may be an additional lower
energy tail to the porousEb distribution that is not probed by
this TPD since those sites are not filled in the 1.2 ML D2

dose on 20 ML porous ASW.
Based on the distribution found in Fig. 4 and the modi-

fied Polanyi–Wigner equation we can now compute simu-
lated TPD spectra for a 1.2 ML D2 dose on 20, 200, and 2000
ML ASW films. To approximate the effect of increased num-
ber of available sites with increasing ASW film thickness, we
useEb,Nl

sUd=Eb,20 MLfUs1+20jpord / s1+Nljpordg. The simu-
lated spectra are shown in Fig. 5sad.

The very good quantitative agreement obtained between
the model and the experimental data is somewhat fortuitous,
since the high energy tail of the binding energy distribution
is very dependent on background subtraction and since the
exact porosity of the ASW film is uncertain. However, inde-
pendent of the exact choice of parameters the simulations
will nicely recreate the same trends as the experimental data,
i.e., the upwards shift in temperature and the narrowing of
the desorption peaks with film thickness. The experimental
observations can therefore be explained as being the result of
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s1d fast diffusion into the pores causing a uniform distribu-
tion of D2 all through the film,s2d a reduction in desorption
rate due to the fact that only desorption from the top layers
of the ASW film leads to release of D2 molecules into the gas
phase,s3d the availability of higher energy binding sites in
the pores than on the nonporous surface, ands4d an increase
in available binding sites, leading to an increased population
of D2 molecules in high energy binding sites, with increasing
ASW film thickness.

C. Effects of thermal anneals

Figure 6 shows the D2 TPD spectra from a 2000 ML
ASW film grown at 10 K and then subsequently thermally
annealed for 1 min at the various temperatures given in the
figure. After the anneal the ASW films are again cooled to a
temperature of 10 K for D2 dosing. As can be seen, anneals
to higher temperatures result in a downwards shift in tem-
perature of the TPD peak. We interpret this change as imply-
ing that the main effect of thermal anneals visible in the TPD
is a reduction of the ASW film porosity and a reduction of
available high energy binding sites due to pore collapse
caused by the enhanced H2O mobility. After anneals to tem-
peratures of 100 K or above, the TPD spectra look similar to
those obtained when dosing D2 on ASW films grown at
120 K, i.e., the ASW film porosity and the higher energy
binding sites are essentially gone. The interpretation that the
main effect of thermal annealing is a reduction in porosity
and in the number of available high energy binding sites is in
good agreement with previous results obtained from ASW
film density measurements,3,50 effective surface area
measurements,10 and IR measurements of dangling O–H
bonds.13,30,51The reduction in porosity and high energy bind-
ing sites is expected to be paralleled by a transition from the
high density to the low density phase.8 However, we have
not been able to identify any unique signs of this high to low
density transition in the TPD spectra beyond what is antici-
pated from the reduction in porosity.

Figure 6 also shows that no dramatic reduction of poros-
ity occurs for thermal anneals of,45 K. This explains why
both H2 and N2, which are desorbing at temperatures below
20 K and 45 K, respectively, are able to desorb from ASW
films of up to a few thousand monolayers before severe
ASW film restructuring and pore collapse sets in.

For CCl4,
31,34,35methane,14 and COsRef. 33d that bind

more tightly to the ASW surface, considerably more complex
behavior is observed since the ASW structure has already
undergone considerable restructuring at the higher tempera-
tures needed to desorb these species.

FIG. 4. sad The binding energy as function of relative D2 coverage on the 20
ML porous ASW surface for the 1.2 ML D2 dose shown in Fig. 3sad ssolid
lined and on the nonporous ASW surface for the 3 ML D2 dose shown in Fig.
1sad sdashed lined. sbd The D2 population vs binding energyPsEbd on the 20
ML porous ASW surface for the 1.2 ML D2 dose shown in Fig. 3sad ssolid
lined and on the nonporous ASW surface for the 3 ML D2 dose shown in Fig.
1sad sdashed lined.

FIG. 5. sad Simulated TPD spectra for ASW films of varying thickness
based on the binding energy distribution derived from the D2 TPD from the
20 ML ASW film shown and computed using the modified Polanyi–Wigner
equations as described in the text.sbd The TPD spectra displayed in Fig. 2
reproduced for comparison.

FIG. 6. TPD spectra of 1.2 ML of D2 from ,2000 ML ASW films grown at
10 K and subsequently annealed to the stated temperatures. The employed
ramp rate is 0.5 K/s.
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IV. THEORETICAL CALCULATIONS OF H 2-ASW
BINDING ENERGY DISTRIBUTIONS

To simulate the adsorption of H2 to ASW and crystalline
ice, classical trajectorysCTd calculations have been per-
formed. Once H2 equilibrates on the surface, its potential
energyEb is calculated. The sticking procedure insures that a
proper statistical weighting of the molecules adsorbed on the
surface is obtained. Essentially, we have followed the same
approach as used before to study the sticking of CO to crys-
talline and amorphous ice.39 Some details of the method as
applied to H2–ice are presented below.

A. The ice surfaces

The ASW and crystalline ice surfaces were prepared es-
sentially in the same way as the surfaces used previously to
study the adsorption of CO to ice,39 using the molecular
dynamicssMDd method.52 The crystalline surface was mod-
elled by four bilayers containing 240 moving water mol-
ecules. The ASW film consists of six bilayers containing 360
moving water molecules. The moving bilayers in both the ice
films were superimposed on two bilayers of 120 fixed water
molecules. The moving water molecules were treated as rigid
rotors, but were otherwise allowed to move according to
Newton’s equations of motion. Periodic boundary conditions
were applied in thexy plane, parallel to the scattering plane,
to simulate an infinite surface. The TIP4P pair potential53

was used to describe the water-water interactions. The initial
ice configurations obey the ice rules54 and has a zero dipole
moment.

The ASW film was equilibrated at the desired tempera-
ture sTs=90 or 10 Kd in a stepwise fashion. Starting from an
ice Ih configuration atTs=10 K, the surface was first heated
to and equilibrated atTs=300 K, and then the temperature
was abruptly decreased and equilibrated atTs=90 or 10 K.
In the surface equilibration, a time step of 1 fs was used. The
method used here to prepare the amorphous ice surface is
similar to the fast quenching method used to simulate amor-
phous ice by Essmann and Geiger.19 The crystalline ice film
was equilibrated atTs=90 K.

In the case of crystalline ice, the surface was operation-
ally defined to be at a height equal toZ=22.5 Å. However,
because of the roughness of the ASW surface, the position of
the surface-vacuum interface is ill defined. TheZ coordinates
of the water molecules on top at the surface-vacuum inter-
face vary from about 23 to 30 Åsrelative to the bottom of
the slab, defined to be at 0 Åd. Although the ASW ice surface
is quite rough with the presence of several hills and valleys,
it does not exhibit any true nanoscale pore strucuresthis
might be due to the size of the simulated unit celld. However,
some surface pores are larger than the hexagonal rings of
diameter of about 4.5 Å. We suspect that the simulated ASW
surface is rougher than the non-porous ASW surface used in
the experiments. Thus, we believe that the simulated ASW
surface is somewhat intermediate between the porous and
nonporous surfaces used in the experiments.

B. H2–ice interaction

In the CT calculations, the H2-ice interaction has been
constructed as a sum of H2–H2O pair potentials. The
H2–H2O pair potential is the same pair potential as devel-
oped by Zhanget al.55 as a fit to electronic structure calcu-
lations at the MP4 level of theory, and used later to simulate
the interaction between H2 and amorphous water ice
clusters.37 The interaction has the form

VH2–H2O = o
i,j

qiqj

r ij
+ o

k

LJks8 − 6d. s3d

The H2O–H2O and H2–H2O interactions were set to
zero at very long distancessù10 Åd using a switching
function.56

C. Molecular dynamics simulations

The initial orientation and the impact position of the im-
pinging H2 on the surface were selected at random using the
Monte Carlo technique.57 The initial rotational energy of H2
was set to zero. The calculations of 100 trajectories were
performed at normal incidencesui =0d, at incidence energy
Ei =10 meV. Each trajectory was run for 11 ps, using a time
step of 1/9 fs. At the beginning of each trajectory, H2 was
placed 11.3 Å above the crystalline ice surface or above the
highest portion of the ASW ice slab, with a momentum di-
rected at the surface. H2 was then considered to be in the gas
phase, infinitely far away from the ice surface. To simulate
the collision dynamics, Newton’s equations of motion of the
impinging H2 and the water molecules were integrated using
an improved leapfrog algorithm.58 Sticking of H2 was de-
fined to occur as more than one turning point is exhibited in
theZ coordinate of H2 for motion normal to the surface, and
the final energyEf of H2 interacting with the ice surface is
less thankTssEf ,−8 meVd. Here,Ef of the adsorbed mol-
ecule is the sum of its potential, translational, and rotational
energy. The zero of the potential energy is defined by H2

being in the gas phase. In the case of sticking,Zf ø26.5 Å
when adsorbed to the crystalline surface andZf ø32.5 Å
when adsorbed to the ASW surface, whereZf is the final
value of theZ coordinate of H2 at the end of the trajectory
for motion normal to the surface. The second possibility is
scattering when H2 returns to the gas phasesZf ù29.5 Å for
the case of crystalline ice andZf ù40.0 Å for the case of the
ASW iced.

V. RESULTS AND DISCUSSION

Analysis of the trajectories shows that after the impact
with the surface, some of the H2 collision energy normal to
the surface is converted to motion parallel to the surface due
to the roughness of the ice surface. This parallel motion is
quenched by subsequent trapping into adsorbing wells as the
molecule equilibrates with the surface. AtTs=90 K, H2

shows considerable diffusive motion to nearby adsorbing
wells during the MD simulation of the individual trajectories
for both amorphous and crystalline ice; i.e., it remains
trapped in a well for some time and then jumps to an adja-
cent well where it is trapped for a period and so on. There-
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fore only the trajectories that satisfy both conditions onEf

andZf are considered to be sticking trajectories.
The calculations show that the excess mobility gained

immediately after impact with the surface, from converting
perpendicular momentum into parallel momentum, is
damped out within a few picoseconds, limiting the move-
ment of the molecules to,10 Å. The experiments show that
the adsorbed D2 samples the entire depths.103 Åd of the
porous network in the ASW films. Hence the excess mobility
immediately after impact—the “hot molecule” effect—
cannot be the dominant cause of the mobility into the pores
observed in the experiments. This long time mobility can
only be caused by diffusion.

For the thermalEi considered heres10 meVd, the com-
puted sticking probability of H2 is 0.78±0.05 for both ASW
and crystalline ice atTs=90 K. However, the sticking prob-
ability to the ASW ice is unity atTs=10 K. The calculated
values are higher than those measured experimentally for D2

s0.2±0.15 for the nonporous ASW and 0.6±0.1 for the po-
rous ASW atTs=10 Kd.26 The discrepancy between the cal-
culated and the measured values of the sticking probabilities
can be caused by several factors. First, the sticking probabil-
ity found experimentally was measured using a thermal D2

beam ofEi =25 meV s300 Kd instead of 10 meV and is un-
doubtedly lower at higherEi: CT calculations predict a simi-
lar sticking probability to the measured one atEi

=100 meV. Lower values ofEi were considered in the cal-
culations to obtain a reasonable statistics in the calculations
of the binding energy distributions of H2. Second, the calcu-
lations presented here are classical and hence neglect elastic
scattering that limits sticking. Third, as will be discussed
later, the calculated binding energy of H2 is overestimated.
However, since our principal motivation is to understand the
binding energy distributions, we have not looked into this
disagreement in any detail.

Figure 7 shows the number of sticking trajectories dis-
tributed as a function of the the final height of H2 at the end
of the trajectories, whereZ=0 is defined at the bottom of the
ASW simulated ice slab for the two surface temperatures.
The distributions show the presence of at least two preferen-
tial adsorption sites: at high values ofZsù26.5 Åd, where H2

is adsorbed at the surface hills and a second regime at low
values ofZsø26.5 Åd, where the sticking occurs at the sur-
face valleys. The simulations also show that for both ASW
and crystalline ice films there is no penetration of the surface
upon collision by any H2.

The binding energy of H2 in a given sticking CT is ob-
tained from Eq.s2d summed over the water molecules close
to H2, within a sphere of radius of 10 Å centered at the
center of mass of H2. In Fig. 8 the number of adsorbing
trajectories is distributed overEb of H2. Figures 8sad and 8sbd
show the distribution for a 90 K crystalline ice surface and a
90 K ASW surface, respectively. As can be seen the distri-
bution for the ASW surfacesrough and corrugatedd is broad-
ened and shifted towards higher values ofEb compared to the
case of crystalline icessmoothd. The broadening of the cal-
culatedEb distribution on the ASW surface suggests different
H2 coordinations for different adsorption wells; i.e., the num-
ber of water molecules interacting with H2 differs from one
adsorption site to another. This is confirmed by considering
the dependence ofEb on the finalZ value of H2 sZfd. Figure
9 showsEb plotted as a function ofZf. The figure shows that

FIG. 7. The number of adsorbing trajectories plotted as a function ofZf, for
H2 adsorbed to amorphous ice, atTs=90 K sblack dotsd and atTs=10 K
sopen squaresd, with Ei =10 meV and for normal incidence.

FIG. 8. The number of adsorbing trajectories plotted as a function ofEb, for
H2 adsorbed tosad crystalline ice atTs=90 K, sbd amorphous ice atTs

=90 K, andscd amorphous ice atTs=10 K.
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Eb decreases withZf, similar to the case of CO interacting
with ASW ice, which was also explained by the coordination
of CO.40

Figure 9 demonstrates that binding energies of H2 bound
in surface valleys are higher than those of H2 bound on sur-
face peaksssurface hillsd. We have computed the average
binding energy of H2 for both adsorbing regimes discussed
above forù26.5 Å ssurface hillsd andø26.5 Å ssurface val-
leysd and foundkEbl=61±2 meVs77±1 meVd for the upper
portion of the surface and 84±2 meVs94±1 meVd for the
lower portion of the ASW surface atTs=90 Ks10 Kd. In sur-
face valleys, H2 is expected to interact with a larger number
of water molecules compared to H2 adsorbed to a surface
hill, which leads to a stronger binding to the surface. This
result is in agreement with the results of the calculations of
Hixsonet al.37 The computed binding energy of H2 adsorbed
on the top portion of the ASW ice is similar to thekEbl of H2

adsorbed to crystalline ice.
Figures 8sbd and 8scd show the binding energy distribu-

tions of H2 adsorbed to ASW ice atTs=90 and 10 K, respec-
tively. The distribution atTs=10 K is narrower and peaks at
a higher binding energy than the distribution atTs=90 K.
The differences in distributions is caused by the extra energy
available at 90 K. By equipartition this extra energy will lead
to population of nonzero hindered translational and rotational
modes of the H2 molecule on the surface. Also, at highTs H2

diffuses rapidly and we anticipate that the molecules ulti-
mately populates all wells at the end of the CT according to
the thermal distribution of the binding energies. For the sur-
face atTs=10 K, the H2 diffusive motion is still possible but
is slower and the molecules are primary trapped in high
binding energy wells.

For the crystalline ice atTs=90 K an average value of
the final potential energyEb at the end of the trajectories of
kEbl=49±1 meV was found. For ASW ice,kEbl was found
to be 68±1 and 83±2 meV atTs=90 and 10 K, respectively.
These dynamic results obtained from the MD calculations
compare well with earlier calculations obtained for H2 inter-
acting with a static amorphous water cluster.37 The maximum
of Eb of H2 was calculated for 240 different adsorption wells.

Those results are more comparable with our results obtained
at high Tss90 Kd, as H2 ultimately occupies all wells at the
end of the CT according to the thermal distribution of the
binding energies as discussed above. In the calculations of
Hixson et al., an averageEb of 63 meV was obtained, in
good agreement with our results. The maxima were found to
be in the range between 26 and 121 meV, also in a good
agreement with our findings herefsee Fig. 8sbdg.

To compare the calculations with the experimental re-
sults we have to consider the nature of the studied surfaces.
Both calculations and experiments have considered two
types of water ice surfaces differing in degree of corrugation.
Of these surfaces the crystalline ice surface is of course the
smoothest. Of the two experimental surfaces the nonporous
one should be the least corrugated. As stated earlier the simu-
lated ASW surface is expected to be more corrugated than
the experimental nonporous ASW surface. The experimental
porous ASW surface on the other hand is of course quite
corrugated on the nanometer scale, due to the porosity, how-
ever, it is unclear how the corrugation on the subnanometer
scale compares to that of the simulated ASW surface. Hence
we would expect the binding energies of the nonporous ASW
surface to lie between the calculated binding energies found
for the crystalline ice and the ASW, while the binding ener-
gies for the porous surface are expected to be closer to the
calculated binding energies for the ASW surface.

The theoretical calculations were made for H2 while the
experiments were performed using D2. Hence to compare the
values found in the two cases an estimated zero point energy
of ca. 6 meV has to be added to the calculatedEb to compare
with the experimental value. The calculated average binding
energy for the crystalline ice with the,6 meV zero point
energy added iskEb,D2

l=55±1 meV, which should be com-
pared to the estimated maximum binding energy value
s46 meVd of D2 from the TPD experiments of the nonporous
ASW, see Fig. 2sbd. At low coverage these high energy bind-
ing sites are preferentially populated, see the 0.3 ML dose in
Fig. 1sad. However, since we would expect the H2 molecules
to populate more or less the full distribution of binding en-
ergies at 90 K, due to thermal diffusion, the calculated aver-
age binding energy for H2 on crystalline ice seems surpris-
ingly high. Especially since the crystalline ice surface is
thought to be less corrugated than the experimental nonpo-
rous ASW surface and hence should mainly exhibit low en-
ergy binding sites due to the lack of high coordinated valley
adsorption sites, see Fig. 9. For ASW ice the zero point cor-
rected average binding energies were found to bekEb,D2

l
=74±1 and 89±2 meV atTs=90 and 10 K, respectively. The
calculated values are noticeably higher than those measured
experimentally. For the 20 ML porous ASW surface a bind-
ing energy of 89 meV would give rise to a desorption peak at
as high a temperature as 35 K. Hence, in all three cases the
calculations seem to overestimate the binding energies. Pre-
sumably, this overestimate ofEb is due to the simplified
model used to describe the H2–H2O interaction potential.

However, qualitatively the calculated binding energy
distributions compare well with experiments. AtTs=10 K,
Fig. 8scd suggests that at the binding energy distribution
mainly shows a single peak structure, similar to that found in

FIG. 9. The binding energy of H2, Eb, plotted as a function ofZf, for H2

adsorbed to amorphous ice, atTs=90 K sblack dotsd and atTs=10 K sopen
squaresd.
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the TPD spectra for the nonporous as well as the porous
ASW surface at low D2 coverage, see the 0.3 ML dose in
Fig. 1 and the traces for 200 ML and 2000 ML porous ASW
ice in Fig. 3. AtTs=90 K where the molecules sample more
of the binding site distribution a much broader distribution of
binding energies are found, see Fig. 8sbd, in good agreement
with the experimental observations for the case of the non-
porous and the 20 ML porous ASW ice at higher coverages,
see Figs. 1sad and 3sad. Figure 8sbd even suggests that the
binding energy distribution shows multiple peak structure,
however, in the calculations we did not obtain sufficient sta-
tistics to follow this more closely. The broad distribution of
binding energies were associated with the existence of bind-
ing sites of varying coordination. H2 molecules adsorbed in
surface valleys were seen to be more strongly coordinated
and hence more strongly bound than H2 molecules adsorbed
on surface hills or on the flat crystalline ice surface, see Fig.
9. Due to this effect the calculations also show an increase
and a broadening in binding energies with increasing surface
corrugation, compare Figs. 8sad and 8sbd. Likewise in experi-
ments we observe a dramatic increase in binding energy
when going from the relatively smooth nonporous ASW sur-
face to the more corrugated porous ASW surface, see Fig.
4sbd. This indicates that the binding energy of H2 in the pores
is indeed highersH2 is more strongly boundd than when it is
adsorbed on top of the ice surface and leads us to believe that
this is due to the fact that binding sites of higher coordination
exists in the pores than on the nonporous surface.

The presented experiments include data from ASW films
in both the high densitys10 K grown ASWd, low density
s120 K grown ASWd, and mixedsannealed ASWd phases. In
the analysis and discussion this aspect has not been stressed.
This is due to the fact that we see no discernible influence of
the distinct phases in our data. While we cannot rule out that
such an influence might exist, it seems to be well masked by
the effects brought about by the different morphologies or
porosities of the ASW films. Hence, we are convinced that
the porosity, rather than the phaseshigh density or low den-
sityd of ASW films play the dominant role in determining the
desorption kinetics of physisorbed species on the ASW sur-
face.

VI. CONCLUSIONS AND ASTROCHEMICAL
IMPLICATIONS

Using TPD we have measured the broad distribution of
binding energies of D2 adsorbed on nonporous and porous
ASW film surfaces and have shown that D2 is more strongly
bound on the porous ASW surface. For porous ASW films
we have shown how the TPD peak narrows and shifts to-
wards higher temperatures with increasing film thickness.
We have developed a simple 1D diffusion model which can
qualitatively explain this behavior. The model assumes fast
D2 diffusion throughout the porous ASW film structure. The
TPD peak shift towards higher temperature with increasing
thickness is then mainly ascribed to two effects.s1d Since
desorption into the gas phase can only occur for molecules in
the top layer of the film, the D2 desorption rate is reduced by
a film thickness and porosity dependent factor.s2d Due to the
broad distribution of binding energies on the porous surface

an increase in ice thickness with the resulting increase in
effective surface area and hence also in available high energy
binding sites results in a relative increase in the population of
D2 molecules occupying these sites that leads to a further
upwards shift of the TPD peaks. All experiments described in
this paper were performed on ASW films. However, effects
s1d ands2d described above are not dependent on the detailed
chemical structure of the porous material but only on its
morphology. Hence, similar effects should be observable in
other systems of physisorbed species on nanoporous mate-
rial. Somewhat similar desorption kinetics have indeed been
observed in investigations of Xe desorption from single-wall
carbon nanotube bundles.59 Our experiments also show that
thermal annealing of porous ASW films results in a down-
wards shift in TPD peak positions, interpreted as a reduction
in ASW film porosity and in the number of high energy
binding sites. Finally, we have presented theoretical calcula-
tions which confirm that H2 adsorb on the nonporous ASW
surface with a distribution of binding energies. This distribu-
tion was seen to arise as a consequence of a variation in the
number of water molecules interacting with the adsorbed H2,
i.e., a variation in the coordination of the adsorbed H2. The
theoretical simulations showed that H2 adsorbed in well co-
ordinated surface sites in surface valleys is more strongly
bound than H2 adsorbed in less well coordinated sites on
surface peaks. This also implies that H2sD2d adsorbs in
nanoscale pores with higher binding energies than at the sur-
face, in good agreement with the experimental observations.

The presented results have astrophysical implications
and show that to understand surface reactions on interstellar
grains a knowledge of grain surface morphology is required.
In dense interstellar clouds grains are believed to be covered
with icy mantles. We have measured the binding energy dis-
tribution of D2 on the ASW film surface and have shown
how the desorption rate of weakly bound species such as H2,
HD, D2, and to some extent N2 depend on the ASW film
morphology and thickness. For porous ASW films the resi-
dence time of weakly bound species is increased with the
thickness and porosity of the ASW film. These results are of
particular importance when discussing the formation of mo-
lecular hydrogen in interstellar clouds. We have shown else-
where that the morphology of interstellar grains will highly
influence the formation of molecular hydrogen, the most
abundant molecule in the interstellar medium. If the icy
mantles on interstellar grains are porous or if the grains
themselves exhibit nanometer scale porosity then the major-
ity of H2 molecules formed on the grains will be retained in
the porous structure.26 To correctly calculate the rate at
which these molecules will subsequently desorb and return
to the gas phase the effects of porosity has to be taken into
account. In conclusion, to satisfactorily model the adsorption
and desorption, as well as the catalysis of adsorbed mol-
ecules on dust grain surfaces, not only the chemical nature of
the dust grain surface, but also its morphology has to be
taken into account.
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