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Abstract. We present the results of classical trajectory calculations of the adsorption of thermal CO on the surface of compact
amorphous water ice, with a view to understanding the processes governing the growth and destruction of icy mantles on dust
grains in the interstellar medium and interpreting solid CO infrared spectra. The calculations are performed at normal incidence,
for E; = 0.01 eV (116 K) and surface temperature 7 = 90 K. The calculations predict high adsorption probabilities (~1), with
the adsorbed CO molecules having potential energies ranging from —0.15 to —0.04 eV with an average energy of —0.094 eV. In
all the adsorbing trajectories, CO sits on top of the surface. No case of CO diffusion inside the ice or into a surface valley with
restricted access was seen. Geometry minimizations suggest that the maximum potential energy of adsorbed CO (—0.155 eV)
occurs when CO interacts with a “dangling OH” group, associated with the 2152 cm™' band seen in laboratory solid-state
CO spectra. We show that relatively few “dangling OH” groups are present on the amorphous ice surface, potentially explaining
the absence of this feature in astronomical spectra. CO also interacts with “bonded OH” groups, which we associate with the
2139 cm™! infrared feature of solid CO. Our results for CO adsorption on amorphous ice are compared with those previously
obtained for CO adsorption to crystalline ice. The implications of the spectroscopic assignments are discussed in terms of the
solid-CO infrared spectra observed in interstellar regions. Using the Frenkel model, the lifetime 7 for which CO may remain
adsorbed at the surface is calculated. At temperatures relevant to the interstellar medium, i.e. 10 K, it is longer than the age of the
universe, but decreases dramatically with increasing 7, such that at 7 = 90 K, 7 = 300 ns. The pre-exponential factor 7, used
in the Frenkel model is found to be 0.95 + 0.02 ps. These data are compared to recent experimental results. The astrophysical
implications of these calculations are discussed, with particular reference to the CO binding sites identified on amorphous ice
surfaces, their adsorption energies, probabilities and lifetimes.
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1. Introduction

Surface reactions occurring on or at ice surfaces have re-
ceived significant attention in many different research fields,
including astrochemistry. In dense regions of the interstellar
medium, i.e. star-forming regions and dark clouds, heteroge-
neous reactions are believed to occur at the surface of icy dust
grains. These grains typically consist of silicate or carbona-
ceous cores, covered by ice, predominantly H,O, in addition to
other molecules such as CO, CO,, NH3 and CH,4 (Ehrenfreund
& Schutte 2000). Infrared observations have revealed that H,O
and CO are usually the most abundant molecules present in the
mantles (Tielens et al. 1991; Tanaka et al. 1994; Chiar et al.
1995; Allamandola et al. 1999). Therefore, the simplest model
of interstellar ice can be considered as the CO-H,O binary-
ice system, both for theoretical and experimental studies. An
appreciation of the physical interplay between these two ice
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constituents is a first step in understanding the behavior of in-
terstellar ices, particularly in interpreting infrared observations,
modelling ice growth and destruction in astrochemical mod-
els, and accounting for the wealth of molecular species that are
formed through surface reactions.

Interstellar H,O ice is believed to be predominantly amor-
phous in structure (Hagen et al. 1981). The specific morphol-
ogy of amorphous interstellar H,O ice remains an open ques-
tion, particularly when referring to its porosity, given that H,O
is thought to form at the grain surface through chemical re-
actions rather than via gas phase condensation. It is usually
assumed, however, that the structure closely resembles that
of interstellar ice grown by vapor deposition in the labora-
tory, known as Amorphous Solid Water (ASW), rather than
those ice phases formed under high pressure conditions, such
as high density amorphous ice (hda) and low density amor-
phous ice (Ida) (Petrenko & Whitworth 1999; Ehrenfreund
et al. 2003). Experimentally, vapor-deposited H,O ices are
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therefore universally employed as suitable analogs of the in-
terstellar case, also because their growth can be controlled to
obtain amorphous ices of varying porosity, at specific surface
temperatures and angles of incidence (Kimmel et al. 2001). The
work presented here focuses on amorphous H,O ice, which
is modelled to closely resemble compact, non-porous, vapor-
deposited, amorphous solid water. This novel model is de-
scribed in detail in Sect. 3.1.

The presence of solid CO is generally inferred by a broad
absorption feature at around 2139 cm™' (4.675 pm), and has
been observed along many lines of sight towards the dense re-
gions in the interstellar medium, the galactic center and high
and low mass young stellar objects (Tanaka et al. 1994; Chiar
et al. 1994, 1995; Whittet et al. 1998; Boogert et al. 2000;
Boogert et al. 2002a,b; Pontoppidan et al. 2003). Assuming
that interstellar ices are intimately mixed, these observations
show that along every line of sight, CO seems to reside in
two distinct ice environments: the first, revealed by a broad
band at 2139 cm™!, has historically been assigned to CO in
van der Waals bonded ice (also referred to as H,O-poor or “ap-
olar” ice in the literature), such as pure CO ice; the second, re-
vealed by a band at 2136 cm™! was related to CO in hydrogen
bonded ice (also known as H,O-rich or “polar” ice), such as
H,O ice. Results from laboratory experiments on mixed H,O
and CO ice systems (summarized in detail in Sect. 2) suggest
that when CO is incorporated within an H,O ice, its infrared
spectrum is dominated by a band at 2136 cm™!, whereas pure
CO ice spectra are dominated by a feature at 2139 cm™!. The
mixed H,O-CO ices also often show a strong 2152 cm™' fea-
ture in the laboratory.

Pontoppidan et al. (2003) have recently surveyed solid CO
towards 39 low and intermediate mass young stellar objects
at higher spectral resolution and S/N than previous studies. A
phenomenological analysis of their data shows that all spec-
tra can be decomposed into contributions of three differently
weighted components, centered at 2143.7 cm™!, 2139.9 cm™!
and 2136.5 cm™!. The first two components at 2143.7 cm™! and
at 2139.9 cm™! indicate that between 60 and 90% of the CO is
present in its “pure” form. Since the CO is condensed from
the gas phase, this suggests that most of the solid CO exists in
multi-layers on top of the H,O, with a small fraction present at
the ice-CO interface, as opposed to being mixed in with other
ice constituents. Furthermore, by following feasible evolution-
ary scenarios, Pontoppidan et al. (2003) show that some of the
CO probably migrates from this pure over-layer into the porous
H,O0 ice below, becoming trapped there, as also suggested by
recent experimental data (Collings et al. 2003b). The observa-
tions indicate that on average about 16% of the solid-CO can
be trapped within the H,O matrix in this way, resembling an
ice mixture. Their third spectral component at 2136.5 cm™! is
in part attributed to this trapped CO. The 2152 cm™! feature is
never observed in astronomical spectra.

It is therefore of direct relevance to examine the interactions
between gas-phase CO molecules and H,O ice surfaces: first,
to understand the growth of CO over-layers on H,O ice sur-
faces; second, to gain chemical insight into the possible sur-
face adsorbing sites and their corresponding binding energies
and then to associate this to understanding of the interstellar
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infrared features of solid CO; and third, to investigate the ad-
sorption probability and lifetime of CO on the surface and thus
its potential to participate in other heterogeneous surface reac-
tions, for example to form solid CO, or CH3;OH.

In this paper, we present new theoretical results, using
classical trajectory calculations, pertaining to the adsorption
of CO on H,O ices. Specifically, molecular dynamics simu-
lations, commonly used in the physics and chemistry commu-
nities to study gas-surface interactions, are performed to de-
termine the adsorption probability of CO on amorphous ice.
Such calculations are capable of determining the energy trans-
fer to-, and the energy dissipation within- the surface, due
to atomic and molecular collisions or molecule formation at
the surface. For molecules adsorbed at the surface within the
time scale of the trajectory calculation (typically a few pico-
seconds, see Figs. 1b and 1c), the binding site can be identi-
fied, and the binding energy between the molecule and the sur-
face calculated. From an analysis of the binding sites occupied
in these calculations, it is possible to corroborate the experi-
mental assignments of the spectroscopic bands observed when
CO is adsorbed on H,O, which may be compared directly with
astronomical infrared observations. By running a statistically
significant number of trajectories, the distribution of binding
sites and energies is obtained: a comparison between “back-
scattering” (Fig. 1a) and “adsorbing” (Figs. 1b and Ic) trajec-
tories gives the adsorption probability.

It is important to note that the adsorption probability com-
puted by classical trajectory calculations is not necessarily
directly comparable to the adsorption probability measured
under experimental conditions or that relevant for astrophys-
ical situations, since molecules that may be adsorbed at the
end of a trajectory may later desorb, and therefore not con-
tribute to the final surface coverage as measured experimen-
tally (compare Figs. 1b and 1c). Using the Frenkel model
(Frenkel 1924), which is also commonly used in astrochem-
istry (Augason 1970; Goodman 1978; Tielens & Allamandola
1987; Pirronello et al. 1997), the effects of surface temperature
on the lifetime of the adsorbed CO molecule can be calculated
from the classical trajectory results and extrapolated to inter-
stellar conditions. Geometry minimizations of CO interacting
with a static amorphous ice are also performed to find the de-
tailed molecular structure of the adsorption sites, and their cor-
responding binding energies. Here, “static ice” means that the
water molecules of the ice surface are at fixed positions. Our
results for CO adsorbed to amorphous ice are compared with
previous theoretical results obtained for CO interacting with
crystalline ice (Al-Halabi et al. 2003b), and with the results of
experimental studies on the system. All these data are directly
relevant to the formation of interstellar ice mantles, and can be
implemented in observational or astrochemical models where
ice mantle growth and desorption are important.

From a theoretical perspective, several previous molecu-
lar dynamics simulations have been performed on amorphous
and crystalline H,O ice surfaces, generating results relevant
to the interstellar medium, although none to date has focused
on the H,O—-CO system under astrochemically relevant condi-
tions. Calculations have been performed to model the growth
of amorphous ice clusters of irregular shapes and various sizes
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Fig. 1. Comparison between the timescales and definitions in classical trajectory calculations and experimental data (see text for details).

MD stands for molecular dynamics.

(Zhang & Buch 1990; Buch 1990, 1992) and to simulate in-
finitely extending surfaces of high or low density amorphous
ice, applying periodic boundary conditions (Takahashi et al.
1999a,b). The adsorption of H and D atoms on amorphous
(Buch & Zhang 1991; Masuda et al. 1998) as well as crys-
talline (Al-Halabi et al. 2002) ice surfaces has been studied
using molecular dynamics and classical trajectory techniques.
The adsorption, formation, and desorption of H, has also been
simulated on amorphous ice using classical techniques (Hixson
et al. 1992; Takahashi et al. 1999a; Takahashi & Williams
2000).

The remainder of this paper is organized as follows: in
Sect. 2, an overview of previous experimental and theoretical
work on the CO-H,O ice system is presented, the infrared spec-
troscopy of the system is discussed, and the possible adsorbing
sites are identified. In Sect. 3, we present the methods used in
this study. The results and the astrochemical implications are
discussed in Sect. 4 and the key findings are summarized in
Sect. 5.

2. Laboratory spectroscopy and theoretical
studies of CO-H,O0 ices

2.1. Water ice surfaces and definition of CO adsorbing
sites

To investigate the nature of the possible CO adsorbing sites
on ice surfaces, it is first necessary to understand the mor-
phology of the H,O ice surface. Based on its pair interactions
with other H,O molecules, each water molecule in the sur-
face can be labelled by the number of the hydrogen bonds
it forms with the neighboring water molecules. As an illus-
tration, Figs. 2a and 2b show a portion of the uppermost

(surface) bilayer of a crystalline ice slab. The water molecules
in the first monolayer are classified as three-hydrogen bonded
molecules. These molecules can have six possible orientations,
as shown in Fig. 2. In three orientations, the water molecule
has one of its OH groups pointing upwards away from the sur-
face. This OH group is labelled as “dangling OH” (Fig. 2).
The second OH group, labelled as “bonded OH”, is point-
ing obliquely down, forming a hydrogen bond with a water
molecule in the second monolayer. In the other three orien-
tations, the water molecule has both its OH groups pointing
obliquely down to the water molecules in the second mono-
layer: both these OH groups are classified as “bonded OH”
in this case. The lone pairs of electrons on the oxygen atoms
of these water molecules provide the so-called dO adsorbing
site for CO (Devlin & Buch 1995). In the second monolayer,
each water molecule forms four-hydrogen bonds, so all the
OH groups are involved in the hydrogen bonding network, and
can also be labelled as “bonded OH”. The molecules in this sec-
ond surface monolayer provide the s4 adsorbing sites for CO
(Devlin & Buch 1995), see Fig. 2.

Unlike crystalline water ice, amorphous water ice shows
no long range order, so the adsorbing sites discussed above, in-
volving CO adsorption on a “dangling OH” site or on a water
oxygen atom (dO and s4 adsorbing sites), are more difficult to
identify. We have therefore chosen to discuss the possible ad-
sorbing sites of CO according to its interactions with the water
hydrogen atoms, i.e. the OH groups. According to this view-
point, CO can either interact with a “dangling OH”, or with
a “bonded OH”. On crystalline ice, once CO is adsorbed at
either a dO or a s4 site, it effectively interacts with “bonded
OH” groups. Therefore, the dO and s4 adsorbing sites can also
be identified as “bonded OH” sites, according to our alterna-
tive labelling. Given that the CO-H,O interaction energy is
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uy)

Fig. 2. a) Top and b) side views of a portion from the first bilayer of
a crystalline ice surface showing the possible adsorbing sites for CO.
The molecules are shown in (A) the top and (B) the bottom mono-
layer of the surface bilayer. Dotted lines show the hydrogen bonding
network. See the text for more details.

attractive when CO interacts with the H-atom and repulsive
when CO interacts with the O-atom of the water molecule (see
below, Fig. 3 and Sect. 3.2), and given the lack of structure
in the amorphous ice surface, this makes a direct comparison
between the binding sites and adsorption behavior of CO on
amorphous and crystalline ices simpler.

2.2. CO-H, O infrared spectroscopy

When CO is incorporated inside a H,O ice at 10 K, usually
by co-deposition of a gas mixture, or simultaneous deposition
of CO and H;O, the infrared profile of the CO shows two fea-
tures at about 2138 cm™! and 2152 cm™! (Sandford et al. 1988).
The 2138 cm™! band has been attributed to substitutional CO,
i.e. CO replacing a water molecule within the matrix, and the
2152 cm™! band to interstitial CO, i.e. CO between the wa-
ter molecules (see Table 1). As such a mixed ice is warmed,
the 2152 cm™! band decreases in intensity, disappearing com-
pletely by around 80 K: the primary band shifts from 2138 to
2136 cm™!, decreasing slightly in intensity. It is important to
note that both these features are associated with CO in the ice
matrix, not on the ice surface.

However, as noted in the introduction, interstellar spec-
tra are more accurately reproduced by layered ices. In labo-
ratory experiments, the infrared profile of multilayers of CO,
adsorbed on top of an amorphous ice at 75 = 10 K, show a
feature at 2139 cm™' (dominated by CO-CO interactions in the
multilayer but with a contribution from CO-H,O interactions
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at the ice-ice interface), and a significantly lower intensity fea-
ture at 2152 cm™! (related to CO-H,O interactions at the ice-ice
interface) (see references below). The infrared profiles of sub-
monolayer coverages of CO on amorphous ices at 75 = 10 K
also show a feature at 2139 cm™~! and a lower intensity feature
at 2152 cm™!, both of which are related to CO-H,O interac-
tions at the ice-ice interface. It is important to note that the
CO-H,0 and CO-CO 2139 cm™! features can only be distin-
guished from each other by tracing their temperature evolution.
At sub-monolayer coverages CO desorbs from the H,O ice sur-
face as the ice is warmed, such that above 50-80 K CO is
no longer adsorbed for any appreciable time on the ice sur-
face and the CO-H,0 2139 cm™! feature is not detected: on the
other hand, as multilayers of CO on porous amorphous ices are
warmed, trapping and desorption compete, so some of the CO
becomes incorporated in the HO matrix as its porous structure
collapses, and the CO-H,0 2139 cm™! feature decreases in in-
tensity, shifts to around 2136 cm~!, and narrows. This band
is then indistinguishable from the 2136 cm™' feature in mixed
ices, and is related to CO in the water matrix (see Table 1).

The definite assignment of the interactions giving rise to
these surface features came from a series of clever experiments
in which pre-adsorbates, such as CF4, CHF3, or ethylene ox-
ide, were used to block certain sites on crystalline ice surfaces.
These molecules all bind more strongly to the ice than CO,
so that the available adsorbing sites can be selected prior to
CO adsorption (Devlin 1992; Graham et al. 1999). For exam-
ple, if ethylene oxide is pre-adsorbed to the ice surface, it forms
a hydrogen bond with a “dangling OH” group, thereby block-
ing the adsorbing sites that correspond to the 2152 cm™! band
(Devlin 1992). Consequently, in experiments where CO is ad-
sorbed to the ethylene oxide-ice system, the 2152 cm™' band is
never observed (Devlin 1992). Conversely, molecular dynam-
ics simulations for crystalline ice show that CF, resides at the
center of the surface hexagonal rings (similar to CHF; Graham
etal. 1999), blocking the water shafts and leaving only the dan-
gling OH sites accessible (Buch et al. 1996). In that case, the
2152 cm™! band is seen first experimentally at low CO expo-
sures, and its infrared signal is more intense than that of the
2139 cm™! band, in contrast to the case of CO adsorption on
a clean ice surface (Devlin 1992; Martin et al. 2002b). This is
a direct result of many of the dO and 4s adsorbing sites be-
ing blocked by the pre-adsorbed CF,4. At higher CO coverage,
the signal of the primary band at 2139 cm~' dominates due to
CO-CO interactions, similar to the case of multilayer CO ad-
sorption on clean ice (Martin et al. 2002b).

All of the previous experimental and theoretical studies
thereby converged on the assignment of the 2152 cm™' band
to CO adsorbed at a dangling OH binding site, (Devlin 1992;
Palumbo 1997; Manca et al. 2000; Manca & Allouche 2001;
Martin et al. 2002a; Collings et al. 2003b), and a molecular
configuration with CO perpendicular to the surface with its
C-atom pointing downwards (Allouche et al. 1998). However,
the molecular configuration of the 2139 cm™! CO-H,O “bind-
ing site” remains an open question. The first experiments
specifically investigating CO adsorption to H,O surfaces at-
tributed this band to CO absorbed in the ice pores (Devlin
1992). Alternatively, adsorption isotherm Fourier transform
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Fig. 3. Interaction energies of the CO-H,O complex obtained from the pair potential fit, plotted together with energies of the complex ob-
tained from ab initio calculations. Energies are plotted as a function of the distance between the closest atoms of the interacting molecules,
i.e. a) OC-OH,, b) CO-OH;, ¢) OC-HOH, and d) CO-HOH. The dark spheres represent the O-atom, the grey spheres the C-atoms, and the

small light-grey spheres the H-atoms.

Table 1. Summary of current assignments of CO-H,O spectral features in the CO stretching region

Approx. frequency  Comment Assignment Molecular Astronomical
(cm™) configuration spectra
MIXED ICE
2152 COin H,O Interstitial CO* No
CO-dangling OH?*
2138-2136 irreversibly shifts & COin H,0 Substitutional CO* Only at
narrows as T raised 2136 cm™!
LAYERED ICE
2152 disappears by 80 K CO-H,O0 interface CO-dangling OH® No
2143 requires crystalline CO CO-CO interactions LO component® Yes
& polarized light from LO-TO splitting
2139 irreversibly shifts & narrows CO-CO interactions for CO-OC-CO? Yes
to 2136 (see below) as T raised  layer of CO on H,O
2139 disappears by 80 K CO-H,O0 interface? CO-bonded OH/ 2
2136 evolves from 2139 band COin H,O " Yes

# Molecular configuration of binding site not yet resolved.

¢ Sandford et al. (1988).

b Collings et al. (2003b); Manca et al. (2000); Martin et al. (2002b).
¢ Chang et al. (1988); Collings et al. (2003a).

4 BEwing & Pimentel (1961); Collings et al. (2003a).

¢ Overwhelmed by pure CO 2139 cm™! band.

/ This work.
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infrared experiments, combined with ab initio calculations as-
signed the 2139 cm™! band to CO interacting with a dan-
gling OH, but with its O-atom pointing towards the surface
(Allouche et al. 1998). In subsequent experiments which in-
cluded simultaneous volumetric and Fourier Transform in-
frared isotherm measurements, the 2139 cm~! band was re-
assigned to CO molecules interacting with the ice surface at
low CO coverages and a combination of CO-ice and CO-CO in-
teractions at CO multilayer coverages (Manca et al. 2000,
2001; Martin et al. 2002a,b). The adsorption energy of CO on
ice was measured to be about 0.10—-0.11 eV (Mancaet al. 2001,
Martin et al. 2002a,b), in good agreement with earlier mea-
sured and calculated values (Allouche et al. 1998; Manca et al.
2000). More recently, temperature programmed desorption and
reflection-absorption infrared spectroscopy experiments were
performed to study the adsorption and desorption of CO on
porous and compact amorphous ices, as well as crystalline ice.
In these data the 2139 cm™! band was assigned to CO adsorbed
parallel to the ice surface, forming a compact complex with the
water molecule (Collings et al. 2003a,b), as discussed in detail
in Sect. 4.2. Again, the adsorption energy was measured to be
about 0.10 eV (Collings et al. 2003b).

Using results of density functional theory (DFT) quantum
calculations on the CO-crystalline ice system, it was suggested
that the CO-ice interactions contributing to the 2139 cm™! band
are due to CO interacting with the dO and s4 surface adsorb-
ing sites, as shown in Fig. 2 (Manca et al. 2001; Martin et al.
2002b). For the 2152 cm~! band assignment, the DFT calcu-
lations corroborated previous evidence that CO is adsorbed
perpendicular to the surface, interacting with a dangling OH
via its C-atom. From these calculations, the binding energy
of the OC-ice configuration was found to be 0.12 eV, com-
pared to 0.07 eV for the CO-ice configuration (Manca et al.
2001). More recently, geometry optimizations were performed
employing pair potentials for the CO-H,O interaction to de-
termine the CO adsorbing sites on a static crystalline ice sur-
face, and their corresponding binding energies (Al-Halabi et al.
2003a). The calculations confirm that the most stable configu-
ration corresponds to CO interacting with a dangling OH via its
C-atom, associated with the 2152 cm™! band, based on assign-
ments from the experiments mentioned above. CO can also be
adsorbed on top of a surface hexagonal ring, interacting with
an O-atom of a surface water molecule, whose two hydrogen
atoms are involved in the hydrogen bonding network (the dO
and s4 sites).

In Sect. 4 of this paper, we relate the previously assigned
infrared bands with the binding sites identified from geometry
minimizations, to suggest which molecular configurations may
be feasibly associated with specific CO-amorphous ice inter-
actions and we discuss how they are related to astronomically
observed features.

3. Method

To simulate the adsorption of thermal CO to amorphous ice
at Ts = 90 K, classical trajectory calculations were performed
(Porter & Raff 1976). Essentially, we followed the same
approach as used previously to study the adsorption of HCl
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and CO to crystalline and amorphous ice at thermal and hy-
perthermal energies, where E; varies between 0.1 and 2.0 eV
(Kroes & Clary 1992; Al-Halabi et al. 2001, 2003a,b).

3.1. The ice surface

The amorphous ice surface was modelled using the molecular
dynamics method (Allen & Tildesley 1987). The initial con-
figuration was modelled by 6 moving bilayers of crystalline
ice. Each bilayer consists of 60 water molecules. The mov-
ing bilayers were superimposed on 2 fixed bilayers, contain-
ing 120 water molecules, to create an ice slab. The moving
water molecules were treated as rigid rotors, but were other-
wise allowed to move according to Newton’s equations of mo-
tion. To simulate an infinite surface at the top of the slab, peri-
odic boundary conditions were applied in directions parallel to
the surface (x and y directions). The TIP4P pair potential was
used to describe the interactions between the water molecules
(Jorgensen et al. 1983).

Starting from a crystalline ice configuration, which obeys
the ice rules (Bernal & Fowler 1933) and has zero dipole mo-
ment, the amorphous ice slab was equilibrated at 75, = 90 K, in
a stepwise fashion. A surface temperature of 300 K was estab-
lished, using the computational analogue of a thermostat that is
applied for about 20 ps (Berendsen et al. 1984). The thermo-
stat was then switched off and the slab was left to equilibrate
for about 120 ps. At this temperature (75 = 300 K), the water
molecules behave collectively like a liquid, and they are dis-
tributed at random in the slab unit cell (Al-Halabi et al. 2003b).
In the second step, the slab temperature was decreased to
Ts = 90 K, by imposing the computational thermostat for 15 ps.
The slab was then left to equilibrate for another 120 ps before
the calculations were performed. This method is similar to that
used by Essmann & Geiger (1995) to prepare a “fast quenched”
amorphous ice surface.

Two additional methods were also considered here as pos-
sible alternative methods for preparing the amorphous ice sur-
face. The first alternative was “slow quenching”. In this ap-
proach, the slab was warmed to 300 K in sequential steps
of 100 K, and then cooled to 75 = 90 K, in steps of 100
and 110 K. At each warming and cooling step, the slab was
left to equilibrate for 120 ps. In a third approach, the water
molecules were distributed at random in the slab unit cell (“ran-
dom ice”). Starting from the same “liquid-like” configuration at
T = 300 K that was used to prepare the “fast quenched” sur-
face, each water molecule was assigned an initial velocity that
corresponded to 75 = 10 K, in random directions. The slab was
then heated to 75 = 90 K. The “fast quenched” amorphous ice
surface was used in the calculations because it most closely re-
sembled the structure of vapor deposited compact amorphous
ice obtained experimentally. The “slowly quenched” surface
was very ordered and looked similar to a crystalline ice sur-
face. The “random ice” surface was less corrugated than the
“fast quenched” surface.

For the amorphous surface, it is rather difficult to define
the position of the water molecules at the vacuum-surface
interface: the positions of the surface water molecules vary
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from about Z = 23 A to 30 A and the surface is character-
ized by the presence of several hills and valleys. Here Z = 0 A
is defined as the bottom of the two fixed bi-layers, i.e. the base
of the ice slab.

The results presented here can be compared with both the
astronomical case and laboratory studies on “compact” amor-
phous ices. The latter are most readily obtained by vapor de-
position of H,O at surface temperatures above 70—-80 K. To
enable a direct comparison with experiment, a surface temper-
ature of 90 K was used in this study, even though this tem-
perature is higher than the “typical” interstellar case. However,
cooling the ice from 90 K to 10 K will not significantly alter
the ice morphology and therefore not alter the available binding
sites at the surface, nor the results of our simulations. Also, at
“warm” temperatures, the adsorbed molecules have sufficient
mobility to probe a wider range of adsorption sites of higher
binding energies: at 75 = 10 K, CO stops at the surface close to
where it collides (ballistic deposition) (Collings et al. 2003a,b).
The results for CO adsorption to amorphous ice are compared
with previous theoretical results obtained for CO interacting
with crystalline ice (Al-Halabi et al. 2003b). The Frenkel model
(Frenkel 1924) has been used to calculate the CO adsorption
lifetime 7 at 90 K, and data are then extrapolated to astronomi-
cally relevant surface temperatures. Further details are given in
Sects. 4.2.2 and 4.3.

3.2. The CO-ice interaction

The interaction between CO and the ice surface has been con-
structed as a sum of CO-H,O pair potentials, which are de-
scribed in detail by Al-Halabi et al. (2003a) and Al-Remawi
(2002). In brief, the CO-H,O pair potential was constructed
as the sum of electrostatic, dispersion, and repulsion interac-
tions between CO and H,0O. The CO molecule was modelled
by 4 point charges that were obtained by fitting the electro-
static potential of an isolated CO, calculated using the quantum
chemistry package GAMESS US (Schmidt et al. 1993) at the
MP2 level of theory (Mgller & Plesset 1934). The level of the-
ory and the basis sets used ensure that the proper sign of the
CO dipole moment is recovered. The dispersion component of
the CO-H,O interaction was obtained from the dispersion part
of the Lennard-Jones potential LJ(12-6) between the interact-
ing atoms of the two molecules (Lennard-Jones & Devonshire
1936). The last contribution, due to the short range repulsion
interactions between the atoms of CO and those of H,O, was
calculated by fitting ab initio data for four different configura-
tions of the CO-H,O complex as shown in Fig. 3. The ab ini-
tio calculations were performed using the quantum chemistry
package GAUSSIAN 98 (Frisch et al. 1998) at the MP2 level of
theory (Mgller & Plesset 1934). The interaction energies of the
CO-H,0 complex were corrected for the basis set superposi-
tion error (van Duijneveldt et al. 1994). For the CO-H,O com-
plex, good agreement between the fitted and the ab initio
energies was obtained for the four different configurations
studied here, with a maximum underestimate of the binding
energy of about 20% in the third configuration shown
in Fig. 3c. The interaction between the two molecules is
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attractives when CO interacts with the hydrogen atom of the
water (Figs. 3¢ and 3d). For CO interacting with the oxygen
atom, the interaction energy is repulsive, as shown in Figs. 3a
and 3b. The maximum binding energy of the complex occurs
when CO interacts with the H-atom of the water molecule via
its carbon atom, as shown in Fig. 3c. In this configuration,
CO has a maximum binding energy of 0.06 eV. This value
is in good agreement with the available ab initio data (Sadlej
& Buch 1994; Allouche et al. 1998). The distance between
the center of mass of CO and the oxygen atom of the water
molecule is 4 A and the C—H distance is 2.41 A, in good agree-
ment with the experimental data (Yaron et al. 1990) and with
the results obtained from ab initio calculations (Sadlej & Buch
1994; Allouche et al. 1998).

3.3. The classical trajectory calculations

The H,O-H,O and the CO-H,O interactions in the classical
trajectory calculations were set to zero at long intermolecular
distances (=10 A), using a smooth and well-behaved switch-
ing function (Kroes & Clary 1992). The initial CO orientation
and the impact position on the surface were chosen at random,
using the Monte Carlo technique (Allen & Tildesley 1987). In
the calculations, 100 trajectories were calculated at normal in-
cidence (6; = 0°) for thermal incidence energies (E;) of 0.01 eV
(~116 K), with zero initial rotational energy of CO. Each tra-
jectory was run for 15 ps, with a time step of 0.3 fs. At the
beginning of each trajectory, CO was placed 11.3 A above the
highest portion of the ice surface and considered to be in the gas
phase and infinitely far away from the ice surface. To simulate
the collision dynamics, Newton’s equations of motion were in-
tegrated using an improved leapfrog algorithm (Fincham 1992)
for both the impinging molecule and the water molecules.

A trajectory was defined as an adsorbing trajectory if it ex-
hibited more than one turning point in the Z coordinate of CO,
for motion normal to the surface, as shown in Figs. 1b and Ic,
such that (i) Z¢ < 32.5 A, where Z is the final Z coordinate
of CO and (ii) the final energy (Ey) of the adsorbed CO is be-
low kT;i.e. Ef < —0.008 eV. Here E of the adsorbed molecule
is the sum of its potential, translational and rotational energy.
The zero of the CO potential energy is defined by CO being in
the gas phase. The alternative to adsorption is that CO scatters
directly back from the surface to the gas phase (Z; > 40.0 A), as
illustrated in Fig. 1a. On the other hand, the adsorbed molecule
may desorb from the physisorbed state back to the gas phase
within the lifetime 7, as shown in Fig. 1b, depending on the
surface temperature and the binding energy of CO. As will
also be shown in Sect. 4.3, 7 can often be orders of magni-
tude longer than the trajectory integration time. Consequently,
classical trajectory calculations are often unable to discriminate
between trapping desorption (Fig. 1b) and adsorption (Fig. 1c).
On the other hand, these mechanisms can often be differenti-
ated from each other on the experimental time scale of a few
hours (Gotthold & Sitz 1998; Andersson et al. 2000). In our
calculations, the adsorption probability is defined as the ratio
of the sum of the adsorbing and trapping desorption trajecto-
ries, to the total number of trajectories.



784

The classical trajectory method is appropriate for studying
sticking of molecules like CO to ice surfaces under the condi-
tions considered (E; = 0.01 eV and T = 90 K). Quantum me-
chanically, sticking is expected to occur predominantly through
the excitation of low frequency translational phonons, which
have frequencies mostly between 50 and 60 cm™! (between 70
and 90 K) for crystalline ice at T = 261 K (Prask et al. 1972).
The frequencies should be even lower for the surface phonons.
We expect efficient energy transfer to the phonons upon im-
pact and therefore the sticking to be well described by classical
mechanics because the effective collision energy (i.e., the col-
lision energy increased by the physisorption energy, which is
found to be larger than 450 K, see below) is larger than that
corresponding to the frequency of the translational phonons by
more than a factor of 7. Quantum reflection from the attractive
well is not expected to be a problem at the collision energy and
surface temperature considered (see also Slichting et al. 1988).

A potential problem is the neglect of zero-point motion in
the classical simulations. In quantum mechanical calculations,
adsorption energies are averaged over the surface phonon vi-
brational wave function, which includes the effect of zero-point
vibrations. For the low energy translational phonons, signifi-
cant averaging is present in the classical simulations because
the surface temperature used in the simulations (90 K) exceeds
or is equal to the frequency of these phonons. However, there is
too little averaging over the higher frequency librations of the
water molecules (which peak in the range 100—-300 K for crys-
talline ice (Prask et al. 1972)). As a result, the use of the classi-
cal approximation should exaggerate the ability of the adsorb-
ing molecule to localize in a region of coordinate space with
low potential, and the calculated adsorption energy is expected
to be somewhat too low; i.e. somewhat too negative.

4. Results and discussion
4.1. The ice surface

Top and side views of the simulated amorphous ice slab are
shown in Figs. 4a and 4b respectively. The simulated ice slab
shows an irregular morphology, with the presence of voids of
different sizes. The side view shows that the ice surface is very
irregular, with several hills and valleys (Fig. 4b). However,
the lower portion of the slab (consisting of the lowest moving
water molecules) is more regular, as has also been observed
in previous molecular dynamics simulations of amorphous ice
(Essmann & Geiger 1995; Masuda et al. 1998). Here, the reg-
ularity of the lowest portion of the slab is in part due to the
presence of the two fixed bilayers of the water molecules at
the base, which have the ordered structure of crystalline ice.
The average density of the ice slab is calculated to be about
0.94 g cm™2, in good agreement with the density calculated by
Masuda et al. (1998) for low density amorphous (Ida) ice (o =
0.93 g cm™) at T, = 70 K and the value calculated for va-
por deposited amorphous ice (p = 0.96 g cm~>) (Essmann &
Geiger 1995). Experimentally, the density of amorphous solid
water (ASW) of different porosities, deposited at T = 22 K,
was measured to be between 0.85-1.05 g cm™ (Dohnlek
et al. 2003). The computed density of crystalline ice, also
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Fig.4. a) Top (surface) and b) side views of the moving water
molecules in the amorphous ice slab equilibrated at 7y = 90 K are
shown. In the figures, the dark atoms are the oxygen atoms of the wa-
ter molecules and the light atoms are the hydrogen atoms. The top
surface has dimension of 22.48 A x 23.37 A (x and y), and the side of
the slab has dimension of 22.48 A x 30.0 A (x and 7). The Z coordi-
nates of the moving water molecules are in the range between 8.2 and
30 A, where Z = 0 A is at the bottom of the slab.

equilibrated at T = 90 K, was 0.98 g cm 3. This value is higher
than the measured density at 7 = 250 K, 0.92 g cm™ (Rottger
et al. 1994). However, molecular dynamics calculations using
the TIP4P model usually predict higher density values for crys-
talline ice and water than the measured values (Rick 2001;
Jorgensen & Jenson 1998), by about 4—-5%.

In our ice structure, each water molecule is labelled as
“hbn”, where n is the hydrogen-bond coordination number
(Al-Halabi et al. 2003b). A hydrogen bond is defined to oc-
cur between two water molecules if the interaction energy be-
tween the two molecules is less than —0.12 eV and lasts for at
least 0.5 ps, since a local minimum is found in the pair poten-
tial distribution function at this energy. A similar definition of
a hydrogen bond has been used previously in a molecular dy-
namics study on the adsorption of HCl to crystalline ice (Kroes
& Clary 1992). In the amorphous ice slab presented here, most
of the water molecules are hb4 (about 81%) or hb3 (about 16%)
(Al-Halabi et al. 2003b). In the case of a model crystalline ice
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Fig. 5. The number of adsorbing trajectories plotted as a function of Z;,
for CO adsorbed to amorphous ice, at 75, = 90 K, with E; = 0.01 eV
for normal incidence. The bottom of the ice slab is at Z = 0 A.

slab (without defects), all of the water molecules are hb4, ex-
cept those in the top monolayer of the surface bilayer, which
are hb3. The remaining water molecules in the amorphous
ice surface are classified as hb5 (3%), with very small frac-
tions (<1%) of hb2 and hb6. This already suggests that the
number of the “dangling OH” sites available for CO adsorp-
tion is quite low. In fact, the simulations show that, on average,
there are only about 6 “dangling OH” groups that are accessible
to CO at the vacuum-surface interface. For comparison, in the
case of a crystalline ice slab, with the same initial x, y dimen-
sions, there are, on average, 15 “dangling OH” groups present
at the vacuum-surface interface, i.e. half of the hb3 molecules
at the surface, as shown in Fig. 3.

4.2. Adsorption
4.2.1. Binding energies

For the thermal incident energies considered here, (E; =
0.01 eV), almost all the trajectories are classified as adsorb-
ing trajectories, with an adsorption probability of 0.99 + 0.01.
Figure 5 shows the number of the adsorbing trajectories plotted
as a function of the final height of CO (Z;), where the bottom
of the ice slab is defined to be at Z = 0 A. For all the adsorb-
ing trajectories, a detailed inspection of the trajectories shows
that CO is always adsorbed on top of the ice surface, on a sur-
face hill or in a surface valley. Most of the trajectories end with
CO being adsorbed at relatively high values of Z;, on surface
hills. At these values of Ej, CO has insufficient energy to pen-
etrate the ice surface or surface valleys with restricted access,
i.e., valleys where a barrier needs to be overcome for CO to
enter them. In addition, no CO molecules migrated deeper into
the surface valleys from their initial impact site, to lower values
of Z;, during the simulation period (15 ps). Temperature pro-
grammed desorption experiments performed on CO desorption
from compact amorphous ice like that simulated here show that
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Fig. 6. Histograms showing the number of adsorbing trajectories as a
function of the final values of E,q of CO, at T, = 90 K, with E; =
0.01 eV, for normal incidence.

CO trapping does not occur inside such an ice layer (Collings
et al. 2003a). This is in agreement with our dynamical results,
where CO diffusion into the slab has not been observed during
the simulation.

Elsewhere, it has been shown that even at E; = 2.0 eV and
at Ts = 90 K, only one from 100 trajectories result in CO en-
tering a restricted surface valley, with a barrier to penetration
of about 0.4 eV (Al-Halabi et al. 2003a), which is larger than
the desorption barrier (~0.1 eV). In the case of crystalline ice,
molecular dynamics calculations show that if CO is placed in
between the ice bilayers, its potential energy is repulsive by
about 0.9—1.0 eV (Al-Halabi et al. 2003b), in agreement with
previous ab initio calculations (Allouche et al. 1998). Even
at the highest value of E; considered (2 eV), CO does not
penetrate the crystalline ice surface, but rather destroys the
surface hexagonal rings (Al-Halabi et al. 2003b). The barrier
height for surface penetration to occur varies between 1.85 and
2.90 eV, even when minimized with respect to the CO orien-
tations, which is much higher than the CO desorption energy
from the crystalline surface (about 0.1 eV). This implies that
CO prefers to be adsorbed on top of the ice surface in pure lay-
ers, rather than in an interstitial position inside the H, O ice slab
(as in a mixture), consistent with the observational findings of
Pontoppidan et al. (2003).

Figure 6 shows the number of the adsorbing trajectories
distributed over the final values of the potential energy of
CO (Epor). The average value of Epo, (Epot), is —0.094 eV. This
is in good agreement with the measured values of about 0.1 eV,
obtained from Fourier transform infrared and temperature pro-
grammed desorption experiments on CO adsorption to amor-
phous ice (Allouche et al. 1998; Manca et al. 2000; Martin
et al. 2002b; Collings et al. 2003b) and with previous ab ini-
tio calculations performed on CO adsorption to hexagonal ice
(Allouche et al. 1998; Manca et al. 2001). The figure shows
relatively low values of Ejy (strong binding to the surface) in
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Fig.7. Final values of E,, of CO plotted as functions of Z;, for the
adsorbing trajectories, at T = 90 K, with E; = 0.01 eV, for normal
incidence.

only few trajectories, with a minimum value of —0.146 eV. As
shown below, these lowest values of Ep correspond to the ad-
sorbing sites where CO interacts with the largest number of
surface water molecules, for instance when CO is adsorbed in
a surface valley, i.e. at low values of Z (2527 A). There are
also a few sites on the amorphous ice surface with high values
of Epo (weak binding to the surface), up to —0.04 eV. At these
sites, particularly those on top of the surface hills, CO is ad-
sorbed at high values of Z; and interacts with a smaller number
of surface water molecules. This interpretation was confirmed
by looking at the dependence of Ep, on the final position of
the adsorbed CO, Z;. Figure 7 shows that CO is most strongly
bound to the surface at the lowest values of Z;.

In the case of off-normal incidence, the normal compo-
nent of E;, which scales with cos? §;, must be transferred to
the surface for adsorption to occur. Consequently, at the ther-
mal incidence energies considered here, the dependence of the
CO binding energies on incidence angle, 6;, are expected to be
negligible, because the energy to be accommodated at the sur-
face is small compared to the final adsorption energy. For hy-
perthermal energies (0.5 eV), the dependence of the adsorption
probability on 6; is significant, as has been observed in the case
of CO adsorption to crystalline ice (Al-Halabi et al. 2003a).
Epo is expected to be independent of 6;, because the imping-
ing molecule quickly loses the memory of its initial state once
it has been adsorbed to the ice surface for a few vibrational
periods.

Geometry minimizations of CO interacting with a static,
compact amorphous ice surface were carried out to obtain
further insight into the possible molecular configurations of
the adsorption sites and their corresponding binding ener-
gies (Epq). These molecular configurations were obtained by
minimizing the interaction energy between CO and the static
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ice surface with respect to the CO orientations and positions
on top of the ice surface, using the same classical CO-H,O pair
potential that was used in our classical dynamics study (see also
Sect. 3.2). The energy minima of CO adsorbed to the static sur-
face were found to lie in the range of —0.155 to —0.066 eV,
covering a wider range than that found for CO adsorption to
crystalline ice surfaces, where the energy minima of CO lie
in the range of —0.147 to —0.096 eV (Al-Halabi et al. 2003b).
For amorphous ice, the range of the energy minima is wider
because the surface is very irregular, characterized by the pres-
ence of several hills and valleys, giving many possible adsorb-
ing sites with different values of Ep,. In comparison, the crys-
talline ice surface is flat, with a long range symmetry that is
absent in the case of amorphous ice.

4.2.2. CO adsorbing sites

Figure 8 shows the side views of different CO-ice configura-
tions obtained in geometry minimizations of CO interacting
with a static amorphous ice surface, at five different values of
Epo =—0.155,-0.129,-0.111, -0.090, and —-0.067 eV. In each
configuration, CO is shown together with the water molecules
present within a sphere of radius 5.0 A centered at the CO cen-
ter of mass. The black lines show the interaction between CO
and the hydrogen atoms within 3.5 A, to indicate the coor-
dination number of CO by hydrogen atoms of nearby water
molecules. The distance between CO and the closest hydrogen
atom is shown in A. Figure 8a shows the CO-ice configura-
tion with the minimum value of Ep, i.e. the strongest interac-
tion, where CO interacts with a “dangling OH” via its carbon
atom, in addition to many “bonded OH” groups. This is consis-
tent with previous experimental and theoretical results (Devlin
1992; Palumbo 1997; Allouche et al. 1998; Manca et al. 2000;
Martin et al. 2002a,b; Collings et al. 2003b; Al-Halabi et al.
2003b).

The geometry minimizations show that, on average,
Epo decreases as the number of OH groups with which CO in-
teracts increases, i.e. CO is more strongly bound to the surface
when it interacts with more OH groups, as shown in Figs. 8a—e.
This trend is also in agreement with our dynamical results
shown in Fig. 5 and discussed in Sect. 4.2.1. Furthermore, the
geometry minimizations show that the adsorption energy differ-
ence between CO interacting with primarily a “dangling OH”
or with several “bonded OH” groups is often not large, as
shown in Figs. 8b and 8c, which have binding energies of
—0.129 and —0.111 eV respectively: in Fig. 8b CO interacts
with a “dangling OH” group, in addition to two other “bonded
OH” groups, whereas in Fig. 8c, CO interacts only with sev-
eral “bonded OH” groups. Similarly, for crystalline ice, we
found that the adsorption energies of CO that correspond to
the “dangling OH” and “bonded OH” sites are very similar,
with a minimum (most negative) value if CO is adsorbed on a
“dangling OH” site (Al-Halabi et al. 2003b).

These results can be compared with those of recent tem-
perature programmed desorption and reflection-absorption in-
frared spectroscopy experiments on CO adsorption to compact
amorphous ice systems (denoted by Collings et al. 2003a as
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Fig.8. Examples of CO-static ice configurations, obtained from the geometry optimizations, at five different values of Ep; a) —0.155,
b) —-0.129, ¢) —0.111, d) —0.090, and e) —0.067 eV. Dotted lines show the hydrogen bonding network between the water molecules. Black
lines connect CO with the H-atoms (within 3.5 A), where the shortest distance is given in A. The color code is the same as in Fig. 3. The
2152 cm™! infrared band is associated with CO interacting primarily with a water molecule with a “dangling OH” as well as those with bonded
OH’s, as seen in a) and b). The 2139 cm™! band is associated with CO interacting with only “bonded OH” water molecules, as shown in ¢), d)

and e).

low density amorphous ice Ij4,). When CO is adsorbed on this
ice, the 2152 cm™! band only appears when the temperature
is increased from 8 to 25 K, and readily disappears by 50 K.
The 2152 cm™! band was assigned by Collings et al. (2003a)
to CO adsorbed to a “dangling OH” site, most likely on a
hb2 water molecule, which would become more highly coor-
dinated as the ice was warmed, thus accounting for the loss of
the binding site. However, our work suggests that only a very
few percent of the water molecules in the compact amorphous
ice can be classified as hb2, as has been discussed in Sect. 3.1,
in agreement with other earlier theoretical studies (Buch 1992;
Essmann & Geiger 1995). Consequently it is more likely that
the “dangling OH” site will be on a hb3 water molecule,
as shown here. In addition, low level ab initio calculations
performed with the 3-21G basis set (Collings et al. 2003a)
were used to suggest feasible molecular configurations of the
CO-H,O0 surface binding sites observed in these experiments,
by looking for the stable CO-H,O gas-phase complex geome-
tries. A linear complex, in which CO interacts with H,O via its
oxygen atom (similar to the complex configuration shown in
Fig. 3d) and a compact complex, in which the molecular axis
of CO is parallel to one of the water OH groups, were found.

The linear complex was suggested to resemble the adsorption
site corresponding to the 2152 cm™! band and the compact
complex the adsorption site corresponding to the 2139 cm™!
band. However, given the low level of these calculations and
the fact that only one water molecule is considered, such calcu-
lations predicted the complex orientations incorrectly. The ge-
ometry minimizations and the molecular dynamics simulations
of the amorphous ice surface performed here clearly suggest
that the 2152 cm™! band can be associated with CO interacting
with a “dangling OH” on hb3 water molecules rather than hb2,
and that the 2139 cm™! band can be associated with CO in-
teracting with a “bonded OH”, rather like the compact com-
plex described above, although not necessarily with CO paral-
lel to the water OH bond because of the presence of other water
molecules.

4.3. Adsorption time

Under interstellar conditions, the build-up of ice layers and
subsequent chemical processes at ice surfaces depend on
the lifetime (7) of the adsorbed molecules involved in these
processes. Using the classical trajectory method, one can
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calculate 7 of the adsorbed molecule, by integrating the adsorb-
ing trajectories until the molecule comes back off the surface.
An estimate of 7 can then be computed by averaging all the ad-
sorption times. However, this is not feasible for most astronom-
ical situations because 7 could be orders of magnitude longer
than the integration time of the trajectories, as shown in Fig. 1.
Instead, we have used the statistical mechanics method estab-
lished by Frenkel (Frenkel 1924) that is commonly used in as-
trochemical models (Augason 1970; Goodman 1978; Tielens
& Allamandola 1987; Pirronello et al. 1997). Another more
accurate method used to calculate 7 is the “time” censored
maximum-likelihood method (Lawless 1982). This method has
been used to estimate 7 for CO adsorbed to a crystalline ice
surface at T = 150 K (Gardner et al. 2004). The values of 7
obtained with the latter method agree to within a factor of e:
7 = 390 ps when Frenkel method is used and 142 ps when the
censored maximum-likelihood method is used. On astronomi-
cal timescales, such differences are negligible. Assuming that
(i) the adsorption probability for CO on amorphous ice is 1.0,
(ii) the CO-ice interaction potential depends only on the dis-
tance of CO to the surface and (iii) the molecule-surface vibra-
tion is harmonic, 7 can be estimated, at low CO coverage, from
the Frenkel method, by:

T:TVeXp(k;) @))

where 7, is the average vibrational period of the adsorbed
molecule. For each trajectory, an estimate of the vibrational
period was obtained from the adsorption time and the num-
ber of turning points in the Z coordinate of CO. Next, 7,
was computed by averaging these estimates, obtaining 7, =
0.95 +0.02 ps. In Eq. (1), u = (Epo) + 3kT;, where (Ep) is
taken as a positive number, i.e. the absolute value of (Epq), and
k is the Boltzmann constant. Applying Eq. (1) at E; = 0.01 eV,
T, =90 K, and with u = 0.094 + % (0.008) eV, one obtains 7 =
287 ns. Note that the lifetime of CO adsorbed to amorphous ice
at Ty = 90 K is three orders of magnitude longer than that found
for the case of CO adsorbed on crystalline ice at 75 = 150 K,
where T = 142 ps (Gardner et al. 2004).

Assuming that (Ep,) is temperature independent or does
not vary significantly with T, particularly at low values of T,
and using the same value for 7, obtained here, it is found that 7
will be about 10 years if 7, = 10 K (much longer than the
age of the universe), whereas 7 = 1 s if 75 = 40 K. These re-
sults are in good agreement with the experimental results from
temperature programmed desorption and reflection-absorption
infrared spectroscopy on the desorption of CO from compact
amorphous ice (Collings et al. 2003a). The computed values
of 7 for Ty = 40 K, at the minimum (—0.155 eV) and maximum
(—0.066 eV) CO binding energies obtained from the geometry
minimizations, are 5.3x 107 and 4.3x10™* s. The CO molecules
become mobile at 75 > 10 K and start desorbing at T =
30-50 K at sub-monolayer coverages (Collings et al. 2003a),
in fair agreement with our calculations of the adsorbed CO life-
time. The experiments also show that adsorbed CO molecules
on the compact surface are desorbed completely by about 7'y =
50-60 K.
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4.4. Astrophysical implications

The results of the calculations presented here have a number
of implications relevant to our understanding of CO-ice inter-
actions in the interstellar medium. First, it has been possible to
show that a wider range of binding energies exist between CO
and amorphous ice surfaces than between CO and crystalline
ice surfaces. Furthermore, when a single CO molecule in-
teracts with a compact amorphous ice surface, the surface-
adsorbate interaction involves many water molecules in the
surface, rather than just one (see Fig. 8). Here, these inter-
actions have been classified as being dominated by either
CO-“dangling OH” or CO-“bonded OH” interactions.

Second, these findings are relevant to our interpretations
of observational spectra of solid CO. Together with the pre-
vious data on CO-ice systems summarized in Sect. 2.2, these
results have been used to reaffirm that the 2152 cm™! infrared
band is associated with CO-“dangling OH” interactions, and
the 2139 cm™' band with CO-“bonded OH” interactions. At
sub-monolayer CO coverages, such interactions would give
rise to a stronger infrared feature at around 2139 cm™' than at
2152 cm™!. However, care should be taken when extrapolating
these data to the interstellar case, since CO-CO interactions in
pure CO ices, and at multilayer CO coverages on H,O ices,
also give rise to an infrared feature at 2139 cm™' (Collings
et al. 2003a) (see Table 1). As discussed previously, recent de-
tections of solid CO towards a large number of young stellar
objects have shown that 60% to 90% of solid CO is associ-
ated with this “dominant” spectroscopic feature at 2139 cm™!
(Pontoppidan et al. 2003). Together with the findings of this
work, this suggests that most of the CO must reside in a pure
layer of CO, with a small percentage at the CO-ice interface,
interacting predominantly with “bonded-OH” groups.

Further evidence for this interpretation comes from the lack
of detection of a 2152 cm™! band towards any of the objects
observed by Pontoppidan et al. (2003). Our calculations sug-
gest that on compact amorphous ices the number of accessi-
ble “dangling-OH” sites is very low as discussed in Sects. 4.1
and 4.2.2. Moreover, the difference between the potential en-
ergies of the CO-“dangling OH” or CO-“bonded OH” inter-
actions (as shown in Fig. 8) is negligible. Consequently, at
Ts = 90 K, there is no real energetic advantage in a surface-
reconstruction occurring in the compact amorphous ice to make
more dangling OH binding sites accessible for CO adsorption
at the surface. At T = 10 K, the H,O molecules may also not
possess enough energy for any surface-reconstruction to occur.
Given the immobility of CO at 75 = 10 K (see Sect. 4.3), it
seems very unlikely that a large population of CO molecules
will be present at dangling OH binding sites on compact amor-
phous ice surfaces in the interstellar medium, and indeed, it is
then unlikely that one would detect the 2152 cm™! band (Fraser
et al. 2003).

However, as discussed below, there is a good chance that
interstellar ices are more porous than the compact amorphous
ice studied here. As the porosity of the ice increases, so does its
total surface area in comparison to the geometric surface area.
Therefore, a greater number of water molecules can be con-
sidered to be at the surface-vacuum interface, although many
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will be in deep valleys or internal surface pores rather than the
uppermost external ice surface. Such an ice might therefore be
expected to have more dangling OH binding sites per unit geo-
metric surface area than the compact amorphous ice, although
the ratio of dangling OH to bonded OH at the surface-vacuum
interface itself, is likely to be the same. The question is then
whether these sites are accessible to the adsorbing CO. The
lack of detection of a 2152 cm™! band suggests they are not,
in keeping with the conclusions of a recent discussion of the
missing 2152 cm™! band by Fraser et al. (2003).

Conversely, the presence of the 2136 cm™, associated
with CO in H;O, requires an explanation. Pontoppidan et al.
(2003) inferred from their observations of the 2136 cm™! fea-
ture that the minimum line-of-sight averaged fraction of CO
that could be accommodated in an H>O matrix is around 16%.
In the present dynamical results for 75 = 90 K, CO was not ob-
served diffusing into the surface valleys nor penetrating the ice
layer after its initial collision with the surface, consistent with
the experimental results from compact amorphous ice where
no CO trapping was observed (Collings et al. 2003a). However,
CO could become mixed within the H,O matrix if the ice ma-
trix is more porous. Clearly, some CO must become trapped in
the pores and valleys as the ice morphology changes, as shown
by recent experiments (Collings et al. 2003b). It is not possible
from our results to say anything about the binding energies or
sites for CO trapped within an H,O-ice matrix. It is however
reasonable to assume that migration into a pore will also not
spontaneously occur at T = 10 K in a porous amorphous ice.
Any CO that is later observed trapped in the pores or surface
valleys must get there through the collapse of the porous ice,
in which grain boundaries become closed off from the surface-
vacuum interface. These facts imply that CO always prefers to
be adsorbed on top of any ice surface, in pure layers, rather
in an interstitial position in a CO-H,O ice mixture, consistent
with observations (Pontoppidan et al. 2003).

One alternative scenario to the trapping scenario presented
above is that CO becomes buried within the ice due to simul-
taneous accretion of CO and H,O from the interstellar gas.
Nothing can be deduced about the binding sites involved from
the calculations discussed here, although all the theoretical and
experimental evidence suggests that such a configuration is en-
ergetically unfavorable. Co-deposition of H,O and CO in the
laboratory always leads to an intense 2152 cm™! band, contra-
dicting observational constraints (Pontoppidan et al. 2003), a
strong clue that mixed ices are not a good analogy for the in-
terstellar case. In addition, if H,O is formed reactively at the
grain surface, then CO should be accreted with H and O atoms,
not H,O. One then has to ask why CO depletion in interstellar
regions does not correlate with ice growth, occurring across the
whole cloud, instead of just in the coldest regions, usually at the
cloud-center. Currently, the layered ice and migration model
seems to offer the most consistent explanation of interstellar
ice behavior, combining theoretical, observational, and experi-
mental evidence.

Finally, the lifetime calculations discussed in Sect. 4.3 re-
confirm that at 75 = 10 K, the lifetime of the adsorbed CO is
long enough for barrierless or low-barrier heterogenous reac-
tions involving CO to proceed on interstellar ice surfaces. For
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example, the adsorption of CO to ice plays an important role
in the formation of CO,. Most interstellar CO, is present in
the solid form, with a very low abundance in the gas-phase
(van Dishoeck et al. 1996). Like CO, CO; is found in hy-
drogen bonded, H,O-rich ices and in van der Waals bonded
H,0-poor ices (Gerakines et al. 1999). The most likely path-
ways for CO, formation invoked in astrochemical models in-
volve the heterogeneous CO + OH, CO + O, and HCO + O re-
actions, which proceed on or in ice surfaces. Given that all these
routes depend upon the presence of CO on or in the ice, the ad-
sorption of CO to H,O ice, and the subsequent lifetime and
mobility of the CO molecules on the ice surface must be key to
the formation of CO,. The data presented here and the models
and potentials developed for this work can be applied in future
theoretical studies of the CO + O and CO + OH reactions at ice
surfaces.

5. Conclusions

In this paper, the results of classical trajectory calculations
are presented on the adsorption of CO to amorphous ice at
T, = 90 K, for thermal normal incidence energy (0.01 eV).
The adsorption probability is found to be approximately unity.
In all adsorbing trajectories, CO is adsorbed on top of the
amorphous ice surface, with (E,q) = —0.094 eV, in agreement
with previous measurements and theoretical calculations. We
have not observed any penetration into the ice slab nor into
restricted surface valleys, contrary to the case of hyperther-
mal CO (Al-Halabi et al. 2003b). In addition, CO was not
observed to diffuse into the surface valleys on the timescales
of our simulations. On average, CO interacts strongly with
the ice surface when adsorbed in surface valleys (at low val-
ues of Z;), where it interacts with a large number of water
molecules. However, the interaction of CO with the surface be-
comes weaker when CO is adsorbed on surface hills, where it
interacts with a smaller number of water molecules. The geom-
etry minimizations of CO interacting with a static amorphous
ice give a wide range of Ep, from —0.15 to —0.04 eV, larger
than that found for CO interacting with crystalline ice, due to
the roughness of the amorphous ice surface.

The maximum values of E, found in the geometry min-
imizations of the CO+amorphous ice system occur when CO
is adsorbed at a “dangling OH” group, which is associated
with the infrared band at 2152 cm™!. In addition, CO inter-
acts with several “bonded OH” groups, associated with the
2139 cm™! band. The new nomenclature introduced here to de-
scribe the adsorption sites associated with the infrared bands
of solid CO are consistent with the experimental behavior of
the two bands based on the type of the surface (porous, com-
pact, or CO-H,O ice mixture) and on the surface tempera-
ture. The computed values of Ep decrease with the number
of H,O molecules coordinating CO, due to stronger inter-
actions with the amorphous ice surface. The small number
of “dangling OH” groups at the ice surface potentially ex-
plains the absence of this feature in astronomical spectra. The
2139 cm™! band seen in interstellar regions is dominated by
the CO-CO interactions but there may be a small contribu-
tion from the CO-“bonded OH”. Altogether, there is strong
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evidence that interstellar CO-H,O ices are predominantly lay-
ered rather than mixed. The astronomical 2136 cm™! band is
still not understood, and further experimental and theoretical
studies are warranted, including molecular dynamics simula-
tions on more porous ice surfaces than those studied here.

The lifetime of CO adsorbed on the surface has been com-
puted at different surface temperatures. At low temperatures,
the adsorbed CO is trapped for a very long period of time,
enough for the chemical processes to occur if the associated
reaction barrier can be overcome. However, the lifetime be-
comes very short at increasing surface temperatures: at T =
40 K, 7 = 1 sec and at 5 = 90 K, 7 = 300 ns, in agreement
with the results of recent temperature programmed desorption
experiments (Collings et al. 2003a).
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