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We present the results of classical trajectory calculations on the sticking of hyperthermal CO to the basal
plane (0001) face of iceIh, for normal and off-normal incidence at surface temperature (Ts) ) 150 K. The
sticking probability decreases with the incidence energy (Ei) and with the incidence angle (θi) for θi > 20°.
At normal incidence, the sticking probability can be fitted to a simple decay function:Ps ) 0.9 e-0.012Ei(kJ/mol).
The energy transfer from the impinging molecule to the surface is found to be efficient and fast: most ofEi

is transferred to the surface within 0.5-1.0 ps. For off-normal incidence, the energy transfer becomes less
efficient for θi > 20°. In the case of backscattering at off-normal incidence, the hotter molecules scatter at
larger angles. At highEi, no surface penetration occurs, but the impinging molecule may damage the surface
significantly when it hits the surface in the center of a hexagonal ring. The energy minimization calculations
suggest that CO is adsorbed either on top of an OH dangling group, or on top of the center of a water
hexagonal ring, interacting mostly with an electron lone-pair oxygen atom in the first monolayer or with a
four-coordinated oxygen in the second monolayer. The molecular dynamics calculations predict that the average
binding energy of the adsorbed CO is 4.33 kJ/mol, with a maximum value of 10.4 kJ/mol. The results of our
calculations are compared with the experimental and the previous theoretical data on the CO-ice and N2-
ice systems.

1. Introduction

Chemical reactions on ice surfaces play an important role in
a variety of environments. Reactions relevant to atmospheric
chemistry include, for instance, reactions between so-called
“chlorine passivated compounds”, namely, HCl and ClONO2.
These reactions, which occur on ice surfaces provided by polar
stratospheric clouds in winter time,1-3 activate the chlorine
which starts destroying ozone via catalytic gas-phase reactions
by the return of the sunlight in the spring,1-4 causing the
infamous ozone hole.

With regard to the interstellar medium (ISM), the chemistry
on ice surfaces has also received a lot of discussion. In the ISM,
the dust grain particles may have icy mantles consisting mainly
of H2O but also of other molecules such as CO, CO2, NH3, and
CH4, which accumulate on the cores of solid particles consisting
of silicates and carbonaceous compounds.5 Infrared (IR) spectra
revealed that water and carbon monoxide are the most abundant
molecules in the icy mantled particles in the ISM.6-9 The
sticking of CO to water ice is therefore important to our
understanding of how the icy mantles coating the grain particles
are formed. As will be discussed below, it is also relevant to
the chemistry on the icy mantles.

The icy mantles are believed to have an amorphous struc-
ture.10 However, a phase transition of the deposited water ice
from the amorphous to the crystalline phase was found to occur
above 110 K.11 In the ISM, this phase transition can happen
through the impact of cosmic rays. Recent experiments revealed
a new, nonthermal and indirect mechanism of UV light induced

crystallization of monolayer and multilayer films of amorphous
ice, deposited on graphite at low surface temperatures (Ts <
100 K).12 The experiments show that the UV light photoexcites
the electrons in the substrate, which in turn tunnel to defect
states in the amorphous ice, to induce exothermic crystallization.
The results of these experiments may have an impact on the
ideas concerning the structure of the ice surface in the ISM, in
particular, for regimes where UV photons penetrate, and studies
on both amorphous and crystalline ice surfaces are needed. Also,
the Infrared Space Observatory (ISO) detected an emission
feature at 60µm from the disk surrounding the young star HD
100546, which clearly indicates the presence of crystalline ice13

in the ISM.
Sticking of CO to ice is also relevant to the formation of

CO2. The presence of CO2 ice in the ISM was first suggested
by d’Hendecourt and Jourdain de Muzion (1989)14 and observed
later to be ubiquitous by the ISO.15-17 Most CO2 is present in
the solid form, with a very low abundance in the gas phase,18

suggesting that CO2 molecules are formed in chemical reactions
on or in the ice surfaces and frozen there because of the low
temperature. Note that CO2 was found in ices dominated by
polar molecules (H2O) as well as in ices dominated by nonpolar
molecules (CO and CO2 itself).16

The formation of the solid phase of CO2 could occur via two
different channels. The first channel is the formation of CO2

by the UV photolysis of mixed ice containing CO and H2O.19-21

This mechanism is probably dominant in the case of the
formation of solid CO2 present in the polar ice. The results of
measured rates of conversion of CO to CO2 suggest efficient
formation of CO2 from D2O(H2O):CO mixed ice induced by
UV irradiation.21-23 In this mechanism, a water molecule is
photolyzed, and the produced OH fragment reacts with an
adsorbed CO molecule to produce CO2. There are other possible
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reaction channels for CO2 formation in CO:H2O mixed ice by
UV photolysis, involving the reactions between the CO mol-
ecules and the photodissociation of water to produce fragments
other than OH (see ref 21 for more details). However, the
mechanism involving OH above was considered to be the most
likely mechanism,21 because the cross section of CO2 formation
by CO + CO reactions is very small24 and because the main
set of products of water photodissociation is OH+ H, rather
than O+ H2.25,26In the mechanism considered to be dominant,
the formation rate of CO2 depends on the sticking probability
of CO to ice, the binding energy of CO adsorbed on or in the
ice, and the lifetime of the adsorbed molecule.

The second channel involves the reaction of CO with atomic
oxygen as suggested by Whittet et al.,15,27which is expected to
be the dominant reaction in the case of nonpolar ice. Subsequent
experiments performed by Roser et al. suggest that indeed CO2

is formed when O atoms are deposited onto CO ice.28

Carbon monoxide has been used as a probe of several solid
surfaces such as metals and metal oxides29,30 (See also ref 31
for a partial list of such studies). Carbon monoxide can also be
used among other molecules (see the theoretical survey of the
adsorption of trace gases on liquid and solid water surfaces32)
to probe the adsorbing sites of the ice surfaces and their
geometrical areas (amorphous and crystalline), without perturb-
ing the surface significantly,31-35 because CO has a small dipole
moment and a low affinity for water. However, the interaction
of CO with ice is surrounded by controversy.

The infrared profile of CO trapped in (or on) an ice lattice at
10 K shows a main feature at about 2138 cm-1 (major band)
and a secondary feature with lower intensity at 2152 cm-1

(minor band).23 The main feature was initially attributed to
substitutional CO, i.e., CO replacing a water molecule, and the
secondary feature was attributed to interstitial CO, i.e., CO
between the water molecules.23 However, more recent experi-
ments36 assigned the two bands to different CO-ice configura-
tions. The major band at 2138 cm-1 was assigned to CO
absorbed in the ice micropores, and the minor band at 2152
cm-1 was assigned to CO molecules interacting with the
dangling OH (referred to as dH sites).36 The assignment of the
minor band to CO interacting with the dangling OH groups was
later confirmed by infrared spectroscopic experiments performed
by Palumbo.37

Adsorption isotherms FT-IR experiments combined with ab
initio calculations31 likewise assigned the minor band to CO
interacting with a dangling OH, with CO being oriented
perpendicularly to the surface with its C atom toward the OH.
However, in this work, the major band was also assigned to
perpendicular CO interacting with a dangling OH, but with the
O atom of CO toward the OH. In calculations not taking into
account the basis set superposition error (BSSE), the two
orientations of CO-ice and OC-ice were found to be energeti-
cally equivalent, with an adsorption energy of about 10 kJ/mol.
When the energies were corrected for the BSSE,38 the OC-ice
configuration was found to be more stable. However, the values
of the corrected adsorption energies were considered not to be
accurate yet.31

Recent simultaneous measurements of isotherms by volu-
metric and infrared spectroscopy33 showed that the minor band
is indeed due to CO interacting with dangling OH groups. The
major band was however suggested to be due to CO molecules
interacting with the oxygen atoms of the pore surface rather
than another orientation of CO interacting with dangling OH,
as proposed earlier by Allouche et al.31 In the new experiments,
the adsorption energy of CO adsorbed on ice was found to be

equal to 10.4 kJ/mol,33 in agreement with the calculations of
Allouche et al.31

Even more recent measurements again confirmed the assign-
ment of the minor band to CO adsorbed on dangling OH groups,
but the major band was now attributed to CO-CO interactions
occurring in the case of multilayer formation as well as to
interactions with the ice surface34,35,39 at low coverage. The
adsorption energy of CO was measured to be about 10-11 kJ/
mol,34,35,39in good agreement with earlier results.31,33 In those
experiments, two additional adsorbing sites were identified,
namely, the dangling electron pair oxygen atoms in the first
monolayer (referred to as dO sites40), and the oxygen atoms of
four-coordinated water molecules in the second monolayer
(referred to as 4s sites40).35,39 Temperature programmed de-
sorption (TPD) and reflection-absorption infrared spectroscopy
(RAIRS) experiments performed to study the adsorption and
desorption of CO on and from amorphous ice (high and low-
density ice) also assigned the minor band to dangling OH bonds
and the major band to CO multilayer formation.41

Quantum calculations based on density functional theory
(DFT), combined with the earlier set of the FT-IR measurements
mentioned above,39 concluded that the surface contribution to
the major band is due to the CO interaction with the dO and
the s4 adsorbing sites. The calculations also found the third
adsorption site suggested by the experiment, attributing the
minor band to CO adsorbed perpendicularly on dangling OH
sites, preferably via its C atom (the binding energy being 11.4
kJ/mol for this configuration, compared to 6.3 kJ/mol for the
other orientation of CO39).

According to molecular dynamics simulations on the adsorp-
tion of CF4 to ice, CF4 is adsorbed on top of the hexagonal
rings, blocking the water shafts and leaving the adsorbing sites
on the OH dangling groups empty.42 The experiments showed
that when CO is adsorbed on ice covered with CF4, the minor
band (due to CO adsorbed on dangling OH groups) appears
first and the signal due to the minor band actually becomes
larger than that due to the major band, in contrast to the case of
CO adsorbed on a clean ice surface.35,36Also, the signals which
correspond to the blocked dO and 4s adsorbing sites become
smaller compared to the case of clean ice, similar to the signal
associated with the major band.35 At higher coverage of CO,
the major band becomes again dominant, similar to the case of
CO adsorption on clean ice.

The ab initio calculations performed by Allouche et al. also
addressed the CO diffusion inside the ice through the surface
hexagonal shafts.31 In those calculations, the ice lattice was
represented by two superimposed bilayers of perfectly ordered
water molecules, see Figure 6 of ref 31. The calculations showed
that the least unfavorable configuration of CO in ice corresponds
to CO nearly perpendicular to the ice slab, in the middle of a
hexagonal ring at an equidistance from both bilayers. However,
this configuration is 78 kJ/mol higher than the sum of the
(uncorrected) energies of the noninteracting subsystems. The
calculations showed that CO cannot diffuse inside the surface
through the hexagonal shafts.31

In this paper, we present the results of classical trajectory
calculations on sticking of CO to the basal plane surface (0001)
of crystalline ice at hyperthermal energies. To allow testing by
molecular beam experiments, the calculations were performed
for Ts ) 150 K, a surface temperature at which molecular beam
experiments on the sticking of atoms and molecules to ice
surfaces have been performed previously.43-45 We have com-
pared our results to the results of molecular beam experiments43

on the similar molecule, N2, scattering from ice at hyperthermal
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energies. Our results are also compared with the results of
classical trajectory calculations on sticking of HCl to ice at
hyperthermal energies.46 The sticking probability of CO to ice
is studied at different incidence energies and different angles
of incidence. The sticking of thermal CO to amorphous and
crystalline ice at lower, astrochemically relevant temperatures
has also been studied and the results will be published
elsewhere.47,48This paper is organized as follows. In section 2,
we present the method used in this study. The results are
presented and discussed in section 3, and the conclusions are
offered in Section 4.

2. Method

To simulate the sticking of CO to crystalline ice, classical
trajectory (CT) calculations were performed.49 We have es-
sentially followed the same approach as used before to study
the sticking of HCl to ice.46,50

2.1. The Ice Surface.The ice surface was modeled using
the molecular dynamics (MD) method.51 The surface was
modeled by 4 bilayers of moving water molecules (60 water
molecules per bilayer) superimposed on 2 bilayers of fixed water
molecules. The moving water molecules are treated as rigid
rotors but were otherwise allowed to move according to
Newton’s equations of motion. To simulate an infinite surface,
periodic boundary conditions were applied in the directions
parallel to the scattering plane (x andy directions). The TIP4P
potential52 was used to describe the interaction between the water
molecules, because it yields a stable hexagonal ice structure at
the range of temperatures relevant to this study.53,54 In this
model, there are two positive charges on the hydrogen atoms
(0.52e) and a negative charge (-1.04e) at a distance of 0.15
Å from the oxygen atom along the bisector of the HOH angle
as shown in Figure 1a. The medium-range dispersion and short-
range repulsion interaction between the water molecules are
described using a Lennard-Jones LJ(12-6)55 potential centered
on the oxygen atoms. The initial configuration of the ice surface
obeys the ice rules56 and has a zero dipole moment. The surface
was equilibrated atTs ) 150 K, using a computational analogue

of a thermostat which was applied for typically 1 ps.57 During
this period, the velocities of the water molecules were rescaled
with respect to the desired temperature as described in ref 57.
The thermostat was then switched off, and the surface was left
to equilibrate for approximately 100 ps before the scattering
calculations were started. In the equilibration of the ice surface,
a time step of 1 fs was used.

2.2. The CO-Ice Interaction. The CO-ice interaction has
been constructed as a sum of CO-H2O pair potentials, similar
to the potentials for HCl-ice.50 The CO-H2O pair potential
(PP) can be written as

whereVels represents the electrostatic interactions between the
charges on the two molecules,Vrep represents the short-range
repulsion energy, andVdis represents the dispersion energy. The
electrostatic interaction can be written as

where the chargesqi and qj are charges on CO and H2O,
respectively, andrij is the distance between the two charges.
The charges of CO were obtained from fitting a four-point
charge model (shown in Figure 1b) to the electrostatic potential
of an isolated CO molecule. The electrostatic potential of CO
was obtained from ab initio calculations performed using the
quantum chemistry package GAMESS US.58 The calculations
were performed at the MP2 level59 of theory, using the
6-31G*,+ compatible basis set.60 Both atoms are complemented
with polarization functions (exp 0.80) and diffuse functions (exp
0.0438 for the C atom and exp 0.0845 for the O atom).

The dispersion energy was obtained from the dispersion part
of the Lennard-Jones interaction potential between thei and j
atoms of CO and water, respectively

where the coefficient (c6)ij ) 4εijσij
6 and Rij is the distance

between the atomsi and j of CO and the water molecule. The
values ofεij and σij were obtained from refs 51 and 61. The
dispersion energy was damped by using the damping func-
tion:62

The value ofRm for each pair of atoms of CO and H2O was
taken as the sum of the van der Waals radii of the two atoms.
The values of the van der Waals radii given by Bondi63 were
used.

The short-range repulsion energy is written as

The exponentsâij and the preexponential coefficientsRij were
calculated by fitting the ab initio data for the CO-H 2O
interaction to the pair potential (PP) expression given in eq 1.
The CO-H2O potential energies used for the fitting were based

Figure 1. Point charge model for H2O used in the TIP4P pair potential
(a) and the point charge model used for CO (b). In the TIP4P model,
the O-H bond is 0.96 Å and the H-O-H angle is 104.5°. The negative
charge is placed at 0.15 Å from the O atom along the bisector of the
H-O-H angle. In the CO model, the small spheres represent the off-
axis positive point charges, which are above and below the molecular
center of mass by 0.75 Å. The CO bond is 1.128 Å. The large gray
sphere represents the C atom, and the black one represents the O atom.
The chargee ) 1.6 × 10-19 coulomb.

VCO-H2O
) Vels + Vrep + Vdis (1)

Vels ) ∑
i,j)1

4,3 qi qj

rij

(2)

Vdis ) - D(Rij)∑
i,j)1

2,3 (c6)ij

Rij
6

(3)

D(R) ) [1.0, R G 1.28Rm

exp(1.28Rm

R
- 1)2

, R < 1.28Rm] (4)

Vrep ) ∑
i,j)1

2,3

Rij exp(-âij Rij) (5)

Sticking Hyperthermal CO to Ice J. Phys. Chem. A, Vol. 107, No. 49, 200310617



on ab initio calculations for four different configurations (see
the inset illustrations of the four configurations in Figure 2).
The ab initio calculations of the CO-H2O interactions were
performed using the quantum chemistry package Gaussian 98.64

The ab initio calculations were performed at the MP2 level of
theory,59 using a medium-polarized Sadlej basis set,65 which
consists of (10s6p4d/6s4p) contracted to [5s3p2d/3s2p]. This
basis set has also been used before to obtain the CO-water
intermolecular potential, and has been shown to be reliable in
intermolecular forces calculations (see ref 66 and the references
therein). The counterpoise correction of Boys and Bernardi for
the interaction energies has also been applied,67 because the size
of the BSSE was found to be significant, which is expected for
a weakly bonded system. The CO-H2O potential was recal-
culated because the paper in which the CO-H2O potential was
calculated did not include tables or an analytical fit of the
potential.66 Also, the potential fit developed later and based on
those ab initio calculations, as given in the appendix of ref 68,
is too complicated to be used in molecular dynamics simulations.
The values used for the parameters of the CO-H2O potential
given in eq 1 are listed in Table 1 and shown in Figure 1, parts
a and b. Figure 2a-d shows the ab initio data together with the
fitted energies obtained from our PP (eq 1). The figures show
a fair agreement between the fitted and the ab initio energies,
with a maximum underestimation of the binding energy of about
20% for the third configuration, i.e., OC-HOH.

The potential minimum configuration predicted by our PP is
shown in Figure 3, in which CO forms an intermolecular bond
with the water molecule though its carbon atom, with O-C-H
and C-H-Ow angles differing from 180°, where Ow is the
oxygen atom of the water molecule. This configuration is in
reasonable agreement with the minimum geometry obtained

from the ab initio calculations and with the geometry predicted
by molecular electric resonance and Fourier transform micro-
wave absorption spectroscopy experiments.69 In the configura-
tion shown in Figure 3, the distance between the center of mass
of CO (COM) and Ow is 4 Å and the C-H distance is 2.47 Å,
with an Ow-H-C angle of 172°. The H-Ow-COM bond angle
is 4.5°, with the OwH bond pointing to the carbon atom of CO.
The predicted distances and the nonlinear tilt of the interaction
bond Ow-H-COM found using our potential are in good
agreement with the experimental data and with the results of
the ab initio calculations.70

2.3. The CT Calculations.In the CT calculations, the H2O-
H2O and the CO-H2O interactions were set to zero at very
long distances (g10 Å), by using a switching function.50 The
Monte Carlo technique51 was used to select at random the initial
orientation of CO and the impact position on the ice surface.
The initial angular momentum of CO was set to be zero because
our goal was to obtain predictions for molecular beam experi-
ments in which the CO rotational temperature would be low.
The calculations were performed forTs ) 150 K, for different
incidence energies (Ei ) 9.6, 24.1, 48.2, 96.5, and 193 kJ/mol)
at normal incidence (θi ) 0°, θi being the angle between the
surface normal and the incident velocity vector, i.e., the angle
of incidence) and forEi ) 48.2 kJ/mol at off-normal incidence
(θi ) 20°, 40°, and 60°).

For each set of conditions, 100 trajectories were computed.
Each trajectory was run for 3 ps, using a time step of 1/9 fs. At
the beginning of each trajectory, CO was placed 11.3 Å above
the ice surface. To simulate the collision dynamics, Newton’s
equations of motion of the impinging molecule and the water
molecules were integrated using an improved leapfrog algo-
rithm.71

The ice surface was operationally defined to be at a height
equal toZs ) 22.5 Å (in the first monolayer, the upward pointing

Figure 2. Interaction energies of CO-H2O obtained from our potential fit (eq 1) plotted together with the energies of the complex obtained from
ab initio calculations (see the text for more details). The energies are plotted as a function of the distance between the closest two atoms of the two
different molecules for OC-OH2 (a), CO-OH2 (b), OC-HOH (c), and CO-HOH (d). In the illustrations, the gray large sphere represents the C
atom, the dark sphere represents the O atom, and the small light gray spheres represent the H atoms.

TABLE 1: Values of the CO-H2O Pair Potential
Parametersa

pair Rij [kJ/mol] âij [Å -1] (c6)ij [kJ/molÅ6] Rm [Å]

C-H 23374.1 4.09 596.0 2.90
C-O 38979.0 2.77 1823.8 3.22
O-H 10406.0 3.61 434.9 2.72
O-O 149769.1 3.65 1350.8 3.04

a See the text for the meaning of the parameters.

Figure 3. Optimized configuration of CO-H2O complex, using our
potential given in eq 1. See the text for discussion.
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hydrogen atoms are at about 22.7 Å, whereas the oxygen atoms
are at about 21.7 Å). A sticking trajectory was defined as a
trajectory which exhibits more than one turning point in theZ
coordinate of CO for motion normal to the surface, with two
additional requirements: (i) the final energy (Ef) of CO being
trapped at the ice surface is belowkTs (Ef < -1.25 kJ/mol)
and (ii) Zf e 26.5 Å, whereZf is the finalZ coordinate of CO
at the end of the trajectory. Here, the energy of the trapped
molecule is the sum of its potential, translational, and rotational
energy, where the zero of the potential energy is defined by
CO in the gas phase. The second possibility is backscattering
when CO returns to the gas phase (Zf g 29.5 Å). At the end of
the 3 ps run, if one of the two additional criteria used to define
sticking is not yet met butZf e 29.5 Å so that the molecule
cannot be classified yet as either stuck or scattered, the trajectory
is run for an additional time (in some cases, for additional 6
ps) in order to distinguish between the two mechanisms. Surface
penetration by CO was also considered as a possible second
sticking mechanism. The operational definition of penetration
used here is the same definition of HCl penetration used in ref
72; that is, penetration is defined to occur if theZf of CO falls
below 22.5 Å.

3. Results and Discussion

3.1. Sticking.The computed sticking probability (Ps) of CO
to ice is shown in Figure 4a as a function ofEi, for normal
incidence atTs ) 150 K. The sticking probability decreases
substantially withEi and shows a monotonic decay withEi.73

Ps can be fitted to a decay function

whereA ) 0.9 andB ) 0.012 (kJ/mol)-1. The decrease ofPs

with Ei arises because more energy has to be transferred to the
surface at a higherEi, for trapping to occur.

For off-normal incidence, assuming the ice surface to be
structureless to the incident CO, one would expectPs to increase
with θi because the normal component ofEi required to be

transferred to the surface for trapping to occur scales with
cos2(θi). The CT calculations for off-normal incidence atEi )
48.2 kJ/mol, however, show thatPs decreases withθi for θi >
20° as shown in Figure 4b. The reason for this decrease is that,
at large values ofθi, the impinging molecule interacts with a
large number (> 2) of the surface water molecules, making the
energy transfer from the impinging molecule to the ice surface
less efficient at largeθi (see below). In the approximation that
CO and the ensemble of water molecules forming the collision
center act as hard spheres, the amount of the energy transferred
to the surface depends on the ratio of the total mass of the
ensemble of the H2O molecules making up the collision center
and the mass of the incoming molecule as explained in detail
in ref 46. The same trend was also found to occur in our study
of sticking of HCl to ice at hyperthermal energies.46

For normal incidence, the number of sticking trajectories is
plotted as a function of the final value ofZ (Zf) of CO at the
end of those trajectories (Figure 5), for all values ofEi studied
here. The figure shows that the sticking of CO to ice occurs
via a single sticking mechanism, CO being adsorbed on top of
the ice surface, i.e., adsorption. Most sticking (adsorbing)
trajectories end with the adsorbed CO on top of the ice surface,
at a distance of 2-3 Å from the surface, which is represented
by the dotted line in Figure 5. This is in agreement with the
results of ab initio calculations performed on CO adsorption to
a perfect ice lattice of two bilayers.31 In our calculations, even
at the highestEi (193 kJ/mol), we have not seen any case of
CO penetrating the surface (Zf e 22.5 Å), a second mechanism
of sticking which we found to occur in the case of HCl sticking
to ice at moderately lowEi (as low as 96.4 kJ/mol).46 The
penetration of HCl into the ice was found to be efficient mainly
due to the open structure of the surface.

Because CO is a small molecule (the van der Waals radii of
the C and the O atoms are about the same as that of the Cl
atom), one would expect also that CO could penetrate the
surface. Instead, at the highestEi, we found that the impinging
CO could damage the surface, which we did not observe in the
case of HCl. Figure 6a is a snapshot of CO approaching the
hexagonal ice surface just before the collision. The surface
damage due to the CO collision is significant and involves
several water hexagonal rings, as shown in a snapshot of the
system shortly after the collision (Figure 6b). At the first turning
point of theZ coordinate of CO for motion normal to the surface,
i.e., when CO gets close to the surface, the surface is deformed
such that CO, oriented perpendicular to the surface, becomes
the center of a large cavity in the first surface bilayer. Most of
the trajectories for which surface damage was observed cor-
respond to trajectories in which CO hits the surface in the middle
of a hexagonal water ring, as illustrated in Figure 6a. Interest-
ingly, for such geometries, penetration was found to occur in

Figure 4. Sticking probability of CO to ice is plotted as a function of
Ei for normal incidence (a), and as a function ofθi at Ei ) 48.2 kJ/mol
(b). The solid line in a is an exponential decay fit ofPs.

Figure 5. Number of sticking trajectories is plotted as a function of
Zf of CO, at Ei ) 9.6, 24.1, 48.2, 96.4, and 193 kJ/mol for normal
incidence. The dashed line represents the ice surface at 22.5 Å. Binning
was used to assign the trajectories to integer values ofZf.

Ps ) A exp(-BEi)
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the case of HCl scattering from ice.46,72 The deformation has
been observed for the case of sticking and also for the case of
backscattering atEi ) 193 kJ/mol.

To understand why CO does not penetrate the surface,
calculations of the potential energy of CO interacting with a
static ice surface were performed. In these calculations, the
potential energy of CO was minimized with respect to the CO
orientation while moving along the central axis of a water
hexagonal shaft (examining the interaction for several shafts,
which run perpendicular to the ice surface). Figure 7 shows the
CO-ice interaction as a function of the translational coordinate
Z of CO for a representative example. On its way into the ice,
CO moves through an attractive physisorption well with a depth
of about 13.3 kJ/mol. For penetration to occur, CO has to
overcome a barrier that is about 178 kJ/mol even when
minimized with respect to the CO orientation (for comparison,
in the case of HCl, the barrier height for penetration is about
50 kJ/mol). This represents the minimum barrier we have found
in our calculations which involve several hexagonal shafts of
the basal plane face (0001). The attractive well depth and the

barrier height for penetration differ from one hexagonal shaft
to the other. The barrier height varies between 178 and 280
kJ/mol. Figure 7 shows that the least unfavorable configuration
of CO in the ice surface corresponds to CO in an interstitial
position between the ice bilayers (with CO oriented nearly
perpendicular to the surface, not shown), with a potential energy
(Epot) of +93 kJ/mol between the first and the second bilayer
and +84 kJ/mol between the second and the third bilayer (0
kJ/mol corresponds to CO in the gas-phase). This is in
reasonable agreement with the results of ab initio calculations,
which found that the total energy of the interstitial CO-ice
lattice system is 78 kJ/mol higher than the sum of the energies
of the two subsystems.31 In those calculations, the least
unfavorable configuration was likewise found to correspond to
an interstitial, nearly perpendicular CO, located along the central
axis of the hexagonal shaft, at an equal distance from the surface
two bilayers (in the ab initio calculations, the model ice lattice
consisted of two surface bilayers31).

For normal incidence, Figure 8 shows histograms of the
number of the adsorbing trajectories calculated atEi ) 9.6 kJ/
mol, distributed over the final energy (Ef) of CO at the end of
the trajectories, i.e., the binding energy. The average binding
energy of CO,〈Ef〉, is 4.33 kJ/mol. The maximum value ofEf

is about 10.0 kJ/mol, which is in good agreement with the ab
initio value for CO interacting with a model ice lattice.31 This
value is also in good agreement with the binding energy of CO
to ice (10.0 kJ/mol) found in Fourier transform infrared
spectroscopy (FT-IR) experiments.31 The maximum value of
the binding energy we find also agrees well with the binding
energy (about 10.4 kJ/mol) found in volumetric and FT-IR
isotherm experiments.33,35

Figure 6. Snapshot of the normally incident molecule approaching
the ice surface just before the collision occurs (a). A snapshot of the
surface with disordered hexagons due to the CO collision with the
surface (b).

Figure 7. Potential of CO interacting with a static ice surface shown
as a function of the translationalZ coordinate of CO normal to the
surface, CO moving along the central axis of a hexagonal water shaft.
The periodic character of the curve reflects the periodicity of the ice
surface in the direction normal to the surface. The positions of the
maxima coincide with the positions of the surface bilayers.

Figure 8. Histograms showing the number of sticking trajectories as
a function of the final molecule-surface interaction energy (Ef, which
is the sum of the potential, translational and rotational energy of CO)
at Ei ) 9.6 kJ/mol for normal incidence.
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Geometry minimizations of CO adsorbed on top of a static
ideal (0001) crystalline surface were carried out to obtain further
insight into the possible CO-ice configurations, especially the
adsorbing sites which yield the maximum binding energy. The
potential energy minima for the CO molecule interacting with
the static ice surface were found to lie in the range of-14.2 to
-9.3 kJ/mol. In the first monolayer (ML1) of the ice surface,
the water molecules can have six possible orientations. In three
of these orientations (class 1), the water molecule has one of
its protons pointing upward, away from the surface. In the other
three orientations (class 2), the water molecule has both protons
pointing obliquely down to the water molecules in the second
monolayer (ML2). The calculations show that the most stable
configuration corresponds to CO interacting with a dangling
OH group of a class 1 molecule, as shown in Figure 9. This is
consistent with the experimental results, which have shown that
this site is the most stable adsorption site, and corresponds to
the secondary band at 2152 cm-1.31,33-37,39

Our finding of dangling OH as the most stable adsorption
site is also in agreement with results of the geometry optimiza-
tion of the system as obtained from ab initio calculations.31,39

However, in our calculations, the molecule is not perpendicular
to the surface, as found in the calculations of refs 31 and 39,
but is nearly parallel to surface. This might be due to the nature
of the surface used in the ab initio calculations: in that surface,
the water molecules are arranged in a highly ordered way (in
the first monolayer, the water molecules are arranged in rows
such that in a particular row either all molecules point one proton
up (class 1) or all of them point both protons down (class 2)).
This type of configuration leads to a strong electric field on
top of the model ice lattice.

According to our geometry optimization calculations, CO can
also be adsorbed on top of a surface hexagonal ring, interacting
with an oxygen atom of a water molecule of class (2) with a
dangling electron pair (dO site) or interacting with an oxygen
atom of a four-coordinated water molecule in ML2 (s4 site). In
these configurations, CO is nearly parallel to the surface. The
two surface adsorbing sites have been observed in the volumetric
and FT-IR isotherm measurements of CO adsorption on
amorphous ice.35,74 Although these sites were not identified as
adsorbing sites in the ab initio calculations of ref 31 (these
configurations were found to be not stable), our findings are
consistent with recent experiments on CO adsorption to ice
covered by CF435 and with recent DFT based calculations.39

Figure 10a shows the translational energy (Etr) of CO, plotted
as a function of time together with theZ coordinate of CO for
a typical adsorbing trajectory atEi ) 193 kJ/mol andθi ) 0°.
The energy transfer to the surface is very efficient: most ofEtr

is transferred to the surface within 0.5-1.0 ps, similar to what
we found for the case of HCl scattering from ice.46 The large
variation observed in the Z coordinate of CO indicates the
weakness of the CO binding to the ice surface. The potential
energy (Epot) reaches a maximum value (about 40% ofEi) when
CO reaches the surface (Figure 10b). The rotational energy (Erot)
also increases when CO reaches the surface, but less thanEpot.

3.2. Scattering.For the case of backscattering, the molecule
is scattered to the gas phase after a single collision with the
surface for most of the trajectories, as illustrated in Figure 11a
for a typical backscattering trajectory atEi ) 193 kJ/mol and
θi ) 0°. The figure shows that the energy transfer to the surface
occurs in a very short period of time, as was the case for sticking
(see Figures 10a and 11a). The energiesEpot andErot increase
when CO reaches the surface, see Figure 11b. The scattered
molecule retains a significant part of theErot, which was initially
gained by the molecule upon the collision with the surface.

For normal incidence, Figure 12, parts a and b, shows
histograms of the final energy (Ef), defined as the sum of the
translational and the rotational energy of the scattered CO, for
Ei ) 96.5 and 193 kJ/mol, respectively. The figures show that
most ofEi of CO is transferred to the surface,Ef of CO being
below 20 kJ/mol in most of the trajectories, for both incidence
energies. AtEi ) 193 kJ/mol, the scattered CO loses up to 90%
of its translational energy, yetPs is very low (Ps ) 0.15 atEi)
193 kJ/mol) compared to the efficient sticking in the case of
HCl46,72 at the sameEi andθi (for the case of HCl,Ps ) 0.95
at Ei ) 193 kJ/mol).

At this point, we can only compare our results for the average
final kinetic energies of the scattered CO at normal incidence
to the results of molecular beam experiments performed to study
the inelastic scattering of N2 from ice surfaces, which were also
performed at normal incidence, forEi ) 8.7, 33.8, and 72.4
kJ/mol atTs ) 100 and 150 K.43 N2 is a molecule similar to
CO and has the same mass. In the experiments, two scattering

Figure 9. Optimized geometry of CO interacting with a static ice
surface shown, using the same color code of the atoms as in Figure 2.

Figure 10. Etr plotted together with the normal coordinateZ of CO
(a) and the energiesErot andEpot (b) plotted as a function of time for
a typical adsorbing trajectory atEi ) 193 kJ/mol, for normal incidence.
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channels were observed: a direct inelastic channel and a
trapping desorption channel. Most of our trajectories are
classified as direct scattering: most of the trajectories are
scattered back after a single (or double) collision and therefore
belong to the first scattering channel. Thus, we have compared
our results with the results of the molecular beam experiments
for the first channel only, atTs ) 150 K.43 In Figure 13, parts
a and b, the calculated average values of the finalEtr andErot

are compared with the experimental values for the direct
scattering channel of N2.75 The figures show that the average
final values ofEtr andErot increase withEi as expected. This
increase is in agreement with the experimental results of N2.

The theoretical and experimental data show that the energy
transfer to the ice surface is quite efficient. Quantitatively, a
difference with the experimental results is that the calculated
average values of the final translational energy of the scattered
CO molecules are somewhat larger than the values measured
for N2. However, the curves representing the final values of
〈Erot〉 are in reasonable agreement with one another.

For off-normal incidence, substantial backscattering occurs:
at θi ) 60° and Ei ) 48.2 kJ/mol, more than 70% of the
trajectories are classified as backscattering trajectories. The
energy transfer to the surface becomes less efficient atθi >
20°, as shown in Figure 14, and this causes the decrease ofPs

with θi, for θi > 20° (see Figure 4b). At largeθi, the scattered
molecule retains a large part of its kinetic energy, mainly as
translational energy. The final rotational energy hardly depends
on θi. Figure 15a-d shows histograms of the number of
backscattering trajectories forEi ) 48.2 kJ/mol, distributed over
the final total energy of the scattered molecule forθi ) 0°, 20°,
40°, and 60°, respectively. The figure shows that, atθi ) 60°
andEi ) 48.2 kJ/mol, CO retains more than 60% of itsEi in
some of the trajectories, similar to what we have obtained in
our study on HCl.46 This is also in qualitative agreement with
the results of molecular beam experiments on HCl scattering

Figure 11. Etr plotted together with the normal coordinateZ of CO
(a) and the energiesErot andEpot (b) plotted as a function of time for
a typical backscattering trajectory atEi ) 193 kJ/mol, for normal
incidence.

Figure 12. Histograms of the number of backscattering trajectories
distributed overEf of the scattered CO (the sum of the final translational
and rotational energy of CO) shown forEi ) 96.5 kJ/mol (a) and 193
kJ/mol (b), at normal incidence.

Figure 13. Calculated average values of the finalEtr (a) andErot (b)
of backscattered CO (solid symbols) plotted together with the experi-
mental results (open symbols)43 for the direct scattering channel of N2

as a function ofEi, for normal incidence atTs ) 150 K.

Figure 14. Average values of the finalEtr, Erot, andEf plotted as a
function of θi for the case of backscattering atEi ) 48.2 kJ/mol for
off-normal incidence.
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from ice surfaces,44 which found that, atEi ) 51 kJ/mol andθi

) 70°, HCl retains up to 45% of its initial translational energy,
depending on the final scattering angle.

The number of backscattering trajectories has been plotted
in histograms distributed over cosθf at Ei ) 96.4 and 193 kJ/
mol in Figure 16, parts a and b, respectively, for normal
incidence, whereθf is the final angle of the scattered CO
molecule from the surface normal. The figures show that most
of the CO molecules are scattered at smallθf (close to the
surface normal). Figure 17 shows a polar plot ofEf of CO as a
function of θf for backscattering trajectories atEi ) 48.2 kJ/
mol for off-normal incidence atθi ) 60°. The figure shows
that the molecules scattered at largeθf are on the average
translationally hotter than those scattered at smallθf, similar to
what we have found in our study on HCl scattering from ice
(0001) surface46 at a larger incidence energy (Ei ) 193 kJ/mol),
for the same value ofθi. This trend was also observed in
molecular beam experiments performed on HCl scattering from
crystalline ice, forθi ) 70° andEi ) 51 kJ/mol.44

4. Conclusions

In this paper, we have presented the results of classical
trajectory calculations on the sticking of hyperthermal CO to
the basal plane face of crystalline ice. The calculations show
that Ps decreases significantly withEi, and with θi for θi >
20°. The predicted quantitative dependence ofPs on Ei andθi

can be confirmed experimentally, by using molecular beam
experiments on scattering of CO from ice for normal and off-
normal incidence. We have not seen any case of surface
penetration for the CO+ ice(0001) system, in contrast to our
predictions for HCl+ ice(0001).72 Instead, we find that CO
can deform the ice surface, such that CO becomes the center of
a large cavity in the first surface bilayer, especially when CO
hits the surface in the center of a hexagonal water ring.
Calculations of the potential energy of CO interacting with a
static ice lattice along the axis of a hexagonal shaft show a
barrier of more than 178 kJ/mol to penetration (compared to a
value of 50 kJ/mol in the case of HCl46).

In the case of sticking, CO is trapped on top of the ice surface,
at a distance of 2-3 Å, in agreement with the results of ab
initio calculations.31 The molecule is trapped over a dangling
OH group, which corresponds to the minor CO infrared band
at 2152 cm-1. It can also be adsorbed on top of a surface
hexagonal ring, interacting with a dangling electron pair oxygen
atom of a water molecule in the first or the second monolayer
(the dO and 4s adsorbing sites respectively), which corresponds
to the major CO infrared band at 2139 cm-1 at low CO
coverage. Our findings are in agreement with the measured
infrared bands corresponding to these adsorbing sites.31,33-37

The average binding energy of the trapped molecule is 4.33
kJ/mol, with a maximum value of 10.4 kJ/mol. The latter value
is in good agreement with the measured binding energies31,33,35

and also with the results of ab initio calculations.31

For normal incidence, the energy transfer from the impinging
molecule to the surface is efficient and fast. Most ofEi is
transferred to the surface in a single collision (within 1 ps).
However, the efficiency of the energy transfer decreases with
θi: in some trajectories, the scattered CO retains more than 60%
of its Ei, mostly as translational energy, atθi ) 60° andEi )
48.2 kJ/mol.

The calculations show that most of the backscattering occurs
in trajectories exhibiting a single or a double collision with the
surface. The average final values ofEtr andErot increase with
Ei, in agreement with the results of N2 scattering from ice
experiments.43 The final 〈Ef〉 increases withθi, mainly due to
the increase in the final〈Etr〉.

For the case of backscattering at normal incidence, CO is
scattered at smallθf, close to the surface normal. For off-normal
incidence (θi ) 60°), the hotter molecules scatter at largerθf,
as was found in our previous calculations on HCl scattering
from ice46 and in molecular beam experiments on HCl+ ice.44

Figure 15. Histograms showing the number of backscattering trajec-
tories distributed over the final energy of the scattered CO (Ef) for
off-normal incidence, forθi ) 0° (a), 20° (b), 40° (c), and 60° (d) at
Ei ) 48.2 kJ/mol.

Figure 16. Histograms showing the number of backscattering trajec-
tories as a function of cos(θf) at Ei ) 96.5 (a) and 193 kJ/mol (b), for
scattering at normal incidence.

Figure 17. Polar plot ofθf as a function ofEf shown forEi ) 48.2
kJ/mol, for off-normal incidence atθi ) 60°.
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