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Abstract: We present results of classical trajectory (CT) calculations on the sticking of protons to the basal
plane (0001) face of crystalline ice, for normal incidence at a surface temperature (Ts) of 80 K. The
calculations were performed for moderately low incidence energies (Ei) ranging from 0.05 to 4.0 eV.
Surprisingly, significant reflection is predicted at low values of Ei (e 0.2 eV) due to repulsive electrostatic
interactions between the incident proton and the surface water molecules with one of their H-atoms pointing
upward toward the gas phase. The sticking probability increases with Ei and converges to unity for Ei g

0.8 eV. In the case of sticking, the proton is trapped in the ice forming a Zundel complex (H5O2
+), with an

average binding energy of 9.9 eV with a standard deviation of 0.5 eV, independent of the value of Ei. In
nearly all sticking trajectories, the proton is implanted into the ice surface, with a penetration depth that
increases with Ei. The strong interaction with the neighboring water molecules leads to a local rupture of
the hydrogen bonding network, resulting in collision induced desorption of water (puffing), a process that
occurs with significant probability even at the lowest Ei considered. The probability of water desorption
increases with Ei. In nearly all trajectories in which water desorption occurs, a single three-coordinated
water molecule is desorbed from the topmost monolayer.

1. Introduction

The interaction between water ice and protons is important
to a large range of chemical environments, ranging from the
interstellar medium (ISM), planetary surfaces, and comets to
our own atmosphere. Proton-ice interaction is relevant to
numerous fundamental processes, such as the formation of
molecules at surfaces of interstellar grains,1,2 ion implantation,3

and water sputtering.4 It is also relevant to analytical techniques,
such as proton channelling, which can be used to investigate
surface disorder of ice.5 As a result of their importance,
interactions of protons with water ice have been studied both
experimentally4-7 and theoretically,8-10 for a wide range of
conditions.

Outside the earth’s atmosphere, protons are present in cosmic
rays (CRs) that consist of energetic charged particles, mostly

of galactic origin. The CRs can also be generated in the sun
and interplanetary space. They consist predominantly of protons
(about 90%) and He nuclei (about 10%) with electrons as a
minor constituent.11 In the ISM, ice is present as icy mantles of
submicron thickness, covering dust grain particles that typically
consist of silicate or carbonaceous cores. The structure of
interstellar ice is known to be predominantly amorphous,12 but
recent experiments13 and astronomical observations14,15 also
clearly suggest the presence of crystalline ice. The icy mantles
also contain other molecules, such as CO, CO2, NH3, and CH4.16

In such environments, incoming CRs can promote the formation
of carbonic molecules such as carbonic acid (H2CO3), which
was found to form upon exposing H2O-CO2 mixtures to high
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energy protons,1,2 and of organic molecules, such as amino
acids.17 In addition to chemical reactions, CRs also induce other
energetic processes in icy mantles: the CR-ice interaction is
the predominant agent leading to mass loss of water-ice grains.18

Thick deposits of ice (much thicker than the icy mantles of the
ISM, and thicker than the CR penetration depth) are present on
planetary surfaces and on comets3. Surface implantation of
bombarding ions3 is relevant for a variety of processes occurring
in these environments.

Cosmic rays and solar protons can penetrate our atmosphere
to some extent, thereby affecting atmospheric ion chemistry.19-22

The CRs play a significant role in atmospheric processes and
phenomena, such as ozone depletion and the green house
effect.11,23

In our atmosphere, ice is present at different altitudes. The
mesosphere is at heights of more than 80 km, where noctilucent
clouds exist. Here, ion water clusters H+‚(H2O)n exist, which
are formed in a chain of events initiated by O2

+ cations (see
ref 24 for the details of the formation mechanism). The
formation of these charged clusters is believed to promote the
nucleation of neutral water clusters through subsequent dis-
sociative recombination reactions with electrons.24

The stratosphere is at heights between 15 and 50 km. Near
the poles at∼20 km, polar stratospheric clouds can form in
winter time. These clouds, which catalyze ozone destruction,
are known to consist of crystalline ice particles.25 The location
of these clouds coincides with the altitude at which the intensity
of cosmic ray cascades is at its maximum (see ref 26 and
references therein). These cascades, also known as secondary
cosmic ray particles, are produced by the incidence of cosmic
particles upon our atmosphere. They contain muons, protons,
and other hadrons. Protons can also reach the upper layer of
the troposphere (which extends up to∼15 km), where cirrus
cloud ice particles are present and may play a role in the
depletion of ozone.27

Not only are proton ice interactions important to a variety of
chemical environments, they can also be exploited in analytical
techniques. For example, proton channelling has been used to
investigate surface melting of ice of a few nanometers thickness
at different surface temperatures (Ts), at a normal incidence
energy (Ei) of 100 keV.5

Experiments on proton-ice interactions have been performed
for a variety of conditions. Brown et al. studied the interaction
of highly energetic (MeV), light ions such as H+ and O+ with
ice.6 The collisions were observed to lead to sputtering, with
0.4 (0.2) H2O molecules coming off the surface per incident
proton atEi ) 0.5 (1.5) MeV. The experimentalists believed
the water molecules to be ejected stoichiometrically, but they

could not determine whether molecules were ejected as mono-
mers or in clusters. The observation that the sputtering coef-
ficients were independent of the thickness of the ice film
suggested that the erosion of the water molecules occurred near
the surface-vacuum interface.6 Many experiments have been
performed afterward on water sputtering by high incident energy
ions (see the review of Bariagiola et al.4 and references therein).
The main conclusions drawn from these experiments agree well
with those of the pioneering experiments of Brown et al.6

At somewhat lower, but still high protonEi (100 eV),
femtosecond experiments7 were performed to study proton
scattering and secondary ion desorption (of proton hydrated
species) from water ice adsorbed on a Pt(111) surface, at an
incidence angle of 20°. At high coverage (>10 monolayers
(ML)), a high sticking probability was found. Only bare protons
were observed to scatter at high coverage. Secondary ions (H+‚
(H2O)n, n ) 1-10) were only observed at a low coverage (0.1
ML) and low Ts (15 K).

Proton transfer under equilibrium conditions in H2O/D2O
amorphous ice mixtures was studied by reactive ion scattering
(RIS) experiments forTs ) 95-140 K.28 In these experiments,
Cs+ scatters off the surface atEi< 35 eV. The scattered Cs+

can take one or more water molecules with it, and the presence
of HDO (the occurrence of proton exchange) is detected by mass
spectrometry. For pure ice films, no exchange of thermally
generated protons was observed at lowTs, but proton exchange
was observed to occur on a time scale of minutes atTs ) 140
K. Addition of HCl to the film to yield excess protons led to
quick proton exchange (proton exchange at the surface going
to completion within a minute), but the proton exchange was
lateral in nature, being confined to the top bilayer at 95 K and
to the top three bilayers at 140 K. The experiments suggest that
the proton prefers to stay on the surface rather than move into
the bulk,28 in agreement with the experimental results of Cowin
et al.29

Scattering of protons from ice has also been studied theoreti-
cally. A qualitative, classical trajectory (CT) study was per-
formed for protons scattering from an amorphous ice cluster
consisting of 100 water molecules, forEi ranging from high
(840 eV) to very low (0.84 meV).9 Because very few trajectories
were run (up to 5 perEi), the calculations did not allow
quantitative conclusions to be drawn. Interestingly, water
sputtering was found to be quite efficient for lowEi (e8.4 eV).
However, at the highestEi, the protons just passed through the
amorphous ice cluster, and water sputtering was not observed.
In contrast, a CT study of scattering of O+ from cubic ice, for
Ei ) 23-115 eV, showed the sputtering yield to increase with
Ei.8 In most trajectories showing water sputtering, the sputtered
material consisted of a single intact water molecule.8 In those
calculations, most of the sputtered molecules (up to 97-99%)
originated from the surface-vacuum interface, as suggested by
the erosion experiments of Brown et al.6 In most cases, the
incident O+ ions were found to be implanted in the surface rather
than reflected into the gas phase, with reflection decreasing with
increasingEi. Fragmentation of the surface water molecules
upon impact was only observed at the highest energies
considered (115 eV).8
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In explorative calculations, Ohmine and co-workers investi-
gated the dynamics of proton attachment to a water cluster
consisting of 64 molecules atT ) 15 K, using molecular
dynamics (MD) simulations.10 Twenty trajectories were com-
puted for different initial positions of H+ relative to the cluster.
The proton was initially placed at a distance of 15 Å from the
center of the cluster, with zero initial momentum. Following
impact, on average 3.8 water molecules desorbed from the
cluster on a time scale shorter than 1 ps. During this time, proton
transfer from one water molecule to another proceeded over
barriers that are lower than the proton’s energy, so that classical
mechanics can be assumed to hold at this initial stage of the
proton-ice interaction. Initially, H+ was always associated with
one water molecule. At the next stage, proton transfer to another
molecule proceeded through a Zundel complex, i.e., (H5O2)+

solvated by other water molecules, and next to another water
molecule, and so on. During the transfer, both water molecules
involved in the Zundel complex had to have a low hydrogen
bond coordination number (less than 3 hydrogen bonds to other
water molecules). The proton transfer was observed to proceed
through the anomalous diffusion mechanism, i.e., the proton
transferred from a water molecule is often not the one it
accepted.

Ohmine and co-workers have also studied proton solvation
and proton transfer in cubic ice, in simulations in which they
placed the proton initially at a center of a cluster containing
512 water molecules.30 In these and in subsequent calculations31

on cubic ice, water desorption was not found to occur.
The aim of the present work was to determine the sticking

of H+ and the water desorption probabilities for H+ scattering
from the basal plane (0001) face of hexagonal ice at normal
incidence, for lowEi (0.05-4 eV) andTs ) 80 K, the latter
value being intermediate to temperatures in the stratosphere and
the ISM, using the CT method. The use of classical mechanics
for our purpose can be justified on the basis that Ohmine and
co-workers observed water desorption from amorphous ice
clusters at an early stage directly following impact, where the
proton transfer can be assumed to occur in a classical regime.10

We have found significant probabilities for collision induced
desorption, even at the lowestEi studied. Surprisingly, we also
found high proton reflection probabilities at lowEi (0.4 atEi )
0.05 eV), even though adsorbed protons have a very strong
interaction with ice. We have also studied the binding energy
of the proton adsorbed to ice.

The rest of this paper is structured as follows. Section 2
describes the method used, with respect to the treatment of the
ice surface (section 2.1) and the proton interacting with it
(section 2.2). The results are presented and discussed in section
3, where section 3.1 focuses on the sticking and the subsequent
interaction of the proton with the water molecules. Section 3.2
provides a brief discussion of the surprising reflection observed
at lowEi, and section 3.3 discusses collision induced desorption
of the water molecules. Finally, section 4 concludes.

2. Method

To simulate the interaction between H+ and the (0001) surface of
ice Ih, the CT method32 was used, essentially following the same
approach as used before to study the sticking of HCl and CO to ice
surfaces.33-35

2.1. Ice Surface.The ice surface was simulated using the molecular
dynamics (MD) method.36 The surface consists of 360 water molecules,
distributed over four bilayers of moving molecules superimposed on
two fixed bilayers (60 water molecules per bilayer). Periodic boundary
conditions were applied in thex andy directions parallel to the surface,
to simulate an infinite surface. The water molecules in the moving
bilayers were treated as rigid rotors but were otherwise allowed to move
according to Newton’s equations of motion. Obviously, the rigid rotor
approximation implies that the existing OH bonds cannot be broken.
This constraint is justified to the extent that water molecules wereonly
observed to break into fragments by ion bombarding at incidence
energies that are at least an order of magnitude higher than those used
in our calculations.4,8,28The rigid rotor approximation also implies that
anomalous proton diffusion (H3O+ transfers another proton to a
neighboring water molecule than the proton originally transferred to
it) cannot be modeled. The implications of that will be discussed below.

The initial configuration of the ice surface obeyed the ice rules37

and had a zero dipole moment. To simulate the interactions between
the water molecules, the TIP4P pair potential38 was used:

where the first term is the Lennard-Jones potential39 centered on the
oxygen atoms. It represents the Pauli repulsion and dispersion interac-
tions between two water molecules. The second term represents the
electrostatic energy, whereqi andqj are the charges of the two water
molecules, separated byrij. In this model, two positive charges are on
the water hydrogen atoms and a third negative charge is at a distance
of 0.15 Å from the oxygen atom, along the bisector of the HOH angle.
The surface was equilibrated atTs ) 80 K, using a computational
analogue of a thermostat.40 The thermostat was applied for 20 ps, and
the surface was then left to equilibrate for a further 100 ps, using a
time step of 1 fs. We do not expect any dependence of the results
obtained here onTs because of the strong binding energy of the proton
to the surface, similar to our finding in the case of HCl sticking to
ice,34 whereas a dependence onTs was evident in the case of H-atoms
sticking to ice, the interaction of neutral H-atoms with ice being very
weak.41

Top and side views of the (0001) basal plane ice surface are shown
in Figure 1a and b, respectively. In the ice surface, the water molecules
are arranged in chair shaped hexagonal rings in each bilayer (two
monolayers per bilayer, separated by about 1 Å) as shown in Figure
1a. These hexagonal rings are superimposed on each other, forming
shafts running normal to the scattering surface. The water molecules
in the topmost monolayer at the surface vacuum interface are three-
coordinated; i.e., forming three hydrogen bonds with the neigbouring
water molecules in the second monolayer of the same bilayer. The
topmost monolayer molecules are of two classes. In the first, a water
molecule has one of its protons upward pointing to the gas phase, away
from the surface, and the second proton points down obliquely, forming
a hydrogen bond with a water molecule in the second monolayer. A
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water molecule of the second class has both its protons pointing
obliquely downward, forming hydrogen bonds with two neigbouring
water molecules in the second monolayer. The water molecules in the
second monolayer and below are four-coordinated, i.e., forming four
hydrogen bonds.

2.2. Impinging Proton. The interaction between the proton and the
ice surface was computed as a sum over pair potentials describing the
interaction between the proton and individual water molecules. The
proton-water interaction has the form42

where the first term represents the electrostatic interactions between
the proton of chargee and the chargesqi on the water molecule,ri

being the separation between the proton andqi. The second term is a
hard-core repulsive potential, which is present because the proton starts
to acquire a cloud of negative charge as it approaches the water
molecule. In the hard-core part,C is equal to 9.04 eV Å9 (872.4 kJ/
mol Å9), the kronecker delta (δi3) term signifying that this repulsive
interaction acts between the proton and the site of the negative charge
on the water molecule only. This pair potential has been used in several

studies to investigate proton hydration.43,44 The binding energies and
the distances between the proton and the water oxygen atoms in small
clusters calculated using the interaction potential described in eq 2 agree
well with ab initio results45 and with experimental data (ref 46 and 42
and references therein). For instance, the model yields a proton-single
water molecule interaction energy of 7.3 eV,42 in good agreement with
the experimental value 7.2 eV.47

In the CT calculations presented here, the Monte Carlo technique
was used to choose at random the initial impact position of the
impinging proton on the ice surface. Three hundred trajectories were
run for different values ofEi ranging from 0.05 to 4 eV, at normal
incidence. Each trajectory was run for 5 ps, focusing on the initial
interaction of the proton with the ice. A time step of 0.05 fs was
employed. At the beginning of each trajectory, the proton was placed
11.3 Å above the ice surface. In the MD simulations and in the
simulations of the proton-ice collision dynamics, Newton’s equations
of motion of the proton and the water molecules were integrated using
an improved leapfrog algorithm.48 In the CT calculations, the proton-
H2O interaction is switched off between 9.5 and 10 Å, using a switching
function.49 As will be described below, we tested whether this procedure
affects the calculations of the sticking probability, at the lowest collision
energy we considered.

The ice surface was operationally defined to be at a height of 22.5
Å, with Z ) 0 being the position of the lowest static bilayer of the
simulated ice slab. The sticking of the proton was defined to occur if
the trajectory exhibited more than one turning point in the Z coordinate
of the H+, such that, at the end of the trajectory, H+ ends on top of or
in the ice surface. For each value ofEi, the sticking probability (PS) is
defined as the number of sticking trajectories divided by the total
number of trajectories (300). The estimated standard deviation ofPS is
calculated as one standard deviation.50,51The second possibility is that
the proton scatters back to the gas phase, which is operationally defined
to occur if the proton-surface distance becomes 7 Å after the impact
with the surface. Surface penetration by H+ has also been studied by
looking at the final position of the H+ with respect to the ice surface
at the end of the sticking trajectories. Surface penetration is defined to
occur if the final position of the stuck proton is below 22.5 Å, similar
to the definition used to study HCl penetration into crystalline ice.33 In
the analysis, we have also considered the final position of the proton
with respect to the surface bilayers and the possible formation of
proton-water complexes that occurs after trapping. Finally, we have
also considered the water desorption from the ice surface that occurs
upon the collision of the proton with the surface.

In our study of the dynamics of the interaction of the proton with
ice, the two major approximations are the use of classical mechanics
and the use of the rigid rotor model for the water molecules. The validity
of these approximations is best judged in the light of the two major
findings of this study: the significant reflection probabilities at low
incidence energies and significant probabilities for collision induced
desorption (see below). We believe that neither approximation affects
the calculation of the reflection probability, the observed reflection
occurring from barriers that are due to electrostatic interactions and
that are too high and too broad for the reflection to be affected by
tunneling.

The situation with respect to collision induced desorption is more
complicated. The classical calculations of Ohmine and co-workers show
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Figure 1. Top and side views of the crystalline ice surface. The green
spheres show the dangling H-atoms. The red and white spheres represent
the oxygen and the hydrogen atoms of the surface water molecules,
respectively.
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that it occurs at the onset of proton absorption, during which time proton
transfer is classical to the extent that the energy of the transferred proton
is higher than the barrier over which it is transferred,10 justifying the
use of classical mechanics. On the other hand, during this time the
proton transfer often occurs through the “anomalous” mechanism
referred to above, accompanied by energy transfer to intramolecular
vibrations. It is therefore possible that the collision induced desorption
is affected by the anomalous proton diffusion mechanism and the energy
transfer to the intramolecular vibrations that could accompany it.
Because the transfer of energy from the incident proton to the high
frequency intramolecular vibrations can probably not be modeled
reliably with classical mechanics and fully quantum mechanical
simulations of protons colliding with flexible, quantum dynamical water
molecules and leading to collision induced desorption are outside the
scope of our possibilities, the decision was made to perform the classical
simulations within the rigid rotor approximation for the water molecules.
We believe that, even with the approximate nature of the model used,
the predictions made below of significant probabilities of proton
reflection and collision induced desorption of water molecules from
ice at low incidence energies are of high enough interest to stimulate
experimental efforts aimed at validation.

3. Results and Discussion

3.1. Sticking.Figure 2 shows the computedPs of H+ to the
ice surface as a function ofEi. At low values ofEi (up to 0.8
eV), Ps increases substantially withEi. This is in contrast to
what one would expect, as a larger amount of energy has to be
transferred to the surface for sticking to occur at higher values
of Ei. Previous computer simulations performed to study the
interaction of HCl, CO, and H2 molecules with crystalline and
amorphous ice33,35,52,53showed thatPs decreases withEi, in
agreement with experiments performed on HCl, N2, and H2

scattering from ice.53-56 Because the binding energy of the
trapped proton (see below) is much higher than the values of
Ei considered here, one might expect a highPs (approximately
unity) for all values ofEi studied here. The increase ofPs with
Ei observed here forEi e 0.8 eV arises from the proton

encountering, at particular impact points, a repulsive barrier that
it cannot overcome, due to its interaction with the positive
charges of upward pointing hydrogen atoms of surface mol-
ecules (see below for more details). As discussed in section 2.2,
we tested whether the high reflection probability obtained for
low Ei was not an artifact of switching off the H+-H2O potential
at H+-H2O distances of 9.5-10.0 Å. For this purpose, 300
additional trajectories were run at the lowestEi (0.05 eV),
switching off the H+-H2O interaction between 14 and 14.5 Å
and initiating the trajectory at a distance of 16.5 Å from the
surface. These additional calculations predict a value ofPs that
agrees with the one previously computed to within the statistical
error (see Figure 2). The high reflection probabilities predicted
here are thus not an artifact of using a short ranged potential.
Instead, they represent results of dynamics calculations using a
realistic model potential that can be tested by ion scattering
experiments.

For high energies (g1 eV), Ps converges to 1, as shown in
Figure 2. The apparent decrease inPs at Ei > 0.8 eV is not
statistically significant with the number of the trajectories that
has been run. The highPs values at high energies found here
are in qualitative agreement with the findings of the ion
scattering experiments of Souda,7 performed at incidence
energies (100 eV) that are about 2 orders of magnitude higher
than those considered here.

For most of the sticking trajectories, we find that the stuck
proton is absorbed inside the ice surface; i.e., the proton
penetrates the ice even at the lowest values ofEi (Figure 3). At
low values ofEi, Figure 3 shows that the protons are stuck to
the surface mainly in the first bilayer or between the first and
second surface bilayers. However, at higherEi some protons
penetrate deeper (in some cases about 10 Å) into the second or
third bilayer (Figure 3); i.e., the proton penetration depth
increases withEi. This is in agreement with the results of CT
calculations of O+ scattering from cubic ice,8 where most of
the impinging O+ ions were found to be implanted rather than
reflected at energies higher than those considered here (Ei )
23-115 eV). Our finding that the proton may penetrate the ice
surface by as much as 10 Å suggests that experiments on
penetration of ice by protons could yield information on surface
disorder and surface melting at lowEi (as low as 3 eV). In the

(52) Al-Halabi, A.; Fraser, H. J.; Kroes, G. J.; van Dishoeck, E. F.Astron.
Astrophys.2004, 422, 777.

(53) Hornekær, L.; Baurichter, A.; Petrunin, V. V.; Luntz, A. C.; Kay, B. D.;
Al-Halabi, A. JCP, submitted.

(54) Andersson, P. U.; Någård, M. B.; Bolton, K.; Svanberg, M.; Petterson, J.
B. C. J. Phys. Chem. A2000, 104, 2681.

(55) Andersson, P. U.; Na˚gård, M. B.; Petterson, J. B. C.J. Phys. Chem. B
2000, 104, 1596.

(56) Gotthold, M. P.; Sitz, G. O.J. Phys. Chem. B1998, 102, 9557.

Figure 2. Sticking probability of H+ to crystalline ice plotted as a function
of Ei, for normal incidence atTs ) 80 K (open circles). For eachEi, 300
trajectories were run. The error bars in the figure represent one standard
deviation. The solid circle representsPs computed forEi ) 0.05 eV and
switching off the proton-water interaction for H+-H2O distance between
14.0 and 14.5 Å (see the text for more details).

Figure 3. Fraction of sticking trajectories plotted for four differentEi,
according toZf of H+ at the end of the trajectories, for normal incidence at
Ts ) 80 K. For eachEi, 300 trajectories were run. The positions of the
surface bilayers are shown by the arrows at the bottom of the figure. The
surface-vacuum interface, indicated by the dashed long double arrow, is
located at 22.5 Å, withZ ) 0 defined as the bottom of the ice slab, including
the fixed two bilayers.
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past, proton scattering experiments have probed the surface
melting of ice at much higher incidence energies (100 keV),
observing backscattered protons.5

In most cases of sticking, independent of the value ofEi, we
found that H+ interacts strongly with two water molecules
forming the well-known Zundel complex (H5O2

+), as illustrated
in Figure 4, rather than forming a hydronium ion, as observed
in simulations on proton solvation in large water clusters, using
the same potential we have used here.43,44 The figure shows
the configuration of a complex, in which the proton interacts
with two water molecules in two different surface bilayers. In
this configuration, the proton is approximately equidistant (1.3-
1.4 Å) from the O-atoms of the two water molecules forming
the complex. In Figure 5, a distribution function of R(O-H+),
the distance between the proton and the oxygen atom of each
water molecule, is plotted for all the sticking trajectories atEi

) 4.0 eV. The first peak at about 1.4 Å corresponds to the
Zundel complex. The same distributions were found for other
values ofEi, as would be expected. The H+-O distance of 1.4
Å is in reasonable agreement with that (1.3 Å) obtained from
calculations of proton solvation in water using the ab initio
molecular dynamics method.57,58 The latter value is somewhat
larger still than that found for the Zundel complex in the gas
phase, where the distance is about 1.2 Å.59,60These differences

probably arise from the water molecules in the ice surface being
less free to rearrange their position than those in liquid water
and in small water clusters.

In Figure 6, distributions of the final proton potential energies
(binding energies) for the sticking trajectories are shown for
four values ofEi. The distributions are very similar for allEi.
The average binding energy of the trapped proton calculated
from all sticking trajectories is found to be 9.9, and the standard
deviation is 0.5 eV. The computed average binding energy is
independent of the value ofEi (Figure 6), suggesting that the
proton-ice system achieves equilibrium within 5 ps. One can
compare the calculated proton binding energy we obtained with
the proton solvation enthalpy, taking into account that the
volume change is not significant in our calculations. The
measured proton solvation enthalpy in liquid water is about 11.9
eV,61 in reasonable agreement with our calculated value (9.9
eV). The calculated interaction energy of H3O+ with cubic ice
(5.9 eV) calculated by Ohmine and co-workers30,31corresponds
to a proton binding energy of 12.5 eV, by using eq 8 of ref 61,
which relates the proton binding energy with that of H3O+ in
liquid water. This value is also in fair agreement with our
calculated value.

3.2. Scattering.The scattering of protons from ice is most
likely to occur at low values ofEi (e0.2 eV) as shown in Figure
2. To understand the scattering dynamics, we have examined
in more detail the scattering trajectories. Two typical types of
collisions that result in scattering were found. In the first case,
H+ is scattered back when it collides with a surface hexagonal
ring that contains three water molecules in the topmost
monolayer (see Figure 1) whose hydrogen atoms are upward
pointing, away from the ice surface. In the second situation,
H+ is directly scattered from a single upward pointing hydrogen
atom. The scattering occurs due to a rather localized electrostatic
repulsive interaction between the charge of the proton and the
charges of the water hydrogen atoms. At these low values of

(57) Tuckerman, M.; Laasonen, K.; Sprik, M.; Parrinello, M.J. Chem. Phys.
1995, 103, 150.

(58) Marx, D.; Tuckerman, M. E.; Hutter, J.; Parrinello, M.Nature1999, 397,
601.

(59) Ojamäe, L.; Shavitt, I.; Singer, S. J.J. Chem. Phys.1998, 109, 5547.
(60) Auer, A. A.; Helgaker, T.; Klopper, W.Phys. Chem. Chem. Phys.2000,

2, 2235.
(61) Coe, J. V.;Chem. Phys. Lett.1994, 229, 161.

Figure 4. A side view showing the Zundel complex of the trapped proton
(indicated by the blue sphere) interacting with two surface water molecules
in two different surface bilayers, for normal incidence atTs ) 80 K.

Figure 5. A distribution of the oxygen-proton distance is shown for all
the sticking trajectories for normal incidence, atEi ) 4.0 eV andTs ) 80
K.

Figure 6. Fraction of the sticking trajectories plotted as a function of the
potential energy of H+ at the end of the trajectories for four values ofEi,
for normal incidence atTs ) 80 K. For eachEi, 300 trajectories were run.
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Ei, the molecule is scattered at distances between 5 and 9 Å
from the top surface bilayer. At high values ofEi, a few
scattering trajectories were found to occur in which the reflection
was due to the interaction with the hard-core potential in addition
to the electrostatic repulsion (the proton was scattered very close
to the atoms of the water molecules in the top bilayer). In all
cases, the scattering of the proton was observed to occur
immediately upon impact.

3.3. Collision Induced Desorption of Water Molecules.
Upon impact of the proton, even at the lowestEi some water
molecules are “puffed” and attempt to leave the surface as
observed in several trajectories. A water molecule is operation-
ally defined to show collision induced desorption (CID) if its
distance to the surface becomes larger than 7 Å; i.e., the same
definition used to define proton reflection discussed in section
2.2. Here, we use the term “puffing” and CID rather than
“sputtering” because, especially at the lowestEi, the energy
required for water desorption, which exceeds 30 kJ/mol, does
not come from the initial collision energy but rather from the
strong interaction of the proton with the nearest water mol-
ecules: the entering proton acts like a “Coulomb bomb”,
triggering a local rupturing of the soft hydrogen bonding network
by reorienting the water molecules close to it. Thus, it can
happen that a surface water molecule suddenly finds that some
of its neighbors, by reorienting, now repel it to the extent that
the surface molecule can be thrown out.

The probability of CID is shown as a function ofEi in Figure
7. The probability increases withEi, either because the proton’s
excess energy is somehow dissipated directly to surface water
molecules or because the proton’s excess energy allows the
proton to enter places where it can more effectively disrupt the
hydrogen bonding network. The importance of the charge-dipole
induced rupture of the hydrogen bonding network in causing
water desorption is underlined by the fact that no collision
induced water desorption was found in CT calculations of
scattering of polar molecules such as HCl34 or HF62 from ice,
at collision energies as high as 2 and 1 eV, respectively. The
importance of this mechanism also suggests that the influence
of incidence angle andTs on the CID probability will be small.
More details will be published elsewhere.63

In nearly all CID trajectories,only a single water molecule
desorbs from the surface, while in only a very few cases is a
second water molecule ejected from the surface. However, this
second molecule is always readsorbed, returning to the surface
because it does not have enough kinetic energy to escape from
the surface. Also, in nearly all CID trajectories, the puffed water
molecules come from the surface-vacuum interface; i.e., they
are three-coordinated water molecules (see section 2.1 for
details) in the top surface monolayer, in agreement with
experimental studies of H+-ice collisions at high energies6,4

and theoretical studies of O+-ice collisions at hyperthermal
energies.8

We cannot perform a quantitative comparison of our results
with the previous CT calculations of ref 9 on collision induced
water desorption from amorphous ice clusters, because very few
(up to 5 perEi) trajectories were computed in that work. At
low values ofEi (as low as 0.000 84 eV), these calculations
showed that more than one water molecule per trajectory
desorbed from a water cluster. Water desorption was found to
be quite efficient for all trajectories at all energies considered
in their study (except atEi ) 210 and 840 eV). Similar results
were obtained in the explorative classical calculations (20
trajectories) by Ohmine and co-workers10 on proton attachment
to cold water clusters, where 3.8 water molecules were desorbed
on average per trajectory. The discrepancies between our
findings and those for amorphous ice (cold water) clusters can
be explained from the differences in the nature of the ice
surfaces, in particular, the binding energies of the surface water
molecules at the proton impact sites. The amorphous water
clusters used were small, consisting of 1009 and 6410 water
molecules. The surfaces of those clusters are very irregular, and
many surface molecules have a low hydrogen bond coordination
number (as shown in simulations of amorphous water clusters
by Buch;64 see also ref 65 for more details). In contrast, our
crystalline ice surface is much more regular, with the water
molecules at the surface being coordinated by three or four other
water molecules. Because water evaporation should be the easier
the less tightly bound a surface molecule is, evaporation of more
molecules can be expected from amorphous ice clusters.

Finally, in our calculations, desorption of water molecules
occurs within the first picosecond following proton impact, in
agreement with the observation of fast water desorption (within
0.8 ps) in the calculations of Ohmine and co-workers.10 The
water erosion thus occurs during the initial interaction of the
proton with the ice surface, i.e., during the time that classical
mechanics is expected to yield a good description of the proton’s
motion in the ice10 (see also section 2.2).

4. Conclusions

In this paper, we have presented the results of CT calculations
on the sticking of H+ to the basal plane (0001) of crystalline
ice, for collision energies from 0.05 to 4.0 eV, at normal
incidence forTs ) 80 K. A surprising prediction from our
simulations is that the reflection probability is substantial at low
values ofEi (Ei e 0.2 eV). In the case of reflection, the proton
is scattered at a long distance from the ice surface, due to a
repulsive electrostatic interaction with one or more upward

(62) Gardner, D. O. N.; Al-Halabi, A.; Kroes, G. J.J. Chem. Phys.2004, 120,
11796.

(63) Al-Halabi, A.; Sanfelix, P. C.; Darling, G. R.; Holloway, S.; Kroes, G. J.
To be submitted.

(64) Buch, V.J. Chem. Phys.1992, 96, 3814.
(65) Al-Halabi, A.; van Dishoeck, E. F.; Kroes, G. J.J. Chem. Phys.2004,

120, 3358.

Figure 7. Probability of CID shown as a function ofEi, for normal
incidence atTs ) 80 K. For eachEi, 300 trajectories were run. The error
bars in the figure represent one standard deviation.
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pointing hydrogen atoms of the nearest water molecules in the
first surface monolayer. The calculations predict that the
reflection efficiency decreases with increasingEi, Ps becoming
essentially 1 atEi ) 0.8 eV and remaining 1 for all higherEi

values studied here. We hope that the predicted dependence of
Ps can be confirmed experimentally, using thermal and hyper-
thermal incident protons scattering from crystalline ice.

In the case of sticking, H+ penetrates the ice surface in most
of the trajectories, even at low values ofEi. The penetration
depth of the trapped proton increases withEi. For most sticking
trajectories, the proton interacts mainly with two water mol-
ecules, forming a Zundel cation (H5O2

+), rather than a H3O+.
The average proton-ice interaction energy was computed to
be 9.9 eV with a standard deviation of 0.5 eV, in fair agreement
with the measured and calculated binding energies of protons
solvated in cubic ice30,31 and in water clusters.61,10 The proton
was found to be approximately equidistant (1.4 Å) from the
two oxygen atoms of the water molecules belonging to the
Zundel complex.

Collision induced desorption of water upon proton impact
has been observed even at the lowestEi, increasing in efficiency

with Ei. In all CID trajectories, a single water molecule per
trajectory is found to desorb and leave the surface, in agreement
with the results of previous experiments on H+ sticking to ice
at high energies (MeV) and calculations on O+ sticking to ice
at hyperthermal energies (23-115 eV) (see also ref 4 and
references therein). Exploratory calculations on proton associa-
tion with small, cold water clusters found higher probabilities
for CID and desorption of more molecules per trajectory,
presumably because such clusters have more weakly bound
water molecules at their surface than crystalline ice.9,10 The
desorbed water molecule initially was always a part of the
surface top monolayer at the surface-vacuum interface, i.e., a
three-coordinated molecule in the top surface monolayer.
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