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Abstract

Dissociation of chlorofluorocarbons in the atmosphere is a heterogeneous process
that takes place mainly on the surface of ice particles. Recently an enhancement
of the dissociation rate due to excess electrons has been shown theoretically and
correspondingly measured experimentally. Our density functional theory calcu-
lations show that CCl4 dissociates due to an excess electron with an energy gain
of 0.8 eV on the ice surface as opposed to in the gas phase. Through the use of
ab-initio molecular dynamics, an atomistic pathway for this dissociation has been
elucidated, this pathway shows the capture of Cl− by the ice surface through a
partial solvation mechanism, in agreement with recent experimental findings.

Chlorofluorocarbons (CFCs), such as tetrachloro- (CCl4) and dichloroflouro- (CF2Cl2)
methane, are known to play a key role in the depletion of the ozone layer1. It has
been shown that the photo-dissociation of CFCs, in gas phase2 or supported by ice
particles3, is the main reaction pathway for the formation of active chlorine atoms
which participate in the ClOx catalytic cycle depleting the ozone layer in the Antarc-
tic spring3,4. Extensive theoretical and experimental studies have been undertaken to
elucidate the reaction pathways from an atomistic view point and to explain the ap-
pearance of the ozone hole during specific times of the year and within well defined
geographical regions. It has been proposed that the dissociation could be catalysed by
the presence of excess electrons (EE) left by galactic cosmic rays and trapped at the sur-
face of ice particles in the polar stratospheric clouds5–7. Although the role of cosmic
rays on ozone depletion has been the subject of a strong debate8–11, several experi-
ments have revealed that the dissociation of the CFCs induced by electron attachment
is enhanced when it occurs on the ice surface, with respect to the gas phase5,7,12. Most
CFCs, including CCl4, undergo dissociative attachment of low energy electrons in the
gas phase, so it has been argued that the enhancement of the dissociation rate on ice
may be related to a partial or complete localisation of the EE at its surface5.
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Ice is a large gap insulator with a negative electron affinity13. Penetration and
stabilisation of EE in the bulk requires large molecular rearrangements, presumably
similar to those required to solvate EE in bulk water. It has been shown that a competing
stabilisation mechanism for the EE in pure ice is self-trapping at the surface14. Recent
experiments and theoretical calculations have shown that surface trapping takes place
through a rearrangement of the uppermost molecular layers or at pre-existing defects15.
The goal of this paper is to investigate theoretically the mechanism that leads to the
enhancement of the dissociation rate of CCl4 in the presence of EE localised on the
surface of ice.

Theoretical efforts to understand the role of EE on the dissociation of CFCs in wa-
ter systems have been restricted to the study of CFCs with small water clusters16. To
the best of our knowledge this work is reportedly the first ab-initio calculation describ-
ing the dissociation of CCl4 on an ice surface in the presence of an EE. We show that
dissociative electron attachment is energetically more favoured on the ice surface than
in the gas phase, and that the Cl− product remains bound to the ice surface. Our theo-
retical calculations agree with experimental findings and provide an atomistic pathway
for the dissociation.

We perform density functional theory based molecular dynamics (MD) using the
Car-Parrinello method as implemented in the Quantum Espresso package17. The elec-
trons were attributed a fictitious mass of 200 a.u. and the Brillouin zone sampling was
restricted to the Γ-point only. A time step of 6 a.u. was used to integrate the equa-
tions of motion. The valence electron-nuclei interactions were described by Troullier-
Martins pseudopotentials. The electronic states were expanded in a plane wave basis
set with an energy cutoff of 80 Ryd. The Becke-Lee-Yang-Parr (BLYP) exchange
correlation functional was used, as it has been adopted for water systems in most pre-
vious works18. Calculations with an EE were carried out with the self-interaction cor-
rection (SIC)14. Based on the recent work of VandeVondele and Sprik19 we used a
modified version of the original SIC scheme20 whereby the self interaction is only
partially screened. For the correction of Hartree and exchange-correlation terms, re-
spectively, we use the suggested19 parameters α = 0.2 and β = 0.0. Since periodic
boundary conditions were applied, the electron affinities (EAs) were corrected for the
Madelung contribution of the corresponding cell.slab ‘A’ contains four bilayers and
eight molecules in each bilayer, and slab ‘B’ contains three bilayers and 32 molecules
in each bilayer. Slab ‘A’ and ‘B’ corresponds to (2 × 2) and (4 × 4) surface cells of
the ideal ice-Ih(0001) surface. Ice slabs were separated by a 20 Å vacuum layer. One
of the slab surfaces was terminated with a full bilayer along with an ‘ideal’ (2 × 1)
periodicity and the other surface was reconstructed in order to accommodate the EE in
a long-lived surface state14,15. The CCl4 molecule was deposited on the reconstructed
surfaces. During the dynamics, the ‘O’ atoms of the ideal surface, the bottom layer of
our slabs, were kept fixed and all other atoms were allowed to move.

We begin our discussion with the EE induced dissociation of the CCl4 molecule
in gas phase. The simulation was performed with a periodic box of size 20 Å which
we find to be sufficient to achieve the energy convergence. The remaining simulation
parameters are the same as used for surface calculations. Our calculated vertical and
adiabatic electron affinities (VEA and AEA, respectively) and dissociation energy (DE)
compare well with experiments as reported in Table 1. Both self-interaction corrected
and uncorrected results predict a positive VEA in agreement with the experiments, but
the SIC result describes the AEA and DE better. In order to determine the AEA, we
first perform a MD run of the CCl−4 ion starting from the atomic coordinates of the
relaxed neutral molecule. The dynamics lead to spontaneous dissociation through the
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Table 1: Electron affinities (vertical, VEA, and adiabatic, AEA) and dissociation en-
ergy (DE) of CCl4 during the cleavage pathway in eV with SIC-BLYP. Local-spin-
density (LSDA-BLYP, this work), B3LYP and experimental values are also reported
for comparison.

Method VEA AEA DE
SIC-BLYP 1.14 2.54 1.40

LSDA-BLYP 0.41 1.15 0.74
B3LYP21 0.48 1.5

Exp. > 022 ∼2.023 1.423

stretching of a C-Cl bond and the formation of CCl•3 and Cl−, in agreement with the re-
sults of simulations on small water clusters16. Minimisation of the atomic coordinates
along the MD trajectory at fixed C-Cl distances shows an energetic minima at a C-Cl
distance of 3.5 Å. The AEA was calculated as the difference between the energy of this
configuration and that of the neutral CCl4 molecule.

We now consider the EE induced dissociation of CCl4 on the ice surface. A CCl4
molecule was added on top of the reconstructed surface. The surface along with the
CCl4 molecule was relaxed. Slab ‘A’ and ‘B’ gave similar results. For the neutral
case, the equilibrium distance between the CCl4 molecule and the surface was found
to be 3.3Å and the binding energy was observed to be less than 0.1 eV. We calculated
the dissociation energy by elongating a C-Cl bond, removing the CCl3 molecule and
leaving one Cl on the surface, and found it to be > 3 eV. Thus, in the neutral case,
CCl4 dissociation on the surface of ice is a highly endothermic process, as in the gas
phase, even in the presence of surface defects. For the relaxed configuration found in
the neutral case, an EE was added to the system. The EE was found to localise on the
CCl4 as shown in the panel (a) of Fig.1. We evolve the system with time, using MD.
The CCl4 molecule dissociated spontaneously into the CCl•3 radical and a Cl− anions
in less than 0.1 ps.

After about 0.3 ps, the Cl− ion forms two additional bonds to the surface, and the
CCl•3 radical moves away into the vacuum region. A rearrangement of the dangling
hydrogen atoms surrounding the defect occurs in order to accommodate the Cl− over
the centre of the hexagonal ice surface ring (see Fig. 1). Three hydrogen bonds are
formed between the surrounding dangling hydrogen atoms and the Cl− ion, with bond
distances of between 2.0 - 2.8 Å. The -1 charge state of chlorine, Cl−, is confirmed by
calculating the spin density difference, defined as ρSDD = ρ↑−ρ↓, where ρ↑ and ρ↓ are
the spin up and spin down charge densities, respectively. The location of the unpaired
electron as depicted by the peak in ρSDD , is spatially localised around the carbon atom
of the CCl•3 molecule, as shown in Fig.1 (b). Thus, the CCl4 dissociation causes the
chlorine atom left on ice surface to capture an extra electron and so becomes negatively
charged, while the CCl•3 remains neutral. The dissociation process is accompanied by
an energetic release of 2.0 eV for slab ‘A’ and 2.15 eV for slab ‘B’, with a net energy
gain of 0.7-0.9 eV with respect to the energy released in the gas phase dissociation
of CCl−4 . We attribute the difference in the energy gain between the two slabs to the
fact that the Cl− forms two hydrogen bonds on slab ‘A’ and three bonds on slab ‘B’.
Additionally, slab ‘A’ undergoes substantial reconstruction to accommodate the Cl−
ion. On the other hand, the reconstruction of slab ’B’ is almost negligible and there are
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Figure 1: Spin density difference of the unpaired electron, shaded area, for the recon-
structed (4x4) ice surface with CCl4 (a) before and (b) after the dissociation. In-plane
spin density difference, ρSDD in arbitrary units, is plotted versus the distance from the
surface in both cases. The bottom dashed line refers to the mid distance between oxy-
gen in the outermost bilayer. After the dissociation ρSDD is peaked on the carbon atom
of the CCl•3 radical. Oxygen atoms are in red, hydrogen in white, carbon in yellow,
chlorine in green while H-bonds are represented by dashed black lines.

small changes around the defect. In fact, this existing defect, which acts as a trap for
the EE providing an extra floating H-bond, as visible in Fig.1 (a), is easily attracting
one chlorine atom on top of the hexagonal oxygen ring with three free OH groups.

Although subsequent solvation of Cl− may occur at longer time scales, our calcu-
lations provide an atomistic pathway for the early stages of the dissociation that clearly
shows the formation of Cl− species on the surface.

The presence of Cl− on the surface of ice as a product of the EE induced disso-
ciation of CCl4 is consistent with the experimental evidence. Using a variety of sur-
face science techniques, Faradzhev et al.24 proposed that the first step of the reaction
pathway in the EE stimulated reaction of CFCs on ice surface is the formation of Cl−
which remains bound to the surface. Similar conclusions were reached earlier on by Lu
and Sanche25, who were however unable to distinguish conclusively between different
negatively charged species. Our results confirm the findings of Faradzhev et al.24 and
provide a detailed atomistic picture of the Cl− solvation mechanism, in agreement with
experimental suggestions.
The presence of Cl− on the surface was also hypothesised by Bertin et al.12 in their
time resolved photoemission experiments. The detection was based on the measured
increase of the work function, φ , of the ice surface after CCl4 exposure in the presence
of photo-generated electrons. An increase of the work function is expected upon for-
mation of negative species26. Here we confirm that the negative species resulting from
the EE induced dissociation is Cl−. Moreover, we provide a simple model to explain
the strength of the work function change in the experimental observation12. The model
is based on the formation of a dipole layer between the anion at the surface and their
images in the metal substrate. In this model, the change in φ , denoted by ∆φ is given
by :

∆φ =−4πdNq
εice

(1)
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where d is the thickness of the ice slab, q the charge of the species, εice is the di-
electric constant of ice and N is the surface density of the charged species. In their
experiment, Bertin et al.12 considered a surface of thickness of 4.5 bilayers (d ∼ 20Å),
a surface density of 2.3 × 1012 cm−2 (corresponding to CCl4 coverage of 0.004 mono-
layers). Considering q = -1 and εice = 4 we obtain for ∆φ a value of 210 meV which is
very close to the experimental value of ∆φ = 250 meV.

In summary our results, together with recent experimental evidence, confirm the
original proposal of Sanche et al. that EE enhance the dissociation rate of CFCs on ice.
The atomistic picture of the process that emerges from the simulations clearly indicates
the role played by the presence of surface trapped states for the EE14,15. The energy
gain in the dissociation of the CCl4 on the ice surface shows the surface is capable
of stabilising the charged products through their partial solvation. Our simulations
also indicate that CCl3 is the main product of the first step of the electron stimulated
reactions of CFCs on ice surface.

The authors wish to thank U. Bovensiepen, J. Stahler, M. Bertin and M. Bockstedte
for the useful discussion and remarks made preparing this manuscript. JF and FB are
grateful to UK research council EPSRC for its financial support.
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