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A difference in the UV photodissociation dynamics of chlorine and tricholorofluorocarbon has been observed
when those molecules were adsorbed on water ice surfaces. This difference is mostly attributable to the
difference in the interaction of the adsorbed molecule with surface water molecules of ice. In the
photodissociation of Cl2 at 300-414 nm, the branching ratios of the formation of Cl•(2P1/2) with respect to
Cl(2P3/2) are different from those reported in the gas-phase photodissociation. However, in the photodissociation
of CFCl3 at 193 nm, the ratio is in good agreement with that reported in the gas-phase photodissociation. The
kinetic energy distributions of the photofragment chlorine atoms reflect the interaction between the adsorbates
and the surface water molecules.

Introduction

Chemistry on water ice films depends on the nature of
interaction between adsorbed molecules and ice surfaces. The
interactions of adsorbed molecules with the surfaces of amor-
phous and crystalline water ice films were investigated using
thermal desorption spectroscopy (TDS), infrared absorption
spectroscopy, and X-ray photoelectron spectroscopy1,2 for carbon
suboxide,3 ozone,4 thiophen,5 cyanoacetylene,6 chlorodifluo-
romethane,7 ammonia,8 and trichlorofluoromethane.9 Theoretical
calculations were carried out to study the interactions of small
nonpolar compounds,10 acetone and methanol,11 hydrogen
chloride, and hydrogen fluoride12 with ice surfaces. The
reactivity of ice surfaces toward certain molecules varies
appreciably with phase and morphology of ice. Schaff and
Roberts reported compounds possessing a functional group
capable of accepting a hydrogen bond from the OH group of
water ice show one or more thermal desorption states from an
amorphous ice surface that are absent from crystalline ice.2

Photochemical reactions on ice have attracted attention
because of their relevance in atmospheric processes.13,14 Ice
mediates chemical- and radiation-induced processes in interstel-
lar, cometary, or planetary conditions.15 In this paper, we have
performed photodissociation of Cl2 and CFCl3 by measuring
the translational energy distributions and the spin-orbit branch-
ing ratios of the Cl(2P3/2) and Cl*(2P1/2) photofragments. The
low-temperature study of the interaction of Cl2 with water ice
surfaces was reported by Banham et al.16 The desorption
temperature of Cl2 from an water ice surface is 110 K. A TPD
study for the interaction of Cl2 with an amorphous ice surface
was reported by Graham and Roberts.17 They found that an
exposure of 0.09 L at 100 K is sufficient to saturate the surface
with Cl2, because Cl2 does not condense into Cl2 multilayers at
100 K. Cl2 desorbed mainly at 125 K. A secondary ion mass
spectrometric measurement by Donsig et al. implied that Cl2

reacts with ice above 130 K to form HOCl and HCl.18 The
interaction between a water ice surface and CFCl3 has been
investigated experimentally.9,19 Horn et al. have studied the
adsorption of CFCl3 on the D2O ice surface at 110 K using
reflection-absorption infrared spectroscopy.19 They conclude
that CFCl3 molecules are weakly and reversibly adsorbed onto
the surface of ice film. According to Ogasawara et al. the bond
between the ice surface and CFCl3 is a hydrogen bond between
chlorine and free OH.9

Experimental Section

Surface photodissociation of molecules adsorbed on crystal-
line and amorphous water ice surfaces was carried out in an ul-
trahigh vacuum chamber, which was equipped with two turbo
molecular pumps in tandem, a pulsed molecular beam, an exci-
mer laser, and a dye laser. The experimental details are described
elsewhere.20 In brief, ice films were prepared on polycrystalline
Au substrates with (111) domains.21 Two types of ice films were
used in this experiment: porous amorphous solid water (P-
ASW) and polycrystalline ice (PCI) films. The P-ASW film
was grown by deposition of water on the polycrystalline Au
substrate at 86-99 K with the backfilling method.22-24 The PCI
film was prepared by depositing water vapor at 130 K for 60
min and annealing for 25 min. The exposure was typically 1800
L (1 L ) 1 × 10-6 Torr s), which resulted in the formation of
600 ML of H2O on the Au substrate.25 An amorphous ice film
is characterized by the existence of free OH groups and the
porosity of ice surface, while a crystalline ice film has grain
boundaries.20 The gas mixture of Cl2 with N2 diluent was
introduced into a vacuum chamber and exposed with the
backfilling method. CFCl3 molecules without diluent was
introduced into a vacuum chamber. The chamber pressure was
0.5 × 10-8 without sample molecule injection. From our
previous experiment,20 we supposed that Cl2 or CFCl3 formed
a submonolayer on the ice films at 90 K after exposure of several
L. Cl2 was photodissociated at 300-414 nm with the YAG
pumped dye laser (Lambda Physik, SCANmate, 1 mJ cm-2
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pulse-1 at UV). CFCl3 was photodissociated at 193 nm with an
ArF excimer laser (Lambda Physik, COMPex, 10 Hz, typically
reduced to 0.4 mJ cm-2 pulse-1 by optical filters). While the
adsorbed molecules were photoirradiated, the sample molecule
was slowly introduced accordingly, to keep amount of the
adsorbate constant. Actually, the sample molecule was intro-
duced through a leakage valve, typically in the effective pressure
range of 10-9 Torr, to keep the signal intensity constant at a
fixed time delay between photolysis and probe pulses. Another
YAG pumped dye laser pulse (Lambda Physik, SCANmate, 0.2
mJ pulse-1 at UV) was used to ionize the photofragment by (2
+ 1) resonance-enhanced multiphoton ionization (REMPI) at
235.336 nm for Cl(2P3/2) and 235.205 nm for Cl*(2P1/2) with a
lens (f ) 0.20 m). For each spin-orbit state, the REMPI
intensity,I, depends both on the quantum state population,N,
and on the ionization efficiency. Thus,I(Cl*)/I(Cl) ) [N(Cl*)/
N(Cl)]/f. The scaling factorf was reported to be 1.06( 0.17
by Regan et al.26 The subsequent REMPI signals of the chlorine
atoms were detected by a time-of-flight mass spectrometer and
normalized to the UV probe laser intensity. The distance,l,
between the substrate and the detection region was varied from
3 to 5 mm to change the effective flight lengths for neutral
photofragments, which was set typically to 3 mm. TOF spectra
were taken as a function of time delay,t, between photolysis
and probe pulses, which correspond to the flight time between
the substrate and the detection region.

The TOF spectra were collected with the detector located
along the surface normal. To simulate the obtained TOF spectra,
we used a composite of normalized TOF functions,SG(t) and
SMB(t). These functions correspond to a Gaussian translational
energy distributionPG(Et) and a flux-weighted Maxwell-

Boltzmann translational energy distributionsPMB(Et), respec-
tively. PG(Et) is characterized by the average energy,〈Et〉, and
the energy width,w. PMB(Et) is characterized by the average
kinetic energy〈Et〉 ) 2kBTtrans where kB is the Boltzmann
constant andTtrans is the translational temperature. Conversion
from the energy distribution to the time-of-flight distribution
was performed using the Jacobian listed by Zimmerman and
Ho.27 The details of the simulation of the TOF spectra were
described in our previous paper.20

where C is a coefficient, andt is the time-of-flight of the
photofragments.

Results

Photodissociation of CFCl3 on Water Ice Surfaces at 193
nm. Cl and Cl* photofragments from the 193 nm photodisso-
ciation of CFCl3 adsorbed on amorphous and crystalline water
ice surfaces were observed, which have both fast and slow
components. Typical TOF spectra are shown in Figure 1. Solid
curves are a best-fitS(C, t) of eq 1. The fast component (channel
A) is a Gaussian distribution. The slow one (channel B) is a
flux-weighted Maxwell-Boltzmann distribution. Both Cl and
Cl* photofragments have the same threshold TOF of 0.80(
0.05µs. On the assumption that the angular distribution of the

Figure 1. Time-of-flight spectra of Cl(2P3/2) and Cl*(2P1/2) from the 193 nm photodissociation of CFCl3 on a polycrystalline ice surface and an
amorphous ice surface. Ice temperatureT ) 90 K, 1 L of CFCl3. These spectra are resolved into two distributions: a Gaussian translational energy
distribution marked by A with〈Et〉Cl ) 0.42 ( 0.02 eV and〈Et〉Cl* ) 0.71 ( 0.03 eV for both amorphous and crystalline ice surfaces; a flux-
weighted Maxwell-Boltzmann translational energy distribution marked by B withTtrans) 540( 50 K for a crystalline ice surface and 1000( 50
K for an amorphous ice surface. The smooth solid curves correspond to the sum of these two distributions defined by eq 1. Details of curve fitting
were described in ref 20.

S(C, t) ) CSG(t) + (1 - C)SMB(t) (1)

PG(Et) ) [w(2π)1/2]-1 exp[-2(Et - 〈Et〉)
2/w2] (2)

PMB(Et) ) (kBTtrans)
-2Et exp[-Et /(kBTtrans)] (3)
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photofragments from the substrate is a function of cosnθ, where
θ is the desorption polar angle, the best fitting value of the
exponent (n) for the TOF spectra was decided to be 2 for channel
A. The Gaussian distribution for Cl is characterized by〈Et〉Cl

) 0.42( 0.02 eV, andw ) 0.91( 0.09 eV, for both amorphous
and crystalline ice. For Cl*, 〈Et〉Cl* is 0.71( 0.03 eV andw )
0.65( 0.06 eV. For the slow Maxwell-Boltzmann distribution,
n ) 0 was adopted for the angular distribution. The energy
distribution is characterized by 2kBTtrans) 0.09( 0.01 eV (540
( 50 K) for crystalline ice, and 2kBTtrans ) 0.17 ( 0.01 eV
(1000( 50 K) for amorphous ice. These translational energy
parameters〈Et〉 and 2kBTtrans were found to be independent of
photolysis laser intensity for 0.1-1 mJ cm-2 pulse-1 and under
an exposure of 1 L.

The contributions of channel B to the total TOF spectra of
Cl on amorphous and crystalline ice are 35( 7%, while that
for Cl* is 51 ( 7%. Table 1 summarizes these results for the
energy distributions.

The time-integrated TOF signal intensity ratiosI(Cl*)/I(Cl)
were 0.24( 0.02 for both amorphous and crystalline ice
surfaces. After correction for the relative sensitivity of the each
REMPI transition, the ratio of the quantum state population is
N(Cl*)/N(Cl) ) 0.25( 0.02, which is close to the ratio observed
in the gas-phase photodissociation at 193 nm (Table 2). Because
of the weak interaction, no spectral shift is expected. When we
performed the photodissociation at 248 nm as a reference
experiment, no Cl signals were observed due to the small
absorption cross section, which is below 10-22 cm2 in the gas
phase.

Photodissociation of Cl2 on Water Ice Surfaces at 300-
414 nm. The TOF spectra of Cl and Cl* atoms from the
photodissociation of Cl2 on water ice surfaces are essentially
the same as those described previously.20 Figure 2 shows typical
TOF spectra,S(C, t), of Cl and Cl* atoms from the 351 nm

photodissociation of Cl2. The exponentn ) 2 for the angular
distribution of the photofragments was adopted for channel A
according to Giorgi et al.28 The Gaussian distribution of Cl is
characterized by〈Et〉Cl ) 0.38( 0.02 eV andw ) 0.37( 0.02
eV for both amorphous and crystalline ice.〈Et〉Cl* is 0.48 (
0.02 eV andw ) 0.37 ( 0.02 eV. The average energies of
channel B, 2kBTtrans, are 0.13( 0.01 eV for Cl and Cl*. These
translational energy parameters〈Et〉 and 2kBTtrans were found
to be independent of photolysis laser intensity up to 5 mJ cm-2

pulse-1, under an exposure of 1 L and the states of ice surfaces
(amorphous or crystalline).

The time-integrated TOF signal intensity ratiosI(Cl*)/I(Cl)
on polycrystalline ice surface at 300-414 nm are almost
independent of the dissociation wavelengths as shown in Table
2. In the TOF spectra, the Cl atoms have an appreciable portion
of the slow component in their broad TOF distributions while
the Cl* atoms have only a limited portion of this component in
their narrow TOF distributions. The contributions of channel B
to the total TOF spectra of Cl on amorphous and crystalline ice
are 35( 5%, while that for Cl* is 13( 2%. We assumed that
(a) the contribution of channel B should be the same for both
Cl* and Cl, and (b) the electronically excited-state Cl* atoms
are internally relaxed to the ground-state Cl atom. Based on
this assumption and after correction for the relative sensitivities,
the population ratios,N(Cl*)/N(Cl), are listed in Table 2, which
are different from those reported in the gas-phase photodisso-
ciation.29

Effects of the States of Water Ice Surfaces on Cl Photo-
fragment Yields and Photodissociation Cross Sections.The
Cl signal intensity from the photodissociation of CFCl3 was 6
( 2 times weaker on P-ASW than on PCI under the same
exposure conditions, and that of Cl2 was about 10 times weaker.
For measurement of the relative photodissociation cross sections
of CFCl3 or Cl2 on amorphous and crystalline ice surfaces, the
decay curve of the Cl signal intensity was measured as a function
of irradiation time after the sample molecules were once exposed
on ice surfaces at 90 K under 1 L condition.

Since the photodissociation process follows a single expo-
nential law, eq 4 determines the photodissociation cross section,
σdiss.

whereN is the residual amount of the sample molecules on an
ice surface,N0 the initial amount of the sample molecules, and
nhν the number of photons irradiated.30 From the initial part of
the slopes of these curves, we derivedσdiss, or the absorption
cross sectionσabs times dissociation quantum yieldφ; σdiss(P-
ASW)/σdiss(PCI) ) σabs(P-ASW)φ(P-ASW)/σabs(PCI)φ(PCI) )
1.2 for CFCl3, and 0.15 for Cl2.

TABLE 1: Average Translational Energies of Cl(2P3/2) and Cl*(2P1/2) Photofragments from CFCl3 and Cl2 Adsorbed on Ice
Surfaces

Gaussian distribution for
Channel A

Maxwell-Boltzmann distribution
for Channel B

parent
molecule

detected
species

average
energya

(eV)
coefficient

Ca

average
energya

(eV)

translational
temperaturea

(K)
coefficient

C a

CFCl3 Cl 0.42( 0.02 0.65( 0.07 0.17( 0.01 (P-ASW)b

0.09( 0.01 (PCI)c
1000( 50 (P-ASW)
540( 50 (PCI)

0.35( 0.07

Cl* 0.71( 0.03 0.49( 0.07 0.17( 0.01 (P-ASW)
0.09( 0.01 (PCI)

1000( 50 (P-ASW)
540( 50 (PCI)

0.51( 0.07

Cl2 Cl 0.38( 0.04 0.65( 0.05 0.13( 0.01 770( 40 0.35( 0.05
Cl* 0.48( 0.04 0.87( 0.02 0.13( 0.01 770( 40 0.13( 0.02

a Average energy, translational temperature and coefficient appear in eq 1.b P-ASW stands for porous amorphous solid water ice surface.c PCI
stands for polycrystalline ice surface.

TABLE 2: Branching Ratios of Cl *(2P1/2) and Cl(2P3/2) from
Photodissociation of CFCl3 and Cl2 on a Polycrystalline Ice
Surface and in the Gas Phase

ice surface

adsorbate wavelength (nm)I(Cl*)/I(Cl)a N(Cl*)/N(Cl)b gas phase

CFCl3 193 0.24( 0.02 0.25( 0.02 0.30c

Cl2 300 0.20( 0.03 0.30( 0.05 0d

325 0.19( 0.02 0.29( 0.03 0d

351 0.19( 0.01 0.29( 0.02 0.003d

400 0.16( 0.01 0.24( 0.02 0.43d

414 0.10( 0.01 0.15( 0.02 0.66d

a Experimental signal intensity ratio.b Population ratio after correc-
tion for detection efficiency and electronic relaxation; see text for details.
c From ref 38.d From ref 29.

N ) N0 exp(-σdissnhν) (4)
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Photodissociation of HCl on Water Ice Sufaces at 193 nm.
As a reference experiment, the ice surface at 89-93 K was
exposed with a mixture gas of HCl and N2 up to a few Langmuir
exposure, and then, was irradiated at 193 nm. No REMPI signal
of chlorine atoms was observed. The interaction between HCl
and ice is completely different from that for Cl2 and CFCl3.31-33

By using a combination of the infrared transmission spectro-
scopy and Monte Carlo ab initio simulations, Devlin et al.
reported that HCl dissolves into ice layers to form H+ + Cl- at
the surface of ice film even at 50 K.32 Near 90 K, the formation
of contact hydronium-chloride ion pairs abruptly occurs,
resulting in an ionic hydrate layer rich in Zundel cations.34 Thus,
no photodissociation of HCl occurred on the ice surface at 89-
93 K.

Discussion
Photodissociation Mechanisms of CFCl3 on Water Ice

Surfaces.The photodissociation of CFCl3 at 193 nm in the gas
phase leads to the following reaction with a nonthermal
translational energy distribution for the photofragments:35

At higher laser fluence a fraction of the nascent CFCl2 radicals
absorbs a further photon and dissociates into CFCl+ Cl in the
gas phase. In the present experiment, since ArF laser fluence is
less than 0.4 mJ cm-2 pulse-1, this secondary process does not
occur. Therefore, reaction 5 is the dominant primary process.
The UV photodecomposition of CFCl3 on an ice surface was
studied by Ogasawara and Kawai.9 They reported no IR
absorption peaks assignable to adsorbed CFCl2 in IRAS during
the irradiation with 193 nm light. Because CFCl3 is weakly and

reversibly adsorbed onto the surface of ice film, the CFCl2

fragment was removed from the surface immediately after
photodecomposition.19

Based on the thermodynamic data,D0(CFCl2-Cl) ) 3.25
eV, the maximum available energy for the 193 nm photo-
dissociation would be 3.17 eV. In the present experiment,
the maximum translational energy of the Cl photofragment,
Et

max(Cl) ) 2.6 ( 0.3 eV from the threshold TOF gives the
maximum center-of-mass translational energy,Et

max (Cl +
CFCl2) ) 3.5 ( 0.4 eV, which is in fair agreement with the
calculated maximum available energy. Thus, the fast TOF
component with the Gaussian distribution could be attributable
to the direct photodissociation of CFCl3 on the ice surface. In
the gas phase, the average kinetic energy of the product chlorine
atoms from the photodissociation of CFCl3 at around 190 nm
was reported to be 1.0 eV.35,36Based on the average translational
energies〈Et〉 of Table 1, the energy relaxation of the chlorine
photofragments is efficient on the ice surface. Due to rapid
energy flow to ice, some of chlorine photofragments from the
photodissociation of CFCl3 are translationally relaxed by surface
water molecules. Thus, the average kinetic energy〈Et〉 of
channel A is lower than that in the gas phase. The discrepancy
with 〈Et〉Cl - 〈Et〉Cl* could be due to the fact that the Cl channel
deposits a greater fraction of available energy in CFCl2 internal
excitation.37,38

For Channel B processes, flux-weighted Maxwell-Boltzmann
distributions with 2kBTtrans) 0.09( 0.01 eV for PCI and 0.17
( 0.01 eV for P-ASW were observed. This process is attributed
to the photofragment atoms that have translationally relaxed by
collisions with water ice molecules and/or other CFCl3 mol-
ecules.

Figure 2. Time-of-flight spectra of Cl(2P3/2) and Cl*(2P1/2) from the 351 nm photodissociation of Cl2 on a crystalline ice surface and an amorphous
ice surface. Ice temperatureT ) 86 K, 1 L of Cl2 for crystalline and amorphous ice surfaces. Gaussian translational energy distribution marked by
A is characterized with〈Et〉Cl ) 0.38( 0.04 eV, and a flux-weighted Maxwell-Boltzmann translational energy distribution marked by B withTtrans

) 770 ( 40 K. The smooth solid curves are the sum of these two distributions. The TOF spectra for Cl*(2P1/2), which consist mostly of channel
A with 〈Et〉Cl* ) 0.48 ( 0.04 eV.

CFCl3 + hν f CFCl2 + Cl (5)
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We examined the polarization dependent yields of Cl in
channel A with s- and p-polarized dissociation laser light for
PCI. Supposing CFCl3 is randomly oriented on the ice surface,
the theoretically calculated polarization ratio isIs/Ip ) 4/3. This
ratio is close to what we observed,Is/Ip ) 1.4( 0.2. Therefore,
orientation of CFCl3 on the ice surface is likely to be random.

The branching ratios [Cl*]/[Cl] from the 193 nm photodis-
sociation of CFCl3 on the ice surfaces are essentially the same
as that in the gas phase. The interaction of CFCl3 with the ice
surface is so limited that the electronic structure of the molecule
is not affected by adsorption on ice. In fact, the solubility of
CFCl3 in water is 0.0086 mol kg-1 bar-1, which is much lower
than 0.095 mol kg-1 bar-1 for Cl2.39,40

Photodissociation Mechanisms of Cl2 on Water Ice Sur-
faces. Adsorption states of Cl2 on ice surfaces have been
described in our previous paper.20 The polarization ratioIs/Ip

was 1.2( 0.1 for PCI. Therefore, orientation of Cl2 on the ice
surface is likely to be random.

Based on the thermodynamic data,D0(Cl-Cl) ) 2.475 eV,
the maximum available energy for the 351 nm photodissociation
would be 1.1 eV. The interaction energy for Cl2‚‚‚(OH2)4 is
0.12( 0.01 eV.41 The maximum translational energy for each
Cl atom is calculated to beEt

max ) (hν - D0 - 0.12)/2) 0.46
eV. This value is close to the average energy we observed for
channel A, that is, 0.38( 0.04 eV for Cl, and 0.48( 0.04 eV
for Cl*. Thus, channel A could be attributable to the direct
photodissociation of Cl2 on the ice surface.

According to a theoretical calculation by Bianco,42 Cl2
molecules adsorbed on the surface water molecules do not
nucleate due to repulsive force between Cl2 molecules, as
depicted in Figure 3. Actually Cl2 does not condense into Cl2

multilayers at 100 K.17 The hydrolysis of molecular chlorine
and its reverse reaction have been studied by ab initio molecular
dynamics.43 The hydrolysis reaction involves Cl2 and H2O
molecules to produce solvated chlorine and hydrogen ions. Static
secondary ion mass spectrometry measurements reported by
Donsig et al. imply that Cl2 reacts with ice above 130 K to
form HOCl and HCl.18 Therefore, Cl2 strongly interacts with
water molecules of the ice surface. The solubility of Cl2 in water
is much larger than that of CFCl3.39,40 Hence, the reaction
dynamics differs from that for CFCl3.

The Interaction between Ice and Molecules.Sadtchenko
et al. reported that CCl4 adsorption on ice prepared at 130 K
results in the formation of metastable two-dimensional islands,
while CCl4 adsorption on ice prepared at 95 K proceeds through
formation of three-dimensional clusters in the pores of micro-
scopically rough ice.44 CFCl3 is likely to have the similar nature
to CCl4 on an ice surface.19 Based on the study for CCl4, it is
likely that CFCl3 adsorbed on the ice surface can nucleate.
Therefore, CFCl3 photoprepared at 193 nm is electronically
quenched efficiently. The photofragments from the photodis-
sociation of isolated CFCl3 adsorbed on the ice surface are
mostly detected. Hence, the photodissociation dynamics re-
semble that in the gas phase and the ratiosσabs(P-ASW)/
σabs(PCI) andφ(P-ASW)/φ(PCI) are considered to be close to
unity. Actually the ratioσabs(P-ASW)φ(P-ASW)/σabs(PCI)φ(PCI)
was 1.2. However, under the same exposure condition of CFCl3

on the higher porous ice surface (P-ASW) or the lower porous
ice surface (PCI), the Cl signal intensity from the photodisso-
ciation was weaker on the P-ASW surface than the PCI surface.
This can be explained by assuming that the nucleation occurs
more heavily on P-ASW than PCI, that is, the electronic
quenching is more efficient on P-ASW than on PCI.

According to Geiger et al.41 and Bianco,42 Cl2 molecules on
the ice surface interact with water with attractive force of the
order of 0.1 eV. Due to the repulsion force between Cl2,
nucleation cannot occur.17 Hence, the electronic quenching of
the photoprepared Cl2 by neighbor Cl2 would not occur. In our
experiment, the Cl signal intensity from the photodissociation
was weaker on the P-ASW surface than the PCI surface, and
also the ratioσabs(P-ASW)φ(P-ASW)/σabs(PCI)φ(PCI) was 0.15.
Photoprepared Cl2 is more rapidly electronically quenched on
the P-ASW surface than on the PCI surface due to the interaction
between Cl2 and the surface water. In other words, the ratio
φ(P-ASW)/φ(PCI) is much less than unity because the surface
OH groups are more abundant on P-ASW than PCI, which
interact with Cl2. Hence, the photodissociation dynamics on ice
is different from that in the gas phase.

Adiabaticity of Cl 2 Potential Curves. The Cl2-water
complex, Cl2-H2O, has a dipole moment of 0.24 D, and Cl2-
3H2O has that of 0.54 D, which are calculated by Bianco at the
MP2 level of theory using effective core potentials for all the
heavy atoms.42 The bond length of Cl2 (2.011 Å in the isolated
molecule) is enlongated to 2.037 Å for Cl2-3H2O.42 Since the
interaction of the adsorbed Cl2 with H2O is relatively strong
and the potential curves are strongly distorted, adiabaticities of
the Cl2 potential curves change so much that the spin-orbit
branching ratios of the Cl(2P3/2) and Cl*(2P1/2) photofragments
are different from those of the isolated molecules.

When Cl2 absorbs a UV photon, it dissociates through either
the parallel or perpendicular transitions:

Gaseous Cl2 has an absorption continuum in the region of 300-
400 nm and weak absorption atλ < 250 nm. The absorption
spectrum at 351 nm is dominated (99%) by the C 1u(1Πu) state
that is correlated with the formation of two Cl atoms, while the
0u

+(B 3Πu) state which produces one Cl* and one Cl contributes
to photoabsorption less than 1%.29,45The Cl*/Cl branching ratio,
following gas-phase photolysis of Cl2, has been extensively
measured in the region 310-470 nm and results show variation

Figure 3. A schematic diagram of a chlorine molecule adsorbed on
the surface water molecules after a theoretical calculation by Bianco.42

The interaction between Cl2 and H2O is attractive while that between
Cl2 molecules is repulsive.

Cl2 + hν f Cl2(B
3Πu, Ω ) 0+) f

Cl(2P3/2) + Cl*(2P1/2) (6)

Cl2 + hν f Cl2(C
1Πu, Ω ) 1) f Cl(2P3/2) + Cl(2P3/2) (7)
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in the dissociation wavelength. Samartzis et al. reported the
branching ratios for the Cl2 photodissociation at 310-470 nm.29

Their branching ratiosN(Cl*)/N(Cl) at 300, 325, 351, 400, and
414 nm, are 0, 0, 0.003, 0.43, and 0.66, respectively. However,
those on PCI at the corresponding wavelengths are 0.30, 0.29,
0.29, 0.24, and 0.15, respectively (Table 2).

The nuclear kinetic energy operator gives rise to a nonadia-
batic interaction on the adiabatic potential.46 The Rosen-Zener-
Demkov (RZD) type nonadiabatic transition from the C1Πu

state to the third 1u (3Σ+
1u) state of Cl2 that is correlated

adiabatically with Cl+ Cl* is responsible for the production of
Cl*.47,48 The photodissociation wavelength dependence of the
product branching ratioN(Cl*)/N(Cl) depends on the degree of
interaction of the potential curve.29 The ratios in the gas phase
are well reproduced by the RZD transition mechanism.

The 330 nm absorption band of the adsorbed chlorine is
expected to be shifted only slightly toward shorter wavelength
from an analogy with bromine and iodine water complexes.49

Thus, the UV Franck-Condon region for Cl2 on ice is not
affected by the interaction with ice. The interaction of the
adsorbed Cl2 with H2O is relatively strong at the asymptotic
region of the potential curves. Potential energies rise at the
longer internuclear distances. Thus, the degree of the RZD
interaction between the electronically excited potential curves
of Cl2 on ice could be similar even though the photoprepared
state is different at different UV wavelength. In other words,
the product branching ratiosN(Cl*)/N(Cl) become almost
independent of the positions of Franck-Condon excitation (or
the initial excitation position of the potential curves), but depend
solely on the RZD interaction at longer internuclear distances.

Conclusion

Cl2 and CFCl3 are adsorbed at 86-99 K on two different
states of ice surfaces, porous amorphous solid water (P-ASW)
and polycrystalline ice (PCI). Cl(2P3/2) and Cl*(2P1/2) photo-
fragments have been measured to investigate the dissociation
mechanisms of Cl2 at 300-414 nm and CFCl3 at 193 nm as a
function of photolysis laser intensity, coverage of the adsorbates,
and the states of the ice surfaces. The kinetic energy distributions
of the chlorine atom photofragments are explained by a
combination of the direct photodissociation process and relax-
ation processes. For CFCl3 the absorption cross sections were
similar on both P-ASW and PCI surfaces. The relative quantum
yield for the formation of Cl on P-ASW is, however, weaker
less than on PCI by an order of magnitude. The electronic
quenching occurs efficiently for CFCl3 due to nucleation of the
adsorbates. The spin-orbit branching ratio of the Cl(2P3/2) and
Cl*(2P1/2) photofragments on PCI is essentially the same as that
in the gas-phase photodissociation, suggesting a weak interaction
of CFCl3 with surface water molecules. For Cl2, the branching
ratios at 300-414 nm are completely different from those
reported in the gas-phase photodissociation. Along with those
results, the fact that the signal intensity on P-ASW is weaker
than on PCI by an order of magnitude suggests a relatively
strong interaction between chlorine molecules and the OH
groups of the surface water molecules on P-ASW.
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