
Interaction of NaCl with solid water
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The interaction of NaCl with solid water, deposited on tungsten at 80 K, was investigated with
metastable impact electron spectroscopy~MIES! and ultraviolet photoelectron spectroscopy~UPS!
~He I!. We have studied the ionization of Cl(3p) and the 1b1 , 3a1 , and 1b2 bands of molecular
water. The results are supplemented by first-principles density functional theory~DFT! calculations
of the electronic structure of solvated Cl2 ions. We have prepared NaCl/water interfaces at 80 K,
NaCl layers on thin films of solid water, and H2O ad-layers on thin NaCl films; they were annealed
between 80 and 300 K. At 80 K, closed layers of NaCl on H2O, and vice versa, are obtained; no
interpenetration of the two components H2O and NaCl was observed. However, ionic dissociation
of NaCl takes place when H2O and NaCl are in direct contact. Above 115 K solvation of the ionic
species Cl2 becomes significant. Our results are compatible with a transition of Cl2 species from
an interface site~Cl in direct contact with the NaCl lattice! to an energetically favored configuration,
where Cl species are solvated. The DFT calculations show that Cl2 species, surrounded by their
solvation shell, are nevertheless by some extent accessed by MIES because the Cl(3p)-charge cloud
extends through the solvation shell. Water desorption is noticeable around 145 K, but is not
complete before 170 K, about 15 K higher than for pure solid water. Above 150 K the NaCl-induced
modification of the water network gives rise to gas phase like structures in the water spectra. In
particular, the 3a1 emission turns into a well-defined peak. This suggests that under these conditions
water molecules interact mainly with Cl2 rather than among themselves. Above 170 K only Cl is
detected on the surface and desorbs around 450 K. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1805498#

I. INTRODUCTION

The understanding of the interaction of salt molecules
with water and vice versa of water molecules with NaCl
surfaces, is of interest in various fields, ranging from biologi-
cal systems to catalysis and environmental sciences. Hy-
drated NaCl particles extracted from the ocean may become
a part of the atmosphere or get deposited on the ocean shore.
In both situations they play an important role as providers for
chloride species and/or catalysts for pollution reactions in-
volving ~N-O!-compounds.1,2

In the chemistry of aerosols and clouds the surface lay-
ers to be investigated are usually extremely thin. Low-energy
reactive ion scattering~RIS! has proven to be a sensitive tool
for monitoring surface species.3 In RIS a low-energy Cs1 ion
beam~3–100 eV! is surface scattered and the scattered ions
are mass analyzed. Association products of Cs1 with neutral
species adsorbed at the surface, here water, and, in addition,
ions preexisting at the surface are ejected. For NaCl exposed
to solid water~SW! at 100 K, RIS showed that NaCl disso-
ciates almost completely, forming Na1-water complexes.3 It
was concluded that these solvated species do not migrate

across one water bilayer of the water film over several min-
utes.

In the past, electron spectroscopies have been demon-
strated to be a powerful tool to study the physics and chem-
istry on surfaces.4,5 For insulating substrates the problem of
surface charging could be circumvented by working with
sufficiently thin films deposited on conducting substrates. In
the metastable impact electron spectroscopy~MIES! meta-
stable He atoms with thermal energy interact exclusively
with the topmost layer via Auger processes.6,7 Their prob-
ability depends essentially on the overlap between the 1s He
orbital and those of the outermost surface layer that contrib-
ute to the charge density in the toplayer. Thus, the ejected
electrons bear information on the electronic structure of the
surface top layer. So far, the combination of MIES and ul-
traviolet photoelectron spectroscopy~UPS! ~He I! was ap-
plied to the study of the interaction of SW with Na atoms and
CH3OH,8 of SW with CsCl,9,10 and, supported by cluster
density functional theory~DFT! calculations, to the interac-
tion of Na with CH3OH.11,12

It is the aim of the present work to study details of the
solvation process, in particular, its temperature dependence,
for NaCl interacting with SW by combining MIES and UPS.
Films of SW held at 80 K, were exposed to NaCl, and the
change of the electronic structure with the temperature of thea!FAX: -72-3600; Electronic mail: volker.kempter@tu-clausthal.de
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NaCl-exposed film was monitored under thein situ control
of MIES and UPS. Additional information on the solvation
process was obtained from the interaction of water molecules
with NaCl films produced at 80 K. The interpretation of the
MIES data obtained for Cl2 in aqueous environment re-
quired first principles DFT calculations to disentangle the
contributions resulting from the ionization of 1b1 water and
the Cl(3p) orbitals, both contributing to the charge density
in the surface toplayer.

All films are grown viain situ deposition onto a tungsten
substrate. As was pointed out previously, this approach has
several advantages:~1! it is a relatively simple matter to
investigate both surface and bulk phenomena with the tech-
nique combination MIES and UPS,8 ~2! surface charging is
eliminated for sufficiently thin films,8 and ~3! condensation
of water molecules below about 135 K results in the forma-
tion of an amorphous form of SW.13,14 Its properties are be-
lieved to be similar to those of liquid water, in particular,
with regard to its molecular orientation, therefore, SW can be
considered as a model for liquid water with a very low vapor
pressure and, thus, accessible to analysis with surface ana-
lytical techniques. This makes a comparison with UPS re-
sults on liquid water surfaces and aqueous solutions
meaningful.6,15–17

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental remarks

Experimental details can be found elsewhere.18–22

Briefly, the apparatus is equipped with a cold-cathode gas
discharge source for the production of metastable
He* (3S/1S) (E* 519.8/20.6 eV) atoms with thermal kinetic
energy and He I photons (E* 521.2 eV) as a source for ul-
traviolet photoelectron spectroscopy~UPS!. The intensity ra-
tio 3S/1S is found to be 7:1. Since the metastables approach
the surface with near-thermal kinetic energy~60 to 100
meV!, this technique is nondestructive and highly surface
sensitive~see Refs. 6 and 7 for more detailed introductions
into MIES and its various applications in molecular and sur-
face spectroscopy!. The spectral contributions from meta-
stables and photons are separated by means of a time-of-
flight technique. MIES and UPS spectra were acquired with
incident photon/metastable beams 45° with respect to the
surface normal; electrons emitted in the direction normal to
the surface are analyzed. Collection of a MIES/UPS spec-
trum requires'100 s. The measurements were performed
using a hemispherical analyzer. In order to minimize
charge-up phenomena, we worked with low beam currents
densities, and thus an energy resolution of 600 meV was
employed for MIES/UPS. The spectra showed no basic
changes at 250 meV resolution. A second photon source is at
our disposal providing He I and He II~40.8 eV! photons.

By applying suitable biasing electrons emitted from the
Fermi levelEF are registered at 19.8 eV@the potential energy
of He* (2 3S)]. Consequently, the onset of the spectra at low
kinetic ~high binding! energies occurs at the work function of
the sample. The variation of the onset of the spectra at low
kinetic energies with exposure gives then directly the expo-
sure dependence of the surface work function.

The sample can be cooled with LN2 to 80 K. The tem-
perature, measured with a thermocouple in direct contact
with the front of the tungsten single crystal, is estimated to
be accurate within610 K. The surface was exposed to water
by backfilling the chamber. The water was cleaned by several
freeze-pump-thaw cycles. The amount of surface-adsorbed
water is estimated on the basis of our previous results for the
water titania interaction~Ref. 22!; essentially, we make use
of the fact that~a! water adsorption leads to an initial work
function decrease up to half coverage of the surface and~b!
the MIES signal from water saturates for full coverage of the
surface. From this we conclude that at 2L exposure the sur-
face is covered by one bilayer~BL! of water. At 5L emission
from the tungsten substrate has essentially disappeared in the
UPS~He I! spectra.

Exposure of NaCl molecules was made by thermal
evaporation of polycrystalline material at'700 K ~for de-
tails see Ref. 23!. Evaporation of monomers takes place as
concluded from the fact that the UPS spectra for adsorption
on tungsten in the submonolayer regime resemble closely
those of gaseous NaCl molecules.23 The NaCl exposure is
given in units of monolayer equivalents~MLE!; at 1 MLE
the saturation coverage of the surface would be reached if it
would not be for penetration effects. Our previous results for
salt adsorption on tungsten indicate that the observed work
function minimum occurs at 0.5 MLE.23–26For the exposure
of NaCl on solid water we assume that the sticking coeffi-
cient is the same as on tungsten. Annealing of the prepared
films is done stepwise; during the collection of the MIES/
UPS spectra the substrate temperature is kept constant.

B. Computational details

We performed density functional theory~DFT!
calculations27,28 using PBE gradient corrections29 on the
electronic structure of a chlorine ion in liquid water. The
calculations have been performed using the CP-PAW imple-
mentation of the projector augmented wave~PAW! method.30

We used one projector function and one pair of partial waves
per angular momentum (,,m) for the s and p orbitals of
chlorine and oxygen, respectively, and two projector func-
tions for the hydrogens orbital. The plane wave cutoff for
the wave functions has been 30 Ry. We used a super cell with
lattice constanta515 Å, containing 111 water molecules
and one Cl ion, corresponding to the density of liquid water.
Our calculations therefore refer to the dilute limit of Cl ions.
The slow relaxation times of liquid water mandates large
equilibration times before a realistic structure of liquid water
is obtained. Therefore, the initial structure for the density
functional calculations has been obtained from a classical
molecular-dynamics simulation using the TIP3P model31 for
water and a force field consisting of a van der Waals inter-
action with the water oxygen atoms and an electrostatic in-
teraction with all other atoms in the system for Cl~Ref. 32!
~see Table I for the TIP3P parameters!. The system has been
equilibrated for 0.87 ns between 200 and 300 K, following a
heating-cooling cycle lasting about 0.27 ns. From this struc-
ture we started a PAW calculation and quenched the structure
within 1.15 ps into a nearby local minimum state. In order to
analyze the decay of the Cl-related state at the top of the
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water valence state we projected the three Cl(3p) states onto
the individual water molecules. The projection is such that
the one-center expansion at each atom of a molecule is inte-
grated out to a radius which is 1.1 times larger than the
covalent radius.30

III. RESULTS AND DISCUSSION

This section starts with the discussion of the spectral
features expected from the ionization of NaCl and water. In
the present paper, we confine ourselves to a qualitative
analysis of the MIES spectra: the comparison of the MIES
and UPS spectra indicates that the spectral features seen in
MIES are due to Auger deexcitation~AD! of He* .6,7 Here,
the potential energy of a surface electron is utilized to eject
the 2s He electron. In this case, the position of the spectral
feature gives the experimental binding energy of the electron
emitted. All results are presented as function of the binding
energyEB of the emitted electrons; electrons from the Fermi
level would appear at zero energy in the MIES and UPS
spectra. Quantitative methods are available to either synthe-
size MIES spectra33,34 ~see Ref. 35 for an example! or for
their deconvolution.6 For a qualitative analysis of the present
data we suppose that the intensity of the spectral features
from the AD process reflects directly the density of states
initially populated. Thus, we compare the MIES results di-
rectly with the DFT-density of states~DOS! ~Sec. III B!. In
contrast, the UPS results depend upon both the DOS of the
initial and final states involved in the photoionization pro-
cess.

A. Signature of NaCl and water species in MIES
and UPS

Water exposure produces the three features 1b1 , 3a1 ,
and 1b2 seen in MIES and UPS as well as in the DOS of the
water film ~for previous studies on SW with MIES/UPS see
Refs. 8 and 22!. It should be noted that the UPS data for SW
films are rather similar to those for liquid water.15 According
to the first-principles calculations carried out on ice in Ref.
36, the 1b2 peak represents bonding orbitals between O and
H atoms in the water molecule. The 3a1 peak is attributed to
the in-plane O(2p) orbital. The 1b1 peak represents the
O(2p) orbital perpendicular to the plane of the water mol-
ecule. The 3a1 feature~considerably more diffuse than 1b1

and 1b2) corresponds to delocalized states with intermolecu-
lar contributions from different water molecules interacting
via hydrogen bonds. Apparently, the broad 3a1 feature is
characteristic for condensed water, either in the liquid or

solid phase, and signals the presence of a water network,
formed by hydrogen bonds~see also Sec. III B!.

Combined MIES/UPS results for alkali halide films on
tungsten are available for NaCl,23,37 CsI,24 and LiF.25,26 The
Na species cannot be detected directly with our techniques
because Na is present as ionic species; 3s Na is empty, and,
thus, not accessible to UPS and MIES. The available poten-
tial energy of the He I photons and the metastable He atoms
is not sufficient to ionize the Na 2p shell. The energetic po-
sition of the Cl(3p) emission seen in the present work agrees
well with literature. The overall similarity of the MIES and
UPS~He I! spectra suggests that the MIES spectra are due to
the AD process. In general, the transition Cl2(3p6)
→Cl0(3p5) displays a ‘‘fine structure’’ that can give infor-
mation on the chemical environment of the chloride species.
The fine structure splitting of the transition Cl2(3p6)
→Cl0(3p5;2P3/2;1/2) in the free Cl2 ion is 0.11 eV,38 too
small to be observed in the present work. The free NaCl
molecule displays a (2S-2P) Stark splitting of 0.46 eV in
UPS,36 originating from the strong axial field in the NaCl
molecule. The spectra of solid NaCl, films, or single crystals,
between 5 and 10 eV originate from the ionization of the
Cl(3p) states of the valence band, and show a ‘‘double-
peak’’ structure that reflects the valence band density of the
states.39,40 The peak separation is 0.9 eV in the He II
spectra.37 Our UPS~He I! spectra also show this splitting. On
the other hand, the MIES spectra from NaCl films do not
display this splitting instead, a single peak is found that is
asymmetric towards larger binding energies~Refs. 23 and 37
and present work!.

Solvated Cl2 species can be expected to experience an
essentially isotropic environment. Therefore, the situation
will resemble that of a free ion, and a single peak can be
expected from the Cl2(3p6)→Cl0(3p5) transition ~apart
from the small fine structure splitting which cannot be re-
solved!. On the other hand, the UPS spectra from solvated
molecular NaCl species would show the (2S-2P) Stark
splitting of 0.46 eV. Finally, for NaCl films on SW the UPS
spectra should display the double-peak structure of the
Cl(3p) valence band emission, provided that the film has
solid state properties, expected for more than two NaCl
layers.23 In summary, the shape of the Cl(3p) emission, in
particular, in the UPS spectra, will provide information on
the chemical identity of the adsorbed species and on its mo-
lecular or dissociative adsorption.

Although we have applied UPS with He II radiation to
NaCl/H2O, these results are not presented here: the low ef-
ficiency for Cl(3p) ionization by He II makes a separation of
the contributions 1b1 and Cl(3p) between 5 and 6 eV diffi-
cult.

B. Electronic structure of solvated Cl À species

The DFT calculations reproduce the characteristic three-
peak structure of the oxygenp band~Fig. 1!. The three peak
structure corresponds to the antisymmetric O-H bonds
(1b2), the symmetric O-H bonds (3a1) with the p orbital
lying in both mirror planes of the water molecule, and thep

TABLE I. Parameters used for the force field calculations in Hartree atomic
units (e5\5me54pe051). The internal structure of the water molecules,
defined by the intramolecular distancesd(O-H) andd(H-H) are kept rigid.
The van der Waals interaction between Cl and O atoms are defined by
VdW5c12r

2122c6r 26. In addition the intermolecular electrostatic interac-
tion between the atoms with chargesqH , qO , andqCl have been considered.

qO 20.834 c6(O-O) 1.9235 c12(O-O) 143.0775
qH 0.417 c6(Cl-O) 1.2745 c12(Cl-O) 101.6710
qCl 21 d(O-H) 1.8088 d(H-H) 2.8614
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orbital oriented perpendicular to the bond plane (1b1). The
peak of the 2s O-band lies well separated below thep band.

There has been a discussion about the origin of the wide
broadening of the 3a1 band as compared to the 1b1 and 1b2

bands.36 We investigated if this broadening can be related to
structural changes or to the hydrogen bond network. For that
purpose we randomly selected five water molecules, and
compared their density of states, once in bulk water and sec-
ondly as isolated molecules in the same geometry as in the
bulk cell ~Fig. 2!. The broadening of 3a1 band in the solid is
substantially larger than for the other two. We clearly see that
this broadening is due to the coupling with the neighboring
water molecules, and not to intramolecular structural distor-
tions, because the width of the 3a1 states in isolation is com-
parable to that of the other two bands. We attribute the par-
ticularly large broadening of the 3a1 band to the nature of
the contributing states, which can couple to the neighboring
water molecules both via the hydrogen atoms and via the
oxygen lone pair. The 1b1 and 1b2 states, on the other hand,
can only couple either via the hydrogen atoms (1b2) or via
the oxygenp orbitals (1b1). Thus, the 3a1 state is in the best

position to form delocalized wave functions that extend over
many water molecules, which is the origin for the width of
the 3a1 band.

The Cl(3p) states form a rather narrow band located at
the top of the valence band of the water molecules. Although
these states are fairly localized on the Cl atoms, the tails of
the wave function extend over several water molecules into
the solvation shell. They couple nearly exclusively to the 1b1

orbitals of the neighboring water molecules. This is because
the Cl(3p) orbitals hybridize predominantly with those
states of the solvent that are energetically close.

Our main interest was to quantify the decay of the Cl
state into the bulk of the water. This will provide a measure
for the relative intensities of the MIES spectra from the Cl
ions depending on its position at the surface or in the sub-
surface. He* metastables interact only with the tails of the
wave function of the outermost surface atoms. The wave
functions attributed to the Cl atoms extend to the surface and
contribute approximately proportional to their weight to the
surface atoms. We evaluated the weight of the three wave
functions with predominantly Cl(3p) character, which are
located within an energy window of width,0.2 eV at the
top of the upper occupied band of water, on the water mol-
ecules, shown in Fig. 3. We find a decay corresponding to a
factor 0.4~60.25! Å21 distance from the Cl atom. The decay
has been obtained from a fit ofWCle

2lr , whereWCl is the
weight of the states on the Cl atom~full line!. The dashed
lines correspond to the maximum and minimum values ofl
obtained from individual data points. The position of the
oxygen atom has been used to calculate the distance from the
Cl atom. The wide spread stems from the inhomogeneous
coupling of the Cl(3p) orbitals along the hydrogen bond
network.

Interestingly, the largest weight is not found on the first,
but on the second solvation shell. The electron on the Cl
atom couples to the high-lying 1b1 orbitals. The lobes of the
latter orbitals point perpendicular to the hydrogen bonds.
This implies that the 1b1 orbitals on the molecules in the first

FIG. 1. Density of states of a Cl ion solvated in water. The density of states
projected onto Cl(3p) shown as dashed line is magnified by a factor of 10.
The vertical lines correspond to the states of an isolated water molecule,
shifted globally, so that the center of the oxygenp band align with that of
the bulk water.

FIG. 2. Sum of the density of states of five randomly selected water mol-
ecules, once in bulk water~full line! and secondly as isolated molecules in
the same intramolecular geometry as in the bulk cell~dashed line!. See text
for further details.

FIG. 3. Decay of the Cl(3p) states in water. Logarithmic plot of the water-
projected number of states of those three states with predominant
Cl(3p)-character. This weight decays with a factor of 0.460.25 for every
angstrom distance from the Cl atom. The Cl-O distances for the first solva-
tion shell lie between 3.12 and 3.42 Å. The oxygen atoms of the water
molecules in the second solvation shell are found between 3.84 and 4.15 Å.
See text for further details.
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solvation shell are oriented unfavorably for an efficient cou-
pling to the Cl orbitals. As the water molecules in the second
shell do not have this orientational relationship, the Cl(3p)
orbitals can extend more efficiently into 1b1 states of the
water molecules in the second shell.

The first solvation shell consists of six water molecules.
The H-bonds to the first solvation shell range from 2.17 to
2.63 Å. The next Cl-H distance lies well separated by 3.19
Å. Our finding differs from previous calculations at finite
temperatures that obtain a solvation shell of five molecules.41

We attribute this difference to the fact that our structure is
obtained from a quench into the ground state. At this point
we cannot exclude that, due to the rapid quenching, our cal-
culation still reflects some structural features of the TIP3P
model.

C. Interaction at NaCl-water interfaces

Figures 4 and 5 summarize the MIES and UPS results
obtained for a film of SW, held at 82 K~abbreviated by
NaCl/H2O), during its exposure to NaCl followed by film
heating to 210 K. The top spectrum of Fig. 4 is for SW~8BL!
~BL: bilayer!. The following nine spectra display the changes
occurring during the exposure of 4MLE NaCl. A shoulder
develops at the right side of 1b1 and turns into the peak
denoted by Cl(3p), identified as emission from the Cl(3p)
orbital. Apparently, a closed NaCl layer can be produced on
SW at this temperature~10th spectrum from top!. This was
not possible for CsCl at 130 K where a mixed layer formed,

consisting of H2O, Cs, and Cl species.9,10 When heating be-
yond 110 K, the spectral features of water reappear gradu-
ally, and become the dominant structures in the spectra be-
tween 120 and 140 K. Clearly, water species penetrate deep
enough into the NaCl toplayer to become accessible to
MIES. Around 145 K water desorption becomes significant
as signaled by the renewed rise of Cl(3p), concurrent with
the decrease of the water features; around 170 K, according
to MIES, all water has desorbed, and Cl(3p) is seen only.
Auxiliary experiments carried out for SW on tungsten show
that the water desorption in that case is completed about 20
K earlier than for NaCl/H2O.

Additional information on the first step of the NaCl in-
teraction with SW comes from the He I results of Fig. 5. The
top spectrum is for water~3BL! on tungsten. Besides the
emission from the water states 1b1 , 3a1 , and 1b2 , contri-
butions from the tungsten substrate can be noticed between
the Fermi level (EB50 eV) andEB55 eV. The Cl(3p) fea-
ture is seen as a single, sharp peak atEB55.6 eV, its shoul-
der towards larger binding energies is clearly due to 1b1

water emission. When most of the water has desorbed (T
.166 K), Cl(3p) develops the double-peak structure typical
for the NaCl bulk, here for NaCl film formation on theW
substrate. As outlined in Sec. III A, the sharp Cl(3p) peak
found in aqueous environment can be considered as evidence
for ionic dissociation during NaCl adsorption. Apparently, on
SW the resulting species Cl2 and Na1 adsorb independently
without much mutual lateral interaction. This is in full accord
with the findings of RIS where dissociative adsorption of
NaCl on SW, followed by the formation of Na1-water clus-

FIG. 4. MIES spectra for solid H2O ~3BL! on tungsten kept at 80 K~top
spectrum!, and for NaCl exposure of the H2O film. Lower part: spectra
obtained during annealing of the NaCl exposed film~80 to 210 K!.

FIG. 5. As Fig. 4, but UPS~He I! spectra.
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ters, was found at 100 K.3 Support for cluster formation
comes also from the study of the ions emitted during ESD
from NaCl and water, coadsorbed on a condensed Ar sub-
strate~35 K!.42 It was demonstrated that solvated Na1 ions,
Na1(H2O)n (n51 – 4), desorbed more intensively than bare
Na1 ions.

Figures 6 and 7 summarize the results collected for wa-
ter films deposited on NaCl films at 80 K~abbreviated by
H2O/NaCl). We find that the exposure required for a closed
layer is comparable to that required on tungsten. Therefore,
water penetration into the NaCl film does not take place at 80
K. The MIES data obtained during the annealing to 300 K
reveal that above 105 K both species H2O and Cl are seen
with MIES, even if at 80 K, as in Fig. 6, practically only
H2O species were present in the outermost layer. The He I
results also demonstrate that Cl(3p) becomes more pro-
nounced as a consequence of the annealing, and, thus, Cl
species must become located closer to the surface. While
Cl(3p) is a sharp peak in aqueous environment, the double-
peak structure of the NaCl bulk develops when the water
desorbs.

Figure 8 displays the intensities of H2O(1b1) and
Cl(3p), extracted from the MIES data, versus the annealing
temperature. In the case of NaCl/H2O the rise of 1b1 above
105 K is correlated with a decrease of Cl(3p). Clearly, water
species are now present in the top layer. On the other hand,
for H2O/NaCl the rise of Cl(3p) is correlated with a de-
crease of 1b1 in the same temperature range. Above 145 K

the temperature dependence of the signals is the same for
both NaCl/H2O and H2O/NaCl. This suggests that the com-
position of the top layer is the same. The Cl(3p) intensity
present at 140 K, shortly before water desorption becomes
significant, does not necessarily imply that the shielding
of the Cl2 species by water is incomplete. Instead,

FIG. 6. MIES spectra for a NaCl film~3MLE! on tungsten kept at 80 K~top
spectrum!, and during H2O exposure~1BL! of the NaCl film. Lower part:
spectra obtained during annealing of the H2O-exposed NaCl film~80
to 210 K!.

FIG. 7. As Fig. 6, but UPS~He I! spectra.

FIG. 8. Intensities of 1b1 of H2O and Cl(3p) from Cl2 as a function of the
annealing temperature~80 to 210 K! for ~a! NaCl(1MLE!/H2O(3BL) and
~b! H2O(1BL!/NaCl(3MLE). Data from the MIES spectra of Figs. 4 and 6.
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Cl(3p)-charge density may extend through the solvation
shell, rendering the solvated Cl2 species accessible to MIES.
This viewpoint is supported by two observations given be-
low.

~1! Mixed NaCl/water films produced by codeposition
of the two components at 80 K on tungsten~not shown! also
display a shoulder identified as 1b1 which in shape and in-
tensity resembles that seen in Figs. 4 and 5 at annealing
temperatures above 120 K.

~2! As far as Fig. 4 is concerned, the result most rel-
evant from our first-principles calculations on Cl2 species in
bulk water~Sec. III B!, is the penetration of the charge den-
sity with Cl(3p) character through the first solvation shell.
The projected DOS reproduces qualitatively the MIES spec-
tra in the region between 5 and 10 eV binding energy both in
relative position and shape of the spectral features. The cal-
culations indicate, that the residual Cl(3p) intensity seen
around 140 K~before water desorption becomes significant!,
does not necessarily imply incomplete Cl solvation. The in-
tensity of the wave function beyond the solvation shell may
even be higher than that on the solvation shell. The decay of
the wave function is, however, strongly anisotropic, and the
angular average is most relevant. From the calculations we
obtain an average decay of the wave function from Cl to a
water molecule of the first solvation shell by a factor of
0.036. The factor from Cl to a water of the second solvation
shell is 0.045.

Thus, the first-principles results displayed in Fig. 3 sup-
port that a substantial contribution of the Cl(3p) band is
accessed by MIES, even if the Cl ion is fully solvated and
located one or two layers beneath the surface of the
NaCl/H2O film. Under these conditions, MIES would detect
the charge density extending into the vacuum, consisting of
the Cl(3p) charge density leaking via intermediate water
molecules through the solvation shell. A drop of the intensity
to about few percent up to few tens percent seems compat-
ible with the calculated scenario.

A scenario for the interaction at interfaces between NaCl
and water will now be discussed on the basis of a qualitative
free energy profile for the Cl2(Na1)/ice film interaction. So
far, free energy profiles appear to be available only for
Na1(Cl2) adsorption at the water/NaCl crystal interface.43

The profile of Fig. 9 presents the changeDF(z) of the free
energyF(z) felt by the Cl2(Na1) ion with respect to the
vacuum. It possesses two minima, one for adsorption at a
‘‘surface’’ site, denoted byS1 , and another, denoted byS2 ,
for adsorption at a ‘‘solvent-separated’’ site; it was found that
the ions are more stably adsorbed under solvent-separated
conditions, i.e., as fully solvated species.43 As discussed for
HCl/ice,44 the details ofDF(z) will depend on temperature
because of the decrease of the entropic contribution with
rising temperature. No significant intermixing of the species
takes place at the interface as long as the temperature stays
below about 105 K. However, already at 80 K there is strong
interaction between NaCl and water species at the interface:
the NaCl species become dissociated ionically, as already
concluded from RIS results obtained at 100 K.3 In our work
the dissociation is suggested by the peculiar shape of the
Cl(3p) emission in UPS under conditions where NaCl is in

close contact with water. As demonstrated by RIS,
Na1-water! complexes are formed at the interface. With re-
spect to Fig. 9 the adsorbed ions occupy siteS1 up to about
110 K. Above 115 K the mobility of the water molecules is
sufficiently enhanced for the transitionS1→S2 to take place,
i.e., the Cl2 ions become embedded into the water film, com-
pleting their solvation shell. The reason may be that around
110 K, as a consequence of the increase in disorder of the
water film, the barrier betweenS1 andS2 has become greatly
reduced or has even disappeared, similar to what has been
found for HCl/ice.44 The transitionS1→S2 appears to be
related to the amorphous/crystalline transition seen in pure
water ~135 K! as consequence of the increased water
mobility.13,14

For H2O/NaCl we see a decrease of 1b1 above 105 K,
accompanied by a rise of Cl(3p). This indicates that Cl2

species become accessible to MIES. This does not necessar-
ily imply that Cl becomes part of the top layer, but rather that
the Cl species are located sufficiently close to it so that, as
suggested by our DFT results, MIES can detect the Cl(3p)
charge density extending through the respective solvation
shell. Following Ref. 43, this can be interpreted as the tran-
sition of Cl2 from a site at the H2O-NaCl interface~‘‘direct’’
adsorption! to an energetically more favorable, ‘‘water-
separated’’ site where the Cl2 species is fully solvated.

Water desorption becomes sizeable above 140 K because
feature Cl(3p) increases, and, at the same time 1b1 de-
creases. On the other hand, desorption is not complete before
about 170 K. The MIES spectra of water in the range be-
tween 140 and 170 K are gas-phase like, featuring well-
defined peaks. This applies in particular to the 3a1 emission
which was unstructured and diffuse for condensed
water.9,10,36This indicates that, at this stage, the water emis-
sion originates from water species that are no longer in-
volved in a H-bonded water network, but are stabilized by
their electrostatic interaction with the salt ions. Conse-

FIG. 9. Qualitative free energy profileDF(z) vs the Cl2(Na1) distance
from the water surface. The dashed curve refers to the density profile of the
water film.
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quently, the 3a1 hybridization becomes less important, and
the 3a1 structure becomes sharper.

IV. SUMMARY

We have shown that MIES, in combination with
UPS~He I!, can be employed successfully to investigate pro-
cesses between salt molecules~NaCl! and solid water. We
have prepared NaCl/water interfaces at 80 K namely NaCl
layers on thin films of solid water and water adlayers on thin
NaCl films; they were annealed between 80 and 300 K. All
experiments were carried out underin situ control of MIES
and UPS. The spectroscopy results are backed up by first-
principles DFT calculations concentrating on the electronic
structure of solvated Cl2 ions; the DFT-DOS is compared
with the MIES spectra caused by the auger deexcitation pro-
cess. The following scenario describes our results consis-
tently: at 80 K there is no interpenetration of the two com-
ponents water and NaCl; however, ionic dissociation of NaCl
takes place when water and NaCl are in direct contact.
Above 110 K the solvation of the ionic species Cl2 and Na1

becomes significant. The DFT calculations suggest that Cl2

species which are surrounded by their solvation shell are to
some extent accessed by MIES because the Cl(3p)-charge
cloud extends through the solvation shell. The desorption of
water from the mixed film takes place between 145 and 170
K those water species bound ionically to Na1 and Cl2 are
removed last.
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