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The interaction of CsClI with solid water, deposited on tungsten at 130 K, was investigated. Metastable impact
electron spectroscopy (MIES) and ultraviolet photoelectron spectroscopy [UPS(He I)] were applied to study
the emission from the ionization of CI(3p) and Cs(5p) ang, Ba, and 1b of molecular water. Below a

critical stoichiometry of about Cs€dH,O the UPS spectra are quite similar to those for co-deposition of
water and CsCl on tungsten, also studied here, and from chlorides solvated in liquid water inasmuch as the
relative positions and intensities of the water and salt features are concerned. Very little emission from
CI(3p) and Cs(5p) is observed with MIES. We propose that CsCl dissociates, and the resulting ions become
solvated in solid water. For supercritical stoichiometries Cs and Cl appear at the solid water surface and
become accessible by MIES. CsCl-induced destruction of the water network takes place at the surface, and
water molecules interact mainly with Cs and ClI, rather than with other water molecules. When subcritical
films are heated above 135 K, the water-induced part of the spectrum changes its shape and becomes more
gas phase like. Beyond 160 K no water can be detected with MIES. Above this temperature only Cs and Cl
are found on the surface and desorb around 450 K. We have also studied water adsorption at 130 K on CsCl

films. CsCl becomes solvated and migrates into the water overlayer.

1. Introduction spectroscopy [UPS(He 1)]. The films are grown “in situ” via
deposition onto a tungsten substrate at 130 K. As was pointed

important example, has found comparatively little attention. out previously, this approach has several advantages: (1) it is

On the other hand, such systems are of considerable interesf relatively simple_ matter to inve.stigate both §urface and .bulk
for our atmosphere: the processes taking place at the surfacdhenomena for films when usgg the particular technique
and in the near-surface region of icy particles can catalyze cOMbination of MIES and UP3,(2) surface charging is
processes that are suspected to be responsible for the ozongliMinated when using sufficiently thin filnfsand (3) conden-
“hole” formation over the polar regions. Under atmospheric sation of water molecules below about 135 K results in the

conditions (186-250 K, relevant partial pressures), it has proved formation of an amorphous form of solid water (SWf.To a
difficult to separate and study each of the elementary reaction 'arge extent, the properties of SW are believed to be comparable

steps which might be involved in surface-induced transforma- tolthose' of liquid water, in particular with. regard to its mo!ecular
tions (adsorption, solvation, reaction, and desorption processes)0rientation; SW can therefore be considered as a liquid water
Recently, sophisticated surface-analytical techniques were ap-Substitute, although with a significantly lower water pressure.
plied to study the interaction of atoms and molecules with solid This makes a comparison of the results with those obtained by
water films. Explicitly, we mention the application of TPD, ~ UPS on liquid water surfaces and aqueous solutions mean-
FTIR/ low-energy reactive ion scatterifiggnd NEXAFS to ingful 1518 Previous studies carried out under similar conditions
the interaction of HCI with solid water, of the electron-stimulated Were on the interaction of SW with Na atoms and sOH.>
desorption to the ion release from solid argon, partially covered We report here combined MIES/UPS studies for CsCI
by NaCl® and of the low-energy reactive ion scattering to the molecules interacting with ultrathin SW films prepared as
hydration of C$ ions scattered from ice fil% and to ionic indicated above. Among the electron spectroscopic tools MIES
dissociation of NaCl on solid watét. is characterized by its extremely high surface sensitivity because
In the past, electron spectroscopic techniques have beenthe He* probe atoms interact with the edge of the surface when
demonstrated to be a powerful tool to study the physics and still 3—5 au away from the surfacé° Consequently, only the
chemistry on surface’s'® For insulating substrates the problem species adsorbed on top of the film will be seen with MIES, in
of the surface charge-up could be circumvented by performing contrast to UPS which will detect both the surface-adsorbed
the experiments on sufficiently thin films deposited on conduct- species and those within about three layers below the top of
ing substrates. We study the surface chemistry on water films the film. Thus, the combination of MIES and UPS appears well-
under ultrahigh vacuum conditions with metastable impact suited to study the adsorption and dissociation of salt molecules
electron spectroscopy (MIES) and ultraviolet photoelectron at and the penetration of the resulting ions into solid water
surfaces. As compared to other chlorides, CsCl offers the

So far, the study of molecular surfaces, with water as an
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at 130 K, followed by migration of solvated species into the 3. Results
layer. The stoichiometry up to which the film surface still closely
resembles condensed water is approximately @&GO. Be-
yond that, interaction of water is mainly with solvated ions,
rather than among themselves. A preliminary account of some
of the results can be found in ref 20.

This section starts with the discussion of the spectral features
expected from the ionization of CsCl and water, and a
comparison with the information available in the literature on
these and similar species. All results are presented as a function
of the binding energyEg, of the emitted electrons. Electrons
) from the Fermi level would appear at zero energy in the MIES
2. Experimental Remarks and UPS spectra. The change of the work function (WF) with

Experimental details were given previoudly? Briefly, the exposure is determl.ned from the cutoff of the MIES spectra at
large binding energies.

apparatus is equipped with a cold-cathode gas discharge source . I
PP 4quipp g g In the present paper we confine ourselves to a qualitative

for the production of metastable HEJS) E* = 19.8/20.6 : ) .
o) stoms i el kinetc cnergy and i | photss ¢ SHaSsof e WIS specta, e comparion of he MIES
21.2 eV) as a source for ultraviolet photoelectron spectroscopyare due to Auger deexcitation of HE In this case the

(UPS). The intensity rati8S/AS is found to be 7:1. In MIES i . -
metastable He*1s2s atoms are utilized to eject electrons from position of the spectral feature gives the binding energy of the

e uface, Since he metastales approach he urace wif 1% ST 1o 1S STt Ere Shenes e el
near-thermal kinetic energy (600 meV), this technique is 9 y

nondestructive and highly surface sensitive (see refs 18 and 19 the species. Quantitative methods are available to either

i 1
for more detailed introductions into MIES and its various Z}érc]:?r?\/s(l)lzfte'wtfesrﬁgpecw (see ref 32 for an example) or to
applications in molecular and surface spectroscopy). A discharge . ) .
serves both as a source for an intense beam of He*1s2s atoms 3.L. Signature of CsCl and Water Species on W(llO‘}'.he
for MIES and as a He | photon source for UPS (He | with 21.2 spectra for a (_ZsCI-e_xposed tungsten surface will be pres_ented
eV). The spectral contributions from metastables and photonsgelozv when d|sc]chssmghthtce: ad5$orp1tllorg of \:jvaltgr ci? szCI f||5ms.
are separated by means of a time-of-flight technique. MIES and eg\ (s:aréa seen romt'g el s( p(i (CI 3 an5 Ve for G/,?X P
UPS spectra were acquired with incident photon/metastablean S(5@2). respective y) an (@Bp) (5 e ). lonization.
beams 45with respect to the surface normal; electrons emitted Although the relative intensities of the Cs(5p) fine structure

in the direction normal to the surface are analyzed. Collection components are different in MIES and UPS, the overall

of a MIES/UPS spectrum requires approximately 100 s. The similarity of the spectra suggests that the MIES spectra are due

measurements were performed using a hemispherical analyze¢0 the Auger de_excnatlon Process. Combined MlES/UPS results
(Leybold EA10/100). To minimize charge-up phenomena, we or other alkali metal halides on tungsten are available for

26 27 iE 28,29 i it _
worked with low beam current densities, and thus an energy I\;aCI, dcél' 5and L'F't q k?nd thedgner?etzlcé pozltéo?ns of Cl I
resolution of 600 meV was employed for MIES/UPS. The (3p) and Cs(5p) reported here and in refs 26 an agree wetl.

spectra showed no basic changes at 250 meV resolution. Water exposure at 130 K produces the three features 1b
By applying suitable biasing, electrons emitted from the Fermi 3a, and 1b seen bOIh-Wlth MIES and UPS (see spectra
Yy applying su 9 A . Ppresented below). Combined MIES/UPS results were published
Ie\éel, Er, are registered at 19.8 eV (the potential energy of_He "~ for the water adsorption on Md@nd TiOs25 the spectra from
(2°S)). Consequently, the onset of the spectra at low kinetic water multilayers are rather similar in all cases studied so far

(high binding) e_ne_rgies occurs at the work function Of. the with MIES/UPS. It should also be noticed that our UPS date
sample. The variation of the onset of the spectra at low kinetic for SW films are rather similar to those for liquid wafér

energies with exposure gives then directly the exposure depen- First principles calculations carried out on3gsuggest that

dence of the surface work function. . - L
S the 1b peak represents an intramolecular bonding combination
The sample can be cooled with liquid;fto 130 K. The between O(2p) and H(1s) orbitals. The peak can be assigned
temperature was measured with a thermocouple in direct contacty lone-pair electrons on oxygen atoms; the hydrogen contribu-
with the front of the tungsten single crystal. The surface was tjon is much smaller than in 3bThe 3a feature (which appears
exposed to water by backfilling the chamber. The water was considerably more diffuse in the spectra than #bd 1b)
cleaned by several freezpump-thaw cycles. The cleanliness  ¢orresponds to delocalized states with intermolecular contribu-
of the water was checked with a quadrupole mass spectrometeryions from different water molecules interacting via hydrogen
The amount of surface-adsorbed water is estimated on the basi,ongs. Thus, the broad Sature is characteristic for condensed

of our previous results concerned with the watitania  \ater, in either the liquid or solid phase, and signals the presence
interaction® essentially, we make use of the fact that (a) water of 5 water network, formed by hydrogen bonds.

adsorption leads to an initial work function decrease up to half 3 5 \water—CsCl Interaction. In the following we present
coverage of the surface, and (b) the MIES signal from water yhree sets of MIES/UPS results that give information on the
saturates for full coverage of the surface. From FhIS we conclude cgc-water interaction at 130 K: (1) co-deposition of water
that at 2 langmuirs (L) exposure the surface is covered by 1 5n4 cscl on tungsten (Figure 1), (2) CsCl deposition on solid
bilayer (BL) of water. A 5 L emission from the tungsten ater films (Figure 3), and (3) water deposition on CsCl films
substrate has essentially disappeared in the UPS(He 1) spectrarigyre 4). Also shown are results obtained during the annealing
The CsCl exposure is given in units of monolayer equivalents of the films produced in (£(3) (Figure 2).
(MLE); at 1 MLE the surface would be covered by one CsCl  For a comparison with UPS data for aqueous liquid salt
layer if not for penetration effects. Our previous results for salt sojutions, we have studied the co-deposition of water and CsCl
adsorption on tungsten indicate that the observed work function (see Figure 1 for MIES (a) and UPS (b)). We have deliberately
minimum occurs at 0.5 MLES29 chosen a CsCl exposure rate at which little emission from Cs
Annealing of the prepared films is done stepwise; during the and Cl appears in the MIES spectra. Nevertheless, CI(3p) and
collection of the MIES/UPS spectra the substrate temperature Cs(5p) emission is clearly seen in the UPS spectra. Since we
is kept constant. still see weak Cl(3p) emission in MIES (as suggested by the
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Figure 1. (a) MIES spectra obtained during the co-deposition of CsCl Figure 2. (a) Spectral changes observed with MIES when annealing
and water onto W(110) held at 130 K. Exposure is given in langmuirs the top spectrum of Figure 1a. (b) Spectral changes observed with UPS-
(L) (1 langmuir= 1075 Torr-s). (He 1) when annealing the top spectrum of Figure 1b.

onset of the 1pwater peak, which is softer than for pure water), intensity ratio is comparable to that of Cl(3p) and; 1b the
we conclude that the CI(3p) species, covered by not more thanpresent work*
one water layer, exist near the film surface. The estimated Concerning the CI(3p) emission, we can compare with the
stoichiometry is CsG6H,0. To arrive at this estimate, we have He | spectra ba 3 M KCI aqueous solutidfi (stoichiometry
taken into account the different surface density of the moleculesabout KCt18H,0). The Cl-induced part is rather similar to
in water and CsCl layers, and assumed a homogeneous deptiCsCl, as far as both the energetic positions and the shape of
distribution of the salt species. Alternatively, we can compare the Cl- and water-induced features are concerned. The Cl/water
the peak areas in the UPS spectra: when assuming equal crosmitensity ratio is about 3 times smaller than in the present case.
sections for photoionization of CI(3p) and the three water states The similarity of the present UPS results suggests that, as in
1b to 1k, we arrive at the same stoichiometry. liquid aqueous salt solutions, ionic dissociation takes place for
We can compare our UPS(He 1) results with those for as:CsF co-deposition of CsCl and water at 130 K, and"Gsxd CI
2.6H,0 solution, which is close to the salt saturation concentra- are present as solvated species.
tion.16 As far as the Cs- and water-induced spectral features Figure 2 presents MIES and UPS results obtained when
are concerned, the spectra compare well with ours. It should, heating the film, characterized by the top spectra in Figure 1,
however, be noted that in ref 16 a different interpretation is from 130 to 430 K. Before heating, the signature of the Cs and
given to that part of the spectra where the &ind Cs(5p») Cl species can barely be seen in MIES. However, above 140 K
features overlap. It was already questioned in ref 15 whether the signature of Cs and Cl can clearly be noticed also in MIES,
the small feature seen at 12.5 eV kinetic energy is due to F(2p) indicating that these species are now accessible to interaction
ionization. Indeed, we find that for CsF adsorption on SW the with the He* probe atoms. The 3atructure (which is diffuse
spectral features F(2p) andlalmost coincide, and that their  for pure water; see Figure 3) becomes rather well-defined. In
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Figure 3. (a) MIES spectra during growth of water films (ap-  obtained for condensation of water onto CsCl film deposited on W(110)
proximately 12 bilayers thick) on W(110) at 130 K, followed by gt 130 K.

exposure to CsCl. (b) UPS(He I) spectra during growth of water films
(approximately 12 bilayers thick) on W(110) at 130 K, followed by

MIES, most of the water has desorbed around 155 K (the small
exposure to CsCl.

feature seen in UPS near the position of ildue to incomplete
fact, the water part in MIES is reminiscent of gas-phase-like separation of the MIES and UPS contribution to the spectra).
water spectrd2 This indicates that direct interaction of water Above 160 K only Cs and Cl species can be detected by MIES
with Cs and/or Cl species dominates over watgater interac- and UPS and desorb around 350 K. We do not detect any OH
tions and no hydrogen-bonded network exists at these temper{fragments which could, as in the case of solid water on MgO,
atures. The shift in the onset of Cl(3p) with increasing be produced at the water/tungsten interface.

temperature seen in Figure 2b could reflect the fact that the Figure 3 displays the results obtained during the deposition
binding energy of solvated Cl species is larger by 0.6 eV than of CsCl onto SW (12 bilayers). Already during the early stage
that in isolated CsCl molecules. In Born’s model this situation of exposure pronounced Cl(3p) emission develops in the UPS
is modeled by embedding the Cl species in a cage formed by spectra aEg = 5.8 eV (Figure 3b) while it remains rather weak
the surrounding dielectric mediuth However, small changes in the MIES spectra up to 3 MLE (7% of the total emission),
in the onset of the spectra at large binding energies and of theand merely produces the small shoulder on the rise of the strong
CI(3p) energetic position could also be caused by charge-up 1b; peak from water (Figure 3a). Moreover, while the Cs(5p)
phenomena. They would shift the spectral features Cl(3p) and emission is the dominant spectral contribution to UPS, it cannot
1b to 1b from water simultaneously, which is not the case, be detected unambiguously with MIES at this stage. Up to 3
neither in Figure 2 nor in Figure 4. Thus, we tend to believe MLE the SW spectral features change little in MIES as far as
that the observed shift may indeed reflect the change in binding their energetic position and shape is concerned. This, together
energy of the CI(3p) electron upon solvation. According to with the weak CI(3p) emission and the absence of Cs(5p)
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emission in the MIES spectra at this stage, indicates that thecovered by molecules of the water film. From our results alone
top layer must consist of water molecules mainly; they shield we cannot exclude that molecular hydration, followed by the
the Cl and Cs species efficiently from their interaction with the migration of the hydrated molecular CsCl into the film, takes
He* probe atoms. According to MIES, watewater interaction place. However, when our data are combined with previous
dominates in the top layer. This implies migration of the work, mainly on NacCl, it appears more likely that at 130 K, as
adsorbed species into the water film after deposition. At this for NaCl*12ionic dissociation of CsCl takes place at subcritical
stage both the MIES and UPS spectra resemble closely thosestoichiometries; the Cl and Cs species form complexes with
obtained by co-deposition of CsCIl and water (Figure 1). For water molecules, penetrate the surface, and become embedded
co-deposition we have evidence that ionic dissociation of CsCl into the film.
may take place. Therefore, the stated similarity is indication  The dissociation is suggested by the close similarity of the
that for small exposures solvation and dissociation of the UPS results of Figure 3 with those for co-deposition (Figure 1)
adsorbed CsCl take place prior to the migration of Cs and Cl and liquid salt solution>1® This view is supported by the
into the film. following facts: (1) at least for NaCl no hydrated molecular
For exposures beyond 3 MLE the;3aature seen with MIES  species exist235(2) at 15 K Na+(H,0), complexes are formed
narrows considerably and becomes a well-defined peak, verywhen NaCl and KO molecules are co-deposited on solid*Ar,
similar to what is seen in Figure 2 when heating films produced and (3) low-energy reactive ion scattering experiments show
by co-deposition. Clearly, CsCl-induced destruction of the water that NaCl dissociates almost completely on SW surfaces, even
network takes place at the surface. At 3 MLE the nominal at 110 K, forming solvated ion$.
stoichiometry corresponds to that chosen in Figure 1 for  cs(H,0), complex formation, as a precursor for solvation,
coadsorption, namely Cs®HO; in the following it will be even on the time scale of 18's, was demonstrated very directly
called the critical stoichiometry. Nevertheless, CI(3p) is twice py scattering Csions from SWA?
as large as in Figure 1b. This indicates that under the conditions " The surface penetration follows from the fact that, as verified
of Figure 3 the depth distri_bution of the salt molecules is not by MIES, water forms the top layer (except for supercritical
homogeneous. When the film represented by the top spectrumg;gichiometries). Inspection of theoretical results for the penetra-
of Figure 3 (supercritical stoichiometry) is heated, the MIES ion of pollutants into SW films suggests that the ions may
and UPS spectra become similar to those in Figure 2, in mosily be located within the first two water bilay@fOn the
particular above 140 K. other hand, for NaCl on SW of 110 K the diffusion of Niato

Figure 4 shows MIES (a) and UPS (b) results for the e \yater film is insignificant, although efficient dissociation
condensation of water on a CsCl film (1 monolayer) on tungsten ¢ Nac) still takes placé?

geld at(:jLBlObK. BeI(_)W abltlnﬁ I}_thedwatelr(-ln_duKAeIdEfSe.afturels11b The solvation is suggested by the fact that our results for

a, an remain well-definéd peaxs in » I0r 1arger - a1t and water co-deposition (Figure 1) and for CsCl adsorption
exposures,.howe_ver, _the spectrum typical forl condensed Watelo solid water (Figure 3) are rather similar. Also the water-
develops, displaying, in particular, the ratherdlﬁu'sef@ature. _induced shift of CI(3p) seen in Figures 2 and 4 supports this
Beyond aboué L both Cl(3p) and Cs(5p) have_dlsappea_red N View. Solvation may be accompanied by the transport of water
MIES aImost_ completely. In contrast, their signature s stil molecules from inside the film to the surface as suggested in
clelarly seeE in UPS, agd the drespect;vle UtPS |rt1te£1§|tl|_e§ ShOWref 7, thus restoring the composition and topology of the surface,
only a weak exposure dependence at least up 1o = 1€ UBgpg, consequently, allowing additional water molecules to
to exposures where 9 water bilayers would have built up on

i . . become accommodated at the surface. New data taken by us
tungsten. We notice the_ wa_ter-lnduced shift of CI(3p) of 0.6 between 80 and 150 K show that the probability for hydration
eV at 3 L already seen in Figure 2b.

Taking into account the combined LEED and UPS resfilts, and penetration of CS.CI is. great!y rgduceq below 115 K.
and the ion scattering data for water condensation on KacCl, t '?‘ :jnolecular dén?:m'cf ?g?;l_lﬁtmn ']? avallﬁglle for ? concen-
we are led to the following interpretation: inifaly, Wo- el ool e o nuro water: this region extended about
dimensional (2D) water condensation takes place whereby the0 2 nm below the surfa)llcz It was éonclud%d that theaFid
interaction is predominantly with Cs and CI species. At this ~ :

stage the existence of gas-phase-like water features, in particulaﬁ; S'S:'fzcaere AS ?;\:%t:gé a\?v(;sk?oefnghter:;fgi\éaggTosrge!r:anfﬁg;; t d
the well-defined 3gpeak, excludes water clusters. In the case ) y

of NaCl the LEED reflexes from, in particular, the water somewhat closer to the surface than the F ions. In the present

superstructure disappear at this stage, indicating that a transition 2>¢ @ S|m|lar. te”de”CY cannot t,’e substantiated. )
from 2D to 3D (three-dimensional) condensation takes place | he annealing experiments (Figure 2) suggest that water is
around 3 L. For CsCl the 3deature becomes diffuse in MIES ~ Present in two different environments: (i) hydrogen bonded,
around 6 L, indicating that now watewater interaction begins ~ Without direct interaction with the salt components, and (ii)
to dominate in the top layer, and a transition from 2D to 3D nvolved into the solvation of the ions. . .
condensation has taken place. Since the Cs- and Cl-induced The results for water deposition on CsCl films (see Figure
emission has almost completely disappeared in MIES at 6 L, 4) aré consistent with the scenario proposed above: CsCl
but persists in UPS up to at least 18 L, we conclude that CsC| dissociation takes place at the oB+CsCl) interface. The
becomes solvated into the deposited water film. This view is résulting solvated Cs and Cl ions migrate into the water adlayer.
supported by the observed water-induced shift of the CI(3p) MIES will not be able to detect these species bec_:ause_ they retain
2 BL of water, it was demonstrated by IR spectroscopy that solvated ions that become located within the information depth
ions from the substrate are indeed incorporated into the3film. ©of UPS underneath the top of the water layer.
) ) o ) A scenario similar to that discussed above appears to describe

4. Solvation and Dissociation of CsCl on Solid Water the HCl interaction with SW: at 130 K HCl is dissociated as

We concentrate now on the fate of CsCl adsorbed on SW at suggested by the occurrence of broad IR bands characteristic
130 K. MIES reveals that the CsCl species tend to become for hydronium ion (HO") formatio’ as well as from the
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in the top layer, indicating that the migration of CsCl species  (21) Maus-Friedrichs, W.; Wehrhahn, M.; Dieckhoff, S.; Kempter, V.
is largely suppressed. In this range the water contribution to Suzgz?mol??l 249, 14|9S.  Sci 1996 36

lear ; chs, D.; et alSurf. Sci 1 5 557.
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hydrogen-bonded water network takes place at the surface, and998 417, 390. L o . . .
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. . . . Dieckhoff, S.; Maus-Friedrichs, W.; Kempter, Burf. Sci.1993 291, 67.
and water molecules that interact directly with the ions, on the (28) PUm. S.. Hitzke, A.; Gunster, J.. Miler, H.. Kempter, V.Radiat,

other hand. Eff. Defects Solid4994 128 151.
We have also studied the water adsorption on CsCl films at  (29) Ochs, D.; Brause, M.; Stracke, P.; Krischok, S.; Wiegershaus, F.;

130 K. Initially, 2D condensation takes place whereby the water 2"9%“75';;;"1%02“5' W.; Kempter, V.; Puchin, V. E.; Shluger, ASurf. Sci

interaction is mainly with the |ons.of the CsCl film. According (30) Eeken, P.; Fluit, J. M.; Niehaus, A.; Urazgil'din Surf. Sci 1992

to UPS, solvated Cs and Cl species are formed at larger water273 160.

exposures and migrate into the water film. (31) Kantorovich, L. N.; Shluger, A. L,; SuShkOl, P. V.; @ster, J.;
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