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Interfaces between films of benzenes (C6H6 ;C6H5Cl;2-C6H4OHCl) and solid H2O on tungsten
substrates were studied between 80 and 200 K with metastable impact electron spectroscopy~MIES!
and ultraviolet photoelectron spectroscopy@UPS~HeI and II!#. The following cases were studied in
detail: ~i! Adsorption of the benzenes on solid water in order to simulate their interaction with ice
particles, and~ii ! deposition of water on benzene films in order to simulate the process of water
precipitation. In all cases the prepared interfacial layers were annealed up to 200 K underin situ
control of MIES and UPS. The different behavior of the interfaces for the three studied cases is
traced back to the different mobilities of the molecules with respect to that of water. The interaction
between H2O and the benzenes at the interfaces is discussed on the basis of a qualitative profile for
the free energy of that component of the interface which has the larger mobility. Possible
implications of the present results for atmospheric physics are briefly mentioned. ©2004
American Institute of Physics.@DOI: 10.1063/1.1648018#

I. INTRODUCTION

The chemistry on molecular films, water in particular, is
a challenging field for surface science because of the com-
plexity of the three-dimensional system under study. The
chemistry occurs here in a highly dynamic, quasi-liquid mo-
lecular environment where the balance between solvation,
chemical reactions, stabilization of the solute and the reac-
tion products are important factors.1–5 In fact, the ice–frozen
water interface is constantly changing as water molecules
adsorb and desorb. Adsorbing species may become solvated
quickly and encapsulated into a water matrix.6,7

Persistent, bioaccumulative, and toxic substances
~PBT’s! are of global and local concern: Photochemical re-
actions involving PBT’s play a mayor role in the atmosphere,
in natural water, on soil, and in living organisms.8 Snow and
ice are important components of cold ecosystems and influ-
ence the fate and the reactions of PBT’s. The process of
uptake of these chemicals into nascent water crystals can
take place either by adsorption onto the surface of precipi-
tating snow crystals or through co-deposition with water into
growing crystals or films.

Our present understanding of how PBT’s interact with
frozen water is relatively limited, and the study of the inter-
action has only recently become a subject of detailed inves-

tigations. A quantitative model to assess and evaluate the
environmental fate and behavior of PBT’s in cold ecosys-
tems would include to know about:8

~i! the efficiency and the mechanism of snow scavenging
from the atmosphere by the chemicals;

~ii ! the behavior~migration, solvation, etc.! of the chemi-
cals within snow or ice particles; and

~iii ! the release, i.e., the desorption of chemicals, products
from photochemical reactions in particular, into the
ecosystem.

The photolysis of the substances in ice yielded photo-
products very different from those observed in liquid water:8

The observed preferential formation of dimers of the starting
molecules gives evidence for their high concentration in the
reaction region. This was explained in terms of an effective
reaction cavity which restricted the reactions between the
host water molecules and the guest organic substances. In
order to shed more light into the origin of the different pho-
tochemistry of PBT’s in solid and liquid water, we have ap-
plied the ultra-surface sensitive metastable impact electron
spectroscopy~MIES!, in combination with photoelectron
spectroscopy~UPS with HeI and II!, to the study of inter-
faces between the benzenes C6H6, C6H5Cl, and 2- ~or
ortho-! C6H4OHCl and solid water between 80 and 200 K. In
contrast to C6H6 and C6H5Cl, 2-C6H4OHCl may interact
with water comparatively strongly via its OH-group. In order
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to obtain information on the PBT–water interaction under
atmospheric conditions, we studied~i! the adsorption of the
benzenes on solid water, simulating the interaction of the
chemicals with ice and snow particles, and~ii ! the deposition
of water on films of the benzenes, simulating the process of
water precipitation.~ii ! may also provide a better understand-
ing of the interaction of water with soot particles in aircraft
contrails:9 The films of organic rings serve as a model for the
soot particle’s surface while the ligands form functional
groups for the interaction with water molecules.

II. EXPERIMENT

The experiments were carried out under ultra high
vacuum~UHV! conditions~base pressure,4310210Torr)
equipped with low energy electron diffraction~LEED!, x-ray
and ultraviolet photoelectron spectroscopy~XPS and
UPS! ~HeI and II!, Auger electron spectroscopy~AES!, and
MIES, and are described in detail elsewhere.10,11 In MIES
metastable helium atoms (23S/2 1S) of thermal kinetic en-
ergy are utilized to eject electrons from the uppermost layer
of the surface. The application of MIES to surface spectros-
copy is well documented.4,12 Previous applications of MIES,
in combination with UPS, to the characterization of films of
solid water and to the study of processes taking place on
these films as a consequence of the adsorption of atoms and
molecules can be found elsewhere.5,13–16

The energy scales in the figures are adjusted in such a
way that electrons emitted from the Fermi level, i.e., elec-
trons with the maximal kinetic energy, appear at the binding
energyEB50 eV. The position of the Fermi level is deter-
mined from MIES spectra for Na-covered tungsten.14,17 In
the following, all binding energies refer to the Fermi level
(EB50 eV). The low-energy cutoff in the spectra gives di-
rectly the surface work function, irrespective of the actual
interaction process which produces the electrons.

The employed benzenes were dosed to the surface by
backfilling the chamber with the desired molecules at a pres-
sure of about 2•1028 Torr. The procedure for obtaining an
estimate of the molecular coverage is discussed in more de-
tail in Ref. 15. Briefly, we benefit from the fact that the
MIES signal saturates after completion of the first molecular
adlayer, and that in UPS~HeI! the emission at the Fermi level
disappears roughly at a coverage of two complete adlayers
for the chemicals under consideration. The exposure is given
in units of monolayer equivalents~MLE!. At 1 MLE the
surface would be covered by one molecular adlayer; penetra-
tion of the molecules into the host solvent film may, how-
ever, modify the coverage. The amount of surface-adsorbed
water can be estimated on the basis of earlier work with TPD
and MIES.11,13 The surface temperature can be varied be-
tween 80 and 700 K; the absolute value of the temperature is
known within 1/210 K. The surface was exposed to water
by backfilling the chamber at a substrate temperature be-
tween 110 and 130 K. This ensures the formation of a dense,
nonporous and amorphous film of solid water.18 The forma-
tion of an ordered film would require a certain degree of
mobility of the water molecules; below 140 K this mobility
does not exist anymore. No extra spots were observed with

LEED when dosing the tungsten substrate with water; no
substrate spots are seen anymore when the coverage exceeds
5 MLE.

III. RESULTS

Figures 1~a!–1~c! compare MIES and UPS~HeI and II!
spectra for benzene~B! @Fig. 1~a!#, chlorobenzene~CB! @Fig.
1~b!#, and 2-chlorophenol~CPH! deposited on a solid water
film supported by a tungsten substrate. Also shown are MIES
spectra for water adsorbed on tungsten; UPS data for water
can be found elsewhere.5,11,19,20Water, when adsorbed mo-
lecularly, produces three peaks identified as emission from
the three uppermost occupied water orbitals 1b1 , 3a1 , and
1b2

19,20 (EB57.8; 10.0; 13.2 eV, respect.!. In contrast, the
adsorption of water onto partially alkalated titania, leading to
water dissociation, yields peaks atEB57.0 and 11.2 eV from
the ionization of the OH 1p and the 3s orbitals,
respectively.19,20 In the present work we see only the emis-
sion from molecular water. The emission from 3a1 is com-
paratively broad and, apparently, reflects contributions to this
molecular orbital~MO! from intra-molecular mixing, i.e.,
this MO consists of contributions from the wave functions of
adjacent water molecules that interact via hydrogen
bonding.21

The B spectra display 5 spectral features in MIES, B1 to
B5, at EB55.1; 7.9; 9.8; 11.0; 12.4 eV, respect.@Fig. 1~a!,
see vertical bars#. They are due to the ionization of the ben-
zene MO’s 1e1g(p3 /p2) (B1), 1a2u(p1)/3e2g(s) (B2),
1b2u(s)/3e1u(s) (B3), 2b1u(s)(B4) and 3a1g(s) (B5).22

It is of considerable importance for the data reduction lead-

FIG. 1. ~a! MIES spectra for the adsorption of water on tungsten~80 K!, and
MIES and UPS~HeI and II! spectra for benzene~B! ~2ML! on water films
~80 K; 3BL!. See text for the identification of the structures labeled by
vertical bars.~b! As Fig. ~a!, but for chlorobenzene~CB!. ~c! As Fig. ~a!, but
for chlorphenol~CPH!.
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ing to the graphs of Figs. 2 and 3, that no contribution from
the ionization of water interfers withB1. The peaklike emis-
sion seen at the largest binding energies in MIES and
UPS ~HeI! is due to secondary and/or scattered electrons
with small kinetic energies.

The CB spectra display 6 features, CB1–CB6, atEB

55.1; 7.3; 8.8; 9.9; 10.9; 12.4 eV@Fig. 1~b!, see arrows#.
Penning ionization of C6H5X ~X5F,Cl,Br,I) molecules in
the gas phase upon collisions with metastable He atoms was
studied by Penning ionization electron spectroscopy
~PIES!.23 According to that work the following assignment
can be given to the spectral features: 4b1(p3)/
1a2(p2) (CB1), 9b2(n')/3b1(ni) (CB2), 2b1(p1) (CB3),
14a1/7b2 (CB4), 6b2/13a1 (CB5), and 12a1 (CB6). Again,
as for B, the emission from the ionization of the lowestp
MO’s is well separated from any water emission, in particu-
lar from 1b1 . CB2 stems from those MO’s that are most
strongly affected by an admixture of states with Cl3p
character.23

The CPH spectra display 6 features, CPH1 to CPH6, at
EB54.3; 6.8; 7.6; 9.9; 11.0; 12.5 eV@Fig. 1~c!, see bars#. On
the basis of molecular structure calculations the following
MO’s can be expected to contribute strongly to the observed
spectral features:24 p3 /p2 (CPH1), n'(Cl)/
ni(Cl) (CPH2), n'(O)/pCCl (CPH3), p1 (CPH4),
sCC/sCO(CPH5), sCC/sCH (CPH6). CPH1 is again well
separated from any water emission.

All labeled features are seen both in the MIES, HeI, and
II spectra. We have not made any attempt to identify addi-
tional feature seen at larger binding energies with HeII. This
suggests that the MIES spectra are due to the Auger deexci-

tation process in which one electron from water or benzene
valence band states fills the 1sHe vacancy while the 2sHe
takes over the excess energy and is ejected in the Auger
process.4,12 However, the relative intensities in MIES and
UPS spectra may differ:4,12 In MIES the spectra reflect the
density of the respective molecular states prior to ionization
by Auger deexcitation, while the UPS spectra depend upon
the density of states of both the initial and final states in-
volved in the photoionization process, and thus on the so-
called joint density of states. Furthermore, we can expect that
those MO’s that extend outside the repulsive molecular sur-
face, as estimated from the van der Waals radii of the atoms
in the molecule, give strong contributions to the MIES
spectra.23 For this reasonp-bands will manifest themselves
strongly in MIES in accordance with other conjugated mol-
ecules. Furthermore,n-bands should appear enhanced in
MIES because, having Cl3p and O2p character, they will
contribute strongly to the charge density that extends outside
the repulsive molecular surface, and, thus, are not efficiently
shielded by the charge density of the benzene ring. The same
arguments apply to the MO’s that formsCCl , sCO bonds.

Figures 2~a!–2~c! show the temperature dependence of
the 1b1 and B1 ~CB1; CPH1!-intensities in the MIES and
UPS spectra for monolayers of benzenes deposited on solid
water films. Figure 2~a! shows the results for benzene~B!
~denoted by B–H2O) as a function of the annealing tempera-
ture. At first, B is adsorbed atop. The simultaneous decrease
of B1 in MIES and UPS seen above 95 K suggests that B
starts to desorb from the water film, and has practically dis-
appeared at 130 K. If B would penetrate into the water film,
B1 should disappear in MIES, but would still be present in
the UPS spectra which is not the case. With the onset of B

FIG. 3. ~a!–~c! Intensity change of the MIES signals B1~CB1; CPH1! and
H2O(1b1) during annealing a water film~2BL! deposited on films~about 3
ML thick! of benzene~a!, chlorobenzene~b!, and 2-chlorophenol~c! ~80 K!.

FIG. 2. ~a!–~c! Intensity changes of various spectral features@H2O(1b1) in
MIES; B1 ~CB1; CPH1! in MIES, HeI, and II# during the annealing of a
film of benzene~1 ML! ~a!, chlorobenzene~1 ML! ~b!, and 2-chlorophenol
~3 ML! ~c! deposited on a water film~80 K; 3BL!.
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desorption 1b1 starts to rise because the shielding of water
by B against the interaction with He* becomes less efficient.
Around 140 K water starts to desorb, and, according to
MIES and UPS, desorption is complete around 150 K.

Figure 2~b! presents the corresponding results for chlo-
robenzene~CB! deposited on solid water~denoted by
CB–H2O). The simultaneous decrease of CB1 in MIES and
UPS and the rise of 1b1 seen between 115 and 140 K indi-
cate that the desorption of CB species becomes sizeable
above 115 K. However, although CB1 has become rather
small around 135 K in MIES, desorption is not complete at
that point because CB reappears both in MIES and UPS at
T.140 K during water desorption. The small CB1 signal
between 120 and 140 K suggests, in particular, that CB is
shielded from the interaction with He* , and, consequently,
implies that in this temperature range the toplayer consists of
water mainly. The CB species that are bound to the tungsten
substrate are seen up to 165 K.

Figure 2~c! displays the corresponding results for a
2-chlorophenol~CPH! film ~denoted by CPH–H2O). CPH
covers the water film as signaled by the absence of water-
induced features in both MIES and UPS. No significant
change of the CPH1 intensity has yet occurred at 150 K
where water should have desorbed to a large extent; CPH
desorption becomes significant above 170 K. No water-
induced emission is seen in the entire studied range of tem-
peratures. Apparently, the high temperature for CPH desorp-
tion originates from an increased interaction among the CPH
molecules, probably caused by H-bonding, involving the
OH-group of CPH.

Figures 3~a!–3~c! show the temperature dependence of
the 1b1 and B1 ~CB1; CPH1!-intensities in the MIES and
UPS spectra when water overlayers deposited on films of the
benzenes are heated between 80 and 200 K. In all cases
water desorption takes place at about the same temperature
~around 140 K!; no significant influence of the ligands can be
noticed. In particular, no indication of an eventual H-bonding
is apparent for CPH. Figure 3~a! shows the results for a water
overlayer~2BL! on benzene~B! ~denoted by H2O–B). Ini-
tially, water forms the top layer as judged from the fact that
only very weak B1 emission, besides the spectral features
from molecular water, can be noticed, i.e., efficient shielding
of B by the water molecules takes place. The rise of B1 in
MIES, noticeable already below 100 K, cannot simply be
attributed to water desorption. Considering the absolute sur-
face sensitivity of MIES, we conclude that some B species
have moved closer to the surface of the water film, and, to
some extent, become accessible to MIES. A second maxi-
mum in the B1 signal occurs when most of the water has
desorbed, i.e., around 150 K, and the remaining B species are
not shielded anymore efficiently. The B species responsible
for this rise are directly bound to the tungsten substrate as is
also suggested by the fact that the position of B1 is shifted
by 0.5 eV towards smaller binding energies. The comparison
with the spectra collected during the deposition of B~before
offering water! indicates that at 145 K the B coverage of the
substrate is only of the order of 20 percent@too low to be
detected with HeII#. B desorption is impeded by about 15 K
as compared to B–H2O when the B layer is water-covered.

Figure 3~b! shows the corresponding results for
H2O–CB; parameters are as given in Fig. 3~a!. At a first
glance, the results appear to be qualitatively similar as for B.
However, the decrease of H2O(1b1) is more gradual and sets
in earlier ~around 120 K, instead of 137 K for B!; the CB1
emission seen after water desorption~at 150 K! is still about
50 percent of that before exposure of the CB film to water.
Not before 190 K all CB species have desorbed from the
tungsten substrate.

The results for H2O–CPH @Fig. 3~c!# are qualitatively
different: CPH1 rises in MIES and UPS as soon as the
shielding of CPH by water molecules becomes reduced, i.e.,
beyond 130 K. At 160 K the entire amount of CPH deposited
prior to water exposure is still present.

For the following discussion we note from Figs. 2 and 3
that desorption from tungsten takes place betweenTD5160
and 190 K for all studied benzenes. On the other hand, de-
sorption from water occurs earlier, atTD5110 and 130 K for
B and CB, respectively. HereTD denotes the temperature at
which the intensities of B1 and CB1 have decayed to 1/e.
For H2O–CPH multilayers are still stable on tungsten after
the water has desorbed; for H2O–B and –CB part of the
underlying B and CB films has desorbed together with the
water.

IV. DISCUSSION

The interaction of an adsorbate, in particular its penetra-
tion into the solvent, is often discussed in terms of the free
energy~FE! behavior of the adsorbate as a function of its
distance from the solvent surface.2,25 As discussed in more
detail in Ref. 2, the FE-profile can be expressed as the sum
of the average kinetic and potential energies and an entropy
term, related to the disorder caused by the presence of the
adsorbate. When the adsorbate approaches the surface, the
potential energy term decreases monotonously, and reaches a
minimum close to the surface. This is due to the increasing
coordination number of the water molecules surrounding the
adsorbate and/or to~hydrogen! bond formation. Qualita-
tively, the entropic contribution follows the behavior of the
potential energy, indicating an entropy loss caused by the
increase of order when the adsorbate, entering the surface,
becomes trapped by solvent molecules. Inside the solvent,
the profile depends on subtle changes in the potential energy
and the entropy of the system, and, thus, on the solvation
ability of the solvent, i.e., on the type of the adsorbate–
solvent interaction.

For B–H2O water will be considered as the solvent be-
cause B desorbs from water at 105 K while a water film on
tungsten is stable up to about 140 K. The interaction at the
(H2O–B)-interface will be discussed with the help of Fig.
4~a!. It presents, qualitatively, the FE profile of a B molecule
as a function of its distancez from the water surface. Mini-
mum ~I! ~depthVSG) is responsible for the on-top adsorption
at 80 K. The rise of FE during the penetration of B into the
solvent (z,0) reflects the fact that no bond formation nor an
appreciable energy gain from an increase of the coordination
number of the water molecules takes place under these cir-
cumstances. Instead, the large value ofVSB is attributable to
the geometric reason that for penetration the large B mol-
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ecule need to push-out water molecules from their lattice
sites. VSB is a function of temperature, and will decrease
with increasing water mobility. Another well~II ! @Fig. 4~a!#
is noticed at the H2O–substrate interface. This stable site for
B adsorption arises from the B–substrate interaction which,
in general, can be stronger than the water–water or water–B
interaction.

The observed temperature dependence of B1 and 1b1

simply implies thatVSG!VSB; as explained above, the large
B species are unable to enter the rather dense water lattice at
temperatures much belowTD of water. As soon as the tem-
perature becomes larger thanTD(B), the probability for B
desorption from well~I! into the vacuum becomes rather
high while that for migration into the film and to the tungsten
substrate remains low. Consequently, B desorption causes the
strong decrease of B1, seen both with MIES and HeII above
105 K, connected with the strong rise of 1b1 . Clearly, all B
species have desorbed before water desorption becomes sig-
nificant.

For H2O–B the B species are located in~II ! initially @see
results of Fig. 3~a!#. Figure 2~a! suggests that between 80
and 120 K the penetration of these B species into the water
film is unlikely because of the large barrierVSB. We have to
explain the findings that, on the one hand, only about 20
percent of the originally deposited B species are present
when all water has desorbed, and, on the other hand, only a
weak B1 signal is observed in MIES at any temperatures.
Obviously, the mobility of the water molecules has increased
drastically at 130 K because of the shorter lifetime of the
H-bonds. Thus, their larger mobility allows the water mol-
ecules to ‘‘uncover’’ the B species which, as a consequence,

can desorb even though they were initially located under-
neath the water film. However, desorption is delayed as com-
pared to B–H2O ~115 K!. By applying TPD, it was demon-
strated for CCl4 and CD3Cl that desorption is indeed
impeded by an overlayer of solid water.26,27 The probability
for detecting B species at the surface for temperatures close
to TD(H2O) is, however, small: their residence time in~I! is
short for T far aboveTD(B), probably between 10212 and
1029 s,2 becauseVSG is small, and instantaneous desorption
occurs into the vacuum. The onset of the water desorption
above 135 K causes a rise of B1: those B species, still lo-
cated in well~II !, become now accessible to MIES. Indeed,
we find thatT.165 K is required to completely remove the
B species deposited at 80 K on the tungsten substrate.

For the discussion of the interaction at the
(H2O–CPH)-interface we interchange the role of solvent
and solute, treating CPH as solvent. This makes sense be-
causeTD for H2O on CPH is about 135 K, and CPH films are
still stable on tungsten at this temperature. We arrive at the
FE profile displayed in Fig. 4~c!. ~I! allows for on-top water
adsorption of water, as observed for 80 K. For H2O–CPH,
water desorption becomes significant as soon asVSG can be
surpassed (T.130 K). Caused by the water desorption, CPH
becomes accessible to MIES; this explains the correlation
between the decrease of 1b1 and the rise of CPH1@see Fig.
3~c!#. Other than for B–H2O, we have assumed that the bar-
rier VSB is low because the water molecules can move rela-
tively freely through the comparatively open CPH lattice.
Thus, for CPH–H2O, water molecules will migrate from II
to I through the CPH lattice, as soon as water becomes mo-
bile. BecauseVSG is also low, the residence time of water
species that have migrated through the CPH film to the sur-
face is short~between 10212 and 1029 s),2 and accounts for
the absence of water-induced features in the spectra. By ap-
plying TPD it should be possible to verify at which tempera-
ture water desorption takes place for CPH–H2O.

For the (CB–H2O)-system both components become
mobile at about the same temperature. Consequently, inter-
penetration of the two components takes place before de-
sorption is complete. This is underlined by the fact that CB
species, originally deposited atop of the water film, are found
on the tungsten substrate after all water has desorbed. In the
FE profile for (CB–H2O) @Fig. 4~b!# the choiceVSG'VSB

allows for the simultaneous occurrence of desorption and
penetration.

By applying TPD, it was demonstrated for CCl4 and
CD3Cl that desorption is impeded by an overlayer of solid
water.26,27 It was claimed that the formation of cages of the
coadsorbates under water takes place on metallic surfaces.26

No indication of caging is seen for the large organic mol-
ecules under study. For CCl4 the desorption from underneath
a water layer is correlated with the onset of water
crystallization.27 In concert with crystallization, the under-
laying CCl4 desorbs abruptly over a narrow temperature
range. It was proposed that structural changes during crystal-
lization may facilitate desorption pathways in the water over-
layer. These pathways may arise from the formation of grain
boundaries, cracks, and fissures, occurring during crystalliza-

FIG. 4. ~a!–~c! Free energy profiles~qualitatively! for the interaction at
interfaces between water and the benzenes~a! C6H6 , ~b! C6H5Cl, and ~c!
2-C6H4OHCl. VSG and VSB are the barrier heights for desorption into the
vacuum and migration into the solvent film, respectively;z50 is at the
interface between film and vacuum.
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tion. This mechanism may contribute to the observed B de-
sorption through water.

The conclusions of this paper can be generalized to other
substrates as well because the temperature for film forma-
tion, both of water and the benzenes, will show little depen-
dence on the actual substrate.19,20 Only the monolayer frac-
tion that can be obtained above the temperature for
desorption of the films does depend on the number and type
of centers actively interacting with the benzenes. The density
of active centers on substrates of interest for application, as
functional groups on soot and point defects on oxides, will
certainly be higher than on metals.

Finally, we make an attempt to apply our results to in-
terfaces between benzenes and water under atmospheric con-
ditions, say at 220–250 K:

~1! Exposure of the films of benzenes to water~precipi-
tation of water on polluted surfaces!: Prior to water exposure,
T is larger than the temperature for desorption from the sub-
strate on which the benzenes are deposited. Consequently,
films of the benzenzes cannot form; only molecules borided
sufficiently strongly to the substrate in well~II !, in particular
at substrate imperfections, are present. Following water ex-
posure, there is little tendency of these, comparatively
strongly bound molecules to migrate into the water toplayer.
Therefore, under the conditions of~1!, the benzenes will be
found at the interface between the substrate and the water
film.

~2! Benzenes inside ice particles: Due to the low solu-
bility of benzenes in water, their frozen solution may be vi-
sualized as an ensemble of molecular agglomerates, embed-
ded into ice cavities.28 As suggested from the behavior
observed for water deposited underneath CPH, water mol-
ecules from the surrounding cavity walls can be expected to
pass freely through the relatively open agglomerate structure
of the organic species. However, these species, although be-
ing mobile themselves, will not be able to enter the cavity
walls to a large extent because of kinematic constraints~see
Fig. 4!. Consequently, their motion, at high concentration,
remains largely restricted to the volume of the cavities; the
water concentration inside the cavities will greatly depend on
temperature.

When ice particles are exposed to benzenes, a similar
argumentation shows that the organic species will accumu-
late at the outside of the particles, embedded into the aque-
ous atmosphere above the particle surface. Thus, a high con-
centration of the solute species is possible at the water–
benzenes interface; indeed, this was concluded from the high
probability for dimer formation in photoreactions of CPH
with ice.28

V. SUMMARY

The interaction of the benzenes C6H6, C6H5Cl, and
2-C6H4OHCl with solid H2O, deposited on tungsten, was
studied with metastable impact electron spectroscopy
~MIES! and ultraviolet photoemission spectroscopy~UPS!
with He ~I and II!. The conditions were~i! adsorption of the
benzenes on solid water in order to simulate the interaction
of the chemicals with ice particles, and~ii ! deposition of
water on the organic films in order to simulate the process of

water precipitation. In all cases, we studied the properties of
the adsorbed layers during their annealing between 80 and
200 K. At 80 K, closed layers of all studied benzenes can be
prepared on water with little mixing andvice versa.

For C6H6 on water (B–H2O), desorption starts around
105 K; no penetration of B into the water film could be
detected. For H2O–B, B desorption appears to be delayed
and starts when the water molecules of the overlayer become
sufficiently mobile (T.120 K). B desorption is complete
when the B molecules interacting comparatively strongly
with the tungsten substrate have desorbed (T5160 K). For
chlorobenzene on water (CB–H2O), CB and water mol-
ecules both become mobile around 120 K and desorb in the
same temperature range. Not all CB molecules desorb with
the water film; some CB molecules interact with the tungsten
substrate, and finally desorb at 170 K. For 2-chlorophenol on
water (CPH–H2O), all water has desorbed before CPH de-
sorption sets in (T5170 K). We suggest that, as soon as the
H2O molecules of the underlayer become sufficiently mo-
bile, e.g., above 120 K, water can migrate through the com-
paratively open CPH lattice. For H2O–CPH water has des-
orbed before any desorption of CPH can be detected~around
170 K!.

Qualitative free energy profiles are proposed that can
account for the experimental results. We predict that under
atmospheric conditions the studied benzene species, when
deposited on solid substrates, remain located at the interface
under water exposure. On the other hand, benzenes will ac-
cumulate at the outside of benzenes-exposed ice particles. As
solutes they remain aggregated in ice cavities of frozen so-
lutions.
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