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The interaction of formic acidfHCOOH) with solid water, deposited on tungsten at 80 K, was
investigated. We have prepared and annealed formic(&&idwater interfacegFA layers on thin

films of solid water and KO adlayers on thin FA films Metastable impact electron spectroscopy
and ultraviolet photoemission spectroscdpy | andil) were utilized to study the electron emission
from the 1@’ to 6a’ molecular orbital§MOs) of FA, and the b,, 3a;, and b, MOs of H,O. These
spectra were compared with results of density-functional theory calculations on,©Abinplexes
reported in Ref. 14[A. Allouche, J. Chem. Phys122 2347032005, (preceding papet.
Temperature programmed desorption was applied for information on the desorption kinetics.
Initially, FA is adsorbed on top of the water film. The FA spectra are distorted with respect to those
from FA monomers; it is concluded that a strong interaction exists between the adsorbates. Even
though partial solvation of FA species takes place during annealing, FA remains in the top layer up
to the desorption of the water film. When,® molecules are offered to FA films at 80 K, no water
network is formed during the initial stage of water exposurgDHnolecules interact individually

via H bonds with the formic acid network. Experiment and theory agree that no water-induced
deprotonation of the formic acid molecules takes place2@®5 American Institute of Physics
[DOI: 10.1063/1.1929732

I. INTRODUCTION to formate formation via an HCOG-H;O* contact ion pair
in the case of formic aci@FA). On the basis of time-of-flight

The capability of ice surfaces to promote dissociation ofsecondary-ion-mass spectrometffOF-SIMS measure-
acids is still a controversial issdeEven for the well-studied ments it was concluded that FA species, top deposited on
system HCl/water ice the situation appears to be under dewater ice at 15 K, start to become hydrated above 110 K,
bate: On the one hand, it was concluded that HCI insertednd it is concluded that at 140 K the top layer of the surface
into the top bilayer of the water ice lattice, thereby substitut-consists of pure watérDensity-functional theoryDFT) cal-
ing a water molecule, rapidly undergoes deprotonati@m  culations were performed in order to determine the energeti-
the other hand, it was concluded that steric hindrance effectsally most favorable FA/water configurations responsible for
and electrostatic repulsion prevent configurations in whichthe solvation of FA. It is found that FA tends to form H
the CI' becomes surrounded by four water molecules and, asonds with two HO molecules, themselves interlinked by H
a consequence, is forced into the rather rigid ice lattithis bonds, and stabilized by H bonds to adjacent water mol-
has to be contrasted with the results of constraine@gcules. On the other hand, combined electron energy-loss
molecular-dynamicéMD) simulations where the free-energy spectroscopyEELS) and TPD results obtained during the
profiles calculated for 235 K show no barrier against HClcoadsorption of FA and 0 on Pt surfaces in the range of
penetration into the ice crystal. 100-200 K suggest that FA-® complexeg1:2 to 3 sto-

For formic and acetic acid interacting with ice surfaces,ichiometry are formed; a model was favored in which small
free-energy profiles obtained from classical MD calculationsvater aggregates become attached to FA cHains.
demonstrate that carbonic acids are strongly trapped at the The surface-sensitive analytical techniques at our dis-
ice surface at 250 R The results indicate that the adsorption posal, MIES (metastable impact electron spectros
sites are located inside the surface layer, i.e., a partial solvaJPS (He 1 and 1), and TPD spectroscopifemperature pro-
tion takes place during the acid adsorption at that temperegrammed desorptionare well suited to answer some of the
ture. It was suggested that the formation of hydrogen bondspen questions concerning the FA-water interactiee our
at the ice surface could be responsible for the initiation ofprevious work on multilayered water for detais. MIES,
further processes, as the acid molecule’s ionization, leadingn ultimately surface-sensitive technique, will identify the

surface-adsorbed species and their electronic structure; in ad-

9Author to whom correspondence should be addressed. Fax9-5323-  dition, it can pursue the_ progress of an eventual So_lvation
72-3600. Electronic mail: volker.kempter@tu-clausthal.de process, leading to the disappearance of the FA species from
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the surface, as a function of the surface temperature. lby backfilling the chamber. The water was cleaned by several
combination with UPS, providing depth information, the dis- freeze-pump-thaw cycles. The amount of surface-adsorbed
tribution in depth of the solutes can be studied. The emwater is estimated on the basis of our previous results con-
ployed spectroscopies can also detect an eventual deprotor@erned with the water-titania interactié%:essentially, we
tion reaction occurring as a consequence of the FA-watemake use of the fact thdb) water adsorption leads to an
interaction. Moreover, the comparison with the correspondinitial work-function decrease up to half the coverage of the
ing spectra from free FA species gives information on thesurface, andb) the MIES signal from water saturates for full
distortion of the FA species by the surrounding medium, orcoverage of the surface. From this we conclude that at 2 L
their lateral interaction, and on their H bonding with the exposure the surface is covered by one bildBdr) of water.
solvent molecules. At 5 L emission from the tungsten substrate has essentially
In the present work, water films, grown on a tungstendisappeared in the URe 1) spectra.
substrate at 80 K, were exposed to FA; the change of the Annealing of the prepared films is done stepwise; during
electronic structure with the temperature of the FA-exposedhe collection of the MIES or UPS spectra the substrate tem-
film was monitored under tha situ control of MIES and perature is kept constant.
UPS. Additional information on the processes at FA-water
interfaces was obtained by studying the interaction of wateB. Temperature programmed desorption  (TPD)
molecules with FA films produced at 80 K. The spectra are
compared with the density of staté®OS) obtained from

DFT calculations on FA-water complexXé¢preceding paper,
P & gpap rupole mass spectrometé@MS, Pfeiffer, type QMS 422

in the following denoted by)l X
TPD gives details on the thermally induced desorptionava"able at the UHV apparatus employed for the MIES/UPS

kinetics, in particular, on the species desorbing from thestudies. The TPD housing is connected via a small opening

bulk, without having a sufficiently long dwell time at the (d=3 mm to the main chamber and is pumped separately
ia a turbomolecular pump60 I/s;N,). In order to obtain

surface in order to become accessible to the electron spe¥ ;

troscopic techniques. TPD .spectra exclusively from the r.e'levant surface area, the
opening of the TPD housing is positioned ca. 2 mm in front
of the sample. The sample, whose temperature was measured

Il. EXPERIMENTAL DETAILS using a W/Re thermocouple type C, could be heated by ra-

A. Electron spectroscopy diation from a tungsten filament positioned behind the crys-

tal. The TPD spectra are collected at a linear heating rate of

Experimental details on the apparatus employ\?\%é]c;; the /s, and routinely five different masses are measured si-
electron spectroscopic studies can be found else * multaneously. Under these circumstances the onset of de-

Briefly, the UHV apparatus is equipped with a cold-cathodesq prion in the MIES/UPS specti@ata collection time is

gas 3disicharg*e source for the production of metastablgy g typically is seen about 15 K below the desorption peak
He (°S/*S) (E'=19.8/20.6 eV atoms with thermal kinetic maximum temperature.

energy andHe | photons(E"=21.2 eV} as a source for ultra-
violet photoelectron spectroscofyPS. The intensity ratio
33/1Sis found to be 7:1. Since the metastables approach thltlal' RESULTS AND INTERPRETATION
surface with a near-thermal kinetic ener@0—100 meY, This section starts with the discussion of the spectral
this technique is nondestructive and highly surface sensitivéeatures seen during the interaction of FA and water. The
(see Refs. 9 and 10 for more detailed introductions intesimilarity of the MIES and UPS spectra indicates that the
MIES and its various applications in molecular and surfacespectral features seen in MIES are due to Auger deexcitation
spectroscopigs The spectral contributions from metastables(AD) of He'; thus, the position of the spectral feature gives
and photons are separated by time of flight. MIES and UP$he binding energy of the electron emitted from the consid-
spectra were acquired with incident photon/metastablered specie%.lOAll results are presented as a function of the
beams 45° with respect to the surface normal; electrons emibinding energyeg of the emitted electrons. Electrons emitted
ted in the direction normal to the surface are analyzed. Colfrom the Fermi level appear at zero energy in the MIES and
lection of a MIES/UPS spectrum requires approximatelyUPS spectra. Quantitative methods are available to either
100 s. In order to minimize charge-up phenomena, wesynthesize the MIES spect’£* (see Ref. 22 for an example
worked with low beam current densities, and thus an energgr to deconvolute ther.In the present work we confine
resolution of 600 meV was employed for MIES/UPS. Theourselves for simplicity to a qualitative analysis of the spec-
spectra showed no basic changes at 250 meV resolution. #ha: we suppose that the intensity of the spectral features
second photon source is at our disposal providing Hled  from the AD process reflects directly the density of states
Hen (40.8 e\) photons. The variation of the onset of the initially populated. Within this framework we can compare
spectra at low kinetic energies with exposure gives the expahe MIES results directly with the DOS from electronic
sure dependence of the surface work function. structure calculations. In the present work, we compare with
The sample can be cooled with LXo 80 K. The tem- the hybrid(B3LYP) DFT results of paper I. In order to arrive
perature, measured with a thermocouple in direct contact a DOS suited for comparison with MIES, the quantum
with the front of the tungsten single crystal, is estimated tomolecular energy levels were dressed with Lorentzian func-
be accurate within £10 K. The surface was exposed to watdions of 0.5 eV half-width. On the other hand, the compari-

The TPD experiment&ontrolled via PfeiffeQUADSTAR
softwarg are carried out using a differentially pumped quad-
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son of the DOS with UPS results is less direct, the spectra
depending on both the DOS of the initial and final states
involved in the photoionization process. The focus is on the
structure of the spectra, rather than on the variation of the
intensity of the spectral features with annealing temperature.
A full analysis of the spectra, together with the correspond-
ing IR spectra, will be presented in a forthcoming
publication?®

H,O 1b, 3a; b, MIES
HCOOH/H,O/W

H,0 SBL
A. Signature of formic acid (FA) and water species
in MIES and UPS

[HCOOH]
22L

Water exposure between 80 and 130 K produces the
three features, ,;, 3a;, and b,, seen both with MIES and
UPS(see Figs. 1 and 2, tap™*°It should be noticed that the
UPS data for solid water films are rather similar to those for
liquid water®® The broad 3, feature is characteristic for
condensed water, either in the liquid or solid phase, and sig-
nals the presence of a water network, formed by hydrogen
bonds®>2°

UPSHe 1) and Penning ionization spectra from isolated

count rate /arb. units

80

115
123
130
1373
1447
151
165
177

FA monomers can be found in Refs. 27-29. Our spectra are : HeooH : :
characteristically different in several points: The gas phase 20 15 10 5 0
spectra show well-resolved emission fromalCand 2. binding energy /eV

These two peaks are separated by 1.2 eV, and should QZ?G 1. Upper set: MIES spectra obtained during the deposition of a FA
resolved by our setup. The same holds for the featuges 9 agjayer(about 1 MU onto a HO film (5 BL thick) held at 80 K. Lower set
and 1@&” which are also not resolved in the present resultSof spectra: MIES spectra registered during the annealing of the prepared
Moreover, the distance between the centers of the structurég/water system to 180 K.
attributable to @'/10a” and &'/7a’ is smaller in the _ _ )
present results than in the gas phase spectra. The deviatio.sAcisorptlon of formic acid  (FA) molecules on water
. . . iims prepared at 80 K

seen in the present spectra with respect to the available gas
phase spectra are independent on the type of substrate on Figure 1(upper set of spectyalisplays the MIES spectra
which the condensation takes place, i.e., the same spectra asxorded during the exposure of a water f(lBnBL thick) to
seen for the adsorption on tungsten and on water. Hdhle  FA. According to MIES, a closed FA layer is present at
spectra reported for FA dimers in the gas piad&show a  2-L exposure on a water film prepared at 80 K; this is con-
structure similar to, although not identical with, the presentcluded from the fact that, from this exposure, th® H,O
MIES and UPS spectra for condensed FA. This suggests th&tature, which is well separated from any FA spectral fea-
the lateral interaction between FA species is important. tures, has practically disappeared. We find that the take-up

The DOS presented in paper | for FA monomers, dimersrate is as for tungsten, and therefore conclude that no pen-
and trimergFigs. Xa) and 3 of ] can be compared with the etration of FA takes place upon adsorption at 80 K. Figure 2
MIES spectra, assuming that the spectra reflect the DOS dlipper set of spectfgresents the corresponding results for
the occupied cluster statéshich is a reasonable assumption He II; here, a typical FA spectrum develops only for FA ex-
for MIES). The calculations both for the dimers and trimersposures beyond 15 L.
reproduce the finding of four structures in the MIES spectra  Theory agrees that FA species, interacting witfOHce,
rather well, whereby structurg®) and (3) are not as well form two H bonds via its C=0 and OH ends with two mol-
resolved as in the experimentd) is only seen in the ecules of the water film” As pointed out above, the strong
UPSHe Il) spectra. distortion of the FA-induced spectra, with respect to those

Summarizing, the present spectra must be attributed tobtained from isolated molecules, must be explained by the
FA species displaying strong lateral interactions among eacformation of FA aggregates. The resulting complex, oriented
other, although we are not able to identify the particular oli-perpendicular to the surface of the water film, becomes sta-
gomers: Structurél) is composed of contributions from the bilized by additional H bonds of the twoJ@ molecules with
ionization of states that originate from thealGnd 2" (f12  adjacent water molecules. These findings find general sup-
and f1) MOs. Structure(2), located at about 3.2 eV larger port from TOF-SIMS for FA/ice where the enhancement of
binding energy, is dominated by contributions from stateghe H;O* yield in the low-exposure regime is best under-
originating from MOs @’ and 1" (f10 and f9. Peak(3), at  stood as due to proton transfer from the ice film to the ad-
a binding energy about 2 eV larger théd), originates from  sorbed FA molecule¥The strong interaction of the FA ad-
states formed from thea8 and &’ (f8 and f?) MOs. The  sorbates with molecules of the underlying water film via two
notation used in | is shown in parenthesgsll detects, in H bonds manifests itself in the TPD resultsee below
addition, the emission froma&-based state$f6) at about which demonstrate that some FA desorbs simultaneously
16 eV binding energypeak(4)]. with water around 155 K.
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— MIES
e UPS(Hell)
s 2FA+H10H20

UPS Hell
H,0 1b 3a, Ib HCOOH/H,O/W
2 1 1 2 ~-~ 4FA+6H20
== 2FA+6H20
== FA+6H20

count rate /arb. units
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binding energy /eV T T L2
20 15 10 5 0

binding energy / eV

FIG. 2. Upper set of spectra: He Il spectra obtained during the deposition of
a FA adlayer(about 5 MD onto a HO film (5 BL thick) held at 80 K.

Lower set of spectra: He Il spectra registered during the annealing of th&!G. 3. FA-related part of the DOS of FAJ® clusters(see Ref. 14
prepared FA/water system to 175 K. consisting of 1, 2, and 4 FA and(60) H,O moleculegfor the notation, see

1). Comparison with MIES spectra for 1.5 L exposure. The corresponding
UPS (He Il) spectrum is included for comparison.

In order to substantiate these remarks, the MIES and

He Il results are compared with the results of the DFT calcuzgreement is less convincing than for the FA network devel-
lations reported in | for the adsorption scenario given abovegying perpendicular to the surface of the water cluster.

Fig. 7(b) of | presents the results for a FA layer growing — The lower set of spectra in Figs. 1 and 2 presents the
perpendicular to a water cluster, starting with the adsorptiof|ES andwe 11 spectra, respectively, recorded during the an-
of one and two FA molecules. We suppose that the spectrgagjing of the mixed FA/water films. The MIES ame I
represent essentially the DOS of the occupied cluster stategpectra are to some extent complementary: upon heating, wa-
and compare the DOSs with the 1l results obtained for ter features become again visible above 115 K Hiall,
exposures at which, according to MIES, a closed FA layeamely, a shoulder around 13 eV due tm, And an increase
has not yet formedFig. 3, He Il results. Inspection of Fig.  of peak(2) caused by a&, contribution. Above 138 K water
7(b) of | indicates that FA-induced emission can only befeatures dominate thee lispectra up to 145 K where water
noticed between 7 and 11 eV, superimposed on a compargesorption becomes noticeable. On the contrary, the MIES
tively strong water emission; due to the finite depth resoluspectra remain dominated by FA features in the entire tem-
tion of HeIl, all other FA features are hidden by the strongperature range studied, although a small admixture of water
water featuresld; and b,. Therefore, a detailed comparison featureq see Fig. 1b): increase of the intensity dfl) and a
with He Il spectra will not be made. More information can be shoulder of(3), attributable to b,] can be noticed between
obtained from the comparison of the theory with the MIES125 and 145 K. A more careful analysis on the basis of dif-
results. In Fig. 3 the MIES results are compared with the FAference Hel spectra suggests that the FA:water stoichiom-
part of the full DOS, extracted by subtracting the water con-etry, averaged over the uppermost two layers, is about 1:3 at
tribution. This models the situation that MIES, for geometri- 140 K; from MIES, on the other hand, we estimate that in
cal reasons, sees predominantly FA species. The agreementlig top layer it is rather 3:1. At any rate, partial solvation of
satisfying with the DOS of FA structures oriented perpen-the FA speciegremaining, however, top adsorhed notice-
dicular to the water film. As pointed out in paper I, the FA able above 120 K. Weak FA-like features are still seen, in
network developing during the layer growth is similar to thatparticular with MIES, when all water has desorbed. The re-
of the FA trimer F341 of Ref. 30; indeed, its DOSee spective electron spectra, both as far as the shape and posi-
Fig. 3(c) of 1) is rather similar to the MIES spectrum shown tions of the spectral features are concerned, are, within the
in Fig. 3. We have also included FA dimers, adsorbed withaccuracy of our measurements, identical with those for FA.
their molecular plane parallel to the surface, into the com-Thus, we attribute the species responsible for the emission
parison shown in Fig. 3. Shown is the FA-related part of theseen up to about 190 K to Ffot to formatg species in
DOS of the cluster 2FA+ 1040 (Fig. 6 of I). The overall direct contact with the tungsten substrate.
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water surface before the onset of desorption cannot be derived from the
——

o . ] present results. Possibly, the formation of FA oligomers dur-
W ing the adsorption process, featuring strong lateral bonds,
! does not allow for the complete hydration of the FA struc-

120 ture.

= - g Our findings can be compared with the results of a recent
; 5o TOF-SIMS study on the solvation of FA on water fté.is
© WATER 80K § ° concluded that the evolution of the;O" yield, seen above
E DENS”Yr R 15 0 110 K, is an indication for the beginning hydration of the
5 el __,?"“*-v-é\\ . S o £ surface, and it is claimed that above 140 K complete hydra-
~ \\ ' "§ £ tion of the FA molecules leads to a top layer of pure water.
E 120K\ 18 The strong FA signal, as seen with MIES, seems to exclude
1= the complete hydration of the FA species in the top layer, at
FORMIC ACID o least under the chosen experimental conditions. As was al-
DENSITY 1° ready pointed out in Ref. 6, we find no indication in the

ok 80K i entire temperature range that FA deposition on water may

\ lead to deprotonation, also not as a consequence of the FA
—— solvation.
distance from surface More information on the desorption process comes from
z/ arbitrary unit the TPD spectra for FA on the water film. Numerous TPD

i . . _ - studies were carried out on FA adsorbed on metals. The sub-
FIG. 4. Qualitative free-energy profiles for the interaction of FA with ice for . . . .
various temperatures between 80 and 140 K. Also shown is the water der#'—matlon temperaturg is found betwe_en 145 and 19_0 K, while
sity near the film surface. that for the desorption of the chemisorbed layer is between
160 and 210 K Indeed, in auxiliary measurementsot

S _ _ showrt?) we have established that the sublimation peak from
We can visualize the annealing results on the basis of thg,o g multilayer occurs at 158 K while that for the desorp-

change of the free energyF(zZSvs z, the distance of the FA o of the layer chemisorbed on tungsten takes place at
species from the bO surface.” As indicated in Fig. 4, an 183 K |n addition, the sublimation for multilayered water on
initial decrease ofAF(2) with decreasing accounts for the  ,ngsten is seen around 163 K; an extra peak for monolayer
increasing interaction of FA with ice, in particular, for (ML) desorption is not observed. FiguréaBpresents TPD

H-bond formation. A minimum of\F(2), denoted byS, lo-  gpecira for a FA layefone ML) on a water film(five BLS)
cated at the edge of the water surface at 250 K, accounts g, the range from 80 to 200 K. J® (mass: 18 and FA

FA adsorption at the water surface. At 80 K the minimum Of(mass: 29 are recorded simultaneously. Desorption of both
AF(z) occurs in front of the surface accounting for the factHzo and FA sets in at 140 K. But while water has essentially
that at 80 K the FA signal is strong, but that of water in theqesorbed at 170 Kdesorption peak maximum at 162,K
MIES and UPS spectra very weak, characteristic for FA ade|atively little FA has desorbed up to this temperature. Most
sorption above the water film. At the low temperatures undepf the FA desorbs above 170 K, in the range where FA
study, FA species moving to distances inslexperience a chemisorbed on tungsten desorksee above Because
strong rise ofAF(z), caused by the strong entropy decreasev|ES indicates that FA remains the top layer in the entire
(similar to that of the potential energgxperienced by FA  studied temperature range, it follows from TPD that th©H
during the eventual penetration into the water network whichjesorption must take place through the FA adlayer. If in the
is rather rigid at those temperatufe&Thus, the hindering of  initial phase of FA adsorption the chainlike structure of the
the FA's degrees of freedom by the adjacent water moleculesa crystal would form, most of the FA species would be
prevents the solvation of FA into the ice film. As statedexpected to desorb as for the FA multilayer, and the TPD
above, the entropy contribution to the free energy becomespectra should closely resemble those for multilayered FA on
increasingly less important with increasing temperature dugungsten which is not the cade.

to the decrease in rigidity of the water network. This leads to  The high temperature for FA desorption from water con-
a gradual reduction of the barrier for penetration into the filmfirms the finding in paper | that the FA molecules in the
in AF(2) (see Fig. 7, accompanied by a shift & towards adlayer experience both strong lateral interactions among
the surface of the water filthThis shift into the region with  themselves and, at the same time, are strongly interacting
the nonvanishing density of water molecules leads to thavith the H,O molecules of the underlying water film: the
embedding of FA species into the edge of the water film, i.e.binding energy of a FA monomer on the water cluster is
they become partially solvated with increasing temperature73.7 kJ mot! while that for the removal of a }© molecule

On the other hand, 0 species become integrated into thefrom the same cluster is only 37.2 kJ mbl The binding

top layer (consisting of FA species only up to 120.KIn-  energy of a FA monomer to 2FA+68 is 102.9 kJ mot;
deed, the observed appearance of th®Hignal with in-  that for desorbing the FA dimer from the same cluster is
creasing temperature, in particulartia i, is a consequence. 102.8 kJ mal. This is underlined by the different shapes of
However, according to MIES, FA remains located in thethe TPD spectra observed on masses (R€O) and 46
toplayer, i.e., any deeper penetration below the first bilaye(HCOOH), i.e., by the extra emission seen on mass 29, but

Downloaded 24 Jun 2005 to 132.169.10.86. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



234704-6 Bahr et al. J. Chem. Phys. 122, 234704 (2005)
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FIG. 6. Upper set of spectra: MIES spectra obtained during the deposition
of an H,O adlayer(4 BL thick) onto a FA film(5 ML) held at 80 K. Lower
set of spectra: MIES spectra registered during the annealing of J0¢FA
film to 200 K.

100 1I20 1:1-0 1;50 1|80 260 2I20 2:10 . .
{b) temperature / K about 15 L. On the basis of these findings we suggest that

even at 80 K the water molecules possess the ability to pen-
FIG. 5. Thermal desorptio(TPD) traces forta) FA (1 ML) on a water film  atrate into the FA film surface, in contrast to what happens in
(5 BL thick) and (b) H,O on a FA film between 80 to 200 K. Mass 18: .
water: mass 29 and 46: HCO and HCOOH, respectivelly. the reverse case, FA on a water fllm. MIES s.hows that up to
8 L no water network has formed; instead, singlgdHmol-

not on mass 46, in the region where water desorption takeesCUIeS get associated with preexisting FA structures,
' 9 P FA condenses in the form of chains formed by FA spe-

place. This extra emission is also not seen during desorption . 1 C i
from multilayered FA¥ We attribute it to the desorption of Cies connected via H bonds: For liquid aqueous FA solu

FA-water complexes which, under electron bombardmenttlons the following solvation model has be_en sgggestgd) H
molecules become attached to FA chains via H bonding,

will probably have a fragmentation pattern that is d'ﬁerentleading t0 a HO:FA stoichiometry of 2 to 3-$ Evidence

from that of the FA monomers that desorb preferentially at__. - ; .
. exists that a similar structure develops during annealing a
higher temperatures.

film of FA and water coadsorbed at 100 K or(Hf1).

In order to substantiate these remarks, we compare our
MIES spectra with DFT calculations of I, carried out on the
basis of this adsorption scenario: we assume that complexes

Figure 6(upper set of spectfpresents the MIES spectra formed from FA trimers and one 4® molecule can serve as
collected during the deposition of,® molecules onto a FA models for the structures that develop during the interaction
film held at 80 K. The top spectrum is for the pure @&bout  of water with FA film. The optimized structures of such com-
five MLs thick) on tungsten. The corresponding results forplexes are shown in Fig. 8 of I. In Fig. 8 the cluster D@8t
Hen are presented in Fig. 7. FA films on tungsten display theshown in ) of selected complexe€'l, T14, T16 is com-
same spectral features as seen for FA/water; in particulapared with the MIES results for small water exposures at
peak (2) features the same shift against the correspondingvhich, according to MIES, a closed,B8 layer has not yet
peak in the gas phase spectrum. The FA spectra show rformed on the FA film. Indeed, good qualitative agreement
dependence on FA exposure, suggesting that on tungsten tbegists, in particular, with the DOS for the cyclic structure T1.
condensation, probably in the form of islarfdsets already The lower part of Figs. 7 and 8 shows the MIES and
in at the lowest exposures. According to MIES, a spectrumJPSHelr) results, respectively, obtained when annealing the
typical for a closed water film requires more than 8 L, anfilm prepared in the upper part of the respective figures. At
exposure four times as large as that for producing a closetl45 K the &, feature has become sharp again, suggesting
FA layer on watelsee Fig. 1 In He Il, a spectrum typical for that no water network is existing anymore. Up to 150 K a
condensed water, featuring the diffusa; 3eature, requires considerable portion of both J and FA has desorbed, in

C. Adsorption of H ,O molecules on formic acid (FA)
films prepared at 80 K
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binding energy /eV FIG. 8. DOS of HO-FA clusters, consisting of one,B and selected tri-

mers (for the notation, see pape). IComparison with the MIES and UPS
FIG. 7. Upper set of spectra: He Il spectra obtained during the deposition ofpectra obtained at a water exposure of 2 L.
a H,O adlayer(4 BL thick) onto a FA film(5 ML) held at 80 K. Lower set
of spectra: He Il spectra registered during the annealing of the water/FA film

to 200 K. cessfully to investigate the processes between FA molecules
and solid water. We have prepared FA-water interfaces at
particular, in the range of 140-150 K. MIES indicates that atgg g (FA layers on thin films of solid water and water ad-
higher temperatures only those FA species that are chemjzyers on thin FA films which were then annealed between
sorbed to the tungsten substrate remain. There is no indicgy 4nq 200 K. In order to interpret the spectra and to get
tion, _ngther inHe Il nor in MIES, that part of the SPECIES ihformation on the electronic structure of the FA-water sys-
remaining at the surface after all water has desorbed, i.e h d with the DOS of DET calculations
between 150 and 180 K, would have suffered deprotonatioF]em’ they were compare .
: . . . ; on FA-H,O complexes, reported in Ref. 14.
as a consequence of their previous interaction with water. .

More details on the desorption process can be derived FA molecules are tqp adsorbed_ at 80 K. Acco_rdmg to
from the TPD spectra of Fig.(B). In contrast to the reverse €0y, H-bonded FA oligomers, oriented perpendicular to
order of adsorption, a large desorption peak is seen in ththe water surface, are formed in the initial stage of FA expo-
TPD spectra on the FA massdsn=29,46 for CHO, Sure; they are themselves strongly H bonded to th® H
HCOOCH, respectivelyat the same temperature as fojad ~ Molecules of the surface. Up to 120 K, the top layer consists
desorption(T=158 K), suggesting a correlation in the de- Of FA species only. Above 120 K, changes can be noticed in
sorption process of both species. In contrast to water, FAhe MIES and Hel spectra. They indicate that reorganization
shows a structure, peaked at 182 K, from the desorption off the top layer takes place. Our interpretation is that, with
FA species chemisorbed to tungsten. In fact, the TPD spectiacreasing temperature, the adsorption sites of the FA species
from water adsorbed on FA films resemble those from mulbecome located inside the edge of the water top layer. This
tilayered FA on tungsten. “partial solvation” does not, however, lead to deprotonation.

Table V of | shows that BD can be attached to or in- FA remains located in the top layer of the surface up to the
corporated into existing FA structures with a gain of energydesorption of the water film. During the sublimation of the
comparable to that provided by a FA-FA interaction. This isto (peak maximum at 159 K in TPDFA species reach the
due to the rather similar strength of the FA-FA andCH tungsten substratg@eak maximum at 182 K in TPD
-FA hydrogen bonds(30 and 37 kJ mof), respectively. For the reverse order of adsorption,® molecules on
Thus, a mixed structure can be expected to display TPLXA fijms; the comparison of the DR(Ref. 14 and MIES and
spectra similar to those for multilayered FA. Hel results suggests that the interaction ofCHwith FA
films does not in the initial phase of exposure, lead to the
formation of an H-bonded water network at 80 K. Rather, the

We have shown that MIES, in combination with H,O molecules become attached individually to the preexist-
UPSHe 1), and supplemented by TPD, can be employed sucing FA network by H bonding or become integrated into it.

IV. SUMMARY
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From TPD we conclude that the hydrogen bond strength be J- Chem. Phys120, 8692(2004.

tween FA and HO is rather similar to that between FA spe-
cies.
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