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Full Valence Band Photoemission from Liquid Water Using EUV Synchrotron Radiation

B. Winter,* T R. Weber,” W. Widdra, T+ M. Dittmar, 8 M. Faubel 8 and I. V. Hertel !l

Max-Born-Institut fu Nichtlineare Optik und Kurzzeitspektroskopie, Max-Born-S¢r2A,
D-12489 Berlin, Germany, and Max-Planck-Institiit stromungsforschung, Bunsengtea 10,
D-37073 Gdtingen, Germany

Receied: February 27, 2003; In Final Form: Nember 5, 2003

The valence band photoelectron spectra of liquid wateO(ldnd DO) are studied in the photon energy
range fromhy = 60 to 120 eV. The experiments use ai® diameter liquid-jet free vacuum surface at the

MBI undulator beamline of the synchrotron radiation facility BESSY. Photoelectron emission from all four
valence molecular orbitals (MOs) is observed. In comparison to those of the gas phase, the peaks are
significantly broadened and shifted to lower binding energies by about 1.5 eV. This is attributed primarily to
the electronic polarization of the solvent molecules around an ionized water molecule. Energy shifts, peak
broadening, and relative peak intensities for the four MOs differ because of their specific participation in the
hydrogen bonding in liquid water. Relative photoionization cross sections for MOs were measuned=for

60, 80, and 100 eV. The main difference for liquid water, as compared to the gas phase, is the relative
intensity decrease of thebdand 3y orbitals, reflecting changes of the MOs due to H-bonding.

I. Introduction three? The X-ray emission data also show a distinctive shift
and broadening of the spectral features as a fingerprint of

Liqujd water, e§sential for all ”f? processes, and its peg:uli.ar different broken H-bond configuratiofsronclusions were
behavior make this molecule subject to intense and continuing gimiiar to those found with XAS. Important complementary

resea_\rch. The key to many pr(_)per_‘ties of liquid water is hydrog(_en information on the structure of liquid water is obtained from
bonding (H-bonding). H-bonding in water can influence chemi- X-ray diffraction (see, for example, refs 7 and 8 and the

cal processes. For instance, the formation of an : - .
T ' . corresponding theofy9, but the electronic structure is not
O—H---O hydrogen bond weakens the-® chemical bond, directly addressed in this type of study.

thereby enabling proton transfer via an exchange of these Bonds. T
To date, the only photoelectron emission study from valence

Despite the importance of H-bonding, there are many un- e .
answered questions, such as how H-bonding affects the eleclevels in liquid water extending beyond the top of the valence

tronic structure of pure water. At the same time, although and was performed with focused Hel radiation using a similar

H-bonding governs solvation it is still one of the most poorly Microjet setup to that in the present wofk? With this
understood interactions in chemical physics. laboratory photon source, the outer three valence orbital energies

The present work focuses on the electronic structure of liquid gf liquid V\:(att;zr lvvere t')der;t'f'ed focl)r fthe fws;rj tlme.l Htowever,th
water inferred from photoelectron emission using synchrotron ecause of he arge background of secondary electrons in the

light. For a long time, this technique was hardly applicable to spectra and limited statistics, peak positions and widths could

highly volatile liquids because of the difficulty in transferring '[]hOt be. de_tetrmmed E[)remsely. Ind.c;.or:jtr?st, n thte preser;;[ V\zork
photoelectrons originating from the liquid surface through the Z_m_mro;e apparawhs was modi Ied or L;]SE ia async r0|_:°|n
vapor phase to an electron detector. This incompatibility of wet r2diation source. When compared to the low-energy He

samples and ultrahigh vacuum has imposed serious IimitationspPOtons' “{”?}b'e un(:]utljatordradlatlon |sf smrj]perlor for a numbEr
on accessing the electronic structure of liquids, although the of reasons: the much broader range of photon energies makes

ionization threshold energy of liquid water was reported some 2/l valence electrons addressable to photoelectron spectroscopy,
20 years agbto be 10.06 eV. Most recent experimental and thg high pn_lhance a_IIo_ws usto accumula_lte hlgh-reso_lut_|0n
approaches have made use of X-ray absorption spectroscop)ﬂata Wltr_l sqffluent statistics. At t_he same time, the vanano_n
(XAS)3, X-ray Raman scattering (XR3)and X-ray emissioh of the kinetic energy of the emitted electrons allows us in
to study the electronic structure of liquid water and water Principle to access different depths below the surface and to
clusters? In the XAS spectrum near the O 1s absorption edge, C&Y out a systematic investigation of potential final-state
the pronounced structure characteristic for the free water ff€Cts, and the 100% polarization of the photons adds additional
molecule was found to be drastically smoothed and shifted SPecificity to the experiment.
toward higher energies in the liquid. Supported by ab initio  In the present work, we present the first full-range valence
calculations, this was attributed to a significant fraction of photoelectron emission spectra of liquid water obtained for
broken H-bonds with an average number of H bonds below photon energies up to 120 eV. This energy range enables the
investigation of previously inaccessible electronic structural
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discussed. Finally, we identify inelastic scattering processes of

the photoelectrons with the water molecules in the liquid. =00 o1 101

3al”
1b,

Il. Experimental Section 2000

A liquid, micrometer-sized water jet, @#m in diameter, was
generated in a high-vacuum environment. The small beam size
results in nearly collisionless evaporatith.
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b = Figure 2. Full-range photoemission spectra from aué diameter
i : liquid water microjet obtained for 80, 100, and 120 eV photon energies,
to IN = - respectively. Peaks labeled] 3a;, 1b,, and 2, correspond to the
i siege missi f the fi I itals. F 2
2 6 um liquid jet nozzle emission of the four water valence orbitals. Features,larid 2 are

assigned to secondary processes involving electron energy losses due
5 to quasi-optical excitation. Intensities are normalized to theliquid)

10 mbar orbital energy. Electron binding energies are relative to vacuum.
Figure 1. Schematic of the experimental setup. Polarization vector of Transitions by optical absorptions, known for liquid water, are indicated
the synchrotron light is perpendicular to the direction of the electron by horizontal arrows.
detection. Photoelectrons pass through the spectrometer skimmer, which
acts as a differential pumping stageis the emission angle with respect  spectrometer detection axis by about 100. Hence, all gas-
to the light polarization. phase water is sampled from a potential that is constant between

o the jet and the spectrometer skimmer, and binding energies
The photoemission measurements were performed at thereported here were calibrated to thieyglreference.

MBI-BESSY undulator beamline (U125). It provides photon The 16-35 eV binding-energy region (Figure 2) is character-

energies up to about 180 eV at an energy resolution of betteri qq py a clearly structured emission spectrum arising from the
than 10. For the present experiments, the resolution was reducedsy,,r valence orbitals of the # molecule. Near 50 eV binding

in favor of the photoemission signal to about 100 meV, which gnergy (1abel 2), broad emission features are observed. We will
is more than sufficient for the observed features with typical agsjgn this structure, as well as some weaker features at lower
intrinsic widths of>0.5 eV. At a photon flux of 4x 10*%/s per binding energy (e.g., features 1 ant, o specific electron

0.1 Aring current,_ count rates are on the order o_f 100 counts/s energy losses (section IIIE). This part of the spectrum also

at the peak maximum. The synchrotron light intersects the contains rather unspecific contributions from secondary elec-

laminar liquid jet at normal incidence, and electrons are detectedtrons, giving rise to the broad background.

normal to both the jet direction and the light-polarization vector g \yater Gas-to-Liquid Binding-Energy Shifts and Peak

(Figure 1). With a focal spot size of the synchrotron radiation Broadening. 1. Overview of Experimental Findinghe liquid-

of about 250um along the jet and 12@m in width, the 54 gasphase contributions to the spectra can be separated as
simultaneous detection of photoelectrons from gas-phase watefysirated in Figure 3, which shows the valence band photo-
surrounding the jet is unavoidable and even beneficial for omission spectra of water bt = 60 eV.

calibration purpose, as we shall see. , , The top panel displays the measured liquid spectrum char-

The jet was thoroughly grounded to avoid charging upon geterized by the maximum liquid-to-gas intensity ratio, from
photoemission, even though charging of the qgtﬂatgd surfaceyhich a Shirley-type background was subtracd@ihe center
is negligible for a flowing microsized systeth:21¢ Highly panel is the pure gas-phase spectrum. The labels in the figure
demineralized water (conductivity ca. Qi&/cm) was used in - genote the four (fully occupied) valence molecular orbitals (MOs
the experiments. illustrated in Table 1) of the water molecul€, symmetry)
corresponding to the @1)3(2a;)3(1b2)2(3a1)%(1b;)? electronic
ground-state configuratiof.

A. Liquid Photoemission and Reference EnergyFigure 2 The bottom curve in Figure 3 is the difference between the
displays photoelectron spectra of liquid water obtained for 80, liquid and the gas-phase spectra (with properly scaled relative
100, and 120 eV excitation photon energy. The acquisition time intensities of the gy peak). This difference is our best
per spectrum was 305 min. For clarity, the spectra are experimental approach to the valence photoemission spectrum
vertically displaced relative to each other, with the intensities of pure liquid water. The most noticeable effect between the
being normalized to theli (liquid) peak height. pure liquid and the gas-phase spectra is a binding-energy shift

Gas-phase contributions to our photoemission spectra resultof all water orbitals to lower values, accompanied by consider-
from the continuous evaporation of the liquid surface, and are able liquid peak broadening as summarized in Table 1. Any
indicated by the subscript g (e.g.b:d). The sharp feature  effect of the photon energy (60, 80, and 100 eV) on the electron
corresponding to thebly gas-phase D orbital with its well- binding energy and peak width is within the experimental error.
known binding energy of 12.60 é¥constitutes a precise energy The energies given in Table 1 result from a Gaussian peak
reference. Its position and width are found to remain constant fitting averaged over a number of spectra. Figure 4 shows a
in our spectra as the jet was moved off-sight from the representative example ftw = 60 eV. As will be explained

I1l. Results and Discussion
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Figure 3. Photoemission spectray = 60 eV) from gas-phase water
sampled for the maximum liquid signal (top), from the pure gas-phase
0.5 mm aside from the liquid microjet (center), and the difference
spectrum (bottom). Labels refer to the four valence MOs of liquid 1
3ay, 1b,, 2a;. Also indicated is the prominenti, gas-phase contribu-
tion. The gas-to-liquid binding-energy shift betweemgland b is

marked. Binding energies are with respect to vacuum. The inset shows.

the onset of the photoemission signal on an enlarged energy scale.

in section IlIE, the background underneath tteg &ignal was
subtracted by fitting it to two energy-loss peaks. In contrast, as
discussed in section 111D, theag signal itself was assumed to
be split, the respective peak position given in Table 1 being an
average of two single peaks and the width giving the overall
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accounts for the fact that the molecular electrons can be
considered to move in an electric field that is screened by the
polarization of the (liquid) environment around the molecular
core. This is given by the relative permittivieyof the solvent.
Because the emission process itself is very fast (femtosecond
time scale), any reorientation of the solvent water molecules
can be neglected, and the binding energy of the electrons is
directly reflected in their kinetic energy after photoemission.
The observed shift on the order of-2 eV is common in the
photoemission of condensed (molecular) systems. For liquids,
this “polarization screening” may be estimated from the Gibbs
free energy of solvation given by the Born equatfoi? 26

1 _
1—;)—Eg—an

AGBorn —

7€ 1)
SJTEOR(
where E,q and Eg denote the respective aqueous and gaseous
binding energies. For photoemission, it is the optical macro-
scopic relative permittivity of watere = eqp = 1.827 that
describes the screening of the solvent, &1id identified with
the first maximum of the oxygenoxygen radial distribution
functior?® or with an effective (theoretical) solute cavity radius,
Refr. UsingRet = 2.24 A29 one obtains-AG = 1.4 eV, which
is in surprisingly good agreement with the shifts observed
experimentally (Table 1). This is attributed to the small size of
the water molecule because it allows for the assignment of a
well-defined cavity radius’

Clearly, a simple continuum model cannot reproduce struc-
tural details and completely neglects individual interactions
between different water molecules. Also, as mentioned above,
the mere existence of a surface is a potential source of orienting
molecules. Thus, in principle surface dipoles have to be taken
into account. A layer of oriented molecules at the water surface
would lead to a spectral shift of all emission features due to a
change in the work function. The magnitude of this surface
potential for liquid water is, however, not well known, but it is
likely to be some ten mW? consistent with the permanent
dipoles of water molecules nearly lying in the surface pRne.
Electrochemical studies report a value of about 25 ¥hVhe

energy spread of the two components. The statistical errors arecase of water molecules on solid surfaces will be discussed in

indicated in Table 1.

The differential gasliquid peak shifts for the four valence
MOs given in Table 1 place the binding energy of the HOMO,
1by, of liquid water at 11.16 eV (vertical transition energy),
and the photoionization threshold of 9.9 eV is derived from
extrapolating the slope of thebi signal (inset in Figure 3),
which is slightly lower than that reported in the first threshold
experiment It is interesting that recent photoelectron studies
of water clustersyield values for the shift and broadening
between the free water molecule and the liquid. Note that the
presently determined peak shifts are distinctively different from
the values obtained earlier using Hel line radiafibwhere 1.70,
1.35, and 1.59 eV for thell, 3a;, and b, orbitals, respectively,

section IID.

The effect of the change in the dipole moment between the
gas and condensed phases has been addressed explicitly in refs
9, 10, and 32. In fact, band-energy positions of liquid water are
still the subject of continuing debatewith the only consensus
being the assignment of 10.06 eV below the vacuum level for
the top of the valence bar#@3¢in good agreement with early
report@ of about 10 eV and our present value of 9.9 eV. The
photoionization threshold energy of liquid water has been
discussed intensivelf3° often in the context of solvated
electron formation (involving photolysis, single- and multipho-
ton processes). Autoionization and photoionization vs optical
charge transfer or electron transfer is discussed in ref 38, and a

were reported. The differences are attributed to the considerablythermodynamic consideration can be found in ref 36.
improved counting statistics and reduced secondary-electron Finally, we expect a truly intrinsic orbital-energy shift due

background in the present experiment. Also, the earlier experi-

to H-bonding, which will be orbital-specific. The first detailed

ment was not capable of determining the peak widths, and thetheoretical discussion of # molecular orbitals in the liquid

23, orbital was not accessible at all in these studies.

2. Origin of Gas-to-Liquid Binding-Energy Shift.he ob-
served gasliquid peak shifts of water are the net result of at
least three different contributions: electronic polarization,

phase has been reported in refs 9,10, and 34, and direct
experimental observations were published only very recéfitly.

The X-ray absorption spectroscopy (XAS) studies revealed the
presence of a considerable fraction of asymmetric configurations

surface dipoles, and changes in the orbitals due to H-bondingof the water molecules, for which the H-bond is strongly

in the water network. We expect the first two contributions to
be dominant and identical for all orbitals. The polarization term

distorted or broken on the H-donating site of the moleédle.
Likewise, electronic structural changes due to broken H-bonding
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TABLE 1: Experimental Electron Binding Energies, Full Widths, and Experimental Gas-to-Liquid Energy Shifts, E; — Eaq, for
the Four H,O (Liquid and Gas) Valence Orbitals®

binding energy/eV peak width fwhm/eV shift/eV
orbital gas liquid ice gas liquid ice gas-liquid
b, 12.605 11.16(4) ~12.3819 0.30(1) 1.45(8) ~1.33 1.45(5)
~11.8* ~1.28?
3a 14.84(2) 13.50(10) ~14. 2819 1.18(2) 2.42(10) ~2.5-3.0 1.34(12)
14.80° 22,23
split
1b, 18.78(2) 17.34(4) ~17.681° 1.75(5) 2.28(8) ~2.073 1.46(6)
18.60524 ~18.0%° 1.822
2 @ 32.62(10) 30.90(6) ~31.¢% 2.82(14) 3.30(6) ~3.F 1.72(16)
32.605

aThe energy calibration is with respect to thagjgas-phase binding energy. The analysis is based on the Gaussian peak fitting of the respective
difference spectra (liquid minus gas) obtained for 60, 80, and 100 eV photon energies, respectively. Data refer to the present work unless indicated
otherwise. For comparison, we also report binding energies and peak widths for ice from the literature (fwhm being estimated also from literature
data),

around an individual KD molecule (i.e., broken or unbroken
hydrogen bonds, and the orientation of next neighbors). Also,
local geometry differences of surface versus near-surface water
molecules, located within the first few layers, may be important.
It is interesting to note that surface water would closely resemble
the D-ASYM broken, asymmetric H-bond structure proposed
in ref 3.

The different peak widths show that H-bonding and configu-
rational fluctuations have different effects on differerdCH
orbitals, in agreement with ref 5. It appears plausible that the
S~ e > Sl 1b; orbital, which is most weakly bound, would be particularly
sensitive to such changes (from 0.3 to 1.45 eV) even though its
absolute width is the smallest. A very similar value, 1.5 eV,
Figure 4. Representative Gaussian peak fitting shown for a photo- 5 the width of the b; band in liquid water was observed by

emission spectrum of liquid water (difference spectriam= 60 eV). ) e . . A .
The extra peaks required for fitting the;20eak account for secondary X-ray emissior?. The small width is associated with the

processes of photoelectrons from other orbitals. A double-peak structureNonbonding character of this orbital. Apparently, tie Grbital
has been assumed for tha, 3eature for reasons explained in the text. IS also very strongly affected; this was also observed in X-ray

emission, attributed there to the influence of H-bonding on the

. o ] . character of the & state showing the strongest energy-level
have been inferred from X-ray emission studi@hie main result  gpliting5 The broadening for b and 2y is considerably

is a peak broadening associated with an energy-level splitting, smaller. However, a pronounced influence of H-bonding on the

in particular, for the & orbital, which is attributed to anincrease 1, orhital is derived from the respective cross sections discussed
in the dipole moment of liquid watet® and subsequent i the next section.

polarization and hybridization of the orbital. As shown by ab C. Relative Photoionization Cross Sectiond?hotoionization

initio molecular dynamics studies, the averagetDbond length . o .
. S L . - cross sections of liquid water, reported in the present work for
in the liquid phase is significantly larger than in the isolated oo . - . )

the first time, may provide additional information about changes

molecule?10 The peak shifts observed in the present photo- . . i ;
emission experiment reflect the various contributions mentioned, N the.chgragter of the MO.S' The measured relative pln‘ferennal
photoionization cross sectionsgifQ, are presented in Table

but it appears plausible that the most strongly bousydo?bital . ! .
: . i 2 (top). Peak integrals (normalized to thle; peak height) at
experiences this ©H stretch and charge redistribution most hw = 60, 80, and 100 eV are given for both liquid- and gas-

strongly, and shows the largest gdisjuid shift, as documented .
in Table 1. Clearly, photoemission has a high potential for phase water. (Presently, no attempt has been made to determine

probing, in principle, the binding energy of individual orbitals absqlute phc_)tc_nonlzatlon cross _sectlons.) _Th_e results were
directly and is complementary to the X-ray techniques that are °Ptained by fitting each pure-liquid photoemission spectrum to

sensitive to differences in orbital energies. However, a detailed G2ussians, as illustrated in Figure 4. No significant dependence
interpretation requires corresponding ab initio calculations that ©7 the photon energy is observed, indicating that final-state

are currently underway in our group. effects play, if any, only a minor role.

3. Discussion of Liquid Peak Broadeninghe peak widths The errors indicated in Table 2 were inferred by comparing
for all valence orbitals are substantially increased in comparison different fitting procedures. Comparatively large errors for the
to those of the gas phase, as shown in Table 1. For comparison3a; orbital arise from the strong spectral overlap with tieg 1
the table also contains the respective widths for the gas-phasepeak. The value is determined with the largest uncertainty
peaks as derived from the present spettrahe liquid peak because of the substantial, unknown background arising from
widths are about 4.0, 2.1, 1.3, and 1.2 times those in the gasinelastic electron collisional processes (section Il E). For
phase for b, 3a;, 1b,, and 2y, respectively. These widths reference, the corresponding gas-phase integrals are also
reflect the statistical distribution of different configurations displayed in the table. They can be determined more accurately
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TABLE 2: Relative Experimental Liquid- and Gas-Phase
Intensities? for the Four H,O Valence MOsP¢ Gas-Phase
Anisotropy Parameters 15 Used in Equation 3, and Derived
Relative Partial Photoionization Cross Sectionsg;

Measured Relativdo/dQ2
liquid
60eV 80eV 100eV 60eV

1.00 1.00 100  1.00
0.96(6) 0.99(6) 1.06(6) 1.16(3) 1.23(3) 1.12(3)
0.79(3) 0.65(3) 0.72(3) 1.68(4) 1.67(4) 1.50(4)
0.39(8) 0.35(8) 0.33(8) 0.41(10) 0.40(10) 0.36(10)

B (Anisotropy Parametet)

gas phase
80 eV
1.00

100 eV
1.00

orbital

1b,
33.1
1b,
23.1

gas phase
80 eV

1.58
1.50
112
1.66

60 eV

1.53
1.35
1.00
1.56

100 eV

1.59
1.55
1.21
1.71

1b,
3a;
1b,
2a;

derivedo

liquid

gas phase

60 eV

80 eV

100 eV

60 eV

80 eV

100 eV

1b;
3a;
1b,
2a1

1.00
0.69
0.39
0.46

1.00
0.84
0.36
0.47

1.00
0.96
0.41
0.51

1.00
0.84
0.79
0.44

1.00
1.03
0.80
0.50

1.00
1.02
0.78
0.51

a)

measured intensities [arb. units]

b)

0.5

0.0
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normalized to the l; intensity.9 From Banna et aValues for 60 eV

have been extrapolated. 08l

because of both the strongly reduced background and the fact
that the peaks do not overlap.

In Figure 5a, we present the relative photoemission intensities
graphically. Cross-section changes with respect to the gas phast
are particularly noticeable for thebd orbital (reduction of
~50%), but the &; peak decreases only byl0—20% and the
2a; signal is unchanged within the error limits. Apparently, the
1b, water orbital is most strongly influenced by its (liquid) 0.21-
environment, a behavior that in view of its geometry (Table 1)
is most likely connected to its participation in H-bonding.

However, we now have to address the effect of molecular
alignment on the photoelectron angular distribution. Photo-
ionization cross-section measurements in the gas phase (statisti

06 100 eV

g

2y
A

04

relative partial cross section [arb. units]

StEr et i 7
LA A = T

(=]
hpe

2&1

H,O0 orbitals

cally oriented molecules) are preferentially performed at the Figure 5. (a) Measured differential partial photoionization cross
magic anglé because this allows to determine cross sections sections, di/dQ (Table 2), of the four KO valence orbitals in the liquid
that are independent of the experimental geometry. However,and gas phases obtained tor = 60, 80, and 100 eV. (b) Relative

partial cross sections; as derived from eq 3. Also shown is a
comparison of gas-phase data from ref 15 (inset). All data are
normalized to b, peak intensity.

from the measured quantityoddQ2 obtained for a given
geometry, the integrated cross sections (relative partial photo-
ionization cross sectiong) may be calculated if the so-called
(energy-dependent) anisotropy paramgtés known. For linear
polarization, we havé@41

do, o (1 n (ﬁ)(l + 3P, cos @))

cross sections for the different orbitals. Unfortunately,
parameters are known for gas-phase water8iifable 2), and

the present setup is not suited to determfirdor the liquid
phase. Consequently; can be calculated for the gas-phase
spectra only. Our thus-derived gas-phase dasgree well with

with 2 = B = —1 and © being the angle between the those reported in ref 15. For compgrison, Table 2 and F.igure
momentum vector of the ejected electron and the polarization 5P also display; for liquid water derived from eq 3 assuming
vector of the incident photon bearf; is its degree of linear /i for the liquid and gas phases to be identical, which obviously
polarization. For the present experimeRt, = 1 (synchrotron leads to identical ratios between liquid- and gas-phase cross

light is 100% horizontally polarized), an® = 90° so that sections. However, in not knowing for the liquid, one might
also argue that the changes in the differential cross sections
do; B\t
0; = 477:@ 1-—+

observed in the experiment (eq 2) are due to a decrease of the
2

i@ a1 \z )

) respectives; parameters for thead and the b, orbitals. One
may even argue that the influence of theparameter on the

This allows us, in principle, to derive the relative photoionization photoelectron signal could be more important becadse
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depends not only on the amplitude but also on the phase shift 1400
of the outgoing partial electron waves. It was suggested that - Ice surface

the reason for the comparatively small valueggh in the gas t200f- — liquid water surface
phase is related to the strong bonding character of this otBital. = imey
H-bonding to neighboring molecules would strongly affect this
behavior. However, in either case, a decreaseosiobr [
parameters, the behavior of thé,lorbital (and, to a lesser
extent, that of the & orbital) is significantly different from
that of the other MOs, andbi experiences the influence of the
environment and H-bonding most strongly, unless we consider
the unlikely case that all of the other orbitals change and the
1b, orbital is unaffected. This conclusion intuitively matches
the orbital structures shown in Table 1. In contrast, the X-ray
studies tend to indicate only a particular role of tteg 8rbital 0 .
in the H-bonding. e £ e e opove e e e e Bl g e g

Finally, we mention that we have also performed identical
StUdie.S with deuterated vyater. Within the 'Iim'its of the present Figure 6. Photoemission spectra from 10-bilayer hexagonal ice grown
eXp‘?””.‘ef“’ the electronl_c structures of "9”"50*."’?”0' RO on Pt(111) obtained for 75 eV photon energy (reproduced from
are indistinguishable. Neither the energetic positions nor the Nordiund et aP?) and liquid water obtained for 80 eV. The ice spectrum
width and the relative cross sections of the two isotopomers was aligned by matching thebipeak position at the respective peak
show any measurable differences. This demonstrates, notposition of the liquid feature, which is 11.6 eV.
completely unexpectedly, that no significant influence of zero-
point vibrations can be observed under the present experimental A striking common feature to all multilayer studies but also
conditions. to results reported for solid ice is the relative intensity decrease

D. Liquid Water versus the Ice Surface.A direct com- of the 3 orbital1923464’Generally, the multilayer spectra are
parison between the gas- and liquid-phase cross sections is, oflmost identical irrespective of the surface usgtkmoreover,
course, justified only if there is no extra aligning mechanism the multilayer spectra yield similar photoemission spectra to
for the latter case. Clearly, as mentioned above, a surface wouldthose found for liquid water in the present study.
exhibit some orientational order, and thus there is the possibility — This is illustrated in Figure 6, where we compare photoemis-
of surface-specific contributions to the cross-sectional behavior. sion spectra from 10-bilayer hexagonal ice grown on Pt(#41),
This aspect is particularly important for the present photoemis- obtained for 75 eV excitation energy, with a photoelectron
sion experiment, which is highly surface-sensitive for photo- spectrum of liquid water measured at 80 eV. The spectra are
electron kinetic energies on the order of2l20 eV as obtained  normalized to the [ (liquid) peak height, and the binding
here. Assuming that the electron mean-free patfs similar energy axis of the ice spectrum was fixed with respect to the
for the solid and liquid phases, the information depth accessed1b; (liquid) binding energy. Clearly, whereas the overall shapes
for pure liquid water is about 24 water layers, which of the spectra are similar, the relative intensities of the
corresponds to about. = 1 nm assuming that the size of a photoemission from the different orbitals vary, with the ice
water molecule is ca. 0.3 nfi.Experimental mean-free paths showing even smaller intensities for thbyland 3y orbitals,
from liquid water have been reported for considerably lower which is possibly an indication of more broken H bonds and/or
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kinetic energies only. The value obtained for 8210 eV differences in the surface structure. It should be noted at this
electrons, injected into water, i& = 3—4 nm (or 16-15 point that the influence of surface species on the present
monolayers of water¥? and theory predicts values of about 3.5 photoemission results is not yet clear. Because the jet surface
nm for 1-20 eV in low-density amorphous i¢é. is curved, the radius being much smaller than both the
The liquid-water surface is assumed to be hydrogen- synchrotron radiation focal size and the detector entrance of
terminated with one free OH projecting into the vapbAlso the spectrometer, the effective orientation of surface-water

for adsorbed water, for instance, on a ruthenium single crystal, molecules varies, and any orientation-specific effect will almost
water molecules are thought to arrange in a bild§étere, the average out. In addition, surface-orientation effects may be
higher-lying HO molecules, which are not directly bound to masked by the high mobility of the water molecules.

the substrate, have one-®l bond oriented along the surface How similar are liquid water and solid ice with respect to
normal and contribute one H atom to the hydrogen-bonding their geometric and electronic structures? Both are governed
network. In addition to this buckled icelike structure, a nearly by hydrogen bonding, and indeed the differences appear to be
flat first layer is obtained for Pt(111), where water molecules small (Table 1). Electron binding energies tend to be slightly
are adsorbed through alternating metakygen and metat larger in ice, by about 0:11.0 eV where the corresponding
hydrogen bond4> Notice that for liquid water the OH axis  values obtained for adsorbed® multilayers on single-crystal
pointing into the vacuum is likely to be more inclined toward surface¥®22.2346:47or for crystalline icé%?! are reported, and
the surface in order to stabilize the dipoles within the water the widths for ice are based on a rather crude analysis of
surface plane. Relative photoemission intensity differences of published spectra and do not show a significant difference to
the outer valence band orbitals (i.eh;13a;, and by,) have the liquid phase. The substantial band overlap of theahd
indeed been observed for monolayer versus multilayer water 1b; peaks and thea3 peak splitting?-23further complicate such
adsorptior?22346.47This implies that the overall orientation of comparison. In a theoretical study of the electronic band
water molecules in the monolayer is different from that in the structure of cubic ice, the splitting of theagdorbital was
multilayer, consistent with the influence of surfaces in orienting interpreted to arise from the Davydov interaction between two
water monolayers. A guantitative explanation of these intensity molecules of different orientation in the unit c&l? Electronic
variations has not yet been reported. structural changes of theadorbital, following the formation
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of a surface, were also reported in a theoretical study of the processes were identified where energy from fast photoelectrons

surface properties of ic¥. is absorbed into the liquid, leading to the excitation of electronic
E. Electron Energy Losses in Liquid Water. The presence  states known from optical absorption spectroscopy.

of a pronounced and structured photoemission background in In summary, photoelectron emission from a liquid microjet

the liquid water photoelectron spectra that has no counterpartstudied with synchrotron radiation has been shown to be possible

in the gas phase is a fingerprint of secondary interaction and potentially a very sensitive tool for a detailed analysis of

processes of the photoelectrons intrinsic to liquid water. High- the electronic structure. Further studies and in particular ab initio

energy (photo)electrons passing through the liquid medium model calculations are necessary to bring this to full fruition.
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similar to photoexcitatiod83° For high-energy electrons, the Acknowledgment. We acknowledge helpful discussions on

selection rules are the same as for optical excitation (with this work with K. Godehusen and also A. Nilsson, who kindly

forbidden transitions occurring at lower impact energies), and allowed us to use his original data for the photoemission from

in the high-energy limit, the excitation probability is proportional ice for comparison. We thank N."Bering and M. Wick for

to the optical dipole oscillator strength, which in turn is closely assistance with the experiment at its early stage, and R. Follath

related to the energy-loss function, kxl/e(q, E)).3*50Hence, and G. Reichardt from BESSY for advising on beamline matters.

fast photoelectrons have a tendency to excite essentially the sam@he experiment was carried out at the CRG beamline of the

states as white light and lose the corresponding energy. This isMBI at BESSY in Berlin Adlershof.

indeed what we observe in Figure 2. As compared to those of

water vapor, the optical absorption bands are notably broadened References and Notes

and the peak maxima are shifted to the BRE? In the (1) Kropman, M. F.; Bakker, H. 1. Chem. Phys2001, 115 8942.

absorption spectrum of liquid watét>! maxima appear near gg '\DAeIahay,SP.;Lvon Eur% KICh%mI._PRyS(.:Lettlllgal ’33, (2)50. )

8, 10, 14, and 18 eV. Then, the loss structure near 50 eV (Figure ynem, ., LU0, 1., Masiung, L. A., Lavaer, V., Djamae, L.,

2, Iabel 2) is interpreted (o originate from2pholoclectrons  gesawer® Hi Peimerschior, AL enet, b vatere, P Hesle, C:

exciting the 18 eV optical channel. One can attribute the wings 2002 14, L213.

(Figure 2, labels 1 and)lof the native 2; peak as well as the (4) Bergmann, U.; Wernet, P.; Glatzel, P.; Cavalleri, M.; Pettersson,

; ; L. G. M.; Nilsson, A.; Cramer, S. FPhys. Re. B 2002 66, 092107.
large width of the 50 eV feature to the respective energy losses (5) Guo, J. H. Luo. Y.: Augustsson. A.- Rubensson, J. E.: Sathe, C..

associated with the lower-energy water orbitals. Specifically, agren, H.: Siegbahn, H.: Nordgren, Bhys. Re. Lett. 2002 89, 13740.
the 1b,, 333, and b; photoelectrons would make up for the (6) Bjorneholm, O.; Federmann, F.; Kakar, S.;'Io, T. J. Chem.
shoulders in the & region. Likewise, the 14 eV losses from Phys1999 111 546.

s . (7) Hura, G.; Russo, D.; Glaeser, R. M.; Head-Gordon, T.; Krack, M.;
initial 2a; photoelectrons are assumed to contribute to the low- Parrinello, M.Phys. Chem. Chem. Phy2003 5, 1981.

binding-energy side of the 50 eV feature, extending up to ca. (8) Krack, M.; Gambirasio, A.; Parrinello, Ml. Chem. Phys2002
54 eV. In ref 49, a strong maximum is found near 20 eV and 117, 9409.

; ; (9) Silvestrelli, P. L.; Parrinello, MJ. Chem. Phys1999 111, 3572.
a weaker maximum is found near 30 eV energy losses. Values (10) Silvestrelli, P. L.; Parrinello, MPhys. Re. Lett. 1999 82, 5415.

for losses of<10 eV are Sma“er, by a factor of flVe and more, (11) Faubel, M.; Steiner, B.; Toennies, J.JPChem. Phys1997, 106,
as compared to values at higher enerdfeQualitatively, the 9013.
first loss maximum in Im{1/) would coincide with the (12) Faubel, M. Photoelectron Spectroscopy at Liquid Surfaces. In

i ; Photoionization and Photodetachemepgrt I; Ng, C. Y., Ed.; World
occurrence of the 50 eV binding-energy feature in the present g ;. i Singapore, 2000: p 634.

data (Figure 2), and possibly the second maximum with the (13) Faubel, M.; Kisters, TNature 1989 339, 527.

weak feature near 82 eV. (14) Faubel, M.; Steiner, B.; Toennies, JJPElectron Spectrosd.998
95, 159.
. (15) Banna, M. S.; McQuaide, B. H.; Malutzki, R.; Schmidt,JvChem.
IV. Conclusions and Summary Phys.1986 84, 4739.
. L (16) Shirley, D. A.Phys. Re. B 1972 5, 4709.
The valence photoemission peaks of liquid watés, Bay, (17) Lundholm, M.; Siegbahn, H.; Holberg, S.; Arbman, MElectron

1b,, and 24, are red-shifted and broadened as compared to thoseSpectrosc1986 40, 163. '
of gas-phase ¥D. The energy shifts are attributed to the 83; Eﬁggﬁgiog _MH@S(L)"T- g&;s Z?p.zlqoéujll?zlj' Goodman. b. W
ele_ctronlc polarlzayorj by the surrpundlng water molecules Kempter, V.Surf. Sci.2001 495 8. T o
during the photoemission process. Differences in binding-energy (20) Campbell, M. J.; Liesegang, J.; Riley, J. D.; Leckey, R. C. G.;
shifts are assigned to changes in the water molecular orbitalé%nkm, J. G.; Pool, R. T. Electron Spectrosc. Relat. Phendt8rq 15,
structure assom_ated with H-bondlng. The peak broadening '(21) Shibaguchi, T.: Onuki, H.: Onaka, B Phys. Soc. Jpi977 42,
largely reflects different local environments of water molecules 155
in the liquid. In addition, a particularly strong reduction of the (22) Nordlund, D.; Ogasawara, H.; Nilsson, Maxlab Annual Report
relative photoemission signal frombd in liquid water as deté";;dpdatﬁlfepfgteg W\/'\t/fr‘],gefg“i;'oqtg Nﬂll.lggzni4el.;5210201; p 236.
. : s eebples, D. E.; e, J. urt. ScCi. 3 .
Comp?‘r?d to t_hat fr_om th_e gas_phase indicates the_ specific (24) Recent, independent gas-phase data (to be published) show
sensitivity of this orbital to its environment, and most ||ke|y to significantly better agreement with the present data.
changes in H-bonding. The observed peak shifts, broadening, (25) Born, M.Z. Phys.192Q 1, 45.
and relative intensities of the 9 features were found to be (26) Marcus, Y.Chem. Re. 1988 88, 1475. .
. . . (27) Perry, J. HChemical Engineers HandbopkcGraw-Hill: New
independent ofw in the present range of photon energies (60 vk 1950.
to 120 eV). Binding energies and widths presented in this study  (28) Rick, S. W.; Stuart, S. J.; Berne, B.JJ.Chem. Phys1994 101,
are significantly more precise than those obtained previously 6141. ]
by excitation with Hel radiatioA12 (29) Bader, J. S.; Cortis, C. M.; Berne, B.JJ.Chem. Physl997, 106,
S ) o 2372.

The photoemission spectra from liquid water were found to  (30) weber, R. Photoelectron Spectroscopy of Liquid Water and

be similar to those of ice, with theag peak being particularly Aqueous Solutions in Free Microjets Using Synchrotron Radiation; Ph.D.
; i thesis, Freie UniversiteBerlin, 2003.

b_roadened but even smaller intensities for tagathd b, _peaks, (31) Du, Q.; Superfing, R.; Freysz, E.; Shen, Y ARys. Re. Lett.1993
either due to a different extent of broken H-bonds in the two 72313,
phases$ or to different surface structures. Finally, secondary  (32) Farrell, J. R.; McTigue, Rl. Electroanal. Chem1982 139, 37.



2632 J. Phys. Chem. A, Vol. 108, No. 14, 2004

(33) Laasonen, K.; M, S.; Parrinello, M.; Car, R.Chem. Phys1993
99, 9080.

(34) Maw, S.; Sato, H.; Ten-no, S.; Hirata, Ehem. Phys. Lettl997,
276, 20.

(35) Coe, J.; Earhart, A. D.; Cohen, M. H.; Hoffmann, G.; Sarkas, H.

W.; Bowen, K. H.J. Chem. Phys1997 107, 6023.

(36) Bernas, A.; Ferradini, C.; JayGerin, J.Ghem. Phys1997, 222,
151.

(37) Crowell, R. A,; Bartels, D. MJ. Phys. Chem1996 100, 17940.

(38) Sander, M. U.; Luther, K.; Troe, Ber. Bunsen-Ges. Phys. Chem.
1993 97, 953.

(39) Mozumder, APhys. Chem. Chem. PhyZ002 4, 1451.

(40) Schmidt, V.Electron Spectrometry of Atoms Using Synchrotron
Radiation University Press: Cambridge, England, 1997.

(41) Cooper, J.; Zare, R. Nl. Chem. Phys1968 48, 942.

(42) Neff, N.; Sass, J. K.; Lewerenz, H. J.; Ibach, H.Chem. Phys.
198Q 84, 1135.

(43) Michaud, M.; Sanche, LPhys. Re. A 1987, 36, 4672.

Winter et al.

(44) Menzel, D.Science2002 295, 58.

(45) Ogasawara, H.; Brena, B.; Nordlund, D.; Nyberg, M.; Pelmen-
schikov, A.; Pettersson, L. G. M.; Nilsson, Rhys. Re. Lett. 2002 89,
276102.

(46) Reissner, R.; Radke, U.; Schulze, M.; UmbachS&f. Sci.1998
402—-404, 71.

(47) Bange, K.; Grider, D.; Sass, J. Burf. Sci.1983 126, 437.

(48) We note here that for simplicity in all present data analyses we
have assumed a double peak (of identical peak height and width) for the
3a; peak, consistent with Davydov splitting.

(49) Casassa, S.; Ugliengo, P.; Pisani, JCChem. Phys1997 106,
8030.

(50) Hayashi, H.; Watanabe, N.; Udagawa, Y.; Kao, CJCChem.
Phys.1998 108 823.

(51) Heller, J. M.; Hamm, R. N.; Birkhoff, R. D.; Painter, L. R.Chem.
Phys.1974 60, 3483.

(52) Giutler, P.; Saile, V.; Koch, E. EZhem. Phys. Letl977, 51, 386.

(53) Goddard, W. A.; Hunt, W. XChem. Phys. Lettl974 24, 464.



