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We present valence photoelectron emission spectra of liquid wmat@mparison with
gas-phase water, ice close to the melting point, low temperatagrphous and
crystalline ice. All aggregation states have major eleatrstructure changes relative to
the free molecule, with rehybridization and development of bondingaaticbonding
states accompanying the hydrogen bond formation. Sensitivity tdotlaé structural
order, most prominent in the shape and splitting of the occ@piearbital, is understood
from the electronic structure averaging over various geomesiaattures, and reflects
the local nature of the orbital interaction.



I ntroduction

The unique properties of liquid water and ice are connected to thegeydbond (H-
bond) which ultimately defines the physical properties of the condepiseses of water
In order to understand the nature of the hydrogen bond, it is impadaiérive a
microscopical picture that effectively can describe the maearigin of the chemical
interaction between the water molecules in the liquid. Of particular inmueria whether
the electrostatic picture of hydrogen bondmgncluding charge redistribution within the
molecule induced by the field of the neighboring molecwes gives an accurate
representation of the chemical interaction, as this is the Wasisnany classical
molecular dynamics force field descriptions of liquid wadey. The contrary view holds
that the H-bond involves significant charge redistribution in thenca electronic
structure that differs from that induced by the electrostagicl fof the surrounding
moleculesio-14) To this end, quantum mechaniedl initio methods have been used, in
particular to address the cooperativity in hydrogen-bonded aggreggatsisowing non-
pairwise additive effects in disagreement with the simpletrelstatic picturgi4-17) To
better understand the fundamental nature of the hydrogen bond initwatessential to
investigate the liquid experimentally, using techniques such asegdaotron emission
(PE) 18-20) and x-ray emission (XEp}1) that are sensitive to the electronic structure and
allow an orbital picture interpretation. Besides studies of gasephater22) and water
clusterses), the comparison of the electronic structure of liquid water to H-bommdbekk|
systems such as i¢e,24,25) for which the H-bonding network is relatively well known, is
of particular importance.

The valence PE spectra from water vapor and ice were shovadairethe 1960s in the
work by Kai Siegbahn and co-workeps). Early PE studies on iges,25) showed major
electronic structure changes relative to the gas-phase, imglbaiding energy shifts and
band broadening. Martensseial. (24) reported a rather unperturbed lone pair orbital in
ice and a delocalized gdaassociated with strong orbital overlap between neighboring 3a
orbitals resulting in split bands, corroborating early electretrigcture calculationgs).

The splitting of the 3astate in ice24,25)and other associated electronic structure effects
26,27y were further investigated in a recent study, which also disdushe general
electronic and energetic contributions to the hydrogen bond formagiddsing PE and
x-ray absorption (XA) spectroscopy in combination with densitytfanal theory (DFT)

@s), it was shown that the hydrogen bond involves charge donation froronedir to

the OH antibonding orbitals on neighboring molecules, which resulttoimeaaing of the
repulsion, in line with the charge transfer picture of hydrogen bonthaigyis derived
from natural bond orbital analysis,12)

The application of PE to agueous solutions was pioneered by H. Sieghdhtoa
workers who overcame experimental difficulties with electrorect&n to measure
liquids with modest vapor pressures. As for other early approaches the application to
neat water was hindered by the exceptionally high vapor pregsdi@ torr near the
melting point). To that end, a very thin liquid jet (microjet) wagelilgped by Faubel and
coworkers for measuring liquid water in a vacuum environmesptused initially with

Hel excitationes) and later with synchrotron radiatian). Valence band PES from liquid
water microjets(9,20) have reported accurate binding energies and cross-sections, full



widths and experimental gas-to-liquid energy shifts. An altematio the microjet
technique is to acquire PE spectra in gas environnarpsessures up to several torr
using a differentially pumped electrostatic leng allowing studies of thin films of liquid
water grown and supported on a solid in equilibrium with the vapor pressure

The electronic structure of liquid water and ice has also beeredtatlimany different
levels of theory, in both periodic and cluster calculaties1s,31-34) In early tight-binding
calculations of icaze), the energy dispersion in the Bloch orbitals and density of states
were calculated and splittings in the valence states gufsom molecular states of a
symmetry were observed. In particular, a 1 eV splitting in3daestate was predicted, in
contrast to the small dispersion of theand b states. More recently, density functional
theory in combination with molecular dynamics simulations, whichblenatudies at
finite temperature, has been employed to study also liquid watey The width of the
bands in the liquid is reported to have significant contributions (~0.5rexf) thermal
broadening, although, in particular for the broad Sate, the electronic interaction is
dominating@as). Moreover, the electronic structure of liquid watereiatively insensitive
to the long-range structural order/disorgex

Here we present valence PE spectra of liquid water, which ongpare to those of
amorphous ice, crystalline ice at two different temperatumes, gas-phase water. By
using different excitation energies (100 eV and 530 eV), theivelaross-section
between oxygen 2s- and 2p-like orbitals is varied experimentalbnaiogy to Refis).
The high 3across-section at 530 eV allows a direct comparison of thedgatral shape
between the aggregation states, unattainable in previous studigsicdiwater (19,21).
The major electronic structure changes relative to the freeaulel are similar in liquid
water and all ice samples, showing that rehybridization and fanmat bonding and
anti-bonding states are integral parts of the hydrogen bond. Theneaptal spectra
display non-specific sensitivity to the local structural ordeostprominently in the
shape and splitting of the occupida; orbital between the different aggregation states.
This finding is supported by theoretical calculations of variousctral motifs, using
DFT to represent the valence photoelectron cross-section at high mraogy in an
atomistic way by projecting the valence states onto the oxygen core orbital.

Methods

The experiments on liquid water and ice close to the melting peirg performed using
the ambient pressure photoemission endstation at the undulator beamline tL1he.2 a
Advanced Light Source in Berkeley, G#). A liquid water droplet (volume ~ 5mithis
condensed onto an Au substrate which is held at a temperatur€®©f(eohtrolled by a
Peltier element). The water drop is in thermodynamical éguiin with its vapor, i.e.
the background vapor pressure in the analysis chamber is ~ 5 Torsaraples are
prepared by condensing water onto the Au substrate at tempsrbélogv the freezing
point. The ice temperature in our measurements was kept at abol@ {28th papor
~0.58 Torr), in order to avoid the presence of a liquid-like lay#reaice surfaces). The
endstation is equipped with a differentially pumped electrostatic lens sysetransfers
the electrons from the sample surface (at ~ Torr pressutieé tentrance slit of a Specs
Phoibos 150 hemispherical electron spectrometer that is kept invéogium 29). Both



the photon resolution and the analyzer resolution were kept below 150 makingein

a total resolution of about 200 meV. By using a positive bias (150 Weosample, the
gas-phase signal was experimentally shifted to lower kiregtergies and smeared out
@7. This low kinetic energy background, along with the inelasticatigttered liquid
water signal due to the elevated gas-phase pressure, maseck by subtracting a
Shirley-type background prior to the area normalization. Usingus$&ian function, the
1s direct photoemission channel resulting frdthader radiation from the grating in the
530 eV measurements was subtracted from all spectra. For thehages water
experiments the pressure was kept at 0.7 Torr.

The experiments on amorphous and crystalline ice were performie aliptically
polarized undulator beamline 5-1 at the Stanford Synchrotron Radiation at@tyor
(SSRL). The UHV surface science endstation (base presdureld™ Torr) is equipped
with a Scienta SES-100 hemispherical electron analyzer, a Hitkb-201-RC
guadrupole mass spectrometer and a Bruker IR-Cube FT-IR syBtenice films were
grown on a Pt(111) single crystal, mounted on a liquid nitrogen cooleavithd6®
grazing incidence relative to the incoming photons. Cycles dbhesputtering, electron
bombardment heating (900 K) and, @eatment were repeated until a clean Pt(111)
surface was obtained (checked by PES and LEED). An ~80 laykrgefis) thick (~225

A) amorphous ice film was grown at ~100K on the clean Pt(111) suafaeeleposition
rate of ~0.08 layers/s. Crystalline ice was obtained by isotietmeating of the
amorphous ice at 150 K, monitored by temperature programmed desorption a
confirmed by IR absorption spectroscopy in the O-H stretclome@or more details on
the crystalline ice preparation, see Rej. In all experiments, impurities in the distilled
water were removed by repeated cycles of freezing, pumping eltidgrprior to leaking
into the experimental chamber.

Spectrum calculations were performed for different liquid watenctiral motifs
sampled over ground state Car-Parrinello MD (CPMD) simulatieg)susing the
CPMD3.3 progranwo). The simulations were performed in periodic boundary conditions
using norm-conserving pseudopotentials in the Kleinman-Bylanderdormith cutoff
radii set to 1.05 a.u. for both the s and p channels as in our previougseeeg. Ref
42,43) and references therein). The pseudopotential for oxygen was of @rddértin
type 44), nonlocal in thel =0 channel. For hydrogen, a local pseudopotential was
parameterized with one Gaussian functioh Giannozzi, unpublishgd The gradient-
corrected B-LYP functionahs,ae) was used together with a plane-wave expansion of the
Kohn-Sham orbitals with an energy cutoff of 70 Ry; only the Garpomat was
consideredsa).

The ice and liquid water models were from our previous wau 47) with exception of
the configuration from the 128 molecule CPMD simulation of liquid watdich was
kindly supplied by the authors of Refs). In analogy with Ref2), MD simulations were
not only used for spectral averaging, but also to obtain ensemblepresentative
structures within a local structure motif. Using these strattansembles, single PE
spectra and averages representative of the different motis eabculated using the
technique outlined in Ref).



The PE spectra were decomposed into individual atomic contributiopsofgcting the
local valence 2p character (in a transition similar to xemayssion) and the local valence
2s character (via a simpleaperator calibrated to the 2s content in free oxygen, 2e-) onto
the spatially well-localized core orbital. This technique hasaitivantage of a direct
measure of atomic populations, and is justified by the fact thatalence band PES at
high photon energies, the ionization event occurs deep inside the atotheaebly
orbitals from which the excitation occurs become atomicdige

Results and Discussion

Figure 1 shows valence PE spectra of gas-phase water, liqued avet crystalline ice
using 100 eV and 530 eV excitation energy, where the peaks are derwmsdirg to the
molecular orbitals (MO) of gas-phase water; the ddak corresponds to the non-bonding
out-of-plane lone pair orbital, the 3peak corresponds to the slightly bonding mixed
0O2p/0O2s/H1s orbital, while the 1lpeak is due to an O-H bonding 2p-like orbital. All
spectra are energy normalized to the lone pair of the cigstatle spectrum and plotted
on a binding energy scale relative to the Pt(111) Fermi levelinBleet shows the atomic
oxygen 2s and 2p photoionization cross-section as a function of incident photgy ene
(reproduced from Refo9), showing a strong relative variation that is exploited in this
study; a high O2p cross section is obtained at 100eV, whereas 530&ti@x energy
gives a high O2s cross-section. As the mean free path of the @uttoelvaries from ~
13A to ~20A at the higher excitation energy the fraction from the topmost surface
layer (taken to be 3.5A) varies from about 24% to 16%. In light ofeafzagively small
spectral contrast between different local H-bonding structureabenPE spectrai.¢.
between ice and water in Fig. 1 and for different H-bond configunsatn Fig. 4), the
effect of the surface contribution in terms of peak position anll pezadening in the
analysis is not so significane.¢. imagine the extreme case, mixing in 16% of the ice
spectrum in liquid water or vice versa). Also, along the sames lithe significance of the
additional surface contribution (about 8%) in the 100 eV excitation spedien
comparing to the 530 eV excitation spectra is only minor if notigibg. If anything,

the 530 eV spectra are slightly more bulk sensitive than the 100 eV spectra.

The low energy excitation spectra (100 eV) are already egbamtthe literature (13,19)
and are shown here only for comparison since it is measured simdiar conditions as
the 530 eV spectra. Since all relative peak positierts {by relative to 1b) and peak
broadening (fwhm) are comparable within 0.1 eV of previously published(dete.g.
table 2 in Ref (19)), for a thorough discussion of absolute binding energjetsve peak
intensities as well as peak broadening and energy shifts betyasgohase and liquid
water, we refer to the state-of-the-art PES study of liguater reported by B. Wintest
al. (19), which also discusses earlier ice and liquid watertsesAs reported in Ref (19)
and observed in earlier studies of both ice and liquid water (13,19,20,24,25,28pdryd
bonding leads to a broadening of all spectral features resftribimgfinal state effects and
orbital overlap ane.g. the overall 3aintensity is shifted to higher binding energy.

We shall in the following focus on the novel aspects in the expatdn namely the
530eV excitation energy spectra of liquid water and various ice natépss with



enhanced 3across-section. In crystalline ice, the;-3@& spatial and energetic overlap
between neighboring molecules leads to a major energyirgplitiat is clearly resolved
in the 530eV spectrum (13). Unconstrained fitting of thegiBeensity by two Gaussian
peaks yields a split of about 1.55 eV. A similar splitting of thesBate of liquid water
has previously been suggested based on peak fitting of PES (19) &d2XEdata.
Following B. Winteret al. (see Fig 4 in Ref (19)), we can also fit the S@ate of the 100
eV liquid water spectrum using 2 peaks with reasonably low chi sqbatethe
confidence interval of these fitted peaks is very large andxtiaceed information is
only meaningful with strong constraints. The real information contetttal experimental
low energy excitation spectra regarding &thus very limited (we also note that the
gas-phase subtraction in Ref (19) might impose further limitabarthe accuracy of the
curve fitting). The information content regarding the 3tate in the XES data (21)
suffers from spectral changes associated with core-hole dymahsicussed elsewhere
(42). In the high O2s cross-section data presented here, the enhanstie3gand the
suppression of the gas-phase signal, see methods) allows fectiadimparison of the
3a spectral shape, unattainable in previous PES (19) and XES (219rd&guid water.

In contrast to previously assumed, we observe nasglting in the 530eV spectra of
liquid water, but the 3apeak is exceptionally broad, indicating a similarly strong
electronic structure change as in ice. Since theahd 1b retain the same width as for
the 100eV excitation (fitted values within 0.1eV of table 2, Ref (i#)can attribute the
novel information to the enhancement of the 8tte through the strong O2s cross
section. For example, the slightly narrower overall\@iath in Ref (19) (table 2) is based
on 2 fitted Gaussians and is not experimentally well definethelsplitting of the 3a
orbital specific to the tetrahedral structure in crystalioge or is it an integral part of the
hydrogen bonding but not resolved in the liquid water spectrum?

To experimentally address this question, we compare the liquid W&tespectrum at
high O2s cross-section with ice samples representing variousstogetural order in the
H-bonded network, shown in Figure 2. Amorphous ice is assumed to have more
structural disorder than ice close to the melting point due toctdefe the H-bond
network. We note that the sensitivity of the electronic strudiuréne change in local
order and the smearing of ;3& particular, supports a short-range character of the
hydrogen bond involving orbital rehybridization as outlined previously fgstalline ice

@3). As the disorder increases, the spectra represent a sunressingly varying local
structures. Going from crystalline ice to liquid water, thet $plihe 3a peak is no longer
seen while the total width is retained or even becoming somewbatidsr for liquid
water. This is contrary to the narrowing distribution of enerdias would be expected
from a reduced splitting alone. (We can assume that the intwundib of the individual

3a orbitals in the liquid remains similar to that in ice basedhenwidth of the other
valence orbitals, matching the 100 eV spectra in Figure 1 and réyoseed in Ref (19)
(table 2)). Instead, assuming a manifold of slightly shifted eeergnd intensities, a
similar 3a splitting for individual contributions to the total spectrum can bemsd,
resulting in an increasingly smeared average as disordersestaataining or increasing
its total energy width. Based on the gradual smearing of the@ia and the retained
total energy width, we thus interpret the liquid water to possess average — similar
electronic structure effects as those in crystalline icdatW's then the information



content in the observed photoemission spectra in terms of locabdeydrbonding
configurations?

To address the information content in the experiments, we investigadeetically the
sensitivity of the electronic structure to variations around miffelocal hydrogen bond
motifs. Figure 3 shows the local electronic structure for individizdér molecules in the
hydrogen-bonded network. Thecal electronic structure is theoretically represented by
computing the individual 2p component (solid) and the 2s component (dashed) &f the P
spectra with the orbitals labeled according to the orbitainsgtry of the free water
molecule. Figure 3B shows the contribution from one molecule in theskHpshot,
displaying a typical splitting of the 3atates into bonding (daand antibonding (38
combinations. In Figure 3A, orbital plots corresponding to the differentatsbare
displayed. We note the relatively local character of therbitals where the overlap
between neighboring molecules is small, in contrast to the sti@ogalization of the 3a
state into bonding and antibonding bands. Figure 3C displays a collecipaatfa for 8
independently selected water molecules in a single CPMD snapsiiarming to the
same local H-bond topology (D1A1 H-bond motif, see Fig 4), with thedatted in Fig
3D.

As indicated by the displayed spectra, we find that most confignsashow strong
electronic structure changes compared to the free moleculet plosiinent is the
splitting of the 3a orbital due to the strong 38a orbital interaction and the shift of
spectral features relative to each other. However, the magmfutie split and absolute
position of the center-of-energy varies strongly with the locairgry, as expected from
the different orbital overlaps for each local structure. Frbims tve conclude that,
although the summed spectrum (representing a certain hydrogendomatif) does not
show a split of the 3aorbital, the underlying individual configurations are still subject t
the same orbital-orbital overlap which gives rise to the well definedispdie (13).

In Figure 4 we show summed spectra representing four differdranidl motifs in the
CPMD snapshot with H-bond definition as in Ref. Similar to Fig 3C-D, spectra for 8
water molecules from a single CPMD snapshot are summed fdr madif. As
exemplified in Fig 3C, most individual configurations show splittinghe#f 8a orbital
and shifting of spectral features relative to each other. Thearémg of features in the
sum, in particular for the 3a&tate, results in rather featureless spectra thatrararsfor
all motifs. This emphasizes the effect of the structuralammeg and the lack of features,
indicating any particular structural motif. The observed diffezsreeg., in the D1A2 1h
peak position, are within the statistical uncertainty of the sampling.

Figure 5 shows the full sum of all 128 configurations in a single snapshot of CPMD wate
and ice, representing the logatharacter and localcharacter of the electronic structure.
The fractional contribution of the different motifs (see e.g. Fignddhe liquid water
snapshot are 41% D2A2, 21% D1A2, 21% D2A1, and 11% D1A1, respectively, and 6%
for other H-bond motifs, which is representative for the H-bond statist CPMD
simulations of liquid water. Also shown in the figure (Figure 5B) the h/b, and a



components, extracted from the normalized experimental data ihliigubtracting a fit
of Gaussian peaks to the;3ar 1b and 1b) intensities.

The pronounced split of the Barbital in ice is seen in the simulations in agreement with
experiment (this study and Re24.25) and other theoretical approachese7,31,32) As
expected from the structural averaging, th#éoborbitals are broadened in the CPMD
liquid simulations relative to ice (elaborated in more detaiHomt et al. (33). The main
difference in experimental PE spectra of ice and liquid watamely the loss of
observable splitting in the 3@eak, is also captured by the simulations. However, while
the experimental liquid water spectrum shows an overall broadenitigeca®a state
similar to ice, the CPMD water has a markedly more nardostribution. As was
previously indicated, the change in shape and splitting of the occupiedridtal
between the different aggregation states can be rationalizatiebaveraging of the
electronic structure over geometrical configurations with varaegrees of distortions
(seee.g. Fig 3), which in the liquid results in a smearing of the Sate. In terms of
uncertainties in the calculationk;point sampling over the Brillouin zone has been
investigated previously for the occupied states and found to be unimpottaveas
concluded that thd-point was sufficient for supercells of 32 molecules. All
theoretical PE spectra in the present work are computed usingllthE28 molecule
CPMD simulation model for ice and liquid water, which should thus bécrauft for a
converged occupied band structure. The narrowerp8ak in the simulations could
indicate that CPMD generates structures with less pronouncedal ombieraction
compared to the experiment, although the individual spectra in Figp&8g the full
width of the experimental 3gpeak. A more narrow range of structures in the CPMD
simulation compared to the real liquid as suggested in @efis another possible
explanation. A proper evaluation of the detailed shape and width s¥ freaks would,
however, require a better sampling, possibly on models from pathahssgulations, as
well as a more strict calculation of the ionization cross-sections in tisp&tEum.

As seen in Figures 3 and 4, PES does not lend itself particulatlyto extracting
information on the local geometric structure of liquid water, inslt@ntrast to x-ray
absorption spectroscopy.so,51) where the difference between water and ice is much
larger. This difference in sensitivity between the two technigeibscts the difference in
spatial extent and thereby orbital overlap of the occupied (P&EBum@occupied (XAS)
MOs. Our analysis of PES, however, indicates that the locahbibieraction involved

in hydrogen bonding in liquid water is similar to that previousporeed for crystalline

ice (13).

Conclusions

In conclusion we have shown that experimental valence photoelectrosiamspectra

of liquid water show major electronic structure changes relatitbe free molecule, in
agreement with earlier studies. By comparing the liquid waikescteum to ice close to the
melting point, amorphous ice and crystalline ice, the sensitigitthe local structural
order can be observed. This is reflected in the experiment atd#ghcross-section in
which 3a shows sensitivity to the local structural order. This sensitigisupportive of

the local orbital interaction picture of hydrogen bonding in liquid wabeeviously



reported for crystalline ic@s) and suggested for liquid water (s&g (12)). The change in
shape and splitting of the occupied 8abital between the different aggregation states is
due to the averaging of the electronic structure over geonettiaatures that represent
various H-bond distortions. This leads to a smearing of thes@@dting in, e.g., liquid
water, while maintaining the same overall broadening. Electsinicture calculations
using orbital projections onto the Ol1s core orbital further demonstrateffect of the
structural averaging but also show a lack of spectral fesatheg can be used to identify
specific local H-bonding structures.
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FIG 1. Valence PE spectra of gas-phase
water, liquid water and crystalline ice,
measured at photon energy of 100 eV
(dashed) and 530 eV (solid). Spectra are
energy normalized to the lone pair of the
crystalline ice and plotted relative to the
Fermi level of the Pt(111) substrate. The
insert shows the atomic oxygen photo-
ionization cross-section as a function of
excitation energy, extracted from Ref (1)
(note the logarithmic scale).
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FIG 2. Valence PE spectra of water in
aggregation states of increasing
structural order, measured at 530 eV
photon energy (high 2s cross-section).
Vertical help-lines are shown at the
energy position of the splitted Speak
positions for crystalline ice. Spectra are
area normalized and the energy is
normalized to the lone pair peak in
crystalline ice, the binding energy scale
plotted relative to the Fermi energy of
the Pt(111) substrate.
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FIG 3 (A) Orbital plots for selected states taken from configuration i=6 (se@HK))
Individual PE spectra for molecules in a CPMD simulation model of liquid water,
corresponding to the local density of states. The 2p (solid) and the 2s (dashed)
components are displayed separately and labeled according to the orbitatsyofrthe
free water molecule, where the 2s contributions were obtained from a speotnputed
using arr? transition operator (see text). (C) same as (B) for 8 independentlieselec
clusters conforming to the same local H-bond topology. (D) Sum of the spectra in (C)
showing the effect of electronic structure averaging. All spectra aaglémed with a
Gaussian of width 0.5 eV and a constant energy shift is applied for comparison to
experimental data.
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FIG 4. Sum of computed PE spectra for molecules in different hydrogen-bonding
configurations selected from a CPMD simulation of liquid water accordingferetit
structural motifs in the hydrogen bonded network (see text) based on the number of
strong bonds on the donor side and acceptor see(LA2 has one strong donor and
two strong acceptors). Each spectrum is a sum of 8 individual spectra as in FigrRC-D
the representation is otherwise the same as in FIG 3.
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FIG 5. Comparison of simulated (A) and measured (B) electronic structure of wdter a
ice. (A) Sum of computed PE spectra from CPMD simulations of ice and liquid, water
representing the local p character and local s character of the statesx{sed Fig. 3).
(B) Experimental spectra for liquid water through crystalline ice sgprteng the local;a
and local /b, character of the states. Thela/b,) component is extracted from the
normalized data in Fig 2 by subtracting a fit of Gaussian peaks represtetida (1b;

and 1b) intensities. The total width of the 3states from liquid water through crystalline
ice is approximately the same (~ 3 eV) as indicated by the vertical reag.The
experimental spectra have been shifted 0.5 eV relative to Fig 1 and Fig 2.
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