PHYSICAL REVIEW B 66, 092107 (2002

X-ray Raman spectroscopy at the oxygerK edge of water and ice:
Implications on local structure models
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The oxygenK edge of water and ice has been recorded with a resolution of 1 eV using x-ray Raman
spectroscopy at 10 keV. The improved resolution allows for a clear observation of the strong pre-edge intensity
in the liquid water spectrum. This is an independent experimental confirmation of this feature, which was
recently detected by high-resolution soft-x-ray absorption spectroscopy and identified as a fingerprint of
strongly asymmetric local configurations of the water molecules. The pre-edge peak as observed here with the
truly bulk-sensitive x-ray Raman technique demonstrates that these configurations dominate the bulk of the
liquid. Comparison with thé&k edge of ice gives an experimental limit on the fraction of fully coordinated
waters in the liquid.
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Despite its simple elemental composition water has a Its inherent bulk sensitivity and good penetration makes
complicated local structure, which has puzzled scientistXRS especially valuable for the investigation of liquids, con-
since more than a centurfRref. 1, and references thergin centrated complex systems, and samples under ambient and
X-ray absorption spectroscogXAS) and in particular the extreme conditions. The main difficulty of XRS lies in its
investigation of the near edge region as a probe of emptyweak cross section, but due to powerful new synchrotron
electronic states yields unique element-specific informatiorsources and improvements in x-ray instrumentation, this
that can be connected to the local structure and chenfititry. problem is more and more under control. In a recent XRS
thus appears to be an ideal technique to study water. Nevestudy the XAS spectrum of liquid water has been recorded
theless, conventional XAS studies of the oxydémdge of  with a resolution of 2 eV8 and a very recent review shows
bulk water at ambient conditions have proven extremely difthat high quality XRS spectra can now be obtained in a mat-
ficult, and first results have been reported only very recéntly.ter of minutes to hours for second row eleméefits.

The reasons are manifold. First, at an attenuation length of x In this study we report GX-edge spectra of liquid water
rays above the & edge of less than one micron, transmis-and ice using XRS with an energy resolution-et eV. The
sion experiments are very difficfltSecond, fluorescence- spectra are compared with the conventional XAS data ob-
detected XAS can suffer from spectral distortions mainly duetained by Myneniet al® and with the 2-eV resolution XRS
to the large O concentratiofsaturation effects®® but also  results obtained by Bowroet al® The results shed light on
due to changes in the fluorescence yield above the edgethe water puzzle and demonstrate the power of XRS as a
Third, the ion/electron yield detection is surface sensitivebulk sensitive probe of local structure and chemistry.

(~nm) and can only be performed in vacuum. It is therefore The transition probability for XRS can be related to the
unsuited for bulk studies at ambient pressure. Inner sheBame matrix element that determines x-ray absorftiBar
electron energy loss spectroscopy suffers from similar reqr<1, whereq is the momentum transfer andthe mean
strictions. orbital radius, the dipole approximation is valid and the Ra-

The strong pre-edge observed with XAS in Ref. 3 wasman scattering intensity is proportional to the dipole x-ray
interpreted as due to a predominance of local structures iabsorption matrix elemefitin the present study, we used an
the liquid with only one donating hydrogen bond. A remain-array of analyzers to capture a larger solid angle. The corre-
ing uncertainty from the study in Ref. 3, however, is thespondingg range of 0.362qr<0.57 is well within the dipole
short penetration depth in XAS. A bulk-sensitive-mm) limit. This is confirmed below by a detailed comparison of
hard-x-ray probe can avoid these difficulties and x-ray RaXRS and XAS spectra.
man scatteringXRS) is such a technique, still yielding XAS The experiments were performed at the Advanced Photon
information®® In an XRS experiment the incident photon is Source undulator beamline 18ID using a(480 double
inelastically scattered, and a small fraction of its energy iscrystal monochromator and focusing mode. Raman scatter-
transferred to the sample. Besides vibratiogfi®-500 meY ing was analyzed with a high-resolution multicrystal
and valence-band excitatioi$—10 eV} the high energy of analyzef? The instrument employs eight (660 analyzer
hard-x-ray photons permits electronic excitations of core leverystals on intersecting Rowland circles operated close to
els in the sample(100-1000 eY. Therefore, absorption backscattering at a Bragg anglg=87°, and an energy of
spectra with edge energies lying in the soft-x-ray regime ca®699 eV. The Raman spectrum is swept by scanning the
be measured effectively using hard x r&§s° beamline monochromator energy at a fixed analyzer setting,
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- can be effectively measured with XRS by improving the ex-
[ XRS ., 1 perimental conditions. The observation of the pre-edge fea-
ture at 535 eV in the liquid bulk water spectrum is a crucial
observation since it allows for a structural interpretation of
the spectra.

This pre-edge feature has recently been observed with
high-resolution XAS and it has been interpreted with the aid
of density-functional theoryDFT) calculations® It origi-

ot nates from specific asymmetric configurations of the water
530 535 540 545 molecules, for which the H bond is strongly distorted or
Energy Transfer [eV] broken on the H-donating site of the molecule. Due to the
localization of the core hole in both XAS and XRS it is
possible to probe H-bonding structures locally around indi-
vidual water molecules and the IGedge spectra are mainly
determined by the structural arrangement within the first co-
ordination shell of the probed water molecéteThe pre-
and the overall energy resolutideonvolution of beamline edge in the OK-edge spectrum of liquid water is therefore
and analyzer resolutigrwas found to be~1 eV (full width indicating that a large fraction of the molecules in liquid
at half maximum, FWHNMI by measuring the elastic scatter- water exhibit strongly distorted or broken H borids.
ing peak. The scattered intensity was measured with a lead The 10-keV XRS data probing a depth in the mm ré&fige
shieldedL N, cooled Ge detector. The incident photon flux represent an independent experimental confirmation of this
(o) was recorded with a Nfilled ion chamber, and the strong pre-edge peak and thus clearly corroborate the struc-
spectra were normalized by dividing the detector signatural interpretation of bulk water. As a consequence of the
through 1.%® The Raman spectrum was furthermore cor-pre-edge intensity detected here by XRS in the liquid water
rected for background from Compton scattering, by subtractspectrum the large amount of distorted/broken H bonds in
ing an extrapolated function fitted to the region well belowliquid bulk water can be confirmed ruling out any residual
the absorption edge. Different functions such as exponentiaurface effects possibly influencing the spectra as measured
and hyperbolic were tested, all giving essentially the samevith XAS. The XRS ice spectrum in contrast is similar to the
result for the corrected spectrum in the near edge region. Toalculated spectra of symmetric configurations with four in-
avoid any possible radiation damage purified water wasact H bonds’ Based on an analysis of the relative intensities
flowed through a tube and the ice sample assumed to be iaf the main edge and of the continuum structure in the liquid
I, was scanned between individual speéfra. water spectrum compared to the ice spectrum in Fig. 1, we

Figure 1 shows the ®-edge spectra as measured by XRScan therefore give a conservative upper limit of 30% for the
for liquid water and ice. The spectra are displayed as a funcamount of symmetrically four H-bonded species in liquid
tion of the energy transfer obtained by subtracting the fixedulk water at room temperature. As a consequence we can
spectrometer energ{P699 eV from the scanned incident deduce a minimum of 70% for the amount of molecules with
photon energy. The spectra show remarkable details, tha strongly distorted or broken H bond on the H-donating site.
most important one being a pre-edge feature at 535 eV in th€his means that at least 1.4 H bonds per molecule are
liqguid water spectrum. Besides this, the main absorptiorstrongly distorted or broken in liquid bulk water at room
edge(537 eV) and a broad continuum structuf@41 eV) can  temperaturé’ A more precise determination of these num-
be discerned. The intensity of these three spectral features liers requires the knowledge of the crystal structure of the ice
clearly different when comparing water in its different con- sample not available in this study. Nevertheless, it is crucial
densed phases. The pre-edge and main edge are much méwe the determination of these numbers that the XRS spectra
intense in the liquid water spectrum, while the continuumdo not suffer from spectral distortions such as saturation ef-
feature is strongly enhanced in the ice spectrum. This showfects. This is demonstrated in the following with the aid of
that OK-edge spectra as measured by XRS can effectivel¥ig. 2.
visualize changes in the hydrogen-bonditybonding en- With Fig. 2 we compare in detail the R-edge spectra of
vironment of bulk water. liquid water and ice obtained by XRS and XAS. The top of

Chemical bonding has a large effect on the valence eledrig. 2 depicts the ice spectra by XRS as a function of the
tronic structure. Different H-bonding configurations in water energy transfer and by XAS as a function of the incident
can therefore show a variation in the local orbital structure ophoton energy. For easier comparison the XAS spectrum has
the molecules. With Fig. 1 we demonstrate how theseébeen convoluted with a Gaussian functidneV FWHM) in
changes can be monitored by probing the empty electroniorder to account for the different energy resolutigr.1
states with truly bulk-sensitive x-ray absorption as measuredV in the XAS measurementAll features detected by XAS
by XRS. Bowronet al. outlined this in their XRS investiga- are clearly reproduced with XRS. Discrepancies can be ob-
tion of waterr® but the limited resolution and statistics in served in the intensities of the pre and main edges: they are
their experiment restricted a detailed discussion of the neagnhanced in the XRS measurement. A possible explanation
edge region of the &-edge spectra. Figure 1 shows that thefor this is based on the different sample preparation tech-
changes in the electronic structure of the water moleculesiques. For the XAS measurement a carefully grown, long-

Intensity [arb. units]

FIG. 1. X-ray Raman spectra of the oxyg&nedge of liquid
water (solid line) and ice(dashed ling displayed as a function of
the energy transfer.
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Photon Energy [eV] absorption cross section. As a consequence the intensities of
530 535 540 545 550 the continuum structure at 541 eV and of the pre-edge are
L e L enhanced compared to the XRS spectrum when matching the
1ob lce .. = 3 intensities of the main edges. The comparable intensities of
E e \ - XAS convoluted 7 the ice spectra above 540 eV at the top of Fig. 2 clearly show
the negligible influence of saturation in the electron yield
XAS measurement. Saturation can be excluded for the XRS
measurement, underlining its importance when relating
structural information and the relative intensities of spectral
features in a quantitative analysis of bulk-sensitive x-ray ab-
sorption spectra. In addition, the absence of saturation for
XRS considerably simplifies the liquid sample preparation.
S Finally, we examined whether the Raman spectra could be
. Water - — XAS ] affected by non-dipqle contributions.' BOWI’CE.t al..mea-. .
12F — TS omvoluted sured the water and ice XRS spectra in the strict dipole limit
/ ~ 3 [gr=0.15 (Their published value isjr=0.29 withr refer-
~ N——.- -] ring to the O B mean diameter, whereas we and, e.g.,
Suzuk? use the mean radiy$.!® Except for the observation
] ] of the pre-edge in the present work, due to the better energy
---------------------------- y resolution, the spectral shape from the two experiments is
very close. In addition, the pre-edge region of the XRS spec-
trum is very similar to the XAS spectrum, which only has
o dipole contributions, if saturation effects in the soft-x-ray
545 550 measurement are accounted for. We can therefore exclude
any significant influence of nondipole contributions to the O
K-edge XRS spectrum of water and ice as measured here.
FIG. 2. OK-edge absorption spectra of polycrystalline {&ef. Our investigation clearly demonstrates the important role
24) from x-ray Raman scatteringsolid line, taken from Fig. 1 =~ of O K-edge XRS as a powerful tool for the investigation of
compared to the Auger yield XAS spectrum of a single crystal icethe bulk structure of liquid water. An essential pre-edge peak
(dashed ling at the top(dotted line: spectrum obtained by convo- in the O K-edge absorption spectrum, a fingerprint of
luting the XAS spectrum with a 1-eV Gaussjaand the same for  strongly distorted or broken H bonds, has been observed
water at the bottom. The XAS spectra are taken from Ref. 3. with a truly bulk-sensitive method with a probing depth in
the mm range. We can give a stringent lower limit for the
number of strongly distorted or broken H bonds in liquid
bulk water at room temperature of 1.4 per molecule. Taking
into account resolution and saturation effects we show the
- b ciitie close similarity of the near-edge region of the KGedge
assume that the pre and main edge intensities in the XRgyectra as obtained by x-ray Raman and conventional soft-x-
measurement are enhanced due to numerous grain boundy ahsorption spectroscopy. The bulk sensitivity of the XRS
aries in the sample where we expect the H bonds 10 Dgethod has important consequences for the investigation of
distorted/broken. Recent XAS studies on disordered Vs Oy ater and liquid samples in general. Experimental simplifi-

dered ice support this speculatith. cations have been briefly discussed and other aspects can be
Figure 2 shows at the bottom thetGedge XRS and XAS  gpicipated: using XRS to determine the structure of water

spectra of liquid watefagain the XAS spectrum was convo- nqer extreme conditions such as high temperature and high
luted vv_|th a 1-eV GaussianThe three.essenual spectral fea- pressure up to the supercritical regime will yield unique in-
tures discussed above can be found in both spectra. The MGt mation. In addition, monitoring the absorption edges of
prominent difference between the spectra is the enhancegliterent light elements lying in the soft-x-ray energy region
intensity above 540 eVin the XAS measure_méthe spectra  (sych as the O and & edges, we believe that x-ray Raman
have been matched in intensity in the main 9ddEe can  gpeciroscopy provides a unique tool for the investigation of

trace the differences back to a saturation of the fluorescen%emicm reactions at high temperature and high pressure.
yield XAS measurement. Saturation effects can influence

bulk sensitive soft-x-ray absorption as measured by fluores- We thank the staff at BioCAT beamline 18ID. This re-
cence detection® Although special care had been taken tosearch was supported by the National Institutes of Health,
minimize saturation effects in the XAS measuremetiie  grants 44891-5 and GM-4814f® S.P.C) and by the Depart-
XRS data reveal some remaining influence. A careful analyment of Energy, Office of Biological and Environmental Re-
sis aiming to correct for saturation in the XAS measuremensearch. The Advanced Photon Source is supported by the
shows that the maximum of the main absorption edge iDepartment of Energy, Office of Basic Energy Sciences.
suppressedcorrespondingly intensities at higher energiesBeamline 18ID at the Advanced Photon Source is supported
seem enhancedlue to saturation as compared to the “true” by the NIH under Grant No. RR-08630.
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range ordered, single crystal overlayer of itg) (on a clean
Pt(111) surface was prepared under UHV conditiéhghe
XRS measurement was done on polycrystalline?fcgVe
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