
Selective Probing of the OH or OD Stretch Vibration in Liquid Water Using Resonant
Inelastic Soft-X-Ray Scattering

Yoshihisa Harada,1,2,* Takashi Tokushima,3 Yuka Horikawa,1,3 Osamu Takahashi,4 Hideharu Niwa,1,2,5

Masaki Kobayashi,2,5 Masaharu Oshima,2,5 Yasunori Senba,6 Haruhiko Ohashi,6 Kjartan Thor Wikfeldt,7,8

Anders Nilsson,9,10 Lars G.M. Pettersson,10 and Shik Shin1,2,3

1Institute for Solid State Physics (ISSP), University of Tokyo, Kashiwanoha, Kashiwa, Chiba 277-8581, Japan
2Synchrotron Radiation Research Organization, University of Tokyo, Sayo-cho, Sayo, Hyogo 679-5198, Japan

3RIKEN/SPring-8, Sayo-cho, Sayo, Hyogo 679-5148, Japan
4Department of Chemistry, Hiroshima University, Higashi-Hiroshima 739-8526, Japan

5Department of Applied Chemistry, University of Tokyo, Hongo, Bunko, Tokyo 113-8656, Japan
6JASRI/SPring-8, Sayo-cho, Sayo, Hyogo 679-5198, Japan

7Science Institute, University of Iceland, VR-III, 107 Reykjavik, Iceland
8NORDITA, AlbaNova University Center, S-10691 Stockholm, Sweden

9SUNCAT Center for Interface Science and Catalysis, SLAC National Accelerator Laboratory,
2575 Sand Hill Road, Menlo Park, California 94025, USA

10Department of Physics, AlbaNova University Center, Stockholm University, S-106 91 Stockholm, Sweden
(Received 15 December 2012; published 8 November 2013)

High-resolution O 1s resonant inelastic x-ray scattering spectra of liquidH2O, D2O, and HDO, obtained

by excitation near the preedge resonance show, in the elastic line region, well-separated multiple

vibrational structures corresponding to the internal OH stretch vibration in the ground state of water.

The energy of the first-order vibrational excitation is strongly blueshifted with respect to the main band in

the infrared or Raman spectra of water, indicating that water molecules with a highly weakened or broken

donating hydrogen bond are correlated with the preedge structure in the x-ray absorption spectrum. The

vibrational profile of preedge excited HDO water is well fitted with 50%� 20% greater OH-stretch

contribution compared to OD, which strongly supports a preference for OH being the weakened or broken

H-bond in agreement with the well-known picture that D2O makes stronger H-bonds than H2O.

Accompanying path-integral molecular dynamics simulations show that this is particularly the case for

strongly asymmetrically H-bonded molecules, i.e., those that are selected by preedge excitation.
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During the last decade, many studies of water using O 1s
x-ray absorption spectroscopy (XAS), x-ray Raman scat-
tering [1–8], and nonresonant x-ray emission spectroscopy
(XES) or resonant inelastic x-ray scattering (RIXS) [9–14]
have been conducted to provide new information about
the local structure of the liquid. The relationship between
the local structure of water and the XAS, XES, and RIXS
spectral profile is, however, still much debated [6,8,15–23].
In XAS, three characteristic features appear, i.e., preedge
at 535 eV, main edge around 537 eV, and postedge near
540 eV. When ice changes to liquid water, the postedge,
which has been assigned as due to intact hydrogen bonds
(H-bonds), decreases substantially, while the preedge peak,
which is interpreted as arising from broken H-bonds,
increases [2,3,24]. Theoretical assignments of the spectral
features are challenging because the computed XAS profile
strongly depends on the model used to describe the core-
hole potential [7,8,25–27]. Recently, the degree of H-bond
breaking in water has been analyzed as a function of
temperature using x-ray Raman scattering [5]. The small
(0:9 kcal=mol) enthalpy change estimated from the van’t
Hoff analysis of the preedge area intensity was claimed to

show the absence of H-bond breaking. Meanwhile, in the
x-ray emission spectrum of water obtained by nonresonant
(XES) and resonant (RIXS) excitations, two distinct lone
pair peaks were observed, and it has been debated whether
these peaks represent two distinct local structures of water
[6,12,17,20,28,29], one tetrahedrally H-bonded and the
other highly distorted, or if they are only manifestations
of core hole-induced dynamics producing intact and dis-
sociated species from nearly tetrahedrally H-bonded water
[11,18,19].
Here we show high-resolution O 1s RIXS spectra ofH2O,

D2O, and HDO after excitation near the preedge resonance.
Figure 1 describes the RIXS process where the electron is
resonantly excited from the ground state to the core excited
antibonding state localized on a non-H-bonded OH [10,24]
and, subsequently, decays back to the original electronic
ground state, but with vibrational excitations. These ap-
pear due to nuclear motion in the core-excited molecular
potential during the lifetime (around 4 fsec [30] for O 1s�1)
of the core-excited state and have naturally been interpreted
as vibrational or phonon excitations in the ground state
potential of the molecule or solid [31,32], permitting direct
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comparison to an infrared (IR) or Raman spectrum. Recent
high resolution RIXS experiments show the multiple vibra-
tional structure of O2 [33] and ethylene [34] or excitation of
optical phonons in cuprates [35].

An advantage of RIXS over IR and Raman spectroscopy
is the possibility to use resonant excitation to selectively
probe a subensemble of molecules in a particular type of
configuration. Specifically, at the preedge the excitation is
into the antibonding O-H �� of a weakly H-bonded OH
group [2,24]. In this state the excited electron couples
weakly to the water conduction band and remains localized
on the core-excited molecule longer than the core-hole
lifetime [36], which gives an enhanced probability for
participator decay where the excited electron fills the
core hole with emission near the elastic line. In the O 1s
RIXS of water, this low-energy tail of the elastic line at
the preedge resonance has been interpreted as due to
vibrational excitations from core-hole-induced nuclear
dynamics but peaks in this region were not resolved [14].
Using high-resolution RIXS of liquid water, we have now
successfully obtained well-isolated multiple vibrational
structures at preedge resonant excitation. By analyzing
the vibrational energy in comparison to the OH stretch
main band of liquid water, we can thus discuss the origin
of the preedge structure in the O 1s XAS in terms of the
local structural environment in water. Details of the ex-
periment and path integral molecular dynamics (PIMD)
simulations are given in the Supplemental Material [37].

Figure 2(a) shows the O 1s XAS of H2O water (upper
right) and a full profile of the ultrahigh-resolution O 1s

RIXS (lower left) at XAS preedge excitation as indicated
by the arrow. The XAS profile is modified because of
saturation effects present in the fluorescence yield mode,
which, however, do not affect the RIXS measurements [6].
The emission spectrum below 528 eV corresponds to
emission from valence states of H2O modulated by core-
hole-induced dynamics or, equivalently, lifetime-vibrational
interference effects [29,38]. The spectrum satisfactorily
reproduces previous results [11,12,14] but with much better
energy resolution. We focus on the elastic-scattering region
above 528 eV, where a small oscillatory structure appears
and extends several eV below the elastic-scattering line at
534.5 eV. Here we resolve multiple well-separated
vibrational structures with the high energy resolution
(0.16 eV), which is better than the vibrational energy of the
OH stretch roughly estimated from the peak separation in
Fig. 2(b). The profile of each peak is approximately sym-
metric, and the RIXS spectrum is well fitted with symmetric
Gaussians with fixed energy width. The additional curve of
�0!1 is a standard Raman spectrum of water also at room
temperature [39] in the same experimental configuration
xðy; xþ zÞy as the RIXS spectrum for comparison. We
note the shift in peak energy between the preedge excited
RIXS and the Raman spectrum.
Figure 3 plots, for three experimental runs, the energy

separation of the neighboring Gaussian peaks in the over-
tone region of the vibrational spectrum. The monotonic
reduction of the energy separation between the various
overtones can be explained by assuming a simple Morse
function for the ground state potential energy surface. Most
striking is the first vibrational excitation energy (�0!1) of
0:45� 0:01 eV, which is much closer to the symmetric-
stretching mode (0.453 eV) and asymmetric-stretching
mode (0.465 eV) of a free water molecule [40] than to
the peak position of the IR (0.427 eV) or Raman (0.422 eV)
peak [39,41] of pure liquid H2O, which contains
contributions from water molecules in all configurations. It
can thus be concluded that the subensemble of water species

FIG. 2 (color online). (a) O 1s XAS of H2O (upper right) and
O 1s RIXS at preedge excitation as indicated by the arrow.
(b) Expanded image of the vibronic structure above 528 eV.
Dotted red curve is a standard Raman spectrum of liquid water in
the same experimental configuration xðy; xþ zÞy [39] as the
O 1s RIXS.

FIG. 1 (color online). A spatial image (upper panel) and
schematic of the O 1s RIXS with potential energy description
(lower panel) of the accompanying dynamics around the excited
water molecule within the lifetime (�4 fs for the O 1s core [30])
of the core hole.
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selected by the preedge excitation corresponds to those
having vibrational energies on the blue side of the infrared
or Raman OH stretch spectrum, which can be directly
interpreted as molecules with a highly weakened or broken
donating H-bond. The decreasing energy spacing at higher
vibrational order reflects the anharmonicity of the OH
stretch vibration. Such a decrease has also been observed
in the Raman OH stretch spectra of the first overtone [42].

Similar experiments were also performed with HDO (a
1:1 mixture of H2O and D2O giving 2:1:1 HDO:H2O:D2O
requiring subtracting 1

4 H2O and 1
4 D2O spectrum contribu-

tions) and D2O using identical conditions as with H2O
[Fig. 4(a)]. TheD2O spectrum indicates smaller vibrational
energies than that of H2O, as expected from the
OD-stretching mode energy of D2O. The mass-dependent
isotope effect is a strong evidence for the vibrational origin
of the multiple peak structure. Weinhardt et al. also dem-
onstrated the isotope effect on the multiple vibrational
excitations in the N 1s RIXS of aqueous ammonia [43].
In addition, analogous to the case of H2O, the vibrational
energy around 0:34� 0:01 eV is closer to the symmetric
stretching mode (0.331 eV) and the asymmetric stretching
mode (0.346 eV) of a free D2O molecule [40] than to the
main peak of pure liquid D2O (0.310 eV) [41]. Both the
H2O and D2O results indicate a strong preference for
selection of a highly weakened or broken hydrogen-bond
species by the preedge excitation.

Analogous to H2O and D2O, the preedge excited state of
HDO is localized on an OH or OD group with a highly
weakened or broken donating H-bond [24,36]. If the OH
and OD groups have equal probability to have a strong or
weak H-bond, the x-ray vibrational spectrum of HDO
should be reproduced by a one-to-one sum of the H2O
and D2O spectra. However, as shown in Fig. 4(b), the x-ray
vibrational spectrum of HDO is instead well fitted with a
weighted sum with ratio OH:OD ¼ 0:76:0:35 ¼ 2:17.

The preedge in XAS is, however, sharper and at slightly
higher energy for D2O than for H2O due to the differences
in vibrational level spacing [6], which leads to differences
in cross section around the preedge for the two isotopes.
Taking these differences in excitation probability between
the isotopes into account we obtain a ratio of 1:50� 0:2.
This strongly supports a preference for OH being the
weakened or broken H-bond while preferentially OD
produces the H-bond in the species that contribute to the
O 1sXAS preedge excitation in HDO. This is in agreement
with the well-known view that D2O produces stronger H-
bonds than H2O [44,45] and also supported by our PIMD
simulations. Using the cone criterion of Wernet et al. [2]

with rmax
OO ¼ 3:3 �A to define an H-bond we find 42% of the

molecules as asymmetric single-donor (SD) species. In this
subclass we find 10% more OH than OD as non-H-bonded.

Tightening the criterion for an intact H-bond to rmax
OO ¼

2:9 �Awhile keeping rmax
OO ¼ 3:3 �A to define a broken bond,

we specifically address more highly asymmetrically
H-bonded molecules (52% of the SD species). In this
case we find 20% more OH than OD as non-H-bonded
showing that the isotope effect becomes more important
for the more highly asymmetric species contributing to
the preedge. Indeed, the OH stretch of HDO in D2O is
more blueshifted than the OD stretch of HDO in H2O, as
observed in a Raman study by Smith et al. [44].
Figure 5(a) shows the excitation energy-dependent

vibrational RIXS profile around the preedge of H2O.
Within the experimental resolution, the vibrational peak
positions are independent of the excitation energy, indicat-
ing the absence of significant variations in the local structure
of species contributing to the spectrum near the preedge
resonance. There is, however, a variation in the relative
intensity of the overtones; below the resonance (531.8 eV),
the vibrational excitation was strongly suppressed, while
above the preedge excitation (534.5 eV), the peak intensity

FIG. 3 (color). Energy separation of each neighboring peak in
the vibrational RIXS spectrum of H2O. Three experimental results
obtained at different beam lines and beam times are shown to
illustrate the small uncertainty in the first excitation energy. The
red (blue) denotes gaseous water (liquid water), crosses (circles)
denote infrared [41] and Raman [39] experiments.

FIG. 4 (color). Isotope effect on the multiple vibrational
excitations of water. For each spectrum the background level
is indicated by a dashed line. (a) Red and black lines are results
for H2O and D2O, respectively. The green line is a result for
HDO extracted as described in the text. (b) Fitting of the
extracted HDO spectrum using a linear combination of the
H2O and D2O spectra in the range from 531–534 eV.
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of the higher orders monotonically decreased. However,
slightly below the preedge (533.6 eV) the second and
higher-vibrational excitation peaks rapidly decreased.
These intensity variations result from interference effects
when detuning to below the preedge resonance leading to a
reduced effective duration time of the scattering process [46].
This will result in a rapid decrease in the peak intensity of
higher-order vibrational excitations compared with that of
lower ones since the wave packet corresponding to the OH
(OD) has less time to evolve in the core-excited state [46]. By
plotting the excitation energy dependence of the intensity of
eachvibrational excitation, it is demonstrated inFig. 5(b) that
the higher-order vibrational excitations have their intensity
maximum at successively higher excitation energy. This
result can be simply explained by assuming a dissociative
potential of the non-H-bonded OH in the resonantly core-
excited state [10,47], where the excited system is placed on
the sharp slope of the potential energy surface resulting in
faster dissociation and increased fraction of higher-order
vibrational excitations with increasing excitation energy.

As mentioned above, the vibrational energy is constant
across preedge excitation, while the sum of all of the

vibrational components in Fig. 5(b) actually forms the
preedge peak. Thus, it can be concluded that the preedge
peak in the XA spectra of water purely originates from a
subensemble of species with highly weakened or broken
H-bonds. The entire vibrational structure rapidly decreases
above the preedge (536.3 eV) and completely disappears at
the postedge resonance (540 eV) due to the—compared to
the O 1s lifetime—much shorter time scale for delocaliza-
tion of the excited electron in the H-bond-derived conduc-
tion band of tetrahedrally H-bonded water [36], leading to
the absence of a long-lived excitonic (localized) electron
that can contribute to the RIXS elastic channel [36].
Finally, we conclude that at O 1sXAS preedge excitation,

water molecules with a highly weakened or broken H-bond
are definitely selected contrary to what was concluded in a
recent study by Pylkkänen et al. [5], where the weak tem-
perature dependence of the preedge intensity was inter-
preted as evidence for nonbroken H-bond configurations.
However, this apparent contradiction is reconciled by the
fact that the total energy cannot be divided into individual
H-bond contributions; there are also important contributions
from dispersion or van der Waals interactions that become
enhanced when tetrahedral structures are broken up leading
to closer packing [48]. We would like to stress that the
present result is fully consistent with the interpretation of
the XES and XAS spectra of ambient water, strongly sup-
porting the two distinct local structure model of ambient
water [6,12,20,22,28,49], but the small difference in free
energy makes for a challenge to simulations. The current
result thus provides additional opportunities for evaluating
theoretical models including computing the XAS spectra of
water. The OH stretch vibrational energies can then be
computed for specific water species in a water model that
gives appreciable intensity to the preedge feature.
In summary, we used O 1s RIXS spectra to characterize

the OH stretch vibrations of the H-bonding properties of
the particular subset of molecules in liquid water selected
by the strongly debated O 1sXAS preedge excitation. On a
fundamental level this provides a unique coupling between
electronic excitation and vibrational spectral information
content of a disordered system such as liquid water. For
H2O and D2O, �0!1 coincides closely with the energy of
the stretching vibrational mode of gas-phase water rather
than that of liquid water, clearly indicating the contribution
to the XAS preedge peak of molecules with a highly
weakened or broken donating H-bond. Large quantum
effects in water are observed with 50% higher contribution
of the OH stretch compared to OD to the HDO spectrum
supporting a preference for OH being the weakened or
broken H-bond in asymmetrically H-bonded species while
OD produces the intact H-bond in the species that contrib-
ute to the preedge. This trend is well reproduced in PIMD
simulations and becomes enhanced for more strongly
asymmetrically H-bonded species.
Experiments at SPring-8 BL07LSU were performed

jointly by the Synchrotron Radiation Research Organization
and the University of Tokyo (Proposals No. 2011B7403,

FIG. 5 (color). (a) Excitation energy dependence of the O 1s
RIXS of H2O. The elastic peak is taken as reference in all spectra
corresponding to zero energy loss. (b) Intensity profile of each
vibrational excitation against the excitation energy compared with
the O 1s XAS of liquid H2O. Dotted vertical lines indicate the
peak position of the Gaussians fitted to each profile. The dotted
curve corresponds to the preedge component of the XAS spectrum.
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No. 2012A7403, and No. 2012B7403). Experiments at
SPring-8 BL17SU were performed with the approval of the
RIKEN SPring-8 Center (Proposal No. 20110058,
No. 20120075) and supported by the Japan Society for the
Promotionof Science (JSPS) through its FundingProgramfor
World-Leading Innovative R&D on Science and Technology
(FIRST) Program. K.T.W. is supported by the Icelandic
Research Fund. The PIMD simulations were performed on
resources provided by the Swedish National Infrastructure
for Computing (SNIC) at the PDC center.
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Såthe, H. Ågren, H. Siegbahn, and J. Nordgren, Phys. Rev.
Lett. 89, 137402 (2002).

[10] M. Odelius et al., Phys. Rev. Lett. 94, 227401 (2005).
[11] O. Fuchs et al., Phys. Rev. Lett. 100, 027801 (2008).
[12] T. Tokushima, Y. Harada, O. Takahashi, Y. Senba, H.

Ohashi, L. G.M. Pettersson, A. Nilsson, and S. Shin,
Chem. Phys. Lett. 460, 387 (2008).

[13] K.M. Lange, M. Soldatov, R. Golnak, M. Gotz, N. Engel,
R. Könnecke, J.-E. Rubensson, and E. F. Aziz, Phys. Rev.
B 85, 155104 (2012).
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Nordgren, F. Gel’mukhanov, A. Cesar, and H. Ågren,
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