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Resonant Inelastic X-Ray Scattering Reveals Hidden Local Transitions
of the Aqueous OH Radical
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Resonant inelastic x-ray scattering (RIXS) provides remarkable opportunities to interrogate ultrafast
dynamics in liquids. Here we use RIXS to study the fundamentally and practically important hydroxyl
radical in liquid water, OHðaqÞ. Impulsive ionization of pure liquid water produced a short-lived
population of OHðaqÞ, which was probed using femtosecond x-rays from an x-ray free-electron laser. We
find that RIXS reveals localized electronic transitions that are masked in the ultraviolet absorption spectrum
by strong charge-transfer transitions—thus providing a means to investigate the evolving electronic
structure and reactivity of the hydroxyl radical in aqueous and heterogeneous environments. Firstprinciples calculations provide interpretation of the main spectral features.
DOI: 10.1103/PhysRevLett.124.236001

The hydroxyl radical (OH) is of major importance for
atmospheric, astrochemical, biological, industrial, and
environmental research. In the gas phase, OH is the primary
oxidizing agent that rids the atmosphere of volatile organic
compounds and other pollutants [1]. It is a key tracer
describing the evolution and thermodynamics of interstellar
clouds [2]. Despite its reactive nature stemming from an
open electronic shell, the gas-phase absorption spectrum of
OH has been fully characterized in the microwave [3],
infrared, optical or ultraviolet (UV) [4], and, more recently,
the x-ray [5] spectral ranges. Beyond purely gas-phase
processes, these OH fingerprints also characterize heterogeneous processes such as the generation of reactive
oxygen species from photocatalysis [6].
Spectroscopic characterization of the hydroxyl radical in
the condensed phase is more challenging, owing to its
extreme reactivity and short lifetime. Of particular interest
is the characterization of OH in aqueous environments,
which impacts radiation biology [7] and chemistry [8].
Given its unpaired spin, electron spin resonance techniques
0031-9007=20=124(23)=236001(7)

are a natural choice to detect the presence of OH, either
directly or through spin traps, but only microsecond timescales are accessible [6]. For faster timescales, desired for
tracking reaction dynamics, one may consider UV spectroscopy. The UV spectrum of solvated OH obtained via
pulsed radiolysis of water [9] is reproduced in Fig. 1. It is
dominated by a strong feature at 230 nm (5.4 eV), whereas
the dominant gas-phase absorption at 309 nm (4 eV), due to
valence excitation from the ground (X) to the lowest excited
electronic state (A), is barely visible. On the basis of
electronic structure calculations [10–13], this dominant
spectral feature of OHðaqÞ was attributed to charge-transfer
(CT) transitions from the lone pair of nearby waters, filling
the hole in the OH 1π orbital (Fig. 1, bottom left).
Resonant inelastic x-ray scattering (RIXS) delivers
atomic-site specific information about the local electronic
structure and dynamics in condensed phase. The application
of soft x-ray RIXS to liquids [14] has generated considerable
attention; improvements in sensitivity [15] and energy
resolution [16] continue to open new perspectives on

236001-1

© 2020 American Physical Society

PHYSICAL REVIEW LETTERS 124, 236001 (2020)

FIG. 1. UV absorption and RIXS energy-loss spectra of
OHðaqÞ (top) and molecular orbital diagrams (bottom). The
electronic configuration of OH is 1s2O 1σ 2 2σ 2 1π 3 . The lowest
valence transition (2σ → 1π, marked as LTval for local transition)
has low oscillator strength due to its pz → px =py character; the
UV spectrum is dominated by charge-transfer transition (CTval )
from nearby waters. In resonantly excited OH (1s1O 1σ 2 2σ 2 1π 4 ),
both 1π → 1s and 2σ → 1s transitions are bright, giving rise to
the elastic peak (zero energy loss) and a feature at ∼4 eV. The
gap between the two RIXS peaks corresponds to the 2σ → 1π
energy.

fundamental liquid-phase interactions [17–19]. Recently, the
combination of RIXS, liquid microjets, and x-ray freeelectron lasers enabled time-resolved measurements of
electronic structure of transient species in solutions [20,21].
Here we report the RIXS spectrum for the short-lived OH
radical in water (Fig. 1). In sharp contrast to the UV
spectrum, the RIXS spectrum of OHðaqÞ features two
peaks corresponding to transitions between the OH orbitals
(Fig. 1, bottom right). The energy difference between the
elastic and inelastic peaks corresponds to the X → A
transition, which, in turn, roughly equals the energy gap
between the 2σ and 1π orbitals. Thus, RIXS reveals
intrinsic local electronic structure of solvated OH, which
is obscured in the UV region by CT transitions. In contrast
to CT transitions, which are characteristic of the solvent
and its local structure, local transitions (LT) are fingerprints
of the solute and can, therefore, be used to track reactive
hydroxyl radicals in various complex and heterogeneous
environments. The CT transitions in the RIXS spectrum are
suppressed because the compact shape of the core 1sO
orbital results in poor overlap with the lone pairs of
neighboring waters. We confirm this by ab initio RIXS
calculations using a new electronic structure method
[22,23] based on the equation-of-motion coupled-cluster

(EOM-CC) theory. These calculations also reproduce the
relative RIXS line intensities, positions, and widths for the
elastic and inelastic peaks of OHðaqÞ and OH− ðaqÞ.
The OHðaqÞ spectra are also compared to the x-ray
emission spectra (XES) of liquid water, where the role of
hydrogen bonding and ultrafast dynamics has long been
debated [15,18,24–28]. If core-ionized water dissociates
prior to core-hole decay, a core-excited OHðaqÞ is formed
in the 1s1O 1σ 2 2σ 2 1π 4 intermediate RIXS state (Fig. 1). The
lower-energy component of the water XES doublet has
been attributed to this ultrafast dissociation [15] and our
measurement of the position of the OHðaqÞ RIXS resonance directly provides relevant information that previously
was indirectly deduced [27].
Here, as in our companion study using x-ray transient
absorption (XTAS) [29], strong-field ionization is used to
create the hydroxyl radical in pure liquid water. After initial
formation of a water cation (H2 Oþ ) ultrafast proton transfer
to a neighboring water molecule on a sub-100 fs timescale
[30] creates the hydroxyl radical, OHðaqÞ, and the hydronium ion (H3 Oþ ). In the time window between proton
transfer (∼100 fs) and geminate recombination (∼20 ps),
the ionized liquid water sample contains OHðaqÞ.
Previously [29], we used XTAS to probe the kinetics of
OHðaqÞ, a study facilitated by the fact that the resonant
1sO → 1π transition of OHðaqÞ occurs cleanly in the
“water window,” i.e., below the liquid water absorption
edge. Here we report on our simultaneous use of RIXS to
probe OHðaqÞ, thus allowing spectroscopic investigation
of local valence transitions that are chemically most
relevant.
Briefly, optical-pump x-ray-probe RIXS was performed
using the soft x-ray research (SXR) instrument [30] at the
Linac coherent light source (LCLS) at SLAC National
Accelerator Laboratory. Monochromatized x-ray pulses
were scanned from 518 to 542 eV (∼10 μJ, ∼40 fs,
200 meV bandwidth). Three photon detection channels
were simultaneously recorded: transmission, total fluorescence, and dispersed emission. A detailed description of
the performance of the optical laser, water jet, and x-ray
monochromator calibration, shot-by-shot normalization
procedures can be found in [29]. Here we describe additionally the x-ray emission spectrometer and experimental
geometries for RIXS measurements of OHðaqÞ.
X-ray emission was collected perpendicular to the
incoming x-ray beam and along the x-ray polarization axis
to suppress elastic scattering using a variable-line-spacing
grating-based spectrometer with an efficiency of ∼10−7
[31]. The low collection efficiency for the RIXS spectrum
combined with a limited collection time precluded binning
of these RIXS spectra with the 40-fs, 200-meV time and
energy resolutions associated with the XFEL pulse. A CCD
camera located at the exit plane of the spectrometer recorded
images on a shot-by-shot basis. The energy dispersion and
absolute energy of the incoming monochromatized radiation
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FIG. 2. RIXS maps of ionized liquid water (a) before valence ionization and (b) after valence ionization, integrated for time delays
between 200–1400 fs. The intensity of the maps is the number of counts on the emission spectrometer (15 054) normalized by the
number of XFEL pulses (365 846). Before ionization, a threshold for emission is seen near 534 eV incident photon energy. After
ionization, a resonant feature appears at 526 eV due to the transient OHðaqÞ radical. The two energy windows used to create the spectra
shown in Fig. 3 are marked: 536–542 eV for bulk water and 525.70–526.12 eV for OHðaqÞ.

were previously calibrated [29,32]. The dispersion of the
emission spectrometer was determined by fitting a first
degree polynomial to the elastic line visible in Fig. 2(b).
To gain insight into the nature of main spectral features,
we carried out electronic structure calculations using EOMCC [33] with single and double excitations (EOM-CCSD)
augmented by core-valence separation (CVS) [34] to
enable access to core-level states [22,35]. As a multistate
method, EOM-CC treats different valence and core-level
states on an equal footing and is particularly well suited for
modeling molecular properties, including nonlinear properties [33,36–38]. To account for solvent effects, the spectral
calculations of OHðaqÞ=OH− ðaqÞ were carried out within
the QM/MM (quantum mechanics-molecular mechanics)
scheme with water molecules described by classical force
field and OH=OH− described by EOM-CCSD by using
snapshots from equilibrium ab initio molecular dynamics
simulations.
The electronic factors entering RIXS cross sections are
the RIXS transition moments given by the following
Kramers-Heisenberg-Dirac (KHD) expression [39]:
Xhfjμy jnihnjμx jgi hfjμx jnihnjμy jgi 
M xy
;
¼
−
þ
fg
Ωng − ωi;x − iϵn Ωng þ ωo;y þ iϵn
n
where g and f denote the initial and final electronic states
(i.e., ground and valence excited state of OH), ωi =ωo
are the incoming/outgoing photon frequencies, and the sum
runs over all electronic states; Ωng ¼ En − Eg is the energy
difference between states n and g, and iϵn is the imaginary
inverse lifetime parameter for state n. In the present
experiment, the dominant contribution to the RIXS cross
section comes from the term corresponding to the
1s1O ; …; 1π 4 state, which is resonant with excitation

frequency of 526 eV, such that the spectra can be qualitatively understood within a three-state model. Within the
EOM-CC framework, the KHD expression is evaluated
using EOM-CC energies and wave functions. Rather than
arbitrarily truncating the sum over states, we replace all ϵn s
with a phenomenological damping factor ϵ and use damped
response theory to convert the KHD expression into a
numerically tractable closed form [23,37,40]. Robust convergence of the auxiliary response equations is achieved
by using CVS within the damped response domain [23].
The resulting method combines rigorous treatment of
RIXS cross sections and high-level description of electron
correlation. To describe vibrational structure in the RIXS
spectrum, we computed Franck-Condon factors (FCFs)
using three-state model (as was done in Ref. [17]) and
harmonic approximation. To quantify the relative strengths
of LT and CT transitions, we also carried out calculations
on model water-OH structures. All calculations were
performed using the Q-Chem electronic structure package
[41]. Full details of computational protocols are given in
the Supplemental Material [42].
Theoretical estimates of key structural parameters of the
isolated OH given in Table I agree well with experimental
values [4,5]. Theory overestimates the energy of the
valence transition by 0.08 eV and underestimates the
energy of the core-excited state by 0.7 eV; these differences
are within the error bars of the method [22]. The variations
in bond lengths and frequencies among different states are
consistent with the molecular orbital picture of the electronic states. The structural differences between the states
give rise to a vibrational progression in the x-ray absorption
spectrum; the computed FCFs are in excellent agreement
with the experimental ones (see the Supplemental
Material [42]).
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TABLE I.
State
2

Key structural parameters of isolated OH radical.
Character
2

2

2

3

T e , eV

re , Å

ωe , eV

μ, a.u.

0.000
0.000

0.972
0.970

0.468
0.463

0.701

Xð Π1 Þ

1s 1σ 2σ 1π

core 2Σþ

1s−1 1σ 2 2σ 2 π 4

525.1
525.8

0.916
0.915

0.543
0.533

0.814

Að2 Σþ Þ

1s2 1σ 2 2σ 1 1π 4

4.128
4.052

1.014
1.012

0.398
0.394

0.801

a
b
a
c
a
b

a

Theory, this Letter. Energies (T e ) and dipole moments (μ): (cvs)-EOM-EE-CCSD, computed at the experimental
geometries; re and ωe : (cvs)-EOM-IP-CCSD. Basis set: uC-6-311ð2þ; þÞGð2df; pÞ.
Experiment Ref. [4].
c
Experiment Ref. [5].
b

Figure 2 shows the RIXS maps before and after the
ionization pulse. The RIXS map prior to ionization,
Fig. 2(a), is in agreement with earlier measurements
[15,24,26]. There is a threshold for emission at ∼534 eV
excitation energy and a pre-edge peak at 535 eV. After

FIG. 3. Comparison of RIXS from OH and OH− . Top:
Experimental XES from water for excitation energies between
536–542 eV compared to XES of water excited at 550.1 eV [15].
Middle: RIXS from the 526-eV resonance of OHðaqÞ compared
with theory (shifted þ1.0 eV). Bottom: RIXS from OH− excited
at 533.5 eV and compared with theory (shifted −0.2 eV).
Ref. [15] data shifted −0.7 eV. Insets show molecular orbital
diagrams for the RIXS transitions in OH and OH− .

ionization, Fig. 2(b), a new resonant feature appears at
526 eV excitation energy that is identified as 1sO → 1π
transition of OHðaqÞ: its position is near that of gas-phase
OH [5] and its kinetics are consistent with proton transfer
[29]. The position of the quasielastic RIXS line of OHðaqÞ
coincides with the lower-energy component of the water
XES doublet (see dashed line in Fig. 3), providing a check
on the absolute energy and consistent with the interpretation [15] of this peak as due to ultrafast dissociation.
Table II summarizes the main RIXS features of OHðaqÞ
and OH− ðaqÞ, comparing experimental and theoretical
values. The RIXS spectrum has a peak with 0.7 eV
þ1 →
FWHM that is assigned to quasielastic GS → 1s−1
O π
GS scattering to the electronic ground state. We also
observe a 1.5 eV wide structure beginning at 3.6 eV energy
loss that corresponds to scattering to the first electronically
þ1 → 2σ −1 π þ1 . The calculations
excited state: GS → 1s−1
O π
reproduce the gap (ΔE) between the quasielastic and
energy-loss peak well; however, the absolute position of
the 1sO → 1π transition is 1 eV off. EOM-EE-CCSD
excitation spectra for core-level transitions often exhibit
systematic shifts of 0.5–1.5 eV, attributed to insufficient
treatment of electron correlation [22], whereas the relative
positions of the peaks are reproduced with higher accuracy.
The intensity ratio of the two peaks stems from their π
and σ character and is reproduced qualitatively by our
calculations.
Both quasielastic and energy-loss peaks are broadened
due to the interaction with polar solvent and to vibrational
structure. As shown in Table I, the dipole moment in
electronically excited OH is 14% larger than in the ground
state, suggesting larger inhomogeneous broadening for the
energy-loss peak; this is confirmed by our QM/MM
calculations, where the effect of the solvent is treated
explicitly. The analysis of structural differences between
the ground Xð2 Π1 Þ, valence excited Að2 Σþ Þ, and coreexcited states suggests longer vibrational progression for
the energy-loss peak, which is confirmed by the computed
FCFs (see the Supplemental Material [42]). This trend can
be rationalized by the shapes of molecular orbitals: the
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TABLE II. Positions and relative intensities of the RIXS peaks
for OHðaqÞ and OH− ðaqÞ as defined in the insets of Fig. 3.
E, eV

ΔE, eV

Ratio

OHðaqÞ
OHðaqÞ

a

This work
This workb

526.0
525.0

−3.8
−4.0

2.1
2.04

OH− ðaqÞ
OH− ðaqÞ

Ref. [15].
This workb

526.5
526.2

−3.8
−3.8

4.3
5.20

Species

Source

a

Experiment.
Theory.

b

bonding character of 2σ orbital involved in the GS →
þ1
1s−1
→ 2σ −1 π þ1 transition renders it more sensitive to
O π
vibrational excitations.
The middle and bottom panels of Fig. 3 compare the
RIXS of OHðaqÞ to that of OH− ðaqÞ [15]. The two species
show very similar emission spectra, as expected from the
similarity of the intermediate RIXS state. There is a
significant difference in the intensities of the quasielastic
π peak and the energy-loss (σ) feature. The observed π=σ
ratios for OHðaqÞ and OH− ðaqÞ are 2.1∶1 and 4.3∶1,
compared to the calculated 2.04∶1 and 5.20∶1. In OH−
calculations, we assumed resonant excitation to the lowest
XAS peak of solvated OH− , which roughly corresponds to
the transition to a diffuse σ-type orbital. The observed π=σ
RIXS ratio from OH− ðaqÞ depends strongly on the nature
of the intermediate state and, therefore, would be very
sensitive to the excitation frequency; thus, the discrepancy
between the computed values and Ref. [15] could be due to
different excitation regimes.
To rationalize the apparent absence of the CTcore
transitions in RIXS, we computed valence and core-level
transitions for model OH-H2 O structures. For the hemibonded structure, thought to be responsible for the CTval
spectral feature in the UV-visible spectrum [11,12], the
oscillator strength for the local X → A valence transition is
five times smaller than that of the CTval transition. In
contrast, the oscillator strength for the CTcore transition is
∼50 times smaller than that of the LTcore due to the poor
overlap of the lone pair of water with the compact 1sO
orbital of OH.
In summary, we have measured RIXS of the short-lived
hydroxyl radical in pure liquid water. At the OH resonance
of 526 eV, an energy-loss feature at 3.8 eV, corresponding
to the localized X → A transition of OHðaqÞ, was observed.
The position of the OH resonance relative to bulk water
XES provides information relevant to the long-standing
debate on the structural versus dynamical interpretation of
water XES. Ab initio calculations reproduce the positions,
relative intensity, and broadening of the quasielastic and
energy-loss peaks of OHðaqÞ and OH− ðaqÞ and provide
insight into the relative intensities of the local and CT RIXS
transitions. Time-resolved RIXS on femtosecond timescales, enabled by the availability of intense tunable

ultrafast x-ray pulses from XFELs, highlights the localized
transition in this transient species, which is otherwise
hidden in direct UV absorption spectra. This ability to
report on intrinsic electronic structure of OH, rather than on
the properties of the solvent and its structure (as revealed by
the CT transitions dominating the UV spectrum), represents
the key advantage of RIXS, demonstrating that it may be
used to track ultrafast reactions of the chemically aggressive hydroxyl radical in aqueous and potentially more
complex environments.
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