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Imaging Dynamics on the
F + H2O → HF + OH Potential Energy
Surfaces from Wells to Barriers
Rico Otto,1* Jianyi Ma,2,3* Amelia W. Ray,1 Jennifer S. Daluz,1 Jun Li,3

Hua Guo,3† Robert E. Continetti1†

The study of gas-phase reaction dynamics has advanced to a point where four-atom reactions
are the proving ground for detailed comparisons between experiment and theory. Here, a
combined experimental and theoretical study of the dissociation dynamics of the tetra-atomic
FH2O system is presented, providing snapshots of the F + H2O → HF + OH reaction.
Photoelectron-photofragment coincidence measurements of the dissociative photodetachment
(DPD) of the F¯(H2O) anion revealed various dissociation pathways along different electronic
states. A distinct photoelectron spectrum of stable FH–OH complexes was also measured and
attributed to long-lived Feshbach resonances. Comparison to full-dimensional quantum
calculations confirms the sensitivity of the DPD measurements to the subtle dynamics on
the low-lying FH2O potential energy surfaces over a wide range of nuclear configurations
and energies.

Thanks to the fruitful interplay between ex-
periment and theory, our understanding of
elementary atom-diatom reactions such as

F + H2 → HF + H at the quantum mechanical
level is now highly sophisticated (1, 2). As the
number of atoms N in a chemical reaction in-
creases, the complexity grows dramatically as
3N – 6 coordinates are necessary to fully describe
the system. With six degrees of freedom, four-

atom reactions have emerged naturally as the
new proving ground for understanding reaction
dynamics. Recently, theoretical methods have
progressed to a level where highly accurate com-
parisons with experimental results are becom-
ing possible for four-atom reactions (3), such
as the benchmark H2 + OH→ H2O + H and its
isotopologs (4–7).

One of the key foundations for analyzing a
chemical reaction is a detailed knowledge of the
Born-Oppenheimer potential energy surface (PES),
which represents the relation between a geomet-
rical arrangement of the nuclei of a chemical sys-
tem and its corresponding electronic energy. A
number of experimental techniques have been
developed that are sensitive to different aspects of
the molecular PES. For example, rate coefficients
depend on the height of reaction barriers and/or

are sensitive to the long-range forces between
reactants.Molecular spectroscopy provides struc-
tural information and allows probing of different
product internal states. Crossed-molecular beam
measurements of angle-resolved differential cross
sections map the reaction dynamics on a quantum
state-to-state level (8) and are sensitive to dy-
namical (e.g., Feshbach) resonances in chemical
reactions (9). In addition, nonadiabatic dynamics
that involve transitions betweenmultiple electronic
PESs have also attracted increasing attention
(10, 11). Negative ion photoelectron spectroscopy
has been demonstrated as an effective tool (12)
with application to both nonadiabatic effects (13)
and resonance phenomena (14). The combined
information from these different sources offers a
stringent test for state-of-the-art theoretical methods,
advancing our understanding of chemical reactions
in more complex systems. Substantial progress in
the field of reaction dynamics has thereby always
been closely tied to the detailed study of benchmark
systems like F + H2. A natural extension to
consider as we move to four-atom systems is the
F + H2O reaction.

The F + H2O reaction is a prototypical hydro-
gen abstraction reaction between a radical and
water. It represents a fundamental reaction of
anthropogenic fluorine in Earth’s atmosphere
(15) andmay also play a key role in the formation
of HF that has recently been discovered in the
interstellar media (16). The interaction of the F
atom with water gives rise to three different PESs,
two of which correlate with the F(2P3/2) ground
state (Fig. 1). In the adiabatic limit, the lower-
lying ground (X) state corresponds to HF +
OH(2P3/2), whereas the higher-lying excited (A)
state leads to spin-orbit excited HF + OH(2P1/2)
products (17). A reaction barrier separates van der
Waals (vdW) complexes on the entrance and exit
channel sides of the reaction (18, 19). Recent
theoretical studies have shown that the prereaction
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complex, F–H2O, may have a strong influence on
the reactivity of the system (20).

An early study of the F + H2O rate coefficient
found no temperature dependence over a wide

range, implying a tunneling-mediated reaction
at low temperatures (21). Wang and co-workers
have probed the transition state of the F + H2O
reaction using anion photoelectron spectroscopy

at 6.42-eV photon energy (22), and the fragmen-
tation process has been analyzed by direct dy-
namics simulations (23). In an extensive set of
crossed beam experiments, Nesbitt and co-workers
have explored the F + H2O/D2O reaction in great
detail (17, 24–26), using optical methods to probe
the internal state distributions of the nascent di-
atomic products. Although the collision energies
in these experiments were too low to overcome
the adiabatic barrier for the formation of spin-
excited OH, a branching ratio of 2P3/2:

2P1/2 =
0.69:0.31 was observed, suggesting the impor-
tance of nonadiabatic dynamics beyond the Born-
Oppenheimer picture in this system (25).

Here, we report on a joint experimental and
theoretical studyof theFH2Osystem.Unlike crossed
beam experiments, where reaction products are
only probed asymptotically, the photoelectron-
photofragment coincidence experiment used here
provides snapshots of the reaction dynamics all
along the reaction coordinate, from the saddle point
accessed by photodetachment to the asymptotic
product channels as determined by translational
spectroscopy. As shown in Fig. 1, the wave func-
tion for the F¯(H2O) anion has substantial over-
lap with configurations ranging from the saddle
point to the vdW wells on the neutral reaction
surface. This makes a comparison with state-of-
the-art quantum dynamics calculations possible
for a broad range of observables, illustrating the
great strides being made in understanding the
PES and dynamics of four-atom systems.

In the experiment, a pulsed laser at 258 nm
(4.80 eV) was used to photodetach an electron
from F¯(H2O) in a fast ion beam, and the photo-
electron was collected in a velocity map imaging
spectrometer. The photofragments resulting from
this process were collected in coincidence on a

Fig. 1. Potential energy surfaces of the ground (X) and excited (A) states of the FH2O system. In
the PPC experiment, the F¯(H2O) anion (as indicated schematically) is projected onto the neutral surfaces
by laser photodetachment. The energy of the ejected photoelectron (eKE) is measured in coincidence with
the kinetic energy release of the photofragments (KER). A photoelectron spectrum of nondissociative
events is measured by enforcing coincidence between electrons and stable FH2O products only. The panels
on the right show wave functions for the F¯(H2O) anion and Feshbach resonances for FH(v′ = 1)–OH and
FH(v′ = 2)–OH states on the X state, with coordinates described in the SM. The energetic contours on the X
state surface are spaced by 0.2-eV contours, with the darker contours representing energetically allowed
regions at the photon energy used. The wave functions in the two Jacobi coordinates are obtained with
other coordinates fixed at the maximal probability.

Fig. 2. Photoelectron-photofragment coincidence spectra for the FH2O
system. (A) Measured and (B) calculated spectra are compared. The solid
white lines mark the energetic limits for dissociation into HF + OH (upper line)

and F + H2O (lower line) fragments. The dashed lines indicate vibrationally
excited product states. White arrows in (B) show regions of notable con-
tributions for specific channels.
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time- and position-sensitive detector to determine
the translational energy release from the dissocia-
tion.The photoelectron-photofragment-coincidence
(PPC) technique allows the “half reaction” (i.e., the
fragmentation into either reactants or products) to
be measured in a kinematically complete fashion
(27, 28). The PPC spectrum was obtained by
recording the electron kinetic energy (eKE) and
photofragment kinetic energy release (KER) for
each event in a two-dimensional (2D) coinci-
dence plot (Fig. 2A). The overall energy avail-
able in the dissociative photodetachment (DPD)
process can be distributed into either electron ki-
netic energy or photofragment energy (kinetic and
internal). The total kinetic energy (hereafter sim-
ply called “total energy”) determines the internal
energy of the products, and therefore their final
states. All combinations of eKE and KER that
lead to the same final states give rise to a diagonal
band structure that emerges from the spectrum.
The maximum total energy available in the dis-
sociation is given by the photon energy, the ener-
gy necessary to photodetach an electron from
F¯(H2O), and the energy released in the fragmen-
tation (29). HF + OH products reach this energetic
cutoff when all available energy is converted into
translational energy. This energetic cutoff is marked
by the outermost diagonal white line in Fig. 2.

The PPC spectrum in Fig. 2 reveals many
details of the dissociation dynamics. Although
the experimental resolution is not sufficient to dis-
tinguish different rotational levels in the products,
high rotational excitation can be inferred from the
width of the observed vibrational bands. At total
energies of 0.59 and 0.52 eV, formation of
HF(v′ = 0) +OH(v′=1)andHF(v′=1)+OH(v′=0)
products, denoted (0, 1) and (1, 0), respectively,
becomes possible. These energetic limits are
marked by the yellow dotted lines in the spec-
trum that assume single vibrational quanta in the
OH and HF products. Both product states are
observed as soon as they become energetically
possible. Once these product channels open up
along the eKE coordinate, the (0, 0) products die
off, indicating that dissociative events starting
from configurations close to the barrier for the
reaction (at low eKE) favor production of vibra-
tionally excited states. This HF vibrational exci-
tation is a consequence of substantial lengthening
of the H-F distance in the transition state relative
to the equilibrium bond length of the free HF
product.

The energetics for populating (0, 2), (2, 0),
and (1, 1) final states are marked by the diagonal
lines located at 0.18, 0.11, and 0.09 eV total en-
ergy, respectively. At a total energy of 0.25 eV,
fragmentation into F + H2O becomes accessible,
as marked by the lower white line in the image.
Under the current experimental conditions, the
F + H2O product channel cannot be separated
from the formation of HF + OH owing to limited
product mass resolution. Analyzing the vibra-
tional state distributions, we find that only 8% of
all products are observed in the (0, 0) ground
state. A majority of all events (52%) are found in

the energetic range between the opening of the
(0, 1) and the (0, 2) product channels. This result
is consistent with recent crossed beam experiments
for the F + H2O reaction where a population in-
version for the HF(v = 1) stretch mode was ob-
served (26).

All events in the (0, 0) band are observed in
two distinct regions of the PPC spectrum. One
region is centered around high eKE (0.9 eV) and
low KER (0.05 eV), the other around lower eKE
(0.6 eV) and higher KER (0.2 eV). Both regions
are found in a diagonal band structure represent-
ing the same total energy and therefore lead to the
same final states. The pattern is mirrored in the
(1, 0) band with a higher (0.45 eV) and a lower
(0.15 eV) eKE region. This finding points to two
different channels for the dissociation process and,
as discussed below, reflects different electronic
states that participate in the dissociation.

To test our ability to predict and understand
the experimental results, we have modeled the
dissociation process using full-dimensional quan-
tum dynamics calculations, based on ab initio PESs
of the two lowest-lying electronic states of FH2O
(Fig. 1) (18, 19). Mimicking the experiment, the
anion wave function in its ro-vibrational ground
state on an ab initio–based anion PES is vertical-
ly projected on the neutral PESs and propagated
with a full-dimensional Hamiltonian (J = 0). Both
the F + H2O and HF + OH asymptotic states are
resolved after propagation of ~2 ps. The final-
state distributions at the photon energy are then
used to construct the 2D PPC spectrum (see sup-
plementarymaterials, SM). Overall, the agreement
between the experimental data and theoretical
results is very good (Fig. 2B). The topology of
the spectrum, as well as the relative population of

the various fragmentation channels, is well re-
produced, indicating that the theory captures the
essence of the dynamics of FH2O dissociation.
The calculations allow decomposition of the PPC
spectrum into its final-state resolved components
(figs. S2 to S4), which sheds further light on the
features observed in the experiment. Indeed, the
theoretical results confirm the large preponder-
ance of (1, 0) products (66% of all products at
this photon energy), in agreement with the ex-
perimental results. The outgoing wave function be-
comes temporarily trapped in a number of Feshbach
resonance states (Fig. 1). This resonance-mediated
dissociation is directly correlated with vibration-
ally excited HF products. In addition, the theo-
retical results confirm that the A state plays a
substantial role in the dissociation dynamics of
FH2O and is responsible for theweak features, with
low eKE and high KER in each channel. By
contrast, the fraction for the F + H2O channel is
found to be small (12%) and exclusively origi-
nates from the X state.

Complementary to the dissociative channels,
long-lived complexes in the FH2O system were
identified by enforcing coincidence of the out-
going photoelectron with single particles arriving
at the neutral detector with the mass of the parent
anion, yielding a photoelectron spectrum of sta-
ble neutral complexes (Fig. 3). This kind of in-
formation cannot be obtained in a photoelectron
spectroscopy measurement, where the fate of the
neutral products is not recorded. The existence of
such a spectrum in the FH2O system is per se
quite remarkable as any metastable states must
have a lifetime of ≳5 ms to be detectable in the ex-
periment. The observed stable spectrum in Fig. 3
features a double peak structure at 1.0 and 1.15 eV.

Fig. 3. Experimental and theoretical stable photoelectron spectra for the FH2O system, show-
ing the normalized electron probability distribution as a function of eKE. The peaks in both
spectra at ~1.15 eV are assigned to a direct transition into bound states in the stable FH–OH vdW well.
The peaks at ~0.5 eV in both spectra are assigned to Feshbach resonance states trapped in the FH(v′ = 1)–
OH vdW well. QM, quantum mechanical.
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The peak associated with the highest eKE in the
spectrum is found beyond the energetic limit
for fragmentation into OH + HF ground state
products. These events must result from direct
photodetachment into the exit channel FH–OH
vdW complex of the F + H2O reaction. A higher-
lying HF–HO vdW complex in the exit channel
may be responsible for the lower-energy peak at
1.0 eV (19). Another feature is observed at 0.45 eV,
roughly one vibrational quantum in HF (∼0.6 eV)
above the FH–OHvdWcomplex. Corresponding
features observed in the dissociative PPC spec-
trum in Fig. 2 suggest that this signal arises from
a temporarily trapped vdW complex, FH(v′ = 1)–
OH, a long-lived Feshbach resonance.

To understand the nature of the stable spec-
trum, the energy spectrum of the remaining wave
packet after 2.5-ps propagation was computed.
The calculated spectrum is compared in Fig. 3
with the experiment. The features centered around
0.55 and 0.15 eV are attributed to long-lived
Feshbach resonances trapped in the FH(v′= 1,2)–
OHvdWwells, with representativewave functions
illustrated in Fig. 1. Given that the experimental
spectrum represents states with far longer lifetimes
(5 ms) than is tractable to theoretically compute,
the agreement is quite reasonable. An intriguing
finding is the peak at 0.05 eV in the calculated
stable spectrum. A closer inspection of the co-
incidence plot in Fig. 2A reveals a corresponding
horizontal feature at the same eKE, correspond-
ing to events distributed between KER = 0 to
0.4 eV. The appearance of this feature in con-
junction with the peak observed in the stable
spectrum can be interpreted in terms of a meta-
stable state that is formed in the DPD process
[e.g., an FH(v′ = 2)–OH Feshbach resonance] and
therefore has a fixed electron spectrum. However,
as this state decays on its way to the detector, the
delayed fragmentation process over a nanosecond-
microsecond time scale leads to an underestimation

of the KER of the fragments, resulting in a hori-
zontal band structure.

The wide range of observables simulta-
neously captured in the PPC experiment reported
here provides a critical test for the accurate de-
scription of both the PESs and reaction dynamics
over a wide range of translational and internal
energies. Both lowest-lying electronic states play
an active role in the dissociation process and must
be taken into account to understand the nature of
the FH2O dissociation. Long-lived Feshbach res-
onances have been found in this four-atom sys-
tem, experimentally and theoretically. Although
very good overall agreement has been achieved
between experiment and theory, challenges re-
main. The discrepancies found in the contribution
of the A state, as well as the energetic positions
and nature of the Feshbach resonance states, demand
further studies of this new benchmark reaction.
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Strong Ground Motion Prediction
Using Virtual Earthquakes
M. A. Denolle,1,2 E. M. Dunham,1,3 G. A. Prieto,4 G. C. Beroza1

Sedimentary basins increase the damaging effects of earthquakes by trapping and amplifying
seismic waves. Simulations of seismic wave propagation in sedimentary basins capture
this effect; however, there exists no method to validate these results for earthquakes that
have not yet occurred. We present a new approach for ground motion prediction that
uses the ambient seismic field. We apply our method to a suite of magnitude 7 scenario
earthquakes on the southern San Andreas fault and compare our ground motion predictions
with simulations. Both methods find strong amplification and coupling of source and structure
effects, but they predict substantially different shaking patterns across the Los Angeles Basin.
The virtual earthquake approach provides a new approach for predicting long-period strong
ground motion.

Sedimentary basins amplify and extend the
duration of strong shaking from earthquakes
(1). State-of-the-art simulations of wave

propagation for scenario earthquakes through
crustal structures that include sedimentary basins
explore these effects (2–7). Evidence that strong

basin amplification in Los Angeles for earth-
quakes that would occur on the southern San
Andreas fault emerged from such ground mo-
tion simulations (3, 7), but because of the absence
of recent earthquakes large enough to excite
long-period seismic waves, they have not been
validated with observations. Our study was mo-
tivated by the need to validate these simulations,
which, if correct, would greatly increase seismic
hazard.

To validate ground motion simulations with-
out recordings of large earthquakes, we developed
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Barriers
 HF + OH Potential Energy Surfaces from Wells to→O 2Imaging Dynamics on the F + H
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complex of water and a fluoride ion, and then tracking the fate of the neutral fragments.
 HF + OH reaction trajectory, postcollision, by photodetaching an electron from a stabilized→O 2middle of the F + H

 (p. 396, published online 9 January) applied a more recent approach of starting in theet al.Otto systems in this fashion. 
the ensuing events. Crossed molecular beam studies have revealed the quantum mechanical details of numerous 

The intuitive way to study a bimolecular reaction is to induce a collision between separate reagents and then track
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