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ABSTRACT
We applied reaction microscopy to elucidate fast non-adiabatic dissociation dynamics of deuterated water molecules after direct photo-
double ionization at 61 eV with synchrotron radiation. For the very rare D+ + O+ + D breakup channel, the particle momenta, angular, and
energy distributions of electrons and ions, measured in coincidence, reveal distinct electronic dication states and their dissociation pathways
via spin–orbit coupling and charge transfer at crossings and seams on the potential energy surfaces. Notably, we could distinguish between
direct and fast sequential dissociation scenarios. For the latter case, our measurements reveal the geometry and orientation of the deuterated
water molecule with respect to the polarization vector that leads to this rare 3-body molecular breakup channel. Aided by multi-reference
configuration-interaction calculations, the dissociation dynamics could be traced on the relevant potential energy surfaces and particularly
their crossings and seams. This approach also unraveled the ultrafast time scales governing these processes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219029

I. INTRODUCTION

Non-adiabatic dissociation processes in molecules initiated
by excitation or ionization involve excited-state dynamics beyond
the Born–Oppenheimer approximation as, in the presence of the
electrons, nuclear motion takes place on more than one poten-
tial energy surface (PES).1–4 Non-radiative transitions between
the surfaces are mainly facilitated via internal conversion (IC) or
inter-system crossing (ISC). ISC is a process of interest in photo-
chemistry and photobiology,5–9 but it is much less understood in
polyatomic molecules than IC. In contrast to IC, which is spin-
conserving, ISC is a non-adiabatic transition of the molecule from
one electronic state to another that requires spin–orbit coupling

(SOC) and, as such, is spin-nonconserving. SOC is a relativistic
effect and is at the heart of non-adiabatic molecular transitions
because it enables electron transfer at favorable geometries. In
turn, the electron transfer changes the dissociation process, exem-
plifying the coupling between the electronic and nuclear part of
the dynamics. The spin–orbit interaction in non-adiabatic transi-
tions can, therefore, open new reaction pathways that may compete
with IC.

SOC in molecules comprised of first-row atoms is generally
weak, and therefore, favorable conditions are required to yield effec-
tive transition rates. That means ISC requires adequate time for the
coupling to take place; time which is provided for in potential wells
of metastable electronic states10 or between states that run flat and
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in parallel asymptotically. For faster dynamical processes, which (for
example) take place after doubly ionizing molecules, adequate wells,
seams, or parallel states, along which the PESs are coupled, have
to be present at intermediate molecular geometries and persist for
enough time until SOC is outpaced by competing dissociation sce-
narios. Observing and quantifying these rare ultrafast transitions is
very challenging, as various reaction pathways have to be traced and
transient states have to be identified.

Following the fragmentation processes in adequate detail
requires highly differential investigations that are able to unravel
the evolution of molecular degrees of freedom, such as bending
and stretching modes for specific electronic states during the dis-
sociation. In order to successfully address these challenges, it is
important to choose a fundamental molecule that is within reach of
both complete experimental characterization and accurate theoret-
ical treatment and interpretation. The double ionization of water,
followed by the breakup of the dication, is an ideal system to
study such ultrafast fundamental dynamics that depends on SOC
in great detail. While SOC in a single molecule often contributes
only on the few- or sub-percent level, such scarce outcomes can
aggregate in a dense matter, which, for instance, contains a lot
of water molecules and result in spin-forbidden relaxation path-
ways and (i.a., harmful) products in chemical reactions that, e.g.,
cause unwanted defects or cell damages, and as such have notable
affects.

State-selective investigations of the nuclear dynamics of water
molecules upon photoionization are still scarce, but they are very
instructive as they reveal the interplay between the electronic and
nuclear structure during the dissociation process. Such studies are
even more powerful when the double ionization mechanisms can be
distinguished. The autoionization and direct photo-double ioniza-
tion (PDI) of water and the dissociation dynamics of select dication
states resulting in H+ + OH+ and H+ + H+ + O were studied in
great detail by Sann et al.11 and Streeter et al.12 as well as by Reedy
et al.13 While none of these studies identified SOC in the disso-
ciation dynamics, more recent investigations on deuterated water
molecules (D2O) showed that SOC plays an important role in the
sequential dissociation, leading to D+ + D+ + O14 and in the scarce
D+ + O+ + D reaction channel10 upon direct PDI. In the latter
fragmentation channel, which has been the subject of many past
experimental studies,15–21 recent highly differential electron–ion
coincidence experiments focused on the slow sequential breakup.10
For this reaction, the role of super-excited states in the autoioniza-
tion process in D+ +O+ +D22 was studied, and the branching ratios
of electronically excited OD+ transients to produce D+ + O+ + D
and D+ + D+ + O10 were measured. However, the SOC-enabled
fast dynamics at the wells, seams, and parallel states of the water
PESs near the Franck–Condon (FC) region is largely unexplored
so far.

Hence, the present work is devoted to the state-selective inves-
tigation of the competition between the multi-step dissociation
pathways of D2O2+ dications near the FC region leading to the rare
D+ +O+ +D fragmentation channel after direct PDI by a single pho-
ton. With guidance from the theory, we use the measured kinetic
energies of the emitted electrons and the kinetic energy release
(KER) of the dissociating water dications as observables to identify
the electronic states involved and the required transitions between
the states at play and the dissociation limits reached. Based on these

results, this collaborative work between experiment and theory is
able to identify and isolate the different conceivable ionization pro-
cesses; fragmentation scenarios and their ultrafast dynamics (below
100 fs); and trace the spin-nonconserving transitions on wells,
seams, and parallel states that were accessed during the dissocia-
tion process and eventually produced this rare breakup channel. The
relative yields of the dissociation pathways can be extracted, which
informs us about the efficiencies of SOC at these very transitions.
Moreover, themeasured particlemomenta and angular distributions
enable us to deduce the molecular geometries and orientations with
respect to the polarization vector of the light and the ultrafast time
scales of the dynamics at play.

II. EXPERIMENT
The experiments were performed at the undulator beamline

10.0.1.3 with the Advanced Light Source (ALS) synchrotron ring at
the Lawrence Berkeley National Laboratory, and the experimental
setup was similar to the one described in Refs. 10 and 13. Briefly,
single linearly polarized photons of 61 eV energy are absorbed in
a well-localized interaction region (≈1.0 × 0.3 × 0.3 mm3). This
region is spanned by the adiabatically cooled D2O gas jet target
(≈50 K parallel and ≈15 K perpendicular to the jet propagation direc-
tion) and the monochromized light beam (with ΔE ≈ 200 meV),23
which are intersected at right angles to each other inside the par-
ticle momentum spectrometer. Due to the inherent capability of
the reaction microscope to mass-select fragment ions,24–26 several
reaction channels can be distinguished.10,13,14 Choosing D2O as
the target molecule enabled us to distinguish between PDI events
from any residual H2O background present in the vacuum chamber
(≈ 1.2 × 10−8 Torr) and the supersonic gas jet. Moreover, the elec-
tric extraction field and spectrometer geometry were optimized to
ensure that there was no overlap between the D+ + O+ + D channel
and the neighboring OH+ +D andOD+ +D+ two-body breakups in
the Photoion-Photoion Coincidence (PIPICO) time-of-flight (TOF)
spectrum (not shown here).

For the PDI of D2O, resulting in the rare D+ +O+ +D breakup
channel, we measured two electrons (≤30 eV) and the ionic frag-
ments (≤22 eV) in coincidence within the full 4π solid angle on
their respective micro-channel plate (MCP) detectors, which were
equipped with fast delay-line readouts.27,28 In contrast to the mea-
sured D+ [Δp(D+) ≈ 0.7 a.u.] and O+ ions [Δp(O+) ≈ 1.9 a.u.], the
momentum of the neutral D particle [Δp(D) ≈ 2.3 a.u.] was derived
usingmomentum conservation for each event. From theirmomenta,
we deduced the kinetic energies of the electrons (ΔE/E ≈ 10%)
and heavy fragments. The kinetic energy release of the dissociating
water dications (ranging from 4 to 11 eV in this measurement with
ΔKER/KER ≤ 5%) and the relative angular distributions of the heavy
fragments in the laboratory and molecular frames were investigated
state-selectively.

III. OBSERVATION AND ANALYSIS
Following the absorption of a single vacuum ultraviolet (VUV)

photon, the D2O molecule can either directly emit two elec-
trons (direct PDI) or undergo subsequent expulsion of electrons
via autoionization processes.10,11,13,22 In this investigation on the
D+ +O+ +D channel, we focus on the direct PDI (the autoionization
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FIG. 1. (a) Measured photoelectron sum energy Eesum distribution for the dication states leading to the D+ + O+ + D fragmentation channel. The vertical lines indicate the
expected Eesum of the dication states at the equilibrium geometry of neutral water derived from PECs in panel (b). All the error bars reflect one standard deviation in the
statistical uncertainty. (b) PECs for the symmetric stretch of the H2O2+ states dissociating into H+ + H+ + O and H+ + O+ + H; from Ref. 12 and corrected by −0.77 eV
(see the text). The zero-energy value of the y axis corresponds to the H+ + H+ + O(3P) dissociation limit with a PDI threshold of 36.7 eV.17 The photon energy of 61 eV,
therefore, corresponds to 24.3 eV on the ordinate.

is discussed in Ref. 22). After the emission of two electrons, the
water dication can fragment directly into either two or three
bodies.10,13,14 In the OD+ + D+ two-body breakup, the hydroxyl ion
can undergo a second fragmentation step, yielding either D+ + O
or O+ + D.10,14 This sequential fragmentation, along with the direct
pathway, contributes to the formation of the rare D+ +O+ +D reac-
tion channel we investigate. Despite its rarity, the D+ + O+ + D
breakup channel could be identified and isolated with significant
statistics for detailed analysis. The PDI yield branching ratios of
these three fragmentation channels are 47.5% for D+ + OD+, 51.8%
for D+ + D+ + O, and 0.7% for D+ + O+ + D with a relative error
of ≤1% each. It should be noted that the 47.5% for D+ + OD+

refers to the fraction that goes into long-lived rovibrational states of
OD+ and does not contribute to what is observed as a 3-body dis-
sociation, while the 51.8% refers to the total fraction that fragments
into D+ + D+ + O either via direct or sequential breakup.

A. Electronic states, fragmentation processes,
and molecular vibrations

For the D+ + O+ + D reaction channel, the electron sum
energy shown in Fig. 1(a) is peaked at 17 eV, corresponding to
an average vertical ionization potential (VIP) of 44 eV. The mea-
sured electron sum energy distribution spans the potential energies
of six valence excited states of the D2O2+ dication, specifically the
11A1, 11B1, 13A2, 13B2, 21A1, and 11A2 states shown in Fig. 1(b)
that were previously shown to mainly dissociate to D+ + OD+ and
D+ + D+ + O.12 It should be noted that throughout this paper, to
avoid confusion, we will label the various water dication states by
their symmetric (C2v) spectroscopic designations—A1, A2, B1, and
B2—with the understanding that for asymmetric geometries, these
should be replaced by their Cs designations—A′, A′′, A′′, and A′,
respectively.

In the present work, we make several comparisons between
H2O and D2O, which have identical electronic states, but different

vibrational structures. We also expect different fragment momenta
(scaling with

√
m); however, the energies of the dissociative states

and three-body dissociation limits are identical. For most, if not all,
aspects of the present work, the fragmentation dynamics of the two
isotopologues are directly comparable. The calculations of Streeter
et al.12 report potential energy curves (PECs) of the water dication
that feed the fragmentation channels H+ +O+ +HandH+ +H+ +O
via symmetric stretch of both OH bonds. In the present work, the
energy scale of those PECs was shifted by −0.77 eV to agree with the
well-known thermodynamic value of the H+ + H+ + O(3P) asymp-
tote. The relevant adjusted PECs and dissociation limits are shown in
Fig. 1(b). The measured total kinetic energy in our experiment, i.e.,
the sum of the KER and the electron sum energy after PDI of D2O
with 61 eV photons, is very close to the D+ + D+ + O(3P) asymp-
tote (see Fig. 2 in Ref. 10) and leads us to conclude that the D2O2+

dication dissociates to the D+ + O+(4S) + D limit, which is known
to be very close to the D+ + D+ + O(3P) limit (i.e., within ∼0.02 eV,
based on spectroscopic data). It should be noted that the calcula-
tions of Streeter et al. in Ref. 12 incorrectly place the H+ + H+ + O
asymptote 0.2 eV above the H+ + O+ + H limit, an error related to
the difficulty of calculating the ionization potential (IP) of atomic
oxygen (13.618 eV) relative to that of hydrogen (13.598 eV). This
will be further addressed in the following.

In the Franck–Condon (FC) region [centered around the
dashed vertical line in Fig. 1(b)], the potential energies of the D2O2+

states that are leading directly to D+ + O+ + D are located at a VIP
of ∼21 + 36.7 = 57.7 eV, i.e., 13.7 eV higher than the observed aver-
age VIP of 44 eV, deduced from the electron sum energy, which
is shown in Fig. 1(a). This prompts us to conclude that the frag-
mentation occurs via a multi-step dissociation process in which the
D+ + O+ + D fragmentation channel can only be reached in a path
that involves a sequence of non-adiabatic couplings of PESs, each
leading to either D+2 + O

+, D+ + D+ + O, or to D+ + OD+ as inter-
mediate reaction products. In contrast to the lower valence dication
states of water,29 PESs for the asymmetric stretch of D2O2+, leading
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directly to D+ + O+ + D, are not yet available. Nevertheless, as we
have verified through ab initio calculations, even large changes of
the geometry in or close to the FC region to lower the potential
energy of the lowest relevant repulsive dication states, 23B1 or 23A2,
by 13.7 eV, are highly unlikely.

Similarly, the bond rearrangement and the formation of a sta-
ble D+2 (1sσ g) cation during the first breakup step D+2 + O+ at
the equilibrium geometry of the water molecule, corresponding to
an internuclear distance of R ≈ 3 bohrs between the deuteron and
the deuterium atom, is expected to reside ∼2 eV below the PEC
for the direct production of D+ + O+ + D for this value of R.
According to the electron sum energy shown in Fig. 1(a), it is,
hence, energetically inaccessible in our experiment. Therefore, we
exclude the fragmentation process via the D+2 + O+ intermediates
as a potential first step in the sequential dissociation pathway of
the D2O2+ dication at 61 eV. This leaves us with the formation
of either D+ + D+ + O or D+ + OD+ as intermediate reaction
pathways.

In our recent publication,10 we have applied native frame anal-
ysis30 to the D+ + O+ + D breakup channel. We demonstrated that
a slow sequential breakup of the D2O2+ dication via the formation
of excited OD+ transients, which live longer than their rotational
period, fragment with low KER of the OD+ dissociation (denoted
KEROD hereafter) and finally produce the rare D+ + O+ + D chan-
nel. After the breakup of D2O2+ into D+ + OD+ in the first step, the
dissociation of the transient OD+ in the second step requires multi-
ple SOCs to reach the O+(4S) + D limit. We were able to divide the
data into two parts, using the kinetic energy release of the second
breakup step, KEROD, and the angle, θOD,D, between the conjugate
momenta of the first and second dissociation steps (see Fig. 4 in
Ref. 10). We found that for KEROD ≤ 0.25 eV, the angular distribu-
tion in θOD,D is mostly flat, which is a signature of a slow sequential
breakup via an OD+ intermediate that rotates long enough in the
fragmentation plane to yield a nearly uniform angular distribution
(see Ref. 10). The rest of the data related to KEROD > 0.25 eV do
not lead to a uniform angular distribution θOD,D, which indicates
that any possible OD+ intermediate dissociates faster than the rota-
tional period of OD+, i.e., before one full rotation was completed.
These fast dissociation scenarios that are related to KEROD > 0.25 eV,
were not investigated in Ref. 10, but they are the focus of our
study in this manuscript. The relative yields of the high-KEROD
(KEROD > 0.25 eV) and low-KEROD (KEROD ≤ 0.25 eV) contri-
butions for the direct PDI of D2O, resulting in the D+ + O+ + D
channel, are 53.2% ± 5% and 46.8% ± 5%, respectively.

The associated electron sum energy Eesum distribution of these
high-KEROD events, which is peaked at 16.5 eV, is shown in Fig. 2.
In contrast to the data shown in Fig. 1(a), Fig. 2 only shows data
for which KEROD exceeds 0.25 eV. A multi-Gaussian fit to this
electron sum energy distribution, based on the expected vertical
energies of the dication states shown in Fig. 1(b), is also shown. The
distribution is well-represented by four Gaussian functions (using
only three Gaussians resulted in a poorer fit). The Gaussian width,
determined by fitting the electron sum energy distribution for the
dominating direct three-body channel D+ + D+ + O (not shown),
exhibits minimal variation (less than 10% disparity) across the con-
tributing dication states. Therefore, a single width value is used
for all the four Gaussians in the fits. In particular, the 13A2 dica-
tion state dominates with 49.9% ± 0.6%, while the 11B1 and 11A1

FIG. 2. Measured electron sum energy Eesum for the dication states leading to high-
KEROD (>0.25 eV) of the D+ + O+ + D fragmentation channel (black line). The
vertical lines indicate the energies of the dication states. Four Gaussians are fitted
to the data. The first Gaussian fit (red line) represents the 13B2, 21A1, and 11A2
dication states (23.9%± 0.5%); the second Gaussian fit (green line) represents the
13A2 dication state (49.9% ± 0.6%); the third Gaussian fit (blue line) represents
the 11B1 dication state (16.3% ± 0.7%); and the fourth Gaussian fit (cyan line)
represents the 11A1 dication state (9.9% ± 0.5%). The sum of all four Gaussians
is represented by the magenta line. All the error bars reflect one standard deviation
in the statistical uncertainty.

dication states account for 16.3% ± 0.7% and 9.9% ± 0.5%, respec-
tively. The 13B2, 11A2, and 21A1 dication states contribute at around
23.9% ± 0.5%. Note that our resolution does not allow us to distin-
guish between the 13B2, 11A2, and 21A1 dication states. In contrast
to the high-KEROD events, the low-KEROD contribution (KEROD
≤ 0.25 eV), investigated in Ref. 10, showed a dominance of the
11B1 dication state with 55.4% ± 0.8%, while the 13A2 and 21A1
states contributed almost equally at 24.2% ± 1.2% and 20.4% ± 1%,
respectively.

B. Dissociation pathways in the laboratory
and molecular frame

The only dication states that can dissociate directly to
D+ + O+(4S) + D following PDI of D2O are the 23A2 and 23B1
states, which, according to our measured KER and correlated Eesum ,
are not directly populated in the FC region by a 61 eV photon.
We now present the most likely state-selective, multi-step processes
needed to produce the detected D+ + O+(4S) + D channel, first via
symmetric stretch (Sec. III B 1) and then via small (Sec. III B 2)
and large (Sec. III B 3) asymmetric stretches of D2O2+. Herein, we
concentrate on fragmentation scenarios that require only one SOC
transition, since conceivable multi-step processes with several SOCs
are expected to be very inefficient.

1. SOC enabled direct breakup following symmetric
stretch

The 13A2 and 13B2 dication states, both leading to the
D+ + D+ + O(3P) dissociation limit, lie only 0.02 eV below the
D+ + O+(4S) + D asymptote. From the extended PECs of the 13A2
and 13B2 dication states [see Fig. 1(b)] beyond 10 bohrs, we expect
their crossings with the D+ +O+(4S) +D PECs to occur at distances
R > 20 bohrs. For two-body interactions at such large distances, we
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FIG. 3. Lab frame fragment momentum correlation diagram: yield attributed to the
13B2, 11A2, 21A1, 13A2, 11B1, and 11A1 dication states of water after PDI at 61 eV,
resulting in D+ + O+(4S) + D with high-KEROD as a function of the momenta of
the fragment pairs D+/D, D+/O+, and D/O+: see labels at axes and islands. The
average momenta of the nuclear fragments are indicated on the x and y axes.

anticipate the D+ and D fragments to yield very similar momenta,
which is not the case for these high-KEROD events. The momentum
correlation map of the three heavy fragments in the lab frame, as
shown in Fig. 3 for the high-KEROD contribution, reveals that the
momentum of the neutral D fragment is ≈4 times lower than that of
D+. Therefore, a scenario in which the 13A2 and 13B2 dication states
dissociate into D+ + D+ + O(3P) in the first step of the fragmenta-
tion process before a subsequent charge exchange takes place can be
removed from consideration.

We now turn our attention to the singlet dication states 11A1,
11B1, 11A2, and 21A1. According to the PECs shown in Fig. 1(b),
presented in C2v geometry, these states cross the 23A2 and 23B1
dication states between 5.0 and 6.0 bohrs. If SOC transitions to the
latter states take place, they will lead to the detected final products
D+ +O+(4S) +D. However, with first-rowmolecules, in the absence
of potential wells in the metastable electronic states, isolated cross-
ings between singlet and triplet states are rather inefficient in facili-
tating such charge-exchange. This is not necessarily true for states
that form wells or run flat or in parallel at intermediate geome-
tries or asymptotically, as we will consider below. From these four
dication states, only the 11A1 and 11B1 states exhibit very shallow
wells in the crossing region. A vertical excitation to the 11B1 state
produces the water dication just above the dissociation barrier, while
a vertical transition to the 11A1 state does not surpass this thresh-
old. However, it is conceivable that the population of 11A1 vibration
levels close to the barrier top can get trapped in a similar fash-
ion as the 11B1 state and allow for some SOC transitions to take
place.

To further assess this dissociation scenario for the 11A1 and
11B1 dication states, we now investigate the distributions of rela-
tive angles between the heavy fragments. While integrating over the
direction of the polarization vector of the incoming light, we define
the molecular breakup frame via the measured momentum vectors
of the three heavy fragments in the laboratory frame, which estab-
lishes a fragmentation plane. Azimuthal relative angles ϕA,B between

FIG. 4. Relative angles ϕA,B in the molecular breakup plane of D2O2+ between
fragment pairs D+ and O+ (black), D+ and D (red), and O+ and D (blue) for the
high-KEROD feature (13B2, 11A2, 21A1, 13A2, 11B1, and 11A1 dication states). All
the error bars represent one standard deviation in the statistical uncertainty. Note
that only two of the relative angles are independent observables.

the momenta of fragments A and B are measured around the nor-
mal of this plane. The azimuthal angle ϕD+ ,D between the measured
momenta of the D+ ion and the neutral D fragment in the molecu-
lar fragmentation frame is shown in Fig. 4 (red line). This relative
angle ϕD+ ,D exhibits a rather broad distribution peaked at ≈88○,
which is appreciably smaller than the bond angle of the neutral water
molecule (104.5○). Our momentum uncertainty is contributing to a
large degree to the broad shape of the ϕD+ ,D and ϕO+ ,D distributions.
However, for this high-KEROD feature, the peak positions are rather
unaffected by the resolution (see discussion in Ref. 10). The relative
angle resolutions of ϕD+ ,D and ϕO+ ,D are expected to be on the order
of 22○ and 24○, respectively.

We now correlate the dissociation angles with the potential
energies. Around the FC region, the 11B1 dication state exhibits
a strong gradient toward bond opening, i.e., an increase in the
DOD angle during the dissociation, and the 11A1 state stays rather
flat.12 Once the bonds stretch symmetrically and crossings to the
23A2 and 23B1 dication states occur via SOC, followed by charge
localization on the atomic centers, the newly formed neutral D frag-
ment will keep its emission direction without being further affected
by the charged fragments. The Coulomb repulsion between the
D+ and the O+ ions experienced in the second step will decrease
their respective relative angles with the neutral D fragment, i.e.,
ϕD+ ,D and ϕO+ ,D will get smaller. The observed peak of ϕD+ ,D at
≈88○ shown in Fig. 4 (red line), which is around 16.5○ lower
than the bond angle of the neutral water molecule (104.5○), might
be an indicator of the changing Coulomb field in the transition
from the intermediate D+ + D+ + O to the final D+ + O+ + D
reaction products during the dissociation process in which O is
oxidized.

Based on the PECs of the 11A1 and 11B1 dication states
and their crossings with the 23A2 and 23B1 dication states, which
mark the end points for this dissociation step, we classically esti-
mate the time from the double ionization to the SOC to be less
than 60 fs.
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FIG. 5. Calculated cuts through the PESs of the 11A2, 21A1, 11B1, and 23A2 dication states at fixed HOH-bond angles of 85○ for a range of asymmetric geometries with the
O–HII stretch being fixed (see insets), while the O–HI stretch is varied. The electron transfer is happening between the O and the more distant singly charged HI , while HII
remains singly charged.

We can summarize this dissociation scenario following the
direct double ionization of D2O, resulting in high-KEROD and pro-
ceeding via the intermediates 11A1 and 11B1 dication states while
involving symmetric stretch of D2O2+ as follows:

SCENARIO (I): SOC enabled direct breakup following sym-
metric stretch

(1) D2O2+
(11A1, 11B1)

sym. stretch
ÐÐÐÐÐ→

(2) D2O2+
(11A1, 11B1) (D+ + O(1D) + D+ limit)

SOC
ÐÐ→

(3) D2O2+
(23A2, 23B1) (D+ + O+(4S) + D limit)

frag.
ÐÐ→

(4) D+ + O+(4S) + D

2. SOC enabled direct breakup following small
asymmetric stretch

To further assess the role of the singlet dication states, a small
asymmetric stretch is introduced to the dissociating molecule. We
examined the 11A2, 21A1, and 11B1 dication states near HOH angles
of 85○ and various asymmetric bond lengths. We also examined the
23A2 state at the same geometries. The results are shown in Fig. 5.
Since the 23A2 state was not considered in either Ref. 12 or Ref. 29,
the data shown in Fig. 5 were calculated from complete-active
space (CAS) plus singles and doubles multi-reference configuration-
interaction (MRCI) calculations with state-averaged natural orbitals.
The oxygen 1s orbital was held doubly occupied, and seven orbitals
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FIG. 6. PESs derived from analytical fits to the ab initio data from Ref. 29 for the (left) 11A2, (middle) 21A1, and (right) 11B1 water dication states as a function of specific
asymmetric ODI and ODII bond distances and the DOD bond angle. R(1) refers to the first-emitted DI particle, while R(2) refers to the other DII fragment. The plotted energies
for all the three states are a function of the fixed small asymmetric stretch R(2) = R(1) − 1.0 bohr. The energy contour lines, relative to the O(3P) + D+ + D+ dissociation limit,
are spaced 0.2 eV apart. The same color-energy scale is used for all the three states.

were included in the active space. The selection of 85○ HOH angles
is justified by the observed ϕD+ ,D angle peaking at ≈88○ shown in
Fig. 4 (red line). Throughout the remaining discussion, we distin-
guish the first and second D fragments in a dissociation process that
involves asymmetric stretch by indices (I) and (II), respectively. In
Fig. 5, we show that for different short O–HII bond lengths, fixed at
4.5, 4.6, and 4.9 bohrs for the 21A1, 11A2, and 11B1 dication states,
respectively, the singlet states approach the 23A2 state in energy over
a continuous range of long O–HI distances between 5 and 6 bohrs.
There are clearly seams of intersections in this region extending
over several bohrs where the singlet states, which are linked to the
D+ +D+ +O dissociation limit, and the triplet state, which is linked
to theD+ +O+ +D limit, are degenerate, making a spin–orbit charge
exchange possible.

However, these seams of degeneracy for the 11A2, 21A1, and
11B1 dication states only provide evidence for this mechanism if the
region where charge exchange is occurring can be reached ener-
getically from the initial dication geometry. For that purpose, we
have examined PESs of the relevant singlet dication states with a
fixed asymmetric stretch of R(2) = R(1) − 1 bohr (see Fig. 6), using
the analytic fits to the ab initio surfaces given by Gervais et al.29 to
generate the plots shown in Fig. 6. R(1) and R(2) refer to the bond
distances between the O and the HI particles and the other HII frag-
ment, respectively. The selection of R(2) = R(1) − 1 bohr is justified
by the bond lengths at the seams of intersections, as shown in Fig. 5.
As the PECs reveal, near the geometry of neutral water molecules,
the energies of the 11B1 and 21A1 dication states are lowered with
increasing HOH bond angle, while that of the 11A2 state favors a
decrease in bond angle, and the potential energy for the 11A1 dica-
tion state stays rather flat (see Fig. 5 in Ref. 12). However, for OH

distances greater than ≈3.5 bohrs, the energies of all the four sin-
glet states drop with increasing angle, since the energy is determined
mostly by the Coulomb repulsion between the two protons rather
than by their bonding to the oxygen. From the equilibrium geome-
try of the neutral water to the region around the seam of intersection,
the examination of the PES for the 11A2 and 21A1 dication states in
Fig. 6 shows that a path from 104.5○ to 85○ is energetically downhill
and thus favorable. In contrast, for the 11B1 dication state shown in
Fig. 6, the path from 104.5○ to the plateau region near 85○ is energet-
ically uphill. A similar situation is apparent for the 11A1 state, where
we find barriers (not shown here) that prevent a path to the plateau
region where seams of degeneracy could be formed. This leaves
only the 11A2 and 21A1 states as candidates for this dissociation
scenario.

To assess the relative contributions of the 11A2 and 21A1 states
as candidates for SOC charge exchange with the 23A2 dication
state, we must examine the wavefunctions of the dications in the
region where the PESs intersect, i.e., where both O–D separations
lie between 4 and 6 bohrs. At those geometries, the wavefunctions
for the three water dication states in question can be approximated
as contributions from the following orbitals:

11A2: 3a12 1b1 1b2
21A1: 3a10 1b 2

1 1b 2
2

23A2: 3a1 1b1 1b2 4a1,

where 3a1, 1b1, and 1b2 are basically oxygen-centered (s + z), x, and
y orbitals, respectively, and 4a1 is a deuterium-centered 1s orbital.
Consequently, the spin–orbit (SO) matrix elements look like

⟨11A2∣HSO
∣23A2⟩ = ⟨3a1∣HSO

∣4a1⟩
⟨21A1∣HSO

∣23A2⟩ = ⟨1b11b2∣HSO
∣3a14a1⟩.
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Armed with these approximations, we see that the first expres-
sion, ⟨11A2∣HSO

∣23A2⟩, is a simple one-body matrix element and,
therefore, much larger than the second one, ⟨21A1∣HSO

∣23A2⟩, which
is a two-electron spin-other orbit matrix element involving a double
excitation.2 This leaves only the 11A2 dication state as a probable
contributor to the D+ + O+(4S) + D production in this protracted
direct breakup scenario, which is proceeding via a small asymmetric
stretch on seams formed at intermediate internuclear distances that
efficiently support SOC.

We summarize this dissociation scenario following the direct
double ionization of water after small asymmetric stretch proceeding
via the intermediate 11A2 dication state, resulting in high-KEROD,
which can be seen as a variant of scenario (I), as follows:

SCENARIO (II): SOC enabled direct breakup following small
asym. stretch

(1) D2O2+
(11A2)

small asym. stretch
ÐÐÐÐÐÐÐÐÐ→

(2) D2O2+
(11A2) (D+I + OD+II(11Π) limit)

SOC
ÐÐ→

(3) D2O2+
(23A2) (DI + O+(4S) + D+II limit)

frag.
ÐÐ→

(4) DI + O+(4S) + D+II

3. SOC and charge exchange during fast sequential
breakup

We have yet to account for D+ + O+(4S) + D production
via the 13A2 or 13B2 dication states. The 13A2 state in particular
appears to be a major contributor, based on the measured and fitted
D+ + O+(4S) + D yields as a function of the photoelectron sum
energy (see Fig. 2). Both the states show no crossings with the 23A2
or 23B1 dication states in C2v geometry at intermediate O–D sep-
arations and dissociate predominately via direct 3-body breakup to
O(3P) + 2D+ [see Fig. 1(b) and Refs. 12 and 29]. In the 2-body limit,
they correlate with the production of D+ plus the two components
of OD+(A3Π).

We now present a detailed investigation of the latter two-
body breakup option as a potential intermediate dissociation route
for the 13A2 and 13B2 dication states. Based on the calculations
of Gervais et al. (see Fig. 2 in Ref. 29), it is conceivable that a
sequential breakup can be initiated at asymmetric (Cs) geometries
of D2O2+, aiming toward a fast ejection of D+I from D2O2+ into
D+I + OD+II and a simultaneous slower separation of OD+II within
which a charge-exchange transition to O+ + DII takes place. As
noted in Sec. III A, the intermediate OD+II dissociates faster than the
rotational period of OD+II (the latter is estimated to be about 1 ps,
using the rigid rotor approximation for OD+ at RO–D = 2 a.u. and
j = 1). Accordingly, we call this fragmentation route “fast sequential
breakup.”

To approach this two-body breakup option computationally,
the following question must be asked: how far must the D+ ion
be from the OD+ fragment before it can be treated as a spec-
tator? In other words, at what separation between ionic D+I and
OD+II fragments can the electronic energy of the dication be well-
approximated by the sum of the OD+II energy and the Coulomb
repulsion between OD+II and D+I ? This question is answered by
the results shown in Fig. 7, where we compare the calculated PEC
of OD+II(A

3Π) (red line) to the values derived by subtracting the

FIG. 7. OD+(A3Π) PEC derived from the D2O2+(13A2) dication state. The derived
energy values (green solid circles) were obtained by subtracting the Coulomb
repulsion energy between the two D+ ions from the 13A2 dication energy (black
line). The derived points are plotted along with the computed OD+(A3Π) PEC (red
line).

Coulomb repulsion energy 1/∣R(D+II) − R(D+I )∣ from the calculated
13A2 water dication energy (black line). This difference is repre-
sented by the solid green circles, and it is in very good agreement
with the calculated PEC of OD+II(A

3Π). We note that virtually
identical results were obtained for the 13B2 state. The 13A2 and
13B2 dication states correlate with the two degenerate PEC com-
ponents of the D+I + OD+II(A

3Π) dissociation. These calculations
were carried out for an O–DI separation of 20 bohrs, but simi-
lar results were also obtained with an O–DI separation as small
as 9 bohrs.

Another feature of the water dication that must be addressed
is the fact that virtually all the ab initio calculations, including this
one, incorrectly place the asymptotes of the states that dissociate
to O(3P) + 2D+ above those that dissociate to D+ + O+(4S) + D,
when, in fact, they are nearly degenerate. This error stems from the
difficulty of calculating the relative IPs of atomic oxygen (which is
challenging) and atomic hydrogen (which is easy). In the present
context, in which the dissociation mechanism involves transition at
large O–D separations, we compensate for the asymptotic error by
shifting the relevant O+ + D curves upward by 0.5 eV to insure the
proper asymptotic splittings.

With these adjustments in place, we are now in a position to
propose a dissociation mechanism for the 13A2 and 13B2 water dica-
tion states. Figure 8 shows several water dication PECs at a fixed
D–O–D angle, where one O–D distance is fixed at 6.0 bohrs and the
other O–D separation is varied. We note that for O–DII distances
greater than ≈7 bohrs, the 13A2 and X3B1 dication states are ener-
getically close. At those distances, the X state can be populated by
essentially an atomic spin–orbit coupling on oxygen, which does not
involve a charge-exchange and is largely R-independent. At larger
separations, for which the fast D+I ion has moved on, we only need
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FIG. 8. Selected D2O2+ PECs for asymmetric stretch. The D–O–D angle is fixed
at 104.5○; the X3B1 and 15A2 dication states are shifted up by 0.5 eV to correct for
the asymptotic error (see the text).

FIG. 9. Selected OD+II PECs. The vibrational levels of the a1Δ, b1Σ+, and 11Π
cation states are shown, as well as the PECs of the 5Σ−, A3Π, X3Σ−, and B3Σ−
states. The dissociative limits of the latter four states are shown in the inset. The
a1Δ, b1Σ+, and 11Π states all dissociate to O(1D2) + D+II , 1.95 eV above the
O+(4S) + DII asymptote. The zero of energy is taken to be the O+(4S) + DII
asymptote.

to look at the diatomic OD+II PECs (see Fig. 7) to track the dynamics.
The OD+II states are shown in Fig. 9.

Looking at Fig. 9, one would expect competing A3Π→ 15Σ−
and A3Π→ B3Σ− transitions to take place in the dissociating OD+II
transient. Yet, the A3Π and 15Σ− states, which differ in both spin
and symmetry, can only interact through second-order SOC and
were thus excluded from consideration. A non-adiabatic transition

between the A3Π and B3Σ− states is facilitated by a matrix element
describing the electronic orbital angular momentum coupling. The
matrix element falls off as 1/R2. However, since this angular coupling
derives from the nuclear kinetic energy, it enters the Hamiltonian
with a factor of one over the reduced mass (1/μOD = 1/3264 a.u.)
and, hence, is very small. Consequently, we single out the
A3Π→ X3Σ− transition as the dominant one.

The OD+II states to which the 1
3A2 and X3B1 dication states cor-

relate in the 2-body D+I + OD
+
II limit are A3Π and X3Σ−, connected

by an atomic oxygen SOC splitting, whose PECs begin to flatten
at distances greater than ≈6 bohrs. At these OD+II separations, the
X3Σ− and B3Σ− states are also close. Note that the B3Σ− and the
15Σ− states are the only OD+II states that dissociate to O+(4S) + DII .
A non-adiabatic transition between X3Σ− and B3Σ− can then lead
to O+ + DII . Incidentally, the dynamics just described also applies
to the 13B2 state. The fact that 13A2 and 13B2 states do not con-
tribute equally to the O+ production (see Fig. 2) is no doubt related
to their different vertical IPs in the FC region of about 2 eV
and correspondingly different PDI cross sections at 61 eV photon
energy.

To investigate this proposed dissociation scenario further, we
conducted native frame analysis30 of our measured data. For D2O2+

fragmenting into D+I + O+ + DII via the intermediates D+I + OD+II ,
followed by the dissociation of OD+II into O+ + DII , the conjugated
momentum vectors of the Jacobi coordinates associated with the rel-
ative motion of the fragments are calculated as follows: for the first
breakup step, the relative momentum POD+II ,D

+

I
associated with the

motion of the D+ fragment relative to the center of mass of the OD+

ion is given by

pOD+II ,D+I =
mOD

M
PD+I −

mD

M
[PDII + PO+] = PD+I , (1)

where the last step in the above-mentioned equation is a conse-
quence of momentum conservation. For the second breakup step,
related to the relative momentum POD+II of the O

+
+ D motion, we

get

pOD+II = μOD[
PDII

mD
−
PO+

mO
], (2)

where PD+I and PO+ are the measured momenta of the D+ and O+

fragments, respectively, while PDII is the momentum of the neu-
tral D fragment, which is derived from momentum conservation.
Here, mD is the mass of D+ or D, mOD is the mass of OD+, M
is the mass of the D2O2+ dication, and μOD is the reduced mass
of OD+.

The angle θOD,D between the conjugate momenta of the
first dissociation step (OD+–D+) and the second dissociation step
(O+–D) is shown in Fig. 10(a). For consistency with panels (b)–(d)
that are discussed in the following, we restricted the polarization
vector to be ±40○ within the molecular breakup plane shown in
Fig. 10(a).31 The distribution of θOD,D exhibits a peak at ≈60○. We
can assume that the original bond angle θ(D–O–D) of the neutral
D2O was +104.5○. This value is concomitant with an initial value
of +110.4○ for θOD,D. As such, the measured angle θOD,D shown in
Fig. 10(a) indicates that the OD+II fragment rotated by ≈50○ before it
dissociated.
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FIG. 10. Native frame analysis for the high-KEROD contribution of the dissociating water dication leading to D+ + O+(4S) + D according to scenario (III) for the polarization
vector being in the molecular plane (±40○): (a) relative angle θOD,D between the two fragmentation vectors (as defined in the text), (b) relative angular distribution of the
polarization vector with respect to the first fragmentation axis OD+II − D+I (PODII ,DI points to the right and PODII goes in the upper half), and (c) relative angular distribution
of the polarization vector with respect to the second fragmentation axis O+ − DII (PODII points to the right and PODII ,DI goes in the upper half). All the error bars represent
one standard deviation in the statistical uncertainty. The most probable orientation of the water molecule for an in-plane direct photo-double ionization in scenario (III), as
discussed in the text, is sketched in panel (d). The polarization vector ϵ is represented by the tilted (yellow) double arrow (see the text).

During this fast sequential breakup process of the molecular
dication, the D+I fragment recoils from the OD+II transient that has
a bond-length of ≈2.1 bohrs for the A3Π state of OH+32 near the
FC region. Using the measured final momentum of the D+I frag-
ment, shown in Fig. 3 (≈40.6 a.u.), we can deduce howmuch angular
momentum the D+I fragment imparted to the OD+II transient. With
this knowledge, we can then estimate how long it took the OD+II frag-
ment to rotate by the observed angle of ≈50○ (a similar procedure
was used for the body-fixed frame electron emission patterns in the
PDI of C2H2

33). To estimate where the kick from the D+I fragment
is imparted onto the OD+II rotor, we classically propagated the asym-
metric stretch of OD+ + D+ in time on the PEC. We deduce that it
takes ≈65 fs for the D+ fragment to reach the measured 40.6 a.u. of
momentum. This is about the same amount of time that it took to
transform acetylene into vinylidene, as observed in Ref. 33. Within
this time of 65 fs, a rotation of OD+II by ≈50

○ is reached if the point of
contact on OD+II is located at Raverage ≈ 61% of the distance from the
center-of-mass of the OD+II to the oxygen. In our classical picture of
a sequential dissociation, which we describe as two successive two-
body breakups, this Raverage represents the average location of the

electron hole on OD+II with which the first-emitted D+I interacts over
the time of ≈65 fs.

From the two conjugated momenta of the consecutive frag-
mentation steps, we are also able to derive the dissociation angles
with respect to the polarization vector of the first breakup step,
D+I − OD+II , as shown in Fig. 10(b), and the second breakup step,
O+ − DII , as shown in Fig. 10(c). For this, we again restricted the
polarization vector to be ±40○ within the molecular breakup plane
shown in Figs. 10(b) and 10(c). In addition, we made sure that pOD+II
and pOD+II ,D+I are at positive angles in panels (b) and (c), respec-
tively, in order to visualize the effect of the polarization axis on the
orientation of the molecule during dissociation.

Examining the orientation of the D+I −OD
+
II breakup axis of the

first dissociation step, shown in Fig. 10(b), a preference for parallel
orientation along the polarization vector is observed. A slight tilt of
the polarization axis to negative angles is visible. We believe that this
slight tilt reflects the change in the point charge location, which is
imparted by D+I onto OD+II during the OD+II rotation, stretch, and
charge exchange that take place within the ≈65 fs. Over the elapsed
time between the first (D+I + OD

+
II) and second (O+ + DII) dissocia-
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tion steps, the transient OD+II has undergone a rotation by ≈50
○ from

the assumed original θOD,D angle of 110.4○, as shown in Fig. 10(c).
The schematic representation shown in Fig. 10(d) offers a sketch
of the successive fast breakup steps with respect to the polarization
vector.

We summarize this fast sequential breakup scenario following
the direct double ionization of water resulting in high-KEROD as
follows:

SCENARIO (III): SOC and charge exchange during fast
sequential breakup

(1) D2O2+
(13A2, 13B2)

asym. OD stretch
ÐÐÐÐÐÐÐÐ→

(2) D+I + OD
+
II(A

3Π) atomic SOC
ÐÐÐÐÐ→

(3) D+I + OD
+
II(X

3Σ−)
charge exchange
ÐÐÐÐÐÐÐ→

(4) D+I + OD
+
II(B

3Σ−)
ODII dissociation
ÐÐÐÐÐÐÐÐ→

(5) D+I + O
+
(
4S) + DII

IV. DISCUSSION
We are now able to recap the three discernible fragmentation

routes that lead to the high-KEROD feature of the D+ + O+ + D
reaction channel and put them in context to each other.

Scenario (I): in the above-considered Scenario (I), which
involves the symmetric stretch of D2O2+, only the 11A1 and 11B1
dication singlet states exhibit shallow wells near the FC region.
Therefore, these singlet states are expected to contribute to this
direct fragmentation scenario. Yet, Fig. 2 shows that both the 11A1
and 11B1 dication states likely contribute only to a small degree
at ≈9.9% and ≈16.3%, respectively, to the overall D+ + O+ + D
yield. Because of the fragment energy resolution, the fitting proce-
dure is not very sensitive to the contributions to the high-energy tail
of the electron sum energy, Eesum , and therefore, these assessments
should be taken into account with some reservation. In conclusion,
this reaction pathway, which represents the direct fragmentation via
the symmetric stretch of D2O2+, will likely contribute little to the
D+ + O+ + D reaction channel with high-KEROD after direct PDI
of D2O with 61 eV photons. This is to be expected, as direct frag-
mentation of D2O2+ into D+ +D+ +O is a fast process, which offers
little time for effective SOC under only select kinematics to change
the course of the reaction. Lower KER and larger emission angles
ϕD+ ,D between the D+ ion and D fragment along with smaller emis-
sion angles ϕO+ ,D between the O+ ion and the D fragment increase
the chances for effective electron transfer in the direct fragmenta-
tion of the 11B1 dication state. Such favorable kinematic conditions
are not present in the high-KEROD case discussed here (see Fig. 4),
but play a small role in the low-KEROD case.10 This direct fragmenta-
tion scenario of the low-KEROD contribution, mostly fed by the 11B1
dication state, is discussed in Ref. 10 as a minor contributor (≤16%)
to the D+ + O+ + D production.

Scenario (II): this scenario can be seen as a variant of Sce-
nario (I). Instead of an SOC-enabled direct breakup upon sym-
metric stretch of the water dication, Scenario (II) involves a small
asymmetric stretch (R(2) = R(1) − 1 bohr). We expected the 11A2
and (to a lesser degree) the 21A1 dication states to play a role in
Scenario (II). However, despite the favorable energetics for both

states, analysis of the spin–orbit matrix elements enabled us to elim-
inate the 21A1 dication state from consideration, leaving the 11A2
state as the sole player in this breakup scenario. The multi-Gaussian
fit (see Fig. 2) estimates the high-KER contribution of the 11A2 dica-
tion state to the D+ + O+ + D production to be at most 23.9%.
This breakup mechanism requires electron transfer, which proceeds
on a short seam of intersection between the 11A2 and 23A2 states
via SOC. As shown in Fig. 5, the seam of intersection between
the 11A2 state and the 23A2 state extends over several bohrs and
yields both time and phase-space for a more efficient electron trans-
fer in this fragmentation pathway. Moreover, we found that the
region of coordinate space where the seam of intersection resides
is energetically downhill from the FC region where PDI is initiated
(see Fig. 6).

Scenario (III): the third fragmentation route Scenario (III),
i.e., the fast-sequential breakup involving atomic SOC and charge
exchange within the transient OD+II ion, which supports transitions
at bigger asymmetric stretches than Scenario (II) (≥7 bohrs instead
of ≈5 bohrs), is dominated by the 13A2 and 13B2 dication states. It
is also conceivable that this fragmentation is exclusively responsi-
ble for the entire high-KEROD feature of the D+ + O+ + D reaction
channel upon direct PDI. The 13A2 and 13B2 dication states, which
can only play a role in this fast-sequential breakup scenario, already
contribute with 49.9% and 23.9%, respectively, according to themea-
sured electrons sum energy shown in Fig. 2. However, 23.9% is a
shared contribution between the 13B2 dication state of scenario (III)
and the 11A2 dication state of scenario (II) since, in our experiment,
these two states cannot be separated using the electrons sum energy,
as discussed in Sec. III A.

Accordingly, it is this Scenario (III) of a fast-sequential breakup
that contributes the most to the high-KEROD feature in the
D+ + O+ + D reaction channel. It is important to stress that the
13A2 and 13B2 dication triplet states did not play an important role
in the slow-sequential dissociation producing the D+ + D+ + O
breakup channel, as discussed in our previous work.14 However,
for the fast-sequential breakup discussed here that is generating
D+I +O

+
+DII , the 13A2 and 13B2 states contribute substantially (on

a relative scale) to the OD+II breakup into DII + O+(4S), since those
two triplet dication states can fragment directly into OD+II(A

3Π)
transient fragment ions at an intermediate asymmetric stretch (≳7
bohrs) without the need for SOC. Moreover, as a crucial coupling
within the intermediate OD+II fragment can populate the X state,
wherein the first-emitted D+I ion acts as a spectator, larger and more
asymmetric stretch scenarios are accessed, allowing charge exchange
from the X state of OD+II to the B3Σ− state over a long range of
O–DII separations in the intermediate regime to take place. Both of
these favorable conditions are reflected in the high relative contri-
bution of the 13A2 and 13B2 dication states to the D+I + O+ + DII
production via fast sequential fragmentation (see Fig. 2). The same
fast sequential dissociation process via the 13A2 dication state also
contributed at 20.4% in the low-KEROD events that are presented
in Ref. 10.

The time between the first and second dissociation step in this
fast sequential breakup Scenario (III) was deduced to be around
65 fs. For this fragmentation route to happen efficiently, the OD
bond, which breaks first and expels the D+I ion, is preferentially
aligned along the direction of the linear polarization vector. Assum-
ing that the deuterated water molecular dication exhibited a bond

J. Chem. Phys. 161, 044311 (2024); doi: 10.1063/5.0219029 161, 044311-11

Published under an exclusive license by AIP Publishing

 28 July 2024 23:43:22

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

TABLE I. Vertical energies (VE) in (eV) of the lowest dication states measured with respect to the X3B1 state at the equilibrium geometry of neutral water for the high-KEROD
(this work) and low-KEROD (Ref. 10) contribution of the water dication breakup. Note that the relative yields of the high-KEROD (KEROD > 0.25 eV) and low-KEROD (KEROD
≤ 0.25 eV) contributions for the direct PDI with 61 eV of D2O, resulting in the D+ + O+ + D channel, are 53.2% ± 5% and 46.8% ± 5%, respectively. The role of each state
in the O+ production is indicated. “Scen. (I) to (III)” refer to the breakup processes discussed in this work. “Scen. (1)” refers to the direct fragmentation, “Scen. (2)” to the slow
sequential fragmentation, and “Scen. (3)” to the fast sequential fragmentation, as explained in Ref. 10.

Contribution State VE Role Reference Yield (%)

High-KEROD

11A1 1.2 Sym. stretch 3-body frag. through the shallow well Scen. (I) 9.9 ± 0.5
11B1 2.6 Sym. stretch 3-body frag. through the shallow well Scen. (I) 16.3 ± 0.7
13A2 4.3 Fast-seq. frag. Scen. (III) 49.9 ± 0.6
11A2 6.5 Small asym. stret. 3-body frag. via SOC on seam to 23A2 Scen. (II) 23.9 ± 0.5a
13B2 6.5 Fast-seq. frag. as with 13A2 Scen. (III)

Low-KEROD

11B1 2.6 Slow 2-body seq. frag. to OH+(a1Δ) Scen. (1) and (2) in Ref. 10 55.4 ± 0.9
13A2 4.3 Fast-seq. frag. Scen. (3) in Ref. 10 24.2 ± 1.2
21A1 5.8 Slow 2-body seq. frag. to OH+(b1Σ+) Scen. (2) in Ref. 10 20.4 ± 1

aThe contributions from the 11A2 and 13B2 dication states cannot be separated in our measurement.

angle of around 104.5○, which corresponds to an initial θOD,D angle
of 110.4○, the OD+II fragment rotated by ≈ 50○, resulting in closing of
the θOD,D angle from 110.4○ to ≈60○. A preference for parallel orien-
tation of the D+I − OD+II breakup axis along the polarization vector
of light is also observed with an apparent small tilt, which we believe
is due to the change in the point charge location in OD+II during the
dissociation process.

We must stress that the observed dynamics of this disso-
ciation process, which happens on an ultrafast timescale, limits
the accuracy of the native frame core assumption of two distinct
decoupled dissociation steps. Furthermore, Scenario (III) involves a
charge transfer that results in a switch of Coulomb field interactions
from D+I − D+II to D+I − O+ during the dissociation process. This
charge transfer impacts the trajectory of the fragments, consequently
affecting their measured final momenta. Therefore, the separation
into a sequence of two two-body interactions, as employed in the
native frame analysis method, is only a simplification for Scenario
(III). Accurately describing the three-body dynamics of this Sce-
nario (III) requires calculations on the relevant multi-dimensional
PES, which currently presents a significant challenge for elec-
tronic structure methods applied to this fundamentally important
system.34

In Table I, we represent this discussion with a listing of all the
valence states of D2O2+ populated by a 61 eV photon in a direct PDI,
their vertical energies in ascending order, and the role they play in
the O+(4S) production with high- and low-KEROD.

V. SUMMARY
Absorbing a single 61 eV (±0.2 eV) linearly polarized pho-

ton in D2O populates the six electronically excited dication states
11A1, 11B1, 13A2, 13B2, 21A1, and 11A2 in the direct PDI. Some of
these water dications dissociate via the rare D+ + O+(4S) + D frag-
mentation channel. In this report, we focused on the events with
high KEROD ≥ 0.25 eV via symmetric stretch and small as well as
large asymmetric stretch of D2O2+ (with SOCs at ≈5, ≈5.5, and
≥7 bohrs, respectively). We conclude that direct three-body frag-
mentation via SOC following a symmetric stretch [Scenario (I)]

and small asymmetric stretch [Scenario (II)] plays only a minor
role and that the fast sequential dissociation process [Scenario (III)]
dominates the reaction dynamics.

This state-selective, highly differential investigation on the
three-body fragmentation of water, resulting in the high-KEROD
contribution of D+ +O+ +Dupon direct PDI, reveals the rivalry and
dynamics of (deuterated) water dication states feeding different two-
and three-body intermediate reaction channels and elucidates the
competition between three multi-step dissociation scenarios with
symmetric and asymmetric DOD stretches that involve SOC. Only
the combination of highly differential experimental and detailed
theoretical investigations enabled us to trace and time these scarce
ultrafast dissociation pathways in this fundamental triatomic system
and elucidated the role of SOC on the PESs. An analogous elec-
tron transfer at similar intermediate distances (≈18 bohrs), without
the need for SOC and, hence, greater efficiency, has been observed
recently in the PDI of NH3.35

Overall, we find six active dication states after direct PDI
that produce the rare D+ + O+ + D fragmentation channel with
high- and low-KEROD

10 via six different dissociation scenarios (see
Table I). As such, our investigation exemplifies the rich and diverse
competing ultrafast dynamics in a small prototypical polyatomic
molecule, which is triggered by a narrow-bandwidth light pulse and
results in the same outcome but via different short- and long-lived
intermediates. Electron transfer via SOC markedly influences the
likelihood of each individual dissociation pathway along the bend
and stretch modes on the PESs and their seams.We believe our find-
ings will be useful for designing future pump–probe experiments
on (time-resolved) excited-state dissociation dynamics of water and
other small polyatomic molecules using tabletop lasers or fourth-
generation light sources to further confirm such rapid dissociation
steps that depend on SOC and elucidate their dynamics in real-time
investigations.
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