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State-to-state photodissociation
dynamics of the water molecule
Xixi Hu,1 Linsen Zhou2 and Daiqian Xie 1*

Photodissociation provides an ideal proving ground for an in-depth understand-
ing of the microscopic mechanism and dynamics of bond breaking processes at a
state-to-state level. After a brief outline of the requisite theory, we review the lat-
est developments on the state-to-state photodissociation dynamics of the water
molecule via the lowest two excited states, focusing on the absorption spectrum
and product state distributions. A detailed discussion is given on the competition
between different adiabatic and nonadiabatic pathways of the dissociation.
Quantum mechanical studies of this prototypical system on accurate coupled
potential energy surfaces not only offer an interpretation of the existing experi-
mental results but also provide a clear and comprehensive dynamical picture of
water photodissociation. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Chemical reactions involve the breaking and
forming of chemical bonds via complex rearran-

gement of both electrons and nuclei. In bimolecular
reactions, a complete description of the collisional
process requires the average over many partial
waves.1 As a result, many important dynamical fea-
tures are often obscured in the measurable cross sec-
tions by averaging the initial orientation of the
reactants and their impact parameters.2,3 It is often
more straightforward to study half collisional pro-
cesses such as photodissociation, in which a stable
molecule is brought from its ground electronic state
to a dissociative excited state by absorption of one or
more photons. The subsequent dissociation leads to
molecular fragments, resembling the dissociation of
the activated complex in a bimolecular reaction. The
photoexcitation is instantaneous, allowing the accu-
rate definition of time zero and thus enabling the

real-time characterization of the dissociation process.
Photodissociation also serves as models for a large
class of chemical reactions initiated by light, such as
vision,4 atmospheric chemistry5 and interstellar
chemistry.6 As a result, there has been a wide interest
in studying the dynamics of photodissociation.7–12

Since photodissociation occurs on electronic
excited state(s), the commonly used Born–Oppenheimer
(B–O) approximation, which separates the electronic
and nuclear motion, may break down completely.13,14

Thus, it is essential to include all relevant electronic
states and their couplings in characterizing photodisso-
ciation dynamics.15

Our knowledge about the dynamics of photo-
dissociation has largely been acquired by the syner-
gistic interplay between experimental and theoretical
studies. Theoretically, quantum state resolved photo-
dissociation dynamics provides us the remarkable
detail of photodissociation reaction mechanism at a
quantum state resolved level. However, accurate
characterization of these processes is a very challeng-
ing endeavor. While the quantum mechanical formu-
lation for simulating photodissociation dynamics has
been established sometimes ago,16 accurate coupled
diabatic potential energy surfaces (PESs) were rarely
available until recently, thanks to rapid advances in
ab initio theory and fitting approaches that have
made PESs and nonadiabatic couplings of polyatomic
systems more reliable than before.17–23 Despite
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extensive studies on photodissociation dynamics in
polyatomic molecules,10 quantitative agreements
with experiments have just started to emerge for
polyatomic systems dominated by nonadiabatic tran-
sitions.15 One such example is the photodissociation
of the water molecule.24

The photodissociation of water molecule is a
central component in atmospheric chemistry and
interstellar chemistry. It is considered as an ideal
prototype for understanding reaction dynamics in
polyatomic systems because of (1) its relative sim-
plicity in the electronic structure and the small num-
ber of electrons that allows accurate ab initio
determination of PESs, (2) its small number of
degrees of freedom (DOFs) and the light mass of the
hydrogen atoms that are amenable to full-
dimensional quantum dynamical calculations, (3) the
presence of several different kinds of nonadiabatic
couplings, and (4) the abundant experimental data
available to compare with.

In recent years, state-to-state photodissociation
dynamics of H2O have been carefully investigated at
different excitation energies in many experimental and
theoretical studies. The measured absorption cross sec-
tions of water in the 6.0–11.0 eV VUV region are
shown in Figure 1. Four absorption bands (A, B, C,
and D) exhibit distinct structures reflecting different
dissociation mechanisms. Figure 1 also depicts one-
dimensional cuts, along the dissociative OH bond,
through the PESs of five singlet electronic states
involved in the photodissociation: the bound ground

state eX1
A1(

1A
0
) and the first excited state eA1

B1(
1A

00
)

correlating to the lower OH(eX2
Π) + H asymptote,

the second excited state eB1
A1(

1A
0
) correlating adia-

batically to OH(eA2
Σ + ) + H asymptote, and higher

bound Rydberg states eC1
B1(

1A
00
) and eD1

A1(
1A

0
).

The absorption spectrum of the A band is
broad and structureless, indicating a fast and direct

bond breaking reaction on the single eA1
A00 PES. As a

prototype of adiabatic dissociation process, this sys-
tem has been extensively investigated by both
experimental26–34 and theoretical35–39 studies and is
considered as ‘well-understood’.10 The remaining
questions include the OH population in its fine struc-
tures, for which only a simple Franck–Condon
(FC) model exists.30,40 Recently, we presented a full-
dimensional wave packet study for OH Λ-doublet
dynamics, which yielded a better agreement with the
experimental data at 193 nm than those of FC model
neglecting all dynamical effects of the exit-channel
dynamics.41 New insights concerning the dissociation
dynamics was obtained.

The B band emerges from 140 nm and has a
number of nearly equidistant diffuse peaks with a
spacing of 810 cm−1 superimposed on a broad back-
ground. The structures have been interpreted as the
resonances of bending and HO─H stretching
motion.42–47 The B band has also attracted extensive
theoretical42,43,45,46,48–60 and experimental25,61–74

studies during the last few decades. It is well estab-
lished that, in addition to the adiabatic pathway to

the OH(eA2
Σ + ) + H fragments, there are two nona-

diabatic pathways leading to the OH(eX2
Π) + H frag-

ments: the eB ! eX transition via the HOH and HHO

conical intersections (CIs) and the eB ! eA transition
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FIGURE 1 | The measured absorption spectra in room temperature for H2O
25 and the one-dimensional schematic potential energy curves as a

function of the dissociative OH bond with the other OH bond and the HOH angle kept at their equilibrium values of the ground state.

Advanced Review wires.wiley.com/compmolsci

2 of 16 © 2017 Wiley Per iodica ls , Inc. Volume 8, March/Apr i l 2018



via the ro-vibronic or Renner–Teller (RT) coupling
near linearity. These dissociation pathways are
clearly shown in Figure 2, where the adiabatic PESs
of relevant states are displayed. It has been shown
that the nonadiabatic coupling is very strong and the

ground OH(eX2
Π) + H channel is dominant for the

whole energy range of the B band.51,63

Unlike the rapid (fs) dissociation of eA and eB
states, the predissociation of the eC Rydberg state is
much slower, in the order of a few picoseconds. The
absorption spectrum around 124 nm shows sharp
peaks and fully resolvable rotational structures can
be identified.62,76–79 The predissociation dynamics of
the eC state depends strongly on the rotational quan-
tum number and is an ideal model to study the
rotational-state-specific dissociation dynamics.24,80,81

The predissociation mechanism for this state has
been studied extensively using multiphoton ioniza-
tion and spontaneous fluorescence detection
methods.51,62,77–79,82,83 For example, Ashfold
et al. obtained the fully resolved photo-fragment fluo-
rescence spectrum and suggested two separate predis-
sociation mechanisms, via one homogeneous,
rotational state-independent, and one heterogeneous,
rotational state-dependent pathway.62,78,79 Yang and
coworkers reported time-of-flight (TOF) spectra for
the C band, which shows a dramatic variation in the
product state distributions and its stereodynamics for

different resonant levels.81,84,85 The relative probabil-
ities of these two pathways depend strongly on the
rotational quantum number.86,87 Dynamic calcula-
tions were performed on a new set of reduced-

dimensional PESs for the eX, eA, 1A2, eB, and eC states
and nonadiabatic transitions between those states.88

The major dissociation route is via a two-stepeC! 1A2! eA indirect decay, while the direct eC! eA
decay route is minor. Large discrepancies still exist
between simulations and experiments, due to the lack
of related full-dimensional PESs. Thus the details of
the C band predissociation mechanism are still more
or less obscure.

The absorption spectrum of the eD state is near
122 nm and shows no rotational structure, due to a
strong interaction with the eB state at bent geome-
tries.46,89 The nonadiabatic coupling leads to a fast
homogenous predissociation of eD! eB and shows
purely electronic nature without isotope effect.24

Steinkellner et al. concluded the lifetime of H2O (eD)
on a time scale of around 50 fs using the femtosec-
ond laser pump-probe technique.90 Yuan
et al. carried out a two-photon excitation dissocia-
tion dynamics study of the eD state using H atom
Rydberg tagging time-of-flight (HRTOF) technique.
The photodissociation action spectrum suggested the
lifetime of this state about 13.5 fs. The ro-vibrational
state distributions and angular distributions of the
OH product are qualitatively similar to those of
121.6 nm H2O photodissociation. This implies that
photodissociation of the eD state proceeds via a fast
electronically nonadiabatic conversion to the eB state
and the main dynamical features eventually are deter-
mined by the topography of the eB PES.

In this review, we present the most recent devel-
opments in the ab initio calculations of the PESs and
the quantum mechanical studies of the two lowest
electronically excited states of H2O. The total
absorption cross sections, ro-vibrational state distri-
butions and fine structure populations at several pho-
ton energies are compared with experiments, to
present a clear dynamical picture of the fascinating
nature of water photodissociation.

THEORETICAL TECHNIQUES

Potential Energy Surfaces
Accurate PESs are the pre-requisite of dynamics
calculations.17–23 For the nonadiabatic dynamics of
H2O (eB), the breakdown of the B–O approximation
leads to coupling between the electronic and nuclear
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FIGURE 2 | The eX 1
A 0, eA 1

A 00, and eB 1
A 0 adiabatic PESs for H2O

plotted in one O─H bond and H─O─H angle, with the other O─H
bond fixed at the equilibrium distance. There are two CIs between theeX and eB states, one with HOH and another with HHO linear
configurations. The three states form degenerate RT pairs at linearity.
Adapted from Ref 75 with permission. Copyright (2013) American
Chemical Society.

WIREs Computational Molecular Science Photodissociation dynamics of the water molecule

Volume 8, March/Apr i l 2018 © 2017 Wiley Per iodica ls , Inc. 3 of 16



DOFs, especially near the electronic degeneracies. It
is much more convenient in dynamical calculations
to use the quasi-diabatic representation because it
minimizes the derivative coupling.13 Previously, there
existed two global PESs (called DK and Leiden PESs)
in the quasi-diabatic form that are suitable for study-
ing the photodissociation dynamics of the B band.
The DK PESs were based on ab initio points obtained
using the internally contracted multi-reference config-
uration interaction (icMRCI) method.91–93 Although
widely used for bimolecular reaction dynamics stud-
ies, few details are available on how they were con-
structed.94 The Leiden PESs, which was developed
using a different MRCI method,46,58 contains only
1560 points. To provide a more accurate understand-
ing of the dissociation dynamics, we have calculated
and fitted more than 13,000 ab initio points to a new

set of global PESs for the lowest eX, eA, and eB states
of H2O in a diabatic representation.47,95 The elec-
tronic energies were computed using an icMRCI
method with the augmented correlation-consistent
polarized valence quadruple-ζ (aug-cc-pVQZ) basis
set.96 A large active space was used to describe the
Rydberg characters of the excited states of H2O and
the Davidson correction was applied to approxi-
mately account for contributions of higher excita-
tions and size consistency. All calculations including
the transition moments were carried out using MOL-
PRO.97 The adiabatic PESs of relevant states are dis-
played in Figure 2. Both the CIs and RT interactions

are evident. The eA1
A00 state is repulsive and therefore

the H─OH bond breaks immediately in its first band.
The eB state has two deep potential wells at the linear
configurations, corresponding to HOH and HHO,
due to the CIs between the eB and eX states. The loca-
tions of CIs and the PESs near CIs are the key factors
not only for qualitative understanding but also for
quantitative computations for photodissociation
dynamics.

The diabatic states can be obtained from the
adiabatic states using an orthogonal transforma-
tion98,99 as follows:

jΣi
jΠi

� �
=

cosα sinα
− sinα cosα

� � j1A0i
j2A0i

� �
ð1Þ

The ‘mixing angle’ α, which is a function of the
molecular geometry, can be obtained from the elec-
tronic angular momentum matrix elements as:

α = arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1A00h jL̂z 1A0j i

��� ���2 + 1A00h jL̂y 1A0j i
��� ���2

r
.58

Then, the diabatic PESs and their coupling (VΣ, VΠ,
VΣΠ) can be calculated from the adiabatic PESs

(V1A0 , V2A0 ): VΣ =V1A0 cos2α +V2A0 sin
2α,

VΠ =V1A0 sin
2α +V2A0 cos2α, and

VΣΠ = 1
2 V2A0 −V1A0ð Þsin2α. The corresponding dia-

batic PESs and their coupling are presented in
Figure 3, where one OH bond length is fixed at
1.8a0. The well in the coupling VΣΠ indicates that the
nonadiabatic coupling is strongest there.

Quantum Dynamical Calculations
The photodissociation of water via the B band is
depicted as follows:

H2O eX, v1,v2,v3ð Þ,JKaKc

� �
!hv H2O eB� �

!adiabatic H +OH A2Σ + ,v,N,s1,Λ
� 	

!CI=RTH2O eX=eA� �
!H+OH X2Π,v,N,s1,Λ

� 	
where (v1, v2, v3) and JKaKc designate the initial ro-
vibrational state of H2O(eX), with the three vibra-
tional quantum numbers representing the symmetric
stretching, bending, and antisymmetric stretching
modes, respectively. The OH(eX=eA) fragments are
labeled by the vibrational (v), rotational-electronic
(N), spin (s1), and electronic (Λ) quantum numbers.

Firstly, we just consider the strong CIs coupling
between eX and eB states. The two-state coupling
model of Eq. (1) is employed and the spinless tri-
atomic Hamiltonian in diabatic forms are given as:

Ĥ = T̂ I+
VΣ

VΣΠ

VΣΠ

VΠ


 �
ð2Þ

where I is the two-dimensional identity matrix. T̂ is
the kinetic energy operator in the product H─OH(R)
Jacobi coordinate.100

Since the diabatization procedure for RT cou-
pling is also well established,51,101,102 we combine
this diabatization procedure with Eq. (1) to include
both CIs and RT couplings in a three-state model.
The orthogonal transformation between the two rep-
resentations can be written as:

Σλ= 0
�� �
Πλ = −1
�� �
Πλ = + 1
�� �

0
@

1
A =

cosα sinα 0

−
sinαffiffiffi

2
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2
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2
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where the diabatic states are labeled by the
z component of electronic angular momentum with
λ = 0, −1, and +1. This transformation defines a
3 × 3 diabatic potential energy matrix in the nuclear
Hamiltonian. The nuclear kinetic energy operator in
the Jacobi coordinates were given by Tennyson and
Sutcliffe103 and Petrongolo.104 The corresponding
parity-adapted rotational-electronic basis functions
were defined in our previous work,75,105 which are
similar to those of van Harrevelt and van
Hemert.46,60

We further consider the coupling of the nuclear
and electronic DOFs in the OH fragment, which
makes the description of the system quite compli-
cated. For the OH fragment, the e and f levels in each
Λ-doublet are associated with the parity

p= −1ð Þj�1
2.106 Following Dixon, the fine structure of

the fragment is described by the following basis:

Fτ; Λs1jmjp
��� E

=Aτ N = j−
1
2
, Λs1jmjp

����



+Bτ N0 = j +
1
2
, Λs1jmjp

����

 ð4Þ

where j is the OH total angular momentum (exclud-
ing the nuclear spin) and mj is its projection.

OH(eA2
Σ + ) possesses two sublevels with τ = 1e, 2f,

and OH(eX2
Π) has four sublevels with τ = 1e, 1f, 2

e, 2f. |N, Λs1jmjp| are the basis functions in Hund’s
case (b), and N is a good quantum number and
expressed as the result of coupling between j and

s1.
107 The OH(eA2

Σ + ) product actually conforms to
Hund’s case (b), with A1 = B2 = 1 and A2 = B1 = 0.

On the other hand, OH(eX2
Π) is intermediate in char-

acter between Hund’s cases (a) and (b) for low values

FIGURE 3 | Diabatic PESs for the diagonal (VΣ, VΠ) and off-diagonal (VΣΠ) terms, as well as the 1A
00
PES, as a function of ROH1 and the HOH

angle, with the other OH bond fixed at 1.8a0. The contour intervals are 0.5 eV for all panels. Adapted from Ref 47 with permission.
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of N, but reaches the Hund’s case (b) limit at high
values of N.

The propagation of the diabatic wave packets
were performed in the Chebyshev order (ξ) domain
via the three-term recursion relation with the Hamil-
tonian normalized to [−1, 1],108–110

Ψξ + 1 =D 2ĤnormΨξ−DΨξ−1

� �
for ξ > 1 ð5Þ

with Ψ1 =DĤnormΨ 0. In the Condon model, the ini-
tial wave packet on the excited eB state was repre-
sented as a product of ground state wave function
and the transition dipole moment.111 The damping
factor D was applied at the grid edge to impose the
outgoing boundary conditions. The analysis of wave
packet was performed using the theories established
by Balint-Kurti et al.112–114 We just give a simple
description here. The total cross section (absorption
spectrum) can be simply obtained using a cosine Fou-
rier transformation of the Chebyshev autocorrelation
function.110 The so-called photo-fragmentation
T matrix elements contain all the information about
the dissociation dynamics, in terms of which all the
experimentally measurable cross sections may be
expressed. T matrix elements can be evaluated by
analysis of the asymptotically wave
packet.111,113,115–117 The wave packet is analyzed by
passing an analysis line at a large value of the dissoci-
ation coordinate R = R∞, and the Chebyshev correla-
tion functions C matrix are computed as an overlap
between the two-dimensional wave packet cut and
the asymptotic ro-vibrational eigen functions of the
OH fragment, which can be converted to the energy
domain quantities by a discrete Fourier transform.110

H2O PHOTODISSOCIATION IN THE
A BAND

The eA1
A00 PES is rather flat around the angles of the

FC regions and purely repulsive along the dissocia-
tion O─H coordinate. In contrast to H2S where an
electronically nonadiabatic intersection exists

between the lowest two 1A
00
states,99,118 the eA1

A00

state of H2O is well separated from other electronic
states, which renders the A band as a prototype of an
electronically adiabatic dissociation process with a

very low internal excitation of the OH(eX2
Π) radical

product. During the last three decades, several
groups used the laser-induced fluorescence (LIF)
method to detect the ro-vibrational states and

Λ-doublet states of OH(eX2
Π) product from the

ground and excited vibrational states of H2O at
157 and 196 nm,27,30,32,34,40,119–122 the latter of
which is the so-called vibrationally mediated photo-
dissociation (VMP).123

On the theoretical side, Schinke and coworkers
carried out extensive state-to-state quantum dynam-
ics on an accurate PES124 studied on A band.29 Com-
parison of the calculated absorption spectrum with
measured spectrum is almost perfect. The calculated
cross sections and rotational distributions were in
good agreement with those of LIF experiment, but
disagreement existed obviously in the vibrational dis-
tribution at 157 nm.29 In 1999, Hwang
et al. employed the HRTOF to quantitatively mea-
sure vibrational distributions at 157 nm, which sug-
gested inaccuracy in LIF measurements.125 According
to the HRTOF results, van Harrevelt and van
Hemert calculated vibrational distributions using the
Leiden PESs at 157 nm.126 It was found that the cal-

culated OH(eX) or OD(eX) vibrational distributions
were in better agreement with the kinetic energy
release measurements of the H or D atoms produced
in the 157.6 nm photodissociation of water and its
isotopomers.127 Balint-Kurti developed a simple FC
model to account for the OH fine structure popula-
tions.39 While such a model had been reasonably suc-
cessful in predicting many qualitative features of the
experiments,27,119 it is not entirely satisfactory due to
the neglect of the dissociation dynamics.30,40 More
recently, we presented a full-dimensional wave
packet study for OH Λ-doublet dynamics and
reported the OH fine structure populations in the A
band, using the new PES developed by us.47 The
results are in better agreement with those experimen-
tal data at 193 nm than those of the FC model, pre-
sumably due to neglect of the exit-channel dynamics
in FC model.41 The calculated absorption spectrum
on this PES is broad and structureless, agrees well
with the experimental spectrum with slightly red
shifted.25,128 This small discrepancy might owe to
the underestimation of the vertical excitation energy
in the ab initio calculations. In addition, the experi-
mental spectra were measured at room temperature
where hot bands might contribute, while the theoreti-
cal one is calculated from the ground ro-vibrational

state of H2O(eX).

The calculated OH(eX2
Π) product vibrational

state distribution on the new PES, with a slight popu-
lation inversion at v = 1 state, is in good agreement
with the experimental result of Hwang et al.,125 as
shown in Figure 4. For the spin–orbit population
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ratios of OH in its low-lying vibrational channels
upon 157 nm photodissociation, significant depar-
ture from the statistical limit was found by Lu
et al. who fit the translational distribution of the H
fragment using the Rydberg tagging technique.129 As
shown in Figure 5, our calculated spin–orbit popula-
tion ratios are different from the nonstatistical distri-
butions reported by Lu et al.,129 but agree well with
the earlier data from Andresen et al.32 and Plusquel-
lic et al.120 based on spectroscopy. The populations
of the two spin–orbit manifolds are close to the sta-
tistical limit in most cases, but the Λ-doublet is domi-
nated by the A

00
component, due to the fast in-plane

dissociation of H2O(eA1
A00). Interestingly, the similar

distributions up to five quanta of OH from the pho-
todissociation of the 000 state of H2O (0, 0, 1) sug-
gesting that the influence of parent vibrational
excitation is relatively minor for the OH rotational
state distribution, consistent with the weak stretch-
bend coupling in this system.29,30 In general, our
dynamical calculations were in better agreement with
the experimental data than the previous theory.
However, there are still some minor differences
between theoretical and experimental results, which
might be due to either approximations in the theoret-
ical model, such as the neglect of spin–orbit coupling
in the interaction region and the nearby triplet states,
or uncertainties in experiments.

H2O PHOTODISSOCIATION IN THE
B BAND

The photodissociation dynamics in the B band
involves three lowest nonadiabatic coupled electronic

states and the related mechanisms are more compli-
cated. In 1986, Ashfold et al. utilized the photo-
fragment recoil spectroscopy technique to analysis
the H atom TOF spectra at photon energies around
10 eV.63 It revealed that the OH(eX) fragments were
formed predominantly in the ground vibrational level
with a highly excited and inverted rotational state
population distribution. Schinke and coworkers sys-
tematically calculated the absorption spectra and
interpreted the diffuse progression of bands as the
so-called unstable periodic orbits.42,43,45 In 1994,
Dixon and coworkers theoretically and experimen-
tally studied the rotational distributions at 121.6 nm

and described the RT interaction between eB and eA
states scaling with the amount of a-axis rotational
excitation in parent molecule.64 Yang and
coworkers65,68 observed striking even–odd popula-
tion oscillations in the rotational state distribution of
the OH (eX, v = 0) product at 121.6 nm. Their quan-
tum wave packet calculations, obtained with a
reduced-dimensional approximation based on the
Leiden PESs, attributed such oscillations to dynami-
cal interference arising through the existence of the
two CIs between the eB and eX states.65,68 In 2000,
van Harrevelt and van Hemert used a three-state
model to study the absorption spectra, ro-vibrational
distributions of OH fragment, and electronic branch-
ing ratios, which agreed qualitatively with the avail-
able experimental results except some differences in
the absorption spectra. In 2011, Yang and coworkers
reported state-resolved differential cross sections
(DCSs) and studied the effects of different unstable
resonances on the ground and excited product chan-
nels around 130 nm.74 Although there has been no
spectroscopic measurement of OH fine-structure dis-
tributions for the B band photodissociation, evidence
has been presented for a nonuniform distribution of
its Λ-doublet states.65 Dixon presented a dynamical
theory on the Λ-doublet population of OH for the B
band. Based on the reduced-dimensional model and
inaccurate PESs, several theoretical studies have
explored the photodissociation dynamics with a fine-
structure resolution.64,65

Based on the more accurate coupled diabatic
PESs developed by Jiang et al.,47 full-dimensional
quantum mechanical studies of the state-to-state dis-
sociation dynamics yielded excellent results in agree-
ment with many latest experimental results. In our
earlier work,47,95 since the RT coupling was demon-
strated to play a relatively minor role in the photodis-
sociation, the two-state coupling model including
only the eB and eX states coupled by the CIs was
employed. Later, we extended the theoretical model
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to include all three (eB, eA, and eX) electronic states
and focused on the competing nonadiabatic path-
ways leading to the OH(eX2Π) + H fragments and
their impact on state-resolved attributes.75 For the
total cross section shown in Figure 6, the oscillating
peaks have been attributed to metastable resonances
in the well created by the CI near the HOH linear-
ity.43,46,130 The theoretical models with and without
the RT coupling yielded similar results, which are in
better agreement with experimental data than previ-
ous theoretical studies.43,46,130

As shown in Figure 2, the eB state has deep
potential wells near the two collinear CIs and is
steeply repulsive in the FC region, so that the photo-
excited molecule experiences a strong torque along
the dissociation path. Nonadiabatic transitions to

lower electronic states are mostly direct and fast,
leading to the dominance of the OH(eX2Π) fragment
with little vibrational excitation and a strong rota-
tional excitation. As shown in Figure 7, the rota-
tional state distribution of OH(eX, v = 0) is highly
inverted with a peak near the highest allowed rota-
tional state, indicating that most of the energy release
in the dissociation is deposited into the rotational
DOF. While the rotational state distribution of the

OH (eA, v = 0) fragment is much cooler that the
ground state, due to the smaller anisotropy of
the excited state PES. Although similar to our earlier
results obtained without the RT coupling, the calcu-
lated results with the RT coupling are in better agree-
ment with the experimental distributions. Both
nonadiabatic pathways lead to rotational excited

FIGURE 5 | Population ratios of the two spin–orbit components (Π +
3=2 and Π +

1=2) of the OH product in its low-lying vibrational channels upon

the photodissociation of H2O(eX , (0, 0, 0)) obtained from several theoretical and experimental studies. Adapted from Ref 41 with permission.
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OH(eX) fragments, but the RT pathway results in
much less rotational excitation. This is due to the fact
that the torque force along this pathway is much gen-
tler than that associated with the CI. In addition, the
nonadiabatic pathway via the CI dominates in all
wavelengths, consistent with the earlier theoretical
results of Dixon.56 The DCSs of both products show
strong parallel characteristic for the eB ! eX transi-
tion as in Figure 8. This is because the fast dissocia-

tion to OH(eX2
Π) gives rise to product angular

distributions that are parallel to the laser polarization
for this parallel transition. Agreeing with previous
reduced-dimensional models,68 the oscillations in the
rotational state distribution are assigned to a quan-
tum interference between waves come from the HOH
and HHO CIs in the eB ! eX nonadiabatic pathways.
This interference is also verified by the calculated
rotational state-specific anisotropy parameter β
which also show a clear even–odd oscillation. The
rotational state distributions of OH(eA) product
change dramatically with photon wavelength, due to
different long-lived resonances in HOH and HHO
potential wells. However, the agreement between the
calculated results and experimental one is less satis-
factory. The discrepancies mainly stem from the inac-
curacy of the adiabatic PES. To improve the PES, the
electronic structure calculations should include more
higher excited states, such as the D state, and employ
a Dunning’s basis set with extra d and f diffusion
functions for oxygen to describe the substantial Ryd-
berg nature.

ISOTOPE EFFECTS

Isotope effects in photodissociation are also an inter-
esting topic. The substitution of hydrogen by deute-
rium has no impact on the electronic structure, but
often changes dynamical processes significantly, par-
ticularly where nonadiabatic forces such as CIs are
involved.70,86–88,131 The dissociation mechanism for
D2O is quite similar to that of H2O, but there are
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FIGURE 7 | Rotational state distributions of the OH (eX , v = 0)
fragment at the five peak energies. The populations from the two
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gray and dark cyan bars. Theoretical distributions with RT coupling
(red-dashed lines), without RT coupling (blue-dotted lines) and the
experimental distributions (black solid lines) are included. Adapted
from Ref 75 with permission. Copyright (2013) American Chemical
Society.
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some important quantitative differences. For the A
band of D2O photodissociation, seven vibrational fea-
tures have been observed at 157.6 nm. Because of the
smaller OD rotational constant, the rotational struc-
tures are not as well resolved as in the H2O case. Even
though more vibrational states of the OD product are
populated than the OH product, the vibrational
energy deposited into the OD product is quite similar
to the OH product. For the B band of D2O photodis-
sociation, the dissociation products are mainly popu-
lated into nonadiabatic OD(eX) + D channel. The
nonadiabatic channel via the DOD CI is direct and
fast, which produces hot rotational and cold vibra-
tional OD(eX) product, while the adiabatic channel is
dominated by long-lived resonances which depends
sensitively on the PESs. The experimental and calcu-
lated product distributions and angular distributions
for the OD(eA) fragments change dramatically with
the photolysis energy, due to a combination of fast
direct dissociation and slow resonance decay.132 The-
oretically, state-to-state photodissociation dynamics
of vibrationally excited D2O in B band have been
explored.133 The calculated absorption spectra, prod-
uct state distributions, and branching ratios from dif-
ferent initial vibrational states show different
dynamic features, due to the different forms of the
vibrational wave functions. The angular anisotropy
parameters β of the OD (eX, v = 0) product exhibit
fewer oscillations than those for H2O and the

branching ratio OD(eX)/OD(eA) of 3.9 is significantly

lower than that of 5.1 for OH(eX)/OH(eA) at
121.6 nm.68 The D2O absorption spectrum has the
amplitudes of the resonances almost a factor of
2 smaller than those for H2O.73 The OD (eX, v = 0)
product has higher levels of rotational angular
momentum than the corresponding OH (eX, v = 0)
product.134

The substitution of one hydrogen in H2O by a
deuterium results in symmetry breaking and opens
two distinct D + OH and H + OD dissociation
channels, showing different dynamics behaviors. For
the A band, the VMP with OD or OH bond preexci-
tation accesses different regions of the PES likely
leading to mode or isotopic selectivity,8,135 which
has been a hot topic in photodissociation dynamics
studies.123 The theoretical136–140 and
experimental29,40,120,141–145 studies of HOD in the
A band have verified that OH/OD branching ratio
can be ‘steered’ by choosing the appropriate initial
vibrational state and photon wavelength. For the B
band, the outcome of dissociation of HOD is quanti-
tatively not the average of those for H2O and
D2O.69,70 For the photodissociation of HOD at
121.6 nm, OH (eX, v = 0) product shows ‘super
excited’ rotational states above its dissociation limit

and OD (eA, v = 0) product has an unusually strong
population for a single rotational state labeled ‘single
rotational product propensity’, which was not found
in H2O/D2O photodissociation and HOD with D
detection at 121.6 nm.59,70,131 Recently, the

All products

Experimental

Experimental

Calculated

OH (A)

Calculated

133.17nm 132.02nm 131.067nm 129.48nm 128.12nm

FIGURE 8 | Comparison of experimental and calculated differential cross sections at the five peak energies. Adapted from Ref 95 with
permission.
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dynamics of the OD + H and OH + D channels of
the HOD dissociation around 128 nm was investi-
gated experimentally.146 It should be noted that in
the C band an interesting discovery is the symmetry-
induced population oscillation that the high vibrational
states of OH(eX) and OD(eX) exhibit a population
alternation with the rotational quantum number.
What is more, a clear alternation in vibrational pop-
ulation with odd v favored over even v was also
observed experimentally for the OH(eX) product in
the C band.88 Recently, the state-to-state quantum
dynamics of the B band VMP was investigated using
the three-state coupling model.147 The product state
distributions of OH(eX) from four vibrational states
are highly hot rotational excitation and very cold
vibrational excitation, similar to the photodissocia-
tion of H2O. For the OD(eX) + H channel, the vibra-
tional state distributions from HOD (0, 1, 0) are
inverted with a peak at v = 1 at some photoenergies.
The rotational state distributions of OD(eX) from
four vibrational states show two different behaviors.
One has a single broad peak, while the other has a
bimodal structure with a very pronounced peak near
the highest allowed rotational state and a broad peak
at lower rotational states. The calculated branching

ratios OH(eA)/OH(eX) lower than 1.0 indicate that the
nonadiabatic pathway dominates for the D dissocia-
tion throughout the whole energy range, while for
OD + H channel, the nonadiabatic pathway only
dominates at low energy.

CONCLUSIONS

The photodissociation dynamics of the water mole-
cule has served as a prototype for understanding bond
breaking dynamics in molecules. In this review, we

summarized the latest theoretical studies using full-
dimensional quantum mechanical models with accu-
rate PESs. The inclusion of all relevant electronic
states and their couplings results in an improved
agreement with the latest experimental data and sheds
valuable insights into the mechanism of water photo-
dissociation. The detailed theoretical characterization
of the photodissociation of H2O reviewed here sug-
gests that exquisite experimental measurements, such
as absorption spectrum and product state distribu-
tions can now be quantitatively predicted with quan-
tum dynamical calculations for small molecules. Such
achievements can only be accomplished with highly
accurate global PESs based on high level ab initio cal-
culations and exact full-dimensional quantum dynam-
ics. These theoretical studies can not only serve as
benchmarks for more approximate models but also
offer valuable insight into the reaction dynamic and
nonadiabatic transitions for many important chemical
processes. However, there are still some challenges in
this field. For example, the photodissociation mecha-

nism of water via the eC state is still not well-under-
stood. It is generally acknowledged that this process
is a nonadiabatic dissociation process involving four
states, which has two distinctive predissociation

pathways. One is eC! eB pathway proceeding via

Coriolis-type coupling. The other is eC! eA pathway
through vibronic coupling.24 Since there is a large

energy gap between the FC region of eC and eA states,

the eC! eA decay via a direct transition or an indirect
process through the coupling between intermediate
states is still disputed. The highly accurate diabatic
PESs for relevant excited states and state-to-state
photodissociation dynamics calculations will shed
new light on the detailed microscopic mechanism of
the photodissociation of water on higher bands.
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