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Photodissociation dynamics of H,O via the F state at 111.5 nm were investigated using the high
resolution H-atom Rydberg “tagging” time-of-flight (TOF) technique, in combination with the tunable
vacuum ultraviolet free electron laser at the Dalian Coherent Light Source. The product translational
energy distributions and angular distributions in both parallel and perpendicular directions were
derived from the recorded TOF spectra. Based on these distributions, the quantum state distributions
and angular anisotropy parameters of OH (X) and OH (A) products have been determined. For the OH
(A) + H channel, highly rotationally excited OH (A) products have been observed. These products are
ascribed to a fast direct dissociation on the B' A state surface after multi-step internal conversions from
the initial excited F state to the B state. While for the OH (X) + H channel, very highly rotationally
excited OH (X) products with moderate vibrational excitation are revealed and attributed to the
dissociation via a nonadiabatic pathway through the well-known two conical intersections between
the B-state and the X-state surfaces. Published by AIP Publishing. https://doi.org/10.1063/1.5022108
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l. INTRODUCTION

Since its great importance in atmospheric and interstellar
chemistry,’> photodissociation of the water molecule in the
vacuum ultraviolet (VUV) region has been a fascinating topic
in photochemistry. With the development of various exper-
imental techniques and the quantum dynamical calculation
methods, the photodissociation dynamics of water have been
studied extensively over the past few decades.>> The water
molecule in its ground state (X 'A;) has C;, symmetry, and
the electronic configuration is (1a;)?(2a;)*(3a;)?(1b1)?. It has
rich electronic absorption bands in the VUV region below
200 nm induced by the excitation of one electron from 1b;
or 3a; orbital to a Rydberg orbital. The absorption spectra of
H>O in the wavelength region of 190-120 nm consist of two
broad, well-separated bands with their maxima at ~167 nm
and ~128 nm, respectively.”? The first absorption band near
190-150 nm is ascribed as the electronic transition A!B
— X'A| (3sa; « 1b;). Then, the absorption band around
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150-120 nm corresponds to the electronic transition B'A;
«— X'A| (3sa; < 3ay). Superimposed on this continuum is
a progression of very diffuse bands with almost constant spac-
ing of about 800 cm™! .?* Besides, the absorption bands peaked
at 124 nm and 122 nm are attributed to the Rydberg transitions,
C'B; «X'A| B3pa; « 1b;)and D' A «X'A| 3pay < 1by),
respectively.?

Dissociation of HO molecules on the A state provides an
ideal model of direct dissociation, due to the repulsive poten-
tial energy surface along the O-H band, and yields a H atom
and a ground state OH with little internal excitation.®!826-31
By contrast, much more complicated and plentiful dynami-
cal information has been concluded from the dissociation of
H,0 molecules on the B state, a classical multichannel dis-
sociation process. Three electronic excited states have been
involved, i.e., X, A, and B states. At the linear geometries of
H-O-H and O-H-H, two completive conical intersections exist
between the B state and the X state, and the Renner-Teller
coupling between the B state and the A state is also possible
since the energy degeneracy with these geometries.'!:13-32-34
As a result, the initial excitation of H>O molecules to the B
state leads to a direct dissociation process on the B state sur-
face to produce a H atom and an excited electronic state OH

Published by AIP Publishing.


https://doi.org/10.1063/1.5022108
https://doi.org/10.1063/1.5022108
https://doi.org/10.1063/1.5022108
mailto:kjyuan@dicp.ac.cn
mailto:xawang@ustc.edu.cn
mailto:lichedmu@163.com
mailto:xmyang@dicp.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5022108&domain=pdf&date_stamp=2018-03-22

124301-2 Wang et al.

fragment through the adiabatic pathway or yields a H atom plus
a ground state OH partner through the nonadiabatic pathway
from the B state to the potential energy surfaces of either the
A state or the ground state X of water. Besides, the three-body
dissociation of O (!D, 3P) + 2H is also energetically acces-
sible. The characterization of internal distribution of the OH
products is highly vibration-rotation reversal, i.e., rotationally
hot but vibrationally cold, which has been revealed from the
correlative studies previously.*—*° More interesting, the strik-
ing even-odd intensity oscillations in the ground state OH (X,
v = 0) product rotational distribution, which are assigned to
the dynamical interference between the two completive coni-
cal intersection pathways, have been observed by Harich and
co-workers.?8

The C'B; state of H,O molecules, reached at around
124 nm, is the first Rydberg state with fully resolved rota-
tional structures by one-photon or multi-photon absorptions,
due to two essential factors: (1) the C'B; Rydberg state is a
long-lived (about a few ps) and typical bound state, (2) H,O
molecule has a sufficiently large rotational constant.**** Two
different dissociation mechanisms, which are highly depen-
dent with the rotational constant K,’, have been revealed from
a one-photon induced predissociation dynamics study.* It is
concluded that, for H>O in the rotational state with K,” =0, the
photodissociation process occurs exclusively via the homo-
geneous nonadiabatic coupling to the A'B; state, leading to
rotationally cold and vibrationally hot OH (X) products (up to
v = 13, peaked at v = 7). While for H,O in the rotationally
excited state with K,” > 0, an additional heterogeneous path-
way opens through the Coriolis-type coupling to the B'A;
state, results in rotationally hot and vibrationally cold ground
state OH (X) and electronically excited OH (A) products.*+4¢
In addition, the predissociation dynamics of H,O molecules on
the vibrationally excited C state were studied using the time-
resolved photoelectron imaging method by Wu et al.,*’ and a
new predissociation pathway has been observed. Due to the
energy degeneracy between the C(010) and D(000) vibronic
states, the initial excited C(010) state of H,O molecules
could undergo an accidental resonance predissociated path-
way through the D(000) state, followed by a strong internal
conversion to the B state at a bent geometry.*’

The dissociation dynamics of HoO molecules on the D
state have also been investigated. Typically, the initial excited
D state of H,O molecules undergoes a fast predissociation pro-
cess (13.5-50 fs) via an avoided crossing at the bent geometry
to the B state, followed by a similar dissociation dynamics with
the direct excitation to the B state.*$4°

Over the past decades, the photodissociation dynamics of
H,O molecules on the initial excited A, B, C, and D states have
been studied comprehensively, and the relative quantitative
pictures are obtained. Whereas, the study of photodissocia-
tion dynamics of H,O molecules on the higher-lying Rydberg
states, like £ and F states, is limited, due to the lack of the
tunable and intense VUV radiation source. Recently, a new
generation tunable VUV free electron laser (FEL) has been
built successfully in Dalian [Dalian Coherent Light Source
(DCLS)], China, which works mainly in 50—150 nm. In this
work, we use the VUV FEL combined with the high resolution
H atom Rydberg “tagging” time-of-flight (HRTOF) technique
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for the first time, to study the photodissociation dynamics of
H>0O molecules at 111.5 nm, which excites H,O molecules
to the F state.!> Product translational energy distributions
and angular distributions have been determined. Besides, the
internal state distributions as well as the angular anisotropy
parameters are also presented in this study.

Il. EXPERIMENTAL DETAILS

The experiments are performed in a newly constructed
end-station for molecular photochemistry around the VUV-
FEL beam line®® at DCLS. Briefly, The VUV-FEL facility
operates in the HGHG (High Gain Harmonic Generation)
mode,>! in which the seed laser is injected to interact with the
electron beam in the modulator. The seeding pulse at 240-360
nm is generated by a Ti:sapphire laser. The electron beam pro-
duced by a photocathode RF gun is accelerated to the beam
energy of ~300 MeV with a bunch charge of 500 pC. The
micro-bunched beam is then sent through the radiator, which
is tuned to the nth harmonic of the seed wavelength. As aresult,
the coherent FEL pulse at A/n is emitted. The VUV-FEL beam
pulse operates at 20 Hz with the pulse energy of >200 pJ/pulse.
The wavelength is continuously tunable between 50 and 150
nm, and the typical frequency bandwidth is around ~50 cm™".

The HRTOF technique utilized in this study has been
described in detail elsewhere.’?>3 In brief, in this study, the
molecular beam of H,O is generated by bubbling Ar through
the Ar/H,O mixture and expanding through a 1.0 mm diam-
eter pulsed nozzle at a stagnation pressure of ~1 atm. Great
efforts have been made on the optimization of the performance
of the pulsed valve to minimize the formation of H,O sample
clusters. The rotational temperature of the water molecules
in the molecular beam is about 10 K. The molecular beam
is then crossed perpendicularly with the photolysis and probe
laser light. The polarization of the photolysis VUV-FEL light
is horizontal. The H atom products from H,O photodissocia-
tion in the photolysis region are excited from the ground state
to a high-n Rydberg state via a two-step excitation scheme:
the coherent VUV excitation at the Lyman-a wavelength
(121.6 nm) followed by UV photon excitation at about 365 nm.
The 121.6 nm VUV light is generated by the difference four-
wave mixing method of two 212.5 nm photons and one 845 nm
photon in a Kr/Ar (ratio 1:3) mixture gas cell.>* The 212.5 nm
laser light is produced by doubling the output of a tunable
dye laser operating at about 425 nm, pumped by the third
harmonic output of a Nd:YAG laser, while the 845 nm laser
light is the direct output of another dye laser pumped by part
of the second harmonic output from the same Nd:YAG laser.
The 365 nm laser light is generated by doubling the output
of a tunable dye laser operating at about 730 nm, pumped by
another part of the second harmonic of the Nd: YAG laser. The
photolysis light, 111.5 nm, is generated by FEL. The three
excitation laser light beams (212.5, 845, and 365 nm) are
overlapped both in space and time in the photolysis region,
while the photolysis light beam is crossed with an angle of
7° relative to the 365 nm light in the center of photolysis
region.

The charged species at the tagging region generated by
the laser beams are extracted away by a small electric field
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FIG. 4. The total rotational state distribution of the OH (X, v = 0) product
from the photodissociation of H,O at 111.5 nm.

(~75 V/cm) mounted across the intersection region. Since
the 121.6 nm laser light also generates the photodissocia-
tion signals, a background subtraction scheme is performed
by alternating the photolysis laser on and off. The neutral H
atom products, after flying about 28 cm, are then field ion-
ized and detected by a Z-stack microchannel plate (MCP)
detector mounted on a rotational detector. Then the signal is
amplified by a fast preamplifier and counted by a multichannel
scaler.

lll. EXPERIMENTAL RESULTS
A. Product translational energy distributions

The time of flight (TOF) spectra of the H atoms from
H,0 photodissociation at 111.5 nm have been measured by
using the above experimental methods. TOF spectra with the
detection axis parallel (0°) and perpendicular (90°) to the pho-
tolysis laser polarization are both recorded. In addition, the
TOF spectrum at the magic angle (~55°) is also recorded in
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FIG. 6. Vibrational state distribution of the OH (X) product (a) and OH (A)
product (b) from the photodissociation of HyO at 111.5 nm.

order to make sure that the polarization direction is accurate.
Figure 1 shows the TOF spectra for parallel and perpendicular
directions. The two TOF spectra have been converted to the
total translational energy distribution by using the following
equation:
Br = s+ Ly )2 M)
moHg I

where d is the flying path length of H atoms (d =~ 28 cm)
and ¢ is the measured time of flight. It is noted that the veloc-
ity of the molecular beam is also included in the conversion
process. Figures 2(a) and 3(a) show the product translational
energy distributions in the parallel and perpendicular direc-
tions, respectively. It is obvious that extensive sharp structures
have been observed in the product translational energy distri-
butions, which are similar to that observed in the H,O pho-
todissociation at lower (such as B) electronic excited states.?8
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Since the H atom product has no internal excitation, these
sharp features all correspond to the electronically and rovi-
brationally excited OH products. Based on the total energy
conservation in the photolysis process, the group of structures
located at the higher translational energy range corresponds to
the ground electronic state OH (X) products, while the group of
structures in the lower translational energy range corresponds
to the electronically excited OH (A) products. It is noted that
the structures belonging to OH (X) products are congested and
partially resolved and are different from those observed in H,O
photodissociation at 121.6 nm, suggesting high vibrational
and rotational excitation of OH (X) products. In addition to the
OH (X) and OH (A) products, a broad underlying energy dis-
tribution has also been observed with the peak locating at low
translational energy, which can be assigned as the three-body
dissociation O (*P) + 2H channel.

In a one-photon molecular photodissociation process, the
photodissociation product detected at an angle in the center-of-
mass frame (6.n,) relative to the photolysis light polarization

J. Chem. Phys. 148, 124301 (2018)

2.0

OH(X,v=0) "
o 157 1
- - [ ] n - |\
[} 1 ]
® 1.04% \e |\ . )
£ )
E 0.5 (1] . .
© .9 - /
> \ i /\ \ ./
& 0.0 .‘ LB
5 \ ' v
7] -
'€ -0.5-
< -
1.0 b
0 10 20 30 40 50

Rotational Quantum Number N

FIG. 9. Rotational dependence of the anisotropy parameter 3 for the OH (X,
v = 0) product.

can be represented by the following formula:
W (Er, Ocm) = 0 (Er) {1 + B(Er) P2 (cOs Oem)},  (2)

where o(Et) is the product translational energy distribution
and B(Er) is the translational energy dependent anisotropy
parameter. In this experiment, the translational energy distri-
butions at two detections (parallel and perpendicular to pho-
tolysis laser polarization) are measured; therefore, S(Et) can
be calculated.

B. Product quantum state distributions
and anisotropy parameters

Assignments have been made for almost all the peaks in
the translational energy spectra, and OH quantum state dis-
tributions can be determined from simulations of these trans-
lational energy spectra. The simulation method is the same
with that described in Ref. 38. Figures 2(b) and 3(b) show
the simulated product translational energy distributions for
the two corresponding directions. The agreement between the
experimental and simulated distributions is excellent. Figure 4
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shows the rotational distributions of the OH (X, v = 0) product
obtained from the simulations. It is apparent that most of the
OH (X, v =0) products are extremely rotationally excited with
a peak at N = 47, corresponding to about 33 400 cm™! rota-
tional energy, already 94% of the bond dissociation energy of
the OH molecule. Such an extremely high rotational excitation
has also been observed in the HO/HOD photodissociation at
121.6 nm, which is a direct consequence of strong forces at
the conical intersections between the B- and the X-state sur-
faces for a linear H-O—H geometry.>>-® It is noted that the
rotational distribution obviously fluctuates as a function of
rotational quantum number, which is similar to the previously
observed population oscillations from dynamical interference
through the two conical intersections between the B- and the
X-state for the linear H-O—-H and H-H-O geometries. How-
ever, the severe overlapping of the rotational manifolds for
ground and excited vibrational levels prevent the direct obser-
vation of oscillations from the translational energy spectra.
Figure 5 shows the rotational state distributions for the OH
(X) products with v = 1-4. These products are also highly
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FIG. 11. Rotational dependence of the anisotropy parameter 3 for the OH (A4,

v = 0) product.

20 30 40

rotationally excited, with peaks at N = 41, 42, 39, 38, indi-
cating that they are probably produced through the similar
dynamical pathways as the OH (X, v = 0) product.

The vibrational distributions are obtained by integrating
the rotational distribution for each vibrational level. Figure 6(a)
shows the vibrational state distribution of the OH (X) prod-
ucts. Though the OH (X, v = 0) product is still the important
channel, vibrationally excited OH products with v = 1-5 have
modest population. The OH (X) product in the v =0 level com-
prises only about 20% of the total OH (X) population, which
is different from that observed in H,O photodissociation at
121.6 nm, i.e., approximately half the total OH (X) population
was observed.>® This means the population of OH (X) product
is strongly rotationally inverted but, in contrast to the previ-
ous results, is spread over a much wider range of vibrational
excitation.

The OH product in the A electronic state has also been
observed from the H,O photodissociation at 111.5 nm. Fig-
ures 7 and 8 show the rotational state distributions of the OH
(A) product for v =0 and 1-4. For OH (A, v = 0 and 1) prod-
ucts, they are highly rotationally excited as in the ground state,
with a peak at N = 32 and 29, close to the highest energeti-
cally accessible rotational levels, respectively. This indicates
that the angular anisotropy of the potential is also very impor-
tant for the dissociation of H,O on the B state surface since
the OH (A) products adiabatically correlate with the B state
surface. The population of OH (A4, v = 1-4) fluctuates strongly
as a function of rotational quantum number yet has no regu-
lar pattern. Figure 6(b) shows the vibrational distribution for
the OH (A) product. The OH (A, v = 0 and 1) products are
dominant, while the populations of OH (A) with vibrational
excitation of v = 2-6 are moderate. This is also different from
that observed in H,O photodissociation at 121.6 nm,3® where
the population of the OH (A) product decreases almost linearly
as the vibrational energy increases.
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From the OH product internal state distributions obtained
in the parallel and perpendicular directions, the distributions
of the angular anisotropy parameter for the various quantum
levels of the OH product can be determined using Eq. (2). The
B(N) distribution for the OH (X) product in the v = O state
is depicted in Fig. 9. It is apparent that a marked variation in
the 8 parameter over the observed range of N values is dis-
played in this distribution spectrum. At lower rotational levels,
the value of B fluctuates with N around 0.75, being moder-
ately positive at N < 12, but varies widely as N increases. At
higher rotational levels (N > 34), the § value turns positive
again except for N = 45 and has a highest value at the high-
est rotational quantum number, 1.9 for N = 49. It is deduced
from the varied g values that more than one mechanism is
involved in the photodissociation process. Figure 10 shows the
rotational distributions of the 8 parameters for OH (X) with
v=1-4.1tis clear that the 8 parameters varied strongly as the N
increases but are almost positive except for a small amount of
rotational quantum number N. Obviously, these distributions
are very different from that for the OH (X, v = 0) product,
indicating the complex nature of H,O photodissociation at
111.5 nm.

Anisotropy parameters have also been determined for the
OH (A) product for v = 0—4. Figure 11 shows the rotational
dependence of the g parameter for v = 0. At lower rota-
tional levels (N < 16), the g value decreases from 1.8 to
0. At higher rotational level (N > 17), the value of the
parameter fluctuates around 0.25. The S(N) distribution for
the OH (A) product in the v = 1-4 state is shown in Fig. 12.
Compared with OH (X, v = 0), the value of 8 for OH (A,
v = 1-4) do not vary widely and keeps to be almost posi-
tive. For higher vibrational levels, such as OH (X, v = 5-7)
and OH (A, v = 5-6), the 8 parameters cannot be determined
accurately because of significant correlations via overlapping
lines.

10 15 20

IV. DISCUSSIONS

‘We now seek to reveal the complicated VUV photodisso-
ciation dynamics. It is known that the molecular orbital config-
uration of water in the ground state is (core)?. . .(3a;)*(1b;)?.
Excitation of a 1b; electron leads to Rydberg states converg-
ing to the ground state of the ion with bent geometry. The
promotion of a 3a; electron to a Rydberg orbital forms Ryd-
berg series converging to the first excited state of the ion with
quasilinear geometry. It is worth noting, however, that the ver-
tical VUV Rydberg spectrum is largely dominated by bent
to bent excitation (arising from the n/ « 1b; transition) and
that very few observations of bent to linear (arising from the
nl « 3a; transition) have been reported. '

Many experimental and theoretical studies have focused
on the 3d Rydberg states of water which exhibit very intense
features in the absorption spectra. The rotationally resolved
absorption spectra of 3d Rydberg states of water were first
reported by Smith et al.> and then by Fillion et al.,'> and
three strong absorption bands were observed between 111 and
113 nm. These absorption bands have been assigned to four
optically electronic transitions, namely, E'B, (Bda; « 1by),
E''By (Bday « 1by), and F'A| (3db; « 1b}) degenerated
with F!B; (3da;’ « 1by). In this work, the initial excitation
of water at 111.5 nm is to F'A| or F!'B; states. Excitation to
the vibronic state £(010) is also possible since the origin band
of the E(010) state is partially overlapped with the F absorption
band. Due to the relatively small transition probability from the
ground state to the vibronic £(010) state, the contribution from
E(010) state should be small. Though interesting dissociation
dynamics are observed at this wavelength, the dissociation
mechanism is not immediately clear since the potential energy
surfaces of these Rydberg states of water are lacking. The
observed rotational distributions and angular parameter distri-
butions of OH (X) and OH (A) products are quite similar to
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those observed from water dissociation on the B state, suggest-
ing that there would be a predissociation pathway from the F
state to the B state. Ab initio bending potential energy curves'#
showed that the F state of water has the minima with a bond
angle of about 110° which is comparable with the equilibrium
bond angle of 108.9° for the molecular ion HyO*. For states of
'A; symmetry, complicated avoided crossings occur with the
diabatic curves corresponding to the excitation 3db; « 1b;
being crossed by those states arising from the excitations 3pa;
< 3a; and 4s « 3a; for bond angles in the region of 135° and
145°, respectively.'* Thus, the possible predissociation route
would be a fast conversion from the initial excited F'' A; state to
the higher-lying 'A; state (3pa; < 3aj) via an avoided cross-
ing at the bent geometry, followed by a internal conversion to
the D' A, state (3pa; < 1b1), due to the near degeneracy of the
3p states (' A 3pa; state and D' A| 3pa, state) at linear geom-
etry with the bond length of around 1.8 bohrs.’® Again, there
is a well-known avoided crossing between the B and D states
at the bond angle of about 100°; thus; the water molecule on
the D state has three possible pathways yielding H atoms: (1)
fast internal conversion to the B state and then direct dissoci-
ation on the B state surface, yielding OH (A) and H products;
(2) fast internal conversion to the B state and then dissocia-
tion on the A state via B-A Renner-Teller coupling, but this
pathway plays a minor role at a low rotational temperature of
the parent molecules (~10 K3®); (3) fast internal conversion
to the B state and then dissociation on the X state via the B-X
conical intersections. Pathways (2) and (3) lead to OH (X) and
H products. The branching ratios of the OH (A) and OH (X)
products have been determined to be about 1.4:1 through the
simulations, illustrating the relative importance of these differ-
ent nonadiabatic dissociation pathways. The observed positive
values of average anisotropy parameters for OH (X) and OH
(A) products are consistent with the parallel transition F1A| «
X'A|. For states of 'B; symmetry, the potential energy curves
also have very complicated avoided crossings.!* The initial
excited F''B; state can decay to the D’!B; state via the 'B;
3pb state since there are avoided crossings between the F'!B|
state and 'B; 3pb; state at a bent angle of about 135° and
between the D’'B; state and !B, 3pb, state at a bent angle
of about 165°. However, there is no obvious predissociation
pathway from the D! B, state to the B state, suggesting that the
H atom products from the initial excited F!B; state might be
minor.

Though photodissociation dynamics of HoO at 111.5 nm
are similar with those at 121.6 nm, some differences still have
been observed. The striking difference is the moderate vibra-
tional excitation of OH (X) products at 111.5 nm compared
with the cold vibrational excitation at 121.6 nm. Ab initio cal-
culations by Harich ef al.’® showed that the extremely high
rotational excitation of the OH product is mainly due to the
dissociation through the conical intersection at the collinear
(H-O-H) geometry between the B and X surfaces. The gradi-
ent of the B-state surface in the Franck-Condon region leads
to the greatest initial acceleration in the bending coordinate
towards collinear H-O-H, with lesser acceleration along the
OH bonds, thus leaving a OH (X) radical with high angu-
lar momentum but little vibrational excitation. In addition,
there is a second symmetry determined conical intersection
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on the B state for the collinear O-H-H geometry. There is a
barrier between the linear HOH and OHH region at y ~ 60°.
Thus, a small part of the dissociative flux on the B state
can pass through the second conical intersection if the pho-
tolysis energy is high enough to open this pathway. Harich
et al.®® pointed out that dissociation through this pathway
leads to rotationally inverted OH (X) product with a much
wider range of vibrational excitation due to the nature of sur-
faces at short H-H distances. At higher photolysis energy, the
barrier at y ~ 60° has little effect. This suggests that more dis-
sociative flux will pass through OHH conical intersection at
111.5 nm and lead to moderate vibrational excitation of OH
(X) products. Further theoretical investigations are still needed
for further understanding such complicated photodissociation
dynamics.

V. CONCLUSIONS

In this work, we have performed an experimental study
of the H,O photodissociation on the F state at 111.5 nm, by
using the HRTOF technique combined with the VUV-FEL
at DCLS. The translational energy distributions, as well as
the state-resolved angular anisotropy parameters of the OH
products, have been determined by measuring the H atom prod-
uct TOF spectra. Experimental results show that OH (X) and
OH (A) products are all highly rotationally excited and mod-
erate vibrationally excited. Possible dissociation mechanisms
are discussed. The present study would help us to understand
the complicated dissociation process from the high Rydberg
state of water molecules.
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