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ABSTRACT

The photodissociation dynamics of the hydrogen sulfide cation (H2S*) (X*B,) were investigated using the time-sliced velocity map ion imag-
ing technique. S* (*S,) product images were measured at four photolysis wavelengths around 393.70 nm, corresponding to the excitation of
the H,S™ (X?By) cation to the A2A; (0, 8, 0) state. The raw images and the derived total kinetic energy releases (TKERs) spectra exhibited
partial rotational resolution for the H, products. A sensitive dependence on the photolysis wavelength was observed in the TKER spectra
and anisotropy parameters. Within a narrow excitation energy range of ~12 cm™", the H, products showed two distinct rotational excita-
tions. Furthermore, clear differences in anisotropy parameters were observed. These phenomena indicate that the rotational excitation of the

H,S* ions plays a role in the non-adiabatic photodissociation dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0235630

INTRODUCTION

Hydrogen sulfide (H»S) is a relatively abundant component
in the universe.' * It has attracted significant attention in both
interstellar observations' * and combustion processes.”® Molecu-
lar ions formed through various processes play an important role
in the chemical evolution of interstellar clouds due to their high
reactivity.” ’ Investigating the H,S* cation is therefore essential
for understanding astrochemical networks involving sulfur species.
Photochemical studies on H,S have also greatly enhanced our
understanding of the sulfur cycle. In addition, the H,S" cation serves
as an ideal model for studying non-adiabatic interactions.'’ '

The rovibronic transition structures of the H,S™ cation have
attracted sustained research interest. The H,S™ cation, in its ground
electronic state X°B;, has a bent equilibrium molecular structure,
similar to the H,S molecule. Nevertheless, the first excited state

A%A; of the H,S™ cation has a larger HSH angle in equilibrium con-
figuration, compared to the X*B; state. Interestingly, the X*B; and
A%A states degeneratetoa 21, state at a linear configuration, result-
ing in strong Renner-Teller couplings between the two states above
the linear barrier.'""” The vibronic structures of H,S™ were investi-
gated using various experimental techniques, such as photoelectron
spectroscopy,H 0 photoionization,'” mass spectroscopy,m‘w opti-
cal emission spectroscopy,'”'* and photoelectron-photoion coin-
cidence measurements.”’ Horani et al. observed the first emission
spectrum of H,S™ cations within the 400-600 nm range.”’ How-
ever, the confirmation of the spectrum assignment was delayed
until the availability of photoelectron spectroscopy data for H,S.'*
In 1971, Dixon et al. carried out a photoelectron spectroscopic
study on H,S and performed a comparison with the correspond-
ing emission spectrum of H,S™.!* Their results showed prominent
vibronic structures attributed to the bending excitation of the upper
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A% A state of the H,S™ cation, resulting from the significant change
in the equilibrium configuration of the H,St A%A, state.* In 1995,
Baltzer et al. performed a high-resolution photoelectron spectro-
scopic study on H,S and observed detailed vibronic structures with
different K values attributed to the X*B; and A®A; states of the
H,S* cation.'” In 2004, Hochlaf et al. performed a photoelec-
tron spectroscopic study of H,S with improved spectral resolution
and observed weak combinational transitions of the symmetric
stretching mode (v1) and bending mode (v;).!° In 2010, Han et al.
employed mass analyzed threshold ionization (MATI) combined
with the photo-fragment excitation technique to assign the rotation-
ally resolved transition bands of H,S* above the linear barrier.!” The
spectroscopic studies mentioned earlier provided us with a compre-
hensive understanding of the transitions between the lowest XZBL
A%A4, and BB, states of the H,S™ cation.

The dissociation of the H,S™ cation via the A2A; state has also
continued to draw significant experimental interest. In 1968, Dibeler
and Liston conducted a combined vacuum-ultraviolet (VUV) mass
spectrometric study of H,S photoionization and determined the
energy threshold associated with the H,ST - ST + H, pro-
cess.!” Dixon et al. further proposed that the H,S* cations at the
A%A; state can predissociate within the interaction of the X?B; state
and the repulsive 4A, state.!? They noticed that the 0-v,” bands with
v2' > 8 were missing in the emission spectrum compared to the
photoelectron results with similar Franck-Condon excitations, sug-
gesting the occurrence of predissociation at high vibrational levels."
In 1975, Mohlmann and Deheer measured the lifetimes of excited
H,S* cations at the A%A; state by measuring the decay curves of
the A’A; — X*B, emission bands of the H,S* cation.?? Their results
indicated the existence of the decay channel.”” In 1979, Eland mea-
sured the time-of-flight (TOF) spectra from H,S* dissociation and
observed the ST + H, and SH* + H channels.”’ In 2007, Webb
et al. employed the time-sliced velocity map ion imaging (VMI)
technique to study the photodissociation dynamics of H>S* cations
in the 300-420 nm region involving the one photon A*A; < X*B;
excitation of the H,S™ cation.”””* They observed the nuclear-spin
correlated behavior tracing back to the parent H,S* cations and
confirmed two possible dissociation pathways for the A%A; state,
which evolve toward X?B; and B’B, states via different interac-
tions (referred to as pathway I and pathway II) and ultimately
dissociate via the repulsive *A; state within the spin-orbit coupling
interaction.”””!

Numerous theoretical efforts have also been devoted to study-
ing this non-adiabatic system using various theoretical meth-
ods, providing significant insights into the molecular structures,
potential energy surfaces (PESs), and dynamic behaviors of the
H,S™ cation.'"!#%° During these works, the effects of symmetries
(Czy and Cs) have been carefully considered. Through analysis of the
calculated PESs, a deeper and more comprehensive understanding
of the observed experimental results has been achieved.

Recently, researchers have observed competitive non-adiabatic
photodissociation dynamics of H,S* near 337 nm.’’ Two possible
nonadiabatic pathways were revealed through analyzing the char-
acterization of the constructed global full-dimensional PESs.”’ The
calculated PES results (as shown in Fig. 3 of Ref. 30) show the exis-
tence of a first-order saddle point (TS1) connecting two minima
(M1 and M2), located on the A%A; PES. The experimental and theo-
retical results indicate that the TS1 plays a role in the non-adiabatic
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photodissociation dynamics [see Fig. 4(a) of Ref. 30 for the mini-
mum energy path]. The first dissociation pathway (pathway I) pro-
ceeds via Renner-Teller coupling or spin-orbit coupling toward the
X?B, state, as confirmed in previous studies, with the HSH angle
increasing and decreasing during dissociation when the excitation
energy is not enough to overcome the TS1. On the contrary, another
pathway occurs when the excitation is sufficient to overcome the
TS1, allowing the H,S* cations evolving on the A%A; PES toward
the continual approaching of two H atoms, accessing products via
spin-orbit coupling to the *A; state. This pathway differs from path-
ways I and I, as confirmed by Ashfold et al., and is referred to as
pathway III here. The subsequent study near 325 nm confirmed that
dissociation pathway II involves vibronic coupling with the 2B, state
in the conical intersection region, followed by spin-orbit coupling to
the *A, state, and ultimately dissociating into H, (X12g+) +S* (4Su)
products.”

In this study, we present a high-resolution experimental
study on the H,S* photodissociation via the excitation to the
A%A, (0, 8, 0) state that could shed new insights into the photodisso-
ciation dynamics. The current excitation energy of ~25 406 cm™" was
slightly above the linear barrier of H,S* (X°B; and A%A; states)'®
by about 2200 cm™'. Compared to previous studies,”* this work
further extends the investigation of the photodissociation dynam-
ics of H,S* with relatively lower bending vibration excitation. The
H,S™ X?B; cations, produced via a (2 + 1) REMPI strategy,
were excited to the A%A; (0, 8, 0) K = 1 state via one-photon
absorption near 393.70 nm. The S* products were probed by the
time-sliced VMI technique, allowing the simultaneous detection
of product energy and angular distributions with high resolution.
The derived product total kinetic energy release spectra and the
anisotropy parameters exhibited a sensitive dependence on the exci-
tation wavelengths, which was attributed to the various transitions of
A%A; (0, 8,0) < X?B; (0, 0, 0) via different initial rotational states
of H,ST X?B;. The results indicated the effect of the rotational
excitation of H,S* on the photodissociation dynamics, resulting in
significant variations in product energy and angular distributions.

EXPERIMENTAL METHOD

The experimental setup is schematically depicted and detailed
in previous publications.”’ "> A 1600 I/s turbomolecular pump was
used to pump the source chamber, reaching a baseline pressure of
9 x 107° Torr. Meanwhile, another turbomolecular pump (700 1/s)
was used to evacuate the detection chamber, with a background
pressure of 5 x 107 Torr. These pressures were recorded without
molecular beam injection. A pulsed valve (Parker Series 9, 1 mm
nozzle diameter) was utilized to generate an H,S beam (T'rot = ~30 K)
via supersonic expansion. Argon, containing 10% H,S, served as
the carrier gas, maintaining a working pressure of 2 bars. The pro-
duced H,S beam was successively collimated using the skimmer and
the first repeller plate of the ion optics (with a central aperture)
on the propagation axis. The aperture diameters for the skimmer
and the plate were both 2 mm. H,S* cations in the X*B, (0, 0, 0)
state were generated via the (2 + 1) REMPI process of H,S, which
excited H,S molecules from their electronically ground state to
the 'A;(...2b,'4pb, ") Rydberg intermediated state followed by one
photon ionization.””**”" The rotational distribution of H,S* is dif-
ferent from that of H,S (more details in the supplementary material).
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The tunable photolysis laser, propagating in the counter direction,
activated the dissociation process. The H,S™ cations were one-
photon excited via the A%A, 0,8 0) K =1« X%B, (0, 0, 0)
transition, followed by dissociation into H, (X12g+) +S* (4Su) prod-
ucts. Circular polarization was applied to the ionization laser to
dismiss polarization effects. A lower pulse energy was applied to the
ionization laser beam to limit the Coulomb interactions of parent
H,S* cations. The photolysis laser was tunable near 393.70 nm,
keeping the polarization direction parallel to the detector plane. The
photolysis laser was focused using a 300 mm lens, the same as that
used for the ionization laser. The laser beams overlapped spatially,
with a 40 ns time delay between them. The S* products, forming in
the S, state, reached and impacted the particle detector after being
accelerated by the ion optics. The expanded S* ion spheres were
mass-selected and time-sliced via a rapid high-voltage pulse (~30 ns
duration). The raw images of S* ions in the detector were recorded
and stored using a CCD camera and a computer workstation.

RESULTS AND DISCUSSION
Experimental ion images

The images of S* (*Su) were measured at four different pho-
tolysis wavelengths: 393.59, 393.68, 393.70, and 393.77 nm. The
photolysis wavelengths correspond to the resonance peaks of the
photofragment excitation (PHOFEX) spectra via the A%A; (0, 8, 0)
K =1 state, as shown in Fig. S1 of the supplementary material. The
PHOFEX spectrum was measured by acquiring the S* product sig-
nal as a function of the tunable photolysis laser wavelength around
393.70 nm, while the photoionization laser was fixed at 302.6 nm.

presents the recorded raw images of st (4Su), marking the
photolysis laser polarization with a red arrow. Background signals
of S* (4Su), primarily arising from the focused ionization laser, were

(a) 393.59 nm (b) 393.68 nm

(c) 393.70 nm

(d) 393.77 nm

FIG. 1. lon images of S* (*S,) from the photodissociation of H,S* (X?B;) at (a)
393.59 nm, (b) 393.68 nm, (c) 393.70 nm, and (d) 393.77 nm. The polarization
direction of the photolysis laser is represented schematically by a vertical double-
headed arrow. The observed rings correspond to the H, (v = 0, j) products.

ARTICLE pubs.aip.org/aipl/jcp

accumulated with the photolysis laser turned off and subsequently
subtracted from the images obtained with the photolysis laser
active. Throughout the experimental procedure, the signal-to-noise
ratio consistently exceeded 20, as determined by counting the total
S* events within the kinetic energy range of the excitation photon.

The H, (X12g+, v = 0) products in different rotational states
exhibited various velocities, underlined in the concentric rings in

. The intensity variations indicate distinct dynamic behaviors
for each photolysis wavelength, such as branching ratios and angular
distributions. At 393.68 and 393.70 nm, the images presented dual
ring structures with high resolution.

Product total kinetic energy releases

The total kinetic energy release (TKER) spectra were converted
from the S* images in and illustrated in . In each panel,
the results of a multi-peak fitting of the TKER spectra are repre-
sented by a red solid line, with the rotational states indicated by a
series of green lines. The branching ratios of the rotational states
were derived through the spectrum fitting. The TKER associated
with the photodissociation process is quantified by the following
equation:

TKER = Ein(H2S") + Epy — Do(S™ — Hz) — Eine(Hz) — Eine(ST),
(1)

where Ei(H2S™) denotes the initial internal energy of H,S*, which
will be discussed later. Ej, represents the photon energy for the exci-
tation of H,S" in the X*B; state, and Do(S*-H,) denotes the bond
dissociation energy for the formation of $* (*S,) and H, (X12g+,
v = 0, j = 0) pair-products, as confirmed by previous studies.
Under the energy limitation of one-photon excitation, the only
product channel yields S* in its electronically ground state and
recoiled H, products with rovibrational excitations. Therefore, the
internal energy term for S* is assumed to be zero and denoted as
Eint(ST). As the available energy is not sufficient for the vibrational
excitation of Hy, only rotational excitation is considered to calculate
the Ej¢(H,) term.

Consistent with the two-ring structures observed in the images
at the wavelengths of 393.68 and 393.70 nm, the derived TKER spec-
tra displayed clear bimodal features near 1500 and 1000 cm ™, as
shown in . According to the energy comb displayed at the top
of each TKER spectrum, the main peak, which corresponds to the
partially resolved outermost ring, can be attributed to the
H, (X12g+, v =0, j = 0-2) products. In addition, the well-resolved
secondary peak also corresponds to the H, (X12g+, v=0,j=23)
products. However, the bimodal peak structure of the TKER spec-
tra vanished at the wavelengths of 393.59 and 393.77 nm. The
secondary peak near 1000 cm™" diminishes to show a shoulder struc-
ture, indicating that nearly all available energy was transferred into
the translational motions of the products. It is worth noting that the
remarkably different features in the TKER spectrum suggest that
the S (*Sy) products are likely formed via different initial states
(vide infra). In particular, the separation of the resolved primary
peak and secondary peak (shoulder peak) is about 587 cm™', which
matches nicely with the energy difference between H, (v = 0,
j=1)and Hy (v = 0, j = 3) states. Comparing the alignment of
the resolved peaks with the energy combs calculated under the
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Eint(H2S™) = 0 assumption, the rotational peaks in the TKER
spectrum of the product shifted by 20, 110, 50, and 30 cm™!
toward higher translational kinetic energies at the photolysis wave-
lengths of 393.59, 393.68, 393.70, and 393.77 nm, respectively.
A similar phenomenon, where higher rotational distributions than
the available energy were observed, was also noted by Zan-
ganeh et al. in their study of the product fluorescence signal of
H,O photodissociation.”™* It indicates that the initial rotational
excitation of the parent H,S™ cation in the X?B; (0,0, 0) state cannot
be ignored. The rotational temperature of H,S was about 30 K. The
ionization of H,S was achieved by the (2 + 1) REMPI process, which
would further change the rotational states and produce a different
rotational distribution for H,S* compared to the H,S beam.”* Sub-
sequently, the rotationally excited H,S" cations in the X*B; (0,0,0)
state were selectively excited using the photolysis laser at certain
wavelengths and followed by photodissociation, leading to energy
shifts between the observed TKER spectra and the combs calculated
by assuming Eint(H2S*) = 0. Hence, the energy shifts mentioned
earlier were considered the internal energy terms of H,S* and intro-
duced into Eq. (1) to derive the corrected energy combs. Involving
consideration of the internal energy of H,S" in the X*B; (0, 0, 0)
state, the fitting of the TKER spectra was performed. The fitting
results are displayed in Fig. 2 with the corrected energy combs.

Product angular distributions

The product angular distribution for a photodissociation pro-
cess induced by one-photon excitation can be mathematically
described as a function of the recoil velocity angle relative to the
photolysis laser polarization,

1(6) o< (1/47m)(1 + fP2(cos 0)). (2)

In this expression, the recoil velocity angle is denoted as 6, and
the second Legendre polynomial P>(cos 6) is used. The anisotropy

Iy + =
T i(-)Hz(ng.\ 0)

FIG. 2. Total kinetic energy release (TKER) distributions
from photolysis of H,S™ (X?B;) at (a) 393.59 nm, (b)
393.68 nm, (c) 393.70 nm, and (d) 393.77 nm. The calcu-
lated energy combs indicating the j states of H, (X'24*,
v = 0) are shown at the top of each spectrum. The energy
combs were calculated by taking the Eiy(H,S*) term into
account, as discussed in the main text.

1000 1500 2000 2500 3000

parameter, f3, characterized the derived image angular distribution
within a [-1, 2] range. Typically, §, which correlates with individ-
ual rotational states of H,, was calculated by mathematical fitting
employing the formula of Eq. (2). Figure 3 illustrates the f8 values for
all available H, (v = 0, j) states, within the excitation energy limi-
tation. In addition, the mean f3 values at four different wavelengths
are calculated to be 0.12, 0.27, —0.37, and 0.46, respectively, by fit-
ting the signal angular distributions over the whole kinetic range.
The results show that the product angular distributions strongly
depend on the photolysis wavelength. At 393.59 nm, the averaged
B value is close to 0, indicating an isotropic angular distribution of
the products. This suggests that the dissociation process is slower
than at other photolysis wavelengths, allowing enough time for the
ions to rotate and resulting in a smeared-out angular distribution.
At 393.68 and 393.77 nm, the corresponding average 8 values of

2 T T T T T
5 =P==393.59 nm ==d=393.68 nm
‘q;: 393.70 nm ==@==393.77 nm
s 1r i
5
=%
>
o
£
o OF g
(%2}
g
<
_1 1 1 1 1 1

Rotational quantum number of H,

FIG. 3. Anisotropy parameters for various rotational states of H, (X1Zg+, v=0)
products at four different photolysis wavelengths. The uncertainty of the f values
is estimated to be +0.1.
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FIG. 4. Branching ratios of rotational states for H, (X'S¢*, v = 0) products
resulting from the S* (4S,*) + Hy (X'Z4*) channel.

0.27 and 0.46, respectively, indicate a parallel photodissocia-
tion process. Meanwhile, at 393.70 nm, the averaged f3 value of
—0.37 indicates a process dominated by a perpendicular transi-
tion. The 8 values for the j = 0-4 rotational states vary around the
averaged f3 value at the four photolysis wavelengths.

Product branching ratios

Figure 4 presents the branching ratios of various rotational
states of H, (X12g+, v = 0) derived from the multi-peak fitting of
the TKER spectra. The results indicate that more than 50% of the
internal energy of H, products is distributed in the H, (v =0, =1)
state across all four photolysis wavelengths. In particular, the rota-
tional branching ratios for H, (X12g+, v=0,j=1) are 86%, 67%,
51%, and 78% at 393.59, 393.68, 393.70, and 393.77 nm, respectively.
Notably, at 393.68 and 393.70 nm, the rotational branching ratios
for H, (X12g+, v=0,j=3) are 20% and 27%, respectively, indicating
that the internal energy of Hy (X'Z4 ", v = 0) is significantly higher at
these wavelengths compared to the other two.

Photodissociation dynamics

Previous studies have proposed three plausible mechanisms for
the dissociation of H,S* (A%4,) into H, (X12g+) +S™ (4S,). Dixon
first suggested a mechanism involving Renner-Teller coupling to
the X*B, state at a near-linear configuration, followed by spin-orbit
coupling to the repulsive *A; state at smaller bond angles.'* Hirst
proposed an alternative route involving vibronically facilitated non-
adiabatic transfer from the A%A; state to the B>B, state, followed by
spin-orbit coupling to the A, state.”” Webb et al. discovered that
the first mechanism involving Renner-Teller coupling yields rota-
tionally and vibrationally cold H, products.”” In contrast, the latter
mechanism has a higher excitation threshold (~335 nm), produc-
ing Hy products with higher vibrational and rotational excitation.”’
Recently, a third mechanism has been proposed by Luan et al
They found the dissociation pathway involving the direct spin-orbit
coupling between A%A, and *A, states, crossing the TS1 on the
A%A; state.’! In the current work, the photolysis laser was set to
around 393.70 nm, which is about 2200 cm™" above the linear bar-
rier of H,S*™ cations. Given this excitation energy, H,S* cations
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are not sufficiently energetic to reach the conical intersection region
proceeding via the second pathway or to overcome the TS1 under-
going the third pathway. Hence, the first mechanism appears to
be the major contribution in our study. H,S* cations in the
X%B; (0, 0, 0) state were initially excited to the A%A; (0, 8,0) K = 1
state, followed by Renner-Teller coupling to the X*By state with high
bending vibrational excitation, and subsequently by spin-orbit cou-
pling to the repulsive *A; state, which adiabatically correlates with
the H, (X'Z,") + S (*Sy) product channel. In addition, the non-
adiabatic transition of the H,S* from the A2A; state to the X*B; state
can also be facilitated via spin-orbit coupling.”’

However, the observed dependence of the product state distri-
bution and angular distribution, within a narrow excitation energy
range of ~12 cm™', cannot be fully accounted for by the electronic
state evolution pathways of H,S* cations. The experimental results
at photolysis wavelengths of 393.59 and 393.77 nm show that the
co-fragments H; (X12g+, v = 0) are rotationally “cold,” as evi-
denced by the single product ring observed in the images. At 393.68
and 393.70 nm, the H, products exhibit higher rotational excita-
tion. Previous studies have indicated that the dissociation of the
A% A state via the Renner-Teller coupling with the X*B; state under
the C,, symmetry produces H, with cold rotational excitation.”””!
Hanazaki investigated the influence of parent rotation on product
rotation by separating parent rotation from other factors affecting
product rotational excitation.” Although this approach may over-
estimate the effect, Hanazaki suggested that parent rotation can,
in some cases, substantially influence product rotation.”” In 2010,
Han et al. investigated the spectroscopy of the A%A; « X*B) tran-
sition of H,S™ ions using the MATI-PHOFEX technique.”” They
measured rotationally resolved PHOFEX spectra corresponding to
the highly excited states of H,S* (A2A1, v, = 7, 8, 9) with differ-
ent K quantum numbers above the linear barrier. Based on their
peak assignment in high-resolution spectra, the four photolysis
wavelengths studied in this work correspond to the A%A; (0, 8, 0)
K = 1 « X?Bj transition of H,S*. In addition, the presence of
spin-orbit splitting introduces complexity to the transition spectra
within the investigated energy range. This suggests that the exci-
tation process at the four studied photolysis wavelengths involves
multiple rotational transitions. The two distinct patterns observed in
the TKER spectra—one characterized by cold rotational excitation of
H, products at 393.59 and 393.77 nm, and the other characterized by
the higher rotational excitation of H, products at 393.68 and 393.70
nm—highlight the significant effects of the rotational excitation on
the nonadiabatic coupling between the X?B; and A%A; states.”*

The H,S* preparation was achieved by the (2 + 1) REMPI
scheme via the 'A; « X'A; transition of H,S in this work. The
H,S molecules were initially two-photon resonantly excited to the
'A; Rydberg state, followed by the ionization of a 4pb; electron
of the 'A; Rydberg state by the third photon. The (2 + 1) REMPI
process can yield different rotational distributions for H,S* com-
pared to H,S.”> More details of the rotational excitation analysis
of H,S" are given in the supplementary material. It is challenging
to achieve accurate rotational assignments for the prepared H,S*
and the excitation transitions of H,S" at the four studied photolysis
wavelengths.'” A qualitative estimation of the rotational excitation
of H,S™ can be reached. The rotational constants A, B, and C of
H,S" at the ground vibronic states are 10.17, 8.59, and 4.57 cm™",
respectively. Then, the energies of the rotational states, such as
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Jxake = 313, 330, 404, and 4,4, are estimated to be around 110 cm™.

In other words, a rotational energy around 110 cm™ can be reached
by a moderate J quantum number of H,S* in the X*B; state. It sug-
gests that the observed shifts in the TKER spectra are attributed to
the rotational excitation of the prepared H,S* X%B, (0, 0, 0) state
via the (2 + 1) REMPI process. This is consistent with the analy-
sis according to the photoelectron spectrum of H,S measured in the
(2 + 1) REMPI process, as seen in the supplementary material.

The H,S" ion is an asymmetric molecular cation. The molec-
ular axes of H,S* are defined as follows: the a-axis is parallel
to the H-H bond, the b-axis is parallel to the C,, axis, and the
c-axis is perpendicular to the H-S-H" molecular plane. Along the
dissociation coordinate, the excited H,S' ion in the A%A; state is
non-adiabatically coupled to the X?B, state and consequently cou-
pled to the repulsive 1*A; state with large S*—H, separations. The
rotation about the b-axis is likely to promote the rotational exci-
tation of the H, product, while the rotations about the a-axis and
the c-axis are more likely portioned into product orbital angular
momentum, as suggested by Jarrold et al.'® and Webb et al.”’ In
other words, the rotation about the b-axis of H,S* could have a
role in the rotational excitation of the H, product. In this work, the
H,S' cations were excited to different rotational levels in the
A%A, state at four specific photolysis wavelengths: 393.59, 393.68,
393.70, and 393.77 nm. The observed two patterns of the H, rota-
tional excitation may result from the different rotational excita-
tions about the b-axis (C, axis in Cy,) of the excited H,S™ in the
A2A1 state.

There is also a great wealth of underlying dynamics in the
observed product angular distribution. The initial A’A; < X°B;
transition should be perpendicular to the H-S-H" plane and along
the ¢ axis, similar to the A2A” « X?A’ transition of the HCO.*
Negative 8 values would be expected for a direct dissociation pro-
cess. However, the product anisotropy parameters vary significantly
depending on the photolysis photon energy. In particular, at 393.68
and 393.70 nm, the small difference in excitation energy (less than
2 cm™') leads to substantial variations in anisotropy parameters
(see Fig. 3). For Ha(j = 1-3) products, the 3 values are between
—0.5 and 0 at 393.70 nm, while the § values are between 0.5 and 0
at 393.68 nm. At 393.59 and 393.77 nm, the f3 values are mostly pos-
itive. A similar phenomenon, parallel product recoil distributions
from the perpendicular initial transition, has also been observed in
the HCO photodissociation by Kable ef al.”” They suggested that (1)
the transient exchange of angular momentum between electrons and
nuclei and (2) the rotation about the top axis provide a reasonable
explanation to the observed positive 8 values. Since the H,S* was
resonantly excited from the rotational levels of the X?B, state, the
excited H,S" in the upper A%A, state can have non-zero <]a2 ) val-
ues. The a-axis rotation transforming as b; (in C,, symmetry) can
facilitate the non-adiabatic coupling of the 2A, state to a B, sym-
metry. The Coriolis coupling resulting from the rotational excitation
about the a-axis could lead to a force perpendicular to the H-S-H*
plane, consistent with expected positive f§ values. A similar rotational
state-dependent effect on molecular photodissociation dynamics
has also been discovered in photodissociation studies of H»O and
H,S.>""*” The electronic Coriolis coupling arising from < ]az) in the
C'B; — B'A; transition of H,O molecules leads to a distinct OH(X)

product distribution (preferentially parallel to the polarization vec-
tor of the photolysis laser &po) compared with the homogeneous
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dissociation pathway.;("r In the photodissociation of H,S('By), the
S('D) + H; channel dissociating via the Coriolis-induced mecha-
nism also exhibits distinct product distribution (preferentially paral-
lel to the polarization vector of photolysis laser e,ho() compared with
the homogeneous dissociation mechanism.” It is indicated that the
non-zero ( IS ) component promotes the non-adiabatic transition of

H,S from 'B; to a 'B, symmetry.” The observed variation in prod-
uct angular distribution highlights the effect of the a-axis rotation
Of Hz S+ .

CONCLUSIONS

In summary, the photodissociation dynamics of H,S* (XzBl)
via one-photon excitation to the A%A, (0, 8, 0) K = 1 state has been
studied near 393.70 nm using the VMI technique. The dissociation
pathway in this study is consistent with the interaction involving
A%A., X*B;, and *A, states. The H,S™ cations undergo one-photon
excitation from the X?B; (0, 0, 0) state to high vibrational states
on the A2A1 PES. This is followed by Renner-Teller coupling
(or spin-orbit coupling) back to highly vibrationally excited states of
X?B; and ultimately coupling to the 4 A, state via spin-orbit interac-
tion. A sensitive wavelength dependence is observed for the product
angular distributions and rotational branching ratios. Two distinct
rotational distributions of H, products are observed in the spec-
tra at four photolysis wavelengths. It indicates that the rotational
excitation about the b-axis (C, axis in Cy,) of the excited H,S™ can
influence the rotational distribution of H, products during the non-
adiabatic dissociation process. The observed variations in anisotropy
parameters further underscore the complexity of the dissociation
process within such a small excitation energy range. It suggests that
the Coriolis coupling arising from non-zero {J,“) components plays
a role in the dissociation process. This work presents a qualita-
tive explanation of H,S* photodissociation dynamics near the linear
barrier, offering a comprehensive set of high-resolution experimen-
tal results on the rich photodissociation dynamics of H,S* over a
range of photolysis energies. Further accurate theoretical calcula-
tions are needed to elucidate the underlying effects in this complex
nonadiabatic system.

SUPPLEMENTARY MATERIAL

See the supplementary material for the photofragment exci-
tation (PHOFEX) spectrum of H,S* (Fig. S1), the photoelectron
spectrum for the H,S* « H,S, X*B; < X'A; ionization (Fig. S2),
and the rotational excitation analysis of H,S*.
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