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ABSTRACT: A comprehensive understanding of dissociation mechanisms is of fundamental
importance in the photochemistry of small molecules. Here, we investigated the detailed
photodissociation dynamics of H2S+ near 337 nm by using the velocity map ion imaging
technique together with the theoretical characterizations by developing global full-dimensional
potential energy surfaces (PESs). Rotational state resolved images were acquired for the
S+(4S) + H2 product channel. Significant changes in product total kinetic energy release
distributions and angular distributions have been observed within a small excitation photon
energy range of 5 wavenumbers. Analysis based on the full-dimensional PESs reveals that two
nonadiabatic pathways determined by the transition state connecting two minima on the 12A′
state are responsible for the dramatic variation of observed product distributions. The current
study has directly witnessed the competitive photodissociation mechanisms controlled by a
critical energy point on the PES, thereby providing in-depth insight into the nonadiabatic
dynamics in photochemistry.

Nonadiabatic phenomenon widely exists in the photo-
dissociation of molecules due to increasingly stronger

electronic degeneracies in exited quantum states.1 Through
electronic degeneracies, nonadiabatic effects can not only
influence the overall product channels but also affect the exact
dynamics, such as branching ratios and angular distributions.2

As a result, high-resolution observation and accurate character-
ization of nonadiabatic effects are indispensable in elucidating
photodissociation dynamics in highly excited states. Hydrogen
sulfide cation (H2S+) is a key component and an essential
partaker in the synthesis of sulfur-containing molecules in
various environments.3−5 As a prototype of bent triatomic ions,
H2S+ shows nonadiabatic couplings between the excited
states.6−8 Furthermore, the photodissociation of hydrogen
sulfide cations H2S+(X2B1) → H2(X1Σg

+)+S+(4S) is a spin-
forbidden process and can only take place via nonadiabatic
couplings.9 Over the past decades, much attention has been
made to experimental and theoretical studies of H2S+ in an
effort to clarify the photodissociation dynamics.10−20

The experimental studies of the H2S+ can be traced back to
the 1970s. Horani et al. first observed the emission spectrum of
H2S+ in the range of 400 nm-600 nm.21 Based on this
spectrum, Dixon et al. verified that there is a barrier to the
linear geometry of approximately 4600 cm−1 by comparing the
photoelectron spectrum of H2S+ as well as presenting the
transition selection rules for the photoelectron spectra.21

Duxbury et al. then discovered the topological natures of the
X2B1 and A2A1 states of H2S+ and illustrated the convoluted
rovibronic structure of the excited states involving both the
Renner-Teller effect and spin−orbit coupling.22 Ng and co-

workers presented the photoelectron spectrum of H2S with the
upgraded spectral resolution using the pulsed-field ionization
technique combined with the vacuum ultraviolet synchrotron
radiation source, providing the quantitatively refined data for
the vibronic term values associated with the photoionization
processes that produce H2S+ in different electronic states of
X2B1, A2A1, or B2B2.

23 Ashfold and colleagues then reported
the velocity map ion imaging results of the photodissociation
of H2S+ that reveal the unique role of nuclear spin on the
photodissociation; the Renner-Teller coupling and spin−orbit
coupling have also been found to play an important role in the
dissociation process.24,25 In 2014, Duxbury et al. combined
various types of spectroscopies to present a detailed
description of the Renner-Teller effect in the A2A1 and X2B1
of H2S+.26 The theoretical investigation of H2S+ was mainly
focused on stationary-point electronic structure calculations for
the lowest several electronic states and/or two-dimensional
potential energy curves with one degree of freedom fixed at a
specific value. The early study of Hirsch and Bruna27 presented
a correlation diagram with dissociation products for the X2B1,
A2A1, and B2B2 states of H2S+. Hirst proposed a possible
pathway of S+(4S) formation from the A2A1 state and analyzed
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the conical intersection between A2A1 and the higher B2B2
state by performing multireference configuration interaction
calculations.28 In 2005, Huang and co-workers optimized the
stationary points and analyzed the minimum energy curves of
12A′′, 12A′, and 22A′ states by CASPT2 calculations.29 They
further investigated the potential energy curves of S-loss and
H-loss, which reveals that the 12A′′ and 12A′ states correlate
with H2 + S+(2D), while the 14A′′ state correlates with H2 +
S+(4S).30 Possible dissociation mechanisms of S-loss and H-
loss from the A state were also explored based on reduced-
dimensional potential energy curves.

Previous studies have shown that nonadiabatic effects, such
as Renner-Teller coupling and spin−orbit coupling, play a vital
role during the photodissociation process. Yet, the detailed
dynamics information and the underlying mechanism for the
photodissociation over critical energies that involve non-
adiabatic effects remain unclear. Here, we conducted
synergistic experimental and theoretical research on the
photodissociation of H2S+ to produce H2 and S+ fragments

in order to reveal the detailed dynamics information and the
underlying mechanism for the photodissociation over critical
energies. A high-resolution experiment combined with high-
level theoretical characterizations was applied to clearly
illustrate the nonadiabatic dynamics in this work. The
experiments were carried out using a time-sliced velocity
map ion imaging apparatus with high energy and angular
resolution which has been described in the Supporting
Information. By detecting the ion images of S+ photofrag-
ments, a remarkable variation has been observed in the
translational energy distributions and angular distributions at
different photodissociation wavelengths in a very limited
energy region. Full-dimensional potential energy surfaces
(PESs) of X2B1(12A′′), A2A1(12A′), and 14A2(14A′′) states
were developed by the fundamental invariant-neural network
(FI-NN) approach31,32 based on extensive multireference
configuration interaction (MRCI) calculations. The theoretical
analysis based on the PESs reveals two possible pathways
depending on the excitation energy, which were mainly

Figure 1. Ion images and total kinetic energy release (TKER) distributions (arb. units) of S+(4S) products from the photodissociation of
H2S+(X2B1) at wavelengths (a) 336.927 nm, (b) 336.947 nm, (c) 337.012 nm, (d) 337.059 nm, (e) 337.087 nm, and (f) 337.117 nm. The rings
shown in the images correspond to the rovibrational state of the H2(X1Σg

+) coproducts.
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controlled by the transition state (TS) connecting two minima
on the 12A′ state, thereby providing a reasonable interpretation
of experimental results.

The H2S+ parent cations were prepared by 2 + 1 resonance-
enhanced multiphoton ionization (REMPI) of the jet-cooled
H2S via the strong Q branch of the 1A1-X1A1 two photon
resonances at a wavelength of about 302.6 nm which includes
both ortho and para nuclear spin symmetry. The images of the
S+ products from H2S+ photodissociation H2S+(X2B1) →
H2(X1Σg

+) + S+(4S) were measured at six photodissociation
wavelengths, namely, 336.927, 336.947, 337.012, 337.059,
337.087, and 337.117 nm. These particular wavelengths
correspond to the six adjacent local maxima in the S+ signal
intensity. Based on previous photoelectron spectroscopy
studies,23 these photodissociation wavelengths correspond to
the vibration−rotation level identified as A2A1(0,12,0) K = 1.

The noise of the experiment mainly came from the
photoionization laser beam, so the pulse energies of the
photoionization laser were controlled at a low power density to
optimize the signal-to-noise. The background of all images was
taken with the photoionization laser and pulse valve on while
the photodissociation laser was off. The S+ ions images at six
different photodissociation wavelengths are shown on the left
of Figure 1. The red vertical arrow in the image represents the
polarization of the photodissociation laser. No significant
effects were observed on the images with the polarization of
the photoionization laser changed, indicating that the effects of
electron recoil on the parent ions are minor.

All images of different photodissociation wavelengths show a
set of concentric rings that correspond to the rovibrational
state of the coincident H2 coproducts. The outer rings
correspond to the H2 (v = 0) products with low J. The inner
rings correspond to the superimposition of the H2 (v = 0)
products with high J and the H2 (v = 1) products with low J.
Moreover, as Figure 1(a), 1(b), 1(c), and 1(d) show, the
angular distributions are anisotropic. At the same time, the
results of Figure 1(e) and 1(f) tend to an isotropic distribution.
As the wavelength of the photodissociation laser increases, the
intensity of the outmost ring decreases, while the second
outmost ring increases. On the other hand, the intensity
changes of the inner ring are relatively insignificant.

The total kinetic energy release distributions (TKERs)
spectra have been derived (see the Supporting Information)
and shown on the right of Figure 1, which can be acquired

from individual raw ion images. According to the law of energy
conservation in the process of photodissociation

= + +E h D E E(H ) (H S ) (S )int 2 0 2 TKER int (1)

where hν is the energy of photodissociation laser, D0(H2-S+)
represents the threshold energy for eliminating H2 from H2S+,
which was determined by previous work,24,25 ETKER is the total
kinetic energy release of photodissociation products, Eint(H2)
is the internal electronic, vibrational, and rotational energy of
H2 products, and Eint(S+) is the energy difference between the
S+ atom products and the ground state S+(4S). The
rovibrational state distributions of H2 products in the S+(4S)
+ H2(X1Σg

+, v, J) channel are partially resolved, and two main
manifolds are observed, corresponding to the S+(4S) +
H2(X1Σg

+, v = 0) and the S+(4S) + H2(X1Σg
+, v = 1),

respectively. Based on the resolved rovibrational structures and
the energy conservation law, the total kinetic energy release
distributions were fitted using a multipeak fitting method with
Gaussian peak profiles.

The feature appears at ∼5200 cm−1 corresponding to the
H2(v = 0, J = 0−3) products in which the J = 3 level is
predominantly populated. The peaks appearing at ∼4100 cm−1

and ∼2700 cm−1 are assigned to the H2(v = 0, J = 5) and H2(v
= 0, J = 7), respectively. The weak features below 2000 cm−1

belong to the H2(v = 1) products. Accordingly, we can
conclude that the H2 products are mainly distributed in the
vibrational level of v = 0 and rotational energy levels with J < 7.
With the increment of photodissociation wavelength, the
distribution of the H2(v = 0, J = 5) fragments increased, while
the distribution of the H2(v = 0, J ≤ 3) fragments decreased. At
the photodissociation wavelengths, 336.927, 336.947, and
337.012 nm, the H2 products are mainly distributed in the
vibrational energy level v = 0 with the rotational quantum
number J ≤ 3, and the features become weaker with a little
increase in wavelengths. In contrast, the v = 0, J = 5 state for
the H2 products becomes the most populated at 337.059,
337.087, and 337.117 nm.

From the raw ion images, the angular distributions of the
photodissociation products for different rovibrational states of
H2(X1Σg

+) can be obtained by using

= [ + ]I P( ) (1/4 ) 1 (cos )2 (2)

where θ is the crossing angle between the recoil vector of the
S+ cations and the polarization axis of the photodissociation

Figure 2. Anisotropy parameters (β values) for rovibrational states of the H2(X1Σg
+) product as a function of the photodissociation wavenumbers

between 29663 and 29680 cm−1.
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laser, P2(cosθ) = (3cos2θ-1)/2 is the second Legendre
polynomial, β is the anisotropy parameter, ranging from −1
to 2 and taking the limiting values of β = 2 corresponding to a
parallel (∥)-type and β = −1 corresponding to a perpendicular
(⊥)-type transition, respectively. The angular distribution
curve I(θ) was acquired by integrating the signal over all
product kinetic energies. The β values were obtained by fitting
the angular distributions with eq 2 using the least-squares
method.

The β values for different rovibrational states of the
H2(X1Σg

+) product at the six photodissociation wavelengths
are derived and displayed in Figure 2. In the four short
wavelengths, 336.927, 336.947, 337.012, and 337.059 nm, the
angular distributions are anisotropic with β values around 0.6,
suggesting that the dissociation should be fast. On the other
side, the results for both longer photodissociation wavelengths,
337.087 and 337.117 nm, show nearly isotropic angular
distribution with β values being very close to 0.

Theoretical investigations based on the accurate global full-
dimensional PESs were carried out to understand the
mechanisms of H2S+ photodissociation at the experimental
photoexcitation energies. The PESs of X2B1(12A′′),
A2A1(12A′), and 14A2(14A′′) states were developed by the
FI-NN fitting to a total of 15352 data points calculated with
the high-level MRCI-F12+Q/AVQZ in Cs symmetry. Details of
PES construction and properties of PESs are given in the
Supporting Information.

Figure 3 shows the PESs of X2B1(12A′′), A2A1 (12A′), and
14A2(14A′′) states as functions of the H−H distance and the

distance between the S atom and the midpoint of the H−H
bond, with the other degrees of freedom optimized. The
corresponding minimum energy path of 12A′ and the
associated energies on 12A′′ and 14A′′ are shown in Figure
4(a). As shown in Figure 3, once H2S+ is photoexcited to the
12A′ state, two possible pathways leading to H2 + S+(4S) from
the Franck−Condon region were revealed. Because there exists

a TS (TS1) connecting two minima (M1 and M2) on the 12A′
state, the dissociation mechanism is sensitive to the photo-
excitation energy near the TS energy.

For Pathway 1, the dissociation is initiated by photo-
excitation of ground-state H2S+ (12A′′) to the 12A′ state with
the energy below TS1, which might then nonadiabatically
transit to the ground 12A′′ state. The transition from the 12A′
state to the ground 12A′′ state can be accessible via both the
Renner−Teller coupling around the linear configuration (SP1)
and the spin−orbit coupling. The ground-state H2S+ (12A′′)
can then transit to the 14A′′ state via spin−orbit coupling,
finally producing H2 + S+(4S). We can see from Figure 4(a)
that the bond angle ∠HSH of H2S+ first increases to nearly
180° on 12A′ and then decreases with the evolution on 12A′′,
and finally the molecule decomposes on 14A′′. The computed
spin−orbit couplings shown in Figure 4(b) also suggest large
values at two crossing regions of 12A′/12A′′ and 12A′′/14A′′,
respectively, indicating the intersystem crossing occurs easily
around these regions. Overall, the dissociation via Pathway 1 is
a relatively slow process, which evolves on different electronic
states, in particular, the 12A′′ state with the global minimum of
2.92 eV below the H2 + S+(4S) dissociation limits. This slow
and indirect pathway can lead to the isotropic angular
distribution of S+ and β values around 0, as observed by the
experiment at the excitation wavelengths of 337.087 and
337.117 nm.

For Pathway 2, on the other hand, the H2S+ molecule is
photoexcited to the 12A′ state with the energy above TS1,
which evolves on 12A′ with two H atoms directly approaching
and eventually decomposes into H2 + S+(4S) by intersystem
crossing to the repulsive 14A′′ state. This direct and fast
pathway accounts for the S+ products with anisotropic angular
distributions at four slightly lower photoexcitation energies
(336.927 nm−337.059 nm) in Figure 1. The experimentally
observed S+ products with anisotropic angular distributions at
shorter photodissociation wavelengths suggest that Pathway 2

Figure 3. Potential energy surfaces (in eV) for the X 2B1(1 2A′′), A
2A1(1 2A′′), and 1 4A2(1 4A′′) states of H2S+ as a function of the
distances RHH and RXS, with the other degree of freedom fully
optimized. M0 represents the minimum of the X 2B1(1 2A′′) state;
M1 and M2 represent the global minimum and the local minimum of
the A 2A1(1 2A′) state, respectively; TS1 represents the first-order
saddle point connecting M1 and M2. Two possible pathways are
indicated by arrows.

Figure 4. (a) Minimum energy path of the 1 2A′ state and the
corresponding energies of 1 2A′′ and 1 4A′′. The geometries of critical
points are indicated. (b) Magnitudes of spin−orbit couplings between
1 2A′/1 2A′′, 1 2A′/1 4A′′, and 1 2A′′ /1 4A′′, respectively.
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may dominate the H2S+ photodissociation in excitation energy
higher than the TS on the 12A′ state. The computed TS energy
with zero-point energy correction relative to the ground state
minimum is 3.79 eV, which agrees reasonably well with the
experimental threshold of about 3.68 eV, determining the
transformation of isotropic to anisotropic angular distribution.
Theoretically, the potential energies were calculated based on
the MRCI(Q)-F12/aug-cc-PVQZ level. The MRCI approach
is well-known for the accuracy description of excited states, but
its accuracy is certainly not comparable to the gold standard
coupled cluster method. Therefore, the energy difference of 0.1
eV between the theoretical and experimental transformation
threshold can arise from the MRCI energy errors. The
dynamical effects such as tunneling can also contribute to
the deviation. Interestingly, it has been found in the study of
HCO radical.33 The H+CO fragments corresponding to
different rotational excitations could display different angular
distributions which could be related with the state lifetime.
Therefore, the specific transition may also play a role together
with the photolysis energy, in the dissociation for the H2S+.
Thus, the observed sensitive variation of angular distributions
in a narrow excitation wavelengths region shows unambiguous
evidence of two different dissociation mechanisms determined
by the transition state on the 12A′ state. These character-
izations of potential energy landscapes were also supported by
approximate dynamics calculations based on the three
adiabatic PESs, as detailed in the Supporting Information.

To summarize, we have investigated the photodissociation
dynamics of H2S+ near 337 nm in a combined experimental
and theoretical study. In a small dissociation laser photon
energy range of about 5 cm−1, we have observed significant
changes in the product total kinetic energy release distributions
and angular distributions. The global full-dimensional PESs
were constructed by FI-NN fitting to high-level ab initio data
points for 12A′′, 12A′, and 14A′′ states of H2S+. The
characterization of the PESs reveals two possible dissociation
mechanisms near 337 nm relying on the photoexcitation
energy, which is sufficient or not to overcome the transition
state connecting two minima on the 12A′ state. One is an
indirect pathway dominating at an energy below this transition
state, in which the H2S+ ions first nonadiabatically transit from
the 12A′ state to the 12A′′ state and eventually dissociate via
intersystem crossing to the 14A2 state. The other is a pathway
with the energy sufficient to overcome the transition state on
12A′ and directly dissociate by spin−orbit coupling to the
repulsive 14A2 state. The two different pathways account for
the sensitive variation of angular distributions observed
experimentally near 337 nm. The current study shows
unambiguous evidence of different photochemistry dynamics
controlled by a critical point on the PES in a narrow
photoexcitation energy region, which gives valuable insight
into the complicated nonadiabatic dynamics.
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