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ABSTRACT: Hydrogen sulfide (H2S) is the most abundant S-bearing molecule in the solar
nebula. Although its photochemistry has been studied for decades, the H2 fragment channel is
still not well-understood. Herein, we describe the photodissociation dynamics of H2S + hv →
S(1S) + H2(X1Σg

+) with the excitation wavelength of 122 nm ≤ λ ≤ 136 nm. The results
reveal that the H2(X) fragments formed are significantly vibrationally excited, with the
quantum yields of ∼87% of H2(X) fragments populated in vibrational levels v″ = 3, 4, 5, and 6.
Theoretical analysis suggest that these H2 products are formed on the H2S 41A′ state surface
following a nonadiabatic transition via an avoided crossing from the 31A′ to 41A′ state. The
estimated quantum yield of the S(1S) + H2 channel is ∼0.05, implying this channel should be
incorporated into the appropriate interstellar chemistry models.

Vibrationally excited molecular hydrogen (H2*(v″ > 0)) is
commonly observed in photodominated regions (PDRs)

and shocked regions in the interstellar medium (ISM).1 Since
H2*(v″ > 0) was first observed by ultraviolet spectroscopy in
the atmosphere of the star ζ Ophiuchi in 1995,2 an increasing
number of celestial objects were reported to contain this
species. This includes the HD38097 and HD199579,3

HD147888,4 and Herschel 36.5 Notably, Meyer et al.6 reported
that more than 500 interstellar H2 lines were emitted from
H2*(v″ = 1−14) from the hot star HD 37903, which is located
in the NGC (New General Catalogue) 2023 reflection
nebula13. The radiative lifetime of each H2 (v″, J″) was
calculated to be long (106−1012 s), which indicates the stable
existence of H2*(v″ > 0) in the ISM.7

In the last few decades, several studies have demonstrated
that the vibrationally excited H2 could enhance reactivity
significantly, which was used to explain the long-standing
problem of CH+ formation in diffuse clouds.8−12 The rate
constant for H2 from the v″ = 0 to a v″ > 0 state can enhance
many orders of magnitude at low temperatures for the
chemical reactions with an activation barrier. For instance,
the rate constant enhancement for the reaction H2* + C+ →
CH+ + H is as large as a factor of 1010 at 200 K.13 Thus,
understanding and exploring the source of interstellar H2*(v″
> 0) is important for determining the chemical species in the
ISM.
Shock waves14−16 and far-ultraviolet (FUV) fluorescence17

are two commonly accepted sources of interstellar H2*. The
former means collisional excitation of H2 molecules in shock-
heated gases; while for fluorescence pumping, H2 molecules

were first excited to electronically excited states by absorption
of FUV photons and then underwent radiative decay to
rovibrational levels of the ground state to form H2*(v″ > 0).
Recently, an alternative source based on molecular photo-
chemistry has been proposed. Chang et al.18 reported that the
interstellar H2*(v″ > 0) can be directly formed from
photodissociation of H2O with the excitation wavelength in
the vacuum ultraviolet (VUV) region via a competing
fragmentation channel O(1S) + H2(X1Σg

+). The results were
used to explain the green-to-red line ratio measured in comets
at ∼1−2 au. from the Sun.19 In addition, France et al.20 also
proposed that water dissociation by the intense Lyman-α
radiation is a possible explanation for the H2 emission around
∼1600 Å observed in the HST-COS T Tauri star. To date,
however, some discrepancies between the observed H2*
emissions and the predictions from interstellar chemistry
models still exist; for example, the observed H2*(v″ = 4) line
intensities are notably stronger than the predictions.21

Photolytic formation of H2 is believed to be an important
pathway to populate the high-energy H2 levels in PDRs; thus,
any photodissociation processes related to the H2* formation
should be studied. In this work, we report the first observation
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of the fragmentation channel S(1S) + H2(X1Σg
+) from

photodissociation of H2S. All of the H2 products are formed
in vibrationally excited levels, which represents an alternative
source of H2*(v″ > 0) in the ISM. In addition, S(1S) is also
relevant to formation of carbon−sulfur species like H2CCS and
CH3CH2SH in carbon-rich regions.22

H2S is the most abundant sulfur-bearing gas-phase species in
the solar nebula, and its photodissociation has been the subject
of many experimental23−33 and theoretical34−41 studies over
the last decades. The electronic absorption spectrum of H2S
shows a weak continuous absorption band with a maximum at
λ ≈ 195 nm and several stronger absorption peaks with the
wavelength shorter than 155 nm, which has been assigned to
excitations to Rydberg states.42−44 Excitation to the long-
wavelength continuum will populate H2S molecules into two
near-degenerate states (bound 1B1 and repulsive 1A2 in C2v
symmetry, i.e., both 1A″ in Cs symmetry), leading to the rapid
cleavage of an S−H bond and formation of the SH(X2Π)
radical with minimal internal excitation.45 At 157.6 nm
photolysis, the H+SH(X) is still the dominant dissociation
process.31 In contrast, the dominant dissociation channel of
H2S at λ = 121.6 nm formed an H atom plus an electronically
excited SH(A2Σ) molecule which correlates adiabatically with
the 21A′ surface.32,34 Recently, systematic measurements of
two main channels (H + SH and S(1D) + H2) from H2S
photolysis within the wavelength range of 122 ≤ λ ≤ 155 nm
were carried out, which provided a comprehensive picture of
H2S photofragmentation dynamics. The study revealed that the
average quantum yield of SH(X) products is only about 1/4, if
considering the general interstellar radiation field and the H2S
photoabsorption cross section.46 More recently, Yuan and co-
workers47 reported quantum state-dependent dissociation
dynamics of H2S via a predissociated Rydberg state with 1B1
symmetry at λ ≈ 139.11 nm. This energy disposal was
rationalized in terms of two competing predissociation
pathways, i.e., the homogeneous (via the vibronic coupling)
and heterogeneous (via the Coriolis coupling) pathways, the
relative probabilities of which depend sensitively on the
quantum level of parent H2S molecules and thus on the sample
temperature.

The S(1S) + H2 fragmentation channel has been
demonstrated to exist in photodissociation of H2S in earlier
REMPI studies, but they provided no information about
vibrational populations.2,3,29 In this Letter, the experimental
results of the S(1S) + H2 fragmentation channel from H2S
photolysis with the wavelength between 122 and 136 nm are
reported. The results reveal that all of the H2(X) fragments are
significantly vibrationally excited, with the quantum yields of
∼87% of the H2(X) fragments populated in vibrational levels
v″ = 3, 4, 5, and 6, suggesting a new pathway for the vibrational
excitation of the interstellar H2 through molecular photo-
chemistry.
In this study, the VUV-pump and VUV-probe method

combined with the time-sliced velocity-map imaging (TS-
VMI) technique was adopted. This setup has been successfully
applied in photodissociation of H2O,48−51 CS2,

52,53 OCS,54,55

etc. The TS-VMI setup was equipped with two independently
tunable VUV laser sources. The photolysis radiation was
provided by the VUV free-electron laser (FEL) at the Dalian
Coherent Light Source (DCLS),56 which directly excited H2S
molecules to a series of predissociated Rydberg states. The
subsequent S(1S) products were then detected at λ = 136.13
nm (S*[3s23p3(2po)5s (1po1)] ← S [3s23p4 (1S0)]). This VUV
radiation was generated by the difference frequency four-wave
mixing (ωVUV = 2ω1 − ω2) method, with ω1 = 212.556 nm and
ω2 = 486.133 nm. A pulsed supersonic molecular beam was
generated by expanding a mixture of 30% H2S in Ar through a
pulsed valve. The molecular beam was perpendicular to the
VUV beams. The produced S+ ions were collected and
accelerated by an ion lens and finally detected by a high-
resolution VMI detector. The duration of gate voltage was set
as 30 ns to acquire time-sliced ion images, and a charge-
coupled device camera was used to record images on the
detector.
Figure 1 displays time-sliced ion images of the S(1S)

fragments formed from H2S photolysis at λ = (a) 122.86 nm,
(b) 125.06 nm, (c) 129.10 nm, (d) 133.26 nm, and (e) 136.13
nm, respectively. The polarization vector of the VUV FEL, ε, is
indicated by a double-headed red arrow at the left top of the
image. These wavelengths are located in the center of the

Figure 1. Time-sliced ion images of the S(1S) photoproducts from photodissociation of H2S at (a) 122.86 nm, (b) 125.06 nm, (c) 129.10 nm, (d)
133.26 nm, and (e) 136.13 nm. The red double arrow indicates the electric vector (ε) of the VUV FEL. The ring features are ascribed to the
vibrational states of the H2(X, v″) coproducts.
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strong absorption features of H2S (Figure S1), most of which
are ascribed to nd ← 2b1 (n ≥ 3) Rydberg transitions, except
that the 133.26 nm is attributed to np ← 2b1 (n ≥ 4)
transition. The concentric ring structures with measured
relative intensities can be undoubtedly distinguished in these
ion images, which is immediately assigned to the individual
vibrational states of the cofragment H2. Two other channels
that could produce S(1S) photofragments are excluded,
including the three-body dissociation channel (i.e., S(1S) +
H + H) and the secondary dissociation of the primary SH
fragment. The former is due to the photolysis photon energy
being insufficient to reach its dissociation threshold (Dth ≥
10.275 eV31), the latter is ruled out by using an off-axis LiF
lens to disperse the ω1 and ω2 beams from the interaction
region,47 which shows that no secondary dissociation occurs in
the experiments.
The velocity distribution of the S(1S) products was

determined from the radii of the resolved ring structures
over all product angles in these ion images, from which the
total translational energy release distributions (ET) were
derived based on conservation of momentum, as shown in
Figure 2. The H2S molecule is cooled in the supersonic

expansion process, suggesting Eint(H2S) ≈ 0. The photon
energy (Ehν), threshold energy (Dth), and internal energy of
S(1S) (Eint(S(1S))) are known constants; the internal energy of
the H2 products (Eint(H2)) can be acquired based on energy
conservation

+
= + + +

E E D

E E E

(H S)

(S( S)) (H (X)) (S( S) H (X))
hvint 2 th

int
1

int 2 T
1

2
(1)

The superposed combs in Figure 2 indicate the translational
energy ET associated with various vibrational levels of H2(v″, J″
= 0). Figure 3 displays the H2(X) vibrational state population

distributions obtained by the best-fit simulation of these ET
spectra. The normalized populations are also shown in Table 1.

The results reveal that the H2 fragments formed from H2S
photolysis at each of the studied wavelengths show a
vibrational state distribution spanning the vibrational levels
of 1≤ v″ ≤ 10, with a maximum at v″ = 5. In particular, about
87% of the H2(X) fragments are formed in vibrational states v″
= 3, 4, 5, and 6. The vibrational state distribution is almost
independent of the photolysis wavelengths, which suggests the
particular dissociation dynamics. The best fit to the vibrational
profiles also reveals the rotational state population distribu-
tions of the H2(X, v″) fragments. Moderate rotational

Figure 2. ET spectra from photodissociation of H2S at λ = (a) 122.86
nm, (b) 125.06 nm, (c) 129.10 nm, (d) 133.26 nm, and (e) 136.13
nm, along with the simulation of the spectra. The superimposed
combs represent the ET values corresponding to the formation of
various H2(v″, J″ = 0).

Figure 3. Vibrational state populations of H2(X) products from
photodissociation of H2S at λ = (a) 122.86 nm, (b) 125.06 nm, (c)
129.10 nm, (d) 133.26 nm, and (e) 136.13 nm.

Table 1. Vibrational State Populations of H2 Products from
H2S Photolysis within the Wavelength between 122 and 136
nm

H2(v″) 122.86 nm 125.06 nm 129.10 nm 133.26 nm 136.13 nm

0 0 0 0 0 0
1 0.01 0 0.01 0.02 0
2 0.03 0.03 0.06 0.08 0.02
3 0.11 0.10 0.16 0.21 0.08
4 0.27 0.29 0.24 0.24 0.23
5 0.36 0.35 0.38 0.31 0.34
6 0.16 0.14 0.11 0.11 0.22
7 0.04 0.06 0.03 0.03 0.11
8 0.02 0.02 0.02
9 0.01 0.01

10 0.01
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excitation of H2, with the maximum population at J″ = 5−7,
has been obtained (Figure S2).
The H2 product spatial angular distributions can be obtained

from these ion images by integrating the intensity over the
corresponding radial range, which is characterized by the
equation

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

Here, P2 is the second Legendre polynomial. I(θ) is the signal
intensity as a function of θ, which is the angle between the
recoil direction of the S(1S) products and the polarization of
the VUV FEL. The angular anisotropy (β) value at the five
photolysis wavelengths was determined and is shown in Table
2. It is clear that the β values change from 0.13 to 0.83 and

then decrease to ∼0 when the photolysis wavelengths are
varied from 136.13 to 122.86 nm, indicating that the time scale
of the dissociation processes changes dramatically, which may
be related to the efficiency of the nonadiabatic transition
between the higher excited electronic states and the lower
dissociative states. For such a central atom elimination process,
the dissociation may occur via a transition state (TS) with the
structure of two H atoms being on the same side of the S atom
or experience two S−H bonds breaking and two H atoms
recombining to form H2, as demonstrated in CO2

57 and H2O18

photodissociation. The former process is usually slow, while
the latter should be relatively fast.
The energy correlation diagram of the vertical excitation of

H2S and subsequent S + H2 fragmentation processes is shown
in Figure 4. The geometric information and relative energies

including zero-point energy are obtained from the full-
dimensional potential energy surfaces (PESs) for the four
singlet A′ electronic states of H2S (see more detail in the
Supporting Information). As shown in Figure 4, only the 41A′
state adiabatically correlates with S(1S) + H2 products, while
the three lower 1A′ states correlate to the S(1D) + H2
asymptote. The direct adiabatic dissociation to form S(1S) +
H2 from the 41A′ state has an extremely high barrier (10.16
eV). The H2S molecule, excited at the selected wavelengths in
this study, cannot overcome this barrier. Therefore, the only
way to form the S(1S) + H2 products under the current
experimental conditions must be a nonadiabatic pathway. As
expected, we find an avoided crossing below 9.00 eV between
the 31A′ and 41A′ states near the TS. The TS for the 31A′ state
with two S−H bonds of 1.56 Å and a quite long H−H distance
of 1.72 Å shows a much lower barrier (9.02 eV) which can be
overcome by the photolysis wavelength as short as 136.13 nm.
The avoided crossing is located at a seam where the energies of
the two states are very close and the wave functions are
strongly mixed. The H−H distance for the seam is in a
specified range, indicating that the product vibrational states of
H2 will span a wide distribution. As shown in Figure 5, the

smallest energy difference, which means the strongest state-
mixing, appears when both S−H bonds increase to ∼1.80 Å
and the H−H separation decreases to ∼1.1 Å. As shown in our
previous work,18 the average bond length of H2 (v″ = 5) is 1.1
Å. This might be the reason why H2(v″ = 5) is most abundant
at all of the photolysis wavelengths in these experiments. In
addition, for shorter wavelengths, the higher available energy
facilitates the nonadiabatic transition through larger H−H
bond lengths, leading to H2 formation in higher vibrational
levels, which is also consistent with the experimental results.
Thus, for H2S photolysis at λ = 122.86−136.13 nm, the
molecule undergoes a fast internal conversion from the initial
excited Rydberg state to the 31A′ state, and then the S(1S)
atoms in conjunction with H2* (v″>0) cofragments are formed

Table 2. Anisotropy Parameters (β Values) for H2
Photoproducts at Five Different Photolysis Wavelengths
between 122 and 136 nm

wavelength (nm) anisotropy parameters (β)
122.86 −0.07 ± 0.03
125.06 0.06 ± 0.02
129.10 0.66 ± 0.03
133.26 0.83 ± 0.04
136.13 0.13 ± 0.06

Figure 4. Correlation diagram of H2S photodissociating to S + H2
fragmentation for the four singlet A′ electronic states. The energy of
the vibrational ground state of the lowest 11A′ state is taken as zero.
The zero-point energy for each stationary point is considered.

Figure 5. 31A′ to 41A′ adiabatic PESs as functions of the R and rHH in
S + H2 Jacobi coordinates with the angle fixed at 90°. The aqua star
on the 31A′ PES is the transition state. The red line displays the
crossing seam between the two states. The cyan pathway illustrates
the nonadiabatic dissociation process forming the S(1S) + H2
products.
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on the 41A′ state surface following a nonadiabatic transition
though the avoided crossing from the 31A′ to the 41A′ state,
wherein the two H atoms get close and the S−H bond
elongates.
As mentioned above, vibrationally excited H2 is a crucial

species in the ISM due to its high reactivity. Recent
observations showed that the H2*(v″ > 0) have notable
populations in highly excited vibrational levels, which cannot
be fully understood by collisional excitation or the FUV
fluorescence mechanisms.20 The H2*(v″ > 0) formation from
molecular photochemistry or chemical reactions must be
responsible for an apparent excess of H2 in the high vibrational
levels. Our previous study revealed the vibrationally excited H2
was formed from H2O photodissociation, which suggested an
additional budget of H2*(v″ > 0) in the ISM.18 This work
presents evidence for the vibrational excitation of H2 in the
S(1S) + H2 channel from H2S photodissociation, which implies
another source of the interstellar H2*(v″ > 0).
The quantitative assessment of the importance of VUV

photodissociation of H2S and its role in the H2*(v″>0)
formation in the ISM requires determination of the quantum
yield of the S(1S) + H2 channel. Such measurements are
beyond the scope of this study. In our previous studies, we
have both measured the translational energy spectra of the H
and S(1D) atoms from H2S photolysis with the wavelength
between 122 and 155 nm and provided an estimated quantum
yield (≤0.12) of the S(1D) + H2 products at λ = 139.11 nm.46

At shorter wavelengths, the quantum yield of the S(1D) + H2
channel should be not far from 0.12, since the S(1D) + 2H
channel becomes important as the photolysis wavelength
decreases. In this work, we have measured the S(1S) and S(1D)
fragments under the same experimental conditions at these
VUV photolysis wavelengths. The calibration of the S(1S) and
S(1D) detection efficiencies shows that the quantum yield of
the S(1S) + H2 channel is ≤0.05 at these wavelengths, with
±50% uncertainty due to the complicated calibration process
(see Figure S3 and more detail in the Supporting Information).
Given the high abundance of H2S molecules in the ISM, the
photodissociation of H2S induced by the interstellar radiation
field are expected to form considerable H2*(v″ > 0) and thus
should be incorporated in the interstellar chemistry model, in
addition to H2O photodissociation.18

In summary, we have studied the fragmentation dynamics of
H2S + hv → S(1S) + H2(X1Σg

+) at the state-to-state level. The
formed H2 fragments show a wide distribution of vibrational
states with a peak at v″ = 5. Though this dissociation process is
minor, the prominent production of H2*(v″ > 0) from H2S
photolysis is likely to have a role in the PDRs. Given the
similar behavior of H2O and H2S, we propose that this
vibrationally excited H2 channel should be general in the
photodissociation of hydrogen-containing interstellar mole-
cules, which should inspire scientists to search for more
unexpected photochemical processes.
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