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ABSTRACT: The first high-resolution translational spectroscopy studies of D atom
photoproducts following excitation to the Rydberg states of D2S are reported.
Excitation at wavelengths λ ∼ 139.1 nm reveals an unusual ‘inverse’ isotope effect;
the 1B1(3da1←2b1) Rydberg state of D2S predissociates much faster than its
counterpart in H2S. This is attributed to accidental near resonance with a
vibrationally excited level of a lower-lying, more heavily predissociated Rydberg state
of D2S that boosts the probability of nonadiabatic coupling to the dissociation
continuum with 1A″ symmetry. Excitation at λ ∼ 129.1 nm populates the
1B1(4da1←2b1) Rydberg state, which predissociates more slowly and allows the
study of ways in which the branching into different quantum states of the SD
products varies with the choice of parent excited (JKaKc) level. All excited parent levels yield both ground (X) and electronically
excited (A) state SD fragments. The former are distributed over a wide range of rovibrational (v″, N″) levels, while the population of
levels with low v′ and high N′ is favored in the latter. These trends reflect the topographies of the dissociative 1A″ (1A′) potential
energy surfaces that correlate with the respective dissociation limits. Rotational motion about the b-inertial axis in the excited state
molecule increases the relative yield of SD(A) products, consistent with dissociation by rotationally (Coriolis-) induced coupling
from the photoexcited Rydberg level to the 1A′ continuum. Molecules excited to the rotationless (JKaKc = 000) level also yield some
SD(A) products, however, confirming the operation of a rival fragmentation pathway wherein photoexcited molecules decay by
initial vibronic coupling to the 1A″ continuum, with subsequent nonadiabatic coupling between the 1A″ and 1A′ continua enabling
access to the D + SD(A) limit.

1. INTRODUCTION
Photodissociation following the absorption of ultraviolet (UV)
light is an important destruction process for many small
molecules in low density regions of the interstellar medium
(ISM). Hydrogen sulfide (H2S) has been detected in cometary
coma,1−5 in planetary atmospheres,6−9 in protoplanetary disks
in Taurus,10 in an isolated massive protostar,11 and in a brown
dwarf.12 The presence of H2S in the hotter, denser atmosphere
of the exoplanet Wasp-39b was inferred via detection of SO2, at
least some of which is attributed to photochemical processing
of H2S.

13 Now, H2S has been detected directly in the
atmosphere of the hot Jupiter HD189733B, with an abundance
that suggests it is the main reservoir for sulfur in that
environment.14 Singly and doubly deuterated hydrogen
sulfides have been detected in a few dark clouds, with a
significant fractionation ratio of ∼0.1, but not in hot cores,
even when the H2S column densities were large.15 High D/H
fractionation ratios in gas phase species in the ISM are typically
now reconciled by assuming release (by sputtering, thermal
and/or photoinduced desorption) of material formed on grain

surfaces during the cold, prestellar core phase, when the CO-
depleted gas possessed large atomic D/H ratios.16,17

The present study focuses on D2S photodissociation
following excitation of two strong transitions at wavelengths
λ ∼ 139.1 and ∼ 129.1 nm. As Figure 1 shows, the electronic
spectrum of D2S exhibits two broad absorption regions. One,
which maximizes at λ ∼ 195 nm and extends into the near UV
region, shows diffuse resonance structure.18 Photoexcitation
within this long wavelength band results in DS−D bond
fission, yielding D atoms and ground-state SD(X) radicals.19

Recent wavepacket calculations employing state-of-the-art
potential energy surfaces (PESs) for the ground (X̃1A1) and
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first two (strongly coupled) singlet excited states − both of 1A″
symmetry once the molecule starts to stretch asymmetrically −
provide a detailed picture of the fragmentation dynamics.20,21

A second region of continuous absorption is evident at
vacuum UV (VUV) wavelengths λ < 150 nm, lying beneath
many intense, sharp features.18,22−24 The underlying absorp-
tion is associated with excitation to a higher energy continuum
of 1A′ symmetry, while the sharp peaks arise from excitations
to Rydberg states belonging to series that converge to the first
ionization potential of D2S (IP = 84466 ± 2 cm−1 (ref 24)).
The peaks at λ ∼ 139.1 and ∼ 129.1 nm are assigned as,
respectively, the n = 3 and 4 members of a Rydberg series
formed by electron promotion from the 2b1 highest occupied
molecular orbital (HOMO) − essentially the S 3px orbital − to
nda1 Rydberg orbitals.

24 The HOMO and the Rydberg orbitals
are all essentially nonbonding orbitals. The electron promotion
thus causes negligible geometry change, and Franck−Condon
considerations dictate that the absorption to each of these
Rydberg states will be dominated by the v′=0 ← v″=0 origin
band. Many of the Rydberg states have sufficient lifetimes (i.e.,
predissociate sufficiently slowly) that their spectra show
resolved rotational fine structure,22−26 the analysis of which
confirms the 1B1 symmetry of the excited states responsible for
the λ ∼ 139.1 and ∼ 129.1 nm bands.24,27,28

The number of possible photofragmentation pathways
increases with an increase in excitation energy. The recent
literature contains several photofragment translational spec-
troscopy (PTS) studies following excitation of H2S at λ < 150
nm, monitoring both H and S atom photoproducts. These
include free electron laser (FEL) enabled ‘global’ photolysis
studies at many different excitation energies up to the first
IP,29−31 and higher resolution studies that explore how the
fragmentation dynamics vary with parent rotational level
following excitation to the two aforementioned predissociating
Rydberg states with 1B1 symmetry.32,33 The former confirmed
formation of S(1D) and S(1S) atoms in tandem with
rovibrationally excited H2 products but also showed both to
be minor channels. HS−H bond fission is the dominant
process at all wavelengths, and the relative yield of electroni-
cally excited SH(A) products increases rapidly once λ < 150
nm. The SH(A) fragments have a short (few nanoseeconds at
most) lifetime with respect to predissociation,34 yielding a
second H atom and a ground state S(3P) atom.35−37 Most H2S

molecules excited at wavelengths shorter than ∼130 nm
undergo initial dissociation to H + SH(A) products en route to
eventual 2H + S(3P) products.29

The rovibronically state resolved studies showed that the
primary SH(A)/SH(X) product ratio following excitation to
the 1B1 states of H2S responsible for λ ∼ 139.1 nm and ∼ 129.1
nm absorption features scale with ⟨Jb2⟩, the expectation value
of the square of the rotational angular momentum about the b-
inertial axis in the photoexcited asymmetric top molecule.32,33

The most straightforward explanation for this observation is
that b-axis rotational motion has the appropriate symmetry to
enable nonadiabatic (Coriolis) coupling from a state of 1B1
symmetry to the background 1A′ continuum, which correlates
with H + SH(A) products. This decay process is in
competition with a rival (nonrotationally driven) vibronic
channel, that enables nonadiabatic coupling from the photo-
prepared 1B1 states to the lower-lying 1A″ continuum and
eventual dissociation to H + SH(X) products.31 However, the
high-resolution PTS studies following excitation of H2S within
the 129.1 nm band found some SH(A) products from
dissociating levels with ⟨Jb2⟩ = 0, implying that this explanation
is incomplete.33

In contrast to the extensive investigations of H2S, PTS
studies of the heavier isotopomer, D2S, at short UV photolysis
wavelengths are rare − limited to just the D Lyman-α
wavelength (λ = 121.534 nm, corresponding to a wavenumber
of 82281.5 cm−1).19,38 Consistent with the analogous H2S
photolysis studies, D2S photodissociation was shown to yield D
atoms along with very highly rotationally excited SD(A)
partners. Again, as with H2S at such short wavelengths, the
study showed that the forces that drive opening of the ∠DSD
bond angle on the 1A′ PES(s) were sufficiently strong to yield
some SD(A) fragments in ‘super-rotor’ levels, i.e., in quasi-
bound rotational levels above the thermochemical threshold
for dissociation to D + S(1D) products. Such levels exist only
by virtue of the accompanying centrifugal potential energy
barrier. In the limit, such forces also lead to some three-body
dissociation. The threshold energy for this process (IV) and
the various other spin-allowed fragmentation channels of D2S
molecules that yield D atoms are listed in Table 1. Most
SD(A) fragments from D2S photolysis (process II in Table 1)
predissociate, albeit less rapidly than in the case of SH(A)
fragments, to the ground state atoms.34−37 The threshold
energies for channels I through IV are also included in Figure

Figure 1. D2S absorption cross-section σ versus wavelength (after ref
18, with the λ = 129.1 and 139.1 nm features highlighted, along with
the energetic thresholds for each of dissociation channels I−IV, for
ionization (I.P.) and for forming D atoms together with X and A state
SD products in different v levels.

Table 1. Thermochemical Threshold Energies (in cm−1) for
Spin-allowed Fragmentation Channels Yielding D Atoms
(Channels I−IV) from D2S, Derived Using Literature
Values for the Bond Dissociation Energies D0°(DS−D) 39

and D0°(S−D) 37 and for the Atomic Level Separation
ΔE(S(1D2−3P2)),

40 and the Spectroscopically Determined
Separation Between the A2Σ, v′ = 0, N′ = 0, J′ = 0.5 and
X2Π3/2, v″ = 0, N″ = 1, J″ = 1.5 Levels of the SD Radical.41

channel fragments
threshold energy/

cm−1

I D + SD(X2Π3/2, v″ = 0, N″ = 1) 31999 ± 17
I′ SD(X2Π3/2, v″ = 0, N″ = 1) → D + S(3P2) 29650 ± 20
II D + SD(A2Σ, v′ = 0, N′ = 0) 62947 ± 17
II′ SD(A2Σ, v′ = 0, N′ = 0) → D + S(1D2) 7940 ± 20
III D + D + S(3P2) 61649 ± 26
IV D + D + S(1D2) 70888 ± 26
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1, along with the energies of different vibrational levels of the
SD(X) and SD(A) products.
Here, we present high resolution D atom PTS data following

excitation to the 1B1 states of D2S populated by absorption at λ
∼ 129.1 and ∼ 139.1 nm. The study at the shorter wavelength
allows a high level of parent rotational (i.e., JKaKc′) level
selection and thus detailed investigation of ways in which the
fragmentation dynamics are influenced by the parent rotational
angular momentum. The latter excitation is found to be much
less well resolved, i.e., the 1B1(3da1←2b1) state of D2S
predissociates at a relatively much faster rate, faster than the
corresponding state of H2S, which precludes the detailed study
of the parent rotational level dependent fragmentation
dynamics. This unusual ‘inverse’ isotope effect can be
explained by near resonance with an excited vibrational level
of a heavily predissociated, lower energy Rydberg state, that
boosts the rate of nonadiabatic coupling to the dissociative
continuum. However, the present high-resolution studies
following excitation to the 1B1(4da1←2b1) state at λ ∼ 129.1
nm show that, as with H2S, some D2S molecules with ⟨Jb2⟩ = 0
dissociate to D + SD(A) products. These data serve to
reinforce the recent suggestion33 that excited molecules
decaying via initial coupling to the 1A″ continuum can further
couple to the higher lying (in the vertical region) 1A′ PES and
ultimately yield electronically excited SD(A) products along
with a D atom partner. For completeness, we note that two
photon excitation of D2S (to somewhat lower total energies)
has been shown to yield some rovibrationally excited D2
products, thereby confirming − as in H2S − the operation of
one or more rival S atom elimination channels.42

2. EXPERIMENTAL METHODS
The product total translational energy, P(ET), distributions
were determined using the D Rydberg atom time-of-flight
(DRTOF) method.43,44 The experiment has been detailed
previously.45−48 The D2S sample (30%, in Ar carrier gas)
entered the interaction volume in the form of a pulsed jet. The
VUV photolysis photons (at λ ∼ 129.1 or ∼ 139.1 nm) were
generated by difference four-wave mixing (DFWM) using two
λ = 212.556 nm photons together with a third photon at,
respectively, λ ∼ 600 or ∼ 450 nm. The various laser outputs
were overlapped in time and space in a 3:1 ratio Ar/Kr gas
mixture, and their wavelengths were calibrated using a
wavemeter. DRTOF spectra were recorded along TOF axes
at θ = 0° (parallel), 90° (perpendicular), and 54.7° (i.e., magic
angle) to the electric (ε) vector of the incident VUV radiation,
which was set using a rotatable half-waveplate positioned in the
path of the ∼600 or ∼450 nm radiation.
DFWM methods were also used to generate VUV probe

photons at the D Lyman-α wavelength, using two λ = 212.556
nm photons, a λ ∼ 845 nm photon, and a 3:1 Ar/Kr gas
mixture. The resulting D(n = 2) atoms were promoted to a
Rydberg state with principal quantum number, n = 30−80 by
absorbing a further λ ∼ 365 nm photon. D2S photolysis at λ =
212.556 nm will also yield D atom photoproducts.
Contributions from such unwanted photolysis to the measured
DRTOF spectra were avoided in the present work by arranging
that the laser beams exiting the respective Ar/Kr gas cells pass
through biconvex LiF lenses that are deliberately mounted off-
axis, so that only the VUV photons propagate through the
interaction region.49 The VUV probe photons also induce
some D2S photolysis, generating D atoms. This contribution
was removed using a background subtraction technique, with

the VUV photolysis photons present only on alternate probe
laser shots.
The Rydberg-tagged D atom photofragments fly a distance d

∼ 280 mm prior to being field ionized when they reach the
grounded mesh positioned just before a microchannel plate
detector. The measured TOF spectra were converted to D
atom translational energy distributions and then to the
corresponding P(ET) distributions using momentum con-
servation arguments.43 D atom photofragment excitation
(PHOFEX) spectra were obtained by integrating the D atom
signal while scanning across the requisite photoexcitation
wavelength range.

3. RESULTS AND DISCUSSION
3.1. Exciting the 1B1(4da1←2b1) State of D2S at λ ∼

129.1 nm. Figure 2A shows the D atom PHOFEX spectrum
obtained when exciting a jet-cooled D2S sample across the
range of 129.16 ≥ λ ≥ 128.95 nm (77420−77550 cm−1). Each
feature involves one or more lifetime broadened JKaKc′-JKaKc″
transitions, which can be assigned using PGOPHER50 and
relevant spectroscopic parameters. Rotational constants for the
ground state neutral molecule were taken from ref 51, while
parameters for the ground state D2S+ ion52 were assumed for
the Rydberg state. The resulting simulation, both in the form

Figure 2. (A) D atom PHOFEX spectrum recorded over the range
129.16 ≥ λ ≥ 128.95 nm using a jet-cooled 30% D2S in Ar gas
mixture. (B) PGOPHER simulation of this D2S(1B1-X̃1A1) band using
spectroscopic parameters from refs 51, 52, a band origin ν0 = 77473
cm−1 and rotational and nuclear spin temperatures Trot = 15 K and Tns
= 300 K, respectively. The simulated spectrum is shown both in stick
form and with each rovibronic transition clothed with a 1.3 cm−1 full
width half-maximum (fwhm) Lorentzian line shape.
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of a stick spectrum and with a line width assigned to each
transition, is shown in Figure 2B. This allowed identification of
the dominant contributions to the measured peaks (labeled 1−
11 in Figure 2A) and determination of the 1B1-X̃1A1 band
origin (ν0 = 77473 cm−1). The simulation identifies features 3
and 5 at λ = 129.097 nm (77461.1 cm−1) and 129.064 nm
(77480.9 cm−1) as essentially pure single rovibronic transitions
(the 000-110 and 110-000 lines, respectively), and suggests that
peaks 7 and 8 at 129.046 and 129.035 nm (77491.7 and
77498.4 cm−1) are dominated by, respectively, the 221-111
transition and the blended 312-202 and 321-211 transitions. Table
2 reports these and some of the stronger transitions that

contribute to the other more heavily blended features 1−11,
together with the ⟨Jb2⟩ values (the expectation values of the
square of the angular momentum about the b-inertial axis) in
the respective JKaKc′ levels.
Several factors influence the relative intensities of the various

features in this D atom PHOFEX spectrum. The two identical
D atoms ensure that each D2S rotational level obeys either the
ortho- or para-nuclear spin statistics. The ortho- levels
(identifiable as those with Ka + Kc = even in the X̃ state)
have a 2-fold higher statistical weight. Transitions of ortho-D2S
molecules are identified in bold in Table 2. The ortho- and
para-D2S molecules do not interconvert during the supersonic
expansion, and the simulation shown in Figure 2B assumes
rotational and nuclear spin temperatures of, respectively, Trot =
15 K and Tns = 300 K. The measured PHOFEX spectrum is
necessarily a convolution of the parent absorbance and the
branching ratio for fragmentation to yield one (or two) D
atoms. Analogy with the H2S suggests that the D2 elimination
channels have small quantum yields at the wavelengths of
current interest.32 Thus the D atom PHOFEX spectrum is best
compared to the parent absorption spectrum predicted by
PGOPHER (Figure 2B). As in our earlier considerations of the
corresponding 1B1(nda1←2b1; n = 3, 4) transitions in H2S,

32,33

however, it is necessary to recognize some further subtleties.

First, the intensity of the signal between the peaks in Figure
2A is not zero. This is unsurprising, given the background
continuum in the parent absorption spectrum (Figure 1), but
PGOPHER by design simulates only the 1B1-X̃1A1 transition
probability. The nonzero D atom signal across the wavelength
range spanned in Figure 2A implies some probability for direct
excitation to the underlying continuum and dissociation to D +
SD products. However, the peaks in the PHOFEX spectrum
show no obvious asymmetry, such as that might be expected as
a result of Fano interference between the excitation pathways
to the Rydberg levels and to the continuum. This likely reflects
the comparative weakness of the continuum absorption.
Second, the JKaKc′ levels in the 1B1(nda1←2b1; n = 3,4) states
of H2S predissociate by rival rotational level dependent and
rotational level independent pathways. The rate of the former
(Coriolis-driven) pathway scales with ⟨Jb2⟩.32,33 Coriolis-driven
nonadiabatic coupling contributes to the decay of D2S
molecules in the 1B1(4da1←2b1) state also (see later), but its
relative contribution to the overall loss rate is less apparent
than in the H2S cases. The simulation shown in Figure 2B, with
no explicit inclusion of ⟨Jb2⟩-specific line broadening effects,
suffices to allow unambiguous assignment of all contributing
features. Third, the present P(ET) spectra (see below) show
substantial yields of the SD(A) radical products. All SD(A)
fragments apart from those formed in the v′ = 0 level with low
N′ rotational quantum number will predissociate within the ∼
10 ns delay between the pump and probe excitations.34,36

Dissociations yielding such D + SD(A) primary products will
thus yield a net two D atoms per absorbed photolysis photon,
and peaks in the D atom PHOFEX spectrum associated with
transitions to JKaKc′ levels that favor formation of internally
excited SD(A) products should thus be expected to appear
with greater relative intensity than predicted by the
PGOPHER simulation.
Figure 3 shows D atom TOF spectra measured following

excitation to the JKaKc′ = (a) 000, (b) 110, and the (c) 312/321
levels (i.e. excitation of peaks 3, 5, and 8 in Figure 2A) with the
polarization (ε) vector of the photolysis radiation aligned both
parallel (θ = 0°) and perpendicular (θ = 90°) to the detection
axis. These transitions access excited state levels with ⟨Jb2⟩ = 0,
1, and ∼ 7, respectively. Equivalent data obtained when
exciting most of the other features labeled in Figure 2A are
shown in Figure S1 in the Supporting Information (SM)
where, again, the spectra have been ordered in terms of
increasing ⟨Jb2⟩ for the excited state levels populated via the
stronger contributing transitions identified in Table 2. Both
sets of spectra show that the relative intensity of the early part
of the TOF spectrum (the high ET component) decreases on
moving down the figure (i.e., when accessing levels with higher
⟨Jb2⟩). Figure 3b also demonstrates that the high and low ET
products show very different recoil anisotropies, particularly
when exciting to the 110 level via line 5 (panel B). Similarly
striking product state-dependent recoil anisotropies have been
noted previously when exciting the 110-000 line in the origin
bands of the C̃1B1-X̃1A1 transition of H2O

53,54 and of the 1B1-
X̃1A1 transition of H2S at λ ∼ 139.1 nm.32

The D atom TOF data were converted to the corresponding
total (D + SD) translational energy distributions, P(ET), using
eq 1

E m d
t

m m1
2

1 /T D

2

D SD= +i
k
jjj y

{
zzz

i
k
jjjjj

y
{
zzzzz (1)

Table 2. Wavelengths/Wavenumbers of Maxima in the D
Atom PHOFEX Spectrum Measured at λ ∼ 129.1 nm
(Figure 2A) and Dominant Contributing Transitions
Identified by the PGOPHER Simulation (Figure 2B)a

peak
measured

wavelength/nm
wavenumber/

cm−1 transition ⟨Jb2⟩
1 129.130 77441.3 212-322 1.00
2 129.113 77451.5 110-220, 101-

211

1.00, 1.00

3 129.097 77461.1 000-110 0
4 129.082 77470.1 101-111, 212-

202

1.00, 1.00

5 129.064 77480.9 110-000 1.00
6 129.050 77489.3 211-101 4.00
7 129.046 77491.7 221-111 1.00
8 129.035 77498.4 312-202, 321-

211

6.13, 8.13

9 129.029 77502.0 330-220 3.87
10 129.016 77509.8 423-313, 432-

322

6.47, 7.62

11 129.000 77519.4 514-404 8.60
aTransitions of ortho-D2S molecules are highlighted in bold, and the
final column shows ⟨Jb2⟩, the expectation value of the square of the
angular momentum about the b-inertial axis for the various excited
rotational levels.
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Here, mD and mSD are the respective masses of the D atom
and SD radical fragments, d is the distance separating the
interaction region and the detector, and t is the D atom TOF
measured over this distance. Figure 4 shows P(ET) spectra
obtained at the wavelengths featured in Figure 3, again with ε
aligned both parallel and perpendicular to the detection axis.
The corresponding P(ET) spectra derived from the D atom
TOF spectra displayed in Figure S1 are shown in Figure S2 in
the SM. The vertical arrows in the main panel show the
maximum ET values associated with D atom formation via
channels I−IV, while the combs in panels (A) and (B) show
the ET values associated with forming D atoms together with
SD(X) fragments in selected v″, N″ levels. The inset in panel C
shows an expanded view of the lower ET region, with the
combs indicating the ET values associated with formation of D
plus SD(A) fragments in selected v′, N′ levels.
The density of SD(X) and SD(A) rovibrational levels

populated in all cases prevents unique characterization of the
product quantum state population distributions, but the
superposed combs clearly show that excitation on all features
in the D atom PHOFEX spectrum results in SD(X) products
in a wide range of rovibrational quantum states, some with
minimal internal energy, Eint, and others with Eint values
approaching the upper limit supported by the SD(X) potential.
The ET region associated with D + SD(A) products is shown
on an expanded scale in the inset in panel (C); the superposed
combs suggest that the SD(A) products are preferentially
formed in the v′ = 0 level, in a very wide range of N′ levels.
Figure 5A−C shows P(ET) spectra taken with ε aligned at θ

= 54.7° (i.e., at the magic angle) to the detection axis following

excitation on lines 3, 5, and 8 in the D atom PHOFEX
spectrum, and equivalent spectra obtained from the sum (I(0°)
+ 2I(90°))/3, where I(0°) and I(90°) are the corresponding
spectral profiles measured under equivalent conditions but
with ε aligned at θ = 0 and 90° (i.e., the spectra shown in
Figure 4). The magic-angle spectra derived via these alternative
methods are reassuringly similar. Analyses of such P(ET)
spectra offer a route to estimating the branching between
primary product channels I and II. In each case, the P(ET)
spectrum was split at the ET value of the onset for channel II,
ET(2), and the integrated intensity of signal with ET > ET(2)
was taken as a measure of the D + SD(X) yield. Signal with ET
< ET(2) can derive from channel II, from the rapid
predissociation of most primary SD(A) fragments, and from
channels III and IV. The P(ET) spectra suggest that the three
body fragmentation channels are both rather minor contrib-
utors at these excitation wavelengths. Thus the primary yield of
channel II products is approximated as half the total signal
measured with ET < ET(2). Figure 5D shows the estimated
primary SD(A)/SD(X) yield climbing with increasing ⟨Jb2⟩, as
expected given that b-axis rotation has the appropriate
symmetry to enable Coriolis coupling to the 1A′ continuum
that correlates with D + SD(A) products. However, Figure 5D
also shows that this ratio is far from zero when exciting to
levels with ⟨Jb2⟩ = 0. Similar trends were noted when exciting
to different parent levels within the corresponding 1B1-X̃1A1
transition of H2S,

33 though as Figure 5D also shows, the
SH(A)/SH(X) ratio when exciting H2S levels with ⟨Jb2⟩ = 0
was much lower and the ratio increased with increasing ⟨Jb2⟩ at

Figure 3. D atom TOF spectra obtained following photolysis of a jet-cooled 30% D2S in Ar sample at (A) 129.097 nm, (B) 129.064 nm, and (C)
129.035 nm (i.e., exciting on peaks 3, 5 and 8 in Figure 2A), sampling predominantly or exclusively the 000, 110 and 312/321 excited state levels. Data
measured with the ε vector of the photolysis laser radiation aligned parallel (θ = 0°) and perpendicular (θ = 90°) to the detection axis are shown in
black and red, respectively.
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a steeper rate (consistent with the larger B rotational constant
in the lighter isotopomer).
These data broadly accord with the ‘big picture’ description

developed previously.31 D2S molecules in the 1B1(4da1←2b1)
Rydberg state can predissociate homogeneously, by coupling
to the valence continuum of 1A″ symmetry, and heteroge-
neously, by Coriolis coupling to the 1A′ continuum, with
relative efficiencies that depend on the rotational angular
momentum of the particular JKaKc′ level. Both continua are
recognized as involving more than one coupled state, and
recent electronic structure calculations have confirmed regions
of degeneracy between the respective PESs (conical
intersections between surfaces of the same symmetry, and
seams of intersection between 1A″ and 1A′ surfaces at linear
geometries).31 Molecules that couple to and remain in the 1A″
states dissociate to D + SD(X) products (channel I) or, at
sufficiently short excitation wavelengths, conceivably to 2D +
S(3P) products (channel III). The topographies of the 1A″
state PES(s) encourage formation of SD(X) products in a wide
spread of v″, N″ levels.
The nonadiabatic coupling of D2S molecules in Rydberg

states with 1B1 symmetry to the 1A′ PES(s) is enabled by b-axis
rotation. Molecules on the 1A′ PES(s) can experience a variety
of possible fates.31 Of most relevance to the present study,
those that avoid the linear geometries required for further

nonadiabatic coupling (to the 1A″ PES(s)) remain on the 1A′
PES(s) and can dissociate to D + SD(A) products. The
topography of the lowest 1A′ PES encourages opening of the
∠DSD bond angle in tandem with D···SD bond extension, and
this motion carries through into rotational excitation of the
SD(A) products. As with H2S,

31 the lower D + SD(X) yields
(i.e. high SD(A)/SD(X) product ratios) from D2S molecules
prepared with higher ⟨Jb2⟩ imply that, after coupling to the 1A′
PES(s), the probability of further coupling to the 1A″ PES(s) is
low. The relative strengths of the D···SD stretching and ∠DSD
angle opening forces on the 1A′ PES ensure that the
dissociating molecules attain linear configurations at D···SD
extensions beyond the range that supports nonadiabatic
coupling to the 1A″ PES(s).
The present data reinforce another finding from recent

photolysis studies of H2S following excitation to the analogous
Rydberg state. Excitation at λ = 129.097 nm (peak 3 in Figure
2A) populates the 000 level of this 1B1 state, which nonetheless
gives a substantial D + SD(A) product yield (Figure 4A). The
SD(A)/SD(X) ratio is ∼ 1.7. The SD(A) product from the
rotationless level implies the operation of an additional
fragmentation mechanism. As before, population decay from
this rotationless level must start with vibronic coupling to the
1A″ continuum. As noted above, the 1A″ and 1A′ PES(s) are
nearly degenerate over a range of near-linear geometries. The

Figure 4. P(ET) spectra derived from D atom TOF spectra obtained following photodissociation of D2S at (A) 129.097 nm, (B) 129.064 nm, and
(C) 129.035 nm with ε aligned, respectively, parallel (θ = 0°, black) and perpendicular (θ = 90°, red) to the detection axis. The vertical arrows in
each panel show the maximum ET values associated with D atom formation via channels I−IV. The combs in (A) and (B) show the ET values
associated with formation of D plus SD(X) fragments in selected v″, N″ levels, while the inset in (C) shows an expanded view of the lower ET
region, with the superposed combs defining the ET values associated with formation of D plus SD(A) fragments in selected v′, N′ levels.
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nonadiabatic coupling in these regions has usually been
discussed as a means of passing population from the 1A′
PES(s) to the lower energy (viewed in terms of their respective
energies in the vertical Franck−Condon region) 1A″ PES(s).
However, the photoprepared molecules here access the 1A″
PES(s) at high total energy (∼9.6 eV relative to the ground
state minimum energy geometry), and the topography of the
1A″ PES(s) is assumed to allow some of these molecules to
sample regions of near-degeneracy with the 1A′ PES, and
couple to the 1A′ PES with nuclear momenta appropriate to

access the D + SD(A) limit. Within the traditional framework
of radiationless transition theory, such coupling of internally
excited molecules into a high-energy electronic state might be
viewed as an ‘uphill’ internal conversion.
3.2. Photoexciting the 1B1(3da1←2b1) State of D2S at

λ ∼ 139.1 nm. Figure 6 shows the D atom PHOFEX
spectrum obtained following excitation of this 1B1-X̃1A1 band
of D2S together with a PGOPHER50 simulation that, again,
employs documented spectroscopic parameters for the ground
state51 and assumes that the rotational constants for the
Rydberg state are well approximated by those of the ground
state molecular ion.52 In contrast to the corresponding feature
in the H2S spectrum,33 the measured D2S resonance is much
broader than predicted by the PGOPHER simulation. The
more intense region centered at λ ∼ 139.05 nm shows an
obvious band contour, but no resolved rotational fine structure.
There is no unique fit for such a relatively featureless contour.
Individual rovibronic linewidths in the displayed simulation are
modeled as the sum of homogeneous and heterogeneous
contributions, using the function ω = ω0 + ω′⟨Jb2⟩, with ω0 =

Figure 5. P(ET) spectra obtained following photodissociation of D2S
at (A) 129.097 nm, (B) 129.064 nm, and (C) 129.035 nm, with ε
aligned at θ = 54.7° to the detection axis (black lines), and equivalent
spectra obtained from the sum (I(0°) + 2I(90°))/3, where I(0°) and
I(90°) are the corresponding spectral profiles measured under
equivalent conditions but with ε aligned at θ = 0 and 90°. (D)
Primary SD(A)/SD(X) product ratio (black points), obtained by
comparing the total signal with ET > ET(2) with half the total signal
with ET < ET(2), plotted as a function of ⟨Jb2⟩ for the parent excited
level(s) excited with greatest probability at nine different wavelengths
within the 1B1-X̃1A1 band at λ ∼ 129.1 nm. The corresponding plot of
SH(A)/SH(X) vs ⟨Jb2⟩ determined when exciting the equivalent band
of H2S (from ref 33) is included for comparison (pink open symbols).

Figure 6. (A) D atom PHOFEX spectrum recorded over the range
139.4 ≥ λ ≥ 138.8 nm using a jet cooled 30% D2S in Ar gas mixture.
The vertical arrows indicate the four wavelengths at which D atom
TOF spectra were recorded. (B) PGOPHER simulation of this
D2S(1B1-X̃1A1) band using spectroscopic parameters from refs 51, 52,
and a band origin ν0 = 71914 cm−1. The simulated spectrum is shown
both in stick form and with each rovibronic transition clothed with a
Lorentzian line shape with a fwhm determined by the excited state
lifetime. The transition widths are modeled as the sum of
homogeneous and heterogeneous contributions, using the function
ω = ω0 + ω′⟨Jb2⟩ with ω0 = 10 cm−1 and ω′ = 0.15 cm−1 (though the
quality of the match with experiment was rather insensitive to the
choice of ω′ value), and the peak amplitudes have been reduced in a
compensatory manner to conserve the calculated rovibronic transition
linestrength. The simulation assumes rotational and nuclear spin
temperatures Trot = 15 K and Tns = 300 K, respectively.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c04730
J. Phys. Chem. A XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04730?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c04730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


10 cm−1 and ω′ = 0.15 cm−1. Increasing ω′ to 2 cm−1 causes
little change to the band contour, but any significant reduction
in the ω0 value (which is much larger than for the
corresponding band of H2S) leads to the emergence of some
sharper features within the overall contour−in contrast to the
experimental observation.
Such an ‘inverse’ isotope effect (i.e., where the state of a

deuteride predissociates faster than the same state in the
corresponding hydride) is unusual, but not without precedent.
Indeed, the present example has been noted in previous room
temperature absorption studies of the 1B1(3da1←2b1) states of
D2S and H2S when exciting at λ ∼ 139.1 nm,55 and rationalized
by invoking accidental near-resonance with a vibrationally
excited level of some lower lying Rydberg state. Mayhew56

noted the likely near degeneracy of the 1B1(3da1←2b1) state of
D2S with the first excited bending vibrational level (the 010
level) of the more heavily predissociated 1B2(3da2←2b1) state
and suggested this as a plausible doorway state promoting
access to the dissociative continua. Given the mass (and
frequency) differences upon substituting H for D, there is no
corresponding accidental degeneracy between the 1B1(3da1←
2b1, 000) and 1B2(3da2←2b1, 010) levels in H2S. Though
appealing, we conclude that this is unlikely to be the dominant
interaction that enhances predissociation of the 1B1(3da1←2b1,
000) state of D2S. The two states have different vibronic
symmetries and would require an a2 coupling mode (e.g.,
rotation about the c-axis (the out-of-plane axis) in D2S). The
unambiguous conclusion from the PGOPHER simulations,
however, is that the enhanced predissociation rate is mostly
homogeneous in nature. Thus, though retaining the accidental
resonance model, it seems much more likely that the doorway
state facilitating predissociation of the 1B1(3da1←2b1) state of
D2S at λ ∼ 139.1 nm is the (100) level of the other (lower
lying) 1B1(3da1←2b1) state of D2S, the first member of Price’s
C series.22 The symmetric stretch vibration in D2S has a
wavenumber ν1∼1896 cm−1 [ref 57], some 750 cm−1 smaller
than in H2S, so there will be no equivalent near-resonant
doorway from the 1B1(3da1←2b1) origin level to the
background continua in H2S. A similar accidental resonance
enhanced, albeit ‘regular’, isotope effect has been reported for
the respective (010) levels of the C̃1B1 state of H2O and D2O.
Accidental degeneracy with the origin level of the more heavily
dissociated D̃1A1 state ensures that the C̃(010) level of H2O
predissociates much faster than (and displays different
fragmentation dynamics to) its counterpart in D2O.58

D atom TOF spectra following D2S photolysis were taken at
the four excitation wavelengths indicated by vertical arrows in
Figure 6, again with ε aligned at θ = 0° (black) and 90° (red)
from the detection axis. These are displayed in Figure 7 and
the corresponding P(ET) spectra are shown in Figure 8. The
two spectra taken at wavelengths within the more intense
region spanned by the predicted 1B1-X̃1A1 band contour are
very similar, consistent with dissociation from a broad mix of
excited levels in each case. The spectra show SD(X) and
SD(A) fragment formation in a wide range of rovibrational
levels, with clear evidence for the population of SD(A, low v′,
high N′) levels. The SD(A)/SD(X) ratio estimated as above
from the ratio of half the total yield with ET < ET(2) relative to
the total yield with ET > ET(2) is ∼ 0.44. In both cases,
dissociation shows a mild preference for a perpendicular recoil.
The P(ET) spectra obtained at the two other wavelengths,

off-resonant with the predicted 1B1-X̃1A1 band, show higher
SD(A)/SD(X) ratios (particularly at λ ∼ 139.170 nm, where

the ratio is ∼ 0.75) and more dramatic, product state-
dependent, recoil anisotropies. Peaks attributable to SD(A,
v′=0, and high N′) products are very obvious at both excitation
wavelengths. Most display preferential perpendicular recoil
anisotropy, but SD(A, v′=0) products in the very highest N′
levels (and SD(A, v′=1, high N′)) show more strongly at θ =
0°. The expanded views of the P(ET) distributions shown in
the insets in panels (A) and (D) also show an obvious tail
declining toward the ET value associated with threshold III,
which is most logically attributed to D atoms from the
predissociation of primary SD(A, high N′) products.

4. CONCLUSIONS
This article reports high-resolution translational spectroscopy
studies of the D atoms formed from two predissociated
Rydberg states of D2S following excitation at λ ∼ 139.1 and ∼
129.1 nm. Both states have 1B1 symmetry and the photo-
fragmentation dynamics of the corresponding excited states of
H2S have been investigated recently.32,33 In both cases, D−SD
(H−SH) bond fission is deduced to be the dominant
dissociation pathway, yielding SD(SH) fragments in both the
ground (X2Π) and excited (A2Σ+) electronic states. The X
state products are distributed over a very broad range of v″, N″
levels, while the A state products are mostly formed in levels
with low v′ and high N′. Such energy partitioning in the
products is explicable (at least qualitatively) by reference to the
topographies of the PES(s) of the 1A″ and 1A′ continuum

Figure 7. D atom TOF spectra obtained following photolysis of a jet-
cooled 30% D2S in Ar sample at (A) 139.170 nm, (B) 139.057 nm,
(C) 139.013 nm, and (D) 138.920 nm (shown by the vertical arrows
in the D atom PHOFEX spectrum (Figure 6A) measured with the ε
vector of the photolysis laser radiation aligned parallel (θ = 0°, black)
and perpendicular (θ = 90°, red) to the detection axis.
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states that support the respective dissociation pathways. H/D
isotopic substitution has strikingly different effects on the
fragmentation dynamics of these two 1B1 states.
In the case of the 1B1(4da1←2b1) state of D2S populated by

excitation at λ ∼ 129.1 nm, the D atom PHOFEX spectrum
shows resolved rotational fine structure, which has allowed
investigation of how the rotational angular momentum of the
excited state parent molecule influences the fragmentation
dynamics. As in H2S, the b-axis rotational motion is found to
boost the relative yield of D + SD(A) products, implying the
operation of a Coriolis-induced dissociation pathway via
coupling to the 1A′ continuum. However, SD(A) products
are still a major dissociation product for D2S molecules excited
to the 000 rotational level, for which ⟨Jb2⟩ = 0. The SD(A)/
SD(X) product ratio in this case is still ∼ 1.7. This finding
confirms the operation of an additional fragmentation
mechanism, adding weight to a recent proposal that the
dissociation of excited levels of D2S (H2S) can also occur by
initial vibronic coupling to the 1A″ continuum, with
subsequent nonadiabatic coupling to the 1A′ PES allowing

access to the D + SD(A) limit.33 In the framework of
traditional radiationless transition theory, the transfer of
internally excited molecules into a higher energy electronic
state en route to dissociation could be viewed as an ‘uphill’
internal conversion.
The D atom PHOFEX spectrum when exciting the

1B1(3da1←2b1) state of D2S at λ ∼ 139.1 nm, in contrast, is
devoid of rotational fine structure. The corresponding band in
the spectrum of H2S is structured.22−24,27,28,32 This finding is
noteworthy, but not without precedent. Predissociation rates
are (as here) typically determined by a nuclear kinetic energy
operator and will typically be larger for the lighter species (i.e.,
H2S). The 1B1(3da1←2b1) state of D2S(H2S) shows an
‘inverse’ isotope effect; the heavier isotopomer predissociates
faster. This finding is rationalized by recognizing the role of an
accidentally resonant ‘doorway’ state, the (100) level of the
other (lower lying and more heavily predissociated)
1B1(3da1←2b1) state of D2S, that facilitates coupling to the
1A″ continuum. The normal modes of vibration in the different
isotopomers have different energies, and no such accidental
resonance is available to assist the predissociation of the
corresponding state of H2S populated when exciting at λ ∼
139.1 nm. The uncertainty broadening caused by the short
excited-state lifetime precluded the study of parent-level
dependent fragmentation dynamics or product state distribu-
tions in this case. Nonetheless, D2S excitation at λ ∼ 139.1 nm
clearly yields SD(A) and SD(X) products, in both cases
populating similar families of rovibrational levels as when
exciting at λ ∼ 129.1 nm. The SD(A)/SD(X) ratios are lower,
however, consistent with the ‘doorway’ state promoting
coupling to the 1A″ continuum (which correlates with D +
SD(X) products).
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