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Experimental methods

The H atom product translational energy distributions were recorded using a tuneable
vacuum ultraviolet (VUV) free-electron laser (FEL) along with the H-atom Rydberg tagging
time-of-flight (HRTOF) probe technique, performed using the recently constructed end-station
for molecular photochemistry around the VUV FEL beam line at the Dalian Coherent Light
Source (DCLS).:' 2 The VUV FEL operates in the high gain harmonic generation mode, in
which the seed laser (A ~240-360 nm) generated from a Ti: sapphire laser is injected to interact
with the electron beam in the modulator. The electron beam is generated from a photocathode
RF gun and accelerated to a beam energy of ~300 MeV by 7 S-band accelerator structures,
with a bunch charge of 500 pC. The micro-bunched beam is then sent through the radiator,
which is tuned to the nth harmonic of the seed wavelength, and coherent FEL radiation with
wavelength A/n is emitted. The optimization of the linear accelerator yields a high-quality light
beam with an emittance of ~1.5 mm mrad, an energy spread of ~1%o, a pulse duration of ~1.5
ps and maximum pulse energies >100 pJ pulse™. In the present study, the VUV-FEL operated
at 10 Hz, and a typical spectral bandwidth is ~50 cm™,

In the HRTOF detection method, the H atom products are promoted from the ground state
to a high n Rydberg state via a two-step excitation. Step one involves resonant excitation from
the n = 1 to n = 2 state at the Lyman-a wavelength (A = 121.6 nm), while step two uses UV
laser excitation at A ~365 nm to further excite the H atom from the n = 2 state to a high-n (n =
30-80) Rydberg state lying slightly below the ionization threshold. The coherent 121.6 nm
radiation was generated by difference four-wave mixing (DFWM) involving two 212.556 nm
photons and one 845.384 nm photon overlapped in a stainless-steel cell filled with a 3:1 ratio
Ar/Kr gas mixture. The neutral Rydberg-tagged H atom photofragments flew a distance d ~280
mm before reaching a grounded mesh mounted close in front of Z-stack rotatable micro-
channel plate (MCP) detector, where they were immediately field ionized by the ~ 2000 V cm™!
electric field. The signal detected by the MCP was then amplified by a fast pre-amplifier and
counted by a multichannel scaler. The recorded TOF data were converted to the corresponding
H atom Kinetic energy distributions based on momentum conservation, as shown in the main
text. The sample beam was generated by expanding a mixture of 1% H2S and Ar at a stagnation
pressure of 760 Torr through a 0.5 mm-diameter pulsed nozzle. The molecular beam crossed
the VUV-FEL beam at right angles.

The S(*D) / S(*S) atom product translational energy distributions were recorded using the

VUV FEL pump time-sliced velocity map imaging (TSVMI) probe technique® 4, which



involves a molecular beam, photolysis and probe lasers, and the detection system. The pulsed
supersonic beam was again generated by expanding a mixture of 1% H2S and Ar at a stagnation
pressure of 760 Torr into the source chamber where it was skimmed before entering the ion
optics assembly (IOA, 23-plate ion optics). The beam passed through a 2 mm hole in the first
electrode and propagated along the centre axis of the IOA towards the centre of the front face
of the detector. The molecular beam was intersected at 90 <angles by the counter-propagating
photolysis and probe laser beams between the second and the third plates of the IOA. The
photolysis photons were again provided by the FEL, and the polarization of the VUV-FEL
pulse was fixed in the horizontal plane and thus parallel to the front face of the detector. The
S(*D) photoproducts were probed by one-photon excitation at L. = 130.092 nm, which populates
the autoionizing 3p®(?D°)5s; 1D2° level, while S(*S) fragments were resonantly ionized at A =
136.13 nm via the S*[3s23p3(?P°)5s!(*P°)] «— S[3s?3p*(*So)] transition. These probe photons
were generated by the DFWM, involving two 212.556 nm photons together with one 580.654
nm or 486.133 nm photon from laser pulses that were overlapped in a Kr-containing gas cell
(for S(*D) and S(*S) detection, respectively). The resulting S* ions were then accelerated
through the remainder of the IOA and passed through a 740 mm long field-free region before
impacting on a 75 mm-diameter chevron double MCP detector coupled with a P47 phosphor
screen. Transient images on the phosphor screen were recorded by a charge-coupled device
(CCD) camera. Converting the radius of any given feature in the measured images to the
corresponding S atom velocity relied on calibration factors derived from imaging O* ions from
the one-colour multiphoton excitation of Oz at A =225.00 nm.

Computation methods

Electronic Structure calculations for the five lowest-lying states of both A’ and A"
symmetry was performed at the internally contracted multi-reference configuration interaction
corrected with Davidson correction (ic-MRCI+Q) level. To obtain appropriate reference
wavefunctions for the MRCI calculation, a prior state-averaged completed active space self-
consistent field (SA-CASSCF) calculation containing 18 A’ states and 18 A" states was
implemented. To provide a precise description of the highly excited Rydberg states, an
exceptionally large active space (8e,130) composed of nine a’ and four a” active orbitals in Cs
symmetry was applied. In addition, quite large basis sets were used for this system. The basis
set for the S atom was a correlation-consistent, polarized, valence, quadruple zeta (cc-pVQZ)
basis extended by six diffuse s functions, six diffuse p functions and eight diffuse d functions.

For the H atoms, a cc-pVQZ basis set extended by two diffuse s functions and two diffuse p



functions was used. All the aforementioned ab initio calculations were performed using the
MOLPRO 2015.1 package.

Potential energy surfaces were fitted using the Gaussian Process Regression (GPR) method
based on >700 points covering both the interaction region and the two dissociation channels.
The permutation symmetry of the two identical H atoms in H2S was accommodated using
permutation invariant polynomials (PIPS).

Oscillator strengths for transitions from the 1*A’ ground state to the first four excited states
of A’ symmetry and the first five excited states of A” symmetry were obtained by equation-of-
motion coupled cluster single and double excitation (EOM-CCSD) calculations at the ground
state equilibrium geometry (OrsH= 92.2< rsh1 = rsHz = 1.34 A). Inspection of the results listed
in Tables 1 and S1 confirms that the discrepancies between the VEESs calculated using the

EOM-CCSD and MRCI methods are reassuringly small (< 0.1 eV in all cases).



Electronic State VEE / eV f
2IA'(21A) 8.24 2.63%10™
3IA(1'B2) 8.76 0.037
41A'(3'A1) 8.85 0.042
51A'(41A1) 9.30 0.079
1IA"(11A2) 6.20 0.000
2IA"(1'B1) 6.33 0.060
3TA"(21A2) 7.92 0.000
41A"(2'B)) 8.02 3.56x1073
5!A"(3'B1) 8.38 0.069

Table S1. The vertical excitation energies (VEES) and oscillator strengths, f, for excitation
from the ground state equilibrium geometry to the first four excited states of 1A’ states and the
five lowest A" electronic states obtained from the EOM-CCSD calculations.



Dissociation channel Caleulated dissociation Experimental value / eV
Energy / eV
SH(X2IT) + H(S) 3.87 3.90
SH(AZZY) + H(S) 7.68 7.70
SH(B?Z) + H(S) 11.23 11.29
SH(C?A) + H(%S) 11.80 11.84
S(1'D) + Ha(X'=)) 4.10 4.20
S(S) + Ha(X1x}) 5.78 5.80
S(21D) + Ha(X2x}) 11.72 11.68
SCP) + 2H(%S) 7.48 7.53
S(*D) + 2H(%S) 8.61 8.68
S(*S) + 2H(°S) 10.26 10.28

Table S2. The calculated dissociation energies for fragmentation channels of H2S relevant to
the present study, after correction for differences in zero-point energy, along with the best-
estimate experimental (Do) values (egs. (1)—(6) in the main paper), plus term values for the B

and C excited states of SH.



ele;tar;nic Onsil = | rsmil A | rswal A E/eVv di;:g((j::]actti;)n
Jia 66.89 151 1.51 8.79 Ha(X'Zg") + S(*D)
104.06 1.38 1.38 8.30 H + SH(A%ZY)
3TA 67.11 1.56 1.56 9.20 H2(X'=¢") + S(*D)
A 40.35 1.63 1.63 10.31 Ha(X'=g*) + S('S)
1:A" 42.93 1.60 1.60 6.11 H2(X'=¢") + S(*D)
2'A" 37.16 2.11 2.11 7.83 H2(X'=¢") + S(*D)

Table S3. The geometries and relative energies (without zero-point correction) of the
optimized transition state along the H + SH and/or S + H2 dissociation pathways for the 21A’,
3'A’, 41A’, 1'A" and 2 A" electronic states of H2S.



V" Energy / cm™ Fsnl A
0 0 1.36
1 2611.7 1.39
2 5112.0 1.43
3 7499.7 1.47
4 9773.8 151
5 11932.8 1.56
6 13975.3 1.61
7 15899.9 1.66
8 17704.6 1.71
9 19387.7 1.78
10 20946.8 1.85
11 22379.6 1.92
12 23683.1 2.01
13 24854.1 2.11

Table S4. The calculated energies and average bond lengths of SH(X) radicals in different

vibrational v"” states.
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Fig. S1. HzS absorption cross-section versus wavelength. The expanded view in the lower
panel indicates the resonances on which H atom PTS (red arrow) and S(*D) atom PTS (blue
arrow) studies were conducted.
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Fig. S2. The P(Ein) distributions derived from H atom TOF spectra following
photodissociation of H2S at A = (a) 154.53 nm, (b) 151.64 nm, (c) 149.15 nm and (d) 146.30
nm, with the detection axis aligned parallel (black) and perpendicular (red) to the € vector of
the photolysis laser radiation. The inset in (¢c) shows an expanded view of the high energy part
of the P(Eint) spectra. The superposed combs show the Eint values associated with formation of
H atoms along with selected rovibrational levels of the primary SH(X) and SH(A) fragments.
The threshold energies associated with channels (1) — (3) are shown by vertical blue, magenta
and navy arrows.
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Fig. S3. The P(Ein)) distributions derived from H atom TOF spectra following
photodissociation of H2S at A = (a) 143.15 nm, (b) 140.89 nm, (c) 139.11 nm and (d) 133.26
nm, with the detection axis aligned parallel (black) and perpendicular (red) to the & vector of
the photolysis laser radiation. The insets show expanded views of the high energy part of the
respective P(Eint) spectra. The superposed combs show the Eint values associated with
formation of H atoms together with selected rovibrational levels of the primary SH(X) and
SH(A) fragments. The threshold energies associated with channels (1) — (3) are shown by
vertical blue, magenta and navy arrows.



0.26 4 SH(A, v =0, M) a) 131.32 nm

[ ! .
51015 20 25, 30 4p| SHEA, )
0.13 44V -
33000 36000 39000 42000
Para
Perp
L)
0.00 - v
1 SH(4, v =0,N") b) 129.95 nm
SH(A, »'
gm%ulglgll}nliéllly|||%é|||JO SH(A. ')
0.42 4 01234
0-21 T T T T
33000 36000 39000 42000
)
0.00 2 . : Oy
{ SH(4,v'=0,N") ¢) 129.12 nm

W T TTT TTITTTTT [ SHeA, v)
0.34451015 20 25 35 40 |[TTT

P(E, ) (arb.unit)

g 0.17 ' r r T
33000 36000 39000 42000
-1(1)
0.00 4 T T - '
SH(A,v'=0,N") d) 125.05 nm
1 WO T IT T T T 1T 17T SH(A, v)
51015 20 25 35 40 [TTTT
0.42 4 012
0.21 -
33000 36000 39000 42000
0.00 -l(l) - ; (3)1. 2 (4).
1 SH(4,v' =0, N) e) 122.95 nm
1015 20 25y, 30 35 il X
0.30- T
2)
o5 =~ |t
33000 36000 39000 42000
. (i)
(1 @)
0.00 + J T T T T T T T T 1
0 10000 20000 30000 40000 50000

E.inf / Cm-1

Fig. S4. The P(Ein)) distributions derived from H atom TOF spectra following
photodissociation of H2S at A = (a) 131.32 nm, (b) 129.95 nm, (c) 129.12 nm (d) 125.05 nm
and (e) 122.95 nm, with the detection axis aligned parallel (black) and perpendicular (red) to
the & vector of the photolysis laser radiation. The insets show expanded views of the high
energy part of the respective P(Eint) spectra. The superposed combs show the Eint values
associated with formation of H atoms together with selected rovibrational levels of the primary
SH(X) and SH(A) fragments; fine structure at Eint > 38480 cm™ is attributable to population of
SH(A) ‘super-rotor’ levels. The threshold energies associated with channels (1) — (4) are shown
by vertical blue, magenta, navy and violet arrows.



a) 0.22- ST
_:-:T 011-‘ = |I|g5II III Ilgol II I I|4I5I III Iq!?ll ||I3|5|III|3|0I:”2|5|||”2|6”:1|é”!|%“.|=N"
[ SCP)+2H13 11 9 7
o i H-'-*SH(X)
g8 022 : , | ' | .
L ] — Sim.
—~ 0.11
';LI—- -M
% 0.00 : , | . | |
10000 20000 30000
-1
E_/cm
b) 02
0.1
0.0
0 2 4 6 8 10 12
o4 Vibrational Quantum Number (v")

Relative Population (arb.unit)

T - T T T T
0 5 10 15 20 25 30 35 40 45

Rotational Quantum Number (N")

Fig. S5. (a) The best-fit simulation (red) of the experimental (black) P(Et) spectrum derived
from the H atom TOF spectrum obtained following photodissociation of H2S at A = 151.64 nm,
measured along a detection axis aligned at 6 = 54.7° to the & vector of the photolysis laser
radiation, together with (b) the SH(X) product vibrational and rotational level population
distributions derived therefrom.
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Fig. S6. (a) The best-fit simulation (red) of the experimental (black) P(Et) spectrum derived
from the H atom TOF spectrum obtained following photodissociation of HzS at A = 149.15 nm,
measured along a detection axis aligned at 6 = 54.7° to the g vector of the photolysis laser
radiation, together with (b) the SH(X) product vibrational and rotational level population
distributions derived therefrom.



0.16

012+
:'é'
3
2
L 0.08
W
a
0.04 4
Raw E; t
- - - Baseline (three-body dissociation)
0.00 T T T T
0 5000 10000 15000 20000
E;/cm”!
0.34 4 p— T
— b) ||||||||||||||E|X|p|'|||||S|||-||(|1|4|i|ﬁ|nT_IIO)
'E 017, 40 35 30 : 25| 2|0 15|. l|3= N
= 1 4 3 2 1 =y
o SCor2ry H+SH(A)
g —Sm.
~
Q—l_ 0.17 -
* ,_./M/WMN\N\/\NJ""‘/\M/\M
0.00 5™ sprremune . . .
0 5000 10000 15000 20000
E,/cm’

Fig. S7. (@) The P(Er) spectrum derived from the H atom TOF spectrum following
photodissociation of Hz2S at A = 122.95 nm, measured along the detection axis aligned at 6 =
54.7° to the € vector, the red dotted curve illustrates the fraction attributed to the three body
dissociation. (b) The best-fit simulation (red) of the post-subtracted P(Et) spectrum (black).



Raw images

0.84

0.0

S('D)+2H

a) 140.96 nm

044 1

S('D)+H,

0.8

0.4

0.0

b) 133.25 nm

JL
N +
MS( D)+2H H.(X, v)
mMTTT T T T T T 1T 71T 1
12 987654 3 2 1 0
S('D)+H,
¢) 130.02 nm

H,(X, v")

411987654 3 2 1 0

0.0

0.8

0.44

0.0

0.84

0.4

S('D)+H,
d) 129.10 nm
H,(X, v")
mrrrrvrrrornr T 1T
12 9876543 2 1 0
S('D)+2H .
S(D)+H,
e) 121.60 nm
MUDHZH

0.0

»3

S('D)+H,

0

E, (cm”)

10000 20000 30000 40000 50000

3-D product contour diagrams

Fig. S8. Time-sliced velocity map images of the S(*D) photofragments from photolysis of H2S
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for the evident structure. The navy and red vertical arrows indicate the maximum Er values
associated with, respectively, channels (5) and (4).
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Fig. S9. The P(Er) distributions derived from time-sliced velocity map images of the S(*D)
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Fig. S12. The 3-D plots showing the topography of selected pairs of potentials (plotted as
functions of rswz and 6, with rswa fixed at its equilibrium value (1.34 A)): (a) 1*A’ and 2'A’
PESs, highlighting CI-1 and CI-2 at linear geometries; (b) 1!A” and 2'A" PESs, showing CI-
5, accessible by near-vertical excitation from the (bent) ground state equilibrium geometry; and
(c) 2'A’" and 3'A’ PESs, highlighting CI-6 at a bond angle close to that of the ground state
minimum. All energies are defined relative to the ground state minimum energy geometry at E
=0.



140

3.0

0 \,\‘5\’\

140

Fig. S13. The 3-D plots showing the topography of (a) the 1!Az and 1'B1 PESs and (b) the
adiabatic 1'A" and 2*A" PESs of H2S in C2v symmetry, plotted as functions of rsn and GhsH.
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Fig. S14. The Cuts through the calculated PESs for the 1'A"” and 2!A” states of H2S, plotted as
functions of rswz, with @ fixed at 90=and rsn1 values of 1.34, 1.56, 1.85 and 2.11 A
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Fig. S15. The contour plots for the 11A’, 2'A’, 3'A’, 1'A”, 2'A”, 3'A” and 4' A" PESs, plotted
as functions of rsq2 and 6, with rsn1 fixed at the ground state equilibrium value (1.34 A). The

energy contours are labelled in eV, defined relative to the ground state minimum, the geometry

of which is indicated by the black spot in each plot.
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Fig. S16. The false colour plots showing the potential energy as functions of the H-H distance
(ruH) and the shorter S—H separation (rsu) for ZSHH bond angles ¢ = 0, 45, 90, and 135° for
the 1'!A” PES. The energy contours are labelled in eV, defined relative to the ground state
minimum.



Fig. S17. The false colour plots showing the potential energy as functions of the H-H distance
(ruH) and the shorter S—H separation (rsu) for ZSHH bond angles ¢ = 0, 45, 90, and 135° for
the 2'A’ PES. The energy contours are labelled in eV, defined relative to the ground state
minimum.
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Fig. S18. The false colour plots showing the calculated (a) 1*A”, (b) 2'A", (c) 2'A’ and (d)
3LA’ PESs plotted using Jacobi coordinates R (defining the distance between the S atom and

the H2 centre of mass) and the H-H bond length (run) for an S—H2 Jacobi angle of 90°. The
vertical region is indicated by the white dot in each panel and the energy contours are labelled

in eV, defined relative to the ground state minimum energy geometry at E = 0.
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Fig. S19. The potential energy curves (PECs) for the 3'A’ and 4*A' states as functions of the S
+ H2 Jacobi coordinate R, with ¢ = 90° and run = 1.1A (a representative average bond length
for Hz(v" = 5) products), with the avoided crossing between the two PECs at E ~9 eV circled.
The energies are defined relative to the ground state minimum.
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