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The photodissociation of triatomic molecules is relevant to the atmospheric chemistry of terrestrial and
astronomical systems, where H,S photodissociation influences the non-equilibrium chemical networks
of sulphur-rich environments. This work presents photodissociation cross sections for H,S in its first
electronic absorption band at temperatures 1 and 295 K as computed within a time-independent
variational framework. The calculations are performed in the adiabatic and diabatic representations with
modified ab initio surfaces available in the literature using an updated version of the EVEREST nuclear
motion program. It is demonstrated that the inclusion of non-adiabatic effects, associated with conical
intersections between the excited 1 A, (1 'A”) and 1 !B, (2 'A”) electronic states, is essential to correctly
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model the low-energy wing of the spectrum. The new diabatic treatment thus leads to significantly
improved agreement with measured data at 295 K, especially in the important low-energy threshold
region, in comparison with the uncoupled adiabatic model. The methodology established herein
provides a foundation for future temperature-dependent photodissociation calculations of H,S and

DOI: 10.1039/d6cp02139e

rsc.li/pccp other triatomic molecules with coupled electronic states.

1 Introduction

The process (1) for H,O involves excitation from the ground
X 'A; (1 'A') electronic state to the excited repulsive A "B, (1 'A")
allowing for its dissociation, where the labels indicate symmetry
in C,, (Cs). This type of photodissociation is fast and direct on
the single excited surface, which is characteristic of the broad
cross section shown in Fig. 1. There are very diffuse ridge-like
features due to symmetric stretch motion in the upper surface.

A comparison can then be made to the heavier homologue of
H,0, hydrogen sulphide (H,S). Although the cross sections for
both molecules in Fig. 1 are similar, the first electronic absorp-
tion band of H,S instead proceeds as

Photodissociation is the chemical phenomenon of molecular
fragmentation initiated by the absorption of a photon." Such
photolysis processes have long been known to be essential in
both terrestrial**® and astronomical*® environments, which
drive conditions away from equilibrium to increase chemical
diversity and modify overall thermal structure.

The photodissociation of triatomic molecules is of particular
theoretical interest. In contrast to diatomic molecules, triatomics
possess several dissociation channels for a given electronic state,
and can exhibit pronounced resonance structure associated with
excitation in non-dissociative degrees of freedom. An accurate
description of dissociation using multi-dimensional surfaces and

H,S (X 'A)) - H,S(1'By) » H,S(1'A,) > SH+H (2

an exact kinetic energy operator thus poses a significant chal-
lenge, especially when strong couplings (e.g. spin-orbit, non-
adiabatic, Renner-Teller) exist between electronic states.

The prototypical mechanism of photodissociation occurs in
the first electronic absorption band of water (H,0),” "' which
proceeds as

H,0 (X 'A,) -» H,0 (A'B;) » OH +H (1)

“ Department of Physics & Astronomy, University College London, London,
WCIE 6BT, UK. E-mail: j.tennyson@ucl.ac.uk

b MSME, Université Gustave Eiffel, CNRS UMR 8208, Univ Paris Est Creteil,
F-77474, Marne-la-Vallée, France

This journal is © the Owner Societies 2026

The process (2) for H,S involves excitation from the ground
X 'A; (1 'A') electronic state first to the excited bound 1 'B,
(2 "A”) electronic state, which then undergoes predissociation
via the excited repulsive 1 'A, (1 'A”) electronic state. This two-
state mechanism was first proposed by Heumann et al.'* and
supported in later studies.">"® This superseded a prior propo-
sal of Dixon et al.'” claiming that the fragmentation proceeds
directly via the 1 *A, state as for H,O, with the diffuse structures
arising from couplings to the 1 'B; state. In C,, symmetry, the
optically-bright 1 'B,;-X A, band is allowed by electronic dipole
selection rules, whereas the optically-dark 1 'A,-X 'A; band is
strictly forbidden. Nonetheless, there are strong non-adiabatic
interactions between the 1 'A, and 1 'B, states away from C,,
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Fig. 1 The experimental photodissociation cross sections for H,O and H,S in their first electronic absorption band as included in the Leiden database.™

le [”13

These spectra were measured by Mota et al.™“ and Lee et a respectively.

geometries, where their potential energy surfaces exhibit a seam
of conical intersections throughout the coordinate space. There is
notably an allowed C,, crossing in the Franck-Condon region,
which results in significant coupling at asymmetric geometries in
its vicinity.

The first electronic absorption band of H,S is thus a useful
system to assess both electronic structure and nuclear motion
theory. In the literature, excited electronic states of H,S have been
routinely investigated with subsequent spectral simulation.*>®
These calculations are widely compared to the experimental cross
section of Lee et al.'® measured at 295 K as shown in Fig. 1. This
cross section is included in the Leiden Observatory photodissocia-
tion and photoionisation database,”® and also used here for
comparison. Again, unlike H,O, the first electronic absorption
band of H,S shows pronounced resonance structure, allowing for
vibrations along the symmetric stretch coordinate to be probed in
addition to the photodissociation dynamics.

The well-established approach to computing photodissociation
cross sections is to solve the time-dependent nuclear Schrodinger
equation.”® Such calculations were performed, for example, by
Heumann et al.,"* Simah et al.,'> and Chen et al.'® to model the
first electronic absorption band of H,S. These time-dependent
studies typically only propagate wavepackets corresponding to
the lowest few energy levels, which limits extension to elevated
temperatures. For H,S, excitation is only typically considered from
the lowest para (Jxx. = Ogo) and ortho (141) states of the ground
X 'A; (1 'A’) electronic state, which have an energy separation of
13.7 em™ ' and spin statistical population ratio of 1: 3.

On the other hand, the time-independent nuclear Schroédin-
ger equation may be solved. This has the main advantages of
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being complete, state-selective, and capable of treating reso-
nances (see e.g. Pezzella et al.”’). In the approach of Pezzella
et al.,”® the time-independent nuclear Schrédinger equation is
solved within a finite radial box. This yields discrete energy
levels that sample the continuum, where ad hoc line broad-
ening must be applied to produce a continuous cross section.
For polyatomic molecules, this time-independent variational
framework has already been explored for HCN,>” however, has
not yet been used to treat any species with multiple electronic
states coupled by non-adiabatic effects. As such, the principal
objective of this work is to extend the triatomic nuclear motion
program EVEREST?® to treat a coupled model within a diabatic
representation.

The ExoMol project aims to generate variational (calcu-
lated) molecular line lists and cross sections, as well as further
spectral and thermodynamic data, for the study of exoplanet and
other hot atmospheres. In recent years, careful attention has been
given to the calculation of temperature-dependent continuum
photoabsorption and photodissociation cross sections. ExoMol
relies on solution of the aforementioned time-independent
nuclear Schrédinger equation using variational programs, notably
Duo,”* and EVEREST.” The ExoPhoto database,’” a subsidiary of
ExoMol, currently provides temperature-dependent photodisso-
ciation cross sections for HF, HCL>*® OH,*”*® NH,***° cH,*"** and
SO* calculated by the ExoMol group. A temperature-dependent
treatment of the uncoupled triatomic molecule HCN,?” as well as
the diatomics CN and H,, are also in progress. Accordingly, this
work extends the time-independent variational approach origin-
ally proposed by Pezzella et al.*® for triatomic molecules to treat
diabatic potential energy surfaces characterised by strong non-
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adiabatic effects. The resulting photodissociation cross sections
are investigated here at temperatures 1 and 295 K to test this new
theoretical implementation.

This article is structured as follows: the methodologies
associated with the electronic structure, nuclear motion and
spectral calculations are outlined in Section 2. The photodisso-
ciation cross sections calculated in the adiabatic and diabatic
representations, along with a discussion on convergence and
the quality of ab initio surfaces, are presented in Section 3. An
outlook on future temperature-dependent calculations for H,S,
as well as for other triatomic molecules with coupled electronic
states, is given in Section 4.

2 Methodology

2.1 Electronic structure calculations

The surfaces used in this work were adapted from Azzam et al.**

and Chen et al,'® which both performed electronic structure
calculations in Molpro.*>*® For the ground X 'A; electronic
state, Azzam et al.** calculated ab initio data at the CCSD(T)
level of theory with the aug-cc-pV(Q+d)Z basis set. For treat-
ment of the excited 1 'A, and 1 'B; states, Chen et al.'®
employed the SA-CASSCF/icMRCI-F12 level of theory®”>° with
the cc-pVQZ-F12 basis set.>*

2.1.1 Potential energy surfaces. The empirical PES-Y0125
was presented by Azzam et al.** for the ground X 'A, electronic
state. This was constructed by refining the underlying ab initio
surface to experimental energy levels for J = 0, 1, 2 and 5. This
reproduces rovibrational levels for J < 10 with a standard
deviation of 0.11 cm™'. The analytic functional form used is

Paper

given by

V(,6,8) = > fnli B8 + Vi, (3)
ijk

with maximum expansion order i + j + k = 8. The vibrational
coordinates are

(=1 —e Pnne), (4)
(=1 —e Plame) (5)

and
{3 = cos(nr — 0,) — cos(n — 0), (6)

where ry = rsny,, I = rsg, and 0 = £ H;SH,. The two radial
coordinates {; and {, represent extended Morse oscillators, and
Vun is a hydrogen-hydrogen repulsion term given by

Vi = Bye €70 + Bye i, @)

PES-Y0125 was used to calculate rovibrational spectra for
temperatures up to 2000 K. These have been successfully
utilised in a range of astronomical studies, particularly in
the analysis of exoplanet atmospheres with JWST.>*”>* This
potential energy surface will thus be used herein over an ab
initio surface due to its high-accuracy reproduction of experi-
mental energy levels.

For the excited 1 'A, and 1 'B, electronic states, Chen et a
recently generated fitted potential energy surfaces using a
neural network of permutationally invariant polynomials (PIPs)
formed from symmetrised monomials of Morse-like variables.
These were fitted in the diabatic representation by transform-
ing the ab initio data using the procedure of Simah et al*
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— 1 1A2 (1 lAn)
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SH (X 21) + H

4 5
Bond Length (ap)

Fig. 2 A slice of the X *A; (1 1A), 1A, (1 'A”) and 1 1B, (2 'A”) potential energy surfaces along the r» coordinate with r; = 2.6 ag and 0 = 92° from Chen

et al'®

diagonal diabatic potential energy surface.
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The solid and dashed lines give the surfaces in the adiabatic and diabatic representations, respectively. The dashed magenta line gives the off-
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A slice of these surfaces along the r, bond length, with fixed r; =
2.6 ag and 0 = 92°, is shown in Fig. 2. It was found, however, that
these surfaces possess holes with negative energy for small
bond angles. This is problematic in variational calculations, so
this region was patched using the hydrogen-hydrogen repul-
sion term of Azzam et al** given in eqn (7). For nuclear
configurations with ground state energy below 5000 cm ™, this
repulsion term does not exceed 2 cm ™" at the inner wall of each
PES, and becomes negligible in dissociative regions when one
hydrogen atom is extended.

In contrast to the ground X 'A; electronic state, the potential
energy surfaces for the excited 1 'A, and 1 'B; states exhibit
complicated topologies due to conical intersections. This leads
to strong non-adiabatic effects, which may be minimised by
transforming from the adiabatic to (quasi-)diabatic representa-
tion. For a two-state system, the adiabatic and diabatic repre-
sentations are related by

¢ cosf sinf\ /D
(G e} @
o —sinf cosfB) \ DL

where @4 and @¢ are the diabatic electronic wavefunctions, ¢%
are the adiabatic electronic wavefunctions and f is the mixing
angle. These each exhibit a parametric dependence on the
nuclear coordinates. For the potential energy surfaces, the
adiabatic-to-diabatic transformation yields

V4 = Vcos®f + Vsin?B, 9)

V& = Vsin®B + Vicos?f, (10)

and

1 :
Vig = Via = (V4 — V) sin’ B,

; (11)

where V4 and V& are the diabatic potential energy surfaces, Vi
are the adiabatic potential energy surfaces and V4, is the diabatic
coupling surface. As non-adiabatic couplings are transformed to
an off-diagonal (scalar) coupling surface in the diabatic repre-
sentation, which is absent in the adiabatic representation, it is
also true that V¢ are the eigenvalues of the matrix

VA Vie
. Pt (12)
VAB VB
which yields
vi+vg 1 [ 2
vi=-A_8 5 B iz\/(VBZ — VL) AV (13)

For diatomic molecules, the two-state symmetric adiabatic-to-
diabatic transformation above is exact as integration is performed
along one dimension and therefore path-independent.”> For
polyatomic molecules, however, the transformation is neither
unique nor exact for all nuclear geometries.>® Nevertheless, the
(quasi-)diabatic representation allows for a robust inclusion of
non-adiabatic effects without introduction of coupling terms in the
kinetic energy operator, which become singular in the limit of an
avoided crossing.”” The mixing angle determined by Chen et al.*®
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follows the implementation of Simah et al"

in Molpro, where
unitary transformation of the active orbitals minimises their
geometry dependence with respect to a reference C,, geometry.
2.1.2 Dipole moment surfaces. The 1 'A,-X 'A; and 1 'B;-X
'A, transition (off-diagonal) dipole moment surfaces are required
to model the first electronic absorption band of H,S. These trans-

form between the adiabatic and diabatic representations as
pi = pu®cos f + plsin (14)

and

(15)

where u4 and p€ are the diabatic surfaces for 1 'A,-X A, and
1 'B;-X 'A,, respectively, and u? are the adiabatic surfaces.
These surfaces were likewise taken from Chen et al;'® the
diabatic uﬁ surface is shown in Fig. S1 of their SI.

uE = —ptsin f + pleos f,

2.2  Nuclear motion calculations

A general variational solution of the time-independent triatomic
nuclear motion problem using an exact kinetic energy operator
(within the Born-Oppenheimer approximation) was first presented
by Sutcliffe and Tennyson.”*®" To this end, the nuclear motion
program DVR3D®*** was developed to calculate rovibrational
energies, wavefunctions and dipole transition moments under
this regime for a single electronic state. More recently, the nuclear
motion program EVEREST> (electronic, vibrational et rotational
energies and spectra for triatomics) was developed as an extension
to DVR3D. Primarily, it allows for the treatment of any number of
electronic states including couplings (e.g. spin-orbit, angular
momenta and non-adiabatic) and Renner-Teller effects.

In this study, it was necessary to update EVEREST in order to
better treat coupled potential energy surfaces in the diabatic
representation. The solution strategy employed by EVEREST
(and DVR3D) is to solve the vibrational Schrodinger equation
within a time-independent framework for each (K,q) block of
each electronic state, where K is the projection of the angular
momentum on the body-fixed frame and g denotes the AB,
permutation symmetry. This is performed within a discrete
variable representation (DVR). The rotational motion is subse-
quently solved for within this vibrational basis set. In the
original implementation of EVEREST, all coupling terms were
included at the rotational step. Now, off-diagonal potential
energy surfaces can be included during the diagonalisation
procedure at the vibrational step. This new implementation
diagonalises the diabatically-coupled states together, with the
off-diagonal coupling surface represented on the DVR grid, for
each (K,q) block. This produces an improved contracted vibra-
tional basis that explicitly includes non-adiabatic mixing to
better treat the rotational motion. This is important as the
coupling acts strongly across the seam of conical intersections,
and thus strongly mixes the vibrational solutions for the
bound-like 1 'B, progression and the 1 'A, continuum.

The EVEREST calculations were performed in this work
using 30 sinc radial functions for r;, € [1.5,6.0] a, and 60
associated Legendre angular basis functions for 0 € [0,180]° in
a symmetrised Radau coordinate system. A vibrational matrix

This journal is © the Owner Societies 2026
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dimension of 20000 was used with an energy threshold of
80000 cm™'. The rotational matrix was constructed with max-
imum dimensions of 30000 and 40000 for the adiabatic and
diabatic representations, respectively. The lowest energy vibra-
tional eigenfunctions allowed within each symmetry block were
retained at the rotational step. For application in local thermo-
dynamic equilibrium (LTE) conditions, energy levels were calcu-
lated up to J = 15 to recover 99.9% of the partition function** at
temperature 295 K. Further, at 295 K, 99.995% of the partition
function is converged with 519 ground state energy levels below
2500 cm ™~ '. Additional information on the computational details
and discussion of energy level convergence is given in Section 3.4.

2.3 Spectral calculations

All cross sections were computed using ExoCross.®> For a
transition between initial i and final f discrete states, the line
intensity is given by
gty /(1 — e )
I =
! o(T) ’
where g = g™(2/+ 1) is the total degeneracy factor, g™ is the
nuclear spin statistical weight factor, A is the Einstein A coefficient,

g is the transition wavenumber, £ is energy, T is temperature, ¢, =
helkg, and Q(T) is the partition function expressed as

O(T) = 3 gte /T

n

16
STCCD% (16)

(17)

For each spectral line, predissociative lifetime .. broad-
ening was modelled using a Lorentzian profile given by

1 r./2

Paper
with full-width at half-maximum of
Iy = ! (19)
L= 2MCTpre’

A Gaussian filter was also applied to all smoothed cross
sections to model the experimental resolution in this spectral
region. For the cross section of Lee et al.,” a full-width at half-
maximum I'g = 75 cm™ " was employed to replicate the resolu-
tion of 0.3 nm at 200 nm according to
Al AL

AU = /LV_)LZ'

(20)

3 Results

The photodissociation cross section for H,S in its first electro-
nic absorption band was calculated in both the adiabatic and
diabatic representations at temperatures 1 and 295 K.

3.1 Adiabatic representation

The photodissociation cross sections, with line intensities, in the
adiabatic representation are shown in Fig. 3 at temperatures 1 and
295 K. Due to the exclusion of any non-adiabatic couplings in this
representation, these cross sections effectively give the uncoupled
spectrum for the allowed 1 'B;-X 'A; band system. The upper line
positions were shifted by —472 em ™" and Lorentzian profiles of
I'y = 1600 cm™ ' were applied to reproduce the experimental
measurements of Lee et al.*® at 295 K. It can be seen that the
diffuse structure is well-produced with an observed progression in
the symmetric stretch mode. The low-energy wing below the term

gL(f/) N 7 (18)
T (v —va) +(I'L/2) energy of the 1 'B, state, however, cannot be fully reproduced with
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240 220 200 180 160
8 —— Experiment 295 K

~

)]

u

H

w

N

Cross Section
(10718 cm?2 molecule™?)

=

4.0 4.5 5.0

—— EVEREST 1K
—— EVEREST 295 K

w N
(;-®IN23j0W Wd 4;_0T)
Ausuaiuj

N

)

o,

6.0

5.5

Wavenumber (10% cm™1)

Fig. 3 The photodissociation cross sections (left scale) calculated using EVEREST in the adiabatic representation at temperatures 1 and 295 K. The red
cross section gives the experimental measurement of Lee et al.X® at 295 K. The line intensities (right scale) are shown in 1 cm™ bins at 295 K.
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this model. This threshold is associated with the continuum of
the 1 A, state, where no significant intensity is observed below
the term energy of the 1 "B, state.

The time-independent approach employed here again gives
discrete lines within the continuum that require ad hoc broad-
ening. In the adiabatic representation, the 1 'B;—X 'A; band system
is a bound-bound problem that requires lifetime broadening to
model predissociation into the 1 'A, continuum. To this end, line
broadening was modelled using Lorentzian profiles with full-width
at half-maximum I';, = 1600 cm ™" to reproduce the diffuse spectral
features at 295 K. This value yields a predissociation lifetime 7 =
3.3 fs, which is consistent with the 10 *>-10"** s estimate of
Weiner et al®® and <107 s estimate of van Veen et al® at
193 nm. The order of this predissociative lifetime allows for
vibration of the H,S molecule before it undergoes dissociation.

3.2 Diabatic representation

The photodissociation cross sections, with individual line inten-
sities, in the diabatic representation are shown in Fig. 4 at
temperatures 1 and 295 K. The upper line positions were shifted
by +279 cm ™" and Lorentzian profiles of I'y = 1175 cm™ " were
applied to reproduce the experimental measurements of Lee
et al.™ at 295 K. It can be seen that the inclusion of non-adiabatic
effects through the diabatisation procedure allows for the correct
description of the low-energy wing. Using the potential energy
and transition dipole moment surfaces of Chen et al.,'® however,
the intensity progression in the diffuse structures is altered.
The failure of the diabatic model to account for the correct
diffuse structure from ab initio surfaces was noted by Simah
et al.,"® which reflects an insufficient description in the Franck-
Condon region. This is particularly sensitive given that the 1 A,

PCCP

and 1 'B, potential energy surfaces exhibit a conical intersection
close to this region. The study of Simah et al."® observed a relative
increase in the left flank (low-energy region) of their spectra. As
such, their initial ground state wavepackets were shortened by
0.05a, along the symmetric stretch coordinate to better reproduce
the experimental measurements. As detailed by Simah et al.," this
moves the wavepacket under a more repulsive region of the
excited electronic states. This increases the final population in
higher vibrational states associated with the symmetric stretch
mode, which increases the relative intensity of the high-energy
diffuse peak of the spectrum. Additionally, Simah et al.'® required
a vertical shift of 2.02 nm towards shorter wavelengths in order to
reproduce the experimental cross section.

In this work, it was found that the right flank (high-energy
region) is too intense. In order to test this hypothesis in the
diabatic representation, the 1 'A, and 1 'B; potential energy and
both transition dipole moment surfaces were shifted along the
symmetric stretch coordinate. At temperature 1 K, it was found
that a shift of +0.075a, better reproduces the intensity progression,
as shown in Fig. 5. It should be noted here that the PES-Y0125
potential energy surface of Azzam et al.** was used in this work for
the ground X 'A; electronic state. This was refined to reproduce
experimental line positions and is thus known to produce accurate
initial wavefunctions within a time-independent variational frame-
work. Consequently, any empirical wavefunction shifts are not
expected to match those from the pure ab initio studies of Simah
et al™® and Chen et al,'® especially in light of their observed
sensitivity to the final cross section in Fig. 5.

The diffuse structure in the final photodissociation cross
sections of Chen et al'® and Simah et al,' using shifted
ground state wavepackets, is consistent with the experimental
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Fig. 4 The photodissociation cross sections (left scale) calculated using EVEREST in the diabatic representation at temperatures 1 and 295 K. The red
cross section gives the experimental measurement of Lee et al.¥® at 295 K. The line intensities (right scale) are shown in 1 cm™ bins at 295 K.
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Fig. 5 The photodissociation cross sections calculated using EVEREST in the diabatic representation at temperature 1 K. The grey cross section was
calculated with the unshifted surfaces of Azzam et al.** and Chen et al.,'® and the black cross section was calculated by shifting the upper potential
energy and transition dipole moment surfaces +0.075a4 along the symmetric stretch coordinate.

measurements of Lee et al."® within uncertainty. The compar-

ison to these previous ab initio time-dependent studies can thus
be inferred from the red cross sections in Fig. 3, 4, and 5.

3.3 Discussion

It is clear that the diabatic representation yields a better result
in the calculation of photodissociation cross sections involving
electronic states coupled via non-adiabatic effects. It is crucially
able to model the low-energy wing while maintaining the
diffuse structure of the spectrum using the shifted model. This
is important for the calculation of photolysis rates at elevated
temperatures for astronomical applications, where the radia-
tion fields of cool stars peak strongly in this near-threshold
region.

The adiabatic and diabatic representations do not produce
the same result within this framework, which prevents direct
comparison of the photodissociation cross sections. The (quasi-
)diabatic model treats non-adiabatic effects through the off-
diagonal potential energy surface. The adiabatic model, on the
other hand, is uncoupled and reflects only the allowed 1 'B;-X
'A; band system. This is evident from the maximum value of
each cross section in Fig. 3 and 4, where there is no intensity
redistribution from the central diffuse structure into the low-
energy wing via state mixing in the adiabatic representation.
Nevertheless, the adiabatic model is still useful to probe the
vibrational progression along the symmetric stretch coordinate.

Despite the advantages of the diabatic model, it is signifi-
cantly more computationally expensive. This is reflected in the
size of the rotational matrix, even for modest values of J, that is

This journal is © the Owner Societies 2026

required to sufficiently converge the final energy levels. The
main limitation is that the 1 A, and 1 'B; electronic states
must be diagonalised together in the diabatic calculations,
which yields energy levels that start from the first dissociation
limit far from the Franck-Condon region. In order to achieve
convergence to a given upper energy, the required matrices are
thus approximately double in size as compared to those in the
adiabatic representation.

Additionally, both vertical and horizontal shifts of the
excited 1 'A, and 1 'B; surfaces indicate that the model of
Chen et al.*® could be further improved for application to the
time-independent variational framework presented here. The
vertical shift corrects for the error in the vertical excitation
energy, whereas the horizontal shift controls the relative inten-
sity progression of the diffuse structures. Additionally, as is
evident from Fig. 2, the excited potential energy surfaces do not
cross in the diabatic representation such that electronic char-
acter is preserved. For an improved time-independent treat-
ment, these concerns should be addressed with new fitted
potential energy and dipole moment surfaces. A spectroscopic
model that can better reproduce the experimental measure-
ments at temperature 295 K will be the subject of future work,
followed by the calculation of temperature-dependent cross
sections as required for astronomical studies.

The ad hoc line broadening also leads to variations in the
simulated cross sections, although there is no difference in
integrated intensity for normalised line profiles. A Lorentzian
broadening profile was chosen to model the predissociative
mechanism responsible for H,S dissociation in this band,

Phys. Chem. Chem. Phys., 2026, 28, 22307-22317 | 22313
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where the full-width at half-maximum is consistent with life-
time measurements reported in the literature. It should be
noted that the photolysis rates calculated from these cross
sections are insensitive to the broadening profile, where the
redistributed flux experiences a similar photon flux for a
smooth radiation field.”® Additionally, this treatment assumes
that the line broadening is rotationally-independent such that
the same parameter can be used at any temperature (e.g. at
295 K, in order to reproduce the experimental cross section).
This approximation is appropriate due to the large values
required compared to the rotational spacing, which smears
the discrete structure into one continuum.

3.4 Convergence

For a given uncoupled bound potential energy surface, the
rovibrational energy levels of a triatomic molecule are capable
of being converged to 0.000005 cm ™" between different nuclear
motion programs.®® This typically requires moderate matrix
sizes (of order 1000, depending on the molecule and coordinate
system used), and becomes highly efficient with an optimised
set of Morse-like radial basis functions.

For a repulsive potential energy surface used to describe
photodissociative processes, however, the convergence of dis-
crete energy levels sampled within the continuum presents a
different challenge. The objective in this case is to converge
enough energy levels with sufficient density below a given
energy in order to reliably model the continuum. The achieve-
ment of spectroscopic accuracy (sub-cm™') is not required in
this case due to the large ad hoc smoothing parameters
employed. As discussed by Pezzella et al.,>®° sinc basis func-
tions are preferable for the radial coordinates given that they
uniformly sample the bond lengths 71 5 € [Fmins"max])- Along the
dissociative coordinate, this is particularly important to
account for behaviour in continuum regions far from equili-
brium. For this reason, sinc basis sets are more difficult to
converge than Morse-like basis sets given that they are not
localised near the equilibrium geometry of a bound potential
well. Additionally, within a time-independent variational fra-
mework, the density of states is dependent on the radial box
size in analogy to the ‘“particle-in-a-box”” model problem. This
requires the diagonalisation of successively larger rotational
matrices, approximately proportional to J + 1, in order to
converge levels below a required energy.

Additionally, using this implementation, the treatment of a
repulsive potential energy surface is challenging as energy
levels are converged from the global minimum, i.e. the dis-
sociation limit. These lowest states are typically far from the
Franck-Condon region and thus have transitions of negligible
intensity in the resulting cross section. For the first electronic
absorption band of H,S, the minimum energy of the 1 A,
potential energy surface is around 33890 cm ™, whereas the
spectrum is centred at 51150 cm ™ ". In the diabatic representa-
tion, this issue is exacerbated as the two excited electronic
states must be diagonalised together, and the resonance struc-
ture of the 1 'B; state cannot be isolated from the continuum as
for the adiabatic model. A filter diagonalisation approach®
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could be employed to resolve this issue by selectively comput-
ing eigenfunctions in the desired spectral region; this will be
explored in a future work.

As per above, 30 sinc radial and 60 associated Legendre
angular functions were selected for the vibrational basis set in
this work. A final rotational matrix size of 30 000 and 40 000 was
then used for each (J,p,q) block in the adiabatic and diabatic
representations, respectively. These computational parameters
were found to correctly model the photodissociation cross sec-
tion while remaining computationally feasible for investigation
of the underlying spectroscopic model, as well as the new
diabatic implementation in EVEREST. Upon determination of
a final set of potential energy and dipole moment surfaces, these
parameters will be optimised to compute temperature-
dependent photodissociation cross sections in the diabatic
representation for high J energy levels. At temperature 2000 K,
for example, rovibronic calculations will need to be performed
up to J = 40 in order to converge the partition function in LTE
conditions.

3.5 Photolysis rates

The final objective underpinned by this direction of study is the
determination of photolysis rates for H,S in its first electronic
absorption band as a function of molecular temperature. These
rates will prove crucial, for example, in the reassessment of
atmospheric sulphur chemical cycles in the hot Jupiter exopla-
net WASP-39b,>* which has been used to explain the presence
of SO, via successive oxidation of H,S.
For a given dissociative process, the photolysis rate is

given by
Af

F(A)a(2,T)dA,

Zi

k(T) = J (21)

where 2 is wavelength, T is the molecular temperature, F(1) is
the photon flux, and o¢(4,7) is the temperature-dependent
photodissociation cross section.

In Table 1, photolysis rates computed using the adiabatic
and shifted diabatic cross sections at molecular temperature
T =1 K are presented for several astronomical radiation fields.
These were calculated in the 42500-62500 cm ' spectral
region. Each cross section was scaled to match the maximum
experimental value of Lee et al,"* and the Leiden normalisation
scheme® was employed such that the integrated energy inten-
sity of each field is scaled to match that of the interstellar
radiation field of Draine.”” These scalings allow for the
wavelength-dependent effects of each cross section and radia-
tion field to be assessed. For the constant, interstellar, and hot
stellar (i.e. 10000 K and 20 000 K black-body) radiation fields,
the photolysis rates are comparable between the adiabatic and
diabatic representations. The diabatic photolysis rates are
expected to be larger due to the intensity contribution from
the low-energy wing. Under the 4000 K black-body radiation
field strongly peaked in this low-energy threshold region,
however, the diabatic photolysis rate is significantly larger than
that calculated in the adiabatic representation.
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Table 1 The photolysis rates (s~) computed at molecular temperature
T = 1 K for the adiabatic and shifted diabatic cross sections. These are
provided for several radiation fields using the Leiden normalisation
convention

Radiation field Adiabatic Diabatic

FJ)=1 1.84 x 107*° 1.93 x 107*°
Interstellar 2.87 x 10 ° 2.99 x 10 °
4000 K BB 3.62 x 107%° 4.77 x 107%°
10000 K BB 1.03 x 107 1.14 x 107
20000 K BB 3.98 x 10 *° 414 x 107

With an increase in molecular temperature, the populations
of higher energy states in the initial ensemble increase, and it
accordingly requires less energy for a transition to exceed the
dissociation limit. It is thus expected that the low-energy wing
will increase with temperature, which would substantially
increase the photolysis rate under irradiation from cool stellar
fluxes. A complete analysis of these effects will again be the
subject of future work upon determination of a final spectro-
scopic model and improvement of convergence properties for
high J calculations.

4 Conclusions

This work presents photodissociation cross sections for H,S in
its first electronic absorption band at temperatures 1 and
295 K. These were calculated in both the adiabatic and diabatic
representations using a time-independent variational frame-
work, where the EVEREST nuclear motion program was
updated to facilitate the diabatic calculations.

The coupled diabatic model emphasises that non-adiabatic
effects are essential to correctly model photodissociative pro-
cesses in the vicinity of a conical intersection. This is particu-
larly evident in the threshold region characterised by the low-
energy wing of the spectrum. Under cool stellar radiation fields,
this threshold region is the most important feature for calcula-
tion of the associated photolysis rate, where black-body fluxes
peak in intensity.

The future direction of this work is towards a complete set of
temperature-dependent photodissociation cross sections for
H,S in its first electronic absorption band. The failure of the
diabatic model to correctly account for the intensity progres-
sion in the diffuse structures indicates that the existing set of
potential energy and transition dipole moment surfaces could
be improved for time-independent variational calculations.
This study has shown that simple vertical and horizontal shifts
of the excited ab initio spectroscopic model can better repro-
duce experimental measurements. It will thus be favourable to
better explore such shifts, as well as morphing and experi-
mental refinement, of the upper surfaces to arrive at a final set
of photodissociation cross sections at elevated temperatures.

The diabatic methodology established in this work, now
possible using EVEREST, hence serves as a framework to
calculate photodissociation cross sections for triatomic mole-
cules with coupled electronic states. A coupled three-state
model is currently being developed for the first two electronic

This journal is © the Owner Societies 2026
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. This will also

absorption bands of H,O below 80000 cm™
allow for an investigation of near-ultraviolet photoabsorption
processes with the inclusion of non-adiabatic couplings and
Renner-Teller effects. Other molecules of astronomical interest

include SO, and CO,.
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