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ABSTRACT

We investigate the electronic structure of two dithienylethene (DTE) molecular photoswitches, BTF6 and PTF6, in the gas phase by com-
bining valence photoelectron spectroscopy (PES), x-ray photoelectron spectroscopy, and the near-edge x-ray absorption fine structure. DTEs
have attracted significant attention due to their high photoisomerization quantum yield, fatigue resistance, and thermal irreversibility, which
underpin applications ranging from molecular machines to photoswitchable biomolecules. Supported by first-principles simulations, our
analysis elucidates how the different extent of 7-conjugation, arising from the distinct thiophene/benzothiophene subunits, manifests across
the various spectroscopic observables. By comparing the calculated signatures of the open- and closed-ring isomers, we further assess the
sensitivity of each probe to the structural changes associated with photoinduced cyclization. Overall, these results deliver a detailed picture
of the intrinsic electronic properties of DTEs in the gas phase and provide a robust basis for future time-resolved studies of their ultrafast
photoisomerization dynamics.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0323110
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INTRODUCTION

Diarylethenes (DAEs) are a well-known class of photochromic
molecules that display a reversible color change upon UV or visible
irradiation. Beyond the change in color, these molecules have been
used as molecular photoswitches for a variety of technological appli-
cations.! Dithienylethenes (DTEs) exhibit robust thermal bistability
and excellent photoreversibility thanks to linking thiophene rings
(and derivatives thereof) to the cyclohexadiene-like reactive core.
Upon irradiation, DTEs undergo reversible transformation between
two stable isomers, an open-ring (OR) and a closed-ring (CR) one,
with different chemical and physical properties (see Fig. 1). This
light-induced structural modification consists of a reversible hexa-
triene (HT) <> cyclohexadiene (CHD) electrocyclic reaction of the
molecular central unit (highlighted in Fig. 1). Besides their bista-
bility, the significant spectral separation between the absorption
spectra of the OR and CR isomers, together with the ultrafast photo-
switching processes with good quantum yields and the high fatigue
resistance, the combination of photochemical reversibility with ther-
mal irreversibility, and the high photoisomerization quantum yield,
make DTEs highly promising candidates for control of molecu-
lar functionality, opening a broad range of applications, including
molecular electronics, optoelectronic devices, molecular machines,
actuators, and data storage systems.”” In addition to that, they can
also be used to light-control biological activity when incorporated
in biomolecules, leading to photoswitchable DNA,* or biological
markers.’

The electronic structure and photoinduced dynamics of DTEs
have been studied in the past, mostly in solution”’ or in solid
state,”” with theoretical support at various levels of sophistica-
tion ranging from semiempirical to multi-reference.’”*' A notable
exception is a recent study of the ultrafast gas phase dynam-
ics by Lietard et al”” The open-ring DTEs exist in two stable
conformations in solution and in gas-phase, parallel [OR(p)] and
anti-parallel [OR(ap)], regarding the relative orientation of the
thiophene rings (see Fig. 1), characterized by highly non-planar
geometrical structures with a strongly disrupted 7-system (see Figs.
S2 and S3 in the supplementary material for 3D structures). Only the
OR(ap) conformer can engage in photocyclization, while the OR(p)
conformer is inert. The formation of a single bond between two car-
bon atoms of the thiophene rings in the course of the electrocyclic
reaction leads to a near planarization of the molecule, restoring
the delocalization of the 71-system over the entire aromatic scaffold
explaining why the CR is absorbing in the visible region.

Vacuum ultraviolet (VUV) and x-ray irradiation offer powerful
and complementary spectral windows for studying the electronic
structure and photoreactivity in the gas phase. Unlike UV/Vis
spectroscopy, which detects only optically allowed transitions,
VUV and x-ray spectroscopies generate signals from all electronic
states because absorption in these energetic regimes is universal.
This universality, together with the complementary sensitivity of
VUV excitation to delocalized valence orbitals and x-ray excitation
to localized core levels, provides detailed information about the
intrinsic electronic properties of molecules. In this work, we
investigate the gas phase OR conformers of two DTEs, namely
1,2-bis  (2-methylbenzo[b] thiophen-3-yl)perfluorocyclopentene
(BTFG) (C23H14F582) and 1,2-bis(2,4—dirnethy1—5-phenyl—3—
thienyl)perfluorocyclopentene (PTF6) (CpoH2FeSz) (see Fig. 1),
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by means of valence VUV photoelectron spectroscopy (PES),
x-ray photoelectron spectroscopy (XPS), and the near-edge x-
ray absorption fine structure (NEXAFS) at the sulfur L3-edge
and at the carbon K-edge. The interpretation of the spectra is
facilitated by ab initio calculations at the level of second-order
multi-reference perturbation correction on top of restricted active
space self-consistent field theory (i.e., RASSCF/RASPT2).”" > The
combined experimental and theoretical valence- and core-level
spectroscopic characterizations elucidate the different degrees of
sensitivity of the aforementioned spectroscopies to the extension of
the m-conjugated framework and to its rearrangement in the course
of the electrocyclic reaction, as well as to fine structural differences
between the two DTE derivatives. Beyond establishing the feasibility
of gas phase measurements on these comparatively large DTEs,
the present work demonstrates that DTEs are good candidates for
future time-resolved studies of photoisomerization dynamics in
isolated systems.

This paper is organized as follows: First, we present the exper-
imental and computational methodologies. Then, we compare and
analyze the spectral features of recorded and simulated XPS and
NEXAFS spectra at the sulfur L,3-edge and at the carbon K-edge,
as well as PES spectra for both BTF6 and PTF6 in their parallel
and anti-parallel conformations. Finally, owing to the good agree-
ment between theory and experiment, on the example of BTF6, we
make predictions regarding the time-resolved XPS, NEXAFS, and
PES signatures of the photoinduced electrocyclic reaction.

EXPERIMENTAL METHODS

The measurements on the BTF6 and PTF6 molecular systems
presented in the following sections were carried out at the Gas
Phase Photoemission (GAPH) beamline of the Elettra Synchrotron
in Trieste.”*”” All photoelectron spectra were recorded using a VG-
220i hemispherical analyzer mounted at the magic angle (54.7°)
with respect to the linearly polarized incident light beam. In this
configuration, the XPS spectra at the S L, 3-edge and at the C K-edge
have been acquired with a resolution of 200 meV, while the resolu-
tion for valence photoelectron spectra is 100 meV. Photoabsorption
spectra were acquired by measuring the total ion yield. For the
PTF6 molecule, a channel electron multiplier placed near the ioniza-
tion region was used, whereas for the BTF6 sample, a microchannel
plate (MCP) detector coupled to a non-commercial Wiley-McLaren-
type time-of-flight mass analyzer was employed. The resolution in
the NEXAFS measurements is 30 meV at the S L, 3-edge and 50 meV
at the C K-edge.

The energy scales for the C K-edge and S L3-edge spectra
were calibrated by simultaneously recording the spectra of the sam-
ples and reference gases, CO, and SFe, respectively. XPS spectra
of BTF6 and PTF6 at the S 2p edge were acquired using a photon
energy of 240 eV and calibrated with respect to the S(2p) core-level
binding energy (BE) of SFs gas (180.2 €V).*" The XPS spectra at
the carbon K-edge for both molecules were recorded with a pho-
ton energy of 382 eV and calibrated using the C 1s BE of CO; gas
(297.7 eV).”! The SFs absorption peaks at 173.44 eV [S 2p12 — aig]
and 184.57 eV [S 2pi — tag]** were used to calibrate the S 2p
NEXAFS spectra, while the C K-edge NEXAFS spectra were cali-
brated using the C 1s — 7™ at 290.77 eV.* PES spectra for both
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molecular samples were acquired using a photon energy of 98.5 eV
over a BE range from 6 to 18 eV. The BE scale of the PES spectra
for both BTF6 and PTF6 was calibrated using the Ar 3p (3p3/2, 3p1/2)
valence spectrum.”

The molecular compounds studied here were purchased from
TCI Chemicals Europe, with stated purities of 97% for BTF6 and
98% for PTF6. Sublimation into the gas phase within the experi-
mental chamber was achieved by heating the powdered samples to
~65 °C for both molecules. The samples were heated in a crucible
terminating in a needle, allowing the sublimated molecules to be
directly injected into the interaction chamber. This temperature is
well below the melting points of BTF6 (160 °C) and PTF6 (132 °C).
During the experiments, the molecular flux and sample purity were
continuously monitored by PES and/or mass spectrometry (see
the supplementary material), enabling control of the sublimation
process as a function of temperature. Raw spectra and background-
subtracted spectra are provided in a dedicated repository accessible
via the following link: https://doi.org/10.6092/unibo/amsacta/8639.

ARTICLE pubs.aip.org/aipl/jcp

FIG. 1. Chemical structure of the target
molecules of this study: (a) BTF6 and
(b) PTF6 in their open-ring anti-parallel
[OR(ap)], open-ring parallel [OR(p)], and
closed-ring (CR) forms, highlighting hex-
atriene/cyclohexadiene units involved in
the electrocyclic reaction, as well as the
values of several representative degrees
of freedom. Transformation between
OR(ap) and OR(p) is facilitated ther-
mally; instead, transformation between
OR(ap) and CR is facilitated with UV/Vis
light. 3D structures are provided in Fig.
S2 of the supplementary material.

COMPUTATIONAL DETAILS

The computational protocols for simulating the PES, XPS, and
NEXAFS spectra have been presented and thoroughly benchmarked
in the past.” *”" In the following, we briefly outline the general
structure of the protocol.

The electronic structure calculations were performed at the
multi-reference wave function level of theory. Precisely, the wave
functions of the electronic ground state and of the valence-ionized,
core-ionized, and core-excited states were computed at the state-
average (SA)-RASSCF level,*® whereas the energies were perturba-
tively corrected at the single state (SS)-RASPT2 level.”>”” Dyson
norms® and transition dipole moments between the ground state
and the excited states were calculated with the RAS state interac-
tion routine (RASSI) approach using the RASSCF wavefunctions.”
The RASSI approach was also used to compute spin-orbit coupling
(SOC) terms, necessary to reproduce the relativistic effect at the
sulfur L, 3-edge.

0Z 195 '60 9202 AeN +T
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The composition of the active space (AS), i.e., the list of rel-
evant orbitals and electrons for the process under scrutiny, lies at
the heart of the RASSCF method. It needs to be suitably adapted to
target the electronic states of interest. RASSCF represents a general-
ization of the complete active space (CAS)SCF method, dividing the
AS into three sub-spaces—RAS1, RAS2, and RAS3. This partitioning
provides higher flexibility while reducing the computational effort.
In the following, we will use the common notation RAS(n,l,m;a,b,c),
where the first three labels indicate the number of electrons in the
active space, the maximum number of holes in RASI, and the max-
imum number of excitations in RAS3, while the last three labels
denote the number of orbitals in the three sub-spaces. The strate-
gies for computing valence-ionized (PES), core-ionized (XPS), and
core-excited (NEXAFS) states are provided in the supplementary
material.

All electronic structure calculations were performed with the
software OpenMolcas*’ starting from geometries optimized at the
MP2 level with the 6-31G(p) basis set with Gaussian 16, rev. A.03."
The atomic natural orbital basis set ANO-R** was used throughout
with the following contraction scheme: triple-{ with multiple sets of
polarization functions of d- and f-types (the so-called ANO-R2 con-
traction) for the atom being excited/ionized (specifically, 5s4p3d1f
for sulfur and 4s4p2d1f for carbon) and double-{ with a single set of
polarization functions for the remaining atoms (the so-called ANO-
R1 contraction). This strategy has been shown to give very similar
results to calculations with the ANO-R2 basis set on all “heavy”
atoms.”” Scalar relativistic effects are taken into account via the
exact two-component (X2C) Hamiltonian.* Perturbation correc-
tion to the RASSCF energetics is carried out with an imaginary shift
of 0.2 a.u. and Ionization Potential Electron Affinity (IPEA) set to
0.0 a.u., setting the number of frozen orbitals to zero. A density-
fitting approximation, known as the Cholesky decomposition** of
the electron repulsion integrals, was used to speed up the calcula-
tion of two-electron integrals. Sub-eV rigid shifts were applied to
the spectra to maximize the overlap with the experimental spectra
(values provided in the captions of the corresponding figures).

The PES, XPS, and NEXAFS spectra have been computed
with the sum-over-states approach, where each BE (PES and XPS)
or transition (NEXAFS), computed with respect to the electronic
ground state, is convoluted with a Gaussian function weighted by
the appropriate Dyson norm (PES and XPS) or the squared mod-
ule of the transition dipole moment (NEXAFS). The extent of the
Gaussian-shaped phenomenological broadening of each individual
transition is set by the Gaussian standard deviation ¢ assigned to
the same value for all transitions of a given atom type and adjusted
to match the overall experiment bandwidth (values provided in the
captions of the corresponding figures).

The OR form exists in two conformations, anti-parallel and
parallel. Gas-phase structure optimization in the ground electronic
state reveals that the anti-parallel (i.e., reactive) conformers are of
near C, symmetry. The symmetry breaks due to the slight non-
planarity of the cyclopentene ring and small variations in the tor-
sional angle of the aromatic residues (benzothiophene in BTF6
and phenylthiophene in PTF6) with respect to the cyclopentene of
+5° from the mean value 55°. At variance, the parallel conformers
are of C; symmetry. Structurally, they differ from the anti-parallel
ones merely in the value of one of the two torsional angles, being
flipped by 180° (see Fig. S3 of the supplementary material for
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structural comparison). This has important implications for the
spectroscopies simulated in this study. Whereas the stacking pattern
changes between parallel and anti-parallel conformations, the extent
and strength of the 7-interactions remain similar. As a consequence,
in the liquid phase, the OR(ap) and OR(p) forms are virtually isoen-
ergetic, meaning that the OR form exists in a mixture of the two
conformers with a ratio close to 2:1 for BTF6 and 1:1 for PTF6."*
Consequently, in principle, both conformers need to be considered
in the simulation. As shall be demonstrated, VUV photoemission
spectroscopy, which directly probes the structure of the frontier
orbitals, is indeed sensitive to variations in the stacking pattern as
they translate into variations of the energies of the 7 orbitals (and
thus of the associated BEs). X-ray spectroscopies, instead, are to a
great extent insensitive to the stacking pattern. Thus, as long as both
conformers exhibit comparable 7-conjugation (confirmed by the
similar torsional angle values), chemical shifts of merely few tens of
meV are observed. We demonstrate this on the example of NEXAFS
spectra at the carbon K-edge and at the sulfur L, 3-edge. In the case of
the carbon K-edge, we simulated the NEXAFS signals of the C; sym-
metry OR(p) conformers of BTF6 and PTF6 by explicitly computing
the 1s - LUMO contribution from all (formally nonequivalent) sites
(23 carbons in BTF6 and 29 carbons in PTF6) and showed that it is
identical to the signals of the C, symmetry OR(ap) conformers (see
Fig. S10 of the supplementary material). Moreover, we compared
the total signal to the one obtained by considering only sites with
a unique local coordination environment (12 carbons in BTF6 and
15 carbons in PTF6, Fig. 4). We show that despite the lack of global
symmetry, the left and right sides of the OR(p) conformer exhibit
nearly identical signals (see Fig. S10 of the supplementary material).
These results confirm that x-ray signals are far more sensitive to
through-bond (e.g., electronegativity differences and 7-conjugation)
interactions than to through-space (i.e., dispersion) interactions.
This is further confirmed at the sulfur L, 3-edge, where the NEXAFS
signals of the OR(p) and OR(ap) conformers again coincide (see Fig.
S5 of the supplementary material).

The comparison carried out for the OR(p) and OR(ap) con-
formers justifies the approximation adopted in the rest of this work,
namely, to consider only locally unique sites of only the OR(ap)
conformer for the simulation of the XPS and NEXAFS spectra. A
mixture of OR(ap) and OR(p) was considered in the simulation
of the PES signals, with ratios of 2:1 and 1:1 for BTF6 and PTF6,
respectively. All input and output files of the calculations are pro-
vided in a dedicated repository accessible via the following link:
https://doi.org/10.6092/unibo/amsacta/8639.

RESULTS AND DISCUSSION
Sulfur L, 3-edge
XPS core-ionization spectra

Figures 2(a) and 2(c) show the experimental and theoretical
XPS spectra at the sulfur L, 3-edge of BTF6 and PTF6, respectively.
The calculated BEs and Dyson norms for the OR(ap) conformer of
both molecules are reported in Table I. Both spectra present a dou-
ble peak feature, common for the XPS spectra of sulfur-containing
aromatic compounds,””"” arising due to spin-orbit splitting. The
agreement between theory and experiment is excellent, with the cal-

culations slightly underestimating (by 0.05 eV) the splitting strength.
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Sulfur L2'3-edge XPS
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Sulfur L2 3-edge NEXAFS
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TABLE |. Theoretically calculated sulfur Ly 3-edge binding energies (BEs) of BTF6
and PTF6, with the inclusion of spin—orbit coupling. The reported BE values have
been shifted by +0.05 eV for both the molecules as reported in Fig. 2 to match
the experimental data. The Dyson norm for all the ionization processes in the two
molecules is equal to 1.50.

XPS calculations—sulfur L, 3-edge

BE (eV)
BTF6 PTF6 Leading transition
S1 169.58 169.43
S 169.68 169.53 S 2p ionization
S3 170.77 170.62

The feature at a lower BE is associated with the 2ps;, (L3) state,
which possesses a fourfold degeneracy, while the peak at a higher
BE corresponds to the twofold degenerate 2pij; (L) state.” The
anisotropy of the molecular field manifests in the further weak split-
ting of the peak associated with the L3 state into two components
(highlighted as S; and S; in the two panels of Fig. 2). With the
values of 110 and 100 meV for BTF6 and PTF6, respectively, the
calculated molecular-field splitting is an order of magnitude smaller
compared to the spin—orbit coupling and hardly discernible in the
experimental spectra.

The BTF6 spectrum shows a very good agreement with that of
bare benzothiophene reported by Toffoli et al."” The nearly perfect
resemblance is rationalized by the localization of the valence molec-
ular orbitals on the benzothiophene fragment in the OR conformer
due to the pronounced twist of 55° with respect to the cyclopentene
fragment, which reduces the conjugation between them.

Photon Energy (eV)

The PTF6 spectrum exhibits a redshift of 160 meV with respect
to BTF6. In comparison, the XPS spectrum of bare thiophene
is blueshifted with respect to benzothiophene,"” an observation
explained by the reduced dimension of the aromatic system. The
redshift recorded for PTF6 supports the notion of partial conjuga-
tion between the thiophene and the phenyl fragment attached to
it. As predicted by the computations, despite the pronounced twist
of 55°, the two units are not fully uncoupled. As a further con-
firmation of the extension of the conjugation, the calculations of
1,2-bis(2,4-dimethyl-3-thienyl)perfluorocyclopentene (TF6), essen-
tially PTF6 stripped of the two phenyl units, report a 200 meV
blueshift of the sulfur peak (see Fig. S4 of the supplementary
material), placing it above the BE of BTF6 (and similar to the BE
of bare thiophene), contrary to what is observed in the experiments.
This indicates that extending the conjugated system through the
functionalization of thiophene with a phenyl group allows for a bet-
ter shielding of core-holes compared to functionalization through
ring fusion, presumably due to the bigger conjugated system (five
double bonds in phenylthiophene compared to four double bonds
in benzothiophene).

NEXAFS spectra

The experimental and theoretical NEXAFS spectra at the sulfur
L, 3-edge for BTF6 and PTF6 are shown in Fig. 2. The correspond-
ing transition energies of the OR(ap) conformer, obtained using
both spin-adiabatic and spin-diabatic (singlet and triplet) states, are
shown in Fig. 3, along with the associated oscillator strengths. The
simulated spectra have been normalized to the first experimental
peak at 165 eV instead of the most intense one, the rationale being
that the contribution from transitions not considered in the calcula-
tions (e.g., transitions to Rydberg- and o”-type orbitals, not included
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in the active space) increases with increasing energy. Simulations of
benzothiophene at the DFT level, unaffected by active space lim-
itations, clearly demonstrate how the overall NEXAFS spectrum
is the aggregation of a vast number of low intensity transitions.”’
Here, we focus on the main contributions to the spectra of BTF6
and PTF6 and refer to the work of Toffoli et al. for a detailed
analysis.

The experimental NEXAFS spectra are characterized by a three-
peak profile in the photon energy range between 164 and 169 eV,
common for sulfur-containing organic molecules,””*"***" with the
central peak being considerably broader in PTF6, while showing a
shoulder toward lower photon energies in BTF6.

This shape can be explained by accounting for core-transitions
toward virtual molecular orbitals of 3d/4s character with a high
molecular orbital coefficient on the sulfur (depicted in Fig. 3) and
considering spin-orbit splitting. In detail, orbitals MO1 and MO4
are to a large extent uncoupled from the 7-system in both molecules.
As such, the transition from the 2p orbitals of the sulfur toward
these two orbitals is insensitive to its chemical environment, giving
rise to transitions at the same energies for both systems. In par-
ticular, transitions toward MO1 give rise to signals in the energy
range of 165.0-166.3 eV (labeled A in the spectrum), while transi-
tions toward MO4 are responsible for features between 167.5 and
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(eV) strength  conf. Peak Energy Osc. Leading
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169.0 eV (labeled C and D). In contrast, orbitals MO2 and MO3
show a degree of mixing with the m-system of benzothiophene
(BTF6) and phenylthiophene (PTF6), which alter their energies. In
particular, in BTF6, the d-orbital on the sulfur interacts only weakly
with the benzothiophene 7-system for symmetry reasons, while it
mixes strongly with the phenyl 7-system in PTF6 due to the pro-
nounced twisting of the latter with respect to the thiophene. This
leads to a redshift of the MO2 energy in PTF6 and, consequently,
to about a 1 eV redshift of the associate core-transition from the
energy range of 167.5-169.0 eV in BTF6 to 166.7-168.0 eV in PTF6.
Hence, in BTF6, the high energy component of the core-transition
to MOL1 (166.35 eV, labeled B) and the low energy component of
the core-transition to MO2 (167.5 eV, labeled C) appear as dis-
tinct peaks, whereas in PTF6, they overlap around 166.5 eV, causing
the broadening of the central peak observed experimentally. We
note that the calculations overestimate the splitting of peaks B
and C.

Similar reasoning can be used to rationalize a redshift of
~1 eV of the core-transition to MO3 in BTF6 with respect to
PTF6. For symmetry reasons, the d-orbital on the sulfur cou-
ples to the m-system of benzothiophene. Since the transitions to
MO3 have low oscillator strengths, the effect on the spectrum is
marginal.
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Carbon K-edge
XPS core-ionization spectra

The experimental XPS spectra at the carbon K-edge are
reported only for BTF6 [Fig. 4(c)] due to problems with the PTF6
sample during data acquisition. The calculated spectra are reported
for both systems [Figs. 4(c) and 4(d)]; BE and Dyson norms are
reported in Table II. The simulated spectrum is the result of con-
voluting the contribution of 12 (BTF6)/15 (PTF6) unique carbon
atoms (see labeling and color-coding in Fig. 4). In the experimen-
tal BTF6 spectrum, the peak at 297.8 eV arises from the CO, gas
used for calibration purposes. The C 1s XPS spectra of both sys-
tems consist of two features, an intense broad peak in the BE range
289.5-292 eV and a less intense sharper one centered at 296 eV. As
evidenced by the calculations, the two features derive from carbons
experiencing markedly different chemical environments. In fact, the
peak at 296 eV arises due to the ionization of carbons C; and C,,
and the ~5 eV blueshift with respect to the main spectral feature

(a) BTF6 (b)

Carbon K-edge XPS

Carbon K-edge NEXAFS

ARTICLE pubs.aip.org/aipl/jcp

is due to the immediate vicinity of the strongly electronegative flu-
orine atoms. The intense peak is the result of contributions from
all the remaining carbon atoms. In BTF6, the thiophene carbons of
the benzothiophene unit (C4-C7) and the two methyl carbons con-
tribute in a BE range of ~600 meV in the higher energy part of the
main peak, around 290.8 eV. Instead, the contributions from the
benzene carbons of the benzothiophene unit (Cs—Ci;) are confined
in a narrow BE range of ~300 meV in the lower energy part, around
290.2 eV. The main peak of BTF6 shows a shoulder at a higher BE,
which is not reproduced by the simulations. The absence of this fea-
ture in the calculated spectrum may arise either from vibrational
broadening effects that are not explicitly included in the simula-
tion, or from an underestimation of the BE associated with the C3
carbon, which shifts its contribution to lower energies in the theo-
retical spectrum. The main peak appears narrower in the simulations
of PTF6, as contributions from the thiophene unit (C4~C7) appear
0.3 eV redshifted with respect to BTF6 and fall within the same
BE window as the contributions from the phenyl carbons (Cg-Ci3),

FIG. 4. Experimental data (solid line) and
calculated [OR(ap) conformer, shaded
area] carbon K-edge XPS and NEXAFS
spectra of [(c) and (d)] BTF6 and [(e)
and (f)] PTF6. Panels (a) and (b) show

BTF6 the carbon numbering and the color cod-

Exp Keadge n BTFo and PTFG.respocvoly.
[ JTheo The XPS simulated spectra have been
shifted by 0.25 eV, matching the exper-
imental spectrum of BTF6. No shift has
been applied to the simulated NEXAFS
spectra. The peak located at 297.77 eV
in the XPS at the C 1s edge of BTF6
arises from the CO, calibrant gas. In
panels (e) and (f) are reported the car-
bon K-edge experimental and calculated
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Photon Energy (eV)

NEXAFS spectra of BTF6 and PTF6,
respectively. The NEXAFS spectra are
normalized with respect to the area of
peak A. Contributions from different car-
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[ ITheory (@) and (b); the numerical values are
reported in Table Il and Fig. 5. The
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TABLE Il. Theoretically calculated carbon K-edge binding energies (BEs) for (a) BTF6
and (b) PTF6. BEs have been shifted by 0.25 eV in both cases, as shown in Fig. 4
to match the experimental data. The different signals contributing to the spectra are
due to ionization from the core orbital 1s of the C; carbon atoms in the two molecular
systems, with numeration reported in the first row of Fig. 4.

a. BTF6
Transition BE (eV) Dyson norm
C 296.19 0.74
C, 296.00 0.73
Cs 291.16 0.65
Cy 290.49 0.65
Cs 290.75 0.62
Cs 290.48 0.66
290.77 0.66
Cs 290.33 0.62
Co 290.14 0.63
Cio 290.10 0.63
Cn 290.08 0.64
C(H3) 290.89 0.74
b. PTF6
Transition BE (eV) Dyson norm
C 296.05 0.73
Cy 295.85 0.73
(@ 290.99 0.65
Cy 290.25 0.65
Cs 290.40 0.62
Cs 290.05 0.63
290.33 0.65
Cs 290.54 0.67
Co 290.16 0.63
Cio 290.30 0.63
Cn 290.19 0.61
Ciz 290.30 0.63
Ci3 290.15 0.64
C(H5) 290.75 0.73
C(H3) 290.43 0.73

leaving only the contributions from the pair of methyl carbons in the
higher energy part. In analogy to the sulfur L, 3-edge spectrum, we
rationalize the 0.3 eV redshift with the better core-hole shielding in
phenylthiophene compared to benzothiophene.

NEXAFS spectra

The measured NEXAFS spectra at the carbon K-edge are
shown in Figs. 4(d) and 4(f) together with the simulated spectra,
which allow us to identify the nature of the contributions over an
energy range of >10 eV (284-296 eV). Transition energies, oscillator
strengths, and the leading character of the transitions are reported in
Fig. 5. The experimental NEXAFS spectrum of BTF6 is characterized
by an intense structured band extending between 284 and 286.7 eV,
peaking at 285.1 eV, followed by a broad pre-edge absorption band
with peaks at 287.5 and 289.4 eV. The spectrum of PTF6 has similar
features; however, it also exhibits discernible differences, namely, in

ARTICLE pubs.aip.org/aipl/jcp

PTEF6, the main peak appears narrower, and a further peak emerges
at 290.5 eV.

In both cases, the main peak comprises transitions from the 1s
orbitals of those carbon atoms involved in the 7-system to the ener-
getically lowest unoccupied molecular orbital of 7*-character. The
simulation does not perfectly capture the fine structure of the main
peak, in particular in PTF6, where the computed line shape appears
too narrow. Hence, the spectra were normalized with respect to
the area of the main peak instead of its maximum. For each core-
transition, the arrival 7* orbital is subject to a strong relaxation,
which leads to its localization onto the carbon sites in immediate
vicinity to the core-excited carbon atoms (see Figs. S6-S9 of the
supplementary material). In both systems, the most redshifted con-
tribution peaking at ~285.0 eV is ascribed to Cs, the reason being
that the central C3=C3 double bond fragment is to a great extent
decoupled from the rest of the m-system. As a consequence, the
relaxed 7" orbital remains localized on the double bond fragment.
This allows us to use the density of the excited core-electron to
shield the core-hole that redshifts the energy of the core-transition.
Core-transitions of benzene (Cs—Ci; in BTF6)/phenyl (Cs-Ci3 in
PTF6) carbons appear compact between 285.0 and 285.5 eV and
are slightly redshifted compared to core-transitions from thiophene
carbons contributing to the 285.5-286.0 eV window. The spectral
features at photon energies above 286 eV can be attributed to core-
transitions to orbitals of Rydberg and ¢ character. Due to their
vast number and small intensities, we refrain from showing and dis-
cussing the individual transitions in the computed spectra but rather
focus the discussion on entire energy ranges comprising transitions
of a similar type:

1. Peak B (286.0-288.0 eV): transitions (i) from aromatic car-
bons toward higher lying n* orbitals (e.g., LUMO+1 and
LUMO+2); (ii) from carbons Cg—Cy; (BTF6)/Cs—Cy3 (PTF6)
toward adjacent C-H ¢ orbitals [Fig. 5(c)]; and (iii) from
C4-C;7 into the virtual orbitals of 3d and 4s characters predom-
inantly localized on the adjacent sulfur [3d shown in Fig. 5(¢)];
this set of transitions exhibits a pronounced 1.2 eV shift in
PTF6 so that they contribute to peak C.

2. Peak C (288.5-289.5 eV): transitions from the carbons of
the methyl groups to the adjacent C-H ¢* bonds [Fig. 5(c)];
notably, the intensity of this feature is twice as high in PTF6
due to the presence of two methyl groups; the increased inten-
sity of this contribution, together with the blueshift of the
transitions from C4—C7 into the sulfur orbitals of 3d and 4s,
is the reason for the increased relative intensity of peak C with
respect to peak B in PTF6.

3. Peak D (289.5-291.5 eV): a large number of weak transi-
tions from aromatic carbons toward (i) quasi-Rydberg orbitals
[Fig. 5(c)] and (ii) C-C ¢* bonds; this feature is somewhat
more intense in PTF6 owing to the more carbons in the
n-system and gives rise to the distinguishable peak in this
range.

4. Peak E (292.0-293.5 eV): transitions from C; and C, toward
adjacent C-F ¢ bonds [Fig. 5(c)].

5. Peak F (294.0-295.5 eV): transitions from C; and C, carbons
toward adjacent C-C ¢ bonds [Fig. 5(c)].

We note the close resemblance of the spectrum of BTF6
with that of bare benzothiophene in the spectral window below
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a. b.
Peak Site Energy (eV) arrival MO Peak Site Energy (eV) arrival MO
A 284.83  n* (LUMO) A 28497 ©* (LUMO)
285.48 285.67
Cs 285.57 Cs 285.64
285.71 285.75
286.09 285.78
Cg-Cy; 285.0-285.3 Cg-Ci3 285.2-285.6
B -Cyp 286.0-288.0 n* B -Cyp 286.4-288.5 n*
res - % R ~ i * R FIG. 5. Theoretically calculated core
Cg-Cyp 287.0-287.3 0*(Cs_11-H) Cg-Cyp 287.6-287.8 0*(Cs—_11-H) P
- 287.2-287.8  3d/4s(S) C - 288.5-289.0  3d(S) (a) BTF6 and (b) PTF6. No shift has
been applied. For each carbon contribut-
C C(H3),C(H3) 289.0-289.3 ¢*(CH,-H) C(H3),C(H3) 289.0-289.3 o*(CH,-H) ing to the NEXAFS signal, the transition
energies are reported. Only transitions
D Cs-Cyy 289.5-291.5 Ry/c*(C-C) D Cs-Cyj 289.5-291.5 Ry/c*(C-C) from carbons having oscillator strengths
i i larger than 10=* are considered. (c)
E - 292.0-293.5 0*(Cyp-F) E - 292.0-293.5 o*(Cyp-F) Representative arrival orbitals are shown
below the table in the case of BTF6. The
F - 294.0-295.5 6"(Ci-Cy) F B 294.0-295.5 67(Ci-Cy) corresponding figure for PTF6 can be
c found in Fig. S12 of the supplementary

Ry " (Cy2-F)

291 eV (see Fig. 4 of Ref. 47) and refer to the analysis performed
by Toffoli et al, which achieved a more complete description
of the high-energy window thanks to the use of a DFT-based
protocol.

PES valence-ionization spectra

Figure 6 shows the experimental and calculated valence photo-
electron spectra of BTF6 and PTF6 in the BE range 7-14 eV. The
simulation was carried out assuming a mixture of parallel and anti-
parallel conformations of the OR form with 2:1 and 1:1 ratios for
BTF6 and PTF6, respectively. This figure also reports the BE of the
m orbitals of the OR(ap) conformer; the corresponding orbitals for
the OR(p) conformer, as well as a full list of all 20 orbitals giving
rise to the signal up to 13 eV, are reported in Figs. S12-S15 of the
supplementary material.

material.

6"(C-Cy)

For both systems, the spectral shape essentially mirrors the
energetic order of the frontier orbitals. The signal below 11 eV is
due to ionization from orbitals of 7 character (color sticks in Fig. 6).
Instead, the signal above 11 eV is due to ionization from ¢ orbitals
(gray sticks in Fig. 6).

Most of the orbitals show up in pairs exhibiting bonding/anti-
bonding interactions between the benzothiophene or phenylthio-
phene units in BTF6 and PTF6, respectively. The strength of the
interaction, which determines the energy splitting of each pair of
signals, is susceptible to the stacking pattern in the parallel and
anti-parallel conformation with chemical shifts of up to 0.25 eV.
For example, in BTF6, the broad feature between BEs of 8 and
9 eV comprises contributions from two pairs of orbitals, MO1
(HOMO)/MO2, with a more pronounced contribution on the
thiophene units, and MO3/MO4, exhibiting a more pronounced
contribution on the benzene rings. As a consequence, in the
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FIG. 6. Valence-ionization photoelectron spectra of (a) BTF6 and (b) PTF6, acquired with a photon energy of 98.5 eV covering a binding energy range between 7 and 14 eV.
The shaded areas correspond to the calculated PES obtained assuming a mixture of OR(ap) and OR(p), with ratios 2:1 for BTF6 and 1:1 for PTF6. The simulated spectra
are shifted by 0.9 eV. Vertical solid and dashed lines represent the contributions due to ionization from valence orbitals of the OR(ap) and OR(p) conformers, respectively.
Colored and gray lines stand for ionization from orbitals with 7z and o characters, respectively. The peak at 12.62 eV, more pronounced in the PTF6 spectrum, originates
from residual water molecules present in the experimental chamber. 7-type MOs of the OR(ap) conformer giving rise to the signals below 11 eV are depicted in (c) for BTF6
and (d) for PTF6. A full list of the MOs considered in the calculations, as well as the MOs of the OR(p) conformer, can be found in Figs. S12-S15 of the supplementary

material.

anti-parallel conformer where the thiophene rings are spatially
closer, the MO1/MO2 pair exhibits a strong 0.4 eV splitting of the
associated ionization signals (peaks at 8.0 and 8.4 eV), whereas
the MO3/MO4 pair exhibits a weaker splitting, which amounts to
0.15 eV (peaks at 8.5 and 8.7 eV). Instead, in the parallel conformer
where the stacking involves the entire benzothiophene moieties,
both pairs exhibit an intermediate splitting of 0.2 eV. MO1-4 are
characterized by two nodes in the benzothiophene unit; thus, the
BEs are close in value. Ionization from the next pair of orbitals
MOS5/MO6, which present only one node, gives rise to the separate
feature at a higher BE of 10 eV, which exhibits a splitting in the
OR(p) conformer twice as strong as in the OR(ap) one. The spec-
trum below 11 eV is completed by the ionization from a 7 orbital
MO7 localized on the central C3=C3 double bond peaking at 10.5 eV,
whose BE is slightly overestimated by the calculations.

In PTF6, the pronounced twisting between the thiophene and
phenyl fragments localizes in both the conformers MO1/MO2 and
MO3/MO4 pairs of orbitals predominantly on the thiophene ring,
whereas the MO5/MO6 and MO7/MO8 pairs mostly on the phenyl.

As a consequence, the splitting between signals arising from each of
the first two pairs of orbital is more pronounced, especially in the
anti-parallel conformer (~0.5 eV around 8 eV for MO1/MO2 and
around 8.7 eV for MO3/MO4), whereas the last two pairs appear in
a narrow energy range around 9.4 eV, giving rise to the sharp peak.
Just as BTF6, PTF6 exhibits a peak at 10.5 eV associated with ion-
ization from a 7 orbital MO9 localized on the central C3=C3 double
bond, whose BE is slightly overestimated by the calculations.

Predicting transient signatures of photoinduced
cyclization

The good agreement between theory and experiment regard-
ing the spectra of the OR isomers gives us the confidence to predict
the spectra of the CR isomers. This constitutes the first step in
the description of photoinduced cyclization. We are aware that a
complete characterization would require a time-resolved dynamical
study of the evolution in the excited state and the passage through
the conical intersection seam, followed by the simulation of the

J. Chem. Phys. 164, 124203 (2026); doi: 10.1063/5.0323110
© Author(s) 2026

164, 124203-10

0Z 195 '60 9202 AeN +T


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8346655
https://doi.org/10.60893/figshare.jcp.c.8346655

The Journal

of Chemical Physics

transient signatures, i.e., BE and photoinduced absorption (PA) of
the transient species. While this is beyond the scope of the present
work, a comparison of the spectra of the OR and CR isomers offers
preliminary indications about the transient signals. In Fig. 7, we
report XPS at the sulfur L,3-edge [panel (a)] and at the carbon
K-edge [panel (b)], NEXAFS at the carbon K-edge focusing only
on the main peak below 286 eV [panel (c)], and PES [panel (d)]
for the CR isomer of BTF6 (dashed lines) and compare them with
the corresponding simulated signals of the OR (colored profile).
The numerical data are provided in the supplementary material, as
well as in the dedicated repository accessible via the following link:
https://doi.org/10.6092/unibo/amsacta/8639. The simulation of the
NEXAFS spectrum of the CR isomer at the sulfur L, 3-edge was not
attempted due to the less satisfactory agreement between theory and
experiment in the OR case.

The spectral changes reflect the structural changes dur-
ing the cyclization. In particular, the formation of a C5-C5
single bond enforces the planarization of the aromatic frame-
work. The ensuing delocalization of the m-orbitals over the
entire molecule has immediate consequences for core and valence

spectra.
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XPS at sulfurL;s-edge

The spectrum of the CR form is shown in Fig. 7(a). It appears
redshifted by ~0.5 eV with respect to the OR form, thereby maintain-
ing the same double peak shape. The extended 7-system grants the
sulfur atoms access to an extended m-electron density, which they
can exploit to stabilize the core-hole more efficiently. Since the first
valence excited state of BTF6 has no pronounced charge-transfer
character (i.e., the electron density distribution of the ground and
excited states is similar), we expect the time-resolved (TR) XPS map
to show a transient signal that emerges on top of the ground state
bleach of the OR form and subsequently gradually shifts toward a
lower BE in the course of the cyclization.

XPS at carbon K-edge

The spectra of the OR and CR forms shown in Fig. 7(b) are
very similar for the two isomers. The only difference consists in
the emergence of a small peak below 292 eV due to the 0.8 eV
blueshift of the signal associated with Cs during the formation of
the o bond. The reason why the remaining carbons are not affected
by the planarization of the molecule as observed in the sulfur XPS is

Carbon K-edge XPS
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FIG. 7. Comparison between the calculated observable of the BTF6 molecule in its OR (shaded area) and CR (dashed line) conformers. In particular, (a) XPS spectra at
the sulfur L, 3-edge and (b) carbon K-edge, (c) carbon K-edge NEXAFS spectra, and (d) valence PES of BTF6 are reported, along with the significant contributions to them.
All OR spectra have been computed for the anti-parallel conformer, except for the PES, which was computed for an anti-parallel:parallel ratio of 2:1.
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that carbons are less electronegative compared to sulfur and as such
withdraw electron density only from nearby sites to shield their core-
hole. Therefore, they cannot profit from the extended form of the
n-system in the CR isomer. We anticipate that the predicted addi-
tional peak at a higher BE would manifest rather as a shoulder to the
main peak. Its formation might be rather cumbersome as the pair
of Cs atoms responsible for its rise represents only 10% of the total
intensity in the considered window.

NEXAFS at carbon K-edge

NEXAFS spectra mirror the structure of the frontier virtual
orbitals. In the case of the CR form of BTF6, the extension of the
n-system over the entire molecule causes the energetic stabiliza-
tion of those orbitals. This is reflected in a redshift of about 0.5 eV
accompanied by a decrease in intensity in the main peak of the
CR form, a consequence of the decreased overlap between the core
orbitals and the delocalized 7™ orbitals. It deserves mentioning that
the contribution from Cs is absent in the CR isomer, since it is
no longer part of the conjugated system (its intensity is strongly
quenched).

In the TR-NEXAFS, one generally expects to see PA contri-
butions emerging after photo-excitation due to core-to-LUMO and
core-to-HOMO transitions since both have one free vacancy in the
excited state. Whereas the core-to-LUMO PA approximately falls on
top of the bleach (285-286 V), the core-to-HOMO PA feature is
expected to show up strongly redshifted. The shift can be roughly
estimated as the energy difference between the ground and excited
states. The spectrum of the OR form of BTF6 shows an onset at about
3.5 eV (attributed to the HOMO — LUMO transition); accordingly,
one could expect a transient PA around 282-283 eV and thus in
an energy window free of any background from GS signals. Dur-
ing the motion of the system toward the conical intersection seam,
these two PA features are expected to shift toward each other and
progressively merge as the HOMO and LUMO become degener-
ate. Upon crossing the seam, the PA features should split again and
converge to the signatures of the OR and CR isomers shown in
Fig. 7(c).

PES

The photoemission spectra mirror the structure of the frontier
occupied orbitals. In the case of the CR form of BTF6, the exten-
sion of the 71-system over the entire molecule causes a spread of the
energies of those orbitals, with the most anti-bonding one (i.e., the
HOMO) ending up at higher energies compared to its counterpart
in the OR form. This spread is reflected in the PES of the CR form,
which shows the first peak at 7.5 eV, i.e., 0.5 eV below the lowest
peak of the OR form. Moreover, features due to the ionization of 7
orbitals extend up to 12 eV in the CR form (compared to 11.5 eV in
the OR form).

In the TR-PES, one generally expects to see signals at a low BE
(below 8 eV) due to the ionization of electrons that have been pro-
moted to virtual orbitals by the pump pulse. We expect the OR form
of BTF6 to exhibit such a feature around 4 eV, i.e., the difference
between the energies of the HOMO-to-LUMO transition peaking at
3.5 eV and the lowest BE in the CR PES [Fig. 7(c)] and thus in a
background-free energy window. During the motion of the system
toward the conical intersection seam, this feature should gradually
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blueshift and, upon crossing the seam, converge to the 7.5 eV peak
exhibited by the CR form.

To sum up, (i) the rise of the 169 eV peak in the XPS spectrum
at the sulfur L, 3-edge, (ii) the rise of the 284 eV peak in the NEXAFS
spectrum at the carbon K-edge, and (iii) the rise of the 7.5 eV peak
in the PES could all be used in a time-resolved experiment to clock
excited state lifetime and the time scale of the BTF6 cyclization.

CONCLUSION AND OUTLOOK

In this joint experimental and theoretical work, two representa-
tives of the family of dithienylethenes, BTF6 and PTF6, were inves-
tigated in the gas phase by means of VUV and x-ray spectroscopies.
Below, we summarize the main findings.

The sulfur atoms act largely as spectators in the electrocyclic
reaction, making them less sensitive to the changes in the elec-
tronic structure. Nonetheless, the vicinity to the electrocyclic center
paired with a limited number of heteroatoms gives rise to clearly
discernible and easily interpretable chemical shifts. In particular,
XPS at the sulfur L,3-edge reveals a common double peak struc-
ture, which exhibits a weak 0.2 eV redshift when replacing the
benzothiophene (BTF6) with a phenylthiophene (PTF6), which can
be attributed to the more extended 7m-system in PTF6. The red-
shift increases to 0.5 eV in the course of electrocyclization. The
NEXAFS spectrum at the sulfur L, 3-edge exhibits a line shape com-
mon to other thiophene-containing systems:*” a three-peak struc-
ture with a more intense (and usually broader) middle peak, due
to core excitations to a pair of virtual orbitals with 3d/4s charac-
ter; its fine structure is weakly sensitive to the composition of the
7T-system.

The carbon atoms are more sensitive to the functionalization
patterns and to the electrocyclic rearrangement. An example of the
former is the nearly 5 eV blueshift of the BE for carbons bonded to
fluorine in the XPS spectrum. Examples for the latter are the ter-
minal carbon atoms in the HT unit, which show a 0.5 eV blueshift
in the XPS spectrum and depletion of the NEXAFS signal upon o-
bond formation. It should be noted, however, that the spectra at the
carbon K-edge are generally congested due to contributions from
a large number of chemically distinct carbon sites, which compli-
cate the analysis and often mask the signatures of the relevant atomic
sites.

Finally, PES exhibits the highest degree of sensitivity to func-
tionalization and stacking patterns and to the extension of the
7-system as it probes the valence orbitals directly affected by chem-
ical and structural changes, opposite to core-spectroscopies, which
target observer orbitals. The PES line shape mirrors the electronic
structure of the frontier orbitals. Strong delocalization leads to a
0.2 eV redshift of the BEs of the lowest peak as observed for PTF6
compared to BTF6. The redshift increases to 0.5 eV in the course of
electrocyclization.

This study demonstrates that all the above-mentioned meth-
ods (XPS, NEXAFS, and PES) respond, albeit to a different extent,
to the structural changes accompanying photoinduced cyclization.
Notably, PES stands out thanks to its sensitivity to parallel and anti-
parallel OR conformers, which remain indistinguishable with other
techniques. As such, we hope that the present work will stimulate
future time-resolved investigations on DTEs in the gas phase, to be
performed at XFELs and/or in HHG laboratories.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the mass spectrum of BTF6,
the sulfur L, 3-edge XPS spectrum of TF6, valence molecular orbitals
involved in the transitions contributing to the NEXAFS and PES
spectra, as well as the electronic structure of the valence-ionized,
core-excited, and core-ionized levels of the closed form of BTF6.
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