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Thomas F. Giesen, Jochen Mikosch, Rudolf Pietschnig, and Arne Senftleben*

Excited electronic states of fenchone, thiofenchone, and seleno-
fenchone are characterized and assigned with different gas-
phase spectroscopic methods and ab initio quantum chemical
calculations. With an increasing atomic number of the chalcogen,
increasing bathochromic (red) shifts are observed, which vary in
strength for Rydberg states, valence-excited states, and ionization
energies. The spectroscopic insight is used to state-resolve the

1. Introduction

Sensing the chirality of molecules in the gas phase has become
a popular scientific frontier. Taking advantage of the
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contributions in multiphoton photoelectron circular dichroism
with femtosecond laser pulses. This is shown to be a sensitive
observable of molecular chirality in all studied chalcogenofen-
chones. This work contributes new spectroscopic information,
particularly on thiofenchone and selenofenchone. It may open
a perspective for future coherent control experiments exploiting
resonances in the visible and near-ultraviolet spectral regions.

interaction-free environment, coherent microwave spectros-
copy,"'! Coulomb explosion imaging,”" and circular dichroism
(CD) using high harmonic spectroscopy® or ion-yield®> have
been demonstrated in the last decade. Moreover, photoelectron
circular dichroism (PECD) has been established as a versatile
probe of chirality."® PECD is a forward/backward asymmetry
in the angular distribution of electrons derived from randomly
oriented chiral molecules by ionization with circularly polarized
light. It results from the scattering of the departing photoelectron
by the potential created by the atomic cores of the molecule. The
asymmetry in the photoelectron angular distribution changes
sign either by changing the enantiomer or the helicity of the cir-
cularly polarized light. The strength of the asymmetry can be
measured by the linear PECD (LPECD) quantity.''® Since
PECD is attributed purely to electric dipole interaction," it exhib-
its a stronger effect®® than other chiroptic effects based on elec-
tric quadrupole or magnetic dipole interaction such as CD.I'>'42"]

After the theoretical prediction by Ritchie in 1976, it took
more than 25 years before the first experimental observation of
PECD was reported using synchrotron radiation.”? For ionization
with extreme ultraviolet (XUV) and X-ray photons, the scattering
electron that probes the ionic potential can originate either from
core shells®~2% or valence shells®?*=? of the molecule, depend-
ing on the photon energy.

Pioneering experiments in the optical domain, reported a
decade later, showed that the PECD effect can be equally strong
using resonance-enhanced multiphoton ionization (REMPI) with
femtosecond'”** and nanosecond®¥ lasers. The principle of
REMPI for the example of a 2+ 1 scheme is sketched in
Figure 1B, where two photons are necessary to reach a bound
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Figure 1. A) Experimental setup for femtosecond REMPI-PECD. It consists of a titanium-sapphire femtosecond amplifier, an OPA with sum-frequency
conversion stage (OPA/SFS), a prism compressor (P1, P2) for pulse compression, a nanowire grid polarizer (POL) and a quarter-wave plate (QWP) to create
circularly polarized light, a UV fused silica plano-convex lens (L2), the VMI electrodes repeller (R), extractor (E), and ground (G), a MCP detector, phosphor
screen (PS), and camera (CCD). In the VMI apparatus, the laser pulses propagate along the z-axis, while the particles are accelerated along the x-axis.

B) Schematic of the 2 4+ 1 REMPI processes involving two electronic Rydberg states at energies Egyq; and Epyq,. First, two-photon excitation populates these
states at different vibrational states vgyq; > Vgya2. Due to the Rydberg nature, the following ionization by another photon hardly changes the vibrational
excitation, which gives rise to higher photoelectron energy E, from the higher-lying Eg 4> Rydberg state.

excited state as an intermediate resonance, and one additional
photon ionizes the molecules. The existence of the intermediate
resonance increases the multiphoton ionization rate drastically,
making REMPI well-known for its high selectivity and sensitiv-
ity.®> REMPI-PECD experiments hence raise the obvious question:
how do excited states of the chiral molecule contribute in detail
to the observed PECD effect? This question continues to be of
high interest, despite and because of the increasing number
of studies utilizing REMPI-PECD.['7183336-481 PECD has also been
studied in the strong-field regime, where resonances do not play
a r.ole-[38,39,49]

Fenchone has become a benchmark molecule in experimen-
tal and theoretical studies, turning it into the “hydrogen atom of
gas-phase chirality.”3*3643°0-56 |t serves as a reference for enan-
tiomeric excess determination with different methods."”>7=% In
addition, many experimental and theoretical studies to under-
stand its spectroscopic properties®®? and internal dynam-
ics®%3%51 have been reported. Single-photon excitation of
fenchone requires wavelengths in the ultraviolet. Derivates in
which the oxygen atom is replaced with heavier chalcogens
exhibit bathochromic (red) shifts in the absorption spectrum,
which might make them more accessible for future coherent con-
trol experiments with visible wavelengths.

Here, we investigate the excited states and the linear REMPI-
PECD for fenchone and its heavier derivates, thiofenchone (oxy-
gen substituted by sulfur) and selenofenchone (oxygen substi-
tuted by selenium). In the terminology of fenchone as the
“hydrogen atom of gas-phase chirality,” the other chalcogenofen-
chones are its alkali atoms. While both enantiomers of fenchone
are readily commercially available, thiofenchones and selenofen-
chones have to be synthesized. Consequently, much less spectro-
scopic information on Rydberg states, valence-excited states, and
ionization energies is available as compared to fenchone. To the
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best of our knowledge, REMPI photoelectron spectroscopy has
not been reported for thiofenchone nor any gas-phase spectros-
copy on selenofenchone. For thiofenchone, the ionization energy
has been reported,’® and the n =4 Rydberg state and a = — 7*
state have been identified with gas-phase UV absorption
spectroscopy.®” For selenofenchone, CD and UV-VIS absorption
spectra in various solvents have been published, identifying a
n— m* excitation in the visible spectral region.®®%? These
solution-phase studies have compared the UV-VIS absorption
bands of selenofenchone with those of thiofenchone and fen-
chone, observing a bathochromic shift with increasing atomic
number of the chalcogen.

This manuscript is organized as follows. First, we describe our
methodology. Experimentally, we use single-photon vacuum
ultraviolet (VUV) absorption spectroscopy, nanosecond laser
REMPI spectroscopy, and wavelength scanning multiphoton
photoelectron spectroscopy using picosecond-duration laser
pulses. In addition, we use angle-resolved photoelectron
spectroscopy to measure REMPI-PECD using femtosecond laser
pulses. As theoretical approaches, we use quantum chemical
calculations on the density functional theory (DFT) and coupled
cluster (CC) level. Synthesis and sample characterization of thio-
fenchone and selenofenchone are detailed in an accompanying
article.” For fenchone, thiofenchone, and selenofenchone, we
use our combined results from experiment and theory to obtain
the adiabatic I, and assign excited electronic states. Assisted by
calculated values for tellurofenchone and polonofenchone, we
will discuss the scaling of excited state energies in chalcogeno-
fenchones. In a subsequent section, we discuss femtosecond
REMPI-PECD experiments on fenchone, thiofenchone, and
selenofenchone at a fixed wavelength of 376 nm and use the
obtained spectroscopic insight to resolve the contributions of
individual states.

© 2025 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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2. Experimental Section
2.1. Sample Preparation

The chalcogenofenchones have two stereocenters, but due to the
bicyclic structure, only two enantiomers are geometrically possi-
ble: (1R, 4S) and (15, 4R). We will refer to the (1R, 4S)-enantiomers
as (R)-chalcogenofenchone and to the (1S, 4R) as (S) while also
giving the sign of the optical rotation. Commercially available
(S)-(+)-fenchone (Acros, purity >97%, enantiomeric excess
(e.e) =99%) and (R)-(—)-fenchone (Merck, purity > 98%, e.e.
=~ 84%) were used without further processing. The synthesis
and characterization of thiofenchone and selenofenchone will
be described in detail in an accompanying article”® and briefly
summarized here. (S)-(+)- and (R)-(—)-thiofenchones were syn-
thesized from the respective fenchone enantiomers with
Lawesson’s reagent (Alfa Aesar) in an o-xylene solution at
155°C. (S)-(+)- and (R)-(—)-selenofenchone were synthesized
from the respective fenchone enantiomers suspended in purified
mesitylene using bis(1,5-cyclooctanediylboryl) monoselenide at
120 °C. The latter was prepared in situ from 9-borabicyclo[3.3.1]
nonane-dimer (Merck) at elevated temperatures above 150 °C
according to literature procedures.”"7”?

2.2, Nanosecond 2 + 1 REMPI Spectroscopy

Linearly polarized ns laser pulses were intersected with a pulsed
molecular beam in the interaction region of a velocity map imag-
ing (VMI) spectrometer,”® which was operated as a time-of-flight
mass spectrometer. Here, we integrated all detected masses to
obtain the total ion yield. The cold molecular beam was created
by coexpanding helium and the respective molecular sample,
which was heated to about 70°C*”*! For fenchone, we used
a frequency-doubled commercial dye laser to produce wave-
lengths between 412 and 417 nm (LIOP-TEC, pumped by the sec-
ond harmonic of a Nd:YAG laser at 532 nm, dye: Styryl 9). For
thiofenchone and selenofenchone, we used the fundamental
of a different commercial dye laser (Sirah, pumped by the third
harmonic of a Nd:YAG laser at 355 nm) to produce wavelengths
from 441 nm to 446 nm (dye: Coumarin 120) and from 463 nm to
468 nm (dye: Coumarin 47) without frequency doubling. The laser
pulse energy was in the range of 0.5mJ to 1 mJ and the band-
width below 0.2 nm. A plano-convex lens of 300 mm focal length
was used to focus the pulses in the interaction region of the VMI
spectrometer. The repetition rate of the laser was 10 Hz.

The 3p Rydberg states of fenchone (see Figure 3B) were
characterized with a different experimental setup. A frequency-
doubled commercial dye laser was used to produce laser wave-
lengths between 383 and 395 nm (Sirah, Cobra-Stretch, pumped
by the second harmonic of a Nd:YAG laser at 532 nm, dye: Styryl
11). The laser pulse energy was around 1.1 mJ at a repetition rate
of 20 Hz and a bandwidth below 0.5 nm. The pulses were linearly
or circularly polarized and focused into a VMI spectrometer oper-
ated in time-of-flight mode, similar to the setup described above,
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but with a moderately cold continuous molecular beam of fen-
chone seeded in helium.

2.3. Multiphoton Photoelectron Spectroscopy

Starting from femtosecond pulses from a 3 kHz repetition rate
titanium-sapphire amplifier, we generated =0.4 ps long pulses
with a spectral width of =0.6 nm by second harmonic generation
using a 5mm thick f-BBO crystal. By changing the phase-
matching angle, we tuned the wavelength of the second har-
monic from 375 to 411 nm (6-9 pJ pulse energy), as characterized
with a commercial grating spectrometer (Avantes ULS3648). A
plano-convex lens with 250 mm focal length was used to focus
the pulses in the interaction region of a VMI spectrometer.”® The
molecular sample was introduced by backfilling the vacuum
chamber to a pressure of about 4 x 10~®mbar. From the
recorded 2D photoelectron images, the cylindrically symmetric
3D photoelectron momentum distributions were reconstructed
by a rBasex algorithm implemented in PyAbel”® From the
momenta, the photoelectron energies were calculated. The
energy axis was calibrated with photoelectrons derived from ion-
izing xenon atoms with the third harmonic of a Q-switched
Nd:YAG ns laser at 355 nm.

2.4. Single-Photon VUV Absorption

A home-built absorption set-up has been used to measure single-
photon gas-phase VUV absorption spectra. A deuterium lamp
(Hamamatsu L11798) served as light source, which produced a
continuous spectrum from 115 to 400 nm. The spectrum has
been dispersed by a commercial normal-incidence grating spec-
trometer with 1 m focal length in Rowland geometry (McPherson
Type 225 with 1200 lines mm™"). The dispersed light was focused
on a photodiode behind the exit slit. A motorized grating rota-
tion/translation system was used to scan the desired spectral
range. A 2 cm path length target cell mounted between the deu-
terium lamp and the spectrometer’s entrance slit was equipped
with magnesium fluoride windows. Liquid samples were filled
into the target cell at room temperature, which was briefly evac-
uated to remove residual gas before being heated up to 60 °C for
fenchone and to 40 °C for thiofenchone and selenofenchone. A
reference measurement of the lamp spectrum without sample
was used to calculate the relative absorption via the Beer-
Lambert law. The required high vapor pressure of the samples
inside the cell led to the rapid formation of deposits on the win-
dows and, consequently, short time frames for each measure-
ment. Thus, 15 spectra were measured for each molecule,
averaged and smoothed in segments, and stitched together.
The resulting spectral resolution in the experiments was
estimated to be about 0.1 eV. The wavelength axis has been cali-
brated using the absorption spectrum of nitrogen””! and the
emission spectrum of a mercury arc lamp.

© 2025 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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2.5. Femtosecond 2 + 1 REMPI-PECD

The optical layout of the femtosecond PECD experiment is shown
in Figure 1A. Laser pulses from a 3 kHz repetition rate titanium-
sapphire amplifier centered at 785 nm (Femtopower HE) with a
pulse duration of below 25 fs and a pulse energy of 0.4 mJ were
used to pump a commercial optical parametric amplifier (OPA)
with a subsequent frequency conversion stage (LightConversion
TOPAS prime with NirUVis extension), which produced output
pulses centered at 376 nm with a spectral width of 8.3 nm.
A thin nanowire grid broadband polarizer (Quantum Design
300-1000 nm) was used to ensure that the polarization of linearly
polarized light was perpendicular to the acceleration direction of
the spectrometer (see Figure 1A). Circularly polarized light
was generated by an achromatic quarter-wave plate (B. Halle,
300-470 nm). The circularity of the light was in all cases well
above 99%, as measured via the Stokes parameter |S3|.7® A
plano-convex fused silica lens with 250 mm focal length
(Eksma Optics) was used to focus the UV laser pulses with 3 pJ
energy into the interaction region of a VMI spectrometer,”*
which can be operated for ions or electrons.

A prism compressor consisting of two UV fused silica prisms
was used to compensate for chirp, and bandwidth-limited pulses
were achieved in the interaction region by maximizing the mul-
tiphoton ionization signal of xenon. Assuming transform-limited
compression, the pulse duration was estimated to be around 25 fs
(FWHM). For the measured Gaussian beam spot radius of 48 um,
we calculated a peak intensity of 3x10'2Wcm™2. The Keldysh
parameter”? y was estimated to be around 10, confirming the
multiphoton ionization regime. The sample supply lines between
the reservoir and the nozzle were heated to about 60 °C. The noz-
zle (Agarscientific, diameter: 100 um) was heated to about 90 °C.
The sample reservoir outside the vacuum chamber was heated to
about 30 °C for fenchone, while for thiofenchone and selenofen-
chone, it was heated to about 50 °C. Conditions for a molecular
beam were not met; hence, the nozzle was mainly used to main-
tain a pressure gradient between the supply line and the vacuum
chamber. The experiment was operated with the chamber filled
to a pressure of 3x107° mbar. Before the PECD experiment, we
measured the mass spectra to ensure we had only the desired
molecular substance (see Appendix Section A1).

Photoionization occurred between the repeller and
extractor electrodes of the VMI spectrometer (see Figure 1A).
Photoelectron momentum distributions were recorded on a
position-sensitive detector, a microchannel plate (MCP) coupled
to a phosphor screen imaged by a CCD camera (Lumenera
Lwi165m). We accumulated events over 975,000 laser shots
(130 ms exposure time, 2500 images) for each of the left-circular
(LCP), right-circular (RCP), and linear (LIN) polarizations. After
every 500 images, the polarization was switched to minimize
artifacts due to long-term experimental drifts. PECD images were
derived by subtracting RCP from LCP photoelectron angular dis-
tributions. The resulting 2D distributions were Abel-inverted to
reconstruct the 3D momentum distributions using the rBasex
algorithm implemented in PyAbel.”® The Abel inversion is per-
formed using Legendre expansions of the electron momentum
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distributions. The retrieved Legendre coefficients ¢; allow us to
calculate the LPECD"™®

1 1 1
LPECD:C—O<2C1 —5C3 +ZC5) (1)

To account for the different enantiomeric excesses of the
samples, LPECD values for (R)-(—)-fenchone were multiplied by
the factor 1/0.84. We proceeded likewise for the (R) enantiomers
of thiofenchone and selenofenchone to check if the enantiomeric
excess is conserved during synthesis.

3. Computational Methodology

The TDDFT and CC2 calculations presented in this article were
carried out with the TURBOMOLE (V7.6.0) program package.®”
Electronic ground-state structures for all chalcogenofenchones
were optimized for the energy gradient using DFT with the
long-range corrected hybrid functional CAM-B3LYP.B'#2 The
resulting structures were confirmed to be minima on the respec-
tive potential energy surfaces by a harmonic vibrational
frequency analysis. In all systems, the aug-cc-pVTZ basis set
was chosen for C and H. For an improved description of the
Rydberg states, quadruply augmented basis sets were used for
the chalcogen centers. Specifically, we used g-aug-cc-pVTZ for
O, g-aug-cc-pV(T + d)Z for S, and g-aug-cc-pVTZ-PP for Se, Te,
and Po as the basis sets. The basis sets with the g-aug moniker
provide 4 (3 for the PP basis sets) diffuse functions also for the
high I-quantum numbers, providing ample freedom also for the
higher-lying states up to f-type Rydberg states, with likely only
the very high g-like states affected in terms of quality.
Additionally, the calculations were repeated with the diffuse func-
tions of these basis sets anchored to the center of mass of the
systems, which was confirmed not to impact the results to any
significant degree. Relativistic small-core pseudopotentials were
used on Se, Te, and Po.

All Turbomole calculations applied the multipole-accelerated
resolution-of-identity (MARI-J) approximation for the Coulomb
energy contribution using the corresponding Rl aug-cc-pVTZ
basis sets (jbas) for all the atoms. The m4 integration grid was
used for numerical integration to determine exchange-
correlation contributions. The threshold for the self-consistent
field (SCF) energy convergence was set at 10~° E;.. Structure opti-
mizations were performed until the norm of the energy gradient
fell below 5 x 10™*E,a,' and the displacements were smaller
than 5 x 10~* d,. The norm of the analytic gradients of the energy
with respect to displacements of the nuclei was below
5x 107 E,a,’, and the estimated energy change between two
optimization steps was below 5x107°E,. Single-point calcula-
tions for each of the cations were performed at the same level
of theory—using the equilibrium structure of the neutral elec-
tronic ground state—to obtain the vertical ionization energies.

The ground-state energy minimum structure was used to cal-
culate vertical excitation energies and oscillator strengths using
time-dependent DFT (TDDFT), as implemented in the Turbomole
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package. At least 20 low-lying electronically excited states were
calculated for each system, according to the experimental energy
ranges. Furthermore, two-photon absorption (TPA) cross sections
for linear and circular polarized light were obtained at default
settings using TDDFT.

To evaluate the significance of the TDDFT results, we compare
them to the wave function-based second-order approximate CC
method CC2,®3 using the implementation in Turbomole. CC2 is
expected to offer energies at the quality of second-order Maller—
Plesset perturbation theory (MP2) quality while giving access to
excited state energies and transition moments. The excited-state
energies converged to an accuracy of 1077 E,, and the vector
function converged to 10~*E, while using a resolution of the
identity parametrization for both the Coulomb and exchange
integrals (RI-JK). To provide a further measure of the quality of
the methods, we also used EOM-CCSD using MolPro.® Since
the comparison was focused on trends in Rydberg and valence
excitation, we included the first 20 states for fenchone, thiofen-
chone, and selenofenchone.

To assign the m-quantum number related character of p (p,,
py, p2) and d (d,y, di, dy, d,2, d,z_2) and higher l-quantum number
Rydberg orbitals, we computed natural transition orbitals (NTOs)
and visualized them for assignment. NTOs are obtained by using
the singular vectors from a singular value decomposition of the
transition density P between states i and a to transform the orbi-
tals of the system.

P = UDV! (2)

where D is a diagonal matrix containing the singular values that
determine the contribution of each NTO for the transition. The
left singular vectors U are then related to the hole left by the
excited electron from the initial state i, corresponding approxi-
mately to an occupied orbital determined by the orbital mixing
coefficients U. Equivalently, the right singular vectors V describe
the final state a of the excited particle, corresponding approxi-
mately to unoccupied molecular orbitals of valence- or
Rydberg-type.

A coordinate system based on the local symmetry of the
formaldehyde-like group containing the chalcogen atom was
introduced to identify the m-quantum number related character
of the orbitals. Choosing the C=X bond (with X either O, S, Se, Te
or Po) as the z-axis, the plane encompassing the next-
neighboring C atoms is chosen to contain the y-axis, with the
x-axis normal to this plane (cf. Figure 2). It should be noted that

the Rydberg-like NTOs are not always aligned with this coordi-
nate system perfectly and may also choose another axis than z
as their principal axis. We chose to keep the coordinate system
fixed for all molecules and states, and instead change the basis
according to the shape and orientation of the NTOs. That means,
for example, that if a d,.-like orbital is rotated so that its principal
axis is the x-axis in our choice of coordinates, we denote it as d,,,
with the other orbitals for the same l-quantum number also
adjusted to the new principal axis, e.g., d_,, — d,,_,, so that
the choice is consistent.

4. Assignment of Excited States Through
Spectroscopy

In this section, we present our findings of the spectroscopic
experiments on fenchone, thiofenchone, and selenofenchone.
For each molecule, the discussion is organized in the following
way: As a first step, we assign the lowest lying Rydberg state
of s symmetry using ns 2 + 1 REMPI spectra. With this, we deter-
mine the adiabatic ionization energy /5 using, in addition, multi-
photon photoelectron spectra at different excitation wavelengths
ranging from 375 to 411 nm. Then, we assign further electronic
states using the adiabatic /, multiphoton photoelectron spectra,
and single-photon VUV absorption spectra together with ab initio
quantum chemical calculation.

4.1. Fenchone

Figure 3A shows a highly-resolved ns 2 + 1 REMPI spectrum of
fenchone. The intense peak at 416.5 nm is the onset of the spec-
trum and indicates the threshold for reaching the 3s Rydberg
state. Considering the two-photon character for reaching this
resonance, we obtain (5.954 + 0.002) eV as the energy difference
between the 3s Rydberg state and the electronic ground state,
which agrees with earlier experiments.°°636485 At 6,300 eV, the
TDDFT model overestimates the measured value, while CC2
underestimates it at 5.645 eV. As the calculations often yield more
precise relative energies between different excited states than
the absolute energies, Table 1 and 2 also contain columns of
energies E;,. that are shifted by the difference of the respective
calculated 3s energy to the measured value. In addition to the
intense peak attributed to the vibrational ground state of the

Figure 2. Optimized molecular structures of the (1R, 45)-chalcogenofenchones as identified by the atomic symbols of the chalcogenes. The green, red, and

black arrows show the chosen x, y, and z-axes, respectively.
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Figure 3. Nanosecond 2 + 1 REMPI spectrum of fenchone covering A) the lower vibrational levels of the 3s Rydberg state measured with linearly polarized
laser pulses at high spectral resolution and (B) the 3p Rydberg states measured with linear (red) and circular (black) laser polarizations. The spectrum in (A)
was normalized to its maximum. In B), no normalization was performed, but the acquisition time for both polarizations was the same.

Table 1. TDDFT results for fenchone: vertical electronic singlet excitation energies E,, calculated energies E, . shifted such that the 3s energy matches the
measured value, experimental state energies E.,,, two-photon excitation cross sections for linearly (circularly) polarized light gy, (ocir) and oscillator strengths f.
Parentheses mark a tentative assignment; italics in E.,. mark states with significant valence character.

Electronic transition Ecac [eV] Ecac* [eV] Eoxp [€V] Giin [107°°cm* 5] Ocire [107°°cm? 5] f
n, — m, 4.336 3.990 0.0000 0.0000 0.0000
n,— 3s 6.300 5.954 5.954 0.0108 0.0161 0.0004
n,— 3p, 6.738 6.392 6.306 0.0032 0.0047 0.0249
n,— 3p, 6.770 6.424 6.396 0.0310 0.0124 0.0151
n, — 3py 6.816 6.4700 6.464 0.0112 0.0040 0.0040
n, — 3dy 7.226 6.880 6.85 0.0120 0.0165 0.0054
n,— 3d,, 7.338 6.992 0.0553 0.0074 0.0075
n, — 3d,, 7.351 7.005 0.0185 0.0122 0.0006
n,— 3d,,_,, 7.380 7.034 7.04 0.0108 0.0044 0.0155
n, — 3dy, 7.409 7.063 0.0070 0.0069 0.0010
n,—4s 7.454 7.108 0.0020 0.0017 0.0007
oy — T, 7.578 7.232 0.0019 0.0008 0.0173
n, — 4p, 7.601 7.255 7.46 0.0003 0.0002 0.0006
n,— 4p, 7613 7.267 0.0001 0.0001 0.0042
n,— 4p, 7.620 7.274 0.0005 0.0002 0.0018
n,— 5p, 7.855 7.509 0.0013 0.0019 0.0002
n,— 5p, + 5p; 7.878 7.532 0.0004 0.0028 0.0054
n,— 5p, — 5py) 7912 7.566 0.0007 0.0004 0.0017
n, — 4d, 7917 7.571 0.0029 0.0043 0.0171
n, — 4duy 2 7.934 7.588 0.0010 0.0014 0.0002
n, — 4dy,, 7.952 7.606 0.0028 0.0032 0.0043
n, — 4d,, 8.018 7.672 0.0035 0.0040 0.0061
n, — 4diy 8.027 7.681 0.0020 0.0018 0.0017
01— 3§ 8.086 7.740 0.0152 0.0095 0.0035
Ny — 4y 30 8.116 7.77 0.0123 0.0174 0.0060
Ny — 4f ey + 65) 8.160 7814 0.0231 0.0212 0.0003
o_3—5s 8.176 7.830 0.0009 0.0009 0.0138
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Table 2. CC2 results for fenchone: vertical electronic singlet excitation
energies E.,., calculated energies E.,. shifted such that the 3s energy
matches the measured value, experimental state energies E.., and
oscillator strengths f. Parentheses mark a tentative assignment; italics in
E:,. mark states with significant valence character.

CC2 fenchone

Electronic transitions Ec.ic [eV] Ecac* [eV] Eexp [eV] f
n, — m, 4.356 4.665 0.0000
n,— 3s 5.645 5.954 5.954 0.0032
n,— 3p, 5.980 6.289 6.306 0.0137
n,— 3p, 6.024 6.333 6.396 0.0127
n, — 3py 6.075 6.384 6.464 0.0020
Ny — 3dy 6.483 6.792 6.85 0.0058
n, — 3d,, 6.561 6.870 0.0005
n,— 3d,, 6.565 6.874 0.0052
n,—3d,,_, 6.590 6.899 7.04 0.0103
n, — 3d,, 6.609 6.918 0.0028
n,— 4s 6.703 7.012 0.0009
n,— 4p, 6.882 7.191 0.0055
n,— 4p,+4p, 6.890 7.199 7.46 0.0030
n, — 4p, + 4p, 6.903 7.212 0.0051
n,— 4f,,, + 4p, 7.084 7.393 0.0023
n,— 4d,, 7.116 7.425 0.0074
n, — 4d,, 7.146 7.455 0.0011
n,— 4dyy_ 7.178 7.487 0.0091
n, — 5py 7.184 7.493 0.0020
n, — 5dy, 7.207 7516 0.0059

3s, the spectrum displays a pronounced progression—the par-
tially resolved vibrational structure of the 3s electronic state.
Figure 3B displays a ns 241 REMPI spectrum of the 3p
Rydberg states recorded with linearly and circularly polarized
light. From this measurement, we obtained (6.306 + 0.007) eV
for the weak signal of the lowest-energy 3p state. Following
the suggestion of Powis et al.®* we assign this state as 3p,. It
has a (0.352 4+ 0.007) eV higher energy than the 3s state. This dif-
ference is nearly matched by the CC2 calculation at 0.352 eV but
overestimated by the TDDFT model at 0.438¢eV. The 3p, state
assignment is supported by the observation of a relatively high
signal for circular polarization as compared to linear polarization,
in agreement with existing calculations®*¢¥ and with our calcu-
lated two-photon cross sections in Table 1. We must add that
comparing the 2+ 1 REMPI signal strength with calculated
two-photon cross sections is only reasonable if the ionization step
is saturated, i.e., the excited molecules are likely to be ionized.
This has been verified at similar laser conditions by Singh et al.®*
For the second 3p state (3p,), we measured an energy of
(6.396 + 0.007) eV, which agrees with the earlier work of
Powis.®” The difference to the 3s energy is 0.442 eV, which is
underestimated by 0.06 eV in the CC2 model and overestimated
by 0.03 eV in the TDDFT. We suggest to assign the intense peak
above 384 nm in the ns 2 + 1 REMPI spectrum (Figure 3B) to the
third 3p state (3p,) with an energy of (6.464 + 0.007) eV. This
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suggestion differs from the recent work of Powis and Singh,**
who locate the 3p, band origin in the same broad peak as the
3p, band origin. Our assignment is supported by the energy dif-
ferences calculated by our TDDFT and CC2 models (see Table 1
and 2). Moreover, the observed lower circular-to-linear ratio of the
3p, compared to the 3p, peak fits well to our TDDFT results (see
Table 1) and older calculations.®*%*#) |n energies relative to the
3s state, the calculated values for the 3p, and 3p, states are again
slightly overestimated by the TDDFT model and more signifi-
cantly underestimated by the CC2 model.

For further insight, multiphoton photoelectron spectra were
measured for 19 different central wavelengths ranging from 375
to 411 nm. Figure 4 presents all photoelectron spectra together
such that it constitutes a map of the photoelectron yield as a
function of the photoelectron energy and the energy of the laser
photons. In addition to the map of the yield, we also consider the
map of the second-order Legendre coefficient of the photoelec-
tron angular distributions (see Figure A2 in the Appendix). These
map-like representations simplify the identification of different
ionization mechanisms due to linear scaling of the photoelectron
energies Ey;, with the photon energy hv, represented by dotted
lines in Figure 4. Most ionization mechanisms are described very
well by lines with a slope of one. This matches previous obser-
vations®®**! for a 241 REMPI process via a resonant Rydberg
state (see Figure 1B). Due to the very similar potential energy sur-
faces of the neutral Rydberg states and the ionic ground state, the
Franck-Condon factors for transitions with preserved vibrational
quantum number dominate in the ionization step (Av=0 pro-
pensity rule).2%** Under such conditions, the following equation
for the photoelectron energy applies®®

Rydberg states (slope=1)
C-H Vib. 3s 3p 3p 3d apl

s T

slope=2
3s(REATT)

37 3.30
g 380 1 .'I.. i ..' 3.25 %\
385 - i n <
£ Il 320 B
£390 1 1 g
2 g 315 @
c 4 .
5 395 | | =
& 400 ey 1 3.10 5
2 405 | N Ty I I s
IS 11 i - 3.05
410 A I"'.. I . . | : ”..
05 (1.0 15 20 25 30 35 4.0
NR slope=3 |  photoelectron energy (eV)
[
0.0 0.2 0.4 0.6 0.8 1.0

normalized photoelectron yield

Figure 4. Multiphoton photoelectron spectra of fenchone. Each row in

the figure represents a measurement at a different central wavelength. All
measurements used a pulse duration of 0.4 ps and linear polarization. In
each row, the signal is normalized to its maximum. Lines indicate linear
scaling that can be attributed to different processes: 2 + 1 REMPI through
the labeled Rydberg states yields a slope of one, and 2 + 2 REATI through
Rydberg states a slope of two. In contrast, NR multiphoton ionization is
associated with a slope of three. The corresponding second-order Legendre
coefficients are presented in Figure A2 in the Appendix.
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Eyn(hv) = hv 4+ Eqy — Iy (3)

where Eg 4 denotes the Rydberg state energy and I, the ionization
energy.

In the following, we refer to the lines in Figure 4 and A2 by
their photoelectron energy for the lowest photon energy at a
wavelength of 411 nm (hv=3.01eV). The line starting at 0.5eV
corresponds to the 3s state of fenchone. Fitting by
Equation (3), with a 3s Rydberg state energy of E‘;;’yd = 5.954¢eV
extracted from the ns 2 + 1 REMPI spectrum, the adiabatic ioni-
zation energy was determined to be /& = (8.48 & 3) eV which is
consistent with previous work.2%%3 Knowing the /5, we can fit the
other lines with slope one in Figure 4 by Equation (3) to deter-
mine the energies Egyq Of further Rydberg states, which we do in
the following.

We tentatively assign the weak line below 0.5 eV to the 3s
Rydberg state accompanied by a vibrational excitation in the
C-H stretching band® because the calculations do not hint at
any Rydberg states below the 3s state. However, the energy dif-
ference between this line and the 3s line is around 0.36 eV, which
matches the energy of the C-H stretch vibration.®® This notable
exception to the Av = 0 propensity rule is much weaker than the
3s line resulting from Av = 0 and therefore indicates the strength
of the propensity. Another trace of weak vibrational excitation
during the ionization step can be found in the asymmetric shape
of the 3s signal with a broader flank to lower photoelectron
energies. These electrons could be assigned to Av > 0 for low-
energetic vibrational modes.

The photoelectron contributions around 1 eV belong to the 3p
Rydberg states. The lowest 3p state (3p,), whose energy from the
ns spectroscopy is (6.306 + 0.007) eV, is not visible in the photo-
electron spectra due to its low two-photon cross section discussed
earlier. The other two p states (3p, and 3p,) are distinctly visible in
the second Legendre coefficient (see Figure A2 in the Appendix).
For the second 3p state (3p,), we obtain (6.41 & 0.04) eV, which is in
good agreement with the ns 2 + 1 REMPI assignment and also in
accordance with earlier observations.*5°9636485 Eqor the third 3p
state (3p,), we determine (6.50 & 0.05) eV, which is also in agree-
ment with the ns 2 4+ 1 REMPI result of (6.464 4+ 0.007) eV. This is
another confirmation of the 3p state assignment performed on the
ns REMPI spectrum (Figure 3B).

Note that even at wavelengths longer than the two-photon
threshold, photoelectrons whose energies are consistent with
Av =0 ionization from the 3p states are detected, as seen in
Figure 4 and in particular in Figure A2. We suspect that two mech-
anisms can explain these electrons: First, three photons promote
an electron from the HOMO—1 orbital to one of the 3p orbitals.
The HOMO-1 orbital is 1.8eV more bound than the HOMO
orbital.?*" Then, the molecule is in a doubly-excited state of
Rydberg character that has a potential energy surface similar
to that of the excited molecular ion with a hole in the
HOMO-—1 orbital. Another photon can ionize the molecule to this
ionic state without changing its vibrational quantum numbers
(Av = 0 propensity). The other possible mechanism exploits that
off-resonant states are populated transiently during multiphoton
transitions. This transient population vanishes at the end of the
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laser pulse, but the molecule can be ionized with a low probabil-
ity during the laser pulse from the transiently populated 3p
Rydberg states. The energy of the photoelectron will then carry
the energy associated with these states.®”#® Therefore, in both
mechanisms, the ionization step takes place via a Rydberg state,
and Equation (3) can be used to determine the state’s energy.

Above the photoelectron energy of 1.2 eV, we can see three fur-
ther lines of photoelectron signals with a slope of one. These feature
low count rates because the corresponding higher-lying Rydberg
states cannot be reached by two photons at all photon energies.
Therefore, these photoelectrons can be attributed to either 3 + 1
REMPI, including a hole in the HOMO—1 orbital, or to the ionization
of transiently populated states. We find two photoelectron contri-
butions around 1.5 eV which correspond to Rydberg energies of
(6.85+0.06) and (7.04+0.06)eV. Around these and higher
energies, the models predict a vast number of states, which
makes a purely energetic assignment challenging. We there-
fore computed quantum defects 6 = n — \/13.6eV/(l, — Egq)™”
for the previously assigned states and the higher energy values.
The quantum defect is usually similar for different Rydberg states
of one atom or molecule with the same angular momentum /
but different principal quantum numbers n. This behavior has,
for example, been confirmed experimentally for the ketones ace-
tone® and methyl-substituted cyclopentanones.”” Here, we will
use this behavior to select states out of the many that are energeti-
cally possible according to our calculations.

Based on the energy difference to the 3s state, the lower state
with Egyq = (6.85 1 0.06) eV is likely a 3d state but could also be a
4s or 4p Rydberg state. Calculating J for n =4 yields a quantum
defect distinct from those obtained for the 3s and 3p states.
Therefore, we conclude that this state belongs to the 3d manifold.
The corresponding quantum defect is smaller than those for s and
p states, which matches the previously observed trend of
decreasing J with increasing /%°°” Based on the TDDFT energies,
we prefer the assignment as 3d,,. Likewise, we conclude from the
quantum defect calculation that the Rydberg state at 7.04 eV is 3d
as well, where we prefer either 3d,,_,, or 3d,, (see Table 1). In the
CC2 model, the relative energies of these states are about 0.15 eV
smaller, but we still see this as a confirmation, considering the
general tendency of CC2 to underestimate the energy differences
between states.

We observe another weak contribution around 2 eV, which
corresponds to a Rydberg energy of (7.46 + 0.07) eV. By compar-
ing the calculated quantum defect with those of the known
Rydberg states, we prefer an assignment of this state as 4p, with
4p, being the most likely candidate.

Additionally, Figure 4 and A2 contain two lines of photoelec-
tron energies that do not have a slope of one as a function of the
photon energy. First, there is a region of photoelectrons with
energies approaching a line with a slope of three that starts
slightly above the photoelectron energy of 0.5eV. These elec-
trons have a stronger signature in the second-order Legendre
coefficient ¢, (see Figure A2) and correspond to the nonresonant
(NR) three-photon ionization, where the molecule is directly ion-
ized without passing through an intermediate state. In this case,
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electrons should have a low probability for zero angular momen-
tum, which explains the stronger signature in ¢,. The electrons do
not reach the energy of 3hv — I, that is represented in the figure
because of vibrational excitation in the molecular ion. Second, we
observe a line around 3.5 eV photoelectron energy, particularly
pronounced in Figure A2. It has a slope of two, and its photoelec-
tron energies are always one photon energy higher than those
corresponding to the 2+ 1 REMPI process via the 3s Rydberg
states. This implies that this high-energy contribution belongs
to a 242 resonance-enhanced above-threshold ionization
(REATI) through the same state.l*>?3

In Figure 5, we present our single-photon VUV absorption
spectrum of fenchone (green line). Although its relative absorp-
tion increasingly deviates from the FT-VUV spectrum of Singh
et al. (black line),®® resonant structures are reproduced quite well.
The deviation may be due to the ill-defined absolute emission of
the deuterium lamp. As the determination of the absolute mag-
nitude of absorption, however, was not the target of the present
investigation, rather than determining energies of resonances, we
did not perform separate experiments to quantify the incoming
photon flux. We mark the energy values of the 3s and 3p Rydberg
states obtained from the current ns 2 + 1 REMPI spectra with red
vertical lines. These energy values agree with both VUV spectra
and a high-resolution ns REMPI spectrum (cyan line).®®
Furthermore, vertical lines in dark blue mark the energy values
of the 3d and 4p states obtained from the multiphoton photo-
electron spectra, with the errors shaded in grey. The 3d and
4p energies are consistent with the band origins in the single-
photon absorption spectra within the estimated errors (see
Figure 5). Note that VUV absorption spectra feature vibrational
progressions of the Rydberg states and possibly absorption into
non-Rydberg states. The overall shapes of both measured

3! —VUuVv |
—~ ns REMPI
S5 —FTVUV v/
O ANy
© 27 /
2 ’ W\/\\,»
E 1+¢ W/ 1
[ N
(@] Py :Ex
g o —paest H Tl
© e « &

& s |
-1 - - w .
6 6.5 7 7.5

photon energy (eV)

Figure 5. Single-photon VUV absorption spectrum of gas-phase fenchone
measured with a deuterium lamp (green) in comparison with ns 2 + 1
REMPI (cyan)®® and FT VUV (black).®® Note that the absorbance scales are
individually arbitrary for all spectra. Vertical red lines show the state ener-
gies from the ns 24+ 1 REMPI spectra, where the lines are thicker than the
measured uncertainties. Blue vertical lines indicate the state energies from
the multiphoton photoelectron spectra, with the uncertainties shaded in

gray.
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single-photon VUV spectra fit reasonably well with the calculated
oscillator strengths f of the TDDFT model (see Table 1). In Figure 5,
the 3s Rydberg state has a lower signal than the 3p states; the
same is true for the calculated f values. However, the calculated
oscillator strengths of most of the 3d states are weaker than those
of the 3p states, which only partially agrees with the measured
VUV single-photon spectrum.

4.2. Thiofenchone

Figure 6 depicts the ns 2 + 1 REMPI spectrum measured for thi-
ofenchone. The intense peak at 444.9 nm is the onset of the spec-
trum and indicates the threshold for reaching the 4s Rydberg
state. Considering the two-photon character for reaching this res-
onance, we obtain (5.573 £ 0.003) eV as the energy difference
between the 4s electronic state and the electronic ground state.
This compares favorably with the value of 5.55eV, which was
measured at lower resolution in gas-phase UV absorption.’®” In
addition, the measured 4s Rydberg state energy is in good agree-
ment with the energy values obtained from the TDDFT (5.597 eV,
see Table 3) and CC2 (5.492 eV, see Table 4) calculations. The
smaller peaks at higher photon energies in the REMPI spectrum
of Figure 6 are attributed to excited vibrational levels of the 4s
electronic state.

To determine the adiabatic /» and to identify more states, we
measured multiphoton photoelectron spectra for 19 different
central wavelengths ranging from 375 to 411 nm, which is shown
in Figure 7. In analogy to the case of fenchone (Section 4.1), we
identify intense lines with a slope of one as associated with
Rydberg states via 2+ 1 REMPI. The line originating at 0.5 eV
corresponds to the 4s Rydberg state of thiofenchone.
Fit by Equation (3), using the 4s Rydberg energy from ns
REMPI (5.573eV), results in an adiabatic ionization energy
[f° — (8,07 & 0.03) eV which is in close agreement with the
vertical I, of 8.1 eV measured by Sandstrém et al®® and our
TDDFT value of [,=8.15¢eV.

excitation energy (eV)
5.56 5.58 5.60 5.62 5.64 5.66

N\

lowest edge 4s (5.573eV)

° o o =
N o o =}

ion counts (arb.u.)

°©
N

0.0

446 445 444 443 442 441 440 439 438
excitation wavelength (nm)

Figure 6. Nanosecond 2 + 1 REMPI spectrum of thiofenchone covering the

lowest edge of the 4s Rydberg state measured with linearly polarized laser
pulses.
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Table 3. TDDFT results for thiofenchone: vertical electronic singlet excitation energies E,., calculated energies E;,_ shifted such that the 4s energy matches the
measured value, experimental state energies E.,,, two-photon excitation cross sections for linearly (circularly) polarized light oy, (ocird) and oscillator strengths f.
Parentheses mark a tentative assignment; italics in E,. mark states with significant valence character.

TDDFT thiofenchone

Electronic transitions Ecac [eV] Ecac* [eV] Eexp [€V] Giin [107°°cm?s] Ocire [107°°cm* 5] f
n, — m, 2.635 2611 0.0000 0.0000 0.0000
T, — Ty 5517 5.493 0.0102 0.0009 0.2232
n,— 4s 5597 5573 5573 0.0182 0.0273 0.0248
o_y — Ty 5.969 5.945 0.0006 0.0009 0.0145
n, — 4p, 6.068 6.044 5.99 0.0037 0.0056 0.0123
n, — 4p, 6.157 6.133 6.11 0.0075 0.0079 0.0002
n,— 4p, 6.186 6.162 0.0100 0.0020 0.0038
n,— 3dy_ 6.461 6.437 6.46 0.0157 0.0234 0.0012
T, — T, 6.481 6.457 0.0016 0.0022 0.0009
n,— 3d,, 6.648 6.624 6.62 0.0029 0.0034 0.0007
n,— 3d,, 6.666 6.642 0.0947 0.0145 0.0020
Ny, — 3dy) 6.678 6.654 0.0253 0.0114 0.0019
n, — 3d,, 6.725 6.701 0.0071 0.0106 0.0004
n,— 5s 6.771 6.747 0.0021 0.0018 0.0041
[ 6.803 6.779 0.0100 0.0120 0.0139
n,— 5p, 6.893 6.869 0.0004 0.0003 0.0003
n, — 5py 6.909 6.885 0.0007 0.0009 0.0000
n,— 5p, 6.928 6.904 0.0042 0.0013 0.0021
O 4 — Ty 6.949 6.925 0.0063 0.0027 0.0027
ny — 6p, (55.59%), o_3 — 7 (43.9%) 7014 6.990 0.0037 0.0044 0.0012
0_3 — my (54.72%), h, — 6p, (44.61%) 7.022 6.998 0.0023 0.0026 0.0166
n, — 6py 7135 711 0.0011 0.0017 0.0005
n,— 6p, 7.156 7132 0.0080 0.0018 0.0018
n, — 4dy, + p, 7.191 7.167 0.0012 0.0005 0.0056
n,— 4d,,_,, 7.206 7.182 (7.14) 0.0019 0.0015 0.0033
n, — 4d,, 7211 7.187 0.0018 0.0008 0.0017
T, — 65 7.236 7.212 0.0080 0.0105 0.0494

With the knowledge of I, we can use fits by Equation (3) to
the other lines with a slope of one in Figure 7 and A3 to deter-
mine the energies Egyq Of further Rydberg states of thiofenchone.
We attribute the two lines originating near 1eV to 4p states
located at (5.99 £ 0.05) and (6.11 & 0.05) eV, respectively. These
Rydberg states have also been observed by Falk and Steer,’®”
who identified them as 4p, and 4p,, respectively. Further evi-
dence for the assignment of the 4p, state at (5.99 + 0.05) eV is
based on our calculations: While the energy difference to the
4s state from the TDDFT calculation is near the upper limit of
the experimental error, the CC2 model yields a lower energy dif-
ference of 0.334 eV, which is close to the experimentally deter-
mined error range. The state at (6.11 £ 0.05) eV on the other
hand may be attributed to either 4p, or 4p,, which in the
TDDFT calculation have a separation of just 0.03 eV—below
our experimental resolution. Note that the CC2 model identifies
the states as being of mixed (4p, + 4p,) character. The calculated
two-photon excitation cross section from the TDDFT model for
linearly polarized light is smaller for the 4p, state than for the

ChemPhysChem 2025, 26, 2500319 (10 of 26)

4p, and 4p, states, which is in agreement with our observation
of the line strength in Figure 7.

Figure 7 contains two lines originating around 1.5 eV, which
show a threshold behavior near 388 and 380 nm, respectively.
The energies of the corresponding states are determined to
be (6.46 £ 0.06) and (6.62 £ 0.06) eV. Comparison of the energy
separation to the 4s state with the TDDFT calculation (Table 3)
suggests that the (6.46 + 0.06) eV state is the lowest-energy 3d
state, 3d,._.- Considering the tendency of the CC2 model to
underestimate the energy differences of the states, this assign-
ment is supported by the CC2 model, too. Similarly, the TDDFT
calculation suggests that the (6.62 £ 0.06) eV state is 3d,, or/
and 3d,,. Of these, the 3d,, is much more likely to be populated
in two-photon excitation due to the higher cross section.
The assignments of the two states at (6.46+0.06) and
(6.62 £ 0.06) eV as 3d states is supported by the calculated quan-
tum defects, but the assignment of m-states has to be considered
as tentative. The multiphoton photoelectron spectra also show a
weak line originating at around 2.1 eV, which can be attributed to
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Table 4. CC2 results for thiofenchone: vertical electronic singlet excitation either 3 + 1 REMPI, including a hole in the HOMO—1 orbital or to
energies E, calculated energies £, shifted such that the 4s energy the ionization of transiently populated NR states. We obtain
matches the measured value, experimental state energies E.., and (7.14 £ 0.09) eV for this state, which, according to our quantum
oscillator strengths f. Parentheses mark a tentative assignment; italics in i X .
E.,. mark states with significant valence character. defect calculations is most likely a 4d state, but could also be
CC2 thiofenchone a 5p state, WhIC.h are also en?rgetlcally fe.a5|ble. in both models.
FTR— Y, £ vl E v p It was not possible to unambiguously assign this state to a spe-
ectronic transitions calc L€ calc. L€ exp L€ ore .
: i P cific sub-state of the 4d or 5p manifolds.
ny, — @y 2645 2.726 0.0000 In addition to the lines associated with Rydberg states,
n,— 4s 5492 5.573 5.573 0.0129 Figure 7 contains some signal at energies below the 4s
T, — T, 5.624 5.705 02342 Rydberg states. This signal is weak and does not follow a line.
n, — 4p, 5.826 5.907 5.99 0.0226 Similar traces can be seen in the second-order Legendre coeffi-
n, — 4py+ 4p, 5958 6.039 6.11 0.0014 cient (see Figure A3). These photoelectrons could be attributed
n,— 4p, + 4p, 5976 6.057 0.0041 to' the (n'.x — 7,) valence state, which overlaps with the 4s, as we
S 6.081 6.162 00227 will see.ln the next paragraph. . . .
In Figure 8, the Rydberg state energies of thiofenchone dis-
n,— 3dy_ 6.282 6.363 6.46 0.0009 ) )
J cussed above are compared with the measured single-photon
3d,, 6.415 6.496 0.0008 . . .
fy = 20y VUV gas-phase absorption spectrum. Matching absorption peaks
ny = 3y 6:427 6.508 662 0.0027 for the 4s and 4p states are found, while the higher-lying Rydberg
Ny = 3de 6.441 6,522 0.0009 states are difficult to allocate because possible peaks are indis-
ny— 3dy, 6:480 6.561 0.0003 cernible from the noise (see Section 2.4). In addition to peaks
n,—5s 6.574 6.655 0.0051 attributed to Rydberg states, the VUV spectrum exhibits a broad
T, — 6.671 6.752 0.0015 feature starting at 4.6 eV and peaking around 5.2 eV, which is
n,— 5p, 6.761 6.842 0.0039 assigned to the (z, — ;) state, which has valence character.
n, — 5p, 6.786 6.867 0.0003 For this state, both theories yield vertical transition energies,
n,—5p, 6.800 6.881 0.0042 which are significantly higher than. the measured .peak value
Ty — 7 (68.39%), 6.882 6.963 0.0065 (TDDFT: 5.517 eV and CC2..5.624 eV, ie, even 'en.ergetlcallly al?ove
n, — 65 (31.14%) the 4s Rydberg state). This pronounced deviation may indicate
n, — 65 (53.58%), 6.886 6.967 0.0178 that a detailed vibronic simulation of this broad (z, — =}) transi-
73 — 7, (46.%) tion profile would be required to establish the relation between
Ny — 4dy . 6.961 7.042 (7.14) 0.0033 peak maximum and vertical transition energy. Our measured

single-photon absorption spectrum reproduces most of the fea-
tures of the earlier spectrum by Falk and Steer,’®” but extends to
higher energies. A notable difference is a small modulation on

Rydberg states (slope=1)
45 4p 4p/ap 3d 44/

— 3.30 4 : : : : : .
N
— 3.25 % —
E 3851 g 5 3¢ ]
£ 320 3 =
< 390 o e
2 3.15 © .
E 395 2 ~ 2 L 7["<u i
0 310 2 3
£ 405 s c
| @© L i
3.05 3 1
o
slope=3  photoelectron energy (eV) % of . & 5 3 1
x
0.0 0.2 0.4 0.6 0.8 1.0 1 . . "Ll ) )
normalized photoelectron yield 4.5 5 55 6 6.5 7 75 8
Figure 7. Multiphoton photoelectron spectra of thiofenchone. Each row in phOtOI’] energy (eV)
the figure represents a measurement at a different central wavelength. All
measurements used a pulse duration of 0.4 ps and linear polarization. In Figure 8. Single-photon VUV absorption spectrum of gas-phase thiofen-
each row, the signal is normalized to its maximum. Lines indicate linear chone measured with a deuterium lamp. The vertical red line marks the 4s
scaling that can be attributed to different processes: 2 + 1 REMPI through state energy from the ns 2 + 1 REMPI spectra, where the line is thicker
the labeled Rydberg states yields a slope of one, while NR multiphoton than the measured uncertainty. Blue vertical lines indicate the state ener-
ionization is associated with a slope of three. The corresponding second gies from the multiphoton photoelectron spectra, with the uncertainties
Legendre coefficients are presented in Figure A3 in the Appendix. shaded in gray.
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top of the (z, — =;) absorption band around 5.2 eV, which, how-
ever, is attributed to experimental noise. In general, the oscillator
strengths f calculated with TDDFT (see Table 3) for the (z, — #}),
4s, and 4p states are reproduced in the general shape of the UV
spectrum, but the model does not find a single state with large f
that agrees with the strong increase in absorbance above 6.8 eV.
This increase is likely due to the multitude of states in this energy
region. At least the 4d state identified from the multiphoton pho-
toelectron spectra is located there.

4.3. Selenofenchone

Figure 9 shows a well-resolved ns 2 + 1 REMPI spectrum of sele-
nofenchone. The intense peak at 467.5 nm is the onset of the
spectrum and indicates the threshold for reaching the 5s
Rydberg state. Considering the two-photon character for reach-
ing this resonance, we obtain (5.304 4 0.003) eV as the energy
difference between the 5s Rydberg state and the electronic
ground state, which agrees with the calculated TDDFT
(Table 5) and CC2 energy values (Table 6). The smaller peaks
at higher photon energies in the REMPI spectrum of Figure 9
are attributed to excited vibrational levels of the 5s electronic
state. The 5s state assigned here could be related to an absorp-
tion feature that has previously been observed in different sol-
vents between 5.51 and 5.66 eV .85

To determine the adiabatic /» and to identify more states, we
measured multiphoton photoelectron spectra for 19 different
central wavelengths ranging from 375 to 411 nm, which is shown
in Figure 10. In analogy to the case of fenchone (Section 4.1), we
identify lines with a slope of one as associated with Rydberg
states via 2 + 1 REMPI. The line originating at 0.5 eV corresponds
to the 5s Rydberg state of selenofenchone. Fit by Equation (3),
using the 5s Rydberg energy from ns REMPI (Eg,q =5.304 eV)
results in an adiabatic ionization energy /5" = (7.81 & 0.03) eV
which is in close agreement with the vertical I, of 7.898 eV deter-
mined by the TDDFT calculation.

excitation energy (eV)
529 530 531 532 533 534 535

1.0

)
o
™

0.6 lowest edge 5s (5.304 eV)

0.4

ion counts (arb.u.

0.2

0.0

468 467 466 465 464 463
excitation wavelength (nm)

Figure 9. Nanosecond 2 + 1 REMPI spectrum of selenofenchone covering
the lowest edge of the 5s Rydberg state measured with linearly polarized
laser pulses.
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With the knowledge of Ip, we can use fits by Equation (3) to
the other lines with a slope of one in Figure 10 and A4 to deter-
mine the energies Eryq Of further Rydberg states of selenofen-
chone. We attribute the line originating around 1eV to a 5p
state and obtain its energy (5.91 + 0.05) eV. Around this energy,
the TDDFT calculations (see Table 5) yield 5p, and 5p, states with
an energy separation of just 0.05 eV, below our experimental res-
olution. We could not observe the lower-lying 5p, state in our
multiphoton photoelectron spectra, which is in line with the sig-
nificantly lower linear TPA cross section in the TDDFT calculations.
The CC2 model also predicts a small energy separation between
the 5p, and the 5p, states, but all 5p Rydberg states are =0.1 eV
lower than the TDDFT values and the measured energy (see
Table 6).

Figure 10 contains two lines originating around 1.3 and 1.6 eV,
which show a threshold behavior near 388 and 379 nm, respec-
tively. Fit of the lower-lying state by Equation (3) results in an
energy of (6.16 & 0.06) eV, which matches the 4d,,_,, state in
the TDDFT calculation (Table 5). The energy determined by the
CC2 model is about 0.15 eV lower than in the experiment, match-
ing the general trend observed above (Table 6). For the higher-
lying state, we obtained the energy of (6.39 & 0.06) eV. At this
energy, the TDDFT model calculates the 4d,,,,, and 4d,,_,, states,
which again have a slightly lower energy in the CC2 calculation.
The assignments of the states at (6.16 4 0.06) and (6.39 + 0.06) eV
as 4d states are supported by our quantum defect calculations,
but the assignment of m-levels has to be considered as tentative.
Beyond 2 eV, the photoelectron spectra show only weak and fea-
tureless contributions, which we are unable to identify.

Aside from the Rydberg states following the Av =0 propen-
sity rule, Figure 10 features a photoelectron signal below the 5s
Rydberg state (<0.5 eV). This feature is very prominent in the map
of the second-order Legendre coefficient Figure A4. It does not
show a linear dependence on photon energy, which implies that
its origin is neither NR multiphoton ionization nor REMPI through
a Rydberg state. Instead, we suspect a REMPI process via an inter-
mediate (7, — 7};) valence-excited state, which is predicted by
both our calculations and observed in our single-photon VUV
absorption spectrum described below (Figure 11). Interestingly,
while the (z, — =) state is seen in the UV absorption spectrum of
thiofenchone (see Figure 8) and should also exist for fenchone,
ionization via this state is not observed in the multiphoton
photoelectron spectra of these two molecules.

In Figure 11, the determined Rydberg state energies are com-
pared with the measured single-photon VUV gas-phase absorp-
tion spectrum of selenofenchone. The broad feature starting
around 3.9eV and peaking around 4.6 eV can be assigned to
the valence-excited 7z, — 7, state that previously has been
reported to display an absorption maximum at similar photon
energies in various solvents.”®®! As in the case of thiofenchone,
the vertical transition energies obtained from the calculations
(TDDFT: 4.866 eV and CC2: 5.042 eV, see Table 5 and 6) overesti-
mate the peak value around 4.6 eV. The narrow peak at about
5.3 eV matches the 5s Rydberg state. Above this energy, there
are no clear peaks in the spectrum. However, the absorption
gradually increases from about 5.8 eV. The previously assigned
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85U801 SUOWLIOD AITeID) 8|qeoljdde 8y} Aq peusencb 8. 9o VO ‘88N JO S9N 10} AeIq1T 8UIUQ AB]1M UO (SUONIPUOD-PUR-SLLIBI WD A8 | ARe.q 1 jBulU0//:SANY) SUORIPUOD pue Swie | 8y} 88S *[6Z0z/2T/S0] Uo Akeidiauljuo /8|1 ‘6TE00620Z Udo/Z00T 0T/10p/woo" A3 1M Aeiq 1 puljuo-adoune-Alis iweyoy//sdny woij pepeojumod ‘ez ‘F0z ‘Tr9.6ErT


http://doi.org/10.1002/cphc.202500319

Chemistry
Europe

European Chemical

Research Article

ChemPhysChem doi.org/10.1002/cphc.202500319 Societies Publishing
Table 5. TDDFT results for selenofenchone: vertical electronic singlet excitation energies E,, calculated energies E;, . shifted such that the 5s energy matches
the measured value, experimental state energies E.,, two-photon excitation cross sections for linearly (circularly) polarized light gy, (ocirc) and oscillator
strengths f. Parentheses mark a tentative assignment; italics in E,. mark states with significant valence character.

TDDFT selenofenchone

Electronic transitions Ecac [eV] Eic* [eV] Eexp [eV] Giin [107°°cm* 5] Ocire [107°° cm* 5] f
n, — m, 2.298 2312 0.0000 0.0000 0.0000
T, — Ty 4.866 4.880 0.0082 0.0003 0.2391
n,—5s 5.290 5.304 5.304 0.0235 0.0352 0.0394
o, — Ty 5.445 5.459 0.0008 0.0011 0.0057
n,— 5p, 5.699 5713 0.0062 0.0093 0.0036
n, — 5py 5.896 5.910 591 0.0172 0.0171 0.0003
n,— 5p, 5.925 5.939 0.0404 0.0097 0.0051
7, — 7y (84.42%), n, — 4d (15.05%) 6.149 6.163 0.0021 0.0029 0.0005
ny— 4dy_, 6.162 6.176 6.16 0.0077 0.0114 0.0030
n, — 4dy,, 6.348 6.362 0.0055 0.0071 0.0035
n, — 4d,,., 6.382 6.396 6.39 0.0773 0.0145 0.0052
n,—4d,,_,, 6.391 6.405 0.0511 0.0146 0.0061
n, — 4d,, 6.442 6.456 0.0087 0.0130 0.0004
n,— 6s 6.487 6.501 0.0011 0.0008 0.0060
o_3 — T, 6.536 6.55 0.0159 0.0158 0.0130
n, — 6p, 6.555 6.569 0.0021 0.0030 0.0019
n, — 6py 6.623 6.637 0.0017 0.0020 0.0000
03—y 6.635 6.649 0.0087 0.0035 0.0000
n,— 6p, 6.642 6.656 0.0062 0.0025 0.0014
T, — 65 (77.7%), ny— 4f,,, + 7p, (19.41%) 6.695 6.709 0.0086 0.0122 0.0468
n, — 4f,,, +7p, (79.64%), =, — 75 (19.82%) 6.699 6.713 0.0037 0.0055 0.0148
O_4 — Ty 6.747 6.761 0.0124 0.0132 0.0202
1y — 5deg + oz 6.799 6.813 0.0052 0.0077 0.0011
Ny — Af) + 5di0 6.834 6.848 0.0016 0.0023 0.0081
Ny — 7Puy + 4y 30) 6.848 6.862 0.0032 0.0038 0.0019
n, — 6d,, 6.862 6.876 0.0122 0.0035 0.0010
n, — 6d,, 6.875 6.889 0.0064 0.0061 0.0048
n,— 6d,,_,, 6.886 6.900 0.0002 0.0002 0.0025
n, — 6dy, 6.895 6.909 0.0035 0.0012 0.0002
n, — 6d,, 6.926 6.940 0.0037 0.0054 0.0032

5p and 4d states are in this region of increasing absorption, for
which our calculations predict the contributions of multiple
states.

4.4. Scaling of Excited State Energies in
Chalcogenofenchones

We inspect general trends in the measured and calculated
excited state energies of chalcogenofenchones. Table 7 and
Figure 12 summarize the measured Rydberg state energies
and ionization energies in fenchone, thiofenchone, and seleno-
fenchone. For all three molecules, we could assign at least one
nmin | Rydberg state for each angular momentum quantum num-
ber I={0, 1, 2}. Here, n, is the minimum accessible principal
quantum number for each molecule and angular momentum.

ChemPhysChem 2025, 26, 2500319 (13 of 26)

We see a general trend of bathochromic (red) shifts: The state
energies decrease with increasing atomic number of the
chalcogen.

The bathochromic shifts are slightly different depending
on the angular momentum of the Rydberg states. For the
Nmin S states, the shift from fenchone to selenofenchone is
0.65 eV, while it is only 0.49eV for the n., p, states. For the
Nnmin d states, direct comparison is difficult because equivalent
orbitals were only found for thiofenchone and selenofen-
chone. But here for the N, dw_., we get a difference of
0.3 eV, which is larger than the shifts between thiofenchone
and selenofenchone for the s and p states. In addition, the
difference between the ionization energies of fenchone and
selenofenchone is 0.67 eV, comparable to the shift of the s
Rydberg states.

© 2025 The Author(s). ChemPhysChem published by Wiley-VCH GmbH
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Table 6. CC2 results for selenofenchone: vertical electronic singlet
excitation energies E., ., calculated energies E.,. shifted such that the 5s
energy matches the measured value, experimental state energies E.,
and oscillator strengths f. Parentheses mark a tentative assignment;
italics in E,,. mark states with significant valence character.

calc

CC2 selenofenchone

Electronic transitions Ec.ic [eV] Ecac* [eV] Eexp [eV] f

n, — m, 2.228 2.276 0.0000
T, — Ty 5.042 5.090 0.2578
n,—5s 5.256 5.304 5.304 0.0268
n,— 5p, 5.569 5617 0.0167
o, — Ty 5.621 5.669 0.0139
n, — 5py 5.756 5.804 591 0.0002
n,— 5p, 5777 5.825 0.0029
n, — 4dy_,, 6.006 6.054 6.16 0.0006
n,— 4d,, 6.195 6.243 0.0035
n,— 4d,, 6.203 6.251 0.0013
n,— 4d,, 6.231 6.279 6.39 0.0017
n,—4d,, ,, 6.264 6312 0.0012
n, — 6s 6.356 6.404 0.0093
T, — T, 6.373 6.421 0.0017
n,— 6p, 6.497 6.545 0.0006
n, — 6py 6.575 6.623 0.0001
n,— 6p, 6.595 6.643 0.0029
ny— 4f, + Py 6.616 6.664 0.0016
T3 — T, 6.633 6.681 0.0234
o, — Ty 6.708 6.756 0.0004

Rydberg states (slope=1)
(n-m) Ss 5;;/51; 4d NR (slope=3)

)

375 = T 3.30
A380 : : 3255
E 385 CJ
£ 3.20 3
< 390 S
£ 395 315 5
- =
9 400 310 S
© o
= 405 3056

410 I | Yy .

05 10 15 20 25 30 35 40
photoelectron energy (eV)
0.0 0.2 0.4 06 0.8 1.0

normalized photoelectron yield

Figure 10. Multiphoton photoelectron spectra of selenofenchone. Each
row in the figure represents a measurement at a different central wave-
length. All measurements used a pulse duration of 0.4 ps and linear
polarization. In each row, the signal is normalized to its maximum. Lines
indicate linear scaling that can be attributed to different processes:

2 4+ 1 REMPI through the labeled Rydberg states yields a slope of one,
while NR multiphoton ionization is associated with a slope of three. The
corresponding second-order Legendre coefficients are presented in
Figure A4 in the Appendix.
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Figure 11. Single-photon VUV absorption spectrum of gas-phase seleno-
fenchone measured with a deuterium lamp. The vertical red line shows the
5s Rydberg state from ns 2+ 1 REMPI spectrum where the energy uncer-
tainty is smaller than the width of the line. Vertical blue lines indicate other
Rydberg states from multiphoton photoelectron spectra, with their uncer-
tainties shaded in grey.

Table 7. Experimentally determined electronic state energies E.., and
ionization energies Ip from spectroscopic experiments and the TDDFT
assignments of electronic states for fenchone, thiofenchone, and
selenofenchone. Parentheses mark a tentative assignment.

Fenchone Thiofenchone Selenofenchone
Electronic Eexp Electronic Eexp Electronic Eexp
states [eV] states [eV] states [eV]
3s 5.954 4s 5.573 5s 5.304
3p, 6306 ap, 5.99
3p, 6.396 4,,/4,, 6.11 5px/5py 591
3p, 6.464
3d,, 6.85 3d_ 22 6.46 4dy 5, 6.16
3d,, ./3d,, 7.04 3d,,/3d,, 6.62 4d,, + xy/ 6.39

4defyz
4p, 7.46 4d 7.14
Ip 848 Ip 8.07 Ip 7.81

The trend of /-dependent bathochromic shifts is well-
reproduced by both calculations when considering the shifted
energy values E’, .. Angular-momentum-dependent shifts are
expected due to the contributions of the molecular core
to the Rydberg-like state. The electron NTOs depicted in
Figure 13 for the lowest energy s, p, d-like states in selenofen-
chone illustrate this influence, showing regions of different phase
of the orbital close to the nuclei and following the shape of the
molecule instead of being purely hydrogen-like. Additionally, the
figure shows that the 4d,,_,, orbital of selenofenchone has a sig-
nificant admixture of an s-function, which would further increase
the influence of the structure of the molecular system due to the
increased probability of the electron being in the core region.

For the experimentally identified Rydberg states, the shifting
energies as a function of chemical substitution are reproduced by
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Figure 12. Experimentally determined Rydberg state energies and ioniza-
tion energies Ip of fenchone (O), thiofenchone (S), and selenofenchone (Se).
The line colors refer to the angular momentum of the Rydberg state (blue:
1=0, yellow: [ =1, red: | =2).

our theoretical models. However, they can give a broader over-
view, as demonstrated in Figure 14, which includes tellurofen-
chone and polonofenchone that were unavailable for the
experiment. For these two molecules, the bathochromic shifts

ry/pm

continue. In addition, Figure 14 displays that valence-excited
states shift much stronger than Rydberg states.

Figure 14 also helps to compare the two models: For fen-
chone, the Rydberg-like excitations (nonblack in the figure) are
strongly reduced in energy in CC2 compared to TDDFT. This is
a known failure of the CC2 approximation, which has been shown
to give less accurate results for Rydberg-like excitations in small
molecules,”® including calculations for low-/ excitations in fen-
chone.®>®* While the n, — x; valence excitation energies (not
shown in the Figure but cf. Figure A5 and Table 1-6 and
A1-A4) are similar in both models for all chalcogenofenchones,
a different trend can be observed for the valence excitations from
energetically lower-lying occupied states: While the energy differ-
ences between the methods decrease with increasing chalcogen
atomic number for the Rydberg-like states, this difference
increases for the valence-excitations not stemming from n,
(see Figure A5 in the Appendix for a comparison to calculations
on the CCSD level for O, S, and Se).

The failure of CC2 for the Rydberg-like states can be attrib-
uted to the approximations involved.”” TDDFT, on the other
hand, should generally only be used for low-lying valence
states,”” so a larger difference between the methods for
higher-energy valence states, which we observe in Figure A5,
is not unexpected. However, the fact that the energy differences
between the methods for the Rydberg states decrease and
increase for the valence states for the chalcogenofenchone series
shows that further benchmarking of the quality of the methods
needs to include heavier systems.

When comparing the performance of the two models to the
experiment, we observe that the TDDFT and CC2 reproduce the
energy differences between Rydberg states with a similar quality
depending on the specific selection of relative states, especially
for thiofenchone and selenofenchone.

ry/pm

Figure 13. Example electron NTOs for selenofenchone with 5s-, 5p,-, and 4d,,_,,-character, i.e,, for the lowest energy excitations of each given /, showing
the influence of the core region on the Rydberg-like NTO. For each NTO, 3 nested isosurfaces are shown, with contour values scaling as 2/(10 x 9"~") for

the n-th surface and an opacity scaling of 6/(10 x 3"7").
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Figure 14. Energetic levels of excitations in the chalcogenofenchones from O to Po with symbolic indication of /, m quantum-number related characteris-
tics of the Rydberg-like NTOs. TDDFT-level results are compared to those at CC2 level, with lines connecting states with equivalent characteristics. The

colors and symbols are explained in the legend on the top right.

5. Femtosecond REMPI-PECD of
Chalcogenofenchones

In Figure 15-17, we present experimental femtosecond 2 + 1
REMPI-PECD results for both enantiomers of fenchone, thiofen-
chone, and selenofenchone. All data was obtained at a central
wavelength of 376 nm, i.e., very close to the upper end of the
multiphoton photoelectron and second-order Legendre coeffi-
cient maps presented above. The fully compressed, 25 fs duration

ChemPhysChem 2025, 26, 2500319 (16 of 26)

laser pulses minimize the potential influence of molecular
dynamics, such as internal conversion and vibration, during
the REMPI-PECD process.*® The intensity was estimated to
3x 10" Wcem~2 for all measurements. In each figure, the results
in column (A) were obtained with the (5)-(+) enantiomer, while
the results in column (B) were obtained with the (R)-(—) enantio-
mer. In the upper row of each figure, panels (A1) and (B1) show
the antisymmetrized PECD images with a horizontal laser propa-
gation direction from left to right. The upper half of each PECD
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Figure 15. Femtosecond 2 + 1 REMPI-PECD of fenchone enantiomers at a central wavelength of 376 nm. In the upper row, A1,B1) show the antisymme-
trized PECD images where the laser pulses propagate from left to right. The upper half of each PECD image is raw, and the lower half is Abel inverted. In
the lower row, A2,B2) show the total photoelectron signal ¢, in the upper panels in black (for comparison, the corresponding ps photoelectron spectrum
from Figure 4 in purple) and the measured LPECD values as a function of photoelectron energy in the lower panels. For the LPECD, statistical errors are
shown; the uncertainties in the photoelectron spectra are much smaller. Vertical lines indicate the photoelectron energies corresponding to the Rydberg
states that were identified in Section 4.1. Corresponding odd-order Legendre coefficients are presented in Figure A6 in the Appendix.

image results from the subtraction of raw photoelectron images
for left and right circularly polarized light, while the lower half
results from the Abel-inverted photoelectron momentum distri-
butions. In the lower row of each figure, panels (A2) and (B2)
show the total photoelectron signal represented by the
Legendre coefficient ¢, as a function of photoelectron energy
in black (upper half). In both panels, summed ¢, spectra of left
and right circularly polarized light are presented. In the lower half
of the lower row, measured LPECD values are plotted as a func-
tion of photoelectron energy. These graphs are obtained from the
odd-order Legendre coefficients of the Abel inversion according
to LPECD. Vertical lines indicate the photoelectron energies asso-
ciated with the respective resonant Rydberg states identified in
Section 4. The direct connection between the PECD images in the
upper rows and the LPECD spectra in the lower rows should be
noted: Peaks in the latter appear as rings in the former.

First, we compare the photoelectron spectra, measured with
25fs duration laser pulses with circular polarization, with the

ChemPhysChem 2025, 26, 2500319 (17 of 26)

respective multiphoton photoelectron spectra obtained for line-
arly polarized pulses with 0.4 ps duration, at a central wavelength
of 375 nm, as contained in Figure 4, 7, and 10. Therefore, these
spectra are reproduced as purple lines in panels (A2) and (B2) of
Figure 15-17. For fenchone (Figure 15), the signal associated with
the 3p, and 3p; states is about five times more intense than the 3s
signal in the femtosecond PES, while the 3p,/3p, signal is about
half of the 3s state signal in the picosecond PES. This behavior in
fenchone has been observed in a recent study of the dependence
of PECD on the pulse duration.®™ The reason for this observation
is a decay of the 3p states to the 3s state with a lifetime of around
100 fs. Hence, the relative yield of resonant ionization via the 3s
state is strongly increased for the long pulses compared to the
short pulses, which is what we observe here, too. For the same
reason, our observation for 25 fs pulse duration features a two
times stronger relative contribution of 3p,/3p, as compared to
Kastner et al.®® where the pulse duration was around 55 fs for
the same wavelength.
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Figure 16. Femtosecond 2 + 1 REMPI-PECD of thiofenchone enantiomers at a central wavelength of 376 nm. In the upper row, A1,B1) show the
antisymmetrized PECD images where the laser pulses propagate from left to right. The upper half of each PECD image is raw, and the lower half is
Abel inverted. In the lower row, A2,B2) show the photoelectron signal ¢, in the upper panels in black (for comparison, the corresponding ps photoelec-
tron spectrum from Figure 7 in purple) and the measured LPECD values as a function of photoelectron energy in the lower panels. For the LPECD,
statistical errors are shown; the uncertainties in the photoelectron spectra are much smaller. Vertical lines indicate the photoelectron energies corre-
sponding to the Rydberg states that were identified in Section 4.2. Corresponding odd-order Legendre coefficients are presented in Figure A7 in the

Appendix.

For thiofenchone (Figure 16), the ratio of the signal associated
with 4p over 3d is about 1:2 in the picosecond photoelectron
spectrum, while it is about 1:5 in the femtosecond photoelectron
spectra. We conclude that the lifetime of the 3d states is signifi-
cantly shorter than the lifetime of the 4p states for thiofenchone.
The 4s state, due to its presumably long lifetime, is visible in the
picosecond photoelectron spectra but not in the femtosecond
data of Figure 16. For selenofenchone (Figure 17), we observe
a relative intensity of the 5s/5p/4d signals of 2:3:5 for the picosec-
ond data and 2:1:6 for the femtosecond data. The almost constant
ratio between 5s and 4d implies that either both of their lifetimes
are significantly longer than the 0.4 ps pulse duration or that they
are both similar. The fact that the relative 5p yield is significantly
higher for picosecond as compared to femtosecond pulses
suggests, however, that 5s and 4d decay faster than 5p, on a time-
scale shorter than the 0.4 ps pulse duration.

ChemPhysChem 2025, 26, 2500319 (18 of 26)

Next, we note that the angle-integrated LPECD values in pan-
els (A2) and (B2) of Figure 15-17 depend on the photoelectron
energy and feature both positive and negative signs for all enan-
tiomers and molecules. In some cases, there is a pronounced
LPECD effect in the wings of the peaks in the photoelectron spec-
trum, where the photoelectron yield is already very small, for
example, the large LPECD in fenchone associated with the 3s
state that peaks at an =0.1 eV lower energy than the correspond-
ing photoelectron signal (see Figure 15A2,B2).

Apart from the different ratio between the 3p and 3s signals,
both our photoelectron and PECD results for fenchone are in
good agreement with the earlier work of Kastner et al.®*® The
strongest LPECD value at =+15% is observed for the 3s state,
while there is a weak LPECD signal of the same sign in the 3p,
region. At photoelectron energies closest to the 3p, state, the
LPECD peaks at = ¥7% with the opposite sign. We cannot
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Figure 17. Femtosecond 2 + 1 REMPI-PECD results of selenofenchone at a central wavelength of 376 nm. In the upper row, A1,B1) show the antisym-
metrized PECD images where the laser pulses propagate from left to right. The upper half of each PECD image is raw, and the lower half is Abel
inverted. In the lower row, A2,B2) show the photoelectron signal ¢, in the upper panels in black (for comparison, the corresponding ps photoelectron
spectrum from Figure 10 in purple) and the measured LPECD values as a function of photoelectron energy in the lower panels. For the LPECD, statis-
tical errors are shown; the uncertainties in the photoelectron spectra are much smaller. Vertical lines indicate the photoelectron energies correspond-
ing to the Rydberg states that were identified in Section 4.3. Corresponding odd-order Legendre coefficients are presented in Figure A8 in the

Appendix.

exclude that the 3p, state contributes to this LPECD peak as well.
We can, however, see in panels (A1) and (B1) of Figure 15 that the
two PECD contributions in the 3p region feature not only different
signs in their LPECD but also different angular distributions: While
the PECD for the 3p, and 3p, states has most of its signal at small
angles with the light's k-vector, the relative contribution at larger
angles is higher for the 3p, state. However, this effect is not
reflected in the spectra of the odd-order Legendre coefficients
¢; and ¢z that are presented in Figure A6. In most cases, the
LPECD of fenchone is dominated by the c; signal while the ¢;
is weak and noisy.

For thiofenchone, panels (A2) and (B2) of Figure 16 show that
the strongest PECD contributions are at photoelectron energies
associated with the 3d states. For the (S)-(4)-enantiomer, the
3d,,_,, exhibits a positive LPECD peaking around 5% while the
LPECD goes to =—4% in the photoelectron energy range

ChemPhysChem 2025, 26, 2500319 (19 of 26)

associated with the 3d,, or 3d,, state. For the (R)-(—)-enantiomer,
the signs of these PECD contributions are inverted, as can be seen
in panels (B1) and (B2) of Figure 16. In addition, Figure 15A1
shows remarkably different angular distribution in the 3d states:
The energetically lower 3d,,_,, state mainly exhibits PECD signal
close to the propagation direction of the light. In contrast, the
3d,, or 3d,, state mostly contributes at perpendicular angles.
This difference is reflected in the spectra of the odd-order
Legendre coefficients presented in Figure A7 in the Appendix:
for the 3d,,_,, state, ¢; and ¢; have the same sign and magnitude,
while ¢; almost vanishes around the 3d,, and 3d,, states, but has a
tendency to be opposite in sign to ¢;. Only a very noisy LPECD
signal can be observed in the energy range associated with the
4p states.

In selenofenchone, both the 5s state and the 4d states exhibit
significant PECD. For the (S)-(+)-enantiomer (Figure 17A2), we
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observe an LPECD around —5% at the maximum of the 5s pho-
toelectron peak and even higher LPECD values at the wings of the
peak. Because of the similar redshifts in the lowest s Rydberg
state energies and the ionization energies, 3s REMPI electrons
in fenchone have almost the same energy as 5s REMPI electrons
in selenofenchone. Nonetheless, the associated 5s LPECD in sele-
nofenchone of 5% is lower than the 15% of the fenchone 3s state.

In the region of the 4d Rydberg states, the LPECD of seleno-
fenchone features a sign change. For (S)-(+)-selenofenchone, the
sign changes from — to + while it changes from + to — in (5)-(+)-
thiofenchone. A similar difference is found in the angular distri-
bution of the PECD: In (S)-(+)-selenofenchone, the lower-energy
part has more signal perpendicular to the light's k-vector and the
higher-energy part is mainly parallel with the light propagation.
These differences are not reflected in the spectra of the odd-order
Legendre coefficients displayed in Figure A8 in the Appendix. In
most cases, the LPECD of selenofenchone is dominated by the c,
signal while the ¢; is weak and noisy. The reasons for these differ-
ences are unknown and call for further investigations. We should
also note that only the negative LPECD peak of (5)-(+)-selenofen-
chone coincides with energies where 4d states have been iden-
tified by our spectroscopic experiments, namely the 4d,,_ .,
4d,, ,, and 4d,,_,, For the positive LPECD peak, other
Rydberg states, such as 6s or 6p, could contribute (cf.
Table 5). This demonstrates that the differential detection of
PECD can be more sensitive to weakly excited states than spec-
troscopy. For (R)-(—)-selenofenchone, the PECD behaves in the
same way, but with opposite signs (see panels (A2) and (B2)
of Figure 17).

6. Conclusion and Outlook

With our combination of spectroscopic techniques, we studied
the excited states of fenchone, thiofenchone, and selenofen-
chone. Gas-phase spectroscopy was performed for the first time
on the latter molecule, identifying one valence-excited and four
Rydberg states as well as determining the ionization energy.
Other identified states that have not been assigned previously
are some 3d and 4d Rydberg states of thiofenchone and a 4p
Rydberg state of fenchone. In addition, we improved the
resolution in determining the energies of the 4s Rydberg state
in thiofenchone and the 3p Rydberg states in fenchone.

The TDDFT and CC2 calculations supported the state
assignment of fenchone, thiofenchone, and selenofenchone.
In addition, we have «calculated the -electronic states of
tellurofenchone and polonofenchone. With the increasing atomic
number of the chalcogen, we observed different bathochromic
shifts in the energies of the electronic states and the ionization
energies. The valence-excited (i.e., non-Rydberg) states showed
a stronger bathochromic shift than the Rydberg states, where
the amount of shift also depends on the angular momentum
quantum number (/).

ChemPhysChem 2025, 26, 2500319 (20 of 26)

Supplementing the spectroscopic data, we have measured
2+ 1 REMPI-PECD using near-ultraviolet 25fs duration laser
pulses with a central wavelength of 376 nm on fenchone, thiofen-
chone, and selenofenchone. For all molecules, we could identify
the Rydberg states that contribute to the observed PECD signa-
ture. The strongest PECD signal in fenchone is attributed to the 3s
Rydberg state. For thiofenchone, the PECD signal is observed only
from 3d states, and both 5s and 4d Rydberg states dominated the
REMPI-PECD of selenofenchone.

We believe this extensive work will pave the way for further
gas-phase chiral studies and especially coherent control experi-
ments on the series of chalcogenofenchones using a wider choice
of light sources extending toward the visible spectral region.

Appendix

A1. Mass Spectra of Chalcogenofenchones

Figure A1 displays the mass spectra of fenchone, thiofenchone,
and selenofenchone using linearly polarized femtosecond laser
pulses with a central wavelength of 376 nm. Pulses with the same
parameters but circular polarization were used to measure PECD.
We observe that the parent ion was dominant for all the mole-
cules. Only for fenchone, a significant amount of mass signals
associated with known fragments®®* was found.
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Figure A1. Mass spectra of fenchone, thiofenchone, and selenofen-
chone measured with linearly polarized 25 fs laser pulses centered
around 376 nm. The pulse energy was around 3 pJ at a repetition rate
of 3 kHz.
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A2. Second-Order Legendre Coefficients from
Multiphoton Photoelectron Spectroscopy

We show the second-order Legendre coefficient ¢, spectra
obtained from multiphoton photoelectron spectroscopy for
fenchone (Figure A2), thiofenchone (Figure A3), and selenofen-
chone (Figure A4). In all the second-order Legendre coefficient
spectra, each wavelength measurement is normalized by the
respective photoelectron spectrum co.

Rydberg states (slope=1)
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Figure A2. Ratio of second-order Legendre coefficient ¢, to the total signal
¢, for the wavelength-dependent multiphoton photoelectron spectra of
fenchone presented in Figure 4.
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Figure A3. Ratio of second-order Legendre coefficient ¢, to the total signal

¢, for the wavelength-dependent multiphoton photoelectron spectra of
thiofenchone presented in Figure 7.
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Rydberg states (slope=1)
r
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o

NR (slope=3)
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:
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photoelectron energy (eV)
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Figure A4. Ratio of second-order Legendre coefficient ¢, to the total signal
¢, for the wavelength-dependent multiphoton photoelectron spectra of
selenofenchone presented in Figure 10.

E,/eV

By/oV

42r TDDFT CC2 CCSD

- 22r
TDDFT CC2 CCSD

TDDFT CC2 CCSD

O S Se

Figure A5. Relative energetic levels of excitations in the chalcogenofenchones
from O to Se with symbolic indication of /, m quantum-number related char-
acteristics of the Rydberg-like NTOs. TDDFT-and CC2-level results are com-
pared to those at CCSD level, with lines connecting states with equivalent
characteristics. The colors and symbols are explained in the legend in the top
right of Figure 14. The cut in the energy axes removes 1.2 eV, which is the
same in all three plots.
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Table A1. TDDFT results for tellurofenchone: vertical electronic singlet excitation energies E, two-photon excitation cross sections for linearly (circularly)
polarized light g, (o) and oscillator strengths f. Parentheses mark a tentative assignment.

TDDFT tellurofenchone

Electronic transitions Ecac [eV] Giin [107°°cm*s] Ocire [107°°cm* 5] f

n, — m 1.823 0.0000 0.0000 0.0000
T, — Ty 3.996 0.0067 0.0001 0.2328
n, — 6p, (59.07%), o_, — my (40.49%) 4.738 0.0169 0.0251 0.0147
n, — 6s 4.936 0.0064 0.0095 0.0362
n, — 6py 5.491 0.0386 0.0402 0.0004
n,— 6p, 5518 0.1329 0.0320 0.0085
n, — 6p,+ 5d,, 5.652 0.0009 0.0013 0.0094
O_4 — Ty 5.785 0.0020 0.0015 0.0005
n, — 5dyy_,, 5.857 0.0267 0.0397 0.0174
n, — 5d,, (84.09%), =, — 7p, (15.51%) 5.905 0.0260 0.0357 0.0123
n,— 5d,, 5.933 0.1477 0.0242 0.0202
7, — 7p,(+s) (81.5%), n, — 5d,,., (18.16%) 5.977 0.0253 0.0378 0.0122
n,— 5d,, 5.980 0.0073 0.0109 0.0027
ny,— 5d,, 5.990 0.0108 0.0154 0.0009

CC2 tellurofenchone

Table A2. CC2 results for tellurofenchone: vertical electronic singlet
excitation energies E.,, and oscillator strengths f.

Table A3. TDDFT results for polonofenchone: vertical electronic singlet
excitation energies E,., two-photon excitation cross sections for linearly

(circularly) polarized light gy, (0circ) and oscillator strengths f.

TDDFT polonofenchone

Electronic transitions E..ic [eV] f

n, — m, 1.680 0.0000
T, — Ty 4.282 0.2437
n,— 6s +6p, 4.867 0.0412
n, — 6p, -+ 6s 4911 0.0070
o, — T, 5.010 0.0059
n, — 6p, 5413 0.0003
n,— 6p, 5.436 0.0050
n, — 6p,+ 5d,, 5473 0.0110
Ny — 50y, 5.791 0.0135
n, — 5d,, 5.826 0.0147
ny, — 5d,, 5.859 0.0083
n, — 5d,, 5.893 0.0023
n,— 5d,, 5.920 0.0086
T, — 7, 6.017 0.0005
n,—17s 6.044 0.0063
T, — 65 6.189 0.0791
n, — 7p, 6.216 0.0011
n,—7p, 6.239 0.0062
n,—7p, 6.246 0.0033
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Electronic transitions Ecaic Olin Ocirc f
[eV] [10°cm®*s] [107°cm?*s]
n, — m, 1.674 0.0001 0.0001 0.0000
T, — Ty 3.640 0.0066 0.0000 0.2097
n,—7p, 4.179 0.0260 0.0391 0.0236
0_, — Ty 4457 0.0016 0.0020 0.0009
n,—7s 4.700 0.0076 0.0114 0.0407
n, — 7py 5.251 0.0579 0.0687 0.0003
T, — 7p, 5.264 0.0406 0.0578 0.0147
n,—7p, 5.280 0.2229 0.0580 0.0089
n,— 7p,+6d,, 5420 0.0039 0.0057 0.0090
Ny — 60—y, 5.577 0.0510 0.0765 0.0163
7, — 85 (55.41%), n,— 6d,, 5.619 0.0050 0.0067 0.0155
(44.28%)
n, — 6d,,,, (83.06%), 7, —  5.669 0.1445 0.0356 0.0439
8s (16.46%)
n,— 6d,,_,, (74.43%), ©, —  5.677 0.0673 0.0384 0.0598
8s (24.66%)
O_4 — Ty 5.692 0.0051 0.0050 0.0015
n, — 6d,, 5.698 0.0048 0.0071 0.0062
n, — 6d,, 5.728 0.0145 0.0205 0.0006
n,— 8s 5.805 0.0052 0.0074 0.0145
n, — 8py 5.938 0.0055 0.0080 0.0000
n,— 8p, 5.953 0.0180 0.0110 0.0017
n,— 8p, 5.984 0.0056 0.0084 0.0042
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A3. Theoretical Results on the CCSD Level
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Table A4. CC2 results for polonofenchone: vertical electronic singlet
excitation energies E.,., and oscillator strengths f.

CC2 polonofenchone

Electronic transitions Ecaic [€V] f
n, — m 1.454 0.0000
T, — T 3.966 0.2200
n,—7p,+7s 4.332 0.0398
n,—7s+7p, 4.651 0.0260
P 4.860 0.0025
n,—7p, 5.161 0.0002
n,—7p, 5.187 0.0047
n,— 7p,+ 6d,, 5.227 0.0115
Ny — 60y, 5515 0.0185
n,— 6d,, 5561 0.0190
n, — 6d,, 5.591 0.0159
n, — 6d,, 5.627 0.0022
n, — 6d,, 5.654 0.0046
T, —7p, +7s 5676 0.0449
n, — 8s + 6d,, 5.741 0.0146
my— 7S+ 7p, 5.929 0.0389
n, — 8p, 5.950 0.0022
n, — 8p, 5.977 0.0071
n,— 8p, 5.987 0.0027
n,— 5f,., 6.055 0.0166

A (S)-(+)-fenchone
1.0 T L B

signal (arb.u.)
o
(&)

e

(:1/(:0
cyle,
—LPECD

0.5
photoelectron energy (eV)

1

1.5 2 25

Figure A5 displays CCSD as a third theoretical method to compare
with the TDDFT and CC2 results. It should be noted that CCSD
itself is not necessarily more accurate than the other two, but
the threefold comparison is useful in that it reveals trends in
the methods. CC2 clearly underestimates the Rydberg state exci-
tation energies, but the problem lessens for the heavier homo-
logues. TDDFT, on the other hand, deviates more from CCSD
than CC2 does for the valence states for excitations from orbitals
energetically below the HOMO n,,.

A4. Theoretical Results for Tellurofenchone
and Polonofenchone

Table A1 and A2 present the calculated energies and oscillator
strengths for tellurofenchone, while Table A3 and A4 contain
the same for polonofenchone. Table AT and A3 are the results
of the TDDFT method and Table A2 and A4 of the CC2 method.

A5. Odd-Order Legendre Coefficients for

Femtosecond REMPI-PECD Measurements

We present the first- and third-order Legendre coefficients,
Gi/¢co and cs/co, obtained from the femtosecond REMPI-PECD

B (R)-(-)-fenchone

107 ‘ ‘ ‘ ‘ .
- / g
=
£
S05¢ 1
@©
c
2
]

‘ ]
c,/c,x(1/0.84)
04/, % (1/0.84)
—— LPECD%(1/0.84)

0 0.5 1 1.5 2 2.5
photoelectron energy (eV)

Figure A6. Odd-order Legendre coefficients ¢, (red) and c; (blue), and LPECD (green) of femtosecond 2 + 1 REMPI-PECD measurement of (A) (S)-(+)-
fenchone and (B) (R)-(-)-fenchone at a central wavelength of 376 nm in the lower panels. The upper row presents the total photoelectron spectrum repre-
sented by the Legendre coefficient c,. Vertical lines indicate the photoelectron energies corresponding to the Rydberg states that were identified in

Section 4.1.
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Figure A7. Odd-order Legendre coefficients ¢; (red) and ¢; (blue), and LPECD (green) of femtosecond 2 + 1 REMPI-PECD measurement of (A) (S)-(+)-thiofen-
chone and (B) (R)-(-)-thiofenchone at a central wavelength of 376 nm in the lower panels. The upper row presents the total photoelectron spectrum represented
by the Legendre coefficient ¢,. Vertical lines indicate the photoelectron energies corresponding to the Rydberg states that were identified in Section 4.2.
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Figure A8. Odd-order Legendre coefficients ¢; (red) and ¢; (blue), and LPECD (green) of femtosecond 2 + 1 REMPI-PECD measurement of (A) (5)-(+)-selenofen-
chone and (B) (R)-(-)-selenofenchone at a central wavelength of 376 nm in the lower panels. The upper row presents the total photoelectron spectrum repre-
sented by the Legendre coefficient c,. Vertical lines indicate the photoelectron energies corresponding to the Rydberg states that were identified in Section 4.3.

measurements for all chalcogenofenchones (see Section 5). The
zeroth-order Legendre coefficient ¢, corresponds to the total
photoelectron spectrum.
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