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Thiophene is a prototype for the excited state photophysics that lies at the heart of many technologies
within the field of organic electronics. Here, we report a multiphoton ionisation photoelectron imaging
study of gas-phase thiophene using a range of photon energies to excite transitions from the ground
electronic state to the first two electronically excited singlet states, from the onset of absorption to the
absorption maximum. Analysis of the photoelectron spectra and angular distributions reveal features

Received 22nd June 2024, arising from direct photoionisation from the ground electronic state, and resonance-enhanced
Accepted 19th September 2024 photoionisation via the electronically excited singlet states. The first two ionisation energies from the
DOI: 10.1039/d4cp02504k ground electronic state were confirmed to be 8.8 eV (adiabatic) and 9.6 eV (vertical). The ionisation

energies from the first two electronically excited singlet states were found to be 3.7 eV (adiabatic) and
rsc.li/pccp 4.4 eV (vertical).
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Thiophene is a small, heteroaromatic molecule that is a ubi-
quitous building block in many photonic materials, such as
organic photovoltaics'™ and non-linear optical devices.””
Although there have been many attempts to elucidate both
the electronic structure and the excited-state dynamics of gas-
phase thiophene,®** its UV photoabsorption and photoionisa-
tion are still not understood fully.

One of the difficulties in understanding the photoabsorp-
tion spectrum arises as a result of the first two electronically
excited singlet states, S; (mn*) and S, (n*), hereafter referred to
as S; and S,, lying very close together in energy and having
Slmlliﬁ OSClllatO.l‘ Streniggths. The(.)retllcal studies by Holla-nd et al.%® Right: Schematic energy level diagram for thiophene showing the
et al.™ and Prlj et al™ have highlighted how the precise vertical excitation energies of Sy, S,, and Sz, and the vertical ionisation

energies and ordering of these states are highly dependent on  energies to D and D; continua. The adiabatic excitation energy (AEE) for S,
the method and the basis sets used. Although there is still not a is taken from measurements by Holland et al.,?® vertical excitation energies

clear consensus on the origin of structure in the UV photo- (VEE) for S; and S; are taken from magnetic circular dichroism measure-
absorption of thiophene all assignments reported in the ments from Hakansson et al.,** the AEE of S, is taken from DFT/MRCI
)

i hat the i " is th calculations by Salzmann et al.,?® the Sz VEE is from Holland et al.2® The
1t'erature do agree that the mtens_e eature at 5.157 eV is the ionisation energies Do and D; are taken from Weinkauf et al?? The
origin of §,%%1011,13,14,17,22,26:33 (pjo. 1),

with the peaks below  coloured arrows signify the different wavelengths used for one-colour
the origin being variously attributed to hot bands, combination = measurements in the work reported here.

bands, or vibronic coupling between S; and S,.5*"*3
There have been two recent vacuum ultraviolet (VUV)
absorption spectroscopy studies of gas-phase thiophene.”®?*
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Fig. 1 Left: Photoabsorption spectrum of thiophene recorded by Holland

Both measurements found several progressions which were assig-
ned to the vg vibrational mode, corresponding to a CH in-plane
- — bending vibration, with an average peak spacing of ~120 meV. This
Department of Chemistry, University College London, 20 Gordon Street, London . 17 . . ..
WO1H 04), UK. E-mail: hh fielding@ucl ac.uk supported earlier work by Palmer et al.,”” in which the 0-0 transition
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/ ~ WaS determined to be 5.157 eV, and structure below this transition
10.1039/d4cp02504k was ascribed to hot bands and S;-S, vibronic coupling.
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Table1l Sp—Dgand So—D; vertical ionisation energies (VIEs) and adiabatic ionisation energies (AIEs), in eV, recorded using a range of ionisation and PES
methods: ionisation using Hel or Ly-a radiation with a hemispherical electron energy analyser (HEA); Penning ionisation electron spectra (PIES) with He*
(235) and a hemispherical analyser; zero-kinetic energy (ZEKE) PES; time-resolved 1 + 1’ PES (TRPES) with a magnetic bottle time-of-flight (TOF) (pump—
probe delay = 50 fs); femtosecond 1 + 1 multiphoton ionisation (MPI) with velocity-map imaging (VMI)

Do AIE/VIE D, AIE/VIE Method Ref.
8.87 £ 0.05 AIE® 9.49 + 0.1 VIE Hel + HEA Eland?®
8.80 + 0.05 AIE“ 9.44 + 0.05 AIE“ Hel + HEA Baker et al.”
8.872 + 0.015 AIE“ 9.52 + 0.015 VIE Ly-o. + HEA Derrick et al.®”
8.90 + 0.015 VIE 9.50 & 0.015 VIE Hel + HEA Clark et al.®
8.85 + 0.05 VIE 9.49 + 0.05 VIE Hel + HEA Klasinc et al.**
8.96 + 0.25 VIE 9.58 + 0.25 VIE He* PIES + HEA Kishimoto et al.?®
8.8742 + 0.0002 AIE — — ZEKE Yang et al.*®
8.87 + 0.01 AIE 9.55 + 0.01 VIE TRPES + TOF Weinkauf et al.*>
8.8+ 0.1 AIE 9.6 + 0.1 VIE MPI + VMI This work

“ Adiabatic and vertical ionisation energies not distinguished.

Another way to probe electronic structure is to use photo-
electron spectroscopy to determine electron binding energies,
eBE = hv — eKE, where hv is the photon energy and eKE is the
measured electron kinetic energy. Ionisation energies of thio-
phene determined from such measurements are presented in
Table 1. Measuring the photoelectron angular distribution
(PAD) as well as the eKE provides additional information about
the molecular orbital from which the electron is removed. For a
two-photon ionisation process, the angular distribution 1() oc
1 + f,Py(cosB) + B4P4(cosb), where I(6) is the probability of
photoelectron emission at angle 6, defined as the angle
between the laser polarisation and the velocity vector of the
photoelectron, f, and f, are the photoelectron anisotropy
parameters, and P,(cosf) and P,(cos6) are the second and
fourth-order Legendre polynomials in cos 0.>®> The two limiting
values of f§, are +2 and —1, corresponding to photoelectron
emission predominantly parallel and perpendicular to the
electric field vector of the laser, respectively. f, represents the
alignment of the excited state and, generally, positive and
negative values of f5, correspond to the excited state being
aligned parallel or perpendicular to the electric field vector of
the laser, respectively.

Multiphoton ionisation (MPI) photoelectron spectroscopy
studies of gas-phase thiophene using UV laser pulses have
been reported by two groups.?**> However, there has only been
one photoelectron imaging study;** this was a time-resolved
study focussing on relaxation dynamics, and PADs were not
reported. Here, we present a systematic one-colour MPI photo-
electron imaging study of thiophene, employing wavelengths
ranging from 243 nm, exciting just below the Sy-S; 0-0 transition,
to 234 nm, which corresponds to the S,-S; VEE (Fig. 1), from
which we gain further insight into the electronic structure!

2. Methods

2.1. Multiphoton photoelectron imaging

A molecular beam of thiophene was produced by passing 1 bar
He carrier gas through liquid thiophene and expanding it
through a 300 um pulsed Amsterdam piezovalve®®*' operating
at a repetition rate of 1 kHz and with a pulse duration of 8 ps.
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The molecular beam was collimated by a 3 mm skimmer before
passing into the interaction region of our velocity map imaging
spectrometer that has been described before.”>" The molecular
beam was intersected by femtosecond laser pulses with wave-
lengths in the range 234-243 nm, generated by frequency-
doubling the sum frequency of the signal of the output of an
optical parametric amplifier (TOPAS-Prime) pumped by a tita-
nium: sapphire regenerative amplifier (Coherent Astrella-HE).
To prevent multiphoton excitation, pulse energies were attenuated
to ~1 pJ per pulse using a variable neutral density filter. The 1/¢>
pulse duration was measured as 300 fs at 243 nm and spectral full-
width at half maxima were ~1 nm (0.02 eV). Photoelectron images
were recorded for 1200 s at each wavelength. Background images
(without thiophene) were also recorded for 1200 s and subtracted
from the photoelectron images. Photoelectron spectra were recov-
ered from the background-subtracted data using the pBASEX
image inversion algorithm.>® The energy scale was calibrated by
recording 2 + 1 resonance-enhanced MPI spectra of Xe at 249.63
nm.”* The resolution was AE/E < 3%.

2.2. Ab intio calculations

The complete active space second-order perturbation theory
(CASPT2)** method with the 6-31G* basis set was used for the
computation of the ground and electronically excited states of
thiophene. The ground electronic state has C,, symmetry and
the active space consisted of a 10-electron, 9-orbital space
including all the p-orbitals of thiophene and the two pairs of
c-orbitals (o/c*) for both C-S bonds, which can correctly
account for the two equivalent C-S bonds, either of which
might undergo cleavage after photoexcitation. The same theo-
retical description was employed by Schnappinger et al.*' to
study the relaxation of photoexcited thiophene using surface
hopping including arbitrary couplings (SHARC).”® Calculations
were performed using the MOLPRO 2022 program.’®””

A number of other methods were also used to support the
characterisation: TDDFT/B3LYP, ADC(2) and EOM-CCSD. These
calculations used a 6-311+G** basis set with the QChem v5.4
program.>® The calculated excitation energies of the four sing-
let states matching the CASPT2 calculated states, and the first
four triplet states, are listed in Table 2, along with the known
singlet state experimental values. All methods agree that the
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Table 2 Calculated excitation and ionisation energies using various
quantum chemistry methods. See text for details. Experimental values
for the singlet states are vertical transition energies taken from ref. 26
experimental values for Do and D, ionisation are given in Table 1

TDDFT/ EOM-
State Character Symm. B3LYP ADC(2) CCSD CASPT2 Expt.
S, moml A 5.865 5.773 5.842 5.641 5.64
S, m —7nl B, 5.915 6.184 6.320 6.070  5.97
S m—a B 6.126 6.362  6.403 6.203 6.17
Si m oo A 6.022 6.272 6.357 6.249 6.33
T, m —n B, 3.778 4.031 3.866 3.788
T, m—T A 4.561 4.906 4.825 4.813
T, m—o, B 5.618 6.196 6.206 5.849
T, m —o0} 4 5.847 6.201 6.113 5.921
EOM-IP- EPT
CCSD
D, 7 B, 8.896 8.967
D, m B, 9.132 9.276

singlet states are close in energy, in the range 5.7-6.5 eV. The S;
and S, states are found to be near degenerate, with a change in
order for all methods compared to the CASPT2. The triplets are
spread more widely, but T; and T, are both predicted to lie
below the S; state. Again the character of the close-lying T; and
T, states changes order for all methods compared to CASPT2.
TDDFT also reported a singlet state at 5.982 eV and a triplet at
5.805 eV involving Rydberg orbitals.

The VIEs were calculated using electron propagator theory
(EPT)** ! in Gaussian 09°® with the 6-311++G(3df,3pd) basis
set, and EOM-IP-CCSD using QChem v5.4 with the 6-311+G**
basis set. Dyson orbital norms (ionisation cross-sections) and f§
parameters (PADs) were calculated for transitions from S, to D,
and D, for n = 1-4 using the EOM-IP-CCSD/6-311++G** method
in ezDyson.®® The calculated Dy and D; energies are also listed
in Table 2 and agree well with the experimental values of
Table 1. The next two cation states are found to be much
higher in energy at around 12 eV and are ignored.

3. Results and discussion

3.1. Electronic structure

The electronic configurations and CASPT2(10,9)/6-31G* calculated
VEEs of the first four singlet excited states of thiophene are
presented in Fig. 2, along with the electronic configurations and
EPT/6-311G(3df,3pd) calculated VIEs of the first two doublet states
of the thiophene cation. To a first approximation, we can use
Koopmans’ theorem to determine ionisation propensities. From
the electronic configurations shown in Fig. 2 it is clear that the S,
state can ionise to D, and D, that S; and S, are most likely to
ionise to D,, and S, and S; are most likely to ionise to D,. These
ionisation propensities are supported by calculations of photoio-
nisation cross-sections for one photon ionisation from Sy-S, to the
D, and D, states of the thiophene cation (Fig. 3).

3.2. Photoelectron spectra

The 243-234 nm one-colour MPI photoelectron spectra of
thiophene are presented as a heat map plotted as a function
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Fig. 2 Left: Electronic configurations of the five lowest singlet electronic
states of thiophene and two lowest doublet electronic states of the
corresponding radical cation. Numbers in brackets refer to CASPT2(10,9)/
6-31G* calculated vertical excited energies and EPT/6-311++G(3df,3pd)
vertical ionisation energies, in eV and relative to So. Vertical arrows high-
light transitions from Sg to S; and S,. Dashed arrows highlight most
probable ionisation processes based on Koopmans' correlations. Right:
CASPT2(10,9)/6-31G* natural orbitals.
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Fig. 3 One-photon photoionisation cross-sections from Sp—S4 to the Do
(left) and Dy (right) states of thiophene. Dyson orbital norms were calcu-
lated using the EOM-IP-CCSD/6-311++G** method.

of eKE and photon energy (Fig. 4). The individual spectra are
also plotted as a function of eKE in Fig. 5(a). Fig. 4 allows us to
determine whether features in the spectra are a result of non-
resonant or resonance-enhanced MPI processes. For non-
resonant two-photon ionisation, electrons are emitted with
eKE = 2hv — IE, where Av is the photon energy and IE is the
ionisation energy. In Fig. 4, the solid black lines highlight
peaks in the photoelectron spectra whose eKEs increase
at twice the rate of the photon energy, and represent non-
resonant ionisation from S, to the two doublet cation states,
D, and D;. Following resonant photoexcitation of an excited
electronic state S,, with excess vibrational energy E, = hv —
AEE(S,) where AEE(S,) is the adiabatic excitation energy of S,
ionisation by a second photon will result in the emission of

Phys. Chem. Chem. Phys., 2024, 26, 25461-25468 | 25463
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Fig. 4 One-colour MPI photoelectron spectra of thiophene plotted as a
function of eKE and photon energy. Arrows mark the photon energies
employed. The individual spectra were linearly interpolated and normal-
ised to the most intense feature at 0.70 eV eKE, which corresponds to the
So—Dj VIE. Direct ionisation to Do and D; were determined as 8.8 +£ 0.1 eV
and 9.6 + 0.1 eV, as shown by the solid lines of gradient = 2. The most
probable indirect ionisation processes are marked with dotted and dashed
lines with a gradient of 1. These show ionisation via S,—Dg and S;-D;,
respectively (see text).

electrons with eKE < 2hv — AIE(D,,) — Eyj, = hv — [AIE(D,,) —
AEE(S,)], where AIE(D,,) is the adiabatic ionisation energy of
the cation doublet state D,,. In Fig. 4, the dotted and dashed
black lines highlight peaks in the photoelectron spectra whose
eKEs increase at the same rate as the photon energy, and
represent resonance-enhanced ionisation to the two doublet
cation states, D, and Dy, respectively. The y-intercepts of the
solid, dotted and dashed lines were obtained from plots of the
MPI photoelectron spectra as functions of two- or one-photon
electron binding energy, eBE = nhv — eKE, where n = 2 or 1
(Fig. 5).

In Fig. 5(b), the photoelectron spectra are plotted as a
function of two-photon binding energy. There are two ionisa-
tion energies that can be identified in these spectra. The small
bump at 8.8 & 0.1 eV on the rising edge of the lowest energy
peak can be assigned as the S,-D, AIE. This is in excellent
agreement with the AIE obtained from PES”%'>?>36738:64 and
zero-kinetic energy (ZEKE) PES®° measurements, several of
which determined that the AIE was equivalent to the VIE
(Table 1). The peak at 9.6 + 0.1 eV is assigned as the Sy-D;
VIE, and this is also in good agreement with values reported
previously.”*'>?%33864 Note that the errors attributed to our
assignments are derived from the uncertainty in the position
rather than the energy resolution of our spectrometer.

It can be seen in Fig. 5(b) that the peak attributed to Sy-D;
does not have any clear vibrational structure (experimental
resolution ~0.05 eV), in agreement with observations of Der-
rick et al. (experimental resolution ~ 0.02 eV).>” Also, the peak
broadens significantly as photon energy increases, losing the
sharpness associated with non-resonant photoionisation from

25464 | Phys. Chem. Chem. Phys., 2024, 26, 25461-25468
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Fig. 5 (a) Plot of photoelectron counts versus eKE following 1 + 1 photoionisa-
tion of thiophene for 234-243 nm. (b) Plot of photoelectron counts versus two-
photon eBE following 1 + 1 photoionisation of thiophene for 234—-243 nm. The
solid and dashed lines show Dy = 88 + 0.1 eV and D; = 9.6 + 0.1 eV. (c) Plot
of photoelectron counts versus one-photon eBE following 1 + 1 ionisation of
thiophene for 234-243 nm. The comb denotes ionisation from S,-Dgy and
S,,—D; using the S; AEE from Holland et al. % the calculated S, AEE from Salzman
et al® and the ionisation energies from the work reported here. The solid and
dashed vertical lines denote adiabatic ionisation from S; and S, respectively. The
individual spectra were normalised to their integrated area.
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So at photon energies lower that the S,-S; VEE. Although
Rydberg states have been observed in the range 9.4-11.8 eV,
the structured features in our 5.10-5.19 eV photoelectron
spectra do not remain at constant eKE with increasing photon
energy (Fig. 5(a)) so cannot be attributed to autoionising
Rydberg states. Also, the 5.20-5.30 eV photoelectron spectra
do not have the identical profiles expected for an autoionising
Rydberg states. This leaves two possible explanations for our
experimental observations. First, as the photon energy
increases above 5.157 eV, S; is excited. From Koopmans’
correlations (Fig. 2) and calculation photoionisation cross-
sections (Fig. 3), the S;-D; ionisation pathway is expected to
dominate over S;-Dy. There may be a large geometric change
between S; and D;, which would result in a broader photoelec-
tron spectrum. Moreover, the D, feature shifts to higher bind-
ing energies with increasing photon energy, which is a
signature of resonance-enhanced ionisation from S; beginning
to compete with, or dominate, non-resonant ionisation from Sy,
Second, D, could have a short lifetime. Calculations reported by
Trofimov et al. identified strong vibronic coupling between D,
and D, and a conical intersection between them,'® which would
account for a short D, lifetime and the broad, vibrationally-
unresolved photoelectron spectrum.

In Fig. 5(c), the photoelectron spectra are plotted as a
function of one-photon binding energy. The comb marks S,-
D,, AlEs determined using AEEs from Holland et al.,*® and
Salzmann et al.,*® and the D, and the D, IEs from this work. It is
clear that S;-D; is the dominant resonance-enhanced ionisa-
tion pathway as the photoelectron counts are highest around
the calculated S;-D; VIE (4.4 & 0.1 eV). Nonetheless, there also
appears to be a significant contribution from the S;-D, ionisa-
tion channel calculated at 3.7 £ 0.1 eV. For photon energies
above the S;-S; AEE (5.157 eV), what looks like an isobestic
point begins to appear. It lies at 3.7 & 0.1 eV, which is very close
to the calculated S,-D, AIE (3.8 & 0.1 eV) and is illustrative of
an increasing contribution from the population of, and sub-
sequent ionisation from, S,. Based on Koopmans’ correlations
and photoionisation calculations, the S,-D, ionisation channel
is expected to dominate over S,-D; ionisation, although it is
difficult to determine whether there is any significant contribu-
tion from S,-D; ionisation from our spectra as they are very
congested in the region where we would expect this channel to
appear (4.5 + 0.1 eV). Fig. 3 shows that the cross-sections for
the dominant S,-D, and S;-D; ionisation channels are very
similar. Population of, and ionisation from, S, is consistent
with calculations performed by Koppel et al. which reported a
rapid population of S, following photoexcitation of S;. At
photon energies close to the Sy-S, VEE (5.64 eV),** it is likely
that the S,-D, and S,-D; channels would make a larger con-
tribution to the measured photoelectron intensity due to the
direct population of S,.

3.3. Photoelectron angular distributions

In Fig. 6(a) the measured anisotropy parameter /3, is plotted as
a function of eKE and photon energy. At higher eKEs, between
the solid lines marking the upper limits of direct and indirect
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Fig. 6 Plots of (a) B2 and (b) B4 parameters as a function of eKE and photon
energy following 1 + 1 photoionisation of thiophene. The plots have been
smoothed using a five-point average for eKE and f# parameters. Arrows mark
the photon energies employed. The solid lines with gradient = 2 mark the high
eKE limits of direct photoionisation to Dg and D;. The dotted and dashed lines
mark the high eKE limits of indirect S;—Dg and S;—D; photoionisation pro-
cesses, respectively. The grey shaded region is energetically inaccessible via
two-photon ionisation.

5.25 5.30

photoionisation to D, and D,, there is weak anisotropy with
f>» &~ —0.05. At lower eKEs, below the lines marking the upper
limits of direct and indirect photoionisation to the D; conti-
nuum, the anisotropy changes sign and becomes weakly posi-
tive, with f§, ~ +0.05. In Fig. 6(b) the measured f, anisotropy
parameter, is plotted as a function of photon energy and eKE.
At higher eKEs, i, < 0, whereas for eKE < 0.4, , ~ +0.1.
The calculated one-photon f, parameters are plotted in
Fig. 7. In the energy region of interest for our experiments, /5,
< 0 for one-photon photoionisation from Sy, S; and S,, to Dy
and D,. The measured f3, parameter is a superposition of direct
and indirect ionisation processes and although it is negative for
higher eKEs, it is positive for lower eKEs. This difference
between the calculated and measured patterns could be due
to the f, parameter for two-photon non-resonant ionisation
from S, having the opposite sign to our calculated one-photon
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Fig. 7 Plots of 8, anisotropy parameters as a function of eKE following
one-photon photoionisation from Sg—S4 to Dg (left) and D; (right) con-
tinua, calculated using the EOM-IP-CCSD/6-311++G** method.

f, parameters for lower eKEs, or it could be the result of
structural changes occurring on the timescale of our measure-
ments. Interestingly, f, > 0 for photoionisation from S; and S,.
Ionisation from Sy,-S, involve removing electrons from mnm*
molecular orbitals whereas ionisation from S; and S, involve
removing electrons from no* molecular orbitals. (Fig. 2) This
difference in orbital character could explain the difference in
sign of the f,. Thus, another explanation could be that the
higher lying S; and S, states are accessed on the timescale of
the measurement, which would be consistent with ultrafast
ring-opening. This is indeed found to be the case in our recent
theoretical study of the photo-excited dynamics in the vibroni-
cally coupled S;-S, states of thiophene.®

Thus, time-resolved photoelectron angular imaging experi-
ments, with supporting calculations of the PADs, could prove
valuable for investigating the electronic relaxation pathways
following photoexcitation.

4. Conclusions

We have presented 243-234 nm multiphoton photoelectron
imaging measurements of thiophene. Plots of the photoelecton
spectra as a function of two-photon binding energy allowed us
to identify spectral features with binding energies of 8.8 +
0.1 eV and 9.6 =+ 0.1 eV, corresponding to the Sp-D, AIE and So-D;
VIE, respectively. These are in excellent agreement with ionisation
energies determined using other methods.”*">?**?¢386% plots of
the photoelectron spectra as a function of one-photon binding
energy revealed peaks around the S;-D; VIE (4.4 + 0.1 eV) and
S,-Dy AIE (3.8 & 0.1 eV). For spectra recorded with photon energies
above the So-S; AEE (5.157 eV), an isobestic point was observed at
hr-eKE = 3.7 £+ 0.1 eV illustrating an increasing contribution from
S,-D, ionisation, compared with S;-D; ionisation, with increasing
photon energy.

Plots of 3, and f3, anisotropy parameters as a function of eKE
and photon energy suggest that time-resolved photoelectron
imaging measurements could provide a sensitive probe of elec-
tronic relaxation following UV photoexcitation of thiophene.
This work serves as a benchmark for future time-resolved
studies of thiophene and more complex molecular systems
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containing thiophene as a building block that are ubiquitous
in many photonic materials.
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