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We report the ultrafast decay dynamics of pyrrole upon excitation in the vacuum ultraviolet region using
femtosecond time-resolved photoelectron spectroscopy in combination with two-photon absorption.
With the two-photon pump energy up to ~6.78 eV, pyrrole is excited to the B, valence and Rydberg
states, i.e., the first 1Bo(nn*) valence state and the 'B,(n3d) Rydberg state. The former is at high levels of
vibrational excitation and has an extremely short lifetime of <30 fs, while the latter is in the vibrational
ground state and decays with a lifetime of about 400 fs. As the excitation energy slightly increases, the
B,(n3d) vibrational states are populated and decay in 210-260 fs. We propose that the ultrafast deacti-
vation pathway of the 'B,(n3d) Rydberg state is internal conversion to the lower-lying B,(nn*) state.
At higher excitation energies, other valence states, such as the second B,(nn*) state, should make a
main contribution to the absorption and a series of other higher-lying Rydberg states with lifetimes of
hundreds of femtoseconds are also involved. This study provides direct time-resolved measurements of
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1. Introduction

The vacuum ultraviolet (VUV) photochemistry of small gas-
phase molecules can provide useful fundamental information
for the studies of astrochemistry."””> The dynamics of highly
excited electronic states caused by VUV radiation involves
complicated nonadiabatic transitions, and sometimes the
molecular photodissociation processes should be explained
by different mechanisms.® Thanks to the development of the
generation of a VUV source based on a table-top laser system®*”
or large-scale scientific facility (e.g., the synchrotron radiation
source® or the VUV free-electron laser (FEL)>'?), the VUV
photochemistry of small molecules in the gas phase has been
successfully explored over the past decades, especially in recent
years. Among these previous studies, most of them were of
frequency-domain, i.e., energy-resolved, and focused on small
polyatomic molecules, such as diatomic and triatomic mole-
cules. So far, the VUV photochemistry of aromatic heterocyclic
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subpicosecond excited-state lifetimes for high-lying Rydberg states in bare pyrrole.

molecules has been rarely investigated, especially using time-
resolved ultrafast spectroscopy methods. Although some recent
studies have reported the VUV excited state dynamics of repre-
sentative small amides'" and cyclic ethers'? using time-resolved
photoelectron spectroscopy (TRPES) in combination with ab initio
electronic structure calculations, the understanding of the VUV
photochemistry of important molecules is still limited by the
availability of tunable VUV femtosecond pulses. For example,
pyrrole (C,H;sN) is one of the prototypical heteroaromatic mole-
cules. The excited-state dynamics of isolated pyrrole following
femtosecond pulse excitation in the ultraviolet (UV) pump wave-
length range (>200 nm) has been widely reported.”*>° However,
in fact, the dynamics of higher-lying excited states of pyrrole in the
VUV region has not been discussed in detail due to the lack of
wavelength-tunable ultrafast VUV laser sources. As a special case,
Weinacht and coworkers studied the relaxation dynamics of
pyrrole after excitation with a 7.94 eV pump pulse to a state just
0.2 eV below the ionization potential in a previous VUV-pump UV-
probe experiment,** but the pump wavelength (156 nm) in their
work was not tunable since it is the fifth-harmonic of a Ti:sap-
phire laser (780 nm).

In this paper, we present a femtosecond time-resolved study on
the ultrafast decay dynamics of the highly excited states of pyrrole
with the pump energy up to 6.2 eV (a spectral range of <200 nm), by
combining two-photon absorption and TRPES techniques in a
similar way as that used in our previous studies of H,0.>>** Herein,
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Fig.1 UV and VUV absorption spectrum of pyrrole adapted from ref. 25
(the data is obtained from https://www.uv-vis-spectral-atlas-mainz.org).
A schematic structure of the pyrrole (C4HsN) molecule is inset.

the excitation energy-dependent decay dynamics of electronically
excited pyrrole in the VUV wavelength range is explored for the first
time by performing direct time-resolved pump-probe measure-
ments. Of specific interest is the excited-state lifetimes of a series
of Rydberg states and their deactivation pathways.

The UV and VUV absorption spectrum of pyrrole (Fig. 1) in the
gas phase has been previously reported by Palmer and coworkers,*®
while the assignment of this spectrum has also been discussed in
detail in their work and references therein. Briefly, in the case of
pyrrole, there are four nn* electronic states, two each of which are of
A, and 'B, symmetry (in C.,), respectively. It has been concluded
that each of the two strong absorption bands centred around 6 and
7.5 €V, respectively, owe their intensity to two n* « = electronic
transitions, ie., excitation of two nn* valence states of 'A; and 'B,
symmetry. In addition, the valence transitions, along with a number
of Rydberg excited states, should contribute to the narrow absorp-
tion peaks in the UV and VUV spectrum of pyrrole. Later on, a
detailed analysis of the structure of pyrrole’s electronic spectrum in
the range of 5.5 to 6.5 €V was performed by Neville and Worth based
on their quantum dynamics study.*® Specifically, intensity borrowing
from transitions to n* states by lower-lying 3s and 3p Rydberg states
was found to contribute significantly to much of the spectrum.
In the current study, we focus solely on the VUV excited-state
dynamics of pyrrole. In particular, according to the structure of
the whole VUV absorption spectrum and the pump wavelength
dependence on the TRPES spectra, we assign some absorption peaks
to be associated with high-lying Rydberg states which have sub-
picosecond excited-state lifetimes. Our pump wavelength-dependent
2 + 1’ TRPES study provides experimental evidence to support that
high-energy excited pyrrole undergoes a complex relaxation
dynamics with a fraction of the wavepacket being trapped in
Rydberg states for hundreds of femtoseconds before further evolving
to lower-lying valence states and the ground state. This proposed
decay mechanism is in good agreement with a previous theoretical
result obtained by performing non-adiabatic dynamics simulations
of pyrrole.””

2. Experimental

The fs-TRPES experiment was carried out on a velocity map
imaging (VMI) spectrometer.*® The methods have been described
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in detail elsewhere.”** Therefore, only the key features are
presented here. A liquid sample of pyrrole (Adamas, >99%)
without further purification was loaded into an external sample
reservoir and mixed with 4 bar of helium carrier gas at room
temperature. The supersonic molecular beam was generated
using an Even-Lavie pulsed valve operated at 1 kHz. The super-
sonic jet expansion entered into the interaction chamber of the
VMI spectrometer through a 1 mm conical skimmer.

The wavelength-tunable femtosecond laser pulses were gen-
erated using two commercial optical parametric amplifiers
(OPA, Coherent, OPerA Solo), each pumped by a fraction
(1.1 mJ per pulse) of the fundamental output of the fully
integrated Ti:sapphire oscillator-regenerative amplifier (Coher-
ent, Libra-HE, 1 kHz, 800 nm, <50 fs). In the 2 + 1’ time-resolved
pump-probe measurements (Fig. 2(a)), the two-photon pump
energy should match the optical excitation of an electronically
excited state with a specific lifetime. In the current study,
different pump wavelengths in the range of 370-310 nm (broad
spectral bandwidth) generated by doubling 740-620 nm using a
0.05 mm B-BBO crystal in OPA were employed. It should be
pointed out that there always exists non-resonant (Fig. 2(b)) and
resonant (Fig. 2(c)) multiphoton ionization process around the
time-zero in a 2 + 1’ ionization scheme. In order to avoid the
unwanted signals generated from the probe-pump dynamics
process (as illustrated in Fig. 2(d)) associated with the short-
wavelength edge of the broad spectral bandwidth of the femto-
second probe laser pulses (two-probe-photon excitation of
the S, state, ie., the 'A,(3s/nc*) state), the probe laser was
chosen in a specific wavelength range with its central wave-
length being larger than 532 nm. For obtaining narrower
bandwidth pump laser pulses, the pump laser beam was
generated by doubling the output of one of the OPAs at 740-
620 nm using a specific 2 mm B-BBO crystal.>* Note that the
shape of the spectra and pulse durations of these pump
wavelengths deviate slightly from a perfect Gaussian profile.
The pump and probe laser pulses were combined collinearly on
a dichroic mirror without further compression, and then
focused using a calcium fluoride lens (f = 30 cm) into the
interaction region of the VMI spectrometer to intersect the
seeded pyrrole molecular beam.

The pump pulses excited pyrrole molecules from their
ground state to one or more electronically excited states by
two-photon absorption, whereupon the delayed probe pulses
produced photoelectrons via one-photon ionization. Both
the pump and probe pulses were linearly polarized and the
polarization direction was parallel to the micro-channel plate
(MCP)/phosphor screen detector. The 2D photoelectron images
at different time delays were recorded using a computer-
controlled camera and further transferred to 3D distributions
using the pBasex Abel inversion method.** The time-dependent
photoelectron 3D distributions were integrated along the recoil-
ing angle to derive the photoelectron kinetic energy distribu-
tions, i.e., TRPES. Additionally, the angular distributions of the
emitted photoelectron, i.e., PADs, can be derived by integrating
the 3D photoelectron distributions over a desired kinetic energy
range and further analyzed in detail.>"**3°
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3. Results and discussion

The absorption spectrum of pyrrole in the UV and VUV region
(5-11 eV) has been previously measured using synchrotron
radiation®® and is reproduced using the open-access data from
the MPI-Mainz UV/VIS Spectral Atlas,*® as shown in Fig. 1. The
main features of this observed spectrum are three absorption
bands, which were denoted band 1, 2 and 3 in ref. 25. The
interpretation of the first absorption band (5.5-6.6 €V) of this
spectrum has been discussed,”” while a detailed assignment has
been given in the previous 1 + 1’ TRPES and quantum dynamics
studies.'®?*® Herein we endeavor to explain the second and third
absorption bands based on the result of the measured 2 + 1’
TRPES data. Overall, the second absorption band (6.5-7.1 eV) is
relatively weak and has a peak position of 182.6 nm, along with
vibrational structure at excitation wavelengths shorter than
~180 nm, as shown in Fig. 3(a). In Fig. 3(c), the 2 + 1’ TRPES
spectrum of pyrrole at a pump wavelength of 368.0 nm is shown,
while the spectrum of 368.0 nm (~540 cm™ " at full width at half-
maximum (FWHM) due to the intrinsic broad spectral band-
width of the femtosecond laser pulses) is plotted in Fig. 3(b).
By visual inspection, the TRPES spectrum contains two different
components. One component shows extremely fast decay
dynamics over a broad photoelectron kinetic energy range and
the other has a single strong and sharp peak centered at a
specific kinetic energy, showing hundreds of femtoseconds
decay dynamics. The relatively sharp photoelectron kinetic
energy distribution should be due to the Av = 0 Franck-Condon
(FC) propensity in the photoionization process of a pure Rydberg
state.>**> In order to extract the lifetime information and their
photoelectron kinetic energy distributions (so-called decay asso-
ciated spectra), we employed a 2D global least-squares method to
simultaneously fit the TRPES data at all time delays and photo-
electron kinetic energies. Two different time constants of
23 + 10 and 370 + 30 fs (see Fig. S1 in the ESI{) could be

(a) (b)
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derived when we used the multi exponential decay model, which
was achieved by a numerical convolution of the experimentally
measured instrumental response function (IRF) and the expo-
nential decay of excited state population. The approach has been
described in much more detail in our recent papers.®>>”3

As mentioned above, the femtosecond laser pulses with a
relatively narrow bandwidth were also used as the pump laser for
two-photon excitation. Their spectra (117-97 cm™ ' at FWHM) are
shown in Fig. 3(b), together with the spectrum of 368.0 nm
(~540 cm™'). The TRPES spectra of pyrrole excited by two-
photon absorption at 368.5, 365.9 and 364.8 nm are presented
in Fig. 3(d-f). These TRPES spectra display different features and
can be compared with each other. The main feature observed in
the TRPES spectrum at 368.5 nm is a dominant component with
a diffuse kinetic energy distribution, which even extends to
higher kinetic energies above the 2 + 1’ energetic cut-off (see
Fig. S2(a) in the ESIt). This component shows less than tens of
femtoseconds (i.e., <30 fs, 30 fs is ~25% of our 120 fs (FWHM)
IRF based on an approximation of a Gaussian profile) dynamics,
while the other component with a longer lifetime and a strong
kinetic energy peak disappears. As the pump wavelength
decreases to 365.9 nm, both components (<30 and 400 +
30 fs) make a contribution to the TRPES data. At 364.8 nm, the
hundreds of femtoseconds (350 + 30 fs) component becomes
dominant. Herein, as shown in Fig. S2(a) and (b) (ESIt), the
<30 fs component should contain the photoelectron signals
generated from the 2 + 1’ and 1 + 3’ multiphoton ionization
process around the time-zero (this process can be approximately
described by the corresponding IRF), while the 2 + 1’ pump-
probe process associated with the highly vibrationally excited
'B,(nn¥) state can also make a contribution to this component at
lower kinetic energies below the 2 + 1’ energetic cut-off since it is
reasonable to assume that the 'B,(nn*) vibrational states have a
lifetime of <30 fs."®'? Here the 1 + 3’ process appears since the
1 + 2’ three-photon energy is insufficient for photoionization of

(c) (d)
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S

Fig. 2 (a)—-(c) Schematic representation showing the two-color 2+1' ionization processes in a time-resolved pump—probe experiment. (d) Schematic
representation showing the two-color 1+2' ionization process (namely the probe—pump dynamics) which only appears when the two-probe-photon

energy matches the absorption of an electronic excited state.
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Fig. 3 (a) VUV absorption spectrum of pyrrole adapted from ref. 25 (the data is obtained from https://www.uv-vis-spectral-atlas-mainz.org) in a
specific range of 179-188 nm. (b) Spectra of the pump wavelengths for two-photon excitation. (c)—(f) TRPES spectra of pyrrole excited by two-photon
absorption at each pump wavelength, after subtracting the background photoelectrons generated from single-color multiphoton ionization.

pyrrole. By considering the calculated electronic excitation energies
together with the oscillator strengths®*™** and the two-photon
pump energy dependence on the TRPES spectra in Fig. 3(c-f), it
seems that the time constant of 350-400 fs can be assigned to the
lifetime of the "B,(1a,3d,;) Rydberg state (v’ = 0). Here this 3d-type
Rydberg state (3d,(b:) <« Tuomo(1as)) is also termed simply
'B,(n3d). However, for two-photon excitation, the 'A,(1a,4s) Ryd-
berg state (V' = 0) is also optically allowed (the 4s(a;) < Tomo(122)
electronic transition is symmetry forbidden for one-photon absorp-
tion). We note that in an early one-color 2 + 1 resonance-enhanced
multiphoton ionization (REMPI) spectrum of pyrrole, a very strong
peak at 364.5 nm was observed"* and assigned to be the origin of
the 'A,(1a,4s) Rydberg state.>>** In our 2 + 1’ TRPES spectra at
pump wavelength of 365.9 and 364.8 nm for two-photon absorp-
tion, the contribution of the 'A,(1a,4s) Rydberg state cannot be
totally ruled out based on the analysis of the photoelectron kinetic
energy distributions. It is impossible to distinguish the photoelec-
tron signals ionized from the 'B,(1a,3d) and 'A,(1a,4s) states,
respectively, since both excited states are of Rydberg character
and their Rydberg state electron binding energies are too close.””

4470 | Phys. Chem. Chem. Phys., 2025, 27, 4467-4474

Fortunately, in a REMPI study of jet-cooled pyrrole molecules using
linear and circular polarized radiation,*® it was clearly evidenced
that the dominant peak at 54 850 cm ™" (~6.80 €V) in the one-color
2 +1 REMPI spectrum corresponds to a 3d « = transition, instead
of a 4s « m transition. In our current pump-probe measurements,
the photoelectron angular distributions (PADs) associated with one-
probe-photon ionization of this Rydberg state can be analyzed in
detail thanks to using the femtosecond time-resolved photoelectron
imaging (TRPEI) technique. In brief, the values of /3, obtained from
satisfactory fits to the corresponding PADs are negative, with an
average value of about —0.29, as shown in Fig. S3 (ESIt). The
limiting value of f3, for a pure s-type Rydberg state is 2.0, together
with the zero values of f, and fs, while the experimentally
measured value of 3, is reasonably close to 1.0.>**° Therefore,
the feature of these PADs (negative value of f3,) supports that the
populated Rydberg state via two-photon resonant transition at
~364.8 nm should not mainly be the 4s-type Rydberg orbital.

It is interesting to note that in a previous femtosecond time-
resolved work by Longarte and coworkers,'® a pyrrole” transient
collected with a (240 + 800 nm) pump/800 nm probe ionization

This journal is © the Owner Societies 2025
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scheme revealed a lifetime of hundreds of femtoseconds, which
was not accurately assigned to a specific resonantly excited
intermediate state. Based on our wavelength-dependent TRPES
data here, we prefer to believe that 240 + 800 nm 1 + 1’
excitation energy covers the ~6.78 eV absorption line of jet-
cooled pyrrole molecules due to the intrinsic broad spectral
bandwidth of their femtosecond laser pulses.

As the pump wavelength slightly decreases, the two-photon
excitation energies cover the absorption peaks (174 nm < 1 <
182 nm), which were assigned to some vibrational states of the
'B,(r3d) state, as illustrated in Fig. 4(a) and (b). The measured
TRPES spectra of pyrrole excited by two-photon absorption at
359.9 nm (~500 cm ") and 351.0 nm (~440 cm ') are shown
in Fig. 4(c) and (d), respectively. These 2 + 1’ TRPES spectra can
be compared with that at 368.0 nm (Fig. 3(c)). It is therefore
straightforward to assign the derived time constants of 260 +
30 and 210 % 20 fs at 359.9 and 351.0 nm to the lifetimes of the
'B,(n3d) vibrational states (v’ > 0). The measurement of the
electron kinetic energy (eKE) distribution allows us to deter-
mine the corresponding electron binding energy (eBE) of the
molecular orbital of the excited state, from which the electron
is ionized, ie., eBE = hvpope — €KE. The decay associated
spectra of the hundreds of femtoseconds (210-400 fs) compo-
nent are summarized in Fig. 5, where the energy axis is plotted
in terms of eBE instead of eKE. Within the margin of error, the
value of the peak position is invariant with the change of the
pump wavelength, indicating that these photoelectron signals
mainly correspond to the photoionization process of the same
Rydberg state with different vibrational levels. The adiabatic
excitation energy (AEE) of this Rydberg state is 6.79 + 0.01 eV
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Fig. 5 Comparison of the decay associated spectra (DAS) of the second
component (the value of 7 is in a range of 210-400 fs) derived from a 2D
global least-squares fit to the corresponding TRPES spectra shown in Fig. 3
and 4. The energy axis is plotted in terms of electron binding energy of the
excited state.

calculated using the adiabatic ionization potential (IP,) of
pyrrole (8.21 eV (ref. 25)) and its 1.42 4+ 0.01 eV electron binding
energy, ie., AEE = IP, — eBE. In addition, the geometry of this
'B,(n3d) Rydberg state can be seen to be nearly the same as that
of the ground state cation (D,) based on the invariant 1.42 eV
peak and its relatively narrow bandwidth, while there are some
differences in the optimized geometries of the ground state of
the neutral pyrrole molecule and D,.*® Therefore, it is reason-
able to assign the absorption peaks in the range of 174-182 nm
to the photoexcitation of some vibrational levels of the "B,(n3d)
Rydberg state. In addition, the relatively weak and diffuse
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Fig. 4 (a) VUV absorption spectrum of pyrrole adapted from ref. 25 (the data is obtained from https://www.uv-vis-spectral-atlas-mainz.org) in a
specific range of 168-188 nm. (b) Spectra of the pump wavelengths for two-photon excitation. (c) and (d) TRPES spectra of pyrrole excited by two-
photon absorption at 359.9 and 351.0 nm, respectively, after subtracting the background photoelectrons generated from single-color multiphoton

ionization.
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Fig. 6 (a) TRPES spectrum of pyrrole excited by two-photon absorption
at 312.2 nm (~38 cm™ at FWHM), after subtracting the background
photoelectrons generated from single-color multiphoton ionization. Note
that the energy axis is plotted as a function of electron binding energy of
the excited state. (b) The electron binding energy distribution of the
involved excited states derived by summing up the TRPES spectrum shown
in (a) in a delay range of 0.21-1.20 ps.

distribution at higher electron binding energies larger than
~1.6 eV can be rationalized in simple terms of the existence of
Rydberg-to-valence evolution, e.g.,, the vibronic coupling
between the 'B,(nn*) valence state and the 'B,(n3d) Rydberg
state in pyrrole.*** Therefore, in other words, the decay
associated spectra shown in Fig. 5 are closely related to the
energy-resolved photoionization cross sections of the electronic
states involved in the dynamics,*” i.e., the 'B,(n3d) and 'B,(nn*)
states.

As the excitation energy further increases (i.e., A < 174 nm),
the third absorption band (7-9 eV) of pyrrole becomes stronger
and should be associated with a series of higher-lying Rydberg
and valence type excited states.”® The accurate assignments are
complex and less clear-cut. This is consistent with our mea-
sured 2 + 1’ TRPES spectra at pump wavelengths of 344-314 nm
(500-360 cm™ '), which exhibit different features. For example,
at 337.7 nm (~410 cm ), several Rydberg states such as 1a,3d,
2b;3p/2b13p’, 1a,4p/la,4p’ and 1a,4d/1a,4d’ seem to be
involved in the dynamics of electronically excited pyrrole
according to the excitation energies of these Rydberg states
and the derived Rydberg state electron binding energy distribu-
tion on the basis of the corresponding 2 + 1’ TRPES spectrum
(see Fig. S4 in the ESIt). More specially, our current study
provides an opportunity to take a closer look at the pump-
probe pyrrole parent ion (C4HsN') yield measurement in the
previously mentioned 156 nm pump/260 nm probe experiment
by Weinacht and coworkers.”® We employed 312.2 nm femto-
second laser pulses with a relatively narrow bandwidth of

4472 | Phys. Chem. Chem. Phys., 2025, 27, 4467-4474
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~38 cm~ ' at FWHM as the pump wavelength. The 2 + 1’ TRPES
spectrum is shown in Fig. 6(a), while the excited state electron
binding energy distribution derived by summing up this TRPES
spectrum in a delay range of 0.21-1.20 ps is plotted in Fig. 6(b).
The 1.42 eV peak corresponds to the electron binding energy of
the 'B,(1a,3d) Rydberg state and the 1.10 eV peak is ascribed to
other Rydberg state(s), the adiabatic excitation energy of which is
0.32 eV higher than that of the 'B,(1a,3d) state, ~6.78 eV. We
note that the adiabatic excitation energies of two 4p Rydberg
states are close to 7.10 eV. The origin of the 'B,(1a,4p) and
'By(1a,4p’) states are 7.096 and 7.120 eV, respectively, according
to a previous assignment.>® Therefore, we tentatively suggest that
the photoelectron signal at the 1.10 eV Rydberg state electron
binding energy peak is associated with the ionization of the
vibrational states of the 'B,(1a,4p) and 'B;(1a,4p’) Rydberg
states. Both the 3d and 4p Rydberg states can have an excited-
state lifetime of hundreds of femtoseconds. The value of their
lifetime slightly decreases with the increase of the vibrational
excess energy. We conclude that more than one Rydberg state
should be involved in the relaxation dynamics of pyrrole excited
at 156 nm (7.94 eV), resulting in the real-time observation of the
subpicosecond time constants in time-resolved measurements.
More broadly speaking, the high-lying Rydberg series in pyrrole
can play a role as a mediating state in the relaxation pathway of
the nn* valence states. A similar mechanism has been previously
proposed and experimentally evidenced in the case of a specifi-
cally selected ethylene-like molecule.*®

4. Conclusions

In conclusion, we investigate the ultrafast decay dynamics of
pyrrole molecules following femtosecond pulse two-photon exci-
tation in the VUV wavelength range. Based on the detailed
analysis of the 2 + 1" TRPES spectra and their excitation energy
dependence, effort is devoted to the understanding of the VUV
excited-state dynamics of pyrrole. The lifetimes of a series of
high-lying Rydberg states are measured to be hundreds of femto-
seconds. Internal conversion to nearby-lying valence states is
suggested to be the dominant decay channel of these Rydberg
states. This experimental 2 + 1’ TRPES study provides valuable
insights into the full picture of the VUV photodynamics of pyrrole.

Author contributions

Supervision: Guorong Wu and Xueming Yang; conceptualiza-
tion: Dongyuan Yang and Guorong Wu; investigation: Don-
gyuan Yang and Yanjun Min; formal analysis: Dongyuan Yang,
Yuhuan Tian and Zhigang He; discussion: all authors; writing:
Dongyuan Yang; funding acquisition: Dongyuan Yang,
Guorong Wu and Xueming Yang.

Data availability

All data supporting the findings of this study will be available
on reasonable request. The data reproducing the UV and VUV

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp04838e

Published on 30 January 2025. Downloaded by Dalian Institute of Chemical Physics, CAS on 2/19/2025 1:49:28 PM.

PCCP

absorption spectrum of pyrrole in this paper are open-access
and can be obtained from https://www.uv-vis-spectral-atlas-
mainz.org.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (No. 22203095, 22103087,
22288201, 21833003), the State Key Laboratory of Molecular
Reaction Dynamics (No. SKLMRD-Z202406) and the Chinese
Academy of Sciences (No. GJJSTD20220001). The authors also
gratefully acknowledge the support and assistance from the
Dalian Coherent Light Source (DCLS).

References

1 Y. Chang, M. N. R. Ashfold, K. Yuan and X. Yang, Natl. Sci.
Rev., 2023, 10, nwad158.

2 H. Gao and C.-Y. Ng, Chin. J. Chem. Phys., 2019, 32, 23-34.

3 Z. Li, Y-l Fu, Z. Luo, S. Yang, Y. Wu, H. Wu, G. Wu,
W. Zhang, B. Fu, K. Yuan, D. Zhang and X. Yang, Science,
2024, 383, 746-750.

4 K. Yuan, L. Cheng, Y. Cheng, Q. Guo, D. Dai and X. Yang,
Rev. Sci. Instrum., 2008, 79, 124101.

5 R. Forbes, V. Makhija, J. G. Underwood, A. Stolow,
I. Wilkinson, P. Hockett and R. Lausten, Phys. Rev. A,
2018, 97, 063417.

6 R. Forbes, P. Hockett, Q. Leterrier and R. Lausten, Opt. Lett.,
2024, 49, 3178-3181.

7 Y. Zhang and L. Wang, Chin. Opt. Lett., 2024, 22, 051901.

8 N. Carrasco, A. Giuliani, J.-;J. Correia and G. Cernogora,
J. Synchrotron Radiat., 2013, 20, 587-590.

9 Y. Chang, S. Yu, Q. Li, Y. Yu, H. Wang, S. Su, Z. Chen, L. Che,
X. Wang, W. Zhang, D. Dai, G. Wu, K. Yuan and X. Yang,
Rev. Sci. Instrum., 2018, 89, 063113.

10 Y. Yu, Q. Li, J. Yang, G. Wang, L. Shi, H. Ding, K. Tao,
Z. Tang, Z. He, Z. Chen, Y. Tian, D. Dai, G. Wu, W. Zhang,
X. Yang, C. Feng, S. Chen, Z. Wang, D. Gu, ]J. Chen, X. Liu,
T. Lan, L. Feng, W. Zhang, S. Zhong, J. Zhang, L. Li, C. Xiao,
H. Li, H. Zhao, G. Chen, H. Zhu, ]J. Ding, M. Huang,
W. Zhang, L. Lai, F. Yang, G. Wang, S. Xiang, X. Hu,
Y. Liu, S. Sun, F. Gao, Z. Jiang, X. Zhou, Y. Liu, Y. Wu,
Z. Chen, R. Wang, D. Huang, M. Zhang, H. Deng, B. Li,
G. Lin, L. Yu, Y. Yan, S. Yan, X. Xia, Q. Zhou, B. Liu, Q. Gu,
M. Gu, G. Fang, Y. Leng, L. Yin, D. Wang and Z. Zhao, Chin.
J. Lasers, 2019, 46, 0100005.

11 M. A. B. Larsen, T. L. Selling, R. Forbes, A. E. Boguslavskiy,
V. Makhija, K. Veyrinas, R. Lausten, A. Stolow,
M. M. Zawadzki, L. Saalbach, N. Kotsina, M. ]J. Paterson
and D. Townsend, J. Chem. Phys., 2019, 150, 054301.

This journal is © the Owner Societies 2025

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

View Article Online

Paper

A. Roder, A. B. Skov, A. E. Boguslavskiy, R. Lausten and
A. Stolow, Phys. Chem. Chem. Phys., 2020, 22, 26241-26254.
G. M. Roberts, C. A. Williams, H. Yu, A. S. Chatterley,
J. D. Young, S. Ullrich and V. G. Stavros, Faraday Discuss.,
2013, 163, 95-116.

R. Montero, A. Peralta Conde, V. Ovejas, M. Fernandez-
Fernandez, F. Castafio, J. R. Vazquez de Aldana and
A. Longarte, . Chem. Phys., 2012, 137, 064317.

R. Montero, V. Ovejas, M. Fernandez-Fernandez, A. Peralta
Conde and A. Longarte, J. Chem. Phys., 2014, 141, 014303.
G. Wu, S. P. Neville, O. Schalk, T. Sekikawa,
M. N. R. Ashfold, G. A. Worth and A. Stolow, J. Chem. Phys.,
2015, 142, 074302.

S. W. Crane, M. M. Zawadzki, J. O. F. Thompson, N. Kotsina,
O. Ghafur and D. Townsend, J. Chem. Phys., 2016, 145, 234304.
O. M. Kirkby, M. A. Parkes, S. P. Neville, G. A. Worth and
H. H. Fielding, Chem. Phys. Lett., 2017, 683, 179-185.

T. Geng, O. Schalk, S. P. Neville, T. Hansson and
R. D. Thomas, J. Chem. Phys., 2017, 146, 144307.

I. Lamas, A. Longarte, A. Peralta Conde, G. Muga,
D. Townsend and R. Montero, J. Phys. Chem. A, 2019, 123,
8982-8993.

S. L. Horton, Y. Liu, P. Chakraborty, S. Matsika and
T. Weinacht, J. Chem. Phys., 2017, 146, 064306.

Z.He, D. Yang, Z. Chen, K. Yuan, D. Dai, G. Wu and X. Yang,
Phys. Chem. Chem. Phys., 2017, 19, 29795-29800.

D. Yang, Y. Min, Z. Chen, Z. He, Z. Chen, K. Yuan, D. Dai,
G. Wu and X. Yang, Chin. J. Chem. Phys., 2019, 32, 53-58.
Y. Min, D. Yang, Z. He, Z. Chen, K. Yuan, D. Dai, G. Wu and
X. Yang, Phys. Chem. Chem. Phys., 2019, 21, 15040-15045.
M. H. Palmer, I. C. Walker and M. F. Guest, Chem. Phys.,
1998, 238, 179-199.

S. P. Neville and G. A. Worth, J. Chem. Phys., 2014,
140, 034317.

M. Barbatti, J. Pittner, M. Pederzoli, U. Werner, R. Mitric,
V. Bonacic-Koutecky and H. Lischka, Chem. Phys., 2010, 375,
26-34.

Z. He, Z. Chen, D. Yang, D. Dai, G. Wu and X. Yang, Chin.
J. Chem. Phys., 2017, 30, 247-252.

D. Yang, Z. Chen, Z. He, H. Wang, Y. Min, K. Yuan, D. Dai,
G. Wu and X. Yang, Phys. Chem. Chem. Phys., 2017, 19,
29146-29152.

D. Yang, Y. Min, Z. Chen, Z. He, K. Yuan, D. Dai, X. Yang
and G. Wu, Phys. Chem. Chem. Phys., 2018, 20, 15015-15021.
W. Yuan, D. Yang, B. Feng, Y. Min, Z. Chen, S. Yu, G. Wu and
X. Yang, Phys. Chem. Chem. Phys., 2021, 23, 17625-17633.

B. Feng, D. Yang, Z. He, B. Fang, G. Wu and X. Yang, J. Phys.
Chem. A, 2023, 127, 10139-10146.

G. A. Garcia, L. Nahon and I. Powis, Rev. Sci. Instrum., 2004,
75, 4989-4996.

W. Yuan, B. Feng, D. Yang, Y. Min, S. Yu, G. Wu and
X. Yang, Chin. J. Chem. Phys., 2021, 34, 386-392.

B. Feng, W. Wu, S. Yang, Z. He, B. Fang, D. Yang, G. Wu and
X. Yang, Phys. Chem. Chem. Phys., 2024, 26, 8308-8317.

H. Keller-Rudek, G. K. Moortgat, R. Sander and R. Sorensen,
Earth Syst. Sci. Data, 2013, 5, 365-373.

Phys. Chem. Chem. Phys., 2025, 27, 4467-4474 | 4473


https://www.uv-vis-spectral-atlas-mainz.org
https://www.uv-vis-spectral-atlas-mainz.org
https://doi.org/10.1039/d4cp04838e

Published on 30 January 2025. Downloaded by Dalian Institute of Chemical Physics, CAS on 2/19/2025 1:49:28 PM.

Paper

37 W.Wu, B. Feng, Y. Tian, Z. He, D. Yang, G. Wu and X. Yang,
J. Phys. Chem. A, 2024, 128, 8906-8913.

38 B. Feng, W. Wu, Z. He, D. Yang, G. Wu and X. Yang, J. Phys.
Chem. A, 2024, 128, 3840-3847.

39 D. ]J. Tozer, R. D. Amos, N. C. Handy, B. O. Roos and
L. Serrano-Andrés, Mol. Phys., 1999, 97, 859-868.

40 J. Wan, J. Meller, M. Hada, M. Ehara and H. Nakatsuji,
J. Chem. Phys., 2000, 113, 7853-7866.

41 C. G. Zhan and D. A. Dixon, J. Mol. Spectrosc., 2002, 216, 81-89.

42 M. H. Palmer and P. J. Wilson, Mol. Phys., 2003, 101, 2391-2408.

43 C. D. Cooper, A. D. Williamson, J. C. Miller and
R. N. Compton, J. Chem. Phys., 1980, 73, 1527-1537.

4474 | Phys. Chem. Chem. Phys., 2025, 27, 4467-4474

View Article Online

PCCP

44 A. J. van den Brom, M. Kapelios, T. N. Kitsopoulos,
N. H. Nahler, B. Cronin and M. N. R. Ashfold, Phys. Chem.
Chem. Phys., 2005, 7, 892-899.

45 J. M. Beames, M. G. D. Nix and A. J. Hudson, J. Chem. Phys.,
2009, 131, 174305.

46 A. R. Davies, D. J. Kemp and T. G. Wright, J. Mol. Spectrosc.,
2021, 376, 111410.

47 G. Wu, A. E. Boguslavskiy, O. Schalk, M. S. Schuurman and
A. Stolow, J. Chem. Phys., 2011, 135, 164309.

48 E. Gloaguen, J. M. Mestdagh, L. Poisson, F. Lepetit, J. P. Visticot,
B. Soep, M. Coroiu, A. Eppink and D. H. Parker, J. Am. Chem. Soc.,
2005, 127, 16529-16534.

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp04838e



