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N-ethylpyrrole is one of ethyl-
substituted derivatives of pyrrole

and its excited-state decay dy- E 1.0

namics has never been explored. ;; A

In this work, we investigate ul- go

trafast decay dynamics of N- i 88 0.5 50
ethylpyrrole excited to the S; o 1'0152_0 o 1020 30 )
electronic state using a femtosec- E( e[/) De\a‘f ®

ond time-resolved photoelectron

imaging method. Two pump wavelengths of 241.9 and 237.7 nm are employed. At 241.9 nm,
three time constants, 5.0+0.7 ps, 66.4+15.6 ps and 1.3+0.1 ns, are derived. For 237.7 nm,
two time constants of 2.14+0.1 ps and 13.1£1.2 ps are derived. We assign all these time
constants to be associated with different vibrational states in the S; state. The possible

decay mechanisms of different S; vibrational states are briefly discussed.
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l. INTRODUCTION

Small isolated heteroaromatic molecules, such as

pyrrole, imidazole, indole, etc., offer ideal model
systems for the understanding of electronic struc-
ture and photochemistry of a range of important
biomolecules [1-4]. Among these prototypical het-
eroaromatic molecules, N-methylpyrrole (C4H4NCHj)
is one of methyl-substituted derivatives of pyrrole and
contains an N-CHgs group, which is a key building block
in many biologically important complex molecules [5].
The UV absorption spectrum and the excited-state dy-
namics of N-methylpyrrole have been investigated in re-

cent decades and the methyl substitution effects (com-
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pared to pyrrole) are explored and better understood
[6-17]. In these studies, majority of the experimental
and theoretical results could be rationalized within the
framework proposed in the seminal theoretical studies
by Domcke and coworkers [18, 19] and the role of the
lowest-lying 7(3s/0*) state (predominantly 3s charac-
ter in the Franck-Condon (FC) region and o* character
at extended N—CHj3 bond length, hereafter termed sim-
ply as !70*) in the non-radiative decay of the excited
states was confirmed.

For the bare pyrrole, the ultrafast dynamics of the
Si(mo*) state with a lifetime of less than 50 fs at pump
wavelengths of <250 nm [20-23] and 126 fs at 250 nm
[21] has been previously reported. For the methyl-
substituted derivatives of pyrrole, it could be generally
classified into two categories: methyl-substitution in
the ring C atom positions and methyl-substitution in N
atom position. In the former case, methyl-substitution
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effects have limited influences on the decay dynamics of
the Sy state [24, 25], whereas in the latter case, it shows
drastic differences in the lifetimes of the S; state. In
particular, for methyl group substitution in N-position
on pyrrole, N-methylpyrrole, it has a lifetime about one
to three orders of magnitude longer than that of pyr-
role depending on the vibrational excitation of the S;
state [13, 14, 16], which was explained to be due to the
change of the S; state potential energy surface with an
increased barrier along the C—N dissociation coordinate
[14]. In a recent picosecond pump-probe experiment by
Kim and coworker, the lifetimes of the selective vibra-
tional states in the S; state of N-methylpyrrole have
been measured and show a general trend of decrease
with the increase of vibrational energy [16]. However,
it was also found to be strongly mode-dependent and a
higher vibrational state may decay with a slower rate
than a lower-energy one. Moreover, it is worth to note
that dramatic decrease of the S; lifetime has been ob-
served at +806 cm~! above the S; origin.

In this work, we focus on an ethylated derivative of
pyrrole, N-ethylpyrrole (C4H4NCH3;CHs), and report
a femtosecond time-resolved photoelectron imaging (fs-
TRPEI) study of the ultrafast excited-state decay dy-
namics of N-ethylpyrrole. The motivations are similar
to our previous studies on the ultrafast excited-state dy-
namics of several methyl-substituted derivatives of pyr-
role, N-methylpyrrole (NMP) [13], 2,4-dimethylpyrrole
(2,4-DMP) [24] and 2,5-dimethylpyrrole (2,5-DMP)
[25]. We intend to understand the substitution effects
on the excited-state dynamics of simple models, such
as ethyl substitution in N-position on pyrrole herein,
which may aid the development of simple models of
such dynamics extendable to larger molecules. Unfor-
tunately, studies on both electronic-state potential en-
ergy surfaces and the UV absorption spectrum of N-
ethylpyrrole are very scarce, and its excited-state dy-
namics has not been explored both experimentally and
theoretically. In the present work, the supersonic-jet-
cooled N-ethylpyrrole molecules are excited by one-
photon absorption at the pump wavelengths of 241.9 nm
and 237.7 nm (5.13 ¢V and 5.22 eV), whereupon the de-
layed probe laser pulse of 280.8 nm (4.42 eV) produces
photoelectrons via one-photon ionization. At these two
pump wavelengths, the initial photoexcited state is at-
tributed to vibrational excitation in the S;(!wo*) state
based on the analysis of time-resolved photoelectron
spectra (TRPES) and the photoelectron angular distri-
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butions (PADs) and its decay dynamics is discussed in
detail, compared with those of pyrrole and NMP.

Il. EXPERIMENTS

The N-ethylpyrrole sample was obtained commer-
cially (Macklin, >97%) and used without further purifi-
cation. The UV absorption spectrum of N-ethylpyrrole
under saturated vapor condition was measured at room
temperature using a commercial UV-visible spectrom-
eter (Shimadzu, UV-2600). The TRPEI experiment
was carried out in a similar way to that previously
described in our publications [24, 25], on a velocity
map imaging (VMI) spectrometer [26]. The pump
and probe laser pulses were obtained from a fully in-
tegrated Ti:Sapphire oscillator/regenerative amplifier
system (<50 fs, 800 nm, 3.8 mJ and 1 kHz, Coher-
ent, Libra-HE), followed by two commercial optical
parametric amplifiers (OPA, Coherent, OPerA Solo),
each was pumped by a fraction (1.3 mJ per pulse) of
the fundamental output of the amplifier. The pump
laser pulses of 241.9 and 237.7 nm (0.3—0.5 wJ per
pulse) were directly obtained from one of the OPAs
and the probe laser pulse of 280.8 nm (~0.9 uJ per
pulse) was obtained from the other OPA. The band-
width of the pump laser pulses (full width at half max-
imum (FWHM) of the spectrum) of 241.9 and 237.7

L respectively, and

nm was ~270 cm~! and ~250 cm™
~230 cm ™! for the probe laser pulse of 280.8 nm.

The seeded N-ethylpyrrole molecular beam was gen-
erated by bubbling 2 bar of helium carrier gas through
a liquid sample at room temperature using an Even-
Lavie pulse valve (200 pm diameter nozzle orifice) op-
erated at 1 kHz and expanded supersonically into a high
vacuum source chamber. Then the molecular beam en-
tered into the interaction chamber of the VMI spec-
trometer through a 1 mm skimmer (Beam Dynamics
Inc., Model 1) which was about 40 mm downstream of
the nozzle. The pump and probe laser pulses were com-
bined collinearly on a dichroic mirror without further
compression, and then focused using an /75 lens into
the interaction region of the VMI spectrometer to inter-
sect the seeded N-ethylpyrrole molecular beam. Both
the pump and probe laser pulses were linearly polarized
and the polarization direction was parallel to the micro
channel plate (MCP) detector of the VMI spectrometer.
A computer-controlled linear translation stage (New-
port, M-ILS250HA) located at the upstream region of
the second OPA enabled precise control of the temporal
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delay between the pump and probe laser pulses. The
pump-probe time delays were scanned back and forth
multiple times to minimize any small hysteresis effect,
and the effects caused by the fluctuations and drifts in
molecular beam intensity, laser pulse energy and point-
ing, etc. It was carefully checked that there were negli-
gible N-ethylpyrrole clusters presented in the molecular
beam.

The 2D photoelectron images were recorded at differ-
ent pump-probe time delays and transferred to 3D dis-
tributions using the pBasex Abel inversion method [27].
The delay-dependent photoelectron 3D distributions
were further integrated along the recoiling angle to de-
rive the photoelectron kinetic energy distributions, i.e.,
time-resolved photoelectron spectra (TRPES). Elec-
tron kinetic energy calibration was performed using
multiphoton ionization of the Xe atoms. The cross-
correlation (i.e., instrumental response function (IRF))
between the pump and probe laser pulses was measured
by the two-color (141’) non-resonant ionization of ni-
tric oxide. The delay-dependent curves of the electron
yield were fitted, based on the approximation that both
the pump and probe laser pulses have a Gaussian pro-
file. The derived (141') IRFs were determined to be
150£15 fs (FWHM). This process also served to deter-
mine the time-zero which was checked before and after
the TRPES measurements to make sure that there was

no significant time-zero shift during the measurements.

I1l. RESULTS AND DISCUSSION

A. The UV absorption spectrum

The UV absorption spectrum of N-ethylpyrrole has
not been previously reported. In this work, it was mea-
sured and is shown in FIG. 1. The main features are
very similar to those of pyrrole and analogous assign-
ments can be made. The weak, broad band which starts
from ~245 nm should be due to the transition to the

Lro* states.

B. The analysis of TRPES

The TRPEI method was employed for obtaining TR-
PES spectra of N-ethylpyrrole. The photoelectron im-
ages at pump wavelength of 241.9 nm at selected pump-
probe time delays, 0 fs and 1 ns, are shown in FIG. 2
(a) and (b), respectively, with the left and right halves
Note
that time-invariant pump-alone and probe-alone pho-

representing the raw and deconvoluted images.
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FIG. 1 The UV absorption spectrum of N-ethylpyrrole.
The blue arrows indicate the pump wavelengths used in the
current experiment.
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FIG. 2 (a, b) The two-color (1+1’) photoelectron images
from N-ethylpyrrole at pump wavelength of 241.9 nm at se-
lected pump-probe time delays, 0 fs and 1 ns, respectively.
Time-invariant pump-alone and probe-alone photoelectron
signals have been subtracted and the images are 4-fold sym-
metrised. The red double arrow indicates the polarization
direction of pump and probe lasers. The left and right half
images show the raw and deconvoluted ones, respectively.
(c, d) Same as (a, b), but for 237.7 nm at 0 fs and 20 ps
time delays, respectively.

toelectron signals are regarded as the background pho-
toelectrons and have been subtracted. Those images
for 237.7 nm at 0 fs and 20 ps time delays are also
shown in FIG. 2 (¢) and (d), respectively. It is clear that
the two-color (1+1’) photoelectron images show visible
anisotropic distributions, with a relatively sharp ring
feature (i.e., the selected images presented in FIG. 2).

The TRPES spectra of N-ethylpyrrole at pump wave-
lengths of 241.9 and 237.7 nm after subtracting the
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FIG. 3 (a, b) TRPES spectra of N-ethylpyrrole at pump wavelengths of 241.9 and 237.7 nm, respectively. The background
photoelectrons generated from single-color multiphoton ionization have been subtracted. Note that a combination of linear

and logarithmic scales is used in the ordinate.

(¢, d) The photoelectron kinetic energy dependent amplitudes of each

component derived from a 2D global least-squares fit (see text) to the corresponding TRPES shown in (a, b).

background photoelectrons generated from single-color
multiphoton ionization are shown in FIG. 3 (a) and (b),
respectively. At these two pump wavelengths, the pho-
toelectron spectra share large similarities, dominated
by a single sharp and strong peak centred around the
nearly same photoelectron kinetic energy. The time
scale of the dynamics at pump wavelength of 241.9 nm
is of the order of magnitude of 1000 ps, whereas that
at 237.7 nm is around 10 ps. In order to extract more
detailed information, a 2D global least-squares method
was employed to simultaneously fit TRPES data at all
time delays and photoelectron kinetic energies. The ki-
netic model used is expressed as the following equation:

;Ai(Ek)‘eXP (—f) -H(At)

Here, S(At,ex) represents the 2D TRPES spectrum.
At and ¢, are the pump-probe time delay and the ki-

S(At,ep) = ®IRF (1)

netic energy of the emitted photoelectron, respectively.
A;(er)-exp(—At/7;) is the contribution with lifetime 7
and amplitude A;(e). H(At) is the unit step func-
tion. The corresponding IRF is experimentally mea-
sured independently. A satisfactory fit is achieved and

lifetimes of 2.1£0.1 ps and 13.1+1.2 ps are derived at
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237.7 nm. At 241.9 nm, one more time constant should
be added and lifetimes of 5.040.7 ps, 66.4+15.6 ps and
1.3+£0.1 ns are derived. The uncertainty of the time
In FIG.
3 (c) and (d), the partial photoionization cross sec-

constant represents one standard deviation.

tions of each component are also shown. The peak of
2.140.1 ps and 13.1£1.2 ps at 237.7 nm is 1.644+0.02
eV and that slightly shifts to 1.684+0.02 eV for 5.0+0.7
ps, 66.4+15.6 ps and 1.34+0.1 ns at 241.9 nm. A cut of
the 2D global least-squares fit over the photoelectron
kinetic energy range of 1.44—1.84 eV at pump wave-
lengths of 241.9 and 237.7 nm are shown in FIG. 4
(a) and (b), respectively. The contributions for each
component derived from the least-squares fit are also
included.

Here, excitation at 241.9 and 237.7 nm is suggested
to only populate the Sy (*mo*) state of N-ethylpyrrole,
which is the lowest singlet excited state lying above the
ground state. All these extracted time constants are
ascribed to the decay dynamics of the S; state, pre-
sumably vibrationally excited. It is well accepted that
the S; state of pyrrole has 3s Rydberg state character at
the FC region. This is the same as that of NMP [13, 17].
Such a 3s state may be expected to possess a minimum
energy geometry very close to that of the ground state
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FIG. 4 (a) A cut of the 2D global least-squares fit over the photoelectron kinetic energy range of 1.44—1.84 eV at pump
wavelength of 241.9 nm. The contributions for each component derived from the least-squares fit are also included. (b)

Same as (a), but for 237.7 nm.

of the cation, resulting in the photoionization process
being dominated by diagonal FC factors (Av=0). This
is consistent with the single sharp and strong peak ob-
served in the TRPES spectra of N-ethylpyrrole.

C. The analysis of PADs

The time-resolved photoelectron angular distribu-
tions (TRPADs) can be derived by integrating the de-

J

E,A
1(5.a1,0) = 7E2Y
v

Here, o(E,At) is the time-dependent electron kinetic
energy distribution, P, (cosf) terms are the nth-order
Legendre polynomials, 82 and f4 are the well-known
anisotropy parameters, and 6 is the angle between po-
larization direction of the lasers and the recoil direc-
Satisfactory fits to PADs are
achieved using Eq.(2) and the derived anisotropy pa-

tion of photoelectrons.

rameters 0o and (4 for different time delays are also
obtained. The derived fy and (54 as a function of se-
lected pump-probe time delays averaged over photoelec-
tron kinetic energy range of 1.44—1.84 eV are plotted in
FIG. 5 (a) and (b) for pump wavelengths of 241.9 and
237.7 nm, respectively.

The values of 32 and (8, are very similar for 241.9
and 237.7 nm pump wavelengths, consistent with the
assignment that the initial excited electronic state at
these two pump wavelengths should be the same. As
mentioned above, we propose that the initial photoex-
cited states are the Sy (*mo*) vibrational states.
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convoluted images over a desired kinetic energy range.
Here the TRPADs at 241.9 and 237.7 nm are derived
over a selected photoelectron kinetic energy range of
1.44—1.84 eV. These TRPADs are further analyzed in
detail using the following expression for (141’) ioniza-
tion with parallel linear polarizations [28, 29],

(14 B2(E, At)Ps(cost) + Ba(E, At)Py(cosh)] (2)

(

Based on the analysis of PADs, the S; state of N-
ethylpyrrole is suggested to be dominated by the 3s
Rydberg state character at the FC region with the fol-
lowing reasons: (i) At a first level of approximation
(i.e., atomic-like), single photon ionization of a pure 3s
orbital should give rise to photoelectron partial waves
of exclusively p character on the basis of angular mo-
mentum conservation (Al==1), leading to PADs peak-
ing strongly along the laser polarization direction. The
derived values of 2 obtained from satisfactory fits to
PADs are less than the limiting value of 2.0, with an
average value of about 1.1. This is most possibly re-
sulted from the somewhat mixed character of the 3s
state, evidenced by a slight shift of the peak of the emit-
ted photoelectron (1.64 eV at 237.7 nm and 1.68 eV at
241.9 nm). It was also previously found that there was
vibronic mixing between the S; state and other higher
lying states in NMP [13]. (ii) The derived value of 35
is nearly invariant as pump-probe time delays, indicat-

(©2021 Chinese Physical Society
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FIG. 5 (a) Anisotropy parameters, 82 and S4, as a func-
tion of selected pump-probe time delays averaged over pho-
toelectron kinetic energy range of 1.44—1.84 eV at pump
wavelength of 241.9 nm. The error bars represent one stan-
dard deviation derived from the fit of the PAD. (b) Same as
(a), but for 237.7 nm.

ing that the excited electronic state involved at all time
delays should be of the same with the s character. (iii)
The derived value of 84 to the overall PADs is around
zero, strongly indicating that the PADs could be simply
treated as one-photon ionization from the excited state,
which means the one-photon absorption step from the
ground state to the excited state is not involved with
initial alignment, consistent with an isotropic orbital
distribution of the 3s state.

D. The decay dynamics of the S;(*7wo*) state

As is well known, the pure S;+Sy transition is elec-
tric dipole forbidden in one-photon absorption for pyr-
role. But this transition could have weak oscillator
strength by vibronic mixing with allowed transitions to
higher lying excited states, such as '77* states [22, 30].
In the case of N-ethylpyrrole, it should be weakly al-
lowed due to the lowered symmetry (from Ca, to Cs)
and enhanced by borrowing intensity from higher lying
excited states, supported by the UV absorption spec-
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trum shown in FIG. 1. Based on the analysis of ex-
perimental data, a reasonable decay mechanism of the
Si(mo*) state of N-ethylpyrrole is proposed and dis-
cussed here. We conclude that excitation at both 241.9
and 237.7 nm results in population of the S; (17o*) state
of N-ethylpyrrole with vibrational excitation. The life-
times of a sub-picosecond and a few picoseconds are
previously ascribed to intramolecular vibrational energy
redistribution (IVR) process within the S; state of NMP
[14, 16], while the relatively slow decaying component
represents the depopulation rate of the S; state. Here
we do not find any evidence to support that the lifetimes
of 2.1£0.1 ps at 237.7 nm and 5.0£0.7 ps at 241.9 nm
belong to IVR process. Especially for the 3s Rydberg
state at the FC region, the IVR process is not expected
to result in a significant varying of the photoionization
cross-section before the wavepacket evolving out of the
FC region. Therefore, by considering the broad band-
width of the femtosecond pump laser pulse employed
here and the different deactivation rates of the S; vi-
bronic bands measured in NMP [16], we prefer to assign
all the fitted time constants to the depopulation rates of
different vibrational states in the S;(*mo*) state of N-
ethylpyrrole, followed by prompt S;—Sg internal con-
version (IC) process with the lifetimes of 2.140.1 ps and
13.14+1.2 ps at 237.7 nm, 5.0+0.7 ps and 66.4+15.6 ps
at 241.9 nm. However, the assignment of the lifetime of
1.340.1 ns at 241.9 nm is less clear-cut. The nanosec-
ond component may be attributed to intersystem cross-
ing (ISC) process to a lower lying Ty (377*) state, which
seems to be the decay channel for one vibrational state
at 241.9 nm. This ISC process was also predicted for
NMP in a previous study [14]. On the other hand, it
also could be ascribed to IC to the ground state with
a timescale of nanosecond to decay over a potential
barrier along the N—C dissociation coordinate, while
the lifetimes of 5.0+0.7 ps and 66.4+15.6 ps represent-
ing other vibrational states decaying fastly on the S;
state potential energy surface. As the pump wavelength
slightly decreases to 237.7 nm with increasing excita-
tion, the corresponding TRPES spectrum clearly shows
faster decay dynamics and the nanosecond component
disappears, indicating that the decay channel of the
S1 vibrational states is a fast radiationless transition,
S1—So internal conversion.

The proposed excited-state decay mechanism of the
S1(*mo*) state of N-ethylpyrrole is consistent with that
clarified on the Sy (17o*) state of NMP [13, 16]. The pr-
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esent experimental results highlight that the ethyl-
substitution effects in N atom position is very similar to
the methyl-substitution effects in NMP, resulting an in-
creased barrier along the C—N dissociation coordinate.
From a more general point of view, when the S; state is
prepared with enough vibrational content, ISC process
may compete with radiationless internal conversion re-
laxation through a conical intersection (CI) and become
less important.

IV. CONCLUSION

The UV photoinduced dynamics of N-ethylpyrrole
following excitation at pump wavelengths of 241.9 and
237.7 nm is investigated using the TRPEI method. Ex-
citation at these two pump wavelengths results in pop-
ulation of the S;(!7o*) vibrational states based on the
detailed analysis of TRPES data and TRPADs. The
lifetime of the Sy (*mo*) vibrational states is determined
to be 5.0+0.7 ps, 66.4£15.6 ps, and 1.3£0.1 ns at
241.9 nm and it varies to 2.1£0.1 ps and 13.1£1.2 ps
at 237.7 nm. The depopulation channel of the S; (7o)
vibrational states is suggested to be IC to the ground
state, except for the vibrational state with a lifetime of
1.34+0.1 ns, which may decay followed by ISC to a lower
lying triplet state.
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