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The ultrafast decay dynamics of pyridine-N-oxide upon excitation in the near-ultraviolet range of
340.2-217.6 nm is investigated using the femtosecond time-resolved photoelectron imaging technique.
The time-resolved photoelectron spectra and photoelectron angular distributions at all pump
wavelengths are carefully analyzed and the following view is derived: at the longest pump wavelengths
(340.2 and 325.6 nm), pyridine-N-oxide is excited to the S;(‘nn*) state with different vibrational levels.
The depopulation rate of the S; state shows a marked dependence on vibrational energy and mode, and
the lifetime is in the range of 1.4-160 ps. At 289.8 and 280.5 nm, both the second Inn* state and the S;
state are initially prepared. The former has an extremely short lifetime of ~60 fs, which indicates that
the ultrafast deactivation pathway such as a rapid internal conversion to one close-lying state is its
dominant decay channel, while the latter is at high levels of vibrational excitation and decays within the
range of 380-520 fs. At the shortest pump wavelengths (227.3 and 217.6 nm), another excited state of
Rydberg character is mostly excited. We assign this state to the 3s Rydberg state which has a lifetime of
0.55-2.2 ps. This study provides a comprehensive picture of the ultrafast excited-state decay dynamics

rsc.li/pcecp

|. Introduction

The photochemistry and photophysics of small aromatic het-
erocyclic molecules have become a hot topic over the past few
decades. This offers an ideal prototype for understanding
photoinduced processes of complex biomolecules found in
nature, such as aromatic amino acids' and nucleobases.?”
Pyridine is one of the six-membered heteroaromatic molecules
containing the nitrogen heteroatom. The ultraviolet (UV) photo-
stability of it>'® and its substituted derivatives®'®>" has
attracted a great deal of interest from many theoretical and
experimental chemists since the pyridine ring occurs in a series
of important organic compounds. In recent years, we have
investigated the ultrafast and radiationless electronic excited
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of the photoexcited pyridine-N-oxide molecule.

state decay dynamics of several substituted pyridines, such as
2-hydroxypyridine,>* 2-aminopyridine and 3-aminopyridine,*
highlighting that the substitution effects are sensitive to the
different substitution positions. In this article, we continue our
efforts on this same topic and focus solely on one specific
substituted pyridine, namely pyridine-N-oxide (hereafter
termed simply PyNO), with special interest in exploring the
pump wavelength-dependent decay dynamics of electronically
excited PyNO.

The near UV absorption spectrum of PyNO in the gas phase
has been studied by numerous researchers since the 1950s and
1960s>*** and three electronic transitions (the first, second and
third transitions) have been widely reported for this molecule.
It has been evidenced that the first 'B, « 'A, electronic
transition is n* <« = rather than n* < n in the case of
PyNO.”**" Later on, the vibrational structure of this electronic
transition to the first singlet excited state of PyNO has been
analyzed.*'* In these works, the more exact 0-0 band origin of
the S; < S, electronic transition was found to be ~341 nm.
The second absorption band with the peak position of around
280 nm has been assigned to the 'A; < 'A; (n* « n) electronic
transition.”®*! The analysis of the vibronic structure of the
second electronic transition was performed and the 0-0 transi-
tion was suggested to be ~290 nm.>* The 0-0 band origin of the
third electronic transition was measured to be ~228 nm.*>?°
Recently, Palmer et al. performed ab initio configuration
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interaction computations to calculate both Rydberg and valence
state vertical excitation energies and oscillator strengths, which
were correlated with the experimentally identified states in their
measured photoabsorption spectrum.?”

Although there have been a variety of previous spectroscopic
studies which focused on the UV or vacuum ultraviolet (VUV)
absorption of PyNO, to the best of our knowledge, there has not
yet been a direct time-resolved study on the excited-state
dynamics of the isolated PyNO molecule. Herein we present a
femtosecond time-resolved photoelectron imaging (fs-TRPEI)
study of the ultrafast decay dynamics of electronically excited
PyNO in a broad UV pump wavelength range of 340.2-217.6 nm.
The excitation of PyNO at each pump wavelength is successfully
assigned to specific singlet electronic excited state(s) based
on the characterizations of the time-resolved photoelectron
spectroscopy (TRPES) spectra and the photoelectron angular
distributions (PADs). Our assignments are also strongly supported
by the previous assignments of the four lowest absorption bands
of the absorption spectrum and calculations of the adiabatic
singlet excited state structures and energies.’” In addition, the
clear pump wavelength dependence of the decay dynamics of
photoexcited PyNO is analyzed and discussed in detail.

ll. Experimental section

The fs-TRPEI experiment was carried out on a velocity map
imaging (VMI) spectrometer®® and the experimental methods
have been described in our earlier publications.**™*> Here, only
a brief description of the key features will be given. A solid
sample of PyNO was purchased commercially with a purity of
>97% and used directly without further purification. The
PyNO sample was heated to about 80-90 °C and mixed with
2-3 bar of helium carrier gas and expanded supersonically into
a high vacuum source chamber via a pulsed Even-Lavie valve
operating at 1 kHz. The seeded PyNO molecular beam entered
into the interaction chamber of the VMI spectrometer through
a 1 mm skimmer (Beam Dynamics Inc., Model 1) located
40 mm downstream from the nozzle orifice.

The wavelength-tunable UV laser pulses were generated
using two commercial optical parametric amplifiers (OPA,
Coherent, OPerA Solo), each pumped by a fraction (1.1 m] per
pulse) of the fundamental output of the fully integrated Ti:
Sapphire oscillator-regenerative amplifier (Coherent, Libra-HE,
1 kHz, 800 nm). Six different pump wavelengths in the range of
340.2-217.6 nm were employed. The spectra of the pump
wavelengths are shown in Fig. S1 (see the ESIt). The wavelength
of the probe laser was chosen at 239.2 nm because this wave-
length corresponds to a minimum in the absorption spectrum
(Fig. 1). The unwanted signals from the probe-pump dynamics
processes, which complicate the analysis of the transients
around the time-zero, can be minimized. The pump laser
pulses, 340.2, 325.6, 289.8 and 280.5 nm (0.4-0.9 uJ per pulse,
249-525 cm ™" at full width at half-maximum (FWHM)), were
directly produced from one of the OPAs. For pump laser pulses
at 227.3 and 217.6 nm (0.2-0.3 pJ per pulse, 190-232 cm ™), the
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Fig.1 The UV absorption cross section for PyNO vapor measured at
55 °C as adapted from ref. 37 (the data were obtained from www.uv-vis-
spectral-atlas-mainz.org). The inset shows the absorption spectrum in the
range of 233-215 nm.

outputs of this OPA at about 526.6 and 477.3 nm were mixed
with a 400 nm laser beam using a 0.1 mm B-barium borate
(B-BBO) crystal, respectively, which itself was the doubling of a
fraction of the amplifier fundamental 800 nm output using
another 0.1 mm B-BBO crystal. The probe laser pulses of
239.2 nm (1.1-1.9 pJ per pulse, ~161 cm ' (FWHM)) were
obtained by doubling the output of the second OPA at 478.4 nm
using a 0.15 mm B-BBO crystal. The two laser pulses were
combined collinearly on a dichroic mirror without further
compression, and then focused using a calcium fluoride lens
(f = 300 mm) into the interaction region of the VMI spectro-
meter to intersect the seeded PyNO molecular beam. Both the
pump and probe pulses were linearly polarized and the polar-
ization direction was parallel to the micro-channel plate (MCP)/
phosphor screen detector.

The pump-probe time delay was precisely controlled using a
linear translation stage (Newport, M-ILS250HA) located at the
upstream of the second OPA. A fine delay step of 50 fs (30 fs
for the range of 0-600 fs) was only taken up to 1 ps. From
1 ps beyond, delay steps were larger and larger with a maximum
delay of 1 ns employed. The 2D photoelectron images at diff-
erent time delays were recorded using a computer-controlled
camera and transferred to 3D distributions using the pBasex
Abel inversion method.** The time-dependent photoelectron
3D distributions were integrated along the recoiling angle
to derive the photoelectron kinetic energy distributions, 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.***>

The two-color nonresonant ionization of NO molecules served
to measure the time-zero and cross-correlation (i.e., instrumental
response function (IRF)) between the pump and the probe laser
pulse. For the pump wavelengths of 289.8 and 280.5 nm, the
(1 + 1") IRF was measured to be 140 + 15 fs (FWHM) based on
the approximation that both pump and probe laser pulses
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possessed a Gaussian profile. At pump wavelengths of 340.2
and 325.6 nm, the (1 + 1’) two-photon energy is insufficient for
the photoionization of NO. Therefore, the value of 140 fs was
used as an approximation of the (1 + 1’) cross-correlation at
these pump wavelengths and varied in a small range to find the
best fit. The (1 + 1’) IRF was 160 + 15 fs (FWHM) for the pump
wavelengths of 227.3 and 217.6 nm. The uncertainties of the
time-zero and IRF in their own range also make a contribution
to the error bars of the derived time constants during the fits.

lll. Results and discussion
UV absorption spectrum of PyNO

The high-resolution absorption spectrum of PyNO in the near
UV region has been previously reported®” and is shown in Fig. 1
based on the open-access data from the MPI-Mainz UV/VIS
Spectral Atlas.’® The main features of this spectrum are four
absorption bands for wavelengths above 200 nm. As mentioned
in the Introduction, the first weak absorption band of PyNO
corresponding to the m* « m electronic transition and the
valence state, 'B,(3b;2a,*),>” is initially prepared starting from
the excitation wavelength of ~341 nm. Overall, the second
absorption band is strong and has a peak position of ~280 nm,
while the third one starting from ~ 228 nm is much weaker and
has a clear vibrational structure. The second broad UV band
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of the second 'nr* state, 'A;(3b,4b,*).*” The third band is ascribed
to one specific Rydberg state, the "B;(3b,3s) state.*” Furthermore,
the fourth absorption band between ~217 and 200 nm is more
complicated. So far, the discussion about this band is rare and its
assignment is less clear-cut. The excitation in this shorter wave-
length region seems to be associated with several higher-lying
valence and Rydberg states. The valence state, which is mainly
involved in the fourth absorption band, is suggested to be one of
the higher-lying 'nn* states, the 'A;(3b;5b,*) state.*>*”

The analysis of each TRPES spectrum

In Fig. 2(a) and (b), the TRPES spectra for PyNO at pump
wavelengths of 340.2 and 325.6 nm are shown, respectively.
The white dash lines indicate the photoelectron kinetic energy
limits for two-color (1 + 1) ionization to the ground state (D) of
the PyNO cation, which are calculated using an experimental
adiabatic ionization potential of 8.39 eV.?” The raw photoelec-
tron images at 1 ps pump-probe delay are also presented. By
visual inspection, the dynamics becomes shorter as the pump
wavelength decreases from 340.2 to 325.6 nm. In order to derive
more detailed information, a 2D global least-squares method is
employed to simultaneously fit the TRPES data at all time
delays and photoelectron kinetic energies. The model used
here can be expressed as the following equation:

n(<3)
between 4 and 5 eV (310-248 nm) is probably related to several S(t,e) = Ai(ex) % { {H(t) > exp<fi)} ® IRF}. 1)
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Fig. 2 (a) and (b) The TRPES spectra of PyNO at pump wavelengths of 340.2 and 325.6 nm, respectively, after subtracting the background
photoelectrons generated from single-color multiphoton ionization. The photoelectron kinetic energy limits for two-color (1 + 1') ionization to the
ground state (Do) of the PyNO cation are indicated by the white dash lines. Note that a combination of linear (<1 ps) and logarithmic (>1 ps) scales is
used in the ordinate. A background subtracted and 4-fold symmetrized raw VMI photoelectron image at 1 ps pump—probe delay is included as the inset.
The polarization directions of the pump and probe laser pulses are vertical. (c) and (d) The photoelectron kinetic energy-dependent amplitudes of each
component derived from the 2D global least-squares fit to the TRPES data shown in (a) and (b). (e) A cut of the 2D global least-squares fit over the
photoelectron kinetic energy range below the corresponding energetic limit at the pump wavelength of 340.2 nm. The contributions of each component
derived from the least-squares fit are also included. (f) Same as (e), but for 325.6 nm.
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Here, S(t,e1) represents the 2D TRPES spectrum, while ¢ and
&k are the pump-probe time delay and the kinetic energy of
the emitted photoelectron, respectively. A,(e;) x exp(—t/t;) is the
contribution with a lifetime t; and amplitude A,(e,). H(¢) is the
Heaviside step function. The IRF is the (1 + 1’) cross-correlation
between the pump and probe laser pulses, which is measured
independently and described by a Gaussian function. It should
be mentioned that a numerical convolution of this Gaussian
cross-correlation function and H(t) x exp(—t/t;) is used instead
of analytical convolution solutions. When employing our con-
volution algorithm, the simulated transients ([H(t) x exp(—¢/t;)]
® IRF) generated from the numerical convolution approach
are not normalized. Therefore, for a given FWHM value of the
IRF and a given value of the time constant (t;), the intensity of a
simulated transient describes the detection efficiency of the
excited state with a specific lifetime (t;) in a given experimental
pump-probe measurement.

An overall very satisfactory fit to the 2D TRPES spectra is
achieved. The fitting results including the derived time con-
stants and the photoelectron kinetic energy-dependent ampli-
tudes of each component are shown in Fig. 2(c) and (d).
In Fig. 2(e) and (f), a cut of the 2D global least-squares fit over
the photoelectron kinetic energy range below the corresponding
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energetic limit is presented. Three different time constants, 160 +
20, 10.6 £ 0.8 and 1.6 £ 0.4 ps for PyNO at 340.2 nm are derived
from the 2D global fit. At 325.6 nm, two time constants of 7.1 + 0.6
and 1.2 £ 0.2 ps are obtained.

The TRPES spectra for PyNO at 289.8 and 280.5 nm are
shown in Fig. 3(a) and (b), respectively. Both spectra share large
similarities, such as the dynamics becomes obviously much
shorter and the photoelectron kinetic energy distribution
extends to higher kinetic energies below the energetic limit
associated with Dy(3b; '). An identical 2D global least-squares
fit using eqn (1) is performed and the results are shown in
Fig. 3(c) and (d). The photoelectron kinetic energy limits for
two-color (1 + 1') ionization to the ground state (D,) and the
first excited state (D;) of the PyNO cation, calculated using
the experimental adiabatic ionization potentials of 8.39 and
9.18 eV, are indicated by the black and red dash lines,
respectively. A satisfactory fit is achieved and consists of three
components. The derived time constants are 60 + 30, 520 +
60 fs, >1 ns for 289.8 nm and 60 + 30, 380 + 60 fs, > 1 ns for
280.5 nm. The component of > 1 ns (labeled as oo in Fig. 3(c)
and (d)) shows no decay within the experimental scanning
range (a maximum delay of 1 ns was employed in our measure-
ments) and has a very small amplitude and diffuse photoelectron
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(a) and (b) The TRPES spectra of PyNO at pump wavelengths of 289.8 and 280.5 nm, respectively, after subtracting the background

photoelectrons generated from single-color multiphoton ionization. The photoelectron kinetic energy limits for two-color (1 + 1') ionization to the
ground state (D) of the PyNO cation are indicated by the white dash lines. Note that a combination of linear (<1 ps) and logarithmic (>1 ps) scales is used in the
ordinate. A background subtracted and 4-fold symmetrized raw VMI photoelectron image at ~50 fs pump—probe delay is included as the inset. The polarization
directions of the pump and probe laser pulses are vertical. (c) and (d) The photoelectron kinetic energy-dependent amplitudes of each component derived from
the 2D global least-squares fit to the TRPES data shown in (a) and (b). The photoelectron kinetic energy limits for two-color (1 + 1') ionization to the ground state
(Do) and the first excited state (D;) of the PyNO cation are indicated by the black and red dash lines, respectively.
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kinetic energy distribution. This contribution is most likely to be
from the multiphoton ionization of the metastable intermediate
products or the final products associated with both pump and
probe laser pulses. This component is out of the scope of the
current study which focuses on two-color (1 + 1’) photoionization
of PyNO itself and no further discussion will be provided. There-
fore, only two time constants are assigned to the excited-state
lifetimes at 289.8 and 280.5 nm. The component of 60 + 30 fs has
a diffuse distribution over the whole photoelectron kinetic energy
range, while the component of hundreds of femtoseconds
appears at lower kinetic energies. Herein, the relative detection
sensitivity for two different components must be taken into
account when one of the time constants is close to the time
resolution of a time-resolved pump-probe experiment. The influ-
ences of excited-state lifetime and laser pulse duration on effective
relative detection efficiency in photoionization-based pump-
probe molecular spectroscopy have been discussed in detail in a
previous study by Townsend and coworkers.*” In particular, for
these two components of 60 and 520/380 fs, the difference of the
relative detection efficiency for a given FWHM value (140 fs) of the
IRF is large enough, with the value of the former being down by a
factor of ~2.5/2.3 compared with that of the latter. This factor
is obtained from the comparison of the intensities of [H(f) X
exp(—t/1;)] ® IRF using a numerical convolution algorithm. That
is to say, although the signals associated with photoelectrons of
higher kinetic energies (> 0.6 €V) seem to be minor in the TRPES
spectra shown in Fig. 3(a) and (b), when considering the excitation
step, the contribution of the former 60 fs component is not so
small compared with that of the other component at lower kinetic
energies. The contributions of each component are clearly shown
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in Fig. 3(c) and (d). It should be noted that the photoelectron
kinetic energy-dependent amplitudes of each component (A{ex))
are not influenced by the detection efficiency since this effect has
been mathematically described by [H(f) x exp(—t/t;)]] ® IRF
in eqn (1) when employing our fitting model. The cuts of the
2D global least-squares fit over the higher and lower photoelec-
tron kinetic energy range are shown in Fig. 4. The contributions
of each component derived from the least-squares fit are also
included.

At 227.3 and 217.6 nm, the TRPES spectra (Fig. 5(a) and (b))
show different features compared with those at longer pump
wavelengths. The main feature observed in these TRPES spectra
is a dominated component with a strong and narrow peak
centered at ~2.24 eV, showing a few picoseconds decay dynamics.
The raw photoelectron images at 500 fs pump-probe delay are
also presented. In Fig. 4(c) and (d), the photoelectron kinetic
energy distributions derived by integrating the TRPES spectra over
a delay range of —0.5 to 10 ps are shown. An analogous 2D global
least-squares fit was performed, but using eqn (2). Here A, x IRF
describes the contribution from the nonresonant two-color (1 +1’)
photoionization signal.

n(<2)
S(l, Sk) = A()(Sk) x IRF + A,'(Sk)

- 2

X { {H(I) x eXp(fTi’_)} ® IRF}

The derived time constants and the photoelectron kinetic
energy-dependent amplitudes of each component are shown in
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(a) and (b) A cut of the 2D global least-squares fit over the photoelectron kinetic energy range of 0.60-1.07 and 0.01-0.50 eV, respectively, at the

pump wavelength of 289.8 nm. The contributions of each component derived from the least-squares fit are also included. Note that a combination of
linear (<1 ps) and logarithmic (>1 ps) scales is used in the abscissa. (c) and (d) Same as (a) and (b), but over the photoelectron kinetic energy range of

0.60-1.21 and 0.01-0.50 eV at 280.5 nm.
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Fig. 5 (a) and (b) The TRPES spectra of PyNO at pump wavelengths of 227.3 and 217.6 nm, respectively, after subtracting the background

photoelectrons generated from single-color multiphoton ionization. Note that a combination of linear (<1 ps) and logarithmic (=1 ps) scales is used
in the ordinate. A background subtracted and 4-fold symmetrized raw VMI photoelectron image at 500 fs pump—probe delay is included as the inset. The
polarization directions of the pump and probe laser pulses are vertical. (c) and (d) Normalized photoelectron kinetic energy distributions derived by
summing up the corresponding TRPES data shown in (a) and (b) at all delays. The photoelectron kinetic energy limits for two-color (1 + 1’) ionization to
the ground state (Do), the first and second excited states (D;, D,) of the PyNO cation are indicated by the black, red and blue dash lines, respectively.

Fig. 6(a) and (d). The cuts of the 2D global least-squares fit over
the higher and lower photoelectron kinetic energy range are
shown in Fig. 6(b) and (c) for 227.3 nm (Fig. 6(e) and (f) for
217.6 nm). The IRF component makes a minor contribution,
but it could not be neglected due to the relatively weak and
narrow absorption features, especially for 227.3 nm (see Fig. 1).
Besides the contribution of the nonresonant two-color signal
around time zero, a probe-pump signal associated with the
photoexcited dynamics of PyNO at 239.2 nm also appears at
lower kinetic energies. This probe-pump signal, which is too
weak to record reliable photoelectron kinetic energy distribu-
tions and transients, will not be further discussed and is
beyond the scope of the current study. For the pump-probe
signal, only one time constant, 2.2 + 0.2 ps, is derived at
227.3 nm. For 217.6 nm, two time constants, 2.2 + 0.2 ps and
550 =+ 50 fs, are derived.

The analysis of PADs

For the TRPES spectrum at each pump wavelength, a selected
raw image at specific delay is included as an inset. By visual
inspection, the isotropic feature of PADs provides no additional
information about the electronic character(s) of the excited
state(s) involved at 340.2-280.5 nm, whereas the PADs deserve
to be further analyzed for the 2.24 eV feature of the TRPES

This journal is © the Owner Societies 2024

spectra at 227.3 and 217.6 nm, which show a visible anisotropic
distribution with a relatively sharp-ring feature, as presented in
Fig. 5(a) and (b).

The TRPAD can be expressed as a function of the electron
kinetic energy ¢ and the pump-probe time delay t in terms of
the well-known anisotropy parameters, , and f4, using the
following equation for the (1 + 1’) two-photon ionization

process with parallel linear polarizations.*®*°
t
(e, 1,0) = %[1 4 Bale, 1) P2(cosO) + By (ex, 1) Pa(cosd)]

(3)

Here, P,(cos0) terms are the nth-order Legendre polyno-
mials, o(eyt) is the time-dependent electron kinetic energy
distribution and 6 is the angle between the polarization direc-
tion of the pump and probe laser pulses and the recoil direction
of the photoelectrons.

At 227.3 and 217.6 nm, the PADs associated with the 2.24 eV
feature are derived by integrating the deconvoluted images over
the photoelectron kinetic energy range of 2.08-2.40 eV. Satis-
factory fits to the PADs are achieved using eqn (3) and the
derived anisotropy parameters, f/, and f,, as a function of
pump-probe time delays are shown in Fig. 7(a) and (b). The
derived f3, value for the 2.24 eV feature varies around the time-
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(a) and (d) The photoelectron kinetic energy-dependent amplitudes of each component derived from the 2D global least-squares fit to the TRPES

data at pump wavelengths of 227.3 and 217.6 nm, respectively. (b) and (c) A cut of the 2D global least-squares fit over the photoelectron kinetic energy
range of 2.08-2.40 and 0.01-1.45 eV, respectively, at the pump wavelength of 227.3 nm. The contributions of each component derived from the least-
squares fit are also included. Note that a combination of linear (<1 ps) and logarithmic (> 1 ps) scales is used in the abscissa. (e) and (f) Same as (b) and (c),
but over the photoelectron kinetic energy range of 2.08-2.40 and 0.01-1.70 eV at 217.6 nm.

zero due to the contribution of the IRF component (as illustrated
in Fig. 6(b) and (e)) and does not change at larger time delays with
an average value of about 1.0 for pump wavelengths of 227.3 nm
and 0.9 for 217.6 nm. The derived f, value for the 2.24 eV feature
is always close to zero for both 227.3 and 217.6 nm. The inter-
pretation of the derived anisotropy parameters will be given in the
discussion of the assignment of the 2.24 eV feature.

The assignments of the time constants

The pump wavelength of 340.2 nm matches the excitation
energy of the S; « S, (m* « =, 2a,* « 3b,) band origin of
PyNO (~341 nm, as mentioned above) due to the intrinsic
broad spectral bandwidth of the femtosecond laser pulses.
At 340.2 nm, the v' = 0 and a series of low-energy vibrational
states of the S; state, which are covered by the bandwidth of the
pump laser, are expected to be excited. At 325.6 nm, slightly
higher vibrational levels of the S, state are prepared. Therefore,
it is straightforward to assign all the derived time constants at
340.2 and 325.6 nm to the lifetimes of different vibrational

8314 | Phys. Chem. Chem. Phys., 2024, 26, 8308-8317

states of the S; state. The small difference in the photoelectron
kinetic energy distribution of each component results from the
Franck-Condon (FC) factors associated with the S; vibrational
states and the PyNO cation in the ionization step.

At 289.8 and 280.5 nm, the v' = 0 and/or a few vibrational
states of the second bright singlet nn* state, which correspond
to 4b,* « 3b, electronic transition, should be initially excited.
It is therefore straightforward to assign the time constant of
60 + 30 fs to the lifetime of the second "nn* state. As mentioned
previously, the excitation energies and oscillator strengths of
the low-lying valence states have been calculated using the multi-
reference multi-root doubles and singles CI method (MRD-CI).*”
The vertical and adiabatic excitation energies of the S;(3b;2a,*)
state were calculated to be 4.32 and 3.65 €V, respectively. As a
consequence, highly excited vibrational states of the S, state may
also make a contribution to the second absorption band. There-
fore, the time constants of 520 + 60 fs at 289.8 nm and 380 + 60 fs
at 280.5 nm are ascribed to the lifetimes of some highly excited
vibrational states of the S, state.

This journal is © the Owner Societies 2024
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Fig. 7 (a) and (b) Anisotropy parameters, i, and f4, as a function of

pump—probe time delays (from —0.2 to 2.0 ps) averaged over the photo-

electron kinetic energy range of 2.08-2.40 eV at pump wavelengths of

227.3 and 217.3 nm, respectively. The error bars represent one standard
deviation derived from the fit of the PAD.

As pointed out previously, the first Rydberg state excitation
corresponds to the 3s « 3b; electronic transition. The vertical
excitation energy of this 3s Rydberg state was calculated to be
5.50 eV*” and its experimental 0-0 vibronic band origin was
around 228 nm.***” It is therefore straightforward to assign the
time constant of 2.2 £ 0.2 ps at 227.3 nm to the lifetime of the
3s state (v’ = 0). For 217.6 nm, the time constants of 2.2 & 0.2 ps
and 550 =+ 50 fs are assigned to the lifetimes of a few vibrational
states of the 3s state. Note that the photoelectron kinetic
energy-dependent amplitudes of these time constants have a
peak position of 2.24 + 0.01 eV here. We can take advantage of
the relatively sharp photoelectron kinetic energy distribution
of the 3s state and its peak position invariance with the change
of the pump wavelength (the photoionization process should
be dominated by diagonal FC factors (Av = 0) for a pure Rydberg
state). The adiabatic ionization potential of PyNO can be
calculated using the following relationship:

&1 = MWprobe — (IP, — AEE) (4)
where &y, Aprobe, IP; and AEE represent the kinetic energy of the
photoelectrons, the probe photon energy, the adiabatic ionization
potential and the adiabatic excitation energy of the 3s state,
respectively. Here the &, AVpone and AEE are 2.24 eV, 5.18 eV
(239.2 nm), and 5.45 eV (227.6 nm in Fig. 1), respectively. The
derived adiabatic ionization potential is 8.39 eV, the value of
which is perfectly consistent with the UV photoelectron spectro-
scopy (UPS) experimental result.””

This journal is © the Owner Societies 2024
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However, it can be recognized that there exist photoelectron
signals at lower kinetic energies for both 227.3 and 217.6 nm.
The photoelectron transients of lower kinetic energies can be
fitted well using the nearly same time constant derived
from the fit to the 2.24 eV feature. It can be rationalized in
simple terms of the existence of vibrational coupling between
the 'By(3b;3s) Rydberg state and two close-lying valence
states, the 1'By(8b,2a,*) and 2'By(3b;17a,*) states.*’ These
two valence states have much smaller oscillator strengths
compared with the 3s Rydberg state. The other higher-lying
'B, states, such as the 3b;15a,* and 1a,9b,* states, may also be
involved. Because some of these 'B; valence states prefer to
yield an ionic excited state, D;(8b, ") or D,(1a, ), the photo-
electron signals occur at lower kinetic energies, as presented in
Fig. 4(c) and (d). The somewhat mixed character of the 3s state
of PyNO also reasonably explains why the derived f, value for
the 2.24 eV feature is less than the limiting value of 2.0 for a
pure 3s Rydberg state,** with a value of about 1.0 for 227.3 nm.
It seems that the vibronic mixing between the 3s state and
other valence states is stronger at 217.6 nm than that at
227.3 nm, evidenced by a smaller average f§, value of 0.9 for
217.6 nm.

In summary, the features of the TRPES spectra and PADs
vary with the pump wavelength. On the basis of the detailed
analysis of all TRPES spectra and PADs mentioned above, the
initially prepared excited state(s) at each pump wavelength
employed herein can be successfully assigned. The achieved
assignments show consistency with the previous assignment of
each UV absorption band.

Decay dynamics of the electronic excited states of PyNO

At the S; state origin of PyNO, the excited-state lifetime is
measured to be vibrational-state dependent (see Fig. 2) and
the decay channel of intersystem crossing (ISC) to the lower-
lying triplet state is possibly in operation.>® Unfortunately, the
triplet state(s) of PyNO could not be one-photon effectively
detected when employing the 239.2 nm UV probe laser here.
Therefore, there is no evidence in our TRPES data that it really
happens for some low-energy vibrational states of the S; state.
We prefer to propose that the internal conversion (IC) along
ring deformation coordinates to the S, state through the S;/S,
conical intersection (CI) is the dominant decay channel of the
S; state. Herein, the lifetime of the S; state is in the range of
1.4-160 ps, which can be rationalized in terms of a low-energy
barrier between the FC region and the S;/S, CI. The time-
resolved UV pump-VUV probe experiment is in the planning
in our laboratory and may provide direct experimental evidence
to support the above proposed decay mechanism.

As the pump wavelength further decreases, both the highly
excited vibrational states of the S;('nn*) state and the second
'nn* state are excited at 289.8 and 280.5 nm, respectively.
We still suggest that the main deactivation channel of the
former is IC to the S, state with a fast decay of 380-520 fs.
The lifetime of the second 'nn* state is measured to be 60 +
30 fs. We propose that there exists an ultrafast decay pathway of
IC from the second 'nn* state to a potentially close-lying 'nn*
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state within tens of femtoseconds. For the second 'nr* state,
the energetically nearby 'nm* state is the 1'A,(8b,4b,*) state,’”
which is about 0.3 eV lower in the FC region and optically
forbidden for one-photon absorption. If there is a strong
coupling between the 1'A,(8b,4b,*) state and the second 'nn*
state (also termed 'A(3b;4b;*)) in the FC region, this can
provide a possible explanation why the lifetime is 60 + 30 fs
for the latter and why the photoelectron kinetic energy dis-
tribution of the 60 + 30 fs component partly appears at the
photoelectron kinetic energy limit associated with D,(8b,™%).
However, the above interpretation is tentative due to the
limited time resolution of the current experiment and needs
further experimental and theoretical evidence. The 'nr* state
may be undetectable when employing the 239.2 nm probe laser.
For example, at the pump wavelength of 289.8 nm, if the
subsequently populated 'nm* state contains more than 0.3 eV
vibrational excess energy,’” it should not preferentially ionize to
D, (v =0) in the cation and is not likely to be effectively detected
here. Therefore, we do not assign the component of 380-520 fs
to the photoelectron signals generated from the ionization of
the 'nn* state since the distribution of this component extends
to a higher kinetic energy range above the adiabatic energetic
limit of D;. As mentioned above, we prefer to assign the time
constant of 380-520 fs to the lifetime of the S; vibrational
states. Additionally, it is worth mentioning that there is another
possibility for the decay dynamics of the second 'nn* state.
Upon excitation at 289.8 and 280.5 nm, the S, vibrational states
are suggested to be subsequently populated by a multistep
sequential decay process within 60 + 30 fs. However, based
on the analysis of the current (1 + 1’) TRPES spectra (Fig. 3(a)
and (b)) in this work, there is no clear evidence to provide
strong support for this assumption. This is perhaps due to the
overlap of the photoelectron signals from the S, state and the
second 'nn* state.

At 227.3 and 217.6 nm, the PyNO molecules are excited to a
superposition of a mixture of Rydberg and valence characters,
which is mostly like the 3s Rydberg state revealed by the 2.24 eV
feature and the corresponding PADs. The initially prepared
wavepacket decays with a lifetime of 2.2 + 0.2 ps or 550 £ 50 fs.
At these high excitation energies, the N-O dissociation channel
is in operation®® and may be the dominant channel. At high
levels of vibrational excitation in the 3s state, it is inferred that
the initial wavepacket is facilitated to evolve along appropriate
coordinates for some vibrational modes, resulting in a shorter
predissociation lifetime of 550 + 50 fs rather than that of
2.2 + 0.2 ps for the vibrational ground state (v = 0) and other
ineffective vibrational states of the 3s Rydberg state.

Herein, the pump wavelength-dependent excited-state life-
times of isolated PyNO are experimentally measured for
the first time and the obtained information is quantitative.
However, the proposed deactivation mechanism of PyNO at
each excitation wavelength is somewhat tentative. In order to
make the interpretation of these current experimental results to
be more convinced and elucidate some debates, the mixed
quantum-classical surface hopping molecular dynamics simu-
lations of photoexcited PyNO is expected to be achieved by
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theoretical chemists in the future for providing more valuable
insights on the UV photoinduced dynamics of PyNO. The
picture of the excited-state decay dynamics of PyNO is far from
complete.

IV. Conclusions

In conclusion, we investigated the ultrafast decay dynamics of
PyNO following femtosecond pulses excitation in a pump
wavelength range of 340.2-217.6 nm using the fs-TRPEI tech-
nique. The S,(‘nn*) state lifetime is vibrational-state dependent
at vibrational levels slightly above the S; state origin and shows
a rapid decrease with the further increase of the vibrational
excess energy. The second 'nn* state has an ultrashort lifetime
of 60 + 30 fs. The 3s Rydberg state (v = 0) has a lifetime of
2.2 £+ 0.2 ps and is mixed with some nearby valence states. For
vibrational states of this 3s Rydberg state, the decay dynamics is
suggested to be vibrational-state dependent, revealed by two
different lifetimes of 2.2 £ 0.2 ps and 550 + 50 fs. This gas-
phase photochemical study on the isolated PyNO molecule over
a broad UV pump wavelength range provides very detailed
information on the ultrafast decay dynamics of electronically
excited PyNO, highlighting the different deactivation rates of
low-lying electronic excited states and the influence of vibra-
tional excess energy on the excited-state dynamics of hetero-
aromatic molecules.
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