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Unraveling Vibrational Wavepacket Dynamics using Femtosecond Ion Yield
Spectroscopy and Photoelectron Imaging†
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Time-resolved photoionization is a powerful experimental approach to unravel the excited
state dynamics in isolated polyatomic molecules. Depending on species of the collected
signals, different methods can be performed: time-resolved ion yield spectroscopy (TR-IYS)
and time-resolved photoelectron imaging (TR-PEI). In this review, the essential concepts
linking photoionization measurement with electronic structure are presented, together with
several important breakthroughs in experimentally distinguishing the oscillating wavepacket
motion between different geometries. We illustrate how femtosecond TR-IYS and TR-PEI
are employed to visualize the evolution of a coherent vibrational wavepacket on the excited
state surface.
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I. INTRODUCTION

There is considerable interest in the excited state dy-
namics of molecules following irradiation with ultravi-
olet (UV) light due to its significance in chemistry and
biology; representative examples include stabilization
of DNA against UV-radiation [1], vision and photo-
synthesis [2]. An understanding of excited-state pho-
tochemistry is not only of fundamental importance to
gain insight into the dynamics of unimolecular reac-
tions, but also serves as a stepping stone for estab-
lishing the structure-dynamics-function relationship in
large chemical and biological systems. It is recognized
that experiments on isolated molecules in the gas-phase,
free from interactions with a solvent or protein micro-
environment, allow the intrinsic properties of a molecule
to be studied in great detail. Such a bottom-up ap-
proach initially investigates the building blocks of larger
complexes without the natural environment and then
systematically probes effects of the increased complex-
ity on the dynamics, providing an important starting
point for studying complex systems [3].

Based on the seminal studies of Zewail and co-workers
[4, 5], an explosion, in the application of ultrafast lasers
to track chemical reactions with femtosecond resolu-
tion, has been witnessed in the past few years [6, 7].
This methodology has been applied to chemical reac-
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tions ranging in complexity from bond breaking in di-
atomic molecules to intricate dynamics in large bio-
logical and inorganic systems, and has led to signifi-
cant breakthroughs in the studies of fundamental chem-
ical processes. Most of the experiments with fem-
tosecond resolution involve a pump-probe framework
in which an ultrafast pump pulse is used to initiate
a reaction or, more generally, creates a nonstation-
ary state, the evolution of which is observed by in-
teraction with a time-delayed probe pulse. A vari-
ety of ultrafast techniques are hence emerging to fol-
low the molecular dynamics, such as resonant multi-
photon ionization and laser-induced fluorescence in the
gas phase, transient absorption spectroscopy and non-
linear optical spectroscopy in the condensed phase, and
time-resolved X-ray or electron diffraction with ultra-
fast X-ray or electron pulses in both condensed and gas
phases [8–11]. Here, we focus upon gas-phase time-
resolved ion yield spectroscopy (TR-IYS) and time-
resolved photoelectron imaging (TR-PEI) of neutral
polyatomic molecules. In general, each of the two meth-
ods is very important and complements the other. For
example, ion-yield measurements are very useful for
monitoring the generation of products and identifying
any transient species [12], whereas TR-PEI provides an
additional level about the energy information of these
species as a function of time.

Using femtosecond TR-IYS and TR-PEI, one can fol-
low a host of electronic and vibrational dynamics of
isolated molecules, such as quantum control [13, 14],
isomerization [15, 16], photodissociation [17, 18], pro-
ton transfer [19, 20], hydrogen tunneling [21, 22], inter-
nal conversion (IC) [23, 24], intersystem crossing (ISC)
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[25, 26], intramolecular vibrational energy redistribu-
tion (IVR) [27, 28], and coherent wavepacket motion
[29, 30]. A number of recent reviews have concentrated
on the use of time-resolved photoelectron spectroscopy
to investigate the electronic relaxation dynamics of pho-
toexcited molecules [3, 31–38]. The focus of the present
review is on the application of femtosecond TR-IYS and
TR-PEI as a tool for probing the coherent wavepacket
motion on the excited state surface. Based on the uncer-
tainty principle [39], the femtosecond laser pulses with
ultrashort pulse width should possess a broad optical
spectrum. This indicates, therefore, that photoexci-
tation with a femtosecond pulse will encompass sev-
eral adjacent vibrational states simultaneously within a
given molecular excited state, and thus prepare a coher-
ent superposition of the vibrational eigenstates, result-
ing in a time-evolving vibrational wavepacket [40]. A
time-dependent wavepacket composed of n vibrational
wavefunctions (Ψn) can be expressed mathematically as
follows [34]:

|Ψ(t)⟩ =
∑
n

Ane
−iEnt/~ |n⟩ (1)

where En is the energy of the n wavefunction, and An is
a scaling factor. Following initial photoexcitation, the
individual wavefunctions will interfere constructively,
resulting in a localized vibrational envelope with high
amplitude in the vertical Franck-Condon (FC) region
and near zero amplitude on other areas of the poten-
tial energy surface (PES). The time-dependency of the
above equation causes the position at which the con-
structive interference occurs to change as a function of
time, resulting in the wavepacket moving as a coherent
entity and oscillating on the PES. Hence, the coher-
ent nuclear motion initiated by evolution of the vibra-
tional wavepacket is manifested as the quantum beat-
modulated decay. The beat arises from the quantum
interferences among those eigenstates comprising the
vibrational wavepacket [13]. If the probing transition
is sensitive to the position of constructive interference,
i.e., evolution of the vibrational wavepacket, the mea-
sured signals will unravel the vibrational wavepacket
dynamics in real time. With this overview in mind,
the rest of this review will illustrate how femtosecond
TR-IYS and TR-PEI are employed to visualize the evo-
lution of a coherent vibrational wavepacket in photoex-
cited molecules.

II. EXPERIMENT AND CALCULATION

As the chosen examples in this review are mainly
based on a combination of experimental methods and
theoretical calculations, our discussion begins with a
brief overview of the methodologies used to track the
vibrational wavepacket dynamics of isolated molecules.
For excellent reviews containing further details, the
reader is referred to Refs.[3, 31–33, 36–38].

A. Time-resolved ion yield spectroscopy

The simplest measurement employed to unravel the
excited state dynamics in real time is TR-IYS, which
can be concisely summarized as a powerful combination
of femtosecond pump-probe spectroscopy with mass-
resolved ion detection. A first femtosecond pump pulse
is used to promote an isolated molecule to the excited
electronic states, of which the evolution is projected
onto the cationic state by a second femtosecond probe
pulse. In general, a chosen target molecule is seeded in
helium gas at a pressure of more than 1 bar and ex-
pands into the vacuum through a pulsed nozzle to gen-
erate the supersonic molecular beam. The base pressure
of the vacuum is maintained below 2×10−6 Torr. Af-
ter collimation by using a skimmer, the pulsed molecu-
lar beam is introduced into the ionization chamber and
interacted with femtosecond laser pulses in the center
of a time-of-flight (TOF) arrangement [41]. The re-
sulting ions are accelerated into a field-free region by
a set of electrostatic immersion lenses and then de-
tected by a position-sensitive detector consisting of a
dual-microchannel plate and a phosphor screen. The
TOF spectra are recorded by monitoring the current
output directly from the phosphor screen using an os-
cilloscope. The measurements of parent ion and frag-
ment ions directly identify some transient species under
interrogation and provide much information on dissoci-
ation pathways in photoexcited molecules [4]. Then the
temporal profiles of these ions are recorded as a func-
tion of pump-probe time delay, ∆t. By fitting the data
with a sum of exponential functions convoluted with a
Gaussian cross-correlation function [37], we can extract
the lifetime of the involved dynamical processes.

B. Time-resolved photoelectron imaging

Although TR-IYS can offer rich insight into the kinet-
ics of processes, its integral nature limits the ability to
distinguish the individual behaviors of specific states.
With the advent of charged-particle imaging [42] and
specifically photoelectron imaging (PEI) [43], the in-
vestigation of excited state dynamics has made a great
advancement. The combination of pump-probe spec-
troscopy with PEI, i.e., TR-PEI, enables one to extract
both kinetic energy information and angular distribu-
tions [36, 44], which are crucial to identify the origin
of the generated electrons. In a TR-PEI experiment,
an ultrashort pump laser pulse promotes a molecule
to the excited electronic states and after a predeter-
mined time delay a second ultrashort probe laser “in-
terrogates” the molecular system. The ensuing electron
avalanche strikes a phosphor screen and is then imaged
by a charge-coupled-device camera. Various image re-
construction techniques [45–47] can be used to recover
the full three-dimensional distribution from the mea-
sured two-dimensional image. Considering that ioniza-
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tion is always an allowed process, TR-PEI is often de-
scribed as a universal method to track the electronic
dynamics [38]. In principle, the initially excited state
and the intermediate products can be probed and dis-
tinguished by their characteristic photoelectron kinetic
energy (PKE) and photoelectron angular distribution
(PAD). More importantly, changes in the kinetic energy
and angular distribution will be detected with great sen-
sitivity and act as an indicator of the evolving molec-
ular structure at the time that electrons are ejected
[48, 49]. In this way, nuclear motion of the photoex-
cited molecules is recorded in the molecular frame and
in real time.

C. The computational methodology

In order to interpret the experimental results and
gain further insight into the intrinsic properties of the
target molecule, quantum chemistry calculations are
performed to determine the electronic energies and nu-
clear geometries of key features on the potential en-
ergy landscape as well as ionization energies. In this re-
view, the special emphasis is laid upon optimization of
the minimum-energy structures of the electronic ground
state (S0), the first excited singlet electronic state (S1),
and the cationic ground state (D0). In brief, the cal-
culations are performed using the Gaussian 09 com-
putational package, and the geometries are optimized
with density functional theory (DFT) for the S0 and
D0 states but time-dependent density functional the-
ory (TD-DFT) for the S1 state at the theory levels of
B3LYP/TD-M052X/CAM-B3LYP.

III. CASE STUDIES

There are a great number of examples where time-
resolved photoionization experiment is combined with
computational methods to unravel the electronic re-
laxation dynamics in photoexcited molecules, some of
which have been discussed in other reviews. In this
review, we choose some typical cases to illustrate its
application in the detailed vibrational wavepacket dy-
namics on the excited state surface.

A. Catechol

We begin our illustration on the wavepacket dynam-
ics by presenting experimental work carried out on cat-
echol, one of the chromophore building blocks of several
biologically relevant species [50, 51]. According to the
“bottom-up” study [3], the photoinduced dynamics in
small molecules provides an important starting point
for studying nuclear motions of complex systems. For
instance, excited state dynamics of the catechol chro-
mophore has been the subject of many spectroscopic
investigations [52–54]. It was revealed that, following
photoexcitation to the origin of the S1 state, catechol

underwent a tunneling process via the conical inter-
section between the bound S1(

1ππ∗) and dissociative
S2(

1πσ∗) potential-energy surfaces in the O−H coordi-
nate. Importantly, the O−H fission mediated by this
tunneling mechanism occurred on a picosecond time
scale [52]. In order to visualize the nuclear motions that
happened before, and during, the tunneling process,
Stavros et al. utilized the nonplanar→planar structural
change upon ionization as an effective FC detection
window [55]. The minimum-energy geometries of the
ground, excited, and ionic states were optimized using
the CAM-B3LYP functional with an aug-cc-pVDZ ba-
sis set. As shown in FIG. 1(a), although the minimum
geometries of the S0 and D0 states were both planar,
the equilibrium geometry of the S1 state (S1,min) was
nonplanar, where the free O−H bond lies at an angle of
∼14◦ out of the phenyl ring plane.

Upon UV irradiation at 280.5 nm, a coherent su-
perposition of low-lying FC-active torsional motions
was excited in S1, leading to a localized vibrational
wavepacket. The typical time-resolved ion yield (TR-
IY) transient (FIG. 1(b)) recorded following ionization
at 328 nm exhibited a superimposed oscillation, which
was attributed to variation in the ionization probability
as the vibrational wavepacket evolved on the S1 surface.
These oscillations, known as a quantum beat, arose
from coupling between a few vibrational states. The
fast Fourier transform (FFT) of the transient yielded
three frequency components with associated energies
centered at 113, 141, and 250 cm−1, corresponding to
periodicities of 295, 237, and 133 fs. The observed fre-
quencies aligned well with the wave number separations
in the vibrational progression of the low-lying O−H tor-
sional mode (τ2). Stavros et al. proposed that the selec-
tion of probe wavelength was the critical factor of the fi-
nal observable. The total energy (Etot) of the 280.5 nm
pump and 328 nm probe pulses was slightly above the
adiabatic ionization potential (IPad), which in catechol
laid at 8.17 eV [56].

Considering that there were obvious differences in
geometry between the S1 and D0 states, the ioniza-
tion cross section was variable along the torsional co-
ordinate. The prepared vibrational wavepacket oscil-
lated along the O−H torsional coordinate; however, the
probe photon energy was just sufficient to ionize the
molecules at or around planar geometries. Note that
it was the effective FC window created by the geom-
etry change upon photoionization that enabled one to
probe the coherent nuclear motion and observe a quan-
tum beat using TR-IYS. In addition, the contribution
of individual components in the coherent superposition
could be manipulated by tuning the pump-pulse wave-
length. Following excitation at 281.5 nm and probing
with 326.6 nm, the measured transient was superim-
posed by a single quantum beat with the frequency at
116 cm−1 which corresponded to the wavenumber sep-
aration between the S1 origin and one quantum vibra-
tional progression of τ2. This study demonstrated the

DOI:10.1063/1674-0068/cjcp1811252 c⃝2019 Chinese Physical Society



38 Chin. J. Chem. Phys., Vol. 32, No. 1 Bing Zhang

FIG. 1 (a) Schematic representation of nuclear geometries during the pump-probe processes in catechol calculated using the
CAM-B3LYP functional with an aug-cc-pVDZ basis set. (b) TR-IY transient collected from catechol following excitation
at 280.5 nm and subsequent ionization with 328 nm. Inset: The FFT of the transient. Reprinted with permission from
Ref.[55]. Copyright 2015 American Physical Society (https://creativecommons.org/licenses/by/3.0/).

FIG. 2 The time-resolved ion yield transients collected from (a) guaiacol and (b) syringol at the selected pump and probe
wavelengths. The insets show the calculated geometries in the S0 and S1 states using TDM05-2X/6-311++G(d,p). Reprinted
with permission from Ref.[57]. Copyright 2014 American Chemical Society.

sensitivity of TR-IYS to probe the nuclear motions of a
molecule as the wavepacket evolved on the excited state
surface and emphasized the critical roles of the geome-
try changes between electronic states and the choice of
probe wavelengths.

B. Guaiacol and syringol

Lignin is the second abundant naturally occurring
biopolymer only to cellulose in plants. However, due
to the complexity of the system itself, our knowledge of
the precise complete structure-function relationships is
still lacking. Stavros et al. proposed a bottom-up ap-
proach as a first step toward understanding UV-induced
photodegradation pathways within lignin in great de-
tail [57]. Note that guaiacol and syringol are important
structural units of lignin. The detailed description of

relative photostabilities in small building blocks such
as guaiacol and syringol can be therefore used as step-
ping stones for investigating the structure-dynamics-
function picture within bigger biological systems such
as lignin. Following photoexcitation at 278 nm, guaia-
col was excited to its S1 origin and the ensuing dynam-
ics was probed via single photon ionization at 338 nm.
As shown in FIG. 2(a), an exponentially damped os-
cillation was superimposed on the guaiacol+ transient.
Quantum calculations performed at the TD-M052X
level with a 6-311++G(d,p) basis set indicated that
the guaiacol molecule underwent the planar→nonplanar
(S0,min→S1,min) geometry change upon photoexcitation
(inset of FIG. 2(a)). The FFT of the transient re-
vealed that the beat contained two dominant frequen-
cies with associated energies of 143 and 163 cm−1 (cor-
responding to periodicities of 233 and 205 fs, respec-
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tively), which agreed reasonably well with the known
band separations in an even quanta vibrational pro-
gression of the out-of-plane methoxy (OMe) “flapping”
mode (φ) [58–60]. Therefore, the pronounced beating
in φ could be understood as follows. After excitation
from the planar S0,min geometry, a coherent superposi-
tion of out-of-plane OMe flapping motions was prepared
in the S1 state, resulting in a time-evolving vibrational
wavepacket. By virtue of a dramatic nonplanar→planar
(S1,min→guaiacol+) geometry change upon photoion-
ization, the evolution of the vibrational wavepacket
was accompanied by the variable ionization cross sec-
tion along φ, resulting in the characteristic beat seen
in FIG. 2(a). Once again, this was directly in line
with previous vibrational wavepacket studies in cate-
chol [55]. The adequate FC detection window required
by the quantum beat detection was also afforded by the
structural distortion between the S1 (nonplanar) and
D0 (planar) geometries and very sensitive to the probe
wavelength.

FIG. 2(b) showed the time-resolved syringol+ sig-
nal formed following excitation at 275 nm and subse-
quent ionization using 332 nm. With guaiacol, there
was a clear beat in the transient. The FFT of the
data exhibited two major frequency components at 78
and 112 cm−1, corresponding to periodicities of 428 and
298 fs, respectively. According to the known resonance
enhanced multi-photon ionization (REMPI) spectrum
of syringol [58], the observed frequencies most likely
arose from the coherent excitation of the S1 origin and
combination modes involving the OMe torsion (τOMe)
and φ modes. Observation of these quantum beats was
also based on the presence of an FC detection window.
The TD-DFT calculations on syringol predicted that
at the nonplanar S1,min geometry, the H-bonded OMe
group distorted ∼50◦ out-of-plane in one direction,
while the OH group bent ∼25◦ in the other direction.
However, the nonplanarity of the S1,min geometry was
less pronounced in guaiacol. Therefore, the modulation
magnitude in ionization efficiency was expected to be
weakened due to the smaller displacement between the
S1 and D0 geometries in guaiacol. In addition, the large
out-of-plane distortion of its OH and OMe groups in
syringol would necessarily weaken the intramolecular H
bond. Considering that the photostabilities of the chro-
mophore sites were primarily determined by the degree
of H bonding preserved after the geometry rearrange-
ment process in S1, the order of their relative photosta-
bilities could be roughly described as guaiacol>syringol.
This study provided a first step toward understanding
a more complete structure-dynamics-function picture of
photodegradation in lignin.

C. CS2

As a prototypical linear molecule, the photoinduced
intramolecular dynamics of CS2 have been the subject

of many spectroscopic investigations [48, 61–67]. Using
TR-PEI with a sub-20 fs 159 nm probe pulse, Suzuki et
al. studied the wavepacket motion of CS2 after photoex-
citation to the 1B2 state at 198 nm [68]. The employ-
ment of the 159 nm probe pulse enlarged considerably
the observation region of the 1B2 potential energy sur-
face. The temporal profile of the total photoelectron
signal was primarily a single exponential decay with
some oscillatory components. The FFT of the profile
revealed the major component at 400 cm−1, which cor-
responded to unresolved symmetric (ν1=392 cm−1) and
bending (ν2=426 cm−1) modes of CS2 [62]. FIG. 3(a)
showed the time-energy map of the PKE distribution.
The photoelectron spectrum at ∆t=0 fs exhibited the
maximum intensity at around 3.8 eV, and it shifted
down to 1.5 eV after about 40 fs and returned back
to 3.8 eV at 80 fs. As seen in FIG. 3(c), the time-
energy map of the photoelectron anisotropy parameter
(β2) also exhibited clear time and energy variations. At
zero pump-probe delay time, β2 had its lowest value of
−0.1 at 3.8 eV and its lowest value of 0.4 at 1 eV. The
variation of anisotropy arose from excitation amplitudes
of partial waves that changed with the time-dependent
wavefunction in the excited states [68]. Therefore, time
dependence of β2 at a given PKE was attributed to
variation of the excited states electronic character along
the ν1 and ν2 coordinates. The power spectrum of the
anisotropy (inset of FIG. 3(c)) had two distinct frequen-
cies: 40 and 400 cm−1. The low frequency corresponded
to the beat between ν1 and ν2 while the high frequency
was assigned to the unresolved ν1 and ν2 vibrations.

From the above discussion, it was clear that the
198 nm pump laser pulse promoted the CS2 molecule
to the 1B2 state with vibrational excitation of the ν1
and ν2 modes. Since the D0 state possessed almost the
same equilibrium geometry as the S0 state [69], pho-
toionization from the linear geometry in the FC region
occurred to low vibrational states in D0, producing pho-
toelectrons with kinetic energy of 4.0 eV. After 40 fs,
which corresponded to a half period of ν1 and ν2 vibra-
tions, photoionization was induced from the bent and
stretched geometry. Since the 1B2 state had a bent
(153◦) equilibrium geometry with an elongated C−S
bond length (1.66 Å) compared to that of linear D0

with a C−S bond length of 1.555 Å [69], photoionization
from this largely distorted geometry had good FC over-
lap with vibrationally excited states in D0, generating
photoelectrons with kinetic energy of 1.5 eV. The ini-
tial change in the time-resolved photoelectron spectra
corresponded to the motion from the linear geometry
in the FC region to the bent and stretched equilibrium
geometry. The photoelectron intensity power spectrum
exhibited two major components at 391 and 426 cm−1

due to the ν1 and ν2 vibrations. Therefore, the observed
photoelectron oscillations were the direct manifestation
of the wavepacket dynamics of the ν1 and ν2 vibrations.
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FIG. 3 The time-energy map of the PKE distribution: (a) experimental data and (b) fit. (c) Time dependences of the
β2 coefficients integrated over the 3.5−4.0 eV and 1.5−1.7 eV PKE ranges. The inset shows the corresponding frequency
spectra obtained from the FFT. Reprinted with permission from Ref.[68]. Copyright 2015 American Institute of Physics.

FIG. 4 (a) Schematic diagram of the ground, excited, and ionic states potential surfaces along the out-of-plane bending
coordinates X and 10b, together with the calculated structures using CAM-B3LYP/aug-cc-pVDZ. (b) Photoelectron time-
energy map of 2,4-DFP pumped with 279.9 nm and probed with 400 nm. Reprinted with permission from Ref.[70]. Copyright
2017 American Physical Society.

D. 2,4-Difluorophenol

In the following sections, we will choose to illus-
trate the application of TR-IYS and TR-PEI on in-
vestigating wavepacket dynamics using examples from
our own groups. FIG. 4(a) showed the minimum-
energy structures of the S0, S1, and D0 states in 2,4-
difluorophenol (2,4-DFP) calculated at the theory level
of CAM-B3LYP with an aug-cc-pVDZ basis set [70].
The equilibrium geometries of the S0 and D0 states were
both planar, but the minimum-energy geometry of S1
was nonplanar in which the free F particle rotated over
31◦ out of the aromatic plane. Therefore, the potential
energy surfaces possessed a pronounced potential well
in the S0 and D0 states but double potential wells in
the S1 state along the out-of-plane vibrational bending

coordinate X or 10b [71, 72]. After preparing a coher-
ent vibrational wavepacket by the simultaneous exci-
tation of the out-of-plane bending modes in 2,4-DFP,
we firstly employed TR-IYS to probe the coherent vi-
brational motion accompanied with structural changes
along the reaction coordinate. By virtue of the geome-
try changes upon photoionization, evolution of the co-
herent wavepacket was efficiently detected with appro-
priate probe wavelengths, presenting as the pronounced
quantum beats superimposed on the parent-ion tran-
sients. The beats with modulation frequencies of 70 and
89 cm−1 were due to the quantum-interference effects
created by coherent excitation of the S1 origin, the out-
of-plane vibrations X and 10b [73]. We also stressed
that the superposition state composed of different vi-
brational bands could be selectively prepared by tuning
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the pump pulse wavelength. In addition, following ion-
ization with 243 nm, such that the combined pump and
probe energies far exceeded the IPad of 8.68 eV [73], the
beat in the TR-IY signals for 2,4-DFP+ disappeared,
confirming the sensitivity of the detection window to
the probe wavelength.

The origins of these beats were similar to the cases in
catechol [55], guaiacol and syringol [57]. If the total en-
ergy was slightly above IPad, the molecules around the
planar geometry were ionized exclusively. With higher
probe photon energy, however, the molecules whether at
planar or nonplanar geometries were both ionized and
the ion-yield measurements were unable to extract the
individual contributions of different geometries. How-
ever, TR-PEI provided the possibility of directly visu-
alizing the coherent nuclear motion between different
geometries due to the sensitivity of the PKE distribu-
tion to the nuclear configuration. FIG. 4(b) showed the
time-energy map of the photoelectron intensities with a
279.9-nm pump and a 400-nm probe. Five sharp peaks
centered at 0.54, 1.05, 1.43, 1.58, and 1.68 eV were
assigned as the first to fifth peaks, respectively. Ob-
viously, the first and second peaks exhibited the clear
beats with similar periodicities but a phase shift of π
rad with respect to the other three peaks. The Ryd-
berg states involved in the ionization processes could be
identified by the calculated quantum defects. Further-
more, based on analysis of the spectral features during
the first 240 fs, we concluded that the first and sec-
ond peaks were attributed to the accidental resonances
with the 3s and 3p Rydberg states of the nonplanar
geometry, and the other three rings were produced by
the resonances with the 3d Rydberg states of the pla-
nar geometry. That was to say, the time-dependent
spectrum in FIG. 4(b) reflected directly the vibrational
wavepacket oscillating between the planar geometry and
nonplanar minimum, providing a clear physical picture
of the oscillatory flow of energy induced by the coher-
ent nuclear motion between different geometries. In the
present work, we demonstrated how the time-evolving
vibrational wavepacket could be tracked by TR-IYS and
TR-PEI under different detection mechanisms.

E. o-Fluorophenol

Another example of a small aromatic molecule con-
taining an O−H group is o-fluorophenol, which is one of
the prototypes containing an intramolecular hydrogen-
bonding and has been the subject of numerous spectro-
scopic studies [74–81]. Upon irradiation with the fem-
tosecond pump pulse at 271.3 nm, we excited a coherent
superposition of the S1 origin and two quanta in the out-
of-plane butterfly vibration (τ) in o-fluorophenol, re-
sulting in a vibrational wavepacket [82]. Subsequently,
the evolution of the vibrational wavepacket was probed
by multiphoton ionization at a wavelength of 802 nm.
According to the calculations performed at the M052X

level of theory with the aug-cc-pVDZ basis set, al-
though the S0,min and D0,min geometries were both pla-
nar, the S1,min geometry was nonplanar with rotation
of the free F particle over 37◦ out of the aromatic
plane. As seen in FIG. 5(a), the time-dependent ion
signal of o-fluorophenol+ was superimposed by a pro-
nounced quantum beat. The FFT for the transient
yielded a single frequency with an associated energy
centered at 109 cm−1, corresponding to a periodicity of
306 fs, which agreed well with the wavenumber separa-
tion between the S1 origin and two quanta vibrational
progression of τ [78].

Subsequent TR-PEI measurements enabled us to un-
derstand the origin of these beats. FIG. 5(b) showed
the time-energy map of the photoelectron intensities.
The transient behaviors of photoelectron peaks were di-
rectly related to variation of the molecular configuration
at the instant of ionization. It was obvious that a su-
perimposed coherent oscillation could be observed for
all the photoelectron peaks. Furthermore, the 1st, 2nd,
3rd, and 4th peaks exhibited a similar changing trend in
intensity with time, but their phase was different from
that for the other peaks. On the basis of the calculated
quantum defects and the spectral features during the
first 153 fs, we concluded that the 1st, 2nd, 3rd, and 4th
peaks were attributed to different ion vibrational states
which had good FC overlap with the planar S1,vFC ge-
ometry, but the other peaks were assigned to photoion-
ization from the nonplanar minimum via the resonances
with the 3s and 3p Rydberg states. By the accidental
resonances with intermediate Rydberg states, the ion-
ization cross section from the nonplanar minimum was
significantly enhanced. As the wavepacket oscillated
along τ , variation of the molecular geometries altered
the photoionization channel, resulting in the periodic
changes in both the ionization efficiency and the PKE
distribution. The periodic variation in the ionization
probability with the geometry led to the superimposed
beat in the parent-ion transient, and the change in the
PKE distribution was characterized as the out-of-phase
beats in the time-resolved photoelectron spectra. These
beats were the direct manifestation of the vibrational
wavepacket motion and the oscillatory flow of energy
on the excited state surface.

F. Pyrimidine

The spectroscopic information of pyrimidine has been
widely investigated for the past few decades using a va-
riety of techniques [83–88]. Pyrimidine is not only a
structural motif of three DNA/RNA bases: cytosine,
thymine, and uracil [89], but also found in other nat-
ural derivatives and synthetic compounds. By using
a combination of TR-IYS and TR-PEI measurements,
we demonstrated the application of FC filters to visu-
alize the vibrational wavepacket dynamics on the fem-
tosecond timescale in S1 pyrimidine [90]. The femtosec-
ond pump pulse at 315.3 nm prepared a vibrational
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FIG. 5 (a) Time-resolved signals of the parent ion following excitation of o-fluorophenol with a 271.3 nm pump pulse and
an 802 nm probe pulse. (b) Time-energy map of the PKE distribution. Reprinted with permission from Ref.[82]. Copyright
2017 Nature Publishing Group (http://creativecommons.org/licenses/by/4.0/).

wavepacket merely composed of two known eigenstates
of the 6a1/6b2 Fermi doublet in S1 [84]. Then the fem-
tosecond probe pulse at 398.5 nm interrogated its time
evolution into the ion signal and the PKE distribution.
The time-resolved intensities of the parent ion exhib-
ited a long-lived decay behavior with a superimposed
coherent oscillation. The exponential decay behavior
was attributed to the ISC process of the S1 state. The
oscillations arose from coupling between a small num-
ber of vibrational states and were a direct signature of
restricted IVR. The FFT of the transient exhibited a
frequency component at 56 cm−1, resulting in a peri-
odicity of 596 fs, which was in good agreement with
the wavenumber separation between one quantum of
excitation in 6a and two quanta of excitation in 6b.
The observed quantum beat was ascribed to variation
in the ionization efficiency as the vibrational wavepacket
evolved on the S1 surface.

As shown in FIG. 6, the time-energy map of the pho-
toelectron intensities is characterized by a clear and reg-
ular oscillation. According to the mass-analyzed thresh-
old ionization (MATI) spectra reported by Riese et al.
[84] and the dynamical behaviors in the present spec-
tra (FIG. 6), we found that the 2nd, 3rd and 4th peaks
were from the 3p state and connected to different ion
vibrational states. More specifically, ionization of the
6b2 state in S1 was connected to the 6b+1 and 6b+2 ion
vibrational states, producing the 2nd peak and minor
contribution to the 3rd peak, but ionization of the 6a1

state was connected to the 6a+1 and 0+0 states, gener-
ating the 4th peak and major contribution to the 3rd
peak. All of the four peaks oscillated with an identical
frequency at 56 cm−1. However, the beats for the 1st
and 2nd peaks were out-of-phase with those for the 3rd
and 4th peaks, indicating that vibrational population
was transferred back and forth between the initially ex-
cited states to the dark state. Note that at the instant

FIG. 6 Schematic depiction of the pump-probe mechanism
in pyrimidine. The time-resolved photoelectron spectra are
also shown in the right of the figure. Reprinted with per-
mission from Ref.[90]. Copyright 2017 American Institute
of Physics.

of excitation, the wavepacket mainly reflected the com-
ponent character of the 6a1 state, with the 6b2 char-
acteristic state growing at later time. This suggested
that 6a1 was a bright state but 6b2 was a FC dark state
on S0→S1 excitation. In short, the time-resolved spec-
tra were the direct manifestation of the restricted IVR
process that occurred in the 6a1/6b2 Fermi resonance.
As discussed above, detection of the ion manifested the
periodic variation in the ionization cross section as the
quantum beat-modulated decay, and detection of the
electron provided the most sensitive means via the vari-
able FC factors between the wavepacket components
and the dispersed cation vibrational levels. Both of the
two methods provided an unambiguous picture of the
vibrational wavepacket dynamics of the 6a1/6b2 Fermi
doublet in S1 pyrimidine.
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G. 2,4-Difluoroaniline

Understanding the nuclear motions during chemical
reactions is one of the fundamental questions in fem-
tochemistry. In a recent study [91], we illustrated
the application of femtosecond TR-PEI for watching
the reversible and irreversible structural dynamics on
a model system 2,4-difluoroaniline (24DFA). Accord-
ing to the calculations using B3LYP/6-311++G(d,p),
the geometry optimization of the S0 state generated
a nonplanar structure where the NH2 part adapted a
pyramidal configuration, and S1 would keep its non-
planar geometry within the vertical FC region. How-
ever, the S1,min and D0,min geometries were both planar.
The pump-probe transients for the parent ion following
299.8 and 289.0 nm excitation were fitted with the sum
of three exponential decays convoluted with a Gaussian
cross-correlation function. The picosecond decay corre-
sponded to ISC to the triplet state. And the long-lived
component with nanosecond timescale reflected the sub-
sequent slow deactivation process of the triplet state.
The femtosecond decay was assigned to an initial ge-
ometry rearrangement away from the nonplanar S1,vFC
geometry towards the planar minimum.

FIG. 7(a) displayed the time-energy map of the PKE
distributions following excitation at 299.8 nm and ion-
ization with 800 nm. These bands exhibited different
time evolutions: peaks 2 and 3 could be simulated us-
ing a combination of three exponential decays with an
exponentially damped oscillation; however, peaks 1, 4,
5, 6, and 7 were simulated with an exponential rise,
two exponential decays, and an oscillatory behavior.
The observed decay/rise was ascribed to modulation in
PKE distribution during the geometry rearrangement
process. Both of the fitting data and the FFT for the os-
cillatory features yielded a major frequency at 89 cm−1,
corresponding to a period of 375 fs, which aligned well
with the wavenumber separation between the S1 origin
and one quantum of excitation in the out-of-plane vibra-
tion X [71]. Obviously, the beats for peaks 2 and 3 ex-
hibited a phase shift of π rad in respect to those for the
other peaks, indicating that the vibrational wavepacket
oscillated along X. On the basis of the spectral fea-
tures, peaks 2 and 3 were generated from the nonplanar
S1,vFC geometry, and the other peaks were attributed
to ionization from the planar S1,min geometry. As the
X mode the superstition caused an obvious structural
change, leading to periodic variations in the photoion-
ization channel as a function of the molecular geometry.
Then the probe pulse directly mapped the wavepacket
motion into the superimposed beats.

The time-resolved photoelectron spectra following
photoexcitation to S1 with 1298 cm−1 of excess vibra-
tional energy were presented in FIG. 7(b). Interestingly,
the quantum beats were absent in the spectra. This sug-
gested that the statistical averaging started to smooth
the quantum effects out with the increasing density of
vibrational states. By integrating photoelectron signals

FIG. 7 Photoelectron time-energy map of 24DFA following
excitation at (a) 299.8 nm and (b) 289.0 nm and subsequent
ionization with 800 nm. Reprinted with permission from
Ref.[91]. Copyright 2018 American Chemical Society.

for the first seven peaks, we found an apparently dif-
ferent situation, where peaks numbered 1, 4, 5, 6, and
7 increased but peaks 2 and 3 decreased in intensity as
time went by, suggesting the energy transfer from peaks
2 and 3 to the other peaks. The decay/rise phenomenon
was assigned to irreversible evolution of the nuclear ge-
ometry away from the nonplanar S1,vFC structure to-
wards the energetically more stable planar structure.
For the 299.8 nm excitation, a vibrational wavepacket
was created in S1 by the coherent excitation of out-
of-plane modes. The involved vibrational modes were
very few so that the time-evolving wavepacket moved
back and forth along X. The structural changes modu-
lated the photoionization channel, resulting in the out-
of-phase beats in the time-resolved photoelectron spec-
tra. For the 289.0 nm excitation, however, the covered
density of vibrational states was significantly enhanced,
leading to an irreversibly geometry rearrangement in
hundreds of femtoseconds.

IV. CONCLUSION

This review has presented a comprehensive discussion
of TR-IYS and TR-PEI in application to the studies of
vibrational wavepacket dynamics on the excited state
surface. The chosen examples include catechol, guaiacol
and syringol, CS2, 2,4-difluorophenol, o-fluorophenol,
pyrimidine, and 2,4-difluoroaniline. A femtosecond
laser pulse with suitable frequency and bandwidth can
create a coherent superposition of several vibrational
levels, resulting in a vibrational wavepacket. To in-
terrogate this time-evolving wavepacket using TR-IYS,
an adequate FC detection window is required and can
be afforded by the structural distortion between the S1
and D0 geometries. With appropriate choice of probe
wavelengths, the signature of vibrational wavepacket
dynamics has been observed through the clear beats
superimposed on the parent-ion transients. More gen-
erally, TR-PEI provides a powerful method for follow-
ing the time-evolution of the wavepacket because of its
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sensitivity to both electronic configurations and vibra-
tional dynamics. Photoionization signals from different
components of the wavepacket are dispersed and distin-
guished with respect to kinetic energy and angular dis-
tribution. As the time-evolving wavepacket oscillates
along the reaction coordinate, the structural changes
modulate the photoionization channel, leading to the
out-of-phase beats in the time-dependent photoelectron
spectra. In addition, parallel theoretical calculations
are performed to determine the electronic geometries
of the ground, excited, and ionic states and provide
supportive interpretation for the experimental data. In
short, the present review builds up a detailed picture
of how time-dependent photoionization detection (e.g.,
collection of ion and electron) is employed to follow the
evolution of the vibrational wavepacket in photoexcited
molecules.

Except for the studies of wavepacket motions, TR-
IYS and TR-PEI have been applied to an impressive
range of photoinduced reactions. Future applications
will benefit from the increasing availability in detector
technologies, femtosecond and attosecond laser sources,
and nonlinear optical frequency conversion schemes.
We expect that the next few years can see a signifi-
cant improvements in the experimental and theoreti-
cal techniques employed in this flourishing area of re-
search. There is a bright future for time-resolved pho-
toionization measurement as a tool to provide deep in-
sight into excited state chemical reactions and enhance
our understanding of structure-dynamics-function rela-
tionships in complex biological systems.
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