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a b s t r a c t

The ultrafast dynamics of the S1 (n�*) state of pyridine has been investigated by using femtosecond time-
resolved mass spectrometry and photoelectron imaging combined with (1 + 2′) resonance-enhanced
multiphoton ionization via the Rydberg states. Upon excitation into the channel-three region, an ultrafast
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eywords:
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decay process is observed with a lifetime of about 3.7 ps. The fragment ions show an additional ultra-
fast decay component. Time resolved photoelectron imaging experiments reveal the excited pyridine in
channel three region relaxes to an optically dark state on this short time scale. According to previous
experimental and theoretical results, we suggest tentatively the ultrafast channel is due to IVR induced
fast internal conversion.
ydberg
ibrational redistribution

. Introduction

Photodynamics of azabenzenes had abstracted extensive atten-
ion for many years due to its important roles in the UV
hotodamage of nucleic acids [1]. A special phenomenon in aro-
atic molecules is the dramatic decrease in the fluorescence

uantum yield above the first UV absorption band. For example,
t low excess energies (<3000 cm−1) in S1 of benzene, the fluores-
ence quantum yield was about 0.2 and the lifetime of vibrational
evels ranges from 60 to 120 ns [2]. A sudden increase of the decay
ate occurs, while the excess energy is higher than 3000 cm−1 [3].
either internal conversion (IC), nor intersystem crossing (ISC)

o optical dark triplet state were thought to be responsible for
he deactivation process, which was referred as “channel three”
4].

The ultrafast decay process of the channel-three behaviour has
lso been observed in azabenzenes [5–6]. Pyridine, the simplest
nd the most fundamental azabenzene, has been extensively stud-
ed about the photophysics and photochemistry of its low-lying
xcited states [5–16]. The onset for pyridine is 1600 cm−1 above
he S1 origin [6–8].

Since its first observation, channel three had attracted great
nterest and stimulated many experiments. The first direct obser-

ation of the S1(n�*) decay was performed in 1982 [9]. The
onradiative decay was characterized by fast S1→S0 IC. The
xcitation-energy dependence of quantum yields for fluorescence
nd ISC had been examined [5]. This ultrafast decay may consist
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of S1→S0 IC enhanced by participation of the intermediate state,
which results in photoisomerization corresponding to the S2←S0
absorption transition. Sobolewski and Domcke [10] calculated the
potential energy surfaces (PES) of the S0, S1 (n�*) and S2 (��*) states
of pyridine along the reaction path leading to the prefulvenic forms.
The prefulvenic form was found to adiabatically correlate to the S2
(��*) excitation. The PES of the S2 (��*) state crosses those of the S1
(n�*) and the S0 states along the reaction path, which is responsi-
ble for the channel-three behaviour of pyridine. On the excitation at
271.5 nm, a nonbonding electron on the nitrogen atom is projected
on to the antibonding �* orbital of the ring, and hence weakens
the C N bond resulting in its scission. This channel had been sup-
posed to be responsible for the fast decrease in emission quantum
yield. The abrupt onset of the channel-three phenomenon in pyri-
dine corresponded to the energy threshold for the ring-cleavage
[11]. A more detailed study was performed in jet-cooled S1 pyri-
dine [6]. Many theoretical works have been performed to explain
this phenomenon of pyridine [10,12–14].

By using femtosecond time-resolved mass spectrometry, the
ultrafast dynamics of pyridine in isolated phase was investigated
[15]. Upon 277 nm excitation below the channel-three threshold,
the transients exhibit two fast decay components of 400 fs and
3.5 ps with a slower one of 15 ps. Later, the excited-state decay
pathways after 266 nm excitation were comprehensively studied
in liquid phases, by using femtosecond transient absorption spec-
troscopy [14]. Two decay processes were observed with the time

constants of 2.2 and 9–23 ps, respectively. The theoretical calcu-
lations show a conical intersection (CI) between the PES of the
ground and S2(��*) state [14]. This CI was found to be responsi-
ble for the ultrafast decay of S2 (��*) state with the lifetime of
2.2 ps, leading to the formation of the prefulvenic form. The 9–23

http://www.sciencedirect.com/science/journal/13873806
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mailto:liwangye@dicp.ac.cn
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s process corresponds to the nonradiative decay of the excited
tate S1 (n�*). Recently, the transient structures formed through
onradiative decay of pyridine, were directly determined by using
he ultrafast electron diffraction [11,16]. Upon 266 nm excitation a
ing-opened diradical structure was observed and formed in 17 ps.
ing-opening process had been suggested to be dominant in the
hannel-three dynamics of pyridine [11,16].

Femtosecond time-resolved photoelectron spectroscopy had
een proven powerful methods for studying the ultrafast excited-
tate dynamics [17–19]. The lifetime at the S1 (n�*) origin of
yridine was measured via the singlet 3s and 3p Rydberg states
y (1 + 1′ + 1′) real time scale pump–probe methods [20].

To the best of our knowledge, few works [11,16] are focused on
he femtosecond time-resolved channel-three behaviour of pyri-
ine. In this letter, we investigate directly the ultrafast decay
rocess of pyridine just above the threshold for the channel three
6]. The (1 + 1′ + 1′) multiphoton ionization scheme is employed for
onization and enhanced by the resonance with 3s and 3p Rydberg
tates. Time-resolved photoelectron imaging (TRPEI) is applied for
btaining the photoelectron kinetic energy distributions along with
he decay process of the excited pyridine. The time evolution of
he initially prepared excited state is monitored by femtosecond-
esolve mass spectrometry.

. Experimental method

The experimental setup for the femtosecond time-resolved
ass spectrometry and the velocity map imaging setup has been

escribed elsewhere in detail [21]. We just give a brief description
ere.

Our homebuilt solid-state femtosecond laser system consists of
seed oscillator, an amplifier with a stretcher and a compressor.

he fundamental light is centered at 814 nm (with ∼30 nm band-
idth, 70 fs pulse width, 20 Hz repetition rate). The third harmonic

eneration of the fundamental light, centered at 271.5 nm, is served
s the pump pulse. The probe pulse is the second harmonic gen-
ration at 407.1 nm. The pump beam is temporally delayed with
espect to the probe beam by a computer-controlled step-motor
riven linear translator (Sigma Koki, SGSP26-150). The two laser
eams are collinearly combined by a dichroic mirror and intro-

uced into the vacuum chamber with a fused silica lens f = 380 and
50 mm, respectively. The cross-correlation function between the
ump and probe pulses measured with Xe is estimated to be ca.
3 fs. The polarizations of the two beams were aligned parallel to
he detector plane, and perpendicular to the molecular beam. The

ig. 1. Time-resolved photoelectron images (inverse-Abel transform) of pyridine at giv
.9×1011 W/cm2, respectively. Polarization of the two laser beams is parallel to each oth
ass Spectrometry 289 (2010) 92–97 93

polarization of the pump laser can be varied with a Berek polariza-
tion compensator (Model 5540).

The time of flight mass spectrometer is a typical Wiley-McLaren
machine. Commercial pyridine (99.5%, without further purifica-
tion) is mixed with the carrier gas helium (1.3 atm to vacuum,
with a tiny amount of Xe in the carrier gas). The seeded gas sample
is expanded through a pulsed valve (General Valve, with 0.5 mm
orifice), into the ionization accelerating region, 5 cm downstream
from the nozzle. Ions in this region are extracted and accelerated
by a typical three electrodes system, and detected by a two-stage
microchannel plate (MCP) detector at the end of the flight tube.
Output of MCP is fed into a digital oscilloscope (Tektronix Inc.,
TDS3054B), GPIB interfaced with a computer. Each TOF mass spec-
trum is the average result over 532 laser shots. The pump–probe
transient corresponds to an average of more than 12 scans. With
molecular beam on, the source chamber and flight chamber are
maintained at 1.5×10−4 and 6×10−6 Pa, respectively.

In the TRPEI experiment, photoelectrons are extracted into the
field-free region, which is doubly shielded against stray magnetic
fields with a �-metal tube. At the end of TOF tube, the electrons
strike a two-stage MCP detector backed by a phosphor screen.
The images on the screen are captured with a thermoelectrically
cooled charge-coupled-device (CCD) video camera (Lavision Inc.,
Imager QE). Each image corresponds to the accumulation of 10,000
laser shots. The emission from the phosphor screen is monitored
by a photomultiplier connected to the digital oscilloscope. An
inverse-Abel transform is applied to calculate slices through the
three-dimensional (3D) photoelectron distributions from the mea-
sured two-dimensional (2D) raw images.

3. Results and discussion

To avoid one-color multiphoton ionization, the foci of both
lasers are placed after crossing the molecular beam. The fragment
ions can originate from the fragmentation of the molecular ion, or
from the ionization of an excited neutral fragment during the time
interval between the pump and the probe.

3.1. Time-resolved photoelectron imaging
TRPEI can allow for direct identification of the electronic states
involved in the ultrafast processes. As reported in Ref. 20, ultra-
fast electronic dephasing from the S1 (n�*) state of the n = 3
Rydberg states of pyridine was studied by time-resolved photo-
electron imaging in conjunction with (1 + 2′) resonance-enhanced

en pump–probe delay time. Pump and probe light intensities are 6.8×1010 and
er and in the plane of the figure.
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ig. 2. Photoelectron kinetic energy distributions extracted from Fig. 1 at given
elay time. The peak A–D corresponds to 172, 783, 872 and 1015 meV, respectively,
tted by Lorentzian profiles.

ultiphoton ionization (REMPI) via the S1 state. Two-photon ion-
zation from the S1 state was enhanced by the resonance with
inglet 3s (n−1) and 3p (n−1) Rydberg states of pyridine. The same
ump–probe schedule is applied for investigating the electronic
ephasing of pyridine populated in its channel three region. Fig. 1
hows photoelectron images at different pump–probe delay times.
o avoid the unwanted one-color multiphoton transition and ion-
zation, both the pump and probe light intensities are kept to
e weaker and estimated to be 6.8×1010 and 8.9×1011 W/cm2,
espectively.

Kinetic energy distributions of the photoelectrons, extracted
rom the raw images presented in Fig. 1 at given delay time, are
llustrated in Fig. 2. Three sharp peaks (B, C and D, indicated in the
gure) center at 783, 872 and 1015 meV, respectively. Peak (A), cen-
ered at 172 meV, is broad and blurry, compared with other three
eaks. Following the assignment method in Ref. [20], these four
eaks are attributed to ionization from 3s and 3p (x, y, z compo-
ents) Rydberg states, populated via 1 + 1′ excitation schedule.

Different from the case of pyrazine [22], no other peak arises
long the pump–probe delay time, while these four components
iminish rapidly. This means pyridine excited by 271.5 nm relaxes
o an optically dark state via intersystem crossing or to hot S0 via
nternal conversion, which cannot be ionized in current experimen-
al setup. The component with energy less than 172 meV is tiny
nd blurry, might be due to the ionization from triplet state, as
uggested in Ref. [20]. Pyridine after undergoing IC to the S0 state
an hardly be ionized, since no resonant state can be populated via
ne-photon electronic transition from S0.

The energetic of the zero vibrational levels, T(Rydberg) in reso-
ance can be deduced easily from the energy conservation [20]:

KE = T(Rydberg)+ h�2 − IE = h�2 −
R

(1)

(n− ı)2

here �2 are the probe laser frequencies; IE is the adiabatic ioniza-
ion energy; R is the Rydberg constant; n is the principal quantum
umber of the Rydberg state; and ı is the quantum defect. The

able 1
ssignment of the Rydberg states of pyridine. The photoelectron kinetic energies (PKE) are
re calculated with Formula (1).

State PKE (meV) T (cm−1) (ı)

A 3s 172 51,008 (0.82)
B 3pz 783 55,936 (0.55)
C 3px 872 56,654 (0.50)
D 3py 1,015 57,807 (0.41)
Fig. 3. Mass spectra recorded (a) with only pump laser, (b) with only probe laser,
and (c) with pump and probe laser at zero delay time. Pump laser and probe laser
are 1.6×1011 and 9.3×1011 W/cm2, respectively.

energies of Rydberg states and corresponding quantum defects, cal-
culated with the accurate IE measured recently [23], are listed in
Table 1. From comparison with the calculated energies by MRD-CI
method [24] and the recently experimental results by TRPEI [20],
the Rydberg states observed here are assigned as in Table 1. For the
3s Rydberg state, the energy value we obtained is almost the same
as that in the TRPEI result [20]. The energy of 3pz Rydberg state is
in agreement with VUV result [24] and is higher than the previous
TRPEI value [20].

The time evolution of the total photoelectron signal can be fitted
with the same time constant of about 3.7 ps as that in the mass
spectrometry.

3.2. Femtosecond mass spectrum and pump–probe transients

Fig. 3 displays the TOF mass spectra, pumped by 271.5 nm and
probed by 407.1 nm. The power intensities of the pump and probe
beams at the interaction region are estimated to be 1.6×1011 and
9.3×1011 W/cm2, respectively. The mass spectra of pyridine with
pump light and probe light only are illustrated in Fig. 3(a and b),

respectively. Excitation of pyridine at 271.5 nm cannot lead to dis-
sociation [25], as illustrated in Fig. 3(a) with the pump light only.
Tiny fragment signal of 52 amu can be found in Fig. 3(b) with the
probe light only. This fragment ion should be from dissociative ion-
ization of neutral pyridine. Recent VUV experiment [26] indicated

derived from Fig. 2. The quantum defects (ı) and the energies (T) of Rydberg states

T (cm−1) (ı) [20] MRD-CI [24] VUV [24]

51,020 (0.85) 49,911 50,650
55,390 (0.62) 54,049 55,890
56,120 (0.57) 55,081
57,140 (0.50) 57,041
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Fig. 4. The pump–probe delay profiles of pyridine and different fragment ions. The
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ump and probe intensities are the same as those in Fig. 3. Open circles show the
bserved raw data points. The solid lines are the fit curves of biexponential decay
omponents.

hat single photo ionization of pyridine resulted in the fragmenta-
ion to 52 amu. Fig. 3(c) shows the time-of-flight mass spectrum,
aken at zero time delay between the pump and probe. The spec-
rum shows the parent ion is dominant and there are relatively
eak fragment ions peaks. No van der Waals cluster ions, such

s (C5H5N)n, can be observed under our experimental condition.
n the pump–probe schedule, both fragment ions and parent ions

ere enhanced, as shown in Fig. 3(c). Peaks at 52, 39 and 26 amu
orrespond to C4H4

+, C3H3
+ and C2H2

+, respectively [26–27].
Transient signals of these ions are illustrated in Fig. 4. The

ransient signals can be well fitted by two exponential decay com-
onents with a constant component, which corresponds to longer

ifetime, estimated to be nanosecond scale. Lifetimes of the two
ecay components are about 330 fs and 3.7 ps, respectively. The
tting parameters are list in Table 2. Note the ratio of fs to ps com-
onents is small in the decay profile of pyridine parent (79 amu),
nd the parent ion transient signal can be well fitted by single
icosecond decay component, which gives almost the same life-
ime constant. In the case of fragment ions, two components must
e applied for fitting the curves. This is different from the dissocia-
ive ionization model, in which all fragment ions would follow the
ame model as the parent ion.

We notice the intensity of the pump light may modify the ratio
f fs to ps components, both in the parent ion and fragment ion sig-
als. The decay profiles of pyridine and the main fragment ions
52 amu) with different pump laser intensities are illustrated in
ig. 5(a and b). Fitting results of the profiles by two exponential
ecay component model, time constants and amplitudes, are listed

n Table 3. It is evident the ratio of fs to ps component is sensitive to
he pump laser intensity. Contribution of the fast decay component

ncreases with the pump laser intensity. This observation, however,
eems to conflict with the common sense that excited dynamics is
ndependent of the excitation intensity.

able 2
ime constants and amplitudes given by fit of the experimental data for
yridine molecule and fragments with pump and probe laser intensities,
.6×1011 and 9.3×1011 W/cm2, respectively. Fitting model: A1 × exp(−t/�1) +
2 × exp(−t/�2) + A3.

m/e Species �1 (ps) �2 (ps) A1/(A1 + A2 + A3) A3/(A1 + A2 + A3)

79 C5H5N+ 0.28 ± 0.13 3.54 ± 0.12 0.15 0.01
52 C4H4

+ 0.11 ± 0.01 3.53 ± 0.14 0.53 0.10
39 C3H3

+ 0.12 ± 0.02 3.67 ± 0.21 0.43 0.18
26 C2H2

+ 0.39 ± 0.20 3.74 ± 0.31 0.16 0.37
Fig. 5. The pump–probe delay profiles of pyridine and fragments (52 amu) at dif-
ferent pump laser intensities. The probe laser intensity is kept at 9.3×1011 W/cm2.
Open circles show the observed raw data points. The solid lines are the fit curves of
biexponential decay components.

3.3. Discussions

Three possible deactivation processes may occur from the S1
state of pyridine: S1 to S0 fluorescence decay (FI), internal con-
version to S0 (IC), and intersystem crossing to optical dark triplet
state (ISC). Low fluorescence yield (5.9×10−5) was observed and
the ISC quantum yield was measured to be 0.3 upon excitation into
S1(n�*) (0–0 at 287.6 nm) [9], and ISC yield dramatically decreased
to 0.02 [6] when excited at 271.5 nm. Therefore, the dominant de-
excitation process of pyridine in its “channel three” region is the
internal conversion to S0, and the contribution of ISC to the total
de-excitation of S1 should be minor. The minor constant signal at
long delay time in Fig. 3 may be due to the ionization from the
triplet state populated via ISC. This process also appears as a low-
energy component (less than 170 meV) in Fig. 2, similar to reported
observations [20], excited at 287.5 nm and 283 nm.

Pyridine excited at 277 nm (with 1300 cm−1 excess energy
above the S1 origin, below the channel-three threshold) had been
investigated by femtosecond time-of-flight mass spectrometry
[15]. At 277 nm excitation, the pyridine parent ion and fragment
ion (52 amu) transient exhibit two fast decay components of 400
fs and 3.5 ps with a slower one of 15 ps [15]. The 400 fs compo-
nent was assigned to the initial displacement of the wavepacket
and intramolecular vibrational energy distribution (IVR) [15], and
isomerization to Dewar and Hückel structures occurs on this time

scale. The 3.5 and 15 ps ones were attributed to the rearomatization
of the Dewar and Hückel isomers to the hot pyridine, respectively
[15]. The ultrafast electron diffraction has been used to determine
the transient structures formed through nonradiative decay of S1
(n�*) of pyridine at 266 nm excitation [11,16]. The result showed a
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Table 3
Time constants and amplitudes extracted from the experimental data for pyridine excited by different pump laser intensities. The probe laser intensity is 9.3×1011 W/cm2.
Fitting model: A1 × exp(−t/�1) + A2 × exp(−t/�2) + A3.

Pump intensity (×1011 W/cm2) �1 (ps) (m/e 79) �2(ps) (m/e 79) A1/A2 (m/e 79) �1 (ps) (m/e 52) �2 (ps) (m/e 52) A1/A2 (m/e 52)

0.14 0.13 ± 0.07 3.86 ± 0.22 0.35
0.33 0.13 ± 0.02 4.00 ± 0.36 1.76
0.50 0.13 ± 0.03 3.33 ± 1.01 4.50
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1.8 0.28 ± 0.10 3.49 ± 0.07
3.1 0.28 ± 0.06 3.54 ± 0.10
7.5 0.28 ± 0.04 3.53 ± 0.10

ing-opened diradical structure that was formed in 17 ps. 266 nm
nd 277 nm excited pyridine into different regions, both in the
1 electronic state, above and below the channel three threshold,
espectively. It seems to be reasonable that upon 266 nm excitation,
new reactive channel is accessible to open, which is different from

he case of 277 nm excitation [15]. No fragments had been observed,
xcited by 266 nm [11,16], while fragment ions (52 amu) were the
ominant dissociation product in the case of 277 nm excitation
15].

Following femtosecond 271.5 nm excitation (with band-
idth 380 cm−1 FWHM), pyridine can be superexcited into 6a3

0
274.6 nm), Y1

0 6a1
0121

0 (273 nm), Y1
0 6a3

0 (272.6 nm), 122
0 (271.9 nm)

nd 6a2
0121

0 (271.3 nm) vibrational bands [6], with about 2000 cm−1

xcess energy above the S1 origin. The absorption spectrum around
71 nm [6] is much broader than those around 287.5 nm [20],
83 nm [20] and 277 nm [15], which means the lifetime of vibra-
ional levels in this region is much shorter than those at the
eported excitation region [11,15,20]. As suggested in Ref. [6], pho-
ophysical properties of the S1 state of pyridine is governed by IVR
nduced internal conversion to S0. The threshold of channel three
s consistent with the onset of the very rapid IVR. Similar “channel-
hree-like” behaviour of isoquinoline had been investigated [28]. At
n energy about 1600 cm−1 above the origin of the S1 state of iso-
uinoline, the level density was about 7 cm−1, which was believed
o be sufficient for IVR to take place [28]. We apply the same calcu-
ation method, the Beyer-Swinehart algorithm [29], to estimate the
ensity of vibrational states of pyridine in its S1 state. The complete-
ctive-space self-consistent-filed (CASSCF) method is used for the

1 excited state, which is implemented in the Gaussian 03 program
ackage [30]. The active space includes four occupied � orbitals, one
ccupied n orbital (the lone pair of nitrogen atom), and three unoc-
upied �* orbital, designated as (10, 8). The geometry optimization
nd the vibrational frequency analysis of the S1 state are performed

Fig. 7. Possible dynamical processes of pyri
Fig. 6. The density of the vibronic states in the S1 state up to 4000 cm−1.

at CASSCF (10, 8)/6-311+G (d, p) level. Harmonic vibrational fre-
quencies are also calculated in order to characterize the stationary
point (no imaginary frequency), which is used in the computation
of the density of vibrational state. Twenty-seven S1 vibrational fun-
damentals are used in the computation of the density of vibrational
state. The calculation result, illustrated in Fig. 6, shows that, at about
2000 cm−1 above the S1 origin, corresponding to our experiment,
the level density (about 5 cm−1) is large enough for IVR to occur.
The actual density of the vibrational state of the S1 state might be
greater than this value, since the strong S2–S1 vibronic coupling
may lower the vibrational frequencies of the out-of-plane modes,
resulting in an increase in the level density, simlar to the case of

isoquinoline [28]. The IVR process populates crucial out-of-plane
bending mode, which leads to a rapid S1→S0 internal conversion.
In our experiment, the lifetime of the S1 excited state populated by
271.5 nm excitation is about 3.6 ps.

dine occured in channel three region.
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Although several de-excitation channels from pyridine S1(n�*)
ad been proposed, for example, isomerization to Dewar’s,
ückel’s, prefulvenic structures, etc. [15], it is difficult to tell the
ifferences among these structures by ionization detection meth-
ds. The fragment ions observed in our experiments implies that
ing-opening channel to form diradical product perhaps is the main
issociation channel, besides the dominant internal conversion to
0. Isomerization to the Dewar and Hückel structures of pyridine
as supposed to be minor channel [11], following the excitation at

66 nm.
We notice the difference in transient profiles between parent

ons and fragment ions in Fig. 4. The parent ion transient signal
an be well fitted by single picosecond decay component, while
ragment ions must be fitted by two decay components. As men-
ioned above, the main de-excitation of pyridine S1 is due to IVR
nduced internal conversion, the difference in transient signals of
arent and fragment ions may be due to the difference of the ioniza-
ion cross-section. If the cross-section for ionization of the parent
rom the optical bright states and the dark states after intramolec-
lar vibrational energy redistribution (IVR) were the same, the
ump–probe experiment would not be able to monitor the direct

VR time evolution after coherent excitation from the bright to the
ark states. This maybe is the reason why the ratio of fs to ps
omponents is very small in the decay profile of pyridine parent
79 amu).

In our transients, the plateau represents a pyridine species with
anosecond lifetime. This long-lived state must have a smaller ion-

zation cross-section than the originally excited wavepacket. This
ong-lived state might be due to the ionization of the triplet state,
s assigned in previous reports [20,31]. Differences in intensities
nd profiles are due to different dissociation cross-sections favoring
articular dissociation channels [32]. We illustrated the ultrafast
rocess occurred in the pyridine S1 state in its channel three region

n Fig. 7.

. Conclusions

The ultrafast dynamics of the S1 (n�*) state of pyridine has
een investigated by applying femtosecond time-resolved mass
pectrometry and photoelectron imaging method combined with
1 + 2′) REMPI via the Rydberg states. Upon excitation into the
hannel-three region, an ultrafast decay of the S1 (n�*) state is
bserved with the lifetime of about 3.7 ps. TRPEI experiments reveal
he excited pyridine relaxes to an optically dark state on this short
ime scale. According to previous experimental and theoretical
esults, we suggest tentatively the ultrafast channel is due to IVR
nduced fast internal conversion. Additionally, we have assigned
he electronic energies of the Rydberg states with the more accu-
ate IE [23]. However, the technique used in this study is unable

o give the structure information. Besides, some dynamics infor-

ation will be lost if the probe pulse cannot ionize the evolutive
ystem across the entire reaction coordinate. Higher energy probe
ulses are thus anticipated to provide more details about this ultra-
ast dynamics.
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