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ABSTRACT: To gain a complete understanding of a chemical reaction, it is necessary to deter-
mine the structural changes that occur to the reacting molecules during the reaction. Chemists have
long dreamed of being able to determine the molecular structure changes that occur during a
chemical reaction, including the structures of transition states (TSs). The use of ultrafast spectros-
copy to gain a detailed knowledge of chemical reactions (including their TSs) promises to be a
revolutionary way to increase reaction efficiencies and enhance the reaction products, which is
difficult to do using conventional methods that are based on trial and error. To confirm the
molecular structures of TSs predicted by theoretical analysis, chemists have long desired to directly
observe the TSs of chemical reactions. Direct observations have been realized by ultrafast spectros-
copy using ultrashort laser pulses. Our group has been able to stably generate visible to near-
infrared sub-5-fs laser pulses using a noncollinear optical parametric amplifier (NOPA). We used
these sub-5-fs pulses to study reaction processes (including their TSs) by detecting structural
changes. We determine reaction mechanisms by observing the TSs in a chemical reaction and by
performing density-functional theory calculations. DOI 10.1002/tcr.201000018
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Introduction

Chemists have long dreamed of being able to trace chemical
reaction paths by determining the structures of intermediates,
including transition states (TSs). Studies in physical chemistry
have recently succeeded in identifying reaction intermediates.
In addition, theoretical analysis can be used to investigate TSs.
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The use of ultrafast spectroscopy to gain a detailed knowledge
of chemical reactions (including their TSs) promises to be a
progressive way to increase reaction efficiencies and enhance
the reaction products, which is difficult to do using conven-
tional methods that are based on trial and error. To confirm the
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molecular structures of TSs predicted by theoretical analysis,
chemists have long desired to directly observe the TSs of
chemical reactions.

Transient intermediate species in photoisomerization can
be revealed by ultrafast laser spectroscopy using ultrashort
laser pulses, as has been performed for chemical reactions."?
Ultrafast spectroscopy is complementary to the X-ray
diffraction technique and electron diffraction methods.
Anfinrud performed picosecond time-resolved X-ray crystal-
lography to probe protein function in real time.’ The electron
diffraction methods were used to study an atomic-level
view of the melting process of aluminum by Miller and
co-workers.” Zewail's groups have determined dark struc-
tures in molecular radiationless transitions by ultrafast
diffraction.

Performing ultrafast time-resolved absorption spectros-
copy using ultrashort pulses allows the vibrational amplitude
to be detected with a subfemtosecond resolution owing to
the short pulse duration and the high signal-to-noise ratio.
Ultrafast spectroscopy offers much higher time resolutions
than electron and X-ray diffraction. In addition, it can be used
for measurements of amorphous materials and liquids, which
are difficult to analyze by X-ray or electron diffraction. As was
reported in a previous paper of ours,® time-resolved absorption
change measurements elucidated ultrafast change in the fre-
quencies of in-plane and out-of-plane bending modes associ-
ated with structural changes during photoisomerization and
the transition state was determined.

Direct observations have been realized by ultrafast spec-
troscopy using ultrashort laser pulses. Using a noncollinear
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optical parametric amplifier (NOPA),”®*>'®!"12 which was
developed in 2002, our group has been able to generate stable
visible to near-infrared (IR) sub-5-fs laser pulses. We have used
these sub-5-fs pulses to study reaction processes (including
their TSs) by detecting structural changes.'>'*!>!¢ This review
is organized as follows. Firstly, the development of ultrashort
pulse light sources is reviewed, focusing particularly on the
NOPA. Following this, the principles of real-time vibrational
spectroscopy are described and a comparison is given concern-
ing how it differs from conventional vibrational spectroscopic
techniques (e.g., time-resolved IR absorption and Raman spec-
troscopies). The next section explains how real-time vibrational
spectroscopy probes the modulation of electronic transition
probabilities, which reflect wave-packet motion. Examples
of applications of real-time spectroscopy will immediately
follow. Finally, a summary and discussion of future prospects is

provided.

Development of Ultrashort Pulse Light Sources

Noncollinear Parametric Amplifier

A NOPA, the design of which is described in this paper,
consists of three stages. The first stage is the parametric
amplifier itself, which has a sufficiently high gain bandwidth
to support sub-4-fs operation. The second stage is a grating—
chirped-mirror compressor, which is used to approximately
compensate for group delay. It has a flexible mirror, which is
used to finely adjust the spectral phase. The third stage is used
to diagnose the pulses and it is based on second-harmonic-
generation (SHG) frequency-resolved optical gating (FROG)
with feedback to a personal computer (which also controls the
actuators of the flexible mirror). Figure 1 shows an overview
of the amplifier. The system is pumped by 120-fs pulses from
a regenerative amplifier (CPA1000, Clark MXR Inc.) at a
repetition rate of 1 kHz. The amplifier is seeded by a fiber
oscillator (Femtolite, IMRA Inc.). Below, we consider the
design and function of each stage of this setup.

Extension of Phase-Matching Bandwidth

The discovery of “magic” phase-matching conditions in a
type-1 B-barium borate (BBO) crystal pumped by 400-nm
light'”'® opened the way to generate amplified visible pulses
that have a bandwidth of nearly 200 THz.”"” The pumping
arrangement used to achieve these phase-matching conditions
is unique since the angle of the pump beam relative to the seed
beam (about 3.7°) is almost exactly equal to the birefringent
walk-off angle between ordinary and extraordinary waves
inside the crystal. Consequently, BBO crystals as long as
1-2 mm can be employed in 5-fs NOPAs. The noncollinear
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Fig. 1. Schematic of experimental setup. A/2: —800 nm wave plate; SP:
2-mm-thick sapphire plate; P1,2: 45° quartz prisms; P3: 69° quartz prism;
CM1,2: ultrabroadband chirped mirrors; GR: 300-lines/mm diffraction
grating (Jobin Yvon); SM: spherical mirror, R = —400 mm; SHG crystal: 0.4-
mm, 6=29° BBO (Eksma); NOPA crystal, I-mm 6= 31.5° BBO (Casix).

phase matching conditions are well understood and have been
discussed in numerous studies.”'®!%20:21:22:23,2425.26

Shirakawa and co-workers have investigated the subtleties
of parametric amplification using a noncollinear configura-
22 They considered the effect of tilting of the signal pulse
front on the ability to compress the signal pulse into a sub-5-fs
pulse. They proposed using a pump beam with a tilted wave-

front to prevent tilting of the signal pulse in space (which

tion.

causes angular dispersion of the amplified pulse). This configu-
ration (known as pulse-front matching) was implemented by
sending the pump beam through a prism and adjusting the
pulse-front tilt using a telescope consisting of two convex
lenses.”’

The angular dispersion of the pump beam of a sub-5-fs
NOPA is important for increasing the phase-matching band-
width. When considering the mechanism responsible for this
broadening, it is important to remember that the pump is not
monochromatic and its spectral extent is determined by the
duration of the input fundamental pulses and the frequency-
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Fig. 2. Increasing the parametric bandwidth by adjusting the incidence angles
of individual pump wavelengths onto the NOPA crystal. a) Schematic repre-
sentation of noncollinear pumping geometry. b) SH dispersion adjustment
using a prism and a focusing optic.

doubling conditions. Even with relatively thick SHG crystals
(1-2 mm lithium triborate or BBO) and comparatively long
(120-150 fs) pulses generated using a conventional regenera-
tive amplifier to pump the NOPA,”" the resulting second-
harmonic (SH) radiation has a bandwidth of several
nanometers. Figure 2 schematically depicts how this can be
used to improve the phase-matching conditions.

The noncollinearity angle, o, can be optimized to mini-
mize the solid angle over which broadband superfluorescence is
emitted.

Wide-bandwidth parametric amplification can subse-
quently be achieved by aligning the seed beam in that direc-
tion. In other words, each pump wavelength has a different
optimal noncollinearity angle o.. The pump beam dispersion
for phase-matching optimization is adjusted by selecting the
apex angle of the prism in the SH pathway (Fig. 2b) and the
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distance between the prism and the focusing optic / The
required SH dispersion can be calculated using the simplified
equation, Equation (1):

506(1)=atan{tan(7(%)—?’(l))§} (1)

where A is the pump (SH) wavelength, 2, is the central com-
ponent of the SH spectrum, f is the focal distance, and (1)
is the exit angle of the SH beam after the prism, which is given
by Equation (2):

A)=asin| n(A)sin| B—asin w)ﬂ,
7(4) [ (1) [ﬂ (n(l) )

where ¥ is the angle between the SH beam and the normal of
the input face of the prism (i.e., the incidence angle onto the
prism), B is the apex angle of the prism, and n() is the
refractive index of glass.

Time Window for Broadband Parametric Amplification

To achieve ultrashort pulses, it is important to consider time-
domain shaping of the amplified radiation. Despite the
extremely broad bandwidth of the parametric gain, only the
spectral components of the seed that temporally overlap with
the pump pulse are amplified. There are two methods for
increasing the time window for amplification: elongating the
pump pulse or compressing the seed. Our system employs
both methods.

To stretch the pump pulse, we installed a 10-cm quartz
crystal in the SH beam, which is used to pump the NOPA. As
a result of stretching the SH pulse, we were able to utilize a
confocal focusing arrangement for the pump beam (Fig. 1),
which produced a significantly cleaner mode structure of the
output beam than the nonconfocal pump arrangement, which
we had used in previous studies.”**

The white-light seed does not require meticulous precom-
pression to achieve the maximum bandwidth for simultaneous
phase matching. In our NOPA design, the white-light con-
tinuum produced in a 2-mm-thick sapphire window passes
through a pair of 45° quartz prisms that are separated from
each other by ~50 cm. The prism precompressor performs
three distinct functions in the system. First, by placing an
adjustable razor blade behind the inner prism, we can eliminate
the intense frequency components of the fundamental pulse
injected into the sapphire window and prevent their undesir-
able amplification in the NOPA crystal. Second, the insertion
depth of the inner prism determines the so-called horizon
wavelength (i.e., the minimum wavelength transmitted
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through the prism sequence). Finally, by balancing the disper-
sion of the precompressor, we can optimize the temporal
window of parametric amplification and the output spectral
shape.

We have demonstrated that a high level of seed precom-
pression is not required to achieve broadband amplification.
Instead, flexible spectral shaping of the amplified signal is
attained by balancing the pump-seed delay for each of the two
passes through the NOPA crystal.

Pulse Compressor Design

Our experimental arrangement (see Fig. 1) is based on a
300 lines/mm diffraction grating and a spherical reflector
(R=-400 mm) with a flexible mirror positioned in the focal
plane. This scheme operates in the negative dispersion regime
when the —1 diffraction order of the grating is selected. Tuning
the position of the membrane of the micro-machined mirror
allows the group delay to be corrected in the range of 40 fs.
Therefore, the main correction of the spectral phase should
be performed by adjusting other elements of the pulse com-
pressor; the computer-controlled flexible mirror can only be
employed for fine-tuning the group delay.

Figure 3 presents the overall dispersive properties of the
designed compressor.

In this figure, the solid circles indicate the target group
delay (i.e., the chirped-pulse characterization result (Figure 4)
with its sign reversed).

400
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Fig. 3. Overview of compressor dispersion. The solid circles indicate the
target group delay, corresponding to time-inverted data. The solid curve gives
the overall group delay of the compressor, excluding the contribution of the
flexible mirror. The dashed curve depicts the estimated group delay of the
telescopic grating-based disperser, whereas the dash-dotted curve represents
the contribution of the dielectric chirped mirrors measured by white-light
interferometry.
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The telescopic grating disperser (dashed curve) contrib-
utes most of the required negative dispersion. The dispersion
can be tuned from positive to negative by varying the reflection
angle of the spherical mirror and the distance between the
mirror and the grating. However, such manipulations can
easily result in spatial chirping of the output beam. We have
performed a careful dispersive ray-tracing analysis of the system
to determine the optimal conditions that both satisfy the group
delay requirements and achieve a high spatial beam quality.
To introduce additional negative dispersion that cannot be
provided by the grating—mirror arrangement, we employed
two dielectric ultrabroadband chirped mirrors (UBCMs). The
UBCM coatings were specially designed and manufactured
by Hamamatsu Photonics for compressing pulses in visible—
near-IR NOPAs. The reflectance band of these mirrors fully
supports the signal wave spectrum. The group delay of the
UBCMs (dash-dotted curve in Fig. 3) was measured using a
white-light interferometer.”® In addition to contributing
approximately a third of the negative dispersion required for
pulse compression, these mirrors supply a higher-order phase
correction in the spectral wings. The solid curve in Figure 3
indicates the calculated group delay, excluding that of the
flexible adaptive mirror. The estimated deviation from the
target group delay (shown by the solid circles in Fig. 3), lies
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Fig. 4. FROG characterization of chirped amplified pulses. a) Measured
FROG trace. b) Retrieved FROG trace. The FROG traces here and elsewhere
in the paper are depicted as density plots with contour lines overlaid for FROG
peak intensities of 0.02, 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8. ¢) Retrieved group
delay (filled circles) and spectrum (open circles).
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within the correction range of the flexible mirror and can be
eliminated by varying the shape of the reflective surface.

The micromachined device employed in our study is iden-
tical to those used in Refs. [29] and [30]. The membrane is
controlled by 39 actuators that are aligned in three rows; it
provides a clear aperture of ~30 X 7 mm. Such a modulator can
almost completely eliminate smooth variations of the spectral
phase that can be described by a cubic spline that passes
through 13 nodes, which in this case is distributed over a
spectral range of 300 nm. To reduce the number of control
parameters from 39 to 13, we fix the actuator voltages that
control their vertical movement (i.e., perpendicular to the dis-
persed beam). This simplification is justified because the
surface of the flexible mirror is located in the focal plane of the
spherical mirror, which results in a negligibly low sensitivity of
the output beam to the actuation in the vertical plane. The
channels of the flexible mirror are connected to 8-bit high-
voltage drivers, which are controlled by a personal computer
(Fig. 1); this allows the voltage of each actuator to be varied in
the range 0-280 V. The stiffness of the 0.5-um-thick silicon-
nitride membrane depends on the material and the number of
layers of the deposited optical coating. We used an Au coating
above a Cr bonding layer, which enables a maximum deflection
of over 6 Um in the center of the mirror.

The components of the pulse compressor are positioned
on an optical bench in accordance with the ray-tracing calcu-
lation results. The distance between the diffraction grating and
the spherical mirror was adjusted to within £1 mm to opti-
mize the SHG signal from a thin frequency-doubling crystal.
The final step of pulse compression, namely adaptive phase
correction using the flexible mirror, is described as follows.

Adaptive Pulse Shaping

Using a robust adaptive algorithm based on simple spectral
measurements, the pulse quality was rapidly (i.e., within several
minutes) improved. The inability to remove the remaining
discrepancy of the spectral phase arises only from the limited
SHG bandwidth. Adaptive phase correction is essential to
achieve high-quality compression of extremely broadband laser
pulses owing to the complexity of the phase distortion and the
limit of conventional pulse compressors in bandwidth and

tunability.

Development of a Broadband Detector

To detect weak pump—probe signals at multiple probe wave-
lengths, we used the multichannel lock-in amplifier shown in
Figure 5 for time-resolved spectroscopy. The multi-channel
lock-in amplifier was developed in our group. Meanwhile,
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Fig. 5. Schematic of the multichannel lock-in amplifier with a pump—probe
measurement system. APDs: avalanche photodiodes; PC: personal computer
for data acquisition.

Multi-channel

APDs were commercial products optimized for UV to visible
light detection (§5343, Hamamatsu Inc.).

The multichannel lock-in amplifier was specially designed
to simultaneously detect low-intensity signals at multiple probe
wavelengths over the whole probe spectrum. Although multi-
channel detection of pump-probe signals has already been
realized using photodiode arrays or charge-coupled devices,
these detectors are less sensitive to low-level signals submerged
in a high background, resulting in a lower signal-to-noise ratio
than lock-in detection. Multichannel lock-in detection is the
natural solution for extracting all the probe information and
for avoiding various experimental instabilities, such as sample
degradation and laser instability. In this experiment, signals
were spectrally resolved by a polychromator (Jasco, M25-TP)
at 128 wavelengths in the range 540 to 740 nm and they were
detected using avalanche photodiodes and a lock-in amplifier
with a reference from an optical chopper that modulated the
pump pulse at 210 Hz.

Principles of Real-time Vibration Spectroscopy:
Modulation of Electronic Transition Probability
by Wave-Packet Motion

This section describes the principles of real-time vibrational
spectroscopy. Real-time traces represent the time-dependent
intensity being modulated by wave-packet motion generated by
the intense pump pulse, whose duration is shorter than the
molecular vibrational period. Femtosecond stimulated Raman
spectroscopy, which offers high temporal and spectral resolu-
tions, was used to observe time-dependent conformational
change.31 However, femtosecond stimulated Raman spectros-
copy measures only the vibration intensity; it cannot provide
information on the vibrational phase, which can be obtained by
time-resolved difference absorption. Using the ultrashort pulses,
ultrafast spectroscopy observes the vibrational phase, which
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Q Q

Fig. 6. Four typical cases for the minima and curvatures of the potential curves: a) no change in the potential
minimum position or curvature upon photoexcitation; b) a change in potential minimum position with no change in
curvature; ¢) a change in curvature with no change in the potential minimum position; and d) with a change in both
the potential minimum position and the curvature. The dash-dotted lines indicate the minimums of the potential

surfaces.

helps phenomena associated with the electronic ground state to
be distinguished from those associated with the excited state.

In most molecular systems, the wave function of a molecu-
lar electronic state can be factorized into the electronic
component and the nuclear component using the Born—
Oppenheimer approximation (Equation (3)), except when the
electronic structure is degenerate:

¥(4,Q)=2(Q 9)x(Q) 3)

Here, ¢ and Q represent the electron and nuclear co-
ordinates, respectively. The transition dipole between two
electronic states, which can be well described by the Born—
Oppenheimer approximation, is given by Equation (4) under
the Condon approximation:

<¥i(9, Q)leq|¥2 (9, Q)>q.s =< 11 (Q) <P1(Q, 9)eq]
D, (Q, 9)> 22(Q)>=<D,(Q, 9)|eq| (4)
®,(Q. 9)><x1(Q)| 2:(Q)>

The origins of the intensity modulation can be classified
into two cases: when the Condon approximation is satisfied
and when it is not satisfied. The former case arises from the
time-dependent Franck—Condon (FC) overlap as a result of
wave-packet formation, the wave function of which is a linear
combination of the wave functions of the relevant vibrational
levels. The latter case occurs when the electronic wave function
is mixed with a third electronic state, which causes the elec-
tronic transition probabilities to be exchanged. Following the
wave-packet motion, the molecular structure is deformed and
the corresponding electronic energies of these states are modi-
fied, which modifies the absorption intensity.

When the Condon Approximation Holds

This subsection discusses an electronic transition in a two-level
system when the Condon approximation is satisfied. In this

The Chemical Record, Vol. 11, 99-116 (2011)
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case, the integrated intensity of the absorbance change covering
the relevant electronic state remains constant during wave-
packet motion. The two-level system has two harmonic poten-
tial curves for the ground and lowest excited states. Figure 6
shows the potential curves of two electronic states for four
typical cases in the present case.

Here, we discuss the wave packet generated only in the
ground state; a similar discussion applies when the wave packet
is generated in the excited state. There are four typical cases for
the minima and curvatures of the potential curves: a) neither
the potential minimum position nor the curvature change
upon photoexcitation; b) the potential minimum position
changes, but the curvature remains the same; ¢) the curvature
changes but the potential minimum position remains the same;
and d) both the potential minimum position and the curvature
change.

There are four different cases relevant to the above char-
acteristics of the potential curves: a’) generation of a vibrational
eigenstate with no wave-packet motion because of the selection
rule for allowed transitions; b’) generation of a wave packet in
the ground state, which starts to move along the potential
curve; ¢’) generation of a wave packet in the ground state,
whose size starts to breathe after photoexcitation; d) genera-
tion of a wave packet in the ground state, which starts to move
along the potential curve and breathe at the same time.

Intensity modulation can be introduced by time-
dependent overlap of the molecular wave functions between
the initial and final electronic states associated with the transi-
tion. In such a case, the modulation mechanism for the tran-
sition probability is the time-dependent FC overlap factor.

When the molecular vibration is Fourier analyzed to sepa-
rate many modes into many normal modes, it can be described
in terms of a one-dimensional harmonic potential curve. The
FC factor is then associated with the motion of a wave packet
moving between two equal-energy points on the potential
curve along one of the normal coordinates on which the wave
packet is located.’® The time-dependent FC factor, £(#), which
is related to the electronic states of the initial and final states
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( and f; respectively) coupled with the transition, is given by
Equation (5):

Lo )

Here, | Xa (Q» = | Xa (Q)> ¢ is the nuclear wave function
with a vibrational quantum number of 2 = (/, m), and o, is the
frequency of the molecular vibration relevant to the vibronic
coupling. The linear combination of the time-dependent
(oscillating) terms with sets of quantum numbers (/, 72) having
weight factors related to the FC factor gives the wave-packet
motion. The equation describing the spectral change owing to
the motion of a wave packet induced by impulsive excitation
depends on the FC factor, which is the coefficient of the
sinusoidal function in Equation (5). The coefficientsc/c,

are determined by the pump laser spectrum and the cross
section of the ground state absorption. If 7 and f'are in the
ground and excited states respectively, there are two possibili-
ties for the wave packet to be generated by the pump: either
in the 7 state by coherent vibronic excitation or in the f
state by the stimulated Raman process. Wave-packet motion
then occurs along the potential curve of the corresponding
state.

We discuss the case when the potential minimum is dis-
placed along the potential surface of the 7 state with respect to
that of the f'state (Fig. 6b). This displaced potential surface case
is referred to as the D case in the discussion below about the
transition probability modulation mechanism. If the shift
owing to wave-packet motion is small, then the spectral change
will be small and it can be obtained from the first derivative of
the absorption spectrum. Probe wavelength dependence of
vibrational amplitude shows a T phase jump at the peak wave-
length of the absorption band.*>?*

When there is no displacement between the ground and
excited states (Fig. 6¢; referred to as the ND case below) the
wave-packet motion does not involve oscillations between two
turning points of equal energy on the potential curve of either
the excited or ground state. In such a case, the principal wave-
packet motion arises from the second-order difference between
the initial and final states. The second-order difference is then
given by the breathing of the wave packet, in which the width
of the wave packet oscillates in time at the vibrational fre-
quency. This mechanism has higher vibronic coupling, with
respect to the spectral change, than the FC case as it involves
higher order wave-packet motion upon photoexcitation. The
initial and final states are expected to have similar potential
curves, except when very large geometrical relaxation occurs
after excitation. The difference between the potential energies
can then be expanded as a Taylor series in terms of the normal
coordinate (Q), the nth term of which is proportional to the
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0"A(w)
"
The components of the power series are classified in terms of
the vibronic coupling strength. In most cases, the first-order

term has the highest coupling strength.
As mentioned above, in the case of breathing, the spectral

nth derivative [ jof the absorption spectrum (4(w)).**

change is approximately determined by the second derivative
of the relevant transition spectrum. When the wave-packet
motion is in the ground state, the relevant spectrum is the
absorption spectrum for the ground to excited state transition.
If the wave-packet motion is in the excited state, then the
vibrational amplitude depends on the second derivative of the
stimulated emission spectrum and/or the bleaching spectrum.

The above discussion can be expressed by Equation (6),
which shows the modulation of the absorbance change (AA(w))
as a function of the probe frequency o

OAA(1; Q, w) = AA(t; Q, ©)— Ady (o) ©)
= (50)M +0AW M) cos (Qz + ¢)
dw dw?

Here, Q is the frequency of the relevant molecular vibrational
mode and AAy(w) is the difference absorption spectrum
without molecular vibrations. This spectrum can be obtained
by smoothing the real-time vibrational trace over several vibra-
tional periods at each probe wavelength. It may be a composite
of the gain and bleaching (owing to ground-state depletion)
spectra. SAA(Q; w) is the amplitude of the Fourier transforma-
tion (FT)) of the absorbance change as a function of the
molecular vibrational frequency Q. fAw is the change in the
bandwidth (A®) of the absorption, gain or bleaching spectrum.
Up to this point, we have considered the case when the
Condon approximation is satisfied. This is referred to as the C
mechanism, and it can be sub-classified into D and ND cases.
For the D case, the probe frequency dependence of 6AA(Q; o) is
mainly given by the first derivative of Ado(w), whereas in the ND
case, the main contribution is given by the second derivative
of AAy(®). The configuration shown in Figure 6d is a mixture
of D and ND cases, thus it is expected to have a mixed probe
wavelength dependence on the first and second derivatives.

When the Condon Approximation Does Not Hold

In this subsection, deviation from the Condon approximation
is introduced by considering another electronic state (a third
state) that is radiatively coupled to the other two states between
which the transition intensity is being monitored. Here, we
discuss a three-level system that includes the third state. The
three-level system is composed of three electronic states, So, S,
and S, (listed in order of increasing energy). The vibronic
coupling is assumed to be predominantly between the S and S,
states. The following three wave functions are considered:
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In the above equations, |I/IX (q, )> and | X ( )> respectively

represent the electron and nuclei wave functions for state X
(=0, 1, and 2 for Sy, S, and S, respectively) as a function of

the electron and nuclear coordinates, é and Q, respectively. In
the nuclear wave function | X (Q)>, the vibrational quantum

number is denoted by the suffix # (=7 and m). AEy is the
energy difference between states S, and S1 and H, is the
interaction Hamiltonian. The states S; and S, are not necessar-
ily the first and second excited states but can be any two
electronic excited states in general (i.e., the electronic state S,
can be a higher excited state than the $; state). In this way, the
spectral change integrated over the relevant spectral range does
not have a constant oscillator strength, but rather it varies with
the vibrational motion of the mode, whose interaction H,;
contributes to the mixing of the two electronic states. The
mixing is controlled by the symmetries of the vibrational mode
and the electronic states.

Using Equations (7)—(9), the transition dipole moment

between |SO (q, )> and |Sl(q, )> can be written as:

(Sol 1Sy = (oo [{x | (l @)= BRIG )| x0)
= (o | 11@) (xS | o) = BLoo | ] @2 Y (25 | Q| 20,

ﬁ = wb )
AEZ]

The transition probability is given by Equation (10):

(S0 Ll SO =0 |l @) [(xis | 200 = B (ol 1)
(@ L1l )* Cenl 2 ) 0| Q 20)*
— B{oo 1| @)* (0o | L] @)
(o2 (x5 Q 2o+ ho.

(10)

The discussion becomes complicated when both S, — §; and
S — S, are allowed transitions. Therefore, we utilize the modi-
fied phenomenological equation (Equation (6)) as Equation

(11):
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+ 0Aw cos(Qz, ¢).

The first term represents the modulation of the transition
dipole moment U of the relevant electronic transition.

The non-conserved oscillator strength will make the
Condon approximation invalid, which implies that the inte-
grated intensity over the electronic transition is not constant
during the vibrational period (this is referred to as the non-
Condon (NC) mechanism below). This mechanism can also be
sub-classified into D and ND cases.

The dependence of 3AA(Q; @) on the probe photon fre-
quency for the NC mechanism is given as follows. For the D
case, 8AA(Q; @) depends on the zeroth and first derivatives of
Ao(w), whereas it depends on the zeroth and second derivatives
of Ay(w) for the ND case. For both the D and ND cases for the
NC mechanism, the zeroth-order dependence of the probe
wavelength was added to fulfill the non-conserved integrated
transition probability in the NC mechanism. The zeroth-order
derivative can also be understood as the time-dependent
contribution of the third electronic state, which varies perio-
dically with the vibrational frequency. These phenomena
have been described as alternating intensity borrowing and
returning.®>?*%

Classification of the Vibrational Modes

The real-time vibration spectroscopy, theoretically discussed in
sections describing when the Condon approximation holds
and does not hold, was demonstrated for a sample molecule of
a quinoidal thiophene derivative QT2.” The representative
vibrational modes can be classified based on the above discus-
sion. There are several modes that can be classified in the C
mechanism. Their integrated intensities remain constant
during the molecular vibration. They have frequencies of 301,
1172, 1343, 1420, and 1453 cm™". The remaining modes, with
frequencies of 785, 1376, and 1539 cm™, are classified in the
NC mechanism because the Condon approximation does not
hold owing to the change in the transition probability inte-
grated over the transition band. A detailed data analysis and
discussion about this classification is given in Ref. [38]. Table 1
summarizes the results of the classification.

Examples of Real-Time Spectroscopy Applications

Primary Conformation Change in Bacteriorhodopsin
upon Photoexcitation

Photoisomerization of rhodopsin is the key reaction in the
vision process. However, ultrafast time-resolved observation
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Table 1: Mode classification in terms of vibronic coupling mechanisms.

Frequency (cm™) VP! N Sym Modes!
FT (CAL)® FT-CAL
301 (303) -2 C-1 D u o
785 (773) 12 NC-0 ND g o
1172 (1161) 11 C-2 ND N B (benzene)
1343 (1343) 0 C-1 D u 8 (CH.,); v (benzene CH)
1376 (1407) 31 NC-0,1 D g £(CH,); p, C=C
1420 (1425) -5 C-1,2 D+ND u £(CH,); p., C=C
1453 (1475) -22 C-1w,2 ND N v(benzene CH); v C=C
1539 (1549) -10 NC-0,2w ND g v C=C

[a]FT: frequencies obtained from the FT of the real-time trace; CAL: frequencies obtained from the quantum chemical calculation. [b]VC: vibronic coupling; C:
Condon mechanism; NC: non-Condon mechanism; 0, 1, 2: derivative order; w: relatively weak contribution. [c]PS: potential surface; D: displaced case; ND:
non-displaced case. [d]Sym: symmetric (g: gerade (symmetric); u: ungerade (antisymmetric); N: no well-defined symmetry with an inversion center, but a mixture
of g and u). [e]o = in-plane skeletal; B = skeletal; 8 = twisting; y = bending; € = wagging; p = degenerate bending; v = stretching.

of this process is difficult because rhodopsin does not recover
after in vitro photobleaching. The membrane protein bacteri-
orhodopsin (bR),** which is extracted from bacteria, is more
stable than artificial chemicals, making it a promising func-
tional material for optical memories and switches.” The
physiological function of bR in live bacteria is proton pumping
to produce a chemical potential for ATP synthesis. This
pump is optically triggered by #rans—cis photoisomerization,
which is closely related to cis—trans photoisomerization of
rhodopsin in the vision process.*? As a result of these interesting
physiological and artificial functionalities, the primary process

of bR has been extensively studied both theoretically*** and

experimentally.45‘46‘47’48’49’50'51

Most studies consider the process to be as follows:
bR — H—(200 fs) = [—(500 fs) = J—(3 ps) > K

However, some controversial experimental results have
been reported. For example, Ruhman’s group showed experi-
mentally that the locked-retinal chromophore contained in bR
exhibits a similar photoinduced spectral change to that of
ordinary bR.5>%

Atkinson’s group claimed that the long-accepted isomer-
ization process does not occur in the primary process, even in
the J intermediate.”® The ] intermediate is often assigned as
a ground-state species in which the retinal chromophore is
isomerized to a 13-cis configuration, as first proposed by
Ruhman and co-workers. Furthermore, two theoretical models
of photoisomerization have been proposed, namely a two-state,
two-mode model and a three-state model proposed by Olivuc-
ci’s” and Schulten’s groups;* it still remains unclear which
model is correct. Recent studies of photoisomerization of a
retinyl chromophore have shed light on the dynamics after
photoexcitation;’”*® however, the details of the transient states
still remain a topic of contention.
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The reason why the photoisomerization yield of bR is
about 0.67 is explained as follows. An excited-state wave packet
oscillates with a period of ~400 fs on the potential surface of
the excited state. When it crosses the bottom of the potential
surface in the direction to form the ] intermediate (or initial
ground state), the excited population has an opportunity to
cross the conical intersection into the ] state (or the initial
ground state). This is why some excited bR reverts back to the
initial ground state. Clarification of these ultrafast dynamics
requires direct observation of the TS in photoisomerization.

As discussed in a recent study,54 time-resolved absorbance
change measurements measure the contribution of wave
packets on the potential surfaces of the electronic ground and
excited states. There are three ways to distinguish a ground
state signal from an excited state signal. One method is time-
resolved spectroscopy using chirped pump pulses, which was
performed by Kahan and co-workers.”> Another method is to
observe the vibrational phase of a molecular vibration. The
motion of a ground-state wave packet commences from a stable
local minimum point on the ground-state potential-energy
surface, whereas an excited-state wave packet starts its motion
from the Franck—Condon state toward a local minimum point
on the excited-state potential-energy surface. Therefore, vibra-
tions of wave packets on the potential surfaces of the ground
and excited states are expected to be sine-like and cosine-like,
respectively. The third method is to observe the dependences of
the signal on the probe wavelength and the delay. Using inter-
mediate lifetimes determined in previous studies, decay of the
transient absorption signal can determine the dominant inter-
mediates in different probe wavelength regions. The sign of the
signal also helps assign the origin of the signal: a negative
absorbance change indicates that photobleaching is caused by
depletion of the electronic ground state or stimulated emission
from the excited state, whereas a positive absorbance change
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Fig. 7. Laser spectrum, absorption spectrum of bR, and molecular structure of the retinal chromophore in bR.
a) Laser spectrum (thick line) and absorption spectrum of bR (thin line). b) Schematic conformational change in
the trans—cis photoisomerization of the retinal chromophore in bR (CIS/6-31G*//CIS/6-31G*). ¢) Enlarged views
of molecular structures around C;3=C,4 and C,5=N shown in (b). The purple and blue balls in (b) and (c) represent
carbon and nitrogen atoms, respectively. The first, second, and third models in (c) are related to the structure of the

H, I, and ] states, respectively.

indicates induced absorption from the first excited state to a
higher excited state.

Femtosecond stimulated Raman spectroscopy that has
high temporal and spectral resolutions was used to observe
time-dependent conformational changes. The femtosecond
stimulated Raman spectroscopy measures only the vibration
intensity but cannot provide information on the vibrational
phase. Using the ultrashort pulses, vibrational real-time-
resolved absorbance change measurement can provide the
initial vibrational phase, which can be used for the assignment
of the vibrational mode either to the electronic ground state or
to the excited state.

In our study, the experimental technique used for ultrafast
spectroscopy was improved over that used in our previous
study.”® The second and third methods mentioned above were
used with ultrashort laser pulses and their spectra are shown in
Figure 7a. The experimental results contain a lot of informa-
tion about the sample dynamics, which can be obtained from
continuous spectra and time-dependent (including vibrational
phase) transmittance changes at all wavelengths. Simultaneous
measurement at all the probe wavelengths enables measure-
ments to be performed much faster than previous time-
consuming measurements at five different wavelengths.” The
simultaneous measurement reduced systematic errors arising
from short- and long-term fluctuations in the laser intensity
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and also sample degradation, which is inevitable in experi-
ments requiring long measurements.

The obtained data reveal the detailed photoexcited
dynamics of the retinal chromophore in bR during photoi-
somerization. This technique has the potential to overcome the
problems associated with the other two methods mentioned
above. Fig. 7b shows the structural change of a retinal chro-
mophore during photoisomerization. The structural changes in
the retinal chromophore were calculated to obtain schematic
views that depict the structural changes in a retinyl chro-
mophore in bR; however, the calculated structure may differ
slightly from that of a retinyl chromophore in bR, which is
known to have a twisted conformation even in the K state.’”*
The time constants for transitions from the ground state to the
intermediate states I, J, and K determined from experimental
results are consistent with the results obtained in studies by
other groups.”*®' The probe wavelength dependence of the
photoexcited dynamics was analyzed and it was found that the
probe wavelength spectrum can be classified into four spectral
regions based on the dynamics. This is because the electronic
states have different effects on each spectral region. For the
same reason, the dynamics of the molecular vibrational modes
was also considered to be dependent on the probe wavelength.
Diller and co-workers found that the C=N stretching mode
appears earlier than 500 fs after photoexcitation. The present
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analysis of molecular vibrational modes reveals the existence of
the C=N stretching mode, which decays within 30 fs after
photoexcitation. This implies that the primary event immedi-
ately after photoexcitation is not the excitation of torsion
around the C;3=Cy; bond, as has long been believed,** nor is it
the C=C stretching mode, as was recently proposed.*

The spectrograms (Figures 8a—d) reveal the existence of a
C=N stretching mode with a frequency of ~1640 cm™, whose
vibration period is 20 fs. The C=N signal disappears after 30 fs.
Because of the short lifetime of this mode, which corresponds
to 1.5 oscillation periods, the Raman spectrum is expected to
have a broad bandwidth of about 1100 cm™, which reduces
the peak intensity by a factor of about 100 from that estimated
from the Raman spectral width of the C=N mode in the
ground state.®® From the line width of the ground-state Raman
signal of bR,” the decay time of the C=N stretching mode
in the ground state is known to be slightly longer than 3 ps.
The observed C=N signal decays much faster (<30 fs) than
the appearance time (>200 fs) of the I state. Therefore, the
observed Fourier signal of the C=N stretching frequency is
thought not to arise from the G or I state. Rather, it is thought
to be attributed to the H state, which is excited in the very
initial stages of photoisomerization. The excited molecular
vibration of the C=N stretching mode decays rapidly (<30 fs)
in the H state, indicating that the C=N vibration oscillates less
than two times. The H state then decays with a time constant
of 235 = 22 fs. This finding can explain the very interesting
but controversial observation by Ruhman’s group.” Even the
locked retinal analogue can be deformed near the protonated
C=N bond, resulting in spectral changes similar to those
induced by isomerization. Therefore, the spectral changes com-
monly observed both in native retinal and the artificial locked
analogue are introduced by electronic changes near the proto-
nated C=N bond, rather than the C;5=C,4 bond. After this
conformational change near the C=N bond, the vibration of
which is heavily damped, C=C stretching and torsion around
the C135=Ci4 bond start.

Mathies’ group” found that the I state appears within
about 200 fs. The positive A4 about 200 fs after photoexcita-
tion in the 610-630 nm and 635—664 nm spectral ranges
indicate the contribution of the induced absorption owing to
the I state. In the probe spectral ranges, a new signal appears
around 1800 cm™ about 200 fs after excitation (Figs. 8¢ and
f), indicating that the signal is mainly arising from the I state.
This new mode is possibly related to highly distorced C=N
stretching. The increase in the C=N stretching frequency to
about 1800 cm™ indicates that n-electron flow to the proto-
nated Schiff base after the very rapid distortion partially neu-
tralizes the positive charge of the N atom, increasing the bond
order. This implies that the charge redistribution occurs from
interaction with binding pocket residues and that the distor-
tion relaxes on formation of the J intermediate.
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Based on the results of our study, it is concluded that the
first process in the photophysical dynamics in bR is the defor-
mation of the retinal configuration which decays within 30 fs
near the C=N bond in the protonated Schiff base. It is followed
by C=C stretching and then tortional motion of several periods
around the C;3=C4 bond. This mode is as short as 30 fs, which
corresponds to only 1.5 times the oscillation period (20 fs).
This means that electronic redistribution, which occurs imme-
diately after excitation (<2 fs), triggers rapid oscillation of C=N
stretching. After a few oscillations, the energy is transferred to
C=C stretching.

Direct Observation of Molecular Structural Changes
During Claisen Rearrangement

The Claisen rearrangement is one of the most well-known
sigmatropic rearrangements in organic chemistry. Along with
the Cope rearrangement, it is known for its high stereoselec-
tivity making it an extremely useful technique in organic syn-
thesis. [3,3] sigmatropic rearrangements of allyl aryl (or vinyl)
ethers reported by L. Claisen® spurred the development of
various other reactions.®>**® In 1938, allyl vinyl ether (AVE)
was found to generate allyl acetaldehyde when it was heated at
255 °C through [3,3] sigmatropic rearrangement (Figure 9).%

The Claisen rearrangement is thought to proceed via a
six-membered TS by a supra—supra facial reaction following
Woodward-Hoffmann rules®” and frontier orbital theory.”
Experimental stereochemical”"’?737% results and theoretical

calculations” %7

suggest a six-membered chair-form TS.
However, a more detailed mechanism for the Claisen rear-
rangement still remains controversial (Fig. 9). In one possible
mechanism, the reaction progresses in a synchronous concerted
pathway via an aromatic-like TS.”® In another possible mecha-
nism, the reaction progresses by an asynchronous concerted
pathway in which either C'-C° bond formation or C*~O bond
breaking occurs before the other process. An asynchronous
reaction in which the C'~C® bond forms first may proceed
through a 1,4-diyl-like TS,””®*" whereas an asynchronous reac-
tion in which the C*~O bond breaks first may proceed through
a bis-allyl-like TS.818283:84858687 Ag the simplest example of
the Claisen rearrangement, AVE was studied by performing
quantum chemical calculations and by using the kinetic
isotope effect (KIE). By observing the secondary isotope effect
using deuterium, Gajewski and co-workers concluded that
C*-O bond breaking occurs first to generate a bis-allyl-like
TS.85 Singleton and co-workers claimed that theoretical cal-
culations and the KIE suggest the possibility of variations in
the 1,4-diyl and bis-allyl characters;*” however, the aromarticity
of the TS was not ruled out, because it was necessary to
describe the TS geometry. On the other hand, many theoretical
calculations based on various methods have produced conflict-

ing I,esults.78,80,81,82,85,87,88
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Fig. 8. Spectrograms calculated from the real-time traces measured at (a) 512, (b) 517, (¢) 572, (d) 577, (e) 617, and
(f) 622 nm. The white broken lines in the figures indicate the approximate appearance times of the H, I, and J states.
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Fig. 9. Three proposed transition states of the Claisen rearrangement of
AVE. The aromatic-like TS appears in the synchronous concerted process.
The bis-allyl-like and 1,4-diyl-like TSs appear in the asynchronous concerted
process in which either C*~O bond breaking or C'~C° bond formation occurs
before the other process.

KIE and theoretical calculations cannot provide informa-
tion on dynamics; they can only predict the molecular struc-
tures of the rate-determining step and of the most stable TS,
respectively. Therefore, it is not easy to determine chemical
reaction pathways, including TSs, based only on KIE or theo-
retical calculations, and detailed structures of TSs remain
elusive. For this reason we have used a 5-fs pulse laser devel-
oped by our group to observe molecular structural changes
during the rearrangement process, including the TS, through
instantaneous molecular vibration frequencies, which enabled
us to elucidate the reaction mechanism.®®

AVE has an absorption peak at a wavelength shorter than
220 nm, which cannot be reached either by one-photon or
two-photon absorption of visible 5-fs laser pulses, whose
spectrum extends from 525 to 725 nm. Therefore, a 5-fs pulse
triggers coherent molecular vibrations through the stimulated
Raman process in the electronic ground state and the thermal
reaction does not cause electronic excitation or photochemical
reaction.®

Using the observed absorbance difference, spectrogram
analysis”™ was performed by a sliding-window Fourier trans-
form with a Blackman window function with a full width at half
maximum (FWHM) of 400 fs (Figure 10). Molecular structure
deformation during the reaction process along the reaction
coordinate alters the vibrational frequency of the wave packet
vibrating along the coordinate perpendicular to the reaction
coordinate. There are 3/N=7 coordinates perpendicular to the
reaction coordinate in a molecule composed of NV atoms with
3 N—6 normal modes. Therefore, when the molecule is between
the reactant, the intermediate, and the product, the vibration
frequencies are thought to keep shifting in the spectrogram.
If the molecule stays in the reactant, the intermediate, or the
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Fig. 10. Spectrogram using a Blackman window function with a FWHM
of 400 fs.

product, the vibrational frequencies are thought to remain
constant during the lifetime of the relevant state. However, it is
difficult to discuss in detail the amplitude of 6(A4) arising from
molecular vibrations since it depends not only on modulation
of the electronic transition probability but also on the vibronic
coupling strength that induces the modulation.

In the spectrogram, the molecular vibrational modes
immediately after photoexcitation only arise from the reactant
AVE. However, new bands appear at a delay of 2 ps. These new
bands are assigned to the C=O stretching mode (vc-o), the
C-C-C symmetric stretching mode (V;cc_c), and the C-C-C
asymmetric stretching mode (Viccc) at 1750, 1030, and
1150 cm™, respectively. The frequencies of these new modes
correlate well with the frequencies of the Raman spectrum of
allyl acetaldehyde, which was synthesized independently by
oxidizing 4-penten-1-ol. The appearance of these new modes
confirms that allyl acetaldehyde was generated. For comparison
with the above data, we performed pump—probe measurements
of the independently synthesized product (allyl acetaldehyde).
The observed frequencies in the fast Fourier transform power
spectrum of the allyl acetaldehyde agree well with the frequen-
cies observed at 2 ps in the spectrogram of AVE. This result
strongly supports our conclusion that allyl acetaldehyde is gen-
erated in the vibration excitation of AVE with the 5-fs pump
pulse. Furthermore, the NMR spectrum of AVE after the
pump—probe experiment also demonstrates generation of allyl
acetaldehyde. We performed a pump—probe experiment with a
small amount of AVE in a glass cell (10 mm?). The NMR
spectrum of AVE after the measurement revealed the presence
of allyl acetaldehyde at a fraction of 1% w/w. The quantum
yield of the photoinduced process was estimated to be about
0.1. As mentioned above, time-resolved observations of the
molecular vibrations reveal molecular structure changes during
the Claisen rearrangement.

The detailed mechanism of the reaction was thus clarified.
The disappearance of the vico-c (890 cm™) and the 8ciz
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(1500 cm™) bands at about 800 fs reveals that the C*~O bond
is weakened or broken in the first step of the reaction. The
frequency shift of ve_c also suggests that the C“-O bond is
weakened. ve-c of the vinyl and allyl groups, observed at
1650 cm™ immediately after photoexcitation, separates into a
blue-shifted mode that moves toward 1690 cm™ and a red-
shifted mode that moves toward 1570 cm™ as the probe delay
time is increased from 500 to 800 fs. These frequency shifts
suggest that the C*~O bond weakening or breaking caused the
electronic density in the vinyl and allyl groups to increase and
decrease, respectively.

After C*~O bond weakening, an electron is transferred
from the vinyl group to the allyl group to form a weak C'-C°
bond. This reduces the electronic density along the C'=C
bond in the vinyl group resulting in a red shift of ve—c. In the
allyl group, the electronic density along the C’=C° bond is
increased to induce the blue shift of vc_c, and the C*~C’ single
bond changes to a C*=C’ double bond. This makes the three
C=C bonds in the vinyl and allyl groups (i.e., C'=C?, Cci=C,
and C’=C°) equivalent and they have the same frequency of
1580 cm™ at about 1500 fs delay. The appearance of a band at
around 1580 cm™ indicates that aromatic C=C bonds are
formed since the aromatic ve—c in benzene has a frequency of
1585 cm™', which implies that the generated intermediate does
not have the perfect C6 symmetry of a benzene ring, but an
aromatic-like six-membered structure. This conclusion is also
supported from the appearance of 8¢ 1 and vi¢c cc at 1190 and
1000 cm™, respectively (8ci of benzene is observed at
1180 cm™). Finally, C*~O bond breaking and C'-C° bond
formation proceed simultaneously (i.e., in a synchronous con-
certed process) to generate the product, allyl acetaldehyde.

Calculations of optimized TS geometric and intrinsic
reaction coordinates (IRC) were performed using B3LYP/6-
311+G**.”! The change in the bond length calculated by IRC
is fully consistent with the result obtained by the 5-fs pump—
probe experiment. The pump-probe experiment suggests a
three-step pathway, whereas the IRC calculation suggests an
asynchronous concerted process.

As mentioned above, the Claisen rearrangement is one of
the most useful techniques in chemical synthesis, but the tran-
sition state of the reaction has remained controversial for a long
time owing to the difficulties associated with directly observing
it. Our study has revealed that the reaction mechanism, includ-
ing the TS, is more complex than that predicted by theory. The
observed structural changes during the reaction process imply
that the Claisen rearrangement follows a three-step pathway,
which includes both a stepwise process and a concerted process.
In the first step, the C“-O bond is weakened to generate a
bis-allyl-like intermediate. Next, the formation of a weak
C'-C° bond results in the generation of an aromatic-like inter-
mediate. Finally, C*~O bond breaking and C'-C° bond for-

mation progress simultaneously (i.e., in a concerted process) to
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generate the product allyl acetaldehyde. Thus, the first two
steps are stepwise, whereas the last step proceeds as a synchro-
nous, concerted process. An aromatic-like intermediate is gen-
erated after the generation of the bis-allyl-like intermediate
because of the high stability of aromatic-like six-membered
structures.

Summary and Future Prospects

Development of ultrashort laser pulses meets many needs in
various scientific fields as demonstrated by their wide variety
of applications, including for defining frequency standards,
for distance measurements, and for studying the ultrafast
dynamics of chemicals, biological materials, and solid-state/
condensed matter physics. Using sub-5-fs pulses, we found
various new phenomena, such as dynamic mode coupling
between molecular vibrational modes,” dynamics observation
of Duschinsky rotation,” and a dynamic intensity borrowing
effect.’*%% In this review, we have introduced several typical
achievements that we obtained by ultrafast time-resolved
spectroscopy.

Firstly, we discussed the dynamic vibronic couplings in
vibrational real-time spectra of a thiophene derivative (QT2).
Pump-probe spectroscopy was performed for the sample with a
few cycle pulses of 6.7 fs duration. The real-time vibrational
features were analyzed in terms of the dependence of vibra-
tional amplitude and phase on probe photon energy. It dem-
onstrated that the dynamic vibronic couplings can be classified
by analyzing the results of ultrafast time-resolved spectroscopy.

Secondly, the ultrafast dynamics in photoisomerization of
a biopolymer (bR) were presented. We directly observed the
instantaneous vibration spectrum deformed by the rotation in
the retinal chromophore. We succeeded in observing vibra-
tional spectra that reflect the molecular structure of transition
states, and applied this technique to a protein that has a
complex molecular structure. In ultrafast and broadband spec-
troscopy of bR, we found that the frequency of the C=C
stretching mode was modulated along with the torsion motion
around C;3=Ci4 during photoisomerization of bR. This reveals
that the bond length of C,5=C,4 is modulated on the deforma-
tion around C;3=Ci4 during photoisomerization.'® Ultrafast
spectroscopy was also used for direct observations of micro-
structure changes, which have been only predicted theoreti-
cally, like the initial structural change in photobiological
processes such as photoisomerization in rhodopsin, bR,* and
photodissociation of oxygen from oxyhemoglobin.”

Finally, we have shown the result of direct observation of
a transition state during Raman-excited oxidation of chloro-
form.”® The obtained result demonstrated that the observation
of transition states by sub-5-fs time-resolved spectroscopy is
applicable for ground-state reactions as well as for excited-state
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reactions via Raman excitation in a wide variety of chemical
reactions.

As presented above, stable ultrashort visible pulses and
simultaneous detection in the broadband spectral region enable
us to perform highly reliable time-resolved vibration spectros-
copy. This advantage allows us to apply the methodology of
ultrafast dynamics study even for materials which have con-
straint in their measurement, like biomaterials. As a future
prospect of this work, we show the current application of this
ultrafast broadband spectroscopy system, and then, its further
improvement and expansion will be discussed.

Real-time observation of vibration modes in electronic
ground and excited states of condensed matter like molecules,
polymers, and biopolymers is one of the applications of the
ultrafast spectroscopy study. In this field, it is thought that
there are still many more interesting phenomena that have not
yet been observed. For example, observation of the real-time
vibration spectrum clarifies conformation information of the
transition state when the chemical reaction proceeds from
initial state to product proceeding via intermediates. Thus,
real-time observation of molecular vibration in the transition
state will elucidate the whole picture of a chemical reaction.

Another application of the ultrafast broadband measure-
ment system is for spectroscopy as a replacement for a common
Raman spectroscopy method of Raman excitation profile. Tra-
ditionally, to find which electronic states are involving Raman
modes via vibronic coupling, excitation wavelength depen-
dency of those Raman modes should be studied by changing
the wavelength of the Raman excitation light source. Generally
speaking, a Raman excitation laser has high spectral purity,
however its wavelength is hard to be tuned. Moreover, laser
intensity at the tuned wavelength should be measured to
correct the data of excitation wavelength dependency. There-
fore, it is highly time-consuming to observe the excitation
wavelength dependency of the Raman intensity at a significant
number of excitation wavelengths, which results in calling the
reliability of the correction in question. This is the reason why
the Raman excitation wavelength dependency has been rarely
studied even though the method was proposed many years ago.
The time-resolved broadband spectroscopy developed in this
work does not have those weak points, being a powerful tool to
study vibronic coupling characters of vibration modes.
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