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ABSTRACT: Understanding ultrafast reactions, which proceed on a time scale
of nuclear motions, requires a quantitative characterization of the structural
dynamics. To track such structural changes with time, we studied a nuclear
wavepacket motion in photoisomerization of a prototype cyanine dye, 1,1’
diethyl-4,4’-cyanine, by ultrafast pump—dump—probe measurements in solu-
tion. The temporal evolution of wavepacket motion was examined by monitoring
the efficiency of stimulated emission dumping, which was obtained from the
recovery of a ground-state bleaching signal. The dump efliciency versus

Wavepacket broadening ~ 100-400 fs

D o

pump—dump delay exhibited a finite rise time, and it became longer (97 fs —

330 fs — 390 fs) as the dump pulse was tuned to longer wavelengths (690 nm — 950 nm — 1200 nm). This result demonstrates a
continuous migration of the leading edge of the wavepacket on the excited-state potential from the Franck—Condon region toward
the potential minimum. A slowly decaying feature of the dump efficiency indicated a considerable broadening of the wavepacket over
awide range of the potential, which results in the spread of a population distribution on the flat S; potential energy surface. The rapid
migration as well as broadening of the wavepacket manifests a continuous nature of the structural dynamics and provides an intuitive
visualization of this ultrafast reaction. We also discussed experimental strategies to evaluate reliable dump efficiencies separately
from other ultrafast processes and showed a high capability and possibility of the pump—dump—probe method for spectroscopic
investigation of unexplored potential regions such as conical intersections.

M INTRODUCTION

In ordinary “slow” chemical reactions, the well-defined reac-
tant and product are separated by a finite energy barrier, and
hence only those reactant molecules that acquire high enough
thermal energy can surmount the barrier and are converted to the
product. The reactant molecule spends almost the whole time to
prepare energy to climb up the barrier, which results in a low
reaction rate. In ultrafast photochemical reactions, in contrast, the
initial reactant excited state is generated by photoexcitation at the
potential region having no substantial energy barrier or even
the region that has a substantial slope. Accordingly, each atom of
the molecule suddenly feels a force to be displaced upon photo-
excitation, inducing rapid structural evolution toward the pro-
duct. Therefore, ultrafast reactions often proceed with unrest-
ricted continuous structural changes on a time scale comparable
to the nuclear motions.

The dynamics of such ultrafast reactions can only poorly be
described by conventional population kinetics between the reactant
and product. Instead, the description by a nuclear wavepacket is
considered highly suitable, because not only the continuous struc-
tural change but also structural distribution can intrinsically be well
described. The wavepacket concept was introduced to account for
electronic and Raman spectra of molecules through initial wave-
packet motion along the relevant potential energy surface (PES)."
Since then, the wavepacket motion has been widely used to describe
ultrafast processes, such as photodissociation, photoisomerization,*
proton transfer,® quantum control,’ and so on. The dynamics of
these barrierless ultrafast reactions can be depicted as a continuous
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motion of the wavepacket on a monotonously sloping PES along
the reaction coordinate. However, although this wavepacket
motion provides an intuitive picture of the dynamics of ultrafast
reactions, in reality, we only have very limited knowledge on how
the wavepacket evolves on the PES. As a result, it is still a
challenging task to experimentally achieve real-time tracking of
the wavepacket running on a reactive potential surface through
spectroscopic signals and associate them with the reaction
dynamics at the molecular level.

Most simply, the wavepacket motion in the S; state can be
followed by measuring temporal spectral shifts of the fluores-
cence, because the fluorescence peak wavelength corresponds to
the S;—S, transition energy at each moment and continuously
changes as the wavepacket migrates on the excited-state PES.
Fluorescence up-conversion studies of such spectral shifts were
reported for ultrafast photoisomerization of a cyanine dye, 1,1'-
diethyl-4,4'-cyanine (1144C), as well as for excited-state dy-
namics of dGMP.”® However, the spontaneous emission prob-
ability shows a cubic dependence on the photon energy, and
hence the up-conversion measurement becomes harder and hard-
er in the longer wavelength region. This drawback in sensitivity
can be partially solved by monitoring the S;—S, transition
intensity as a stimulated emission signal in the transient absorption
experiments,”' although the stimulated emission signal is often
contaminated by spectral overlap with other absorption bands.
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Figure 1. Simplified model potentials and reaction scheme for photo-
isomerization of 1144C.

The excited-state wavepacket motion can be explored sensi-
tively and selectively by introducing an additional pulse (“dump”
pulse) to ordinary pump—probe spectroscopy, which is called
pump—dump—probe spectroscopy."' ~** In this method, the pump
pulse generates a wavepacket in the Franck—Condon region of the
S1 PES. After a certain delay, a dump pulse, which is resonant with
the §;—S, transition, is introduced. The dump pulse drives a
fraction of the S; state back to the Sy state by the stimulated
emission transition. This increase of the Sy population induced by
the dump pulse can be monitored by the probe pulse as additional
recovery of the Sy bleaching, so that we can “extract” the S;—S,
dumping transition selectively with a minimum possible contribu-
tion from the S,<—S, transition. As is readily understood, the dump
process occurs most efficiently when the dump photon energy
matches the S;—S transition energy. This means that the
pump—dump—probe spectroscopy can tell us when the wave-
packet reaches the PES region that corresponds to a given $;—Sq
energy. This information is crucial for quantitative characterization
of the wavepacket motion and the shape of the relevant PES.
Furthermore, the pump—dump—probe spectroscopy is advanta-
geous over conventional methods, because it enables us to access
the PES region with a small S;—S, gap, such as a vicinity of the
conical intersection,'”" by using a long-wavelength dump pulse.

In this Article, we report our ultrafast pump—dump—probe
study of the wavepacket motion, by taking photoisomerization of
a cyanine dye (1144C) in solution as a sample. This molecule is
known as a prototypical system showing a barrierless structural
evolution along the isomerization coordinate.”'®* As shown in
Figure 1, the S; population, or wavepacket, is generated at the
Franck—Condon region by photoexcitation of the trans form,
and then it is supposed to migrate rapidly toward the S, potential
minimum on a femtosecond time scale. The S, state returns to
the Sy state through the “funnel” of S; PES (e.g, the conical
intersection>”) with a 7 ps time constant, being branched into the
trans or the cis (product) form. Because of the simple reaction
scheme, this molecule serves as an ideal model system for quantitative
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Figure 2. (a) Time sequence of the pump, dump, and probe pulses. (b)
Experimental setup for the pump—dump—probe experiment.

studies of the wavepacket motion on the reactive PES. We carried
out pump—dump—probe experiments with three different
dump wavelengths and found that the dump efficiency showed
a dump-wavelength-dependent rise, reflecting different arrival
times of the wavepacket at each region of PES. On the basis of
the dump efficiency evaluated, we quantitatively characterize
the motion and distribution of the S; wavepacket in this
ultrafast photoisomerization.

B EXPERIMENTAL SECTION

The pump—dump—probe measurement was carried out by using a
setup that is based on two homemade noncollinear optical parametric
amplifiers (NOPA), as shown in Figure 2.>*' Briefly, a femtosecond
modelocked Ti:sapphire oscillator (Mira-900F, Coherent) provided a
train of 800 nm pulses with 0.6 W average power. The oscillator output
was used to seed a regenerative amplifier (Legend Elite, Coherent) that
produces 80 fs, 1 mJ pulses with a 1 kHz repetition rate. This amplified
fundamental pulse was divided into two, and they were used to drive the
two NOPAs. The output of the first NOPA (~15 fs, 580 nm) was
divided into three, and they served as pump, probe, and reference pulses,
respectively. The second NOPA was tuned to 690, 950, or 1200 nm and
provided a dump pulse (~20 fs) in the near-infrared region. The pump,
dump, and probe pulses were focused together into a thin-film like jet
stream of the sample solution (50 um thickness) after timing adjust-
ments by mechanical stages. The polarization of the pump and dump
pulses were set at magic angle (54.7°) with respect to the probe
polarization. The probe pulse passing through the sample and the
reference pulse were spectrally analyzed by a spectrograph (iHR-320,
Horiba), and their spectra of each laser shot were detected by a pair of
photodiode arrays (S3904-512Q, Hamamatsu). The pump and dump
pulses were separately chopped to evaluate the pump-induced and/or
dump-induced absorbance change. This data acquisition as well as delay
stages were controlled by a homemade program written on commercial
software (IGOR Pro, Wave Metrics). The fwhm values of the pump—
probe and pump—dump cross correlation traces were ~23 and ~40 fs,
respectively. As shown in Figure 2a, we represent the pump—dump and
dump—probe intervals by At; and At, times, respectively, hereafter.

1,1'-Diethyl-4,4'-cyanine iodide was purchased from Aldrich, and it
was recrystallized from ethanol. Ethylene glycol (99.5%, Wako) was
used as received. The 1144C iodide was dissolved in ethylene glycol in
the experiments, and 1144C exists as a cation in the sample solution. We
used a fresh solution with an optical density of approximately 0.3 at
580 nm for the 50 ym path length.

UV—visible absorption spectra were measured by a commercial
spectrometer (U3310, Hitachi). Steady-state fluorescence spectra were
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measured by a spectrograph coupled with a CCD camera. The fluores-
cence spectra were corrected for spectral sensitivity of the instrument by

using 4-dimethylamino-4'-nitrostilbene in o-dichlorobenzene as a stan-
dard (600—950 nm).>

B RESULTS AND DISCUSSION

The cyanine dye 1144C in ethylene glycol shows a strong
absorption band due to the S;<—Sy transition around 594 nm
(Figure 3, black curve). We used a pair of pump and probe pulses
that are resonant with this absorption and measured a time-resolved
absorption spectrum at a 1 ps pump—probe delay (At; + At, = 1 ps)
within a spectral coverage of the probe pulse (550—610 nm). As
shown by a blue curve in Figure 4a, the observed transient
spectrum exhibits a negative band that is assignable to depletion
of the ground-state population (S, bleaching), as well as occupa-
tion of the Franck—Condon state. Temporal behavior of this
bleaching signal at 600 nm is depicted in blue in Figure 4b. We
found that the observed transient can be well reproduced by a
three-exponential function with time constants of 7, = 100 fs,
T, =7 ps, and T3 = 17 ps. Considering the relaxation scheme in
Figure 1, the 7; component is ascribable to the initial escape of
the S; population from the Franck—Condon region,'® which is
closely related to the wavepacket motion on the S; PES that we
investigate in this work. A similar dynamics was also observed by
transient grating measurements.'® The 7, value is equal to a
decay time constant of the S; absorption observed around
500 nm (not shown). Therefore, it can be attributed to the
lifetime of the S, state, that is, the time constant of the §;—S,
internal conversion. This S, lifetime (7 ps) agrees reasonably well
with the literature values measured in various solvents (7, is
solvent-dependent).>® The 73 component is specifically observed
in the Sy bleaching signal, and its origin has not yet fully been
clarified. Nevertheless, we consider that it is, at least partially, due
to a vibrational cooling process of the S, molecule after the
internal conversion.”* Thus, the present pump—probe data
(drawn in blue) in Figure 4 represent how the S, molecule
comes back to the S state.

To examine the wavepacket motion on the S; PES, we
introduced a dump pulse that is tuned to 950 nm within a spectral
region of the $;—S, fluorescence (or stimulated emission), as
shown in Figure 3. We measured a transient absorption spectrum
with presence of the dump pulse (“pump—dump—probe” signal)
for a pump—dump interval of Af; = 0.5 ps and a pump—probe
delay of 1 ps (At; + At,). As shown by a red curve in Figure 4a, the
transient absorption signal is substantially decreased, as compared
to the case without the dump pulse. This observation clearly
indicates that a portion of the S; population is driven back to the Sy
state by the stimulated emission process induced by the dump
pulse. A prompt decrease of the bleaching signal at At; = 0.5 ps can
also be recognized in the temporal trace in Figure 4b.

For quantitative evaluation of the dump effect, we defined the
following dump efficiency (#7) by using the transient absorption
signals with (AA,,) and without (AA,g) the dump pulse:

AA g
AAyg

= (1)

AAon - AAoff
}7 =

AAg¢

where Adgig = AA,, — AA,gis a difference signal. This dump
efficiency represents how much fraction of the S; population is
transferred back to the ground state by the dump pulse.
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Figure 3. Steady-state absorption and emission spectra of 1144C in

ethylene glycol, together with spectra of the pump/probe and dump
pulses used in the pump—dump—probe experiments.
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Figure 4. (a) Transient absorption spectra of 1144C in ethylene glycol
measured with (red) and without (blue) the 950 nm dump pulse. Both
the pump—dump interval and the dump—probe interval were set at
0.5 ps. (b) Temporal changes of the transient absorption signals
measured with (red) and without (blue) the dump pulse.

Undumped S; molecules, which remain after the dump pulse,
are expected to behave in the same manner just as the S,
molecules observed in the absence of the dump pulse. Therefore,
simply considering, the dump efficiency is expected to be
constant for a given At, time, regardless of when and at which
wavelength it is evaluated. However, we found that the “apparent”
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Figure 5. Comparison between the dump-induced absorption differ-
ence spectrum (AAgg red) and the ordinary transient absorption
spectrum without the dump (AA,g black). The dump—probe delays
are At =0.2,0.5,4.5, 15,and 30 ps (At; = 0.5 ps). The sign of the AAgig
spectrum was inverted, and the amplitudes of the two spectra were
normalized.

dump efficiency varies depending on the At, time as well as the
wavelength. In fact, we recognize a noticeable spectral difference
between the (normalized) AAggand AA, g spectra especially for
early At, times (Figure S), which results in different 7 values
calculated with eq 1. This implies that additional dump-induced
processes also contribute to the signal. As shown in Figure 5, the
spectral difference becomes smaller on the several-picoseconds
time scale and essentially vanishes by 15 ps. Therefore, we
conclude that we need to wait for at least At, = 15 ps after the
dump pulse to evaluate a dump efficiency, which is independent
of the wavelength as well as the At, time. In other words, waiting
for At, = 15 ps gives a true dump efficiency that purely reflects
the S;—S, population transfer that is induced by the dump pulse.
We note that the spectral evolution shown in Figure S highly
likely arises from vibrationally hot Sp molecules generated by the
dump pulse. A red-shifted S;<—Sy absorption expected for such
hot Sy molecules is fully consistent with the observed red-shift of
AA gigr as compared to AA ¢ In addition, the red shift disappears
with time similar to a typical vibrational cooling time in organic
solvents (~10 ps).>>*¢

On the basis of the above discussion, we fixed the At, time at
1S ps and measured the transient absorption with scanning the
At, time to evaluate the (true) dump efficiency as a function of
At,. Figure 6b shows the At; dependence of the dump efficiency
evaluated at 580 nm for the dump wavelength of 950 nm.
Interestingly, the dump efficiency does not rise instantaneously
but shows a finite rise time of 330 fs. This finite rise time reflects
the wavepacket motion on the S; PES. As illustrated in Figure 1,
the S; PES is supposed to exhibit a downward slope from the
Franck—Condon region toward the potential minimum, whereas
the So PES exhibits an upward slope, along the isomerization
coordinate of the 1144C molecule. As a result, the S;—S,
transition energy is the largest at the Franck—Condon structure,
corresponding to the absorption peak wavelength (~594 nm,
16835 cm™ '), and then it gradually decreases as the wavepacket
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Figure 6. Plots of the dump efficiency as a function of the pump—dump
delay (At, =20, 15, and 10 ps for 690, 950, and 1200 nm dump pulses,
respectively). (a—c) The dump efficiency in the early time region
obtained with the dump wavelength of 690, 950, and 1200 nm. The
dump pulse energies are 1.7 4J (690 nm), 0.7 uJ (950 nm), and 0.6 uJ
(1200 nm). (d) The three dump efficiencies in the late time region.

migrates toward the S; potential minimum. This means that the
wavepacket can pass through the PES region where the S;—Sg
transition energy matches the photon energy of the dump pulse
(950 nm, 10 526 cm ™ '). It is readily understood that, if the dump
pulse is irradiated just when the wavepacket reaches this PES
region, the S; population is transferred back to the S, state most
efficiently. Therefore, the data in Figure 6b demonstrate that the
wavepacket needs 330 fs to reach the PES region that is specified
by the 950 nm dump pulse.

For fully tracking the wavepacket motion, we also carried out
the pump—dump—probe experiments with two other dump
wavelengths, 690 and 1200 nm. The “safe” waiting time to avoid
the effect of the vibrational cooling was examined in a similar
way, and it was determined as At, = 20 ps (690 nm) and 10 ps
(1200 nm). With this fixed At, time, we obtained the At
dependence of the dump efliciency, as shown in Figure 6. Similarly
to the case of the 950 nm dump, the dump efficiency with the 690
and 1200 nm dump exhibits a finite rise, and the rise time was
evaluated as 97 and 390 fs, respectively. As is clearly seen in
Figure 6a—c, the rise time of the dump efficiency becomes longer
as 97 fs — 330 fs — 390 fs, when the dump photon energy
decreases as 14493 cm ™' — 10526 cm ™' — 8333 cm ™ . Because
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the smaller photon energy can be resonant with the S;—S,
transition at the PES region more distant from the Franck—
Condon region, the present result experimentally demonstrates
that the wavepacket needs a longer time to reach the PES region
more far away from the Franck—Condon region. These data
experimentally reveal a continuous motion of the wavepacket on
the S; PES, which corresponds to a gradual structural evolution of
the reacting excited-state molecule. Previously, the wavepacket
motion in photoisomerization of 1144C was investigated by
fluorescence up-conversion,” and a finite rise time of the fluores-
cence was observed in the long wavelength region, which is
consistent with our result. However, the observation wavelength
was limited to 900 nm because the probability of the spontaneous
emission becomes smaller in the longer wavelength region. As
compared to the fluorescence up-conversion, the present pump—
dump—probe spectroscopy can sensitively detect the wavepacket
motion at wavelengths as long as 1200 nm. Dumping at even
longer wavelengths is possible in principle, which allows us to
explore the PES region closer to the potential minimum. Thus,
the pump—dump—probe spectroscopy is a powerful method for
quantitative characterization of the wavepacket motion in a wide
PES region.

As shown in Figure 6a—c, the dump efficiency does not exhibit
a rapid decrease after reaching the maximum even with the
shortest dump wavelength. As discussed above, the dump
wavelength of 690 nm corresponds to the S; PES region that is
closer to the Franck—Condon region as compared to the other
two dump wavelengths. Simply considering, if the wavepacket
passes through and goes out of the PES region selected by the
dump wavelength, the dump efficiency is expected to vanish
because we do not have S; population that can be resonantly
dumped to the S state. The present result shown in Figure 6 is
obviously different from this simple expectation and indicates
that the wavepacket becomes broader with a substantial ampli-
tude spread over a wide range of the S; PES. Because the
coherence of nuclear motion is lost in a few picoseconds, the
process observed in the present experiment highly likely corre-
sponds to the broadening of the coherent wavepacket, which
results in incoherent populational distribution widely spread on
the flat S; PES. We consider that the rise of the dump efficiency
corresponds to the leading edge of the wavepacket in this
broadening process. It is noteworthy that the rapid spread of
the wavepacket distribution along the reaction coordinate was
theoretically demonstrated using semiclassical dynamics simula-
tions as well as recent quantum dynamics simulations for a model
cyanine dye, trimethine””?* (vide infra).

Last, we mention the temporal behavior of the dump efhiciency
in the late time region. As shown in Figure 6d, all of the dump
efficiencies obtained with the three dump wavelengths exhibit a
slow decay with a time constant of ~20 ps. We note that, in this
experiment, the dump efficiency is affected by the formation of
the cis product, which is formed following the S;—S, internal
conversion with a time constant of 7 ps. The formation of the cis
product contributes to the bleaching signal we observed, but it
cannot be dumped, thereby making the dump efficiency smaller.
This effect can be more significant at late times when the cis
product is more populated and the S; state is less populated.
Consequently, the formation of the cis product makes the dump
efficiency decay slowly on a picosecond time scale, even when the
real dump efficiency for the S; population is constant over
the time. We consider that the slow decay in Figure 6d, at least
partially, reflects the formation of the cis product and that the real

\Wavepacket broaden)ing ~100-400 fs

Figure 7. Schematic illustration of the wavepacket motion on the S;
PES during photoisomerization of 1144C, which is obtained by the
present pump—dump—probe spectroscopy.

dump efficiency for the S; population should be larger than that
observed in the late time region. We also note a possibility that
vibrational energy redistribution and/or vibrational cooling on
the picosecond time scale might reduce the oscillator strength of
the S;—S, transition and induce the slow decay of the dump
efficiency.

Figure 7 illustrates a schematic picture of the wavepacket
motion in photoisomerization of a prototype cyanine dye, 1144C,
which was obtained by the present pump—dump—probe experi-
ment. The photoexcitation of the visible absorption band at
580 nm generates S; molecules having the Franck—Condon
structure. Time evolution of the S; molecules, including the
structural change, can be better described by a nuclear wavepacket
motion rather than a conventional kinetic population model. We
monitored the temporal evolution of the wavepacket through the
efficiency of stimulated emission dumping, which was evaluated
from the Sy bleaching recovery. From the finite rise times of the
dump efficiency obtained with three different dump wavelengths,
we concluded that the leading edge of the wavepacket migrates
rapidly from the Franck—Condon region toward the potential
minimum on the 400 fs time scale. The slowly decaying feature of
the dump efficiency revealed a significant broadening of the
wavepacket over a wide range of the PES. The fast migration as
well as broadening of the wavepacket demonstrates essential
features of this ultrafast reaction with unrestricted nuclear motions,
corresponding to the continuous structural evolution along the
reaction coordinate.

The present pump—dump—probe experiment demonstrated
that the migration of the leading edge of the wavepacket is
completed on a subpicosecond time scale, which results in a
quasi-stationary populational distribution spread over a wide
range of the S; PES. The following population decay of the S, to
the Sy state occurs slowly with a time constant of ~7 ps without
substantial change in the character of the quasi-stationary S; state
(at least from a viewpoint of spectroscopic information). This
large separation of the two time scales indicates that the conical
intersection (or the conical intersection seam) is not located on
the coordinate along which the wavepacket initially spreads,
because a typical time of the internal conversion through the
conical intersection itself is very short (~100 fs'®*").
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Experimentally, we cannot rule out the possibility that the ~7 ps
internal conversion occurs around the S; potential minimum
where S; and Sy potentials are very close but not crossed.
However, the separation of the two time scales looks to suggest
that a one-dimensional picture, which has most often been used
by experimentalists so far, is not sufficient to properly describe
the isomerization process of this prototypical cyanine. In fact,
recent theoretical studies of a simplified model cyanine
(trimethine) concluded that multidimensionality is essential
to understand the isomerizaion process occurring in the S;
state.'”*”?® Especially, molecular dynamics simulation on the
S; PES indicated that the relaxation on S; PES proceeds in two
steps: The wavepacket first spreads very rapidly along the
minimum energy path to cover almost all twist angles, and then
the molecule slowly “diffuses” toward the conical intersection
seam that runs roughly parallel to the minimum energy path. In
this regard, the experimental data seem to accord with this two-
step picture suggested by the theoretical studies. It may be worth
noting that the time scale of the two steps calculated in the
theoretical studies is substantially shorter than the corresponding time
scale observed for 1144C in the experiment (~400 fs and ~7 ps). It is
highly possible that this difference is due to the difference in the
size of the molecular system. The quinoline rings are absent in
the model cyanine examined in the theoretical studies, and the
difference in the 7 conjugation is expected to substantially
change the potential gradient along the minimum energy path
on the S; PES. It is also natural to think that the second diffusion
process toward the conical intersection (seam) takes much
longer time in 1144C because of its much larger degree of the
vibrational freedom. Therefore, the experimental data look
consistent with the theoretical results in essential points.

The pump—dump—probe experiments with various dump
wavelengths can, in principle, determine the S;—S, transition
energy as a function of time. Such information on the transition
energy versus time has been translated to the structural dynamics
for simple gas-phase molecules, for which the transition energy as
a function of nuclear coordinates is accurately known.>** Now,
even for condensed-phase molecules, the pump—dump—probe
experiments combined with molecular dynamics simulations can
lead to a tracking of the structural change directly in the time
domain. Thus, the present pump—dump—probe spectroscopy
provides a quantitative characterization of the wavepacket mo-
tion that intuitively visualizes the continuous structural evolution
in ultrafast reactions.
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