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ABSTRACT: Impulsive excitation of molecular vibration is known to induce
wave packets in both the ground state and excited state. Here, the ultrafast
dynamics of PYP was studied by pump−probe spectroscopy using a sub-8 fs
pulse laser at 400 nm. The broadband spectrum of the UV pulse allowed us to
detect the pump−probe signal covering 360−440 nm. The dependence of the
vibrational phase of the vibrational mode around 1155 cm−1 on the probe
photon energy was observed for the first time to our knowledge. The vibrational
mode coupled to the electronic transition observed in the probe spectral ranges
of 2.95−3.05 and 3.15−3.35 eV was attributed to the wave packets in the
ground state and the excited state, respectively. The frequencies in the ground
state and excited state were determined to be 1155 ± 1 and 1149 ± 1 cm−1,
respectively. The frequency difference is due to change after photoexcitation.
This means a reduction of the bond strength associated with π−π* excitation,
which is related to the molecular structure change associated with the primary isomerization process in the photocycle in PYP.
Real-time vibrational modes at low frequency around 138, 179, 203, 260, and 317 cm−1 were also observed and compared with
the Raman spectrum for the assignment of the vibrational wave packet.

■ INTRODUCTION

Spectroscopic studies of the structure, dynamics, and function
of protein are important in biological research because the
dynamical evolution of protein structures is tightly connected
to the biochemical reactivity. The photoactive yellow protein
(PYP) is a small (125 amino acids, 14 kDa) water-soluble blue-
light photoreceptor protein. It is isolated from the purple sulfur
bacterium Ectothiorhodospira halophila.1−4 PYP has become an
attractive model for the photochemical studies of the structure,
dynamics, and function of protein since it was discovered by
Meyer in 1985.5 This is because PYP has a simple and
photochemically stable structure and shows a relatively simple
photoreaction cycle.6−8 These features make it an ideal sample
for the investigation of the dynamical response of a protein in
the photochemistry process. Blue-light excitation of PYP
triggers a photocycle involving several intermediates on a
time scale extending from a few hundred femtoseconds to
hundreds of milliseconds. In the last decades, several
experimental techniques, including time-resolved UV/vis spec-
troscopy,8−13 X-ray crystallography,14−16 FTIR spectrosco-

py,17,18 and resonance Raman spectroscopy,19,20 have been
applied for the clarification of the mechanism of this interesting
photocycle.
PYP has a p-coumaric acid (4-hydroxy cinnamic acid)

chromophore which is attached via a thioester linkage only to
the cysteine residue in the protein (Cys69). This structure gives
PYP’s ground state a bright yellow color. In a dark state, the
chromophore is in the trans conformation. The chromophore
carries a negative charge and is stabilized through a hydrogen
bond with Tyr42 and Glu46 (protonated) to its phenolate
oxygen.21−23 The structure of the p-coumaric acid chromo-
phore is shown in Figure 1. After the absorption of the blue
light by the chromophore in the dark state, PYPG (sometimes
called P or PG, with absorption maximum at 446 nm), several
photocycle intermediates appear.
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Typically, the photocycle includes five steps.24−32 The initial
photoisomerization of the p-coumaric acid chromophore, which
triggers the photocycle, is the primary photoreaction. The
initial trans−cis isomerization process usually occurs on a time
scale from several hundred femtoseconds to a few picoseconds.
To study the mechanisms of the primary photoisomerization
reaction in native PYP dispersed in an aqueous environment,
several time-resolved techniques have been used, including
time-resolved fluorescence spectroscopy33,34 and transient
absorption spectroscopy.35,36 In addition, PYP’s mutants,
analogues, and several chromophore models were synthesized
and investigated.37−41 Different experimental studies have
demonstrated that the photocycle in PYP is initiated by
flipping the thioester bond with Cys69, instead of moving the
aromatic ring.15 This means that only a small rearrangement of
the chromophore/protein structures in protein nanospace is
required for the chromophore isomerization in the photocycle.
In this study, broad-band pump−probe spectroscopy based

on a sub-8 fs pulse at 400 nm was applied to clarify ultrafast
primary dynamics in PYP. Real-time modulation of electronic
transition probability and spectrum due to molecular vibrations
of vibronically coupled modes was found in the induced
difference absorbance traces. They are either impulsively
induced by either the Raman process in the electronic ground
state or excitation of coherent superposition of the two or more
vibrational levels in the electronic excited state. The mechanism
of the coherent vibration is discussed, utilizing the probe
photon energy dependence of vibrational amplitude and phases
of several modes generated by impulsive excitation. The low
frequency modes were observed around 138, 179, 203, 260, and
317 cm−1. The dependence of the vibration phase and mode
frequency on the probe photon energy at around 1155 cm−1

was investigated in detail.

■ EXPERIMENTAL SETUP

The time-resolved pump−probe spectroscopy was performed
using a sub-8 fs pulse at 400 nm for both pump and probe
pulses. The laser pulse was generated by a hollow fiber
compressor system which has been described in detail
elsewhere.42 Some key points are briefly described here. A
commercial Ti:sapphire laser system (Coherent, Legend-USP)
running at 1 kHz provides 2.5 mJ/800 nm/35 fs laser pulses.
The amplified pulse was reduced to about 900 μJ and then
frequency doubled in a 200-μm-thick beta barium borate (BBO,
type I, θ = 29.2°) crystal. After several reflective mirrors, about
90 μJ pulses at 400 nm were focused into a hollow fiber, which
has a 140 μm inner diameter and a 60 cm length. The hollow
fiber was filled with 0.8 atm argon gas. The output pulse energy
after the hollow fiber was about 45 μJ. The output beam
diameter was first reduced to about 2 mm by using two concave
aluminum mirrors. Then, the pulse was dispersion compen-
sated using a pair of Brewster-angle-cut fused silica prisms and
another dispersion compensating system composed of a grating
and a deformable mirror. Clean sub-8 fs pulses were obtained
with energy satellites smaller than 3%. The sub-8 fs pulse
duration was characterized with a sample-cell window from a
broken sample cell by using the self-diffraction frequency-
resolved optical gating (SD-FROG). In the pump−probe
experiment, we moved away this sample-cell window used for
dispersion precompensation. As a result, the sub-8 fs was the
duration at the point between the first sample-cell window and
the PYP sample. With the aid of a beam-pointing stabilizer
before the hollow fiber,43 the energy stability of the output
pulse was better than 0.5% rms for 3 h. The pump and probe
configuration is the same as the SD-FROG measurement.43

The pump and probe beam diameters at 1/e2 on the sample
were measured to be about 110 and 105 μm, respectively, by a
CCD camera. The pump and probe pulse energies can be tuned
by using a step-variable 0.1-mm-thick neutral density (ND)
filter. In the experiment, the pulse energies of the pump and
probe beams were adjusted to be about 56 and 6.3 nJ,
respectively.
In the experiment, the delay between the probe and the

pump pulse was scanned by a stepper motor with 1 fs/step.
The pump pulse was chopped to 500 Hz by a rotating sector.
The probe beam was guided to the detection system through a
bundled multimode fiber. As in our previous visible-pump/
visible-probe experiments,44,45 the detector of the ultrafast
pump−probe experiment was a combined system of a
polychromator and a 128-channel lock-in amplifier (MLA).
The reference and probe pulses were first angular dispersed by
the polychromator (600 grooves/mm, blazed at 300 nm), and
then, the light at different wavelengths was separately guided by
the 128-channel bundle fiber to the 128 photodetectors
(avalanche photodiodes) before the MLA. The signal-to-noise
ratio was enhanced by the phase-sensitive detection method.
The MLA system detected the signal simultaneously over the
full probe spectral range. The spectral resolution of the system
was about 0.8 nm. The spectrum of the probe (pump) pulse
measured by the MLA system without transmitting through the
sample is shown in Figure 1.

■ SAMPLE PREPARATION

The sample molecule was PYP dissolved in a buffer solution
composed of Tris−HCl at pH 7.3. The absorbance of the
sample solution in a 1-mm-thick sample cell at 446 nm (2.78

Figure 1. (top) The molecular structure of p-coumaric acid which is a
chromophore in PYP and is bound to Tryp, Glu, and Cys by
coordination for the former two and covalently to the last one,
respectively. (bottom) The spectrum of the laser pulse used in the
pump−probe experiment (thin black curve), the absorbed spectrum
(red dotted curve), and the absorbance spectrum (thin blue curve) of
the water solution sample of PYP in a 1 mm glass cell used in the
pump−probe experiment.
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eV) was ∼1.3. The stationary absorption spectrum measured
with an absorption photometer (Shimadzu, UV-3101PC) is
shown in Figure 1. The fluorescence spectrum of PYP covers a
range from about 450 nm (2.76 eV) to about 600 nm (2.07 eV)
which is out of our probe wavelength region.42 A 1-mm-thick
sample cell containing the sample solution was set on a moving
stage which continuously moves in the plane normal to the
pump beam in a closed hexagram shape. The 0.2 mm/s moving
speed is fast enough to avoid photodamage of the PYP sample
because fewer than 250 shots are exposed in the same focal
area. In this way, the damage to PYP from photolysis was
minimized during the pump−probe experiment. This moving
cell can reduce the consumption of samples in comparison with
the case using the flowing cell in our previous experiment.42

The experimental results with both the moving cell and the
flowing cell show the same vibrational frequency modes. The
experiment with the moving cell was performed for a longer
delay time to obtain higher frequency resolution and lower
frequency modes. All experiments were performed at room
temperature (295 ± 1 K).

■ RESULTS AND DISCUSSION
Electronic Relaxation. The absorbance change of the

sample induced by the pump pulse was probed and recorded as
a function of the pump−probe delay from −200 to 2300 fs.
Figure 2 shows the two-dimensional pattern of difference

absorbance (ΔA = −log(1 + ΔT/T)) vs the pump−probe delay
in the spectral range from 2.79 to 3.41 eV (or from 444 to 363
nm). The positive ΔA in the higher probe photon energy range
is due either to the excited-state absorption (ESA) or to the
intermediate/product-state absorption (PSA) process. The
negative ΔA in the lower probe photon energy range can
only be due to the ground-state bleaching (GSB), because the
fluorescence spectrum of PYP46 is outside of our probe spectral
range. The black line shows the position where the absorbance
change ΔA is equal to 0. The curve shows the zero ΔA moving
to the shorter wavelength (high photon energy) as the pump−
probe delay increases. The loss rate of the electronic transition
energy with ΔA = 0 was calculated as about 25 meV/ps (=202
cm−1/ps) based on the curve.
We can discuss the above-mentioned energy relaxation more

precisely by using the first moment of the induced absorption
band of difference absorption spectrum, ΔA(ω), integrated

over the spectral range of the induced absorption band as in the
following equation.

∫ ∫ω ω ω ω ωϖ = Δ · Δ
ω

ω

ω

ω
A A( ) d / ( ) dt

1

2

1

2

(1)

In the moment calculation, we used the integration range
from ℏω1 to ℏω2 corresponding to 3.1−3.4 eV, respectively, of
the probe photon energy. The calculated time trace and its FT
power spectrum are shown in Figure 3, where the inset figure

shows the time trace. From the results, we can conclude that
the mode that contributes most to the energy loss is the 533
cm−1 mode. The decay rate of the electronic transition energy
can be estimated from the inset of Figure 3. The rate is
determined to be about 5 meV/ps (=40 cm−1/ps) based on the
slope. This means that if the relaxation occurs only through the
mode with 533 cm−1, having the period of 629 fs, then the
mean electronic energy is reduced by 25 (=40 × 629/1000)
cm−1 corresponding to 0.05 (=25/533) quanta of the 533 cm−1

mode. In other words, for the mean energy decay by one quant
of the vibrational mode, it takes 20 vibrational periods
corresponding to 12.6 ps.
The value of 5 meV/ps (=40 cm−1/ps) is much slower than

the one obtained by the zero-crossing probe energy of ΔA. This
can be explained as follows. The zero-crossing point is the point
where the positive signal due to ESA and the negative signal
due to GSB cancel each other. The excited state decays faster
than the bleaching recovery due to some intermediates or
triplet state before full recovery of the ground state. It then
causes more negative signals around this point, which results in
moving into the bleach side and showing the blue shift. Thus,
the apparent energy shift is faster than the first moment shift in
the strong absorption range. The difference of the shift rate
appeared because the first moment is much less affected by the
negative signal, due to absorption bleaching in the strong
absorption range. The spectral regions of bleaching correspond
to the stationary absorption spectrum and spontaneous
fluorescence spectrum, respectively.
Other than GSB, ESA, and PSA, there can be signal

contributions from a radical generated by the photoionization
process and from ground state intermediates, as was reported
by Larsen and van Grondelle.47,48 Their report showed that the
signal of the radical and that of the ground state intermediates
appear in the probe wavelength regions 340−370 and 430−500

Figure 2. The two-dimensional difference absorption spectrum plotted
against the pump−probe delay time in the probe range from 2.79 to
3.41 eV.

Figure 3. The calculated real-time trace of the first moment of the
induced absorption band of difference absorption spectrum, ΔA(ω), in
the range 3.1−3.4 eV of probe photon energy (inset figure) and its FT
power spectrum (main figure).
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nm, respectively. However, the probe wavelength in the present
work is from 360 to 440 nm. Therefore, these signal
contributions are not effective in most of the probe spectral
region, except for the longer and shorter wavelength edges.
Real-Time Traces and Their Fourier Transform. Figure

4 shows several real-time traces probed at 2.85, 2.95, 3.05, 3.20,
and 3.30 eV (corresponding to the wavelengths of 435, 420,
406, 388, and 376 nm, respectively). All the traces in Figure 4
show a slow intensity change due to electronic relaxation and a
fast oscillatory structure due to molecular vibrations. The
corresponding Fourier amplitude spectra calculated from 50 to
2300 fs are also shown in Figure 4. The data in the range 0−50
fs delay were affected by the scattered pump pulse. Therefore,
they were deleted to increase the reliability of the Fourier
amplitude result. From the results, we can evaluate the
contribution of the modes to the modulation of electronic
transition, which indicates the vibronic coupling strengths of
the modes.
Figure 5 shows the real-time difference absorption spectra

from 200 to 2200 fs with a step of 200 fs. There is an isosbestic
point at 2.98 eV (or 416.5 nm) where the real-time difference
absorption spectra curves cross each other. This crossing point
is the wavelength where the absorbance of the two species of
excited states and/or intermediates is equal. It also indicates

that this is a serial process without any parallel paths. The real-
time difference absorption spectra between 2.98 and 3.15 eV
show a blue shift. The spectral range from 3.15 to 3.41 eV is
expected to be unaffected by the contribution of negative ΔA
due to bleaching, since it is considered to be relatively small
from the weak absorption in the range, as shown in Figure 1.
Then, the signal is dominated by the ESA process in this
spectral range.

Time-Resolved Spectrum. To determine the electronic
relaxation time constants, the global fitting of the observed ΔA
traces was performed using the following exponential functions
with two exponents of τ1 and τ2 (τ1 < τ2).

λ λ λ λΔ = Δ + Δ + Δτ τ− −A t A A A( , ) ( )e ( )e ( )t t
1

/
2

/
3

1 2 (2)

Here, fitting was made using the data of delay longer than 100
fs on the smoothed time-resolved spectrum to eliminate the
strong artificial structures due to the interference near zero
delay time. The two lifetime constants obtained by the global
fitting were τ1 = 560 ± 20 fs and τ2 = 3.1 ± 0.2 ps. The
obtained time constants are comparable with the lifetimes
reported as 0.7 and 3.6 ps using a 200 fs probe pulse in the
visible spectral region.10 The slight difference of the obtained
time constants is thought to result from the difference of the
probe wavelength region of the previous work (430−550 nm)10
and the present work (360−440 nm). The spectra of ΔA1(λ),
ΔA2(λ), and ΔA3(λ) or decay-associated difference spectra
(DADS) were also obtained by the global-fitting analysis
simultaneously, as shown in Figure 6. The spectrum of ΔA2(λ)
shows a positive value which indicates an ESA spectrum from
2.79 to 3.41 eV. This is comparable to Figure 4b. The spectrum
of ΔA3(λ) is the difference spectrum of the long life
intermediate state minus that of the ground state and/or the
product state minus the ground state. This can be calculated by
the ΔA2(λ) and the absorbance spectrum reflecting the ground
state bleach spectrum.

Raman and Raman-Like Interactions. Figure 7b shows
the two-dimensional Fourier transform (FT) amplitude
spectrum of the time-resolved data in Figure 2 with the
vibrational frequency range between 0 and 1800 cm−1.
Hereafter, the probe photon energy dependence of the
vibrational amplitude of each mode frequency is named as

Figure 4. Several real-time traces and their FT amplitudes at 2.85, 2.95, 3.05, 3.20, and 3.30 eV probe photon energies.

Figure 5. Time-resolved difference absorption spectra from 200 to
2200 fs with a step of 200 fs.
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the vibrational amplitude spectrum (VAS). There was no
vibrational signal when only the buffer was used as a sample in
the experiment. Therefore, all the vibrational signals in the two-
dimensional FT spectrum are due to the vibrational modes of
PYP. The weight centers of the VASs in the ranges of 2.85−
3.075 and 3.075−3.35 eV were calculated for several intense

modes with frequencies of 1569, 1286, 1151, and 823 cm−1. To
minimize the possible error in the determination of the peak
frequencies of these modes at both the higher and lower
frequency sides of the central bleaching band, the peak
positions were defined by the first moment given by

∫ ∫ω ω ω ω ωϖ = ·ν
ω

ω

ν
ω

ω

νF F( ) d / ( ) d
1

2

1

2

(3)

Here, Fν(w) is the probe photon frequency (ω) dependent FT
amplitude spectra of the vibrational modes with a frequency of
ων.
The traces of the time-resolved absorption spectroscopy

reflect the electronic transition probability. The transition
probability can be affected by the wave packet motion in the
electronic states oscillating in the period of the molecular
vibration frequencies. The wave packet can be generated either
via the simultaneous coherent excitation of the vibronic
polarization of several vibration levels in the excited state or
via impulsive stimulated Raman scattering in the ground state.
The former case, a split excited state, and the latter case, a split
ground state, are represented in terms of V-type and Λ-type
interaction, respectively. Thus, Fourier power spectra of the
absorption change traces modulated by the wave packet show
peaks at the molecular vibration frequencies of the excited state
and those of the ground state. The probe photon energy
dependency of each peak shows a line around 0−0 transition
energy with a slope of −1 or +1 whose detailed mechanism can
be found in ref 49. The calculated results were displayed in
Figure 7b as dots, which are linearly fitted by red lines for both
the higher and lower probe photon energy of 2.85−3.075 and
3.075−3.35 eV, respectively. The slopes of the two lines were
calculated to be 0.97 ± 0.1 and −1.10 ± 0.1 for the two probe
photon energy ranges. That is to say, the distributions of the
vibrational modes at both the higher and the lower energy sides
are linearly dependent on their own vibrational frequencies.
Their slopes are very close to ±1, which indicates that they are
nearly symmetric with respect to some center line.49,50 This
means that the vibration corresponds to the energy exchange
between the probe laser photons and molecular vibrations, as
was discussed and explained through the Λ-type Raman
interaction and the V-type Raman-like interaction in our
previous papers.49,50 However, it seemed strange that the signal
intensity at the central band was not as intense as at the
sidebands; in fact, the vibrational signal vanished in this spectral
range. Why did the signal disappear in the center and those at
the sidebands disperse linearly? This can be explained in terms
of destructive interference between the signal driven coherently
with anti-Stokes and that with Stokes in the Raman and/or
Raman-like process.51

Fourier transformation of the time-dependent absorbance
(real-time traces) integrated over the probe photon energies
region from 2.83 to 3.36 eV was calculated to improve the
signal-to-noise ratio, as shown in Figure 7c as a red solid curve.
The black dotted curve in this figure is the data obtained with
the flowing glass cell.42 Both experiments show nearly the same
vibrational modes. These modes overlap with each other very
well in frequency. Only small deviations appear in the intensity
distribution. These properties also prove the good repeatability
of the experiment. For the convenience of the discussion, we
separate the figure into three parts based on the normalized
amplitude of the modes. For the three parts I, II, and III, the
normalized amplitudes A are in the region A > 0.4, 0.4 > A >
0.2, and 0.2 > A >0.1, respectively. Three tables according to

Figure 6. Spectral shapes of the three lifetime components obtained
by the global fitting method.

Figure 7. (a) The intensity distribution of the pump photon energy
absorbed by the sample called absorbed laser spectrum, (b) two-
dimensional contour map of FT amplitude spectra of the pump−probe
signal over the probe photon energy. Red solid lines combine the
centers of masses of the FT amplitude spectra defined as the probe
photon energy dependence of Fourier amplitude for several main
vibrational modes. (c) Fourier amplitude spectrum of the integrated
real-time traces in the probe range from 2.83 to 3.36 eV. Red solid
curve: The data obtained for the sample with moving glass cell. Dotted
curve: The data obtained for the sample with a flowing cell.
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parts I, II, and III are used to compare the modes measured in
this experiment to those by the calculated and measured Raman
spectra,52,53 as shown in Table 1.

Five intense vibrational modes are observed in the part I
amplitude region. These modes have frequencies of 179, 533,
822, 1155, and 1570 cm−1. The most intense one is 533 cm−1

corresponding to the vibrational mode ν36.52 The strong low
frequency mode at 179 cm−1 observed in real time is assigned
to in-plane skeleton-bending mode ν42.54 When a 0.5-mm-
thick flowing cell was used, weak low vibrational modes at 203
cm−1 were observed. The large difference in low frequency
modes may be due to the higher sensitivity of low frequency
modes to the protein environment in contrast to high
frequency modes. The highest peak at 1570 cm−1 out of the
five frequency modes shows about 13 cm−1 difference from the
Raman frequency of 1557 cm−1.52 The 1155 cm−1 vibrational
mode shows a wavelength dependence which will be discussed
in detail in the following section. The 822 cm−1 mode is
assigned as the mode ν32.52 The width of the vibrational mode
is about 24 cm−1, corresponding to the vibrational dephasing
time of about 550 fs.
In the part II region, several low vibrational modes at 130,

232, 260, and 317 cm−1 were not reported in previous
works52,53 on the Raman spectrum of PYP and were observed
only in this real-time spectrum. The 130 cm−1 mode is a
coherent motion assigned to an out-of-plane bending mode of
the chromophore and supposed to start the flip of the thioester
bond along a barrierless isomerization pathway.46,55 The four

modes at 488, 749, 866, and 1285 cm−1 were observed in every
experiment of five runs.
In the part III region, although the amplitudes of these

modes are low in this region, several modes were very clearly
observed in every experiment of five runs. The frequencies of
the modes are 439, 932, 1066, 1375, and 1469 cm−1. Table 1
shows the frequencies mode assignments and normalized
amplitudes of FT of the real-time spectrum of PYP obtained by
the present experiment (from the integrated amplitude probed
in the range 2.83−3.35 eV) and the frequencies reported in
Raman spectroscopy.52

Wave Packets in the Ground State and in the Excited
State. The peak intensity of the vibrational mode around 1155
cm−1 is shown in Figure 8a. Interestingly, we found that the
vibrational mode around 1155 cm−1 in the two-dimensional
spectrum does not show a single line parallel to the abscissa but
is slightly bent with the probe photon energy, as shown in
Figure 7b. Figure 8b also shows the frequency of the mode at
each probe photon energy value calculated by the first moment

Table 1. a

RF (cal, cm−1) RF (exp, cm−1)
Exp.

(cm−1)
NA
(a.u.)

mode
assign.

Strong: >0.4
183 179 0.53

525 539 533 1 ν36
830, 817, 2*414 825 822 0.42 γ6, ν32
1150 1163 1155 0.41 ν25
1548 1557 1570 0.51 ν13

Middle: 0.4 > I >0.2
153 130 0.26
202

232 0.29
260 0.27
317 0.33

493 488 0.27 ν39, ν37
788, 733 733, 766 749 0.32 ν33
866 847, 889 866 0.25 ν31
1299, 1271, 1266 1288 1285 0.20 ν23, ν19

Weak: 0.2 > I > 0.1
414, 359 376 378 0.14 γ13
464, 440 445 439 0.17 ν38
636 640 643 0.16 ν34
931, 926 943 932 0.19 γ5, γ3
969 983 996 0.13 ν28
1091, 1055 1054 1066 0.12 ν29
1361, 1323 1343 1375 0.18 ν22
1447 1438 1424 0.11 ν17
1498 1470, 1495, 1469 1469 0.16 ν15
aRF, raman frequency; Exp., vibrational modes measured in the
experiment; NA, normalized amplitude of every measured mode;
mode assign., mode assignment.

Figure 8. (a) The peak intensity of the vibrational mode around 1155
cm−1. The frequency (b) and phase (c) of the 1155 cm−1 at each
probe photon energy calculated by a first moment of the vibrational
mode spectrum in the frequency range from 1120 to 1180 cm−1.
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in the frequency range from 1120 to 1180 cm−1. As we can see,
the frequency is 1155 ± 1 cm−1 in the probe photon energy
range 2.95−3.05 eV, where ΔA is negative, and the mode
frequency is 1149 ± 1 cm−1 in the range 3.15−3.35 eV, where
ΔA has mainly positive values. The phase of the vibrational
mode is also shown in Figure 8c. The phases are (−0.48 ±
0.15)π and (−0.97 ± 0.10)π for the ranges 2.95−3.05 and
3.15−3.35 eV, respectively. The range 3.05−3.15 eV was not
used because the vibrational amplitudes in this range are too
small to determine the frequency precisely. The data of the
ranges of >3.35 eV are not used because of the weak probe light
intensity at the edges of the probe spectrum. The frequency
and the phase data of the ranges of 2.85−2.95 eV are complex,
which may be due to some other unclear process.
The modulation of time-resolved difference absorbance is the

result of the contributions of wave packet motions on the
potential surfaces of both the electronic ground state and the
excited state. The ground-state wave packet starts its motion
from its stable local minimum point in the ground state
potential energy surface relevant to the specific vibrational
mode among many other coupled modes, whereas the excited
state wave packet starts its motion from the Franck−Condon
point toward a local minimum point in the excited-state
potential energy surface. Therefore, the vibrations of the wave
packet along the potential surfaces of the ground state and the
excited state are expected to be sine-like and cosine-like,
respectively. The sign of the signal also helps to assign the
origin of the signal as follows: a negative absorbance change
shows photobleaching caused by depletion of the electronic
ground state or stimulated emission from the excited state; on
the other hand, a positive absorbance change shows induced
absorption from the first excited state to a higher excited state.
Thus, from the initial phases of the vibration and the signs of
the difference absorbance, it can be safely concluded that the
frequencies of 1155 and 1149 cm−1 are due to the ground state
and the excited state, respectively. Meanwhile, we did not find
probe photon energy dependence for the Skelton mode around
1600 cm−1 and the dominant mode of 533 cm−1 being assigned
to the vibration modes in the ground state. The frequency
difference of the mode by 6 cm−1 can be explained in the
following way. The mode is assigned to ν25 ring bend δCH.

19,52

The frequency of the experimentally observed Raman mode
which seems to correspond to this mode is reported to be
116419 or 1165 cm−1.18 The calculated values extend from 1142
to 1207 cm−1, depending on the calculation methods, including
the density functional theory (DFT) and vibrational self-
consistent field method (VSCF).52

On the basis of a theoretical study19 and experimental
results,17,56 the following lines discuss the reaction of PYP.
There have been at least two possible models19 for the
formation of the first intermediate of the photocycle of PYP
named PYPL: (i) the first model is the photoisomerization of
the chromophore by rotating the aromatic ring; (ii) the second
model involves rotation of the carbonyl group to form a cis
chromophore in PYPL.

17,56 The isomerization is associated with
the reduction of bond order of the C7C8 bond (Figure 1)
which results in the change of the benzene ring from benzenoid
form to quinoid form. The bond lengths of C2C3 and C5
C6 are reduced and all other CC bonds are stretched,
resulting in the change in the displacement of the stable
position of the C1C2C3 angle, inducing the ring bend
δCH mode activation. Because of the increment of bond order
of the C2C3 and C5C6 bonds, namely, electron densities

along the bonds after excitation, the bond order of the CH
bonds of the benzene ring decreases at the C3 and C5
positions. Then, the frequency of the ring δCH mode will be
reduced and this is exactly what the experimental observation
shows.
In this way, we could detect the change after excitation in the

bond strength, which indicates the primary molecular structure
change associated with the isomerization process, which is the
primary process in the photocycle in PYP.

■ CONCLUSIONS
In conclusion, ultrafast spectroscopy with a broad-band
detection system and ultrashort UV laser was used to study
the relation between the electronic relaxation and vibrational
dynamics of PYP. From the novel observation of the vibrational
mode around 1155 cm−1, vibrational modes in the probe
spectral ranges of 2.95−3.05 and 3.15−3.35 eV were attributed
to the wave packets in the ground state and the excited state,
respectively. The frequencies in the ground state and excited
state are determined to be 1155 ± 1 and 1149 ± 1 cm−1,
respectively. The frequency change after excitation means a
reduction in the bond strength, which can be explained in terms
of the primary molecular structure change after π−π* excitation
initiating the isomerization, which is the primary process in the
photocycle in PYP.
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