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Fifth-order time-domain Raman spectroscopy of
photoactive yellow protein for visualizing vibrational
coupling in its excited state
Hikaru Kuramochi1,2,3, Satoshi Takeuchi1,2*†, Hironari Kamikubo4,
Mikio Kataoka4, Tahei Tahara1,2*

INTRODUCTION

Chemical reactions proceed with nuclear rearrangements, which are described by the reaction coordinate represented on the corresponding
potential energy surface (PES). The PES for polyatomic systems involves a vast degree of freedom of nuclear coordinates and hence is
very complex. For unraveling (and manipulating) the reaction coordinate and molecular mechanisms that underlie the reaction, it
is desirable to map out the PES, which has been a long-lasting central
subject in both experimental and theoretical studies. In this quest,
understanding of the vibrational coupling between normal mode
coordinates is essential because it actually characterizes the complex
shape of the PES. In particular, the vibrational coupling of low-frequency
modes has attracted a tremendous interest. Low-frequency modes act
as an energy acceptor in vibrational energy relaxation processes, and
thus, their coupling is essential for the energy flow in the vibrational
manifold. In addition, some particular low-frequency modes in biological systems, such as hydrogen bond vibrational modes and protein
phonon modes, have been proposed to play an important role in
directing biochemical reactions to achieve high functionality and/or
selectivity, pointing to the importance of the vibrational coupling with
the low-frequency modes (1–3). Disentangling how these low-frequency
modes couple with other high-frequency fingerprint vibrations provides a wealth of information about the PESs, which is expected to
bring about deeper insights into the reaction dynamics of polyatomic
molecules.
Multidimensional vibrational spectroscopy has the capability to unravel vibrational couplings with high time and frequency resolution
(4, 5). In particular, two-dimensional infrared spectroscopy (2D-IR)
has been extensively developed in the past decades (6) and has been
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successfully used for studying the vibrational coupling, anharmonicity, and dynamics of liquids and biological molecules (7–11). However, its application to low-frequency vibrational modes (<1000 cm−1)
has been challenging because of the lack of intense femtosecond light
sources to implement 2D-IR experiments in this frequency range. On
the other hand, multidimensional Raman spectroscopy is, in principle,
capable of tackling this problem (12), but the application of this highorder nonlinear spectroscopic technique is not straightforward because of
the interference from cascaded third-order nonlinear processes (13, 14).
Recently, we studied excited-state proton transfer dynamics of green
fluorescent protein (GFP) by using time-resolved impulsive stimulated
Raman spectroscopy (TR-ISRS) (15). In TR-ISRS, temporal evolution
of transient vibrational structure can be tracked on the femtosecond
time scale through the observation of coherent nuclear wave packet
motions in the time domain (16–21). In this previous study, we found
that one of the high-frequency transient Raman bands of excited-state
GFP showed a substantial intensity oscillation in the time domain with a
frequency as low as 105 cm−1. This observation was attributed to the
anharmonic coupling of the high-frequency mode with the 105-cm−1
mode that is coherently excited within the bandwidth of the actinic
pump pulse. Although the pulse duration of the actinic pump used in
the previous study (~100 fs) was not short enough to generate vibrational
coherence beyond ~200 cm−1, these results strongly indicated a high
potential of TR-ISRS to reveal vibrational couplings between the highand low-frequency vibrational modes in reactive excited states.
Here, we report TR-ISRS measurements using an ultrashort actinic pump pulse and sub–7-fs Raman pump/probe pulses, with the
aim to develop a new spectroscopic scheme to interrogate and visualize
the vibrational coupling in the reactive excited state. By exploiting the
35-fs actinic pump pulse to coherently excite vibrational modes of the
excited state up to ~1000 cm−1, this fifth-order time-domain Raman
approach allows us to draw a 2D Raman frequency-frequency correlation map with wide excitation and detection frequency windows. The
model system investigated here is a bacterial blue light photoreceptor
called photoactive yellow protein (PYP). The function of this protein
is realized through a photocycle (22, 23), and it is driven by the ultrafast
trans-to-cis photoisomerization of the embedded chromophore,
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We report fifth-order time-domain Raman spectroscopy of photoactive yellow protein (PYP), with the aim to visualize
vibrational coupling in its excited state. After the ultrashort actinic pump pulse prepared the vibrational coherence and
population in the excited state, the evolving vibrational structure was tracked by time-resolved impulsive stimulated
Raman spectroscopy using sub–7-fs pulses. The obtained fifth-order time-domain Raman data were translated to
a two-dimensional (2D) frequency-frequency correlation map, which visualizes the correlation between low- and
high-frequency vibrational modes of the excited state. The 2D map of PYP reveals a cross peak, indicating the
coupling between the phenolic C––O stretch mode of the chromophore and the low-frequency modes (~160 cm−1),
assignable to the intermolecular motions involving the surrounding hydrogen-bonded amino acids. The unveiled
coupling suggests the importance of the low-frequency vibrational motion in the primary photoreaction of PYP,
highlighting the unique capability of this spectroscopic approach for studying ultrafast reaction dynamics.
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RESULTS AND DISCUSSION

The experimental scheme of the present measurement is illustrated in
Fig. 2A. The actinic pump pulse (P1, 35 fs) prepares the excited-state
(S1) population and the coherent nuclear wave packet motion along
the Raman-active low-frequency modes (<1000 cm−1) of the excited
state. Delayed from the P1 pulse by a variable delay time DT, the second,
ultrashort impulsive Raman pump pulse (P2, <7 fs) is introduced
to induce coherent nuclear motion in the excited state along all the
Raman-active modes coupled to the electronic transition (S1 → S0).
The resultant nuclear wave packet motion is monitored by scanning
the delay t of the third, ultrashort probe pulse (P3, <7 fs) with respect
to the P2 pulse and is observed as oscillatory features of the P2-induced
differential absorption signal. The vibrational coherence induced

Fig. 1. Structure of the chromophore pocket in PYP. Structure of trans-pCA
chromophore of PYP. Blue dotted lines denote hydrogen bonds with the
surrounding amino acid residues. Vibrational couplings between low-frequency
modes involving intermolecular motions through the hydrogen bonds (blue
shaded) and fingerprint vibrations reflecting the pCA skeleton (green shaded)
are of particular interest in the present study.
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by the P2 pulse carries the structural information of the transient
at DT after the start of the photoreaction by the P1 pulse. Moreover,
the P2-induced coherence, which is generated during the free induction decay of the P 1-induced vibrational coherence, carries
information about the coupling between the vibrational modes that
are coherently excited at the two different timings (DT = 0 and t = 0).
The red curve in Fig. 2B shows a pump-probe signal of PYP in a
tris-HCl buffer solution (pH 7), which was measured with the 35-fs
actinic pump pulse (P1, 450 nm) and sub–7-fs probe pulse (P3, 500
to 680 nm). This pump-probe signal monitors the decay of the stimulated emission signal that appears in the spectral region of the probe
pulse (see the Supplementary Materials for the spectral condition of
the measurement). The coherent nuclear wave packet motion in the
excited state, which is induced by the P1 pulse, is recognized as the
oscillatory feature of the signal. Fourier transform analysis of this oscillatory component, which was extracted by subtracting the slowly varying population dynamics, provides the vibrational spectrum of the
Franck-Condon state up to ~1000 cm−1 (Fig. 2C, top). This P1-induced
vibrational spectrum nicely agrees with that we previously reported
(21). Under this actinic pumping condition, the sub–7-fs impulsive
Raman pump pulse (P2, 500 to 680 nm) was introduced at, e.g.,
DT = 0.5 ps. As shown by the blue curve in Fig. 2B, the P2 pulse induces the depletion of the excited-state population through the stimulated emission transition, as well as the substantial oscillatory feature,
because of the coherent nuclear wave packet motion in the excited state.
Fourier transform analysis of this P2-induced oscillatory component
along the t axis yields a snapshot vibrational spectrum of excited-state
PYP in the presence of the P1-induced vibrational coherence (Fig. 2C,
bottom). In this way, the P2-induced oscillatory signals were measured
at various DT delay times (Fig. 3A), and a series of femtosecond timeresolved Raman spectra of excited-state PYP were obtained, as shown in
Fig. 3B.
The obtained femtosecond time-resolved Raman spectra exhibit
a number of vibrational bands of excited-state PYP. Peak frequencies of
the observed bands (135, 262, 311, 432, 538, 751, and 1160 cm−1) are in
good agreement with those found in our previous TR-ISRS study of
PYP (21). However, the intensity patterns of the obtained spectra are
very different from that which we previously reported. We find that most
of the bands show a substantial intensity oscillation against the DT delay
time. This oscillatory feature is more readily seen in the 2D Fourier amplitude map shown in Fig. 3C, in which the amplitude recurrence is
clearly recognized for many bands. Temporal profiles of the Fourier
amplitude for the selected bands are shown in Fig. 4. All the presented
bands show a substantial oscillatory feature along the DT delay time. We
fitted these temporal profiles with a sum of exponential and damped
cosine functions, convoluted with the instrumental response. The
best-fit curves are shown in Fig. 4 with dashed lines. From this analysis,
we find that most of the bands show the amplitude oscillation at their
own vibrational frequencies. For example, the band at 135 cm−1 shows
the amplitude oscillation with an ~247-fs period (~135 cm−1), and the
band at 311 cm−1 shows the amplitude oscillation with an ~107-fs
period (~311 cm−1). We note that the 751-cm−1 band shows the oscillation frequency that looks different from its own vibrational frequency
because of the undersampling, but the observed oscillatory feature actually corresponds to 751 cm−1 (see the following sections for details). Because these oscillatory features were not observed in the previous TR-ISRS
study of PYP performed with the 290-fs P1 pulse (21), the oscillatory
feature should arise from the coherent nuclear wave packet motion that
is induced by the ultrashort P1 pulse (35 fs) used in the present study.
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p-coumaric acid (pCA), that is anchored by hydrogen bonds with the
surrounding amino acid residues (Fig. 1) (24). It was previously shown
that the mutation of an amino acid residue surrounding pCA substantially changes its excited-state lifetime and the low-frequency (interand intramolecular) vibrational structure (25, 26), suggesting that the
low-frequency vibrations play a key role to realize the efficient entry into
the photocycle. In addition, our previous TR-ISRS study found that a
low-frequency mode containing intermolecular vibrational character in
excited-state PYP at 135 cm−1, a chromophore vibration coupled with
the motion of the hydrogen-bonded amino acid residues (Tyr42 and
Glu46), shows distinct dynamics within 1 ps after photoexcitation,
indicating the ultrafast change in the hydrogen bond structure around
the chromophore. Because pCA is anchored by these hydrogen bonds
in the protein pocket, one expects that the low-frequency intermolecular
vibration modulates this geometrical constraint and affects the isomerization dynamics. Therefore, it is of particular interest to clarify how
such an intermolecular vibrational mode is coupled with other key
skeletal vibrational modes that are sensitive to the isomerization. In this
sense, PYP is the most intriguing system to explore with the present
fifth-order time-domain Raman spectroscopy, which is expected to reveal the importance of the vibrational coupling with low-frequency
modes in the biological system. The present study successfully reveals
the existence of vibrational couplings between low- and high-frequency
vibrational modes of excited-state PYP and demonstrates the potential
of the fifth-order time-domain Raman spectroscopy to map out the
potential energy landscape of the reactive excited states.
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Fig. 3. Fifth-order time-domain Raman data of PYP. (A) 2D representation of the P2-induced oscillatory signals obtained at various DT delay times. (B) Fourier transform power
spectra of the oscillatory signals obtained at various DT delay times. (C) 2D representation of the time-resolved Fourier amplitude spectra.

To closely analyze and visualize these oscillatory features, we constructed a 2D frequency-frequency correlation map by performing
Fourier transform of the 2D Fourier amplitude data (Fig. 3C) along
the DT axis after subtracting the exponentially decaying component.
The obtained 2D frequency-frequency correlation map is shown in
Fig. 5. A number of peaks are recognized in the 2D map, which indicates
the correlation between the two vibrational coherences: One is the
coherence induced by the P1 pulse at DT = 0 ps, and the other is that
induced by the P2 pulse at t = 0 ps. All the observed peaks are vertically
elongated because the frequency resolution in the wDT axis is lower as
a result of the shorter scanning range for the DT delay (800 fs) than
that for the t delay (2 ps). In the 2D map, the most prominent feature
is the intense diagonal peaks that represent the amplitude oscillation
of the bands at their own vibrational frequencies against DT, as
presented in Fig. 4. The peaks on the antidiagonal line (blue dotted) also
Kuramochi et al., Sci. Adv. 2019; 5 : eaau4490
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correspond to the diagonal peaks that are folded as a result of the undersampling along the DT axis; any oscillations at frequencies (wDT) above
the Nyquist frequency wNq (500 cm−1) appear at 2wNq − wDT cm−1 under the present experimental condition. In addition to these diagonal
(and antidiagonal) peaks, several off-diagonal (cross) peaks appear in
the 2D correlation map, representing the coupling between different vibrational modes.
First, we discuss the origin of the diagonal peaks, that is, the amplitude oscillation of the vibrational coherence at its own frequency. In
general, the overall optical process involved in the present experiment
is treated as c(5) processes because the time-domain Raman probing is
performed while the P1-induced vibrational coherence remains. Within
this framework, the diagonal peaks are interpreted as depletion of the
P1-induced vibrational coherence by the interaction with the P2 pulse.
Previously, Fujiyoshi et al. (27) examined the contribution of the c(5)
3 of 7
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Fig. 2. Principle of the fifth-order time-domain Raman spectroscopy of PYP. (A) Schematic illustration of the optical process involved in the present fifth-order
time-domain Raman measurement. (B) Pump-probe signals of PYP in a tris-HCl buffer solution (pH 7), which were measured with (blue) and without (red) the P2 pulse at
DT = 0.5 ps. The raw TR-ISRS signal was obtained as a difference between these signals (i.e., P2 on − P2 off ). P1-induced (red) and P2-induced (blue) oscillatory signals
were obtained after subtraction of the slowly varying population component from the raw signals, and they are shown with magnification (×4 and ×20, respectively).
(C) Fourier transform (FT) power spectra of the P1- and P2-induced oscillatory signals.
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processes in the TR-ISRS data measured with the ultrashort P1 pulse.
They pointed out that the vibrational coherence in the excited state
prepared by the P1 pulse can be depleted by the P2 pulse because of
the coherence transfer to other vibrational modes or the population
transfer to a different electronic state. This depletion [c(5)] signal appears
in the raw TR-ISRS data because it is also the P2-induced differential
signal that is experimentally recorded (see the Supplementary Materials
for typical energy ladder diagrams responsible for this coherence
depletion). Thus, the oscillatory component of the total P2-induced
differential absorption signal for a vibrational mode with frequency n
is represented as

DAtotal ðDT; tÞ ¼



DT
A0P2 cosð2pntÞexp 

TS1

Fig. 4. Temporal change of the Raman band intensities of excited-state PYP.
Temporal profiles of the Fourier amplitude for selected bands. Dashed lines denote the best fit to the data, which takes account of the oscillatory component
with slowly varying population component.

ð1Þ

where q(DT) = 2pnDT and where A0P1 and A0P2, n, Tn, h, and TS1 represent the oscillation amplitude of the P1- and P2-induced vibrational coherences, vibrational frequency, vibrational dephasing time, depletion
efficiency of the P1-induced coherence by the P2 pulse, and lifetime of
the excited state (S1), respectively. The first term in Eq. 1 represents a
vibrational coherence newly created by the P2 pulse, whereas the second
term denotes the depletion of the vibrational coherence generated by the
preceding P1 pulse (see the Supplementary Materials for the formulation).
The phase q(DT) (and amplitude) of the latter depletion signal (the second
term) depends on the DT delay time, and thus, it can constructively or
destructively interfere with the P2-induced coherence (the first term).
The sum of the two terms represents the oscillatory feature of the Fourier
amplitude against the DT delay time, as observed for the bands shown in

Fig. 5. 2D representation of the fifth-order time-domain Raman data. 2D frequency-frequency correlation map obtained by the fifth-order time-domain Raman
spectroscopy of PYP. Top half of the 2D map (gray-shaded area) was not directly obtained because of the undersampling in the DT axis but is folded to the lower half.
Diagonal peaks on the red broken line correspond to the depletion of P1-induced vibrational coherence. Off-diagonal peaks on the blue broken line correspond to the folded
diagonal peaks that appear as a result of the undersampling. Spectra on the top and right represent the Fourier transform power spectrum of the oscillatory component
of the TR-ISRS signal, averaged over all the measured DT delays, and that of the pump-probe signal, respectively, the latter of which is the same as Fig. 2C.
Kuramochi et al., Sci. Adv. 2019; 5 : eaau4490
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Fig. 6. Low-frequency oscillatory dynamics of the high-frequency fingerprint
vibrational mode. (A) Pump-probe signal of PYP in the early time window,
measured with 75-fs pump and 6.5-fs probe pulses. (B) Fourier transform power
spectrum of the oscillatory component of the pump-probe signal in (A). (C) Temporal
profile of the Fourier amplitude of the 751-cm−1 band of excited-state PYP obtained
by TR-ISRS using the 75-fs P1 pulse. Red and blue lines represent the data measured
with the different DT step sizes. The data taken with the different DT steps confirm
that the oscillatory feature of the 751-cm−1 band is not undersampled. (D) Fourier
transform power spectra of the amplitude oscillation of the 751-cm−1 band in (C).
(E) Steady-state preresonance stimulated Raman spectrum of the ground-state PYP,
obtained with 490-nm Raman excitation.

such as pump-probe spectroscopy. This is because coherent nuclear
wave packet motion is observed regardless of whether the relevant mode
is anharmonic or not in these techniques.
On the basis of the previous steady-state resonance Raman and TRISRS studies for wild-type PYP and various mutants (21, 25), the
135-cm−1 mode has been assigned to a chromophore vibration coupled
to the intermolecular motion with the hydrogen-bonded amino acid
residues (Tyr42 and Glu46). The assignment of the 189-cm−1 mode is
not clear; however, we consider that this mode also has an intermolecular vibrational character because the spectral feature of its counterpart in the S0 state (182 or 203 cm−1; Fig. 6E) was shown to be highly
sensitive to the mutation of the surrounding amino acid residues (25).
On the other hand, the 751-cm−1 mode could be assigned to the phenolic CO stretch mode of pCA (coupled with the Cph-Cet stretch and
C==O bend) by comparison with the previous steady-state Raman data
(28). Because this phenolic oxygen site is directly hydrogen-bonded to
the two amino acid residues (Tyr42 and Glu46), it is highly likely that
the intermolecular low-frequency vibrations at the phenolic tail part
of pCA distort the PES along the phenolic CO stretch coordinate
through the anharmonic coupling, which gives rise to the pronounced
cross peak in the 2D frequency-frequency correlation map.
It is intriguing whether the observed coupling plays any roles in the
isomerization reaction of pCA that drives the photocycle of PYP. The
isomerization of pCA has been considered to proceed in a volumeconserving manner (i.e., hula-twist and/or bicycle-pedal) because of the
geometric constraint by the packed protein environment, as well as the
anchoring by the hydrogen bonds at the phenolic tail part (29). Because
these isomerization mechanisms require some nuclear motions around
the phenolic tail part of pCA, the observed coupling between the phenolic
CO stretch (751 cm−1) and low-frequency intermolecular vibrational
modes (135 and 189 cm−1) may affect the trans-to-cis isomerization dynamics, i.e., the twisting of the Cet==Cet double bond. In other words,
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Fig. 4. This gives rise to the diagonal peaks as found in the 2D map in Fig. 5.
Therefore, the diagonal peaks predominantly carry the information on the
P1-induced vibrational coherence, although detailed analysis of their
shapes, in principle, has potential to provide more information, for example, on the broadening mechanism of each vibrational band.
In contrast to the diagonal peaks, cross peaks contain irreplaceable
information about the coupling among vibrational modes. In the 2D
map obtained in this study, the most pronounced cross peak is seen
between wt = 751 cm−1 and wDT = ~160 cm−1, as indicated by an arrow
in Fig. 5, and another prominent cross peak is also recognized for
wt = 538 cm−1 and wDT = ~160 cm−1. These cross peaks represent coupling
between the two frequency components. To further confirm the existence
of the cross peak, we performed a TR-ISRS measurement by using the
75-fs P1 pulse that has a 400-cm−1 bandwidth (full width at the half
maximum). This pulse duration (bandwidth) was carefully chosen so
that the P1 pulse does not coherently excite vibrational modes above
~600 cm−1 and hence suppresses the oscillatory component because of
the depletion of the P1-induced vibrational coherence for the 751-cm−1
mode. Simultaneously, this pulse duration limits the coupling partner to vibrational modes below ~600 cm−1, negating a possible coupling with (undersampled) higher-frequency modes. Consequently,
we can selectively observe and examine the oscillation due to the
coupling between the 751- and ~160-cm−1 modes directly in the time
domain. It is difficult to further stretch the P1 pulse duration because
it lowers the efficiency to coherently excite low-frequency modes.
Thus, we cannot sufficiently suppress the P1-induced vibrational
coherence for the 538-cm−1 mode. Accordingly, we focus on the cross
peak between the 751- and ~160-cm−1 vibrations hereafter and do not
further discuss the cross peak observed between the 538- and ~160-cm−1
vibrations.
In Fig. 6A, a pump-probe signal of PYP obtained by the 75-fs pump
pulse is shown. The signal shows the oscillatory feature that is dominated by the low-frequency vibrations at ~50 and 135 cm−1, as indicated
by its Fourier transform shown in Fig. 6B. Under this actinic pumping
condition, TR-ISRS measurements were carried out, and the obtained
temporal profile of the Fourier amplitude of the 751-cm−1 band is shown
in Fig. 6C. The data clearly show that the Fourier amplitude of the
751-cm−1 band exhibits an unambiguous oscillatory feature against
DT, confirming that the 751-cm−1 band intensity is certainly modulated by the P1-induced coherent low-frequency motion as represented
by the cross peak in the 2D map.
The amplitude oscillation of the 751-cm−1 band is attributable to the
periodic modulation of the displacement between the S1 and S0 PESs
along the corresponding nuclear coordinate through the anharmonic
coupling with the low-frequency modes [detailed discussion on this picture is given in the Supporting Information of (15)]. Fourier analysis
of the oscillatory feature showed a broad peak at around 180 cm−1
(Fig. 6D), which most likely originates from the mixed contribution
from the 135- and 189-cm−1 modes that appear in the pump-probe data
(Fig. 6B). Although the 189-cm−1 mode is very weak in the FranckCondon vibrational spectrum obtained with the pump-probe spectroscopy, its contribution appears very pronounced in the amplitude
oscillation of the 751-cm−1 band, suggesting strong vibrational coupling
between these modes. This result demonstrates the unique capability of
the present fifth-order time-domain Raman spectroscopy to exclusively
probe the pairs of coupled vibrational modes, thereby sensitively reporting the distortion of the PESs through the anharmonic coupling. This
information is essential for mapping complex, reactive PESs but is
barely available with conventional third-order nonlinear spectroscopies
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modulation of the hydrogen bond strength at the phenolic tail part by the
low-frequency modes temporarily relaxes the geometric constraint of
pCA, which might facilitate the rotation around the Cet==Cet double bond,
as proposed previously (30). To provide a clear answer to this question, it
is desirable to examine the correlation between the low-frequency modes
and the key Cet==Cet stretch mode. Unfortunately, however, this is a difficult task under the present experimental condition because the resonance
Raman activity of the Cet==Cet stretch mode is very low and the corresponding band is not clearly observed (Fig. 3B). Nevertheless, fifthorder time-domain Raman experiments using other electronic transitions
[e.g., Sn ← S1 transition in the ultraviolet region (21, 31)] for the P2 and
P3 pulses may enable direct visualization of the correlation between the
isomerization coordinate and low-frequency intermolecular vibrational
modes, which would significantly advance our understanding of the
PES that governs the primary process of the PYP photoreaction.

In summary, we have performed the fifth-order time-domain Raman
spectroscopy of PYP. The TR-ISRS data acquired with the 35-fs P1 pulse
allowed us to obtain the 2D frequency-frequency correlation map that
can visualize couplings among vibrational modes in the excited state.
The obtained 2D data of PYP exhibit the diagonal peaks originating
from the depletion of the P1-induced vibrational coherence; however,
the cross peak between the low-frequency intermolecular vibrations
and the 751-cm−1 phenolic CO stretch vibration was clearly observed,
manifesting the vibrational coupling between these modes. The observed vibrational coupling implies the possibility that the low-frequency
intermolecular vibration alleviates the geometric constraint of pCA and
thus facilitates the isomerization.
By virtue of the resonance enhancement using two different electronic transitions, i.e., S1 ← S0 absorption and S1 → S0 stimulated
emission transitions, the present time-domain Raman approach can
circumvent the cascading of the third-order processes, which has
been a technical bottleneck to implement 2D Raman spectroscopy
(13, 14, 32–35). From this perspective, our approach has technical similarity to 4D electronic Raman and 2D resonance Raman spectroscopies,
which were developed recently (36, 37). On the other hand, our technique is specific and dedicated to observing vibrational coupling in the
excited state, which is achieved by using electronic transitions exclusive
to the excited-state molecule in the six-wave mixing process. In this sense,
the present technique shares an experimental concept with the frequencydomain approach, i.e., 2D femtosecond stimulated Raman spectroscopy
(38), and hence can be called 2D impulsive stimulated Raman spectroscopy (2D-ISRS). Our time-domain approach is complementary to the
frequency-domain approach, yet the implementation of the time-domain
Raman probing offers a wider detection frequency window (including
the low-frequency terahertz region), which allows us to fully characterize
vibrational couplings. The present study demonstrates the potential of
the fifth-order time-domain Raman approach to clarify the vibrational
coupling in reactive excited states, and we envisage that this new approach will provide a wealth of insights into the role of low-frequency
vibrational motions in mediating various chemical reactions.

MATERIALS AND METHODS

Sample preparation
Wild-type PYP was prepared as described previously (39). The sample
was dissolved in 10 mM tris-HCl buffer at pH 7. The typical concentraKuramochi et al., Sci. Adv. 2019; 5 : eaau4490
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TR-ISRS measurements (fifth-order time-domain
Raman spectroscopy)
Details of our TR-ISRS spectrometer were described in detail elsewhere
(20). Briefly, the setup is based on two home-built noncollinear optical
parametric amplifiers (NOPAs) that are driven by the output of the
Ti:sapphire regenerative amplifier (780 nm, 80 fs, 1 mJ, 1 kHz). The
first NOPA generates the actinic pump pulse (P 1 ) at 450 nm,
which was compressed down to 35 fs. For the experiment with the
longer P1 pulse duration, the compressed output was spectrally
filtered by a grating-based 4f setup to stretch the pulse to 75 fs.
The second NOPA generates a broadband ultrashort pulse (500 to
680 nm, 6.5 fs). This 6.5-fs pulse was divided into two, and they were
used as the impulsive Raman pump pulse (P2) and probe pulse (P3)
to monitor the transient absorbance change. A small fraction of the
P3 pulse was picked up and used as the reference pulse. The P1, P2,
and P3 pulses were focused into a 300-mm-thick flow cell of the sample solution. At the sample position, the energies of the P1, P2, and P3
pulses were typically 80, 70, and 6 nJ, respectively, and their polarizations were set parallel. The intensities of the probe and reference pulses
were detected by photodiodes, and the signals were processed on a
shot-to-shot basis to evaluate the P2-induced differential absorbance
by mechanically chopping every other P2 pulse.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaau4490/DC1
Experimental condition
Origin of the diagonal peaks in the 2D frequency-frequency correlation map
Fifth-order signal versus lower-order cascades
Fig. S1. Resonance condition for the measurements.
Fig. S2. Depletion of vibrational coherence in the TR-ISRS experiment.
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