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Chapter 1: General Introduction 

 

1.1 Importance of studying photoisomerization dynamics 

Tran-cis and cis-trans isomerizations do not take place thermally in most of polyene molecules.  

This is because trans and cis isomers are separated by a high energy barrier, which prohibits 

interconversion between the trans and cis isomers at room temperature.  However, with 

absorption of a photon, trans isomer readily isomerizes to cis isomer, while the cis isomer 

readily generates the trans isomer.  This is the reaction that we call photoisomerization.  To 

depict the difference between the thermal isomerization and photoisomerization in a 

physicochemical way, the schematic energy diagram of the trans-cis isomerization reactions of 

stilbene is shown in Figure 1.1. The figure clearly rationalizes the reason why trans-cis thermal 

isomerization does not occur, while S1 trans-stilbene, which is generated with absorption of UV 

light, isomerizes to cis-stilbene1, 2.  Since the photoisomerization realizes the isomerization 

reaction that is unfavorable in a thermal reaction, it is utilized as a key process for designing 

materials having novel optical response.  For example, the photoisomerization of an azobenzene 

derivative has been used for a polymer film which curls in response to the illumination3.  The 

photoisomerization is important in both fundamental science and application, and hence its 

mechanism has attracted much attention4-9.  

 

Figure 1.1.  Schematic illustrations of the trans-cis thermal isomerization (broken black arrow) 

and photoisomerization (orange arrow) of stilbene. 
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Photoisomerization is important also in living organisms.  For example, vision of higher 

animal is realized by the photoisomerization of the 11-cis retinal in rhodopsin10-12 (Figure 1.2a), 

which exists in the membrane of rod outer segment in the retina13, 14.  After absorption of a 

photon, the 11-cis retinal chromophore in the S1 state undergoes isomerization to generate the 

all-trans form15, 16.  Subsequently, the successive reaction involving several intermediates 

including the Metarhodopsin Ⅱ, a long-lived intermediate, takes place17-21 (Figure 1.2b).  The 

Metarhodopsin Ⅱfinally closes the cation channel by decreasing the level of cGMP through the 

cascade reaction, generating the neural signal22.  The cis-trans photoisomerization of the 11-cis 

retinal is the essential first step in the physiological function of the rhodopsin, because it 

provides the energy required in all the cascade reactions involved in the visual process. 

 

 

Figure 1.2.  Schematic illustrations of (a) the molecular structure of bovine rhodopsin (PDB 

ID:1F88) and  (b) the photoreaction and structures of the retinal chromophore. 
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Three decades ago, studies on the photoreaction of the rhodopsin started thanks to the 

developments and improvements of relevant technologies (e.g. detectors and light sources) that 

enable the photochemical researches of the photoreceptor proteins.  In particular, highly 

stabilized ultrashort pulsed lasers became available23, 24, enabling us to investigate the primary 

process of the photoreceptor proteins25, 26.  As for the rhodopsin, a spectroscopic study directly 

captured the deactivation of the excited state within 200 fs accompanied by the cis-trans 

isomerization of the retinal27 (Figure 1.3).  This deactivation is extremely fast compared with 

that of ordinary organic dyes whose excited-state lifetime are typically in the order of 

nanoseconds.  Such an ultrafast deactivation realizes a photoisomerization with a high quantum 

yield (~0.7), yielding the  Metarhodopsin Ⅱ  efficiently (see Figure 1.2b) 28.  After the 

discovery of the visual rhodopsin, it has been shown that the photoisomerization of the 

chromophore is utilized in many important photoreceptor proteins such as microbial rhodopsins 

and photoactive yellow proteins29, 30. In these photoreceptor proteins, the proteins guide the 

efficient photoisomerization reaction of the chromophore. For example, it has been shown that 

the all-trans retinal in bacteriorhodopsin, a microbial rhodopsin, isomerizes to the 13-cis retinal 

with a quantum yield of 0.64 while that in solution generates either 9-cis, 11-cis or 13-cis retinal 

by photoexcitation with a quantum yield of 0.2~0.06. 31, 32 The direct observation of the 

photoisomerization process can provide us knowledges how the proteins control the 

photoisomerization reaction, and thus it is important for protein science. 

 

Figure 1.3.  Schematic illustration of the photoisomerization dynamics of 11-cis retinal in 

rhodopsin.  CI: conical intersection. 
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Considering a vast number of studies carried out for photoisomerization so far, one may 

think that the photoisomerization is a well-understood reaction.  However, the microscopic 

mechanisms of the photoisomerization reaction still remain unclear.  Especially,  

1. In solution, cis-trans photoisomerizations have been found to be faster than trans-cis 

photoisomerizations in general based on the studies on various molecules such as stilbene2, 33 

and protonated retinal Schiff base (PRSB)34-36.  However, cis-trans and trans-cis 

photoisomerization in the same protein matrix have not been studied well.  

2. Recently, rhodopsins having unique functions, such as light-driven sodium ion pump 

rhodopsin, were found37, 38.  However, the dynamics of these rhodopsins and mechanisms for 

their functions have not been fully elucidated.  Especially, photoisomerization dynamics and 

mechanisms of these rhodopsins are unexplored. 

3. The structural dynamics (including the structure in the transition state) during 

photoisomerization has been rarely observed.  This is because the energy barrier exists in the 

pathway of most of the photoisomeization reaction, and the reaction rate is limited by the time 

required for reactants to obtain sufficient energy to surmount the energy barrier. 

 

To address these issues, in this dissertation, ultrafast photoisomerization in chromophores in 

photoreceptor proteins and fundamental molecules were studied by femtosecond time-resolved 

spectroscopies. 

 

1.2 Femtosecond time-resolved spectroscopies for direct observation of photoisomerization 

As exemplified by retinal photoisomerization in rhodopsins, photoisomerization reactions take 

place in the femto-to-picosecond time region. Therefore, femto/picosecond time-resolved 

measurements are necessary to examine the photoisomerization dynamics. Femtosecond 

time-resolved spectroscopy is a powerful tool for direct observation of the chemical events that 

take place on an ultrafast timescale.  In fact, femtosecond time-resolved spectroscopy has been 

used to observe not only the dynamics of photoisomerizations1, 2, 39 but also the dynamics of the 
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dissociation reactions,40, 41 excited-state proton transfers,42 and other ultrafast chemical 

reactions43. 

 Femtosecond time-resolved spectroscopy has been diversified.  The most widely 

utilized techniques are femtosecond time-resolved absorption and fluorescence spectroscopies.  

These techniques are classified as femtosecond time-resolved “electronic” spectroscopy.  This 

is because these techniques monitor the ultrafast dynamics through the change of the electronic 

spectral response.  On the other hand, femtosecond time-resolved mid-IR absorption and 

Raman spectroscopies are classified as femtosecond time-resolved “vibrational” spectroscopy, 

because they provide us the information of the structural dynamics through the change of the 

vibrational spectrum.  In this dissertation, both femtosecond time-resolved “electronic” and 

“vibrational” spectroscopies are used to study the photoisomerization dynamics. 

 

1.3 This dissertation 

In this dissertation, the microscopic mechanisms of phoisomerization were studied using 

femtosecond spectroscopies.  The construction and brief explanations of each chapter of this 

dissertation are as follows. 

 In this dissertation, several femtosecond time-resolved spectroscopic methods are 

utilized. The In chapter 2, detailed explanation of these methods, including their advantages and 

comparisons, are described in chapter2. 

 In solution, cis-trans photoisomerization proceeds faster than trans-cis 

photoisomerization in general.  However, it is not directly shown yet that this is the case in 

protein matrix because a protein usually possesses only one isomer.  To address this issue, in 

chapters 3, the photoisomerization dynamics in Anabaena sensory rhodopsin (ASR)38, 44, is 

investigated by femtosecond time-resolved fluorescence spectroscopy.  ASR is a unique 

rhodopsin that can possess not only the all-trans retinal but also the 13-cis retinal in the same 

protein cavity45.  Therefore, the dynamics of the all-trans and 13-cis retinals can be directly 

compared.  Based on the fluorescence data, it is shown how the difference in conformation of 

the chromophore (all-trans vs. 13-cis) affects the photoisomerization rate. 
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In chapter 4, the photoisomerization of the all-trans retinal in KR238, which is a newly 

discovered light-driven sodium ion pump, is investigated by femtosecond time-resolved 

absorption spectroscopy.  Based on the obtained data and comparison between previously 

reported crystal structures of KR246 and all-trans bacteriorhodopsin47, it is shown that the 

difference in the Schiff base structure affects the photoisomerization rate of the all-trans retinal 

chromophore.  In the following chapter 5, pH dependence of the reactivity of KR2 is 

investigated by femtosecond time-resolved absorption spectroscopy.  It is known that Asp 116, 

the counterion of the PRSB, is protonated at pH below 738, disrupting the interaction between the 

Asp 116 and the PRSB. The obtained femtosecond absorption data clearly show that the 

interaction between the PRSB and the Asp116 clearly affects the photoisomerization of PRSB in 

KR2. 

Direct observation of the structural dynamics during photoisomeization is still very rare.  

In chapter 6, aiming at full tracking of the structural dynamics of a “isomerizing” molecule 

which gradually twists in the excited state, the structural dynamics of the barrierless 

photoisomerization of a cyanine dye48 is investigated by femtosecond stimulated Raman 

spectroscopy.  Based on the Raman pump wavelength dependence of the obtained 

time-resolved Raman spectra, the structural changes during photoisomerization were 

successfully visualized. 
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Chapter 2: Experimental 

 

In this chapter, spectroscopic methods that are used in this study are described. 

2.1 Femtosecond time-resolved spectroscopy 

Femtosecond time-resolved spectroscopy primarily requires more than one optical pulse 

including a pump pulse that triggers the photoreaction of the sample and a probe pulse (or gate 

pulse) that is used to observe the property of the sample.  To generate these pulses, the output of 

femtosecond pulsed laser is divided into several portions by beam splitters, and their 

wavelengths are converted to wavelengths desirable for the measurement. 

The sample is first irradiated by a pump pulse, inducing the photoreaction.  Then, after 

certain delay time (T), a probe pulse probes the optical properties of the sample such as optical 

density or reflectance.  The delay time (T) is adjusted by changing the difference in the path 

length (from the position of the beam splitter to the position of the sample) between the pump 

and probe pulses1, 2 with sub-micrometer precision using motorized delay stage (pump-probe 

experiment, Figure 2.1).  For example, if the path length of the pump pulse is 300 m shorter 

than that of the probe pulse, the probe pulse arrives at the sample position at 1 ps after the pump 

pulse initiates the photoreaction, reporting the optical property of the sample at T=1 ps.  By 

scanning the difference in the path length between the pump and probe pulses, time-resolved 

spectra at various delays are obtained.  The details of the experimental techniques of 

femtosecond time-resolved absorption, fluorescence, and Raman spectroscopies are explained in 

the following sections. 

 

Figure 2.1.  Schematic illustration of the pump-probe experiment. 
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2.1.1 Femtosecond time-resolved absorption spectroscopy 

Although various femtosecond spectroscopies have been developed, femtosecond time-resolved 

absorption spectroscopy remains the most used technique.  This is because this method provides 

fundamental information such as the lifetime or the electronic spectrum of the transient species.   

In femtosecond time-resolved absorption spectroscopy, the probe pulse is used to monitor 

the absorbance of the sample at T.  The femtosecond time-resolved absorption spectrum is the 

change in the absorption spectrum induced by the pump pulse 
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with and without pump pulse at T, and ),( TI REF
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Figure 2.2.  Schematic illustration of the scheme of the femtosecond time-resolved absorption 

measurement and the calculation of the femtosecond absorption spectrum.  The femtosecond 

absorption spectrum is calculated using the observed probe spectra (a) with and (b) without 

pump. 

 

The time-resolved absorption spectrum exhibits several characteristic signals, which are 

called bleaching, transient absorption, and stimulated emission. The bleaching signal appears as 

a negative peak in the wavelength region where the steady-state absorption band appears, 

reflecting the decrease in the ground-state molecules upon excitation.  The transient absorption 

appears as a positive peak, indicating the absorption of the transient species, such as the 

photoproduct or the excited-state species.  The stimulated emission is an emission induced by 

the probe light, and appears as a negative peak in the wavelength region longer than the 

excitation wavelength.  Since the transient absorption due to the excited state and the stimulated 

emission are observed only when the population exists in the excited states, the decay of their 

amplitudes can be used to analyze the excited-state lifetime. 

As an example, femtosecond absorption spectrum of KR2 at pH 4 immediately after S1←

S0 photoexcitation (at 0.1 ps) is shown in Figure 2.3.  A positive band observed around 500 nm 

corresponds to the transient absorption from the S1 state to the higher excited state (excited-state 
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absorption, ESA).  A negative band around 550 nm is the bleaching (BL) signal due to the 

decrease in the S0 population.  Another negative band around 720 nm corresponds to the S1→S0 

stimulated emission (SE). 

 

Figure 2.3.  An example of femtosecond absorption spectrum (KR2 at pH4 at 0.1 ps).  The 

upper (red curve filled to zero by red or blue) depicts the femtosecond absorption spectrum. The 

lower spectrum (black) depicts the steady-state absorption spectrum.  The pump spectrum 

(filled orange) is also shown.  ESA: excited-state absorption, BL: bleaching, SE: stimulated 

emission 
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2.1.2 Femtosecond Kerr-gate fluorescence spectroscopy 

The transient absorption, the bleaching, and the stimulated emission are simultaneously observed 

in the femtosecond time-resolved absorption measurement.  However, if these signals are 

significantly overlapped, the analysis and interpretation of the obtained data can be difficult.  

On the other hand, fluorescence spectroscopy provides the pure signal of the excited-state 

because the fluorescence is emitted only by the molecules in the singlet excited state.  Therefore, 

femtosecond time-resolved fluorescence spectroscopy is a powerful tool for selective observation 

of the excited-state dynamics. 

There are two major femtosecond time-resolved fluorescence spectroscopies using 

“upconversion” and “Kerr-gate” methods.  Femtosecond time-resolved upconversion 

fluorescence spectroscopy is the most used time-resolved fluorescence technique.  In this 

method, the sample is first excited by a pump pulse, and then emits the fluorescence.  This 

fluorescence and another pulsed light called “gate pulse” are focused into the nonlinear crystal, 

and generate the sum frequency.  The sum frequency is generated only when the fluorescence 

and the gate pulse are focused into the nonlinear crystal simultaneously.  Therefore, if the gate 

pulse is sufficiently short with respect to the fluorescence decay time, the fluorescence intensity 

at delay time T is measured by monitoring the intensity of the sum frequency light.  However, 

the measurement of the fluorescence intensities at various wavelengths, i.e., the time-resolved 

fluorescence spectrum using this method is time consuming. This is because the nonlinear crystal 

needs to be rotated so that the fluorescence at each wavelength and the gate pulse satisfy the 

phase matching condition.  On the other hand, femtosecond time-resolved Kerr-gate 

fluorescence spectroscopy enables us to obtain the time-resolved fluorescence spectra at once.  

Herein, the experimental technique of femtosecond Kerr-gate fluorescence spectroscopy3-6 is 

described. 

 In this method, an ultrafast optically controlled shutter called “Kerr shutter” is used.  

Kerr shutter consists of two polarizers and an isotropic material (“Kerr medium”) arranged 

between these polarizers (Figure 2.4).  The polarizations of these polarizers are set to vertical 

and horizontal, respectively. 
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 The sample is first excited by a pump pulse, and the fluorescence is emitted by the 

sample.  Then, this fluorescence enters the first polarizer of the Kerr shutter.  Here, only the 

vertical component of the fluorescence can transmit the first polarizer of the Kerr shutter (Figure 

2.4a).  And then, after passing through the Kerr medium, this vertically polarized fluorescence 

is blocked by the horizontal polarizer.  Therefore, the fluorescence cannot pass through the Kerr 

shutter (the Kerr shutter is closed). 

 However, while a 45-degree polarized ultrashort pulse “gate pulse” irradiates the Kerr 

medium, the anisotropic change in the refractive index of the Kerr medium (called “Optical Kerr 

Effect”) is induced, giving rise to the transient birefringence of the Kerr medium (Figure 2.4b).  

If the vertically polarized fluorescence passes through the Kerr medium when the transient 

birefringence is induced, the polarization of the fluorescence is changed, and becomes elliptical 

in general.  Since the polarization of the fluorescence is no longer vertical, the fluorescence can 

partially pass through the second horizontal polarizer (the Kerr shutter is open).  Therefore, the 

fluorescence can pass through the Kerr shutter only when the gate pulse irradiates the Kerr 

medium.  By scanning the path length of the gate pulse, time-resolved fluorescence spectra at 

various delays are obtained. 
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Figure 2.4.  Schematic illustration of the Kerr shutter. (a) Kerr shutter is close in the absence of 

the gate pulse. (b) Kerr shutter is open while the gate pulse irradiates the Kerr medium. 
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2.1.3 Femtosecond stimulated Raman spectroscopy 

Although femtosecond electronic spectroscopies provide important information such as the 

lifetime or electronic spectrum of the transient species, these techniques are not very sensitive to 

the structural change of the molecule.  Recently, ultrafast X-ray diffraction method has been 

developed in order to observe the structural change of the molecule at the atomic scale in the 

femto/picosecond time region. This method has successfully captured the structures of the first 

intermediates of photoactive yellow protein.7, 8 Although the X-ray method is powerful to 

determine the absolute atomic geometry of the molecule, the structural difference in the 

subatomic scale cannot be detected. Moreover, the crystallographic data provide only the 

electron density map, and thus this method does not provide any information about bonding 

strengths and binding modes.  To obtain such detailed structural changes in the 

femto/picosecond time region, femtosecond time-resolved vibrational spectroscopy is usually 

employed.  One of the most used femtosecond vibrational spectroscopic techniques is 

femtosecond infrared absorption spectroscopy that utilizes the infrared pulse as a probe9.  

However, it is quite challenging to apply this technique to the photoreceptor proteins because 

protein backbone and water in the sample strongly absorb the infrared probe pulse.  For the 

measurement of the vibrational spectrum of photoreceptor proteins, Raman spectroscopy is 

primarily preferred.  This is because the Raman spectroscopy employs the visible light, which is 

not primarily absorbed by protein backbone and water. 

 The frequency resolution and time resolution of the time-resolved spontaneous Raman 

spectroscopy are limited by the bandwidth and pulse duration of the Raman pump pulse, 

respectively.  However, one cannot achieve both high frequency resolution and high time 

resolution simultaneously since the bandwidth and the pulse duration is limited by transform 

limit.  In other words, if one increases the frequency resolution, the time resolution becomes 

worse, and vice versa.  Typically, ~10-cm-1 frequency resolution is required to analyze the 

Raman spectrum, limiting the time resolution lower than several picoseconds10. 

However, in the last decade, time-resolved impulsive stimulated Raman spectroscopy 

(TR-ISRS)11-13 and femtosecond stimulated Raman spectroscopy (FSRS) 14-18 have been 

developed.  These methods allow us to measure the Raman spectrum with sub-picosecond time 

precision and sufficient frequency resolution.  TR-ISRS is a time-domain Raman spectroscopy.  
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In TR-ISRS measurement, the transient species is first created by an actinic pump pulse.  

Subsequently, the nuclear wavepacket motion of the transient species is induced by a broadband 

(and ultrashort (typically <10 fs)) pulse through the impulsive stimulated Raman process.  The 

vibrational spectrum of the transient species is obtained by Fourier analysis of the periodic 

modulation of the absorbance due to the nuclear wavepacket motion.  Because of the broadness 

of the spectrum of this pulse that is used to induce the nuclear wavepacket motion, it is 

sometimes difficult to adjust the pulse spectrum so that the pulse selectively excites the transient 

species of interest.  On the other hand, FSRS is a frequency-domain Raman spectroscopy.  

This method does not need broadband pulse.  Therefore, the transient species of interest can be 

selectively excited.  Herein, the experimental technique of FSRS method is described. 

In this method, the transient species is first created by an actinic pump pulse (Figure 2.5).  

After certain delay time (T), a narrowband picosecond Raman pump pulse, which is resonant 

with the electronic transition of the transient species of interest, and a femtosecond 

supercontinuum probe pulse are simultaneously focused into the sample, yielding a resonantly 

enhanced stimulated Raman spectrum of the transient species. Due to the narrowness of the 

Raman pump bandwidth, Raman pump spectrum can be easily adjusted so that the transient 

species of interest is selectively observed. The frequency resolution of the FSRS spectrum is 

primarily determined by the bandwidth of the Raman pump pulse (typically 10-20 cm-1).  

Moreover, since the stimulated Raman process occurs only when the Raman pump and 

supercontinuum probe pulses simultaneously irradiate the sample, the Raman process can be 

triggered with a temporal precision which is determined by the pulse duration of the femtosecond 

supercontinuum probe (typically ~100 fs).  The transmitted supercontinuum probe pulse, in 

which the stimulated Raman signal is contained, is spectrally analyzed by a polychromator and 

detected by a multichannel detector.  By following this scheme, time-resolved stimulated 

Raman spectrum in a wide wavenumber region is observed simultaneously.  By scanning the 

interval between the actinic pump pulse and the pair of the Raman pump and supercontinuum 

probe pulses, the stimulated Raman spectra at various delays (T) are obtained (Figure 2.5).   

The FSRS spectrum is measured as the transient absorbance change induced by the 

Raman pump.  Therefore, the femtosecond stimulated Raman spectrum ),( TA R    is 

calculated as follows 
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where ),( TI RON   and ),( TI ROFF   are the supercontinuum probe intensities at Raman 

shift R  after passing through the sample with and without Raman pump pulse at T. 

 

 

Figure 2.5.  Schematic illustration of the measurement scheme of the FSRS. 
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Chapter 3: Ultrafast Photoreactions of the All-Trans 

and 13-Cis Anabaena Sensory Rhodopsins Studied by 

Femtosecond Time-Resolved Kerr-Gate Fluorescence 

Spectroscopy 

 

3.1 Introduction 

Rhodopsins are seven-helical transmembrane proteins having a retinal bound to the amino group 

of the side chain of a lysine via a protonated Schiff base linkage.  The rhodopsins are classified 

into type-I and type-II rhodopsins1.  The visual pigments of higher animals possessing 11-cis 

retinal chromophore2 are classified as type-II rhodopsin.  On the other hand, the bacterial 

rhodopsins, such as bacteriorhodopsin (bR) 3 and halorhodopsin (hR)4, are type-I rhodopsin.  

The type-I rhodopsin accommodates either an all-trans or 13-cis retinal chromophore. Therefore, 

in general, the type-I rhodopsins having these retinal isomers coexist. 

The photoexcitation converts the rhodopsins into several long-lived intermediates, in 

which their physiological functions are achieved5.  As for bR, the proton pump function is 

achieved through the photocycle reaction of the all-trans bR (bR having an all-trans retinal).  

Upon photoexcitation of the all-trans bR, the J intermediate is formed within a few picoseconds.  

Subsequently, the J intermediate is converted into the K intermediate, and the photocycle 

reaction starts. The photocycle reaction of the all-trans bR is accompanied by salient structural 

change of the protein, giving rise to the outward proton pumping.  On the other hand, the 

photoexcitation of the 13-cis bR (bR having a 13-cis retinal) allegedly yields an intermediate, 

which is called 610C (or 620C) intermediate6-8.  In analogy with the all-trans bR, it is tempting to 

consider that this intermediate relaxes back to the 13-cis bR6 though the photocycle reaction.  

However, it is also possible that this intermediate is converted to the all-trans bR7.  As 

described above, the photoreaction of the 13-cis is not well-known9.  This is because the 

illumination induces the “light-adaptation” reaction that unidirectionally converts the 13-cis bR 

to the all-trans bR (Figure 3.1a)1 during the spectroscopic experiment, and decreases the 

concentration of the 13-cis bR.  
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Figure 3.1. Schematic illustration of the reactions including “Dark-adaptation” and 

“Light-adaptation” reactions of bacteriorhodopsin (bR) and Anabaena sensory rhodopsin (ASR). 

(a) The reactions of bR.  The black arrows between the all-trans and 13-cis bRs correspond to 

the “Dark-adaptation” reaction.  The brown arrow indicates the “Light-adaptation” reaction.  

The photocycle reactions of all-trans and 13-cis bRs are also depicted in black arrows. The 

reactions shown in broken arrows are still in discussion. (b) The reactions of ASR.  The black 

arrows between the all-trans and 13-cis ASRs correspond to the “Dark-adaptation” reaction.  

The successive reactions from all-trans to 13-cis through the K intermediate and the opposite 

through the X intermediate correspond to the “Light-adaptation” reaction.   
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Anabaena sensory rhodopsin (ASR) is a rhodopsin discovered from eubacterium 

Anabaena sp. PCC 712010.  Differently from the typical microbial rhodopsins, the all-trans 

ASR (ASR having an all-trans retinal) is photoconverted to the 13-cis ASR (ASR having a 

13-cis retinal) through the long-lived intermediates, and vice versa (“Light-adaptation”) as 

shown in Figure 3.1b. Therefore, ASR achieves the photochromic reaction 

(photointerconversion) between the all-trans ASR and the 13-cis ASR11-13, while the 

photoreactions of the other rhodopsins are primarily cyclic.  To elucidate the mechanism for 

this intriguing photoreaction of ASR, the structure and photoreactions of ASR have been studied 

extensively 14-18.   

Another characteristic feature of ASR is that 72% of the ground-state ASR exists as the 

13-cis ASR in the “Light-adapted” condition12,14, in which the sample is continuously 

illuminated, while 97% of the ground-state ASR is the all-trans ASR in the dark.  Owing to the 

high concentration of the 13-cis ASR in the “Light-adapted” condition, it is expected that the 

photoreaction of the 13-cis rhodopsin can be clearly observed.  Recently, the S1-state dynamics 

of the all-trans and 13-cis ASRs were observed by means of femtosecond time-resolved 

absorption spectroscopy19-21.  However, in the previous studies19, the S1 dynamics of the 

all-trans and 13-cis ASRs are not clearly characterized.  Moreover, although it was suggested 

that the S1 state of the 13-cis ASR deactivates within a picosecond, the S1 lifetimes of the 13-cis 

ASR reported by two different groups are different from each other (=160±30 fs in ref. 19 and 

<100 fs in ref. 21).  It is considered that the signals due to all the relaxation processes 

including the reactions in the ground state are superimposed on the deactivation signal of the S1 

states of the all-trans and 13-cis ASRs in the femtosecond time-resolved absorption signal.  On 

the other hand, femtosecond time-resolved fluorescence spectroscopy enables us to selectively 

observe the S1 dynamics of ASR since the fluorescence is emitted only by the singlet excited 

states. 

In this study, femtosecond time-resolved Kerr-gate spectroscopy was used to investigate 

the excited-state dynamics of the all-trans and 13-cis ASRs.  Based on the obtained 

fluorescence spectra, the photoisomerization dynamics of the all-trans and 13-cis retinals in the 

ASR protein are discussed. 
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3.2 Experimental methods 

Sample preparation 

The ASR protein was prepared by an established method10. Briefly, the C-terminally His-tagged 

full-length ASR was expressed by Escherichia coli BL21(DE7) strain.  The cells were 

harvested by centrifugating the cell culture and sonicated.  The ASR protein was solubilized 

with 1% w/w n-dodecyl -D-maltoside (DDM) and purified by Ni2+-nitrilotriacetic acid 

(Ni2+-NTA) column.   The purified ASR solution was dialyzed with pH 7 PIPES buffer (25 

mM PIPES, 200 mM NaCl, 0.1% w/w DDM).  The optical density of the sample, which is used 

in the following experiment, is 0.4 OD/ mm at 552 nm in “Dark-adapted” condition (kept in the 

dark for a day). 

 

Femtosecond time-resolved Kerr-gate fluorescence spectroscopy 

The schematic of the experimental setup is depicted in Figure 3.2.  The 4.0-mJ portion of the 

output of a Ti:sapphire amplifier system (800 nm, 8.0 mJ, 80 fs, 1 kHz, Legend Elite Duo, 

Coherent) was used to drive an optical parametric amplifier (TOPAS-C, Light Conversion), and 

its idler output at 2220 nm was frequency-doubled to generate a pulse at 1110 nm.  The 

1110-nm pulse was divided into two portions.  One of them is introduced to the mirror pair to 

change the polarization to 45 degrees, and used as a gate pulse.  The other is frequency-doubled 

to generate a pump pulse at 555 nm.   The pump polarization was set at the magic angle (54.7).  

The pump pulse (40 nJ / pulse, FWHM ~ 100 fs) was focused into a flow cell (1-mm path length), 

in which the sample solution was circulated.  The circulation speed was optimized so that each 

laser shot irradiates a fresh portion of the sample. The fluorescence from the sample was 

collected by a parabolic mirror, and passed through a wire-grid polarizer, which is set to vertical 

polarization.  The 45-degree polarized gate pulse (12 J / pulse, FWHM ~ 100 fs) and the 

vertically-polarized fluorescence were focused into a 1-mm path length quartz cell, in which 

bromobenzene is contained as a Kerr medium.  The fluorescence after passing through the Kerr 

medium and a Glan-Taylor polarizer, which is set to horizontal polarization, were spectrally 

analyzed by a polychromator (iHR320, Horiba) equipped with a CCD camera (PIXIS-400F, 

Princeton Instruments).  The group delay dispersion of the fluorescence was examined by 

measuring the Kerr-gate signal of a supercontinuum generated at the sample position.  The 

temporal profile of the supercontinuum was used to calibrate the time origin at each wavelength.  
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The instrumental response, which was evaluated based on the Kerr-gate signal of the 

supercontinuum at 700 nm, was not symmetric because the birefringence of the Kerr medium 

was induced by the off-resonant impulsive stimulated Raman process of the librational mode of 

bromobenzene (Raman-induced Kerr effect), which persists until 1 ps.  Therefore, the 

instrumental response function (IRF) was reconstructed (purple line in inset of Figure 3.2) by a 

superposition of three Gaussian functions (Red, green and blue lines in inset of Figure 3.2).  

The reconstructed IRF is taken into account by convoluting it with the multiexponential function 

when the fluorescence kinetics is analyzed by the fitting procedure.  The most dominant 

Gaussian component has ~250 fs FWHM.  Therefore, the time resolution of this experiment is 

estimated to be 250 fs. 

 

 

Figure 3.2.  Schematic illustration of femtosecond Kerr-gate fluorescence apparatus.  Kerr 

signal at 700 nm (gray circle), reconstructed instrumental response function (IRF, purple line) 

and Gaussians that are used to reconstruct the IRF (Red, green and blue lines) are shown in inset.  

OPA: Optical parameteric amplifier, SHG: Second harmonic generator. 
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3.3 Results & Discussion 

Absorption spectra of all-trans and 13-cis ASRs 

The ASR sample is a mixture of the all-trans and 13-cis ASRs.  It has been reported that the 

all-trans ASR:13-cis ASR ratio depends on the illumination condition10,12.  In fact, the 

absorption spectra of “Dark-adapted” sample, which is kept in the dark for a day, was not 

identical to that of “Light-adapted” sample, which is illuminated by orange (>560 nm) light for 5 

minutes (Figure 3.3a).  According to the previous research, in the “Dark-adapted” condition, the 

all-trans:13-cis ratio reaches 0.97:0.03.  On the other hand, in the “Light-adapted” sample, the 

all-trans:13-cis ratio is 0.28:0.7216.  Based on the absorption spectra and the reported ratios in 

the “Dark-adapted” and “Light-adapted” conditions, the absorption spectra of the all-trans and 

13-cis ASRs were calculated (Figure 3.3b).  The absorption maximum wavelengths of the 

all-trans and 13-cis ASRs are 552 nm and 540 nm, respectively.  These values are consistent 

with the previous reports11,13. 

 

Figure 3.3. Absorption spectra of the ASR samples. (a) The absorption spectra of the 

“Dark-adapted” (red) and ”Light-adapted” (blue) samples. (b) The absorption spectra of the 

all-trans (orange) and 13-cis (green) ASRs.  The spectrum of the pump pulse used in the 

time-resolved experiment (555 nm, 5-nm FWHM) is depicted as a filled green spectrum.  The 

“Dark-adapted” sample was prepared by keeping in the dark for a day.  The “Light-adapted” 

sample was prepared by illuminating orange light for 5 minutes. 
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Femtosecond time-resolved Kerr-gate fluorescence measurements of “Dark-adapted” and 

“Light-adapted” ASRs 

To monitor the all-trans:13-cis ratio during the 200-minutes accumulation of the fluorescence 

signal in “Dark-adapted” condition, the absorption spectra of the sample were measured after 0, 

100, 150, and 200 minutes from the start time of the measurement, and fitted by a sum of the 

absorption spectra of the all-trans and 13-cis ASRs.  It was found that the molar fraction of the 

13-cis ASR almost linearly increased from 0.03 to 0.17.  This is because the pump pulse 

induces the photoreaction from the all-trans ASR to the 13-cis ASR through the 

“light-adaptation” reaction (Figure 3.1b).  Based on the fitting of the absorption spectrum after 

100 minutes, it is concluded that the time average of the molar fraction of the all-trans ASR 

during the measurement is 0.89 (all-trans:13-cis = 89:11).  Therefore, hereafter, in the 

“Dark-adapted” condition, the all-trans:13-cis ratio is assumed to be 89:11.   

Femtosecond time-resolved Kerr-gate fluorescence spectra of the “Dark-adapted” ASR at 

selected delays are shown in Figure 3.4a.  The fluorescence intensity exhibited a peak around 

0.1 ps, and almost completely decayed within 5 ps.   

The femtosecond time-resolved Kerr-gate fluorescence spectra of the “light-adapted” 

ASR sample are shown in Figure 3.4b.  On the basis of the absorption spectrum measured 

during the time-resolved fluorescence measurement, the all-trans:13-cis ratio was evaluated to be 

28:72.  Although the time evolution of the spectra was similar to that in the “Dark-adapted” 

condition, the observed time-resolved fluorescence intensity was weaker. 
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Figure 3.4. Femtosecond time-resolved Kerr-gate fluorescence spectra of (a) the “Dark-adapted” 

(red) and (b) the “Light-adapted” (blue) ASR samples at selected delays.  The spectra in shaded 

wavelength regions are disturbed by the scattering of the pump pulse at 555 nm and the 

fundamental of the femtosecond laser at 800 nm.  The energies of the pump and gate pulses 

were 40 nJ and 12 J, respectively.  The FWHMs of the temporal profiles of these pulses were 

~100 fs.  The optical density of the sample (in the “Dark-adapted” condition) is 0.4 OD/ mm at 

552 nm. 
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To extract the dynamics of ASR in the S1 state, the time-resolved fluorescence spectra in 

the 610-750 nm region were integrated, yielding the fluorescence kinetics (Figure 3.5).  The 

direct comparison of these kinetics shows that the amplitude of the kinetics of the “Light-adapted” 

ASR (filled red circle) is smaller than that of the “Dark-adapted” ASR (filled blue circle).  The 

kinetics of the “Dark-adapted” ASR was compared with the tail-matched kinetics of the 

“Light-adapted” ASR (multiplied by the factor of 3.2, open blue circle) in Figure 3.5.  This 

comparison clearly shows that the “Light-adapted” ASR exhibits the fast decaying component 

within 1 ps.  This rapid decay is attributable to the deactivation of the 13-cis ASR in the S1 state 

since the “Light-adapted” sample contains saliently high concentration of the 13-cis ASR 

(all-trans:13-cis = 28:72) compared with that of the “Dark-adapted” sample (89:11).  On the 

other hand, in the picosecond region, the fluorescence decays are similar to each other, indicating 

that the fluorescence in this time region is attributable to the deactivation of the all-trans ASR in 

the S1 state. 

 

Figure 3.5. The fluorescence kinetics, which were obtained by integrating the fluorescence 

spectrum of the “Dark-adapted” and “Light-adapted” ASR samples in the 610-750 nm region.  

The kinetics of the “Dark-adapted” and “Light-adapted” ASR samples are shown in filled red 

and filled blue circles.  The tail-matched “Dark-adapted” ASR kinetics (multiplied by the factor 

of 3.2) is shown in open blue circle.  The energies of the pump and gate pulses were 40 nJ and 

12 J, respectively.  The FWHMs of the temporal profiles of these pulses were ~100 fs.  The 

optical density of the sample (in the “Dark-adapted” condition) is 0.4 OD/ mm at 552 nm. 
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Femtosecond time-resolved Kerr-gate fluorescence signals of all-trans and 13-cis ASRs 

The femtosecond time-resolved Kerr-gate fluorescence spectra of the all-trans and 13-cis ASRs 

were separated from the spectra measured in the “Dark-adapted” and “Light-adapted” conditions 

based on the all-trans:13-cis ratio in these conditions.  In the “Dark-adapted” condition, the 

all-trans:13-cis ratio is 89:11.  Therefore, assuming that the pump intensity is so weak that the 

number of the excited-state molecule created by the pump pulse is proportional to the optical 

density at the pump wavelength (555 nm), the time-resolved fluorescence spectra in the 

“Dark-adapted” condition can be given by 
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where DA

ATr  and DA

Cr13
 are the molar fractions of the all-trans and 13-cis ASRs in the 

“Dark-adapted” condition (0.89 and 0.11, respectively), AT

555  and C13

555  are the extinction 

coefficients of the all-trans and 13-cis ASRs at 555 nm (excitation wavelength) and ),( tsAT   

and ),(13 ts C   are the time-resolved fluorescence spectra of the all-trans and 13-cis ASRs.  

The time-resolved fluorescence spectra were simplified by ),(),( 555 tstS AT
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C   .  As well as the time-resolved fluorescence spectra in “Dark-adapted” 
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The obtained fluorescence spectrum of each isomer at selected delays is shown in Figure 3.6.  

The fluorescence of the all-trans ASR vanishes within 5 ps (Figure 3.6a).  On the other hand, 

the 13-cis fluorescence almost completely decays within 1 ps.  The fluorescence of the 13-cis 

ASR decays faster than that of the all-trans ASR, indicating that the S1 lifetime of the 13-cis 

ASR is shorter than that of the all-trans ASR.  Since the maximum S1←S0 extinction 

coefficient of the 13-cis ASR has the same order of magnitude as that of the all-trans ASR, their 

amplitudes of the time-resolved fluorescence should be comparable.  However, in this study, 

the observed amplitude of the time-resolved fluorescence of the 13-cis ASR (Figure 3.6b) is 
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much smaller than that of the all-trans ASR.  This is because the timescale of the fluorescence 

decay is comparable to the time resolution. 

 

Figure 3.6. Femtosecond time-resolved Kerr-gate fluorescence spectra of the (a) all-trans 

(orange) and (b) 13-cis (green) ASRs at selected delays.  The spectra in shaded wavelength 

regions are disturbed by the scattering of the pump pulse at 555 nm and the fundamental of the 

femtosecond laser at 800 nm.  The energies of the pump and gate pulses were 40 nJ and 12 J, 

respectively.  The FWHMs of the temporal profiles of these pulses were ~100 fs.  The optical 

density of the sample (in the “Dark-adapted” condition) is 0.4 OD/ mm at 552 nm. 
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To extract the dynamics in the S1 state, the fluorescence kinetics of the all-trans and 

13-cis ASRs are constructed by integrating the time-resolved fluorescence spectra in the 610-750 

nm region.  The obtained kinetics are shown in Figure 3.7.  The fluorescence of the all-trans 

ASR almost completely diminishes within 5 ps, indicating that the all-trans ASR in the S1 state 

relaxes to the S0 state within this delay.  To examine the dynamics of the all-trans ASR in the 

S1 state more quantitatively, the fitting analysis of the kinetics that takes the instrumental 

response (inset of Figure 3.2) into consideration was carried out.  The kinetics was nicely 

reproduced by a superposition of two exponential components with time constants of 700 fs and 

2 ps, suggesting that two S1 species with these lifetimes exist. 

In the previous femtosecond time-resolved absorption study19, upon photoexcitation of 

the all-trans ASR, the photoproduct band showed up within 2 ps.  This suggests that the 700-fs 

component gives rise to the photoproduct whereas the 2-ps component relaxes back to the 

original all-trans S0 state.  Therefore, it is concluded that the photoisomerization of the all-trans 

retinal in ASR takes place with a time constant of 700 fs.  Since the fluorescence vanished 

within 5 ps, the spectral change after 5 ps, which is observed in femtosecond absorption signal, is 

attributable to the dynamics in the ground state.   

The existence of two distinct S1 states can be rationalized by either of two mechanisms 

shown in Figure 3.8a.  In mechanism (i), the population blanches in the vicinity of the 

Franck-Condon state, giving rise to two S1 species. In mechanism (ii), two distinct ground-state 

species having different chemical properties exist, and each species is excited to the S1 state in 

parallel, giving rise to two species in the S1 state.  However, it is difficult to judge which is 

more likely based on the present experiment. 

On the other hand, as shown in Figure 3.7b, the 13-cis fluorescence vanishes within 1 ps.  

The 13-cis fluorescence kinetics is reproduced by single exponential component with a time 

constant of 250 fs, indicating that the photoisomerization of the 13-cis retinal in ASR occurs with 

a time constant of 250 fs.  This result is close to the lifetime reported in ref. 19 (160±30 fs) 

rather than that in ref. 21 (<100 fs). 
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Figure 3.7. The fluorescence kinetics of the (a) all-trans and (b) 13-cis ASRs.  The black 

curves depict the fits.  The energies of the pump and gate pulses were 40 nJ and 12 J, 

respectively.  The FWHMs of the temporal profiles of these pulses were ~100 fs.  The optical 

density of the sample (in the “Dark-adapted” condition) is 0.4 OD/ mm at 552 nm. 

 

 

 

 

 



36 

 

The period of the twisting motion about C13C14 double bond of the all-trans retinal 

chromophore in the ASR protein is reported to be ~200 fs19 based on the Fourier analysis of the 

beat signal due to the nuclear wavepacket motion superimposed on the femtosecond absorption 

kinetics.  The period of the twisting motion about C13C14 double bond of the 13-cis retinal 

should be comparable to that of the all-trans retinal in the ASR protein (~200 fs). This value is 

comparable to the time constant for the isomerization of the 13-cis retinal in the ASR protein 

(250 fs) obtained in this study. Therefore, the 13-cis retinal isomerizes almost within the period 

of the C13C14 double bond twisting.  Thus, it is possible that the S1 population of the 13-cis 

retinal in ASR moves toward the conical intersection (CI in Figure 3.8) in the absence of the 

finite energy barrier (Figure 3.8b).  If it is true, the time-resolved fluorescence spectrum of the 

13-cis ASR is expected to exhibit a gradual red shift, because the S1 and S0 potentials gradually 

approach each other.  In the present experiment, due to low S/N ratio, it was impossible to 

judge whether the time-resolved fluorescence spectrum takes place the gradual red shift.   
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Figure 3.8. Schematic illustration of the relaxation pathways of the all-trans and 13-cis ASRs in 

the S1 state.  (a) Two possible relaxation mechanisms of the all-trans ASR.  (b) The relaxation 

pathway of the 13-cis ASR. 
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 From the structural viewpoint, the protein structures of the all-trans and 13-cis ASRs are 

similar to each other14.  Therefore, the direct comparison between the fluorescence data of the 

all-trans and 13-cis ASRs show how the photoisomerization dynamics depends on the 

conformation of the chromophore in the ASR protein.  The photoisomerization of the all-trans 

retinal in ASR proceeds with a time constant of 700 fs, while that of the 13-cis retinal takes place 

with a time constant of 250 fs, manifesting that the chromophore conformation is an important 

factor that determines the isomerization rate in the ASR protein.  It has been reported that the 

photoisomerization process of cis-stilbene in solution is one order of magnitude faster than that 

of trans-stilbene (~1 ps vs ~30 ps)22-23.  The result presented here indicates that the same is true 

for the retinal in the ASR protein. 

 

3.4 Conclusions 

The femtosecond time-resolved fluorescence spectra of the all-trans and 13-cis ASRs were 

measured by femtosecond Kerr-gate fluorescence spectroscopy.  Based on the fitting analysis of 

the fluorescence kinetics, the all-trans retinal in the ASR protein isomerizes with a time constant 

of 700 fs whereas the 13-cis retinal undergoes isomerization with a time constant of 250 fs.  

Based on these observations, it is concluded that the photoisomerization of the 13-cis retinal 

proceeds several times faster than that of the all-trans retinal in the ASR protein, suggesting that 

the chromophore conformation significantly affects the photoisomerization dynamics in the ASR 

protein. 
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Chapter 4: Ultrafast Photoreaction Dynamics of 

Light-Driven Sodium-Ion-Pumping Rhodopsin KR2 

Revealed by Femtosecond Time-Resolved Absorption 

Spectroscopy 

 

4.1 Introduction 

Rhodopsins constitute an important group of the photoreceptor proteins that are widely 

distributed over the organisms including the higher animals and microbes1-3.  While the animal 

rhodopsin primarily works as visual pigments, the microbial rhodopsin exhibits various unique 

functions such as the proton pump, halide ion pump, and biological light sensor1-7.  From the 

structural viewpoint, these rhodopsins are composed of seven transmembrane--helices that 

possess the retinal chromophore inside.  The chromophore is covalently bound to a lysine side 

chain via a protonated Schiff base linkage, imposing a positive charge on the chromophore.  

Thus, it had been believed that rhodopsins which pumps cations other than the proton does not 

exist because of the electronic repulsion between the positively charged chromophore and the 

cation.  Surprisingly, however, the rhodopsins which functions as the outward light-driven 

sodium ion pump were recently discovered8,9, and KR2 of the marine bacterium Krokinobacter 

eikastus is the first sodium ion pump protein reported.  Moreover, KR2 is recognized as a 

potential tool for optogenetics that allows optical control of the neural activity10-12.  Therefore, 

KR2 is receiving considerable attention as a promising candidate for the opto-physiological 

applications, as well as the system to investigate the microscopic mechanism for the unique 

function of the cation pump8,12. 

Physiological functions of the microbial rhodopsins are realized through a photocycle 

reaction.  Upon photo-irradiation, the chromophore first undergoes ultrafast isomerization from 

the initial all-trans form to the 13-cis form13.  This photoisomerization of the chromophore is 

followed by the photocycle reaction involving numbers of intermediates, such as the K, L, M, N, 

and O intermediates, accompanied with salient structural changes of the protein over the time 
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scale from nanosecond to second14-16.  As with the typical rhodopsins, the K, L, M, and O 

intermediates were found in KR2. 

Very recently, an X-ray crystallographic study has revealed the atomic-scale structure of 

the KR2 protein, giving detailed structural insights12,17.  The reported structure of the amino 

acid residues around protonated retinal Schiff base (PRSB) is shown in Figure 4.1a, in 

comparison with that of bacteriorhodopsin (bR)18 (Figure 4.1b), the well-studied microbial 

rhodopsin working as a light-driven proton pump.  In the case of bR, the Asp85 residue acts as 

the counterion of the positively charged PRSB19.  Upon formation of the M intermediate, the 

proton of the PRSB migrates to Asp85, and a subsequent relay of the protons accomplishes the 

proton pump from the cytoplasmic to the extracellular side20.  In contrast, it was suggested that 

the counterion of PRSB in KR2 is Asp116.  The X-ray crystallographic data suggested that 

Asp116 receives the proton of the PRSB and redirects to Asn112 and Ser70 in the M 

intermediate, opening a channel that allows a sodium ion to be transported12. This proton transfer 

is considered a key process, because the deprotonation of PRSB can reduce the electronic 

repulsion between the chromophore and the sodium ion, which enables the sodium ion 

transportation. 
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Figure 4.1.  Schematic illustration of the molecular structure around the protonated retinal 

Schiff base region of (a) KR2, in comparison with that of (b) bR. The structure of KR2 is based 

on its crystallographic structure obtained at neutral pH12 (PDB ID: 3X3C). The structure of bR 

was reported by Schobert et al.18  (PDB ID: 1M0L).  The retinal chromophore is colored in 

yellow.  The atoms colored in green and pink correspond to the atoms connecting the side chain 

and the main chain of KR2 and bR, respectively.  (c) Comparison of the chromophore part of 

the crystal structures of KR2 and bR. 
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The spectroscopic approach is powerful for elucidating the primary structural change of 

photoreceptor proteins21,22.  So far, nanosecond time-resolved absorption spectroscopy on KR2 

has shown a photoproduct band around 605 nm that is red-shifted from the dark-state absorption8.  

This photoproduct band is similar to the K-intermediate absorption of bR, suggesting that the K 

intermediate is also formed in KR28,13.  Fourier transform infrared spectroscopy at 77 K showed 

a difference spectrum between the K intermediate and the ground-state KR2 in the C-C stretch 

region, and demonstrated that it is also similar to the reported difference spectrum of bR13.  

These spectral similarities suggest that the isomerization of the chromophore from all-trans to 

13-cis is involved in the formation process of the K intermediate of KR2, as in the case of bR. 

However, considering the unique arrangements of the amino acid residues around PRSB in KR2, 

it is expected that the protein environment suitable for the sodium ion pump is formed with 

photoexcitaiton, which leads to its distinct functional difference from bR.  Therefore, it is 

important to examine the initial dynamics following the photoexcitation of the chromophore 

down to the formation of the K intermediate, for fully elucidating the mechanism that enables the 

sodium ion pump.  Here, a femtosecond time-resolved absorption study of this firstly 

discovered sodium ion pump KR2 is reported. 

 

4.2 Experimental Methods 

Sample preparation 

The KR2 sample was provided by Dr. Keiichi Inoue, Dr. Rei Abe-Yoshizumi and Prof, Hideki 

Kandori at Nagoya Institute of Technology.  The sample was dissolved in a 50 mM Tris-HCl 

buffer at pH 8 containing 100 mM NaCl and 0.05% n-dodecyl--D-maltoside (DDM). 

Femtosecond time-resolved absorption spectroscopy 

Schematic of femtosecond absorption apparatus is depicted in Figure 4.2.  The output of a 

Ti:sapphire amplifier system (800 nm, 1.2 mJ, 80 fs, 1 kHz, Legend Elite, Coherent) was divided 

into two.  The 0.2 mJ portion was attenuated and focused into 3-mm-thick calcium fluoride 

(CaF2) to generate a white-light pulse that spectrally covers the whole visible region.  The 

white-light pulse was divided into two, and they were used as probe and reference pulses.  The 
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remaining 1 mJ portion was used to drive an optical parametric amplifier (TOPAS-C, Light 

Conversion), and its signal output at 1150 nm was frequency-doubled to generate a pump pulse 

at 575 nm.  The pump polarization was set at the magic angle (54.7) with respect to the 

horizontally polarized probe pulse.  Both the pump and probe pulses were focused into a flow 

cell (1 mm path length), in which the sample solution was circulated. The circulation speed was 

optimized so that each laser shot irradiates a fresh portion of the sample.  The probe pulse after 

passing through the sample and the reference pulse were spectrally analyzed by a polychromator 

(500is/sm, Chromex) equipped with a CCD camera (PIXIS-400F, Princeton Instruments).  The 

time resolution of this measurement was evaluated as 100 fs from the FWHM of the temporal 

profile of a stimulated Raman gain signal due to water.  The group delay dispersion of the 

white-light probe pulse was examined by the optical Kerr effect (OKE) measurement for the 

buffer, and it was used to calibrate the time origin at each wavelength. 

 

Figure 4.2.  Schematic illustration of femtosecond time-resolved absorption apparatus. 
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4.3 Results & discussion 

The steady-state absorption spectrum of KR2 in a buffer solution at pH 8 is shown at the bottom 

in Figure 4.3.  It exhibits the absorption maximum at 525 nm due to the S1←S0 transition of the 

retinal chromophore.  In the femtosecond absorption measurement, the KR2 protein was 

photoexcited at the red side of the absorption (575 nm) to reduce the excess energy as much as 

possible.  The obtained time-resolved absorption spectra in the 380-740 nm region are shown 

for selected delays in Figure 4.3.  Immediately after photoexcitation, femtosecond absorption 

spectrum exhibited a positive band around 460 nm, a negative band around 550 nm and a 

negative band around 720 nm, which are assignable to the excited-state absorption (ESA), the 

ground-state bleaching (GSB), and the stimulated emission (SE), respectively.  Both of the ESA 

and SE bands almost vanish by 1 ps, indicating that most of the excited-state population 

disappears within 1 ps.  In accordance with the decay of the excited-state bands, another 

positive band gradually shows up around 620 nm, indicating the formation of photoproducts.  

This photoproduct absorption (PA) subsequently exhibits a ~30-nm blue shift within a few 

picoseconds, and becomes a long-lived band peaked around 590 nm that shows no further 

change within the time range of the measurements (200 ps).  The blue shift of the PA band has 

also been observed for bR and sensory rhodopsins, and it has been attributed to the conversion 

from the first photoproduct (called J intermediate) to the K intermediate21.23-28.  Therefore, the 

PA band observed at 620 nm is assignable to the J intermediate of KR2, which is subsequently 

relaxed to the K intermediate that exhibits the absorption maximum around 590 nm. 
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Figure 4.3.  Femtosecond time-resolved absorption spectra of KR2 in a buffer solution at pH 8 

measured with photoexcitation at 575 nm (240 nJ/pulse).  The steady-state absorption spectrum 

of KR2 and the spectrum of the excitation pulse are also shown at the bottom. The spectral 

region shaded in gray is distorted by the scattering of the excitation beam.  The * marks 

represent spectral features due to the stimulated inverse Raman loss due to water.  The # marks 

indicate the stimulated Raman gain signal of water that is superimposed on the stimulated 

emission band. 
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To examine the early-time dynamics more quantitatively, the time-resolved absorption 

data were analyzed by the global fitting analysis that takes account of the finite instrumental 

response. Temporal profiles of the time-resolved absorption signals at five typical wavelengths 

are shown in Figure 4.4 with the best fits obtained from the global analysis. The global fitting 

indicates that the fits using five common time constants (0 – 4) nicely reproduce the temporal 

profile at every wavelength, indicating that the primary dynamics of photoexcited KR2 can be 

accounted for by these five components. The amplitude of each component obtained by the 

global fitting analysis is summarized in Table 4.1. the ultrafast dynamics of KR2 is discussed 

based on the result of the global analysis in the following.  
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Figure 4.4.  Temporal profiles of the femtosecond time-resolved absorption signals at (a) 460 

nm, (b) 550 nm, (c) 650 nm, (d) 720 nm and (e) 740 nm measured with photoexcitation at 575 

nm (240 nJ/pulse).  The black solid curve drawn for each trace depicts the fits.  Note that the 

horizontal scale is changed from the linear to the logarithmic scale after 2 ps.  The time region 

shaded in gray is distorted by unwanted instantaneous responses, such as coherent artifacts and 

Raman scattering of water. 
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Table 4.1.  Time constant and amplitude of each component obtained by the global fitting 

analysis of the femtosecond time-resolved absorption signals. 

obs 0 

(40 fs) 

1 

(180 fs) 

2 

(500 fs) 

3 

(3.0 ps) 

4 

(30 ps) 

460 nm -0.20 0.87 0.00 0.05 0.08 

550 nm 1.40 -0.56 -0.31 -0.10 -0.03 

650 nm 0.00 -1.78 0.64 0.32 0.03 

720 nm -0.46 -0.48 0.00 -0.02 -0.04 

740 nm 0.58 -0.87 0.00 -0.08 -0.05 

Sum of the amplitudes of the decay components is normalized to 1 at each wavelength. 

 

As clearly seen, the temporal profile of ESA at 460 nm and those of SE at 720 and 740 

nm exhibit a comparable decay that is well characterized by common three time constants of 1 = 

180 fs, 3 = 3.0 ps, and 4 = 30 ps.  This implies that the decay of the S1 state of KR2 is not a 

simple single exponential decay but contains several components. Nevertheless, the 1 

component (180 fs) most predominantly contributes to the signal, and this main relaxation in 

KR2 is substantially faster than that in bR (~500 fs) 21,23,24,26. 

In accordance with the fast relaxation of the S1 state, the PA band due to the J 

intermediate grows up around 620 nm, and its rise time is evaluated as ~180 fs, as seen for the 

time-resolved signal at 650 nm shown in Figure 4.4c.  This rise time coincides with the 1 

component of the S1 decay, indicating that the J intermediate is directly formed through the 

deactivation of the S1 state with the time constant of 1.  In other words, the S1 population 

having the 1 = 180 fs lifetime acts as a precursor of the J intermediate, and hence this S1 state is 

called the reactive S1 state, hereafter.  The S1 population having the 3 = 3.0 ps and 4 = 30 ps 
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lifetimes yields no photoproducts, because the PA signal does not show such slower rise 

components, so that these states are called the non-reactive S1 state.   

The PA signal at 650 nm shows an apparent decay with a time constant of 2 = 500 fs.  

The wavelength of 650 nm corresponds to the red side of the PA band, and this time constant 

represents the blue shift of the PA band, which is readily recognized in the time-resolved spectra 

shown in Figure 4.3. This implies that the J intermediate is converted to the K intermediate with 

2 = 500 fs in KR2.  After the J→K conversion, the PA signal apparently shows a slight decay 

with a time constant of ~3 ps.  Because this time constant is very close to the 3 value, it is 

tempting to consider that the ESA of one of the non-reactive S1 population is spectrally 

overlapped with the PA band and is observed at this particular wavelength of 650 nm.  

However, it is rather considered that it is more likely that the ~3-ps dynamics observed at 650 

nm is caused by the vibrational cooling process of the vibrationally-hot S0 state that is generated 

by the internal conversion of the reactive S1 population.  In fact, the GSB partially recovers 

with 1 = 180 fs (Figure 4.4b), indicating that the reactive S1 population not only generates the J 

intermediate but also relaxes into the original S0 state by the internal conversion.  It is expected 

that the S0 population generated by this fast internal conversion is vibrationally hot and hence 

shows a red-shifted absorption compared to that of the steady-state absorption of the initial S0 

state.  Thus, the vibrational cooling of the hot S0 population would be observed as the decrease 

in the absorption intensity at the longer wavelength side of the S1←S0 absorption.  It should be 

noted that an additional temporal change with a typical time constant of 0 = 40±20 fs is also 

observed immediately after photoexcitation.  This ultrafast component corresponds to the blue 

shift of ESA and the red shift of SE, implying that it arises from the initial motion of the S1 

population from the Franck-Condon state to the relaxed S1 state.  A similar ultrafast spectral 

dynamics has also been observed for other rhodopsins26,27,29,30. 

 Figure 4.5 illustrates the relaxation dynamics of photoexcited KR2 from the initial 

photoexcitation to the formation of the K intermediate, which has been revealed by the present 

study.  Photoexcitation at 575 nm first generates the S1 state in the Franck-Condon region, 

which exhibits the characteristic ESA at 460 nm and SE at 720 nm.  This initial Franck-Condon 

state is rapidly relaxed in the S1 state with 0 = 40 fs, which is accompanied with the blue shift of 

ESA and red shift of SE.  This relaxed S1 state is the precursor of the subsequent photocycle of 
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KR2, i.e., the reactive S1 state.  The reactive S1 state undergoes the rapid internal conversion 

with 1 = 180 fs, which involves isomerization of the retinal chromophore, and is directly 

converted to the J intermediate exhibiting the PA band at 620 nm.  The J intermediate is 

subsequently converted to the K intermediate with 2 = 500 fs, which is characterized by the 

~30-nm blue shift of the PA band.  A portion of the reactive S1 population is branched into the 

original S0 state upon the internal conversion, and generates the vibrationally-hot S0 population.  

The hot S0 population is relaxed back to the initial S0 state through the vibrational cooling that 

proceeds in a few picoseconds. 

 

 

Figure 4.5.  Schematic illustration of the primary relaxation pathway and dynamics of the 

reactive S1 state (S1
r) of the KR2 protein. The dynamics relevant to the non-reactive S1 states are 

not shown (see text).  FC: Franck-Condon state.  CI: conical intersection. 
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 The present study showed that the S1 state of KR2 is relaxed and converted to the J 

intermediate with a time constant as short as 180 fs.  This implies that S1→J relaxation which 

involves the isomerization of choromophore, proceeds three times faster than the corresponding 

process in bR (~500 fs)21,23,24,26.  It is considered that this substantial difference in the relaxation 

rate could be correlated with distinct differences in the amino-acid arrangement around the 

PRSB.  As shown in Figure 4.1, the position of the Asp 116, the counterion of the PRSB, in 

KR2 is shifted toward the cytoplasmic side by one pitch of the -helix compared to that in bR, 

which is expected to induce some structural difference of the chromophore in KR2 and bR.  In 

fact, the direct comparison of the crystal structures between KR2 (taken with 2.3 Å resolution) 

and bR (taken with 1.47 Å resolution) in Figure 4.1c seems to suggest that the Schiff base 

moieties of their chromophores are distorted differently12,18, although the resolutions of the 

crystallographic data are limited.  It is considered that the distortion of the chromophore 

modifies the potential energy surfaces of the S0 and S1 states, including the S0 – S1 crossing 

region such as the conical intersection, which facilitates the efficient S1→J internal conversion in 

KR2.  It is noteworthy that the J→K conversion in KR2 (2 = 500 fs) also proceeds remarkably 

faster than the corresponding process in bR (~3-5 ps)24-26. This implies that the photocycle 

reactions in the electronically ground state are also affected by the characteristic amino-acid 

arrangement around PRSB. 

 

4.4 Conclusions 

The ultrafast photoreaction dynamics of recently discovered sodium-ion-pumping rhodopsin 

KR2 at pH 8 was investigated by femtosecond time-resolved absorption spectroscopy.  The 

obtained data show that the S1 state of KR2 deactivates and undergoes photoisomerization with a 

time constant of 180 fs. This process of KR2 is three times faster than that of bacteriorhodopsin.  

In accordance with the S1→S0 internal conversion, the J intermediate is formed.  The J 

intermediate is subsequently converted to the K intermediate, which is followed by the 

photocycle reaction.  Based on the direct comparison of the crystal structures of KR2 and bR, it 

is suggests that the photoisomerization process is accelerated due to the difference in distortion 

of the Schiff base moieties of KR2 and bR. 
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Chapter 5: pH-Dependent Formation of Reactive and 

Non-Reactive Excited States of Sodium-Ion-Pumping 

Rhodopsin KR2 Revealed by Femtosecond 

Time-Resolved Absorption Spectroscopy 

 

5.1 Introduction 

In general, proteins lose their higher-order structure when pH or temperature condition is far 

from optimum.  However, the structures of rhodopsins are reported to be robust against these 

chemical conditions.  For example, according to the reported crystal structure, 

bacteriorhodopsin (bR) preserves the higher-order structure even at pH 21.  In spite of the 

robustness of the structure, it has been revealed that the absorption spectra and the 

photoreactions of rhodopsins are sensitive to the pH value.  As for bR, Asp 85, the counterion 

of the PRSB at neutral pH, is protonated at pH below 2 (pKa ~ 2.2)2, 3.  The protonation of the 

Asp 85 induces the red shift of the S1←S0 absorption spectrum (570→605 nm)4, and modifies 

the photoreaction.  When the Asp 85 is protonated, bR does not form the M intermediate5, 

indicating that the protonation of the Asp 85 inhibits the photocycle reaction and eradicates the 

proton pump function.  Not only these slow dynamics but also ultrafast dynamics is affected by 

pH value.  The S1 lifetime becomes one order of magnitude longer than that at neutral pH6, 7.  

This shows that not only the photocycle reaction but also the photoisomerization dynamics of bR 

is affected by the protonation of the Asp 85. 

In the case of KR2, a firstly reported light-driven sodium ion pump rhodopsin, the S1←

S0 absorption spectrum shifts at acidic pH (525→550 nm) as in the case of bR8, indicating that 

the properties of the unphotolyzed state are changed from that at neutral pH.  However, in spite 

of such a property change in the unphotolyzed state at acidic pH, the K intermediate is formed 

upon photoexcitation as in the case of neutral condition.  As already described in the previous 

chapter, the femtosecond absorption data at pH 8 showed that the reactive S1 state (S1
r) having 

the lifetime of 1 = 180 fs undergoes photoisomerization and generates the K intermediate9.  
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This implies that the photoexcitation of KR2 in the unphotolyzed state yields the S1
r state also at 

acidic pH in spite of the change in the property of the unphotolyzed state.  This fact lets us 

wonder what the origin of the S1
r state is. 

The photoexcitation of KR2 yields not only the S1
r state but also the non-reactive S1 

state (S1
nr) state that does not give any photoproduct and relaxes back to the original ground state.  

As the origin of the S1
r and S1

nr states of sensory rhodopsins, proteorhodopsin and 

halorhodopsin10-13, it was proposed that the S1 state in the Franck-Condon region is branched into 

different regions of the S1 potential energy surface, giving rise to the S1
r and S1

nr states that are 

relaxed to the S0 state through different pathways (Figure 5.1a).  However, it is also very 

plausible that the initial KR2 in the S0 state has inhomogeneity, and that each component is 

excited separately and can show different excited-state dynamics in parallel (Figure 5.1b).  

These two mechanisms, i.e., branching at the Franck-Condon region in the S1 state and the 

inhomogeneity in the initial S0 state, are essentially different from each other. 

In this study, femtosecond absorption measurements at various pHs ranging from 4 to 

11 were investigated to elucidate the origin of the S1
r and S1

nr states.  Based on the pH titration 

curve of the yield of the S1
r state, the formation mechanism of the S1

r and S1
nr is discussed. 
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Figure 5.1.  Schematic illustration of the two possible origins of the S1
r and S1

nr states.  

Mechanism (i): The branching at the Franck-Condon state generates the S1
r and S1

nr states.  

Mechanism (ii): Two species exist in the ground state, and the photoexcitation of each species 

yields the S1
r and S1

nr states.  FC: Franck-Condon state, CI: conical intersection 
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5.2 Experimental methods 

Sample preparation 

The KR2 and D116N samples were provided by Dr. Keiichi Inoue, Dr. Rei 

Abe-Yoshizumi and Prof. Hideki Kandori at Nagoya Institute of Technology.  The composition 

of the buffer was carefully selected to keep the sodium ion concentration constant (100 mM) at 

each pH (Table. 5.1).  The D116N mutant was dissolved in buffer at pH 8.  The absorption 

spectrum at each pH is shown in Figure 5.2. 

 

Table 5.1.  Buffer composition at each pH.  

pH buffer 

4-7 50 mM citrate-Tris, 100 mM NaCl, 0.05% n-dodecyl--D-maltoside (DDM) 

8 50 mM Tris-HCl, 100 mM NaCl, 0.05% DDM 

9 50 mM Tris-citrate, 100 mM NaCl, 0.05% DDM 

10 50 mM CAPS-NaOH, 89 mM NaCl, 0.05% DDM 

11 50 mM CAPS-NaOH, 62 mM NaCl, 0.05% DDM 

Tris: tris(hydroxymethyl) aminomethane, CAPS: N-Cyclohexyl-3-aminopropanesulfonic acid 

 

Femtosecond time-resolved absorption spectroscopy 

The experimental method for femtosecond time-resolved absorption measurement is described in 

chapter 4.  The pump pulse energy at each pH is summarized in Table 5.2. 

 

 



61 

 

 

Figure 5.2.  Absorption spectra of the KR2 samples ranging from pH 4 to 11 and D116N 

mutant at pH 8.  The spectrum of the pump pulse used in femtosecond time-resolved absorption 

measurement is also shown. 

 

Table 5.2.  Pump energy used at each pH.  

pH Pulse energy / nJ 

4 120 

5 160 

6-8 240 

9-11 400 
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5.3 Results & discussion 

Femtosecond time-resolved absorption spectra of KR2 at pH 4 are shown in Figure 5.3.  

Immediately after photoexcitation, a positive band around 500 nm, femtosecond absorption 

spectrum exhibited a negative band around 560 nm and a negative band around 720 nm, which 

are assignable to the excited-state absorption (ESA), the ground-state bleaching (GSB), and the 

stimulated emission (SE), respectively.  Both ESA and SE signals persist longer than 100 ps, 

indicating that the excited-state population survives longer than this delay.  In accordance with 

the decay of the excited-state bands, the recovery of the GSB takes place.  After 10 ps, a 

positive band becomes visible around 640 nm, which is assignable to the absorption band of the 

long-lived photoproduct (PA), and it shows no further change within the time range of our 

measurements (900 ps).  As compared with the time-resolved spectra at pH 89, the amplitude of 

the PA band is significantly smaller at pH 4, indicating that the quantum yield of the K 

intermediate is lower at pH 4.  This suggests that most part of the transient signal is due to the 

S1
nr state at pH 4.  The direct comparison of the femtosecond spectra at pH 4 and 8 manifests 

that the dynamics at pH 4 is apparently slow with respect to that at pH 8.  At pH 8, the transient 

signal was composed of the dominant reactive S1 state (S1
r) with a lifetime of 180 fs and the 

minor non-reactive S1 states (S1
nr) with lifetimes of 3 ps and 30 ps9.  The apparently slower 

dynamics at pH 4 can be rationalized by the decrease in the amplitude of the fast decaying S1
r 

component and the increase in the slower S1
nr components. 
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Figure 5.3.  Femtosecond time-resolved absorption spectra of KR2 in buffer solutions at (a) pH 

4 and (b) pH 8 measured with photoexcitation at 575 nm.  (The pump enegy is listed in Table 

5.2.)  The steady-state absorption spectrum of KR2 and the spectrum of the excitation pulse are 

also shown at the bottom. The spectral region shaded is distorted by the scattering of the 

excitation beam.  The * marks indicate that the stimulated inverse Raman loss due to water is 

superimposed on the excited-state abosorption.  The # marks indicate the stimulated Raman 

gain signal of water that is superimposed on the stimulated emission band. 

 

To extract the S1 dynamics at pH 4 from the time-resolved spectrum, the kinetics at 

selected wavelengths were constructed as shown in Figure 5.4.  The signals at 460 and 720 nm 

corresponding to the ESA and SE almost completely decayed within 200 ps.  The kinetics at 

650 and 720 nm clearly exhibit a subpicosecond component whose time constant is similar to the 

lifetime of S1
r state at pH 8, suggesting that the S1

r state is generated even at pH 4.  For 
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comparison, the kinetics at pH 8 are also shown in broken gray lines in Figure 5.4.  Obviously, 

the overall dynamics at pH 4 is apparently slow compared with that at pH 8, again implying that 

the fast decaying S1
r component decreases and that the slow S1

nr components increase at pH 4.  

To examine the dynamics at pH 4 more quantitatively, the global fitting analysis that takes 

account of the finite instrumental response was performed. The best fits obtained from the global 

analysis are shown in black lines in Figure 5.4. The global fitting indicates that the fits using five 

common time constants (0 – 4) nicely reproduces the temporal profiles, indicating that the 

primary dynamics of photoexcited KR2 at pH 4 can be accounted for by these five components. 

The amplitude of each component obtained by the global fitting analysis is summarized in Table 

5.3. The fastest component (0 ~ 30 fs) was observed as rise components of the ESA and SE.  

Therefore, this component is assignable to the initial relaxation toward the relaxed S1 state as in 

the case of KR2 at pH 8. 

 

Table 5.3.  Time constant and amplitude of each component obtained by the global fitting 

analysis of the femtosecond time-resolved absorption signals at pH 4. 

obs 0 (30 fs) 1 (180 fs) 2 (1.3 ps) 3 (7.0 ps) 4 (43 ps) 

460 nm -0.07 0.06 0.47 0.29 0.18 

550 nm 0.23 0.00 -0.41 -0.41 -0.18 

650 nm 0.00 -0.53 -0.19 -0.12 -0.16 

720 nm 0.00 -0.30 -0.17 -0.32 -0.21 

740 nm 0.11 -0.29 -0.18 -0.32 -0.21 

Sum of the amplitudes of the decay components is normalized to 1 at each wavelength. 
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Figure 5.4.  Temporal profiles of the femtosecond time-resolved absorption signals at pH 4 at 

(a) 460 nm, (b) 550 nm, (c) 650 nm, (d) 720 nm and (e) 740 nm with photoexcitation at 575 nm.  

(The pump enegy is listed in Table 5.2.)  The black solid curve drawn for each trace depicts the 

fits.  The gray dashed lines are normalized kinetics at pH 8.  Note that the horizontal scale is 

changed from the linear to the logarithmic scale after 3 ps.  The time region shaded is distorted 

by unwanted instantaneous responses, such as coherent artifacts and Raman scattering of water. 
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The kinetics of ESA at 460 nm and those of SE at 720 and 740 nm exhibit a comparable 

decay that is characterized by common four time constants of 1 = 180 fs,2 = 1.3 ps, 3 = 7.0 ps, 

and 4 = 43 ps. The 1 = 180 fs component was assigned to the deactivation of the S1
r state at pH 

8.  The amplitude of this component at pH 4 is smaller than that at pH 8, indicating that the 

yields of the S1
r state decreases at pH 4. 

The normalized time-resolved spectra at selected delays and the kinetics at selected 

wavelengths at pHs ranging from 4 to 11 are shown in Figure 5.5 and 5.6.  Those of D116N 

mutant are also shown.  As clearly seen, at pH below 7, the time-resolved spectra and the 

kinetics approach those of D116N mutant, indicating that the negative charge of the side chain of 

the Asp 116 is neutralized.  This suggests that the side chain of the Asp 116 is protonated at pH 

below 7.  This observation is consistent with those reported in the pH titration experiment of 

KR2 using steady-state absorption spectrum.   

The K-intermediate absorption band observed at long delay is pH-dependent, indicating 

that not only the shape of the absorption spectrum of the ground-state KR2 but also that of the K 

intermediate is pH dependent. 



67 

 

 

Figure 5.5.  Femtosecond time-resolved absorption spectra at (a) 200 fs, (b) 5 ps, (c) 20 ps, and 

(d) 200 ps at pHs ranging from 4 to 11.  Each spectrum is normalized at the peak of the 

bleaching (500-550 nm).  The spectral region shaded is distorted by the scattering of the 

excitation beam. 
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Figure 5.6.  Temporal profiles at (a) 460, (b) 550, (c) 650, and (d) 720 nm at pHs ranging from 

4 to 11.  Each kinetics is normalized at the peak.  The time region shaded is distorted by 

unwanted instantaneous responses, such as coherent artifacts and Raman scattering of water. 
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The pH dependence of the quantum yield of the K intermediate (K) is important to 

evaluate the reactivity at each pH.  Here, we assume that (1) the maximum value of the PA 

band is proportional to the yield of the K intermediate, and that (2) the maximum value of the 

GSB is proportional to the number of the molecules excited.  Based on these assumptions, the 

maximum value of the PA divided by the maximum value of the GSB is expected to be 

proportional to the K. This value was calculated at each pH value to examine the pH 

dependence of the K.  This value is plotted against pH value in Figure 5.7.  Obviously, this 

value drops at pH below 7, indicating the decrease in K.  The K plot was compared with a 

curve representing the degree of the deprotonation of Asp 116, which is evaluated based on the 

pH dependence of the S1←S0 absorption in the previous study8 (Figure 5.7).  The pH 

dependence of the K coincides with this curve, indicating that the protonation of Asp 116 

induces decrease in the K.  This suggests that the interaction between the PRSB and the Asp 

116 is an important factor that determines whether the chromophore can undergoes 

photoisomerization in the KR2 protein.   

 

Figure 5.7.  pH dependence of the quantum efficiency for the K formation.  The value shown 

in orange plot is proportional to the quantum yield of the K intermediate.  The green line shows 

the pH titration curve obtained from the pH dependence of the S1←S0 absorption spectrum in the 

previous study. 
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 The decrease in K indicates that the protonation of Asp 116 decreases the yield of the 

S1
r state (and increases the yield of the S1

nr state).  To examine the pH dependence of the yield 

of the S1
r state, the amplitude of each component at 720 nm was extracted by the global fitting 

analysis at all pHs.  The global fitting analysis showed that the five components are needed to 

reproduce the time-resolved absorption signal.  The time constant and the amplitude of each 

component are summarized in Figure 5.8.  Each time constant (0 – 4) is insensitive to pH 

value.  As with KR2 at pH 4 and 8, the fastest component (0 ~ 30 - 60 fs, shown in black plot 

and line in Figure 5.8) does not correspond to the deactivation process of the S1 state.  Thus, 

this component is not referred in the following discussion.  Only amplitude of the 180-fs 

component decreases at pH below 7 as with the K, while the others increase.  By comparing 

with the pH-dependent behavior of the K (Figure 5.7), it is further confirmed that the 180-fs 

component corresponds to the deactivation of the S1
r state that undergoes photoisomerization and 

generates the K intermediate.  On the other hand, other components increases at pH below 7, 

and does not positively correlate with the K.  Therefore, the components other than the 180-fs 

component are assigned to the S1
nr components. 

 

Figure 5.8.  pH dependence of the (a) amplitude and (b) time constant of each component 
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The pH dependence of the amplitude of the S1
r component (180-fs component) 

correlates well with the degree of the deprotonation of Asp 116 (Figure 5.9), suggesting that the 

S1
r component is primarily yielded by the photoexcitation of the KR2 in the S0 state whose Asp 

116 is deprotonated.  On the other hand, the yields of the S1
nr states increase upon the 

protonation of the Asp 116 (Figure 5.8), indicating that the S1
nr states are mainly generated by 

the photoexcitation of the KR2 having the protonated Asp 116.  In other words, KR2’s having 

the deprotonated and protonated Asp 116 coexist and hold the pH-dependent equilibrium, and 

each species is photoexcited in parallel, yielding the S1
r and S1

nr states, respectively. 

 

Figure 5.9.  pH dependence of the amplitude of the S1
r component (Blue triangle, 0 ~ 150 -180 

fs).  The green line shows the pH titration curve obtained from the pH dependence of the S1←

S0 absorption spectrum in the previous study. 

 

 At pH below 5, Asp 116 is expected to be completely protonated, implying that the Asp 

116 does not work as a counterion of the PRSB.  Under this condition, another aspartic acid 

residue (Asp 251) is one of the candidates for the counterion.  However, the S1
r does not vanish 

at pH below 5 (Figure 5.9), suggesting that the S0 state which generates the S1
r state at acidic pH 

exists even at acidic pH.  This implies that a fraction of KR2 has the deprotonated Asp 116 
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even at pH 5, giving rise to the generation of the S1
r state.  Also at pH above 10, it is expected 

that the S1
nr states diminish.  However, the obtained data manifest that the S1

nr states are 

generated at this pH (Figure 5.8b).  This seems to suggest that, even at pH above 10, a fraction 

of KR2 has the protonated Asp 116.  Therefore, the existence of the small amount of the S1
r and 

S1
nr states at pH 5 and 10 is probably due to the existence of KR2’s whose Asp 116 has different 

accessibility to the proton in the bulk.  This hypothesis can be examined by steady-state 

vibrational spectroscopies or nuclear magnetic resonance spectroscopies. 

 

5.4 Conclusions 

 The pH dependence of the ultrafast photoreaction of sodium-ion-pumping rhodopsin 

KR2 was investigated by femtosecond time-resolved absorption measurement.  The obtained 

data clearly show that the quantum yield of the K intermediate decreases at pH below 7.  Asp 

116, the counterion of the PRSB at pH 8, is protonated at pH below 7.  These facts suggest that 

the interaction between the Asp 116 and the PRSB is important for KR2 to undergo 

photoisomerization.  The fitting analysis of the kinetics suggests that the yield of the reactive S1 

state (S1
r) also decreases at pH below 7.  The pH dependence of the yield of the S1

r coincides 

with the degree of the deprotonation of Asp 116, suggesting that the S1
r component is mainly 

yielded from the KR2 molecules possessing the deprotonated Asp 116. On the other hand, the 

S1
nr components are primarily generated from those possessing the protonated Asp 116.  

Therefore, the sample is generally a mixture of the KR2 molecules having the protonated and 

deprotonated Asp 116, and each component is excited in parallel, and show the reactive and 

non-reactive dynamics, respectively. 
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Chapter 6: Structural Dynamics of Barrierless 

Photoisomerization Revealed by Femtosecond 

Stimulated Raman Spectroscopy 

 

6.1 Introduction 

In thermal isomerization reaction, reactants and products are separated by an energy barrier. 

Therefore, only reactants which gain the sufficient thermal energy can surmount the energy 

barrier, and after that, form isomerized product on the time scale of the nuclear motion.  For this 

reason, molecules are not accumulated in “isomerizing” states, which correspond to the states on 

the barrier, making the spectroscopic observation of the “isomerizing” states difficult.  On the 

other hand, the ultrafast photoisomerizations of some molecules such as cyanine dyes, 

cis-stilbene and visual rhodopsin1-4 allegedly take place in the absence of the finite energy barrier 

(barrierless photoisomerization).  In barrierless photoisomerization, the reactant molecules 

synchronously isomerize on the time scale of the nuclear motion.  Therefore, substantial 

amount of molecules can transiently populate in the “isomerizing” states, enabling us to observe 

them.  Based on this observation, it can be verified what kind of structural events occur in the 

process of the isomerization. 

1,1’-Diethyl-4,4’-cyanine (1144C) is one of the cyanine dyes3, 5-21 which undergoes 

barrierless photoisomerization about a center CC double bond which is linking two quinoline 

rings in the S1 state (Figure 6.1).  On the basis of the previous experimental and theoretical 

studies, the photoisomerization process of 1144C in the S1 state is described as following. (i) 

After pretwisted20 S1 population is created in the Franck-Condon region, it moves toward the 

relaxed S1 state accompanied by the twisting6-8, 21 in a barrierless fashion. (ii) Subsequently, the 

population stays in the relaxed S1 state, where the S1→S0 internal conversion efficiently proceeds, 

and finally (iii) the S1→S0 internal conversion takes place, yielding the cis form of 1144C. 

Recently, using pump-dump-probe scheme22, 23, the stimulated emission kinetics of 

1144C were observed18.  The stimulated emission kinetics exhibited a rise component whose 
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time constant becomes longer as the dump wavelength gets longer, suggesting that the red shift 

of the stimulated emission spectrum takes place. This indicates that the S1-S0 energy difference 

gets smaller as the twisting proceeds in process (i).  In addition, this study also demonstrated 

that the decay rate of the stimulated emission is insensitive to the dump wavelength, indicating 

that the distribution of the population spreads on the S1 potential.  The spreading of the 

distribution is primarily the consequence of the dynamics involving various structural changes 

and fluctuations.  However, the electronic spectroscopy such as pump-dump-probe 

spectroscopy is insensitive to the structural dynamics.  Therefore, the electronic spectroscopy 

does not show how the distribution moves and spreads on the S1 potential. 

Femtosecond stimulated Raman spectroscopy (FSRS)24-27 is a powerful tool to obtain the 

structural information of the transient species.  In this method, a narrowband picosecond Raman 

pump pulse, which is resonant with the electronic transition of the transient species, and a 

supercontinuum probe pulse simultaneously irradiate the transient species, enabling us to 

measure the resonantly enhanced stimulated Raman spectra of these species.  Therefore, if the 

Raman pump wavelength is chosen so as to be resonant with the S1→S0 stimulated emission at 

the middle point of the reaction pathway (i.e. “isomerizing” state) on the barrierless S1 potential 

of 1144C, it is expected that the FSRS spectrum of the “isomerizing” 1144C in the S1 state can 

be obtained.  Moreover, scanning the Raman pump wavelength yields the FSRS spectra of the 

transient species at all the regions of the reaction coordinate, and the “movie” of the 

photoisomerization process may be constructed. 

In this study, using visible-to-near-IR tunable femtosecond stimulated Raman setup, 

FSRS measurements were carried out at six Raman pump wavelengths ranging from 740 to 1100 

nm to capture the structural dynamics during the barrierless photoisomerization of a cyanine dye 

in the S1 state.  Based on the obtained data, the structural dynamics of the cyanine molecules 

during the barrierless photoisomerization is discussed. 
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Figure 6.1. Schematic illustration of the barrierless photoisomerization process of 1144C. 
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6.2 Experimental methods 

Sample preparation 

1,1’-Diethyl-4,4’-cyanine (1144C) iodide (Sigma Aldrich) was used as receive.  The methanol 

(Spectrum grade, Nacalai Tesque) solution of 1144C iodide with an absorbance of 0.8 OD / 0.2 

mm at 610 nm was prepared and used in the following experiments. 

 

Visible and near-infrared femtosecond absorption spectroscopy 

The experimental apparatus of visible and near-infrared femtosecond absorption spectroscopy 

are depicted in Figure 6.2a and b.  An optical parametric amplifier (TOPAS-C, Light 

Conversion) was driven by the output of a Ti:sapphire amplifier system (800 nm, 1.2 mJ, 80 fs, 1 

kHz, Legend Elite, Coherent), and its idler output (2320 nm) was attenuated and focused into a 

c-cut 2-mm-thick Sapphire plate to generate a single-filament near-infrared supercontinuum 

probe pulse.  The probe pulse is divided into two, and they are used as probe and reference 

pulses.  The signal output (1220 nm) was frequency-doubled to generate an actinic pump pulse 

at 610 nm.  The polarization of the actinic pump pulse was set to the magic angle (54.7) with 

respect to the horizontally polarized probe pulse.  The probe and actinic pump (200 nJ/pulse) 

pulses were focused into a sample solution, which is continuously circulated in a flow cell with 

an optical length of 0.2 mm.  The circulation speed was adjusted to allow the sample solution in 

the excited volume to be replaced with respect to each laser shot.  The probe pulse after passing 

through the sample and the reference pulse were analyzed by a polychromator (300 grooves/mm, 

SP2150, Acton) equipped with a 512-channel InGaAs array (G9212-512S, Hamamatsu).  The 

group delay dispersion of the near-infrared supercontinuum probe pulse was evaluated by the 

coherent artifact of the methanol, and it was used to calibrate the time origin at each wavelength. 

The time resolution of this measurement was evaluated to be 100 fs from the temporal profile of 

the coherent artifact. 
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Visible and near-infrared femtosecond stimulated Raman spectroscopy 

The experimental apparatus of visible and near-infrared femtosecond absorption spectroscopy 

are depicted in Figure 6.2c and d.  The output of a Ti:sapphire amplifier system (800 nm, 8.0 

mJ, 100 fs, 1 kHz, Legend Elite Duo, Coherent) was divided into three portions.  The 4.0 mJ 

portion was used to drive an optical parametric amplifier, and its signal output (1220 nm) was 

frequency-doubled to generate an actinic pump pulse at 610 nm.  The 3.0 mJ portion was 

converted to a 400-nm picosecond pulse by sum frequency generation of positively and 

negatively chirped 800-nm pulses (SHBC, Light Conversion). The 400-nm picosecond pulse was 

used to drive a picosecond optical parametric amplifier (TOPAS-400-WL, Light Conversion), 

and its signal output was used as a Raman pump pulse at 740 and 780 nm (13,514 and 12,821 

cm-1, respectively).  The leftover 800-nm output of the amplifier was focused into a 3-mm-thick 

calcium fluoride (CaF2) to generate a visible supercontinuum pulse.  The visible 

supercontinuum pulse was introduced to a prism compressor so that the group delay dispersion is 

compensated, yielding a probe pulse with a group delay difference less than 20 fs over the 

probed wavelength region.  The leftover 800-nm component contaminated in the 

supercontinuum was removed after the supercontinuum is dispersed by the second prism of the 

compressor.  The polarization of the actinic pump pulse was set to the magic angle (54.7) with 

respect to the horizontally polarized probe pulse.  The actinic pump (600 nJ/pulse), Raman 

pump (0.5 J/pulse) and probe pulses are focused into a sample solution, which is continuously 

circulated in a flow cell with an optical length of 0.2 mm.  The probe pulse after passing 

through the sample was analyzed by a polychromator (1200 g/mm, iHR320, Horiba) equipped 

with an electronically cooled 1340-channel CCD camera (PIXIS-400F, Princeton Instruments).  

The probe spectrum in the anti-Stokes region was detected.  The time resolution of this 

measurement was evaluated to be 100 fs from the temporal profile of the optical Kerr effect 

signal. The frequency resolution was evaluated to be 20 cm-1 from the FWHM of the 1035-cm-1 

stimulated Raman band of the methanol.  The experimental setup of near-IR FSRS is the same 

as that of the visible one with a few exceptions.  The near-IR supercontinuum probe pulse was 

generated by focusing the signal output (1220 nm) of the optical parametric amplifier into a c-cut 

2-mm-thick sapphire plate.  The residual of the signal output contaminated in the 

supercontinuum was eliminated by a near-infrared bandpass filter (RT-830, HOYA).  The idler 
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output of the picosecond optical parametric amplifier was used as the Raman pump pulse at 836 

(11,962 cm-1, 0.5 J), 902 (11,086 cm-1, 0.6 J), 983 (10,173 cm-1, 0.6 J) and 1100 nm (9,091 

cm-1, 2 J).  The group delay difference was evaluated to be less than 20 fs over the probed 

wavelength region by the OKE measurement.  The frequency resolution was evaluated to be 20 

cm-1. 

 

Figure 6.2. Schematic illustration of visible and near-infrared (a-b) transient abosorption and 

(c-d) femtosecond stimulated Raman setup. 
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Data processing 

Not only the stimulated Raman signal due to the photoexcited 1144C, but also those of the 

methanol and unexcited 1144C are superimposed on the raw FSRS spectra (Figure 6.3a). 

Therefore, the subtraction of these backgrounds is requisite to obtain the net FSRS spectra. The 

FSRS measurements of the methanol solution of 1144C and methanol were carried out without 

actinic pump pulse, yielding the stimulated Raman spectrum of the methanol solution of the 

ground-state 1144C  and methanol (Figure 6.3a), respectively.  Then, the stimulated Raman 

spectrum of the ground-state 1144C was obtained by subtracting the stimulated Raman spectrum 

of the methanol from the stimulated Raman spectrum of the methanol solution of the 

ground-state 1144C.  The stimulated Raman spectrum of the methanol solution of the 

ground-state 1144C was subtracted from the raw FSRS spectra at negative delays, and the net 

FSRS spectra at these delays were obtained.  Considering the depletion of the S0-state 

population caused by the photoexcitation, the stimulated Raman spectrum of the ground-state 

1144C multiplied by a factor of 0.9 and that of the methanol were subtracted from the raw FSRS 

spectra at positive delays, yielding the baseline-unsubtracted spectra at these delays (Figure 6.3b).  

After these procedures, the baseline, which comes from the scattering of the Raman pump and 

deexcitation of the S1-state population owing to the irradiation of the Raman pump, was 

evaluated by the polynomial fitting of the spectra (Figure 6.3b), and it was subtracted from the 

baseline-unsubtracted spectra.   
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Figure 6.3. (a) The raw FSRS spectra of the methanol solution of 1144C at 0.1ps (red), without 

actinic pump pulse (blue) and the methanol without actinic pump pulse measured at 1100 nm 

(green). (b) The baseline-unsbtracted spectrum obtained by subtracting the methanol spectrum 

and the stimulated Raman spectrum of the ground-state 1144C multiplied by a factor of 0.9. 
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Theoretical calculations 

All the calculations were carried out using Gaussian0928. The molecular structure of 1144C was 

first constructed using MolStudioR4. To obtain the molecular structure in the S0 state, the 

optimization was carried out at B3LYP/6-311+G(d,p) level with the PCM correction (Methanol).  

Using the optimized structure, the off-resonant S0 Raman spectrum of 1144C was calculated at 

B3LYP/6-311+G(d,p) level with the PCM correction (Methanol). 

The molecular structure of the relaxed S1 state was constructed by twisting about one of 

the center C=C bonds of the S0 structure by 48 degrees, and the structure was optimized at 

TD-B3LYP/6-31+G(d) level, yielding the structure in the relaxed S1 state. The frequencies of 

vibrations in the relaxed S1 state were calculated at TD-B3LYP/6-31+G(d) level.  The S1→S0 

resonance Raman intensity of each mode is proportional to the square of the gradient of the S0 

potential along the coordinate of each mode at the nuclear coordinate of the relaxed S1 state29-31. 

To calculate the gradient, first, the molecular structures which is positively and negatively 

displaced from the structure in the relaxed S1 state along the coordinate of vibrational mode (by 

normal coordinates multiplied by factors of  = ±0.01).  The SCF energies for these structures 

were calculated at B3LYP/6-31+G(d) level. The difference between these energies was divided 

by the displacement between these structures, and the gradient at the nuclear coordinate of the 

relaxed S1 state is obtained.  The same applies for each vibration. 
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6.3 Results & discussion 

Femtosecond time-resolved visible and near-infrared absorption measurement 

Transient absorption spectra in UV-to-NIR region were measured.  In Figure 6.4a, transient 

absorption spectra are represented in a contour plot.  Transient absorption spectra at selected 

delays are shown in Figure 6.4b.  After photoexcitation, a broad S1→S0 stimulated emission 

band is observed in the VIS-to-NIR region (> 650 nm).  The decay of the stimulated emission 

and the recovery of the S0 bleaching take place concomitantly within 5 ps, indicating that the 

population created in the S1 state relaxes to the S0 state by this delay.  In addition to these 

spectral features, a relatively narrow Sn←S1 absorption band is observed around 1000 nm.  This 

absorption band decays much faster than the stimulated emission band, suggesting that it is 

attributable to the Sn←S1 absorption of the population in the vicinity of the Franck-Condon state.  

To extract the dynamics in the S1 state, the temporal profiles of the transient absorption 

signals at selected wavelengths were analyzed, which are shown with colored lines in Figure 6.4c.  

The fitting analysis of the kinetics at each wavelength was performed with a bi-exponential 

function convoluted with a Gaussian instrumental response function having a 100-fs FWHM, 

reproducing nicely at each wavelength as shown in a black line in Figure 6.4c.  Based on the 

fitting results, these profiles show a sub-picosecond rise followed by a picosecond decay.  At 

wavelengths shorter than 900 nm, the time constant for the decay of the stimulated emission 

increases from 0.6 ps to 1.3 ps as the probe wavelength becomes longer.  It suggests that the S1 

population migrates from the probed potential region into the other potential region within the S1 

lifetime.  On the other hand, the stimulated emission kinetics at wavelengths longer than 900 

nm decay with a common time constant of 1.3 ps, which coincide with that of the S0 recovery, 

indicating that the relaxed S1 state is observed in this wavelength region.  Moreover, the time 

constant for the sub-picosecond rise increases with the increase in the probe wavelength, 

indicating the gradual red shift of the stimulated emission band.  This indicates that the S1-S0 

energy difference gradually decreases as the structure of 1144C evolves on the S1 potential, 

strongly supporting that the structural evolution of 1144C in the S1 state is taken place in a 

barrierless fashion. 
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Figure 6.4. Femtosecond transient absorption. (a) The spectra represented as a contour plotted 

against wavelength and delay.  The vertical lines represent the seam between two different 

spectra.  (b) The spectra at selected delays.  (c)  The kinetics at selected wavelengths.  The 

energy and FWHM of the actinic pump pulse were 200 nJ / pulse and ~100 fs, respectively. 
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Femtosecond stimulated Raman measurement using 740-nm Raman pump 

FSRS measurement was carried out using 740-nm Raman pump.  Since the Raman pump is 

resonant with the S1→S0 stimulated emission, the Raman loss signals are expected to be 

observed in anti-Stokes region32.  The obtained anti-stokes spectrum exhibited Raman loss 

bands at 1010, 1460, 1555 and 1640 cm-1 and a dispersive band at ~1350 cm-1 as shown in 

Figure 6.5a.  The appearance of a mode-specific dispersive band at ~1350 cm-1 might be due to 

the contribution from a resonantly enhanced inverse-Raman-like nonlinear process from the 

vibrationally excited state (See Appendix).  The FSRS signal almost completely decays within 

2 ps without changing its shape.  Not only the frequency but also the intensity pattern of the 

FSRS spectra is similar to that of the S1←S0 resonance Raman spectrum (Figure 6.5a).  This 

indicates that the obtained FSRS spectra reflect the structural dynamics in the vicinity of the 

Franck-Condon state. 

To make vibrational assignments of these bands, the S0 Raman spectrum was calculated 

at B3LYP/6-311+G(d,p) level with the PCM correction (Methanol) using Gaussian0928.  The 

calculated spectrum nicely reproduced both off-resonant S0 stimulated Raman spectrum 

measured with the 740-nm Raman pump and S1←S0 resonance Raman spectrum in the 

1000-1700 cm-1 region as shown in Supporting figure 6.1. Based on the calculated result, the 

bands observed in ~1100-1200 cm-1 ,~1200-1500 cm-1 and 1500-1700 cm-1 regions were 

assigned to hydrogen-in-plain vibrations, skeletal stretching involving the stretching of the center 

CC double bond and quinoline ring stretching vibrations, respectively.  Here, the Raman bands 

in 1500-1700 cm-1 region (Figure 6.5b) are discussed to make vibrational assignments of the 

quinoline ring stretching bands.  The Raman bands in this region are also reproduced by the 

calculation (Figure 6.5b, black bars and gray curve are calculated spectra with and without taking 

the 20-cm-1 bandwidth into consideration.).  In this wavenumber region, an intense band at 1543 

cm-1 and a band at 1631 cm-1 were observed in the off-resonant S0 stimulated Raman spectrum 

measured with the 740-nm Raman pump and the S1←S0 resonance Raman spectrum.  By 

comparing them with the calculated result, the 1543-cm-1 band is assignable to a quinoline ring 

stretching (1540 cm-1 in calculation), whereas 1631-cm-1 band is attributed to another quinoline 

ring stretching (1637 cm-1 in calculation) as shown in Figure 6.5c.  These bands are called Q1 
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and Q2 bands, hereafter. (The experimentally obtained and calculated frequencies of these two 

vibrations are summarized in Table 6.1). 

Based on the assignments of the vibrational bands observed in the S1←S0 resonance 

Raman spectrum, the 1555-cm-1 and 1640-cm-1 bands in the FSRS spectrum are assigned to the 

Q1 and Q2 vibrations in the S1 state shown in Figure 6.5c. The frequencies of the Q1 and Q2 

bands in the S1 state are also summarized in Table 6.1. 

 

Table 6.1.  The experimental and calculated frequencies of the Q1 band Q2 bands. 

Wavenumber / cm-1 Q1 band  Q2 band  

S1←S0 resonance Raman and S0 non-resonant stimulated Raman 1543 cm-1 1631 cm-1 

Calculated S0 Raman 1540 cm-1 1637 cm-1 

S1 FSRS at R=740 nm at 0.1 ps 1555 cm-1 1640 cm-1 

S1 FSRS at R=1100 nm at 0.1 ps 1575 cm-1 N.D. 

S1 FSRS at R=1100 nm at 2 ps 1600 cm-1 N.D. 

The S1←S0 resonance Raman was measured with the 514-nm cw pump.  S0 non-resonant 

stimulated Raman was measured with the 740-nm Raman pump.  The calculated S0 Raman was 

obtained at B3LYP/6-311+G(d,p) level with the PCM correction (Methanol).  N.D.: not 

detected 
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Figure 6.5. (a) Femtosecond stimulated Raman spectra at selected delays obtained with 740-nm 

Raman pump and steady-state resonance Raman spectrum obtained with 514-nm cw pump in 

1000-1700 cm-1 region are shown in red lines and purple line, respectively.  (b) The comparison 

between the spectrum at 0.1 ps and the steady-state S1←S0 resonance Raman (purple), the 

steady-state non-resonant stimulated Raman obtained with the 740-nm Raman pump (green), and 

the steady-state non-resonant Raman spectrum calculated at B3LYP/6-311+G(d,p) level with the 

PCM correction (black bars) in 1500-1700 cm-1 region.  The scaling factor for the calculated 

Raman spectrum was 0.99.  The calculated steady-state non-resonant Raman spectrum that 

takes the bandwidth (20 cm-1) into consideration is also shown in gray line. (c) The normal 

modes corresponding to the calculated 1540 and 1637 cm-1 bands.  The energy and duration of 

the actinic pump were 200 nJ / pulse and ~100 fs, respectively.  The energy and duration of the 

Raman pump were 0.5 J/pulse and ~1.8 ps, respectively. 
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Femtosecond stimulated Raman measurement using 1100-nm Raman pump 

FSRS spectra at selected delays measured by means of 1100-nm Raman pump are shown in 

Figure 6.6a.  Raman loss bands at 1460 and ~1600 cm-1 and a dispersive band at ~1350 cm-1 are 

observed. Surprisingly, the spectral feature in 1500-1700 cm-1 region at 0.1 ps is significantly 

different from that obtained with the 740-nm Raman pump. A Raman loss band, which is 

considered to correspond to the 1555-cm-1 quinoline ring stretching (Q1) band observed at 740 

nm, showed up at 1575 cm-1. In addition, the 1640-cm-1 (Q2) band was absent.  These 

differences indicate that the structure observed at 1100 nm is different from what is observed at 

740 nm.  In addition, differently from the 740-nm spectra, the Raman signals persist up to 5 ps.  

This temporal behavior reflects the lifetime of the relaxed S1 state.   

It is notable that the peak frequency of the Q1 band obviously increases from 1575 cm-1 

(at 0.1 ps) to 1600 cm-1 (at 2 ps) on sub-picosecond timescale.  This peak shift was clearly 

recognized even before the subtraction of the baseline (Supporting figure 6.2).  The frequencies 

of the Q1 and Q2 at 0.1 ps and 2 ps bands are summarized in Table 6.1. 

To elucidate the origin of the upshift of the Q1 band, the resonance Raman spectrum of 

the relaxed S1 state was calculated.  The frequencies of vibrations were calculated at 

TD-B3LYP/6-31+G(d) level28.  The resonance Raman intensity of each mode is calculated by 

calculating the gradient of the S0 potential along each vibrational mode at the nuclear coordinate 

of the relaxed S1 state29-31.  As compared with the calculated result, it is considered that the Q1 

band is composed of several bands assignable to the quinoline ring stretching modes (Figure 

6.6b).  In fact, the calculated spectrum, which takes the 40-cm-1 bandwidth of each band into 

consideration, reproduced the shape of the Q1 band at 2 ps nicely (Figure 6.6b). 

The vibration corresponding to the 1550-cm-1 (calculated, Figure 6.6c) band in the 

calculated relaxed S1 state is very similar to the 1540-cm-1 (calculated, Figure 6.5c) vibration in 

the S0 state.  This vibration is observed dominantly in the 740-nm FSRS spectra, whereas the 

Raman intensity of this vibration is weak relative to that of the ~1600-cm-1 bands (calculated, 

Figure 6.5c) in the calculated relaxed S1 spectrum.  Therefore, it is concluded that the relative 

Raman intensity of this band gradually decreases with respect to those of the ~1600-cm-1 bands 

concomitantly with the twisting motion, giving rise to the apparent upshift of the Q1 band.  The 
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relative intensity change of the Raman bands indicates the relative S1-S0 displacement change of 

each mode.  This suggests that the structure of the quinoline ring gradually changes with the 

twisting.  In other words, the position of this band can be a “marker” of the degree of the 

twisting about CC double bond. 

The data presented here suggests the structural change of the quinoline ring in the course 

of the twisting.  1144C has a positive charge, and possesses the C2 symmetry in the S0 state and 

the Franck-Condon state.  Thus, in these states, both quinoline rings are equivalent, and the 

charge should be equally distributed on these quinoline rings.  However, the symmetry 

lowering from C2 to C1 due to the twisting motion about the center CC double bond takes place 

in the S1 state.  It is considered that such a structural change induces the imbalance of the 

charge distributions of two quinoline rings, i.e., the formation of the twisted intramolecular 

charge transfer (TICT)-like state33, giving rise to the structural change of the quinoline rings.  In 

fact, the Mulliken charge analysis suggested the charge imbalance in the C1–symmetric relaxed 

S1 state (Figure 6.7). 
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Figure 6.6. (a) Femtosecond stimulated Raman spectra at selected delays obtained with 1100-nm 

Raman pump.  (b) The comparison between the spectrum at 2 ps and the resonance Raman 

spectrum of the relaxed S1 state calculated at TD-B3LYP/6-31+G(d) level (black bars) in 

1500-1700 cm-1 region.  The scaling factor for the calculated Raman spectrum was 0.977.  The 

calculated resonance Raman spectrum of the relaxed S1 state that takes the bandwidth (40 cm-1) 

into consideration is also depicted with black line.   (c)  The normal modes corresponding to 

1550, 1596 and 1612 cm-1 bands.  The energy and duration of the actinic pump were 200 nJ / 

pulse and ~100 fs, respectively.  The energy and duration of the Raman pump were 2 J/pulse 

and ~1.7 ps, respectively. 

 

 

Figure 6.7. Mulliken charge in the relaxed S1 state calculated at TD-B3LYP/6-31+G(d) level.  

Yellow and green spheres indicate the distributions of the positive and negative charges, 

respectively. 
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Raman pump wavelength dependence of the FSRS spectrum 

FSRS spectra were measured at six Raman pump wavelengths ranging from 740 to 1100 nm.  

The normalized FSRS spectra at selected delays at each wavelength were shown in Figure 6.8.  

The Q1 band was observed irrespective of the Raman pump wavelength.  At 740, 780 and 836 

nm, this band exhibited no change in shape.  On the other hand, at other wavelengths, this band 

exhibited upshift as well as that at 1100 nm.  The Q1 band, which is composed of several 

quinoline ring stretching bands, appears at higher frequency as the Raman pump wavelength 

longer.  In addition, the Q2 band becomes weaker.  These Raman pump wavelength 

dependences were clearly recognized even before the subtraction of the baseline (Supporting 

figure 6.3).  These demonstrate that different Raman pump wavelengths enable us to observe 

the Raman signal of the population in different region of the S1 potential energy surface which 

corresponds to different structure.  The upshift of the Q1 band is a marker band of the degree of 

the twisting.  Therefore, the Raman pump dependence of the FSRS spectrum indicates that 

more twisted 1144C is observed as the Raman pump wavelength becomes longer. Therefore, it is 

concluded that the twisting motion of 1144C gradually occurs in the S1 state.   



95 

 

 

Figure 6.8.  The normalized FSRS spectra in 1500-1700 cm-1 region at selected delays at (a) 

740, (b) 780, (c) 836, (d) 902, (e) 983 and (f) 1100 nm.  The experimental conditions are 

described in “Experimental methods” section. 
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It should be noted that the Raman signal whose spectral shape is dependent on the Raman 

pump wavelength was observed at each wavelength at 0.1 ps, suggesting that the population 

distributes inhomogeneously in the S1 state along the twisting coordinate even at the early delay.  

To visualize the distribution of the S1 population, two-dimensional spectra at selected delays 

were constructed as shown in Figure 6.9.  (The FSRS spectrum at each Raman pump 

wavelength at selected delays, which is used to construct the 2D spectrum, is shown in 

Supporting figure 6.4.)  The horizontal and vertical axes are the frequencies of the Raman pump 

and Raman shift, respectively.  The FSRS spectrum at each Raman pump wavelength is 

normalized by the peak amplitude of the Q1 band at 0.1 ps.  At 0.1 ps, two-dimensional peak of 

the Q1 band, which is slightly tilted, is spreading along the Raman pump frequency axis, 

indicating that the cyanine molecules are distributed inhomogeneously along the twisting 

coordinate.  The spreading of the wavepacket observed by pump-dump-probe spectroscopy 

suggests that the structural distribution gradually gets wider18.  However, since the electronic 

spectroscopy does not give any structural information, it was unable to elucidate how the 

structural distribution spreads on the multidimensional potential surface.  In the present study, 

using FSRS technique, it was uncovered that the distribution of the 1144C created on the S1 

potential spreads along the twisting coordinate. 

At 0.3 ps, the Q1 band diminished at the Raman pump frequency higher than 12000 cm-1, 

indicating that the cyanine molecules in the vicinity of the Franck-Condon state were twisted and 

moved toward the relaxed S1 state.  At 0.8 ps, the Raman signals at Raman pump frequency 

higher than 12000 cm-1 decayed further, and a further peak shift of the Q1 band was observed, 

indicating that the cyanine molecules were twisted even more, and the population, which exhibit 

the stimulated emission in the wavenumber region of >12000 cm-1, significantly decreased.  

Finally, at 2 ps, the Raman signals were observed only in the wavenumber region of <12000 cm-1, 

and the peak frequency of the Q1 band upshifted more than 20 cm-1 with respect to that at 0.1 ps, 

suggesting that most of the cyanine molecules are in the relaxed S1 state.  The distribution 

dynamics of 1144C suggested by the 2D spectra is described in Figure 6.10. 
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Figure 6.9.  The 2D representation of the FSRS spectra at each delay time.  The FSRS spectra 

are normalized at peak value at 0.1 ps, and the same factors were multiplied at each delay. The 

horizontal axis is the frequency of the Raman pump.  The vertical axis corresponds to the 

Raman shift.  The experimental conditions are described in “Experimental methods” section. 
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Figure 6.10. Schematic illustration of the dynamics of the structural distribution of 1144C in the 

S1 state suggested by the present experimental data. 
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The spectral shift observed at fixed Raman pump wavelength is rationalized by taking 

account for the finite bandwidth of the stimulated emission arising from the S1 population on a 

certain region of the potential energy surface. It is natural to think that the Raman signal of the 

cyanine molecules whose center wavelength of the stimulated emission is longer or shorter than 

that of the Raman pump can be also detected.  Therefore, it is considered that the ensemble 

having a finite distribution of the degree of the twisting should be detected even at one Raman 

pump wavelength.  For this reason, the obtained spectra at a fixed Raman pump wavelength 

also should reflect the dynamics of the distribution, giving rise to the spectral shift of the Q1 

band due to the twisting motion. 

The transient absorption and FSRS spectra measured at <900 nm decayed faster than the 

S1 deactivation (~1.3 ps), suggesting that the molecules in the potential region where exhibits the 

S1→S0 stimulated emission at <900 nm rapidly change their structure.  This indicates that the 

potential in the vicinity of the Franck-Condon state is steep. In such potential region, the 

stimulated emission wavelength drastically changes, making the potential range observed by a 

narrowband Raman pump limited.  The narrow observation window due to the steepness of the 

potential in <900 nm region can rationalize that the spectral shape observed at 740, 780 and 836 

nm Raman pump wavelengths exhibited no change.  On the other hand, the FSRS spectra 

measured at 902, 983 and 1100 nm which exhibited the Raman pump wavelength dependence of 

the spectral shape decayed with a lifetime of the S1 state.  This suggests that the distribution 

inhomogeneously spreads among the probed region.  This implies that this potential region is 

considerably flat compared with the vicinity of the Franck-Condon state. 

In the previous study of the 1144C in ethylene glycol18, the faster decay at short 

wavelengths was not observed, differently from the present study.  This difference can be 

rationalized by considering the difference in the dynamics in the vicinity of the Franck-Condon 

state between different solvents.  The dynamics in the vicinity of the Franck-Condon state 

should be dependent on the solvent, because the symmetry of 1144C should be lowered (C2→C1) 

by the fluctuation due to the solvent.  
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Finally, it should be noted that the near-IR FSRS can be a promising method to elucidate 

the structural distribution dynamics in the potential region where two electronic potential 

approaches such as in the vicinity of the conical intersection34. 

 

6.4 Conclusions 

The structural dynamics of the barrierless photoreaction of 1,1’-diethyl-4,4’-cyanine (1144C) in 

the S1 state was investigated by femtosecond stimulated Raman spectroscopy (FSRS).  The 

FSRS spectra were measured at six Raman pump wavelengths ranging from 740 to 1100 nm.  

The Raman pump wavelength dependence of the FSRS spectrum at 0.1 ps shows that the 

quinoline ring stretching band (1550-1600 cm-1) appears at higher frequency with increasing 

Raman pump wavelength.  This observation manifests that this method can capture the 

structural dynamics during photoisomerization, and that the structural change of the quinoline 

ring takes place concomitantly with the isomerization of the cyanine dye.  Moreover, the 

gradual twisting of the inhomogeneously distributed cyanine molecules in the S1 state was 

visualized based on the Raman pump wavelength dependence of the time-resolved spectra. 
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6.6 Appendix 

Appendix1: Supporting figures 

 

Supporting figure 6.1. Comparison of the experimentally and theoretically obtained Raman 

spectra of 1144C in the S0 state.  The S0 state resonance Raman spectrum was obtained by 

514-nm cw excitation.  The S0 state off-resonant stimulated Raman spectrum was obtained by 

740-nm Raman pump(0.5 J / pulse).  The calculated non-resonant Raman spectrum was 

obtained at B3LYP/6-311+G(d,p) level with the PCM correction (black bars). 
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Supporting figure 6.2. Comparison of the baseline-unsubtracted FSRS spectra at 0.1 ps and 1 ps 

measured with the 1100-nm Raman pump (2 J / pulse). 
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Supporting figure 6.3. Comparison of the baseline-unsubtracted FSRS spectrum at 0.1 ps 

measured at each Raman pump wavelength.  The measurement conditions are described in 

“Experimental methods” section. 
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Supporting figure 6.4. Comparison of the FSRS spectrum at (a) 0.1, (b) 0.3, (c) 0.8, and (d) 2 ps 

measured at each Raman pump wavelength.  The measurement conditions are described in 

“Experimental methods” section. 
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Appendix2: Inverse-Raman-Like Process from vibrationally excited state 

In this chapter, a dispersive line at ~1350 cm-1 observed in the FSRS spectrum was observed, and 

assigned to an inverse-Raman-like process from vibrationally excited state. 

Based on the density matrix treatment of the third-order nonlinear process, the nonlinear 

spectroscopic signals can be calculated1,2.  Here, the expression of the inverse-Raman-like 

process is described.  Before discussing this process, the expression of the stimulated Raman 

scattering (SRS) is derived for comparison. 

 Because the signal is detected in the direction of the probe Prk , considering the 

phase-matching condition, what we can detect is the radiation from the third order nonlinear 

polarization created by the interaction between the sample and the three electric fields 

)exp( rk PPP itiE   , )exp(* rk RRR itiE    and )exp( rk RRR itiE  .  Therefore, 

third-order nonlinear susceptibility )()3(

R  responsible for the detected signal has the 

frequencies 
Pr , R  and R  as parameters.  The experimentally observed ),( TA R     

is proportional to third-order nonlinear susceptibility ),,;( Pr
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where PrE  and )3(

PrkE  are the electric fields of the probe and the radiation from the third-order 

nonlinear polarization in the direction of the probe Prk .  Therefore, the calculation of the 

)(Im )3(

R  directly gives the expression of the signal.  However, ),,;( Pr

)3(

RRR    is 

composed of multiple terms which are responsible for distinct spectroscopic signals including 

SRS (and hot luminescence terms).  This is because there are 3! = 6 orders of three interactions 

of the electric fields.  Herein, only the representation of the )()3(

R  responsible for the 

stimulated Raman signal is calculated. 

Although there are some different ways to calculate1,2, a method developed by Albrecht 

is used here2.  In this calculation, the following assumptions were made. 
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・The interaction between molecule and electric fields of the lights is so weak that the change in 

quantum state of molecule due to the perturbation is small. 

・The size of the molecule is negligibly small with respect to the wavelength of the  

Raman pump and the probe. 

・The Raman pump and the probe is continuous wave. 

・Only three vibronic states S1,v=0, S1,v=1 and S0,v=v’ are involved. 

・The initial state is S1,v=0. 

・The Raman signal is detected in anti-Stokes region. 

・The Raman pump is resonant with the S1→S0 stimulated emission. 

・The electronic and vibrational coherences are lost in exponential fashion. 

 

The diagram of the SRS of the S1 state is represented in Figure 6A. 

 

Figure 6A.  Time-evolution diagram of density matrix corresponding to the SRS process 

starting from the S1 state.  The Brown and gray arrows represent the interaction of the Raman 

pump and probe, respectively.  The solid and broken arrows indicate the evolution of ket and 

sides of density matrix, respectively.  Orange vertical wavy line indicates the third-order 

nonlinear polarization.  Purple wavy line indicates the vibrational coherence.   at the bottom 

of the figure indicates the Liouville state.  The SRS is detected in anti-Stokes region using 

Raman pump resonant with the S1-S0 stimulated emission.   
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From this diagram, )( R

SRS   and )(Im R

SRS   are obtained as follows 
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where v1   and 0v  are the amplitude of the transition dipole moments associated with the 

transitions S1,v=1 – S0,v=v’ and S0,v=v’ – S1,v=0,  ’s are energy differences between two states and 

v0  and 10  are electronic and vibrational dephasing rates associated with two states. 

Therefore, ),( TA R    responsible for the stimulated Raman signal is positive (Raman loss) 

and Lorentzian function with respect to R . 

Next, the origin of a dispersive line at ~1350 cm-1 observed in FSRS spectrum is 

discussed.  It should be noted that only ~1350-cm-1 band appears dispersive, whereas the other 

bands are not.  Because of this mode specificity, it can be considered that only ~1350-cm-1 

mode is vibrationally excited whereas the others are in the lowest vibrational level. 

The vibrationally excited state is expected to exhibit the inverse-Raman-like signal.  

The diagram for this process is depicted in Figure 6B. 
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Figure 6B.  Time-evolution diagram of density matrix corresponding to the inverse-Raman-like 

process from the vibrationally excited S1 state.  The Brown and gray arrows represent the 

interaction of the Raman pump and probe, respectively.  The solid and broken arrows indicate 

the evolution of ket and sides of density matrix, respectively.  Orange vertical wavy line 

indicates the third-order nonlinear polarization.  Purple wavy line indicates the vibrational 

coherence.   at the bottom of the figure indicates the Liouville state.  The SRS is detected in 

anti-Stokes region using Raman pump resonant with the S1-S0 stimulated emission.   

From this diagram, )()1(

R

vIRS    and )(Im )1(
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The expression in the [ ] is quadratic with respect to the R .  Therefore, 

)(Im),( )1(

R

vIRS

R TA    can be both positive and negative.  
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Chapter 7: General Conclusions 

 

In this dissertation, the photoisomerization reactions of the retinal chromophore in microbial 

rhodopsins and a cyanine dye in solution are studied by femtosecond electronic and vibrational 

spectroscopy.  In chapters 3 to 5, microbial rhodopsins, Anabaena sensory rhodopsin (ASR) 

and KR2, were studied by femtosecond time-resolved fluorescence and absorption spectroscopy.  

In chapter 6, the structural dynamics during photoisomerization of a cyanine dye was studied by 

femtosecond stimulated Raman spectroscopy. 

 In chapter 3, femtosecond time-resolved Kerr-gate fluorescence measurements of 

all-trans and 13-cis ASR were carried out.  Femtosecond Kerr-gate fluorescence measurement 

revealed that, in ASR, the photoisomerization of the 13-cis retinal proceeds with a time constant 

of 250 fs whereas that of the all-trans retinal takes place with a time constant of 700 fs.  As in 

the case of the photoismerizations of PRSB in solution, it was revealed that cis-trans 

photoisomerization is faster than trans-cis photoisomerization for PRSB in the ASR proteins.   

 In chapter 4, femtosecond time-resolved absorption measurement of KR2 at 

physiological pH (pH 8) was carried out.  It was found that KR2 in the S1 state deactivates with 

a time constant of 180 fs and relaxes to the J intermediate, indicating that the photoisomerization 

takes place with a time constant of 180 fs.  This photoisomerization process in KR2 is several 

times faster than that in bacteriorhodopsin (500 fs).  Based on the comparison of the 

chromophore structure of KR2 and bacteriorhodopsin, it was suggested that the difference in 

distortions of the Schiff base in KR2 and bacteriorhodopsin gives rise to the faster 

photoisomerization of KR2.  

 In chapter 5, pH dependence of the primary process of KR2 was examined by 

femtosecond time-resolved absorption measurements of KR2.  The data showed that, upon the 

protonation of Asp 116 (the counterion of the PRSB), the yield of the reactive S1 state that 

generates the K intermediate decreases while the yields of the non-reactive S1 states that do not 

generate any photoproduct increase.  This indicates that KR2’s having the deprotonated and 

protonated Asp116 coexist in the S0 state, giving rise to the reactive and non-reactive S1 states by 
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photoexcitation, respectively.  This indicates that the interaction between the PRSB and the Asp 

116 plays a critical role in the initial isomerization process of KR2. 

 Through chapters 3, 4 and 5, it is concluded that the photoisomerization dynamics of the 

chromophore in the protein is significantly affected by the various factors such as the initial 

structure of the chromophore and the interaction with surroundings. 

 In chapter 6, it was demonstrated that the continuous structural change in the course of 

the photoisomerization process can be tracked based on the Raman pump wavelength 

dependence of the FSRS spectrum, taking a cyanine dye as an example. 

In this dissertation, ultrafast spectroscopic studies of photoisomerization of two 

rhodopsins and a cyanine dye are described.  It was shown that various factors influence the 

photoisomerization dynamics in rhodopsins.  An approach using FSRS to track the structural 

change of “isomerizing” molecules was also described.  In the latter part, in particular, 

observation of the structural dynamics on the barrierless excited-state potential energy surface, 

which is essentially equivalent to the structural change in the transition state in the chemical 

reactions, was successfully captured. 

  Although the experimental observation of the photoisomerization in general molecules 

using femtosecond spectroscopy is still challenging, the molecules undergoing barrierless 

photoisomerization, such as cyanine dyes, provide an opportunity to directly capture the 

molecule during the isomerization process and to obtain deep insight for the dynamics and 

mechanism of the photoisomerization processes.  In addition, femtosecond vibrational 

spectroscopy that is sensitive to the change of molecular structure will provide information about 

the multidimensionality of isomerization reaction and involvement of nuclear coordinates other 

than the rotation of the C=C bond.  Furthermore, it should be noted that understanding of the 

dynamics in the vicinity of the conical intersection is also very important, and ultrafast 

spectroscopy would provide us an opportunity to tackle this critically important but very difficult 

problem in understanding the mechanism of photoisomerization reactions  

 

 



 

 

List of Publications 

 

Original paper 

Tahara, S.; Takeuchi, S.; Abe-Yoshizumi, R.; Inoue, K.; Ohtani, H.; Kandori, H.; Tahara, T. 

Ultrafast Photoreaction Dynamics of a Light-Driven Sodium-Ion-Pumping Retinal Protein from 

Krokinobacter eikastus Revealed by Femtosecond Time-Resolved Absorption Spectroscopy. J. 

Phys. Chem. Lett. 2015, 6, 4481-4486. 

 

Reference paper 

Tahara, S.; Kato, Y.; Kandori, H.; Ohtani, H. pH-Dependent Photoreaction Pathway of the 

All-trans form of Anabaena Sensory Rhodopsin. J. Phys. Chem. B 2013, 117, 2053-60. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Acknowledgements 

 

This study was carried out under the supervisions of Prof. Hiroyuki Ohtani and Prof. Tahei 

Tahara. The author thanks them for providing an opportunity to accomplish this study.   

The author also would like to thank Dr. Satoshi Takeuchi for his helpful suggestions and 

discussions.  The author also has enjoyed many discussions with Dr. Hikaru Kuramochi and Dr. 

Tomotsumi Fujisawa. 

The author learned about the preparation of the protein sample from Mr. Yoshitaka Kato, Mr. 

Takuya Ishimoto, Dr. Tatsuya Niwa, and Prof. Hideki Taguchi. 

The KR2 samples were provided by Dr. Keiichi Inoue, Dr. Rei-Abe Yoshizumi and Prof. Hideki 

Kandori. 

Finally, the author also would like to thank my parents Mrs. Keiko Tahara and now-dead Keiji 

Tahara for their encouragements and various supports. 


