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Abstract

Chiral structure is ubiquitously found in nature. Especially in biomolecular science, chirality plays a
central role because the building blocks of biomolecules such as L-amino acids and D-sugars are chiral
and enantiopure. Since the Pasteur’s discovery of the connection between molecular asymmetry and
optical rotation, asymmetric interaction between chiral molecules and circularly polarized light has
been utilized for studying chirality. Today, chiroptical spectroscopy such as electronic and vibrational
circular dichroism (ECD, VCD) and Raman optical activity (ROA) is widely recognized as a powerful
tool and routinely performed with commercially available spectrometers. The development of chirop-
tical spectroscopy has been fueled by the growing demands of chemists and biologists for obtaining
more detailed structural information of complicated molecules beyond the framework established by

the conventional non-chiroptical spectroscopy.

Such development toward chiroptical spectroscopy is, in turn, one of the major aims in the area
of ultrafast spectroscopy. Molecules to be measured in the ultrafast spectroscopy also become in-
creasingly complicated and new ultrafast techniques with better structural sensitivity are becoming
required. Development of ultrafast chiroptical method is, however, quite challenging due to weakness
of the chiroptical signal and instability of ultrashort light sources. In this thesis work, ultrafast chirop-
tical techniques are realized through overcoming such difficulties by employing polarization-resolved

optical-heterodyne detection.

First, femtosecond time-resolved CD (TRCD) spectroscopy which is practically applicable to
biomolecular dynamics is developed. It becomes possible to measure CD spectra of transient chemical
species produced by the pump pulse with the time resolution better than 300 fs. Proof-of-principle
TRCD experiments witl- andA-Ru(bpyﬁJr show that broadband spectra covering almost the whole
visible spectral range can be measured with the sensitivity better than 0.4 mdeg. One of the biggest
hurdles in TRCD spectroscopy is artificial signals arising from molecular orientation induced by the
pump radiation. | demonstrate this problem is solved by resolving a series of time-resolved spectra
by the singular value decomposition into genuine CD and atrtificial spectra. Using this new technique,
chirality change of biomolecules in the excited state is investigated. TRCD and transient absorption
spectra of bilirubin bound to human serum albumin at pH=4.0 and 7.8 are measured. The results show
that bilirubin undergoes ultrafast chirality flip with the time constant of about 10 ps at pH=4.0 but does
not at pH=7.8. This is, to the best of my knowledge, the first direct observation of ultrafast chirality

reversal.
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Second, a new spectroscopic method to measure ROA by coherent anti-Stokes Raman scattering
(CARS-ROA) is developed. ROA spectroscopy has better structural resolution than CD spectroscopy
but its signal intensity is several orders of magnitudes smaller than that of CD; the development of
time-resolved ROA spectroscopy is extremely challenging. In this thesis work, by exploiting multi-
plex CARS technique with the polarization-resolved heterodyne detection, ROA measurement with
markedly higher contrast ratio of the chiral signal to the achiral background is realized. The developed
CARS-ROA spectroscopy also enables to measure ROA spectrum using a pulsed laser source. Since
the first observation of CARS-ROA in 2012, | have developed three different spectrometers to improve
the performance. The first setup employs the near-infrared incident light and self-heterodyne scheme.
Although the contrast ratio is much better than that the conventional ROA spectroscopy, the signal to
noise ratio is worse than the conventional ROA spectroscopy mainly due to intrinsic weak scattering
intensity in the near-infrared. In the second-generation CARS-ROA, the active-heterodyne detection
is employed. Measurement of spectra with less artifact is accomplished because a broad offset arti-
fact due to optical rotatory dispersion could be quantitatively distinguished in the active heterodyne
detection. In the third-generation, the wavelength of the incident light is changed to the visible with
the self-heterodyne method. In the visible excitation, both the absolute signal intensity and the con-
trast ratio become higher than those in previous generations and much better signal to noise ratio is
accomplished. Although the CARS-ROA measurement is performed for a system in the steady state,

the method can readily be applied to the time-resolved measurements by introducing the pump pulses.

The methods developed in the present study open up a new class of spectroscopy which can directly
discuss chirality changes during various photochemical reactions. Besides the illustrative demonstra-
tion measuring the ultrafast chirality flip of the bilirubin-protein complex, the developed ultrafast chi-
roptical spectroscopy will play essential roles for investigating mechanisms of a variety of chemical

and biochemical reactions.
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Chapter 1

Introduction

1.1 Chiroptical spectroscopy

Chirality is the aspect of an object which that is not superposable on its mirror image. Chiral struc-
ture is found throughout the nature, from the elementary particles [1] to living systems [2]. Due to
its handedness, chiral structure interacts differently with left- and right-circularly polarized radiation.
Chiroptical spectroscopy exploits such difference to extract structural information of the chiral struc-

tures.

In the context of chemistry, a chiroptical phenomenon was first observed by Arago in 1811 in
the form of the rotation of the linear polarization in a quartz crystal, which we call optical rotation
(OR) [3]. Arago’s discovery was followed by the observation of OR in organic molecules in liquid
and solution phases [4]. Based on these discoveries, molecular chirality was found to be the source
of OR. Optical rotation is understood as a difference in refractive indices of left- and right-circularly
polarized light because the linearly polarized light is regarded as a superposition of left- and right-
circularly polarized light. An absorption analog of OR, circular dichroism (CD), is another form of
the chiroptical processes. Circular dichroism was first observed in 1847 and is most widely used

chiroptical technique today.

Up to the 1950s, most of chiroptical measurements had been performed at a single wavelength,
usually at the sodium D line at 589 nm. Due to the development of electronics in the 1950-60s, it
became possible to routinely measure the wavelength dependence of OR and CD by commercially
available spectrometers. Since then, CD and optical rotatory dispersion (ORD) spectroscopy has been
applied to structural investigation of a variety of molecules such as dienes [5, 6], benzene compounds
[7], biaryls [8], helical polymers [9], metal compounds [10], amino acids [11], polypeptides [12],
proteins [13-16], and nucleic acids [17,18].

In the CD studies of relatively small chiral organic molecules, the aim is the determination of abso-
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lute configurations, which is the most straightforward application of chiroptical spectroscopy because
a chiroptical spectrum of one enantiomer forms the mirror image of that of the opposite enantiomer.

Using the Rosenfeld’s formula for calculating the rotational strength [19],
R = Im[(0[p|r) - (|m|0)], (1.1)

the angle between the transition electric dipole moment and the transition magnetic dipole moment
can be evaluated from the observed CD. Based on the above formula, non-empirical methods such as
the octant rule [20] and the exciton chirality method [21] have been developed and used for intuitive
estimation of absolute configuration from the observed rotational strength. Today, determination of
absolute configurations is becoming even easier due to the developrranirafio quantum chem-

ical calculations [22]. In the studies of large biopolymers, CD spectroscopy is mainly used as a tool
for determining its secondly or higher order steric structure. Differently from the small molecules,
biopolymers are still beyond the reach of e initio methods. So the CD spectra are usually ana-
lyzed empirically. Especially, for the structural studies of proteins, CD peaks-ofr* andn — 7*
transitions of amides below 250 nm are often measured as a marker because these are known to be

sensitive to the protein secondary structures [16].

Along with the CD spectroscopy, the emission analog of it, circularly polarized luminescence
(CPL) has evolved for investigating chiral features of the emitting states [23]. CPL is a unique tech-
nique because it can probe molecular chirality of the electronically excited states. Based on the fact
that the rotational strength of CD and CPL are the same if no structural change undergoes in the ex-
cited states, structural change in the excited states can be discussed from CPL measurements [24].
However, what is measured in CPL spectroscopy is temporally averaged over the lifetime of lumi-
nescence. Hence, experimentally observed CPL spectrum is a superposition of those from different

transient species, which makes the interpretation complicated [25].

Although chiroptical spectroscopy of electronic transitions has been used in stereochemistry and
biochemistry, the range of application of ECD is restricted to molecules having electronic transitions
whose transition wavelength is longer thaa60 nm. In contrast, vibrational optical activity (VOA)
can be applied to almost all molecules. It is because nearly all the molecules have vibrational tran-
sitions in the range between about 50 ¢nand 3500 cm'. VOA is composed of vibrational cir-
cular dichroism (VCD) and Raman optical activity (ROA), in which circular intensity difference of
infrared absorption and Raman scattering is observed, respectively. The measurable wavenumber of
VOA ranges from 500 cm' to over 10000 cm' in VCD and from less than 30 cm to 2000 cnt!
in ROA. Also in terms of abundance of the obtainable information about molecular structure, VOA
spectroscopy has an advantage over the electronic optical activity spectroscopy. The application area
of VOA is, therefore, very broad. For example, the determination of the absolute configurations by

VCD [26], and ROA [27, 28] in combination withb initio calculation, the estimation of the enan-



tiomeric excess in VCD [29] and in ROA [30] have been performed. VOA spectroscopy is a powerful
tool even when the sample is a mixed solution because the spectrum has many characteristic peaks, the

number of which is much more than that in the electronic optical activity spectrum [31].

Besides them, the most notable application of VOA is investigation of the three-dimensional con-
figurations of biological molecules. VCD spectra of amino acids [32, 33], peptides [34-37], pro-
teins [38, 39] with different temperature, pH, and solvents have been measured. From these studies,
VCD spectral shape were found to be highly sensitive to the protein secondary structures. Based on the
knowledges obtained in the early studies, phenomena more directly related to human pathologies such
as protein fibrillogenesis have recently been studied [40, 41]. ROA studies of biomolecules such as
amino acids [42], peptides [43,44], carbohydrates [45—47], proteins [48,49] and nucleic acids [50-52]
have also been performed. ROA spectra provide structural information even for unfolded and partially
folded proteins, to which it is hard to apply the X-ray crystallography and NMR spectroscopy [53]. For
example, the intermediate structure in the formation of amyloid fibrils, which cause neurodegenerative
diseases such as Alzheimer’s disease, has been revealed by ROA studies [54]. ROA spectroscopy at-
tracts an attention also as a tool for investigating the natively unfolded proteins, which lack a compact

tertiary fold in its native state and are recently recognized to have important functions [55, 56].

As seen above, chiroptical spectroscopy has played important roles in a large area of chemistry.
One of the key features is its wide applicability. Although the information provided by chiroptical spec-
troscopy does not have the atomic resolution like NMR and X-ray crystallography, much broader range
of molecules can be investigated by chiroptical spectroscopy. In addition, another striking advantage
of chiroptical spectroscopy is its potential applicability to ultrafast time-resolved measurement. It is
expected that unique structural information of transient chemical species is extracted by time-resolved

chiroptical spectroscopy as discussed in the following sections.

1.2 Ultrafast spectroscopy

Understanding the microscopic mechanisms of chemical reactions is one of the major goals in chem-
istry. Toward this end, ultrafast spectroscopy plays crucial roles because elementary steps of chemical
reactions proceed with the timescale of femto- to picoseconds. Mainly due to the rapid progress of

the laser technology, spectroscopic techniques now can track such molecular dynamics. In the pump-
probe-type time-resolved spectroscopy, chemical reactions are initiated by the pump pulse and optical
spectra during the following structural change is measured by the probe pulse. By the probe pulse,
a variety of spectroscopic measurements such as UV-Vis absorption, infrared absorption, and Raman
scattering are performed. The time resolution of the pump-probe method is determined by the cross-
correlation of the pump and probe pulses. Since the invention of the laser in the 1950s [57, 58],

temporal width of pulsed laser emission has become shorter and shorter. Today, time resolution better
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than 100 fs is easily achieved using commercially available laser sources. Various chemical reac-
tions including bond cleavage, charge transfer eiseransisomerizations have been investigated by

the ultrafast spectroscopy [59]. In parallel with investigations of purely chemical reactions, studies
focused on biological reactions have also been performed since the early stage of the ultrafast spec-

troscopy [60].

In the early works of ultrafast spectroscopy, electronic transitions of the excited state species from
the near-UV to the near-infrared were mainly measured. Although the ultrafast spectroscopy in such
wavelength range is still widely used today, interpretation of the obtained spectra is sometimes difficult
because these are complicated primarily due to coupling to the surrounding solvents [61]. Ultrafast
spectroscopy was then extended to vibrational transitions, with using the infrared [62] and Raman
[63] spectroscopy. In general, vibrational spectra provide more insights into molecular structure but
still are not in one-to-one correspondence with the molecular structure especially for complicated
molecules like biomolecules. Consequently, the assignments of the spectral profile are sometimes
difficult, and/or some dynamics can not be probed by the existing electronic and vibrational ultrafast
spectroscopy. New ultrafast spectroscopic techniques that can probe molecular dynamics unexplored

by the conventional methods have been desired.

1.3 Ultrafast chiroptical spectroscopy

As natural extension of the conventional ultrafast spectroscopies such as transient absorption and time-
resolved Raman scattering, one can think up ultrafast chiroptical spectroscopy. As described in Section
1.1, chiroptical spectroscopy provides fruitful structural information of chiral molecules compared to
the corresponding spectroscopy insensitive to chirality. The ultrafast chiroptical spectroscopy shall
give rich structural information for the transient bio/chemical species. The extendability to ultrafast
measurement is one significant advantage of chiroptical spectroscopy over NMR spectroscopy and
X-ray crystallography. The time resolution of NMR spectroscopy is the order of milliseconds, which

is determined by relaxation time scale of the nuclear spin. Therefore, if the material under measure-
ment interconverts between A and B faster than the milliseconds, the obtained NMR spectrum just
corresponds the average structure of A and B. Ultrafast NMR spectroscopy is, in principle, impossible.
Time-resolved X-ray crystallography with using X-ray free-electron lasers (XFEL) is one of the fron-
tiers of the current ultrafast spectroscopy [64] but it can track the dynamics only in the crystal phase.
We need to consider the possibility that what is observed in time-resolved X-ray crystallography is
different from the actual reactions in solutionsiowivo. In the optical spectroscopy including CD,

VCD, and ROA, on the other hand, femtosecond measurements in the solution phase can be achieved

by employing the pump-probe technique with femtosecond pulsed lasers.

In the early attempt to measure time-resolved CD (TRCD), standard CD spectrometer was em-
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ployed to track the time evolution of the chemical reaction initiated by pump sources such as dye
lasers [65]. In the standard CD spectrometer, continuous wave source (e.g. Xenon lamp) is used as
a light source. The incident light is modulated to left- and right-circularly polarization by an electro-
optic modulator and the transmitted light is detected with a lock-in amplifier in synchronized with the
modulator. This allows TRCD measurement with milliseconds time resolution. Using these appara-
tuses, results of biological interest have appeared [66]. The time resolution was, however, limited by
the modulation frequency of the electro-optic modulator and has been difficult to be improved. To

observe faster dynamics, development of a novel technique was needed.

To achieve nanosecond TRCD, Lewtisal. developed an ellipsometric CD measurement technique
in [67]. In the ellipsometric CD measurement, slightly elliptically polarized light is used as the incident
light. When the slightly elliptically polarized light passes through the chiral sample, the minor axis
intensity changes by CD. By monitoring the minor axis intensity of the transmitted light, CD spectra
can be obtained. In this scheme, the modulation was not necessary because the contrast ratio of the
chirality-induced intensity change and the intensity itself is relatively large in comparison with the
conventional CD technique with the circular polarization. The time resolution of the ellipsometric CD
spectroscopy is thus determined by the time cross correlation between the pump and the probe pulses.
In principle, pico- or femtosecond TRCD measurement is possible in this scheme. Probably some
technical problems such as intensity instability, polarization scrambling, and less tunability, hampered
extension of the ellipsometric CD measurements to pico- and femtosecond time region, at least in the
1990s,.

For the shorter temporal resolution, TRCD spectroscopy again by the polarization modulation
technique was developed in 1989 [68, 69]. This time, picosecond pulses from a dye laser pumped by
a Q-switched Nd:YAG laser were modulated on a pulse-to-pulse basis. The Q-switch was triggered in
synchronized with the modulator, and then the probe pulses were alternately left- and right-circularly
polarized. The transmitted pulses were detected by a photomultiplier tube and a lock-in amplifier that
was referenced to the modulation frequency. Time-resolved measurements were realized in a pump-

probe manner.

More than ten years after the development of picosecond TRCD spectroscopy by the modulation
technique, picosecond TRCD by the ellipsometric techniqgue was developed by Niezdomhldn
2006 [70]. It was argued that the measurement was easier than the polarization modulation technique.
Recently, Cheet al. developed a new ECD/VCD measurement scheme, which they named heterodyne
optical activity free induction decay (OA FID) characterization [71, 72]. This method is similar to the
ellipsometric CD measurement but is more straightforward. They have used linear polarized femtosec-
ond pulses as the probe. Polarizers were placed before and after the sample with the crossed Nicols
configuration. The probe field was perturbed by the chiral sample and a small portion of the transmitted

light passes through the polarizer after the sample. By measuring both the amplitudes and the phases



of the transmitted light by the spectral interferometry, CD and ORD spectra of the sample can be si-
multaneously obtained. They have demonstrated that steady-state ECD/VCD spectra were measured
with a femtosecond light source as a proof-of-principle experiment of this new scheme. However, to
the best of my knowledge, this method had not been applied to the actual time-resolved measurement

up to this thesis work.

The detection limit of the previously developed ultrafast TRCD spectroscopy is the order of 10
mdeg [68, 70, 74]. The magnitude of steady-state CD signal observed in the visible, and near UV range
is 10-100 mdeg when the concentration and path length are adjusted so that the absorbance becomes
1, which is the condition usually employed in pump-probe measurements. If 10% of the molecules
are excited by the pump radiation, expected magnitud®@D is 1-10 mdeg, comparable or smaller
than the detection limit of the reported TRCD spectroscopy. To measure transient CD signal of a broad
range of chiral molecules, including biomolecules, further improvement in sensitivity has been needed

in TRCD spectroscopy.

As for vibrational optical activity, the time-resolved study has been almost unexplored; only one
proof-of-principle ultrafast VCD measurement has been reported for a cobalt-sparteine complex [75].
Implementation of time-resolved VOA is even more challenging than that of the electronic TRCD
because the absorbance difference of vibrational transitions is typically 10-100 times smaller than that
of the electronic transitions. For the sake of an application of time-resolved VCD spectroscopy to
more different samples such as peptides and proteins, setup with improved sensitivity was reported
recently [76] but the measured time-resolved VCD spectra were still overwhelmed by an atrtificial
signal. Time-resolved ROA spectroscopy is also a promising tool for tracking the ultrafast structural
change of biomolecules. However, despite its high demand, time-resolved ROA measurements and

even ROA measurements with pulsed lasers had not been reported before this thesis work.

1.4 Present study

As described in the previous section, some efforts have been made to realize the ultrafast chiroptical
spectroscopy. However, it is still needed to improve its sensitivity and spectral bandwidth to apply
it to many interesting biological systems. In this thesis work, | report two major contributions to the

development of the ultrafast chiroptical spectroscopy.

First, broadband and ultrasensitive femtosecond TRCD spectroscopy is developed (Chapter 3). In
the previously reported TRCD spectroscopy, sensitivity was in the order of 10 mdeg even at a single
wavelength measurements [68, 70, 74]. In the present study, the sensitivity better than 0.4 mdeg was
achieved in the broadband measurement covering the whole visible range (415 - 720 nm). The key for
such improvements is using the polarization-resolved optical-heterodyne-detected CD measurement

scheme. With the linearly polarized incident probe radiation, chirality-induced change of the electric
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field is selectively detected by the optical heterodyne technique. Differently from the conventional in-
tensity difference measurement, measurement is free from the achiral background and less susceptible
to fluctuation of the optical system including the laser. Due to the broadband feature of the developed
TRCD spectrometer, we can analyze a series of time-resolved spectra by multivariate analysis such as
singular value decomposition (SVD). As discussed in Chapter 3, SVD is efficient not only for resolv-
ing spectra from different chemical species [77] but also for distinguishing the genuine TRCD signal
and artificial anisotropic signals induced by the pump radiation. With the developed TRCD spectrom-
eter, | demonstrate the first observation of ultrafast chirality flip in the excited state, which is observed
in bilirubin-protein complex (Chapter 4). Bilirubin is dimer-like molecule consisting of two dipyrri-
none groups, whose helicity is defined by the dihedral angle between them. Transient absorption and
TRCD spectra of the complex after the photoexcitation were measured and interpreted well within the
framework of the exciton coupling theory. Sign inversion of the excited state CD, which is attributed
the ultrafast chirality flip in the excited state, is observed with the time constaatidf ps. Ultra-

fast TRCD spectroscopy is proven to be a useful tool for probing chirality dynamics of biomolecular

systems.

Second, a novel scheme to measure ROA using coherent anti-Stokes Raman scattering (CARS) is
developed as a first step toward the time-resolved ROA measurements. CARS is one of the third-order
nonlinear Raman processes. The signal intensity of CARS is several orders of magnitude larger than
that of the spontaneous Raman scattering [78]. In the early 1980s, two theoretical papers proposing
CARS-ROA were published [79, 80]. Since then, however, the experimental observation of CARS-
ROA had not been achieved up to the present work. In Chapter 5, the proof-of-principle experiment of
CARS-ROA in the near-infrared region is reported. | show ROA measurement is realized by detect-
ing CARS radiation that is polarized perpendicularly to the incident polarizations, which are parallel
to each other. To detect the extremely weak chirality-induced CARS radiation, the self-heterodyne
detection method is employed by using the achiral CARS field as a local oscillator. Due to the more
freedom of polarization configurations in coherent anti-Stokes Raman scattering than in spontaneous
Raman spectroscopy, the contrast ratio of the chiral signal to the achiral background has been improved
markedly. For (-)8-pinene, it is two orders of magnitude better than that in the reported spontaneous
ROA measurement. This is also the first measurement of ROA signal using a pulsed laser source. In
Chapter 6, CARS-ROA spectroscopy is also demonstrated by using the active-heterodyne detection.
The chirality-induced CARS field is amplified by a CARS field generated from an external reference
and is extracted by the spectral interferometry. In this interferometric coherent Raman optical activity
(iCROA), both the sign and the magnitude of optical active non-resonant background susceptibility can
be directly determined. Measurement of a CARS-ROA spectrum with less artifact is obtained because
a broad offset artifact due to optical rotatory dispersion is clearly distinguished in iCROA. In Chapter
7, CARS-ROA spectroscopy is extended to the visible range. In the visible excitation, CARS-ROA

spectrum of (-)8-pinene shows a higher contrast ratio of the chirality-induced signal to the achiral



background than that of the near-infrared CARS-ROA spectrum.

The methods presented here open up a new class of spectroscopy which can directly discuss chiral-
ity changes during various photochemical reactions. Observation of the excited-state ultrafast chirality
flip by the TRCD spectroscopy is demonstrated as one of the illustrative examples of the ultrafast
chiroptical spectroscopy. In addition to this, we can imagine a wide variety of application of the
techniques developed here as will be discussed in Section 8.2. | believe these will be key tools for

elucidating the mechanisms of biochemical reactions at the molecular level.

10



Chapter 2

Theory of linear and nonlinear

chiroptical processes

2.1 Introduction

This chapter provides the basic theory of linear and nonlinear chiroptical processes based on the semi-
classical theory. Chiroptical processes are generally understood as a difference in optical property
between left- and right-circularly polarized light. Thus, the chiroptical counterparts of normal (not
chiroptical) linear and nonlinear spectroscopy are generally conducted by measuring the optical sig-
nals with left- and right-circularly polarized light and taking the difference between them. However,
chiroptical spectroscopy is feasible also by using linearly polarized light because linearly polarized
light is the superposition of the circularly polarized light. As described in the following chapters, bet-

ter signal to noise ratio can be achieved with such a scheme in some cases because background level
is markedly suppressed. To comprehensively understand different forms of chiroptical spectroscopy,

herein, explicit expressions of optical susceptibility tensors of chiroptical processes are derived.

2.2 Framework for calculating effective polarization by the density ma-

trix formulation

Here, a general framework for calculating the optical susceptibility is given by using the density matrix

formulation. In the density matrix formulation, the system is described by the density operator:
p="> pylt)(¥], (2.1)
P

wherep,, is the probability that the system is in the state. In Eq. (2.1),|¢) is the ket vector

represented in the Schrodinger picture. With the Hamiltonian of the sydfenme time evolution of
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the density operator is given by the Liouville equation:

dp 1

il LA (2.2)

where[-, -] is the commutator. Once one obtains the density operator by solving this differential equa-
tion, the expectation value of the observallés given by

(A) = Tr(Ap). (2.3)
For convenience, the total Hamiltonian is assumed to be in the following form:
H = Hy + Hiy + Hg, (2.4)

where Hy, Hint, Hgr, represent the unperturbed molecular Hamiltonian, radiation-matter interaction
Hamiltonian, and relaxation Hamiltonian, respectively. Including the electric dipole, magnetic dipole,

and electric quadrupole interactions, the interaction Hamiltonian is written as [81]

3
1
Hiny = MZ=21(_MEi - geijviEj - miB'>7 (2.5)
where E and B represent the applied electric and magnetic field in the time domaipamd andé

are the electric dipole, magnetic dipole, and electric quadrupole operators, respectively. Each operator
is given by

pi =Y (rs)igs, (2.6)

m; = Zzgijk(TS)j(ps)kQSv (2.7)
S ]k

05 = Y _(3rir; — |r[*0i5)qs, (2.8)

S

wherer, ps, andg, are the position, momentum, and charge-th charged particle, respectively;,

is the Levi-Civita’s epsilon, and;; is the Kronecker delta. The relaxation Hamiltonidg is defined
by the following equation:

- Hi ()] = —pmn (o (2.9)

wherel’,,,,, is the damping constant ain element of the density matrix.

To make the calculation concise, the interaction picture is employed below. The density operator
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in the interaction picturey;, is defined as

H H
pI = exp (—,Ot) ps €Xp (,Ot>, (2.10)
th ih

where the density operator in the Schrédinger picture is explicitly expresged lst this is the same

as what is defined in Eq. (2.1). By differentiating Eq. (2.10), one obtains the time evolutigrasf

I (100 (1)
dt th th ih

+ exp (—th) (?)exp (Z;t) + exp (—ZSt) Ps <Z§>exp (?t)
% {—Ho exp (—];_?t) pPS €XP (g_?t)

+ exp <—i§t> [H, ps]exp (?t) + exp <—th> psHoexp (};Stﬂ

= g (t) (1 ps] = Ho.psl s (1)

1
= %[Hl,int + Hr R, p1l, (2.11)
where
H H
Higns = exp (~ 50t Hsausexp (501) (2.12)
’ ih ’ ih
and
H H
Hrp=exp (—,Ot> Hg gexp (,Ot) (2.13)
’ ih ’ ih

are the interaction Hamiltonian and the relaxation Hamiltonian in the interaction picture, respectively.
As shown in Eg. (2.11), the Liouville equation in the interaction picture formally resembles that in
the Schrodinger picture (Eq. (2.2)), but thk term is omitted. This is because the time evolution

of the system byHj is included in the Hamiltonian side by sandwiching the Hamiltonian between
exp (—Hot/ih) andexp (Hot/ih).

With it in mind that Eq. (2.9) remains the same in the interaction piéfueg. (2.11) can be

With ps = exp (Hot/ih)ps exp (—Hot/ih) andHs g = exp (Hot/ih)H 1 g exp (—Hot/ih), Eq. (2.9) is transformed
to

(ih)fl{exp (Hot/ih)[H1 R, p1] exp (—Hot/ih) }mn = —{exp (Hot/ih)pr exp (—Hot/ih) }rnl'mn
As the matrix elements can be explicitly calculated as
{exp (Hot/ih) }nm = Onm exp (Ent/ih),
the equation is further transformed to

(ih) " exp {(Em — En)t/ih}[Hi R, p1]mn = — exp {(Em — En)t/ih}p1,mnTmn.
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explicitly written by

dp[mn(t) 1
L) TH 00 (0, 01 — Connn 1. omm (£).- 2.14
il (Hie (1), pr (1) prnn (! (2.19

This differential equation can be formally integrated as

1 '
prann(t) = e Tt / At [Hp s (8, pr(# ) et (2.15)

In order to obtain the density operator of the system aft¢imes interactions with radiation, Eq.
(2.15) is computed by the perturbative method. Below, it is assumed that the system is initially in the

ground state, which is the eigenstateffyf with the lowest energy; the initial density operator is given

by
P = 6‘%9) <9\6% (2.16)

The first order perturbation term, which is responsible for the linear optical processes, is then written
as

1
Pl (1) = e / dts [Hr s (t1), 08 Jan (b1) €T 000 (2.17)

In the same manner, thigh order density operator is calculated as

i 1 _ i )
Plomn(t) = et / dti[ Hy i (1), 7~ (t3) 0. (2.18)

Now, the expectation value of theth order linear/nonlinear electric dipole, electric quadrupole and
magnetic dipole moment can be calculated through use of Egs. (2.3), (2.6), (2.7), (2.8), (2.16) and
(2.18).

In usual textbooks, induced polarization is given by

P(t) = N{{u(t)))r, (2.19)

whereN is the number density of molecules afid ), denotes the average over all the orientation.

Here, the theory is extended to include also the induced electric quadrupole and magnetic dipole mo-

The exponential terms are then cancelled out and one obtains

(in)_l[HI,Ra pI]m'n. = —pI,mnan~
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ments:

Q(t) = N{(6(t))r. (2.20)
M(t) = N({m(t)))s. (2.21)

When these contributions are taken into account, the constitutive equations become

D=¢E+P—-V-Q, (2.22)
H = iB — M. (2.23)
Ko

By substituting the above equations into the Maxwell's equations, the wave equation is obtained as

0’FE o*P 0%Q oM
2
\4 E_EOMOW :MOW—MOV'W-FMOVX o
2
:uogtz(P—V-Q+/Vdet). (2.24)

Here, | define effective polarization by
Peff:P—v-Q+/V><Mdt. (2.25)

By using this quantity, Eq. (2.24) can rewritten in a simple form as

0’E 0? Pt

V2E — =
EQMO 12 Mo 012

(2.26)

This is formally the same as the well-known wave equation under the electric dipole approximation.

Equation (2.26) can easily be solved in the frequency domain. The Fourier transform of Eq. (2.26)

is given by
V?E(w) + weopo E(w) = —wuo P (w), (2.27)

whereE indicate the electric field in the frequency domain. By inserting the definition of the linear

and nonlinear susceptibility,
Pi(w) = eo[x "M E(w) + x>V E(W) Ew) + X*VEwW) E(w)E(w) + -], (2.28)

into Eq. (2.27), the equation becomes the differential equation of the electric field with respect to the

space. If the induced polarization is linearly dependent on the electric field, Eq. (2.27) becomes

V2E(w) 4+ w?eopo(1 + X E(w) = 0. (2.29)
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By solving this differential equation with respect to the space, the electric field after passing through
the medium can be calculated. When the higher order susceptibilities are taken into account, the power
series ofE(w) come out in the right hand side of Eq. (2.27). In such cases, the frequencies different

from that of the applied field can be observed in the emission.

A general procedure for calculating the generated electric field as a result of the linear and non-
linear interaction is given in this section. Given the interaction Hamiltonian in Eq (2.5)sttherder
perturbative expansion of the density operator is given by Eqg. (2.18). Next, one can evaludte the
order electric dipole, electric quadrupole and magnetic dipole moment induced by the external electric
or magnetic field using Eqgs. (2.3) and (2.18). The final electric field in the far field is then given by
solving the wave equation (2.24). Practical examples of calculating generation of a chiroptical signal

will be given in the following sections for linear and nonlinear cases.

2.3 Linear and nonlinear chiroptical processes

2.3.1 Linear

First, the effective polarization by the first order interaction is given. Before going into a case that the
electric quadrupole and magnetic dipole interactions are included, the expectation value of the electric
dipole moment only with the electric dipole interaction is considered as a starter. Using Eq. (2.17), the

expectation value of the dipole moment is written as

(i) = (1) rampy (1)

1 t ; r_
_ E (Mi)S,nm / [HS7int (t/), pg)]mne(lwmn+rmn)(t t) dt/ (230)

The interaction Hamiltonian is now just the usual one with the electric dipole approximation:
HS 1nt Z ,Ufz z (231)
The applied electric field is assumed to be superposition of planer waves with different frequencies as

ZE —z (wpt— k:pz) (232)

Egs. (2.31) and (2.32) are introduced into Eq. (2.30) to obtain

Z Z Z[ (1) gm (115 ) myg + (g )grm (#iJng Ej (wp)eii(w”tikpz)‘ (2.33)

Wmg — wWp — lmg  wmg +wp +il'my
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With the use of the molecular polarizability tensay;(w,), the electric dipole moment is also written

by

(1)) = DD laij(wp) Bj(wp)e (rt=Fe2)]. (2.34)

P

Comparing Egs. (2.33) with (2.34), one can explicitly write down the polarizability tensor as

Oéij(wp) _ - Z[ (Mz)gm(/’bj)‘mg + (/j’])gm(uz)?ﬂg ' (2.35)
—~ wmg —wp —il'mg  Wimg +wp + 1Ly

Here, the first and second term becomes significant when~ w, andw,,, ~ —w,, respectively.

In the situations considered in this thesis, the second term is negligible because the initial state is the

ground state (Eq. (2.16)) and consequeantly, > 0.

One notes that the polarizability tensor above is given in the molecular coordinate system. In order
to obtain the susceptibility tensor observable in the experiments, one needs to convert the coordinate
from the molecular system to the laboratory system and to compute the orientational average. Here,
the Cartesian coordinates in the molecular system is written pyz (or i, j, - - - for dummy indices)
and these in the laboratory system®yY, Z (or I, J, - - - for dummy indices). When the Euler angle
between these two coordinates systemsyisd, ¢), tensor representations in these two coordinate

systems are connected via the rotation matrix:

RY RY RY
R=1] RY Rz// RY
RZ RZ RZ
cos ¢ cosf cosyp —sin ¢psiny —cos@cosfsiny — sin¢pcosy cos@sin b
= | sin¢cosfcost) + cospsiny —sin¢@coshsinty + cospcosyy singsind | . (2.36)
—sin 0 cos Y sin 6 sin ¢ cos 6

For the second order tensor, expression in the laboratory coordinate sgstemwan be obtained from

that in the molecular coordinate systeff; by the following equation:

S1; =Y _ RIR]S;;. (2.37)
0
In this thesis, experiments in the liquid phase, where molecules are randomly oriented, are consid-
ered. Thus, the observables obtained in the experiments correspond to the value added over all the

orientations

2
(Sahe = = 2/ d@smG/ av | T 4651, (2.38)
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where( - ), denotes the average over all the orientation as introduced in Eq. (2.19). Equation (2.37) is
inserted into Eq. (2.38) to obtain

2
(Stahr = < 225”/ desme/ d¢/ doR! R/
_ o Z 5,155

6 o1y

For the calculation of the second- and third-order susceptibility tensors below, general formulas for the

orientational average of third-, fourth- and fifth-order tensors are also given here [82]:

(SriK)r Z €ijkEITK Sijks (2.40)
,J,k
T
O1J0KT, 4 -1 -1 5ij5kzl
(StikL)r = 30 SIKOJL -1 4 -1 Sikdji | Sijkts (2.41)
ikl
e d7KOIL -1 -1 4 0;%041
- - T - - - -
EIJKéLM 3 -1 -1 1 1 0 5ijk5lm
E]JL(SK]\J -1 3 -1 -1 0 1 5ij15k:m
1 EIIMOKL -1 -1 3 0o -1 -1 €iimOkl
(SrakLm)r = 30 > o Sijkim-
i,5,k,l,m EH(L(SJM 1 -1 0 3 -1 1 Eikl(sjm
ErxMOJL 1 o -1 -1 3 -1 Eikm0;j1
EILM(SJK 0 1 -1 1 -1 3 Eilm(sj'k
(2.42)

From Egs. (2.19, 2.28, 2.34, 2.35, and 2.39), the observable susceptibility tensor is calculated as

1
X = - <RfR3]az'j>r

N§
— 352 T (g + gy + 022). (2.43)

We see that only the diagonal elements of the susceptlb)&fjé)x,xyy, and X(Zl)z have non-zero
values and these are equal. With the explicit expression in Eq. (2.43), it can be checked that the
susceptibility tensor is not sensitive to molecular chirality. Whether a physical value is sensitive to
molecular chirality or not is determined by whether its sign reverse or not by the reflection through a
plane. In order to calculate the polarizability after the reflection, it is convenient to set the reflection

plane thexy-plane. From Eqg. (2.43), it is obvious that the susceptibility does not change if the
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subscriptse andy are interchanged:

N(S[J
360
reflection N(S]J
T 7(
3e 0

X?J) = (05:1::1: + Ay + azz)

ayy + Qgg + azz) = X(Il) (244)

Within the dipole approximation, as is well known, the linear spectroscopy is not chiroptical. This s, as
shown below, in contrast to the case of the second-order nonlinear processes, which can be chiroptical

even within the electric dipole approximation.

Now, the theory is extended to include the magnetic dipole and the electric quadrupole interactions

by expanding the Hamiltonian to
1
Hime =~ Y [uiEi(t) FmaB(0) + 505 ViE (1) (2.45)
0,3
By introducing the above Hamiltonian into Eqg. (2.30), the expectation value of the dipole moment is

calculated as

1 (Mi)gm(uj>mg o (:Ui)gm(mj)mg 5
i(t) = ¢ ; E; : B;
() = sz;{% o Vs )+ Lm0
L (ki) gm Ok )mg 3 } —i(wpt—kpz)
- E Huopt—ep 2.46
+6wmg—wp—ifmgv] klwp) € ( )
1 . . - it
= =23 (alPEj(wp) + ol By(wy) + o Vi Ei(wy) Je A (2.47)
P jk

Here the anti-resonant terms are neglected because only the transitions resonant with the real states are
considered in circular dichroism spectroscopy. The superscripts ED, MD1 and EQ1 correspond to the
terms with the electric dipole, magnetic dipole, and electric quadrupole interaction in the interaction
Hamiltonian, respectively. Here, the MD and EQ terms are numbered in order to distinguish them
from the effective polarization originating to the induced magnetic dipole and electric quadrupole by

the electric dipole interaction. Each tensor element in Eq. (2.47) is given by

ED (Mz’)gm(ﬂj)mg
e 2.48
Oézj ; ng . wp . ZFmg ) ( )
MD1 (Mz‘)gm(mj)mg
VDL _ 2.49
afPr =3 B e (2.49)
ijk 6 <~ Wing — Wp — 1D'mg '

The linear susceptibility tensors corresponding to the ED, MD1, and EQ1 terms are calculated by
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taking the orientational average (Egs. (2.38) and (2.40)) of the above expression as

1ED) Ny
Xpi = oo + gy +alD), (2.51)
1Mp1)  Nopy
XY = S P Pt + oY), (2:52)
1EQ1) _ Nepk
AR = T (@B 4 aBS 4 FRl - B - aBR - aF). (@59)
Here, one can immediately get
1,EQ1
WLEQD — (2.54)
by using the relationship,
EQl1 EQl1
Oéij% = 0%13 , (2.55)

which is derived from the definition of the electric quadrupole moment in Eq. (2.8). So the electric
guadrupole interaction term in the Hamiltonian does not contribute to the linear optical susceptibility
when the system is isotropic. When the system is anisotropic, on the other hand, the electric quadrupole
interaction has non-zero contributions to the linear susceptibility [83], which is not discussed further
here. As shown in Section 2.3.3, the electric quadrupole interaction also has non-zero contributions

for the third order nonlinear susceptibility.

MD1)

As for the magnetic dipole term, it should be noted tja%t represents relation between the

induced polarizability and the incident magnetic field. The induced polarization in the laboratory

coordinate system is given by

Pr=eY (Xg{;EmEJ n Xg{;MDUéJ). (2.56)
J

Concise expression is obtained for the planer electromagnetic wave propagating’ edaigy where

the magnetic field is given by

Bx = ——FEy, (2.57)
c

By = “Ex. (2.58)

~ ~ n ~
Py =co(xxBx — —xkxEy), (2.59)

Py =205 By + xiy PV Ex). (2.60)
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Next, the induced magnetic dipole moment is calculated. In the calculation of the induced mag-
netic dipole moment, the magnetic dipole and electric quadrupole interactions in the Hamiltonian are
neglected becausa andé are several orders of magnitudes smaller thaThus, the induced mag-

netic dipole is given by

(1124) g (15 ) mg E‘j(wp)e—i(wpt—kpz)

ZZZ Wmg — Wp — 'y
= Z Z apfP? Ej(wp)e (et ~kp2), (2.61)

where

a%IDZ _ (mz)gm (Nj)}mg ) (262)
"~ Wimg — Wp — g

By calculating the orientational average of the above expression, the susceptibility tensor associated
with the MD2 term is given by

(1LMD2) N5IJ( MD2 | MD2 | MD2) (2.63)

X[J 360 mc yy azz

(1,MD2)

Here, x;; is defined as a physical value connecting the applied electric field and the induced

magnetic polarization:

Mx = eox't¥P? By, (2.64)
My = e\ By (2.65)

From the above equations, the effective polarization can be calculated via Eq.(2.25).

Finally, the induced electric quadrupole moment is discussed. Again, the magnetic dipole and elec-
tric quadrupole interactions in the Hamiltonian is neglected. The expectation value of the quadrupole

moment is given by

ii)gm (k) mg ] = “i(wpt—kpz)
ot Z zY [ng ol | (e (2.66)
= Z Z AP By (wp)e @rt—hp), (2.67)
where
01" m m,

—~ Wimg — wp — iy
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The orientational average gives the susceptibility as

(1,EQ2) _ Newk , v EQ2 EQ2 EQ2 EQ2 EQ2
XI1JK - 620 (awz?z +ayz% +azz% _azz% _azg%c _aya:Qz )7 (269)

= 0. (2.70)

As with the EQ1 termX%’EQQ) is zero in the expression of the linear susceptibility.

Now the effective induced polarization is calculated through the use of Eqgs. (2.25, 2.59, 2.60, 2.64,
2.65) as

]5)((1,eff) =€y (PX + EMY>

. (X(l,ED)EX _ %X(l,MDl)EY T %X(I,MD2)Ey>’ (2.71)
pllef) _ 50< By — % ”X>

. (X(I,ED)EY + %X(I,MDI)EX _ %X(LMDQ)EX) (2.72)

Here, each element of the susceptibility tensor is just writtery ®y) because in the isotropic case,
o) = {17 is satisfied as shown in Eq. (2.51), (2.52) and (2.63). By defiging® as

WL _ ) (e _ (1ED) (2.73)
eff Jeff n
WL (e T D) (16D2)y (2.74)

c

one can simply write down the effective induced polarization in the form of
pUel) — gy (el g, (2.75)

Now the electric field can be calculated by solving the differential equation (2.29) with the suscepti-
bility tensor given in Egs. (2.73) and (2.74).

It can be seen that the sign pf"MP1) andy(1:MP2) js inverted by the reflection through a plane.
As with Eq. (2.44), the reflection through thg-plane is considered. From Eg. (2.7), the magnetic

dipole moment is converted by the reflection as

My —Mmy
reflection
my —my
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Through the use of Egs. (2.49, 2.52, 2.62, 2.63, 2.76), one can readily obtain

x(1MD1) reflection, —(1LMD1) (2.77)
\(1LMD2) reflection, —y(1LMD2) (2.78)

These relations show that the MD1 and MD2 terms are sensitive to chirality. In experiments of the lin-
ear chiroptical spectroscopy, the goal is to obtain the vallyégcﬁﬁ) = —nglf—ﬁ) = —nc ! (x(BMPD)
X(LMDz)). In what follow, the way to access these values are discussed.

Given the light propagates aloiffyaxis, Eq. (2.29) is explicitly written as

82

_ﬁEX + w2 2(1 4 YED) By — nw?e 3 (MDD _ (MDY (2.79)
2
_86Z2EY + w22 (1 4 Y BEP) By 4 ng?e3 (WMDY _ WMD)y — ) (2.80)

which can be rewritten in the matrix form as

82

where
. —w2c*2(1 + X(I,ED)) nw2e—3 (X(I,MDI) _ X(I,MD2)) | (2:62)
_nw2073(x(1,MD1) _ X(l,MDz)) —w20*2(1 + X(l,ED))

Now the differential equation (2.81) is solved by diagonalizing the matrising a transform matrix

1 1 i
P = sl ) (2.83)
—1
The matrixA is diagonalized as
. k20
B=PAP ' = L | (2.84)
0 k=
with
k2 = —w?c (1 + X(l,ED)) + mwzc—s(x(l,MDl) _ X(l,MD2)>' (2.85)
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In parallel, the vector representation is transformed to

E' = PE
1 [ Ex +iE E
L L I s B (2.86)
V2 \ Ex —iBy E_
Eqg. (2.81) can be rewritten with a diagonal matrix as
2

%E’ = BE'. (2.87)

Here F represent the right- and left-circularly polarized electric field. In order that the above differ-
ential equation has non-trivial solutions,

i

n? + (X(1,MD1) _ X(l,MDQ))n (14 yEDY = (2.88)

C

is required. Four solutions of this equation with respect ts given by

S 2% :\/402(1 + y(LED)) _ (5((LMD1) _ (1,MD2)) __ j(,(LMD1) _ X(LMD?))} (2.89)
fpe = % :—\/402(1 4 y(LED)) _ (y(LMDL) _  (1LMD2)) _ j(,,(1LMDL) _ X(LMDQ))} (2.90)
n__, = % :\/402(1 + y(LED)) — (y(1L,MD1) _ 5 (1,MD2)) 4 (1 (LMD1) _ y (1,MD2)y | (2.91)
N = 2% :_\/402(1 4 ¢(LED)) _ (1((LMD1) _ \ (LMD2)) 4 (y(1LMD1) _ X(LMDQ))} (2.92)

Here,— and<«— correspond to the solutions for the electromagnetic field propagatingtand — 72
direction, respectively. Now the solutions propagating-t8 direction are discussed amd _, and

n__, will be simply written byn andn_ in what follows. Equation (2.87) is then solved as

S
gy
Gl

I

E (0)e+Z, (2.93)

E_(0)e*Z, (2.94)

>
N
I

Above equations indicate that circularly polarized light passes through the material without mixing
with the circularly polarized light with the opposite helicity. The absorption coefficient of each polar-
ization,o is given by

2w

ot = 7Im[ni]. (2.95)

Circular dichroism is defined as the absorbance difference between left- and right-circularly polarized
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light as

Z(o_ —oy)
In(10)

_ 2Zwlm[n_ —n4]

B cIn(10)

_ 2Zw ((1,MD1)7
c?1n(10)

AA =

X@MD?)) . (2.96)

The discussion above is given with the basis set of right- and left-circularly polarized light, which

corresponds to the traditional circular dichroism spectroscopy with the absorbance difference scheme.

In what follows, the basis set is converted back to the unit vectors a&ferapdY -axes. Equations
(2.93, 2.94) become

Ex(Z) = Bx(0)(e*+7 4 ¢ 7) 4iBy (0) (47 — e 7), (2.97)

By (2) = —iBx (0) (¢#+7 — -2 ) 4 By (0) (47 + €*-7), (2.98)

which can be rewritten in the matrix form as

Ex(Z M M Ex (0
~X( ) _ XX XY ~X( ) ’ (2.99)
Ey(Z) MYX Myy Ey(O)
where
Mxx = Myy = ;(eikﬂ + eik—Z>, (2.100)
Mxy = —Myx = ;<e“f+z ~ e““Z). (2.101)

Equation (2.99) relates the input electric fielty (0), Ey(0), and the output electric fieldyx (Z),
FEy(Z), after passing through material with the thicknessZofThis way of representing the change

of the electric field is known as Jones matrix calculus [84]. As will be presented later, the ratio
Mxy /Mx x can experimentally be determined precisely. With the approximatibn? ~ 1+ikyZ,

the ratio becomes

M Z
Mg = 5 (ko — k) (2.102)
Zw

By comparing the above equation with Eq. (2.96), one obtains

MXY 111(10)
I = AA. 2.104
m[MXX} 4 (2.104)
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In the linear polarization basis, CD is simply measure@aS\/ xy /M x x|. An important advantage

of using the linear polarization over the circular polarization is that one does not need to observe the
small difference as in Eq. (2.96). As a result, measurements with the linear polarization are less
susceptible from fluctuation. The detailed procedure for measurement and analysis of the Jones matrix

will be given in Section 3.2.

2.3.2 Second order

Although the second nonlinear processes are not used in this thesis work, it is worthwhile to briefly
discuss the second order nonlinear chiroptical spectroscopy here. For an isotropic achiral liquid, the
second-order nonlinear optical processes are generally prohibited due to the inversion symmetry [85].
For systems lacking the inversion symmetry such as surfaces and chiral media, the second-order non-
linear processes become allowed within the framework of the electric dipole approximation [86]. In
sum-frequency generation (SFG) spectroscopy, signals originating from surfaces and chiral media can

be distinguished by different polarization configurations [87].

In analogy with Eq. (2.35), the hyperpolarizability is defined as

(Mi)gn(,uj)nm (Mk)mg
B wWp + wg, w 7(“) |: 1 ]
zyk( P 9> *¥q>%p hQ Z (Wng — wp — wq — il'ng) (Wing — wp — 1T'mg)

I (Mi)gn(/ik)nm(/‘j)mg

(Wng — wp — wq — i) (Wmg — wWg — iL'mg)
I (Hk)gn(ﬂi)nm (Nj)mg

(wmn — Wp — Zrmn)(WNH +wp + irng)
+ (,U/j)gn(ﬂz)nm(lu’ )

(wmn — Wp — Zan)(wng +wg + Zan)
n (ﬂ])gn i nm(l’L )

(Wnm + wp + Wg + L) (Wing — wp — ilmy)
+ (ﬂk)gn(,uz)n (:uj>
+ (ﬂk’)gn(ﬂj)n (,u,)

(Wmg + wp +wq + 1Lmg) (Wng + wp + i)

(115) gn (148 ) nam (144 ) g ) (2.105)

(Wmg + wp + wq + iLmg) (Wng + wq + i)
Using Eq. (2.40), the second order nonlinear susceptibility is written by

2,ED N€[JK
X}]K )(wp+wqawqawp) = 620 ( myz ﬁyzm ﬁzmy mzy ﬁym — Zyz) (2.106)

As with the linear susceptibility including the magnetic dipole interaction, the reflection through the

26



xy-plane inverts the sign of the susceptibility;

(2,ED) _ NEIJK( ED | GED 4 gED _ gED _ gED _ gED
X1JKk = = 650 TYz Yzx zxy T2y YTz 2yx
reflection, NEIJK , 2ED ED ED ED ED ED (2,ED)
> 650 ( yrz + rzYy + zyx ~ Fyzx — Fxyz z:cy) = —X1JK - (2107)

In the second-order nonlinear spectroscopy, chiroptical signal is generated within the electric dipole
approximation. From Eg. (2.106), one notes tj@%ﬁm is proportional tcs; ;. Thus, the suscepti-

bility vanishes unless all the electric fields have components perpendicular to each other. In an optical
configuration where two incident beams co-propagate and these polarizations are perpendicular to each
other, the induced polarization is parallel to the traveling direction and the emission is not construc-
tively generated. Thus, non-collinear configuration is used in the chiral SFG experiments, where the
coherence length is 100 nm [88]. Although the coherence length is dependent on the incident angle

of the two incoming beams, it is generally much shorter than usual third order nonlinear spectroscopy
such as coherent anti-Stokes Raman scattering [89], in which the coherence length can be longer than 1
cm. Consequently the signal is relatively weak in the chiral SFG spectroscopy even though it is dipole

allowed.

Chiral SFG spectroscopy resonant with vibrational transitions [90-93], electronic transitions [88,

94], and both [95, 96] has attracted attention as an emerging tool for investigating molecular chirality.

2.3.3 Third order

In this subsection, the theory is extended to the third order perturbation. Using Eq. (2.18), the third-

order perturbation expansion of the density operator without the damping is expressed as

3) 1)* 1t o[t 0
men(t):(m)/ dts/ dto dt1 [Hrine(t3), [Hrint (t2), [Hrint(t1), o7 ' |]]mn-  (2.108)

— 00

Eq. (2.108) expresses the molecular density operator after the interactions with light which occur at
t1,ts andts. Eqg. (2.108) includes 8 terms as a result of the expansion of the three commutator. These
correspond to different third-order nonlinear optical processes including the coherent Stokes Raman
scattering and stimulated Raman scattering. In this study, | perform chiroptical measurements using

coherent anti-Stokes Raman scattering (CARS), which is derived from the term

1 3t t3 to
PBOARS) (1) (m) / dts / dty [ dty(Hp e (t3) Hrane (t2) Hr o (0)0 ). (2.109)

So | will focus on this term in this section but the discussion below is easily applicable to optical

processes originating to the other terms. By introducing the relaxation Hamiltonian, Eq. (2.109)
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becomes

1\? t |
p%??:RS) )= (zh) Ze_rmnt/ dt3(Hin (t3) )mpe~ Ton=Tmn)ts
a,b -0
t3
X dt2(Hint(t2))baei(ran71—‘bn)t2
to
X/ dt1 (Hint (t1))ag (gln)e’ ™. (2.110)

Using Eq. (2.3), the expectation values of the third order nonlinear electric dipole moment density,

magnetic dipole moment density, electric quadrupole moment density are given by

1\?* B t o
) = N (55) S doce ™ [ dtaHiglta) e T
a,b,c —o0
t3 t
X dtZ(Hint(tZ))bae_(Fag_Fbg)tQ/ dt1(Hing(t1))age" o™, (2.111)

1\* t
) =N () S midgee™™" [ (B 1)) g0
a,b,c -
t3 to
X dtQ(Hint(tg))bae_(Fag_Fbg)tz/ dtl(Hint(tl))ageFth, (2.112)
1\? roe [ —(Tpy—Teg)t:
<Q¢j)—N<m) > (Qij)gee C"/ dts(Hint(t3))cpe™ " o 0/

a,b,c
t3

to
X dtQ(Hjnt (tz))bae_(ra”_rbg)tz / dtq (Hjnt(tl))ageragtl. (2.113)

—00

Generally, the magnitudes of the magnetic dipole moment and the electric quadrupole moment are
several orders of magnitude smaller than that of the electric dipole moment. In the above expressions,
the terms including the magnetic dipole and electric quadrupole moments more than twice are negli-
gible. In Eq. (2.111), therefore, among the interaction Hamiltonians, the magnetic dipole and electric
guadrupole interactions are included at most once (Fig. 2.1, (A)-(G)). In Egs. (2.112) and (2.113),

all the interaction Hamiltonians are approximated simply by the electric dipole interaction (Fig. 2.1,
(H), ().
First, the process including only electric dipole interactions (Fig. 2.1, (A)) is considered. The

expectation values of the third order nonlinear electric dipole moment density of the process (A) in
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Figure 2.1: Diagrams of the CARS processes including magnetic dipole or electric quadrupole inter-

actions.
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Fig. 2.1 is given by

N

. t .
(i) = = G 2 D (idgee” (e ther / dt3 (ug)epe”“ve (Fra~Teolt
ab,cjk,l o

t3 . 2 .
x/ dtg(,ul)bae’[wa“*(raff’rbg)m/ Cltl(/Lk)agei(wgalirag)tlEj(t3)El(t2)Ek(tl)

:E Z Z (Ni)gc(uj)cb(lu’l)ba(ﬂk)ag
A3

e (Weg — 2w1 + wo — ilcg) (wWhg — w1 + w2 — ilpg) (Wag — w1 — iLag)

x e lur1—wa)t=(ka—ka) T B ) By (w) By (w1), (2.114)
where the applied electric fields are assumed to be

Ei(t1) = Ei(ts) = Ejwy)e (1t7kam), (2.115)
Ej(t2) = BEj(wq)e *(wet—ka) (2.116)

The third-order nonlinear susceptibility of the electric dipole allowed CARS process in the molecular

coordination system is written as

Xékl _ % Z (Ni)gc(ﬂj)cb(ﬂl)ba(ﬂk)ag ) (2117)

oyl (Weg — 2w1 + wo —ilcy) (whg — w1 + wa — i1hg) (Wag — w1 — iTgyg)

Each molecular state is written as a product of an electronic state and a vibrational state to apply the

Placzek’s polarizability approximation:

lg) = 10)10),  |a) = le)|na)
b) = [0)[n), e} = [e)[ne)- (2.118)

As the Raman tensor is defined as

~ We—wWp—w

the third-order nonlinear susceptibility tensor given in Eq. (2.117) is rewritten as

N (0] (2w1 — wa)|n) (n|ayk(wi)|0)
A J
A4 ) 2.120
Xight = T Whg — W1 + w2 ( )

When the magnetic dipole interaction is included in the CARS process, oneofdnel E; in EqQ.

(2.114) is substituted by; and B;, respectively. For example, the expectation value of the electric
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dipole moment density induced by the process B is written as

Z Z (Mi)QC(Mj)cb(#l)ba(mk)ag
i) 3 e (Weg — 2w + wa — L) (Whg — w1 +wa — i1hg) (Wag — w1 — iTag)
w e il(2w1—wa)t—(2k1 —kz)-] E;(w1)Ej(w2) By (w1) (2.121)
=X D B (w1) By (wa) By (wy ) e~ (e —w2)i=(2ka—ka)x] (2.122)

By defining a Raman tensor with the magnetic dipole interaction as

;Z <0|m|e><e\mg‘|0>’ (2.123)

h We — Wp — W

Gij(w) =

€

the third-order nonlinear susceptibility of the process B can be written as

B N (0a;;(2w1 — wa)|n) (n|Gig(w1)]0)

B _ 2.124
Xijkl = Whg — W1 + w2 ( )
¢ andy? are calculated as the same way as
N (0] (2w1 — wa)|n)(n|Gri(w1)]0)
c J
C = 2.125
Nikt = Whg — W1 + w2 ( )
N (0|G;; (2w1 — wo)|nY{n|agk(w1)]0

Whg — W1 + w2

For the case that the electric quadrupole interaction is included, one of &mel F; in Eq. (2.114)
is substituted by,; andV . F;. Therefore, the expectation value of the electric dipole density induced

by the process E is written as

] ay > 1 (1) ge(5)cb(10)ba (Bt )ag

(Weg — 2w1 + wo — il¢g) (wWhg — w1 + w2 — ilpg) (Wag — w1 — ilag)

2
a,b,c j,k,l

x Ej(w1)Ey(wy)e @r—w2)t=la=ka)rly 11 () )e~lert-kurl) (2.127)

:z(k 1a X mt B (1) Ey(ws) En(wn )e o il(2w1—w2)t—(2ka k) x| (2.128)
6 zgakl

By defining a Raman tensor with the electric quadrupole interaction as

Ajoj(w) = %Z <Oc|ii|‘_e>iz|9_aﬂo> (2.129)
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the third-order nonlinear susceptibilities of the process E,F,G can be written as

B N (0] (2w1 — wa)|n)(n|Ajar(w1)]0)
2.130
Xijokl = Whg — W1 + wo ’ ( )
N (0] (2w1 — wa)|n) (n| Akar(w)]0)
F J
b - 2.131
Xijkal = Whg — W1 + w2 ’ ( )
N (0| Aia; (2wi — wa)|n)(n|a,(w)]0)
G J
= — . 2.132
Xiajkl = 5 Whg — W1 + wo ( )

In the same way, the expectation values of the third order nonlinear magnetic dipole moment density

and electric quadrupole moment density are calculated as

. Z Z (mi)gc(:uj)cb(,ul)ba(:uk)ag
mi) h3 Ty (Weg — 2w1 + wo — il¢q) (whg — w1 + wa — 1Tpg) (Wag — w1 — iTgg)
X e—i[(2w1—wz)t—(2k1—k2)‘r]Ej (wl)El(wg)Ek(wl) (2133)
ZngzE (w1) Ej(wa) Ejy(w ) e~ 1(2w1mw2)i= 2k —ka) x], (2.134)
Z Z (Qai)gc(:uj)cb(,ul)ba(,uk)ag
fai) 3 Ty (Weg — 2w1 + wo — il¢g) (wWhg — w1 + w2 — ilpg) (Wag — w1 — ilag)
x e~ MZermw)i=Clake) B () By (w)) By (w1) (2.135)
=Xhiir B (w1) By (ws) Eyy(wy e~ (2w mwa)i=(Zka—ka)x] (2.136)
where
’L]kl h wbg _ wl + WQ "
N (0] A (2w —
o = Y (0] Ajai(2w1 — w2)|n) (njaur(wi)|0) (2.138)
h Whg — W1 + W2
The total nonlinear polarization induced by above interactions is thus expressed as
¢ c )
PNE =3 (ui)x — " > ek (mi)m — 6 > kb1 (2.139)
X=A g\l J
Z X?jklEglEf*Eli + nglBJlEIQ*E% + Xic;‘klE]lB?*Eli + Xi?’klE]lEZQ*Bl};
3k, a8
i(k1)a . i(k2)a i(k1)a .
+ 6 zEaJklElEZZ Ej, — 6 z]kalE Ej 6 'L]aklElElz Ej,
C i k3 « *
- Qgiaﬁ(kB)axgjsz{EzlEf ¥ 6) Xbiju B 5 EX|. (2.140)

Here,E', E? represent(w; ), E(w2), respectively. Magnetic field is expressedais= 3", neji. Ej,

wherez represents the traveling direction of the electromagnetic field. Therefore, the nonlinear polar-
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ization can be written as

i(k1)
PiNL = Z [Xé‘k;l + nlgjainB;kl + nQSZQZX%ka + nlekazxg‘al + 6 aXz%jkl
j7k7l7a7/3
i(k2)a p i(k1)a ¢ H i(k3)a g i el ok
-6 “Xijkat + 5 S XGGaki — N3EizBX 5kt — TaXm'jkl E{ESEY. (2.141)

Up to here, the discussion is given in the molecular coordinate system. What we observe experi-
mentally is, however, the susceptibilities in the laboratory coordinates. Now, the system is changed to
the laboratory coordinates system and averaged over all orientations by the use of Egs. (2.41, 2.42).

The total nonlinear polarization in the laboratory coordination is written as

PNL = N
JKL=XY.Z h(wpg — w1 + wo — i)
2 ’72 2 .2 4
x (0](a” + E)(CSIJ(SKL +0rxoyL) + 7Y OrL0sK — ZB’YG(nz —n3)0JKErIZ

) 1
—i(aG" + E’yé)[(m +n2)(0rjexrz +0r5e50z) — (N1 +n3)(0yLerkz + Ok LELIZ)]

. 9
? *
2%’31 (k1 + k3) (6176 k12 + O1xegnz — (ki + ko) (Osre1k7 + Ok rersz)||n) E{ BB,
(2.142)
where tensor invariants are defined as
1
a = g(am + ayy + ), (2.143)
1
’72 = 5[(059590 - ayy)2 + (ayy - azz)2 + (azz - aaﬁx)2]’ (2144)
7
G = —g(Gm +Gyy+G.2), (2.145)
7
’Y?; = 5[(0%96 - ayy)(Gm - ny) + (ayy - azz)(ny = Go) + (Qzr — ge)(Goe — Gy
(2.146)
3
Va = 21 [Azay(yy — aza) + Ayza(Qae — 0z2) + Ay 0z — agy)]. (2.147)

The third-order nonlinear susceptibility including not only electric dipole interactions but also mag-

netic dipole and electric quadrupole interactions are thus given in the form of

NRrjkL
Q—wy +wy — ir’

3,eff NR
Xﬁfi& = X1JjkrL +

(2.148)
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where

2 2 2
Risrr =(0](a® + Z%5)(51J5KL +0rkd0yL) + B7251L5JK — lﬁvg;(m —n3)0JKEILZ

. 1
—i(aG' + E’y?;)[(m +n2)(6rsexLz +01x€1L7) — (M1 +n3)(0sLerK 7z + 0K LEIIZ)]

9
1
27’8’2}1 (k1 + k3)(Orserxrz + rxesrz — (ki + k2)(0srerkz + Ok rersz)||n) /h.
(2.149)

In CARS measurements, as the difference amongv, andws is less than 10000 cm, the differ-
ences of refractive indices at each wavelength can be neglected. Under the approximatian =

ns = n, EQ. (2.149) becomes simpler form as

2
2, 7 2 9
(a + 45)(51J5KL +6rkdo1) + 57 OrroiK

1
RikjL :h<0

. 1
—2in (CLG/ + 457%> [(0rserxrz +01kesrz) — (Osrerkz + Ok LELIZ))

. 2
MY w1 — Wy
1 ) 5
+ 3501 K + 2o )( 1JEKLZ + O1KEILZ)

w1 — W
— (1— ! 2)((5JL€[K2+5KLE[J2) ’n> (2.150)

2w1

For isotropic achiral media, the tensor invariat¥s v, v4 vanish. Therefore, there are only two

independent tensor elements:

4
Rxxxx = Ryyyy = Q(a2 + 4572), (2.151)

2
Rxyyx = Ryxxy = 5727 (2.152)

1
Rxxyy = Ryyxx = Rxyxy = Ryxyx = i(RXXXX — Rxvyvyx). (2.153)

For isotropic chiral media, on the other hand, the tensor invari@hts;, v4 do not vanish and two

more elements oR; ;jx;, become non-zero;

2 2

. ole W1 — W2\ Y4
_ _ 4 06 (q 2.154
Rxxxy Ryyyx m {“G VT ( + 2w )2700]’ ( )

2 2
. TG w1 — w2\ 74
= — =4 & (11— 2.1
Rxvyy Rao111 in [GG + A5 ( Soor )270(3 ; (2.155)
1
Rxyxx = Rxxyx = —Ryxyy = —Ryyvxy = §(RXYYY — Rxxxvy). (2.156)

In spontaneous ROA experiments, the dimensionless circular intensity difference (CID) is mea-
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sured. CID is defined as
A(l) = ———">=. (2.157)

Here, Ir(£) and I, (§) are the Raman intensities obtained with right- and left-circularly polarized
incident light in the scattering ange The CIDs for backward{(= 180°) and forward £ = 0°) are

written in terms of the tensor invariants [97]:

_ 48n(v¢ +73/18¢)

A(180°) = — =2 PO (2.158)
o 4n(45aG’ +~% — 43 /6¢)
A(0°) = B2 . (2.159)

By comparing Egs. (2.155) and (2.15%y x xx IS approximated by the product @(0°) and

Rxxxx as
7: o
Ryxxx =~ —QA(O JRxxxx (2.160)

NRyxxx
QO —wp +wy — iF)
sensitive value. Detailed experimental procedure for extradting x x will be given in Section 5.2.

In this research, | concentrate on detectidi ™ = % vy + o

as a chirality
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Chapter 3

Development of broadband and sensitive
femtosecond time-resolved dichroism and

birefringence spectroscopy

3.1 Introduction

Time-resolved circular dichroism (TRCD) spectroscopy has great potential as a powerful tool for inves-
tigating three-dimensional structural evolution during the reactions of chiral chemical species [98—100]
and biomolecules [67,101,102]. However, TRCD measurement remains a great challenge, mainly be-

cause of the extremely low signal intensity.

To date, ultrafast TRCD instruments have been developed by several groups [68,70,103]. They are
roughly classified into two categories, depending on their measurement schemes: difference absorp-
tion measurement and ellipticity measurement. In the former scheme, a small difference in absorbance
between right- and left-circularly polarized light, which is typically less than® of the total ab-
sorbance, is measured as is the case in conventional steady-state CD spectroscopy [68]. The sensitivity
of this straightforward method is limited by power fluctuation of the light source because the noise
of the TRCD signal is primarily determined by intensity fluctuation of the huge achiral background.

In addition, in a pump-probe experiment, the measurement is susceptible to artifacts due to linear

birefringence (LB) and/or linear dichroism (LD) induced by pump radiation [104].

In the early development stage of the time-resolved difference absorption method, single wave-
length radiation was employed as the probe light [68]. Recently, Trifonov et al. have developed a
broadband TRCD spectrometer, where a white-light continuum (WLC) generated by self-phase mod-
ulation was employed as a light source [103]. While broadband TRCD measurements can provide rich

spectral information in the frequency domain, the difficulty in polarization control, attributed mainly to
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the strong wavelength dependence of the polarization property of optical components, prevents precise
CD measurement across the whole spectral region. On that account, broadband TRCD measurement

has been made only for a sample providing strong a TRCD signab6fmdeg [103].

In the ellipticity measurements, linearly-polarized or slightly elliptically-polarized light is em-
ployed as the probe light; CD is measured by monitoring the change in the ellipticity and azimuth of
the transmitted light, usually by the use of a strain plate or a Babinet-Soleil (BS) compensator [67,70].
In this method, only small portion of the probe light reaches the detector because most of the achi-
ral background is reflected at the polarization analyzer located after the sample, which drastically
increases the signal to background ratio of the CD measurement. Nevertheless, this type of TRCD
measurements using a BS compensator is only practicable at a single wavelength due to the strong

wavelength-dependent behavior of the phase retarder [70, 74, 100].

Recently, Eomet al. have developed new methods for ellipticity measurement employing the
heterodyne-detection technique [72, 105]. They successfully obtained the steady-state CD and optical
rotatory dispersion (ORD) spectra of Ni-(tartratd)y measuring the relative phase and amplitude
of the transmitted electric field perpendicular to the incident polarization. They also referred to the
advantages of the technique for time-resolved CD or ORD applications; however no such an attempt
has yet been made probably because one has to overcome difficult obstacles in implementing the

technique to achieve precise TRCD measurements.

In this Chapter, | report the development of TRCD spectroscopy by the heterodyne detection,
which covers almost the whole visible range of 415 - 730 nm with a sensitivity much higher than
previously obtained< 0.4 mdeg). Change of the polarization state by the sample is characterized
by measuring the phase and amplitude of the transmitted electric field by the spectral interferometry.
The setup developed here is used for measurements not only of time-resolved CD/ORD but also of

time-resolved LD/LB by employing different polarization angles.

3.2 Method

3.2.1 Jones matrix calculus

For investigating the polarization change by passing through the sample, it is convenient to use the
Jones matrix calculus, in which the polarization state of the light is described by a two-dimensional
complex vector. When the electric field propagating in thdirection is written by (see Fig. 3.2 for

the definition of the coordinat&s

E(z,t) = Eyeiwi=kz) 4 Eye_i(Wt_kZ), (3.1)

'Here,x, y, z indicate the laboratory coordinate. It should be noted that the notation is different from Chapter 2, where
X, Y, Z are used for the laboratory coordinates.
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the Jones vector is defined by

E,
Ey

J= (3.2)

Here, the absolute magnitudes and the argumerits athy represent the amplitude and the relative

phase of the electric field in andy direction, respectively.

Polarization change induced by various optical components is represented by multiplication of
2 x 2 Jones matrices. Those of CD, ORD, LD, and LB are given by [101]

1| krthkr —i(kr—kg)

Mep =35 | (3.3)

Z(kR—k'L) kR+kL
[ cosd —sind
Morp = , (3.4)

| sind cosd
[k, 0

Mip = , (3.5)
| 0 ky
[ e 0

Mip = . . (3.6)
i 0 er

In the expressionkr, kz., k, andk, are the square root of the transmittance of right circularly, left
circularly, z- and y-polarized light andy and p are the phase retardation between right- and left-
circularly polarized light andc- and y-polarized light, respectively. Egs. (3.5, 3.6) are the Jones
matrices for LD and LB when the optical axisisor y direction. More generally, the Jones matrices

for LD and LB with the optical axis tilted by are written by

Myp(¢) = R(¢) MLpR(—9)

- [ ks cos® ¢ + kysin®? ¢ (ky — ky) cos ¢ sin ¢ 37)
a | (ks — ky)cosgsing  ky sin? ¢ + ky, cos? ¢ ’ .
Mip(¢) = R(¢)MLpR(—9)
_ [ =0 cos? ¢+ esin? ¢ (e — €iP) cos ¢psin ¢ 3.8)
a I (e7% — eiP) cos psing e sin? ¢ + €' cos? ¢ ’ .
whereR(¢) is the rotation matrix,
R(¢) = [ c?s¢ —sin¢ ] . (3.9)
sing cos¢

When the linearly polarized light is used as the pump radiation, the angle of the induced anis@tropy,
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is the same as the polarization angle of the pump radiation.

Polarization change by successive optical components is written by multiplying the corresponding
matrices in the order of the interaction. When one optical component has more than two polarization
properties, the product express the total polarization change if they commute. For example, the Jones

matrix for the optical component possessing CD and ORD can be written by

Mcp,orp = McpMorp

= MorpMcp
1 kre ® 4+ kre®  —i(kpe 0 — ke

1 re™" ket (R' 2 ) . (3.10)
2 Z'(k‘Re_Zé — k‘Leus) k‘Re_la + k‘Leus

The above Jones matrix is the same as Eq. (2.99) in Section 2.3, which was derived for the isotropic
chiral system. When the incident field is polarized in #hdirection, the Jones vector for the output
radiation becomes

Ey
Jout = Mcp ORD (3.11)
kre™® + kre' Fout.a
—Ey| TR e (3.12)
Z'(kRefus — k‘Leus) Eout,y
(3.13)

whereFEy is amplitude of the incident field. As seen in Eqg. (2.104), by calculating the ratEg,ley

to Eoum, CD and ORD can be extracted in the imaginary and real parts as
(3.14)

If one optical component has more than two polarization properties and their Jones matrices do not
commute, the matrix for the component cannot be simply expressed by the product of the each matrix.
In order to calculate the Jones matrix for the net polarization change, N-matrix method is generally

used [106]. In the N-matrix method [101, 106], the total Jones matrix is calculated via N-matrix, which

is defined as
Ny (3.15)
dz
If the sample is homogeneous alonglirection, Eq. (3.15) can be formally solved as
M =exp(Nz). (3.16)
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From Eg. (3.16), the Jones matrix for infinitely thin layer can be approximated by
M~1+ Nz. (3.17)
Thus, the Jones matrix for multiple infinitely thin layers can be written as
HMi21+ZZNZ', (3.18)

wherei indicates the index of the layers. This equation means, in the N-matrix representation, one
does not need to care about the order of interaction. For the calculation of the Jones matrix of the
optical component with more than two polarization properties, therefore, one can simply calculate the
total N-matrix by summing N-matrices of each property and then the total Jones matrix is calculated

from the total N-matrix using Eq. (3.16).

The N-matrices corresponding to Egs. (3.3, 3.4, 3.7, 3.8) are

1 Inkrp+1Ink —i(lnkgr —Ink
Nep = & nkg+Inkg i(lnkr —Inkyp) (3.19)
22 | i(lnkg —Inky) Inkg+Inky
s[o —1
Norp = — ; (3.20)
2110
1 [ Ink, cos? ¢ +1Ink,sin?¢ (Ink, — Ink,) cos ¢sin ¢
Nip(¢) = - Y Y , (3.21)
Z | (Inky —Inky)cospsing Ink, sin? ¢ + In k;, cos® ¢
. 2 .. 92 .
i cos“ ¢ —sin“ ¢  2cos¢sin @
Nip(¢) = —2 . (3.22)
z 2cos¢psing  sin? ¢ — cos® ¢
Given the N matrix
N=|™ ™ (3.23)
ng ng
equation (3.16) can be explicitly rewritten as
/ 1 . / n3 . ’
cosh (Q'z) + —(n1 — ng) sinh (Q'z) — sinh (Q'2)
M = T= 20 Q’l
% sinh (Q'2) cosh (Q'z) — TQ’(nl —ny4) sinh (Q'z)
(3.24)

43



where

=" ;”4, (3.25)
1
Q = \/4(711 — ny4)? + nana. (3.26)

With the N-matrices in Egs. (3.19-3.22), the total Jones matrix representing all of LD, LB, CD, and
ORD becomes

Mot (6) = [ e ] , (3.27)
m3 My
with

my = cosh Q + (sin? ¢ — cos® ¢) (B — ip) Sing; Q, (3.28)
mo = — {2 cos psinp(f —ip) + (6 + Z"}/)} sin£Q7 (3.29)
msg = — {2 cos psinp(f —ip) — (6 + w)} sinélQ’ (3.30)
my = cosh Q — (sin® ¢ — cos® ¢) (B — ip) SingQ, (3.31)

where
B=2(Ink; —Ink,), (3.32)
v=2(lnky —Inkg), (3.33)
Q=/(B—1ip)* + (0 +1iv) (3.34)

Equation (3.27) is a general form of Jones matrix which expresses all of LD, LB, CD, and ORD. What

is experimentally observed for such a sample will be discussed in the following sections.

3.2.2 Heterodyne-detected dichroism and birefringence measurement

In the present study, linearly-polarized radiation, with polarization ahfjtem thex-axis, is employed
as the incident probe light. As will be shown in Section 3.2.4, the quantity experimentally measured
in Fourier transform spectral interferometry (FTSI) [107] is

Fry(w,0,7) = By y(w, H)E;(;* (w) exp (—iwT), (3.35)

where E, , (w, §) and E,%fy)(w) express the electric field of the signal and the local oscillator(LO),

respectively, and is the temporal delay betwee!ﬁx,y(w,e) and E%S(w). As seen in Eg. (3.14),
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when a chiral liquid or solution is employed as the target object, one can simply calculate CD and

ORD from the quantityy(w) defined as

a(w) _ 2905(&1, 0)
~ S(w,00) — S(w, —b)
kr— kL
_5+sz+kL, (3.36)
where
Fy(w,0,71)
== "7 37
5.0 = 2o (3:37)

with a fixed polarization angléy. As (kr—kr)/(kr+kr) andd in Eq. (3.36) respectively correspond
to CD and ORD, one can readily obtain CD and ORD spectra.

When the sample is photoexcited in TRCD measurements, LD and/or LB associated with pho-
toinduced anisotropy should be taken into consideration in addition to CD and ORD, where the total
Jones matrix is represented by Eq. (3.27). This leads to a situation in which the real (imaginary) part
of a(w) does not simply correspond to ORD (CD). | have performed a model calculatiowgfby
using Eqg. (3.27) with hypothetical, but realistically presumed, CD, ORD, LD, and LB spectra in order
to estimate how LD and LB have a controversial influence on the CD and ORD measurement. With

Eq. (3.27),a(w) spectra are calculated as

2605 (w, 0)
S(w, 00) - S(w, —00)
B Ooms(m3 cos? 0y — m3 sin? fp)

alw) = (3.38)

(3.39)

my sin g cos Op(mimy — mams)’
Calculated spectra ef(w) are shown in Fig. 3.1.

As shown in Fig. 3.1, the imaginary part of the calculatéd ), Im|«(w)], is roughly reproduced
by the linear combination of CD and LB, and the real pRrja(w)], by that of ORD and LD. The con-
tribution of LB and LD is nearly proportional to the angle between the pump and probe polarizations,
¢. The model calculations, however, also reveal ingix(w)] deviates significantly from CD and the
same goes folm[a(w)] vs. CD even when the pump and probe polarizations are set to be parallel
(¢ = 0). These deviations can be approximated/y x C'D — LB x ORD for the imaginary part
and—LD x ORD — LB x CD for the real part (see Fig. 3.1). In the measurements of time-resolved
CD and ORD, therefore, signals originating from anisotropy are generally superpased)ispectra

and great care is needed in handling the obtained data.

The discrepancy between the genuine CD/ORD hndRe[a(w)] spectra atl = 0 is explained
also by analytical calculation. With the assumption8p& 7,0 < 3,v < p, and@ < 1, Eq. (3.39)
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Figure 3.1: Simulated spectra of the (a) imaginary and (b) real part ofvth¢ spectra(top) with
different pump polarization angle Hypothetical spectra of the CD, LB, ORD, and LD of the sample
are shown in the middle part of the figures. At the bottom of the figures, the difference between the
CD/ORD andn(w) spectra are shown.
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is approximated by

afw) >~ (6 +iy)(1 — B +ip) (3.40)
=0—=08—yp+i(y+dp—B). (3.41)

As shown in Fig. 3.1 in the main text, the obtained spectra are significantly distorted when the system
has LD and/or LB. The difference between the spectrudndfv(w)] calculated by N-matrix method

and the true CD spectrum is approximatedpy- v ,viz., LB x ORD — LD x C D and that between
Re[a(w)] and ORD is approximated by — ~0 ,viz., —LD x ORD — LB x CD.

As will be discussed in Section 3.3.4, this issue can be circumvented by taking advantage of broad-
band measurements affw). A large quantity of the time- and wavelength-resolve@), which
are experimentally obtained by heterodyne-detected ellipticity measurements, are analyzed by the
singular value decomposition (SVD). In the SVD analysis, a series of time-resoledspectra
are well decomposed into genuine transient CD/ORD components and the anisotropic components,
LD xCD — LB x ORD and—LD x ORD — LB x CD for the imaginary and real parts, respec-
tively.

3.2.3 Apparatus and sample preparation

The optical setup of our heterodyne-detected femtosecond dichroism and birefringence spectrometer
is shown in Fig. 3.2. A Ti:Sapphire regenerative amplifier (Integra-C, Quantronix) is used as a light
source. The output of the amplifier (785 nm, 1 kHz, 2.2 mJ) is divided into pump and probe pulses.
The pump pulse is obtained by frequency conversion such as the second harmonic generation (SHG)
or the optical parametric amplification (OPA). In the proof of principle experiment using R@(‘bpy)

as a sample, SH at 393 nm generated bys;0OBcrystal is employed as the pump light. The pump
radiation is focused into the sample after passing through an optical delay and a Gran-Taylor polarizer.
For the probe pulse, WLC is generated by the self-phase modulation (SPM). The WLC beam is divided
into two so that they constitute a Mach-Zehnder interferometer; one is used as a probe and the other
is used as a LO. The probe polarization is set at an ahg¥h the x axis by a Glan-Taylor (GT)

prism mounted on a stepper-motor driven rotational stage, which is placed just before the sample.
Here, thex- andy-coordinates are parallel to the polarization of the reflected and transmitted light

of the GT prism after the sample, respectively. The polarization of the LO is set to be linear and
slightly tilted from x axis in order that the phase of the andy-polarization may be identical. The

probe light is recombined with the LO with optical delaywhich is modulated using a piezo stage.

The combined light is separated inte and y-polarized light by the GT prism and their spectra are

measured simultaneously in different lines of the CCD camera.

The pulse width of the probe and LO are elongated ®25 ps primarily due to the dispersion of
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Figure 3.2: Experimental setup of the heterodyne-detected femtosecond TRCD spectrometer . BS:
beam splitter, BC: beam combinev2: half wave plate, P: polarizer, PZT: piezoelectric stage
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Figure 3.3: Protocol of measuring the time-resolved dichroism and birefringence spectra.

the polarizer. For measurements of dynamics faster than 2.5 ps, therefore, chirp compensation is done
by measuring the pulse shape using the optical Kerr effect. The time resolution is estimated to be less

than 400 fs in the measured wavelength range after the chirp compensation.

In this study, first, time-resolved LD/LB measurements were performed on an ethanolic solution
of 3,3'-diethyloxadicarbocyanine iodide (DODCI) with the excitation wavelength at 550 nm. Then,
| performed time-resolved CD/ORD measurements&erandA—Ru(bpngr as a proof-of-principle.
Racemic Ru(bpyCl, was purchased from Aldrich and optically resolved by the procedure given in
Ref. [108]. The enantiomeric separation was confirmed by measuring CD spectrum of each sample
with a commercial CD spectrometer. Measurements below are made for 1 mg/mL aqueous solution of
A-andA-Ru(bpy)Brs.

49



3.2.4 Procedure to extract dichroism and birefrengence spectra

In the conventional FTSI procedure, a better separation of the heterodyne term from the homodyne
terms in time domain is achieved by performing measurements with a larggue. The modulation

depth decreases, however, with increasingalue, due to the limited coherence length. Thus, the
separation and the modulation depth are in a trade-off relationship. In order to overcome this difficulty,
in this study, measurements were performed with several differeaiues at sub-wavelength intervals
within the coherence length, and the heterodyne term is further separated by filtering out the homodyne

terms in the reciprocal spacexaf The extraction of the heterodyne teriis, (w, ¢) is done as follows.

The sequence of each measurement is summarized in Fig. 3.3. In the current scheme, one set of
measurement at a single delay consists of 48 acquisitions of spectra. The dichroism and birefringence
spectra with and without the pump radiation are obtained from 24 acquisitions of the first and second
halves. In each half, the initial and final four acquisition are performet-at—0.5° (A,D in Fig.

3.3) and0.5° (C, F) to obtainS(w, —0.5°) and S(w, 0.5°), respectively. The middle 16 acquisitions
are performed & = 0.0° (B, D) to obtainS(w, 0.0°). The acquisitions at ea¢hare performed with

different LO delays, which is modulated as
T = To + nAT, (3.42)

wheren indicates the data number. The measuremenfs-at0.0° are performed with the greater
number of acquisitions because the observed fringe is much weaker than those obtairett@b°.
What is done for extracting(w, 6) is the same for these three processes (A, B, C in Fig. 3.3). So the
procedure is demonstrated below for a series of spectra=ad.0° and 10 ps after the photoexcitation

of DODCI with the pump polarization)y = 2.5°.

The spectrum obtained atis formulated by

I y(w,0,n) = ‘Ea:,y(w, 0) + E;j(y)(w, 0) expliw(mo + nAT)]|2 (3.43)
= |Epy(w,0)]* + |ELS (w, 0)
+ ENI;y(Wa Q)EN%S (w, 9) exp[iw(,]—o 4 TLAT)]

—+ Em/(w, (9)£NUQI;§,,)*(W7 0) exp|—iw(mo + nAT)]. (3.44)

Here, what one needs to extract is the fourth term in Eq. (3.44). In the 16 acquisitions, the LO delay
is modulated fromr = 79 to 7 = 79 + 15A7 with the increment ofA7. Obtained raw spectra are
shown in Fig. 3.4, where the peaks of the spectral fringes shifts by the evolutianTdfe observed
intensity monitored at 540 nm plotted as a function of the data number is shown in Fig. 3.5 (a). Sine
modulation originating t@exp(iw(my + nA7)) andexp(—iw(7o + nA7)) in Eq. (3.44) is observed

which is observed as a peak around 0.3 in the reciprocal space (Fig. 3.5 (b)).

50



—
(Y
-

To + 15AT

Intensity [CCD counts]

3
35x10
30 - 500 —
0 T T T T T T T
L 25 — 0 2 4 6 8 10 12 14
s Data #
S
8 20 Fourier transform
v
2 15 — (b) 6000
s
c
g 4000 —
= 10 | _
Ei 2000 —
&
5 2 0
g &
£ -2000 —|
0 T T T T
T 4000
500 510 053 530 540 550 4000

Wavelength [nm] -6000 T T T T
0.0 0.1 0.2 0.3 04 0.5

Reciprocal of data #

Figure 3.4:y component of the raw spectra obtained

atd = 0. The LO delay is modulated from= 7, to Figure 3.5: (a) Intensity change as a func-
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form of (a). The blue and red curves rep-
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By Fourier transforming,. ,,(w, 6, n) from n to m, one obtains

S

L y(w,0,m) = /dnexp(—inm)fm,y(w,ﬁ,n) (3.45)
= (1Euy(@.0) +EES@.0)2) [ dnexp(~inm)

+ E’;’y(w, G)E;J’(;(w, 0) exp(iwTy) / dn exp[—in(m — wAT)]

+ Eyy(w, G)Ei"(;*(w, 0) exp(—iwTp) / dn exp[—in(m + wAT)]. (3.46)

Thus, in thefmvy(wﬂ,m) spectra, as shown in Fig. 3.6, the homodyne and heterodyne terms are
observed ain = 0 andm = +wAr, respectively. Figure. 3.6 shows that the homodyne terms are
observed only at: = 0. However, the heterodyne terms are distributed frar- 1/16 tom = 8/16

due to the spectral leakage in Fourier transformation [110], although it shouldbe-at/16,5/16.

The spectral leakage is not problematic in the current analysis because the componentoslyat

is erased at this stage and the others remaimz4space, the homodyne terms are erased by making

S

Iy(w,0,0) = 0. Then, the spectra are inverse Fourier transformed frota n-space to obtain

f;’y(w, 0,n) = E;’y(w, H)E:I;(;(w, 0) expliw(mo + nAT)]
+ ng(w, O)Eijg*(w, 0) exp[—iw(mo + nAT)], (3.47)
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Figure 3.6:fy(w, 6, m) spectra obtained as Fourier transfornf@(fw, 6,n) fromn tom.

whose spectrum at = 0 is shown in the blue curve in Fig. 3.7 (a). By the comparison with the raw
spectrum shown in the red curve in Fig. 3.7 (a), it is clearly seen that the homodyne contribution is

canceled.

Next, fg’w(w, 0,n) is inverse Fourier transformed fromrspace tol'-space to obtain the time-

domain interferogram as follows:

I (T,0,n) = / dw expl—iw(T — 70 — nAT)| BE (w, 0) B0 (w, 0)

+ / dw expl—iw(T + 1o + nAT)| By (w0, 0) EL0* (w0, 0). (3.48)

The experimentally obtained time-domain interferogran wite= 0 andf = 0.0° is shown in Fig.
3.7(b). The first and second terms in Eq. (3.48) are observdd at +0.3 ps and the residual
homodyne terms are observed7at= 0. In order to extract the second heterodyne term, the filter
function given by the blue curve in Fig. 3.7 (b) is multiplied by the time-domain interferogram. For
comparison, the time-domain interferogram without the filteringnispace is shown in Fig. 3.7 (c),
where the homodyne and heterodyne terms are mixed to each other at@reufd 2 ps. In this case,
these are not separated simply by multiplying the filter function in the time domain. Reduction of the
homodyne term by the filtering im-space improves the separation of the heterodyne term from the

homodyne term. This improvement is essential for sensitive measurement of weak chiroptical signals.
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Figure 3.7: (a) Red curve: the raw spectrum obtaine@ at 0.0° andT = 7y, which corresponds

to fy(w,O.OO,O). Blue curve: the spectrum after filtering in the space, which corresponds to
f;(w,O.OO,O). (b) Red: Time-domain interferogram obtaineddat= 0.0° andn = 0, which cor-
responds t(f:[/(w, 0.0°,0). Blue: Filter function employed to extract the heterodyne terffi at 7. (c)
Notation of each curve is the same as (b), but the time-domain interferogram was obtained without the
filtering in them space.

After the filtering in the time domain, the time-domain interfergram is Fourier transformed to obtain
Fpy(w,0,n) = E;y(w, G)E:I;fy) (w, 0) expliw(Ty + nAT)]. (3.49)

Through the use of Egs. (3.36, 3.37, 3.49(w) spectra can be calculated.

3.3 Results and discussion

3.3.1 TRLD and TRLB measurements of DODCI

First, time-resolvedy(w) spectra of DODCI after photoexcitation at 550 nm with non-parallel pump
polarization ¢ = 2.5°) are observed. Because DODCI is achiral molecule, the real and imaginary parts
of a(w) precisely correspond to the LD and LB spectra induced by the photoexcitation, respéctively
Figure 3.8 (a) shows LD spectra, which are observelleda], at selected delays. For comparison, the
transient absorption (TA) spectra observed at the magic angle polarization are shown in Fig. 3.8 (b).

The spectral shapes of these two resemble each other, but the temporal decay of the LD is faster than

2Actually, whether or not the sample is chiraliw) spectra are dominated by LD and LB when> 1°.
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that of the TA.

In general, the absorbance changes on the condition that the probe polarization is parallel and

perpendicular to the pump polarization can be written by

A\ t) = dZoi(A)Ni(t)H?i(t), (3.50)
AL =d Y Ji()\)Ni(t)l_;i(t), (3.51)

wherei is the index of transitionsq is the thickness of the sample;(\) is the absorption cross
section, andV;(¢) is the number of molecules responsible feth transition at delay timeé. In the

above equations,(t) is the anisotropy defined by
(A1) = £(3cos? Ya(t) — 1), (352)

where;(t) is the angle between the transition dipole moments of the probe and pump absorption. In

the current measurement, what is measured as LD is

Re[a(), )] ~ ta;1¢(A“(A, = A (A1)
= T S i) Nu(t)ra(r). (353)

In the usual TA measurement, the absorbance difference measured at the magic angle is written as

AvaO 1) = (A1) + 24 (0 0)

As the anisotropy is determined by the angle of the transition dipole moment, its value is constant over
a single transition. From Egs. (3.53) and (3.54), the spectral profiles of LDiandare the same if

the anisotropy values are the same for all the measured transitions.

The sameness of the spectral profiles in the LD and TA indicates that all the considered transition
dipole moments are parallel to each other. From its linearity of the structure of DODCI (Fig. 3.9), it
is natural to assume that the transition dipole moments observed in the visible range are along its long

axis.

The difference in decaying behavior between the LD and TA is attributablé{jo From the
measurements of the LD and magic-angle TA, anisotropy value is calculated by taking the ratio of LD
to TA. The decay profile of(¢) is shown in Fig. 3.10. The temporal change-¢f) is well reproduced
by a single exponential function with the decay constantéf+ 3 ps, which is almost identical to the

previously reported values [111,112].
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Figure 3.8: (a) Time-resolved LD and spectra of DODCI after photoexcitation at 550 nmpwith
2.5°. (b) Transient absorption spectra of DODCI measured at the magic angle polarization. The pump
wavelength is the same as that of (a).

PN
/ \

Figure 3.9: Molecular structure of DODCI

3.3.2 Kramers-Kronig relations between LD and LB

In the current measurements, LB spectra are also measured at the same time (Fig. 3.11). Linear
birefringence is observed as the imaginary partvaind proportional to the difference between the

refractive indices parallel and perpendicular to the pump polarization:

LB(\t) = Im[a(), t)]
= TL”()\, t) — nJ_()\, t)

S H N ri(r), (3.55)

2

wherev; () represents wavelength dependence of refractive index afttheransition. As seen in the

LD spectra, decay due to the relaxation of the anisotropy is also observed in the LB.

In the current setup, the LD and LB spectra are measured independently. However, these should
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Figure 3.10: Temporal change of anisotropy) measured at 440 nm. The circles represent the
observed data and the solid line represents the curve fitted by a single exponential function with the
lifetime of 168 + 3 ps.

be related to each other via the Kramers-Kronig (KK) relations as follows [113, 114]:

Rela(w)] = %P /OOO dw’W, (3.56)
Im[a(w)] = —%77 /OOO dwlw, (3.57)

whereP denotes the Cauchy principle value. Hence, the satisfaction of the KK relations is a good

criterion for the reliability of the measurements.

Below, LB spectrum is evaluated as the KK transform of the LD spectrum at 0.6 ps. It is hard to
evaluate the integral in the above equations because they span frarn @hde the experimental data
are obtained in the limited range. Instead, | evaluate the KK relations by decompose the observed LD
spectrum into superposition of several Lorentzian functions as

Imfa(w)] = 3 i

DY prerecEn (3.58)

For the spectrum represented by Eq. (3.58), the KK transform can be analytically calculated as

Re[a(w)] = -3 Ai(w = wi)

—_— . 3.59
~ (W —w;)? +T7 (3.59)

To perform the KK transform, the LD spectrum at 0.6 ps was fitted by 5 Lorentzian functions as shown
in Fig. 3.12 (a). Figure 3.12 (b) shows the LB spectra observed experimentally (red) and reproduced
by the KK relations (blue). These two spectra are obviously consistent with each other. This is one

strong evidence showing spectra obtained in the developed setup are reliable.
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Figure 3.11: Temporal change of anisotropy) measured at 440 nm. The circles represent the
observed data and the solid line represents the curve fitted by a single exponential function with the
lifetime of 168 + 3 ps.

3.3.3 TRCD and TRORD measurements of Ru(bpy)"

Steady-state CD and ORD spectra/of andA-Ru(bpy)gJr obtained with the setup developed in this
study are shown in Fig. 3.13 (a) and (b), respectively. The spectra of the enantiomers form a mirror
image and are consistent with the spectra measured with a commercial CD spectrometer. The imag-
inary and real parts of the obtained time-resolvéd) spectra ofA- and A-Ru(bpyf;L are shown

in Fig. 3.13 (c) and (d), respectively. In these measurements, no chirp compensation was performed
because the minimum time increment (4 ps) was longer than the cross-correlation between the pump
and the probe pulse. The observed) spectra at the longer delay are explained by the superposition

of the bleach of the ground state CD and a broad CD peak ranging from 550 nm to over 730 nm, which
is assignable to transient species. It should be noted that the spectra of the enantiomers at the longer
delay time are in a mirror image even for weak (.4 mdeg) signal observed in the longer wavelength
region. On the other hand, the obtained spectra are significantly distorted at the shorter delay time due

to the photoinduced anisotropy.

3.3.4 SVD analysis

| performed SVD analysis on the obtaineftv) spectra ofA-Ru(bpyﬁJr in order to separate spectral

components with different time dependence. Here, a series of time-deperdgspectra are denoted
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Figure 3.12: (a) Red: Observed LD spectrum of DODCt at 0.6 ps. Blue: Fitted curve by 5
Lorentzians. (b) Red: Observed LB spectrum of DODGI at0.6 ps. Blue: LB spectrum reproduced
by Kramers-Kronig transformation of the fitted LD spectrum (blue curve in (a)).

as
S=(s1 s2 ), (3.60)

wheres; corresponds to the spectrum obtained atitttedelay. SVD decomposésinto the product

of three matrices as
S=Uwv?t, (3.61)

whereV 7 is the transposed matrix &f. Here, the decomposition is done uniquely under the condition
such that/ andV are orthogonal an@’ is diagonal. Equation (3.61) is thus written in the vector form

as

w1 0 ’UIT

(sl S9 -~~)=(u1 Uo ) 0 wo v

IGE

Results of the decomposition dfa[a(w)] by SVD are shown in Fig. 3.14. From Fig. 3.14 (c), one
can see that only the beginning two components have non-negligible contributions. In other words, the

obtainedm[a(w)] spectra are mostly reproduced by the superpositiany @ndus, which temporally
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Figure 3.13: (a) CD and (b) ORD spctra &f and A-Ru(bpy}™ in the ground state obtained with
our setup. (c) Imaginary and (d) real part of obtained time-resaifed spectra of Ru(bpﬁ)*. The
exposure time was 30 min for each spectrum except for that ofAtieomer at 400 ps delay time,

which was obtained with 4 hours exposure time.
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Figure 3.14: Singular value decomposition of time-dependiefit(w)] spectra. (a) Spectral compo-
nents (first and second columns@fmatrix), (b) Temporal components (first and second rowg of
matrix), (c) Singular values (diagonal valueslof matrix)

evolve asv; andwg, respectively, as follows:

(51 82 ) ~(wm u2>(w1 0)(”5) (3.63)

0 w2 Vs

In SVD, asu; andw; are determined by the orthogonality condition, they are not physically meaningful

in general.

At this stage, a model is needed for obtaining something physically meaningful. If the model
spectral setsy, or the model temporal changas, can be reproduced by the linear combination of
u; Or v;, respectively, the model may explain the experimental data. The linear combination is taken

with a transform matrix\/ as

S=uwvT
=UWM*MvT
U,V/T
= Zu;v; T (3.64)
where
U=UWM, (3.65)
VT =mvT. (3.66)

Usually one assumes the function form of eithéror v/ by the model to calculatd/. The other is

then derived from the above equations.

In the current measurements, one can safely presume that there are two different components
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Figure 3.15: Results of SVD analysis on the time-resoléd) spectra ofA—Ru(bpyﬁ*. (a) Imag-
inary and (b) real parts of the spectra of the non-decaying and exponentially decaying components.
(c,d) Time dependence of the imaginary and real parts of each component, respectively.

becausev; are almost zero at> 3. | assume that one component does not change over time and the

other exponentially decays;

,Ui (t) = UiO? (367)
v (t) = vhye /T (3.68)

With V, from the SVD calculation, anti’, from the model M can be derived using Eq. (3.66). In

the actual analysis;; (t) andwvy(t) are fitted by the superposition of () andvs(t), in which five
parameters, each element bf and7’, are determined. Fdm|«(w)], the model of the temporal
changesy| (t), v5(t), are shown by the solid lines in Fig. 3.15 (c). The linear combinatian @ and

vy(t), obtained from Eq. (3.66) with th&/ determined by the fitting procedure, are drawn by + and

o markers in Fig. 3.15 (c), which shows the current model well explains the obtained data. One can
immediately calculate the corresponding speetfé.) andu)(w), from Eq. (3.66), which are shown

in Fig.3.15 (a). The same analysis is performed independently for the serleg®fw)] spectra,

61



(b)
WWMMWW 304 ps Wwﬂﬂddvy&wm,w
MMWMMW, 236 ps meww».m
168 ps WNWW
g &
E 2
o
= 80 ps <
4 ps
100 mdeg ‘|r
”menvw«m«w -1ps W««W|
T T T T T T T T T T T T
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength [nm] Wavelength [nm]

Figure 3.16: Time-resolved (a) LD and (b) LB spctra(\etfiu(bpngr after photoexcitation at 393 nm.
Spectra are measuredq@t= 5°.

whose results are shown in Fig. 3.15 (b,d). As theoretically expected, both the real and imaginary

parts ofa(w) spectra are well reproduced by the same model.

Based on the fact that the spectrum of component 1 is reproduced by superposition of the reversed
ground state spectrum and a broad positive peak above 550 nm, which is not observed in the ground
state CD, | conclude that component 1 corresponds to the bleaching of the ground-state CD and the

appearance of long-lived excited-state CD.

The decay time constant of component 2 is estimated tbOBet 13 ps, which is equal to that
of the anisotropy (19 + 10 ps) measured by LD. Thus, | conclude that component 2 arises from the
photoinduced anisotropy. Although component 2 originates from the anisotropy, its spectral shape is
different from that of LB (Fig. 3.16), which is superposedaw) spectra when the pump polarization
is not parallel to the probe polarization. Therefore, it is impossible to remove this signal simply by

rotating the polarizer for the pump radiation.

3.3.5 Assignments of the spectral components

There are several possible assignments for the broad CD peak observed in the wavelength range above
550 nm. Ru(bp@+ is photoexcited to a singlet metal-to-ligand charge-transfer (MLCT) state, which
undergoes ultrafast intersystem crossing to the long-lived triplet MLCT state. Besides the triplet MLCT
state, Ru(bp@+ , Ru(bpyﬁ*, and solvated electrons are reported as products of redox reactions of

triplet MLCT state [115]. One can safely exclude the possibility of Ru@fp)t)ecause it does not
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Figure 3.17: Time-resolved CD spectrum A&fRu(bpy)g+ with the electron scavenger (mixture of
water and acetone with the ratio of 4:11). Spectrum was obtained at 468 ps after the photoexcitation.

possess absorption ranging from 570 to 730 nm [1:1&6]2u(bpy)?r has positive CD band from 400

to 500 nm [117], which is not discernible in the CD spectrum of component 1. Hence, the contribution
of A-Ru(bpy}i* should be negligible. The solvated electron has a broad absorption above 500 nm
and induced CD could be observed in this band if the electron is close to the chiral complex. In
order to check this possibility, | measured the TRCD spectrum of the same sample with electron
scavenger (mixture of water and acetone with the ratio of 4:11). It has been reported that the solvated
electron scavenged within 1.2 ns in the presence%fdcetone [118,119]. As seen in Fig. 3.17, with

the addition of acetone, the spectral profile of the broad TRCD peak did not change from that with
pure water. This allows us to discard the possibility of the solvated electron as the spectral carrier.

Consequently, | concluded that the broad excited state CD comes from the triplet MLCT state.

There are two important advantages in our TRCD setup developed in this study over previous ones.
The first one is better sensitivity. In the recently reported single wavelength TRCD measurements [74],
the measurement error was about 0.3 mOD, which equals to 10 mdeg. Also in broadband TRCD spec-
troscopy, the sensitivity was estimated to be the order of 0.1 mOD [103]. The sensitivity obtained in
this study & 0.4 mdeg or 0.013 mOD) is, at least, one order of magnitude better than in the previously
reported TRCD measurements. The other advantage is that the genuine TRCD spectra are extracted
from the raw spectra congested by the anisotropy induced signal. In the previous setups, it was as-
sumed that the anisotropy induced signals were negligible by employing linear polarization parallel
to the probe polarization [70, 100] or scrambled polarization [68, 99, 103] as pump pulses. However,
spurious signals originating anisotropy have not been quantitatively estimated in these studies. In our
setup, the anisotropy induced signals, which are induced even in the parallel polarization configuration,

can be clearly differentiated from the true TRCD spectra using SVD analysis.
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3.4 Conclusion

It is demonstrated that broadband and sensitive dichroism and birefringence spectroscopy with fem-
tosecond time resolution are feasible by the polarization-resolved optical heterodyne detection. The
developed setup was used both for time-resolved LD/LB and CD/ORD with using different pump po-
larization angle. In the TRCD spectroscopy using a linearly polarized pump light, it was impossible
to remove completely the artificial signal coming from anisotropy. By combining broadband TRCD
spectroscopy with SVD, | succeeded to extract the true TRCD spectra from the observed spectra.
Using the setup, sensitivity of about 0.4 mdeg was achieved with 30 minutes exposure time. The de-
veloped broadband and sensitive TRCD spectrometer will open up possibilities of accessing ultrafast

three-dimensional structural changes during photochemical reactions.
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Chapter 4

Direct observation of photo-induced
ultrafast chirality flip by TRCD

spectroscopy

4.1 Introduction

In this Chapter, the actual application of the developed TRCD spectroscopy to biomolecular dynamics
is demonstrated. As a target of biomolecular study with TRCD spectroscopy, | employ bilirubin (BR)
molecule (Fig. 4.1 (a)) bound to human serum albumin (HSA). Bilirubin is one of the mammalian bile
pigments. In the blood circulation, BR is transported by binding to serum albumins because BR is not
water-soluble. Due to its biological importance and interest as a molecular scientific target, structure
of the BR-HSA complex has been thoroughly investigated by X-ray crystallography [121], Resonance
Raman spectroscopy [122], and CD spectroscopy [123-134]. Among them, CD spectroscopy is rec-
ognized as a patrticularly powerful tool for analyzing the structure of BR-serum albumin complexes
because BR shows strong CD signal when it binds to serum albumins. CD spectra of BR-HSA com-
plex show bisignate peaks in between 400 and 500 nm which correlate with the dihedral angle between
the two dipyrrinone groups. One of the striking features of BR-HSA complex is its CD spectrum is
flipped by changing the pH value of the solution [123, 125, 126], which is attributable to the sign in-
version of the dihedral angle (Fig. 4.1 (b)). From the pH-dependent change of CD signal, this change

of the structures is associated with the N-F transition of the protein [126].

Besides its steady-state structure, understanding the structural evolution of BR-HSA complex after
photoexcitation is of importance in terms of application to phototherapy to lower BR concentration
of patients with neonatal hyperbilirubinemia. Structural change in the excited-state BR-HSA complex
has been investigated by fluorescence lifetime [135-137], transient absorption (TA) [136-138], and
circularly polarized luminescence (CPL) [135, 139]. In the CPL study, €tal.[135, 139] reported
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the sign of the CPL spectra are the same for pH=4.1 and 7.4 while CD spectra have opposite peaks at
these pH values. They attributed this results to the chirality flip in the excited states, but its dynamical

behavior has not been observed due to the lack of the ultrafast chiroptical techniques.

Herein, | report the direct observation of the ultrafast chirality flip of BR-HSA complex by the
femtosecond TRCD spectroscopy. In this study, | have measured the TRCD and TA spectra of BR-
HSA complex at pH=4.0 and 7.8 with the time resolution~ofL00 fs. Both the ground-state bleach
(GSB) and excited-state absorption/CD (ESA/ESCD) are observed in the wavelength range between
400 and 500 nm. In order to interpret the observed ESA and ESCD spectra, | established a framework
for calculating them based on the exciton coupling theory, which enables us to calculate the ESA and
ESCD just from the information obtained in the ground state absorption and CD. The observed TRCD
show that the BR-HSA complex undergoes the chirality flip with the time constant of 10 ps at pH=4.0.

4.2 Theory

Here we consider TA and TRCD spectra of a dimer-like molecule consisting of two chromophores
within the framework of the exciton coupling theory. In general, time-resolved spectra consist of
GSB, ESA/ESCD, and stimulated emission (SE). The spectral shape of GSB can easily be deter-
mined because it is identical to the flipped steady-state absorption/CD. Computational estimation of
the ESA/ESCD spectra is usually difficult because one needs to calculate the metastable states in the
electronically excited states. Here | demonstrate a practical method for calculating ESA and ESCD by

considering transitions only between the exciton states.

When a molecule consists of two interacting chromopharasd;, one-exciton statds:) and|3)

are formed as the linear combination of the locally excited states (Fig. 4.1 (c)):

1 . .
o) = ﬂ(|m>\yo> - |zo>|aa>), @.1)
18) = é(\mwm +liO)lja) ). 4.2)

wherelia)|j0), |i0)|ja) represent the states where chromophiare; is locally excited. The ground-
state absorption and CD are derived by calculating the transition electric dipole moment and the transi-

tion magnetic dipole moment. The transition dipole moment of the transitionrs |«) and|0) — |5)
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Figure 4.1: (a) Structure and (b) two enantiomeric conformers of BR. (c) Electronic energy states of
BR given by the exciton coupling. (d) Schematic CD spectra of BR of P- and M-conformers

are calculated as

O] = <5 (G010 + i) 10) = (10170l + a7 i0) )

= 5 itha = 1) (4.9
O18) = — (00101 + i} 0) + (01011 + )0 )

= \%(uéa + 4o, (4.4)

wherep! andu’ are the dipole moment operators of the isolated chromophores.

The total magnetic dipole momeM is defined as

M=_S(Rixp +R xp)+m +m, (4.5)
2me

whereR!, p* andm/! are the position, momentum, and the internal magnetic dipole moment of chro-

mophorei. Thus, the transition magnetic dipole moment of the transitjohs— |«) and|0) — |5)
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are calculated as

1 e i i . ) ; )

<0’M|O{> = ﬁ |:27’nc (R X poa — R‘] X p{)a) +m0a — m'(])a:| y (46)
1 e . . . . . .

OIM13) = =[5 (B phy+ B ) +omiy e | (@.7)

For the linear momentum of the chromophore can be rewritten by using the dipole moment as

. 2mime :
p%)a = - e UOI"“%a? (48)

whereoy is the excitation energy [140].

Through the use of Egs. (4.3, 4.4, 4.6, 4.7, 4.8), the dipole strehgtind the rotational strength,

R, of the transitions are given by

D(|0) = [a)) = [{Olps|o)?

= 5“"0(1 - /J’(])a|2v (4.9)
D(|0) = 18)) = [(0]]a)?
= o + b (4.10)

R(|0) = |e)) = Im[{0] p|ex) - (| M ]0)]
= 9 [Im{(“’aa - M{)a) ’ (mZO - mflO)} + mooRY - (M%)a X “g)a)}’ (4.11)

R(|0) = [8)) = Im[{0|p|ax) - ([ M|0)]
= 5 10 + 1) - iy i)}~ moRY (i) (412)
For linear chromophores like dipyrrinone, the internal magnetic dipole momehtsare negligible

and the rotational strength is simplified to
1 . ) )
R(10) = |a)) = 5mooRY - (ko X Hoa), (4.13)
1 . . .

R(|0) = |8)) = =500 R - (o < 420,): (4.14)

So the sign of the two CD peaks of the dimer system are opposite to each other (Fig. 4.2 (b)) and its

magnitude is determined by the angle between the transition dipole moments of chromaates
7.
Suppose that the molecule is exciteddd to consider the excited-state CD and absorption. In this

case, the transitiof) — |y) needs to be considered. Hefe) denotes the two-exciton state with
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Figure 4.2: Schematic of the steady-state (a) absorption and (b) CD spectra of BR in the P-
conformation. (c) TA and (d) TRCD spectra of BR fin) forming the P-conformer. (e) TA and
(f) TRCD spectrum of BR ina) after the chirality flip to M-conformer.
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both the chromophores excited:

) = lia)|ja). (4.15)
If structural change in the excited states is negligible, the transition wavelenfth of |v) is identi-
cal to that ofl0) — |3) (Fig. 4.1(c)). The dipole strength of this transition is given by
2
D(la) = 7)) = (||

= %‘@GHJ'OI(M" + pd)|ia)|ja) — (i0|(ja|(p’ + Hj)‘m>‘ja>’2
2

= 5‘*%& + Wy,

= D(|0) = |a)). (4.16)

Similarly, the rotational strength ¢of) — |v) is calculated as

1
2
= R(|0) — |a)). (4.17)

Thus, in this model, the magnitudes of ESA and ESCD associated with the tranasitien |y) are

the same as those with the transitioh — |«) as shown by the red spectra in Fig. 4.2 (c,d).

In the current discussion, it is assumed that SE is not observed in the wavelength range between
400 and 500 nm because large Stokes shift is observed in fluorescence on BR-HSA complex [141].
Thus, the total TA and TRCD &) are given by the superposition of GSB and ESA/ESCD as shown
in Fig. 4.2 (c,d). In the TA spectrum, GSB in the shorter wavelength range is canceled by the ESA. In
the TRCD spectrum, on the other hand, those in the same wavelength range are constructively added.
If the molecule is excited t¢3) by pumping the absorption peak at the shorter wavelength, the ESA
and ESCD are observed in the longer wavelength range, correspondlitjg-to|v) transition. In this
case, the ESA/ESCD peak in the longer wavelength is canceled by GSB in the TA spectrum and is
constructively added with the GSB in the TRCD spectrum.

Structural change in the excited states can happen in actual cases. If the handedness of the molecule
is reversed, the ESCD oft) — |v) transition reverses while the ESA of the same transition remains
the same as shown in Figs. 4.2 (e,f). Consequently, in this simple framework, the total TRCD peak at
the shorter wavelength disappear by the chirality flip. In the actual experiments, the results are bit more
complicated because also the de-excitation happens simultaneously ahd)keott|3) are populated
because two peaks are overlapped in the ground state absorption. Such complications will be taken

into account as parameters in the fitting analysis as shown in Sec. 4.4.1.
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Figure 4.3. Schematic of the developed OPA system for generation of the wavelength-tunable pump
radiation

4.3 Experimental

4.3.1 Optical setup

In this study, | have performed the TA and TRCD measurements of BR-HSA complex with excitation
wavelength resonant with the exciton band. For the probe part of TRCD measurements, the setup
and procedure presented in Chapter 3 is employed. For the generation of wavelength-tunable pump

radiation, optical parametric amplifier (OPA) was newly developed.

The design of the developed two-stage OPA system is based on what is found in the literature [142].
About 0.8 mJ of the output of the regenerative amplifier was used for pumping the OPA system. An
only small portion & 0.1 mJ) of the input beam is reflected by a quartz plate both for the generation
of the seed pulse and for the pump pulse of the first-stage amplification. For the seed light, the beam
reflected again by the quartz plate {uJ) is focused into a sapphire plate and white light continuum is
generated. The generated continuum and the pump are spatially and temporally overlapped in a BBO
crystal (type 29 = 28°, 3 mm). The temporal overlap is realized by finely tuning the position of the
guartz plate until the sum-frequency generation between the pump pulse and the generated signal pulse
is found. The amplified seed pulse is combined with the pump pulse for the second-stage amplification

by a dichroic mirror. The seed pulse is further amplified by the intense pump radiatior-With mJ
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Figure 4.4: (a) Schematic of the setup used for TA measurements, (b) Timing sequence diagram of the
pump and probe pulses with respect to the CCD exposure and the chopper.

and about 0.2 mJ of the output is obtained as a total power of the signal and the idler.

The pump radiation used in this study was at 490 nm, which was resonant with the lower exciton
state of BR. In order to obtain such wavelengths, the sum frequency between the fundamental (785

nm) the signal{ 1200 - 1570 nm) was generated.

For the TA measurements, the setup was slightly modified to what is shown in Fig. 4.4 (a). From
the TRCD setup shown in Fig.3.2, the setup can easily be altered to this configuration just by block-
ing the local oscillator and the signal part after the polarizer. In TA measurements, the spectrum of
the probe light whose polarization is parallel to the incident polarization is simply measured by the
polychromator and CCD. In order to minimize the noise from the spectral fluctuation of the probe, the
exposure time was set as short as possible in the current electronics. The sequence of the series of
measurements are shown in Fig. 4.4 (b). The chopper, synchronized with the laser output TTL divided
by 100 (10 Hz), is used for modulating the pump pulses. The CCD exposure, on the other hand, is
synchronized with the laser output TTL divided by 50 (20 Hz) to alternately obtain the spectra with
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Figure 4.5: (a) 2D-plot of the cross correlation between the pump and probe measured as the OKE
of water, (b) 2D-plot of the cross correlation between the pump and probe after the chirp compensa-
tion, (c) Typical delay-dependent OKE signal measured at 450 nm, (d) Wavelength dependence of the
temporal width of the OKE signal obtained by Gaussian fitting

and without the pump light. Each measurement with and without the pump light is repeated for 20

times for a single delay and the delay stage is moved to the next position.

Prior to the TA and TRCD measurements, | have performed the optical Kerr effect (OKE) measure-
ments of water. Two-dimensional plot of OKE signal is shown in Fig. 4.5 (a). It is seen that the probe
light is strongly chirped due to the dispersion of optical components such as polarizers. To compensate
the chirp structure of the probe light, the OKE signal is fitted by a Gaussian function (Fig. 4.5 (c)).
After the measurements of TA and TRCD, the time origin of them at each wavelength is shifted by the
central position of the fitted Gaussian functions. From the 2D plot of the OKE signal after the chirp
compensation by the OKE signal itself, which is shown in Fig. 4.5 (b), we see the procedure for the
chirp compensation works well. The wavelength-dependent plot of the width of the fitted Gaussians is
given in Fig. 4.5 (d). Temporal resolution is about 100 fs in the current setup over the whole spectral

range.
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Figure 4.6: Steady-state CD spectra of BR-HSA complex (1) at pH=4.0 and 7.8.

4.3.2 Sample preparation

Complexation of BR to HSA was performed by following the reported procedure [134]. Bilirubin was
purchased from Wako and used as received. Human serum albumin was purchased from Wako and
defatted by the charcoal treatment [143] prior to use. Albumin (5 g) was dissolved in 50 mL of water
and pH of the solution was adjusted to 3.0 by the addition of hydrochloric acid. Charcoal (0.5 g) was
added, and the solution was stirred for 1 hour in an ice bath. Charcoal was then removed by centrifuge
and filtration (Whatman, GX/X, PVDF, 0.2m). The pH of the solution was adjusted to 7.0, and the

solution was stored in a refrigerator.

Before BR is mixed with the defatted HSA solution, solid BR is pre-dissolved in NaOH solution
(~ 100 mM). A stock solution of BR and HSA are mixed with the molar ratio of 1.1 and the final
concentration was adjusted to 1M by adding the buffer solution (acetate buffer for pH=4.0 and
Tris-HCI for pH=7.8). Complexation was confirmed by measuring the steady-state CD spectra of BR-
HSA complexes at pH=4.0 and 7.8. As reported in the literatures [123-125], CD spectrum is reversed

at these two pH values as shown in Fig. 4.6.

4.4 Results and discussion

4.4.1 TA and TRCD spectra of BR-HSA complex at pH=4.0

Figure 4.7 (c) shows the TA spectra of BR-HSA complex at pH=4.0 after the photoexcitation at 490
nm. Pump polarization was set to the magic angle (54.lh the wavelength range longer than 500

nm, TA spectra are dominated by the ESA, which is consistent with the previously reported TA data
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Figure 4.7: Steady-state (a) absorption and (b) CD spectra of the BR-HSA complexoat
pH=4.0. (c) TA and (d) time-resolved CD spectra of the BR-HSA complex (1) at pH=4.0

after photoexcitation at 490 nm. * Negative peak due to strong scattering from the pump radiation is
observed in the hatched region.

of BR in bulk solution and bound to HSA [136-138]. In the wavelength between 400 and 500 nm, the
TA spectra look dominated by the GSB but its spectral shape is significantly different from that in the
ground-state absorption (Fig. 4.7 (a)). Namely, the absolute magnitude of the TA is stronger at around
470 nm. As we can assume that the molecule is excited mainty)tby the 490-nm excitation, the
positive ESA at around 430 nm should be observed as with the schematic TA spectrum in Fig.4.2 (c).
This ESA partially cancels the negative GSB and the absolute magnitude of the TA signal at 430 nm

results in smaller than that at 470 nm.

Figure 4.7 (d) shows TRCD spectra of BR-HSA complex at pH=4.0 after the photoexcitation at 490
nm at selected delays. The spectra in the wavelength range between 400 and 500 nm are reproduced
by the superposition of the GSB and ESCD as is the case in the TA. In the TRCD spectra, as opposed
to the situation in the TA, the absolute magnitude of the band at the shorter wavelength is stronger than
that in the ground-state CD. This is also consistent with the discussion in Section 4.2, in which the

ESCD and GSB at 430 nm are constructively added to each other (Fig.4.2 (d)).
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Figure 4.8: Time dependent change of the normalized TA and TRCD at (a) 433 nm and (b) 478 nm.

The temporal change of the TA and TRCD at 433 nm and 478 nm are plotted in Figs. 4.8 (a)
and (b), respectively. In these curves, the intensity is normalized by the value at the time origin. The
decay at each wavelength is reproduced by bi-exponential function with the time constant of 3 and 54
ps. However, the magnitude of the faster component is significantly larger in the TRCD than in the
TA. This indicates that the decay of TRCD does not simply come from the de-excitation to the ground
state, where the normalized decay curves of the TRCD and the TA should be the same. These data
also cannot be explained by assuming that the BR is racemized by photoexcitation and kept racemized
even after the de-excitation. In this case, the TA should decay faster than the TRCD, which is opposite
to the data obtained here. We show below that the results obtained here are attributed to the chirality

change in the excited state.

To explain both the bi-exponential decay and the difference in the amplitude between the TRCD
and TA, the model shown in Fig. 4.9 is developed. BR-HSA complex forms P-conformer in the ground
state at pH=4.0 [125]. After the photoexcitation, two possible channels are considered. One is to relax
directly to the ground state by the rate constankpfvithout a significant structural change in the
excited state. The other is to undergo the chirality flip to M-conformer by the rate constanaod
then relax to the ground state By. It is assumed that the rate of the chirality change back to the P-
conformer in the ground state is much larger thanln this model, temporal change of the population

of each state is governed by the following differential equations:

d[M]

o ki [M*] + k3[P*], (4.18)
B = k) - ke @19
d[d};*] = ko [M*] — k3[P*]. (4.20)
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Figure 4.9: A model developed for explaining the observed TA and TRCD.

To actually perform the fitting analysis, the spectral shape of each state needs to be assumed.
Obviously, the CD and absorption spectra of M should be the same as those observed in the steady-
state (Figs. 4.10 (a,d)). As for Mboth the lower and higher exciton statgs) and|3), are taken
into consideration to reproduce the experimental data. First, the comptex athich is referred to as
M*(|a)), is considered. In this case, the absorption and CD tfjdv}) should be observed at around
430 nm as discussed above. As shown in Eq. (4.16), the dipole strength of the ESA|a})Ms
the same as that of the 470-nm band of the ground-state absorption, which is positive. As shown in
Eqg. (4.17), the rotational strength of the ESCD at(M)) is also the same as that of the 470-nm
band of the ground-state CD, which is negative. The dipole strength and the rotational strength of
the ground-state exciton band were estimated by fitting the ground-state absorption and CD by two
Gaussian functions as shown in Figs. 4.10 (a) and (d). The common width and central wavelength of
the two gaussian functions were used in the fitting procedure. Then, the absorption and CD spectra
of M*(]a))) become those shown in Figs. 4.10 (b) and (e), respectively. Next, the higher exciton
state, M (|3)) is considered. In this case, the absorption and CD should be observed at around 470
nm. The sign of the CD spectrum of*|3)) becomes positive because its rotational strength is the
same as that of the 430-nm band in the ground-state CD. Consequently, the absorption and CD spectra
of M*(|3)) are assumed to be those shown in Figs. 4.10 (c) and (f), respectively. In the following
analysis, the spectral shape dff)) and P(|3)) is assumed to be arbitrary because we do not have

enough structural information for predicting it at this stage.

With the absorbance and CD values of state X at wavelehgth , andC Dx », the time depen-
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Figure 4.10: (a) Circles: Ground state absorption spectrum of BR-HSA complex at pH=4.0. Line:
Fitting result by two gaussian functions. (b, c) Absorption spectra of b(|d) and c: M (|3))
estimated by using the exciton coupling theory. (d) Circles: Ground state CD spectrum of BR-HSA
complex at pH=4.0. Line: Fitting result by two gaussian functions. (e, f) CD spectra of oM

and f: M*(|3)) estimated by using the exciton coupling theory.

dent change of TA and TRCD at 433 nm and 478 nm are given by the following equations:

TAN(t) = —(1 = [M](1))Amx + [MF] (1) [RAM=(jay),» + (1 — R) An(18)),0]
+ [P*](t) [RAp+(jay),x + (1 — R) Ap«(18y).2], (4.21)
TRCDA(t) = —(1 = [M](2))C D\ + [M*](#) [RC Dyp=(jay),x + (1 = R)C Dy (15,1
+ [P*](t)CDp+ z, (4.22)

where ) is the wavelength, which can be 433 nm or 478 nm, &nid the population ratio of«) to

total population ofa) and|3). In the above equations, the concentration was normalized by 1, namely
[M] 4+ [M*] + [P*] = 1, and it was assumed that the absorption spectrumoivies identical to that

of P*, namely Ay« (ja,8)),0 = Ap=(a,8)),x- Therefore, seven parameteks, k2, k3, R, C Dp+ 433nm,

CDp+ 4730m @nd the initial concentration of [N, determines the temporal change of TA and TRCD

in the current model. The experimental data shown in Fig. 4.8 were then fitted by Eqgs. (4.21, 4.22)
with the solution of Egs. (4.18, 4.19, 4.20).

The fitting results are shown in Fig. 4.11 (a) and the obtained parameters are shown in Table. 4.1.
As seenin Fig. 4.11 (a), the temporal evolution of the TA and TRCD are well reproduced by the current
model. After the photoexcitation, a portion of the complex relaxes to the ground state by the internal
conversion with the time constant ofk; = 7.7 4+ 0.3 ps. The rest of the excited species undergoes
the chirality flip with the time constant df/k; = 10.4 £+ 0.5 ps and goes back to the ground state with

1/ks = 171 £ 6 ps. From the fitting analysis, the temporal change of each state is obtained as shown
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Figure 4.11: (a) Circles: Observed TRCD data at 433 and 478 nm, Crosses: Observed TA data at 433
and 478 nm. Solid lines are reproduced curves by the fitting using Eqs. (4.21, 4.22). (b) Temporal
evolution of each state calculated by the fitting analysis. (c) TRCD spectra of BR-HSA complex at
pH=4.0 after subtracting the GSB contribution.

in Fig. 4.11 (b). By the excitation, 17% of M is excited tG*MThe population of M immediately
relaxes to either M or R where the branching ratio is determined/yk». In the longer delay, the

recovery of M is synchronized with the decay df P

In the current model, the time-resolved spectra are assumed to be the superposition of the spectra of
M, M*, and P. Among them, the spectral shape of M is the same as that of the ground-state spectrum
without doubt. Thus, the subtraction of the ground-state CD spectra multipliee-d¥1](¢) from the
observed TRCD spectra should give the CD spectra’'oéitl P. TRCD spectra after the subtraction

of the GSB are shown in Fig. 4.11 (c). One can clearly see the sign reversal of the excited-state CD.

Table 4.1: Parameters obtained by the fitting analysis

k1 [/ps] ko [/ps] ks [/ps]
0.129 £ 0.005 0.096 £ 0.004 0.0058 £ 0.0002
R CDp+ 433nm [Mdeg]  CDp+ 4780w [Mdeg]  [M]( = 0)
0.875 £ 0.003 1.1+24 —-14.8 +£1.9 0.170 £ 0.002
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Figure 4.12: Steady-state (a) absorption and (b) CD spectra of the BR-HSA complex N0t
pH=7.8. (c) TA and (d) time-resolved CD spectra of the BR-HSA complex (10) at pH=7.8

after photoexcitation at 490 nm. * Negative peak due to strong scattering from the pump radiation is
observed in the hatched region.

4.4.2 TA and TRCD spectra of BR-HSA complex at pH=7.8

I have performed the series of measurements also for BR-HSA complex at pH=7.8. The sample was
prepared with basically the same procedure, but the final pH value was adjusted with Tris-HCI buffer

solution. The observed TA and TRCD spectra are shown in Fig. 4.12, in which the measurement

conditions were the same as those at pH=4.0 except for the pH value. Spectral feature of the TA is
similar to that observed at pH=4.0, but stronger SE is observed above 530 nm at early delay times at
pH=7.8. For the TRCD spectra, the rotational strength of the ESA and SE observed above 500 nm is
larger than that at pH=4.0. These differences imply the excited state dynamics is significantly different

between at pH=4.0 and pH=7.8.

The temporal changes of the TA and TRCD at 464 nm are plotted in Fig. 4.13. At pH=7.8,
differently from those at pH=4.0, both the TA and TRCD decay single exponentially with the time
constant of 16 ps. Here, one notes the TA and TRCD do not decay to zero completely by the single

exponential decay. The long-lived-(1 ns) species was reported in the previous research with the
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Figure 4.13: Time dependent change of the normalized TA and TRCD at 433 nm.

fluorescence lifetime [25], which they have assigned to the product of the excited-state proton transfer
or trans-cisisomerization of bilirubin. Now | do not discuss them in detail because the timescale of

these dynamics is thought to be much longer than the measurement range in the current experiments.

The simpler model shown in Fig.4.14(a) is considered for the complex at pH=7.8. At pH=7.8,
the complex forms P-conformer in the ground state [125]. The single exponential decay indicates that
there is no potential barrier over which the complex passes in the excited state like the excited-state
dynamics at pH=4.0. Thus, after the photoexcitation, it can be assumed that complex immedihtely (
ps) relaxes to the potential well in the excited state and goes back to the ground state with the time

constant of 16 ps.

Here it is hard to obtain the temporal change of the population of the excited- and ground-states as
was done in Fig. 4.11, because CD and absorption spectra of the metastable state in the excited state
are unknown. However, it can be safely assumed that the recovery of the ground-state population is
given by a single exponential function with the time constant of 16 ps. The problem is that the initial
concentration of the excited state cannot be determined from the data. So | assumed that the amount
same as that at pH=4.0 (17 %) is excited by the photoexcitation because the absorption coefficient
at 490 nm is almost the same at pH=4.0 and 7.8. The bleach-subtracted CD spectra at pH=4.0 with
this assumption are shown in Fig.4.14(b). The spectra show that the shape is time-independent which
indicates that the chirality flip does not happen in the excited states. | also calculated the bleach-
subtracted spectra with the assumption that 10, 20 and 30 % of the molecules are excited, but no CD

spectral change was observed even in these cases.
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Figure 4.14: (a) A model of excited state dynamics of BR-HSA complex at pH=7.8. (b) TRCD spectra
of BR-HSA complex at pH=7.8 after subtracting the GSB contribution.

4.4.3 Comparison with the previous studies

Previously, CD and CPL spectra of BR-HSA complex at pH=4.1, 4.8, 7.4, and 9.0 were measured by
Tranet al[135, 139]. In general, the sign of CPL spectrum is the same as that of CD spectrum unless
the molecule undergoes chirality change [23]. For the BR-HSA complex, the sign of CD and CPL is
the same at pH values above 4.8 but is opposite at pH=4.1 [139]. The authors assigned these results to
the chirality change in the excited state at pH=4.1, which is consistent with the conclusion obtained by

the TRCD spectroscopy here.

In the early time-resolved TA study of BR-HSA complex at pH=7.4 [138], GSB around 470 nm
and ESA around 500 nm were clearly observed. They fitted the temporal change both of the GSB and
ESA by single exponential functions and determined the lifetimé%as 3 ps, which is consistent
with the current results shown in Fig. 4.13. It was concluded that 19-ps decay of the GSB and ESA
was associated with trans to cis isomerization of one of the two dipyrrinone groups, which does not
accompany the chirality change. The time-resolved spectroscopic study of BR-HSA by @teene
al. was followed by that with better time-resolution by Zietzal. [136, 137]. They have reported
fluorescence lifetime, and TA of bilirubin mainly in bulk organic solvents and BR-HSA complex was

investigated only by fluorescence lifetime, not by TA.
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4.5 Conclusion

Excited-state dynamics of BR-HSA complex at pH=4.0 and 7.8 were investigated by femtosecond
TRCD and TA spectroscopy. At pH=4.0, both the TA and TRCD decayed bi-exponentially but their
decay amplitudes were different, which strongly implied the chirality change in the excited state. The
simple three-state model with M, Vand P states, in combination with the exciton coupling theory
expanded to transitions from the excited states, well explained the temporal change of TRCD and TA.
The results showed bilirubin undergoes chirality flip with the time constand.df+ 0.5 ps. Chirality

flip was more directly confirmed by sign reversal between CD spectra*oamd P, which were
extracted by subtracting the GSB from the observed TRCD spectra. At pH=7.8, on the other hand,
the bleach subtracted TRCD spectra were almost unchanged over the delay time, which indicate no

chirality change happened in the excited state.

To the best of my knowledge, photo-induced ultrafast chirality reversal was directly observed for
the first time. The currently studied molecular motion accompanying chirality change is expected to
happen widely both in biological systems such as photoisomerization of rhodopsin [144] and in artifi-
cial systems such as light-driven molecular rotors [145, 146]. Ultrafast CD spectroscopy is expected to
unravel mechanisms of such dynamics and provide a guiding principle for synthesizing new systems

to drive motions accompanying chirality change.
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Chapter 5

Development of Raman optical activity
spectroscopy by coherent Raman

scattering

5.1 Introduction

Vibrational optical activity (VOA) such as vibrational circular dichroism (VCD) and Raman optical
activity (ROA) has proven to provide a powerful method for determining absolute configuration of
chiral molecules and for investigating molecular conformation of biomolecules [27, 28, 83,147, 148].
Time-resolved VOA, which combines VOA and the pump-probe technique, has a potential to trace
the structural evolution of chiral molecules during various bio-processes. Pulsed measurements of
VCD and vibrational optical rotatory dispersion (VORD) have already been reported using a fem-
tosecond laser source [71]. On the other hand, ROA measurements with pulsed lasers have not been
performed so far. In typical ROA measurements, small (typicelly® of the Raman intensity) inten-

sity differences between right and left circularly polarized incident or/and scattered Raman radiation
are measured. This small ratio of the ROA signal to the achiral background makes the time-resolved

ROA measurement difficult because the signal is easily overwhelmed by the background fluctuation.

One possible solution to this problem is to employ nonlinear Raman processes such as coher-
ent anti-Stokes Raman scattering (CARS). ROA measurements with CARS have been proposed by
Bjarnasonet al. and Oudaret al, theoretically [79, 80]. The CARS-ROA approach detects CARS
radiation originating from the third-order optical susceptibility components that are negligible in the
electric dipole approximation but are significant in the framework including the electric dipole-electric
guadrupole or electric dipole-magnetic dipole contributions. In the CARS-ROA scheme, the achiral
background can be suppressed by polarization-selective CARS measurement because the polariza-

tion of the chirality-induced CARS signal is orthogonal to that of the achiral background. Moreover,
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CARS-ROA should be more advantageous than spontaneous ROA in the aspect of accessibility to
fluorescent samples. However, CARS-ROA signals are estimated to be about 6 orders of magnitude
smaller than typical achiral CARS signals [80]. Therefore, a CARS spectrometer with a high sen-
sitivity and a high polarization selectivity is necessary for the CARS-ROA measurement. Recently,
multiplex CARS technique has rapidly evolved with the use of a broadband white-light laser pulse
generated from a photonic crystal fiber (PCF) [149-151]. Multiplex CARS spectra with high signal to
noise ratio can now be obtained without wavelength scanning [152]. In the present Chapter, we report
the observation of the CARS-ROA signal with heterodyne-detected polarization-resolved multiplex
CARS spectroscopy. To the best of my knowledge, this is the first report of CARS-ROA, as well as

the first ROA observation with a pulsed laser source.

5.2 Basic theory

The third-order optical susceptibility of the CARS process is given by the sum of the nonresonant

background and the vibrationally resonant tekms
Xijht (2w1 — way w1, w1, —wa) = Xiyn + Xiski- (5.1)

The vibrationally resonant part is written as

NR;ju

R
R — 5.2
Xijht 2h(Q2 — wy + wy — i) ’ (5.2)

whereN is the number of molecules per unit voluniiis the frequency of a Raman active vibrational
mode,w; andw, are the frequencies of the pump and Stokes incident radiatiof @&d phenomeno-
logical damping constant, respectively. In the electric dipole approximalipn; and R2111 can be
written asR1111 = 2a? + 872 /45 and Ry111 = 0, wherea and~y are the isotropic and anisotropic ro-
tational invariants of the polarizability tensor, respectively. No information about molecular chirality
is contained in these invariants. Beyond the electric dipole approximation, as derived in Section 2.3.3,
the electric dipole-electric quadrupole and electric dipole-magnetic dipole interactions give non-zero

values of theRs;1; component for the optical activity tensor invariants [79, 80]:

8 2
Ry = 2a* + %7 (5.3)
2 )
) G 2y, w1 — Wy
R = —4 G + =& 1-— 54
2 m(“ + 45) * 135c ( %1 ) (5-4)

where is the isotropic invariant of the electric dipole-magnetic dipole optical activity tensor prod-

ucts,ys andy,4 are the anisotropic invariants of the electric dipole-magnetic dipole and electric dipole-

YIn this chapter, the laboratory coordinates are given by 1, 2,53-(- - for dummy indices)
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electric quadrupole optical activity tensor products, respectively [83].

In spontaneous ROA experiments, the dimensionless circular intensity difference(CID) is mea-
sured. The CID is defined as = (/g — I1)/(Ir + I1). Herelr and; are the Raman intensities
obtained with the right- and left-circularly polarized incident light. The CID for forwafy §cattering

is written in terms of the tensor invariants [83, 153]:

4n(45aG" + 42 — ~4/6¢)

A(0%) = 5.5
(0%) 45a2 + T2 (5:5)

By comparing egs. (5.4) and (5.992111 is approximated by the product &f(0°) and R1111

1
Ra111 ~ —§A(0°)le- (5.6)
Thus, the third-order susceptibilities are expressed as
X = XN + 2”: A (5.7)
= Q; — w1 + wy —ZT‘i’

NR

>~ + E .
A2 = Xaln = i —w Fwy — il
If the polarizations of the two incident beams are parallel to each other, the observed CARS spectrum

is formulated as follows:

I(wy — wa,0) o |cos (0 — 6p)x2111 + sin (6 — 90)x1111|2 (5.9)
= cos? (0 — g)|xo111|* + sin? (6 — 00) | x1111/>
+2cos (6 — 6p) sin (0 — Op)Re(x5111x1111)5 (5.10)

where the definition of the angle differene- 6, is depicted in Fig. 5.1(a). In the present study,

Oy is set to be close to zero. In Eg. (5.10), the first and second terms correspond to the homodyne-
detected signal of the chiral and achiral components, respectively. The last cross term in Eg. (5.10)
expresses the interference between the achiral and chiral signals. By using the achiral signal as a local
oscillator (LO), the detection sensitivity to the chiral signal can be enhanced through the scheme of
heterodyne detection. Heterodyne detection enables us to retrieve the phase of the chiral signal, which
corresponds to the signs 4f; in Eg. (5.8). We can simply extract the cross-term in Eq. (5.10) as a

difference spectrum betweén= 6, + 6; andf = 6y — 6, as

I(wy —wa,bp + 01) — (w1 —wa, by — 61)

o 2sin 67 cos 1 Re(x5111X1111) (5.11)

" 2X11\111:}1A1A2Fz sin 91

_;(Qi—wl +WQ)2+F12'

(5.12)
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In Eq. (5.12),x)1, is assumed to be 0 for simplicity. On the other hand, spontaneous ROA line shape

is written as follows:

- AA T
) ~12() % Y 2

T (5.13)

1=

Egs. (5.12) and (5.13) suggest that the spontaneous ROA spectrum in the forward scattering and the

difference CARS spectrum betweén- 6, & 6, provide the same spectral profile.

5.3 Experimental

The schematic diagram of our heterodyne-detected polarization-resolved multiplex CARS system is
shown in Fig. 5.1 (b). The laser source is a passively Q-switched sub-nanosecond 1064 nm microchip
laser with a repetition rate of 33 kHz. The output of the laser is divided into two. One is used as
the narrow band pump pulses of the CARS process. The other is introduced into a 6-m long air-
silica PCF to generate a supercontinuum (white-light laser) witB0 W/nm spectral power density

from 1.05um to 1.6 um and is used as the broadband Stokes pulses of the CARS process. After
eliminating the anti-Stokes spectral component of the pump and Stokes pulses with several filters, the
two pulses propagate collinearly, and are superimposed at the sample with an achromatic lens (AC254-
100-C, Thorlabs). The polarizations of the two incident beams are set parallel to each other by a
Gran-Taylor prism just before the sample. The polarization of the generated CARS field is selected
by an analyzer (Gran-Taylor prism) just after the sample. For the precise polarization selection of
the CARS field, the analyzer is mounted on a motorized rotational stage (SGSP-60YAW-0B, Sigma
Koki). The angle of the analyzer can be controlled with a minimum increme@t0025° and with
repeatability 0f).02°. After selecting the polarization of the generated CARS field, the incident beams
are spectrally blocked by a notch filter and a short-pass filter. Finally, the CARS radiation is introduced
into a polychromator (LS785, Princeton Instruments) and is detected by a CCD camera (PIXIS 100BR
eXcelon, Princeton Instruments). In order to evaluate our CARS-ROA system, we performed proof-
of-principle experiments on liquid ({}-pinene. Liquid (-)8-pinene was purchased from Aldrich and

used as received. The sample was set in a quartz cell with a path-length of 1.0 mm. The pulse energies

of the pump and Stokes radiation werg®band 2u:J, respectively.

5.4 Results and discussion

5.4.1 Polarization-resolved CARS spectra

Figure. 5.2 shows a series of polarization-resolved CARS spectra of liquiddgiiene at the analyzer
angled = 10.0° and atd = —0.075° to 0.075° with 0.025° increments. The collection time for the
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Figure 5.1: (a) Schematics of the experimental configuration around the s#@ngteesents the angle

of the analyzer and, is the angle at which the polarizers before and after the sample are perpendicular.

(b) Schematic of our heterodyne-detected polarization-resolved CARS spectroscopic system: LP1,
1064nm long-pass filter; LP2, 1050nm long-pass filter; GTP, Gran-Taylor Prisms; NF, 1064nm notch

filter; SP, 1050nm short-pass filter. The polarizations of the indent and CARS radiation are precisely
(extinction ratio~ 1 : 10~7) set by Gran-Taylor prisms.



CARS spectrum witld = 10.0° is 100 seconds (100 times accumulation of one second exposure)
and 30 minutes for the other spectra (frédm= —0.075° to 0.075°). The spontaneous anti-Stokes
Raman scattering signal generated by the pump pulse was subtracted from all the spectra. After this
subtraction, all the spectra were divided by the non-resonant background spectrum obtained from water

to compensate the spectral profile of the Stokes pulse.

5.4.2 Fitting analysis

Based on the previous report [155], the 716 ¢nand 767 cmm! Raman bands of (-p-pinene have

large ROA in the forward scattering. Therefore, we focus on the spectral region ranging from 600
cm~! to 800 cnT!. We do not obtain the homodyne chiral component (the first term in Eq. (5.10))
aroundd = 0°, which indicates that the homodyne chiral signal is overwhelmed by the noise of
the background signal. In order to extract the ROA signal, we analyze the spectra according to the
following procedure. First, we determine the parameté{$, and4;, Q;, T'; for the three peaks, where

the indices = 1, 2, 3 denote the Raman modes at 640¢pi716 cnt ! and 767 cm'!, respectively, by

fitting the CARS spectrum & = 10.0° with the second term in Eq. (5.10). Fér= 10.0°, the chiral

signal is negligible in comparison with the achiral signal (the second tertine first and third terms).

Next, using these parameters, all the seven spectra we observefl fon1.075° to § = 0.075° with

0.025 increments are fitted simultaneously by the following equation:

I(w1 — w2,0) =Cimain|x2111 + 8in (6 — 0g)x1111]?
+ Cleak X111, (5.14)

whereC,in andCie,ic represent the magnitudes of the spectral component properly oriented by the
analyzer and the leaked signal of the largg,; signal due to the non-zero extinction ratio of the

analyzer £ 10~7), respectively.

The least-squares-fitted results are shown as solid curves in Fig. 5.2. They agree with the ob-
served spectra (shown as circles) very well. The optical activity parameters were determined to
be DB /XTB; = 0+£1x 107%, Ay = (0.38 £0.03) x 1073, Ay = (—1.17 £+ 0.14) x 1073,

Az = (0.5240.08) x 1073, It should be noted thak; have significant non-zero values and the signs
and the order of these values is consistent with those obtained with the spontaneous ROA study [155].
The fitted results with\; fixed to be zero are also shown as dashed curves in Fig. 5.2. In this case, the
fitted results cannot reproduce the experimental results in particular afburdis fact suggests that

the ROA components certainly contribute to the observed CARS spectra.
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Figure 5.2: Circles: A set of observed polarization-resolved CARS spectra of the liquiep{rRene.

(the collection time; 100 seconds (100 times accumulation of one second exposure) for the spectrum
atfd = 10.0°, 30 minutes for the other spectra, the incident powe200 mW forw; and~ 70 mW

for wo) The spectra are normalized by the collection time. The spectrdim=ai0.0° is minified by
1/16000.

Dashed lines: Curves fitted by using Eq. (5.14) with; and Cj.,x are fixed to be 0. From the
spectrum ath = 10.0°, the parameters were obtained@$y; = 3.2 x 10~ [esu],w; = 640.39+
0.027,716.28 0.16, 766.74- 0.80 [cnT!], A; = (17.4£0.1) x 10714,2.240.1) x 107, (4.2 +

0.1) x 10~ [esu],T'; = 4.944 0.05, 3.76+ 0.25, 3.49% 0.13 [cnT!] (i = 1, 2, 3 respectively)

Solid lines: Curves fitted by using Eq. (5.14) with frge11 and Cie.. From the spectra a& =
—0.075°, —0.050° - - - 0.075°, the parameters were obtainech@$; = 0+ 3 x 10719 x 1071 [esu],

Crmain = (6.35 £ 0.03) x 10%, Cleaxk = (3.65 £ 0.35) x 1075, 8y = 0.016° + 0.0006°, A; =

(0.38 +0.03) x 1073, Ay = (—1.17 £ 0.14) x 1073, Az = (0.52 £ 0.08) x 1073, The absolute
magnitudes of third-order optical susceptibilities are evaluated by using the value of the nonresonant
third-order susceptibility of water as a standard [154].

93



(a) CARS (x0.1)

(b) CARS-ROA
i

Intensity [a.u.]

1100 1000 900 800 700 600
Raman shift [cm™']

Figure 5.3: (a): The sum of CARS spectra with weight coefficierts;, = 1(0.075° — 6p) +
I(—0.075° — 6p) sin (0.075° — 6p)/ sin (—0.075° — b))

(b): The difference of CARS spectra with weight coefficiertg; = 1(0.075° — 6y) — I(—0.075° —
6p) sin (0.075° — )/ sin (—0.075° — 6y)

(c): Spontaneous ROA spectrum reproduced from ref [155] .

5.4.3 Extraction of ROA spectrum

Based on these results, we can extract an ROA spectrum by using Eq. (5.12). The sum and difference
spectra between the= —0.075° andd = 0.075° spectra with appropriate coefficients are shown in

Fig. 5.3 (a) and (b). The coefficients are determined by using Eg. (5.10) so that the sum and difference
spectra are proportional tq1111|?> andRe(x5;11x1111), respectively. Two ROA peaks at 716 Thn

and 767 cm! are clearly observed in the spectrum obtained with this procedure. All the spectral
features in Fig. 5.3(b) except for 640 cband quantitatively agree with those in the spontaneous
ROA spectrum (Fig. 5.3(c)) obtained by Barretral[155]. The band at 640 cmi is strongly polarized

and has been discussed to be unreliable in the ROA study [153, 156].

The contrast between the ROA signal and the achiral background is determinad by|(Ir —
I1)/(Ig + Ip)| in the spontaneous ROA measurement. Those of the 718 amd 767 cm! Raman
bands of (-)8-pinene are estimated to be arouing 10~2. In our CARS-ROA measurement, the con-
trast is determined @&Re (311 x1111)/(5in (6 — 6p)|x1111]?). Note that the contrast is the function of
the parameter df that can be controlled experimentally. At= 0.075°, the signal to background ratio
experimentally determined by the ratios between the peak intensities of the CARS-ROA and CARS

spectra are aboutx 10! for the same two peaks (Fig. 5.3(a),(b)).

Besides CARS-ROA, several nonlinear spectroscopic techniques sensitive to molecular chirality

have been proposed and developed. Especially, it is worthwhile to compare CARS-ROA with Bio-
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CARS, which is a chiral sensitive*) Raman spectroscopy proposed by Koroteev [157]. Like chiral
x2) spectroscopy [90, 94], chirality-induced signal can be obtained without achiral background in
BioCARS because even-order nonlinear susceptibilities are zero in the achiral liquid. Up to present,
however, BioCARS has not been observed primarily due to the extremely stfalialue (estimated

to be10~22 esu). To obtain BioCARS signal of the eneigy 10~'2 J in each pulse, incident pulses

with 1ps pulse-width and 50J pulse energy focused into a spot with diametep.60are needed in

the electronically preresonant conditions [157]. In CARS-ROA, the magnitudes of the optically active
third-order susceptibilities are estimated to/ g ;| = |Ax}11/2| ~ 10717 esu in the off-resonance
condition. To obtain the CARS-ROA pulse (the signal of the heterodyne term in Eq. (12)) with the
same energy as above discussiox (L0~2 Jin each pulse), incident pulses with 1ps pulse width and

only 2 1J energy are necessatry

5.5 Conclusion

In summary, a new technique of ROA based on coherent Raman spectroscopy, heterodyne-detected
polarization-resolved CARS spectroscopy is reported in this chapter. This technique is applied to
measure the Raman optical activity of liquid (pinene successfully, which is the first report not

only on CARS-ROA but also on ROA using a pulsed laser. Thanks to the coherent nature of the
CARS signal, the large achiral CARS electric field can be used as a local oscillator, and it enables
us to extract the amplitude and phase of the weak chiral signal. Our results show that the achiral
background can be significantly reduced by adjusting the polarizations, making the measurements
robust over fluctuations of an optical system. This technique will be applied to time-resolved ROA
measurements for unraveling the dynamics of transient chiral molecules and biomolecules in aqueous

solutions, to which infrared VCD is not applicable.

The contents of this chapter were published in Ref. [158].

2Estimated by using the formulation of the CARS intensity written in J. F. Reirtjes|inear Optical Parametric Pro-
cesses in Liquids and Gas@scademic Press, New York, 1984). Completely phase matched condition is assumed.
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Chapter 6

CARS-ROA spectroscopy by spectral

Interferometry

6.1 Introduction

In the previous chapter, | reported an ROA measurement system with the small achiral background
by using coherent anti-Stokes Raman scattering (CARS-ROA) [158], which opened up the possibility
to measure ultrafast ROA spectra. In the reported CARS-ROA method, ROA spectra are measured
as follows. Chirality-induced CARS is generated as an electromagnetic field polarized perpendicular
to the polarizations of the incident fields, which are parallel to each other. To amplify the excep-
tionally weak chirality-induced CARS signal, the polarization-resolved heterodyne-detected CARS
scheme was employed in the previous setup. In this scheme, the polarizer for the generated CARS
radiation was slightly tilted from the perpendicular configuration so that the strong achiral CARS sig-
nal was introduced as a local oscillator (LO). The obtained spectral intensity was then proportional to
|sin @x1111 + cos Ox2111|%, wherey was the third-order optical susceptibility tensor #@nepresented

the analyzer angle from the perpendicular configuration. By taking difference between CARS spec-
tra atd = +6,, the homodyne terms were canceled out and only the heterodyne term was obtained.
The heterodyne term was proportionaltg 11 and enabled us to retrieve both the amplitudes and the
phases of the chiral signal. Although the contrast ratio of the chiral signal to the achiral background
was considerably improved in CARS-ROA in comparison with spontaneous ROA, it was not still easy
to obtain an artifact-free CARS-ROA spectrum because residuals of the homodyne term after the spec-
tral subtraction sometimes gave rise to artificial peaks in a CARS-ROA spectrum. Moreover, it has
remained unclear in the previous paper how large the optically active non-resonant part of the suscep-
tibility x5\, contributed to the CARS-ROA spectrum. It was mainly because the previous method was

less sensitive to the optically active nonresonant background.

In this Chapter, an interferometric coherent Raman optical activity (iCROA) technigue using an ex-
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ternal LO is demonstrated. By introducing the external LO, only the heterodyne terms can be extracted
by Fourier transform spectral interferometry (FTSI) [107]. FTSI is used to obtain both the amplitude
and phase of the generated electric signals in CARS [159, 160], sum frequency generation [161,162],
vibrational/electronic optical activity free induction decay [71, 72]. In iCROA, the chiral signal from

a sample is combined with the CARS radiation generated in the LO arm with the time difference

The heterodyne terms between the signals from the sample and the reference can then be extracted by
Fourier transformation (FT) because fringes with the frequencl/efare incorporated only in the
heterodyne terms. By using this scheme, it is shown that a CARS-ROA spectrum can be obtained free
from the achiral background of the sample, that the amougd§f, is evaluated and shown to be pure
imaginary for (-)#-pinene, and that artificial signals due to optical rotatory dispersion (ORD) of chiral

samples are experimentally distinguished.

6.2 Experimental

The schematic diagram of the iCROA setup is shown in Fig. 6.1. The light source is a 1064 nm
microchip laser (Hamamatsu, L11435) with a repetition rate of 25 kHz, a pulse width of 400 ps and
output power of 20uJ. The pump and Stokes pulses are narrow-band fundamental and broadband
white-light continuum (from 1100 nm to 1300 nm) generated by a 2.5-m long photonic crystal fiber
(SC-5.0-1040, NKT Photonics), respectively. Incident pulses are divided into two, namely the sample
arm and the LO arm, by a half wave plate and polarized beam splitter. Optical configuration of the
sample arm is the same as the reported one [158]. The polarizations of pump and Stokes pulses are
set parallel to each other by the Glan-Taylor prism placed before the sample. Generated chirality-
induced CARS field whose polarization is near perpendicular to the incident polarization is selected
by the second Glan-Taylor prism (Fig. 6.2). In the LO arm, CARS field from the reference (water in
the present setup) is generated without polarizers and combined with the CARS from the sample with
the optical delay of-. It should be noted that although the polarizations of the incident beams in the
two arms are perpendicular after the PBS, the polarizations of the chirality-induced CARS from the
sample and the achiral CARS field from the reference are almost parallel and interfere with each other.
The reflected and transmitted beams of the BS are dispersed by a polychromator (LS785, Princeton
Instruments) and then focused onto the different columns of the CCD camera (PIXIS 100BR eXcelon,
Princeton Instruments). The incident energies afel §pump in the sample arm), 0.4 (Stokes in

the sample arm), 1.bJ (pump in the reference arm), and 0,0¥ (Stokes in the reference arm) at the
sample. In order to evaluate our iCROA method, | performed proof-of-principle experiments on liquid
(-)-8-pinene. Liquid (-)8-pinene was purchased from Aldrich and used as received. The sample was

set in a quartz cell with a path length of 1.0 mm.
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Figure 6.1: Experimental setup. PCF: photonic crystal fiber, PBS: polarized beam splitter, HWP: half
wave plate, P: polarizer, LPF1: long pass filter (cutoff @ 1064 nm), LPF2: long pass filter (cutoff @
1050 nm), REF: reference (water), S: sample g)inene, BS: beam splitter, PZA) piezo stage for
optical delayr = 79 + m1n, NF: notch filter (1064 nm), SPF: short pass filter (cutoff @ 1050 nm).

Figure 6.2: Schematic diagram of experimental configuration around the sample and the reference.
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6.3 Basic theory

In the polarization configuration depicted in Fig. 6.2, the total electric field in the frequency domain is

expressed as a sum of CARS fields generated from the reference and the'sample

E(w,0) = ES™P() sin 6 + E5™P°(w) cos 6 + EYO (w)e ™7
= AT (@) sin 0+ X317 () cos 0) + Brdfhie ™ T EY" (wn) B (w1 B (w2),

(6.1)

wherew, wy, ws represent the angular frequencies of the CARS, pump and Stokes pulses, which satisfy
w = 2wy — w2, A andB are real positive constantsjs the time delay between the LO and the CARS
field from the sample and the subscriptsiofepresent the direction of the polarization (in Cartesian

coordinates, see Fig. 6.2).

The observed CARS intensity is formulated as the absolute square of the electromagnetic field as

I(w,0) = | B (w) sin 6 + By™P(w) cos 0 + By (w)e 7|7
oc AZXFITP (w) [P sin? 0 + A2 X3P (w)[? cos® 0 + B[
+ A?sin 6 cos ORe[x 111 e (w) X;‘?ﬁple* (w)]
+ ABsin 9Re[xﬁlﬁple (W)X 19" exp(iwT)]

+ AB cos 0Re[GT T (w)x1177 exp(iwr)]. (6.2)

In the previous CARS-ROA study without the external LO [158], the fourth term of Eq. (6.2) has been
observed as a chirality sensitive term. The observed raw spectra were mainly dominated by the achiral
background 5™ (w)[2. Thus it has been needed to take difference between speétra at6, to

obtain a CARS-ROA spectrum. In this study, fairly strong external LO is introduded (B) and the

raw spectra are dominated by}J; |2, which does not have vibrational peaks.

The last two terms of Eq. (6.2) were extracted by following three procedures:

1. Obtaining both signals transmitted and reflected by the beam splitter and taking difference spec-

trum between them.

2. Modulating the time difference as= 7y + m1n (n represents the data number) by moving the

piezo stage and performing Fourier transformation to extract only the modulated components.

3. Extractingt = 79 component by multiplying window function by the time domain interferogram
(FTSI [107]).

!Although the LO term should be written d8y° (w)e™"" cos @ in a precise senseps d can be approximated by 1
becausé® changes between0.125° and0.125° in this study.
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By the above procedures, only the positive time delay components of the Eq. (6.2):

sample

S(w, ) =sin Hxsﬁ”rffle (w) exp(iwTp) + cos Ox5111 (W) exp(iwTp) (6.3)

are extracted.

6.4 Results and discussion

6.4.1 Direct observation ofys;11

In order to extract the heterodyne term, 20 spectra with different time delegre measured. Then

the extracted spectra of the heterodyne term were averaged over 150 times to increase the signal to
noise ratio. With 4.8 s exposure time of a single raw spectrum, the total collection time to obtain the
final spectrumS(w, 8) was 4.2 h for one polarizer angle The magnitudes of the extracted heterodyne
terms a¥) = 0.000° andd = —0.125° are shown in Fig. 6.3(a). A= —0.125°, the achiral homodyne

CARS line shape is observed. The spectral profile of the achiral CARS is formulated by

N
| = ( )

NR 2 1
NR (2, 2011 A(Q — wr) A > 2
- 6.4

<(X1111) Tz T @ —wn)?rr2) (6.4)

A
NR
X1 T pe—

where A, 2, andI" are the amplitude, the frequency, and the damping constant of the Raman active
vibrational mode, respectivelyr = w—w; is Raman shift. The dispersive line shape of the spectrum

is due to the second term in the square root and the phases of all the peaks are the samelliscause
positive for all the bands. 1515 (w, 0.000°)| spectrum, four peaks at 640 ¢ 717 cnt!, 767 cnt?,

855 cnt! are clearly observed. These peaks have also the dispersive line shape but the phases of each
peak are not monosignate. Namely, the phases of 717, 85% ane the same as the phases of the
achiral CARS spectrum and the phases of the other peaks are opposite. The spegtruthG0° is

formulated as

: (6.5)

Tm (3 ) AA(Q — wr) A2A2/4 )5

_ NR |2
[Xa111| = <|X2111 + (Q—wr)? + 12 (Q —wg)2 +1I7?

where,A is the circular intensity difference measured in forward-scattered spontaneous ROA studies
[83,147]. In Eq. (6.5)x3%, is assumed to be pure imaginary, which is experimentally verified below.
The different phases of each peak|8fw, 0.000°)| are explained by the fact that the signs/ofare

different in general for different peaks.

The real and imaginary parts of the extract#d, ) spectra of (-)8-pinene at = —0.125°,0.000°,
and 0.125° are shown in Fig. 6.3(b). The interference fringes of Fig. 6.3(b) are due to the time
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Figure 6.3: (a)]S(w, 0)| spectra of (-)8-pinene at = —0.125°(top, red) and).000° (bottom, green).
(b)Imaginary(top) and real(bottom) parts$fw, §) spectra of (-)5-pinene at = —0.125° (red dotted
line), 0.000° (green solid line) and.125° (blue dashed line).

delay 7y (~ 1.8 ps in this study). The fringes of the spectrd at +0.125° are obviously in anti-
phase. It is because the first term of Eq. (6.3) is dominarff(in, 0.125°) and is odd function

of #. The oscillation feature is also found in ti$¢w, 0.000°) spectrum. The phase &f(w, 0.000°)

in the spectral range without vibrational peaks is differentsby/2 from those ofS(w, £0.125°).
Considering the fact that}{%; is real, it can be concluded thgf}; is pure imaginary. The value

of x3E; relative tox )}, is calculated agd}; ~ —9 x 1075 x ;i by taking the average value

of sin(0.125°)S(w, 0.000°)/S(w, 0.125°) over the frequency range without vibrational peaks. This
result is consistent with our previous estimatiohn( x5, /x21)| < 4 x 107%) in the supporting
information of Ref. [158]. The capability to detect the sign and absolute magnitude of this term pro-
vides a possibility to investigate the excited electronic states by iCROA. It should be noted that the
optically active non-resonant background is definitely distinguishable from the achiral non-resonant
background due to experimental imperfections such as non-zero extinction ratio of the analyzer. It is
becauser/2 phase difference of the non-resonant background cannot be explained only by the first
term of Eq. (6.3).

6.4.2 Extraction of ROA spectrum and compensation of artificial signal due to ORD

The CARS-ROA spectrum is obtained as [158]

n

Z zX1111 +Im(X2111))A Fi‘
— wR) + P?

Re(x1111Xx2111) (6.6)

=1

If ORD of the sample is negligible in the whole spectral range, CARS-ROA can be obtained as
Re[S(w, 0.000°)5*(w, 0.125°)] < Re(x}111x2111)- Ifthisis not the cas&e[S(w, 0.000°)S*(w, 0.125°)]
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spectrum includes not only CARS-ROA but also the achiral CARS components;

Re[S(w, 0.000°)S*(w, 0.125°)] =~ Re[sin (0.125%)x1111€“7 (x5111 + sin a(w)xii11)e ]

o Re(X111x2111) + sine(w)|x1111 /%, (6.7)

wherea(w) represents the ORD. It should be noted thab) represents the ORD both of the Stokes
and of the CARS radiation. The CARS-ROA spectrum off{-pinene is shown in the top of Fig. 6.4.
A broad offset due to the second term of Eq. (6.7) is observed in the whole spectral range. The offset

can be canceled by subtracting the achiral contribution with an appropriate coeffici¢ats

S'(w,0.000°) = S(w,0.000°) — c(w)S(w,0.125°)

X x2111 €xp (iwT). (6.8)

The coefficient is assumed to be a spline function and determined by fitting so that the phase of
S'(w,0.000°)/S(w,0.125°) is equal to—7 /2 in the range without vibrational peaks. After the com-
pensation, the CARS-ROA spectrum is calculateBé&s$’ (w, 0.000°)S* (w, 0.125°)], which is shown

in the bottom of Fig. 6.4. The broad offset due to the ORD is substantially reduced by using the phase

information of the non-resonant background signal.

Intensity [a.u.]

| I| I|III|III|III TTT
1500 1400 1300 1200 1100 1000 900 800 700 600 500
Raman shift [cm-l]
Figure 6.4: CARS-ROA spectra of (§-pinene before (top) and after (bottom) the compensation to

cancel the achiral contribution. The top spectrum is calculatétbas(w, 0.000°)5*(w, 0.125°)] and
the bottom one is calculated Be[S’(w, 0.000°)S*(w, 0.125°)].
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6.5 Conclusion

| have reported a novel CARS-ROA measurement method with CARS spectral interferometry, iCROA.
Only the heterodyne terms between the CARS fields from the sample and the reference are selectively
extracted by the analyses. The non-resonant background susceptibility is shown to be pure imaginary
and the sign and the magnitude is also determined fg#-p)rene. The artifact due to the ORD of the

chiral sample is reduced by exploiting the phase sensitivity of iCROA.

The contents of this chapter were reported in Ref. [109].
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Chapter 7

Visible-excited multiplex CARS-ROA

spectroscopy

7.1 Introduction

| reported novel ROA spectroscopy with using coherent anti-Stokes Raman scattering (CARS-ROA)
in the previous chapters. In CARS-ROA spectroscopy, both the phase and amplitude of CARS radia-
tion polarized perpendicular to the incident polarization is measured with a heterodyne technique, in
which achiral CARS field generated from the sample itself or external reference material was used
as a local oscillator. One of the most striking advantages of CARS-ROA spectroscopy over conven-
tional spontaneous ROA spectroscopy is its higher contrast ratio of the chirality-induced signal to
the achiral background. In the previous setups, it was demonstrated that the contrast ratio of CARS-
ROA measurement gf-pinene is two orders of magnitudes higher than that of spontaneous ROA
measurement [158]. This improvement is significantly important in view of a future application to
time-resolved ROA spectroscopy, which is a great challenge because the time-dependent change of
extremely weak ROA signal needs to be extracted from its huge achiral background. In order to im-
prove the detection sensitivity by compensating the laser fluctuation, scattered circularly polarized
(SCP)-ROA spectroscopy has been reported [163]. However, this technique still requires the extrac-
tion of the weak ROA signal from the huge achiral backgroaftdr the signal detection. On the other
hand, our CARS-ROA spectroscopy enables us to suppress the achiral backigefonedhe signal
detection. Measurements less susceptible to the laser fluctuation are, therefore, realized in CARS-
ROA spectroscopy. However, SNR of the spectra obtained in CARS-ROA spectroscopy was so far not

satisfactory in comparison with the conventional ROA spectroscopy due to weak signal.

The weak signal intensity in our previous setups is partly due to near-infrared (NIR) excitation;
we employed 1064-nm and supercontinuum (SC) ranging fromuh 1o 1.6:m light source forw,

andw», respectively. Although NIR excitation has several merits such as low photodamage to sample
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Figure 7.1: Schematic diagram of the visible excited CARS-ROA spectrometer. HWP: Half wave
plate, DM1: Short-pass dichroic mirror (Thorlabs, DMSP805), DM2: Long-pass dichroic mirror
(Thorlabs, DMLP900), PBS: Polarized beam splitter (Thorlabs, PBS201), PCF: Custom-made pho-
tonic crystal fiber, OD: Optical Delay, LPF: Long-pass filter (Semrock, BLP01-532R-25), GTP: Glan-
Taylor prism (Thorlabs, GT5), S: Sample , NF: Notch filter (Semrock, NF03-532/1064E-25), SPF:
Short-pass filter (Semrock, SP01-532RU-25).

and weak fluorescence interference [164, 165], it significantly sacrifices SNR because ROA signal is
proportional to the fifth power of the incident frequency [97,164]. Herein, we have developed a CARS-
ROA spectrometer with visible (532 nm) excitation and improved the SNR of ROA significantly.

7.2 Experimental

The schematic of our visible excited CARS-ROA spectrometer is shown in Fig. 7.1. A 25-kHz mi-
crochip laser (Hamamatsu, L11475), which provides 400 ps pulses at the wavelength of 1064 nm, is
used as a light source. The output of the laser is frequency-doubled by a LBO crystal and the gen-
erated second harmonic is separated from the residual fundamental. The majes paét W) of

the 532-nm radiation is used as narrowbandand the other is used to excite a PCF. In this study,

we employ the dual pumping scheme, in which PCF is pumped both with 532-nm and 1064-nm radi-
ation [166, 167]. The spectra of SC generated by the PCF with different pumping schemes are shown
in Fig. 7.2. The spectral profile of the SC pumped only by 532 nm is dominated by spiky peaks
originating from stimulated Raman processes, which is unsuitable for multiplex CARS spectroscopy.
When the PCF is excited both with 532 nm and 1064 nm, broad and intense SC, which covers almost

all the fingerprint region, is generated in the current experimental condition. The optical configura-
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Figure 7.2: Spectra of the SC generated with the different pump schemes. These are measured as
nonresonant CARS spectra of water.

tion around the sample is basically the same as what we previously reported in the NIR-CARS-ROA
spectroscopy [158]. Incident; andws polarizations are set parallel to each other with a single Glan-
Taylor polarizer. The polarization of the CARS field is selected by the second Glan-Taylor polarizer
after the sample, which is slightly tilted from the perpendicular configuration (referred 4p s

that the small portion of achiral CARS field passes through the polarizer and acts as a local oscilla-
tor. Spectra are obtained with a polychromator (Acton SP2300, Princeton Instruments) and a CCD
camera(PIXIS 100BR eXcelon, Princeton Instruments). Simulation of CARS-ROA spectrum is per-
formed by using density functional theory with Gaussian 03 [168]. The minimum energy structure
was optimized with B3PW91 functional and aug-cc-pVDZ basis set and Raman/ROA properties were
calculated with B3LYP functional and 6-31G** basis set. A scaling factor of 0.97 was applied for

comparison with the observed spectra.

7.3 Method

The procedure for extracting CARS-ROA spectra is based on that previously reported [158]. We have
measured CARS spectraat= +0.5° and CARS-ROA spectrum can be obtained as the difference
spectrum between these. As we previously discussed [109], however, CARS-ROA spectra are distorted
by optical rotatory dispersion (ORD) of the sample itself. With ORD (here denoted,aSARS

spectrum obtained &tis written as

1(9) X | sin (9 — Oé)XHn + cos (0 — Oé)X2111|2. (7.1
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Thus, the calculated difference spectrum betwE@n and(—60) becomes
1(0) — I(=6) % 20alx1111|* + 40Re[x 111 x2111], (7.2)

where|x1111|? andRe[x%;;1x2111] correspond to CARS and ROA intensity, respectively. In Eq. (7.2),
the term of|x2111/? is neglected. The dispersive CARS spectrum is superposed on the calculated
difference spectrum with the weight coefficient2skx. In order to remove this contribution, here we

fitthe I(0)/1(—6) spectrum with a spline function (Fig. 7.3). The fitted spectrum can be approximated
by [(§ — «)/(0 + )]? because the sharp vibrational peaks do not significantly affect the result of the

fitting procedure with a spline function. Then, ROA spectrum is extracted by calculating

L2
Zi—z {1(9) - (z n Z) I(_G)} X ORe[xT111x2111]- (7.3)

7.4 Results and discussion

CARS and CARS-ROA spectra gfpinene measured with the 532-nm setup developed in this work
are shown in Fig. 7.4-(a,b,c). For comparison, CARS-ROA spectrum g¢i-fijrene obtained with

the previous 1064-nm setup is shown in Fig. 7.4-(d). In the NIR-CARS-ROA spectrum, which was
measured with 1-hour exposure time, although several characteristic peaks betweern 6Ghdm

900 cnT ! were measured, weak ROA signals in the higher wavenumber region were severely buried
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Figure 7.4: (a) CARS spectrum of-§-/-pinene with 1 hour exposure time with the 532 nm setup
developed in this research (reduced to 1/10 for comparison). (b) CARS-ROA spectir/ofdinene

(black) and ¢)-3-pinene (red) obtained the 532 nm setup. The exposure time was 1 minute, and the
excitation power was 100 mW far; and 20 mW forw,. (c) CARS-ROA spectra of) and ()-
B-pinene obtained with 1-hour exposure. Measurements conditions other than exposure time are the
same as (b). (d) CARS-ROA spectrum of){3-pinene obtained with the previous 1064 nm setup
with the 1-hour exposure. The excitation power was 200 mWfaand 70 mW forw,. (e) Calculated
CARS-ROA spectrum.
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Figure 7.5: Comparison of the spectralf[x?;,;x2111]/|x1111|* calculated from the VIS- and NIR-
CARS-ROA measurements.

in noises (Fig. 7.4-(d)). In the VIS-CARS-ROA spectroscopy, these characteristic peaks are clearly
observed only by 1-minute exposure (Fig. 7.4-(b)). With 1-hour exposure time (Fig. 7.4-(c)), VIS-
CARS-ROA spectrum was obtained with high SNR and almost all the peaks are in the mirror image of
the enantiomer’s spectrum. Nearly all the spectral features in the measured spectrum also show good

consistency with those in the spectrum simulated with quantum chemical calculations.

Although it is difficult to quantitatively compare the VIS-CARS-ROA spectrum to the NIR-CARS-
ROA spectrum because of the difference in the instrumental performance, theafatio, ; x2111]/Ix1111/?

is independent of instrumental response and can be directly compared. This ratio is calculated as

Re[x1111X2111] _ AT A

- ; (7.4)
Ix1111]? 2X11\11P1~1 [(Q+ A/Xlﬁl}ﬂ — w2 4172

whereA, 2, T", andA are the amplitude, frequency, damping constant and circular intensity difference
of the Raman active mode, respectively, arid the Raman shift. Based on the previous measurements
[109, 158], contribution of )%, is neglected in Eq. (7.4). Due to linear frequency dependence of
value [97], Eqg. (7.4) should be proportional to the frequency of the scattered light. Thus, it is expected

that the ratio is 1.8 - 2.0 times larger in the visible excitation than the NIR excitation.

These ratios for NIR- and VIS-CARS-ROA spectra are shown in Fig. 7.5. The ratio calculated for
the visible excitation is even greater than two times of that for the NIR excitation, which is probably due
to electronic pre-resonance. This enhancement, in addition to the reduction of the achiral background

in CARS-ROA spectroscopy, makes measurements even easier.
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7.5 Conclusion

A visible-excited CARS-ROA spectrometer was reported in this chapter. By employing the dual pump-
ing scheme, we have generated broad and intense SC around 532 nm, which enables multiplex visible
CARS-ROA spectroscopy. We have measured CARS-ROA spectra of (+)- afieb{rene with the

visible excitation as a demonstration of the setup. The obtained spectra in VIS-CARS-ROA are well
consistent with both the spectrum measured in the previously developed NIR-CARS-ROA setup and
that simulated by quantum chemical calculation. In the visible excitation, SNR higher than that in the

NIR excitation was realized mainly due to large scattering cross-section and optical activity tensor.

The contents of this chapter were published in Ref. [73].

111






Part IV

Summary

113






Chapter 8

Summary and prospects

8.1 Summary of this thesis

Despite its importance in the mechanistic study of biochemical reactions, the ultrafast chiroptical spec-
troscopy has been applied to just a few chemical species so far due to the experimental difficulty of
measuring extremely weak chiroptical signals. The present study was motivated by the need for ul-
trafast chiroptical methods which are more sensitive and easier to apply to biochemical samples. The
development of the new ultrafast electronic and vibrational chiroptical techniques and its application

to the detection of the ultrafast chirality flip were reported in this thesis.

In Chapter 3, the development of the femtosecond TRCD spectroscopy using the polarization-
resolved phase-sensitive method was reported. Proof-of-principle experiments were performed with
A- andA—Ru(bpy)%Jr complexes. The results show that the sensitivity better than 0.4 mdeg with the
broadband detection covering from 415 to 720 nm was accomplished in the developed spectrometer.
The obtained sensitivity was about one order of magnitude better than the previous reported TRCD
spectrometer designed for the single wavelength detection. The broadband detection was proven to
be remarkably beneficial for TRCD spectroscopy because the artificial spectral component due to the
photo-induced anisotropy can be separated from the genuine CD spectrum in combination with the

singular value decomposition.

Application of the developed TRCD spectroscopy to biomolecular dynamics was demonstrated in
Chapter 4. Transient absorption and TRCD spectra of the bilirubin-human serum albumin complex at
pH=4.0 and 7.8 were measured. At pH=4.0, the different temporal behavior between the TA and TRCD
of the complex indicating the chirality change in the excited state was observed. The experimental
data were quantitatively analyzed by assuming the three-state model with the initial ground state, the
excited state without the conformational change, and the excited state with the opposite handedness.
To calculate the spectral shape of the excited-state species, the exciton coupling theory was extended

to the transitions from the one-exciton states to the two-exciton state. The temporal change of the TA
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and TRCD were well fitted by the solution of the differential equations of the model with the spectra
calculated by the extended exciton coupling theory. The fitting analysis showed that the chirality flip
undergoes with the time constantl®f4 + 0.5 ps. From the time-dependent population change of each
state computed by the fitting analysis, the bleach-subtracted excited-state CD spectra were extracted,
which clearly showed that the CD spectrum was inverted by the time evolution. At pH=7.8, on the other
hand, the bleach-subtracted spectra did not show the sign reversal; no chirality reversal happened. It
was demonstrated that photo-induced chirality change in the excited states could be directly probed by

using the developed TRCD spectroscopy.

In Chapter 5, a novel method to measure ROA by coherent anti-Stokes Raman scattering (CARS-
ROA) was demonstrated. In general, ROA spectroscopy is structurally more informative than elec-
tronic CD spectroscopy but measurement is more challenging due to the weaker signal. Coherent
ROA spectroscopy has potential to open up not only the ultrafast time-resolved ROA spectroscopy
but also wider applications of ROA such as ROA imaging or rapidsécond) real-time tracking of
conformational change of biomolecules. The basic idea of measurement is the same as what was em-
ployed in the TRCD spectrometer presented above; the incident pump and Stokes radiation is linearly
polarized parallel to each other, and the CARS radiation perpendicular to the incident polarization is
phase-sensitively detected by the optical heterodyne detection. Withpf)ene as a sample, a ROA
spectrum was obtained by CARS and consistent with the previously reported ROA spectrum obtained
by the spontaneous Raman scattering. The contrast ratio of the chirality induced signal to the achiral
background was improved by two orders of magnitude as compared to the conventional spontaneous

ROA spectroscopy.

Another method for characterizing the phase of CARS-ROA field by using the active heterodyne
detection was demonstrated in Chapter 6. The local oscillator was introduced externally with certain
temporal delay. The spectral fringe originating to the interference between the CARS-ROA field and
the LO is analyzed by the spectral interferometry. Although the signal to noise ratio was not bet-
ter than that by the methods reported in Chapters 5 and 7, it was shown that the active heterodyne
method was efficient for eliminating the artificial signal coming from the ORD of the sample. It is
expected the active-heterodyne-detected CARS-ROA is advantageous when the fluorescent sample is
measured because the spectral interferometry can almost perfectly remove the background signal such

as fluorescence and room light.

With the aim of better signal to noise ratio, the extension of CARS-ROA spectroscopy from the
near-infrared (1064 nm) to the visible (532 nm) spectral region was reported in Chapter 7. For multi-
plex CARS detection in the visible range, broad and intense supercontinuum was generated by pump-
ing the photonic crystal fiber both with 532 and 1064 nm. As demonstrated in the actual experiment,
the signal to noise ratio of the VIS-CARS-ROA spectra obtained with 1-min exposure was even bet-

ter than that of the NIR-CARS-ROA spectra obtained with 1-hour exposure. Such improvement was
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attributable to the/> dependence of ROA signal intensity, and weak resonance with the electronic

absorption in the deep-UV region.

8.2 Prospects

8.2.1 Possible improvements in performance of the ultrafast CD spectroscopy

The performance of TRCD spectroscopy is mainly characterized by time resolution, sensitivity, spec-

tral range, and freeness from the anisotropic artifacts.

The time resolution achieved in the current study is 100 - 300 fs, which is fast enough for measuring
dynamics such as electronic relaxation, proton transfer, protein internal motion, and photochemical
isomerization [59]. For directly probing faster dynamics such as vibrational motion, photodissociation,
photoionization, and electronic dephasing, a better temporal resolution is required. In the developed
TRCD spectrometer, time resolution is determined by the cross-correlation between the pump and
probe. A chirp-compensated output of a noncollinear optical parametric amplifier (NOPA) as short as
6.5 fs was reported to be used in solution-phase ultrafast spectroscopy [169]. So by combining the
chirp compensating technique with the TRCD spectrometer, it will be possible to track even faster
chirality change. In the gas phase spectroscopy, attempts to develop faster chiroptical methods have
been made [170, 171]. However, currently these are in the stage of developing elemental techniques

and no time-resolved measurement has been reported to the best of my knowledge.

Sub-millidegree sensitivity was realized in the current setup. In optical spectroscopic measure-
ments, the sample concentration is usually adjusted so that the optical density becomes about 1. If the
concentration is too high, no light can pass through the sample; if it is too low, no signal is observed. In
such cases, a magnitude of ground-state CD is typidalty o.d. in the absorbance unit and 33 mdeg
in the ellipticity unit. Thus, the sub-millidegree sensitivity is enough for many applications because the
ACD value as much as about 3 mdeg is expected when 10% of molecules is excited, which is typical
condition employed in the time-resolved spectroscopy. For special applications such as ultrafast detec-
tion of enantiomeric excess generated by circularly polarized pump pulse, as will be described in the
next section, much higher sensitivity is required. In the current measurement condition, the noise level
is determined by the shot noise of the local oscillator, where the signal to noise ratio is proportional to
the total input energy of probe light(/time x power). The most straightforward way to improve
the sensitivity is thus to increase the power of the probe light. This can be realized by increasing either
the energy of each pulse or the repetition rate. To make the pulse energy higher, one can use an output
of NOPA for the probe, which provides the pulse energy one or two orders of magnitudes higher than
the currently used continuum by the self-phase modulation but the spectral range becomes narrower.
We can increase the repetition rate by using recently released high-repetition-rate femtosecond lasers

such as Pharos (Light Conversion Ltd.) up to 1 MHz. With 1-MHz repetition rate, the sensitivity
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becomes about 31 times better than that of the current 1-kHz system.

Extension of the spectral range down to the ultraviolet region is one of the most demanded im-
provements of the TRCD spectroscopy. Especially for application to proteins, an extension to the
deep-UV region is needed because strong and characteristic CD spectrum, which is correlated with
their secondary structures, is observed in the deep-UV range. Thus, deep-UV TRCD spectroscopy
will be able to directly probe changes in the secondary structure of proteins induced by optical absorp-
tion [173] or temperature jump [174]. Measurement wavelength range is currently determined by the
spectral width of the white-light continuum generated by the self-phase modulation of water, which
spans down to about 400 nm. Using calcium fluoride for the medium of the self-phase modulation,
it will be possible to obtain the continuum down to about 320 nm [172]. Generation of a broadband
pulse in the deep-UV range is, however, still technically challenging. Ultrashort pulse down to about
275 nm can be generated by achromatic frequency doubling [175] or self-phase modulation [176] but
convenient and stable generation of continuum below 250 nm has not been reported to the best of my
knowledge. Technical advancement in deep-UV continuum generation is needed for the extension of

the spectral range of TRCD spectroscopy.

For the rejection of the anisotropic artifact, currently post-processing such as the singular value
decomposition is employed. However, the best solution is, of course, doing measurement under the
condition where anisotropy is not induced by the pump radiation. Such a condition is, in principle,
realized by employing circularly polarized light as the pump light. However, due to the spectral broad-
ness of femtosecond pulses, retardation by the quarter wave plate is not constant for each spectral
component of the pump light. It is a nontrivial question whether one can generate polarization state
where the anisotropic artifact is smaller than the currently used linearly polarized excitation by using
imperfect quarter wave plate. It will be needed to carefully design the optical arrangement of polarizers

and waveplates to reduce the anisotropic artifacts as much as possible.

8.2.2 Future applications of the ultrafast CD spectroscopy
Biomolecules

In the electronic CD spectroscopy of proteins, measurement wavelength range is conveniently divided
into three: the deep-UV range below 250 nm, the UV range from 250 to 300 nm, and the wavelength
region above 300 nm. CD spectra in the wavelength range below 250 nm are dominated mainly by the
n — 7 transitions of amides and sensitive to the secondary structure. In the deep-UV range between
250 and 300 nm, CD bands of the— 7* transitions of aromatic side chains are observed, which are
sensitive to the tertiary structure. When proteins have chromophores such as heme and flavin, they
show CD peaks which induced by asymmetric interaction between the chromophore and surround-

ing amino acid residues. TRCD spectroscopy is currently experimentally practical for the wavelength
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range above 400 nm and will be extendable down to about 320 nm using white-light continuum from
calcium fluoride. In the foreseeable future, therefore, application to proteins with chromophores will
be important. Heme proteins such as myoglobin and hemoglobin have been investigated by ultrafast
spectroscopy [177-181]. Especially the detachment process of carbon monoxide bound to heme has at-
tracted much attention [102,179,182]. The peak position of CD spectra of myoglobin and hemoglobin
observed in the range between 400 and 450 nm changes when the carbon monoxide is attached the
heme [183]. It is expected that detailed structural change of heme-induced by the CO dissociation like
the doming motion [184] can be elucidated by broadband TRCD spectroscopy. Another interesting ex-
ample is light-sensitive receptor proteins such as rhodopsin [185] and photoactive yellow protein [186],
whose structural change is triggered by photoisomerization of the chromophore. It is expected that the
isomerization undergoes in an unidirectional sense when the chromophores are surrounded by pro-
teins. TRCD spectroscopy is a promising tool for probing the direction of the isomerization, which is

difficult to distinguish in the conventional ultrafast spectroscopy.

Molecular machines

Molecular machines such as rotors [146, 187], tweezers [188], shuttles [189], and pinchers [190] have
recently been synthesized as parts of molecular devices. Among them, the unidirectional rotary motion
is important for continuous movement of devices as seen in biological systems [191]. In recently
synthesized molecular motors [145, 146], unidirectional rotation can be induced by successive light
irradiation and thermal relaxation. TRCD will be able to capture the structure of transition states during
the rotation. Understanding of structural evolution during the rotation will be a guiding principle

for improving the performance of the rotor and for using it as a part of a molecular device. Also

in molecular machines with achiral motions, chiral moieties are often used in molecular machines.
One typical example is rotaxane used in molecular shuttles [189]. In such machines, cyclodextrin
including azobenzene moves back and forth like a shuttle. Azobenzene shows induced CD signal
when it is included by cyclodextrins and its sign varies by the relative position of the cyclodextrin

moiety [192, 193]. Thus, the time-dependent change of induced CD of azobenzene, which should by

synchronized with the position of cyclodextrin, can directly probe the nanoscale shuttle movement.

CD measurement of short-lived chiral species

Ultrafast TRCD spectroscopy will be also useful for obtaining CD spectrum of achiral species. Here,

| used the term achiral for denoting achiral as a time-averaged structure. Because no molecule is still,
any molecule can be chiral if one takes a snapshot of it. This is schematically described in Fig. 8.1.
Even for achiral molecules, each molecule can have non-zero CD spectrum at each moment as shown
in Fig. 8.1 (a), but it becomes zero if the spectra are averaged over ensemble as seen in Fig. 8.1 (b).

Thus, in the steady-state CD spectroscopy, it is impossible to obtain CD spectrum of achiral molecule
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Figure 8.1: (a) Schematic CD spectra of each molecule of achiral solution. (b) Experimentally observ-
able ensemble-averaged CD spectrum of achiral solution. (c) Schematic CD spectra of each achiral
molecule after photoexcitation with circularly polarized pump radiation. (d) Ensemble-averaged CD
spectrum of achiral solution after the photoexcitation.

even though CD spectra of individual molecules provide plentiful molecular structural information
such as the dihedral angle between two chromophores. CD spectroscopy of achiral molecules is,
however, possible using TRCD spectroscopy. If the ensemble is excited by the circularly polarized
pump radiation (Fig. 8.1 (c)), non-zero enantiomeric excess is artificially generated to show non-zero
ensemble averaged CD as seen in Fig. 8.1 (d). The observed CD spectrum should correspond to one
enantiomeric form of molecule, which is achiral after time- or ensemble-averaging. By measuring
the temporal evolution of the TRCD spectra after the excitation, it will also be possible to track the

racemization process.

8.2.3 Possible improvements in performance of the CARS-ROA spectroscopy

The first and most serious problem in ROA spectroscopy is that extremely long exposure is heeded.

With a commercially available ROA spectrometer from BioTools, several hours to several days ex-
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posure with sub-watt to several-watts incident laser power is required to take a ROA spectrum of a
protein solution (see [194] for example). In the spontaneous ROA spectroscopy, signal to noise ratio is
proportional to the square root of the total input laser energy. Maximum power usable in experiments
is limited by damage threshold of samples, which is usually several watts at most. Thus, it is proba-
bly difficult to dramatically improve the signal to noise ratio in the spontaneous ROA spectroscopy in
the future. In the coherent ROA spectroscopy, on the other hand, the signal intensity can be higher by
employing input pulses with higher peak power with keeping the average power. As the absolute inten-
sity of CARS signal is determined by various experimental conditions such as concentration, optical
path length, confocal parameter, dispersion of refractive index, and the angle between the two incident
beams, it is difficult to directly compare the signal to noise ratio of the spontaneous ROA and coherent
ROA. However, in typical experimental condition for concentrated bulk solution, the signal to noise
ratio at the quantum limit becomes higher in coherent Raman scattering [78]. Thus, it is expected that

better signal to noise ratio is also obtained in coherent ROA spectroscopy.

In the context of developments of rapid bio-imaging tools, a variety of CARS spectrometers have
been reported recently [195-200]. These are broadly grouped into two categories: frequency-domain
measurement [195, 198, 200] and time-domain measurements [196, 199]. In the both methods, two or
three input pulses, corresponding to the pump, Stokes, and probe, are employed. These techniques
can readily be extended to CARS-ROA by setting the incident polarization parallel to each other and

detecting both the phase and amplitude the CARS field perpendicular the incident polarization.

In the current study, | have demonstrated CARS-ROA spectroscopy as the first example of ROA
spectroscopy by coherent Raman scattering. Besides CARS, several coherent Raman processes such
as stimulated Raman scattering (SRS) and Raman-induced Kerr effect (RIKE) are widely used for bio-
imaging [201-203] and ultrafast measurements [204—206]. It is also possible to make them chiroptical
by a scheme similar to CARS-ROA [80]. One important advantage of SRS and RIKE over CARS
in ROA measurement is that the counter-propagating configuration, where the two incident beams
counter-propagate, is allowed in SRS and RIKE because the phase matching condition is automatically
fulfilled in these processes. In such a condition, backward-scattered ROA spectrum [97] can also be
obtained in the coherent ROA spectroscopy; only the forward-scattered ROA spectrum can be obtained
in the CARS-ROA spectroscopy.

8.2.4 Future applications of CARS-ROA spectroscopy

| believe sub-nanosecond CARS-ROA system developed in the present study can be applied to nanosec-
ond time-resolved measurement with slight modifications. To realize time-resolved measurements, it
is needed to introduce the pump pulses synchronized with the probe pulses with a certain delay. In
nanosecond time-resolved spectroscopy, two electronically triggered laser sources are usually used for

the pump and probe. However, the currently used passively Q-switched microchip laser cannot be
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triggered externally. Therefore, it needs to be replaced by an actively Q-switched laser in addition to

installing a pump laser that can also be externally triggered.

As an application, relatively slow dynamics of proteins occurring on the nanosecond to millisecond
time scale will be able to be investigated in great detail by time-resolved ROA spectroscopy. For one,
protein folding, a process that a protein achieves its native structure, has attracted great attention as a
"missing link" between a gene sequence and protein functionality [207]. A variety of spectroscopic
methods such as fluorescence, CD, X-ray scattering, absorption, IR, and NMR have been used for
tracking dynamic change toward the natively folded structure [207]. Also computational studies have
greatly contributed to the mechanistic understanding of protein folding [208]. Although lots of theories
have been proposed so far, no consensus has been reached probably due to the difficulty to compare
proposed theories with experimental data [209]. ROA spectroscopy provides more structural parame-
ters than the above spectroscopic techniques with time resolution fast enough for tracking any protein
dynamics. Time-resolved ROA spectroscopy will be a promising tool for advancing the research on

protein folding.
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