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Abstract

The chirality of a supramolecular assembly provides particularly valuable information because the bonding nature of
noncovalent interactions, such as electrostatic interactions, n effects, van der Waals forces, and hydrophobic effects,
makes the development of supramolecular assemblies an attractive and useful approach in chiral induction, chiral
amplification, and chirality transfer. However, chiroptical measurements of optically anisotropic samples cannot be
generally achieved with modern chiroptical spectrophotometric methods such as circular dichroism (CD) or circular
birefringence (CB) and circularly polarized luminescence (CPL) that are based on polarization modulation techniques
because of the coupling effect of the nonideal optics and the electronics with strong macroscopic anisotropies, that is,
nonchiral signals related to linearly polarized phenomena. These artifact signals are often much stronger than the
chiroptical signals. Only CD and CPL spectrophotometers developed in 2001 and 2016, respectively, and integrated into
a Stokes—Mueller matrix analysis for optically anisotropic samples are capable of obtaining accurate chirality
measurements of samples with macroscopic anisotropies. Therefore, these spectrophotometers enable chiral
investigations of optically anisotropic samples, for example, single crystals, supramolecular assemblies, gels, films,
membranes, polymers, and liquid crystals. This focus review presents a short and elementary discussion of the chiroptical
measurement techniques for optically anisotropic samples in supramolecular science and signal interpretation in
polarization spectroscopy.

Introduction

Chiroptical analysis, for example, of the electronic optical
activity (EOA), is important in the study of chirality. It
consists of two major subfields, absorptional circular
dichroism (CD) and circularly polarized luminescence
(CPL), for the differential absorption and emission of left
circularly polarized vs. right circularly polarized radiation in
chiral molecules. Well-known chiroptical techniques for the
measurement of chirality are electronic CD (ECD) and CPL
spectroscopies; other techniques include vibrational CD [1]
(VCD), circular birefringence (CB = optical rotational
dispersion (ORD)), and diffuse reflection [2] and scattering
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[3]. ECD [4] and CPL [5] were reported and independently
confirmed approximately 80 years ago. Since then, there
have been many advances in the instrumentation [6], theory
[7, 8], calculations [9], and applications of EOA. In parti-
cular, the commercially available ECD instruments based
on the polarization modulation technique developed in the
1960s and the CPL instruments developed in 1983 [10]
opened EOA to scientists interested in analyzing the
molecular structure of chiral molecules. Today, EOA
applications continue to expand, for example, in the wide-
spread use of ECD for the determination of the absolute
configuration of pharmaceutical and natural product mole-
cules and the determination of enantiomeric excess in
molecules with ultraviolet—visible light (UV-vis) chromo-
phores and fluorophores. In particular, chiral chemistry has
been widely studied in the solid state rather than the solu-
tion state because molecular recognition/discrimination,
chiral transcription, and chiral amplification are significant
in the solid state as a result of the short distance between
adjacent molecules. Chiroptical measurements of optically
active samples with macroscopic anisotropy have advanced
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significantly since the discovery of solid-state CD in 1969
by McCaffery and co-workers [11]. We do not doubt that
true chirality measurements of CD and CPL signals are of
utmost importance. However, the standard CD and CPL
applications are severely restricted to the analysis of opti-
cally isotropic materials because the chiroptical spectra
measured by polarization modulation spectroscopy are
necessarily accompanied by artifacts due to macroscopic
anisotropies, that is, in films [12, 13], gels [14], liquid
crystals [15, 16], polymers [17], and supramolecular com-
pounds such as self-assemblies [18, 19], even in the solution
state, wherein molecules are generally considered to be
anisotropy-free. Norden [20], Jensen et al. [6], Dekkers
et al. [21], Shindo and Ohmi [22], and Shindo and Oda [23].
demonstrated the instrumental limitations of CD and CPL
spectrometers in the study of the CD and CPL phenomena
of samples with macroscopic anisotropy, and the usefulness
of the Stokes—Mueller matrix for analyzing the data was
demonstrated. However, the very important papers by these
authors are frequently overlooked. Thus, the measurement
of chiroptical properties, that is, the CD and CPL signals,
using commercially available chiroptical spectro-
photometers is extremely difficult in the solid and con-
densed phases for optically anisotropic cases. We
essentially need special circumstances, except in optically
homogeneous cases, to analyze the directly obtained spec-
tra, which inevitably suffer from artifacts resulting from the
interaction between the macroscopic anisotropies of a
sample (i.e., the linear birefringence (LB), linear dichroism
(LD), and linearly polarized luminescence (LPL)) and the
nonideal characteristics of the polarization modulation
instruments [24].

In 2001, Kuroda, Harada and Shindo designed and
constructed a solid-state CD spectrophotometer and an
analytical procedure based on the Stokes—Mueller matrix
[25] that are capable of measuring the artifact-free CD and
CB spectra of optically anisotropic samples, including
optically inhomogeneous materials [26-29]. The solid-state
dedicated chiroptical spectrophotometer (universal chir-
optical spectrophotometer (UCS)) has provided valuable
information about solid-state structures and supramolecular
properties that are not obtainable from the solution phase
[30] (and the references therein). Details of the instru-
mentation and applications with chiral materials are dis-
cussed in later sections.

CPL spectroscopy is a well-known technique for
studying the stereochemical, conformational, and three-
dimensional structures of chiral molecules in their excited
states. This technique can be considered the emission
counterpart of ECD, which occurs during absorption, and
the two techniques are complementary chiroptical tools for
probing the excited-state and ground-state structures of
chiral entities. CPL is also a popular tool for the study of
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chirality because CPL spectroscopy has found many
intriguing applications, such as in sensing the chirality of
biomolecules [31], polarized light sources (supramolecular
assemblies [32, 33], liquid crystals [34] (and the references
therein), [35], and polymers [36]), smart memory materials
with photochemically switchable CPL properties[37], cir-
cularly polarized electroluminescence [38], and optoelec-
tronic devices [39]. Similarly, conventional CPL
measurements have thus far been restricted to cases where
the orientational distribution of the emitting molecules is
isotropic with no photoselection; acquisition of the true
CPL signal in the condensed phase is very difficult except
in special homogeneous cases. Moreover, researchers
determined that the measurement of the LPL signal was
critical for achieving artifact-free CPL measurements
using a theoretical analysis except in the case of fluor-
ophore molecules in an isotropic medium or the mea-
surement of a crystal along its unique optical axis, where
the CPL signal is free from anisotropic effects [40]. In
2012, an analytical procedure for obtaining artifact-free
CPL spectra was theoretically derived on the basis of the
Stokes—Mueller matrix approach [40], and a new CPL
spectrophotometer based on this theoretical analysis was
devised; this spectrophotometer was named the compre-
hensive chiroptical spectrophotometer (CCS: J-700CPL)
[41] because of its ability to measure all true polarization
phenomena, including absorption and emission events.
This focus review presents a discussion of the chiroptical
measurement techniques for optically anisotropic samples
whose dimensions range from nanometers to micrometers
in supramolecular science and signal interpretation in
polarization spectroscopy.

Materials and methods

To obtain true chiroptical signals from optically anisotropic
samples, a dedicated solid-state UCS [26] has been
designed and constructed by using the Stokes—Mueller
matrix method, which is particularly effective in under-
standing the physical meaning of signals observed in
polarization modulation spectroscopy and in evaluating an
instrument’s performance. Figure 1 shows the optical sys-
tem of the first-generation UCS or CCS and the axis
orientations of the optical and electrical components. The
UCS consists of a 450-W Xe arc lamp, double-prism
monochromator, polarizer consisting of a stack of plates and
a photoelastic modulator (PEM) in a CD spectrometer (J-
series: JASCO, Tokyo, Japan), sample stage, sample holder,
Glan-Taylor polarizing prism, Hamamatsu R-376 head-on-
type photomultiplier (PM), lamp and PM power supply
from JASCO (Tokyo, Japan), and two 50-kHz and 100-kHz
lock-in amplifiers (LIAs) [26].
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Fig. 1 Block diagrams of the universal chiroptical spectrophotometer
(UCS) and comprehensive chiroptical spectrophotometer (CCS). L
light source, Mono monochromator, P polarizer, R right-angle prism,
DP depolarizer, PEM photoelastic modulator, S sample, A analyzer,
and PM photomultiplier. The condenser and collimator lenses are
omitted for clarity

The novel CCS instrument is equipped with right-angle
prisms and a horizontal sample stage. The CCS can provide
artifact-free CD spectra by removing the substantial artifact
signals that are intrinsic to macroscopically anisotropic con-
densed phases. Moreover, the instrument was designed to
measure the CPL and CD. The CCS system consists of a 450-
W Xe arc lamp, grating monochromator (JASCO, Tokyo,
Japan), right-angle prisms (RPSQ-25-10H, SIGMA KOKI
Co., Ltd., Tokyo, Japan), depolarizer (PDH15, B. Halle
Nachfl. GmbH, Germany), polarizer (quartz plates arranged at
Brewster’s angle), sample stage (SGSP-60YAW-0B, SIGMA
KOKI Co., Ltd., Tokyo, Japan), sample holder, Hamamatsu
R-376 head-on type PM, lamp and PM power supply
(JASCO, Tokyo, Japan), and LIA (JASCO, Tokyo, Japan)
[41]. The output from the PM is a DC signal superimposed by
modulated AC components. For the CD measurements, the
DC level is maintained at a constant value (500 mV), inde-
pendent of the total amount of light, via the servo control of a
PM power supply through the feedback of the DC compo-
nent; in the case of the CPL, the high tension (HT) voltage is
maintained at an arbitrary value. The signal processing is set
up to record the ratio of the AC signals to the DC signals. The
electrical signals processed by the 50-kHz and 100-kHz LIAs
are transmitted to a PC. The rotational LPL and LD signals
are obtained at 513 and 450 nm by the computer-controlled
rotation of a sample by 360° in the x—y plane at speeds of
1.25° and 2.5°/s, respectively.

Benzil (PhCOCOPh) and 5,10,15,20-tetrakis(4-sulfo-
natophenyl)porphyrin (TPPS) were purchased from
STREM Chemical Inc. (MA, USA) and Wako Pure Che-
mical Industries (Tokyo, Japan), respectively. The cationic
surfactants cetyltrimethylammonium bromide (CTAB) and

(-)-(1R, 2S5)-N-dodecyl-N-methylephedrinium bromide
(DMEB) were purchased from Sigma-Aldrich Co. Ltd.
(Tokyo, Japan). (+)-DMEB was prepared at an overall
yield of 53% from (1S, 2R)-(+)-norephedrine using a
previously reported method [42]. Both (-)-DMEB and
(+)-DMEB were used without further purification. Benzil
was recrystallized from ether. Benzil molecules exhibit
optical activity only in the crystalline state because of their
chiral supramolecular arrangement of nonchiral compo-
nents. The single crystal belongs to the
trigonal-trapezohedral symmetry class with the space
group P321 or P3,21. Single crystals up to 5 mm in size
were grown from saturated solutions in hexagonal form.
The crystals were polished to make a plate with a thickness
of 45-50 um perpendicular to either the right-handed or
left-handed threefold screw axis.

Theory

The Stokes—Mueller matrix method was employed in the
experiments. The Stokes vector S =[Sy, Si, S2, S3] [43,
44] is useful for expressing the polarization states of
light, where Sy, S;, S,, and S3 denote the total intensity,
plus 45° preference, right circular preference, and hor-
izontal preference of light, respectively. The Mueller
matrix [45, 46] is the 4 x4 matrix S=M; that was
devised to express the optical characteristics of optical
elements and samples, and the detailed elements M;; are
described below. In the UCS, from a simple calculation of
the Stokes—Mueller matrix, D Ly * S « Ly * M5 5)* P(9o) *
Mo - L - I, we obtain the AC signals detected by the 50
kHz LIA as [26]

Signal,c = G (P§ n Pf,) [(CD + 1/2(LB'LD — LBLD')]
+Gy (P§ - Pg) sin2a (—LB cos 26 + LB’ sin26),

(1)

where G; is the apparatus constant related to the
sensitivity of the spectrometer at 50 kHz, P, and P,
are the transmittance of the PM along the x and y axes,
and a is the azimuthal angle of the optical axis with
respect to the x axis. Furthermore, LB, LD, LB’, and LD
" are the (x—y) LB, (x—y) LD, 45° LB, and 45° LD,
respectively.

In the CCS, the AC signals detected by the 50-kHz LIA
can be calculated from the matrix product of D « Ly - Mo *
L3 * P(g()) * M(45’5) * L2’ S- Ll -DP - Mo - L() * IO as [4]]

Signalsy gy, = G'1[(Mao) + (LB + sina) (M), (2)
where G'; is an apparatus constant related to the LIA gain

at 50 kHz and M,y and M, are CD + 1/2(LB'LD — LBLD'’
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and LD’ cos 26 + LD sin 26, respectively. Thus, the 50-
kHz signal contains the CD and 1/2(LB'LD — LBLD’)
signals, which are independent of the rotation of the
sample, and the LD and LD’ signals multiplied by the
intrinsic birefringence of the PEM or lens terms; the 50-
kHz signal at an arbitrary wavelength changes with 6
during sample rotation.

If the contribution of sin a is much larger than that of
LBy,, Eq. (2) can be approximated as

Signalsy gy, = G'1[(CD + 1/2(LB’LD — LBLD’) 3)

+(LD’ cos 20 + LD sin 20)sin a].

If the contribution of LBy, is much larger than that of
sin a, Eq. (2) can be approximated as

Signals,yy, = G'1[(CD + 1/2(LB’LD — LBLD’) 4
+(LD’ cos 20 + LD sin 20)LB 5. “)
Since the CD signal is usually 10>~10° times smaller than
the LB (LB’) and LD (LLD’) signals and is thus buried under
the large macroscopic anisotropy signals, it is difficult to
detect. However, we have observed that the following set of
measurements enables the detection of the CD signal. The
sample was rotated 45° from the LD,,,, position, at which
the LD value becomes zero and the LD’ value reaches its
maximum. At the LD’ maximum position, Signalsy yy, of
the face side becomes

[Signalsg gy, )paee= G'1[(CD — 1/2LBLD’ + LD’ 1y sin

or

[Signalsy gy )pace= G'1[(CD — 1/2LBLD’ 4 LD/ 14 LB2].
(5)

Then, the sample was rotated by 180° about the y-axis,
which corresponds to the backside measurement. With this
rotation, the CD and LD do not change signs, but LD’
becomes —LD’. Hence, the apparent CD signal of the
backside becomes

[Signalsy g, Jpaek= G'1[(CD + 1/2LBLD’ — LD’ xsin af
or
[Signalsg g, )pax= G'1[(CD + 1/2LBLD’ — LD'1axLB12].  (6)

Thus, if we average the [Signalsgyy,lface and [Signalsg gyl
back Spectra, we obtain the true CD spectrum. Similarly, with
our set of procedures based on the Stokes—Mueller matrix
approach, artifact-free CD spectra can be obtained using a
fine-tuned CCS spectrophotometer. The method is best
applied when the artifact signals are <~30°.

We next consider an optically active material with
macroscopic anisotropies and a fluorescent sample
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whose optical axis is not identical to that of the elec-
tronic absorption. In this case, Eq. (2) can be rewritten
as

Signalsgyyy, = G [sina(LPL'z +LPL2)sin(260" + ) — CPL
+LB'5 (LPL? + LPL?)*sin (20 — ;/)] ,

(7)

where LPL (=Fy—Fyg°) and LPL’ (=F4s-—F350) are the
(x=y) LPL and the 45° LPL, respectively, = tan"
[LPL'/LPL] and y = tan’l[LPL/LPL']. The 50-kHz signal
contains the CPL signal and the LPL and LPL’ signals
multiplied by the intrinsic birefringence of the PEM or
lens terms; the 50-kHz signal at an arbitrary wavelength
changes with 6" during sample rotation. If the contribu-
tion of sin a is much larger than that of LB’y ,, the signal
changes with a periodicity of cos26’. Eq. (7) can be
approximated as

2

Signalsgyy, = G't | —CPL + sina(LPL? + LPL?)/*sin(20" 4 ;1)].

(3)

If the contribution of LB’;; is much larger than that of
sin a, Eq. (7) can be approximated as

Signalsgyy, = G'1 |[~CPL + LB';,(LPL? + LPL?) sin(20 — }/)] .
9)

We have observed that the following set of measure-
ments makes this approximation possible. At its (+) LPL,.«
position obtained from the analysis of the 100-kHz rota-
tional signal in Eq. (13) below, Signalsg g, becomes

(4)max [Signalsgyy,] = G'1[—CPL + LPL sin a]
or
(+)max [Signalsgyy,] = G'1[-CPL + LPLLB/,]. (10)

At the negative maximum position or at the position
rotated 90° from the positive maximum position, if the
signal changes with a periodicity of sin26’, the detected
signal is given by

(—)max [Signalsgyy,] = G'1[—CPL — LPLsin a]
or
(—)max [Signalsyyyy,] = G'1[-CPL — LPLLB’j].  (11)

Thus, if we average the (4) and (—)max [Signalsg xp,]
spectra, we obtain the CPL. With our set of procedures
based on the Stokes—Mueller matrix approach, artifact-free
CPL spectra can be obtained using a specially fine-tuned
CPL spectrophotometer.



Application of a polarized modulation technique in supramolecular science: chiroptical measurements. .. 683

Similarly, the 100-kHz component of the photocurrent
detected by the LIA is given as

Signal, gy, = G'2[—(LPL' cos 26’ 4+ LPLsin20’) — CPLsinal].
(12)

In the same way that the 50-kHz signal was approxi-
mated, Eq. (12) can be approximated as

Signal,goias, = G'2 [~ (LPL? + LPL?) sin(20" + )|,
(13)

where G, is the apparatus constant related to the sensi-
tivity of the spectrometer at 100kHz. Our acquisition
approach for solid-state CPL analysis largely reduces the
measurement time of a dataset by ~98% compared with the
time required when using our previous method [40]. It takes
a short time to obtain the essential LPL axis, that is,
+LPL,.x, for solid-state CPL analysis directly from the 100-
kHz signal, as explained by Eq. (13), unlike the time-
consuming signal analysis performed from the 50-kHz
signal (Eq. (7)) in our previous method [40].

Results

Supramolecular assemblies [47], functional polymers [48, 49],
biopolymers [50-52], and so on whose dimensions are com-
parable to the wavelength of the irradiating probe light are
optically anisotropic. Thus, it is essential to perform an ana-
lysis to discriminate the artifact signals intrinsically involved
in the polarization modulation measurements regardless of the
state of the components in the system, that is, the solid state
(KBr matrix [53, 54], crystal [30, 55], and film [56]) or
solution [57, 58]. The following are examples of chiroptical
measurements of supramolecular assemblies. The chiroptical
properties of water-soluble deprotonated 4-sulfonatophenyl
meso-substituted porphyrin (TPPS) (Fig. 2) have been exten-
sively studied by several research groups owing to the com-
pound’s unique chiral aggregation behavior in an acidic
solution and the solid state. At concentrations >1 x 107> M,
TPPS (H,TPPS>" dianion) molecules in an acidic aqueous
solution form chiral J-aggregates ((TPPS),), which exhibit a
quite narrow Soret band (Bj =489 nm) attributed to the for-
mation of intermolecular interactions between transition
dipole moments, causing delocalization of the excitons over
the aggregates [59]. The driving force for the formation of
aggregates is intermolecular interaction between the positively
charged center of the diprotonated porphyrin ring and the
negatively charged peripheral sulfo groups of another
H,TPPS>™ molecule [60]. Immobilization of supramolecular
chiral TPPS homoassociates was carried out at the air—water
interface by imprinting into a quartz substrate and mediated

by the electrostatic interactions between the anionic TPPS
molecules and the cationic surfactant monolayer (Fig. 2). The
(TPPS),/DMEB or CTAB Langmuir-Blodgett (L-B) films
were examined by using a UCS [56]. Representative results
for a (TPPS),/CTAB L-B film are presented in Fig. 3. Fig-
ure 3a shows the rotational measurements of the CD, LB, and
LD signals at 490 nm, which is the wavelength of maximum
absorbance, upon rotating the film in the x—y plane. The
intensity of the CD signal dramatically changed upon sample
rotation, where its shape is a trigonometric function of 26 (Eq.
(1)) and is strongly influenced by the LB and LD signals.
Judging from the LB and LD rotational measurements, it was
estimated that the LB and LD signals were approximately two
orders of magnitude larger than the true CD signals, and the
elongated axis (=LB) was almost parallel to the electric
dipole transition moment defined along the LD axis. To
obtain the artifact-free CD spectrum, we had to carefully
analyze the measured CD spectrum using a specially devised
Stokes—Mueller matrix approach [26, 30, 61] for optically
anisotropic samples to remove parasitic nonchiral signals. The
LB and LD values changed upon rotation non-concomitantly
with the HT voltage, for example, the electronic absorption
signal. Thus, the uneven film thickness and the specimen
anisotropy must be the origins of these changes. It is clear
from these results and from Eq. (1) that the LB and LD
coupling effect substantially contributes to the CD signals.
Figure 3b presents the apparent CD spectra (dotted lines) of
the (TPPS),/CTAB L-B film at the LB,,,x and LBy, posi-
tions obtained from the rotational-dependent LB signal at the
maximum absorption wavelength of 490 nm (Fig. 3a). Sur-
prisingly, the obtained CD spectra are quite different
depending on the rotational position of the sample. The
spectral differences must originate from the substantial arti-
facts, which are mainly the coupling effect between the
nonideal characteristics of the instrument and the macroscopic
anisotropies, LD and LB. True CD spectra (Fig. 3b, solid line)
can be obtained by employing our Stokes—Mueller matrix
equation to remove the parasitic artifacts, and the resulting
spectra were consistent with the results independently mea-
sured by using the CCS (see the Theory section). The inter-
action of TPPS with the chiral surfactant produces negatively
and positively induced chiralities for (—)-DMEB and
(+)-DMEB (negative and positive bisignate CD) that corre-
spond to the left-handed or right-handed interporphyrin screw
structure, which is in accordance with the exciton chirality
method (Fig. 3b, inset), although the handedness of the CD
signals was governed by statistical laws when achiral CTAB
was employed as an amphiphile [56]. Therefore, a right-
handed interporphyrin screw structure was formed in the
(TPPS),/CTAB L-B film. For the CD measurement of sam-
ples with possible macroscopic anisotropies, it is necessary
for the optically anisotropic system to [1] select an optically
homogeneous sample carefully on the basis of the evidence
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Fig. 2 Reaction route for
preparing a (TPPS),-surfactant
Langmuir—Blodgett film.
Tapping-mode AFM image of a
TPPS Langmuir-Blodgett
monolayer with a surfactant
transferred at a constant surface
pressure (27 mN/m) to freshly
cleaved mica. Arrows indicate
the dipping direction in the
fabrication process of the
Langmuir—Blodgett film. Scales
are (right) 30 x 30 um? and (left)
10 x 10 um?. Reproduced with
permission from Ref. 56 © 2013
OSA publishing

that the change in the HT voltage in the rotational measure-
ments is less than 10 V; [2] measure the anisotropies (LB and
LD) of the sample and the nonideal characteristics of the
instrument, such as the residual static birefringence and the
polarization characteristics of the optical elements in the
spectrophotometer; [3] estimate the artifact signals originating
from the anisotropies of the sample and the nonideal char-
acteristics; and [4] remove these signals from the apparent CD
signal using the UCS or CCS based on the specific
Stokes—Mueller matrix analysis for the solid sample or using a
spectrophotometer having performance equivalent to that of
the UCS or CCS, except for the CD signal, which should be
sufficiently large compared with any artifact signal. In the
other cases of biopolymers [50, 51] in the condensed phase,
the validity of the aforementioned four-step screening pro-
cedure for obtaining true chiroptical signals has also been
confirmed by the Kramers—Kronig relationship between the
obtained CD and CB signals. My long experience with CD
measurements of optically anisotropic system indicates that if
we use the above four-step screening process for optically
anisotropic samples, the true CD spectrum can be obtained.
Several reports demonstrate the useful application of CD
spectroscopy to these types of samples, including organic
gelators [62] and functional polymers such as PFs [48] and
PPVs [49], among others [63].

Similarly, artifact-free CPL measurements of benzil
crystals with macroscopic anisotropies were performed
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using a CCS and the Stokes—Mueller matrix analysis for
CPL samples (see the Theory section) [40, 41]. Figure 4a
shows the rotational measurements of the LPL signals at
513 nm during the rotation of a single crystal (50-pum-thick)
belonging to the P3;21 space group placed with the crystal
face perpendicular to the threefold screw axis. When the
crystal was mounted slightly tilted from the perpendicular
orientation, a strong LPL signal with sin 26 periodicity (as
explained by Eq. (13)) was detected (Fig. 4a), although no
LPL signal was observed when the light was incident upon
the crystal exactly parallel to its axis (data not shown). The
DC voltages (=nonpolarized fluorescence) changed very
little upon sample rotation, and the macroscopic optical
axes at the face side of the crystal closely coincided in
position with those at the backside; thus, the crystals were
optically homogeneous and exhibited a uniform thickness.
Rotational measurements of other enantiomeric crystals
were also conducted in the same manner.

To remove parasitic artifacts, true CPL spectra were
carefully collected by using a Stokes—Mueller matrix ana-
lysis. Different signs of the CPL signals were obtained,
even for the same sample at different positions (Fig. 4b,
dotted lines). The apparent CPL spectra having near mitror
images were not accurate, as they contained a parasitic
signal related to the coupling effect between the macro-
scopic anisotropies and the nonideal characteristics, that is,
the intrinsic birefringence of the collimator lens or PEM. In
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Fig. 4 a LPL rotational signals at 513 nm of a benzil single crystal
(P3,21, 50-um-thick) that is slightly tilted from the perpendicular
orientation. b True (solid line) and apparent (dotted line) CPL spectra
of a benzil crystal (P3;21) and true CPL (solid line) spectrum of an
isomer P3,21 crystal (45-um-thick), as obtained from a
Stokes—Mueller matrix analysis of optically anisotropic samples; the
excitation wavelength, 4., is 360 nm, and the absolute value of gy, is
0.002 at 513 nm. Reproduced with permission from Ref. 41 © 2016
AIP publishing

this case, the absolute maximum artifact signal (i.e., the
LPL term multiplied by the nonideal characteristics (sino or
LB’;,)) was estimated to be 2.6 x 10~* dOD (approximately
equal to 8.7 mdeg) from the LPL and apparent CPL signals
shown in Fig. 4a, b. The term multiplied by sin a in Eq. (7)
is larger than LB’;, because the residual static birefrin-
gence, a, of our instrument is —(0.36° at 500 nm, that is,
sina is —6.25 x 1073, and the intrinsic birefringence of the
collimator lens, LB’;,, is on the order of 2 x 1073, Thus, the
50-kHz signal can be approximated as Eq. (8). By adopting
the devised procedure, artifact-free CPL spectra (Fig. 4b,
solid line) could be obtained by averaging the apparent CPL
spectra at the angular positions of +LPL,,, obtained from
the LPL rotational measurement at 513 nm, as shown in
Figure 4a. Likewise, the true CPL measurement of an
enantiomeric crystal was conducted using the aforemen-
tioned procedure for the solid CPL sample. A mirror image
of the true CPL signal of the benzil isomers was obtained,
as shown in Figure 4b. The validity of the CPL spectra was
demonstrated by the fact that the absolute gj,,, values were
nearly identical (2.2 x 1073 and 2.5 x 107%) in the enantio-
meric crystals and in good agreement with the previously
reported value (3 x 1073) [40].

Conclusion

In this paper, we discussed the principles and applications
of chiroptical (CD and CPL) measurements for supramo-
lecular samples having optical anisotropies and presented
many of the advances achieved by using the devised
Stokes—Mueller matrix analysis for optically anisotropic
systems. Commercially available CD and CPL spectro-
photometers are restricted to optically isotropic samples. To
obtain true chiroptical signals, it is essential to estimate the
nonchiral linearly polarized components that are mixed into
the measured raw signal and to obtain the true chiroptical
signal by a suitable analytical method. Aiming to create a
new field of chiral chemistry for optically anisotropic sys-
tems, versatile chiroptical spectrophotometers have been
designed and constructed, and an analytical procedure based
on the Stokes—Mueller matrix has been devised. These
advancements are invaluable for measuring the true CD and
CPL spectra of optically active samples having macroscopic
anisotropies in the condensed phase or solution and solid
states.

We expect that further improvements will be made as
methods are investigated to routinely perform chiroptical
spectroscopies based on polarization modulation techniques
as rapidly as possible without disturbances from the artifacts
resulting from the interaction between the macroscopic
anisotropies of a sample and the nonideal optical and
electrical elements required for its measurement.
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