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Chiroptical Studies on Anisotropic
Condensed Matter: Principle and
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Abstract

Chiroptics is the study of the changes in circular polarization states of light trans-
mitted through analytes typically dissolved in isotropic solutions. However, experi-
mental challenges have long prevented chiroptical measurements of anisotropic media
such as single crystals of low symmetry, liquid crystals, or structured films. The high
accuracy universal polarimeter (HAUP) was introduced in 1983 to investigate the
differential refraction of left and right circular polarization states, circular birefrin-
gence (CB), and even in anisotropic media that are dominated by the differential
refraction of orthogonal linear polarization states, linear birefringence (LB). In this
century, the HAUP was extended to also measure not only the dispersive optical
effects (CB and LB) but also the corresponding dissipative effects, circular dichroism
(CD) and linear dichroism (LD), differences in light absorption. The improved device
is the generalized-HAUP (G-HAUP). Not only can it deliver all the linear optical
properties of dissymmetric, anisotropic, and absorbing media, but it can also do so in
the ultraviolet as well as the visible part of the electromagnetic spectrum. In this
review, characteristic features of the G-HAUP and its applications to crystals of
photomechanical salicylidenephenylethylamines, alanine, benzil, and magneto-optical
CeF; are described.

Keywords: chiroptical properties, circular birefringence, optical activity, circular
dichroism, linear birefringence, linear dichroism, chirality, high accuracy universal
polarimeter (HAUP), generalized-HAUP (G-HAUP)

1 IntechOpen



Crystal Growth - Technologies and Applications

1. Introduction

Chiroptics is the study of the transmission of circularly polarized light through
transparent analytes. Linear chiroptical effects are circular birefringence (CB), more
colloquially know as optical rotation (OR) or optical activity (OA), sometimes
described by gyration of magneto-optical tensors, and circular dichroism (CD).
Besides the proliferation of near-synonymous terms, chiroptics is itself a misnomer.
While chirality is a necessary condition for measurement of CB and CD of molecules
rapidly, randomly reorienting in isotropic media, chirality is not necessary when
measurements are extended to anisotropic media such as single crystals. Molecules in
solution must be chiral, characterized by a pure rotational group (C,, D,,, T, O, I), to
be optically active, but some achiral crystals can also be optically active in some
directions, in particular those belonging to non-enantiomorphous crystallographic
point groups (C;, Cy,, S4, Dys) [1]. Thus, the chiro prefix is a linguistic infelicity that
arose from the historical difficulty of measuring CB and CD in low symmetry crystals,
dominated as they are by LB and LD, which can typically be 10°~10* times larger than
the former. Molecules are small compared with the wavelength of radiation used in
spectropolarimetric measurements; thus, CB and CD are small; molecules of 1-2 nm
barely feel the sense of the twist of the electric field of circularly polarized light with a
pitch of ca. 500 nm. By comparison, it is easy to detect small changes in polarization in
isotropic media in normal incidence, which are otherwise indifferent to linearly
polarized light. However, in solids with much larger competing perturbations to the
state of polarization, chiroptical effects can fall within the experimental noise.

OA was evidenced by Arago in 1811 when he passed linearly polarized light along
the high-symmetry c-axis of quartz [2]. However, the determination of the anisotropy
of OA by making off-axis measurements was a challenging area of research as late as
1988 [3]. The minor dissymmetry-induced perturbations to the polarization state of
light in anisotropic media is of the same order of magnitude as parasitic ellipticities
from imperfect samples and the polarimeter optical components. Consequently, we
know comparatively little about the orientational dependence of CB in molecules, a
considerable hole in the science of molecular chirality. A strategy for filling this hole is
to characterize the chiroptical properties and to understand what responses contribute
to the orientational averages measured in solution.

The intensity of light passing through a polarizer, chiral anisotropic sample, and
analyzer, contains all the necessary information, in principle, for extracting CB even
in the presence of dominating LB. However, the implementation of this extraction was
only achieved after the invention of electrophotometry and stable, high-intensity light
sources. In 1983, Kobayashi and Uesu used photon-counting techniques, lasers, and
computerized modulation of polarizer and the analyzer orientations (6 and 1; see
Figure 1a) to determine OA in crystals for directions off the optic axes. This so-called
HAUP (high accuracy universal polarimeter) [4-6] was a watershed that gave
researchers some confidence after almost two centuries that OA could be measured in
crystals generally.

Curiously, the acronym HAUP itself is also a slight misnomer. While the HAUP
was universal in tackling circular and linear anisotropies simultaneously, it could not
be considered truly universal until it could function as a complete polarimeter, thus
delivering CD and LD as well. For this reason, the extended HAUP method and its
associated optical analysis were developed to deliver all four optical effects simulta-
neously: CB, LB, CD, and LD [6, 7]. Moreover, generalized-HAUP (G-HAUP) has
now been extended into the ultraviolet part of the electromagnetic spectrum [8].
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(a) Schematic representation of the conventional HAUP optics with optical chopper (Ch), lock-in amplifier
(LIA), linear polarizer (P), sample stage with a temperature control unit and a pinhole (S), linear analyzer (a),
and detector (D). © and Y ave the azimuth angle of P from an extinction position of a crystalline sample and the
deflecting angle a from the crossed Nicols position, rvespectively. (b) Photograph of the G-HAUP apparatus
developed by authors.

In addition to the HAUP [4-9], other strategies have arisen to measure CB and CD in
crystals using modulation of light polarization states photoelastically. These include
universal chiroptical spectrophotometer (UCS) [10] and the 4 photo-elastic modulator
(4PEM) polarimeter [11]. The UCS relies on the fact that the contributions to a time-
varying intensity signal have different frequency dependencies and can be isolated with
lock-in amplifiers. 4PEM is a complete polarimeter configured to deliver the whole
polarization transfer or Mueller matrix and without any moving optical components to
minimize errors. In the 4-PEM polarimeter, all the Mueller matrix elements are simul-
taneously obtained from 16 frequencies in a Fourier analysis of time-dependent light
intensity. The 4-PEM polarimeter can also be operated at oblique angles of incidence so
as also to obtain data in reflection like an ellipsometer [12].

This review consists of the following seven sections. Section 2 briefly explains the
optical system and characteristic features of the G-HAUP. Sections 3, 4, 5, and 6
describe the recent applications of G-HAUP to salicylidenephenylethylamines [13],
alanine [14], benzil [15], and CeF; crystals [9]. Finally, Section 7 presents conclusions
and future directions for the G-HAUP.

2. Brief description of the G-HAUP method

A schematic representation of the conventional HAUP system is shown in
Figure 1, which also applies to the G-HAUP. The polarization optics is in both cases
composed of two optical elements, a linear polarizer (P) and a linear analyzer (A).
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The axes of P and A are set in the crossed Nicols position. The monochromatic light
beam emerging from a monochromator or a laser travels through P, the analyte on a
sample stage (S), and A successively. Then, the normalized intensity I/I, of the light
transmitted through P, S, and A is detected with a photomultiplier. 8 represents the
azimuthal angle of P with respect to a principal axis of the sample, as shown in
Figure 1a. The positions of P and A are varied systematically from the crossed Nicols
position. In addition, Y is defined as the deflection angle of A from perfect extinc-
tion. The transmittance can be expressed using the Jones calculus as a function of a
matrix for the polarizer, a generalized Jones matrix containing the linear optical
effects propagated through a distance, and a Jones matrix for the analyzer [16].
This expression can be reformulated as a quadratic function of the two variables,

0 and Y angles.

In the HAUP measurement, because the angle between polarization directions of
P and A is set close to 90°, I is weak, such that changes are pronounced and can be well
determined by an optical chopper and a lock-in amplifier with a photon-counting
system.

The HAUP method requires the accurate evaluation and elimination of systematic
errors, notably the parasitic ellipticities p and q originating from P and A, respectively,
[3, 4] and a small error angle 8Y [5]. Here, 8Y is caused by the slight deviation from the
perfect crossed Nicols condition by inserting the sample between P and A.

In summary, the relative intensity ratio I" of the transmitted light I to the
incident light I, is obtained by multiplying the Jones vectors of P and A and the
Jones matrix My and several approximations and coordinate transformations, as
follows:

(¢, Y, LB, LD, CB, CD, p, q,8Y) =I/Io = |ATMyP]> = A" + B'Y + C"Y"* (1)
where

A" = HY, + HL,0 + H,0™.
B' = HY, + H,0 .
C' = HY,.

Each coefficient of the quadratic function of I" contains the information of ¢, 1,
LB, LD, CB, CD, and systematic errors p, ¢, and 8Y. Therefore, LB, LD, CB, and CD
can be recovered by measuring I at various ¢’ and 1” and eliminating the systematic
errors.

Here, we would like to point out the requirements of the samples for G-HAUP
measurement. As for other optical measurements, transparent, homogeneous,
surface-flat, and defect-free samples are preferred for G-HAUP measurements. In
addition, although the details are described elsewhere [9], to avoid anomalous behav-
ior near the unstable and low-sensitivity wavelength regions, samples with a small
change in the total phase difference with respect to wavelength are also preferred. To
fulfill such requirements, we prepared very thin samples for G-HAUP measurements.

The HAUP has been applied to investigate OA of various crystals such as amino
acids [17, 18], proteins [19], chiral co-crystals [20], triglycine sulfate (TGS) [21, 22],
as well as KH,PO, (KDP) [23] and NH4H,PO,4 [24] and their isomorphs.

Furthermore, to measure CD and LD in absorbing crystals of low symmetry, the
HAUP method has been extended by various researchers [7, 25, 26]. We have
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developed the extended HAUP method for measuring temperature dependencies of
LB, LD, CB, and CD simultaneously in a tris(ethylenediamine) cobalt(III) triiodide
monohydrate crystal [27]. The recent applications of G-HAUP are wavelength depen-
dences of chioptical measurements for laminated collagen membranes with highly
preferred orientation [28] and crystals of azobenzene-intercalated K4;NbsO47 [8], 7-
glycine [29], salicylidenephenylethylamines [13], L-alanine [14], benzil [15], and CeF;
[9]. In the following sections, analyses of the latter four systems by the G-HAUP are
summarized.

3. Chiral photomechanical crystals

The chiral single crystals of S- and R-enantiomers of N-3,5-di-tert-butylsali-
cylidene-1-phenylethylamine in the enol form [enol-(S)-1 and enol-(R)-1] (Figure 2)
show photomechanical motion under UV light irradiation [30], that is, light-driven
macroscale mechanical motion. Photochromic crystals are often good candidates for
photomechanical motion. Upon photoirradiation, the making or breaking of chemical
bonds can lead to color changes as well as stresses manifest as macroscale mechanical
motion. Photomechanical motion involves the direct conversion of light energy to
mechanical energy, and thus, photomechanical crystals may be beneficial for energy
conversion. Previous reports show that the dissymmetry of chiral crystals can be
manifested in the photomechanical behavior of chiral crystals as opposed to racemic
crystals [31, 32].

Enantiomeric salicylidenephenylethylamines enol-(S)-1 and enol-(R)-1 (Figure 2)
before and under UV light irradiation were analyzed by the G-HAUP method in order

— O
uv < >
\ / Vo
H3C ~-— >—N —
Vis. or A HaC \H

enol-( trans-keto-(S)-1

(a)

H-0
) N —I-
HsC \
VIS or A
enol-(R)-1 trans-keto-(R)-1

Figure 2.
Photoinduced hydrogen transfer veaction of salicylidenephenylethylamines enol-(S)-1 (a) and enol-(R)-1 (b).
Reproduced from vef. [13] with permission from the American Chemical Society.
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to obtain LB, LD, CB, and CD spectra and subsequently to correlate the changes of the
optical properties to the changes of the crystal structures during the photoreaction [13].

Compounds enol-(S)-1 and enol-(R)-1 were synthesized according to a published
protocol, and the single crystals of enol-(S)-1 and enol-(R)-1 were grown by sublima-
tion at 10-20°C below the melting points (92-93°C).

At the outset, the crystal structure of enol-(S)-1 had already been determined, but
not that of trans-keto-(S)-1 [30]. Hence, in situ crystallographic analyses were care-
fully performed under continuous UV irradiation to analyze the crystal structure of
trans photoproduct. Because no disorder was found in the crystals, we calculated the
crystal structure of trans-keto-(S)-1 by dispersion-corrected density functional theory
(DFT) calculations (Figure 3b). As shown in Table 1, the 2 and b axes contracted, and
the ¢ axis extended.

Figure 4 shows the LB, LD, CB, and CD spectra of the enol-(S)-1 (thickness:

6.5 pm) and enol-(R)-1 (thickness: 7.6 pm) crystals through the (001) face before UV
irradiation. The LB and LD spectra between the S and R enantiomeric crystals are
coincident (Figure 4a and b), because linear anisotropies are not affected by enan-
tiomorphism. The negative LD peak at 330 nm corresponds to the n-n* transition of
the intramolecularly hydrogen-bonded salicylidenimino moiety. The LB spectra
exhibited anomalous dispersion of negative peaks at 360 nm with a change in sign at
the strong LD peak. These results show that the LB and LD spectra satisfy the

Figure 3.

Cbglclulated crystal structuves: Ball-and-stick drawings of (a) enol-(S)-1 (yellow) and (b) trans-keto-(S)-1
(ovange). Tautomer structures overlaid on the (¢) (100) and (d) (001) faces. The red arrows in (d) show the
divection of contraction of the trans-keto-(S)-1 crystal along a and b axes. Reproduced from vef. [13] with
permission from the American Chemical Society.
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enol-(S)-1 trans-keto-(S)-1 Relative change (%)
a (A) 6.080 5.856 ~3.70
b (A) 9.633 9.313 -3.32
¢ (A) 35.454 35.509 +0.16
V (A3) 2076.630 1936.486 —6.75

Table 1.
Unit cell dimensions of enol-(S)-1 by X-ray diffraction and trans-keto-(S)-1 crystals obtained from DFT
calculations. Reproduced from vef. [13] with permission from the American Chemical Society.
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Figure 4.

Optical anisotropic and chivoptical spectra of enol-(S)-1 and enol-(R)-1 crystals on the (001) face: (a) LB, (b)
LD, (c) CB, and (d) CD. These properties were measured with the G-HAUP in the dark and under continuous
UV light irradiation at 365 nm. The curved lines ave fitted gaussian functions intended to guide the eye (a, c).
Reproduced from vef. [13] with permission from the American Chemical Society.

Kramers—Kronig relathionship [33]. The CD spectra of enol-(S)-1 and enol-(R)-1
crystals revealed, respectively, a strong negative and positive Cotton effect at 330 nm,
which mirror each other (Figure 4d). The CB spectra of enol-(S)-1 and enol-(R)-1
crystals also exhibited anomalous dispersion of negative and positive peaks at 360 nm
with changes in sign at the CD peaks (Figure 4c), respectively, indicating that the
Kramers—Kronig relationship also holds between CB and CD.

We then attempted to measure the LB, LD, CB, and CD spectra of both enantio-
meric enol-1 crystals under UV irradiation with a 365 nm LED directed normal to the G-
HAUP light path at low power (5 mW cm™?) to minimize incident UV light reaching
the detector. UV irradiation-induced bending was inhibited by fixing the crystals to a
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plate with silicone grease. Note that salicylidenephenylethylamines, which were used in
this study, do not show thermochromism. Figure 4 also shows the LB, LD, CB, and CD
spectra under continuous UV irradiation at 365 nm, which represents the spectra at the
photostationary state of the reactant and product. New LD peaks corresponding to
trans-keto-(S)-1 and trans-keto-(R)-1 appeared at around 460 nm, and the magnitudes
of the LD peaks at 330 nm decreased slightly. The LD spectra of the S and R trans-keto
isomers were coincident (Figure 4b). New, small negative and positive CD peaks
appeared at 460 nm due to the formation of trans-keto-(S)-1 and trans-keto-(R)-1
crystals, respectively, and the magnitudes of CD peaks at 330 nm decreased slightly
(Figure 4d). The CB spectra also exhibited anomalous dispersions of negative
[enol-(S)-1] and positive [enol-(R)-1] peaks at 500 and 360 nm with a change in sign at
the new CD peak (Figure 4c), as with the LB and LD spectra. The Kramers—Kronig
transformation related the CB to the CD and the LB to the LD.

The LB of both enantiomeric enol-1 crystals along the c-axis showed a relatively
lower value (0.02) above 600 nm than the previously reported organic crystals
[8, 17-20, 28, 34, 35]. The total intermolecular interaction in the enol-(S)-1 crystal
along all directions is the van der Waals force alone. This very weak molecular
interaction may have induced such a small LB. In fact, we have reported a much
larger value (0.4) for the LB of the chiral cocrystal composed of tryptamine and 4-
chlorobenzoic acid [20]. This cocrystal exhibits strong intermolecular interactions,
such as ionic bridging and the hydrogen bonding. The optical rotatory power (ORP)
value of enol-(S)-1 crystals along the c-axis at 632.8 nm before UV irradiation was
calculated to be —5.2 deg./mm. The signs of ORP dispersion along the c-axis are
opposite to those in the hexane solution, the orientationally averaged value [13].
This suggests that the contribution from the ORP dispersion along the c-axis might
be small, or the ORP dispersions along the a- and/or h-axes might be largely positive
in sign. The dissymmetry parameter, g, in the crystalline state is defined as the
ratio in absolute magnitude of CD to absorbance. The g value of enol-(S)-1 crystal
along the c-axis was calculated to be 0.013. On the other hand, the g value of
enol-(S)-1 in hexane solution was calculated to be 0.0010, revealing that the g
value of the enol-(S)-1 crystal obtained by the G-HAUP measurement without
UV irradiation is around 10 times larger than g values in the solution and by the
calculation in Ref [13].

4. Chiral alanine crystal

L-alanine is the smallest chiral natural amino acid. As an additive in ferroelectric
triglycine sulfate crystals, it can control the crystal polarity, which is of practical use in
infrared detectors. L-alanine alone grows as large, hard, transparent crystals [36] from
evaporating solutions in the space group P2;2,2; [37, 38]. Thus, alanine is an optically
biaxial chiral crystal with four zwitterionic molecules ("H;NCH(CH3)COO™) in the
unit cell. Misoguti et al. [39] measured the dispersion of refractive indices, among the
many other physicochemical properties that have been investigated [40-43], but the
anisotropy of the optical activity has not been established.

We measured the wavelength dependence of the CB of alanine crystals along each
crystallographic axis, by G-HAUP, and assigned the absolute structure of the crystals
examined by the method of anomalous dispersion to determine the absolute chirality
of alanine crystals, by correlating the absolute structure obtained with the X-ray
diffraction method with the CB measured using the G-HAUP.
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L- and D-alanine crystals were grown by solvent evaporation using the enantio-
meric L- and D-alanine powder as solute and DIW as solvent. Samples for crystal
structure determination and the measurement of CB (and optical activity, OA = CB/2)
were prepared from these crystals.

The results from the X-ray crystal structure analyses are shown in Table 2. The unit
cell parameters are almost the same as those from the previous study. Furthermore, we
succeeded in determining the absolute structure of the L- and D-alanine crystals.

For the measurements of chiroptical properties, crystals were cut perpendicular to
the <010> direction and (010) faces of L- and D-alanine crystals were polished to
21 pm and 13 pm, respectively, by using lapping films with SiC (5.0 pm), AL O;

(1.0 pm), and FeO (0.3 pm) abrasive, successively. The polished crystals were fixed on a
pinhole and chiroptical properties were measured. The values of LB, LD, and OA in the
<010> direction were obtained (Figure 5). LB clearly decreases and approaches zero
with decreasing wavelength (Figure 5a), while LD is almost zero from 280 to 680 nm
(Figure 5b). LB in the <010> direction is significantly smaller than that in the <100>
direction, which allows G-HAUP to detect OA more sensitively. The magnitude of OA is
almost the same in L- and D-alanine crystals, but their signs are opposite as shown in
Figure 5c. Consequently, L- and D-alanine crystals exhibit positive and negative OA in
the <010> direction, respectively, which means L- and D-alanine crystals are levorota-
tory and dextrorotatory, respectively, in this direction, over the spectrum evaluated.

The interpretation of the results of HAUP studies remains a challenge. In a study of
the CB of crystals of L-glutamic acid, we introduced the chirality index, r = 1 - |ps|/|p<|,
where |p,| is the absolute optical rotation per molecule in solution and |p.| is the optical
rotation per molecule in the crystal averaged over the eigenvalues of the gyration
tensor. Values close to 1 are dominated by the effects of crystallization. For L-alanine,
r = 0.999, indicating that the OA is principally a crystal-optical effect.

No general, quantum chemical methods [44] have yet been implemented in widely
distributed electronic structure computing programs for interpreting the chiroptical
effects of molecular crystals. However, progress is on the horizon. Linear response
theories with periodic boundary conditions are required because the OA of molecules is
strongly affected by the environment, as confirmed by experimental and computational

L-alanine D-alanine Simpson Jr. and Marsh [37]
Temperature (K) 173 173 298
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group P2,2:24 P2,2:24 P2,2:24
a (A) 5.9753(1) 5.9701(4) 6.032(1)
b (A) 12.2966(2) 12.2935(7) 12.343(1)
¢ (A) 5.7895(1) 5.7933(6) 5.784(1)
VA 4 4 4
Ry 0.0250 0.0297 0.049
wR, 0.0730 0.0764 —
Flack parameter —0.16(9) —0.01(11) —

Crystal data for L-and D-alanine crystals. Reproduced from vef. [14] with permission from Elsevier.

Table 2.
Crystal data for L- and D-alanine crystals.
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Wavelength dependence of LB (a), LD (b), and OA (c) in the <o010> direction of L- and D-alanine crystals.
Closed and opened circles are vesults for L- and D-alanine, vespectively. Reproduced from vef. [14] with permission
from Elsevier.

studies on the solvent dependence of OR [45], in addition to many studies of computa-
tional investigations of crystallographic supercells that we performed over the years. To
minimize the effects of interfacial molecules, larger and larger aggregates of molecules
must be computed, a process that becomes intractable, as illustrated in the following
section for benzil. Balduf and Caricato made this convergence problem explicit in silico
for F, and HF molecules arranged as model helices [46]. Unit cells were inadequate
representations of large helices. More recently, Rérat and Kirtman have introduced
computed results of the chiroptical properties of periodic systems using the self-
consistent coupled-perturbed method in the program suite CRYSTALS [47].

The relationship between the absolute structure and OA along the b-axis was
considered parallel to the twofold screw axes considered for L-alanine. The hydrogen
bond chains for L- and D-alanine were, respectively, right and left handed (Figure 6).
However, there is no simple prescription for correlating configuration with the sense
of optical rotation. This is true for crystals as for molecules.

From a classical perspective, a right-handed helix of atoms/molecules might be
dextrorotatory or levorotatory depending on the polarizability of the groups decorat-
ing the helix. From a quantum mechanical perspective, identifying the relevant chro-
mophores is requisite. Furthermore, individual bands may contribute to the CB
positively or negatively.

5. Chiral benzil crystal

Benzil (C¢gHsC(O)-C(O)CgHs) crystals have been considered the organic
analogue of quartz; both substances have D3 point symmetry and can be obtained
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Figure 6.
The handedness of the twofold screw axis of alanine crystals along the b-axis. (a) L-alanine and (b) D-alanine.
Reproduced from vef. [14] with permission from Elsevier.

as large single crystals. The OA of benzil has been studied more than that of any
other organic crystal; however, unlike quartz, its OA anisotropy has resisted char-
acterization. Without measurements of the optical activity along the diad axes, as
opposed to the easily measured optic axis where LB = 0, interpretations are
incomplete. Here, we compare OA measurements along the low-symmetry direc-
tion of crystalline benzil by the G-HAUP accompanied by electronic structure
calculations of the benzil molecule and aggregates of benzil molecules based on the
crystal structure.

Single crystals of benzil were grown by slow evaporation from acetone at 25°C.
Plates (5 mm x 5 mm x 1 mm) were cut with a razor blade, exposing large (001) or
(100) faces. Samples were then polished sequentially with SiC (grain diameter 9 and
5pm), ALO; (3 and 1 pm), and Fe,03 (0.3 pm) lapping films. Single-crystal X-ray
diffraction analysis confirmed the enantiomorphous space groups P3;(,)21 (Figure 7).
While the structure of benzil has been established previously [48], the absolute
structure was determined first in the aforementioned citation.

A c-cut slab of P3;21 benzil measuring 26.2 pm was analyzed. The OA along the
optic axis was easily measured by rotating the analyzer to the extinction position in
the G-HAUP. For the P3,21 enantiomorph, benzil is dextrorotatory at optical frequen-
cies (Figure 8c). The OA along the c-axis is 24.3°/mm at 590 nm, in good agreement
with sodium D-line (25°/mm) measurements [49, 50].

An 88 pm thick a-slab of P3,21 benzil was likewise polished. The LB, LD, OA, and
CD were successfully extracted, and the dispersion in Figure 8 was fit to a simple
Drude oscillator:

A
=, 2
P )
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Figure 7.
Unit cell of P3,21 crystalline benzil viewed along [001] with the 3, axes in green and orange. Reproduced from
ref. [15] with permission from the American Chemical Society.
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Figure 8.

Wavelength dependences of LB (a), LD (b), fitted OA (c), and CD (d) of the P3,21 benzil crystal. (a) Published
values at fixed wavelengths are ved [51] and green [52] points. (c) The OA was fitted to an oscillator model

(see text). For the P3,21 enantiomorph, the OA along the c- and a-axes at 590 nm is 24.3 deg./mm

and — 23.8 deg./mm, vespectively. Reproduced from vef. [15] with permission from the American Chemical
Society.

where A and /; are constants with fitted values of 7.9462 x 10° and 117.18 nm,
respectively. The LB perpendicular to the optic axis and OA along the optic axis
agreed well with literature values [49-52].

The long wavelength (589 nm) OA tensors of one benzil molecule, three benzil
molecules in the unit cell, and three benzil molecules related by a threefold rotation
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a axis

Figure 9.

Representation surfaces of the computed long wavelength OA of benzil at 589 nm (plotted with the software
WinTensor, W. Kaminsky). (a) One molecule in the gas phase, (b) one unit cell treated of three molecules, (c) one
unit cell based on vesults for one molecule in (a) and symmetrized, and (d) experimental vesult based on G-HAUP
data. Reproduced from vef. [15] with permission from the American Chemical Society.

(as opposed to a threefold screw) were calculated using well-known methods [53, 54].
The results are summarized in Figure 9. The calculations of a small number of
molecules are a poor mimic of the crystallographic response.

Benzil and 4-methylbenzophenone [55] are the only such examples of molecular
crystals dominated by weak intermolecular interactions for which the long-
wavelength OA anisotropy has been determined. Unfortunately, because benzil is in
dynamic equilibrium in solution, it is not amenable to a calculation of the chirality
index, r (see above).

Interpreting this tensor in terms of a small number of excited states is difficult
because unlike simple hydrocarbons investigated previously [56, 57], a great number
of states contribute to the long-wavelength value of benzil. Requisite for the compu-
tation of chiroptical properties in crystals is the development of linear response theory
with periodic boundary conditions to provide a framework for interpreting the results
of single-crystal polarimetry, as discussed above.

6. Magneto-optical CeF; crystal

Frequency instabilities and parasitic oscillations in optical sources are deleterious
to a civilization increasingly dependent on the transfer of optical information with
light. An optical isolator is an optical diode that allows light to pass in only one
direction. The functions of optical isolators are based on the non-reciprocal magneto-
optical rotation of polarization of light, long known as the Faraday rotation (FR). The
crystals investigated and employed as optical isolators to date include only isotropic
crystals or uniaxial crystals with well-defined isotropic directions (i.e., along the
optic axis). Otherwise, optically anisotropic crystals are complicated by LB and LD.

13
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Like OA, FR in anisotropic crystals cannot be accurately measured conventionally,
except along high-symmetry directions. Therefore, low-symmetry directions in
anisotropic crystals have been avoided in magneto-optical research.

A sample subjected to a magnetic field applied parallel and anti-parallel to the
wave vector of the light can manifest FR and magnetic circular dichroism (MCD) that
can be analyzed by the G-HAUP method. A Nd-Fe-B (NIB) magnet introduced for
this purpose is shown in Figure 10. In this configuration, we measured the dispersion
of FR and MCD in CeFj; single crystal along the optic axis (c-axis) as well as perpen-
dicular to the optic axis (a-axis) with the G-HAUP.

Single crystals of CeF3 were grown by the modified Czochralski technique [58-60].
We prepared two types of samples: (001) and (100) plates of single-crystal CeF;. The
smooth flat sample surfaces were obtained by polishing machines with a diamond
slurry (3.0 pm) and colloidal silica (32.5 nm) abrasive, successively. We polished a
307 pm thick (001) plate of a single crystal of CeF3 [58-60] with point symmetry Ds,.
When the magnetic field was applied parallel to the light propagation direction, FR
occurs only along <001>. In this direction, the measurement is conventional, but
here, we implemented the rotating analyzer mode of G-HAUP. The sample was
sandwiched between two permanent NIB magnets and illuminated through a 0.5 mm
pinhole (Figure 10). The longitudinal field of ~0.5 Tesla (T) was homogeneous [60].
The wavelength dependence of the Verdet constant, the quantity in deg./mmT that
describes the strength of FR along the c-axis at 25°C, is plotted as black rhombuses in
Figure 11c. Positive Verdet constants along the c-axis indicated that the right-handed

NIB magnet

Plate with
a pinhole of ~0.5 mm

Figure 10.

Phgoltlogmph of the Nd-Fe-B (NIB) magnet with the magnetic field applied parallel or anti-parallel to the light
propagation divection. The sample was mounted on a plate with a ~ 0.5 mm pinhole sandwiched between two
identical NIB permanent magnet rings. The black scale bar = 1 cm. Reproduced from vef. [9] with permission from
Springer Nature.
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circularly polarized light propagates faster than its left-handed counterpart across the
spectrum.

A (100) plate just 58.0 pm thick was polished. The extinction directions were
determined accurately with an Ehringhaus compensator fitted to a polarized light
microscope. We first determined with G-HAUP in the extended mode the
dispersion of LD, OA, and CD along the a-axis in the absence of the magnetic field at
25°C (blue rhombuses in Figure 11). LB was comparable to that of a-quartz
(Figure 11a). LD was almost zero over the wavelength examined (Figure 11b),
consistent with the absence of absorption bands at wavelengths longer than 282 nm.
The OA and CD values were also close to zero, consistent with the D3, symmetric
crystal structure. The dispersion of LB, LD, FR, and MCD along <100> was
established, while the magnetic field was propagated parallel and anti-parallel to the
wave vector at 25°C (red rhombuses in Figure 11). LB and LD were indifferent to the
sign of the magnetic field. Reversing the magnetic field direction inverted the signs
of FR and MCD. The values of LB and LD hardly changed with and without the
magnetic field (Figure 11a and b). The Verdet constants along the a-axis were
positive throughout the wavelength region (Figure 11c).

CeF; is paramagnetic at room temperature. Therefore, the magnetic interactions
such as ferromagnetism, anti-ferromagnetism, or ferrimagnetism, which are often
observed in low-temperature regions, do not affect the G-HAUP measurements.
Cerium is usually in the 3+ oxidation state in condensed matter; the electronic
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Figure 11.

Wavelength dependences of LB (a), LD (b), Verdet constant (c), and MCD (d) in single-crystal CeF; at 25°C. the
black, blue, and red vhombuses represent the data along <001>, along <100> without a magnetic field, and
along <100> under an applied magnetic field, respectively. We eliminated points in spectral regions where G-
HAUP is less sensitive. The Verdet constant spectra were fitted to a simple Drude oscillator. The ervor bars
represent the standard deviations. The evror along <100> given in (c) ranged from 0.32 to 1.40 deg./mm-T.
reproduced from vef. [9] with permission from Springer Nature.
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configuration of Ce?* is 15°25%2p°® ... 4d"°4f'5s*5p®. Transitions from 4f = 5d confer
the magneto-optical properties in the UV-Vis-IR region [61]. The Verdet constants
were positive along the c- and a-axes at all measured wavelengths, and their magni-
tudes along both axes were nearly equal (Figure 11c). The magnetic susceptibilities,
measured with SQUID (superconducting quantum interference device), were nearly
identical in both directions. The magnitude of Verdet constants at an arbitrary fre-
quency depends on the magnetic susceptibility and the transition probabilities.
Therefore, we may surmise that the anisotropy of the summed 4f => 54 transition
probabilities is zero.

7. Conclusions

In this review, principles and recent applications of G-HAUP method are
concisely introduced. New CD peaks in photomechanical crystals originating from
photochromism were observed. According to the G-HAUP results of alanine
crystals, we discuss the relationship between the absolute structure and OA. In
addition, we found by benzil measurements and quantum chemical calculations that
the intermolecular interactions are decisive even though comparatively weak dis-
persion forces dominate the interactions between molecules. Moreover, the first
application of G-HAUP to a magneto-optical material was presented by applying
magnetic field with NIB magnets. These results strongly indicate the usefulness of
the HAUP method for evaluating the chiroptical and magneto-optical properties of
ordered specimens. More recently, a rapid HAUP system was developed by using
dispersive detection technique with a CCD array spectrometer [62]. Very thin crys-
talline sample, ca. less than several dozen micrometers, were prepared to accommo-
date the G-HAUP transmission requirement. A reflection-mode HAUP system can
contribute to the significant increase in the number of HAUP-applicable specimen
because of the simplification of sample preparation. In addition, the extension of
wavelength coverage to the infrared and/or vacuum UV region results in the signif-
icant increase in the information related to the electronic structure and/or confor-
mation of optically active specimens [63].
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