
 Chem
ical Sym

m
etry Breaking   •   Rui Tam

ura

Chemical 
Symmetry 
Breaking

Printed Edition of the Special Issue Published in Symmetry

www.mdpi.com/journal/symmetry

Rui Tamura
Edited by



Chemical Symmetry Breaking





Chemical Symmetry Breaking

Editor

Rui Tamura

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Rui Tamura

Kyoto University

Japan

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Symmetry (ISSN 2073-8994) (available at: https://www.mdpi.com/journal/symmetry/special

issues/Chemical Symmetry Breaking).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-1130-6 (Hbk)

ISBN 978-3-0365-1131-3 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Chemical Symmetry Breaking” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Shuichi Sato, Yoshiaki Uchida and Rui Tamura

Spin Symmetry Breaking: Superparamagnetic and Spin Glass-Like Behavior Observed in
Rod-Like Liquid Crystalline Organic Compounds Contacting Nitroxide Radical Spins
Reprinted from: Symmetry 2020, 12, 1910, doi:10.3390/sym12111910 . . . . . . . . . . . . . . . . . 1

Appearance of Ferroelectricity
Yoichi Takanishi

Chiral Symmetry Breaking in Liquid Crystals: 
and Antiferroelectricity
Reprinted from: Symmetry 2020, 12, 1900, doi:10.3390/sym12111900 . . . . . . . . . . . . . . . . . 31

Gérard Coquerel and Marine Hoquante

Spontaneous and Controlled Macroscopic Chiral Symmetry Breaking by Means 
of Crystallization
Reprinted from: Symmetry 2020, 12, 1796, doi:10.3390/sym12111796 . . . . . . . . . . . . . . . . . 47

Naohiro Uemura, Seiya Toyoda, Waku Shimizu, Yasushi Yoshida, Takashi Mino and 
Masami Sakamoto

Absolute Asymmetric Synthesis Involving Chiral Symmetry Breaking in Diels–Alder Reaction
Reprinted from: Symmetry 2020, 12, 910, doi:10.3390/sym12060910 . . . . . . . . . . . . . . . . . 65

Daichi Kitagawa, Christopher J. Bardeen and Seiya Kobatake

Symmetry Breaking and Photomechanical Behavior of Photochromic Organic Crystals
Reprinted from: Symmetry 2020, 12, 1478, doi:10.3390/sym12091478 . . . . . . . . . . . . . . . . . 81

Toshikazu Ono and Yoshio Hisaeda

Vapochromism of Organic Crystals Based on Macrocyclic Compounds and 
Inclusion Complexes
Reprinted from: Symmetry 2020, 12, 1903, doi:10.3390/sym12111903 . . . . . . . . . . . . . . . . . 97

Shotaro Hayashi

Elastic Organic Crystals of π-Conjugated Molecules: New Concept for Materials Chemistry
Reprinted from: Symmetry 2020, 12, 2022, doi:10.3390/sym12122022 . . . . . . . . . . . . . . . . . 109

Michiya Fujiki

Resonance  in Chirogenesis and Photochirogenesis: Colloidal Polymers Meet 
Chiral Optofluidics
Reprinted from: Symmetry 2021, 13, 199, doi:10.3390/sym13020199 . . . . . . . . . . . . . . . . . 129

Yoshitane Imai

Generation of Circularly Polarized Luminescence by Symmetry Breaking
Reprinted from: Symmetry 2020, 12, 1786, doi:10.3390/sym12111786 . . . . . . . . . . . . . . . . . 181

Fuyuki Ito

Photochemical Methods for the Real-Time Observation of Phase Transition 
Processes upon Crystallization
Reprinted from: Symmetry 2020, 12, 1726, doi:10.3390/sym12101726 . . . . . . . . . . . . . . . . . 195

v



Yoshiyuki Kageyama

Robust Dynamics of Synthetic Molecular Systems as a Consequence of Broken Symmetry
Reprinted from: Symmetry 2020, 12, 1688, doi:10.3390/sym12101688 . . . . . . . . . . . . . . . . . 209

Hirofumi Sakuma, Izumi Ojima, Motoichi Ohtsu and Hiroyuki Ochiai

Off-Shell Quantum Fields to Connect Dressed Photons with Cosmology
Reprinted from: Symmetry 2020, 12, 1244, doi:10.3390/sym12081244 . . . . . . . . . . . . . . . . . 225

vi



About the Editor

Rui Tamura (Professor Emeritus of Kyoto University) became a professor of the Department

of Interdisciplinary Environment, Graduate School of Human and Environmental Studies at Kyoto

University in 2002, from which he retired in 2018. His research fields cover synthetic and structural

organic chemistry, organic crystal and liquid crystal chemistry, as well as colloidal, magnetic

and chiral chemistry. His current research interests focus on the discovery of novel complexity

phenomena occurring upon the phase transition of organic crystals and in liquid crystals under

nonequilibrium conditions. It should be stressed that the observed unusual phenomena cannot be

reproduced in ordinary equilibrium systems. To date, two novel phenomena have been discovered:

“preferential enrichment” is a unique spontaneous enantiomeric resolution phenomenon observed

upon the recrystallization of certain types of racemic organic crystals and cocrystals; while the

“magneto-LC effect” refers to the generation of unique superparamagnetic domains in liquid

crystalline phases of organic nitroxide radical compounds in low magnetic fields. Professor Tamura

completed his Ph.D. at the Department of Chemistry, Faculty of Science, at Kyoto University in

1980, and took two post-doctoral research fellowships at the Department of Chemistry at Colorado

State university (1980–1981) and Princeton University (1982) in the USA. He has undertaken faculty

positions in chemistry at the National Defense Academy (1983–1987), Ehime University (1988–1994),

Hokkaido University (1995–1996) and Kyoto University (1997–2018) in Japan.

vii





Preface to ”Chemical Symmetry Breaking”

Nowadays, it is well recognized that a concept of the nonlinear complexity theory governs a

variety of dynamic phenomena observed in all fields of science; the fluctuation in a nonequilibrium

state induces a phase transition from a chaotic or dissipative state to another one to trigger

symmetry breaking, and eventually, the nonlinear amplification of fluctuation leads to dissymmetric

circumstances. A typical example is the birth of the universe by the cosmic inflation followed by

the Big Bang starting from a quantum fluctuation, which finally led to the selection of “matter”

against “anti-matter” in the universe, according to a violation of the charge conjugation parity (CP)

symmetry. Thus, symmetry breaking has been playing a primordial role in physics, chemistry, life

science, economics and so on.

This Special Issue focuses on the various chemical and physical phenomena that originate

from symmetry breaking occurring upon a thermally or photochemically induced phase transition

in the organic condensed phases, such as metastable liquid crystals, crystals, amorphous solids,

and colloidal polymer materials under nonequilibrium conditions, including an experimental and

theoretical report on the connection of dressed photons with cosmology.
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Abstract: Liquid crystalline (LC) organic radicals were expected to show a novel non-linear magnetic
response to external magnetic and electric fields due to their coherent collective molecular motion.
We have found that a series of chiral and achiral all-organic LC radicals having one or two
five-membered cyclic nitroxide radical (PROXYL) units in the core position and, thereby, with a
negative dielectric anisotropy exhibit spin glass (SG)-like superparamagnetic features, such as a
magnetic hysteresis (referred to as ‘positive magneto-LC effect’), and thermal and impurity effects
during a heating and cooling cycle in weak magnetic fields. Furthermore, for the first time, a nonlinear
magneto-electric (ME) effect has been detected with respect to one of the LC radicals showing a
ferroelectric (chiral Smectic C) phase. The mechanism of the positive magneto-LC effect is proposed
and discussed by comparison of our experimental results with the well-known magnetic properties
of SG materials and on the basis of the experimental results of a nonlinear ME effect. A recent
theoretical study by means of molecular dynamic simulation and density functional theory calculations
suggesting the high possibility of conservation of the memory of spin-spin interactions between
magnetic moments owing to the ceaseless molecular contacts in the LC and isotropic states is briefly
mentioned as well.

Keywords: spin symmetry breaking; magnetic liquid crystals; magneto-LC effect; nitroxide radicals;
superparamagnetic domain; spin glass state

1. Introduction

Following the birth and establishment of ‘Einsteinian general theory of relativity’ and ‘quantum
theory and mechanics’ at the beginning of the 20th century [1], the ‘complexity theory’ developed
rapidly since the 1970s is recognized as one of the paradigm shifts or innovations in science in the
same century [2–4]. Currently, a concept of the nonlinear and nonequilibrium (or out of equilibrium)
complexity theory is known to govern a variety of dynamic behaviors observed in both natural
and social sciences [5–9]. In the nonequilibrium complexity system, symmetry breaking takes place
easily during transition from a chaotic or dissipative state to another one. The fluctuation in a
nonequilibrium state induces a phase transition to trigger the symmetry breaking, and, eventually,
the nonlinear amplification of fluctuation leads to dissymmetric circumstances [5–10]. The most
dramatic and important event is the birth of the universe by the cosmic inflation followed by the Big
Bang starting from a quantum fluctuation, according to the ‘uncertainty principle of energy and time’

Symmetry 2020, 12, 1910; doi:10.3390/sym12111910 www.mdpi.com/journal/symmetry1
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as a hypothetical explanation [1]. After the selection of ‘matter’ against ‘anti-matter’ resulting from the
CP (charge conjugation parity symmetry) violation in the universe, the important and familiar events
on the earth include many body interactions of multiple elements responsible for the nonlinearity [11].
The intermolecular interactions can create nonequilibrium objects such as cells [12], bubbles [13],
and metastable crystals [14], which may have strong links to the origin of selected chirality of life. Thus,
symmetry breaking has been playing a primordial role in physics, chemistry, life science, and so forth.

Liquid crystals, which are defined as a thermal mesophase between crystalline and isotropic
phases, and, hence, can be regarded as high-temperature polymorphs of crystals, are unique soft
materials that combine anisotropy and fluidity. From a different point of view, liquid crystalline (LC)
phases are considered to be a sort of complexity system consisting of nonequilibrium dynamic states
due to the molecular motion and the coherent collective properties of molecules in the LC state [8].
Therefore, they are so sensitive to external stimuli, such as electric or magnetic field, heat, light,
temperature, pressure, and added chiral dopants, that the LC superstructure can easily be altered and
the change can be controlled [15,16]. In this context, it seems challenging and promising to develop
organic soft materials that can show a novel complexity phenomenon in response to various external
stimuli by making use of the LC environment.

In this connection, magnetic LC compounds had attracted great interest as soft materials to enhance
the effect of magnetic fields on the electric and optical properties of liquid crystals. They were anticipated
to exhibit unique magnetic interactions and, thereby, unconventional magneto-electric [17–20] or
magneto-optical properties in the LC state [21–23]. However, there had been no prominent study
on these interesting subjects in the 20th century because the majority of magnetic liquid crystals
examined were of a highly viscous transition (d-block or f-block) metal-containing metallomesogens
(Figure 1) [24,25], which were not suitable for investigation of the swift molecular motion and
reorientation in the LC phases at moderate temperatures in weak magnetic fields. At present,
no appreciable intermolecular ferromagnetic or superparamagnetic interaction (in other words,
spin symmetry breaking) has been observed in the LC state of d-block or f-block metallomesogens.

Figure 1. Representative metallomesogens and their LC transition temperatures.

Only a few all-organic LC radical compounds were prepared until 2003 because it was believed
that the geometry and bulkiness of the radical-stabilizing substituents were detrimental to the stability
of liquid crystals, which requires molecular linearity or planarity [25–27]. Although several rod-like
organic LC compounds with a stable cyclic nitroxide unit as the spin source were prepared (Figure 2),
their molecular structures were limited to those containing a nitroxyl group in the terminal alkyl chain,
away from the rigid core, and, thereby, allowed the free rotation of the nitroxyl moiety inside the
molecule, resulting in a very small dielectric anisotropy (Δε) of the whole molecule [25–27].
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Figure 2. Rod-like LC organic mono-radicals synthesized before 2004 and their LC transition
temperatures [25–27].

With this situation in mind, since 2004, we have designed and synthesized a series of
chiral and achiral all-organic LC nitroxide radicals such as 1–5 having one or two PROXYL
(2,2,5,5-tetrassubstituted-1-pyrrolidinyloxyl) units in the core position and, thereby, with a negative
dielectric anisotropy (Δε < 0) (Figure 3) [28–44]. Their LC phases and magnetic properties have been
fully characterized. Consequently, we could observe a magnetic hysteretic behavior between the
heating and cooling processes for all of these LC compounds by a SQUID magnetic susceptibility
measurement. The molar magnetic susceptibility (χM) always increased at the crystal-to-LC phase
transition and this χM increase was always preserved during the cooling process. This unique magnetic
hysteretic behavior was referred to as a ‘positive magneto-LC effect’ [34–36]. Measurement of the
magnetic field (H) dependence of molar magnetization (M) indicates that the observed magnetic
hysteresis corresponds to the emergence of superparamagnetic behavior, that is, the partial formation
of ferromagnetic domains in the LC phases. These experimental results were contrary to the general
knowledge that the possibility of a ferromagnetic LC material had been considered unrealistic due
to the inaccessibility of long-range spin-spin interactions between rotating molecules in the LC state
at ambient or higher temperatures [26]. However, since the positive magneto-LC effect is observed
only for specific PROXYL radicals showing an LC phase (Figure 3), it is suggested that the breaking
of time reversal symmetry of radical spins is likely to have a strong connection with the partially
broken space symmetry of LC phases of these compounds. Thus, the observed magnetic behavior
reminds us of a spin glass state. In fact, for example, considerable enhancement of a positive
magneto-LC effect or superparamagnetic behavior was noted by adding a small amount (5 to 20 mol%)
of racemic cis-diastereomers (R*,R*)-3 [a 1:1 mixture of (R,R)-3 and (S,S)-3] to meso (R,S)-3 as an organic
impurity [42]. Such thermal and impurity effects are known to be commonly observed for metallic
spin glass materials.
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Figure 3. Representative PROXYL-based organic radicals synthesized since 2004 and their LC transition
temperatures. Rod-like monoradicals trans-1 [28–40] and biradical (S,S,S,S)-2 [41], discotic diradical
meso (R,S)-3, and the non-LC racemic diastereomers (R*,R*)-3 [42], discotic monoradical trans-4 [44],
and rod-like hydrogen-bonded monoradical trans-5 [43]. The LC temperatures refer to the heating
process, except for monotropic racemice trans-5. These compounds except (R*,R*)-3 showed a positive
magneto-LC effect. The individual magnetic properties for 1–4 are discussed in Section 4.

Here, it should be emphasized that the positive magneto-LC effect (χM increase) (i) proved to be
independent of the magnetic field-induced molecular reorientation because of the too small molecular
magnetic anisotropy (Δχ) [45] and (ii) did not result from the contamination by extrinsic magnetic
metal or metal ion impurities, as confirmed by the quantitative analysis using inductively coupled
plasma atomic emission spectroscopy (ICP-AES) as well as the observation of thermal and impurity
effects [42].

Thus far, there have been two theoretical studies to contribute to the elucidation of the mechanism
of positive magneto-LC effect. By the quantitative analysis of angular dependence of g-values and
ΔHpp (line-width) of EPR spectra and DFT calculations of spin density distribution in the interacting
molecules based on the crystal structure of an analogous compound, Vorobiev et al. revealed that
an intermolecular spin polarization mechanism operating between neighboring radical molecules
rather than the direct through-space interactions between the paramagnetic centers contributes to
the occurrence of the positive magneto-LC effect [46]. Furthermore, quite recently, by means of
molecular dynamic (MD) simulation and density functional theory (DFT) calculations, Uchida et al.
has revealed that the positive magneto-LC effect can originate from the conservation of the memory of
spin-spin interactions between magnetic moments, owing to the ceaseless molecular contacts in the
LC and isotropic states. They incorporated the molecular mobility effects [44] into the quantitative
Thouless-Anderson-Palmer approach, which was proposed to solve the Edwards-Anderson model for
spin-glasses with inhomogeneous magnetic interactions [47].

In addition, it is noteworthy that the nonlinear magneto-electric (ME) effect was, for the first
time, detected for organic LC materials, i.e., (S,S)-1 (m = n = 13) showing a ferroelectric LC [chiral
SmC (SmC*)] phase [37–39]. By applying an external DC electric field (between +25 V and −25 V)
to the (S,S)-1 confined in a rubbed surface-stabilized liquid-crystal thin (4 μm thick) sandwich cell,
the hysteresis loops were observed for the experimental EPR parameters such as the g-value, ΔHpp,
and χrel (relative paramagnetic susceptibility). These experimental results suggest that the interactions
between the electric polarization and the magnetic moment in the magnetic LC phase are likely
to contribute to the enhancement of a positive magneto-LC effect in weak magnetic fields. In fact,
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the highly enantiomerically-enriched compounds (S,S)-1 always exhibited a larger positive magneto-LC
effect than the corresponding racemic ones trans-1 [35,36].

Due to the latest comprehensive review as well as database-like article regarding the preparation,
characterization, and magnetic properties of a wide array of all-organic LC radicals synthesized, thus,
far, an excellent one entitled “Liquid crystalline derivatives of heterocyclic radicals” by Kaszyński is
strongly recommended to refer to Reference [27].

In Section 2, the fundamentals of super-para-magnetism are briefly mentioned. In Section 3,
the typical properties of canonical spin glasses composed of diluted magnetic alloys and the
non-canonical spin glass-like behavior of the other systems are summarized. In Section 4, the selected
important experimental results featuring the magnetic properties of positive magneto-LC effect
observed for LC nitroxide radical compounds are summarized. In Section 5, the mechanism of positive
magneto-LC effect is proposed and discussed on the basis of the magnetism of the spin glass state and
the ME effect.

2. Super-Para-Magnetism

Super-para-magnetism is a paramagnetic behavior of magnetic domains or clusters. The collective
magnetic spins in a domain are aligned parallel to the external magnetic field, and there is
no remanent magnetization of the sample, similarly to paramagnets. However, the spins
are ferromagnetically-ordered inside each domain. To behave like paramagnets, domains of
ferromagnetically-ordered moments should readily respond to the applied field (Figure 4). Such a
situation can be realized in domains with a rotational degree of freedom or domains with a sufficiently
low energy barrier of magnetic anisotropy (i.e., coercive force).

The net magnetization of super-para-magnets are expressed by the equation below.

M = NμL(μ) = Nμ×
(
coth

μH
kBT
− kBT
μH

)
(1)

N denotes a number of domains, μ does the magnetization summed in a domain, and kB is the
Boltzmann factor. L(μ) is called Langevin function. In the case that there is distribution in μ, the net
magnetization should be estimated by integration over the distribution function P(μ) [48].

Figure 4. Temperature variation in the magnetic field dependence of Langevin function L(μ) shown in
Equation (1) for μ = 1000 μB, where μB is the Bohr magneton.

Here, it is worth noting that the size effect of the domain is a very important factor, since the
anisotropic energy in a domain is expressed by the product of the anisotropic coefficient (K) and
volume size (V) of the domain. The V value, which satisfies KV < T, makes the magnetic moments
paramagnetic. As the V becomes larger, the anisotropic energy of a domain also increases so that it
turns to the coercive force at KV > T.

5
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3. Spin Glass

3.1. What Is a Spin Glass?—General Experimental Features

Spin glass (SG) is a frozen state of spins without long-range periodicity [49]. In the SG,
although the long-time average of spins at each site has a non-zero value as seen in a conventional,
magnetically-ordered state, both the magnitude and direction are random at each site (Figure 5).
The name SG comes from the glass transition in which the atomic positions take random values.

If the SG state is expressed in a thermodynamic way with a spin (Si) of the i-th site, the local
spontaneous magnetization (mi) has a non-zero value (Equation (2)), even though the site averaged
value (m) is zero (Equation (3)).

mi = 〈Si〉 � 0 (2)

m =
1
N

N∑
i

mi = 0 (3)

Here, N denotes the total number of spins. To distinguish the SG state from a paramagnetic state
or a long range ordered state, the combination of m and the second order moment (q) with respect to
the thermal average of Si is often used (Equation (4)).

q =
1
N

N∑
i

〈Si
2〉 � 0 (4)

Figure 5. An image of the SG state compared to conventional long-range magnetic ordering.

Historically, the first SG state was found in dilute magnetic alloys such as AuFe and CuMn [50,51].
Such systems are called canonical SGs, which are the most studied and established system in the SG
theory. Canonical SGs consist of a random distribution of local magnetic impurities in nonmagnetic
metal hosts. The features in which canonical SGs show experimentally can be summarized as follows.

1. Hysteresis: The emergence of hysteresis of magnetic susceptibility (χ) under a different
temperature control process (Figure 6 [51]).

2. Impurity effect: Non-linear or non-monotonic increase of χ with the increment of an amount of
the magnetic impurity (Figure 6 [51]).

3. Long-time scale dynamics.
4. AC magnetic susceptibility sensitive to the frequency of the external magnetic fields near the spin

freezing temperature.
5. A broad peak in magnetic specific heat around the spin freezing temperature.

6
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Figure 6. Temperature dependence of magnetic susceptibility for the SG alloy CuMn containing the
magnetic impurity Mn of 1.08- and 2.02-at.%. After zero field cooling (ZFC, H < 0.05 G), the initial
susceptibilities (b,d) increased with rising temperature at a field of 5.90 G. The susceptibilities (a,c)
were obtained at the same magnetic field, which was applied above TSG before cooling the samples.
Data cited from Ref. [51].

The features 1–3 observed for LC nitroxide radicals are described in Section 4. For feature 4,
we do not discuss it because of the difficulty in the measurement of AC magnetic susceptibility for LC
nitroxide radicals at high temperatures. Likewise, we cannot discuss the feature 5 concerning the LC
nitroxide radicals at high temperatures because the contribution by molecular motion is dominant in
the specific heat data for these compounds.

3.2. Theoretical Key Ingredients in Canonical SGs

The key ingredients in canonical SGs are considered to be randomness, frustration, and competing
interactions, which are fully equipped in dilute magnetic alloys [52]. A magnetic moment interacts with
other moments by means of Ruderman-Kittel-Kasuya-Yoshida (RKKY) interactions via the conductive
electron. The RKKY interactions are expressed as shown in Equation (5).

Ji j ∼
cos
(
2kFrij

)
rij3

(5)

where kF denotes the Fermi energy of the hosting metal and rij is the distance between two magnetic
moments at i and j sites. Since cos

(
2kFrij

)
is an oscillating function of rij, Ji j can have various plus and

minus values as a function of rij.
The random distribution of magnetic impurities then results in random magnetic interactions

between each impurity site. Under such a network of irregular interactions, some of these local sites
are likely to undergo competition of interactions and be unable to settle down in a certain spin state,
which satisfies the energy minimum for each interaction. Such a situation is called frustration.

The combination of randomness and frustration gives many stable states in the local energy,
so that it would bring the manifold metastable states in the whole system. Accordingly, the free
energy (F) of the SG states has many local minima (Figure 7) and this is called a multi-valley structure.
This characteristic structure inherent in SGs results in various features listed in Section 3.1.

7
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Figure 7. Schematic for the temperature variation of free energies (F) in order parameter space.
The horizontal axes denote the set of magnetic order parameters {M} of spins. (a) Conventional long
range second-order transition at T = TN. (b) SG transition at T = TSG.

3.3. Character of the Magnetism

3.3.1. Hysteresis

The hysteresis results from the multiple metastable states permitted in the material, whereas an
ordinary long range ordered state has a unique ground state. As shown in Figure 6, the hysteresis
in magnetic susceptibility is most noticeable when the material is cooled below the SG transition
temperature (TSG) from the paramagnetic phase. If the sample is cooled in the absence of external
magnetic field [this is called ‘zero field cooling’ (ZFC)], the net magnetization of the sample generally
does not have a large value. This is observed as a cusp near the spin freezing temperature. On the
other hand, if the material is cooled in the presence of a non-zero external field [this process is called
‘field cooling’ (FC)], some of the spins, but not all of them, would align with the magnetic field leading
to a ferromagnetic behavior. Thus, in the SG phases, the magnetization after the FC process is larger
than that after the ZFC process.

3.3.2. Impurity Effect

In canonical SGs, the concentration (x) of magnetic impurities in nonmagnetic metal hosts has
considerable effects on its magnetic property. In a wider range of x values, each SG state takes one of
various ground states. Figure 8 shows a schematic for the relationship between the x values and the
resulting magnetic properties. At the low limit of x value, dilute magnetic impurities can be regarded
as isolated spins, so that the Kondo effect would work between the conducting electron spins and
the isolated spins (Figure 8a). A pair of conducting electron spin and isolated spin adopts a singlet

8
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ground state to vanish the susceptibility at low temperatures. With the increasing x value, the average
impurity-to-impurity distance becomes shorter enough to induce RKKY interactions, forming an SG
state (Figure 8b). When the x value exceeds ~10 at.%, some of the impurities exist in the nearest
neighbor lattice points so that such locally high-concentrated spin clusters result in the coexistence of
the SG state and ferro-magnetic or anti-ferro-magnetic domains (Figure 8c). These clusters are most
likely to behave like super-para-magnets, and also exhibit a hysteresis in the temperature dependent of
magnetic susceptibility, as a sort of SG behavior of the clusters. Such behavior is often called a ‘cluster
glass.’ A further increase in the x value makes the ferro-magnetic or anti-ferro-magnetic domains
larger, finally, giving an almost ordered state (Figure 8d).

Figure 8. Schematic for the effect of the concentration (x) of magnetic impurity on the magnetic
properties of alloy systems. See text for details. The grey circles represent the lattice points.

3.3.3. Long Time Scale Dynamics

Long time scale dynamics is another characteristic aspect of canonical SGs. Since there are many
metastable states, hopping over the energetic barrier to other states is possible. Such metastable states
are realized by a rapid change in external stimuli such as temperature or magnetic field around the SG
phase transition. Rapid cooling from the temperature above TSG to that below TSG compels the system
to take a certain metastable state without immediate relaxing to the lowest energy. The relaxation
to the lowest energy state is called the ‘aging phenomenon,’ which takes a typical time of the order
of 102~104 s or more. Thus, the aging phenomenon can be followed by statistical DC magnetization
measurements. For example, after keeping the SG state at a high temperature region in the SG phase
under the ZFC conditions, the magnetization at the same temperature gradually increases with the
elapse of time by applying an external magnetic field (Figure 9) [53]. After a sufficiently long time,
the magnetization gets close to the value, which is observed after the FC process.

 
Figure 9. The relaxation of magnetization divided by the external field after waiting for tw at zero field.
The data are obtained at the temperature of 0.91TSG and under the external field of 0.8 G. The horizontal
axis denotes the elapse of time in the measurement. Reprint with permission [53]: Copyright 2020
AIP Publishing.
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3.4. Non-Canonical SG-Like Behavior

Besides canonical SG alloy systems, some of the magnetic features summarized in Section 3.1 are
observed in a variety of magnetic systems, which are often called ‘SG-like behavior’ [52]. The features
can show up even if some of the key ingredients (i.e., randomness, frustration, and competing
interactions) are weak or missed in the systems. In general, neither the diluted conditions of spins
nor RKKY interactions are needed for the realization of SG-like behavior. The SG-like behavior is
reported in many non-diluted magnets with exchange/super-exchange interactions between the nearest
neighbor spins. It seems that the SG-like behavior tends to arise if only there exist some factors
of randomness and/or inhomogeneity in the interaction network. They have been often found in
atom-doped/substituted systems, grain boundary, systems with site-mixing or random local distortion,
and more [52].

4. Positive Magneto-LC Effect

Here, the unique magnetism of LC nitroxide radicals, which is regarded as SG-like behavior,
is described. Although the solid-state picture of usual SG-like magnets is not straightforwardly
applied to the liquid crystal systems, we actually observed the SG-like features 1–3 (hysteresis,
impurity effect, and long-time scale dynamics) listed in Section 3.1. In Section 4.1, our discovery
of the positive magneto-LC effect, which refers to a magnetic hysteresis (i.e., thermal effect)
associated with the emergence of superparamagnetic behavior in the LC state, is demonstrated.
The substantial enhancement of superparamagnetic behavior by impurity effect or controlling the
magnetic inhomogeneity is mentioned in Section 4.2. An example of long-time scale dynamics is
presented in Section 4.1.3. In Section 4.3, the ME effect observed for the first time in the ferroelectric LC
phase of the LC nitroxide radical is explained in detail.

4.1. Magnetic Hysteresis by a Thermal Effect

4.1.1. Monoradical trans-1

In 2008, for the first time, we observed a magnetic hysteresis for nitroxide monoradical (S,S)-1
(m = n = 13) showing enantiotropic (reversible) SmC* and N* phases (Figure 3) by SQUID magnetic
suscetibiliy measurement (Figure 10a) [34,35]. In the first heating process from the initial crystalline
phase, the molar magnetic susceptibility (χM) increased at the crystal–to-SmC* phase transition.
An additional χM increase was noted at the SmC*-to-N* and N*-to-isotropic phase transitions.
Interestingly, the overall 12% χM increase at the phase transitions in the heating process was preserved
during the cooling one from the isotropic phase and even in the second heating one, and the χM in the
first cooling and second heating processes never followed the curve drawn in the first heating process.
Such magnetic hysteretic behavior, an unusual χM increase at the crystal–to-LC phase transition in the
first heating process, was referred to as ‘positive magneto-LC effect,’ which was observed for all of the
LC nitroxide radical compounds 1~5 with full reproducibility. Therefore, the χM in the first cooling
process are expressed by the equation below.

χM = χpara + χTIM + χdia (6)

where χpara represents the paramagnetic susceptibility of radical spins, which follows the Curie-Weiss
law (Equation (7)). The C and θ are Curie constant and Weiss temperature, respectively. For the
mono-radical nitroxide compounds examined, the values of C were close to 0.375 corresponding to the
S = 1/2 system.

χpara =
C

T − θ (7)
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Figure 10. Magnetic hysteresis observed for (S,S)-1 (m = n = 13) by a thermal effect. Temperature
(T) dependence of (a) molar magnetic susceptibility (χM) measured at 0.05 T and (b) EPR line-width
(Hpp) measured at around 0.34 T in the first heating and cooling processes, and magnetic field (H)
dependence of molar magnetization (M) measured at (c) −73 and (d) 77 ◦C in the first heating process.
In panels a and b, open and filled circles represent the first heating and cooling processes, respectively.
Data cited from Ref. [35].

The χTIM indicates the temperature-independent magnetic susceptibility corresponding to the χM

increase at the crystal-to-LC phase transition, while the χdia represents the temperature-independent
diamagnetic susceptibility, which arises from the orbital current and can be calculated using Pascal’s
constant for each atom and bond. Since the sum of χTIM and χdia can be experimentally obtained as
the temperature-independent component by χM-T−1 plots, according to Equations (6) and (7), the χTIM

value can be derived.
We observed a nonlinear relationship between the applied magnetic field (H) and the observed

magnetization (M) in the chiral and achiral LC phases of trans-1 (m = n = 13) by SQUID magnetometry
(Figure 10d). Unlike the Brillouin function, which ordinary paramagnetic radical compounds display,
a steep increase was observed at low magnetic fields (~0.1 T) and an oblique linear response was noted
at higher magnetic fields. This result implied the emergence of superparamagnetic behavior in the
LC phase.

Such spin glass (SG)-like hysteretic or superparamagnetic behavior was also seen for the other LC
nitroxide radicals listed in Figure 3. In contrast, non-LC trans-1 analogues bearing much shorter alkyl
chains failed to show the magnetic hysteresis because of their common paramagnetic properties. It is
worth noting that, with respect to LC trans-1 and the LC derivatives, enantiomerically-enriched samples
always exhibited a larger positive magneto-LC-effect (or magnetic hysteresis) at the crystal-to-LC phase
transition than the corresponding racemic samples [35,36]. Thus, the positive magneto-LC effect is a
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unique property inherent in these LC nitroxide radicals, which suggested some relationship between
the spatial symmetry of LC phases and the positive magneto-LC effect.

Here, we should stress that such a magnetic hysteresis or superparamagnetic behavior did
not result from the magnetic field-induced molecular reorientation in the LC and isotropic phases.
The contribution of overall magnetic anisotropy (Δχ) is, at most, ~10−5 emu/mol [26], while the observed
χM increases at the crystal-to-LC phase transition points amount to much more than 10−4 emu/mol
in various LC nitroxide radicals. It is also important to examine the possibility of contamination
by ferromagnetically-ordered metal or metal ion spins for such nonlinear magnetization curves [54].
Consequently, we could exclude this possibility by the quantitative analysis using inductively coupled
plasma–atomic emission spectroscopy (ICP-AES), verifying 0.5~1.3 ppm for the iron content and
0.3~0.6 ppm for the nickel content for LC nitroxide radicals [42]. These values are less than one-tenth
of the observed χM increase for the individual compounds. Furthermore, these two possibilities
(molecular reorientation and contamination) were ruled out by observing a large ‘impurity effect’
explained in Section 4.2.

The measurements of the AC magnetic susceptibilities are necessary to investigate the long
time-scale spin dynamics of super-para-magnetic components in LC nitroxide radicals. However,
we could not obtain these data due to the difficulties with the measurement at high temperatures.
This is our future subject.

4.1.2. Biradical (S,S,S,S)-2

In order to investigate the relationship between the positive magnet-LC effect and the number of
spins, we prepared the biradical (S,S,S,S)-2 (>99% ee) showing an enantiotropic chiral nematic (N*)
phase (Figure 3) in which the two radical spins do not interact. The χM increase at the crystal-to-LC
phase transition in the first heating process was 0.8 × 10−3 emu/mol (38%) (Figure 11), which was
slightly larger than those of LC mono-radicals such as (S,S)-1. This χM increase was maintained during
the cooling process, similarly to the case of (S,S)-1.

Figure 11. Temperature dependence of χM for (S,S,S,S)-2 by SQUID magnetometry at a field of 0.05
T in the temperature range of (a) −170 to +120 ◦C and (b) −100 to 120 ◦C (magnification). Open and
filled circles represent the first heating and cooling processes, respectively. The solid line indicates the
Curie-Weiss fitting curve. The LC transition temperatures are shown by arrows in the lower and upper
sides in panel b. (Reprint with permission [41], Copyright 2020 The Royal Society of Chemistry).

4.1.3. Diradical (R,S)-3

The non-π-delocalized achiral meso diradical (R,S)-3 (Figure 3) showed an enantiotropic hexagonal
columnar (Colh) phase in which each disc was composed of a hydrogen-bonded molecular trimer
(Figure 12) [42]. This compound displayed both thermal and impurity effects. Here, only the thermal
effect is stated and the impurity effect is described in Section 4.2.
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Figure 12. The Colh LC structure of (R,S)-3. (a) Hexagonal lattice and the columnar structure, (b) one
of possible trimer structures formed by hydrogen bonds in one disc layer and (c) intermolecular
spin polarization via CH/O interactions between two (R,S)-3 molecules in the neighboring disc layers
expected in the magnetically inhomogeneous LC domains. Data cited from Ref. [42].

Measurement of the temperature dependence of χM for the pure (R,S)-3 indicated that
(i) intramolecular anti-ferro-magnetic interactions with a singlet ground state between the two
spins dominated below 100 K and (ii) the Curie-Weiss fitting could be implemented between 100 and
250 K to give the average θ value of nearly zero (Figure 13). Although the pure (R,S)-3 showed neither
the χM increase nor the superparamagnetic M-H behavior in the first heating process at 0.05 T, distinct
χM increase and superparamagnetic M-H behavior were observed in the first cooling from the isotropic
phase and in the second heating run at 0.05 T.
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Figure 13. The temperature dependence of χM (a,b) at 0.05 T and the H dependence of M (c–h) for
pure (R,S)-3 (a) in the first heating and cooling processes (b) by magnification (between 2 and 100 K) of
panel a, (c) in the solid at 150 K by the first heating from 2 K, (d) after subtraction of the oblique linear
base line in panel c, (e) in the solid at 150 K by the second heating after the first heating up to 400 K
followed by cooling to 2 K at 0.05 T, (f) after subtraction of the oblique linear base line in panel e, (g) in
the Colh phase at 363 k by the second heating, and (h) after subtraction of the oblique linear base line
in panel g. Open and filled circles in panels a and b represent the first heating and cooling processes.
Data cited from Ref. [42].
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Next, to learn whether a helical columnar structure can be formed in the Colh phase of achiral
(R,S)-3, the temperature-resolved second harmonic generation (TR-SHG) microscopy was performed
with an excitation wavelength of 1200 nm and SHG emission at 600 nm in the presence of a magnetic
field (<0.5 T) (Figure 14). We observed a weak SHG emission from the surface of the initial crystal
phase at room temperature. On the other hand, when the solid sample was heated to 90 ◦C and the
resulting Colh phase was annealed at the same temperature, the SHG intensity increased with an
elapse of time over 10 min. This observation indicates a gradual growth of domains with an inversion
symmetry broken state in a magnetic field. The growth of this domain structure with broken inversion
symmetry is assumed to be responsible for the generation of a positive magneto-LC effect, since this is
quite analogous to the long-time relaxation in a magnetic field observed for the SG state.

 
Figure 14. TR-SHG images for (R,S)-1. (a) No SHG signal was detected for solid I at 26.5 ◦C. Then,
the solid I was heated at a rate of 10 ◦C min–1 and the resulting LC phase was annealed at 90 ◦C. The SHG
images were recorded at (b) 0, (c) 5, and (d) 10 min after the beginning of annealing. The observed
SHG intensity was increased with the elapse of time. Data cited from Ref. [42].

4.1.4. Monoradical trans-4

The non-π-delocalized racemic trans-4 and (R,R)-4 (Figure 3), which formed intermolecular
hydrogen bonds between the NO and OH groups in the condensed phase displayed an enantiotropic
Colh phase at room temperature and formed LC glasses at lower temperatures. The SQUID
magnetometry revealed that the positive magneto-LC effect was gradually increased through the
LC glass-to-LC-to-Iso phase transition sequence in the first heating process at both 0.05 and 0.5 T
(Figure 15) [44]. This result suggests that molecular mobility is one of the origins of the positive
magneto-LC effect, which is consistent with the conclusions by means of MD simulation and DFT
calculations so that the positive magneto-LC effect can originate from the conservation of the memory
of spin-spin interactions between magnetic moments owing to the ceaseless molecular contacts
(Figure 16) [47].
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Figure 15. Temperature dependences of the χparaT plot for (a) racemic trans-4 and (b) (R,R)-4 at 0.5 T by
SQUID magnetometry, and of (c) EPR ΔHpp for racemic trans-4 at around 0.33 T. The circles denote the
experimental data in the heating process, and the horizontal solid lines indicates the Curie-Weiss fitting
curves for the LC glass state. The vertical broken lines denote the estimated glass state-to-LC phase
transition temperatures, and the solid lines on the circles to the right of the broken lines represent the
fitting curves for LC and isotropic phases. (Reprint with permission [44]: Copyright 2020, American
Chemical Society).

Figure 16. High-frequency exchange of interacting pairs detectable as an increase of the coordination
number. (a) Molecules interact with each other in fluids. Because LC-NR molecules are bulky, each of
them usually interacts with only one other molecule. In this case, the coordination number z is 1.
(b–d) Generally speaking, z values for one, two, and three-dimensionally interacting NR crystals
are 2 (b), 4 (c), and 6 (d), respectively. (e) Schematic illustration of the attenuation of incremental
magnetic field (η) for a certain pair of molecules. The horizontal axis denotes the time elapsed since
the interaction occurs. After a molecule interacts with another molecule, it moves and the interaction
disappears. The effect of the exchange magnetic field disappears after time constant τspin. (f) Each
molecule changes the partner of the interaction many times before disappearance of the effect of the
exchange magnetic field. Each molecule interacts with many molecules as if the coordination number
substantially increased (ẑ). (Reprint with permission [47]: Copyright 2020, American Chemical Society).

4.2. Impurity Effect—Diradical (R,S)-3

It was the discovery of an impurity effect that was required to demonstrate the similarity of
the positive magneto-LC effect to the emergence of superparamagnetic domains in the SG state.
We implemented the χM-T measurement for two samples with different ratios (80:20 and 95:5) of (R,S)-3
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and racemic cis-diastereomers (R*,R*)-3 (Figure 3) [42]. These mixed samples could still show an Colh
phase. However, pure (R*,R*)-3 and the sample with a ratio of 50:50 displayed no LC phase. As shown
in Figure 17, appreciable and substantial χM increases were noted during the crystal-to-Colh-to-Iso
phase transition sequence for the samples with the ratios of 95:5 and 80:20, respectively. The χM

increase was 1× 10−3 emu/mol for the former sample and 5× 10−3 emu/mol for the latter one. As shown
in Figure 13, the hysteresis was not observed for pure (R,S)-3 within the experimental error limits in
the first heating process. In other words, the content of superparamagnetic domains increased by
adding (R*,R*)-3 to (R,S)-3 as an organic impurity. Furthermore, this organic impurity effect convinced
us that the positive magneto-LC effect is intrinsic in LC nitroxide radicals listed in Figure 3 because the
addition of diastereomers would not change the total amount of contaminating magnetic metal ions,
if any.

Figure 17. The temperature dependence of χM for the two samples with a different ratio (circle for
80:20 and triangle for 95:5) of (R,S)-3 and (R*,R*)-3 at 0.05 T in the temperature range between 2 and
400 K. Open and filled legends represent the first heating and cooling processes, respectively.

As shown in Figure 18, the H dependence of the superparamagnetic component extracted from
the M-H plots for the mixed sample of (R,S)-3 and (R*,R*)-3 (80:20) was well fitted by Langevin
function (Equation (1)), indicating the positive magneto-LC effect that originates from the generation
of superparamagnetic domains in the LC phase. The amount of super-para-magnetic domains was
enhanced compared to the one in the pure sample of (R,S)-3 shown in Figure 13 h.

Figure 18. The curve fitting by Langevin function (Equation (1)) for the superparamagnetic domains
extracted from the M-H plots at 363 K for the mixed sample of (R,S)-3 and (R*,R*)-3 (80:20).
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Thus, the origin of such unique magnetic properties observed in the LC and isotropic phases of
achiral (R,S)-3 in the absence or presence of the racemic diastereomers (R*,R*)-3 as the impurity can
be rationalized mesoscopically in terms of (i) the preferential formation of SG-like inhomogeneous
magnetic domains consisting of super-para-magnetic domains surrounded by para-magnetic spins in
the LC phase, (ii) the gradual growth of the size and/or number of super-para-magnetic domains by
thermal processing, and (iii) preservation of the overall increased super-para-magnetic domains in the
solid phase by cooling until cryogenic temperatures, in weak magnetic fields (<0.1 T) (Figure 19).

Figure 19. Schematic of super-para-magnetic domains in the LC and isotropic phases of (R,S)-3.
The formation of super-para-magnetic domains surrounded by para-magnetic spins by heating or in
the presence of impurity (R*,R*)-3, and additional growth of the size and/or number of the domains
by heating.

4.3. Magneto-Electric (ME) Effect

The magneto-electric (ME) effect had been observed only for inorganic multiferroic materials such
as YMnO3, TbMnO3, and so forth, which showed both ferroelectric and magnetic order (ferromagnetism
or anti-ferromagnetism) at cryogenic temperatures [17–20].

In this context, it was expected that a unique ME effect might occur in the second-harmonic-
generation (SHG)-active [55] and ferroelectric LC (SmC*) phase of the (S,S)-1 (m = n = 13), which
displayed both an excellent ferroelectricity [PS = 24 nC/cm2, τ10-90 = 213 μs, θ = 29◦, η = 73.0 m Pa s
at 74 ◦C by the triangle wave method] in a rubbed surface-stabilized liquid-crystal sandwich cell
(4 μm thick) [29] and a positive magneto-LC effect (super-para-magnetic interactions) in the bulk SmC*
phase [35]. Such an assumption was the case. The temperature dependences of relative paramagnetic
susceptibility (χrel), g-value, and ΔHpp were measured by EPR spectroscopy using the thin sandwich
cell into which the most appropriate sample of (S,S)-1 (m = n = 13, 65% ee) was loaded (Figure 20).

18



Symmetry 2020, 12, 1910

Figure 20. (a) Experimental setup to monitor the variable-temperature or electric field dependent EPR
spectra of (S,S)-1 (m = n = 13, 65% ee) confined in a long 4-μm thin sandwich cell. (b) Principal axes of
inertia and g-values of the trans-1 molecule. (Reprint with permission [37]; Copyright 2020 the Royal
Society of Chemistry).

Since the magnetization measurement of the sample in the LC cell by SQUID magnetometry was
technically difficult, χpara was derived from the Bloch equation (Equation (8)) [56] by using the EPR
parameters, such as g, ΔHpp, and maximum peak height (I′m and −I′m) as described earlier [35,36],

χpara = 2μBgI′mΔH2
pp/
(√

3 hνH1
)

(8)

where μB is the Bohr magneton, h is Planck’s constant, ν is the frequency of the absorbed electromagnetic
wave, and H1 is the amplitude of the oscillating magnetic field. The relative paramagnetic susceptibility
(χrel,T) in the absence of an electric field is defined as:

χrel,T = χpara/χ0 (9)

whereχ0 is the standard paramagnetic susceptibility at 30 ◦C in the heating process. First, the generation
of positive magneto-LC effect and ferroelectric switching in the liquid crystal cell was confirmed.
By measuring the temperature dependence of χrel,T under the conditions in which the applied magnetic
field was parallel (Configuration A) and perpendicular (Configuration B) to the cell surface and the
rubbing direction in the absence of an electric field, considerable χrel,T increases (ca. 40%) together
with large ΔHpp ones, which were noted at the crystal-to-LC phase transition in both cases (Figure 21).
The ferroelectric switching at 25 V was verified by polarized optical microscopy in the absence of a
magnetic field. The bright fan-shaped texture at −25 V and the dark one at +25 V were distinctly
observed [37].
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Figure 21. Temperature dependence of (a and d) χrel,T , (b and e) ΔHpp and g-value (c and f) for (S,S)-1
(m = n = 13, 65% ee) confined in a thin rubbed sandwich cell by EPR spectroscopy at a magnetic field of
around 0.33 T. The magnetic field was applied (a–c) parallel and (d–f) perpendicular to the rubbing
direction. The LC transition temperatures in the heating and cooling runs are shown in the lower and
upper sides of the panels, respectively. (Reprint with permission [37]; Copyright 2020 the Royal Society
of Chemistry).

The difference in temperature dependence of g-values along two direction shows that the magnetic
susceptibility of the (S,S)-1 clearly has an anisotropy with respect to the molecular axis. Since the Curie
constant revealed S = 1/2 nature of the system, the anisotropy stems from high-order perturbation term
of exchange interactions with respect to spin-orbit interactions, such as Dzyaloshinkii-Moriya (DM)
interactions. Moreover, the temperature dependence in the case of Configuration A (Figure 21c) shows
anomalies in the vicinity of ferroelectric LC (FLC) transition. That implies some changes in magnetism
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in connection with ferroelectricity, while little anomaly was found in the case of configuration B
(Figure 21f).

On the other hand, the relative paramagnetic susceptibility (χrel,E) in the presence of an electric
field is defined as:

χrel,E = χpara/χ1 (10)

where χ1 is the standard paramagnetic susceptibility at the initial potential of +25 V and at 75 ◦C. Next,
the electric field dependences of χrel,E, ΔHpp, and g-value were plotted for the (S,S)-1 (m = n = 13,
65% ee), displaying each hysteresis between +25 V and −25 V when the magnetic field was applied
only perpendicularly to the electric field and parallel to the rubbing direction (Figure 22).

 

Figure 22. Electric field dependence of g-value, χrel,E, and ΔHpp for the FLC phase of (S,S)-1 (m-n = 13,
65% ee) confined in a thin rubbed sandwich cell at 75 ◦C by EPR spectroscopy at a magnetic field of
around 0.33 T. The magnetic field was applied (a–c) perpendicularly to the electric field and parallel to
the rubbing direction and (d–f) parallel to the electric field and perpendicular to the rubbing direction.
Open and filled circles represent the application of electric fields from +25 V to −25 V and from −25 V
to +25 V, respectively. (Reprint with permission [37]; Copyright 2020 the Royal Society of Chemistry).
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It is considered that the molecules with the spontaneous electric polarization is inversed by
sweeping the external electric field. Therefore, it is noteworthy that the spin inversion accompanies
the inversion of the molecule, which can be regarded as a nonlinear ME effect. Since the usual
paramagnetic components cannot show such a nonlinear hysteresis loop, the hysteresis indicates
the spin flipping of superparamagnetic domains. This result clearly shows the predominance of the
electric field over a magnetic field in controlling the super-para-magnetic behavior, since the spin
flipping by the electric field occurs even under a large magnetic field of 0.33 T with a constant direction
used for this EPR measurement. The direction-of-magnetic field dependence of the g-value, χrel,E,
and ΔHpp indicates that the super-para-magnetic domains are directed almost perpendicularly to the
spontaneous electric polarization. For both the nonlinear ME effect and the direction-of-magnetic
field dependence, the high-order perturbation term of exchange interactions with respect to spin-orbit
interactions is usually necessary for this S = 1/2 system.

In summary of Section 4, the unique magnetic properties observed for LC nitroxide radicals are
characterized in connection with SG-like magnetic features (see Section 3.1) as follows:

1. The hysteresis observed by measurement of the temperature dependence of magnetic susceptibility
(Figures 10a, 11 and 13) corresponds to the emergence of superparamagnetic domains in the LC
and isotropic phases.

2. The superparamagnetic domains grow in the LC phases under external magnetic fields with the
elapse of time in minutes (Figures 14 and 15).

3. The superparamagnetic components considerably grow with the increasing impurity content or
inhomogeneity (Figure 17).

As shown in Figures 18 and 19, these results imply the formation of the super-para-magnetic
domains, most likely due to the local inhomogeneity in LC phases. Therefore, this picture is analogous
to the cluster glass (See Section 3.3.2), or super-para-magnetic system without magnetic interactions.
A partially broken degree of freedom in LC phases is considered to affect the magnetic properties
of the domains. The super-para-magnetic response to the external magnetic field is due to the
domains’ rotational degree of freedom. Likewise, the factors of molecular mobility and intermolecular
interactions resulting in a favorable molecular correlation in LC phases are likely to contribute to
the long-time scale growth of superparamagnetic domains. To comprehend the microscopic state
of the superparamagnetic domains, we have to investigate the dynamics and interactions between
the domains.

Elucidation of the microscopic mechanism for the formation of super-para-magnetic domains in
the LC nitroxide radicals is a challenging subject. In this context, we discovered that the nonlinear ME
effect occurs in the LC nitroxide radicals (Figure 22). Namely, the super-para-magnetic domains turned
out to be controllable by external electric fields. This result demonstrates the ferroelectric aspects of
super-para-magnetic domains. Accordingly, in Section 5, we propose and discuss the mechanism of
the positive magneto-LC effect on the basis of the nonlinear ME effect.

Meanwhile, quite recently another mechanism has been suggested, in which the positive
magneto-LC effect can be accounted for microscopically in terms of the molecular mobility and
the resulting inhomogeneity of intermolecular interactions without assuming the formation of
superparamagnetic domains by means of MD simulation and DFT calculations (Figure 16) [47]. Namely,
the magnetic features seem to reflect the macroscopic inhomogeneity of the liquid crystal orientation
field, even though the magnetic properties look like those resulting from the superparamagnetic
domains. Since the macroscopic studies on this mechanism is under investigation, only the former
mechanism based on the ME effect is discussed in Section 5.

In addition, it is fairly possible that both mechanisms operate complementarily. The latter
mechanism originating from the molecular mobility is predominant in the LC and isotropic phases, while
the formation of super-para-magnetic domains by the former mechanism results in the preservation of
χTIM in the supercooled LC and solid phases during the cooling process.
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5. Proposed Mechanism

The existence of superparamagnetic domains in rod-like LC nitroxide radicals means the
ferromagnetic spin arrangement inside the domains. However, ferromagnetic ordering through
the direct exchange interactions between radical spins at ambient or higher temperatures in metal-free
organic radicals had been believed to be unrealistic. Moreover, the molecular rotation of as fast as
around 1010 s−1 in a rod-like LC phase may also make the average magnetic interactions much weaker
than in a crystalline phase [25,26]. Contrary to such general believing, the positive magneto-LC effect
has been observed in the rod-like LC nitroxide radicals with a specific molecular structure, but not in
the homologous non-LC nitroxide radicals.

Here, we propose the parasitic ferromagnetism [57] in terms of the nonlinear ME effect, that is,
the induction of ferromagnetism by the emergence of the domains with spontaneous electric polarization
(Figure 23). If there is a cross-correlation term between magnetization (M) and electric polarization (P)
in the free energy, it is plausible that the emergence of M can lower the free energy of the system in the
presence of P.

Figure 23. Two possible mechanisms for the emergence of ferromagnetism in LC nitroxide radicals
induced via DM interactions. (a) The induction of weak ferromagnetism (M) directed perpendicularly
to the electric polarization (P). L denotes the antiferromagnetic vector S1 − S2. (b) A helical magnetic
structure induced by helical molecular alignment in the LC phase. The following are the explanation of
individual symbols and signs in panel b—Spheroid: the rod-like LC nitroxide radical molecule, pi: the
electric polarization of the i-th molecule, pij: the summed electric polarization between the i-th and j-th
molecules, and eij: translational vector directed to the screw axis.

For the operation of this mechanism, the existence of spontaneous polarization (Ps) is necessary,
which emerges as the result of breaking the space inversion symmetry. As described in Section 4.3,
the Ps is already present in the LC phases composed of chiral nitroxide radical molecules. We could
obtain the following three experimental results that indicated the correlation of super-para-magnetic
behavior and the breaking of space inversion symmetry. Firstly, the super-para-magnetic domains
grow during the crystal-to-LC-to-Iso phase transition sequence in the heating process, in which the
birth and growth of domains without space inversion symmetry was revealed by the gradual increase
in the SHG signal (Figure 14). Second, the result that the super-para-magnetic domains augmented
with the increasing ee value of the LC compounds (See Section 4.1.1) is likely to demonstrate the
correlation of the positive magneto-LC effect and the breaking of space inversion symmetry. Third,
and more importantly, it was the external electric field that flipped the g-value of the EPR signal to draw
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a ferromagnetic-like hysteresis loop (Figure 22a). These results suggest that the positive magneto-LC
effect is driven by collective alignment of LC molecules and the subsequent breaking of its space
inversion symmetry.

As one of the origins of nonlinear ME effect, DM interactions, EDM ∼ ∑
i j

Di j·Si × S j, are known.

The Dzyaloshinkii vector (Dij) can be present when the space inversion symmetry is broken.
The existence of DM interactions in LC nitroxide radicals were indicated by the anisotropic g-value
(Figure 21c). Next, we discuss two possibilities for parasitic ferromagnetism on the basis of
DM interactions.

The first possibility is the emergence of weak ferromagnetism accompanying the electric
polarization (Figure 22a). Such weak ferromagnetism is suggested when the contribution of the
energy term, EPLM∼ P·(L×M), exists in the free energy of the system [58]. This is a phenomenological
term resulting from DM interactions, where P denotes the electric polarization, L is antiferromagnetic
vector S1 − S2, and M is the remanent magnetization perpendicular to L (i.e., weak ferromagnetism).
If P is present in the system, the emergence of M leads to a finite EPLM value. Therefore, the canting of
anti-ferromagnetic pairs of S1 and S2 to the direction perpendicular to the electric polarization can
lower the total energy of the system by EPLM (Figure 23a). As expressed in L, large anti-ferromagnetic
correlations between spins by sufficient intermolecular contacts are needed for this mechanism. It is
highly plausible that the large molecular mobility in the LC and isotropic phases is likely responsible
for the inhomogeneous intermolecular contact (Figure 16) [47]. This picture is consistent with the
results obtained from the experiment on the ME effect (Figure 22). Both the g-value and the line width
(ΔHPP) are switched by the external electric field (E) when it is perpendicular to the external magnetic
field H0 (Figure 24).

 
Figure 24. Image of domains with electric polarization and the resulting weak ferromagnetism proposed
in Figure 23a. The light blue-colored background denotes the paramagnetic LC region. Response of
domains to the external electric field rather than the perpendicular magnetic field in the experiment
on ME effect (Figure 22). Note that the correspondence of the direction of magnetic moments with
observed g-value depends on the internal magnetic field at resonant spin sites.

The second possibility is the emergence of helical magnetism by helical alignment of LC molecules
(Figure 23b). It is known that, in the helical magnetic structures, the spins Si and S j can induce the
electric polarization (pij) to satisfy pi j ∼ ei j ×

(
Si × S j

)
due to inverse DM interactions, where ei j is

the unit vector connecting the i-th and j-th sites [59]. In contrast, in the case of LC nitroxide radicals,
the helical structure formed by local pi j from the i-th and j-th molecule might induce the helical
structure of Si and Sj. This helical magnetic structure can have the net magnetization M along the
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direction of the screw axis. To the best of our knowledge, although there is no example for the helical
electric polarization-induced helical magnetization, our proposed mechanism is likely to explain the
unique magnetic properties observed in chiral helical LC phases (Figures 10 and 11) or achiral LC
phases containing partial chiral helical domains (Figure 14).

As for the correlation of super-para-magnetism and electric polarization, similar magnetic
properties can be found in relaxors [60]. A relaxor can be regarded as an electric version of SG
because it has randomly directed ferroelectric domains called Polar Nano Regions (PNR) due to
the inherent randomness and frustration in the system (Figure 25). Recently, the emergence of
super-para-magnetism has been observed at high temperatures with respect to some relaxors (or the
system with relaxor-like behavior) containing magnetic metal ions [61,62] (Figure 26). For the
mechanism of such super-para-magnetic relaxors, the presence of DM interactions are suggested,
which will give weak ferromagnetism perpendicular to the polarization of PNR [61]. In addition,
the MD simulation showed that the addition of spherical apolar impurity to spheroidal polar particles
produces PNR to show the typical behavior of relaxors [63]. This seems analogous to the formation of
ferroelectric domains in LC nitroxide radical samples by an impurity effect (See Section 4.2).

 
Figure 25. Image of PNR in relaxor systems. The electric polarization of each PNR is directed randomly.

 
Figure 26. (a) The hysteretic temperature dependence of magnetic susceptibility and (b) the
super-para-magnetic behavior in the magnetization curves in ZnO−Co relaxor-like nanocomposite thin
films [60]. The labels (a,b) in the original graphs were moved out of the frames by the authors of this
paper. (Reprint with permission [62]; Copyright 2020, American Chemical Society).

In some of these super-para-magnetic relaxors, it was revealed that the super-para-magnetic
domains were identical to PNR by estimating their sizes [61]. In the case of LC nitroxide radicals,
we must clarify the detailed relationship between the magnetic and electric properties in order to
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uncover the mechanism for the birth and grow of super-para-magnetic domains, which will lead
to the elucidation of the microscopic mechanism of positive magneto-LC effect that LC nitroxide
radicals exhibited.

6. Conclusions and Prospects

Since 2008, we have reported that a series of chiral and achiral all-organic LC nitroxide
radicals having one or two PROXYL units in the core position display SG-like superparamagnetic
features, such as a magnetic hysteresis (referred to as positive magneto-LC effect), and thermal
and impurity effects during a heating and cooling cycle in weak magnetic fields. In general,
the enantiomerically-enriched rod-like LC nitroxide radicals trans-1 and their derivatives always
showed a distinct positive magneto-LC effect, irrespective of the molecular positive or negative
dielectric anisotropy (Δε), whereas the corresponding racemic samples exhibited the positive or
negative magneto-LC effect, depending on the negative or positive sign of molecular Δε, respectively.
Furthermore, for the first time, the magneto-electric (ME) effect was observed in the ferroelectric
(SmC*) phase of S,S-enriched 1 (m = n = 13) at temperatures as high as 75 ◦C. Achiral meso diradical
compound (R,S)-3 became SHG-active gradually in the discotic hexagonal columnar phase by heating
in the presence of a magnetic field to form a chiral helical columnar structure and eventually showed a
distinct positive magneto-LC effect. It is also noticeable that a very large impurity effect was observed
for this compound when 20 mol% of racemic cis-diastereomers (R*,R*)-3 was added to the host (R,S)-3
as the impurity.

By comparison of these experimental results with the well-known magnetic properties of SG
materials and on the basis of the results of nonlinear ME effect, we suggest that the positive magneto-LC
effect, i.e., partial formation of super-para-magnetic domains in the major paramagnetic spins in the
LC phase, is most likely to originate from the emergence of weak ferromagnetism accompanying the
electric polarization due to DM interactions and/or the emergence of helical magnetism by helical
alignment of LC molecules.

For the practical application of the positive magneto-LC effect to organic materials science, it is
essential to enlarge the ratio of superparamagnetic domains to paramagnetic spins in the LC and
isotropic phases. The utilization of the impurity effect to form SG-like inhomogeneous magnetic
domains is quite promising because we can select the most suitable compounds among a variety of
candidate magnetic and nonmagnetic organic compounds miscible with LC phases as the impurities.
The electric field control of ferromagnetic domains is another interesting choice. However, this needs
further studies to understand the detailed mechanism of the positive magneto-LC effect. These studies
will offer novel access to the realization and application of ferromagnetic materials composed of organic
radical spins. At the same time, it will be possible to measure the AC magnetic susceptibility at low or
even higher temperatures for elucidating the mechanism of positive magneto-LC effect owing to a
considerable increment of the super-para-magnetic region surrounded by the para-magnetic spins.
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Abstract: The study of chiral symmetry breaking in liquid crystals and the consequent emergence
of ferroelectric and antiferroelectric phases is described. Furthermore, we show that the frustration
between two phases induces a variety of structural phases called subphases and that resonant
X-ray scattering is a powerful tool for the structural analysis of these complicated subphases.
Finally, we discuss the future prospects for clarifying the origin of such successive phase transition.
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1. Introduction: Liquid Crystals

Liquid Crystals (LCs) are stationary state meso-phases appearing between crystals and isotropic
liquids, and have intermediate properties between them, i.e., fluidity and complete disorder as
liquids and three-dimensional long-rage anisotropic ordering as crystals. Spontaneous meso-scale
organization is also characteristic of LCs, and comparatively easy fabrication of fine structures can be
done. Usually rod-like or disk-like shaped molecules with a hard-core part at their center and flexible
end chains tend to exhibit liquid crystal phases. Here, we mainly treat the LCs of rod-like molecules,
in which the phase transition occurs by a thermal process (called “thermotropic liquid crystals”).
By the degree of ordering, LCs are classified into many types. The most disordered type of LC is called
the nematic phase, which has no positional order but the orientational order of a molecular long axis.
The nematic phase appears just below the isotropic liquid phase, and, between the nematic phase and
crystal phase, another LC phase frequently appears. This LC phase has a one-dimensional positional
order (layer order) in addition to the molecular orientational order, called smectic phase. Smectic
phases are additionally classified in many types by molecular orientation along the layer normal or in
a layer. Two common smectic phases are SmA and SmC. In SmA, the molecular long axis is parallel to
the layer normal, and, in SmC, it is tilted, as shown in Figure 1.

Symmetry 2020, 12, 1900; doi:10.3390/sym12111900 www.mdpi.com/journal/symmetry31
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Figure 1. Molecular arrangement of liquid crystal phases: (a) nematic, (b) SmA, (c) SmC(*) and
(d) SmCA(*).

2. Introduction of Chiral Symmetry Breaking to Liquid Crystals and the Appearance of
Ferroelectricity in Liquid Crystals

Chirality has an important factor for many scientific fields, such as biology, chemistry, and physics.
For example, in drag development, one of the enantiomers is active and good for health but the
other becomes poison. In physics, chirality strongly influences the optical properties, such as optical
rotation and circular dichroism. Circular optical polarization properties are the signature of the sample
dissymmetry leading to parity breaking; this is what is defined as chemical chirality. Parity breaking
is a consequence of the absence of any Sn (improper rotation) symmetry element in the sample
symmetry. The disappearance of inversion symmetry due to the chirality induces several physical
properties such as pyroelectricity, piezoelectiricity and ferroelectricity. Of the 32 different space groups,
there are 21 that do not have inversion symmetry and they exhibit piezoelectricity. Among them,
10 space groups show pyroelectricity with spontaneous polarization. However not all materials
exhibiting pyroelectricity exhibit ferroelectricity [1]. In the case that the spontaneous polarization
can be reversed in the application of an external reverse electric field, it is called ferroelectricty.
Even in LCs with fluidity, the ferroelectricity may appear. Most of rod-like molecules exhibiting
LC phases have permanent electric dipole moments parallel and/or perpendicular to the molecular
long axes. If their dipole moments are aligned properly, it is possible to accomplish the occurrence
of ferroelectricity in liquid crystals. However, some factors prevent the occurrence of ferroelectricity:
(1) thermal fluctuation is large, so that dipole-dipole interaction is weak because thermal kinetic energy
is larger than dipole-dipole interaction energy. (2) Due to the high symmetry, free rotation around the
molecular long axis and head and tail equivalence disturbs ferroelectric property. (3) In the case that the
dipole moment is too strong, fluidity induces dimmer organization, and the antiparallel arrangement
of the dipole moment occurs and total polarization is cancelled out.

Since usually the symmetry of the SmC phase is C2h, it is impossible to possess spontaneous
polarization because of the existence of inversion symmetry. However, by introducing the chirality in
the system, its symmetry is broken to C2 without inversion symmetry, so it is possible to produce the
spontaneous polarization along the C2 axis. In SmC(*), molecules still rotate around the molecular long
axis, but the rotation is biased and then the biaxiality appears. Hence, if molecules have a transverse
dipole moment, and the average biasing direction of the transverse dipole moment tends to align
normal to the tiling plane, macroscopic polarization is able to appear in the smectic layer because the
C2 axis is normal to the molecular tilting plane. In such deep consideration for the symmetry of the
LCs, Meyer et al. discovered ferroelectricity in LCs [2,3]. In the SmC* phase,
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PS = P0
z× n
|z× n| (1)

Here, n is the director (average direction of molecular long axes), and z is a unit vector normal
to the smectic layer. Tilt angle θ, which is the angle between z and n, is defined to zero when z is
coincident with n.

Strictly speaking, due to the chirality, molecular tilting direction (azimuthal angle in Figure 2)
is slightly shifted from layer to layer, so that the helical structure whose axis is parallel to the layer
normal is formed in the bulk state. Hence, net polarization of the thick sample may become zero,
because the direction of the polarization in a smectic layer is normal to the tilting direction. The helical
pitch is typically much longer than the smectic layer spacing, which has be of the order of thousands
times of the layer spacing, and the deviation of azimuthal angle between molecules in neighboring
layers is small (less than 1 deg.). Therefore, SmC* is not a real ferroelectric phase in the case of the
bulk state. However, by confining this LC into thin sandwich cells, which are composed of two clean
glass plates and have a gap less than the helical pitch, and aligning the helical axis parallel to the
substrate surface (called “planar alignment”) as shown in Figure 3, helix is suppressed (unwound) by
the surface effect. As a result, in such a condition, the molecular tilting plane is parallel to the surface,
so that the spontaneous polarization exists along the surface normal direction. In such a thin cell
whose substrate is coated with optically transparent electrodes such as ITO (Indium-Thin-Oxide),
molecules are tilted in two states (A or B) by molecular tilt angle ± θ with respect to the layer normal.
If an electric field with proper magnitude whose direction is parallel to the smectic layer is applied
to the ferroelectric SmC* phase in this condition, the polarization is forced to align along the field
direction. Since the molecular tilting (and also director) is normal to the polarization, it is also normal to
the field direction. Therefore, the director is tilted to the z-axis of Figure 3 and parallel to the substrate
(xy) plane (A or B). If the sense of an applied field is inverted, polarization and its corresponding
molecular tilting direction are also inverted correspondingly, so that the director is still parallel to the
substrates but the tilting sense is opposite. As shown in Figure 4, apparent tilt angle and corresponding
polarization shows a single hysteresis behavior with respect to the applied field, which is characteristic
for the ferroelectric property. Hence, the indirect ferreoelectricity appears due to the surface effect,
and this state is called surface-stabilized ferroelectric liquid crystals (SSFLCs) [4].

Figure 2. Bulk structure of the SmC* phase. C-director (blue arrow) means the projection of directors
(molecular long axis) on the smectic layer plane, and the polarization (red arrow) is parallel to the
smectic plane but normal to the C-director.
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Figure 3. Molecular arrangement of SmC* in the thin planar alignment. Due to the surface effect,
molecules are located at A or B states, and the corresponding polarization is oriented up or down to the
substrate normal. By applying the electric field normal to the substrates, molecules switch to A and B
states as the sign of transverse polarization is consistent with the sign of electric field.

Figure 4. Apparent tilt angle of SmC* as a function of the electric field, and the corresponding molecular
arrangement under the electric field.

3. Discovery of Antiferroelectricity in Liquid Crystals

As mentioned later, the ferroelectric SmC* phase shows a fast electro-optic response, whose speed
is in the order of microseconds, much faster than that in the nematic phase using flat panel displays
(msec order). This is because of the direct coupling between the applied electric field and the spontaneous
polarization, which is different from the dielectric coupling in the nematic phase. Hence, FLC has been
expected to utilize next-generation fast flat panel displays, and more than thousands of FLC compounds
were synthesized and extensively studied in order to commercialize it as a new fast response display [5].
In this situation for the study on ferroelectric liquid crystals, an antiferroelectric phase was discovered
in 1989 [6]. A first compound in which antiferroelectric liquid crystal (AFLC) was confirmed was
4-(1-methylheptyloxycarbonyl) phenyl 4′-octyloxybiphenyl- 4-carboxylate (MHPOBC), whose chemical
structure is shown in Figure 5. At first, it was reported that this compound shows so-called tristable
switching in the lower-temperature smectic phase by the Tokyo Tech group [7,8]; the switching shows
two states, which is the same as ferroelectric bistable states mentioned above and another state without
any electric field, but was not clarified why such a switching occurs. Later, considering previous results
and the result of obliquely incident transmission spectra, Chandani et al. concluded that molecules are
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tilted in the opposite sense in neighboring layers and the corresponding polarization was cancelled
out in two layers without any electric field, as shown in Figure 6b [6]. When the proper electric field
is applied, electric-field induced phase transition to ferroelectric states occurs. Apparent tilt angle
and corresponding polarization shows a double hysteresis behavior with respect to the applied field,
which is characteristic for antiferroelectric property, as shown in Figure 6a. In the bulk state, a helical
structure was also formed like SmC* due to the chirality, in such a molecular arrangement with helix,
obliquely incident transmitted spectra are clearly different from that in the ferroelectric SmC* phase.
Details are explained as follows.

Figure 5. Chemical structure of MHPOBC, in which antiferroelectric SmCA* was discovered.

Figure 6. Apparent tilt angle of SmCA* as a function of the electric field (a), and the corresponding
molecular arrangement under the electric field (b).

The important difference between ferroelectric SmC* and antiferroelectric SmCA* is symmetry;
SmC* and SmCA* have C2 and D2 symmetries, respectively. Reflecting this symmetry difference,
the physical properties between them are distinguished. The most remarkable difference of the optical
transmission spectra is as mentioned previously [6]. Bulk states in both phases have helical structures
induced by twisting power due to the chirality. If the helical pitch (strictly speaking, optical pitch,
which is physical pitch multiplied by refractive index) is consistent with the visible wavelength,
the circular polarized light with the same wavelength and the same handedness is selectively reflected,
called selective reflection. Hence, when the transmission spectrum is measured, a clear dip is observed
at this wavelength [6]. When the incident light is parallel to the helical axis, the periodicity of the optical
birefringence corresponds to half the pitch in both SmC* and SmCA*. However, when the incident
light is oblique to the helical axis, the situation changes; in antiferroelectric SmCA*, the periodicity of
the optical birefringence corresponds to half the pitch, but in ferroelectric SmC*, it corresponds to the
full pitch. Hence, from the oblique incident transmission spectra, both phases are clearly distinguished
as shown in Figure 7 [6], which comes from the difference from the molecular arrangement.
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Figure 7. Transmitted spectra at obliquely incident light in SmC* and SmCA*. In SmCA*, the periodicity
of optical birefringence is half the helical pitch, so that the dip of transmission due to the selective
reflection of the full pitch band is not observed (at the red arrow position) [6].

The structure in SmC* showing the ferroelectric property and that in SmCA* showing the
antiferroelectric property are very similar. However, due to the difference of system symmetry, a defect
structure is also drastically different, and this difference can judge the anticlinic structure in SmCA*.
Now we consider the helical pitch in SmC* and SmCA* to be very long or infinite. When we make
homeotropic alignment (in which the layer plane is parallel to the substrate), typical defect texture called
“Schlieren” is frequently observed. In the nematic phase, similar schlieren textures are also observed in
the planar alignment, and it is caused by the spatially deviation of director n orientation, which is the
average direction of molecular long axis around the visible wavelength region. Schlieren texture in the
homeotropic alignment of tilted smectic phase, on the other hand, is caused by the deviation of the
direction of the projection of the director to the smectic layer (c-director). Due to the symmetry, n and
−n are equivalent, but c and −c are not, because they indicate alternately anticlinic tilting orientation
of director. Hence, only four blush schlieren texture, indicating disclination defect with the strength
s = ±1, is observed in the ferroelectric SmC* as shown in Figure 8a. However, in antiferroelectric SmCA*,
two blush schlieren texture, indicating disclination defect with the strength s = ±1/2, is also observed
in addition to the four-blush one [9,10]. Considering c is not equal to −c like SmC*, it is difficult to
attain this defect structure, because it is necessary to provide discontinuous plane along the solid
line as shown in Figure 8b for the appearance of the s = ±1/2 defects and the defect energy becomes
extremely high. However, in the SmCA*, it has an anticilinic structure, so that c-director in adjacent
layers are antiparallel. Therefore, by introducing a screw dislocation with a Burgers vector of the
same magnitude as the single layer thickness together with wedge disclination with s = ±1/2 at the
same position, discontinuous boundary plane can disappear. This defect is called dispiration [10],
which is a combined defect of dislocation and disclination. As far as I know, this is the first obvious
experimental proof of the existence of a dispiration. Additionally, conversely speaking, the appearance
of dispirations provides experimental evidence of the anticlinic structure in the antiferroelectric liquid
crystalline phase [11]. Results of the transmission spectra measurement and texture observation seem
to be indirect experimental proofs of the structure of AFLCs. However, this is enough to explain the
anticlinic structure in AFLCs and electro-optic property. The final direct decision of the structure of
AFLCs was performed by the resonant X-ray scattering technique; the results are shown in Section 5.
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Figure 8. Texture under the crossed polarized observation in the homeotropic alignment in SmC* (a)
and SmCA* (b). In SmCA*, two brushed texture by wedge disclination with s = ±1/2 was observed,
which proves the existence of wedge-screw dispiration. (c) The structure of wedge-screw dispiration
in SmCA*. The small arrows indicate c-directors, which is the projection of directors on the smectic
layer plane. Wedge disclination lines with Frank vector (0, 0, π) as well as the screw dislocation lines
with Burgers vector (0, 0, d) are indicated by bold arrows, which parallel the layer normal (z axis).
Here, d is the layer thickness. This defect can appear by the anticlinic structure in SmCA* [11].

4. Frustration of Ferroelectric and Antiferroelectric Phases; Successive Phase Transition to Several
Subphases between Two Phases

When the antiferroelectric SmCA* phase was discovered in 4-(1-methylheptyloxycarbonyl) phenyl
4′-octyloxybiphenyl-4-carboxylate (MHPOBC), three phases with a narrow temperature range called
“subphase” or “SmC* variants” were already observed between SmA and SmCA*. Fukui et al. first
noticed the existence of subphases by differential scanning calorimetry (DSC) [12]. At almost the
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same time, Takezoe et al. [13] and Chandani et al. [14] reported three subphases between SmA and
SmCA* in MHPOBC, and these subphases were tentatively designated as SmCα*, SmCβ* and SmCγ*
in order of temperature at the beginning, and later found that SmCβ* was normal ferroelectric SmC*.
The SmCγ* phase shows four-state switching in the planar cells [15], and, by conoscope observation [16],
this phase shows an averagely three-layer periodic structure in which two molecules are tilted to
the one side and one molecule is tilted to another side with respect to the layer normal, as shown in
Figure 9b. After further study, some other phases are frequently observed between ferroelectric SmC*
and antiferroelectric SmCA* phases. These phases exist in a very narrow temperature range (several
K to 0.2 K) but are clearly distinguished by texture observation [17], conoscope observation [18–20],
dielectric [21,22] and thermal measurements [23,24], etc. Later complicated successive phase transition
to many subphases is extensively being studied. In particular, subphases are frequently observed in
the binary mixture of FLCs and AFLCs [18–20,25].

Figure 9. Molecular arrangement of subphase between SmC* and SmCA*, and the corresponding qT
number. (a) antiferroelectric SmCA*, (b) correponds to SmCγ* phase, (c) is the subphase with four-layer
periodicity, and (d) ferroelectric SmC*.

First, discovered subphase (SmCγ*) forms a three-layered periodic structure mentioned above,
and four-layered periodic subphases were next discovered in 4-(1-methylheptyloxycarbonyl) phenyl
4′-octylbiphenyl- 4-carboxylate (MHPBC) [26]. Typical molecular arrangements are shown in Figure 9c.
In the four-layer periodic phase, two molecules in the nearest layer tilt with the same sense, but the
molecules in the next two layers tilt with opposite sense, and such a molecular arrangement is formed
repeatedly. Here, molecular ordering in adjacent layers is defined as follows: when the molecules in
adjacent layers tilt with opposite sense, the molecular ordering is “A”, which means antiferroelectric
(or anticlinic) ordering. Additionally, when they tilt with the same sense, the molecular ordering is “F”,
which means ferroelectric (or synclinic) ordering. Here, any subphase expected to appear is specified
by an irreducible rational number, qT [25],

qT = [F]/([A] + [F])
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where [F] and [A] are the number of synclinic ferroelectric and anticlinic antiferroelectric orderings,
respectively. In the three-layered periodic subphase (SmCγ*), qT= 1/3, while qT= 1/2 in the four-layered
periodic subphase. In antiferroelectric SmCA* and ferroelectric SmC*, qT = 0 and 1, respectively, so that
the qT number of the subphase step by step and gradually increases on heating.

At first, at least five subphases are proposed in the electro-optic and conoscope measurements [25],
but because of the experimental difficulty such as the temperature accuracy being less than ±0.1 ◦C
due to the narrow temperature range of each subphase and indirect information about the structure
obtained by such an experiment, only two subphases got the public’s attention. For SmCA*(qT = 1/3)
and SmCA*(qT = 1/2), the structures are relatively recognized because these subphases are observed
more frequently in many liquid crystal compounds and mixtures, and there are many experimental
data. Finally, the three-layer or four-layer periodic structures have been decisively recognized world
wide by the resonant X-ray scattering technique about 15 years ago [27].

5. Resonant X-ray Scattering and the Determination of Molecular Arrangement of Subphases

The conventional X-ray scattering comes from the electron density distribution of the materials.
Because the spherical symmetry of electron density was supposed in each atom, the X-ray susceptibility
of the system is usually regarded as a scholar. In this technique, density periodicity can be detected by
the Bragg condition. The smectic phase has a one-dimensional positional order with a two-dimensional
liquid order, and the density has a periodicity along the layer normal. Since the X-ray susceptibility is
treated as a scholar, the densities of the smectic layer in which tilt of the molecule is left and right are not
distinguished. Hence, in synclinic SmC* and anticlinic SmCA* (and other suphases), X-ray diffraction
profiles reflecting the density distribution along the layer normal are the same.

On the other hand, the resonant X-ray scattering (RXS) technique treats the X-ray susceptibility as
a tensor but not a scholar at the absorption edge energy of a specific element as surfa, selenium and
bromine, etc. Thus, RXS intensity reflects the system symmetry, and, as a result, the prohibited Bragg
diffraction in the conventional method can appear as satellite peaks, which reflects the corresponding
system symmetry. Hence, the orientational order (local layer structure) of different subphases can be
clarified by measuring and analyzing resonant scattering satellite peaks. Using this technique, Mach et al.
firstly directly clarified the two-, three-, and four-layer periodic structures in SmCA*(qT = 0), qT = 1/3
and qT = 1/2 [27]. RXS satellite peaks obtained from the subphase at the resonant condition appear at

Q/Q0= l +m/ν ± ε

where Q is the scattering vector and Q0 = 2π/d, d is the smectic layer spacing, l = 1, 2, 3 . . . is the
diffraction order due to the smectic layer spacing, ν is the number of layers in the unit cell of a subphase,
m = ±1, ±2, . . . , ±(ν − 1) defines RXS peak positions due to the super-lattice periodicity. ε = d/P, and P
is the pitch of the macroscopic helix. Later, using this technique, some groups have extensively studied
subphases with 3- and 4-layer periodic structures [28–31]. Related to the RXS experiment, Levelut and
Pansu calculated the tensorial X-ray structure factor in the smectici phase with the various structure
models [32].

The author and his coworkers also performed a new experiment using microbeam resonant
X-ray scattering to determine the structure of the novel subpahse except qT = 1/3 and qT = 1/2.
Here, we synthesized Br-containing chiral molecule, (S,S)-bis-[4′-(1-methylheptyloxycarbonyl)-4-biphenyl]
2-bromo-terephthalate (compound 1) [33], and measured RXS in the mixture of compound 1 and
(S,S)-α, ω -bis (4-{[4′-(1-methylheptyloxycarbonyl)biphenyl-4-yl] oxycarbonyl}phenoxy)hexane [34].
The results are shown in Figure 10. The most notable result was Figure 10d; 1 ± 0.17 satellite peaks are
observed, which clearly indicates a six-layer periodic superstructure just above the SmCA*(qT = 1/2)
phase. Based on the paper written by Osipov and Gorkunov [35], we calculated the satellite peak
intensity of six-layered structures. Considering the calculated results and finite dielectric constants
caused by a non-zero net spontaneous polarization are observed for the observed six-layer subphase
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(qT = 2/3), we conclude that the ferrielectric structure of Figure 10e is considered to be more suitable
to explain our experimental results. This structure was theoretically predicted by Emelyanenko and
Ishikawa [36]. The smectic phase with six-layer periodicity has been already found between the SmC*
and SmCα* phases by Wang et al. [37], but this is the first evidence of the subphase except qT = 1/3
and 1/2 between SmC* and SmCA*.

Figure 10. Two-dimensional microbeam resonant X-ray scattering profiles at various temperatures:
(a) SmCA*(qT = 0), (b) qT = 1/3, (c) qT = 1/2, (d) qT = 2/3, and (e) SmC*(qT = 1) [34]. The red arrows
indicate the satellite peak positions.

Further experiments were conducted and three new subphases were found by Feng et al. [38].
The results are shown in Figure 11, obtained from the mixture of Se-containing chiral liquid crystalline
molecules. Between SmCA*(qT = 0) and SmCA*(qT = 1/3), subphases showing 3/8 and 5/8 resonant
scattering are observed. Phase transition to this subphase was also observed by in situ texture
observation by the polarized microscope equipped in the RXS system. From the calculation of relative
intensities of RXS peaks based on Osipov and Gorkunov’s paper [35], we could conclude that
this subphase is SmCA*(qT = 1/4) with an eight-layer periodic structure, as shown in Figure 11d.
This summary is also consistent with to the simplest Farey sequence number, and the results of
electric-field induced optical birefringence measurement. Furthermore, this subphase was universally
observed in the different mixture of two Se-containing chiral molecules.
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Figure 11. Microbeam resonant X-ray scattering intensity profiles in a binary mixture including
a Se-containing chiral molecule for two-layer SmCA* (a), eight-layer qT = 1/4 (b), and three-layer
qT = 1/3 (c) [38]. (d) Molecular arrangement of qT = 1/4 with an eight-layer periodic structure obtained
from the calculation using the Osipov–Gorkunov formula [35].

Between SmCA*(qT = 1/3) and SmCA*(qT = 1/2), other different subphases are confirmed [38].
Figure 12 shows one-dimensional RXS intensity profiles along the layer normal of two Se-containing
chiral molecules at various temperatures. Just above SmCA*(qT = 1/3), RXS satellite peaks were
observed at Q/Q0 = 0.3 and 0.7, which suggest that the subphase has a ten-layer periodic structure.
Calculating RXS relative peak intensities for the respect to ten-layer periodic structures using the
Osipov–Gorkunov formula and comparing electric-field induced optical birefringence measurement,
we could summarize this subphase is SmCA*(qT = 2/5) and its molecular arrangement in the ten-layer
periodic structure shown in Figure 12b. Furthermore, another RXS satellite peak at about Q/Q0 = 0.286
(~2/7) was observed at the temperature between SmCA*(qT = 2/5) and SmCA*(qT = 1/2), suggesting
the subphase SmCA*(qT = 3/7) with ferrielectric structure detecting by electric-field induced optical
birefringence measurement. However, this satellite peak sometimes overlaps the RXS satellite peak
at Q/Q0 = 0.3 due to the coexistence of two subphases, and it is difficult to determine the structure
decisively. We would like to perform more delicate measurements in the future.

In this way, the existence of suphases, which have not been recognized before, was clarified
in addition to the three- and four-layered structures (SmCA*(qT = 1/3) and SmCA*(qT = 1/2)).
Similar subphases are theoretically predicted by Emelynaneko and Osipov [39]; they considered the
frustration between ferroelectric SmC* and antiferroelectric SmCA* and resulting degeneracy lifting
by long-range interlayer interaction due to the discrete flexoelectric effect, they predicted subphases
that could emerge, and, in these subphases, qT = 1/4 is contained between SmCA*(qT = 0) and
SmCA*(qT = 1/3). They also predicted the emergence of qT = 3/7 (seven-layer periodic structure)
but not the emergence of qT = 2/5 (ten-layer periodic structure), because their numerical calculations
were limited to nine smectic layers in the unit cell. When the calculations are expanded to ten layers,
qT = 2/5 with ten-layer periodicity appears [40].
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Figure 12. (a) Microbeam resonant X-ray scattering intensity profiles along the layer normal as
a function of the normalized scattering vector (Q/Q0, where Q0 = 2π/d and d is a layer spacing) in of
the mixture of AS657 (80 wt. %) and AS620 (20 wt. %). Between three-layer (qT = 1/3) and four-layer
(qT = 1/2) subphases, ten-layer (qT = 2/5) and seven-layer (qT = 3/7) subphases are observed [38].
(b) Molecular arrangement of qT = 2/5 with a ten-layer periodic structure obtained from the calculation
using the Osipov–Gorkunov formula [35].

6. Brief Summary: My Future Plan and Expectations for Applications

Finally, in the future, it is necessary to find additional suphases in different compounds to
demonstrate their universality. For this purpose, not only resonant hard X-ray scattering, which requires
specific elements, but also resonant soft X-ray scattering (RSoXS) using the absorption K-edge of
carbon atom would be a powerful tool [41–43], and we have just started the study using RSoXS.
As for applications, large flat panels may be difficult, but applications to small, high-definition display
devices [44], optical modulators [45], and microwave and millimeter-wave control devices [46] can still
be expected with the advantage of a fast response time (μsec order).
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Abstract: In this paper, macroscopic chiral symmetry breaking refers to as the process in which a
mixture of enantiomers departs from 50–50 symmetry to favor one chirality, resulting in either a
scalemic mixture or a pure enantiomer. In this domain, crystallization offers various possibilities,
from the classical Viedma ripening or Temperature Cycle-Induced Deracemization to the famous
Kondepudi experiment and then to so-called Preferential Enrichment. These processes, together with
some variants, will be depicted in terms of thermodynamic pathways, departure from equilibrium
and operating conditions. Influential parameters on the final state will be reviewed as well as the
impact of kinetics of the R⇔ S equilibrium in solution on chiral symmetry breaking. How one can
control the outcome of symmetry breaking is examined. Several open questions are detailed and
different interpretations are discussed.

Keywords: chirality; deracemization; preferential enrichment; thermodynamics; phase diagrams; kinetics

1. Context, Introduction

1.1. Chiral Discrimination between Pairs of Enantiomers in the Solid State

Two behaviors of the R–S system regarding racemization need to be distinguished. In the first
case, the two enantiomers do not interconvert under the operating condition or in the time scale of the
experiment. Therefore, the system is a symmetrical binary system where the two components have
exactly the same thermodynamic properties (temperature, enthalpy and entropy of fusion, density,
Cp versus T, etc.). This behavior is represented in Figure 1A–D. In the second case, the two enantiomers
racemize rapidly in the liquid state. There is a relationship of interdependence between the two
components, so the system is actually a degenerated binary system, as depicted in Figure 1E.
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Figure 1. Binary system between a pair of enantiomers showing different types of chiral discriminations
in the solid state: (A–D) in the absence of racemization in the liquid state; (E) with racemization in the
liquid state. In cases (A–C), the vertical dashed lines represent metastable racemic compounds. System
E represents a conglomerate with fast racemization in the liquid state.

There are several degrees of chiral discrimination in the solid state [1]. The top chiral discrimination
occurs when every single crystal contains a single enantiomer, which is called conglomerate. This is
often defined as “spontaneous resolution” (Figure 1A). The same case can exist with a partial solid
solution (Figure 1B). By extension, there is also the possibility of a complete solid solution with a
maximum or minimum point where, in the full composition range, both enantiomers are randomly
distributed over the crystallographic sites. (Figure 1C). In the latter case, if there is no miscibility gap
in the solid state, the chiral discrimination in this single solid phase is very poor. Then, there is the
important heterochiral recognition corresponding to the formation of a stable <1-1> stoichiometric
intermediate solid phase, called the “racemic compound” (Figure 1D). The latter case is by far the most
popular: it accounts for 90–95% of all derivatives of a given couple of enantiomers. Crystallographic
surveys show that most of these racemic compounds crystallize in a centro-symmetric space group
(P21/c, P-1, Pbca, C2/c have the greatest occurrence). Nevertheless, there are several hundreds of
kryptoracemic compounds (KRCs) in CSD version 2020. These KRCs account for ca. 1% of the racemic
compounds. In those structures corresponding to chiral space groups (also named Sohncke space
groups), the two enantiomers are in equal amount in the unit cell, but as independent molecules [2–5].
Therefore, Z’ is an even number. When Z’ > 2, other possibilities can arise such as anomalous
conglomerates [6–8].

When changing the temperature, the chiral discrimination can be slightly or even completely
altered. Indeed, from a racemic compound at low temperature, a stable conglomerate can be obtained
at higher temperature through a three-phase peritectoid invariant [1]. The opposite situation is also
well known. The three-phase invariant is then a eutectoid [9]. The switch from a racemic compound to
a conglomerate-forming system can also appear with the addition of a particular solvent or co-crystal
former or both [10]. The addition of crystal co-formers (isolated or in a mixture of solvents, counter-ions,
co-crystal former, etc.) greatly increases the number of possibilities to explore in order to spot at least
one conglomerate [11,12]. This increases the order of the system, which is no longer binary, but ternary,
quaternary, quinary, etc. [13]. High-throughput techniques are of great help to alleviate the amount of
work due to the overwhelming number of tests [14,15].

A complete solid solution at high temperature does not prevent the existence of a large miscibility
gap in the solid state at low temperature [16]. The chiral discrimination in the solid state increases
continuously as the two symmetrical solvus curves become more apart and towards a low temperature.

We will see that (paragraph on Preferential Enrichment: PE hereafter), for some special cases,
and for systems initially very far from equilibrium reproducible chiral symmetry breaking can be
observed. Conversely, departure from equilibrium can be detrimental to the chiral discrimination
in the solid state. Fast cooling can lead to solid solutions without PE effects and even more severe
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cooling (i.e., quenching) can lead to amorphous material without any kind of macroscopic chiral
recognition [17].

Partial solid solutions between enantiomers are also well known [5,18]. Those cases are
intermediate between conglomerates without solid solution and with complete solid solution. In some
systems, the crystal growths of the pure enantiomers can lead to peculiar microstructures named
lamellar conglomerates, which should not be confused with racemic compounds [19].

1.2. Equilibrium in Solution

In solution, we can consider two different extreme situations: no racemization and fast
racemization [10]. In the former, the chirality of the chemical entity is blocked in the solid state
as well as in the liquid state. The latter encompasses: (i) the loss of chirality in a solution such as
sodium chlorate (“racemization” is instantaneous here); (ii) some atropisomers with a low energetic
barrier between the enantiomers in solution; (iii) enantiomers that can rapidly interconvert by the
action of a catalyst (a base, an acid, an enzyme, etc.) (Figure 2).

Figure 2. Degenerated conglomerate-forming ternary system with fast racemization in the liquid
phase. The vertical plane contains the racemic liquor from saturated solution at a different temperature
to the vertical line of the pure solvent. All other compositions of the liquid phase are simply not
accessible. The green and blue tie lines, respectively, connect the S enantiomer and the R enantiomer to
the saturated racemic solution at a given temperature.

2. Macroscopic Spontaneous Chiral Symmetry Breaking Induced by Crystallization

Deracemization Induced by a Flux of Energy Crossing the Suspension (DIFECS)

When a fast racemization takes place in solution under the same condition as the crystallization
of a conglomerate, it is possible to observe a spontaneous macroscopic break in symmetry.
The corresponding phase diagrams are no longer those displayed in Figure 1A–D, as detailed
in [20,21]. Indeed, the phase diagrams are degenerated because the liquid phase can only contain an
equimolar amount of enantiomers (i.e., a racemic composition see Figures 1E and 2). Under those
circumstances, any energy flux passing through the suspension for long enough will lead to the
disappearance of one population of homochiral crystals. A constant mechanical stress such as grinding
(known as Viedma ripening) [22], numerous temperature cycles [23], long exposure to ultrasound [24],
pressure stress [25] or microwaves [26] are general methods enabling the evolution of the initial
dual population of particles to a single population of crystals containing a single enantiomer only,
i.e., deracemization. Those methods operate rather close to thermodynamic equilibrium.
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In Figure 3, the isotherm shows the main feature of the process. V stands for the solvent, while S
and R are the two enantiomorphous chemical entities. Due to the fast racemization in solution or simply
the absence of chirality in solution, the attainable states of the system are inside the triangle S-R- LSAT

and along the racemic line V- LSAT. LSAT is the point representative of the saturated racemic solution
at that temperature. Under strong enough continuous attrition, the initial suspension represented
by point I evolves towards FR or FS (Figure 3A,B). Simultaneously, the racemic mixture of solids
represented by point M evolves towards S or R, i.e., the pure enantiomers. The tie lines connecting the
constant saturated liquid LSAT, the point representative of the overall synthetic mixture and the point
representative of the solid composition move from LSAT–I–M to LSAT–FS–S or LSAT–FR–R. If the system
does not contain any chiral impurity and the initial two populations of crystals are symmetrical in
terms of Crystal Size Distribution (CSD) and Growth Rate Dispersion (GRD), the last stage of evolution,
that is, crystals of pure S or else pure R in equilibrium with LSAT, is purely stochastic. Usually, the
kinetics of this spontaneous evolution are of the first order. In other words, logarithm of enantiomeric
excess (e.e.) versus time is linear. The more the overall composition departs from 50–50 composition,
the faster the evolution towards homochirality is. Thus, it is an auto-catalytic process. However, if the
system contains chiral impurities, the growth and dissolution rates of the two enantiomers become
different, promoting one enantiomer over the other. The final evolution of Viedma ripening can be
directed by using a chiral impurity and the e.e. versus time can also evolve linearly [27].

Figure 3. Spontaneous deracemization by Viedma ripening, ultrasound, microwaves towards R
enantiomer (part (A)) and towards S enantiomer (part (B)). Starting from a suspension represented by
point I, composed of a doubly saturated solution LSAT and an equimolar mixture of pure chiral solids,
the system will spontaneously break its symmetry by an evolution towards LSAT–FR–R (represented) or
conversely to a symmetrical system: LSAT–FS–S (not represented). FR and FS represent the two possible
final compositions of the overall synthetic mixture after symmetry breaking.

Viedma ripening can be implemented directly during the synthesis; this method is called
asymmetric synthesis, involving dynamic enantioselective crystallization [28].

For example, isoindolinones, a class of compounds used as core structures for pharmaceutical
applications, were resolved successfully using Viedma ripening by the group of Vlieg [29]. Indeed,
isoindolinones 1–3 (Figure 4) crystallize in a conglomerate-forming system and racemize quickly in
solution without a catalyst.
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Figure 4. Isoindolinones that could be deracemized by Viedma ripening.

Repetitive oscillations of temperature are also able to induce deracemization in the system without
limiting scale. This spontaneous process is known as Temperature Cycle-Induced Deracemization
(known as TCID) [23]. The temperature gradient could be in space [30] or in time [31], or even both [32].
Figure 5 shows the corresponding phase diagram, which illustrates the evolution of the system when
the temperature of the whole system fluctuates between TL and TH, the low and high temperatures,
respectively. When the e.e. of the solid phase strongly departs from zero, it is beneficial to decrease
the amplitude of the temperature oscillation. The damped effect avoids wasting time and energy by
preventing the dissolution of the enantiomer in excess [33].

Figure 5. TCID experiment: the inset shows the racemic vertical section versus temperature M–V–T,
starting from a suspension of composition I, composed of a racemic mixture M of pure enantiomers in
equilibrium with their saturated solution at TL. Repetitive thermal oscillations of the suspension from
TL to TH back and forth lead to complete deracemization (i.e., chiral symmetry breaking). Here, only
the evolution to R is represented, but, in the absence of any chiral bias, the system can evolve to S as
well. The amplitude and kinetics of the temperature oscillation impact the kinetics of deracemization.

Figure 5 schematizes the principle of deracemization by TCID; only one spontaneous evolution is
shown: towards the R enantiomer. Two isotherms are represented: one at TL and the other one at TH.
When the initial suspension I is put back and forth from TL to TH, it undergoes partial dissolution
and recrystallization cycles. Starting from a suspension represented by point I, the overall synthetic
mixture evolves towards FR/H at TH and FR/L at TL. Simultaneously, the composition of the solid phase
evolves towards the pure enantiomer R (or S; the latter case is symmetrical to the one represented in
Figure 5). It is worth noting that there is an initial period without a noticeable evolution in the e.e.
of the solid phase. However, the CSD and GRD and probably other solid-phase attributes, change
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during that period. This first step ends with what is called the “take-off”, a colloquial expression for
the significant macroscopic evolution of the system. Kinetics can have a rather odd aspect, e.g., the
system can remain seated on the “racemic fence” for several days before the take off. This phenomenon
illustrates the stochastic aspect of spontaneous symmetry breaking. After this first period, the system
shows the classical sigmoid evolution of the enantiomeric excess (e.e.) of the solid phase vs. time,
which means that it possesses first-order kinetics.

The temperature versus time profile must be tuned for the achievement of the deracemization
and for its productivity, together with the minimization of the chemical degradation, if there is any.
The variation in solubility versus temperature is, of course, an important factor, but the cooling rate
is also important for the generation of small nuclei via secondary nucleation. This phenomenon
participates to the turnover of the particles of the two populations of crystals [34].

Deracemization using temperature fluctuations was demonstrated on a precursor of paclobutrazol,
a molecule of interest because of its role as a plant growth inhibitor (Figure 6) [31]. In this case,
the temperature fluctuations range between 20 ◦C and 25 ◦C or 30 ◦C and the racemization is induced
by sodium hydroxide.

 

Figure 6. 1-(4-chlorophenyl)-4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pentan-3-one, a precursor of paclobutrazol,
which served as a model compound for TCID.

In addition to mechanical or thermal energy fluxes (see above), other energetic fluxes passing
through the suspension lead to complete deracemization (Deracemization Induced by a Flux of Energy
Crossing the Suspension (DIFECS). For instance, periodic variations in pressure [25] or pressure
and temperature [35], microwaves [26], and photons for light-sensitive molecules [11] have proved
to induce complete chiral symmetry breaking. This is not a limitative list. On top of this, these
stimuli have agonist effects and thus can be cumulated to speed-up the macroscopic chiral symmetry
breaking [36]. The common features of these processes are that they are operated somewhat close to
thermodynamic equilibrium with a stochastic character regarding the final stages, R or S. They show
first-order kinetics, that is, an autocatalytic global behavior. This does not mean that the predominant
mechanisms are all the same. For instance, the application of ultrasound could be faster than attrition
to induce complete deracemization; nevertheless, the final crystals are bigger [24]. The agonist effects
of those various fluxes of energy seem more consistent with several—concomitant—possible pathways.
Several mathematical models have been proposed that fit pretty well with the sigmoid shape of
e.e. variation in the solid versus time [37–41]. DIFECS has been proven to be suitable for general
application, provided the two following conditions are fulfilled: a conglomerate is in equilibrium with
a doubly saturated solution and the chemical entities undergo rapid racemization in solution if not
instantaneous—e.g., in the case of a loss of asymmetry such as NaClO3 and NaBrO3.

For instance, glutamic acid could be deracemized by microwave-assisted temperature cycling
with a much shorter process time compared to conventional temperature cycles [26].

Kondepudi’s experiment [42] is another illustration of spontaneous chiral macroscopic symmetry
breaking by using crystallization in a conglomerate-forming system. Figure 7 illustrates this experiment.
Typically, a racemic solution is cooled down with given kinetics in a stirred medium. If the system
is able to generate a single nucleus only (the “Eve” crystal) for a sufficient period of time and if the
stirring rate and stirring mode [43] are adequately tuned, numerous offspring crystals will be created
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by collision with the stirrer or the wall of the reactor and thus a fast secondary nucleation originates
from this “Eve” crystal. This phenomenon drops the supersaturation of the medium. At the end of the
process, a homochiral population of crystals is generated, which are all descendants of the one which
nucleated first. Ideally, by repeating numerous experiments, the results should be a random series of
(−) and (+) populations of crystals that are statistically close to 50–50%.

Figure 7. Kondepudi’s experiment: in the inset, the temperature versus composition pathway of
the mother liquor is represented. This is the racemic section as the liquid phase cannot deviate
from enantiomeric excess (e.e.) = 0. In this experiment, it is possible that I-K1-LSAT and I-K2-LSAT

pathways lead to the homochirality of the solid phase. By contrast, KM might correspond to an
excessive undercooling which leads to several quasi simultaneous primary nucleation events and thus
a heterochiral final population of crystals.

This process was first described by Kondepudi, who found that spontaneous symmetry breaking
upon the crystallization of sodium chlorate occurs in stirred solutions, whereas static conditions give
an equal amount of L and D crystals [44]. Kondepudi’s experiment is also applicable to the molten
state, as a supercooled melt of 1,1′-binaphthyl could crystallize with a large enantiomeric excess when
vigorously stirred [45].

Preferential Enrichment (PE hereafter) also appears as a spontaneous macroscopic symmetry
breaking phenomenon [46]. It was discovered and has been developed for 25 years by Professor
Rui Tamura at Kyoto University. Initially confined to a series of non-racemizable organic salts
(first generation), it has since been extended to other families of compounds such as amino acids and
chiral pharmaceutical drugs (second generation compounds, hereafter considered non-racemizable
chemical entities). It is, in a way, the opposite of preferential crystallization. Indeed, the binary system
corresponds to an intermediate state between Figure 1B,C (see below for a discussion on the nature
of the solid phase close to racemic composition), it is run with a considerable supersaturation and
the phase that is very much enriched (>90% e.e.) is the mother liquor. By contrast, the solid phase
exhibits a poor and opposite deviation (ca 4–5% e.e.). In opposition, preferential crystallization [47] is
run rather close to equilibrium with a conglomerate-forming system (Figure 1A) and the very much
enriched phase is the solid. The e.e. of the mother liquor is opposite to that of the solid and usually
remains lower than 20% (this value is merely for the best cases). Several conditions have been pointed
out in relation to the success of PE:

(i) A large solubility difference between the racemic composition (poorly soluble) and the pure
enantiomer (much more soluble) is necessary. The alpha molar ratio, α = s(±)/s(+) = s(±)/s(−),
is thus very small (this constitutes another contrast with preferential crystallization for which α
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is usually comprised between:
√

(2) and 2). Various analyses of racemic solutions in different
solvents led to the surmised existence of solvated homochiral assemblies.

(ii) For a globally racemic composition, the crystal structure permits a certain degree of disorder
between homochiral chains and/or planes, even if single crystals obtained from poorly
supersaturated racemic solution (e.g., point Ω1.2 in Figure 8 representing a supersaturation
C/CSAT = 1.2) could have their structures resolved by X-ray diffraction in centrosymmetric space
groups such as P-1 (the most frequent for PE) or P21/c. However, crystals obtained under high
supersaturation (i.e., from a clear solution represented by point Ω8 in Figure 8) clearly reveal,
by Second Harmonic Generation (SHG), homochiral domains. If this effect cannot be detected,
PE experiments fail [48].

(iii) The first generation of compounds showing PE effect have all exhibited solid–solid transitions
between various disordered phases. For the second generation of compounds showing PE effect
in some cases, no such solid–solid transition could be detected. A solid–solid transition during
PE does not appear anymore as a mandatory condition for its success.

(iv) From the first solid crystallized, which can have a high degree of stacking faults, a selective
dissolution of domains containing the same enantiomer as that in excess in the solution occurs.
A unique, detailed study [49] has shown that this dissolution is actually concomitant to the
re-incorporation of the opposition enantiomer. It is thus the exchange of opposite enantiomers
that is likely to be a concerted process. This results in a clear enrichment of the mother liquor and,
simultaneously, a slight enrichment of the solid phase in the opposite enantiomer At the end of
PE, the solid phase appears to be composed of Heterogeneous Nearly-Racemic Crystals (HNRC).
This is different from a genuine solid solution (i.e., mixed crystals) where a random distribution
of the two enantiomeric molecules is observed over the crystallographic sites. In HNRC, there are
some homochiral domains of sub-micron to micron sizes.

(v) The HNRC could remain kinetically stable for months without a return to stable equilibrium if
the system remains unstirred in a quiescent state.

Figure 8. Second generation of compound presenting Preferential Enrichment (PE) effect (without
polymorphism), when left very far from equilibrium, e.g., solution Ω8 +. From the eightfold
supersaturation, crystallization takes place and the solution point moves along a trajectory schematized
by the red curve. The final evolution of the system is represented by the solution LF and solid K—with
opposite chirality—both aligned with point Ω8, representing the overall synthetic mixture.
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It is important to mention that PE has to be run at very high initial supersaturation and the system
should not undergo any mechanical stress. For instance, smooth stirring introduced by the slow
motion of a rocking plate is enough to derail PE and to return to normal thermodynamics without
macroscopic symmetry breaking. Moreover, if the initial supersaturation is not high enough (β > four,
six, eight or more (!)) PE is not observed. Thus, PE is clearly a far from equilibrium process. In Figure 8,
the red tie line connecting the composition of the mother liquor and the solid at the end of the PE
intersects the racemic line M–LRAC, which is a clear violation of the thermodynamics of equilibrium.
The thermodynamics of equilibrium are represented by the black tie lines and, within their context,
it is impossible to have a break in symmetry, i.e., to have a solution and a solid of opposite chirality for
a long period of time. When the macroscopic evolution of the system is over—this can take several
days—the composition of the mother liquor (e.g., +95% e.e.) and that of the solid (e.g., ca. −4–5% e.e.)
can remain unchanged for months, maybe more, in a stagnant medium.

An efficient Preferential Enrichment phenomenon could be observed for the (DL)-phenylalanine
and fumaric acid co-crystal (Figure 9) [50].

 

Figure 9. Cocrystal of (DL)-phenylalanine and fumaric acid, a system that exhibits Preferential Enrichment.

There is an interesting analogy between Lamellar conglomerates [19] and fluctuations in
enantiomeric composition around the racemic composition observed in PE. On the one hand, lamellar
conglomerates correspond to the stacking of homochiral domains [51]. A particle, crystallized from a
racemic solution, could look very much like a nice, single crystal, but could actually be constituted by
the alternation of homochiral domains. At the interface of opposite domains, a 2D racemic compound
is formed, but, for unclear reasons, this packing does not expand in the third direction. Quite often,
the Flack parameter [52] reveals trouble in the absolute configuration assignment of the molecule
and the non-linear optics of the powder show an enhanced SHG effect compared to that of a single
enantiomer with the same CSD. The global composition is thus quasi-racemic, but this is not actually a
single crystal. On the other hand, when operating PE with large supersaturation and under stagnant
conditions (and therefore far from equilibrium thermodynamics), there are also fluctuations in the
composition of solid particles. This could also be revealed by the SHG effect. Thus, the PE effect is
linked to the formation of Heterogeneous Nearly-Racemic Crystals (HNRC) or, in other words, racemic
compounds with local fluctuations in their enantiomeric composition. Racemic crystals that do not
display the possibility of local enantiomeric fluctuation do not exhibit any PE effects.

Stirring the crystallizing suspension curbs the fluctuations in its composition and totally inhibits
PE. Local deviations in the composition of the stagnant mother liquor in the vicinity of the growing
surfaces are the driving forces of those phenomena. For lamellar conglomerates, when an S crystal is
growing, the R enantiomer is overrepresented in the neighboring solution. The heteronucleation of R
on top of the S crystal is more likely as preferential crystallization proceeds towards the end of a run
(see Figure 10 and caption). The resulting epitaxy is a sort of regulatory phenomenon that diminishes
the entrainment effect, i.e., drops the magnitude of the transient symmetry breaking. One study
has shown that these local fluctuations could be amplified at a macroscopic scale in the mother
liquor [53]. In the case of PE, the opposite effect occurs: the incorporation of the minor enantiomer in
the mother liquor around the crystal and the liberation of the minor enantiomer in the solid (slightly
in default in the solid) constitute an amplification of local dissymmetry (see Figure 10 and caption).
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One can perceive this phenomenon as another type of ripening resulting from an initial, far from
equilibrium crystallization.

Figure 10. Schematic representation of the mechanisms of formation of heterochiral domains in single
particles in PE and Preferential Crystallization (PC). Left: as explained in conditions for the success
of PE, solvated homochiral associations are likely to exist, and are symbolized as vertical redundant
letters—S or R. During the process, even when the supersaturation becomes fairly weak, the minor
enantiomer in solution can substitute for the minor enantiomer in the defective solid state. Thus, there
is an amplification of the e.e. in the solid and in the mother liquor. Right: focus of the crystal growth of
the S enantiomer during PC, the mother liquor is depleted in the S enantiomer in the vicinity of the
single crystal. As R is supersaturated, it is possible for this enantiomer to heteronucleate on top of its
antipode by means of an epitaxy. In both cases PE and PC, the resulting particles are constituted by
homochiral domains: sub-micron to several microns size in PE and up to hundreds of microns in PC.

One of the deep-seated reasons for those effects is the existence of an exact match between the
crystal lattices of the enantiomorphous components (i.e., the Friedel and Royer conditions for the
junction of the two crystal lattices are perfectly fulfilled) [54].

3. Control of Macroscopic Chiral Symmetry Breaking by Means of Crystallization

It is possible to orientate the symmetry breaking towards a desired enantiomer by using several
robust methods. For instance, Deracemization Induced by a Flux of Energy Crossing the Suspension
(DIFECS) could lead to the eutomer (the desire enantiomer) by adding a small investment prior to
the beginning of the process [55]. For example, only a small percentage of e.e. (+) in the solid state
is sufficient to conduct the complete deracemization by using Viedma ripening, TCID, ultrasound,
microwaves, etc., towards the (+) enantiomer. This statement is valid if there is no chiral impurity in
the medium that could overcompensate the initial bias introduced purposely [56], that is, without this
imbalance, the system would have a stochastic behavior. This is illustrated by the Viedma ripening of
sodium chlorate (used as received; see Figure 11).
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Figure 11. Impurity effect on the handedness of the attrition-enhanced deracemization in a non-recrystallized
batch of sodium chlorate [57]. After a simple recrystallization in water, this effect disappeared.

The evolution is systematically towards the same chirality even if an initial investment in the
counter enantiomer is performed. One experiment shows an evolution of up to 70% e.e. before a
turn back. A simple recrystallization of the initial racemic mixture is enough to remove that effect.
It is likely that a small (maybe minute) amount of a chiral impurity “pushes” the system towards the
same enantiomers. This phenomenon has been observed with organic compounds [58]. Dissymmetry
in crystal size distributions is also able to systematically direct the symmetry breaking towards the
population of bigger crystals (“big is beautiful”). A study has shown that there is actually a balance
between the initial e.e. and the dissymmetry of crystal size distributions [59]. Bigger crystals of (+)
can, for instance, compensate a slight initial excess in small (−) crystals [60].

Kondepudi’s experiment, seeded with very pure enantiomer prior to any primary nucleation of
either enantiomer, is equivalent to preferential crystallization. A detailed analysis of the process is
given elsewhere with different protocols for the inoculation of seeds and temperature profiles [47].
The symmetry of the system is purposely broken by the seeding: if the solid is the (+) enantiomer,
the mother liquor evolves towards an excess of (−) in the absence of racemization. This induced
symmetry breaking lasts for some minutes to some hours. The fine enantiopure inoculated crystals
lead to stereoselective growth and secondary nucleation; during this period, the counter enantiomer
remains in the supersaturated solution. If the system is left for too long, the second enantiomer
starts to spontaneously crystallize so that the ultimate evolution of the system is a mixture of
crystallized enantiomers in equilibrium with a doubly saturated racemic solution. If fast racemization
takes place in the system (or in the absence of chirality in solution), the mother liquor cannot
deviate from 0% e.e, as illustrated by Figure 2). In that case, the preferential crystallization receives
another name: Second-Order Asymmetric Transformation (SOAT; represented in Figure 12) [61].
This elegant process could be two orders of magnitude more productive than any variant of DIFECS [62].
Supersaturation has to be kept within reasonable limits so that crystal growth and secondary nucleation
remain stereoselective.
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Figure 12. Second-Order Asymmetric Transformation (SOAT) experiment: the inset shows the
temperature versus composition pathway of the mother liquor. Point I does not belong to the isopleth
section represented in the inset, as the seed crystals are enantiopure.

In 1979, SOAT was used to resolve (DL)-α-amino-ε-caprolactam, a lysine precursor, with the
racemization being induced by potassium hydroxide in ethanol at 80 ◦C (Figure 13) [63]. Likewise,
the enantiomers of the precursors of paclobutrazol, which served as an example for TCID, were also
obtained in high enantiomeric purity with SOAT by Black et al. in 1989 [64].

 

Figure 13. (DL)-α-amino-ε-caprolactam can be resolved by SOAT to produce enantiopure lysine
after hydrolysis.

Lamellar epitaxies between crystals of opposite handedness could be a serious problem for
Preferential Crystallization and Kondepudi’s experiments [19]. The remedy is to rely on deracemization,
which has been proven to achieved 100% e.e. even when the crystals of the two enantiomers can
produce repeated epitaxies [65].

Kondepudi’s experiments could also be controlled by the addition of specific chiral impurities.
In this process, to a racemic supersaturated solution of a conglomerate-forming system, a small amount
of R* additive is added to the medium. If R* has a sufficient degree of analogy with R, the nucleation
and growth of R and S become significantly different and precipitation leads to an excess of S in the solid.
This effect is known as the rule of reversal [66]. Of course, there is a reversibility of the rule of reversal,
which means that if S* and R* also crystallize as a stable conglomerate, R could stereoselectively delay
the nucleation of R*, giving way to the nucleation and growth of S*. It is also possible to induce
stereoselective nucleation by using a polarized laser beam in a supersaturated solution. This process,
known as Non-Photochemical Laser Induced Nucleation (NPLIN), has received some attention [67].

In the case of PE, the final state could also be controlled by an initial minor investment. As the initial
step is a total dissolution of non-racemizable enantiomers (at least in the context of the crystallization),
the CSD of the solid has no influence on the outcome of the process. Successive applications of PE lead
to the alternation of (−), (+), (−), (+), etc., a slightly enriched solid and the opposite series for the liquid
phase, strongly enriched in (+), (−), (+), (−), (+), etc. These alternations are clearly reproducible.
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4. Conclusions and Perspectives

Crystallization offers a variety of methods for spontaneous macroscopic chiral symmetry breaking.
The corresponding processes are run close to equilibrium for Deracemization Induced by a Flux of
Energy Crossing the Suspension (DIFECS) (Viedma ripening, TCID and other deracemization variants
where a single flux or several fluxes of energy pass through a suspension) or with a significant departure
from equilibrium for the Kondepudi experiment with preferential secondary nucleation, or even very
far from equilibrium in the case of Preferential Enrichment (PE). Those processes include an important
amplification of local fluctuations and their mechanisms are currently the focus of many studies.
Interestingly, as the system departs more from equilibrium, the mechanical stress imposed on the system
has to be softened in order to observe the spontaneous chiral symmetry breaking (see Table 1). Indeed,
in Viedma ripening performed close to equilibrium, all sorts of abrasions, breakages, defects induced
by shear forces, etc., are beneficial to the advancement of chiral symmetry breaking. In the Kondepudi
experiment, the mechanical stress must be softer to avoid primary and secondary heteronucleation in
the system. In the case of Preferential Enrichment (PE), the very large departure from equilibrium has
to be associated with almost stagnant conditions. Indeed, for the latter case a simple magnetic stirrer
is sufficient to return the solution to normal conditions of crystallization without macroscopic chiral
symmetry breaking (see Table 1 below).

Table 1. Spontaneous macroscopic break of symmetry by means of crystallization. In theory, the final
state of the system is not predictable. There is a stochastic evolution during the first step and then
amplification. In Deracemization Induced by a Flux of Energy Crossing the Suspension (DIFECS)
processes, there are agonist effects between ultrasound, microwaves, attrition, TCID and damped TCID
(and photons for light-sensitive molecules).

Towards
greater

departure from
equilibrium

 
Preferential Enrichment

Heterogenous
Nearly-Racemic Crystals

(HNRC) with possibility of
alternating homochiral

domains. Largest domains
corresponding to the

minor enantiomer

0: Stagnant
conditions to stay
away from stable

equilibrium

Kondepudi’s Experiment

Conglomerate forming
system

Fast racemization in
solution or non-chiral

entity in solution

Moderate, collision
but avoid too

strong shearing
effects

Deracemization Induced by
a Flux of Energy Crossing
the Suspension (DIFECS):

-Ultrasounds
-Microwaves

-TCID
-Viedma Ripening (close to 0)

Conglomerate forming
system

Fast racemization in
solution or non-chiral

entity in solution
A lamellar conglomerate

does not hinder
deracemization

From soft to
medium for TCID

Strong with
shearing effect for
attrition enhanced

i.e., Viedma
Ripening

 

 
Towards
greater

intensity of the
mechanical

stress

It is also possible to control a macroscopic chiral symmetry breaking such as Viedma ripening,
TCID and its variants, or SOAT or preferential crystallization. Some of these elegant processes could
be made productive enough for industrial applications. Thus, there are fundamental and applied
interests in these crystallization processes associated with macroscopic symmetry breaking.
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List of Symbols and Abbreviations

CSD: Crystal Size Distribution
DIFECS: Deracemization Induced by a Flux of Energy Crossing the Suspension
e.e.: Enantiomeric excess = (R − S)/(R + S)
GRD: Growth Rate Dispersion
HNRC: Heterogeneous Nearly-Racemic Crystals
NPLIN: Non-Photochemical Laser Induced Nucleation
PC: Preferential Crystallization
PE: Preferential Enrichment
SOAT: Second Order Asymmetric Transformation
TCID: Temperature Cycle-Induced Deracemization
US: Ultrasound
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Abstract: Efficient generation and amplification of chirality from prochiral substrates in the
Diels–Alder reaction (DA reaction) followed by dynamic crystallization were achieved without using
an external chiral source. Since the DA reaction of 2-methylfuran and various maleimides proceeds
reversibly, an exo-adduct was obtained as the main product as the reaction proceeded. From single
crystal X-ray structure analysis, it was found that five of ten exo-adducts gave conglomerates.
When 2-methylfuran and various maleimides with a catalytic amount of TFA were reacted in a sealed
tube, the exo-DA adducts were precipitated from the solution, while the reaction mixtures were
continuously ground and stirred using glass beads. Deracemization occurred and chiral amplification
was observed for four of the substrates. Each final enantiomeric purity was influenced by the crystal
structure, and when enantiomers were included in the disorder, they reached an enantiomeric purity
reflecting the ratio of the disorder. The final ee value of the 3,5-dimethylphenyl derivative after chiral
amplification was 98% ee.

Keywords: amplification of chirality; dynamic crystallization; Diels–Alder reaction; absolute asymmetric
synthesis; conglomerate; racemization; attrition-enhanced deracemization; Viedma ripening; reversible
reaction; enantiomorphic crystal; polymorphism

1. Introduction

The Diels–Alder (DA) reaction is one of the most important and fundamental organic synthesis
reactions, achieving the concerted [4 + 2] cycloaddition of a diene and an alkene [1,2]. Because it can
form two C-C single bonds in one step, it is used to create many cyclic compounds including polycyclic
compounds (Figure 1) [3–10]. In addition, a number of asymmetric reactions have been reported,
since these can theoretically construct four asymmetric centers at once. Excellent catalytic asymmetric
synthesis [11–20] and diastereoselective reactions of chiral substrates have also been reported [21–24].
Each of these reactions is an asymmetric induction method using an enantiomerically active catalyst or
substrate and constructs a diastereoselective environment in the transition state of the reaction.

Figure 1. Valuable Diels–Alder reaction constructing numerous cyclic compounds.
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In contrast to reactions using chiral sources as starting materials and catalysts, asymmetric synthesis
using chirality that occurs naturally when organic compounds crystallize has been reported in recent
years (Figure 2) [25]. In this method, a compound having a chiral center is generated from a prochiral
substrate, and a dynamic preferential crystallization accompanied by the racemization of the generated
chiral center is performed continuously without using any external asymmetric source. It is possible to
obtain a crystal of the product having a high enantiomeric purity. The racemization process of the
product includes a reaction that regenerates a prochiral starting material via a reverse reaction or a
process via a direct racemization reaction of an asymmetric center.

Figure 2. Absolute asymmetric synthesis involving dynamic crystallization from prochiral starting
materials under achiral conditions.

These synthetic reactions are absolute asymmetric syntheses that provide enantiomerically active
compounds from prochiral substrates without using an external chiral source; this is a phenomenon
that is of wide interest to researchers in many academic fields [26–30]. Successful absolute asymmetric
synthesis by fusion of the reaction that forms the chiral center from prochiral starting materials and the
subsequent dynamic crystallization process have been reported in several reaction systems. For example,
the Mannich-type reaction [31], aldol reaction [32], stereoisomerization of succinimide [25], synthesis of
isoindolinone [33], aza-Michael addition [34–36], Strecker reaction [37,38], and a photochemical
reaction [39,40] have all been achieved under achiral conditions. In these limited examples, crystals with
high ee were obtained from prochiral materials, and this method is expected to be applied to many
reaction systems.

We recently reported the asymmetric Diels–Alder reaction of prochiral starting materials leading
to a conglomerate crystal of the adduct in enantiomerically active form [41]. When 2-methylfuran
and N-phenylmaleimide were reacted with a small amount of solvent and a catalytic amount of
trifluoroacetic acid in a sealed tube at 80 ◦C, the racemic exo-adduct quickly precipitated. Subsequently,
the continuous suspension of the reaction mixture with glass beads promoted the chiral amplification to
90% ee by attrition-enhanced deracemization (Figure 3). In this phenomenon, a racemic product having
a chiral center is first formed by a DA reaction from a prochiral substance, followed by preferential
crystallization of conglomerate crystals. In the mother liquor, by returning to the prochiral substrate by
the reverse reaction (retro-DA reaction), the racemic condition is always maintained, preventing the
excessive formation of the enantiomer.

In this asymmetric amplification by dynamic crystallization, attrition-enhanced deracemization
was quite effective in promoting Viedam ripening by continuous grinding of the crystals using glass
beads, and finally, the enantiomer crystals converged to high enantiomeric purity [42]. This technique
was followed in the deracemization reaction from a racemic mixture of NaClO3 and has recently been
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applied to deracemization of conglomerate crystals of organic compounds such as amino acids and
pharmaceutical and agricultural chemical intermediates [43–54]. A key feature of this technique is that
it can be applied to deracemization in a system with a relatively low racemization rate, as compared
with the method of promoting crystallization using a solvent evaporation method or a temperature
gradient [55–58].

Figure 3. Diels–Alder (DA) reaction of 2-methylfuran and N-phenylmaleimide.

The bottleneck of deracemization by the dynamic crystallization method is whether or not the
target substrate crystallizes as a stable conglomerate. The occurrence of racemic mixtures crystallizing
as a conglomerate is approximately 5–10% [59–62]. However, some substrates form conglomerates or
chiral crystals at a very high rate due to the effects of molecular shapes and intermolecular interactions.
We succeeded in the asymmetric DA reaction utilizing the fact that the DA adduct of 2-methylfuran
and N-phenylmaleimide was a conglomerate [41]. However, to investigate the generality of this
methodology, we synthesized and analyzed a variety of DA adducts with various substituents on the
nitrogen atom (Figure 4).

Figure 4. Asymmetric Diels–Alder reaction of 2-methylfuran and various N-arylmaleimides converged
to one-handed enantiomers.

Analysis of the crystal structures of the adducts revealed that they exhibited a very high probability
of affording conglomerates. For these substrates, we achieved an asymmetric DA reaction without
using an external chiral source and clarified the relationship between the crystal structure and the
enantiomeric purity of the products.

2. Results and Discussion

In order to investigate the effect of the substituent on the nitrogen atom of the DA adduct on the
crystal structure and the enantiomeric purity of the crystal in dynamic crystallization, the adducts
exo-3b–j were synthesized by changing the substituent as shown in Table 1.
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Table 1. Space groups of exo-3.

exo-3 R Space Group

3a C6H5 P212121
[a]

3b 4-ClC6H4 P212121, (73:27) [b]

3c 3,4-Me2C6H3 P212121
3d 3,5-Cl2C6H3 P21, (76:24) [b]

3e 4-MeC6H4 P212121, polymorphism [c]

3f 4-FC6H4 P21/c
3g 4-BrC6H4 P21/n
3h 3-MeC6H4 ND [d]

3i 4-EtC6H4 ND [d]

3j 4-MeOC6H4 ND [d]

[a] Reference No. 41. [b] Disordered crystal consisting of the ratio of both enantiomers indicated in parentheses.
[c] Determined by PXRD. [d] Not determined; however, SHG property was inactive by 1064 nm line from an Nd-YAG
pulsed laser.

In the DA reaction between 2-methylfuran 1 and maleimides 2b–j, the formation of endo-isomers
was confirmed at the beginning of the reaction as in the case of the reaction with 2a [41]. When the
reaction time was extended, the products predominantly converged to exo-isomers, because the
crystalline exo-adducts were excluded from the reaction system in solution. Therefore, the crystals
of the exo-adducts were analyzed by single crystal X-ray structure analysis. When the racemate of
each exo-isomer was recrystallized, single crystals suitable for crystal structure analysis were obtained
for exo-3b–g. The crystal space groups of these seven types of crystals are shown in Table 1. All of
them had 21 helices in the crystal lattices. The space group of 3a–3c and 3e was the orthorhombic
P212121, and 3d and 3f–g were in the monoclinic space group. Surprisingly, five of the ten synthesized
substrates, 3a–3e, formed conglomerates of a chiral crystal space group.

In all cases, interactions such as CH–π, C=O–HC and O–HC with relatively small energies were
present, which controlled the molecular arrangement (Figures S1–S8). These molecules had nearly
spherical shapes and were closely packed in the crystal. Even when alcohol or benzene-based solvents
were used, solvent molecules were not incorporated into the crystals.

For 3h–j, single crystals suitable for X-ray crystallography could not be obtained, thus the detailed
molecular arrangements were unknown. However, the second harmonic generation (SHG) of these
crystals was inactive by irradiation with 1064 nm light from an Nd-YAG pulsed laser, indicating that
they might be racemic crystals [63,64]. However, if the emission of the SHG is weak, the possibility of
a conglomerate may have been overlooked.

For asymmetric synthesis by the proposed method, the product crystals must be conglomerates.
For the four new substrates 3b–3e determined to be in a chiral crystal space group from the above crystal
structure analysis, we investigated the absolute asymmetric DA reaction via asymmetric amplification
by crystallization.

Another requisite for chiral amplification by dynamic crystallization is rapid racemization under
crystallization conditions. Adducts 3 have four chiral centers determined uniquely in the one-step
concerted reaction and these cannot directly racemize. However, apparent racemization occurs due to
the equilibrium reaction with a reverse DA reaction to regenerate achiral furan and maleimide [65]
(Figure 5).

Utilizing this reversible DA reaction, a deracemization reaction by dynamic crystallization was
developed. Many dynamic crystallization methods require rapid racemization under crystallization
conditions. However, attrition-enhanced deracemization, which is a method based on crystal grinding,
has been reported in many successful cases even in systems with a low racemization rate compared to
dynamic preferential crystallization methods using a temperature gradient or solvent evaporation [55–58].
However, fast deracemization under the racemization conditions suppresses side reactions, and crystals
with high enantiomeric purity can be obtained efficiently.
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Figure 5. Asymmetric synthesis of Diels–Alder reaction products involving racemization via reversible
reaction and preferential crystallization.

In the case of the asymmetric synthesis of exo-3a, we already found out that trifluoroacetic acid
(TFA) was the best catalyst for both of the forward and reverse reactions. NMR spectroscopy was
used to follow the reversible reaction at 60 ◦C in deuterated chloroform. Even when the substituents
were changed, the catalytic activity of TFA was effective, and the reaction rate was improved in both
the DA and retro-DA reversible reactions without side reactions. Table 2 shows the half-life of each
substrate. For 1a, as reported in a previous paper, the addition reaction of maleimide reached 50% in
about 1 h (Table 2), and an endo-adduct was formed at the initial stage of the reaction, which eventually
converged to an exo-adduct over time [41]. In other cases, almost the same courses in the reactions
were observed (Figures S9–S11). The change with time, in these cases, is a reaction in a homogeneous
system, but the actual reaction is performed at a higher concentration, where the highly crystalline
exo-adduct is crystallized and removed from the reaction system.

Table 2. The half-life of DA and retro-DA reactions with or without trifluoroacetic acid (TFA) [a].

Substrate
τ1/2 of 2 (h) τ1/2 of exo-3 (h)

DA w/o TFA [b] DA with TFA [c] retro-DA w/o TFA [d] retro-DA with TFA [e]

a [f] 0.92 0.25 4.5 3.0
b 0.30 <0.1 4.0 2.0
c 0.42 <0.1 6.5 3.2
d 0.30 <0.1 2.0 1.2

[a] All reactions were monitored by 1H NMR spectroscopy. [b] Conditions: maleimide (0.05 M) and 2-methylfuran
(0.5 M) in CDCl3 at 60 ◦C. [c] Conditions: maleimide (0.05 M), 2-methylfuran (0.5 M), and TFA (0.05 M) in CDCl3 at
60 ◦C. [d] Conditions: exo-3 (0.05 M) in CDCl3 at 60 ◦C. [e] Conditions: exo-3 (0.03 M) and TFA (0.03 M) in CDCl3 at
60 ◦C. [f] Reference No. 41.

The reaction in the NMR tube was also examined for the reverse reaction. The degradation of
exo-3 at low concentration (0.05 M) in deuterated chloroform at 60 ◦C was followed. Maleimide 2

and methylfuran 1 were quantitatively regenerated in all cases. In order to perform highly efficient
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deracemization, it was necessary to accelerate both the forward and reverse reactions. Specifically,
it was necessary to search for a catalyst that greatly accelerated the reverse reaction.

When various maleimides 2a–d were reacted with 2-methylfuran in the presence of TFA, the DA
reaction was accelerated about 4 times for most substrates. Regarding the reverse reaction, it was
found that when exo-3a–d were reacted with TFA in the same concentration of 0.03 M, the reaction was
accelerated by 1.5 to 2 times compared to the reaction without TFA (Table 2, Figures S9–S11). Table 2
shows the results at 60 ◦C, but the actual reaction can be run at 80 ◦C, whereupon the rate is expected
to be several times faster, and a sufficient reversible reaction rate is ensured.

Once the formation of conglomerates and the progress of racemization were confirmed,
the asymmetric synthesis involving the dynamic crystallization process was examined. In a sealed
tube, N-arylmaleimide 2 (100 mg), 2-methylfuran 1 (15.0 equiv), TFA (0–1.0 equiv) as the catalyst,
heptane (1.0 mL) as a solvent, and glass beads (2 mmΦ, 250 mg) were added to crush the crystals and
the mixture was stirred at 80 ◦C for several days. The DA reaction proceeded immediately after the
start of the reaction, and within a few minutes, crystals of the adducts precipitated and the reaction
solution was suspended. After that, deracemization occurred by continuously stirring the obtained
suspension. The change in ee value of exo-3 by deracemization was monitored by HPLC using a
CHIRALPAK IA (Daicel Ind.) column.

In our previous paper, when 0.5 equiv of TFA was used, the enantiomeric purity started to increase
after six days from the start of the reaction and reached 90% ee after 14 days (Figure 6) [41]. Thereafter,
the suspension was filtered to isolate the crystals, and exo-3a was obtained with a yield of 80% and
90% ee. The plot of enantiomeric purity versus time showed a non-linear curve. This sigmoid-like
increase in enantiomeric purity is typical for Viedma ripening, and the population balance model [66,67]
and existing formulas were extended in view of the effects of Ostwald ripening and autocatalytic
enantioselective crystal growth. Theoretical analysis by fitting [68,69] has also been performed. On the
other hand, when no glass beads were used, deracemization did not occur.

Figure 6. Asymmetric DA reaction followed by attrition-enhanced deracemization applied to prochiral
2a–d (100 mg), 2-methylfuran 1 (5.0 equiv), TFA (0.5 equiv), heptane (1.00 mL), and glass beads (250 mg)
at 80 ◦C in a sealed tube.

Based on the results of the asymmetric reaction of 2a to exo-3a, asymmetric DA reactions for
2b–2e with 1 were also examined leading to conglomerates exo-3b–3e. As in the case of the reaction of
2a, 2-methylfuran 1, various N-arylmaleimides 2b–2e, 0.5 equiv of TFA as a catalyst for promoting
racemization, heptane as a solvent, and glass beads for grinding the precipitated solids were stirred
in a sealed tube at 80 ◦C for several days while tracking the change of the ee value of the solid exo-3
(Table 3 and Figure 6).
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Table 3. Asymmetric DA reaction of 3a-d [a].

3 Time (day) [b] Yield (%) [c] Ee (%) [d]

3a [e] 6-14 80 90
3b 7–15 70 40
3c 3–9 81 98
3d 4–8 78 49

[a] Conditions: prochiral 2 (100 mg), 2-methylfuran 1 (5.0 equiv), TFA (0.5 equiv), heptane (1.00 mL), and glass beads
(250 mg) were stirred at 80 ◦C in a sealed tube. [b] Time required for asymmetric expression and amplification.
[c] Yields of crystalline 3 after filtration. [d] Enantiomeric excess of crystals of 3. [e] Reference No. 41.

When 2b was used, crystals of DA adduct were precipitated immediately after the reaction,
and the continuous stirring while suspending the solids led to an increase in the enantiomeric purity of
exo-3b from the 7th day, reaching 40% ee after 15 days. However, no further asymmetric amplification
occurred. This is attributable to the crystal structure of exo-3b. Disordered packing was indicated
by single-crystal structure analysis, and the ratio of the enantiomers was 73:27, a result that exactly
reflected the ee value of the converged enantiomorphic crystals.

In the case of 2c, the crystallinity of the produced exo-3c was also good, and a stable suspension
by glass beads and the stir bar was obtained. The ee value of exo-3c increased after 3 days and reached
98% after 9 days, achieving the most efficient asymmetric amplification among all the substrates.

When 2d was used, immediately after the reaction, crystals were precipitated, a suspension was
obtained, and asymmetric amplification started 4 days later. Eight days later, the ee reached 49%,
after which further amplification did not occur. The reason for this limitation is that, similar to the
case of exo-3b, due to the crystal packing of exo-3d, the enantiomer contained in the single crystal is
disordered in a ratio of 74:24, which exactly reflected the maximum ee value of exo-3d.

The asymmetric synthesis of exo-3e using maleimide 2e was also examined, but exo-3e was
obtained as a racemate without asymmetric amplification. The powdered X-ray crystal structure
analysis of the obtained solid was different from the analysis pattern simulated from the conglomerate
crystal P212121 (Figure 7). Conglomerate crystals of exo-3e gradually changed to a racemic crystal
system during suspension with glass beads. The crystal does not contain a crystallization solvent and
it showed a polymorphism with a phase transition.

Figure 7. PXRD pattern of exo-3e: (a) powder of exo-3e after grinding, (b) calculated pattern from a
single crystal of exo-3e of the P212121 space group.

It was unable to control the handedness of the crystals obtained after the DA reaction; solids of
both types of handedness were obtained in approximately the same number of times for every ten
experiments. However, we were able to control the handedness by starting the attrition-enhanced
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deracemization from a DA adduct with low ee (5% ee). The deracemization started immediately and
the same handedness of the enantiomer as the slightly excess stereoisomer could be efficiently obtained.

3. Conclusions

Asymmetric DA reactions from prochiral starting materials involving dynamic preferential
crystallization were achieved under achiral conditions. Since the DA reaction of 2-methylfuran and
various maleimide derivatives proceeded reversibly, exo-adducts were obtained as major products as
the reaction proceeded. Nine exo-adducts were newly synthesized by the DA reaction using maleimides
with various substituents on the nitrogen atom. Single crystal X-ray structure analysis revealed that
four derivatives gave conglomerates.

When 2-methylfuran and each maleimide in the presence of a catalytic amount of TFA were reacted
in a sealed tube, DA adducts precipitated as crystals. The mixture was continuously ground and stirred
using glass beads. Deracemization of exo-type DA adducts occurred and asymmetric amplification
was observed for four substrates. Each final enantiomeric purity was greatly influenced by the crystal
structure, and when enantiomers were included in the disorder, they reached an enantiomeric purity
reflecting the ratio. In addition, it was found that the chirality of the 3,5-dimethylphenyl derivative
was deracemized to 98% ee. We have developed an absolute asymmetric DA reaction that can obtain
enantiomerically active DA adducts without using an external asymmetric source.

4. Experimental

General Information. NMR spectra were recorded in CDCl3 solutions on a Bruker DPX 300 and
DPX 400 spectrometers for 1H- and 13C-NMR. Chemical shifts are reported in parts per million (ppm)
relative to TMS as an internal standard. IR spectra were recorded on a JASCO FT/IR-230 spectrometer.
HPLC analyses were performed on a JASCO HPLC system (JASCO PU-1580 pump, DG-1580-53,
LG-2080-02, MD-2015, UV-2075 and CD-2095 detector). Single crystal X-ray structure analysis was
conducted using a SMART APEX II (Bruker AXS) and APEX II ULTRA (Bruker AXS). Powder X-ray
crystallographic analysis was performed using D8 ADVANCE (BRUKER AXS). Commercially available
N-phenylmaleimide and 2-methylfuran were used without further purification. Other maleimides
2b–j were provided according to the reported procedure [70,71]. (Figures S18–S35)

Synthesis of Exo-3a–j.
The corresponding maleimides 2 (1.0 g) and 2-methylfuran 1 (15 equiv) were added to 10 mL

of hexane, and the mixture was stirred at 60 ◦C for 24 h. Thereafter, the solvent and extra amount
of methylfuran were removed under reduced pressure, and the crude crystalline products were
recrystallized from chloroform/hexane to isolate exo-3. The structures of known adducts 3a were
determined by comparing their spectral data to literature values. The adducts, 3e–g, and 3j are
commercially available; however, these materials were easily obtained by the above method.

(3aS*,4R*,7S*,7aR*)-4-Methyl-2-phenyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione
(exo-3a) [41]

Colorless prism; 96% yield; mp: 144–146 ◦C; 1H NMR (CDCl3) δ 1.80 (s, 3H), 2.88 (d, J = 6.6 Hz,
1H), 3.14 (d, J = 6.3 Hz, 1H), 5.32, (d, J = 1.5 Hz, 1H), 6.38 (d, J = 5.7 Hz, 1H), 6.57 (dd, J = 1.5 and
5.4 Hz, 1H), 7.27–7.30 (m, 2H), 7.37–7.51 (m,3H); 13C NMR (CDCl3) δ 15.7, 49.5, 50.6, 81.1, 88.6, 126.5,
128.7, 129.1, 131.7, 137.1, 140.7, 174.0, 175.3. (Figures S36 and S37) The enantiomeric purity of the solid
was determined by HPLC using a CHIRALPAK IA (Daicel Ind.); column. tR(1) = 20 min for (+)-3a,
tR(2) = 30.5 min for (–)-3a. Eluent: hexane/EtOH = 80:20 (v/v); flow rate: 0.7 mL/min.

(3aS*,4R*,7S*,7aR*)-2-(4-Chlorophenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-
dione (exo-3b)

Colorless crystal; m.p. 120 ◦C; 90% yield; 1H NMR (CDCl3) δ 1.78 (s, 3H), 2.85 (d, J = 6.5 Hz, 1H),
3.11 (d, J = 6.5 Hz, 1H), 5.29 (d, J = 1.8 Hz, 1H), 6.37 (d, J = 5.6 Hz, 1H), 6.55 (dd, J = 5.6, 1.6 Hz, 1H),
7.23–7.26 (m, 2H), 7.42–7.44 (m, 2H); 13C NMR (CDCl3) δ 15.7, 49.5, 50.6, 81.1, 88.6, 127.7, 129.2, 130.2,
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134.4, 137.0, 140.7, 173.7, 175.0; IR (cm−1, KBr) 1701; HRMS (ESI-MS) m/z calcd for C15H12ClNO3 +H
290.0578, found 290.0577. (Figures S38 and S39) The enantiomeric purity of the solid was determined
by HPLC using a CHIRALPAK IA (Daicel Ind.); column. tR(1) = 20 min for (+)-3b, tR(2) = 22 min for
(–)-3b. Eluent: hexane/EtOH = 90: 10 (v/v); flow rate: 1.0 mL/min. (Figures S12 and S13)

(3aS*,4R*,7S*,7aR*)-2-(3,4-Dimethylphenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3
(2H)-dione (exo-3c)

Colorless crystal; m.p. 140 ◦C; 91% yield; 1H NMR (CDCl3) δ 1.78 (s,3H), 2.27 (s, 3H), 2.27 (s,
3H), 2.84 (d, J = 6.5 Hz, 1H), 3.10 (d, J = 6.5 Hz, 1H), 5.30 (d, J = 1.6 Hz, 1H), 6.36 (d, J = 5.6 Hz, 1H),
6.54 (dd, J = 5.6, 1.6 Hz, 1H), 6.96–7.01 (m, 2H), 7.21–7.26 (m, 1H); 13C NMR (CDCl3) δ 15.7, 19.5, 19.8,
49.4, 50.6, 81.0, 88.5, 123.9, 127.5, 129.2, 130.2, 137.0, 137.6, 137.7, 140.7, 174.2, 175.6; IR (cm−1, KBr)
1708; HRMS (ESI-MS) m/z calcd for C17H17NO3 +H 284.1281, found 284.1276. (Figures S40 and S41)
The enantiomeric purity of the solid was determined by HPLC using a CHIRALPAK IA (Daicel Ind.);
column. tR(1) = 29.5 min for (+)-3c, tR(2) = 33 min for (–)-3c. Eluent: hexane/EtOH = 80: 20 (v/v);
flow rate: 0.5 mL/min. (Figures S14 and S15)

(3aS*,4R*,7S*,7aR*)-2-(3,5-Dichlorophenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3
(2H)-dione (exo-3d)

Colorless crystal; m.p. 136 ◦C; 99% yield; 1H NMR (CDCl3) δ 1.79 (s, 3H), 2.87 (d, J = 6.5 Hz,
1H), 3.13 (d, J = 6.5 Hz, 1H), 5.30 (d, J = 1.8 Hz, 1H), 6.38 (d, J = 5.6 Hz, 1H), 6.57 (dd, J = 5.6, 1.6 Hz,
1H), 7.26 (m, 2H), 7.39–7.40 (m, 1H); 13C NMR (CDCl3) δ 15.7, 49.5, 50.6, 81.2, 88.7, 125.1, 128.8, 133.3,
135.2, 137.1, 140.7, 173.2, 174.5; IR (cm−1, KBr) 1712. (Figures S42 and S43) The enantiomeric purity of
the solid was determined by HPLC using a CHIRALPAK IA (Daicel Ind.); column. tR(1) = 13.5 min
for (+)-3d, tR(2) = 16 min for (–)-3d. Eluent: hexane/EtOH = 90 : 10 (v/v); flow rate: 1.0 mL/min.
(Figures S16 and S17)

(3aS*,4R*,7S*,7aR*)-4-Methyl-2-(4-tolyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione
(exo-3e)

Colorless crystal; m.p. 132 ◦C; 90% yield; 1H NMR (CDCl3) δ 1.79 (s, 3H), 2.38 (s, 3H), 2.86 (d,
J = 6.6 Hz, 1H), 3.12 (d, J = 6.6 Hz, 1H), 5.31 (d, J = 1.8 Hz, 1H), 6.37 (d, J = 5.5 Hz, 1H), 6.56 (dd, J = 5.6,
1.7 Hz, 1H), 7.13–7.28 (m, 4H); 13C NMR (CDCl3) δ 15.7, 21.2, 49.4, 50.6, 81.0, 88.5, 126.3, 129.1, 129.7,
137.0, 138.7, 140.7, 174.1, 175.4; IR (cm−1, KBr) 1707. (Figures S44 and S45)

(3aS*,4R*,7S*,7aR*)-2-(4-Fluorophenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-
dione (exo-3f)

Colorless crystal; m.p. 133 ◦C; 88% yield; 1H NMR (CDCl3) δ 1.78 (s, 3H), 2.86 (d, J = 6.5 Hz, 1H),
3.11 (d, J = 6.5 Hz, 1H), 5.29 (d, J = 1.8 Hz, 1H), 6.37 (d, J = 5.6 Hz, 1H), 6.55 (dd, J = 5.7, 1.7 Hz, 1H),
7.13–7.29 (m, 4H); 13C NMR (CDCl3) δ 15.7, 49.4, 50.6, 81.1, 88.6, 116.0, 116.2, 127.6, 128.3, 128.4, 137.0,
140.7, 160.9, 163.4, 173.9, 175.2. (Figures S46 and S47)

(3aS*,4R*,7S*,7aR*)-2-(4-Bromophenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-
dione (exo-3g)

Colorless crystal; m.p. 127 ◦C; 94% yield; 1H NMR (CDCl3) δ 1.78 (s, 3H), 2.86 (d, J = 6.5 Hz, 1H),
3.12 (d, J = 6.5 Hz, 1H), 5.29 (d, J = 1.8 Hz, 1H), 6.37 (d, J = 5.6 Hz, 1H), 6.56 (dd, J = 5.7, 1.7 Hz, 1H),
7.18-7.20 (m, 2H), 7.58–7.60 (m, 2H); 13C NMR (CDCl3) δ 15.7, 49.5, 50.6, 81.1, 88.6, 122.5, 128.0, 130.6,
132.2, 137.0, 140.7, 173.6, 174.9; IR (cm−1, KBr) 1705. (Figures S48 and S49)

(3aS*,4R*,7S*,7aR*)-4-Methyl-2-(3-tolyl)-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione
(exo-3h)

Colorless crystal; m.p. 128 ◦C; 93% yield; 1H NMR (CDCl3) δ 1.79 (s, 3H), 2.38 (s, 3H), 2.86 (d,
J = 6.5 Hz, 1H), 3.12 (d, J = 6.5 Hz, 1H), 5.31 (d, J = 1.6 Hz, 1H), 6.37 (d, J = 5.6 Hz, 1H), 6.55 (dd,
J = 5.6, 1.6 Hz, 1H), 7.05–7.37 (m, 4H); 13C NMR (CDCl3) δ 15.7, 21.3, 49.5, 50.6, 81.1, 88.6, 123.6, 127.1,
128.9, 129.6, 131.6, 137.0, 139.2, 140.7, 174.1, 175.4; IR (cm−1, KBr) 1707; HRMS (ESI-MS) m/z calcd for
C16H15NO3 - H 268.0979, found 288.0992. (Figures S50 and S51)
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(3aS*,4R*,7S*,7aR*)-2-(4-Ethylphenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-
dione (exo-3i)

Colorless crystal; m.p. 114 ◦C; 88% yield; 1H NMR (CDCl3) δ 1.24 (t, J = 7.7 Hz, 3H), 1.79 (s, 3H),
2.67 (q, J = 7.6 Hz, 2H), 2.85 (d, J = 6.5 Hz, 1H), 3.11 (d, J = 6.5 Hz, 1H), 5.30 (d, J = 1.8 Hz, 1H), 6.36 (d,
J = 6.5 Hz, 1H), 6.55 (dd, J = 5.6, 1.6 Hz, 1H), 7.16-7.30 (m, 4H); 13C NMR (CDCl3) δ 15.3, 15.7, 28.6, 49.5,
50.6, 81.1, 88.6, 126.4, 128.6, 129.3, 137.0, 140.7, 144.9, 174.2, 175.5; IR (cm−1, KBr) 1702; HRMS (ESI-MS)
m/z calcd for C17H17NO3 + H 284.1281, found 284.1277. (Figures S52 and S53)

(3aS*,4R*,7S*,7aR*)-2-(4-Methoxyphenyl)-4-methyl-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3
(2H)-dione (exo-3j)

Colorless crystal; m.p. 120–121 ◦C; 94% yield; 1H NMR (CDCl3) δ 1.78 (s, 3H), 2.84 (d, J = 6.5 Hz,
1H), 3.10 (d, J = 6.5 Hz, 1H), 3.82 (s, 3H), 5.29 (d, J = 1.8 Hz, 1H), 6.36 (d, J = 5.7 Hz, 1H), 6.54 (dd,
J = 5.6, 1.6 Hz, 1H), 6.94–7.26 (m, 4H); 13C NMR (CDCl3) δ 15.7, 49.4, 50.5, 55.4, 81.0, 88.5, 114.4, 124.4,
127.7, 137.0, 140.7, 159.5, 174.3, 175.5. (Figures S54 and S55)

Single crystal X-ray structure analysis of (3aS,4R,7S,7aR)-2-(4-chlorophenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3b)

Disordered crystal of the ratio of 73:27, exhibiting (-)-CD sign at 254 nm for major isomer. Colorless
prism (0.20 × 0.20 × 0.01 mm3), orthorhombic space group P212121, a = 6.5485(4) Å, b = 12.3747(6) Å,
c = 16.8764(9) Å, V = 1367.59(13) Å3, Z = 4, λ (CuKα) = 1.54178 Å, ρ = 1.407 g/cm3, μ (CuKα) = 2.539 cm,
3954 reflections measured (T = 173 K, 4.430◦ < θ < 68.264◦), nb of independent data collected: 2213 nb of
independent data used for refinement: 2127 in the final least-squares refinement cycles on F2, the model
converged at R1 = 0.0505, wR2 = 0.1993 [I > 2σ(I)], R1 = 0.0522, wR2 = 0.1408 (all data), and GOF = 1.065,
H-atom parameters constrained, absolute Flack parameter = 0.505(8). (CCDC 1985809). (Figure S1)

Single crystal X-ray structure analysis of (3aS,4R,7S,7aR)-2-(4-chlorophenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3b)

Enantiomerically pure crystal provided by optical resolution using HPLC, exhibiting (-)-CD
sign at 254 nm. Colorless prism (0.20 × 0.20 × 0.10 mm3), orthorhombic space group P212121,
a = 6.5975(2) Å, b = 12.3565(4) Å, c = 16.7223(6) Å, V = 1363.24(8) Å3, Z = 4, λ (CuKα) = 1.54178 Å,
ρ = 1.412 g/cm3, μ (CuKα) = 2.547 cm, 12970 reflections measured (T = 173 K, 4.449◦ < θ < 68.213◦),
nb of independent data collected: 2427, nb of independent data used for refinement: 2397 in the final
least-squares refinement cycles on F2, the model converged at R1 = 0.0369, wR2 = 0.0985 [I > 2σ(I)],
R1 = 0.0371, wR2 = 0.0989 (all data), and GOF = 1.059, H-atom parameters constrained, absolute Flack
parameter = 0.051(3). (CCDC 1985810). (Figure S2)

Single crystal X-ray structure analysis of (3aS,4R,7S,7aR)-2-(3,4-dimethylphenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3c)

Exhibiting (-)-CD sign at 254 nm. Colorless prism (0.20× 0.10× 0.10 mm3), orthorhombic space group
P212121, a= 7.9707(3) Å, b= 12.9386(5) Å, c= 13.7305(5) Å, V = 1416.02(9) Å3, Z = 4, λ (CuKα) = 1.54178 Å,
ρ = 1.329 g/cm3, μ (CuKα) = 0.741 cm, 21885 reflections measured (T = 173 K, 4.696◦ < θ < 68.241◦),
nb of independent data collected: 2593, nb of independent data used for refinement: 2576 in the final
least-squares refinement cycles on F2, the model converged at R1 = 0.0334, wR2 = 0.0855 [I > 2σ(I)],
R1 = 0.0335, wR2 = 0.0856 (all data), and GOF = 1.065, H-atom parameters constrained, absolute Flack
parameter = 0.099(16). (CCDC 1985811). (Figure S3)

Single crystal X-ray structure analysis of (3aS,4R,7S,7aR)-2-(3,5-dichlorophenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3d)

Disordered crystal of the ratio of 76:24, exhibiting (-)-CD sign at 254 nm for major isomer. Colorless
prism (0.30 × 0.20 × 0.20 mm3), monoclinic space group P21, a = 5.4032(5) Å, b = 13.9697(10) Å,
c = 9.6673(8) Å, β = 105.179(4)◦, V = 704.24(10) Å3, Z = 2, λ (CuKα) = 1.54178 Å, ρ = 1.529 g/cm3,
μ (CuKα) = 4.237 cm, 2350 reflections measured (T = 173 K, 5.7024◦ < θ < 68.068◦), nb of independent
data collected: 1457, nb of independent data used for refinement: 1452 in the final least-squares refinement
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cycles on F2, the model converged at R1 = 0.0532, wR2 = 0.1391 [I> 2σ(I)], R1 = 0.0532, wR2 = 0.1392 (all data),
and GOF = 1.125, H-atom parameters constrained, absolute Flack parameter = 0.12(3). (CCDC 1985812).
(Figure S4)

Single crystal X-ray structure analysis of (3aR,4S,7R,7aS)-2-(3,5-dichlorophenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-(+)-3d)

Enantiomerically pure crystal provided by optical resolution using HPLC. Colorless prism
(0.30 × 0.20 × 0.20 mm3), monoclinic space group P21, a = 5.3713(9) Å, b = 13.958(2) Å, c = 9.5751(14) Å,
β = 103.609(5)◦, V = 697.72(19) Å3, Z = 2, λ (CuKα) = 1.54178 Å, ρ = 1.529 g/cm3, μ (CuKα) = 4.277 cm,
10993 reflections measured (T = 173 K, 4.752◦ < θ < 72.198◦), nb of independent data collected: 2558, nb of
independent data used for refinement: 2519 in the final least-squares refinement cycles on F2, the model
converged at R1 = 0.0429, wR2 = 0.1034 [I > 2σ(I)], R1 = 0.0431, wR2 = 0.1036 (all data), and GOF = 1.101,
H-atom parameters constrained, absolute Flack parameter = 0.110(5). (CCDC 1985813). (Figure S5)

Single crystal X-ray structure analysis of analysis of (3aR,4S,7R,7aS)-4-methyl-2-(4-tolyl)-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3e)

Colorless prism (0.20 × 0.10 × 0.10 mm3), orthorhombic space group P212121, a = 9.3007(6) Å,
b = 10.6635(6) Å, c = 13.7010(9) Å, V = 1358.84(15) Å3, Z = 4, λ (CuKα) = 1.54178 Å, ρ = 1.316 g/cm3,
μ (CuKα) = 0.746 cm, 4911 reflections measured (T = 173 K, 6.314◦ < θ < 68.278◦), nb of independent data
collected: 2263, nb of independent data used for refinement: 2225 in the final least-squares refinement
cycles on F2, the model converged at R1 = 0.0458, wR2 = 0.1278 [I> 2σ(I)], R1 = 0.0462, wR2 = 0.1284 (all data),
and GOF = 1.048, H-atom parameters constrained, absolute Flack parameter = 0.39(7). (CCDC 1985814).
(Figure S6)

Single crystal X-ray structure analysis of analysis of (3aS*,4R*,7S*,7aR*)-2-(4-fluorophenyl)-4-methyl-3a,
4,7,7a-tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3f)

Colorless prism (0.20 × 0.10 × 0.03 mm3), monoclinic space group P21/c, a = 9.9813(13) Å,
b = 13.0236(15) Å, c = 9.7580(8) Å, β = 101.379(9)◦, V = 1243.5(2) Å3, Z = 4, λ (CuKα) = 1.54178 Å,
ρ = 1.460 g/cm3, μ (CuKα) = 0.945 cm, 2238 reflections measured (T = 173 K, 5.655◦ < θ < 68.328◦), nb
of independent data collected: 2238, nb of independent data used for refinement: 1687 in the final
least-squares refinement cycles on F2, the model converged at R1 = 0.0687, wR2 = 0.1787 [I > 2σ(I)],
R1 = 0.0915, wR2 = 0.1875 (all data), and GOF = 1.172, H-atom parameters constrained. (CCDC 1985815).
(Figure S7)

Single crystal X-ray structure analysis of (3aS*,4R*,7S*,7aR*)-2-(4-bromophenyl)-4-methyl-3a,4,7,7a-
tetrahydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (exo-3g).

Colorless prism (0.20× 0.20× 0.20 mm3), monoclinic space group P21/n, a= 20.838(6) Å, b = 6.485(2) Å,
c = 20.853(6) Å, β = 104.364(3)◦, V = 2729.9(15) Å3, Z = 8, λ (MoKα) = 0.71073 Å, ρ = 1.626 g/cm3,
μ (MoKα) = 3.018 cm, 5224 reflections measured (T = 173 K, 1.593◦ < θ < 27.570◦), nb of independent data
collected: 5224, nb of independent data used for refinement: 3679 in the final least-squares refinement
cycles on F2, the model converged at R1 = 0.0511, wR2 = 0.1118 [I > 2σ(I)], R1 = 0.0928, wR2 = 0.1310 (all
data), and GOF = 1.025, H-atom parameters constrained. (CCDC 1985818). (Figure S8)

Reaction conditions for asymmetric DA reaction via dynamic crystallization
In a sealed tube (L = 200 mm, Φ = 25 mm), N-arylmaleimide 2 (100 mg), 2-methylfuran 1 (15 eq.),

TFA (0–1.0 eq), and heptane (1.0 mL) were stirred with or without glass beads (250 mg) using a stir
bar at 80 ◦C. The crystalline adduct 3 appeared after a few minutes, and the solution was kept in
suspension by stirring at 600 rpm for several days at 80 ◦C. The change of ee value of crystalline 3

was monitored by HPLC using CHIRALPAK IA (Daicel Ind.) column; eluent: n-hexane/EtOH. Finally,
crystalline exo-3 was isolated by filtration. The same procedure was performed for all substrates.
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Figure S1: Single crystal X-Ray crystallographic analysis of exo-3b (disordered), Figure S2: Single crystal
X-Ray crystallographic analysis of exo-3b (enantiopure), Figure S3: Single crystal X-Ray crystallographic
analysis of exo-3c (enantiopure), Figure S4: Single crystal X-Ray crystallographic analysis of exo-3d (disordered),
Figure S5: Single crystal X-Ray crystallographic analysis of exo-3d (enantiopure), Figure S6: Single crystal X-Ray
crystallographic analysis of exo-3e (enantiopure), Figure S7: Single crystal X-Ray crystallographic analysis of
exo-3f, Figure S8: Single crystal X-Ray crystallographic analysis of exo-3g, Figure S9: Time course for DA reaction
of 1 (0.5 M) and 2b–d (0.05 M) at 60 ◦C in CDCl3 monitored by 1H NMR, Figure S10: Time course for reverse-DA
reaction of exo-3b–d (0.05 M) at 60 ◦C in CDCl3 monitored by 1H NMR, Figure S11: Time course for reverse-DA
reaction of exo-3b–d (0.03 M) in the presence of TFA (0.03 eq) at 60 ◦C in CDCl3 monitored by 1H NMR, Figure S12:
HPLC analysis of racemic exo-3b, Figure S13: HPLC analysis of 40% ee of exo-(-)-3b, Figure S14. HPLC analysis
of racemic of exo-3c, Figure S15. HPLC analysis of 98% ee of exo-(-)-3c, Figure S16. HPLC analysis of racemic
of exo-3d, Figure S17. HPLC analysis of 49% ee of exo-(+)-3d, Figure S18: 1H NMR spectrum of maleimide 2b,
Figure S19: 13C NMR spectrum of maleimide 2b, Figure S20: 1H NMR spectrum of maleimide 2c, Figure S21:
13C NMR spectrum of maleimide 2c, Figure S22: 1H NMR spectrum of maleimide 2d, Figure S23: 13C NMR
spectrum of maleimide 2d, Figure S24: 1H NMR spectrum of maleimide 2e, Figure S25: 13C NMR spectrum of
maleimide 2e, Figure S26: 1H NMR spectrum of maleimide 2f, Figure S27: 13C NMR spectrum of maleimide 2f,
Figure S28: 1H NMR spectrum of maleimide 2g, Figure S29: 13C NMR spectrum of maleimide 2g, Figure S30:
1H NMR spectrum of maleimide 2h, Figure S31: 13C NMR spectrum of maleimide 2h, Figure S32: 1H NMR
spectrum of maleimide 2i, Figure S33: 13C NMR spectrum of maleimide 2i, Figure S34: 1H NMR spectrum of
maleimide 2j, Figure S35: 13C NMR spectrum of maleimide 2j, Figure S36: 1H NMR spectrum of exo-3a, Figure S37:
13C NMR spectrum of exo-3a, Figure S38: 1H NMR spectrum of exo-3b, Figure S39: 13C NMR spectrum of exo-3b,
Figure S40: 1H NMR spectrum of exo-3c, Figure S41: 13C NMR spectrum of exo-3c, Figure S42: 1H NMR spectrum
of endo-3d, Figure S43: 13C NMR spectrum of endo-3d, Figure S44: 1H NMR spectrum of exo-3e, Figure S45:
13C NMR spectrum of exo-3e, Figure S46: 1H NMR spectrum of endo-3f, Figure S47: 13C NMR spectrum of endo-3f,
Figure S48: 1H NMR spectrum of exo-3g, Figure S49: 13C NMR spectrum of exo-3g, Figure S50: 1H NMR spectrum
of endo-3h, Figure S51: 13C NMR spectrum of endo-3h, Figure S52: 1H NMR spectrum of exo-3i, Figure S53:
13C NMR spectrum of exo-3i, Figure S54: 1H NMR spectrum of endo-3j, Figure S55: 13C NMR spectrum of endo-3j.
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Abstract: Photomechanical materials exhibit mechanical motion in response to light as an external
stimulus. They have attracted much attention because they can convert light energy directly to
mechanical energy, and their motions can be controlled without any physical contact. This review
paper introduces the photomechanical motions of photoresponsive molecular crystals, especially
bending and twisting behaviors, from the viewpoint of symmetry breaking. The bending (right–left
symmetry breaking) and twisting (chiral symmetry breaking) of photomechanical crystals are based
on both intrinsic and extrinsic factors like molecular orientation in the crystal and illumination
conditions. The ability to design and control this symmetry breaking will be vital for generating new
science and new technological applications for organic crystalline materials.

Keywords: photomechanical; crystal; right–left symmetry breaking; chiral symmetry breaking

1. Introduction

Symmetry is a very important concept in various fields, from natural sciences like mathematics,
physics, chemistry, biology, geology, and astronomy to engineering fields such as architecture and
urban design. For instance, the 1979 and 2008 Nobel Prizes in Physics were awarded to research
on symmetry, specifically a unified symmetry description of electromagnetic and weak interactions
and the discovery of the mechanism of spontaneous breaking of symmetry [1–5]. The well-known
Woodward–Hoffmann rules in chemistry that rationalize pericyclic reactions rely on the fact that the
symmetry of the molecular orbitals of the electrons involved in the reaction must be preserved during
the reaction [6]. The 1981 Nobel Prize in Chemistry was awarded to the Woodward–Hoffmann rules
and the frontier molecular orbital theory reported by Kenichi Fukui [7]. In biology, the homochirality of
amino acids that almost always exist in the left-handed form (L-amino acids) is well known. The origin
of this homochirality is not known but may be related to symmetry breaking. Moreover, in architecture,
symmetry also plays an important role. In Islamic architecture, the elegance of the mosque is due to its
symmetry and golden ratio. Thus, our life is closely related to symmetry.

The concept of symmetry is also important in biological and materials science research. For example,
Kuroda et al. reported that the zygotic left–right asymmetry pathway in snails is dictated by its chiral
blastomere arrangement [8]. Briefly, they physically twisted the blastomere and showed that the
right-handed and left-handed conch was determined by the difference in the shape of the blastomere
(Figure 1). Ishii et al. also reported on the control of chiral supramolecular nanoarchitectures by
macroscopic mechanical rotations [9]. They revealed that the macroscopic mechanical rotation of a rotary
evaporator could induce enantioselective H-aggregation of achiral phthalocyanines: counterclockwise
rotation resulted in right-handed aggregation, but clockwise rotation gave left-handed aggregation
(Figure 2). These results indicate that the chirality of physical outputs can be controlled by applying
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external mechanical stimuli that break the symmetry. In this paper, we introduce photomechanical
molecular crystals that respond to light as an external stimulus and show that this perturbation can
generate chiral mechanical motion as an output.

Figure 1. Generation of right-handed and left-handed snails, depending on the physical twist of
the blastomere. After the third-cleavage manipulations, both sinistralized dextral embryos (a) and
dextralized sinistral embryos (g) were raised to adult snails. Development was observed at trochophore
(a,g), veliger (b,h) and juvenile snail (c,i) stages. Adult snails were pictured dorsally (d,j) and ventrally
(e,k). The shell was removed to observe the position of internal organs (f,l, dorsal view). ag, albumen
gland; g with dotted red line, gut; go, female genital opening; h, heart; l with white coil, liver; st,
stomach; po, pulmonary sac opening. Scale bars: a–c, g–i, 0.5 mm; d–f, j–l, 5 mm. Reproduced from [8]
with permission of Springer Nature, copyright 2009.

Figure 2. Control of chiral supramolecular nanoarchitectures by macroscopic mechanical rotations.
Reproduced from [9] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2013.

2. History and Background of Photomechanical Molecular Crystals

Photomechanical materials exhibiting mechanical motions upon photoirradiation generally
consist of photoresponsive molecules. When photoresponsive molecules undergo geometrical changes
due to photochemical reactions, the individual molecular motions act in concert, resulting in the
mechanical motion of the material itself. Liquid crystalline polymers and molecular crystals made
from photoresponsive molecules are well known and have been intensively investigated so far.

The history of photomechanical molecular crystals starts from research in 1982, reported by
Abakumov and Nevodchikov et al. [10]. The crystals, composed of a semiquinone complex of platinum
group metals, exhibited a photomechanical bending of the crystal by as much as 45◦ upon irradiation
with visible or near-infrared light. The crystal reverted to its original shape within 0.1 s when the
light exposure was stopped. The bending behavior was due to the radical-mediated formation of
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dimerized Rh-Rh bonds in the crystal. However, at that time, this photomechanical behavior did not
attract much attention. After a while, in the early 2000s, it was noted again. Bardeen et al. reported on
the photochemically driven expansion of crystalline nanorods composed of an anthracene derivative,
9-tert-butyl anthroate (9-TBAE) (Figure 3) [11]. 9-TBAE undergoes a [4 + 4] photodimerization in the
crystalline state, which results in a 15% increase in rod length without fragmentation. Kobatake and Irie
et al. reported on the rapid and photoreversible shape changes of photochromic diarylethene crystals,
including transforming from a square shape to a lozenge shape, expansion and contraction, and bending
(Figure 4) [12]. After these remarkable findings, many researchers joined this research field, and it has
been revealed that crystals of various photoresponsive molecules can exhibit photomechanical behavior
such as expansion and contraction, bending, twisting, coiling, rolling, and so on (Figure 5) [13–43].
As can be seen, bending is an especially common motion.

Figure 3. Fluorescence image of a bundle of nanorods, consisting of 9-tert-butyl anthroate (9-TBAE),
before and after irradiation with a 365 nm light. The rods lengthen by an average of 15% as
measured along a single rod. Reproduced from [11] with permission of the American Chemical Society,
copyright 2006.

Figure 4. Photoreversible crystal shape changes of diarylethene derivatives 1 and 2. Adapted from [12]
with permission of Springer Nature, copyright 2007.

83



Symmetry 2020, 12, 1478

 

Figure 5. Photochromic compounds exhibiting photomechanical behaviors in crystals.

3. Photomechanical Bending Motion of Molecular Crystals: Right–Left Symmetry Breaking

Photomechanical motion of photoresponsive organic crystals is ascribed to the strain generated by
the photoreactions in the crystal. The mechanism can be explained with the example of photomechanical
crystal bending as follows. Upon ultraviolet (UV) light irradiation from one side of the crystal,
photoresponsive molecules undergo various reactions such as intramolecular ring-closing and opening
reactions, cis–trans isomerization, intermolecular [2 + 2] photodimerization, [4 + 4] photodimerization,
and so on, which results in the formation of a bimorph or bimetal structure between reactants and
photoproducts. This asymmetry arises because the photoreactions proceed more on the side where
light is irradiated. The strain induced by this bimorph or bimetal structure leads to the bending
deformation of the crystal itself (Figure 6) [44]. From the viewpoint of symmetry, photomechanical
behavior is induced by the breaking of symmetry of the molecular structure and arrangement in the
crystal due to the progress of the photoreaction. Moreover, the bending direction can be controlled by
moving the illumination source. Most bending crystals based on the bimorph or bimetal mechanism
exhibit this control of symmetry breaking by an extrinsic factor. Thus, it can be said that the symmetry
breaking plays an important role even in the simplest photomechanical behavior.

Figure 6. Schematic illustration of a bimorph or bimetal structure composed of reactants and
photoproducts. Adapted from [44] with permission of John Wiley & Sons, Ltd., copyright 2017.

As mentioned in the previous section, bending is the most common photomechanical motion.
In addition to illumination direction, the bending behavior is influenced by the molecular crystal
structure itself. A good illustration of this can be seen by taking diarylethene molecular crystals as
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examples. Diarylethene molecules undergo a 6π ring-closing and ring-opening reaction between
the colorless open-ring isomer and the colored closed-ring isomer. During this photoisomerization
reaction, the long axis of the molecule shrinks, the short axis of the molecule extends, and the thickness
of the molecule decreases, as shown in Figure 7 [45]. This small but apparent molecular structural
change results in photomechanical motion. When a rod-shaped crystal of a diarylethene derivative,
1-(5-methyl-2-(4-(p-vinylbenzoyloxymethyl)phenyl)-4-thiazolyl)-2-(5-methyl-2-phenyl-4-thiazolyl)
perfluorocyclopentene (4), is irradiated with UV light, the crystal bends toward the light
source and straightens out after irradiation with visible light (Figure 8a) [23]. On the other
hand, the crystal of a diarylethene derivative, 1,2-bis(2-methyl-5-(4-(1-naphthoyloxymethyl)
phenyl)-3-thienyl)perfluorocyclopentene (5), shows different behavior. Upon irradiation with UV light,
the crystal bends away from the light source and returns to its initial shape by visible light irradiation
(Figure 8b) [21]. The different bending directions are ascribed to different molecular packings in the
crystals. Therefore, molecular packing also plays an important role as an intrinsic factor in determining
the bending direction.

Figure 7. Molecular structural change of a diarylethene derivative, 1,2-bis(2,5-dimethyl-3-thienyl)
-perfluorocyclopentene (3), accompanied with the photochromic reaction. Reproduced from [45] with
permission of the American Chemical Society, copyright 2014.

Figure 8. Photomechanical crystal bending behaviors of diarylethene derivatives 4 and 5 (a) bending
toward the UV light source (adapted from [23] with permission of the European Society for Photobiology,
the European Photochemistry Association, and The Royal Society of Chemistry, copyright 2014) and
(b) bending away from the UV light source at 365 nm (adapted from [21] with permission of the
American Chemical Society, copyright 2013).
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One question is whether such bending behavior can be observed for crystals of any size. It is a
long-known fact for chemists that when the size of a crystal is large, the crystal usually disintegrates as
the photoreaction proceeds. To gain insight into the size dependence of the photomechanical bending
behavior, the dependence of the bending velocity on the crystal thickness was investigated [21,23].
The initial bending velocity (Vinit) increases as the crystal thickness decreases, and the relationship
between the Vinit and the crystal thickness was well explained by Timoshenko’s bimetal model. Based
on this analysis, it was found that a crystal with a thickness of a few micrometers bent well. In larger
crystals, the strain generated by the photoisomerization reaction cannot be relaxed by deformation of the
crystal, and the crystal tends to fracture. Furthermore, it was found that Vinit increased in proportion to
the light irradiation intensity, suggesting that the photomechanical bending was directly proportional to
the amount of molecular reactions that have occurred [46]. This finding inspired us to examine the effect
of illumination conditions on photomechanical behavior. When the crystal of a diarylethene derivative,
1,2-bis(5-methyl-2-phenyl-4-thiazolyl)perfluorocyclopentene (2), was irradiated with a 365 nm light,
it bent toward the incident light. However, upon irradiation with a 380 nm light, the crystal bent
away from the light source at first, then bent back toward the incident light after prolonged irradiation
(Figure 9) [47]. This result is related to the difference in depth of the photochromic reaction from
the crystal surface for different illumination wavelengths. Similar results could be observed when
polarized UV light was used as the incident light [48]. Thus, the photomechanical bending direction
(i.e., right–left symmetry breaking) can be controlled by both intrinsic and extrinsic factors, such as the
molecular packing in the crystal and the illumination conditions (source direction and wavelength).

Figure 9. Different photomechanical bending behavior of a diarylethene 2 crystal depending on the
illumination wavelength. (a) The crystal was irradiated with a 365 nm light from the left side and
then irradiated with visible light from the right side. (b) The crystal was irradiated with a 380 nm
light from the left side and then irradiated with visible light from the right side. (c) The crystal was
irradiated with a 380 nm light from the left side and then irradiated with visible light from the left side.
Reproduced from [47] with permission of the PCCP Owner Societies.

4. Crystal Twisting: Chiral Symmetry Breaking by Intrinsic Factors

In the research field of crystal growth, twisted crystal growth is an interesting topic. Twisted
crystal growth has been observed in crystals of a variety of substances including elements, minerals,
simple salts, organic molecules, and polymers. Figure 10 shows the photographs of the twisted crystals
of natural quartz and K2Cr2O7 as examples of twisted crystal growth. Shtukenberg and Kahr et al.
have written a review paper on the mechanism of growth-actuated twisting of single crystals [49].
Since various factors can play a role in growth-actuated twisting, such as chemical composition, size,
shape, and growth conditions, there is no universal mechanism for the twisting. However, in all cases,
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it can be concluded that the crystal twists as a result of the chiral symmetry breaking due to various
factors such as surface charge, electrostatics, piezoelectricity, screw dislocation, twinning, surface stress,
and so on. These are all examples of symmetry breaking due to intrinsic environmental factors in the
absence of a chemical reaction.

Figure 10. Photographs of a representative twisted crystal growth of (a) natural quartz and (b)
K2Cr2O7. Reproduced from [49] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2014.

Recently, Sureshan et al. reported on chirality-controlled twisting of dipeptide crystals by a thermal
topochemical reaction [50]. The presence of chiral reactants could induce crystal twisting during the
reaction under heating, and the direction of the twisting (i.e., right-handed or left-handed) depended
on the chirality of the precursor dipeptide (Figure 11). This is an example of stimuli-responsive twisting.
The heating acts as a stimulus and leads to chiral symmetry breaking, resulting in twisting. A twisting
motion due to photochemical reactions has also been reported. Bardeen et al. reported that microribbon
crystals composed of 9-anthracenecarboxylic acid (9AC) exhibited twisting upon UV irradiation [26].
After the light was turned off, they relaxed back to their original shapes over the course of minutes
(Figure 12). This is T-type (thermally reversible) photomechanical twisting. Kitagawa and Kobatake et al.
reported that microribbon crystals made from a diarylethene derivative also exhibited reversible
photomechanical crystal twisting [22]. In this case, the crystal could be reversibly switched back and
forth between twisted and straight with alternating irradiation with UV and visible light (Figure 13).
This is P-type (photochemically reversible) photomechanical twisting. These photomechanical crystal
twisting behaviors were observed under spatially uniform light irradiation. The twisting motion
is induced by strain in the diagonal direction relative to the crystal’s long axis, which depends on
the molecular orientation with respect to the long axis of the plate. Al-Kaysi and Bardeen et al.
elucidated that controlling crystal morphology resulted in different photomechanical behaviors [51].
When crystals of 9-methylanthracene (9MA) were prepared by seeded growth using a surfactant,
hexagonal microplates were obtained that exhibited photomechanical curling behavior (Figure 14a).
On the other hand, rectangular microribbons prepared by a floating drop method (i.e., dropping the
organic solvent containing 9MA into water) showed helical twisting behavior upon UV irradiation
(Figure 14b). The hexagonal microplates and rectangular microribbons of 9MA are the same polymorph,
but have different internal molecular orientations (i.e., the crystal growth directions of the hexagonal
microplates and rectangular microribbons are different).
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Figure 11. Twisting of crystals consisting of chiral dipeptides (N3-L-Ala-L-Val-NHCH2C≡CH) upon
heating as an external stimulus (a) before heating and (b) after heating at 85 ◦C for 1 day. Adapteed
from [50] with permission of National Academy of Sciences, copyright 2018.

 
Figure 12. Photomechanical twisting behavior of a 9AC crystal upon UV irradiation (a) before
photoirradiation and (b) immediately after irradiation. The twisted crystal returns to the original shape
over the course of minutes by removing the incident light. (c) Nine minutes after removing the light.
Adapted from [26] with permission of the American Chemical Society, copyright 2011.

 
Figure 13. Photoreversible photomechanical twisting of a diarylethene 6 crystal upon alternating
irradiation with UV and visible light. Adapted from [22] with permission of Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim, copyright 2013.
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Figure 14. Photomechanical curling and twisting of 9-methylanthracene (9MA) crystals, depending on
the crystal morphology. (a) A 9MA hexagonal microplate and (b) a 9MA rectangle microplate. Adapted
from [51] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.

By controlling the molecular orientation within a crystal, it is possible to generate different
photomechanical behaviors (Figure 14). On larger scales, the shape of the crystal itself can lead to
symmetry breaking and directional motion. Katsonis et al. reported that ribbons made from a liquid
crystalline polymer with an azobenzene derivative could exhibit curling, right-handed or left-handed
helical twisting, depending on the direction in which they were cut (Figure 15) [52]. This is because the
direction of the shrinkage and expansion in the plane of the material can be tuned by the direction
of the cutting. This is an excellent study on controlling the photomechanical twisting by controlling
the macroscopic structure. Al-Kaysi and Bardeen et al. reported that branched crystals composed
of 4-fluoroanthracene-9-carboxylic acid (4F-9AC) could be prepared by a pH-driven reprecipitation
method [53]. A branched crystal will rotate in one direction like a ratchet under sequential illumination
(Figure 16). This is due to symmetry breaking by the crystal branching. The rotation direction depends
on the chirality of the branched crystal shape. In all the cases in this section, the twisting was intrinsic
in the sense that some internal structural factor led to twisting. Changing the external perturbation,
i.e., the light field, was not used to influence the twisting motion.

Figure 15. Photomechanical behaviors of liquid crystalline azobenzene polymer, depending the cutting
direction. Reproduced from [52] with permission of Springer Nature, copyright 2014.
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Figure 16. Photomechanical ratchet-like motion of X-shaped 4F-9AC crystals upon UV irradiation.
Adapted from [53] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2016.

5. Control of Chiral Crystal Twisting by Control of Light Illumination as an Extrinsic Factor

The control of chiral symmetry breaking by external factors is an important research topic,
and many scientists have made efforts in this field [54]. For example, in the introduction, we described
how a dynamic external perturbation (rotovap spinning direction) could change the chiral structure of
supramolecular aggregates. In photomechanical materials, control of chirality by extrinsic factors (that
is, control of photomechanical twisting) has also been investigated.

Light is the main extrinsic perturbation that can be used in the case of molecular crystals. Chirality
control can be realized by changing the illumination direction. We demonstrated that ribbon crystals
that consist of a diarylethene derivative could exhibit different twisting motions, ranging from a
helicoid to a cylindrical helix, depending on the angle of the incident light (Figure 17) [55]. This was
ascribed to the preferential excitation of differently oriented molecules within the crystal by different
light directions. In other words, by exciting differently oriented molecules, the photoinduced strain
tensor in the crystal (and thus the mode of photomechanical deformation) can be controlled by the
direction of the UV light irradiation. Note that this control is only possible for crystals where all the
molecules have a precise orientation with respect to the lab frame. The detailed mechanism is still
under investigation, but this is a unique example of controlling chiral photomechanical twisting by an
extrinsic factor.

Figure 17. Control of photomechanical twisting of a ribbon crystal consisting of diarylethene 7 by
illumination direction. Reproduced from [55] with permission of the American Chemical Society,
copyright 2018.
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6. Future Directions

There is now a large body of work showing that photoreactive crystals can generate mechanical
motion. However, one major challenge is incorporating these crystals into actuator structures that can
do useful work. As examples of applications, molecular crystal devices that give rise to cantilever
motion [18], gearwheel rotation [19], and current switching [56] have been demonstrated, as shown
in Figure 18. However, nano- and micro-sized crystals can only generate small amounts of work
in isolation. It is still challenging to sum up the work of many individual crystals into one large
output. As one of the strategies to overcome this issue, embedding crystals in polymer hosts has
been demonstrated [57–60]. However, it is still difficult to order the crystals regularly in polymer
hosts, and a large output has not been obtained. Recently, we reported that hybrid organic–inorganic
materials consisting of a diarylethene derivative and anodic aluminum oxide (AAO) porous template
can exhibit photomechanical actuation (Figure 19) [61,62]. These ordered composites combine the
photoresponsive properties of the organic with the high elastic modulus of the ceramic, making them a
photon-powered analog to piezoelectric actuators.

Figure 18. Examples of application of photomechanical bending behaviors of diarylethene crystals.
(a) Molecular crystal cantilever, consisting of 8 and a perfluoronaphthalene co-crystal (reproduced
from [18] with permission of the American Chemical Society, copyright 2010); (b) gearwheel rotation,
working by complicated motions of a diarylethene derivatives 9 and 10 mixed crystal (reproduced
from [19] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2012);
and (c) current switching caused by photoreversible bending of a gold-coated diarylethene 2 crystal
(reproduced from [56] with permission of The Royal Society of Chemistry).

91



Symmetry 2020, 12, 1478

 
Figure 19. (a) Photographs of the hybrid organic–inorganic materials, consisting of a diarylethene
derivative 7 and anodic aluminum oxide (AAO) porous template, and (b) its photomechanical actuation.
Reproduced from [61] with permission of the American Chemical Society, copyright 2019.

A second challenge for organic photomechanical crystals is to improve their energy conversion
and power efficiency. For example, in most cases, only a few percent of the photochromic molecules
react and contribute to the photomechanical response. To increase conversion, negative photochromic
compounds are the best candidates. The absorption spectra of negative photochromes undergo a shift to
higher energies after photoisomerization, allowing the excitation light to penetrate through the crystal.
Bardeen et al. recently reported on the photomechanical behavior of a phenylbutadiene derivative,
(E)-4-fluorocinnamaldehyde malononitrile ((E)-4FCM), that undergoes a negative photochromic
reaction based on a [2+2] photocycloaddition in the crystal form [63]. The nanowire bundles composed
of (E)-4FCM exhibited a rapid expansion and spread by as much as 300% (Figure 20). AAO membranes
containing this molecule were capable of lifting approximately four times as much weight as membranes
containing a positive photochrome based on diarylethene. Thus, varying and optimizing the molecular
photochrome is still one of the essential topics.

 
Figure 20. Spreading of nanowire bundles consisting of (E)-4-fluorocinnamaldehyde malononitrile
((E)-4FCM) upon UV irradiation. Reproduced from [63] with permission of The Royal Society
of Chemistry.
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7. Conclusions

In this paper, we introduced various photomechanical motions of photochromic molecular crystals
from the viewpoint of symmetry breaking, such as right–left symmetry breaking and chiral symmetry
breaking, by both intrinsic and extrinsic factors. Photomechanical molecular crystals have great
potential as materials that convert light energy directly to mechanical energy, with large elastic moduli,
high energy densities, and fast response times. This is an advantage compared with liquid crystalline
polymers. In addition to the challenges described in the previous section, it is necessary to develop
a quantitative understanding of how molecular-level structure changes and photochemical reaction
kinetics give rise to a macroscopic photomechanical response. Such a predictive understanding will
allow us to design photomechanical crystals with properties optimized for different applications.
While there are still problems to be addressed, it is clear that this research field is rapidly developing
and attracting many researchers. The ability of these high-symmetry structures to undergo symmetry
breaking motion in response to light will continue to generate new science and new technological
applications for organic crystalline materials.
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Abstract: Vapochromic materials, which change color and luminescence when exposed to specific
vapors and gases, have attracted considerable attention in recent years owing to their potential
applications in a wide range of fields such as chemical sensors and environmental monitors.
Although the mechanism of vapochromism is still unclear, several studies have elucidated it
from the viewpoint of crystal engineering. In this mini-review, we investigate recent advances
in the vapochromism of organic crystals. Among them, macrocyclic molecules and inclusion
complexes, which have apparent host–guest interactions with analyte molecules (specific vapors and
gases), are described. When the host compound is properly designed, its cavity size and symmetry
change in response to guest molecules, influencing the optical properties by changing the molecular
inclusion and recognition abilities. This information highlights the importance of structure–property
relationships resulting from the molecular recognition at the solid–vapor interface.

Keywords: vapochromism; fluorescence; macrocycles; inclusion crystals; host–guest chemistry

1. Introduction

The development of chemosensors has been the subject of intensive research for
potential applications in various fields covering human health, industries, and security fields.
Gas chromatography, high-performance liquid chromatography, and electrochemical sensing are
commonly used for the detection of small molecules and volatile organic compounds. However, most
of these methods fail to meet the requirements of simple operation and are expensive. In this context,
vapochromic materials that undergo color and/or fluorescence changes in response to specific gases
and vapors have been a promising phenomenon. Colorimetric sensor arrays with pattern recognition
capabilities have been widely used to detect and discriminate multiple chemically similar samples.

In the last decades, vapochromic materials based on organic dyes, metal complexes, metal organic
frameworks, and covalent organic frameworks have attracted a lot of attention and various researches
have been carried out. Various metal complexes are known to show vapochromism in the solid-states
due to the significant changes in the metal-to-metal interaction and coordination bonding modes
caused by the adsorption and desorption of vapor molecules. Several examples of metal-containing
vapochromic materials such as Pt(II) or Au(I) have been reported and compiled in review papers [1–6].
On the other hand, metal-free vapochromic materials have been recently considered. The purpose of
this mini-review is to investigate recent advances in the fields of vapochromism/vapofluorochromism
of organic materials, especially focusing on host–guest compounds with distinct mechanisms and
where structural identification has been achieved.

2. Vapochromic Materials Based on Macrocyclic Compounds

Macrocyclic compounds have long been known as host compounds, and cyclodextrins [7],
calixarenes [8], thiacalixarenes [9], pillararenes [10], and cucurbiturils [11] have been reported. Some of
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them incorporate guest molecules into the cavity of their cyclic framework via intermolecular
interactions to form a host–guest complex in solution and the solid-states. For example,
the room-temperature phosphorescence from guest molecules has been observed when cyclodextrin
derivatives and halogenated naphthalene are used as host compounds and guest molecules,
respectively [12]. This is because the formation of the host–guest complex can suppress thermal
deactivation. Thus, the formation of complexes, such as host–guest complexes, has been important for
expressing hidden optical functions.

Macrocyclic compounds have internal cavities based on their molecular shape. If the size of the
guest molecule does not match the size of the cavities, it will not be incorporated into the cavities.
If the guest molecule matches the size of the cavities, it will be selectively incorporated into the cavities.
These molecular recognition capabilities have been used to retain and remove substances and for
sustained release materials. Based on this phenomenon, various sensor materials have been developed
as molecular recognition membranes by combining with electrochemical sensors [13]. Research on
vapochromism, in which the host compound is a solid and the guest compound is a vapor (gas),
attracts great attention because of the absorption and luminescence response before and after the
adsorption of the guest molecule. These studies have widely used porous materials as hosts that can
adsorb gases and small organic compounds as guests. Among them, studies in which the crystal
structures have been identified before and after guest adsorption are essential to discuss the mechanism
of vapochromism. Recently, vapochromic materials based on pillar[n]arene derivatives, which are host
compounds with a cyclic structure, have been of great interest.

Pillar[n]arenes, reported by Ogoshi in 2008 [14], are macrocyclic molecules composed of
1,4-di-alkoxybenzene, which are called pillar[5]arene or pillar[6]arene, etc., depending on the
repeating unit “n”. Research progress with these compounds has been rapidly expanded and
has been summarized in some review papers regarding supramolecular complexes and host–guest
chemistry [10,15,16]. In this mini-review, we present various vapochromic materials based on
host–guest chemistry inspired by the unique structures of pillar[n]arenes and their related compounds.

The difference between the pillar[5]arene and the pillar[6]arene is the size of the cavity. The cavity
size of pillar[5]arenes and pillar[6]arenes is ca. 4.7 and ca. 6.7 Å, respectively. The pillar[5]arene
tends to incorporate linear chain hydrocarbons via CH–π interactions, whereas the pillar[6]arene
tends to accommodate larger molecules such as aromatic molecules and cyclic alkanes. This cavity
size-dependent selectivity of the guest molecule makes it possible to fractionate positional substitutes
in organic compounds. For example, it has been reported that these materials can be used to separate
styrene from ethylbenzene and to separate three xylene isomers [17,18]. Separation of linear and
branched alkanes is demonstrated using the host–guest chemistry of pillar[n]arenes as well [19].
However, the color of the solid powder of a typical pillar[n]arene is white, making it difficult to
visually detect the uptake event of the guest molecules, for example, by color-change. To overcome
these problems, Ogoshi et al. [20] used a novel macrocyclic molecule in which an electron-accepting
molecule, benzoquinone, was introduced into the molecular structure of the pillar[5]arene (1) (Figure 1).
This material (1) was brown-color in the absence of any guest molecules. The color of the material
changed from brown to light-red when linear alkane vapors were introduced, indicating that the alkane
vapors, which had been challenging to detect due to the color change, were successfully detected with
the naked eye. Uptake of methanol vapor induced a different color change, from brown to black. It was
also found that branched and cyclic alkane vapors did not show a color change when exposed to them.
Furthermore, when a mixture of linear, cyclic, and branched alkane vapors was used, it was found
that the gas selectively adsorbed linear alkane vapors and showed a color change. In other words, it
is possible to detect the presence of linear alkane gas molecules in the mixed alkane gas by the color
change. Recently, Ogoshi et al. [21] investigated vapochromic behaviors of pillar[6]arene with one
benzoquinone unit to detect various small aromatic guests vapors.
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Figure 1. Vapochromic behavior of 1 against various alkane vapors and methanol vapors.
Reproduced with permission from Reference [20]. Copyright 2017 American Chemical Society.

Vapochromic materials have been reported to be scalable to various guest molecules based
on molecular design. Huang et al. [22] changed the analytes to volatile aliphatic aldehydes and
investigated their vapochromic behaviors using 1 (Figure 2). Aliphatic aldehydes are selected as target
compounds because they are generally highly reactive in nature and are potentially hazardous volatile
organic compounds that are considered unfavorable effects on the environmental and human health.
Exposure of guest-free crystals to various types of aliphatic aldehyde vapors resulted in quantitative
adsorption of these aldehyde vapors and different color changes were observed. Comparison of the
single-crystal structures revealed that different types of aldehyde vapors led to change in the relative
positions of the adjacent 1,4-diethoxybenzene and benzoquinone units. As a result, the charge-transfer
(CT) interactions between the electron-rich 1,4-diethoxybenzene and electron-deficient benzoquinone
units were altered, resulting in vapochromic behaviors with different color changes. These behaviors
were regenerated by the heat treatment and were able to repeatedly observe guest adsorption and
desorption without any particular loss of performance.

Figure 2. Vapochromic behavior of 1 against aliphatic aldehydes vapors. Reproduced with permission
from Reference [22]. Copyright 2018 American Chemical Society.

Subsequently, Ogoshi et al. [23] investigated the creation of a vapochromic material using a unique
mechanism that changes its liquid-to-solid state when exposed to specific vapors based on pillar[6]arene
derivatives (2) (Figure 3). By attaching 12 n-hexyl (C6H13) chains to pillar[6]arene, this system was
transformed into a room-temperature structural liquid, that is, a nanoscale system with some order but
no periodic structure. This clear liquid has the characteristic of becoming turbid solid when exposed to
guest vapors for several seconds. In particular, the state changes are expected to apply to new vapor
detection systems due to the selectivity of vapors, such as cyclohexane. Powder X-ray diffraction
(PXRD) measurements supported the fact that the linear n-hexyl group was initially contained in the

99



Symmetry 2020, 12, 1903

cavity of pillar[6]arene, but the uptake of the cyclohexane guest vapor results in the de-threading of the
n-hexyl group. This is because the cavity size of pillar[6]arene is more suitable for cyclohexane than
linear alkyl chains. The guest inclusion behaviors were also confirmed by proton NMR measurements.

Figure 3. (a) Chemical structure of 2. (b) Photographs of 2 by (i) exposing structural liquid 2 to
cyclohexane vapor at 25 ◦C for 30 min and (ii) heating the solid 2 at 80 ◦C under reduced pressure
for 30 min. (c) Schematic illustration of the guest vapor-induced state change of 2. Reproduced with
permission from Reference [23]. Copyright 2019 American Chemical Society.

To improve the vapochromic properties of pillar[n]arenes, direct modification of fluorophore
in their molecular skeleton has also been reported. Huang et al. [24] proposed a novel macrocyclic
molecule, in which an anthracene moiety was introduced in a part of pillar[5]arene (3) (Figure 4).
Upon exposure of this material to vapors of various ketone with different alkyl chains (C3–C8),
the compound showed unique vapochromic/vapofluorochromic behavior, as shown in Figure 4c.
For example, after exposure to C4, C5, and C6, the anthracene moieties exist as monomers in the
solid-state. In contrast, after exposure to C7 and C8, the anthracene moieties effectively form excimers
in the solid-states. Single-crystal structures and PXRD experiments suggested that two types of
anthracene assemblies, H-aggregation for fluorescence of excimer and J-aggregation for fluorescence of
monomer, were found to exhibit different vapochromic properties.

Figure 4. (a) Chemical structure and crystal structure of 3. (b) Chemical structures of ketones (C3–C8).
(c) Schematic illustration of activation and vapochromic/vapofluorochromic behaviors of 3. Reproduced
with permission from Reference [24]. Copyright 2019 American Chemical Society.

Another example of pillararenes modification with a fluorescent material is the so-called
BowtieArene, which consists of a tetraphenylethylene (TPE) fluorophore and two pillar[5]arenes [25].
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This figure-of-eight macrocycle material exhibits unique multi-stimuli-responsive fluorescence
accompanied by vapor absorption with host–guest interactions.

It has also been reported that vapochromic properties can be found using pillar[n]arene
without fluorescent tags. For example, Ogoshi et al. [26] reported that pillar[6]arene showed
vapofluorochromism against benzonitrile, methyl benzoate, and divinylbenzene by crystal-state
host–guest complexation at the solid–vapor interface. Li et al. [27] proposed the co-crystallization
approach to demonstrate vapochromic materials (Figure 5). The red-colored co-crystals (4•5) were
prepared by slow evaporation of the tetrahydrofuran-saturated solution of 4 and 5. The red coloration
was caused by intermolecular CT interactions between the electron-rich 4 and electron-deficient 5 with
absorption at 452 nm. However, after the co-crystals (4•5) were smashed to power and activated by
heating at 70 ◦C under vacuum for 12 h, the materials (4•5α) color changed to white. Exposure of 4•5α
to various vapors of haloalkane resulted in a color changes from white to a red or orange color. Such a
combination of macrocycle/host–guest chemistry and co-crystal engineering offers great potential for
further research.

Figure 5. (a) Chemical structures of 4 and 5. (b) Crystal structure of 4•5. (c) Pictures of 4•5 and
4•5α. (d) Vapochromic behavior of 4•5α against various vapors. Reproduced with permission from
Reference [27]. Copyright 2016 Wiley-VCH.

Following these trends, it is possible to design various vapochromic materials in which changes
in absorption and luminescence properties are induced by the uptake of guests, adding a new twist to
the macrocyclic that function as host molecules. In particular, those with an apparent crystal structure
allow for a detailed evaluation of host–guest interactions. Research is being carried out on how host
molecules with what structures exhibit vapochromic properties.

3. Vapochromic Materials Based on Inclusion Crystals

The guest inclusion phenomenon is frequently observed in many organic compounds’
crystallization process, regardless of the cyclic compounds mentioned above. This is because organic
compounds have complex structures in three dimensions. For example, organic compounds with
bulky and rigid substituents tend to include guest molecules because they do not pack easily without
guests [28–31]. This suggests that a phenomenon may be found in which the packing structure changes
depending on the type of guest, resulting in a change in optical properties. Indeed, inclusion crystals
consisting of organic dyes as host molecules and various guest molecules have been reported. Most of
them have been studied to modulate solid-state optical properties by changing the packing structure
depending on the type of guest molecules. If this phenomenon allows the preparation of host–guest
complexes through the solid-gas interface, it can cause vapochromism. The evaluation of the crystal
structure of the host–guest complexes provides important information to discuss the mechanism
of vapochromism.
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In 2010, Naota et al. [32] proposed the first vapochromic organic crystals based on
naphthalenediimide (NDI) derivatives (Figure 6). They designed S-shaped NDI derivatives bearing
two pyrrole-imine tethers via an alkyl chain (6). The NDI moiety is an electron-deficient π-conjugated
molecule that forms CT complex with electron-rich pyrrole-imine moieties and exhibits absorption
and coloration in the visible light region. It has been found that the coloration of this material changes
when various solvent molecules are incorporated as guests into the material’s cavities due to a shift in
the relative position of the NDI moiety and the pyrrole-imine tethers, resulting in a change in the CT
interaction and coloration.

Figure 6. (a) Chemical structures of 6. (b) Vapochromic behavior of 6 against various vapors.

In 2016, we investigated the vapochromic behavior of NDI derivatives bearing two
tris(pentafluorophenyl)borane units (7) (Figure 7) [33,34]. The luminescence intensity of the
supramolecular host was weak, but it increased by 76, 46, and 37 times under saturated vapor
pressure in response to vapors of toluene, benzene, and m-xylene, respectively. On the other hand,
no increase in luminescence intensity was observed for the vapors of methanol, ethanol, acetone,
dichloromethane, chloroform, hexane, and cyclohexane, although adsorption of molecules was
observed. The guest-dependent color and fluorescence changes which were observed, attributed to
intermolecular CT interactions between the electron-deficient NDI, and the electron-rich aromatic
guest molecules were observed. These results show that vapochromic/vapofluorochromic behaviors
against aromatic compounds can be achieved by host–guest interaction at the solid–vapor interface.

Figure 7. (a) Chemical structure of 7. (b) Guest inclusion behavior of 7 against vapors of guest
molecules. (c) Photographs of 7 and 7 with exposure of guest vapors under daylight (upper row)
and under ultraviolet-light (365 nm, bottom row). Reproduced with permission from Reference [34].
Copyright 2016 Wiley-VCH.

Based on these findings, we systematically varied the side chains of NDI derivatives (8–10) and
evaluated the vapochromic behaviors (Figure 8) [35,36]. Among them, NDI with a 2-benzophenone
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unit (8) showed a vapochromic/vapofluorochromic behavior toward toluene, p-xylene, 4-fluorotoluene,
and anisole. The detection limits for toluene and p-xylene vapors are 10 parts-per-billion (ppm)
and 20 ppm, respectively. From the single-crystal structures obtained from recrystallization, it was
found that the guest molecules were incorporated in the space of the host framework to form a CT
complex. This suggests that the absorption and fluorescence behavior is dependent on the type
of guest molecule incorporated in the crystal. On the other hand, NDI with a diphenylmethane
unit and NDI with a 3,5-di-tert-butylbenzene unit as substituents did not exhibit vapochromic
behavior. This means that modification of side-chain structure of NDIs can be devised to achieve novel
vapochromic/vapofluorochromic materials without significantly changing the electronic properties of
the compounds. Modification of the solid-state structure plays an important role in the development
of molecular recognition of the solid–vapor interface between sensor materials and the analytes.
In addition, two sensor ensembles (7 and 8) have been combined to create a mini-sensor array used
to identify small aromatic compounds containing benzene, toluene, and xylene isomers with the
naked eye.

Figure 8. (a) Chemical structures of 8–10. (b) Crystal structure of 8 including anisole as a guest molecule.
(c) Visualization of calculated voids and contact surface maps of 8. (d) Vapochromic bahavior of 7 and
8, and 7 and 8 after exposing guest vapors for 1 day.

The introduction of bulky substituents of dyes is essential to create porous crystals that can act as
vapochromic materials. For example, Yang et al. investigated porous organic crystals by modifying
the H-shaped pentiptycene scaffold of dyes and have been applied as vapochromic materials [37,38].
The pentiptycene unit is well known as a rigid-bulky substituent [39] so that aggregation-induced
fluorescence quenching is minimized and pore volume accessible to guest molecules is created.

Porous crystals can also be prepared by dendron modification of dyes and have been applied
as vapochromic materials. In 2020, Takeda et al. [40] studied porous organic crystals consisting of
π-conjugated molecules with multibranched carbazole units as dendritic propeller sites (11) (Figure 9).
It was found that these crystals can capture and release water molecules from the atmosphere.
Also, the apparent color of the crystalline powder changes is readily detectable with the naked
eye. For example, at room-temperature (25 ◦C), the crystals are yellow when the humidity is below
40%, but they turn entirely red when they reach 50%. This color change is reversible in response to
humidity changes, and the humidity and temperature in which the color change occurs are close to
our living environment. Thus, crystals can be used as high-performance sensors or adsorbates under
water-containing conditions.
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Figure 9. (a) Chemical structure of 11. (b) Photographs of vaphochromic behavior of 11 upon
uptake/release of water molecules. Reproduced with permission from Reference [40]. Copyright 2020
Nature publishing group.

Vapochromism of organic crystals using intramolecular proton transfer has been reported.
Uekusa et al. [41] suggested that 5-aminoisophthalic acid (12) exhibited a reversible color change upon
exposure to solvent vapors via a pseudopolymorphic transformation between pink hemihydrate and
yellow anhydrous crystals (Figure 10). When exposed to solvent vapors such as methanol, ethanol,
and acetonitrile, the white crystals gradually turn into yellow anhydrous crystals, and they revert to
hemihydrate crystals in the presence of water. Crystal structural analysis suggested that in the crystal
structure of the hemihydrate form, carboxylate anion (COO−) and ammonium cation (NH3+) were
formed through proton transfer to form a zwitterion. On the other hand, in the non-hydrated state,
the amino group remains in the form of NH2 conformation, and the compound 12 is in a nonionic
state with no proton transfer. The protonation and deprotonation of the carboxylate group has been
assigned by observing the twisting of the group against the plane of the aromatic ring. Stimulated
by solvent vapors, the compound 12 undergoes the dehydration/hydration conversion, resulting in a
vapochromic behavior with a significant impact on the proton transfer behavior. The similar strategy
was also reported by the same group using pimemidic acid [42].

Figure 10. Vapochromic behavior of 12. Reproduced with permission from Reference [41].
Copyright 2019 American Chemical Society.

In 2019, we investigated [43] the vapochromism of organic crystals using intermolecular proton
transfer of acid-base complexes. To do this, three crystals, salts, cocrystal, and salt-cocrystal continuum,
were designed by pKa values of acids and bases (Figure 11). The structure–property relationships of
crystals were well studied to realize the regulation of proton transfer dynamics between acid-base
complexes by photoluminescence color change. An acid-base complex consisting of a pyridine-modified
pyrrolopyrrole dye with salicylic acid (13•14), categorized as a salt-cocrystal continuum, undergoes
vapochromism against vapors of dichloromethane. The luminescent color change is attributed to
modulation of the degree of protonation by alternating the crystal packing environment upon inclusion
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and desorption of dichloromethane. When the complex was fumed with triethylamine (TEA) vapor
for 1 h, the emission color changed to blue. The emission color change originated from deprotonation
of 13 by TEA vapor.

Figure 11. (a) Chemical structures of 13 and 14. (b) Crystal structure of acid-base complex (13•14)
and its CH2Cl2 included structure. (c) Schematic illustration of emission color tuning by various
vapor molecules.

4. Conclusions

Vapochromic materials based on host–guest chemistry at the solid–gas interface have been
extensively studied. In the first part, we focused on the pillararene derivatives among the macrocyclic
molecules as hosts. We introduced their guest-recognition abilities depending on the size of the intrinsic
ring framework. Modification of the macrocyclic molecules allows the rational design of vapochromic
materials and studies on creating rational vapochromic materials and their mechanisms. In the latter
part, we introduced various vapochromic materials, focusing on the fact that the inclusion crystal
is a host–guest complex. The importance of introducing appropriately bulky substituents into the
dye molecules and a new mechanism of vapochromic materials, in which proton transfer changes in
response to guest vapors, were introduced. It is expected that the creation of vapochromic materials
will continue through various molecular materials and complexes. We believe that the future of these
studies has the potential to be applied to artificial olfactory systems that can outperform the olfactory
capabilities of living organisms.
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Abstract: It is generally believed that organic single crystals composed of a densely packed
arrangement of anisotropic, organic small molecules are less useful as functional materials due
to their mechanically inflexible and brittle nature, compared to polymers bearing flexible chains and
thereby exhibiting viscoelasticity. Nevertheless, organic crystals have attracted much attention because
of their tunable optoelectronic properties and a variety of elegant crystal habits and unique ordered or
disordered molecular packings arising from the anisotropic molecular structures. However, the recent
emergence of flexible organic crystal materials showing plasticity and elasticity has considerably
changed the concept of organic single crystals. In this review, the author summarizes the state-of-the-art
development of flexible organic crystal materials, especially functional elastic organic crystals which
are expected to provide a foothold for the next generation of organic crystal materials.

Keywords: elastic organic crystals; mechanical deformation;π-conjugated molecules; photoluminescence;
deformation-induced photoluminescence changes

1. Introduction

In general, organic molecular crystals have been believed to be inflexible and brittle (Figure 1a,b),
because they have a densely packed, three-dimensional (3D), supramolecular structure and hence
do not possess a mechanism for relaxation of the stress loaded. Meanwhile, it is known that several
organic molecular crystals display plastic-like bending deformability, i.e., plasticity [1–7]. These crystals
are plastically bended by photoirradiation or deformed by external stress (Figure 1a,c). Until 2016,
various flexible organic crystal materials were discovered and reported [8–15].
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Figure 1. Schematic illustration of three points stress for organic crystals. (a) Straight organic
crystals. i: brittle breakage. ii: plastically bending deformation. iii: elastically bending deformation.
(b) Brocken crystals. (c) Plastically deformed crystals. (d) Elastically deformed crystals.

Recently, the examples of ferroelastic and superelastic crystals that can change their shape due to
a crystal-to-crystal phase transition caused by the load of stress, and the examples of pseudo-elastic
shape recovery of plastically deformed solids have been reported [8–10]. Since that time, we have been
interested in elastic organic crystals, i.e., elastically deformable organic crystals that can realize bending
deformation and spontaneous shape recovery in response to the load of stress (Figure 1a,d). By the
way, the origin of elasticity observed for polymers can be classified into two thermodynamical factors,
namely enthalpy and entropy effects [11,12]. In the case of organic molecular crystals, the elasticity
should be related to the change of the molecular arrangement in the crystal during deformation. If the
entropic elasticity operated in the crystals at the nanoscopic level, by applying an external force,
the regularly arranged molecular packing were forced to change to an irregular state and could not
return to the original packing according to the second law of thermodynamics. This assumption was
not correct. The elastic organic crystals showed enthalpic deformation by applying an external force
and returned to the original molecular packing owing to the restoring force.

In this context, we have realized the combination of the elastic flexibility and unique ‘optical and
electronic functions’ of organic molecular crystals [16–24], which is most likely to open up a new field
of organic crystal materials chemistry (Figure 2). π-conjugated molecules were reported to demonstrate
various optoelectronic functions, such as light absorption and emission, semiconductor performance
and so forth, because of the π-electron systems [25–42]. Accordingly, it was expected that endowing a
flexible and tough elastic crystal with this π-functionality would enable to develop a new research field
which could lead to the development of flexible and wearable optoelectronic single-crystal devices
(Figure 2). Furthermore, it was also anticipated to find out additional novel phenomena caused
by the mechanical deformation of a dense supramolecular structure, despite anisotropic molecular
orientation. In this review, the author summarizes the design (Section 2), potential structures (Section 3),
detailed deformation (Section 4), and unique properties (Sections 5 and 6) of elastic organic crystals of
π-conjugated molecules.
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Figure 2. Schematic illustration of the concept on “elastic organic crystals of π-conjugated molecules”.
Flexible organic crystals with π-functionality.

2. Design of Elastic Organic Crystals Composed of π-Conjugated Molecules

Here the definite guidelines for the molecular design to afford elastic organic crystals with specific
functions are discussed. To endow organic crystals with flexibility, they must have an intermolecular
packing so as to relax the stress loaded (Figure 3a) [14,15]. Wire bundles, such as the fibril lamella
structure, can exhibit high flexibility, as seen in the macrostructure of muscle fibers (Figure 3b).
Therefore, if close attention is paid to the molecular structure that forms these wire bundles, and if
the constituent molecules form a slip-stack structure with “rigid and highly planar π-conjugated
molecules”, the “stable structure” due to molecular sliding accompanies stress loading. The change in
the crystal structure accompanying the change in the “metastable structure” would cause deformation
and relaxation of the crystal (Figure 3c). To construct a structure that allows expansion and contraction
of organic crystals, a method that causes molecular slipping by face-to-face slip-stacking must be
devised (Figure 3c,d). It is envisioned that molecular sliding between π-molecular plains affects the
microscopic stretchability (Figure 3e).

 

Figure 3. Enthalpic elasticity in elastically bendable organic crystals, elastic organic crystals.
(a) Schematic illustration of bending stress for organic crystals. (b) Illustration of the Fibril Lamella
structure. (c) Fibril in Lamella structure. (d) Face-to-face slip-stacked structure. (e) Plausible potential
energy curve of the elastic organic crystals under bending stress. Length changes at outside and inside
in the crystals. Molecular sliding occurs under both elongation and contraction stress.

Predicting and designing the crystal structure of any compound is extremely difficult.
However, the skillful design of molecular structures and realization of intended packing structures
based on functional group interactions and molecular shapes have been receiving attention in recent
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years. This methodology is called noncovalent synthesis, as opposed to organic synthesis based on
covalent bond conversion. The structural unit is called a supramolecular synthon, like a synthon
in organic synthesis [14,43,44]. In recent years, based on the structure concept shown in Figure 4,
the author has designed, synthesized, and crystallized π-conjugated molecules to achieve intended
crystal structures and create functional elastic crystals.

 

Figure 4. Chemical structures for light-emitting elastic organic crystals reported by Hayashi so far.
1 [15], 2 [16], 3 [20], 4 [20], 5 [19], 6 [21].

To form rigid and planar π-conjugated molecules and their slip stack-structures, we have focused
on oligothiophenes containing fluoroarene structures 1–4 (Figure 4) [34,37,45,46]. The fluorine atom
of the fluoroarene interacts with the sulfur atom of thiophene and forms hydrogen bonds with the
adjacent aromatic hydrogen to improve the rigidity (suppression of free rotation) and planarity by
multiple intramolecular interactions, and it is expected that face-to-face slip-stacking can be effectively
formed by the thiophene-tetrafluorophenylene-thiophene alternating structures 1–4 (Figure 4).

The crystallization of molecules 1–4 crystallized on a millimeter or centimeter scale. From the
crystal structure of each molecule, an interatomic distance shorter than the sum of the van der
Waals radii of sulfur and fluorine or that of hydrogen and fluorine was observed in the molecule.
Therefore, high rigidity and flatness based on the intramolecular S· · · F interaction and H· · · F hydrogen
bond were suggested. In addition, the molecules pack by the face-to-face slip-stacking structure, and it
can be considered that a single crystal with a target crystal structure based on the molecular design
is obtained.

Owing to the stress applied to each crystal, it was found that the crystals of 1–4 showed elasticity,
whereas the crystal of bis(5-methylthien-2-yl)-2,3,5,6-tetrafluorobenzene was brittle like a normal
organic crystal. For example, the crystal of 1 bent when stress was applied, and it quickly returned
to its original shape when the stress was released (Figure 5). That is to say, the crystal exhibiting
elastic properties was obtained by the proposed design of a molecular crystal structure. In addition,
this crystal showed efficient emission characteristics (sky blue emission, λPL = 500 nm, ϕPL = 24%),
and possessed functions unique to the π-electron system [15,16].

 

Figure 5. Photograph of elastic bending of the light-emitting elastic organic crystal of 1.
Reproduced from [15] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
copyright 2016.
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The intramolecular H· · ·F hydrogen bond in the crystal structure is stronger than the S· · ·F
interaction [34,37,45,46]. Therefore, when the core is difluorophenylene, the intramolecular H· · ·F
hydrogen bond with thiophene takes precedence, and the planarity increases. However, increasing the
molecular hardness (suppression of free rotation) by four interactions by using a tetrafluorophenylene
skeleton as the core is considered to afford the ultimate elasticity. In addition, owing to the face-to-face
slip-stacking structure, which is another key to develop elasticity, the π-conjugated molecules form
a through-space type of conjugated system, different from roughly isolated solution in solution.
The absorption and photoluminescence (PL) bands undergo a large red-shift [15,16,37]. Therefore, it can
be considered that such a crystal structure design exerts not only the mechanical properties of the
crystal, but also a favorable effect on the optical properties.

3. Potential Structures of Elastic Organic Crystals

The author believes that there are some specific methods for developing such elastically
deformable properties of organic crystals (Figure 6a) [47–53]. One method is to form a crystal
structure by slip-stacking of planar π-conjugated molecules, as described above (Figure 6b) [15–18].
Conversely, as reported by Desiraju and co-workers [14], a method to make the crystal structure easy to
move by halogen–halogen interactions can be used (Figure 6c). Because of this interaction, plastically
deformable organic crystals have also been discovered. In addition, supramolecular host crystals
including guests are likely to develop elasticity (Figure 6d). Ghosh and Reddy [13] reported elastic
organic cocrystals formed from caffeine and 4-chloro-3-nitrobenzoic acid in methanol [13]. The guest
methanol molecules in the cocrystal contribute to the elastic bending flexibility, which is lost upon
desorption of methanol. This result indicates the importance of guest solvent molecules to evolve the
elasticity. From this point of view, the supramolecular crystals developed by Ono et al. [54] are likely
to periodically contain various solvents, resulting in various properties.

 

Figure 6. (a) Schematic illustration of applied stress for the elastic organic crystals. (b) llustration of
face-to-face slip-stacking of planar conjugated molecules. (c) Illustration of zig-zag packing
with intermolecular halogen-halogen interactions. (d) Illustration of supramolecular host crystal
including solvents.

4. Detailed Deformation of Elastic Organic Crystals

Elongation and contraction are commonly observed with elastic bending deformation of elastic
organic crystals. From observation of the crystal tip, it was found that the outer side elongated and the
inner side contracted (Figure 7a). The elongation and contraction in the bent form are the same as
the deformation caused by bending of rubber (Figure 7b). This is common deformation behavior for
elastomers, and the elongation and contraction ratio of crystals can be calculated from this curvature.
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The bending deformation of a plastic material results in a different crystal tip compared with the case
of elastic materials (Figure 7c). Elongation and contraction do not occur in plastically deformable
organic crystals because of slipping between the crystal layers. Thus, the strain of the elastic organic
crystals (ε) is calculated by the following formula:

ε = 2dr, (1)

 
Figure 7. (a) Schematic illustration of bending-relaxation of elastic organic crystals. (b) Photograph of
straight and bent rubber. (c) Illustration of the difference between elastic and plastic bent materials.
Reproduced from [19] with permission of American Chemical Society, copyright 2017.

Because such crystal deformation causes a change in the crystal structure, it is considered to
affect the results of structural analysis and physical property measurement. With the development
of light-emitting elastic organic crystals, the author first discussed the effect of deformation on the
physical properties from the PL spectrum. This will be described later. Conversely, Worthy et al. [55]
found that there is a qualitative difference in the crystal structure by investigating from elongation at the
outside to contraction at the inside by focusing the beam in X-ray structural analysis of the bent cupper
acetylacetonate, Cu(acac)2, crystal. The author proposed a facile method for investigating nanostructure
changes of flexible organic crystals by using readily accessible X-ray equipment [56]. X-ray diffraction
(XRD) with a curved jig, which applied macroscopic stress–strain (%), revealed reversible and
quantitative crystal structure changes under bending stress and relaxation. Importantly, the method
provides a way to quantitatively measure reversible structural changes without synchrotron X-ray
analysis. In addition, Kenny et al. [57] discussed the relation between the magnetic properties and
the bending deformation of this crystal. That is to say, elastic deformation is capable of producing a
difference in the crystal structure and physical properties.

Because various mechanical deformations are attractive, it is possible to discover various
applications by realizing not only flexibility, but also wearability. The crystals mechanically deform
from symmetrical natural form to unnatural non-symmetrical shapes. For the first time, the author
discovered not only bending, but also coiling and twisting of elastic organic crystals (Figure 8).
Although this crystal showed various deformation behaviors, the deformable behavior differed
depending on the crystal structure. This is because the molecular orientation differs for each crystal,
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but it is very interesting that the mechanical deformation behavior can be controlled by the arrangement.
In addition, this deformation behavior is observed macroscopically, but in the future it is desirable that
the change is microscopic.

Figure 8. (a) Photograph of elastically bending. (b) Photograph of elastically coiling. (c) Photograph of
elastically twisting. Reproduced from [15] with permission of Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, copyright 2016.

Poisson’s effect is the ratio of the strain generated in the direction perpendicular to the stress to the
strain generated in the stress direction when stress is applied to the body within the elastic limit [21].
In addition, when the crystals are stretched with a jig, changes due to such deformation occur. Poisson’s
effect of organic crystals is derived from deformation of the crystal lattice. Unlike general elastomers,
it is expected that the amount of change differs depending on the direction based on the anisotropic
arrangement of the molecules (Figure 9). Therefore, a unique Poisson’s effect with a densely arranged
molecular arrangement is shown. The calculated Poisson’s ratio (v) is defined as the ratio of the change
in the width per unit width of the material (e.g., plastic or metal) to the change in its length per unit
length as a result of strain. For common materials, v = 0.2–0.5 because of the wide contraction as the
material stretches. The Poisson’s ratio is calculated by the following formula:

vb = εb/εa, vc = εc/εa, (2)

Figure 9. Schematic illustration of stretching stress for the elastic organic crystals. Relationships between
strain and Poisson’s ratio. Reproduced from [21] with permission of Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, copyright 2020.

The v values of the (011)- and (001)-faces of the crystal of 9,10-dibromoanthracence
6 induced by elongation of the long axis (Δεa) were determined to be 0.243 and 0.057,
respectively (Figure 10a) [21]. Thus, the (011)-face direction is more easily changed than the (001)-face
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direction. Therefore, the macroscopic anisotropic deformation of an elastic organic crystal can be
observed. Conversely, density functional theory (DFT) simulation of the crystal structure suggested
that the width lengths of the b and c axes decreased upon elongation of the a axis. DFT simulations
supported these results. The lengths of the b and c axes were predicted to increase upon contraction
of the a axis. The change of the c axis was larger than that of the b axis, which is consistent with the
experimental results. Thus, the change in Poisson’s ratio of the c axis is larger than that of the b axis.
Simulations of the crystal not only supported this result, but also revealed changes in the intermolecular
packing (Figure 10b). Interestingly, this structural change can be investigated experimentally. 1D X-ray
diffraction (XRD) measurements of the crystal under applied elongation stress with a (011)-face-up
setup geometry gave microscopic insight into the contraction of the short axis of the crystal (Figure 10c).
Under the original straight-shape state, two strong diffraction peaks at 2θ = 5.577◦ and 11.197◦ were
observed (Figure 10d,e). These are correspond to d spacings of 15.8465 and 7.9023 Å arising from the
(001) and (002) planes of the single crystal. The observed values of the d spacings were consistent
with those calculated from the single crystal data of 6. Under the application of elongation stress,
the diffraction peaks shifted to the larger 2θ region (Figure 10d,e), which suggested that the lengths
of the layer spacings of the (001) and (002) planes decreased owing to contraction of the c axis upon
elongation of the a axis, which was also observed in macroscopic deformation. The diffraction peak
from the (001) plane of 5.613◦ (d = 15.7449 Å) under elongation stress. The contraction ratio was
0.64%. When the elongation stress was released, the XRD peaks almost returned to their original
positions, which indicated that the shape of the crystal lattice was also recovered (Figure 10d,e).
This result suggests that reversible macroscopic crystal shape deformation induced microscopic crystal
lattice deformation.

 

Figure 10. (a) Anisotropic Poisson’s effect. Schematic illustration based on the results of macroscopic
observation of the elastic crystal of 9,10-dibromoanthracence (6) crystal. (b) Illustration of the
simulation calculation results. Simulation of crystal structure under stretching deformation.
(c–e) 1D X-ray diffraction patterns of original (black), elongated (red), and relaxed (blue)
elastic 9,10-dibromoanthracence crystals. Reproduced from [21] with permission of Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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5. Unique Properties of Elastic Organic Crystals: Mechanically Induced Shaping into Perfect
Crystal Fibers

Crystals of π-conjugated molecules have attracted much attention owing to their potential
applications in organic optoelectronic devices [58–61]. The macroscopic shapes of the materials
are important for various organic device applications and depend on bottom-up fabrication
processes [58–61]. Consequently, it is difficult to control their shapes. Top-down shaping is a
practical method for crystal shape control (i.e., forming small fine crystals from larger crystals),
but it is only feasible for flexible materials. Typical flexible materials, such as polymers, are of great
interest because their flexibility allows various shapes to be formed by facile mechanical shaping.
However, unlike flexible polymer materials, applying stress to common less flexible organic crystals
generally causes them to disintegrate into powders and cracked small crystals.

Thermal- or photochemical-stimulus-triggered splitting deformations of organic crystals into
small or fine crystals (e.g., salient effect) are very interested in crystal engineering [62–64].
However, these deformations randomly occur at crystal defects and are thus not suitable for
top-down-controlled crystal shaping method. Laser fabrication of microcrystals into nanoparticles is a
common top-down shaping approach. However, this method can only produce nanoscale crystals.
Mechanical shaping is one of the ideal process for fabricating organic devices, but the brittleness of
organic crystals makes it difficult to produce the exact shapes that are required for use in organic
devices. However, if large-scale organic crystals (i.e., greater than micrometer scale) could be endowed
with elastic bending flexibility and toughness, the bulk crystals could be easily processed into various
fine shapes, such as fibers and films, by mechanical shaping.

Mechanically induced shaping of organic single crystals is one of an undeveloped area of
research [17,18]. The author has described the mechanical splitting of the elastic organic crystal
of 1, which shows fibril lamella crystal morphology (Figure 3), and a facile shaping method for
centimeter-scale of elastic organic crystals into various fine crystalline fibers (~50 μm thickness,
~150 μm width, and ~25 mm length) (Figure 11a) [17,18]. The produced fibers maintained their
original crystal structure and optical properties (i.e., quantum efficiency and elastic flexibility).
Thus, these long, fine and flexible photoluminescent organic crystal fibers would show potential for
optoelectronic applications. Moreover, crystalline films (2D crystal) could be fabricated using the Scotch
tape method like a synthesis of graphene. Elastic organic crystals based on fibril lamella structure
(Figure 3) provide a new approach for fabrication of crystal fibers and films (top-down synthesis of
supramolecular one-dimensional and two-dimensional materials). In addition, mechanically induced
shaping of elastic organic crystals with similar crystal morphologies to 1 and other elastic crystals
(1,4-bis(2-thienyl)-2,3,5,6-tetrafluorobenzene 2 and cupper acetylacetonate) which also show fibril
lamella crystal morphologies can be performed.

 
Figure 11. Cont.
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Figure 11. (a) Schematic illustration for mechanically induced shaping of the
elastic organic crystals into the fibers. (b) Directional specific photoluminescence.
PL spectra of 1,4-bis(4-methylthien-2-yl)-2,3,5,6-tetrafluorobenzene (1) crystal at (010) and (001).
(c) Schematic illustration for mechanically induced shaping of the elastic organic crystals.
The mechanically induced shaping of the centimeter-scale of crystal appeared new green-colored
photoluminescent (001) face in the cross section. (d) Crystal structure at (100) face and illustration of
lamella spaces. (e) 1D XRD patterns of the crystal fiber. Reproduced from [18] with permission of
Royal Society of Chemistry, copyright 2019.

Interestingly, the centimeter-scale of organic crystal of 1 showed directional PL. Sky blue PL
(λ = 481 nm) of the (010) face and green PL (λ = 502 nm) of the (001) face were observed because
the (010) and (001) faces of the crystal have different directional molecular alignment orientation
(Figure 11b). More interestingly, the (010) and (001) faces of the crystal before shaping showed sky
blue and green PL, respectively (Figure 11c). A green PL line was observed when the crystal of 1 was
cut along its length using a knife (Figure 11c). The shaped crystal showed green PL of the (001) face in
the cross-section (Figure 11c).

Spectroscopic measurements and 1D X-ray analysis have been performed to understand the crystal
structural features before and after mechanically induced shaping of the crystals. From absorption and
PL spectral measurements, it was found that there was no remarkable change in the optical properties
of the crystal and the fiber. However, grinding caused a change in the spectrum [37]. In addition,
a comparison of the obtained fiber and the crystal before shape processing by XRD measurement
showed that there was no change in the structural pattern. From this result, the physical properties and
structure were maintained after machining. When the crystal fiber (Figure 11d) changed its direction
on the substrate and a powder XRD pattern was recorded, a pattern derived from each lamella interval
was observed (Figure 11e). In other words, a perfect crystal fiber in which the original crystal properties
were transferred by crystal processing was obtained.

The phenomenon whereby an organic crystal mechanically breaks into a specific shape has been
observed [62–65]. However, there has been no research on processing such an organic crystal to obtain
a single crystal with a desired shape. Therefore, it can be considered that a very new phenomenon
has been revealed from the aspect of crystal engineering. In addition, from the viewpoint of the fiber
materials, it is noteworthy that a completely new material was produced. Heretofore, there have
been several examples of low molecular weight fiber growth. Because it is more difficult to adjust
low molecular weight fiber material than high molecular weight fiber, the former fiber has attracted
attention. However, it is difficult to grow a crystal without branching, and there is no example of a fiber
that can be considered to be a perfect crystal. Therefore, I believe that fibers obtained by processing
organic crystals are expected to become new fiber materials.

6. Unique Properties of Elastic Organic Crystals: Mechanically Induced Photoluminescence Change

The most interesting character of the light-emitting organic crystals is the deformation-induced
photophysical property changes (called mechanochromism and mechanofluorochromism) [19–21].
The molecular packing and intermolecular interactions in light-emitting crystals are perturbed or
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changed by external mechanical forces (e.g., shearing, grinding, tension, and hydrostatic pressure),
which can cause a change in the light-emission of the crystals. There have been few reports of
reversible color and PL changes under application and release of mechanical stress (or pressure) [66–68].
Consequently, flexible and tough crystals of π-conjugated molecules are candidate materials for
reversible mechanochemical sensors (Figure 12).

Figure 12. (a) Schematic illustration of elastically bending deformation-induced
photoluminescence change. (b) Schematic illustration of elastically stretching deformation-induced
photoluminescence change.

The author has also investigated the crystal of readily available 4,7-dibromo-2,1,3-benzothiadiazole
5 [19]. The centimeter-scale of needle-shaped single crystal of 5 bent under applied stress and rapidly
reverted to its original crystal shape upon relaxation. Moreover, the crystal showed greenish blue
PL, while under application of bending stress near its elastic bending limit (about 30◦) the PL color
changed to sky blue. The unique mechanical and light-emitting properties of the crystal referred to
as mechanofluorochromism are based on the mechanical bending–relaxation. The change in the PL
is probably due to a change of the center-to-center separation length in the face-to-face slip-stacked
molecular packing, similar to the packing change in the crystal of 9,10-dibromoanthracence (6)
(Figure 10) [21]. The molecular packing of 5 shifts from stable to metastable under application of
mechanical bending stress, resulting in a blue-shifted PL band. Relaxation of the bent crystal of 5

allows for the recovery of the stable crystal packing.
To estimate the change in the structure and physical properties due to bending in detail, it is

necessary to focus on a very small region of the crystal. For example, μ-focused X-ray analysis using a
synchrotron can analyze the deformed part of the crystal in detail (Figure 13). In addition, the changes
outside and inside the bent crystal can be observed [55]. Thus, it is possible to confirm the changes
in the physical properties due to deformation of the crystal by performing μ-focused spectroscopic
analysis of the outside and inside of the bent crystal.

Figure 13. Schematic illustration of μ-focused X-ray analysis.
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The stress-induced changes in the photophysical properties, that is, the deformation-induced PL
changes of the crystal, have been successfully observed by spatially resolved μ-PL (μPL) measurement
(Figure 14a) [21]. The PL spectra of the original crystal without stress are shown in Figure 14c,e,
and the PL maximum wavelength (λ) was 500 nm. When bending stress was applied to the crystal,
elongation and contraction simultaneously occur at both the outside and inside position sides of the
curvature. On the other hand, no strain occurred at the center position. PL measurement of the
microscopic areas—inside, center, and outside positions—of the bent crystal was performed using a
spatially resolved μ-photoluminescent measurement system, μPL (Figure 14b–g). The PL spectra of
the inside, center, and outside positions of the straight crystal revealed that λ = 500 nm (Figure 14b,c).
However, a red-shift (λ = 506 nm) and a blue-shift (λ = 497 nm) of the PL bands, respectively, compared
with that of the center position (λ = 505 nm) were clearly observed under bending strain of ε = 1.3%
(Figure 14d,e). These observations suggested that an elongation deformation-induced red-shift and
a contraction deformation-induced blue-shift indeed occurred at the outside and inside positions
of the bent crystal, respectively. The bending strain induces slipping of the π-plane of face-to-face
slip-stacked structure to increase the J-aggregate character at the outside of the crystal and H-aggregate
character at the inside of the crystal, which would lead to the red-shift and blue-shift, respectively.
In bending–relaxation, PL spectrum changes similar to the outside of the bent crystals were observed by
crystal elongation (Figure 14f). Upon elongation along the a axis with εa = 1.0%, a clear red-shift of the
PL band (λ = 505 nm) was observed (Figure 14g, red line). The PL band returned to the original crystal
shape when the elongation stress was released (Figure 14g, blue line). A larger red-shift (λ = 511 nm)
was also observed upon elongation along the a axis with εa = 2.0% (Figure 14g, green line). The spectral
changes were reversible due to elastically changes in the crystal structure. This deformation-induced
PL change probably resulted from the molecular sliding in the molecular packing.

 

Figure 14. (a) Schematic illustration of specially resolved μ-photoluminescent measurement system.
(b) Illustration of straight crystal. (c) PL spectra of the straight 9,10-dibromoanthracence crystal at outside,
center, and inside. (d) Illustration of bent crystal. (e) PL spectra of the bent 9,10-dibromoanthracence
crystal at outside, center, and inside. (f) Illustration of crystal stretching. (g) Reversible change of PL
band of the 9,10-dibromoanthracence crystal. Reproduced from [21] with permission of Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, copyright 2020.
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Twisted elastic organic crystals are thought to be able to give chirality to the crystal structure.
The measurement of circular dichroism (CD), circular PL dichroism (CPL), and second harmonic
generation (SHG) for the mechanically deformed elastic organic crystal will enable an investigation
regarding the creation of chiral organic crystals.

7. Unique Properties of Elastic Organic Crystals: Flexible Optical Waveguide

The optical waveguide (OWG) has been investigated as a tool for capturing light and transmitting
the light, but there is no flexible and highly efficient material because of the trade-off relationship of
each material. The characteristics of the materials that have been applied as OWGs are summarized
in Table 1 [69]. The refractive index, which is important for this tool, is one of the most important
parameters for optical materials. Essentially, the refractive index values are large for high density
materials. Inorganic crystals have less flexibility and tunability of optical properties, but often exhibit
sufficient characteristics for OWGs [69]. In polymer chemistry, attention is often paid to the sizes of the
atomic and molecular units to control or improve the refractive index. For π-conjugated polymer fiber,
a flexible fiber can be prepared by the electrospray method or a similar method [70]. There has been
no report containing a flexible waveguide using a π-conjugated polymer fiber, but because there are
many defects inside and outside the material, in addition to low performance, the little phenomenon is
observed [70]. In addition, organic-inorganic hybrids such as fluorescent lanthanoid metal-organic
frameworks and a mixture of fluorescent lanthanoid coordination polymers and other polymers are
known as new waveguiding materials [71]. Such new crystal and amorphous polymer materials show
potentials for high-performance that differ from the summary in Table 1. Therefore, it can be considered
that an organic crystal with a close-packed structure of organic molecules has a very high refractive
index and thereby is a suitable material. In addition, most of the reported optical waveguides in organic
materials chemistry are organic crystals because they have the advantage that there are few molecular
defects, such as amorphous domains, inside and outside the material [69]. However, as mentioned
above, since many organic crystals are inflexible, flexible OWGs cannot be made.

Table 1. Comparison of inorganic crystals, polymer solids, and organic crystals in terms of
photoluminescent waveguide applications.

Materials Inorganic Crystals Polymer Solids Organic Crystals

Preparation methods Vapor-phase deposition Template polymerization,
Electro-spinning

Vapor-phase deposition,
Self-assembly

Crystallinity Single crystal Amorphous,
Less-crystalline Single crystal

Surface defects Less of defects Unavoidable defects Less of defects

Interactions Covalent bond, Ionic bond Weak interactions 1 Weak interactions 1

Photo-stability Relative stable Decomposition Bleaching

Optical properties Excellent but not easy tunable Tunable 2 Tunable 3

Refractive index, n >2 1.5–2.0 >1.5

Flexibilities Less flexible Flexible (viscoelastic) or
brittle No flexibility

Waveguide types Passive and active Passive and active Active
1 van der Waals force, π-π interactions, hydrogen bonds; 2 by modification of the substituents; 3 by design and
synthesis of molecules and crystal structure.

The waveguide characteristics differ depending on the shape and molecular orientation of the
luminescent organic crystals (Figure 15a,b). To investigate this, it is necessary to focus on a very small
area of the crystal, irradiate the laser, and detect the light emitted from the edge of the organic crystal.
For example, the needle-shaped crystal of 2,5-dimethoxybenzene-1,4-dicarbardehyde show waveguide
ability (Figure 15c) [72]. To measure the waveguide performance of the organic crystal, the loss
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coefficient of the waveguides was determined by measuring the spatially resolved PL spectra through
local excitation of the crystal. When excited by a focused laser at different positions along its length,
the green colored emission was observed from the edge and both ends of the crystal, irrespective of
the laser-focused position. This is a typical characteristic of OWG. The spectral intensity and band
profiles of the laser light excitation did not substantially change with the position along the crystal.
However, the PL intensity at the end of the crystal almost exponentially decreased with increasing
distance between excited site and emitting tip (Figure 15d). The optical loss coefficient, α, by single
exponential fitting (Iin/Iout = Aexp(−αX) where X is the distance between the excited site and the
emitting tip were calculated by recorded PL intensities at the excited site (Iin) and emitting tip (Iout).
The α value was thus calculated to be 0.00120 dB/μm (Figure 15e). It should be noted that the α value
is relatively high for this reported material. The α value and red-shifted feature are mainly affected
by reabsorption during propagation of the light along the crystal. In the short wavelength region,
the PL band overlaps with the absorption band in the solid state and the excitation spectrum of the
crystal, resulting in a high α value. In the long wavelength region, the PL and absorption spectra of
the crystal are well separated, which is beneficial for propagating light in the crystal, resulting in a low
loss coefficient. This result gave a red-shift of the band and a very narrow full width at half-maximum
(FWHM) (Figure 15d).

Figure 15. (a) Schematic illustration of crystal shapes. (b) Optical waveguiding of the crystals. Blue spot:
laser excitation. Green region: waveguided photoluminescence. (c) Example of optical waveguiding
for the crystal of 2,5-Dimethoxybenzene-1,4-dicarbardehyde crystal. Microscopy images under ambient
light and collected upon laser 405 nm excitation of the identical crystal at different positions. Scale bar:
1.0 mm. (d) PL spectra at tip of a single crystal. (e) Iout/Iin values on length. Reproduced from [72]
with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2019.

The organic crystals exhibited unique OWG characteristics (Figure 16) [20]. The refractive index
are very important factors for the performance and a small amount of surface defects is negative factor
against the OWG [69–77]. Organic crystals of light-emitting π-conjugated molecules are suitable OWG
materials compared with flexible light-emitting π-conjugated polymer fibers, but their crystals are
generally less flexible. Thus, light-emitting elastic organic crystals are considered to be suitable or
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new for high performance and flexible OWG materials (Table 1). By excitation of the straight original
crystal of 3 with a focused laser (405 nm) at different positions, reddish orange colored emission was
detected from the end of the straight crystal of 3, irrespective of the excitation position (Figure 16a).
This is a typical result of OWG materials [69]. The elastic strain (ε) value for the crystal of 3 was
calculated to be 1.9% (Figure 16b). The PL spectra of the straight and bent crystals at the illuminated
position (black dotted line) and end of the crystal (solid line) are shown in Figure 16c,d. The PL
band at the end of the crystal showed a peak at 597 nm with a narrower FWHM (34 nm) than at the
illuminated position (573 nm, FWHM = 56 nm). The spectral profile did not substantially change
with the illumination position, although the PL intensity at the end very slightly decreased with
increasing distance (Figure 16c,d). The PL intensities at the illuminated position (Iin) and end of the
crystal (Iout) were measured to calculate the optical loss coefficient α values by measuring the spatially
resolved PL spectra and fitting by a single exponential curve. The α values were calculated to be 0.043
(the straight crystal) and 0.047 dB/mm (bent crystals), respectively (Figure 16e). It is noteworthy that
OWG applications with various physical properties have been reported for various light-emitting
elastic organic crystals by Zhang and co-workers [75–77]. These are good showcases for the great
potential of such crystals. The author expects that more diverse applications will be developed in
the future.

 

Figure 16. (a) Optical waveguiding for the straight elastic organic crystal of 3. left: under UV irradiation.
right: laser excitation. (b) Optical waveguiding for the bent elastic organic crystal of 3. left: under UV
irradiation. right: laser excitation. (c) PL spectra at the end of a straight crystal. Dotted line:
PL spectrum at the illuminated position. (d) PL spectra at the end of a bent single crystal. Dotted line:
PL spectrum at the illuminated position. (e) Relative Iout/Iin values as a function of distance from
the illuminated position to the end. Red line: Straight crystal. Blue line: Bent crystal. Reproduced
from [20] with permission of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2018.

8. Conclusions

Here, the author described the deformation-induced structures and changes to the physical
properties of organic crystals that behave with enthalpy elasticity. The structural features and material
possibilities of flexible and functional organic crystals, especially elastic organic crystals of π-conjugated
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molecules, have been discussed. Recently, flexible organic crystals have become one of the active
areas in crystal engineering. Therefore, various challenges have been proposed to discover these
crystals and methods for their investigation. A design of the organic molecules for such materials
(supramolecular synthon) and its applications (e.g., deformation-induced photoluminescence changes,
conductivity, optical waveguides, and organic devices) would be accepted. I think that more detailed
information of regarding the structure and deformation-induced changes in the physical properties
remain. The promotion of mechanical property measurement methods, including nanoindentation [78],
calculation simulation such as energy frameworks [79], and other effective crystal investigation methods
will provide more information in this area. In the future, more accurate analysis and the application of
new ideas and technological innovation will be required. In addition, flexible and functional organic
crystals have not been utilized yet functioned as flexible organic devices. Verifying the combination of
flexible organic crystals with various substrates will also be an important issue.
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Abstract: Metastable colloids made of crystalline and/or non-crystalline matters render abilities of
photonic resonators susceptible to chiral chemical and circularly polarized light sources. By assuming
that μm-size colloids and co-colloids consisting of π- and/or σ-conjugated polymers dispersed into
an optofluidic medium are artificial models of open-flow, non-equilibrium coacervates, we showcase
experimentally resonance effects in chirogenesis and photochirogenesis, revealed by gigantic boosted
chiroptical signals as circular dichroism (CD), optical rotation dispersion, circularly polarized lumi-
nescence (CPL), and CPL excitation (CPLE) spectral datasets. The resonance in chirogenesis occurs
at very specific refractive indices (RIs) of the surrounding medium. The chirogenesis is susceptible
to the nature of the optically active optofluidic medium. Moreover, upon an excitation-wavelength-
dependent circularly polarized (CP) light source, a fully controlled absolute photochirogenesis, which
includes all chiroptical generation, inversion, erase, switching, and short-/long-lived memories, is
possible when the colloidal non-photochromic and photochromic polymers are dispersed in an achi-
ral optofluidic medium with a tuned RI. The hand of the CP light source is not a determining factor
for the product chirality. These results are associated with my experience concerning amphiphilic
polymerizable colloids, in which, four decades ago, allowed proposing a perspective that colloids
are connectable to light, polymers, helix, coacervates, and panspermia hypotheses, nuclear physics,
biology, radioisotopes, homochirality question, first life, and cosmology.

Keywords: symmetry breaking; biomolecular handedness; circular dichroism; circularly polar-
ized luminescence; non-equilibrium; colloid; absolute asymmetric synthesis; conjugated polymer;
dissipative structure

1. Introduction—Historical Backgrounds, Knowledge, Then, and Now

1.1. What Is the Life?—Open System, Negative Entropy, Non-Equilibrium Thermodynamics

Humankind has been thinking about life for a long time; where did life come from?
Where will life go? Does life exist on earth only? So far, many scientists have postu-
lated several scenarios throughout the primordial eons to address these curious questions.
Regarding the first life on earth, the origin of biomolecular handedness remains an unan-
swered question in the scientific community [1–41].

In 1944, Erwin Schrödinger, one of the leading quantum physicists in his day, wrote
an essay book titled What is Life? With Mind and Matter and Autobiographical Sketches [1].
Entropy inevitably increases only in a closed system-like universe as the consequence of the
second law of thermodynamics. Living matters, thus, cannot elude conventional physics
laws, but should involve other physics laws. To avoid a thermodynamic equilibrium by a
spontaneous decay, living matters have to acquire and maintain negative entropy in an
open system. Because living organisms exist as metastable states, metabolism that is a
biological term of maintaining negative entropy is needed through all processes of eating,
drinking, breathing, and, in case of plants, assimilating. To my knowledge, the two key
concepts are rarely stated in most chemistry textbooks and not lectured in schools and
colleges, although Schrödinger was the first to invoke an importance of these concepts.
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The chemistry textbooks and lectures teach us positive entropy, close system, enthalpy-
driven chemical reaction, and Arrhenius plot, but do not involve quantum tunneling,
resonance, hierarchy from elemental particles, atoms, and molecules, four fundamental
forces in nature, parity violation in weak nuclear force, the origin of homochirality, and the
origin of life.

In 2002, Soffer et al. stated mathematically that non-equilibrium thermodynamics and
equilibrium thermodynamics, respectively, correspond to the excited-state and the ground-
state solutions of a Schrödinger wave equation [39]. In 2017, by referring to Schrödinger’s
notes, Ornes descried the core concept, concerning how non-equilibrium thermodynamics
are connected to the mystery of life and other fields [40]. Non-equilibrium biological sys-
tems play key roles in gene transcription, diffusion in cytoplasm, transporting substances
between cells with molecular motors, and cell signaling. Moreover, non-equilibrium
phenomena are commonly recognized in the fields of fluid dynamics, plasma physics,
meteorology, and astrophysics.

Likewise, an issue of left–right preference in the biomolecular handedness in the
ground and excited states should involve these key concepts. When an equal probability
of a simple chiral molecule, such as L- and D-alanine is considered, two possible states
exist, corresponding to an increase in entropy. Living organisms only comprising optically
active ingredients on Earth are possible to exist under open-flow conditions of energy and
chemical resources because the metastable life requires low-entropy foods with chirality,
and harvests solar/thermal energy [1,10,17]. If life existed on earth in the past, one of the
greatest mysteries is whether stereogenic centers and/or stereogenic bonds in Hadean and
Precambrian eons are identical to those of the on-going life on earth or are the extrater-
restrial origin [22–38]. A conclusive answer to the question appears difficult because any
fossil records of biomolecules and biopolymers associated with their handedness were
decomposed. The snowball earth hypothesis, however, claims that prokaryotes inhabited
the Precambrian eon for ~2 billion years [27,28]. Researchers in archaeological bacteriology
have accepted that lighter 12C-containing stuffs are enriched in living organisms for their
entire lifetimes. Indeed, the fact that 13C in 13C-/12C-isotopic ratio is significantly depleted
would be evidence that the methanogenic microbes existed in the Archaean eon 3.5–3.8 bil-
lion years ago, associated with evolution of geodynamo of Earth, although Earth was born
4.54 billion years ago already [33–36].

Characterization of isotopic ratios and L-D ratios is powerful to discuss the origin of
amino acids and carboxylic acids on Earth whether it is extraterrestrial origin or terrestrial
origin. In 1987, Epstein et al. invoked that amino acids and carboxylic acids extracted from
the Murchison meteorite were extraterrestrial in origin from isotopic ratios of D in D/H
and 15N in 15N/14N [37]. In 1997, Engel and Macko supported the extraterrestrial origin of
amino acids and carboxylic acids in the meteorite from the analysis of the isotopic ratios
and L-D ratios of alanine and glutamic acids [38].

Regarding the origin of biological homochirality associated with the first life on Earth,
several scenarios are postulated. For example, the possible scenarios are classified to: (i) ex-
traterrestrial and terrestrial origins; (ii) the by-chance and the necessity mechanisms; (iii)
physical force origins and chemical substance origins. Importantly, all chemical processes
and reactions should obey the physics laws regardless of extraterrestrial and terrestrial
origins and chance-and-necessity mechanisms. The only exception would be that these
physics laws, and chemistry, cannot apply to black holes.

1.2. Physical Advantage Factors for Left–Right Asymmetry

Goldanskii et al. comprehensively reviewed that 13 physical advantage factors called
g* can cause a left–right preference to address the homochirality question at molecular and
polymeric levels [42–44]. The g*-values defined in physics may be a half of the Kuhn’s
anisotropy or Kuhn’s dissymmetry ratio, g-values, defined in chemistry. The capabilities of
chiral physical forces can access primitive molecules, followed by polymerization processes,
which enable the homochiral world on terrestrial and extraterrestrial conditions. The global
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advantage factors are universal, deterministic for the biomolecular handedness, while the
local advantage factors are mirror-symmetric, hence, provide the by-chance mechanism.
Among the advantage factors, the g* of circularly polarized (CP) light source is considerably
high on the order of 10−4–10−2.

On the other hand, the g* for handed β−-electron is extremely small, only 10−9–
10−11, while the values of g* for: (i) static magnetic field with linearly polarized light,
known as the Faraday effect; (ii) Coriolis force (rotation) with static electric filed and static
magnetic field; and (iii) Coriolis force with static magnetic field and gravitational field are
on the order of 10−4. Coriolis force with gravitational force is a mirror symmetric chiral
force, corresponding to the vectoral hydrodynamic flowing, often called swirling flow and
vortex flow. Handed weak neutral current provides the smallest g* on the order of 10−17.
Static magnetic field, static electric filed (so-called Stark effect), and gravitational field alone
do not induce the left–right preference. CP-light, Coriolis force, static electric filed, static
magnetic field, and gravitational field are parity-conserving mirror-symmetrical physical
forces, while a weak neutral current and β−-electron are parity-violating handed physical
sources.

In 1953, Frank treated, mathematically, the first seminal bifurcation model account
for a spontaneous mirror symmetry breaking in terms of evolution of biological homochi-
rality [45]. For visibility and clarity, Goldanskii et al. illustrated two bifurcation models
connecting to double-well and single-well potential curves [42–44]; a mirror-symmetric
bifurcation model with a mirror-symmetric double-well potential curve and a non-mirror-
symmetric bifurcation model with a non-mirror-symmetric double-well potential curve.
Based on these bifurcation models associated with the g* values discussed above, Goldan-
skii et al. showed two scenarios, allowing us to well recognize both the bi-chance and
necessity mechanisms for the spontaneous mirror symmetry breaking. Knowing the fluc-
tuation behaviors around these bi-furcation points with those g* values, namely, a phase
transition characteristics from the single-well to the double-well or from the double-well
to the single-well is the key to rationally design the left–right preference, followed by the
homochirality systems [7,8,46].

1.2.1. Circularly Polarized Light Source

Historically, in 1874, LeBel, and in 1894, van’t Hoff, proposed independently a pos-
sibility of absolute asymmetric synthesis (AAS) using r- and l-CP light as chiral physical
source [46–49]. A half century after their predictions, in 1929, Kuhn and Broun experi-
mentally realized their conjectures as photodestruction mode AAS [46]. Their pioneering
work prompted allowed many researchers to investigate AAS for a century because expen-
sive chiral chemical substances are no longer needed [47–50]. However, most researchers
have long believed that l-CP light produces left-hand (or right-hand) molecules preferen-
tially and vice versa because the product chirality is determined solely by the hand of CP
light. The AAC with r- and l-CP light covers absolute asymmetric photosynthesis, photo-
destruction, and photoresolution modes [47–49]. Generating left–right preference endowed
with CP-light was coined photochirogenesis by Yoshihisa Inoue as the key concept of CP
light–matter interactions in 1996 [7,8,51].

In the 1970s, Calvin et al. reported an anomaly of an excitation wavelength dependent
CP light-driven photosynthesis mode AAS recognized as a switching product chirality
of [8]-helicene in homogeneous toluene solution [52]. In 2014, Meinert et al. reported the
wavelength-dependent CP light-driven photodestruction mode AAS revealing switching
chirality when rac-alanine film was decomposed upon irradiation of two vacuum-UV light
sources (184 and 200 nm) [53]. A recent development of wavelength-dependent CP light
driven photoresolution mode AAS employed by us will be given in Section 4.5 [54–56].

1.2.2. Static Electric Field

According to recent works, with static electric fields, so-called Stark effects, in the
absence of magnetic field, Auzinsh et al. reported chirogenesis as emission modes on
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the order of g = 0.20 (10% for circularity) at 7D3/2 state and g = 0.15 (7.5% for circularity)
at 9D3/2 state of parity-violating, paramagnetic Cs vapor placed between two mirrored
electrodes [57]. On the other hand, Datta et al. indicated an occurrence of lowering
molecular symmetry of achiral diamagnetic aromatic molecules by a computer simulation.
Coronene, a 6-fold highly symmetric molecule, undergoes D6h→C2 distortions via vibra-
tional instability upon application of sufficiently intense static external electric field [58].
The electric field induced structural distortion is understood as resulting from excess
charge accumulation of planar rings circumvented by symmetry lowering. Contrarily,
tribenzopyrene, a contorted polyaromatic compound due to a repulsion by two pairs of
syn H-atoms, undergoes, spontaneously, C2v→C2 distortions in the absence of the electric
field. Coronene, tribenzopyrene, and other fused aromatics are assumed to be the repre-
sentative polycyclic aromatic hydrocarbons, so-called PAHs, which are abundant in the
universe [59]. Because C2-symmetric molecules are chiral, a naive question remains to be
elucidated experimentally, whether C2-coronene and C2-tribenzopyrene exist as racemic
mixtures or single enantiomers in connection with the homochirality question in the uni-
verse. Collision-free, gas-phase circularly polarized luminescence (CPL) spectroscopy may
allow us to provide an answer to this question.

1.2.3. Static Magnetic Field

With the origin of biological chirality in mind, Pasteur was the first to attempt a
chemical process called enantioselection, showing whether left-handed or right-handed
molecules are produced under magnetic field, but failed because the magnetic field is a
pseudo-vector that cannot be coupled with molecular chirality [60]. In 1994, Zadel et al.
published an astonishing paper titled Enantioselective Reactions in a Static Magnetic Field [61].
Several research teams attempted to reproduce these results immediately, but failed [62,63],
because, prior to the experiments, in the solutions, under 2.1 Tesla of static magnetic field
(NMR instrument) in the paper, all reaction solutions were in advance design and manip-
ulated [64]. Static magnetic field on the order of 2 Tesla does not induce any detectable
enantioselective reaction in a fluidic solution under non-restricted Brownian molecular
motions. Uniform static magnetic fields do not induce molecular chirality because of the
time-odd, axial vector [60,65]

Naaman and Wadeck reviewed theory and experiments of chiral-induced spin selec-
tivity (CISS), where ordered films of chiral molecules on surfaces can act as electron spin
filters [66]. By applying the idea of CISS, in 2018 and 2019, Naaman and his international
team succeeded in enantiospecific crystallization of three L-/D-amino acids and thiolated
L-/D-alanine-based helical oligomers at the magnetized surface with a gold-coated fer-
romagnet cobalt film [67,68]. Enantioselectivity is determined by north-up and south-up
geometry of the magnet and the nature of chiral substances. An attractive force between
electrons in the substrate and in the molecules is on the order of several tens of kJ mol−1

when a molecule surface distance is 0.1–0.2 nm [68]. Brownian motion of floppy molecules
is considerably restricted at the molecule surface interface, followed by a great suppression
of the molecular motions during crystallization at the surface. Since a magnetic field is a
short-distance force compared to the electric field, a proximity effect of the molecule at the
magnetized surface should be considered.

In 1955, Akabori proposed the polyglycine hypothesis—foreproteine as the origin of
protein homochirality on Earth [22]. The hypothesis involves three steps: (i) formation
of aminoacetonitrile from formaldehyde, ammonia, and hydrogen cyanide, which were
ubiquitous in primordial Earth; (ii) polymerization of aminoacetonitrile at a solid surface,
such as a Kaolinite that is a two-dimensional aluminosilicate Al4Si4O4(OH)4, followed by
hydrolysis to yield polyglycine and ammonia; (iii) introduction of side chains to polyglycine.
The experimental results showed that: (i) methylene groups of polyglycine are adsorbed
on Kaolinite; and (ii) glycyl residues are converted to serine and threonine residues reacted
with formaldehyde and acetaldehyde, respectively. Although achiral glycine has two equal
C-H bonds, the two C-H bonds at each residue of helical oligoglycine and polyglycine
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are no longer equal. The two C-H bonds at each glycine residue of the helix may reveal
different reactivity toward chemical species. Akabori conjectured that the origin of all
L-selectivity in amino acids of proteins results from the by-chance mechanism because
there is no chirality in Kaolinite. The hypothesis, followed by experiments, were reported
just before the groundbreaking fever in 1956–1958 that the parity in the β-decay process of
60Co is violated, though a left–right equality of enantiomers was a concrete common sense
in chemistry in those days [69–76].

Knowing the magnetic minerals and the first geodynamo on Earth is an important
clue how Earth’s core, atmosphere, biomolecular chirality, and life evolved [33–36]. In 2015,
Tarduno et al. claimed that, by analyzing inside of zircon crystals, which were indestructible
for nearly 4.4 billion years, in Western Australia, Earth’s magnetic field had evolved already
from more than 4 billion years ago [33]. Likewise, from the oldest rocks in South Africa,
Earth’s magnetic evolved around 3.5 billion years ago [34]. Moreover, a recent work
indicates that, from magnetic minerals in ancient Greenlandic rocks, Earth’s magnetic field
arose at least 3.7 billion years ago [35,36], enabling to magnetically shield primitive life and
chiral substances evolved on Earth.

The CISS theory [66], along with the experimental results [67,68] proven by Naaman
et al., encourages to test whether: (i) helical oligoglycine and polyglycine are adsorbed
vertically at the magnetized surface; (ii) the two C-H bonds at each residue reveal a different
chemical reactivity toward several chemical species in the absence and presence of UV-light
around 190–220 nm; and (iii) enantioselectivity is determined solely by north-up and
south-up geometry.

In 2019, Stevenson and Davis proposed a possibility of magnetophoresis that radical
species of D- and L-substances are separable and sortable under an ultrastrong magnetic
field gradient of >4.4 × 109 Tesla [77]. Such an ultrastrong magnetic field and gradient can
no longer obey the standard Maxwell equations. Paramagnetic chiral molecular species
in the universe may be passing through in the vicinity of magnetar, which are newborn
neutron stars spinning very fast that generate the ultrastrong magnetic field. Kouveliotou
et al. think that more than 100 million magnetars are wandering through the interstellar
universe and trillions of organic paramagnetic materials are imbedded in cold molecular
clouds [78]. The ultrastrong magnetic field causes vacuum birefringence, photon splitting,
scattering suppression, and distortion of atoms [78]. Although magnetic field gradients are
widely utilized in NMR imaging, so-called MRI, the feasibility of the ultrastrong magnetic
field gradient is challenging.

1.2.4. Hydrodynamic Flowing as a Model of Coriolis Force with Gravitational Force

When artificial molecular chromophores and luminophores are dispersed in the fluidic
medium, hydrodynamic swirling flowing clockwise (CW) and counterclockwise (CCW) are
experimentally testable models to validate the origin of the gravitational field’s left–right
preference [79–83]. The vectoral hydrodynamic flowing is often called as swirling flow
and/or vortex flow. The unidirectional hydrodynamic flowing in the CW or CCW direction
imparts the left–right preference at the molecular and supramolecular levels. The left–right
preference in the northern hemisphere may be opposite to that in the southern hemisphere
due to parity-conserving physical force on Earth.

In 1993, Ohno et al. reported chirogenesis of circular dichroism (CD)-active J-aggregates
from achiral free-base porphyrin derivative in acidic water solution by mechanically
swirling in CW and CCW directions [79]. They observed two clear couplet-like CD bands
around 410–450 nm due to Soret band and 480–500 nm due to Q-band. The couplet-like CD
band profiles were inverted by choosing the CW or CCW direction during the propagation
of J-aggregate. Very weak non-couplet CD band around 480 nm, however, was recognized
under a stagnant condition. Obviously, the hydrodynamic flowing appears responsible for
the chirogenesis, but a statistical analysis was not performed yet. It is unclear whether this
event occurs using the specific porphyrin derivative at a specific laboratory.
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In 2001, Ribó et al. confirmed, by the statistical analysis from nearly a hundred of
independent experiments that macroscopic swirling forces in the CW and CCW directions
indeed generate homochiral aggregates from water soluble achiral porphyrin derivatives
that slightly differ from the porphyrin above [80]. The hydrodynamic flowing indeed acted
as a trigger of the spontaneous homochiral l-or-r aggregation [81].

Although water-soluble porphyrin derivatives carrying multiple phenyl rings at meso-
positions are directly connected to biomolecular substances, the idea of hydrodynamic flow-
ing is applicable to chain-like synthetic polymers and several chromophore/luminophore
during their association processes that feel the handed force of the hydrodynamic flowing,
regardless of the northern and the southern hemispheres on Earth and other exoplanets.
The author assumes that, since unsubstituted free-base porphyrin framework is very floppy,
these porphyrin derivatives substituted with tetraaryl groups at meso-positions may adopt
dynamically twisting two structures, between left and right, in a fluidic solution at ambient
temperature.

In line with the bifurcation scenario, in 2011, Okano et al. succeeded in chirogenesis
from achiral rhodamine B as a red luminescent molecular probe doped to a water-soluble
sol-gel polymer, revealed by CPL spectroscopy [82]. Based on a statistic analysis, the sign
in CPL signals at 580 nm was controlled by the CW/CCW motions of hydrodynamic
flowing in a cuvette. The critical temperature (Tc) for gelation was controlled by tuning
the concentration of the polymer in aqueous solution. The polymer solution was in a sol
state with a low viscosity, while stirring above the Tc, while the solution below the Tc
spontaneously underwent a non-flowing gel state in a very high viscosity.

In 2018, by mimicking submarine rock micropores at primordial Earth, Liu and collab-
orators designed a sophisticated microfluidic chirogenesis system [83]. The fluidic system
was composed of ten pairs of inclined microchambers to efficiently generate pairs of CW
and CCW microvortices using achiral 3-fold molecular symmetric aromatic molecules that
possessed supramolecular gelation capability. By a statistical analysis based on 56 totally
independent experiments, they ascertained that the microfluidic chirogenesis system works
very efficiently by simulating a behavior of hydrodynamic flowing in the microchamber.
They re-confirmed that the microfluidic system is viable for a very rapid chirogenesis
within 1 ms of the water-soluble porphyrin derivative. These results should shed light on
the origin of the biomolecular homochirality; how oceanic vortices play a critical role in
protein folding and self-organization in primordial Earth.

1.2.5. Static Magnetic Field with Polarized Light

Static magnetic field with linearly polarized light and static magnetic field with unpo-
larized light, which are called magneto-optical effects, including Faraday and polar Kerr
effects, are possible to be chiral physical sources, enable to induce mirror symmetrical,
left–right imbalance in the ground and photoexcited states. The left–right chiroptical
preference from achiral substances in the ground and photoexcited states is determined
by north-up and south-up magnetic fields to propagation of incident light, called mag-
netic circular dichroism (MCD) [84–87] and magnetic circularly polarized luminescence
(MCPL) [88–91], respectively. The phenomena are closely connected to Zeeman splitting of
degenerate molecular orbitals. Recently, Imai, Fujiki, and coworkers verified mirror sym-
metrical MCPL characteristics from diamagnetic achiral organic and racemic lanthanide
luminophores. These luminophores radiate l- and r-CP light upon unpolarized light at
north-up and south-up Faraday geometry [92–94]. However, it is obscure whether mirror
symmetrical MCPL arises from Zeeman splitting of degenerate molecular orbitals in the
ground states or in the photoexcited states because a comparison with the corresponding
MCD spectra is not elucidated yet. Nevertheless, in analogy with the first report of Raman
scattering in 1928 [95], the MCPL characteristics teach that the handed light emission under
external magnetic field is becoming a new type of secondary radiation sources, l- and r-CP
light, in the absence of any chemical chirality, when achiral luminophores are, by-chance,
placed on magnetized substances (even on ubiquitous), but a weak geomagnetic field of
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~3 × 10−5 T. In that case, the magnetic fields should satisfy north-up and south-up Faraday
geometries. A magnetic field-caused CP light source from achiral luminophores may be
ubiquitous in the universe, and was therefore the source of circularly polarized radiation
as seeds of molecular chirality in the past (and now all over universe).

Rikken and Raupach designed a static magnetic field-driven photoresolution molecu-
lar system using racemic K3CrIII(oxalate)3 complex in water upon irradiation of Ti:sapphire
laser at 696 nm [96]. They demonstrated an occurrence of mirror-symmetrical photo-
resolution from the complex, in which a preferential chirality is determined by north-up
and south-up Faraday geometries. Recently, Sharma calculated (based on the MCD effect)
that unpolarized ultraviolet sunlight, so-called UV-C region, combined with atmospheric
paramagnetic oxygen diluted with carbon dioxide can possibly trigger an initial enan-
tiomeric excess (ee) to determine the biomolecular handedness under the geomagnetic
force in Archaean Earth [97]. Notably, when the UV-C light destructs several biomolecular
constituents, a preferential chirality between purine and pyrimidine nucleosides depends
on a partial pressure of carbon dioxide. However, a preference in the product chirality of
amino acids is always L-form. Thus, a static magnetic field with unpolarized light becomes
one candidate for efficient photodestruction, and photoresolution modes in racemic amino
acids and nucleosides in water disregard of terrestrial and interstellar conditions.

1.2.6. Longitudinally Polarized Left-Handed β-Electron and Right-Handed β-Positron

In 1956, Lee and Yang theoretically indicated a possibility of parity-violation in certain
nuclear reactions. In 1957, Wu et al. experimentally confirmed the parity-violation in the
reaction 60Co→60Ni + e− + anti-νe using β−-decay of radioisotope 60Co. Likewise, a parity-
violation in β+-decay process that the 58Co→58Fe + e+ + νe was confirmed, while positron
and anti-νe were antimatters of electron and νe, respectively [69–76]. The parity-violation
relies on a weak charged current of the radioisotopes. In 1958, Goldhaber et al. determined
that helicity of massless electron neutrino is left-handed from the resonance scattering
experiment of γ-ray at 960 keV that an excited nucleus 63Sm152 (1− state) spontaneously
radiates a handed γ-ray to relax a ground state nucleus 62Sm152 (0+ state) [74].

In 1959, this discovery prompted Vester and Ulbricht to propose so-called Vester–
Ulbricht (V–U) hypothesis: parity-violating, spin-polarized left-handed β-electron causes
circularly polarized bremsstrahlung that preferentially decomposes D-amino acids and
left-handed DNA precursors, thus remaining l-amino acids and right-handed DNA on
Earth [98,99]. In 1984, Bonner reported the failure of the V–U hypothesis—that several
racemic amino acids cause radioracemization when polarized β-electron Bremsstrahlen
from radioisotopes 90Sr-90Y, 14C, and 32P is applied [100].

In 1982 and 1984, Zitzewitz et al. utilized low-energy, right-handed β-positron in
place of left-handed β-electron, and reported a weak asymmetry of leucine while cystine
and tryptophan had little V–U effects [101,102]. In 2014, Dreiling and Gay confirmed
successfully that the V–U hypothesis is valid, based on the detection of a preferential L-D
decomposition of racemic 3-bromocamphor [103]. In 2018, Dreiling et al. confirmed volatile
ester derivatives of DL-amino acids and DL-sugar molecules with low-energy β-electron
and β-positron may be suited to verify the V–U hypothesis.

1.2.7. Handed Weak Neutral Current Mediated by Z0 Boson

The β−- and β+-decay processes are mediated by massive W− boson (80.4 Gev) and
W+ (80.4 Gev) boson, respectively. On the other hand, parity-violating weak neutral current
mediated by massive Z0 boson (91.2 Gev) is ultimately a handed chiral physical bias for sub-
atoms, atoms, molecules, supramolecules, polymers, colloids, crystals, inorganics, possibly
our life, and upward disregard of terrestrial and extraterrestrial origins. According to the
electroweak theory, massive three W−, W+, Z0 bosons and massless photon (boson, light)
can be unified to the same family above ~1015 eV [104]. Upon rapid cooling of our universe,
the parity-violating weak force and parity-conserving electromagnetic force are separated
at ~1015 eV by the bifurcation mechanism.
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Since the discovery in 1956–1957 of the parity-violating β−- and β+-decay
processes [69–76], people assumed that the handed weak neutral current is responsible for
deterministic factor of L-amino acid and D-ribose [3,6,105]. Parity-violation hypothesis
in atoms, so-called atomic parity-violation, is established theoretically and experimen-
tally, based on absorption and photoluminescence spectroscopy of collision-free atomic
vapors [106–112]. As for the question: “Is parity violated in atoms?”—most atomic, elemen-
tal particle, and cosmological physicists say, no question, it is common sense. On the other
hand, to the similar question of “Is parity violated in close-shell chiral molecules?”—most
chemists believe it is skeptical, no question, nonsense, a big burden in one’s research carrier
and honor.

Up until now, many scientists in chemistry and molecular physics argued theoretically
a possibility of parity-violation in molecules, in relation to the origin of biomolecular
handedness on Earth, often called molecular parity-violation hypothesis. Parity-violation
energy difference (PVED) of L- and D-molecules predicted theoretically is ultrasmall on
the order of 10−8−10−14 kcal mol−1 or 10−9–10−15% ee. In 1983, Mason and Tranter
showed that, from calculation of the PVED with Slater-type-orbitals (STO) with 6–31G
basis set, L-alanine and L-polypeptide in α-helix and β-sheet are energetically stabilized
compared to the corresponding D-alanine and D-polypeptide, due to parity violating weak
nuclear current [3,113]. However, the PVED is ultrasmall on the order of 10−23 kcal mol−1.
Most chemists, therefore, think that the molecular parity-violation hypothesis is doubtful
and skeptical. Even if the hypothesis is true, it is experimentally impossible to prove by
ordinary spectroscopy and enantioseparation column chromatography.

Most theories are treating ideal isolated molecules, including simple amino acids, car-
bohydrates, hypothetical, and realistic molecules, including heavier atoms in a vacuum at
absolute temperature of zero-Kelvin. Additionally, the molecular parity-violation theorists
always require experimentalists, who directly detect the tiny PVED for a pair of left- and
right-molecules and well-defined oligomers in a collision-free condition, such as a reduced
pressure, using precision high-resolution spectroscopy. Theorists think that solutions,
solids, aggregates, gels, and polymers should be excluded in testing the molecular parity-
violation hypothesis. Most theories focused on the PVED at the electronic, vibrational, and
ro-vibrational ground states [3,113–117]. Experimentalists attempted to detect the PVED as
absorption mode, using several sophisticated high-resolution spectrometers [118]. In 2003,
Berger calculated the PVED of formyl aldehyde, HFC = O, in the electronically excited
states that are suited to experimentally test the PVED hypothesis because of an enhanced
PVED amplitude from a well-defined photoexcited parity [119].

In an analogy of Kasha’s rule in photochemistry, radioisotopes 60Co and 58Co as
excited states of the corresponding stable isotopes 60Ni and 58Fe, respectively, allowed
to unveil the parity-violation in their β±-decay radiation processes. Similarly, detecting
atomic parity violation as emission mode from atomic vapors is more obvious, rather than
absorption mode [109–112]. These spontaneous radiation processes to the ground state,
connecting to parity, commonly arise from the far-from, non-equilibrium excited state.

The β±-decay process, atomic parity violation as emission mode, and Berger’s theory
stimulated the author and coworkers to measure spontaneous radiation processes from
S1 state of nearly sixty non-rigid rotamers as achiral and/or racemic luminophores ho-
mogeneously dissolved in achiral solvents (not optofluidic solvents) in the photoexcited
states to detect difference as emission modes between L-D molecular state upon excitation
of unpolarized light [120,121]. All of these rotamers showed (−) sign CPL signals in the
UV-visible region, suggesting temporal generation of energetically inequal, non-racemic
structures under conditions of far-from, open-flow, non-equilibrium S1-state, realized
only upon a continuous irradiation of incoherent unpolarized light. Unpolarized light
is an equal mixture of left- and right-CP light. For comparison, unsubstituted achiral
fused aromatic luminophores that adopt rigid planar structures did not show CPL signals.
Furthermore, D- and L-camphor, an enantiomeric pair of rigid chiral XYC = O dialkyl
ketone luminophores, showed ideal mirror-image CPL spectra. From these comprehensive
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results, the author and coworkers invoked that the parity of non-rigid molecular rotamers
in the photoexcited is violated, followed by radiating (−) sign CPL signals without any
exception [120,121].

Currently, experimentally testing the molecular parity-violation hypothesis remains a
hot topic and very challenging. Collision-free, gas-phase CPL spectroscopy may be a useful
tool to provide a definitive answer to this long-standing question. Although this topic is
not a major issue in this paper, the author, his coworkers, his students, his researchers, and
his technical staff are aware of the facts that non-ideal mirror-image CPL and CD spectral
characteristics can be often seen in our colloidal polymers dispersed in optofluidic media
with tuned RIs. Some of the readers may be aware of the non-ideal mirror-image CPL
and CD spectral characteristics in this paper. The author conjectures that these non-ideal
mirror-image chiroptical characteristics from the colloidal polymers in tuned optofluidic
media could be connected to certain mechanisms, in an enhancement in weak neutral
currents at molecular and polymer levels. Those who are interested in this topic should
read related parity-related reviews, monographs, and original papers, shown above.

1.3. Extraterrestrial Origins of Life and Chirality—Panspermia Hypotheses

Apart from the physical aspects in the previous sections, the fascinating, awesome
extraterrestrial scenarios might be several panspermia hypotheses [122,123]. Panspermia
means seeds everywhere in a Greek word. The panspermia hypothesis assumes that seeds of
life ubiquitously exist in the past and, even now, all over universe, allowing to spread from
one to another spaces and locations. The hypotheses may invoke us that seeds of chirality
are ubiquitous in the past and, even now, all over universe.

In the late 19th century, Louis Pasteur, William Thomson (Lord Kelvin), and Her-
mann von Helmholtz conjectured extraterrestrial origin of life (and biological chirality).
In 1903, Svante Arrhenius, Swedish physicist and chemist, proposed the radio-panspermia
hypothesis; certain seeds of life with sizes of 200–300 nm traveled by radiative pressure
of solar light and stellar light, landed on Earth [122]. In the 1960s–1980s, Hoyle and
Wickramasinghe hypothesized cometary panspermia based on detection of astronomical
radiation and reflectance in the range of 2.5–4.0 μm (~3000–3800 cm−1) from dust coma of
Comet Halley and Comet 67P/Churyumov-Gerasimenko [123]. The cometary panspermia,
including comets, interstellar dusts, and asteroids, can carry several viruses and microbials,
which landed on Earth from the primordial era (and even now) [123]. The scenarios led to
propose further lithopanspermia (often referred to interstellar panspermia) and ballistic
panspermia hypotheses (often referred to interplanetary panspermia). In lithopanspermia,
impact-expelled rocks and meteorites from a surface of planet acts as spaceships to spread
biological materials and microbials from one solar system to another solar system, while,
in ballistic panspermia, the same events occur within the same solar system.

In 2013, Kawaguchi, Yamagishi, and coworkers hypothesized massapanspermia that
microbial aggregates are transferrable between planets [124]. In 2020, they confirmed that
aggregates of Deinococcus radiodurans (a representative radioresistant bacteria) can survive
under the very severe space environment for 2–8 years, enabling the interplanetary travel
that delivers the seeds of life and related chemical stuffs for many years [125]. The new
hypotheses might encourage astrobiologists and astrochemists to pursue the possibility of
the extraterrestrial life and related chemical substances, including liquid water and chiral
molecules conducted by sophisticated spacecrafts, orbiting telescopes, and high-resolution
spectrograph on Earth, followed by recent triumphs in astroscience.

For example, astroscientists confirmed plumes of water vapor and are now confident
about the existence of water ocean on Europa (that is one of Jupiter’s moons), with help
from auroral emissions of hydrogen and oxygen by the Hubble space telescope (HST, Na-
tional Aeronautics and Space Administration: NASA), observation by the Galileo spacecraft
(NASA), and direct detection of water vapor using near-IR spectrograph at the 10-m Keck
Observatory (Hawaii) [126]. The Rosetta space probe (European Space Agency: ESA)
detects prebiotic constituents and water on Comet 67P/Churyumov-Gerasimenko, one
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of the comets in the Jupiter family [127,128]. The Cassini spacecraft (NASA), the Saturn
probe launched in 1997, discovers water under the surface of Enkelados, which is one of
the Saturnian moons, with help from the quadrupole gravity measurement system [129].
JPL (Jet Propulsion Laboratory at NASA) reported that Titan, which is the largest Satur-
nian moon, possesses water comprising inorganic salts [130]. The Kepler space telescope
(NASA) discovered over 2600 exoplanets; among them, numbers of Earth-like planets are
hidden in habitable zones [131,132]. In 2016, astronomers discovered interstellar chiral
propylene oxide generating in SagittariusB2 of the Milky Way Galaxy by analyzing the
unique absorption bands in the range of mm-wavelength of Parkes radio telescope at
Australia Observatory [133]. A preference between L- and D-propylene oxides remains
obscure because the telescope is not a polarized microwave spectrometer. In 2019, an inter-
national team from Japan and USA showed, for the first time, evidence of extraterrestrial
origin 13C-enriched sugars from carbonaceous chondrites in two meteorites (NWA801 and
Murchison) by means of gas chromatography–mass spectrometry (GC–MS) [134].

In December 2014, aiming to verify the panspermia hypothesis associated with the
origin of life and molecular chirality on Earth, the Hayabusa-2 spacecraft (Japan Aerospace
Exploration Agency: JAXA (Chofu, Tokyo, Japan)) launched to land on the surface of
‘Ryugu’, which is one of the carbon-rich asteroids. In December 2020, on the way to the next
target (1998KY26, a rapidly spinning asteroid), the spacecraft delivering a small capsule,
called Urashima’s treasure chest, containing organic and gaseous ingredients for life, had
just returned to Earth [135]. Importantly, the substances captured from the sub-surface
of Ryugu did not contain any contaminations existing on Earth. Japanese researchers are
analyzing all of the ingredients. The team anticipates evidence of extraterrestrial-origin
molecular substances associated with preferential chirality if the substances are chiral.

1.4. Terrestrial Origins of Life and Chirality

In 1953 and 1959, Miller and Urey reported production of nearly forty amino acids in-
cluding glycine, α-alanine, β-alanine, aspartic acid, and so on, by applying electric discharge
under reducing atmosphere containing CH4, NH3, H2O, and H2 [136,137]. The system is
regarded as an open-flow, recycling chemical reaction system that is experimentally testable
at ordinary lab level to mimic primitive Earth. Although the product chirality was not
characterized at those days, the electric discharge was thought be, at least for the author, an
unpolarized high-energy electromagnetic force that produces racemic amino acids. In 2013,
Bada reviewed his insights of prebiotic chemistry under the volcanic condition [138].

In 2017, a Japanese team reported an astonishing result that thundering is generating
γ-ray, called atmospheric photonuclear reaction [139]. The thundering acts as a naturally oc-
curring accelerator, which might ubiquitously generate in primordial Earth, and is regarded
as a realistic electric discharge in the Miller–Urey experiments [136,137]. The naturally
occurring γ-ray is responsible for several photonuclear reactions. When γ-ray collides to
the atmospheric 14N molecule, radioactive 13N (t1/2 598s) and neutron (t1/2 ~890s) will be
generated. The unstable 13N causing β+-decay reaction produces stable 13C, positron, and
neutrino. The neutron with 14N produces radioactive 14C (t1/2 5700±30yr). The unstable
radioactive 15N (t1/2 122s) by capturing the neutron re-generates γ-rays. The Japanese
team detected γ-rays at 0.511MeV regenerated by electron-positron annihilation. These
scenarios infer that all electron, positron, neutron, and radioactive atoms may become
parity-violating handed physical sources.

A non-naturally occurring radioisotope 60Co, which is synthesized from stable isotope
59Co by capturing one neutron only in a nuclear reactor, cannot contribute to the left–right
imbalance on primordial Earth. However, naturally occurring, long-lifetime radioisotopes
235U, 238U, 232Th, 87Rb, and 40K, embedded to continental crust, mantle, oceanic crust, and
sediment of Earth contribute in principle to the left–right imbalance through the β−-decay
channels radiating handed elemental particles and radiating γ-rays [140–142].
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1.5. Extraterrestrial Origins of Circularly Polarized Radiation Sources

On the other hand, scientists have long argued that several kinds of circularly po-
larized electromagnetic sources, including γ-ray, X-ray, and vacuum-UV in the universe,
are responsible for the biomolecular handedness [4–9,13–16]. Alternatively, a subtle imbal-
ance of L- and D-amino acids as tiny chiral chemical seeds significantly catalyze asymmetric
chemical reactions to yield carbohydrates with a high ee, leading to the handed biomolecu-
lar world [48]; a nearly racemic substance in 10−5% ee attained a nearly ~100% ee when
the Soai reaction was regarded as a testable model of the chemical evolution of chirality in
prebiotic eons [143,144].

When these substances are homogeneously dissolved in solutions, a probability of
CP light (photon chirality) that reacts with racemic and prochiral biomolecular is, at most,
one-chance with quantum efficiency of 1.0 by assuming the Beer–Lambert law. We assume
that non-rigid, efficient, photonic resonators adaptable to photon chirality is possibly suited
for recycling CP light–matter interactions, such as whispering gallery mode (WGM).

1.6. Coacervate Hypothesis

In the 1920s–1930s, Oparin [23] and Haldane [145] proposed the coacervate hypothesis,
which is a prototype of living cells during the chemical evolution of life. The coacervate
refers to sphere shape, cell-wall free colloidal droplets, from 1 μm and 100 μm in diameter,
surrounded by fluidic water. The colloids comprising organic substances were postulated
to spontaneously lead to a metabolism after a prolonged time. The hypothesis relies on a
scenario of spontaneous self-organization arising from non-covalent interactions, such as
hydrogen bonds, electrostatic, van der Waals, dipole–dipole, and so on. The hypothesis
was mostly abandoned because the closed coacervate systems in an equilibrium state did
not evolve living organisms.

In 2020, Lu and Spruijt demonstrated experimentally and theoretically how immiscible
multicomponent droplets consisting of oppositely charged polyelectrolytes in the presence
of several additives undergo a spontaneous formation of ca. 1–10 μm size multi-phase coac-
ervates, with help from interfacial tensions and concentration of salts [146]. The multiphase
coacervates dispersed in water containing salts spontaneously propagate to hierarchi-
cally self-organize cellular structures with time. The coacervates hypothesis is not an
old-fashioned concept. A remodeled coacervates hypothesis sheds light on a new insight
of how non-equilibrium colloidal particles in fluidic solutions propagate spatiotempo-
rally [146]. In-situ observations of spatiotemporal propagation behaviors associated with a
preferred handedness in chirogenesis of coacervates, using sophisticated circular dichroism
(CD) and circularly polarized luminescence (CPL) microscopy, are challenging [147–152].

1.7. Colloids

Colloid science has a long history [153]. Colloids involve micelles, vesicles, shape-
controlled polymers, molecular and macromolecular aggregates, emulsion of polymers,
core-shell nanoparticles, spherulite, microgel, and possibly, coacervate. In 1919, le Chatelier
hypothesized that the size of colloids ranges from 1 nm to 1000 nm [154]. In the 1920s,
makromolekül (macromolecule) was categorized to one of the colloids because the makro-
molekül hypothesis proposed by Staudinger was controversial [155]. Although the concept
was established in the 1930s, charged colloids made of macromolecules and/or polymers
did not appear to be well-recognized in those days. It is obscure whether Oparin and
Haldane recognized in those days that the coacervate hypothesis was intimately connected
to colloid science, macromolecular/polymer science, and supramolecular science. In 1952,
Terayama proposed polyion complexes in water of oppositely charged water-soluble poly-
electrolytes, nowadays, widely known as the colloid titration method [156]. Non-charged
co-colloidal polymers, however, did not appear to be well-recognized until recently. It is
still unclear how co-colloidal chiral polymers propagate with time.
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1.8. Ostwald Ripening and Viedma Ripening

In 1990, Kondepudi et al. found that, from saturated solution of C3v-symmetric
achiral sodium chlorate (NaClO3) in water, L- or D-crystal in nearly 100% ee is dominantly
generated in a beaker solely by mechanically stirring. Contrarily, no preference in the
L-D crystal was obtained under stagnant condition [157]. The homochiral L- or D-world
in the beaker is determined by the by-chance mechanism. Martin et al. indicated that
damages in the first-generation crystals, led by the stirring, can produce numbers of the
second-generation crystals in smaller size, which are responsible for the production of L-
or D-crystal in a vessel [158]. The initial chirality in the first-generation crystals act as the
seed of chirality in the second-generation crystals during mechanical stirring, leading to
autocatalytic homochiral crystallization. It is noted that hydrodynamic convection flow as
mimic model of Coriolis force was not responsible for the L-or-D crystallization [158].

These studies stimulated another autocatalytic homochiral crystallization, known
as the Viedma ripening. In 2005, Viedma observed attrition-enhanced de-racemization
phenomenon in a mixture of solid/liquid of enantiomorphous crystals using NaClO3 [159].
In 2008, Viedma and coworkers developed this approach to evolution of homochiral crystal
D- or L-aspartic acid in the presence of salicylaldehyde as a catalyst at elevated tempera-
tures (90–160 ◦C) [160]. Enantiomerically pure aspartic acid that is rapidly racemized upon
heating is assumed to be a realistic amino acid existing on the primordial Earth.

Possible mechanisms underlining should involve four steps [161]: (i) Ostwald ripening
with an initial chirality with help from the gliding to introduce crystal damage/defects
and non-racemic additives; (ii) enantiospecific aggregation to a larger aggregation with the
same chirality; (iii) a breakage of the aggregates; and (iv) racemization. Ostwald ripening
with chirality is a dynamic process of chirality crystal growth and dissolution due to the
crystal-size dependent solubility. A larger size chiral crystal has a lower solubility due to a
smaller specific surface area, conversely, a smaller size chiral crystal has a higher solubility
due to a large specific surface area.

In 2007, Viedma tested the parity-violation hypothesis of whether handed crystals
(L or D) using NaClO3 and NaBrO3 are generated [162]. Heavy Br atom was expected to
boost the parity-violation effect obeying 5–6 power dependency of the weak neutral current
based on a large spin-orbit coupling. Systematic experimental results of mirror symmetry
breaking on a macroscopic level, however, did not support the parity-violation hypothesis.
The results were ascribed to unidentified cryptochiral impurity existing in environmental
conditions. The crystallization protocol is, possibly, very susceptible to external impurities
as chiral seeds, rather than the weak neutral current effect.

These studies infer to us that, by controlling the dynamic process between chirality
and non-chirality at the solid–liquid interface, an alternative heterogeneous chirogenic
system comprising colloid and its dispersion solvent is possible, when proper colloidal
polymers with chiral liquefied media are chosen.

1.9. Optofluidics Connecting to Colloids and Circularly Polarized Light

In 1986, Qian et al. reported the first laser emission from free-falling droplets doped
with red-color dyes upon excitation of a 532 nm laser based on WGM mode, or morpholog-
ical dependent resonance mode, whereas rhodamine 590 and rhodamine 640 were used
as dyes [163]. In 2006 to 2010, the optofluidics, which is analogous to the corresponding
solid-state optical devices, was coined for a conceptional fusion of integrated optics and
microfluidics [164–167]. Microfluidics is an essential science of precisely controlling and
manipulating fluidic medium in the range of ten-to-hundred μm in diameter. One can
design unique μm-scale liquid-based optical devices with a greater flexibility; for example,
it is easy to: (i) tailor several optical properties of the fluidic medium, such as refractive in-
dex (RI), wettability, and viscosity; (ii) construct optically smooth colloid–liquid interfaces;
and (iii) confine massless light into an optical resonator. Moreover, Whitesides, Psaltis,
and coworkers demonstrated that ultralow threshold dual-color lasing from rhodamine
560 and rhodamine 640 in 20–40 μm size droplets of benzyl alcohol (nD = 1.54) is possible
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when dispersing in C7F15OC2H5, which is a low RI fluorinated solvent with nD = 1.29 [168].
Note that nD means an average RI value at 589.0 and 589.6 nm of doublet D-lines arising
from vapor of atomic sodium. The lasing droplet device is realized based on the WGM
scheme [163,168,169]. The idea of optofluidics was recently realized as Varioptic® from
Corning® (Corning, NY, USA), which is a commercial product of variable focus liquid lens.
The Fabry-Pérot resonator in a planar microfluidic geometry using Bragg-type grating
reflectors shows a resonantly enhanced transmission with a sharp peak at a well-tuned RI
in a fluidic medium [170].

In a light-harvesting plant system, stroma in chloroplasts is adaptable to any alter-
ations, such as osmotic pressure, Mg2+/K+ ions, sunlight intensity, temperature, and so
on [171–174]. The stroma may work as naturally occurring, self-tuning optofluidic medium.
The underlying mechanism teaches that, to maintain the non-CP and CP light-driven
photophysical and biological properties, the chirally assorted macro-colloids surround-
ing optofluidic stroma appear key [171–174]. Likewise, the adaptability and flexibility to
any alterations in chemical and physical biases are crucial in the chemical evolution and
propagation of life.

The noticeable advantages facilitate anyone to fabricate the low-reflection-loss chro-
mophoric and/or luminophoric colloidal molecules and polymers with high RIs by sur-
rounding a fluidic medium with a lower RI to resonantly boost chiroptical spectral re-
sponses in the ground and the photoexcited states. Based on the optofluidics, the colloidal
polymers in the ground and photoexcited states as a function of RI of the surrounding
solvents are rarely studied. We showcase several optofluidic effects of colloidal polymers
in the ground and photoexcited states by tuning the RI of the solvents in the following.

1.10. Microdroplets and Aerosols—Prebiotic Chemical Reactors

Atmospheric μm-sized aerosols and μm-sized droplets called microdroplets in water
offer unique chemical and photochemical reactors by concentrating molecules, which serve
several key precursors, such as oligopeptides and ribonucleosides in the prebiotic
Earth [175–177]. The μm-sized aerosols and μm-sized microdroplets are regarded as
realistic models testable of the coacervate hypothesis on a laboratory scale.

Recently, researchers became aware of the fact that various chemical reactions and
processes in the microdroplets are significantly accelerated by several orders of the magni-
tudes, compared with the corresponding reactions and processes in the bulk phase [178].
These reactions and processes confined in the microdroplets differ from the conventional
chemistry in homogeneous solutions. The reactions involve protein unfolding [178], helix
formation [179], phosphorylation in ribonucleosides [176,177], production of nanostruc-
tures [180], autoreduction [181], and so on. Although the oil/water, air/water, and sil-
ica/water interfaces are used as the platforms, the cause of the acceleration mechanisms in
these microdroplets is as a matter of debate.

To address the issue, in 2018, Zare et al. designed—to experimentally and compu-
tationally study the distribution and photoluminescence (PL) polarization anisotropy of
rhodamine 6G as a PL probe doped into microdroplet oils (3MTM Fluorinate® FC-40—a
mixture of two perfluoroalkyl amines, nd = 1.29) dispersed in water (nd = 1.33) [182].
They found that, when a radius of the microdroplet increases and a concentration of rho-
damine 6G decreases, the density of rhodamine 6G is significantly higher on the surface
than in the center of the microdroplets and that the ratio of the surface density to that
of the center grows. Moreover, PL polarization anisotropy on the surface of the micro-
droplets is significantly large, indicating that rhodamine 6G is well-aligned on the surface.
The reduced entropy affects the significant change in the free-energy for the reactions [182].

The concept of optofluidics is applicable to photoexcited microdroplets and aerosols
that are regarded as open-flow, non-equilibrium, volatile photochemical resonators. Rel-
ative RIs of organic microdroplets in water and aerosols in air are nd(droplet)/nd(water)
= 1.4–1.6/1.33 and nd(water solution)/nd(air) ≥ 1.33/1.00, respectively. When prochiral
substances in the photoexcited microdroplets and aerosols are concentrated on their sur-
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faces, one can anticipate WGM-driven accelerated photochemical reactions in absolute
asymmetric synthesis (AAS) or absolute photochirogenesis (APC) with a CP light source
in the absence of an external magnetic field and unpolarized light in the presence of an
external magnetic field.

1.11. Our Hypothesis for Chirogenesis and Photochirogenesis

As mentioned above, the multiple concepts of panspermia and coacervate hypotheses,
g* value, bi-furcation model, circularly polarized (CP)-light driven photochirogenesis,
optofluidics, and WGM stimulated us to investigate open-flow, non-equilibrium colloidal
systems composing of artificial chain-like polymeric chromophores and luminophores
dispersed in optofluidic biomolecular liquefied chiral terpenes, as chiral foods and bever-
ages. Moreover, we explored a possibility of AAS or APC of the artificial coacervate as a
suspension state in achiral organic solvents upon excitation of a wavelength-dependent
CP-light source as a model of cosmos-origin chiral electromagnetic forces. These external
chirality-driven, open-flow systems allowed to mimic the tempo-spatial transcription of
molecular chirality and light chirality in the cell-wall free colloids on Earth at ambient
temperatures in the absence and presence of CP light sources.

The open-flow, dissipative structures connected to molecular motions is a curious
subject in the present special issue [183]. This is beneficial because chirogenesis and
photochirogenesis from optically inactive colloids of π-/σ-conjugated polymers in the
ground state and in the photoexcited state are easy to quantitatively characterize by means
of CD, optical rotation dispersion (ORD), CPL, and CPL excitation (CPLE) spectroscopy.
The π-/σ-conjugated polymers are excellent chromophores and luminophores as probes in
place of amino acids and sugars.

Our knowledge and understandings of the π-/σ-conjugated polymers at ordinary
laboratories on the northern hemisphere of the spinning Earth could shed light on rethink-
ing about possible scenarios of the first life associated with L-amino acids and D-sugars,
regardless of terrestrial and extraterrestrial origins.

1.12. Resonance Effects from Colloidal Systems in Optofluidic Media in the Ground and
Photoexcited States

In the following sections, we highlight the importance of optofluidics for achieving
an efficient chirogenesis and an efficient photochirogenesis using several π-/σ-conjugated
polymers in UV-visible-near IR (NIR) regions. Particularly, a fine tuning of the RI value of
the surrounding liquids allows us to resonantly boost chiroptical signals and photochemical
reactions within a μm-size colloidal polymers. To our knowledge, such comprehensive,
systematic studies, showcasing marked resonance effects of chirogenesis and photochiroge-
nesis in the realms of chiroptical spectroscopy, asymmetric chemistry, synthetic chemistry,
polymer chemistry, colloid chemistry, photochemistry, photophysics, and materials chem-
istry, have not been reported yet.

All of the spectral analyses of colloidal substances in the ground and photoexcited
states were conducted by practical chiroptical approaches using JASCO J-725/J-820/CPL-
200 spectrometers equipped with commercial and custom-made accessories. First, a classi-
cal ORD spectroscopy shows us, exactly, a left–right imbalance of chiral chromophores in
the ground state as differences in relative RIs and/or light speeds between left- and right-
circular polarized light as a function of wavelength in a vacuum. Next, CD spectroscopy
allows detecting a left–right imbalance of chiral chromophores in the ground state as a
difference in absorption (attenuation) between left- and right-circular polarized light as a
function of wavelength in a vacuum. Moreover, CPL spectroscopy can detect a left–right
imbalance of chiral luminophores in the photoexcited state as a difference in radiation
probability between the left- and right-CP light emission processes when unpolarized light
is excited at a specific wavelength of the chromophore as a function of wavelength in a
vacuum [184]. In an analogy to achiral photoluminescence excitation (PLE) spectroscopy,
CPLE spectroscopy provides differences in absorption band profiles in the ground state
responsible for the specific CPL signals in the photoexcited state solely by monitoring, at a
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specific CPL band, as a function of wavelength in a vacuum. Although CPLE spectroscopy
is rare in the realm of chiroptical spectroscopy, we often apply this technique to clarify
which unpolarized absorption and CD bands are responsible for CPL/PL bands, particu-
larly, dual/multiple CPL bands with opposite chiroptical signs [185]. Importantly, CPL,
CPLE, PL, and PLE spectroscopy cannot apply to non-luminescent and ultraweak lumines-
cent chromophores. More importantly, achiral and 50:50 racemic mixture of chromophores
in the ground state and luminophores in the photoexcited state reveal zero-signals because
of any differences between left- and right-ORD, between left- and right-CD, between left-
and right-CPL, and between left- and right-CPLE signals. Notably, we should pay attention
to artifact signals when anisotropic specimens, oriented films, solid substrate with period-
icity acting as additional linear polarizers are employed [186]. It is beneficial that, because
μm-size colloidal particles are randomly dispersed in fluidic medium that is similar to
optically anisotropic molecules in homogeneous solutions, the chiroptical artifact is not a
serious issue, even if an individual colloid is optically anisotropic.

2. Colloid-Induced Chiroptical Enhancement and Aggregation-Induced Emission

Firstly, we briefly touch upon two histories in the communities of artificial chiral chem-
istry, solution chemistry, and colloid/aggregation chemistry, including colloid-induced
chiroptical enhancement (CIE) and aggregation-induced emission (AIE).

A photophysical transition from nearly non-emissive molecules dissolved in homoge-
neous solutions to highly photoluminescent colloidal particles dispersed in heterogeneous
solutions was established as a well-known phenomenon in the last two decades [187,188].
In 2001, Tang et al. found an anomaly in the enhancement of quantum yield from aggre-
gates made of 1-methyl-1,2,3,4,5-pentaphenylsilole [189]. The silole derivative revealed
an abrupt enhancement in the quantum yield (φ) of PL by solely adding water from a
weak φ ≈ 0.06% in ethanol to high φ ≈ 90% in water-ethanol cosolvents. The aggregation
process is responsible for the enhanced quantum yield. The phenomenon was coined
aggregation-induced emission (AIE). Soon, the origin of the AIE phenomenon was ex-
plained by restricted intramolecular rotations of multiple C–C bonds of phenyl groups
at peripheral position of the silole ring [190]. Either increasing solvent viscosity or de-
creasing solution temperature efficiently enables suppressing the rotational freedom at
a molecular level in the aggregates. This idea was viable for several aggregates made of
polyacetylenes substituted with floppy 1,1,2,3,4,5-hexaphenylsilole (HPS) in acetone-water
cosolvents. In 2012, the aggregate of silole derivative carrying two long D-sugar-based
tails in n-hexane-dichloromethane cosolvents showed the first AIE-circular dichroism
(AIE-CD) in the ground state and AIE-circularly polarized luminescence (AIE-CPL) in the
photoexcited state [188,191]. The Kuhn’s dissymmetry ratio in the CPL spectrum (gCPL)
value [188] reached ≈ −0.32 at 500 nm, in which the degree of circular polarization was
−0.16. Similarly, the aggregate of tetraphenylethylene (TPE) substituted with two L-valines
in a mixture of dichloroethane and methanol revealed AIE-CPL of gCPL ≈−5 × 10−3. High-
resolution images of scanning electron microscope and transmission electron microscope
(TEM) indicated that one-dimensional helical fibers of the TPE aggregate are responsible
for the AIE-CPL and AIE-CD [188,192].

We should touch on major differences between AIE-CD/AIE-CPL and CIE-ORD/CIE-
CD/CIE-CPL/CIE-CPLE because both phenomena are related to significant amplification
of chiroptical signals in the ground and photoexcited states.

First, AIE-chiroptical systems rely on significant suppressions of rapid intramolecular
rotations among single bonds based on very low rotational/twisting barrier heights, which
are responsible for thermally excited, non-radiation processes in the photoexcited and
ground states. To achieve the suppressions at a molecular level, adding poor- or non-
solvent-like water to homogeneous solutions, e.g., tetrahydrofuran (THF) and acetone as
good solvents, of the weakly emissive substances is the key. The poor-/non-solvent and
good solvents are completely miscible in any volume fractions. Actually, the building
blocks of AIE, such as TPE and HPS, are highly emissive in the solid states, owing to
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great suppression of molecular motions and vibrations, where they dissolved in good
solvents, are weakly emissive due to rapid rotational/twisting mobilities. In my view,
controlling RI values of a mixed co-solvents of poor-/non-solvent and good solvent does
not appear to be a major factor. However, the nD value might alter in response to volume
fractions of THF–water cosolvents because a lower RI water (nD = 1.333) and a higher RI
THF (nD = 1.407) are mixed together. Thus, we assume that AIE-chiroptical signals of the
aggregates are possible, to maximize at specific volume fractions, namely, specific nD, of
good-poor co-solvents, to satisfy a resonance condition.

Contrarily, CIE chiroptical systems are largely affected by relative RI values between
colloidal polymers and the surrounding fluidic media. To rationally realize the resonance
condition in chiroptical signals, we often use semi-flexible and rod-like chain-like chro-
mophoric polymers with a narrower molecular weight distribution. These polymers are
inherently highly emissive, even in dilute homogeneous solutions, and in solid films.
The reason for the semi-flexible and rod-like polymers is to restrict rotational freedoms
along huge numbers of single bond sets. These polymers ensure spontaneous association of
well-ordered packing structure during a controlled slow addition of a poorer solvent to the
polymer solution, monitored by the naked eye. This approach belongs to a fractionation
technique, to isolate the desired molecular weight of polymer from a broad molecular
weight distribution of synthetic polymers, during a two-phase separation phenomenon.
In our case, fine tuning the RI value of poor and good cosolvents, however, is the key,
because polymers in the colloids often involve the surrounding co-solvents and usually
exist as a swollen state. Thus, we have to experimentally determine the best volume
fraction, namely, RI value, of poor and good cosolvents by measuring CD spectral shape
with CD signal magnitudes of the colloidal systems. However, more importantly, when
a specific resonance condition in the colloidal system is established with help from the
RI-tuned cosolvents, the tiny chiroptical signals are enhanceable by huge times of reflection
at the colloid–liquid interfaces due to confinement of traveling light in line with WGM, as
mentioned in the following section.

3. Open-Flow, Non-Equilibrium Coacervate Hypothesis Meets Optofluidics

Our early assumption had to be remodeled when we came across optofluidics—that
is an influential combined concept, at least for us, between liquid-based microoptics and
soft-matter based optical devices. A traveling light, massless photon energy source, en-
ables to efficiently confine polarized light in the interior of a droplet in a fluidic medium.
The confinement causes a recurring polarized light–matter interaction within the droplet
and/or at the droplet–liquid interfaces. An extension from optofluidics to chiral optoflu-
idics might be applicable to chirogenesis and photochirogenesis from (at least) 1 to 100
μm-sized colloidal particles, with a higher RI, by dispersing in a fluidic medium with a
lower RI, although their RIs have to be tuned precisely. The medium is not restricted to
fluidic media. Likewise, solidified media, such as glassy polymers and inorganic solids,
are possible to use.

Linearly polarized light is a superposition of left (l-) and right (r-) circularly polarized
(CP) light. The l- and r-CP-light carry angular momenta of integer spins (±h̄), respec-
tively [193–196]. Previously, Ghosh and Fischer [193] and Silverman et al. [194] simulated
that the optical rotation from chiral liquids is boosted by several orders of magnitude when
a coupled geometry of multiple prisms is filled with optically active biomolecular liquids,
such as limonene, carvone, and a mixture of camphorquinone and methanol. The concept
of AAS with light, one of the curious topics in the present special issue of Symmetry [197],
is classified to: (i) absolute asymmetric photosynthesis; (ii) photodestruction; and (iii)
photoresolution [47–49].

According to a theory led by Mortensen et al., the slow light of colloidal particles, by
filling with a liquid medium, could enhance the CD signal at the edges of the optical band
gap [195,196]. This theory is verified by enhanced ORD signals in a fluidic medium with a
tuned RI. ORD spectroscopy allows us to detect differences in light speeds between l- and
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r-CP light as a function of incident light. In an analogy of the ORD signal enhancement,
one can assume that CD spectrum as a function of wavelength of incident l- and r-CP light
is possible to detect enhanced differences in light speeds between l- and r-CP light when
optically active colloids are dispersed into a proper liquid medium by solely tuning RI.

These seminal theories of optofluidics and our CIE chiroptical phenomena prompted
us to focus on the chiral optofluidic medium suited to μm-sized colloids, consisting of lu-
minous σ-/π-conjugated polymers. With this mind, we designed several optically active flu-
idic media containing limonene, α-pinene, and other biomolecular
solvents [54–57,198–212]. Moreover, we expected an efficient APC when the CP-light
source, with sense, was employed as a function of excitation wavelength [54–56].

Herein, we highlight a series of CIE-CD, CIE-ORD, CIE-CPL, and CIE-CPLE experi-
ments from the colloids of π-/σ-conjugated polymers and co-colloids consisting of both π-
and σ-conjugated polymers, in terms of artificial models of open-flow, non-equilibrium
coacervates in the ground state and the photoexcited state. These colloidal polymers
are readily dispersed in a tuned optofluidic medium by inspiring the possible scenarios
of the homochirality questions on Earth. By controlling RI of the surrounding medium,
the μm-size colloidal π-/σ-conjugated polymers in the optofluidic medium resonantly
reveal enhanced characteristics of chirogenesis and photochirogenesis [198–212]. The chi-
rogenesis is susceptible to chiral optofluidic medium. An ability of APC from achiral
colloidal polymers in achiral optofluidic medium is possible by choosing tandem factors
of wavelengths and a sense of CP light sources [54–56], which are purely massless chiral
photons carrying integer spins of ±h̄ [54–56,213–215].

4. CIE-CD in the Ground State and CIE-CPL in the Photoexcited States

4.1. Steady-State CD and CPL Spectroscopies

Steady-state CPL spectral datasets tell us information of the short-lived chiral species
in the photoexcited state, while steady-state CD and ORD spectral datasets indicate
long-lived chiral species in the ground state. Here we applied Kasha’s rule and Jablon-
ski diagram [216,217] to the nature of optically active luminophores and chromophores
(Figure 1). The short-lived species (S1, S2 . . . ) upon excitation of unpolarized light are gen-
erated on the timescale of ~10−15 s based on the Franck–Condon principle [218]. The short-
lived species, followed by non-radiative relaxation processes with vibrational modes, relax
spontaneously to the lowest vibronic state (S1 with υ’ = 0), such as the metastable photoex-
cited state at the time scales of 10−11–10−12 s. Finally, a spontaneous relaxation occurs from
the low-entropy handed S1-state (υ’ = 0) to the high-entropy, non-handed S0-state (υ = 0, 1,
2 . . . ), proven by CPL signals with a lifetime of 10−9–10−6 s.

Absolute temperature of 300 K equals to 0.60 kcal mol−1 (0.0259 eV and 208 cm−1).
When luminescent molecules and polymers are photoexcited at 400 nm in a vacuum,
the 400 nm light energy corresponds to 35,970 K (3.10 eV, 71.5 kcal mol−1, 25,000 cm−1).
CPL/CPLE and CD/ORD spectroscopy, thus, allow to dictate different chiral information in
the photoexcited and ground states, respectively. Although CPL signals dictate a temporal
short-lived chiral species at 35,970 K, CD and ORD spectral data provide information
of long-lived chiral species at 300 K. When one can ensure the identity chiral species
in the ground and photoexcited states, enantiomeric pairs of rigid luminophores and
rigid chromophores are needed to restrict by intra-/intermolecular rotations at 35,970 K.
Optically active luminescent colloids are candidates to design WGM-based chiroptical
resonators between a pair of (+)- and (−)-CIE-CPL signals.
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Figure 1. A brief concept of the modified Jablonski diagram, Kasha’s rule, and Franck–Condon
principle [212,216–218] of chiral σ-/π-conjugated chromophores with/without rotational freedom in
the absence of optical resonator, whispering gallery mode (WGM), and optofluidic effects. Single-
headed arrow stands for restricted rotation clockwise (CW) or counter-clockwise (CCW); double-
headed arrow indicates a free rotation CW and CCW. Modified from an original article [199] and a
book chapter [212].

This idea predicts that, although a non-rigid chiral luminophore arising from sub-
stantial rotational freedom in the ground state does not reveal detectable CD and weak
CD signals known as cryptochirality, the luminophores does not emit clearly CPL signal,
and emits, apparently, no detectable CPL with the corresponding unpolarized PL due
to an equal probability of left- and right-hand chiral structures in the photoexcited state.
However, if a non-rigid chiral luminophore produces certain chiral colloids induced by the
restricted rotational freedom, one can detect the spatiotemporal chiral colloid as CIE-CPL
signal as well as CIE-CD and CIE-ORD signals. One can detect steady-state CIE-CPL
signals because the lifetime of the spatiotemporal species is on the order of ≈1–10 ns.

One may question whether the chiral optofluidics is valid for CIE-CD and CIE-CPL
beyond an extension of AIE-CPL and AIE-CD. To prove the idea that the concept is
generally applicable to a wide range of colloidal system suspensions in the fluidic media,
we had to elucidate whether the chiroptical amplitudes in the resulting CD and CPL signals
from several colloidal polymers were resonantly enhanced at specific RI values of the
surrounded media. However, we had to consider serious concerns of the suspension
heterogeneous systems. This is because anisotropic films and the vortex flowing from
the chromophores and luminophores often cause unfavorable chiroptical artifacts and
apparent sign inversion, as well as alteration in the absolute magnitudes in the CD and CPL
signals [186]. To practically solve these artifacts, the use of optically anisotropic colloids
dispersed in isotropic fluidic medium is one candidate. This approach is routinely applied
to artifact-free CD and CPL spectral measurements by dissolving optically anisotropic
molecules by dissolving in isotropic solution, although inherent anisotropic molecular
information is lost. This is similar to routinely obtaining a solution of 1H- and 13C NMR
spectra to measure highly anisotropic molecules in homogeneous solutions by rotating
sample tubes and solid-state 13C NMR spectrum of an anisotropic solid sample, by rapidly
rotating sample tubes with a magic angle (54.7◦) to cancel anisotropic terms.

Therefore, extremum wavelengths, chiroptical amplitudes, and signs in CPL/CPLE/CD/ORD
signals, as well as those in PL excitation (PLE) and PL signals are not significantly affected by
Rayleigh–Mie scatterings in proportion to λ−4 (λ: wavelength of light in a vacuum). The scatterings
often cause an unfavorable increment and apparent spectral shift embedded into the background
UV-visible spectrum. Instrumental knowledge is crucial to characterize inherent chiroptical signals
from optically active colloids in the ground and photoexcited states. It is noted that the RI value alters
as a function of wavelength. ORD spectroscopy can measure the difference in RI between left (l)-
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and right (r)-CP light. Unpolarized light is a superposition of r-CP and l-CP light. Fine tuning RIs of
colloidal particles and the surrounding medium is key when the idea of the chiral optofluidics is
applied to CIE-driven chiroptical enhanced signals. We showcase several examples in the following
sections.

4.2. Gigantic Enhanced CD, ORD, and CPL from Colloidal Optically Active Helical
Poly-silanes—Importance of Controlled RI in Optofluidic Medium

Herein, we showcase, for the first time, a clear example that a precisely controlled
RI of the surrounding medium, which is the essential concept of optofluidic, is critical
to boost CIE-CD, CIE-ORD, and CIE-CPL signals for colloidal particles of several heli-
cal polysilanes. We tested poly{p-(S)-2-methylbutoxypheneyl-n-propylsilane} (1S) [219],
poly(n-decyl-(S)-3-methylpentylsilane) (2S) [220] poly(n-decyl-(S)-2-methylbutylsilane)
(3S) [221], poly(n-dodecyl-(S)-2-methylbutylsilane) (4S) [21,199,221], and poly(n-dodecyl-
(R)-2-methylbutylsilane) (4R) [21,199] (Figure 2). Poly(n-hexyl-(S)-2-methylbutylsilane)
(5S) [208–210,222,223] and poly(n-hexyl-(R)-2-methylbutylsilane) (5R) [208–210,222,223]
were used as helical scaffoldings of producing chiral co-colloidal particles with several
optically inactive π-conjugated polymers.

Figure 2. Chemical structures of semi-flexible helical alkylarylpolysilane (1S) and rod-like helical
dialkyl polysilanes (2–5) carrying enantiomerically pure chiral substituents.

First, we highlighted the colloidal 3S as a function of RI value of the surrounding
cosolvents, by assuming that RI value of the colloidal 3S is nD ≈ 1.7 [199]. The CIE-CD,
CIE-ORD, and CIE-CPL spectra of the 3S are shown in Figure 3a–c. From Figure 3a,
the 3S clearly shows negative exciton couplet CD bands at the lowest Siσ–Siσ* band at
323 nm. The Kuhn’s dissymmetry ratio in the CD spectrum (gCD) attain −0.31 at 325
nm and +0.33 at 313 nm, respectively. These gCD values are comparable to ≈16% left
(l)-circular polarization and ≈17% right (r)-circular polarization, respectively, while pure l-
and r-circular polarizations are gCD = ±2.0, respectively [224].
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Figure 3. (a) Colloid-induced enhancement circular dichroism (CIE-CD) and UV spectra; (b) CIE optical rotation dispersion
(CIE-ORD) and UV spectra; and (c) CIE circularly polarized luminescence (CIE-CPL) and PL spectra of the 3S colloids;
(d) The Kuhn’s dissymmetry ratio in the CD spectrum (gCD) of the colloidal 3S, 4S, and 4R as a function of refractive
index (RI) in methanol-tetrahydrofuran (THF) cosolvents. The CIE-CD and CIE-CPL spectra are normalized by Kuhn’s
dissymmetry ratio in the ground and the photoexcited states [212,224,225]; (e) Schematic Jablonski diagram of the 3S; (f) a
possible explanation for the CIE-CPL by confining left (l)- and right (r)-circularly polarized (CP) light in the 3S in optofluidic
medium with a tuned RI [199]. Modified from an original article [199] and a book chapter [212]; (g) incident UV light at ~0◦

of the cuvette surface travels a very dilute CHCl3 solution of stilbene 420 upon excitation of unpolarized light at 350 nm of
cylindrical quartz cuvette (22 mm in diameter, 1 mm in thickness of cell wall, 10 mm in cuvette optical path); (h) incident
light at ~50◦ of the cuvette surface infinitely travels the stilbene solution, undergoing to WGM by four-time reflections per
one-cycle at the CHCl3-quartz interfaces.
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As shown in Figure 3b, the colloidal 3S clearly shows negative bisignate ORD spectra
at the 323 nm Siσ-Siσ* transition. The traveling light speed of r-CP at 330 nm significantly
slows down compared to the traveling speed of l-CP light at 320 nm. Likewise, a traveling
speed of l-CP light at 320 nm slows down relative to the traveling speed of r-CP light
at 320 nm. Therefore, the relative RI value between r- and l-CP light largely relies on
wavelengths of incident light. A higher RI value results in slower CP-light along with
shortening of wavelength because the wavenumber is unchanged, regardless of RI, by the
conservation law of light energy.

The 3S showed clearly single (−)-CPL signal at the 330 nm PL band associated with a
small Stokes’ shift of 466 cm−1, as depicted in Figure 3c. This small Stokes’ shift indicates
a very minimal structural reorganization owing to a very restricted rotational motion
in the colloidal 3S in the photoexcited state. The magnitude of gCPL attained −0.65 at
330 nm, corresponding to ≈33% r-circular polarization, whereas the ideal l- and r-circular
polarization in the photoexcited state occurs at gCPL = ±2.0, respectively [225].

Both CIE-CD and CIE-CPL characteristics of the 3S are nearly similar to those of
the 4S and 4R. Notably, the CIE-CD and CIE-CPL characteristics of the 3S, 4S, and 4R
boost at the very specific nD of mixed solvents of methanol and tetrahydrofuran (THF)
(Figure 3d). The gCD value of the 3S is resonantly boosted at nD = 1.374, which is a specific
volume fraction of the cosolvent. Likewise, the gCD values of the 4S and 4R are resonantly
boosted at nD = 1.359 and nD = 1.365, respectively. The nD dependent chiroptical resonance
effects are an evidence of the chiral optofluidics, where noticeable differences in a traveling
light speed between l- and r-CP in the μm-scale colloids in the ground state is evinced by
tuning nD of a liquid medium. The resonance effects are responsible for CIE-CD signals,
followed by CIE-CPL signals in the photoexcited state.

From Figure 3a–c, a modified Jablonski diagram with chirality of the 3S associ-
ated with the Kasha’s rule and exciton coupling theory is schematically illustrated in
Figure 3e [199]. With the aid of the chiroptical resonator for selective l- or r-CP light, a large
difference in the RI between l- or r-CP light is crucial.

In Figure 3f, we provide a plausible explanation for the CIE-CPL occurring in an
optical resonator as a recurring WGM mode endowed with an efficiently confining l-
and r-CPL in the 3S with a high RI surrounded by optofluidic medium with a lower
RI [199]. The optically active spherical colloids should work as chiroptical resonator for the
respective l- and r-CP light. As a result, efficient separation between l- and r-CP light as
radiation from the colloids is realized. Internal total reflection modes (Brewster angle and
recurring numbers) at the colloid–liquid interface should be kept in mind.

Firstly, unpolarized light at 317 nm (3.90 eV), which is an equal mixture of l- and r-CP
light, excites simultaneously the colloidal 3S with a high n2 surrounded by the liquid with
a lower RI. The RI value of l-CP light, n1(l), at 317 nm is higher than that of r-CP light, n1(r),
at 317 nm. The respective n1(l), n1(r), and n2 are assumed to 1.8, 1.6, and 1.4. By Snell’s law,
the respective critical angles of refraction (θc) for l- and r-CP light are evaluated to 51◦ and
61◦. The difference in the θc angles of l- and r-CP light, thus, efficiently acts as chiroptical
filter between l- and r-CP light at the colloid–liquid interface, such as a quarter-wave plate
toward unpolarized light.

For clarity and visibility of the WGM concept, we demonstrate how an incident
light travels interior of the μm-size colloidal resonator using two macroscopic models
consisting of a fused quartz cylindrical cuvette with optically smooth surfaces (22 mm in
diameter, 1 mm cell wall in thickness) filled with a very dilute CHCl3 solution of stilbene
420, which is a sky-blue-color luminophore, upon excitation of unpolarized light at 350 nm.
The cm-size cylindrical cuvette is a cross-section model of a μm-size colloidal sphere shape.
The macroscopic demonstration is a zoom-in model of light–matter interaction occurring
in a μm-scale resonator to persuade non-specialists.

From Figure 3g, the incident UV light at ~0◦ of the cuvette surface to excite stilbene
420 travels straightly and emits from the opposite side of the cuvette. In this case, only
one-time interaction of light with the luminophore is possible. On the other hand, it is
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obvious from Figure 3h that, when an incident light at a very specific angle of ~50◦ of the
cuvette surface, the light reflects four times per one-cycle at the CHCl3-quartz interface and
undergoes into the WGM with the traveling light circulation mode. This recycling enables
the incident light to infinitely interact with the luminophore, if attenuation by the absorbing
light is neglected. One can expect that endless light–matter interactions are possible, thus,
causing significantly boosted chiroptical signals in the ground and photoexcited states.

When open-flow, μm-size colloidal polymers with a smooth surface adaptable to
the external physical and chemical biases are surrounded by an optofluidic medium,
subtle chiral physical forces and chiral chemical sources are enhanceable by huge numbers
of recycling times (N) in the optofluidic colloidal polymers, in line with the scheme of
WGM. This means that a subtle left–right imbalance interior of the colloid, e.g., 10−6%
ee, is boostable by 10−6 × N. This scenario is contrast to a conventional stereochemistry,
photochemistry, and photophysics in homogeneous solution systems, in which the light–
matter interaction occurs one chance (N = 1) only. When aggregation-induced emission
systems chiroptically fulfil the resonance condition, one can anticipate the significant
enhancements in CPL and CD signals.

The recycling light should occur even at the μm-size colloidal polymers that fulfil
the resonant condition with relative RI values, between the polymers and fluidic medium.
However, practically, the colloidal shape may not be an ideal sphere with an optically
smooth surface, and an irregular shape with an optically rough surface diminishes this
booster effect. The concept of WGM at the colloid–liquid interface, satisfying a resonance
condition, along with specific RI values is applicable to boost chiral light–matter, light–
chiral matter, and chiral light-chiral matter interactions.

To design the light recycling at the colloid–liquid interface, fine tuning RI at the
specific wavelengths of the liquid medium is essential. It should be noted that RI values
vary as a function of wavelength in a vacuum. This unique idea is valid for any optically
opaque system, of chromophores and luminophores, in a heterogeneous medium, but is
not applicable to optically transparent, homogeneous solutions. If the RIs between the
colloid and surrounding medium are, by chance identical, any refraction, any reflection,
and any scattering at the colloid–liquid interface do not occur. One can say that the colloidal
mixture is optically transparent. The representative example is optically transparent pellet
of poly(4-methyl-1-penetene (TPX®, Mitsui Chemicals (Tokyo, Japan)). This transparency
arises from the nearly identical RIs of crystalline and non-crystalline phases of TPX®.

The traveling light speeds of l- and r-CP in the colloidal polysilanes at 317 nm slow
down to 1.67 × 108 ms−1 and 1.88 × 108 ms−1, respectively. However, the wavelengths
of the incident l- and r-CP light in a vacuum shorten to 176 and 198 nm in the colloid,
respectively. As a result, the incident 317 nm l-CP light results in a greatly shortened l-CP
light of 176 nm. Similarly, the incident 317 nm r-CP light becomes a slightly shortened
light of 198 nm. If the 176 nm slow-down l-CP light was employed, multiple total internal
reflections occurred efficiently (for example, 12 times) in the colloids compared to that
of the slow-down 198 nm r-CP light. Increasing the number of total internal reflection
(TIR) of CP light at the colloid–liquid interface meets the greater opportunity of chiral
light–matter interactions. The recurring multiple TIR process at the colloid–liquid interface
is an important step.

The slow-down 317 nm l-CP light relaxes to the 330 nm r-CP light along with a change
in CD sign within the colloids. The faster 317 nm r-CP light migrates to the 330 nm r-CP
light without significant change in the CD sign. Owing to a great suppression of the 325
nm l-CP light, the slow-down 330 nm r-CP light emits dominantly from the S1 state with
an apparent minimal Stokes’ shift. This explanation is verified by the ORD spectrum in
the fluidic medium with the tuned nD (Figure 3c). The ORD spectrum, as a function of
the incident wavelength of l- and r-CP light, can detect differences in traveling light speed
between l- and r-CP in an optically active colloidal particle.
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4.3. Controlled Chirogenesis from Optically Inactive Helical Polysilanes Endowed with Limonene
Chirality

Optically active, colloidal helical polysilanes are instantly generated by solely adding
poor solvent to a homogeneous solution of optically active helical polysilanes carrying
chiral substituents [219]. This approach is, however, inevitably needed to use expensive
chiral biomolecular and artificial sources and multiple synthetic steps when we intend
to introduce chiral substituents to Si–Si backbone [219–223]. Herein, we showcase a
facile, inexpensive, environmentally-friendly approach to instantly generate CIE-CPL
and CIE-CD signals of colloidal polysilanes from optically inactive helical polysilanes
in a minute (Figure 4) [200,226]. Herein, the authors used artificial chiral alcohols and
biomolecular chiral solvents for chirogenesis of colloidal σ- and π-conjugated polymers
(Figure 5) [198–207,212].

Figure 4. Chemical structures of CD-silent helical alkylarylpolysilane (6) with (S)-1-phenylethyl
alcohol and dialkyl polysilanes (7–9).

Figure 5. Chemical structures of artificial chiral alcohols and biomolecular chiral solvents used for
chirogenesis of colloidal polymers.

Previously, we reported that optically inactive colloidal helical 6 exhibits couplet-like
CIE-CD by transferring molecular chirality of (S)- and (R)-1-phenylethyl alcohols and
other chiral alkyl alcohols when these chiral alcohols were used as solvent quantities [226].
It should be noted that 6 homogeneously dissolved in the alcohol solutions, adopting
a CD-silent racemic helical state arising from a dynamic twisting between the left- and
right-helices in a low energy barrier height in a double-well. By adding a poor solvent
(methanol), CD-silent 5 generates CIE-CD effect from the colloidal 6 arising from mirror
symmetry breaking (MSB). In this case, the resulting CD sign is determined solely by
the chirality of alcohols used. It was driven by solvent molecules. The handed chiral
CH/O interaction is responsible for the CIE-CD (Figure 4) [226]. We, at that time, however,
were not aware of the RI dependency of the chiral alcoholic solvents because any ideas of
optofluidics, optical resonator, confinement of chiral light, and chiral optofluidics were
lacking.

Our early studies prompted further experimentally tests on whether three CD-silent,
rod-like, helical dialkyl polysilanes (7,8,9) provide CIE-CD (7,8,9) and CIE-CPL (8,9) in the
presence of inexpensive (S)-limonene (10S) and (R)-limonene (10R) [200]. We assumed
that non-covalent attractive intermolecular interactions, such as chiral CH/π, London
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dispersion, and van der Waals forces were possible to emerge CIE-CD and CIE-CPL signals.
A precisely controlled RI of limonene-containing tersolvent was critical as well.

The CIE-CD and the corresponding UV spectra of the colloidal 7 and 8 are shown
in Figure 6a,b. In the 7, dispersed in 10R-based tersolvent, the gCD amplitudes at the
bisignate CD spectra boosted to +0.022 at 327 nm and −0.031 at 309 nm, respectively [200].
As expected, the 7 in 10S-based tersolvent gave the mirror-symmetric gCD amplitudes
with −0.021 at 327 nm and −0.033 at 309 nm, respectively [200]. The CIE-CD values of
the 7 are comparable to those of the 9, but those in the 8 decreased by the magnitude of
one-third. The bisigned gCD values of the 8 in 10R-based tersolvent were −0.007 at 331 nm
and +0.010 at 317 nm, respectively. Conversely, the 8 in 10S-based tersolvent gave the
mirror-symmetrical gCD values of +0.005 at 331 nm and −0.007 at 317 nm, respectively.
The degree of circular polarization of the 7, 8, and 9 was, however, not intense on the order
of 1.0–1.5%. The absolute magnitudes of the CIE-CD values of the 7, 8, and 9 are greatly
dependent of Mw. A representative Mw dependent gCD values from the 7 is given in Figure
6c. The specific 7 with Mw = 2.7 × 104 afforded the greatest gCD value; 8 and 9 had similar
Mw-dependency of the CIE-CD effects [200].

Figure 6. The CIE-CD and UV spectra from the colloidal: (a) 7 and (b) 8. (c) The gCD of the 7 as a
function of weight average molecular weight of polymer (Mw ) of the 7. (d) CIE-CPL and PL spectra
of the 8. The gCD of the: (e) 7; and (f) 8 as a function of refractive index at Na-D line (nD) in the
limonene containing tersolvent. Modified from an original article [200] and the book chapter [212].

Among the 7, 8, and 9 showing weaker gCD values, only the 8 and 9 revealed weaker
CIE-CPL associated with the absolute value of gCPL, |gCPL| ≈ 0.005 (Figure 6d) [200].
The 7 did not emit any PL due to unresolved reasons, thereby, revealed no detectable CPL
signals. From Figure 6a,b, the CD sign of the 7 is opposite of that of the 8 when the same
limonene chirality was applied. However, the CD sign of the 7 inverted at the specific
nD = 1.35 of the 10R- and 10S-based tersolvents (Figure 6e). The unchanged CD sign of the
8 showed an abrupt increment at nD = 1.41 (Figure 6f). Thus, subtle structural alterations
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in achiral alkyl side chains of helical polysilanes significantly affect the amplitudes and
chiroptical sign of CD and CPL signals.

4.4. Chirogenesis from Achiral π-Conjugated Polymers Endowed with Limonene Chirality

From three CD-silent helical 7, 8, and 9 in homogeneous solution, we knew the
CIE-CPL effects from the colloidal 8 and 9 and CIE-CD effect from the 7, 8, and 9 in the
presence of 10S and 10R [200]. The results prompted to further investigate CIE-CD and
CIE-CPL effects from achiral π-conjugated luminescent polymers in the presence of 10S
and 10R and (S)- and (R)-pinene (Figure 5) [198,201–212]. Herein, the first successful
limonene chirality transfer allowed for realizing CIE-CD and CIE-CPL effects from achiral
poly [(9,9-dioctylfluorenyl-2,7-diyl)-alt-bithiophene] (11) [198] among several chain-like
π-conjugated polymers (Figure 7) and hyperbranched poly(dioctylfluorene) [206]. The CIE-
CD and CIE-CPL characteristics of 12 [203], 13 [202], 14 [204], 15 [198], 16 [198], 17 [205],
18 [205], 19 [201], and the hyperbranched polyfluorene [206] are nearly similar to those
of 15. Moreover, the CIE-CD and CIE-CPL characteristics, including gCD and gCPL values
in these colloidal polymers, were resonantly boosted at very specific RIs, associated with
specific volume fractions in the limonene-based tersolvents.

Figure 7. Chemical structures of optically inactive, achiral, and CD-silent π-conjugated polymers.

The UV-visible and PL spectra of 11 in homogeneous CHCl3 solution are given in
Figure 8a. The PL spectrum is accompanied with three well-resolved vibronic signals at
500, 534, and 578 nm with a spacing of ≈1350 cm−1 [198]. Contrarily, the corresponding
UV-visible spectrum is structureless broad bands at ≈457 nm (major) and 478 nm (a shoul-
der) [198]. This indicates that 11 in the photoexcited state adopts a highly ordered structure
as a low entropy state. Conversely, 11 in the ground state adopts a randomly fluctuated dis-
ordered structure as a high entropy state. The UV-visible and PL spectral characteristics in
the homogeneous solution are representative of random coiled luminescent chromophoric
polymers in dilute solutions [220–223]. The rotational freedom with an equal probability in
twisting between left and right in C–C, Si–Si, and Si–C bonds in the ground state results
in the apparently broadened UV-visible absorption bands, leading to no detectable CD
signals. The barrier heights of these single bonds are as small as 1–2 kcal mol−1 from our
calculations [198,201,203,220].
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Figure 8. (a) UV-visible and PL spectra of 11 in a homogeneous CHCl3 solution; (b) CIE-CD and UV spectra of the unfiltered
colloidal 11 suspension in limonene-CHCl3-methanol tersolvent; (c) CIE-CPL and PL spectra of the 11 in limonene-CHCl3-
methanol tersolvent; (d) the gCD value at 510 nm as the first Cotton band as a function of the nD in the tersolvent; (e) The gCD

value of the unfiltered 11 as a function of the limonene enantiomeric excess (ee) value; (f) The gCD value of the filtered 14 as
a function of the colloid size. Modified from an original article [198] and the book chapter [212].

The colloidal 11 in the limonene-based tersolvents reveals nearly mirror-symmetrical
CIE-CD and CIE-CPL spectra by the lack of rotational freedom in the ground and photoex-
cited states (Figure 8b,c) [198]. The bisignate gCD values are −0.085 at 510 nm and +0.042
at 394 nm (for 10R), respectively, and +0.114 at 510 nm and −0.041 at 394 nm (for 10S),
respectively. Concurrently, the bisignate gCPL values are evaluated to +0.012 at 489 nm and
−0.058 at 511 nm (10R), respectively, and −0.010 at 489 nm and +0.056 at 511 nm (10S),
respectively. In the 10R-based tersolvent, the 511 nm (−)-CPL signal originates from the
510 nm-(−)-CD signal, while the 489 nm (+)-CPL band arises from the 394 nm (+)-CD
signal. Likewise, the 10S-based tersolvent induces the opposite to those of the 11 led by
the 10R-based tersolvent [88].

The gCD value of the 11 is resonantly boosted at nD = 1.44 of the limonene-containing
tersolvent (Figure 8d). Notably, the gCD value varies extraordinary in response to the ee
value of limonene, exhibiting the so-called, negative cooperative effect (Figure 8e). The neg-
ative cooperativity indicates that enantiomerically pure limonene chirality is needed to
attain the highest gCD value. Moreover, we are aware that the gCD value increases as
the colloidal size increases (Figure 8f) [198]. A larger size of the colloidal particles fulfils
morphology-dependent resonance condition in the WGM-origin chiroptical resonators
known as cavity quality, indicated by theories [227,228] and experiments [229,230].
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4.5. Fully Controlled Absolute Photochirogenesis from Achiral π-Conjugated Polymers Endowed
with Excitation Wavelength Dependent Circularly Polarized Light Chirality

The colloids exhibiting significantly boosted CIE-CD and CIE-CPL signals are instantly
generated at room temperature with help from limonene with (S)- and (R)-chirality from
optically inactive σ-/π-conjugated polymers. The gCD and gCPL signals are resonantly
boosted at the specific RI of the optofluidic media. These results encourage us to further
investigate a possibility of AAS with light or APC from two optically inactive colloidal
13 [55] and 11 [54] by dispersing to achiral solvents with a very specific RI endowed with
CP light chirality (Figure 9). Recently, we demonstrated that the controlled APC with
CP light (CAPC) from achiral colloidal polymethacrylate carrying azobenzene 21 in a
tuned achiral cosolvent is possible by CP light, with wavelength and sense as purely chiral
physical force [56] (Figure 8). We had confidence that, in the colloidal systems of 11, 13,
and 21, a hand of CP light is not a deterministic factor for their product chirality and that
both a hand and an excitation wavelength of CP light are subject for the CAPC with CP
light.

Figure 9. Chemical structures of alcohols used for l- and r-CP light controlled absolute photochiroge-
nesis (CAPC) experiments for the colloidal 11 and 13.

4.5.1. Achiral π-Conjugated Polymer Containing Azobenzene Unit as a Backbone
Endowed with Circularly Polarized Light Chirality

In this section, we demonstrate that CAPC operated in the RI-tuned optofluidic
medium is efficiently realized when wavelength-controlled r- and l-CP light is employed as
chiral electromagnetic force. The CAPC conducted by achiral optofluidic medium enables
all chiroptical polarization (chirogenesis), depolarization (racemization or chiroptical erase),
inversion (anti-chirogenesis), retention (memory), and switching in the μm-size colloidal
11, 13, and 21 (see, later Section 4.5.3), as evidenced by their CIE-CD and CIE-CPL spectral
characteristics.

As mentioned in Section 1.2.1, LeBel and 1894, van’t Hoff proposed AAS with r- and
l-CP light. Kuhn and Broun proved their idea as a photodestruction mode of AAS [46].
Their works prompted researchers to catalyze AAS study for a century because expensive
chiral chemical substances are no longer needed [47–49,231–233]. Possibly, most researchers
might concur that l-CP light produces left-hand (or right-hand) molecules preferentially,
or vice versa, because the product chirality is determined solely by the hand of CP light.
The author was one of the researchers.

In Figure 10a,b, the CIE-CD, CIE-ORD, and UV spectra of the colloidal 13 are displayed
when r- and l-CP light source is excited at 436 nm [54]. The bisignate gCD values at the
first and second Cotton bands are −0.025 at 500 nm and +0.021 at 367 nm for r-CP light,
respectively [54]. Conversely, they are +0.025 at 509 nm and −0.027 at 364 nm for l-CP
light, respectively. The 13 with negative-couplet CIE-CD upon excitation of r-CP light
at 436 nm results in nearly zero CIE-CD signals upon excitation of l-CP light at 436 nm
for 5–10 min (Figure 10c). A prolonged excitation of l-CP light for 51 min led to an ideal,
mirror-symmetric, positive-couplet CIE-CD signal (Figure 10c). An alternative excitation
between r- and l-CP light sources enables chiroptical inversion and switching between
the positive- and negative-couplet CIE-CD signals [54]. It should be noted that 13 and
unsubstituted azobenzene dissolved in dilute homogeneous CHCl3 solutions are weakly
emissive. The 13, however, does not reveal any detectable CIE-CPL and PL spectra due to
aggregation-caused quenching mechanism [187].
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Figure 10. (a) CIE-CD and UV spectra of the colloidal 13 upon excitation with r- and l-CP light at 436 nm; (b) CIE-CD of
the 13 initially generated by l-CP light at 436 nm, followed by l-CP light excitation at 436 nm; (c) The Arrhenius plots of
the 13 and unsubstituted azobenzene during cis-trans thermal isomerization; (d) Alcohol-dependent thermal chiroptical
stability of the CP-light source induced the colloidal cis-13 at 25 ◦C. The gCD values as a function of the nF values of
(e) non-branched alcohol- CHCl3 cosolvents and (f) isoalcohol-CHCl3 cosolvents. Modified from an original article [54] and
the book chapter [212].

We are aware of an anomaly of an apparent chiroptical inversion for the product
chirality of 13 when excited at 313 nm with the same l-CP light source; the positive-sign,
weak CD signals excited at 313 nm only, while the negative-sign, intense CD signals upon
excited at 365 nm, 405 nm, 436 nm, 549 nm, and 577 nm (Figure 10d). Likewise, under the
same r-CP light excitation, the product chirality at 313 nm is opposite to that at 365 nm,
405 nm, 436 nm, 549 nm, and 577 nm.

The Arrhenius plots of the colloidal 13 and unsubstituted azobenzene during cis-trans
thermal isomerization indicates that the activation energy (Ea) from cis-13 to trans-13 in a
CHCl3-methanol cosolvent is Ea ≈ 22 kcal mol−1 [54,121], which is slightly higher than
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that of the unsubstituted azobenzene of Ea ≈ 18 kcal mol−1 (Figure 10e). The higher
Ea value of the 13 contributes to the long-term chiroptical retention memory at ambi-
ent temperature. Likewise, from the Eyring plot that indicates the activation enthalpy
(ΔH‡)–activation entropy (ΔS‡) relationship, the thermally excited cis-trans isomerization of
azobenzene moieties in the 13 should obey the rotation mechanism rather than the inversion
one [54,234]. The rotation mechanism arises from restricted rotational freedom of azoben-
zene moieties in the colloids. Thus, the chirality of r- and l-CP light can efficiently drive all
of the chiroptical modes; generation, inversion, erase, switching, and short-term/long-term
memory.

The thermal chiroptical stability of the 13 largely depends on the structure of the
alcoholic solvents used (Figure 9). The gCD value of the 13 in methanol gives the shortest
lifetime of 4–5 h. The gCD values in other non-branched alcohols and isopropanol dimin-
ishes in two days (Figure 10f). Notably, the gCD value in isobutanol remains unchanged
for at least two days. The proper choice of alcohols allows for the efficient generation and
desired retention times of the chiroptical properties.

In the 13 systems, we re-emphasize that the precisely controlled RI in the alcohol-
CHCl3 cosolvents is key for the CIE-CD signals disregard of the non-branched and
branched alcohols (Figure 10g,h). Using either r- or l-CP light as a chiral electromag-
netic force, the absolute gCD values, |gCD|, of the 13 are resonantly enhanced at a specific
nF value—that is, RI at 486.1 nm; nF = 1.382 for methanol, 1.404 for ethanol, 1.410–1.412 for
n-propanol, 1.418 for n-butanol, 1.426 for n-pentanol, 1.405–1.411 for isopropanol, and 1.415
for isobutanol.

4.5.2. Achiral Luminescent π-Conjugated Polymer Endowed with Excitation Wavelength
Dependent Circularly Polarized Light Chirality

The knowledge of the non-emissive colloidal 13 with azobenzene moiety led us to
design the CAPC of the colloidal polymer made of highly luminescent 11 lacking pho-
tochromic moieties upon excitation of r- and l-CP light sources at six different wavelengths
(313 nm, 365 nm, 405 nm, 436 nm, 549 nm, and 577 nm). The CAPC behaviors are readily
characterized by the CIE-CPL and CIE-CD spectra.

Figure 11a,b displays the CIE-CD and UV spectra of the colloidal 11 by exciting the two
different l-CP light sources at 546 and 365 nm and by the two different r-CP light sources
at 546 and 365 nm, respectively. Unexpectedly, it is obvious that the positive-couplet CD
spectrum endowed with the 546 nm l-CP light source inverts to negative-couplet CD of
the 365 nm l-CP light source. Likewise, the negative-couplet CD spectrum induced by
the 546 nm r-CP light source becomes positive-couplet CD when the 365 nm r-CP light
source is applied. An excitation of CP light at 313 and 405 nm shows a similar tendency
as the 365 nm excitation, while an excitation of CP light at 436 nm and 577 nm reveals a
similar tendency as the 546 nm excitation. Upon excitation of the same l-CP (or r-CP) light,
the choice of shorter (UV) and longer (visible) wavelengths of CP light causes an inversion
of chiroptical sign of the 11. Thus, we conclude that, the hand of CP-light, whether left or
right, is not a deterministic factor for the CIE-CD sign of the 11.

Figure 11c displays a comparison between the CIE-CPL and PL spectra of the 11 upon
excitation of the 546 nm l- and r-CP light sources. A positive couplet-like CPL spectrum
led by the 546 nm r-CP light source and negative-couplet-like CPL spectrum induced
by the 546 nm l-CP light source is obvious. The absolute magnitude of gCPL, |gCPL|, is
approximately 10−3. Upon excitation of r-CP light, the colloidal 11 reveals weak (+)-CPL at
570 nm arising from the 540 nm (+)-CD band, while the colloids showed a weak (−)-CPL
signal at 518 nm, originating from the 380 nm (−)-broad CD signal. A tandem controlling
hand and photoexcited wavelength of the CP light source allowed for the production of
CPL-functioned 11 with φ = 8% and |gCPL| = (2 − 4) × 10−3 at 540 nm. The (+)-CIE-CD
of the 11 generated by the 546 nm r-CP light for 30 nm irradiation completely inverted
to negative-couplets solely by the 54 nm l-CP light for a prolonged irradiation of 120 nm,
as shown in Figure 11d. In other word, angular momentum (±h̄) of massless photon
chirality enables to non-photochromic colloidal substances, resulting in induction and
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inversion of chemical chirality from achiral substances at ambient temperatures. Evidently,
by optofluidically tuned RI of the achiral cosolvents, the CP light-driven CIE-CD signals of
the 11 resonantly boosted at nD = 1.412 disregard of r- and l-CP light as excitation sources
(Figure 11e).

Figure 11. CIE-CD and UV spectra of the colloidal 11 in a CHCl3/MeOH cosolvent (2.1/0.9 (vol-
ume/volume) (v/v)) with nD = 1.41 led by: (a) r-CP; and (b) l-CP light sources excited at six
wavelengths (313 nm, 365 nm, 405 nm, 436 nm, 546 nm, and 577 nm); (c) CIE-CPL and PL spectra
excited at 400 nm of the 11 led by the 546 nm r-CP and l-CP light sources for 60 min; (d) chiroptical
erase (racemization) and inversion (anti-chirogenesis) in CIE-CD associated with change in UV-visible
spectra of the 11 conducted by the 546 nm r-CP source for 30 min, followed by l-CP light source for
30 and 60 min; (e) the value of gCD at 540 nm of the 11 conducted by the 546 nm r-CP and l-CP light
sources for 60 min as a function of nD of CHCl3-MeOH cosolvents; (f) the chiroptical stability of the
11 generated by the 546 nm r-CP light at 25 ◦C in the dark. The gCD value is plotted as a function of
time. Modified from an original article [55] and the book chapter [212].

The CIE-CD spectra of the 11 are thermally stable and remain unchanged at 25 ◦C
for at least seven days (Figure 11f). For comparison, non-colloidal 11 homogeneously
dissolved in CHCl3 solution does not provide any detectable CD signals before and after
prolonged irradiation of the 546 nm r-CP light. The largely restricted rotational freedom
associated with efficient confinement of the CP light source in the colloid as the optical
resonator is essential in conducting CP light-driven CAPC experiments.

According to a theoretical study [235], chiroptical enhancement is possible when an
ideal chiral sphere efficiently interacts with the surrounding chiral molecules. This means
that the CIE-CPL and CIE-CD signals from the colloids are further enhanceable by tuning

158



Symmetry 2021, 13, 199

chiral fluidic medium. CP light is key in the migration and delocalization of photoexcited
energy in optically active macro-colloids containing ∼108 of chlorophyll upon excitation of
unpolarized sunlight [171–174]. Note that chlorophylls contain three stereogenic centers
at the peripheral positions of chlorophyll rings and two stereogenic centers in the alkyl
chain tail.

4.5.3. Achiral Polymethacrylate Carrying Azobenzene Pendants Endowed with Excitation
Wavelength Dependent Circularly Polarized Light Chirality

The concept of CAPC with light covers absolute asymmetric photosynthesis, pho-
todestruction, and photoresolution. In the 1970s, Calvin et al. reported an anomaly of an
excitation wavelength dependent CP light-driven photosynthesis-mode AAS recognized as
switching product chirality of [8]-helicene in homogeneous toluene solution [52]. In 2014,
Meinert et al. reported the wavelength dependent CP light-driven photodestruction-mode
AAS revealing switching chirality when rac-alanine film is decomposed upon irradiation
of two vacuum-UV light sources (184 and 200 nm) [53]. Our results of CAPC from the
14 and the 11 as their colloidal states prompted to address an apt question, as to whether
the excitation wavelength dependent switching chirality conducted by CP light-driven
photoresolution mode AAS is generalizable; whether restricted rotational modes are crucial
for CP-light driven CAPC [56].

We chose the colloidal 21 bearing achiral azobenzene moieties as pendants to test the
excitation wavelength dependent CP light-driven photoresolution mode AAS
(Figure 12). The experiment of CAPC with light was designed to use three wavelengths
(313 nm, 365 nm, 436 nm) for r- and l-CP light sources to efficiently excite π–π* and/or
n–π* transitions of azobenzene moieties in restricted rotational states in the 21. Contrarily,
the azobenzene moieties are non-restricted, free rotational states in homogeneous solu-
tion. Similarly, restricted rotations along C–C single bonds in the main chain of 21 are
possible in the colloids, while non-restricted rotations of those C–C single bonds occur in
homogeneous solutions.

Figure 12. Chemical structures of the colloidal 21 to employ wavelength-dependent CP light driven
CAPC experiments. By tuning nD value, a special mixture of 1,2-dichloroethane and methanol was
used. Single-headed arrow means restricted rotation clockwise (CW) or counter-clockwise (CCW),
while double-headed arrow is possible to freely rotate CW and CCW.

In Figure 13a, we show the values of CD ellipticity at 313 nm (in mdeg, left ordinate)
and gCD at 313 nm (right ordinate) of the spherical shape colloidal 21 (125–300 nm in size)
as a function of the nD of 1,2-dichloroethane (DCE, good solvent, nD = 1.444) and methylcy-
clohexane (MCH, poor solvent, nD = 1.422) cosolvents upon excitation of very weak l- and
r-CP light sources at 365 nm for a short-period (≈30 μW·cm−2, 60 s). Obviously, the values
of CD ellipticity and gCD steeply are maximized at a very specific nD = 1.425 (DCE/MCH =
0.5/2.5 (volume/volume) (v/v) regardless of the 365 nm l- and r-CP light sources.
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Figure 13. The CIE-CD and UV spectra of the colloidal 21 excited with: (a) r-CP light source at
546 nm and l-CP light source at 365 nm; and (b) l-CP light source at 546 nm and l-CP light source
at 365 nm; (c) CIE-CPL and PL spectra of the 21 excited with r- and l-CP light source at 546 nm;
(d) the gCD values as a function of nD of the cosolvents. The alteration in the gCD value at 314 nm
of the 21 upon excitation with r- and l-CP light sources (e) at 313 nm; (f) at 365 nm; (g) at 436 nm;
and (h) at 313 nm and 436 nm; (i) Thermal stability of the 14. The gCD value as a function of solvent
temperature; (j) Anti-Kasha’s rule and Jablonski diagram of the colloidal 21. Modified from the
original article [56].
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At the specific nD = 1.425 and volume fraction of DCE/MCH, we conducted l- and
r-CP light driven CAPC experiments of the colloid 21 at 365 nm (150 s), 436 nm (360 s),
and 313 nm (360 s). From Figure 13b, the 365 nm r-CP light source induces bisignate
negative-couplet-like CD profile at 310 nm and 360–390 nm, conversely, the 365 nm l-CP
light induces bisignate positive-couplet-like CD profile. Likewise, the 436 nm r-CP light
source induces similar bisignate negative-couplet-like CD profile, as shown in Figure 13d.

Conversely, the 365 nm l-CP and the 436 nm l-CP light sources induce bisignate
positive-couplet-like CD spectra (Figure 13b,d). On the other hand, it is evident from
Figure 13c that the 313 nm r-CP and l-CP light sources induce bisignate positive and
negative couplet-like CD profiles at 310 nm and 360–390 nm, respectively. For comparison,
the 436 nm r-CP light-driven CAPC experiments to the colloids made of the starting
monomer of 21 in MCH-DCE and 21 in homogeneous DCE solution did not induce any
detectable CD signals [56].

These excitation-wavelength dependent CAPC experiments allow to verify a possi-
bility of all chiroptical generation, erase, inversion, multiple switching, and a long-term
memory characteristics of the 21 in the optofluidic medium with the nD = 1.425 using l- and
r-CP light sources at 313 nm (Figure 13e), 365 nm (Figure 13f), 436 nm (Figure 13g), and a
tandem of 313 nm and 436 nm (Figure 13h). All of the chiroptical modes are possible when
the 313 nm, 365 nm, and 436 nm CP light sources are employed disregard of l- and r-CP
light sources. The bisignate chiroptical sense of the 21 led by the 313 nm l-CP light source
is absolutely opposite to the sense induced by the 365 nm and 436 nm l-CP light sources.

We re-confirmed that an alternative excitation of the 313 nm l-CP and 436 nm l-CP light
sources to the 21 enables conducting all of the chiroptical modes. Likewise, the alternative
excitation of the 313 nm r-CP and 436 nm r-CP light causes the opposite characteristics of
the dual l-CP light sources. The resulting optically active 21 endowed with the 365 nm r-CP
and l-CP light sources had long-term memory effects in the dark for at least seven days
(Figure 13i). This uniqueness arises from the very restricted rotations of the azobenzene
moieties and the C–C single bonds in the main chain of the 21 in the dark (Figure 12, left).
The 16 in the ground state is a closed system that endures thermally activated energy at
room temperature. Conversely, the 16 in the photoexcited state during CP-light irradiation
works as the open-flow, soft-matter-based photonic resonator adaptable to the external
CP-light energy by confining into the resonator with the help of the tuned RI fluidic
medium.

From the spectra shifts at the three major bands of the 21, which includes υ(C–H) at
~ 3000 cm−1, υ(C = O) at ~1730 cm−1, and υ(C–O–C) at ~1250/~1150 cm−1, a prolonged
photoirradiation with r-CP at 365 nm for 10 min leads the 21 with trans-azobenzene
pendants to cis-azobenzene 21 colloids. As a result, the cis-colloidal 21 prevents an efficient
π–π stacking of azobenzene pendants, followed by production of an ill-organized, smaller
size colloids due to a bent structure of cis-azobenzene. The cis-21 colloids in the cosolvents
were transparent by the naked eye. The small size colloids, less than ~100 nm, appear
inconvenient to efficiently confine a traveling light at the colloid–liquid interface and
prevent the multiple reflection mode of WGM.

In Figure 13j, we propose a hypothesis of the anti-Kasha rule that, by combining exciton
couplet theory, Kasha’s rule, Jablonski diagram, and x–y directions of azobenzene at the
photoexcited state, two pathways as a spontaneous relaxation process from α-state (y-axis
of azobenzene) with the lowest energy (~365 nm) and the β-state (x-axis of azobenzene)
with higher energy (~313 nm) are possible. The r-CP light sources at 365 nm and 313 nm
would make y- and x-axes of azobenzene twist CCW and CW, respectively. Likewise, l-CP
light sources at 365 and 313 nm oppositely twist y- and x-axes of azobenzene CW and CCW,
respectively [56]. The anti-Kasha rule is prominent to CP-light driven CAPC of colloidal 21,
11, and 14 in the RI-tuned optofluidic media. The anti-Kasha rule is applicable to characterize
CIE-CD and CIE-CPL spectra in the controlled chirogenesis, as given in a Section 4.7.
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4.6. Tempo-Spatial Chirogenesis
4.6.1. Changes in Colloidal Sizes of Diaryl Polysilane with Propagation Time

In this section, we highlight two topics: (a) multiple resonance effects in the gCD
value of the colloidal 21 in the 10R/CHCl3/MeOH and 10S/CHCl3/MeOH tersolvents
among the colloidal diaryl polysilanes 21–24 (Figure 14); and (b) tempo-spatial chirogenesis,
including changes in colloidal sizes and CIE-CD signals at several volume fractions of 10R
and 10S in the tersolvents with propagation time [207].

Figure 14. Chemical structures of CD-silent helical diaryl polysilanes revealing tempo-spatial CIE-CD
effects with colloidal sizes in the limonene-containing optofluidic media.

According to the polymer consistent force-field (PCFF), diaryl polysilane 21 has
four local minima from the potential energy surface due to phenyl–phenyl interaction
(Figure 15a). Thus, 21 in a homogeneous solution reveals a CD-silent spectrum in the
ground state (Figure 15b), and possibly a CPL-silent spectrum in the photoexcited state
due to equal populations between two P-screw and two M-screw Si-Si backbones.

The gCD values of the colloidal 21 show two and three extrema at the specific vol-
ume fractions of 10R/CHCl3/MeOH and 10S/CHCl3/MeOH tersolvents (Figure 15e,f).
This anomaly appears not unique for the 21 because a similar tendency in the gCD–nD
relations can be seen in the colloidal 14 (Figure 8d) and the colloidal 7 and 8 in the limonene-
containing tersolvents (Figure 6e,f). The 21 at the optimized volume fraction of 10R and
10S in the tersolvents reveal clear bisignate CIE-CD spectra around 400 nm (Figure 15c)
associated with mono-signate CIE-CPL spectra at 410 nm (Figure 15d). The (+)-sign CIE-
CPL led by 10R is identical to th (+)-sign of couplet-like CIE-CD at the first Cotton band of
~408 nm, conversely, the (−)-sign CIE-CPL with 10S is the same of (−)-sign of CIE-CD with
10S at 408 nm. The relaxation scenario from the S1 to S0 states of the 21 obeys the Kasha
rule [216,217].

The reasons for two and/or three extrema in the gCD values at the specific volume
fractions of 10R and 10S is ascribed to three rotamers of 10R (and 10S) [236,237]. Non-
rigid chiral monocyclic terpene 10R consisting of isopropenyl group and cyclohexene ring
has one freely rotable C–C bond between the moieties. The rotable C–C bond generates
three equatorial rotamers of 10R (equatorial 1 (Eq1), equatorial 2 (Eq2), equatorial 3 (Eq3),
Figure 16) with nearly equal populations with different ORD spectra with different signs
in the range of 200–589 nm (Eq1; 0.39 with an intense (+)-ORD, Eq2; 0.31 with an intense
(−)-ORD, Eq3; 0.30 with a weak (−)-ORD) along with a small fraction of energetically
unstable axial rotamers [236,237]. We assume that the packing structure of 21 in the colloids
is reorganizing in response to a preferential rotamer of 5R and 5S, whose fractions depend
on a volume fraction of limonene in the tersolvents [207].
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Figure 15. (a) Potential energy surface having four local minima of 21; (b) CD, UV–visible, and
PL spectra of 21 in a dilute CHCl3 solution; (c) CIE-CD and UV-visible and (d) CIE-CPL and
PL spectra of the colloidal 21 in the tersolvents of 10R (or 10S)/CHCl3/MeOH = 0.75/0.30/1.95
(volume/volume/volume) (v/v/v). The values of gCD at 390 m and 408 nm of the 21 as a function
of volume fraction of: (e) 10R and (f) 10S in the tersolvents of 10R (or 10S)/CHCl3 (0.3 mL)/MeOH
and total volume 3.0 mL. The colloidal sizes of 21 at several volume fraction of: (g) 10R and (h) 10S
in the tersolvents as a function of propagation time. Modified from an original article [207].
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Figure 16. Three equatorial rotamers (equatorial 1 (Eq1), equatorial 2 (Eq2), equatorial 3 (Eq3)) of 10R at two local and
one global minima optimized with Gaussian09 (DFT, B3LYP, 6–31G(d,p) basis set), suggested by two papers [236,237].
The calculated optical rotations at 365 nm with a relative population of Eq1, Eq2, Eq3 are +1501◦ (0.39), −428◦ (0.31), and
−206◦ (0.30), respectively [237]. The other calculated populations of Eq1, Eq2, Eq3, and total of three axial rotamers are 0.32,
0.21, 0.43, and 0.04, respectively [236].

In Figure 15g,h, the tempo-spatial behaviors in the colloidal size of 21 at several
volume fractions of 10R and 10S in their tersolvents are given by means of dynamic
light scattering measurements. We can see the marked alteration in the colloidal sizes
(200–900 nm) of 21 in the 10R and 10S tersolvents; the colloid sizes at two specific volume
fractions (0.40 and 0.75 mL for 10R; 0.75 and 0.85 mL for 10S) appear unchanged with time,
while those at other volume fractions seem to fluctuate and/or grow gradually with time.
The resonant volume fractions in Figure 15e,f) are possibly connected to the tempo-spatial
behaviors of the colloidal sizes, followed by the maximizing gCD values.

4.6.2. Time-Dependent Evolution of CIE-CD and CIE-CPL in Co-Colloids of Achiral
π-Conjugated Polymer and Helical Dialkyl Polysilanes

Based on the tempo-spatial behaviors of the colloidal 21 endowed with 10R and 10S,
we designed co-colloids comprising achiral π-conjugated 20 (Figure 7) and rod-like helical
dialkyl polysilanes, 5S and 5R (Figure 2). The optimized molar ratio as repeating units of 20

and 5R (or 5S) is found to be 1:1 (Figure 16h). The optimized nD value in the CHCl3-MeOH
cosolvents enabling the largest RI value of the co-colloid is found to be nD = 1.405 in a
cosolvent of CHCl3/MeOH = 1/2 (v/v) (Figure 17h). Note that the rigid rod-like helical
5R and 5S act as helical scaffolding to non-helical π-conjugated polymers.

The alterations of the CIE-CD/UV-visible-NIR spectra and the CIE-CPL/PL spectra of
the 1:1 co-colloids of 20 and 5R as a function of propagation time are displayed in Figure
17a,b. Likewise, the changes in the CIE-CD/UV-visible-NIR spectra and the CIE-CPL/PL
spectra of the 1:1 co-colloids of 20 and 5S with propagation time are given in Figure 17a,b.
Obviously, the absolute magnitudes in CIE-CD and CIE-CPL increase and tend to level-off
for a prolonged time of 24 h, regardless of 5R and 5S. The 20/5S and 20/5R co-colloids
generate CD-activity and CPL-activity from optically inactive 20 with help from main chain
helicity and/or side chain chirality of 5S and 5R. Time-dependent reorganization of 20, with
help from 5R/5S in fluidic media occurs on the order of hours at room temperature.

To associate the gCD/gCPL values with the colloidal size, we characterized the time-
dependent co-colloidal sizes using a dynamic light scattering (DLS) method, as shown in
Figure 17f,g. An approximately 650 nm size of the 20-5S co-colloids progressively reach
~2000 nm within 24 h (Figure 17f). Likewise, an approximately 400 nm size of the 20-5R
co-colloids in the beginning attains ~1800 nm within 24 h (Figure 17e). The larger sizes of
the co-colloids after prolonged propagation times are responsible for the increases in the
larger gCD and gCPL values of the 20-5R and 20-5S co-colloids associated with a significant
red-shift in CIE-CD and CIE-CPL spectra. It takes several hours to re-organize 20 with help
from the Si–Si main chain helicity and/or side chain chirality of 5R and 5S.
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Figure 17. Alteration in the (a) CIE-CD and UV-visible-NIR spectra and (b) CIE-CPL and PL spectra
excited at 400 nm for the 5S–20 co-colloids (1-to-1 molar ratio). Alteration in the (c) CIE-CD and UV-
visible-NIR spectra and (d) CIE-CPL and PL spectra excited at 400 nm for the 5R–20 co-colloids (1-to-1
molar ratio). These co-colloids were produced in CHCl3-MeOH (2/1 (v/v)). The hydrodynamic sizes
of (e) 5S–20 and (b) 5R–20 co-colloids with the propagation time; (g) the gCD value around 600 nm
of the 20–5S co-colloid (1:1) as a function of nD in the CHCl3–MeOH cosolvent; (h) the gCD value of
the 20–5S co-colloid as a function of the 5S-to-20 ratio generated in the CHCl3–MeOH (2:1) cosolvent.
Modified from an original article [210].

4.7. Unveiling Anti-Kasha’s Rule from CIE-CPL, CIE-CPLE, and CIE-CD in Co-Colloids of
Achiral π-Conjugated Polymer and Helical Polysilanes

In this section, we deal with the origin of bisignate CIE-CPL associated with bisignate
CIE-CD spectra characteristic of the co-colloids comprising 11 with 5R (1:1 mol ratio) and
11 with 5S (1:1 mol ratio) by connecting to the corresponding CIE-CPLE spectra based on a
hypothesis of anti-Kasha’s rule to explain the origin of dual CPL emission behaviors. Note
that 5R and 5S can work as P-screw and M-screw helical scaffoldings in the range of 280–
325 nm to achiral 11 in the range of 350–650 nm. Prior to a series of chiroptical experiments,
the nD value of the CHCl3-MeOH cosolvents is optimized (Figure 18e); nD = 1.410 of the
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CHCl3/MeOH (2.1/0.9 (v/v)) cosolvent for 11/5R = 1:1 in mole ratio and nD = 1.415
of the CHCl3–MeOH cosolvent (2.2/0.8 (v/v)) cosolvent for 11/5S = 1:1 in mole ratio,
respectively.

Figure 18. (a) The CIE-CD and UV-visible spectra and (b) the CIE-CPL and PL spectra excited at
420 nm of the co-colloids of 11 with 5S and 5R in a 1-to-1 molar ratio; (c) The CIE-CPLE and PLE
spectra of the co-colloids of 11 with 5S and 5R monitored at (d) 575 nm and (e) 490 nm (5R) in the
CHCl3–MeOH cosolvent (2.2/0.8 (v/v)) and (d) 575 nm and (e) 495 nm (5S) in the CHCl3–MeOH
(2.1/0.9 (v/v)); (e) the gCD value at 500 nm of the co-colloidal 11–5S (1:1) as a function of nD in the
CHCl3–MeOH cosolvent; (f) A hypothesis of anti-Kasha’s rule and Jablonski diagram to explain
bisignate CIE-CD, CIE-CPL, and CIE-CPLE spectra of the colloidal 11 endowed with 5S. Modified
from an original article [209].

Figure 18a,b depicts the CIE-CD/UV-visible and CIE-CPL/UV-PL spectra excited at
420 nm of the co-colloids consisting of 11/5R (1:1) and 11/5S (1:1), respectively. In Figure
18a, the weaker bisignate CIE-CD/UV spectra around 300 nm are attributed to Siσ–Siσ*
transitions of 5R and 5S. In Figure 18a, it is obvious that the intense bisignate CIE-CD/UV-
visible spectra at 400 and 500 nm are attributed to π–π* transitions of 11 led by 5R and 11

led by 5S, respectively. However, from Figure 18b, the intense bisignate, dual CIE-CPL
bands associated with PL band located at 490 nm and 510–580 nm are assumed to originate
from π–π* transitions of the colloidal 11 with 5R and 5S. One question is whether the
bisignate CPL, not obvious from PL, arises from π–π* transitions at 400 nm and 500 nm
from the colloidal 11. To answer this query, we obtained the first CIE-CPLE/PLE spectra
monitored at 575 nm and at 480–480 nm (Figure 15c,d). The (+)-sign CIE-CPLE/PLE
spectra of the 11–5R monitored at 575 nm are nearly identical to (+)-sign CD spectra of
the π–π* transitions of the 11–5R in the range of 300–500 nm and vice versa (Figure 15c).
Conversely, the (−)-sign CIE-CPLE/PLE spectra of the 11–5R monitored at 480–490 nm are
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nearly identical to (−)-sign CD spectra of the π–π* transitions of the 11–5R in the range of
300–450 nm and vice versa (Figure 15d).

These spectral results allow us to propose the anti-Kasha’s rule, similar to Section 4.5.3.
Two pathways of spontaneous relaxation processes from the β-state in higher energy (~400
nm) and the α-state with lower energy (~500 nm) are possible. The r-CP light in the range
of 350 and 500 nm photoexcited the 11–5S (and 11–5R), followed by relaxation to the β- and
α-states that emit r-CPL and l-CPL, respectively. On the other hand, the r-CP light at 500 nm
photoexcited the 11–5S (and 11–5R), followed by relaxation to the α-states that emit l-CPL only.
The photoexcited β-state with r-CP light has two relaxation pathways; from β-state with r-CP
light and from α-state with l-CP light.

The r- and l-CP light excitation processes, followed by spontaneous radiation processes,
may not obey the conventional Kasha’s rule, rather obey anti-Kasha’s rule because dual
CP luminescence characteristics are obvious. In recent years, anti-Kasha’s rule became
popular and is now a hot topic in the realm of photophysics and photochemistry when
dual and multiple photoluminescence characteristics are observed [238–241]. Monitor-
wavelength dependent CPLE spectroscopy associated with the corresponding CPL and
CD spectroscopy is helpful to investigate the anti-Kasha’s rule in solutions and in the solid
film, and as solid powders.

5. Perspectives—Colloids Connecting to Light, Helix, Coacervate, Panspermia,
Microoptics, Chiroptics, Radioisotopes, Nuclear Physics, Biology, Homochirality
Question, and Cosmology

With assumptions based on the coacervate and Panspermia hypotheses, and WGM in
μm-size colloidal polymers adaptable to external chemical and physical stimuli in a tuned
optofluidic media, one remaining issue should be to address the effects of chiral physical
sources and particles existing in the interstellar universe and on Earth, possibly causing
the biomolecular handedness on Earth.

First, the author wishes to mention personal experience in my graduate school four
decades ago. In 1977, Kunitake and Okahata found that didodecyldimethylammonium
bromide in water, the simplest amphiphilic synthetic molecule (Figure 19, top left), sponta-
neously generates multilayer spherical colloids of ~100 nm in diameter from observation of
TEM [242]. Under supervision of Kunitake and his three lab staffers (Takarabe, Okahata, and
Shinkai), the author designed four new achiral, amphiphilic acrylic monomers (Figure 19,
top right), polymerizable under influence of the β−-decay process from 60Co→60Ni nuclear
fission reaction [243].

Among the four amphiphiles, AcC10C12N+2C1Br in water, showing two phase-transition
temperatures (Tcs) at −16 ◦C and −9 ◦C, formed structureless colloids with no obvious multi-
layers, ranging from ~10 nm to ~100 nm in diameter (Figure 19a). Followed by polymerization
of the colloids embedded to ice in the range of −30 ◦C and −50 ◦C with help from the β−-decay
nuclear reaction, the author serendipitously observed that the spiral fibers of amphiphilic
polyacrylate (~10 nm in diameter) are formed in many places. Possibly, handedness of spiral
fibers was left-handed (Figure 19b–d). Polymerization was confirmed by significant shifts
in IR frequency in υ(C=O) from 1715 cm−1 (monomer) and 1725–1730 cm−1 (polymer). Like-
wise, AcC10C18N+2C1Br in water exhibited two phase-transition temperatures (Tcs) at 28 ◦C
and 41 ◦C. Colloidal AcC10C18N+2C1Br polymerized at 45 ◦C influenced by the β−-decay
reaction formed clearly loop-like structures (ca. 40–60 nm) made of spiral fiber (Figure 19e,f).
The handed spiral loops from the polymerizable colloids by dosing handed electron, γ-rays,
and anti-neutrino have very reminiscent circular DNAs and proteins/polypeptides influenced
by high-energy cosmic rays under extraterrestrial and terrestrial conditions of primordial eons.
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Figure 19. (Top, left) Chemical structures of the first amphiphilic didodecyldimethylammonium
bromide to spontaneously form spherical shape colloids (~100 nm) with multilayer membrane [242].
(Top, right) Four amphiphilic acrylic monomers synthesized by the author (1978) (unpublished as
and English paper, disclosed only as his Master thesis [243]. A TEM image (negative statue) of
(a) colloidal AcC10C12N+2C1Br− (20 mM) (negative statue) dispersed in pure water; (b–d) TEM
images (positive statue) for the colloidal particles polymerized in the range of −30 ◦C and −50 ◦C
endowed with β-decay of 60Co→60Ni nuclear fission reaction; dose rate: 20 R (5.2 × 10−3 C kg−1)
per s for 50 h, corresponding to 3.6 × 106 R (9.3 × 102 C kg−1); (e,f) TEM images (positive statue) for
closed loop shape structures from colloidal AcC10C18N+2C1Br− polymerized at 45 ◦C led by β-decay
of 60Co→60Ni nuclear reaction; dose rate: 20 R (5.2 × 10−3 C kg−1) per s for 3.5 h, corresponding
to 2.6 × 105 R (0.6 × 102 C kg−1). These TEM images suggested spiral fibers dispatching from the
colloidal polymers [243]. A Hitachi (Ibaraki, Japan) model H-500 TEM instrument was employed
with an accelerating voltage of 100 kV at lab of Motoo Takayanagi (Kyushu University). All figures
(a–f) were scanned from the Master thesis [243].

The author conjectured at that time that handed spiral from the colloids in the ultra-
cold and hot conditions is a model of the cometary coacervates hypothesis in comets [123].
Three chiral physical sources are possible to connect to the spiral rings because the β−-decay
process from 60Co radiates l-hand spinning β-electron, r-hand γ-ray (high-energy circularly
polarized light), and l-hand anti-neutrino simultaneously from the source [69–76].

Amphiphilic colloidal particles in water may feel the forces led by these handed
radioactive physical sources because atmospheric thundering and radioactive materials in
Earth’s crust and mantle might be ubiquitous in primordial eons, as well as the present
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days. Similarly, microdroplets in aqueous solution and aqueous aerosols in the atmosphere
may be susceptible to these handed physical sources, leading to accelerated chemical
reactions led by optofluidic WGM scenarios.

In recent years, several review papers on terrestrial and extraterrestrial life, chemical
evolution, the origin of life, and the origin of chirality on Earth have been
disclosed [11–21,244–247]. These papers comprehensively cover curious topics in the
realms of astrochemistry, astrobiology, geoscience, space life science, synthetic biology,
origin of life, central dogma, natural science, and materials science. The reviews should
provide new insights in the realms of helical polymer chemistry [248], supramolecular
chemistry [249], flow chemistry with light [250], natural product chemistry [251], and chi-
roptical polymer chemistry [252]. However, possible connections of these topics with non-
equilibrium open-flow colloidal systems seem to be rare. An importance of (chir)optical
characteristics of surrounding media, degree of smooth interfaces, micro-optics and optoflu-
idics, photon confinement, resonance condition, WGM, and nature of light–matter inter-
actions in the presence and absence of static electric field and static magnetic field are
not well recognized. In my view, when one can setup open-flow, cell-wall-free μm-size
colloidal polymers with a smooth surface dispersed in aqueous conditions with tuned
RIs, any mirror-symmetrical physical forces and non-mirror-symmetrical inherently chiral
particles, such as solar neutrinos and anti-neutrinos, are possible to induce and boost the
left–right imbalance disregard of terrestrial and extraterrestrial conditions, even at cryo-
genic temperatures. The concept of the open-flow, non-equilibrium optofluidic colloidal
and co-colloidal systems shed light at opening new science and engineering opportuni-
ties in chirogenesis and photochirogenesis, in addition to conventional stereochemistry,
photochemistry, and photophysics in homogeneous solutions. The ideas are applicable to
chirogenesis and photochirogenesis in μm-size water-based aerosols and microdroplets to
address plausible scenarios for the homochirality questions on Earth.

6. Conclusions

Colloids and co-colloids with higher RI dispersed in optofluidic mediums with lower
RI are capable of chiroptical resonators susceptible of external chiral chemical and CP
light sources. Concerning μm-size colloids, made of π-/σ-conjugated polymers in optoflu-
idic medium, with a tuned RI, several resonance effects cause efficient chirogenesis and
photochirogenesis, revealed by gigantic, enhanced CD, ORD, CPL, and CPLE spectral
datasets. The chirogenesis is susceptible to the nature of optofluidic medium, including
chiral chemical substances and a ratio of π- and σ-conjugated polymers. Moreover, a fully
controlled absolute photochirogenesis upon excitation of left- and right-CP light sources
at several wavelengths is a possible disregard of photochromic and non-photochromic
polymers at specific refractive indices of optofluidic media. The wavelength-dependent
CP light source can fully drive all chiroptical generation, inversion, erase, switching, and
short-/long-lived memories. New knowledge and deep understanding of CPL, CPLE, CD,
and ORD spectroscopy for colloids and co-colloids can shed light on rationally designing
elaborate CPL functioned π-/σ-conjugated polymers and metal-coordination polymers in
the future. A tandem analysis of CPLE, CPL, and CD spectroscopy helps to discuss Kasha’s
rule and anti-Kasha’s rule of radiation processes from the photoexcited optically active
molecules, polymers, colloids, solids, crystals, and thin films. Our comprehensive studies,
using artificial polymeric luminophores and chromophores, should provide new insight
of the open-flow, non-equilibrium functional colloids, and co-colloids in the photoexcited
and ground states in an RI-tuned optofluidic medium. Based on the results shown above,
and my personal experiences, any chiral physical forces and particles could induce and
boost the left–right imbalance, which is one possible answer to the homochirality ques-
tion on Earth’s disregard of terrestrial and extraterrestrial origin chirality. In particular,
when open-flow, μm-size colloidal polymers with smooth surfaces, adaptable to external
physical and chemical biases are surrounded by an optofluidic medium, such as an aqueous
solution, the capabilities of chiral physical forces and chiral chemical sources are possible,
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to enhance by huge numbers of recycling times (N) in the optofluidic colloidal polymers,
in line with the scheme of WGM. This means that a subtle left–right imbalance interior of
the colloid, e.g., 10−6% ee, is boostable by 10−6 × N. This scenario is in contrast to a con-
ventional stereochemistry, photochemistry, and photophysics in a homogeneous solution
system, in which the light–matter interaction occurs in one time (N = 1) only by assuming
the Beer–Lambert law in homogeneous solutions. When colloid-induced emission systems
chiroptically fulfil the resonance condition, one can anticipate the significant enhancements
in CPL and CD signals.
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Abstract: Circularly polarized luminescence (CPL) has attracted significant attention in the fields
of chiral photonic science and optoelectronic materials science. In a CPL-emitting system, a chiral
luminophore derived from chiral molecules is usually essential. In this review, three non-classical CPL
(NC-CPL) systems that do not use enantiomerically pure molecules are reported: (i) supramolecular
organic luminophores composed of achiral organic molecules that can emit CPL without the use of
any chiral auxiliaries, (ii) achiral or racemic luminophores that can emit magnetic CPL (MCPL) by
applying an external magnetic field of 1.6 T, and (iii) circular dichroism-silent organic luminophores
that can emit CPL in the photoexcited state as a cryptochiral CPL system.

Keywords: chiral; circularly polarized luminescence (CPL); magnetic circularly polarized
luminescence (MCPL); spontaneous resolution

1. Introduction

The potential application of luminescent techniques to various systems, such as organic and
organometallic electroluminescence devices and optoelectronic devices, has attracted considerable
attention [1–6]. Analogous to the chirality associated with molecules, there exists chirality of light,
which is referred to as circularly polarized luminescence (CPL). Unlike circular dichroism (CD),
which indicates the chirality of the ground state, CPL spectroscopy elucidates conformational and
structural information pertaining to optically active molecules in the photoexcited state. Optically
active luminescent materials may produce either clockwise or anti-clockwise CPL. Chiral luminophores
demonstrating CPL have attracted research attention, particularly in the fields of chiral photonic
science and optoelectronic materials science [7–18].

CPL generally requires chiral organic or organometallic luminophores. In organometallic
luminophores, chiral organic ligands coordinating with optically active metal ions induce chirality in
the luminescent complex. In such a CPL-emitting system, a chiral organic molecule is indispensable.
In addition, in practical applications of CPL, both right- and left-handed CPL are used, and their
selective emission requires chiral organic or organometallic luminophores with opposite chirality.
Chiral organic luminophores that can be prepared from achiral or racemic molecules are preferred as
efficient and industrially useful chiral luminophores [19,20].

In this review, three types of non-classical CPL (NC-CPL) systems, including symmetry breaking
CPL (SB-CPL) systems, are reported. The first is a spontaneous-resolution CPL system using achiral or
racemic molecules. The second is a magnetic circularly polarized luminescence (MCPL) system based
on achiral or racemic molecules under an external magnetic field. Finally, a cryptochiral CPL system
based on CD-silent molecules in the photoexcited state is discussed.

2. CD and CPL from Achiral and Racemic Molecules by Spontaneous Resolution

Chiral organic luminophores are typically prepared via several steps from chiral molecules.
Unfortunately, few chiral starting molecules are readily available. In addition, commercial chiral
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molecules are generally more expensive than achiral or racemic molecules. To eliminate such concerns,
it would be economically and industrially highly useful if a chiral organic luminophore could be
produced via an achiral or racemic compound.

The origin and amplification of chirality, which has led to an overwhelming enantio-enrichment
of organic molecules on Earth, has been a significant topic of interest in this field of science for many
decades. One proposed hypothesis for the origin of chirality is the spontaneous resolution of one of
the two possible enantiomers of chiral crystals from achiral or racemic molecules [21–30]. For example,
2-anthracenecarboxylic acid (1) is an achiral luminescent molecule, and racemic 1-phenylethylamine
(rac-2) is a racemic molecule (an equimolar mixture of (R)- and (S)-1-phenylethylamine) (Figure 1).
When a mixture of 1 and rac-2 is crystallized from solution, the chiral supramolecular organic
luminophores I or I′ can be preferentially obtained by spontaneous resolution. Chiral luminophores I

and I′ are an enantiomeric pair and are composed of 1 and (R)-2 for I, and 1 and (S)-2 for I′. I or I′ can
be obtained selectively by using the corresponding seed crystals.

Figure 1. Achiral and racemic component molecules for chiral organic luminophores.

Unlike many organic luminophores, chiral luminophore I (or I′) is able to emit luminescence
even in the solid state without aggregate quenching. The solid-state luminescences of I and I′ are
shifted to a shorter wavelength (by 34 nm) relative to that of their component luminescent molecule 1.
The solid-state luminescent maximum (λPL) of I (or I′) is 430 nm. The photoluminescence quantum
yield (ΦF) increases from 4% for 1 to 20% for I. The solid-state CD spectra of I (indicated by the red
line) and I′ (indicated by the blue line) are mirror images (Figure 2). The CD signals derived from the
fluorescent anthracene unit clearly appear between 330 and 450 nm. The circular anisotropy factor
(gCD) of the major CD Cotton band (λCD = 404 nm) of I is approximately −0.6 × 10–3. This shows that
the fluorescent anthracene units effectively exist in a chiral environment in the solid state.

Figure 2. Solid-state circular dichroism (CD) spectra of luminophores I (red line) and I′ (blue line) in
the solid state (KBr pellets).

As expected, X-ray analysis shows that luminophore I has a P21 chiral space group and a
characteristic 21-helical network column (Figure 3a). This characteristic column is mainly formed via
ionic and hydrogen bonds composed of the carboxylic acid anions of 1 and the protonated amine
cations of (R)-2 (1:(R)-2 = 1:1 component ratio). Luminophore I is constructed via the aggregation of
these 21-helical network columns by three types of edge-to-face interactions: anthracene–anthracene
edge-to-face, benzene–anthracene edge-to-face, and anthracene–benzene edge-to-face interactions
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(Figure 3b). This suggests that the formation of a 21-helical network column is a key factor in the
production of spontaneously resolved chiral organic luminophores [31].

Figure 3. Crystal structures of luminophore I. (a) 21-Helical columnar network structure along the
b-axis. (b) Packing structure observed along the b-axis.

Chiral organic luminophore I (or I′) was successfully prepared by combining an achiral fluorescent
molecule and a racemic molecule as a spontaneous-resolution system. Thus, by using only achiral
molecules, chiral organic luminophores were formed.

When a mixture of the achiral luminescent molecule 2-anthracenecarboxylic acid (1) and the achiral
molecule benzylamine (3) (Figure 4) is crystallized from solution at room temperature, spontaneous
resolution results in the chiral supramolecular organic luminophore II or II′, which are composed of 1

and 3 with opposite chirality. In this case, a small amount of III, another polymorphic luminophore,
is also obtained. Luminophores II or II′ can also be selectively obtained by using the corresponding
seed crystals.

Figure 4. Achiral component molecules for circularly polarized luminescence (CPL).

As expected, chiral luminophore II also has an anion–cation and hydrogen bonded 21-helical
network column, similar to that of the spontaneously resolved chiral luminophore I (Figure 5a).
The stoichiometry of components 1 and 3 in luminophore II is 1:1, and the space group
is chiral (P21). Each network column is held in place through two types of edge-to-face
interactions: anthracene–anthracene edge-to-face and benzene–anthracene edge-to-face interactions.
The luminophore is created by the aggregation of this network column (Figure 5b).

Figure 5. Crystal structures of luminophore II. (a) 21-Helical columnar network along the b-axis.
(b) Packing structure observed along the b-axis.

Chiral luminophores II and II′ show CD in the solid state (Figure 6). Characteristic mirror-image
CD spectra of II and II′ are observed with a major peak around 416 nm (Figure 6). This peak originated
from the fluorescent anthracene unit. The gCD value of the major CD Cotton band (λCD = 416 nm) of II

is approximately −1.0 × 10–3.
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Figure 6. Solid-state CD spectra of luminophores II (red line) and II′ (blue line) in the solid state
(KBr pellets).

Luminophore II exhibits luminescence with a solid-state luminescent maximum (λPL) of 446 nm
and a photoluminescence quantum yield (ΦF) of 16%, which is four times greater than that of the
component luminophore 1 in the solid state. Interestingly, II, having a negative Cotton CD band, emits
negative CPL with a circular anisotropy factor (Kuhn’s dissymmetry ratio: gCPL) of approximately
−1.1 × 10–3, even though II is composed of achiral molecules (Figure 7). It can be concluded from the
crystal structure and the theory of oscillator coupling that the CPL originates from the inter-columnar
anthracene units between adjoining 21-helical columns.

Figure 7. Solid-state CPL and the unpolarized photoluminescence (PL) spectra of luminophore II in
the solid state (KBr pellet).

In this system, the production of a small amount of polymorphic luminophore III is an issue.
Notably, this problem can be solved by changing the crystallization method. When solid-state
luminescent molecule 1 is left to stand in the vapor of liquid molecule 3 at room temperature, only III

is selectively obtained. In contrast, when solid 1 and liquid 3 are directly mixed and ground using an
agate mortar, only chiral II or II′ is produced.

Because many chiral molecules are not easily available and chiral molecules are more expensive
than achiral or racemic molecules, chiral organic luminophores prepared from achiral or racemic
molecules are preferred as industrial chiral luminophores. This study provides useful information for
the creation of new spontaneously resolved CPL luminescent systems without using chiral factors [32].

3. CPL from Optically Inactive Organometallic and Organic Luminophores under a
Magnetic Field

Organometallic luminophores have been a focus of CPL materials. Optically active lanthanide
luminophores coordinated with chiral organic ligands in particular show an extremely narrow
full-width at half-maximum CPL, with a high circular anisotropy factor from the visible to near-infrared
regions [33–38]. In order to impart CPL characteristics to lanthanide luminophores, a chirality-inducible
ligand causing antenna effects through ligand-to-metal charge transfer is inevitably needed. In recent
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years, an external static magnetic field has been used to act as a versatile chirality-inducible physical
force in the ground and excited states, and to perturb chiral electronic structures toward several optically
inactive and achiral luminophores [39–46]. Such an external magnetic influence at the molecular level
causes the optically inactive luminophore to emit MCPL. In this section, the MCPL capabilities of
optically inactive lanthanide luminophores Eu(III)(hfa)3 and Tb(III)(hfa)3 (Figure 8) are discussed.

Figure 8. Optically inactive Eu(III)(hfa)3 and Tb(III)(hfa)3.

CPL was not observed for Eu(III)(hfa)3 in the absence of an external magnetic field. In contrast,
Eu(III)(hfa)3 can emit MCPL and magnetic-field-induced unpolarized photoluminescence (hereafter
denoted as PL, rather than MCPL) in CHCl3 and acetone solutions under a 1.6 T magnetic field,
as shown in Figure 9 (blue lines for CHCl3 and red lines for acetone). The spectra under the N→S
(N-up) magnetic field along the direction of the excitation light are shown via solid lines, and the
spectra under the S→N (S-up) magnetic field along the direction of the excitation light are shown via
dotted lines.

Figure 9. Magnetic circularly polarized luminescence (MCPL) (upper panel) and magnetic-field-induced
unpolarized photoluminescence (PL) (lower panel) spectra of Eu(III)(hfa)3 in N→S (solid lines) and
S→N (dotted lines) configurations under a 1.6 T magnetic field in CHCl3 (blue lines) and acetone (red
lines) solutions (1.0 × 10−3 M).

The MCPL spectra (upper panel in Figure 9) of Eu(III)(hfa)3 in the two solutions are similar.
The meaningful MCPL peaks (λMCPL) observed were ≈ 587, 596, 611, 621, 690 and 703 nm.
They correspond to the 4f–4f transitions of Eu(III). The N→S magnetic field MCPL spectrum and S→N
magnetic field MCPL spectrum are almost mirror images of each other. They show that the MCPL sign
can be attributed to the direction of applied external magnetic field (N→S or S→N).

To discuss the quantitative MCPL efficiency, the gMCPL values are used. The gMCPL factor is defined
as gMCPL = 2(IL − IR)/(IL + IR), and normalized by an external magnetic field (T–1). In this equation,
IL and IR show the left- and right-handed apparent MCPL intensities, respectively, when photoexcited
by unpolarized light. The |gMCPL| values of the main bands in CHCl3 were 0.81× 10−2 T−1 at 597 nm and
0.63 × 10−2 T−1 at 611 nm. The |gMCPL| values of the two solutions are similar. These results indicate that
the external static magnetic field can clearly induce CPL from optically inactive Eu(III)(hfa)3, or possibly
a mixture of the Δ- and Λ-forms of D3-symmetric Eu(III)(hfa)3, in the solution state. The MCPL of
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Eu(III)(hfa)3 was further investigated in three types of solid states—polymethylmethacrylate (PMMA)
film, KBr pellet, and powder—under the same 1.6 T magnetic field as was used for the solution state
measurements. The MCPL emitted from these solid-state luminophores was practically the same as
that from the solution state.

Similarly, the 1.6 T magnetic field induces CPL in optically inactive Tb(III)(hfa)3 luminophores,
or possibly a mixture of the Δ- and Λ-forms of D3-symmetric Tb(III) luminophores, in CHCl3 and
acetone solutions. The N→S and S→N magnetic fields can control the sign of the MCPL of the Tb(III)
luminophores, as shown in Figure 10 (blue lines for CHCl3 and red lines for acetone; solid lines for
N→S and dotted lines for S→N configurations under 1.6 T). The λMCPL maxima and the |gMCPL| values
of Tb(III)(hfa)3 in CHCl3 are 0.53 × 10–2 T−1 at 484 nm, 0.46 × 10–2 T−1 at 493 nm, 0.16 × 10–2 T−1 at
538 nm, and 0.094 × 10–2 T−1 at 553 nm, which correspond to the characteristic 4f–4f transitions of
Tb(III) in CHCl3. The |gMCPL| values of the CHCl3 and acetone solutions are similar.

Figure 10. MCPL (upper panel) and PL (lower panel) spectra of Tb(III)(hfa)3 in N→S (solid lines) and
S→N (dotted lines) magnetic directions under a 1.6 T magnetic field in CHCl3 (blue lines) and acetone
(red lines) solutions (1.0 × 10−3 M).

Interestingly, the signs of the MCPL spectra of Tb(III)(hfa)3 between the CHCl3 and acetone
solutions are partially inverted in the N→S and S→N magnetic fields. In CHCl3, the N→S magnetic
field spectrum clearly shows positive(+)-/negative(−)-sign MCPL signals at 538/553 nm, derived from
the 5D4→7F5 transitions. In contrast, the signs of the MCPL signals derived from the same 5D4→7F5

transitions are reversed in acetone, and are clearly negative(−)-/positive(+)-sign MCPL. This sign
inversion may be caused by the different coordination environment around Tb(III) of lone pair electrons
on the C=O oxygen of acetone. It appears from these results that the direction of rotation of the MCPL
from Tb(III)(hfa)3 can be controlled by both the magnetic field direction and the nature of the solvent
molecule. Similar to the chiroptical characteristics of Eu(III)(hfa)3, MCPL from Tb(III)(hfa)3 can also be
emitted in solid states, such as a PMMA film, KBr pellet and powder, under a 1.6 T magnetic field [47].

Optically active π-conjugated organic luminophores demonstrating CPL are attracting attention in
the fields of chiral photonic and optoelectronic materials science. Most organic CPL luminophores are
prepared from chiral organic starting materials. Here, we describe CPL emitted from an achiral organic
luminophore under an external magnetic field. Three typical π-conjugated luminophores—pyrene
(Py), 1-pyrenol (1-PyOH) and 2-pyrenol (2-PyOH)—which do not possess any chiral sources were
investigated (Figure 11).

Figure 11. Achiral luminophores Py, 1-PyOH, and 2-PyOH.
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Surprisingly, these achiral pyrene luminophores clearly emit mirror-image MCPLs under a 1.6 T
magnetic field in CHCl3 solution when Faraday-type N→S or S→N geometry is employed, similarly
to lanthanoid luminophores, as shown in Figure 12 (solid lines for the N→S magnetic field and
dotted lines for the S→N magnetic field). In addition, the signs of the MCPL can be controlled by the
position (1- or 2-position) of the OH group on the peripheral pyrene ring under the same N→S or
S→N geometry.

Figure 12. MCPL (upper panel) and PL (lower panel) spectra of Py (red lines), 1-PyOH (green lines),
and 2-PyOH (blue lines) in N→S (solid lines) and S→N (dotted lines) magnetic directions under a 1.6 T
magnetic field in CHCl3 solution (1.0 × 10–4 M).

In Py, luminescence peaks (λMCPL) can be observed at 374, 393 and 416 nm. These correspond to
the 0–0′, 0–1′ and 0–2′ vibronic PL bands of the pyrenyl monomer species. The luminescence peaks of
1-PyOH and 2-PyOH are similar to those of Py. The |gMCPL| value of Py in CHCl3 is 0.82 × 10−3 T−1

at 374 nm. Pyrene has monomer and excimer luminescence. In the three pyrenes, the pyrenyl
excimer-origin MCPL cannot be detected around 450–500 nm even at the high concentration of
1.0 × 10–2 M. This indicates that pyrene excimers in the excited state apparently do not contribute
to MCPL.

By using this method, various magnetic circularly polarized luminophores can be prepared from
optically inactive and achiral molecules. In the future, various achiral luminophores sandwiched
by two permanent magnetic fields should be able to emit MCPL from the visible to near-infrared
wavelength regions, and the sign of the MCPL could be modulated by the alternating current magnetic
field [48].

4. CPL from Cryptochiral Organic Luminophores

In 1977, Mislow reported on cryptochirality [49,50], which means hidden molecular chirality.
This novel and unique chiroptical phenomenon contributes to molecular cryptography, steganography
and watermarks. The most reported chiral CPL luminophores are CD-active/CPL-active luminophores.
To overcome this limitation, [(4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl]bis-methanolyl-bis-1-pyrene
[(R,R)-4] and its enantiomer [(S,S)-4] were designed (Figure 13). These luminophores can be prepared
from the corresponding enantiomerically pure 2,3-O-isopropylidene-threitol and 1-pyreneacetic acid
in a single step.
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Figure 13. Cryptochiral dioxolane-bipyrene luminophores (R,R)-4 and (S,S)-4.

A characteristic of these luminophores is that the chiral 2,2-dimethyl-1,3-dioxolane unit acts as a
chiral inducer and conductor to induce chirality in the two distant fluorescent pyrene moieties. The two
pyrenes are far from the central chirality of the 2,2-dimethyl-1,3-dioxolane unit and act as a hidden
chiral excimer derived from photoexcitation, which is the heart of cryptochirality. Under the influence
of this conductor, 4 can induce a preferential chiral twist of the fluorescent pyrenes upon an external
bias on demand.

As shown in the lower panel of Figure 14, the UV–vis absorption spectrum of (R,R)-4 (red line) (or
(S,S)-4 (blue line)) shows two major well-resolved vibronic π−π* transitions of isolated pyrene in the
250–290 and 300–370 nm regions in CHCl3 solution. However, (R,R)-4 (or (S,S)-4) does not provide any
meaningful CD signals (Figure 14, upper panel). In contrast, (R,R)-4 (red line) (or (S,S)-4 (blue line))
can clearly emit CPL at 460 nm with an 18% ΦF value, originating from the excimer pyrene in CHCl3
solution (Figure 15, upper panel). Luminophores (R,R)-4 and (S,S)-4 provide nearly mirror-image CPL
spectra. Their |gCPL| value is ~8.9 × 10−4 at approximately 460 nm in CHCl3.

Figure 14. CD (upper panel) and UV–vis absorption (lower panel) spectra of (R,R)-4 (red lines) and
(S,S)-4 (blue lines) in CHCl3 solution (1.0 × 10–4 M).

Figure 15. CPL (upper panel) and PL (lower panel) spectra of (R,R)-4 (red lines) and (S,S)-4 (blue lines)
in CHCl3 solution (1.0 × 10–4 M).
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The most probable structures of (R,R)-4 in both the ground and photoexcited states were
calculated. From these calculations, a model of this mechanism was developed and is shown in
Figure 16. The structure obtained for the ground state does not adopt face-to-face pyrenyl π-π stacking
conformers or slip pyrenyl π−π dimer conformers, but adopts the T-shaped conformers of pyrenes.
These unique pyrene conformations may be the reason for the nonexistent or weak CD signals in the
ground state. In contrast, (R,R)-4 adopts chiral pyrenyl π−π-stacked conformers in the photoexcited
state. Thus, the CPL magnitudes may be enhanced by the chiral π−π pyrenyl stacks, providing
chiroptically detectable signals [51].

Figure 16. Mechanism of cryptochiral CPL system.

Based on this mechanism, instead of using a central chiral 2,2-dimethyl-1,3-dioxolane unit that
acts as a controller for the expression of chirality of two pyrenes, a cryptochiral CD-silent/CPL-active
luminophore was designed using an axially chiral binaphthyl unit. Chiral luminophores (R)-5 and
(S)-5 are composed of the corresponding chiral 5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-bi-2-naphthyl as the
chiral unit, and two pyrenes as fluorescent units connected through flexible ester tethers (Figure 17).

Figure 17. Cryptochiral binaphthyl-bipyrene luminophores (R)-5 and (S)-5.

To study the ground state chiroptical properties of 5, the CD and UV–vis absorption spectra of
(R)-5 and (S)-5 were measured, in the same manner as 4 (Figure 18). In the UV–vis absorption spectra,
three main π-π* vibronic transitions (1La transitions) derived from two pyrene moieties were observed
between 315 and 360 nm. On the other hand, the intensities of the CD signals of 5, corresponding to
these UV bands, were noticeably weak.

The PL and CPL spectra of (R)-5 and (S)-5 in CHCl3 are shown in Figure 19. From luminophore 5,
strong excimer PL is emitted at 468 nm (λPL) from the pyrenes. In addition, luminophores (R)-5 and
(S)-5 emit clear CPL, and each CPL sign is positive and negative, respectively. The absolute gCPL value
for (R)-5 is +2.5 × 10−3 at 454 nm. This suggests that because of the moderately controlled flexible
framework, chiral luminophore 5 functions as a cryptochiral CPL system whose CD properties cannot
be detected.
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Figure 18. CD (upper panel) and UV–vis absorption (lower panel) spectra of (R)-5 (red lines) and (S)-5
(blue lines) in CHCl3 solution (1.0 × 10–5 M).

Figure 19. CPL (upper panel) and PL (lower panel) spectra of (R)-5 (red lines) and (S)-5 (blue lines) in
CHCl3 solution (1.0 × 10–5 M).

This cryptochiral CPL system is similar to the cryptochiral dioxolane–bipyrene luminescent
system 4. The system simultaneously controls two chiral points (binaphthyl and pyrene units) in the
photoexcited state through suitable choices of rotamer, linkers and fluorophores. In luminophore 5,
the two fluorescent pyrene units are in the conformation of an almost achiral T-shape in the ground
state. Moreover, the θ value of the axially chiral octahydrobinaphthyl unit is approximately 80◦–90◦.
The unique arrangements and conformations of the two pyrene and one binaphthyl units make the CD
spectrum almost undetectable [52]. In the photoexcited state, however, the conformation of two pyrene
units changes to a chiral π-stacked spatial arrangement. These configuration transfers are responsible
for the cryptochiral properties, meaning the silent CD and active CPL derived from the excimer pyrene
moiety [53].

5. Conclusions

In most CPL-emitting systems, a chiral luminophore derived from chiral molecules is essential.
In addition, the selective emission of right- and left-handed CPL requires chiral organic or
organometallic luminophores with opposite chirality. However, non-classical CPL (NC-CPL) systems
that use no enantiomerically pure molecules have been reported. Such systems include: (i) a
spontaneous-resolution CPL system, in which supramolecular organic luminophores prepared from
achiral organic molecules can emit CPL without the use of any chiral auxiliaries; (ii) achiral or racemic
luminophores that can emit CPL, viz. MCPL, by applying a 1.6 T external magnetic field in both the
solution and solid states; and (iii) a cryptochiral CPL system, in which CD-silent organic luminophores
can emit CPL in the photoexcited state. These systems indicate that CPL can be emitted from achiral or
racemic molecules by suitable symmetry breaking.
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Abstract: We have used the fluorescence detection of phase transformation dynamics of organic
compounds by photochemical methods to observe a real-time symmetry breaking process. The organic
fluorescent molecules vary the fluorescence spectra depending on molecular aggregated states,
implying fluorescence spectroscopy can be applied to probe the evolution of the molecular-assembling
process. As an example, the amorphous-to-crystal phase transformation and crystallization with
symmetry breaking at droplet during the solvent evaporation of mechanofluorochromic molecules
are represented in this review.
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mechanofluorochromism; fluorescence spectroscopy; liquid-like cluster; evaporative crystallization;
quartz crystal microbalance; two-step nucleation model

1. Introduction

The phenomena of phase transformation with structural changes are important as both basic
findings and applications for materials science. Studies have been focused on thermodynamics for
the macroscopic phase or phase transition dynamics based on computer simulations. Based on the
molecular science of chemistry, various phase transformation dynamics are needed to understand
the variety depending on the molecular individuality and to develop smart materials. We have been
utilizing fluorescence spectroscopy to clarify phase transformation dynamics of organic fluorescent
molecules, which relies on the molecular aggregated state. Therefore, fluorescence spectroscopy can
be applied to probe the process of molecular assembly. As an example, Yu et al. [1] demonstrated
the fluorescence visualization of an amorphous-to-crystalline transformation in situ microscopic
observation of the crystallization of molecules in microparticles through fluorescence color changes.
Heterogeneous crystallization of amorphous microparticles was clearly observed by this method.
This study can provide a picture based on real-time detection of the crystallization kinetics that occur
spontaneously by external stimuli, such as mechanochromic behavior and solid–solid transitions.

Based on this research report on the phase transition phenomenon evaluation by fluorescence
detection, we utilized mechanofluorochromic molecules to evaluate the transition state dynamics
during the amorphous-to-crystal phase transition process. In addition, by utilizing this knowledge,
we have started research on the solvent evaporative crystallization process of organic fluorescent
molecules, which will be reviewed.

2. Thermodynamic Evaluation of Amorphous-to-Crystal Phase Transformation Process by
Fluorescence Spectral Changes

A number of molecules have been reported that exhibit emission color changes due to the
mechanical stimulation of organic solids, namely mechanofluorochromism effects, over the past
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decade. [2,3] Mechanochromic phenomena are generally based on the electronic state modulation
caused by the change of the intermolecular interaction due to the change of the intermolecular
distance by the mechanical stimulation of the solid. In particular, the fluorescence color changes
are ascribed to the amorphous-to-crystal phase transformation. The dibenzoylmethane boron
difluoride complex (BF2DBM) exhibits a fluorescence spectral change by smearing in the solid
state, depending on its concentration of the doped in the polymer films [4–7]. Fraser et al. first reported
the reversible mechanofluorochromic behavior of the 4-tert-butyl-4′-methoxydibenzoylmethane (trade
name: avobenzone) boron difluoride complex solid based on the amorphous-to-crystal phase
transformation [8]. The emission color significantly shifts to the longer wavelength (red) region
upon smearing the samples. The samples then spontaneously return back to the original fluorescence
with the elapse of time under ambient temperature. In this section, we review the quantitative
evaluation of the thermodynamic parameters for a thermally backward reaction after smearing to
probe the fluorescence change.

The molecular structures of BF2DBM derivatives are shown in Figure 1. These compounds
were synthesized according to a previous report [8]. The sample used for mechanochromic studies
was prepared by dropping a 2.0 × 10−3 mol·dm−3 dichloromethane solution onto a paraffin-coated
weighing paper with a pipette, and then the solvent-evaporated BF2DBM derivatives on the weighing
papers were rubbed with a spatula to apply a mechanical perturbation. The fluorescence spectra and
their spectral changes were monitored on a Shimadzu RF-5300PC fluorescence spectrophotometer.
The temperature controller was home-made and was combined with a rubber heater (Hakko Co. Ltd.,
Nagano, Japan) and a digital temperature controller (Omron E5CN-QT).

 

t

t
i

Figure 1. Molecular structures of BF2DBM derivatives.

Figure 2 shows fluorescence spectra of powder abBF2 on weighing paper at 303 K, the spectra of
which were normalized at the maximum value. The fluorescence of abBF2 showed a blue emission
and the peak was located at 460 nm. The fluorescence spectrum originated from a dendric solid
as previously reported [8]. A new fluorescence band built up around 500 nm with a shoulder at
550 nm after smearing with a spatula, suggesting the generation of the amorphous phase of abBF2 [8].
The intensity around 550 nm was increased with increasing smearing time and applied force [9].
With the elapse of time, the intensity over 530 nm was decreased. After 1030 min, the emissive color
appeared green under the UV lamp and the fluorescence peaks were around 460 nm and 500 nm.
These observations indicated that the yellow fluorescent amorphous state was changed to green
emission at room temperature, demonstrating that abBF2 has a mechanofluorochromic property due
to the thermally backward reaction.
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Figure 2. Fluorescence spectra of abBF2 excited with 370 nm at 303 K before and time evolution after
the smearing.

In order to quantify the thermally backward reaction kinetics after smearing, we measured
the intensity change of abBF2 fluorescence as a function of time. Figure 3 shows a kinetic trace of
fluorescence intensity at 550 nm excited with 370 nm by temperature. The fluorescence intensity
steeply decreased with elapsed time, obeying first-order kinetics with a double-exponential decay
function. The rate constants were determined by least-squares fitting, assuming exponential decay of
two components (faster (kF) and slower (kS)) based on first-order kinetics of the thermally backward
reaction. Both rate constants increased with increasing temperature.

Figure 3. Changes in fluorescence intensity of abBF2 as a function of time after smearing at (a) 296 K,
(b) 303 K, and (c) 313 K monitored at 550 nm. The best-fitting curves based on a double-exponential
decay function are indicated by solid lines.

From the temperature dependence of the rate constant, the activation parameter of the
amorphous–crystal phase transition of the BF2DBM derivatives can be determined [9,10].
First, the activation parameters of the reaction can be estimated by Arrhenius plots, which are
based on the rate law of the reaction: k = Aexp(−Ea/RT) can be calculated and the activation parameters
estimated, where A, Ea, R, and T are the pre-exponential factor, activation energy, gas constant,
and temperature, respectively. Figure 4a is the Arrhenius plot of rate constants of abBF2, with the
line determined by least-squares fitting. The activation energies of enthalpy (ΔH‡) and entropy (ΔS‡)
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for the thermally backward reaction of abBF2 were also evaluated by the Eyring plot as shown in
Figure 4b, the equation of which is k = (kBT/h)exp(ΔS‡/R)exp(−ΔH‡/RT), where kB is the Boltzmann
constant. The calculated results are listed in Table 1. The thermodynamic parameters relate to the
thermally backward reaction of abBF2 originating from the amorphous–crystal phase transformation.

⋅ ⋅ ⋅ ⋅

Figure 4. Arrhenius (a) and Eyring (b) plots for thermally backward reaction for abBF2 as a function of
temperature (T). The rate constants (k) values for faster (kF) and slower (kS) components are indicated
by closed and open circles.

Table 1. Thermodynamic parameters of BF2DBM derivatives at the transition state. A, Ea, ΔH‡, and ΔS‡
are the pre-exponential factor, activation energy, activation energies of enthalpy, and activation energies
of entropy, respectively.

Component Ea/kJ·mol−1 A/s −1 ΔH‡/kJ·mol−1 ΔS‡/J·K−1·mol−1

abBF2 Faster 45.8 1.05 × 106 43.2 −104
Slower 27.2 3.00 × 101 24.6 −191

2aBF2 Faster 44.1 2.36 × 105 41.6 −116
Slower 33.6 2.82 × 102 31.1 −172

2bBF2 Faster 23.1 2.65 × 101 20.5 −192
Slower 33.6 2.70 × 10−1 14.5 −230

2cBF2 Faster 25.8 3.44 × 101 23.2 −190
Slower 23.5 8.62 × 10−1 21.9 −221

2dBF2 Faster 21.6 2.06 × 101 19.0 −194
Slower 23.5 7.37 × 100 20.9 −203

Next, thermodynamic parameters for the substituent effects were investigated. Based on the Ea

values for kF, the backward reaction for BF2DBM derivatives could be classified into two categories:
category a (abBF2 and 2aBF2), and category b (2bBF2, 2cBF2, and 2dBF2). The kF values for category a

compounds are larger than those of category b. These results suggest that the methoxy group, which is
a common substituent in category a, influences the thermally backward reaction. The pre-exponential
factor (A values) of kF is much larger than that of kS, suggesting that the reaction frequency of kS is
small. Therefore, only the kF values will be discussed here. The estimated activation energies of entropy
ΔS‡ values are negative, therefore suggesting that the order of the transition state (activated) complex
is higher than that of the amorphous state just after mechanical perturbation. The thermodynamic
parameters are derived from the phase transition from amorphous to crystalline with symmetry
breaking by the thermally backward reaction, which is described below [8]. Transition state formation
is influenced by any substituent and controls activation energies of enthalpy (ΔH‡) and ΔS‡. The ΔH‡
values for kF (ΔHF

‡) and activation energy (Ea) are similar to category a species. These values are then
found to be twice those estimated from category b. All ΔH‡ values are greater than the energy from van
der Waals interactions (generally 1 kJ·mol−1), and comparable to hydrogen bond interactions (about
17–63 kJ·mol−1). It is indicated that hydrogen-bonding is dominant for intermolecular interactions to
form transition states (activated complex) [11]. These estimates indicate that the existence of a methoxy
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group in category a correlates with the ΔHF
‡ values, which is likely to correspond to the excess energy

produced by the cleavage of the C(arene)–H···O(methoxy) bond [8,12]. The S‡ values for kF (ΔS‡F) of
categories a and b are about −110 J·K−1·mol−1 and −190 J·K−1·mol−1, respectively, suggesting that the
activation complexes of category b are a higher barrier than in category a. The Gibbs energy barriers
(ΔG‡) of BF2DBM at 303 K were within the range of 74.8–80.8 kJ·mol−1. Although similar for all BF2DBM
series reported here in this study, ΔH‡ and ΔS‡ around room temperature depended strongly on the
substituents. Furthermore, there is no significant effect on of ΔH‡ on ΔG‡ in the room temperature range.
According to these findings, the important driving force of the activation complex formation is not only
ΔH‡ but also ΔS‡, therefore we concluded that the substituents exert entropic control in the solid-phase
reaction because of the excess energy from the breakage of the C(arene)–H· · ·O(methoxy) bond in
category a [8,12]. Therefore, we propose that the substituent-dependent change in ΔS‡ is also common
to the mechanofluorochromic behavior of BF2DBM derivatives based on the amorphous–crystalline
phase transition and it is one of the important parameters in molecular design.

Next, we acquired differential scanning calorimetry (DSC) curves to clarify the thermodynamic
parameters for the crystallization process. The melting points (Tm) estimated from endothermic peaks
of 2aBF2, 2bBF2, 2cBF2, and 2dBF2 are 508 K, 545 K, 486 K, and 477 K, respectively. Exothermic peaks
correspond to the crystallization temperature (Tc) as listed in Table 2 We estimated the enthalpy (ΔHc)
and entropy (ΔSc) of crystallization by using ΔHc = TΔSc from the peak area of the DSC curves.
The ΔHc value is related to intermolecular interactions. In order to evaluate the intermolecular
interaction, we compared the existence of short contact regions smaller than the sum of van der Waals
radii of neighboring molecules from the results of X-ray structure analysis of BF2DBM crystals [8,13–15].
Difluoride interacts with two phenyl rings of other molecules. Short contact with the boron difluoride
coordinate does not only occur with the two phenyl rings, but also with the methoxy group in the
case of abBF2 and 2aBF2. Notably, ΔSc is strongly affected by the intermolecular interaction with the
methoxy group; we concluded this interaction priority promotes crystal reformation and enables it to
contribute to rotational motion around the C−O group in addition to the C(arene)−H···F interaction [16].
Sket et al. reported that a BF2DBM derivative with a methoxy group has two crystal polymorphisms
because the rotational energy of the C−O bond of the methoxy group is a relatively low energy
barrier [17]. The degree of freedom of molecular motion of the BF2DBM derivative is enhanced by
the methoxy group, suggesting that the entropy values become large. The intermolecular interaction,
depending on the substituents, is consistent with thermodynamic parameters. External stimuli may
promote the entropic term and the activation of rotational motion around the C−O bonds will enable
control of the crystal formation process.

Table 2. Thermodynamic parameters concerning the crystallization. Tc, ΔHc, and ΔSc are crystallization
temperature, the enthalpy of crystallization, and entropy of crystallization, respectively.

Tc/K ΔHc/kJ·mol−1 ΔSc/J·K−1·mol−1

abBF2 445 −33.8 −76.0
2aBF2 495 −33.5 −67.7
2bBF2 519 −25.8 −49.8
2cBF2 437 −13.6 −31.1
2dBF2 461 −11.6 −25.2

Crystallization Gibbs energy (ΔGc) of the BF2DBM derivative was then estimated by ΔGc = ΔHc

− TΔSc. The ΔGc values at 303 K are −10.8, −13.0, −10.7, −4.2, and −4.0 kJ·mol−1 for abBF2, 2aBF2,
2bBF2, 2cBF2, and 2dBF2, respectively, and it can be placed in the following order: 2cBF2 ≈ 2dBF2

> 2bBF2 ≈ abBF2 ≈ 2aBF2. This order is different from the order of ΔHc and ΔSc. To discuss this
order, the stacking properties of BF2DBM derivatives were compared [14,15]. On the basis of X-ray
crystallography, the overlap between adjacent molecules with plane–plane orientation in the crystal
can be classified into two groups: the overlap between benzene (B) and dihydrodioxaborinine (D) rings

199



Symmetry 2020, 12, 1726

(B-on-D overlap) or two benzene rings (B-on-B overlap), depending on the substituents [15]. As shown
in the inset of Figure 5, abBF2, 2aBF2, and 2bBF2 are packed in the B-on-D type, while those in 2cBF2

and 2dBF2 are packed in the B-on-B type in the crystal. These findings suggest that ΔGc depends on
the molecular packing form in the crystal and is regulated by a balance between the ΔHc and ΔSc

values. Higher degrees of overlap are proposed to result in stronger intermolecular interactions (π–π
interaction), which enables us to interpret the fluorescence properties of BF2DBM derivatives in the
solid state [5,14,15].
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Figure 5. The reaction coordinate diagrams and thermodynamic parameters at 303 K of thermally
backward reaction coordinates of BF2DBM derivatives and the molecular packing obtained by X-ray
crystallography. ΔE, ΔH‡, ΔS‡, ΔG‡, ΔHc, ΔSc, ΔGc and T are the energy of the system, activation
energies of enthalpy, activation energies of entropy, Gibbs energy of the transition state, the enthalpy of
crystallization, entropy of crystallization, and crystallization Gibbs energy, respectively

Based on these findings, Figure 5 presents a scheme of the reaction coordinates of the
amorphous-to-crystal transformation of BF2DBM derivatives. These values of thermodynamic
parameters are estimated at 303 K. Although the values of ΔG‡ were similar for all BF2DBM derivatives
at 303 K, ΔH‡ and ΔS‡ differ depending on the substituents. We show that the substituents of the
BF2DBM derivatives not only change the energy barrier of the system, but also affect the rate of the
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thermally backward reaction by compensating between enthalpy and entropy terms. The formation of
the transition state is governed by the entropy term associated with C(arene)–H· · ·O(methoxy).

In summary, the thermodynamic parameters for the thermally backward reaction in the
amorphous-to-crystal phase transformation of BF2DBM derivatives were strongly dependent on
the substituents which affect not only the mode of molecular packing or stacking in the crystals,
but also the thermodynamic parameters in the transition states. Thermodynamic studies based on
the fluorescence changes will be significant to design organic molecules. We also think that the
amorphous-to-crystal transformation correlates with the crystal growth process from the melt states.

3. Fluorescence Visualization of the Solvent Evaporative Crystallization Process via the
Mutual State

Based on the findings from the amorphous-crystal phase transition observed by fluorescence
change, we have probed the crystallization process from solution, particularly evaporative
crystallization, which will be summarized in this section. We have utilized 2bBF2 (Figure 4a) solution for
the fluorescence observation during solvent evaporation [13]. The detection of the amorphous-like state
before crystallization based on the fluorescence color change means that visualization of the two-step
nucleation model can be achieved. Yu et al. recently reported that monitored amorphous-to-crystalline
phase transition processes were observed in real-time based on fluorescence color changes [1].

The fluorescence images of 2bBF2 in dilute solution, crystalline and amorphous states is purple,
blue and green-orange, respectively, which are shown in Figure 6b–d. The fluorescence spectra
previously reported [13] showed sharp peaks at 413 nm, 430 nm, and 460 nm, which are attributed
to the vibrational structure of the monomer fluorescence. The emission of the crystal was observed
at 445 nm and 470 nm, and in the amorphous state at around 550 nm. The two phases (crystal and
amorphous) can be characterized by X-ray diffraction measurements, meaning that molecular forms
and the aggregation states can be distinguished by the fluorescence color [13].

Figure 6. (a) Molecular structure of 2bBF2. Fluorescence images of 2bBF2 in (b) 1,2-dichloromethane,
(c) crystalline state, and (d) amorphous state under 365 nm UV irradiation.

Next, we attempted to measure the fluorescence color and spectral changes during evaporative
crystallization from solution. The observation of the molecular assembly state by fluorescence change
can be used to identify liquid clusters proposed in the two-step nucleation mechanism. Figure 7a shows
captured images from a video taken under UV irradiation during the solvent evaporation from
3.1 × 10−2 mol·dm−3 2bBF2 in a 1,2-dichloroethane droplet. This video was uploaded in the supporting
information of a previous report [13]. The fluorescence color of the droplet is purple just after dropping.
The emission color changes to orange from the edge of the droplet, and at about 32 s, the entire
droplet turns orange. A doughnut-shaped droplet with orange emission formed with a decreasing
purple emission region. When evaporation of the solvent was completed, the entire region turned
to blue emission, and some of the region showed orange emission. This orange emission was not
observed even in a highly concentrated solution of 2bBF2; it is exhibited only in a supersaturated
droplet during the evaporation. We measured fluorescence spectral changes as a function of time
as shown in Figure 7b. The fluorescence spectrum acquired just after dropping corresponds to the
monomer emission. The peak around 550 nm monotonically increased with decreasing monomer
peaks. Finally, the peaks at 445 nm and 470 nm appeared due to the crystalline state. The series of
fluorescence spectral changes correspond to the fluorescence color change observed in the images taken
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under UV irradiation. Based on the fluorescence properties of 2bBF2, we can explain the molecular
assembly by evaporative crystallization from solution. The crystal of 2bBF2 generated from solution
by way of the amorphous-like state was found.

Figure 7. (a) Fluorescence images of 2bBF2 in 1,2-dichloroethane droplet (diameter is approximately 5
mm) during evaporation under 365 nm UV irradiation. (b) Fluorescence spectral changes of 2bBF2

during solvent evaporation.

In order to analyze the fluorescence change, we simulated the fluorescence spectra by non-linear
least-squares fitting based on six Gaussians [13]. Figure 8a shows the relative abundances by the
spectral fitting as a function of time. The initial monomer fraction (0.9) monotonically decreased during
the solvent evaporation, whereas the amorphous fraction was increased up to 95 s. The abundance
was about 0.6 at 95 s, which then decreased dramatically. After 95 s, the fraction of the crystal
suddenly increased with the decreasing amorphous state. It is indicated that the crystal can be
formed from the isolated monomer state via the amorphous-like state, showing a hierarchical change
such as a consecutive reaction. We have proposed the scheme of evaporative crystallization of
molecular-assembling process, shown in Figure 8b.

According to the observation of fluorescence changes during the solvent evaporative crystallization
of 2bBF2, it was confirmed that the fluorescence color changed from purple to blue via orange,
corresponding to the formation of crystals from monomers through amorphous-like states in the
crystallization process. These findings suggested that the amorphous-like state is transiently formed
prior to the crystal formation. Observation of the amorphous-like aggregates in the mutual step
suggests the existence of a mutual state prior to the crystallization existing in the supersaturated region
during the solvent evaporation. In the present case, the orange emission from the amorphous-like
species implies the presence of liquid-like clusters with highly-dense aggregates, which was proposed
in the two-step nucleation model for the crystallization. The existence of the liquid-like cluster
before nucleation is a key factor for the two-step nucleation model, which has been established based
on NMR spectroscopy [18,19], electron microscopy [20], induction time of crystal formation [21],
and non-photochemical laser induced crystallization [22]. The relative abundance changes over time
of the molecular form of 2bBF2 with solvent evaporation clearly reveal that the formation of the
amorphous-like states works as a precursor to nucleation. We have verified that the fluorescence
visualization during solvent evaporative crystallization agrees with the previously known two-step
model for crystal formation [23,24]. In conclusion, we have achieved fluorescence visualization of the
existence of the nucleation precursor (highly dense liquid-like cluster state) proposed by the two-step
nucleation model [13].
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Figure 8. (a) Temporal changes in the relative abundance of monomers, amorphous-like, and crystalline
states, which was calculated from fluorescence spectral analysis assuming six Gaussians. (b) Scheme of
molecular assembly process based on fluorescence spectral changes.

4. Optical and Viscoelastic Properties of the Mutual State during the Phase Transformation

Many reports support the two-step nucleation model, in which the intermediate phase plays an
important role in the crystal formation process [25,26]. Tsarfati et al. mentioned that the crystallization
pathway involves three main steps. The three steps are i: initial densification from the solvent-rich
precursor, ii: early ordering, and iii: concurrent evolution of order and morphology [27]. This finding
implies that the liquid-like cluster state contains the solvent in the solution. However, it is not clear
whether the orange emission of BF2DBM is in a state containing a solvent as a highly dense aggregate or
in an amorphous state as a solid aggregate. Therefore, in order to clarify the state of orange emission as
an intermediate phase before nucleation, we focused on the real-time change of optical and viscoelastic
properties of the droplet during evaporation crystallization [28].

The fluorescence images and polarized optical image were simultaneously observed during
the solvent evaporation with (upper side) and without (lower side) UV irradiation as shown in
Figure 9. The droplet was put in the two polarizers arranged by the cross-Nicol condition. The upper
images of the droplet correspond to the fluorescence color, which is purple just after the dropping.
No transparency in the image without UV irradiation indicates that the crystalline region in the droplet
of 2bBF2 solution is absent. The fluorescence color changed from purple to orange over time. After 60 s,
birefringence was observed in the polarized optical image without UV irradiation. The texture in the
image indicates the formation of a crystalline state. Compared with both images with and without
UV irradiation, particularly at 85 s, no birefringence was observed in the orange emission region,
suggesting the optically isotropic phase, which can be identical to the liquid-like cluster state, as an
intermediate proposed in the two-step nucleation model.

We adapted the quartz crystal microbalance (QCM) in order to evaluate the mass and the
viscoelastic changes based on the changes of the resonance frequency of quartz (Δf ) and resistance
(ΔR) from the adsorption onto the quartz substrate in real-time [29]. QCM was also adapted to the
monitoring of the deposited film thickness in the vacuum deposition process. We attempted to use
it to investigate the dynamic viscoelastic property changes for the evaporative crystallization of the
2bBF2 droplet. Figure 10a shows the results of the QCM measurement (Δf and ΔR changes) after the
dropping of the 2bBF2 solution on the Au electrode as functions of time. As an overall tendency, the Δf
and ΔR values changed in two steps during the evaporative crystallization. It is possible to identify the
three main stages concerning the fluorescence changes of 2bBF2: purple to blue via orange emission.
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We estimated the mass change (Δm) of the 2bBF2 droplet during the solvent evaporation on the
Au electrode by the Sauerbrey equation [30]. Δm evolution during solvent evaporation is shown
in Figure 10b. Just after dropping, Δm was 2 μg until 80 s, a value comparable with that for the
1,2-dichroloethane solvent only. Δm temporarily decreased to 7.3 μg and then reached 15 μg at 95 s
from 80 to 86 s. The increase in Δm is ascribed to the adsorption and precipitation of 2bBF2 onto the
Au electrode.

 

Figure 9. Images of the 2bBF2 in 1,2-dichroloethane droplet under the cross-Nicol condition with and
without UV irradiation during the solvent evaporation. From [31]; reprinted with permission from the
Chemical Society of Japan.

f 
R

f 

R

Figure 10. Time courses of (a) the resonance frequency of quartz (Δf ) and resistance (ΔR) monitored
by quartz crystal microbalance (QCM), (b) the mass change calculated by the Sauerbrey equation,
and (c) −Δf /ΔR during the solvent evaporation of 2bBF2. The background color indicates the
corresponding fluorescence changes during the solvent evaporation of the droplet. From [31]; reprinted
with permission from the Chemical Society of Japan.
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The QCM results can be used to evaluate not only the Δm, but also the viscoelastic properties
of the adsorbed materials. Kanazawa et al. [31] and Muramatsu et al. [32] reported that the viscosity
coefficient can be estimated based on the Δf and ΔR. However, it is complicated to evaluate both the
viscosity and elasticity separately in the viscoelastic medium, because Δf depends on both the Δm and
viscosity. The ratio −Δf /ΔR was proposed by Kubono et al. to semi-quantitatively separate the viscosity
and elasticity [33]. The−Δf /ΔR value of only solvent is about 5.5. Figure 10c shows the time evolution of
the −Δf /ΔR value after the dropping of 2bBF2 solution. From just after dropping until 70 s, the −Δf /ΔR
value was maintained at 5.5. From 70 to 86 s, −Δf /ΔR temporarily increased to 9.2 at 84 s, which
most probably originated from the artifact due to the adhesion of the aggregates. It then recovered
to 5.5 until 112 s, suggesting that the amorphous-like state as an intermediate has a similar viscosity
to the solution. Finally, the −Δf /ΔR value increased to 9.2, which is ascribed to the transformation
to elastic crystals. The condensed monomer molecules in the solution form an amorphous-like state
with an optically isotropic and viscous fluid. Then it adsorbs onto the substrate as a liquid-like cluster.
The Δm continually increases with time, which can be explained by the dissolved monomer molecules
being further adsorbed onto the amorphous-like aggregates with increasing solution concentration.
The polarized optical images and QCM measurements reveal that the intermediate liquid-like cluster
state has high viscosity through solvent evaporation, but nevertheless the emission color is similar to
that of the amorphous solid.

5. Summary

Our group has examined the fluorescence detection of phase transformation dynamics with
symmetry breaking of organic compounds by photochemical methods. The phase transformation
process was confirmed based on the fluorescence color change in real-time. In particular, the intermediate
state (the liquid-like cluster) was visualized during the evaporative crystallization for the first time.
Since this method can be carried out with a fluorescence microscope or a general optical system, it is
advantageous that the experimental apparatus is relatively inexpensive. To clarify the inhomogeneity
and propagation of the phase transformation process in real-time symmetry breaking, we will utilize a
time- and space-resolved phase transformation detection system based on the hyperspectral camera
imaging of the fluorescence spectra.
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Abstract: The construction of molecular robot-like objects that imitate living things is an important
challenge for current chemists. Such molecular devices are expected to perform their duties robustly
to carry out mechanical motion, process information, and make independent decisions. Dissipative
self-organization plays an essential role in meeting these purposes. To produce a micro-robot that can
perform the above tasks autonomously as a single entity, a function generator is required. Although
many elegant review articles featuring chemical devices that mimic biological mechanical functions
have been published recently, the dissipative structure, which is the minimum requirement for
mimicking these functions, has not been sufficiently discussed. This article aims to show clearly that
dissipative self-organization is a phenomenon involving autonomy, robustness, mechanical functions,
and energy transformation. Moreover, it reports the results of recent experiments with an autonomous
light-driven molecular device that achieves all of these features. In addition, a chemical model of
cell-amplification is also discussed to focus on the generation of hierarchical movement by dissipative
self-organization. By reviewing this research, it may be perceived that mainstream approaches to
synthetic chemistry have not always been appropriate. In summary, the author proposes that the
integration of catalytic functions is a key issue for the creation of autonomous microarchitecture.

Keywords: dissipative structure; energy conversion; mechanical work; self-oscillation; collective
dynamics; autonomous motion; self-replication; autocatalysis; molecular motor; molecular robot

1. Introduction

It is one of the dreams of chemists to create life or its imitative system using a synthetic chemical
method [1,2]. Life is thought to be a collection of nanomachines, and their cooperative behavior is
capable of performing work continually in a stationary environment. The process termed ‘dissipative
self-organization’ is one of the key processes involved in this framework [3]. On the other hand, typical
inanimate objects in which modules are not self-organized can only perform work passively under
transient environmental conditions. Here, work is broadly defined to denote the transfer of energy to
the surroundings in a form other than thermal motion; the mechanical work this involves is defined
in Section 2. The function of continuously developing in a stationary environment is defined as an
autonomous function; autonomy is the realization of continuity by the internal factors of the system.

For example, fluorescent molecules emit light continuously in a photostationary state; catalyst
molecules continuously convert reactive substrates into reaction products. The continuous function
of these molecules (broadly defined as ‘work’) is derived from the fact that the molecules consist
of self-organized nuclei and electrons. Focusing on such electronic characteristics at the molecular
scale, a substantial number of chemical studies have been conducted. Because molecular structures
effectively represent the self-organized forms of nuclei and electrons, chemists can predict and consider
various functions by examining molecular structural formulas and calculating the density of their
electron distributions, while studying phenomena from the perspective of these electronic properties.
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This paper describes the autonomous function of molecular assembly generated by molecular
self-organization. This concept realizes continuous work at a larger level than the molecular level.
It is a concept of nanotechnology that is expected to be applied to material transfer devices and
molecular robots and computers and to drive innovation in the field of energy research. Dissipative
self-organization remains an attractive keyword for current chemistry. On the other hand, the present
author is uncertain whether or not our community genuinely values the concept of dissipative
self-organization. One reason for this doubt lies in the fact that the conceptual vocabulary and
approaches of nonequilibrium thermodynamics are challenging for chemists who perform their
experiments in a flask. Another reason is that clearly realized studies of dissipative self-organization in
synthetic chemistry are limited in number. Besides, capturing a temporally developing phenomenon
in a printed research paper is not easy. In addition, the terms of self-organization and self-assembly are
frequently synonymous; in Japanese, for instance, they are the same word. In this paper, the basic
concept of dissipative self-organization is defined in order to underline its importance to current
chemical research, and recent developments in synthetic studies are reviewed. It should be noted that
the origin of symmetry-breaking is not discussed in this paper.

2. Dissipative Self-Organization is a Concept for Autonomous Mechanical Work

Atkins’ Physical Chemistry describes mechanical work as ‘the transfer of energy that makes use of
organized motion in the surroundings’ [4] and distinguishes it from the transfer of energy to disordered
thermal motion. In other words, to create molecular devices capable of performing useful work,
it is necessary to provide the devices with proportions that will create organized movements in the
surroundings (Figure 1a). Hence, a single synthetic molecular motor is too small to achieve beneficial
mechanical work independently and, therefore, the motor molecule must either be positioned in a
heterogeneous field or the molecules must be assembled [5]. This text considers the latter approach in
detail. If a large number of molecules are merely assembled to increase the device’s size, the movement
of molecules is time-averaged and the molecules show no macroscopic changes under a steady
condition (Figure 1b). This state is referred to as a chemical or near-chemical equilibrium, and under it,
the molecules cannot create organized movements in their surroundings. In other words, to create
molecular devices capable of performing beneficial work, it is necessary to introduce ‘a mechanism
in which the devices continually demonstrate macroscopic changes even if the environment is in a
steady state’ (Figure 1c). This mechanism is referred to as dissipative self-organization. In short, it is a
mechanism for generating macroscopic motions via movement at the molecular level. The generated
motion also has the potential to create motion in a larger hierarchy. Furthermore, due to the ability of
the self-continuous action to an external object, devices that exhibit dissipative self-organization can
act as an oscillation generator to actuate the repetitive motion of equilibrial materials. The creation of
such molecular technology will lead to the invention of autonomous molecular robots, autonomous
molecular pumps, and autonomous molecular information processors.
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Figure 1. How to compel molecular materials to work. (a) A small molecular motor cannot carry out
mechanical work for several reasons, one of which is that the transferred energy is converted to thermal
energy immediately. (b) A stimuli-responsive material can perform work only while relaxing the
instability motivated by a shift in an external condition. (c) Autonomous transformation of a molecular
system can perform work via energy transformation. The green circles denote objects subjected to force
in the surroundings.

3. Dissipative Self-Organization for Robustness and Energy Conversion

In chemistry, transient aspects of the system are generally described by reaction rate equations.
Here, we hypothetically consider chemical reactions in a homogeneous solution, where (a) the
symmetry of reactions is broken, and (b) the kinetic constants (ks) are consistent. The flaws of the
hypothesis will be discussed below and in [6]. An autocatalytic reaction, in which the A→ B reaction
is accelerated by B, is introduced as a symmetry-broken reaction [7]. The reaction with the co-existence
of a non-autocatalytic process, the kinetics equation of which is described in Appendix A, is shown in
Figure 2a [6]. After introducing the logistic curve, general textbooks of nonlinear chemistry describe
Lotka–Volterra-type dynamics: the open reaction of A→ B→ C→ D with two autocatalytic steps
demonstrates oscillatory behavior in composition (Figure 2b) [3,8]. On the other hand, we consider a
triangular type reaction of A→ B→ C→ A, aiming to distinguish the system’s boundary.
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Figure 2. Numerical analyses for composition curves of reactions involving autocatalysis. (a) Logistic-
type composition curve. (b) Lotka–Volterra-type composition oscillation. (c) Composition curve for a
triangle reaction including one autocatalytic process. (d,e) Composition curves for triangle reactions,
including two autocatalytic processes with and without considering reverse processes, respectively.
(f,g) Oscillatory composition curves in triangle reactions, including three autocatalytic processes with
and without considering reverse processes, respectively. (h) The variation in total heat of formations of
A, B, and C while the change is shown in (g). Because the exteriorization of energy from the system
occurs when the sum of the heat of formations decreases, an external energy supply is required to
maintain the oscillation. Similarly, all calculations assumed consistent kinetic constants, meaning
that an adequate energy supply and relevant emissions exist, although the fact is not indicated in the
schemes. The red, orange, and blue lines denote compounds A, B, and C, respectively. The equations
for the numerical analysis are described in Appendix A.

To simplify the discussion, we present here the simulation results while ignoring co-existing
non-autocatalytic sub-routes within the autocatalytic steps [6]. In triangular-type reactions with
one or two autocatalytic steps, it is easy to achieve equilibrium, as shown in Figure 2c,d. Even if
we ignore the reverse processes, the reaction reaches equilibrium, as shown in Figure 2e. On the
other hand, in reactions with three autocatalytic processes, periodic oscillations in the composition
ratio are autonomously demonstrated, as shown in Figure 2f (taking into account reverse processes
of autocatalytic paths) and Figure 2g (ignoring them). As described here, the kinetic equations
indicate that multi-molecular oscillations may be generated by the contribution of plural nonlinear
processes, and that the feature is emasculated by the coexistence of reverse processes. Note
that autocatalysis is employed only because it is a well-known and easy-to-calculate nonlinear
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chemical process—other symmetry-broken phenomena, especially those with large nonlinearity and
irreversibility, may contribute to realizing the oscillatory system.

However, the enthalpy of the system varies with oscillation (Figure 2h). The actual system
dissipates thermal energy outside the system when the enthalpy decreases, and the periodic behavior
is relaxed and terminated. This fact suggests that a supply of convertible energy from outside the
system is required to develop the oscillation. In summary, a system with autonomous multi-molecular
oscillation can be realized as shown in Scheme 1. The reaction scheme is somewhat similar to a
catalytic reaction and a fluorescence scheme; the difference is that the change is in the distribution of
components or in the molecular-level structure, and that the nonlinear phenomena are involved in the
scheme and act inter- or intra-molecularly.

This temporal pattern in a multi-molecular system under continuous energy supply and
periodic energy dissipation is referred to as a dissipative structure; while making cyclic transitions
(A→ B→ C→ A) at the molecular level, periodic behaviors are generated as a molecular ensemble,
the time scale of which is larger than molecular-level conversion. Although we cannot predict when
a chemical reaction happens at the molecular level, we can predict when the macroscopic change
occurs by observing the robust temporal pattern. Even if the reaction solution is reduced by half or is
frozen temporarily in the middle of the reaction, the autonomous oscillation is robustly maintained.
These features are characteristic of dissipative structures.

In a homogeneous system, the variation of the system’s enthalpy is dissipated as thermal
energy because the system cannot form organized motion. Regarding devices with shapes (such as
molecular assemblies), variation in enthalpy can be used to apply mechanical work to the surroundings.
This energy conversion function at the multi-molecular scale is the essential attraction of dissipative
self-organization with molecular self-assembly.

Scheme 1. Conceptual scheme for an autonomous system.

4. Research Aiming Mechanical Work with Energy Conversion

Molecular machines and motors, which are defined as molecules that are expected to convert
supplied energy into mechanical forces and motion, have attracted considerable attention among
chemists [9–14]. Molecules that reversibly alter their equilibrium structures, triggered by shifts in
external conditions, are known as molecular machines, distinguishing them from molecular motors,
a term denoting molecules that maintain their symmetry-broken motion under the continuous supply of
energy [12,13]. In contrast to the molecular machines, the symmetry-broken motion of molecular motors
may perform autonomous work in molecular-level space if in contact with another object. Feringa’s
research into nano-cars may provide one example of this, although his team’s experiment was conducted
using an intermittent electric current rather than continuous light waves [15]. Photo-induced ion or
electron transportation across membranes [16,17] provides further instances of this phenomenon [5].
However, to attain more significant autonomous work at the multi-molecular scale, the concept of
dissipative self-organization is required. Even if we gather molecular motors and supply energy,
the motions are time-averaged and the energy is dissipated as thermal energy. In fact, according
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to Feringa’s report, the motion of a glass-rod on a molecular motor-containing liquid crystal was
terminated despite the continuous energy supply [18,19], similar to the system employing molecular
machines [20,21]. Therefore, his collaborators are currently directing their efforts to the design
of multi-molecular systems where the motors are synchronized to realize mechanical work at the
macroscopic level [22].

As mentioned here and elsewhere recently [14,23], the chemical challenge to active work lies in
the creation of macroscopic and self-continuous motion. However, one successful example has already
been published [24]. This approach, which did not use a chiral molecule, differed from the strategies
of other chemists. Molecular-level chirality (e.g., chirality due to an asymmetric form of carbon) is
not required for macroscopic objects to move, whereas symmetry-breaking is a critical factor in their
motion. Herein, the autonomous flipping and swimming of a submillimeter-size molecular-assembly
is introduced [24–26].

The submillimeter-size assembly of an achiral azobenzene derivative (AZ) showed an autonomous
bending-unbending motion under continuous light irradiation (Figure 3). The photochromic compound
repetitively changes its molecular structure between trans- and cis-isomers under light irradiation.
Ordinarily, repetitive photoisomerization yields a mixture of isomers, the composition ratio of which is
constant and depends on the photoreaction rates. However, in the study, a phase transition occurred
before the ratio achieved the equilibrium value, switching the reaction rates. Coupling the sets of
photoisomerization and its induced phase transition led to a periodic transition consisting of an increase
in the cis-isomer, a morphological change, a decrease in the cis-isomer, and then to a morphological
recovery [24,27]. The enthalpy also changed periodically with the cyclic process [25]; the cycle enabled
autonomous energy conversion from light to mechanical work. At the bending motion, another
asymmetry defines the direction of the transformation. According to the single-crystal analysis [25],
the space group of the assembly was P1, and it was assumed that the asymmetry concerns the direction
of bending. In addition, some break in symmetry is required to produce an autonomous swimming
motion: if the bending-and-unbending motion is spatially reciprocal, it is impossible for the assembly
to swim in a Newtonian fluid, as the Scallop theorem indicates [28]. The directional swimming of
the assembly indicated that the morphological changes occurred in a non-reciprocal manner [26].
Furthermore, the authors also demonstrated signal-dependent pattern formation, a concept that can be
applied to molecular-based information processors [25].

Applying stimuli-responsive materials, oscillatory motions, and directional motions has also been
reported [29–41]. Stimuli-responsive materials generally terminate their motion when the systems
reach equilibrium. The oscillations in those studies were motivated by the coupling of the directionality
of external energy-supply and the time-delayed transition of materials [27,39]. Therefore, we can
anticipate that the motions are characterized and controllable by the external conditions, but they lack
robustness—for example, adjustment of the energy source position seriously affects the mechanical
behavior [27]. Some researchers wrongly regard this feature as an instance of taxis, but it actually
arises from a lack of self-excitation. On the other hand, dissipative self-organized materials possess the
feature of autonomy. The sustainability and directionality of the movements are guaranteed by the
internal factors of the materials. The series of studies of BZ-hydrogels, which are hydrogels periodically
repeating swelling and unswelling through the Belousov–Zhabotinsky (BZ) reaction, clearly indicated
the superiorities of dissipative self-organization for mechanical device applications [42,43].
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Figure 3. Self-sustaining mechanical motion of azobenzene assembly under continuous blue-light

irradiation [24,25]. (a) Molecular-level repetitive transformation of the component molecule (an achiral
azobenzene derivative, AZ). (b) Micrographs of the macroscopic autonomous flipping motion under
light irradiation. (c) Schematic energy diagram for the autonomous cycle; mechanical work was
performed at the steps of exergonic morphological change. All figures were reproduced from the
original data with permission from Wiley-VCH, 2016.

5. Research into Self-Developing Molecular Systems: The Chemical Model of Cell Amplification

Cell amplification is also intrinsic to living things [1,2,44–46]. The pioneering study of the chemical
model of cell amplification was reported by Luisi [47,48]. The team monitored the increase in oleate
assembly in water following the addition of oleic anhydride and concluded that the autocatalytic
hydrolysis of the anhydride occurred in the oleate assembly to form oleic acid [48]. Inspired by the study,
Sugawara’s group designed a system where a membrane molecule formed from a bipolar amphiphile
via hydrolysis, catalyzed by a molecule embedded in the vesicular membrane, and, thereby, captured
the growth-and-division dynamics of vesicular assemblies [49,50]. In addition, they succeeded in
demonstrating the amplification of DNA via a polymerase chain reaction within the vesicles [51,52].
Furthermore, the group firstly realized autocatalytic vesicular amplification systems, via organic
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synthesis [53,54]. Following these studies, Devaraj’s group [55] also reported the production of an
autocatalytic membrane amplification system, in which a molecular catalyst formed spontaneously.

Considering the intrinsic feature of cell amplification, the concept of autocatalysis is
fundamental [56,57], and all self-replications occur in an autocatalytic manner [7,58–71]. In the
vesicular self-reproduction system without autocatalysis, the generated vesicles were different from
the original ones—the catalytic ratio decreased proportionally in each generation, and the system
tended to reach equilibrium, even if the precursor for the membrane molecule was continuously
supplied (Figure 4a) [49,50,52]. This behavior is the same as inanimate systems. On the other hand, in
the autocatalytic system, the catalytic ability is maintained across generations. When the precursor
is supplied continuously or an excess amount of precursor is presented, or under both conditions,
the individual vesicle repeats its growth and division periodically (Figure 4b) [53–55].

Figure 4. The difference between (a) non-autocatalytic and (b) autocatalytic vesicular self-reproduction.

Besides, as Fletcher comments on his autocatalytic micellar system [72,73], a cyclic reaction with
an autocatalytic vesicular formation maintains vesicle numbers in an open system; this scheme is
represented in Figure 2a,c. Developing this concept, we would like to consider the existence of one
additional autocatalytic reaction: the system where the vesicle becomes prey to a larger self-assembly
(the consumption ratio is proportional to the number of the larger assembly) and the larger self-assembly
decomposes. The reaction equation of the system is complicated because of the diversity in molecular
numbers in each vesicle. Nevertheless, it can be expected that the behavior can be represented
by the Lotka–Volterra model (if the decomposition is exhausted to the exterior of the dispersion;
Figure 2b) or the similar model shown in Section 3 (if the component is recycled autocatalytically
by accepting energy from outside the system; Figure 2f,g). Under such conditions, a spatially and
temporally larger oscillation than the vesicular growth-division periodicity will be generated (Figure 5).
This predator–prey concept is linked to the robustness of nature in an overall sense.
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Figure 5. Conceptual illustration for a hierarchical system composed of autocatalytic assembling

processes. Spatially and temporally larger oscillation generating a molecular assembly that appears
and disappears repetitively.

6. Conclusions and Perspectives

Dissipative self-organization is the concept of the cooperation of dynamics to form larger
dynamic systems [3]. At the nano level, the combination of thermal fluctuation, a symmetry-breaking
phenomenon, and a supply of energy results in the formation of a tiny but organized dynamic system.
Once organized dynamics are generated, more robustness and more significant organized motion are
formed if symmetry-breaking processes are involved. Through iterative self-organization, a highly
hierarchical molecular world is constructed. The symmetry-breaking phenomena contribute to making
the system differ from the equilibrium structure. Here, a supply of convertible energy is required to
realize self-organization, and both the reception and the dissipation of the energy occur autonomously.
The concept of dissipative self-organization is directly linked to the chemical energy conversion to
achieve autonomous mechanical functions.

We chemists ordinarily encounter self-organized phenomena. If we consider a molecule to be a
thermodynamic system composed of electrons and nuclei, the system demonstrates self-organized
behavior whether the molecule is termed a machine or not. However, such systems are too small to
perform mechanical work, and the assembly of molecules is, thus, proposed to meet this function.
However, controlling symmetry-breaking at the multi-molecular level is a complex task; the artificial
system of a molecular assembly tends to form its equilibrial structure. The BZ reaction that was applied
to mechanical gel [42,43] and the recent azobenzene-assembly system [24–26] provide successful
examples. The creation of chemically fueled mechanical work is particularly challenging; if we
outdistance the system from the thermal fluctuation level by consuming the dilute energy of chemical
compounds, we have to recruit effective ratcheting phenomena.

A recently proposed concept, ‘dissipative self-assembly’, seems to share the same issues [74–79].
However, from the author’s standpoint, the claims of dissipative self-assembly are still unclear and
weak in the aspect of the distancing from equilibrium; most of the papers reported consecutive
reactions where the intermedium products were assemblies and claimed that the assembled state can be
maintained through continuous substance supply [72,73,80–87]. The structure of such nonequilibrium
systems is not a dissipative structure, according to Prigogine [3]. In this context, the supplied energy is
consumed to sustain the assembly, but not for autonomous tasks [88,89]. To imitate living dynamics
clearly, we have to employ one or more symmetry-breaking effects to replace the system from the
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equilibrium structure at the tentative state to a nonequilibrium resume [90]; according to Chapter 7 in
reference 3 and the references therein, at least a cubic nonlinearity in the rate equations is required to
destabilize the thermodynamic branch.

However, a negative attitude to the current difficulties in imitating the intrinsic features of living
dynamics is misplaced. One of the reasons for the struggle to reproduce autonomous dynamics is
that chemists attempt to create mechanical materials using switchable molecules, so-called molecular
machines. Such molecules are convenient for chemists because their status is easily controlled. Yet in
living things, it is not switching motions but continuous motions that are able to do power- autonomous
work. In other words, enzymes work with ratcheting mechanisms to prevent the system from attaining
equilibrium. By imitating the function of enzymes [91–93]—molecular-recognition with nonlinear
adaptation and repetitive transformation with energy conversion—and by assembling the synthesized
products [23], the author believes that we chemists will attain breakthroughs in nanotechnology;
indeed, research based on this perspective has recently begun.
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Appendix A

Each graph in Figure 2 was the result of numerical analyses of Equations (A1)–(A7). The symbols
of χs, ks, and t, denote the molar fractions, kinetic constants, and time, respectively. The term kXY

indicates the kinetic constant of the autocatalytic step of X→Y. The calculated timespan was from
0 to 1000 (arbitrary unit). The ‘N’s denote the relative number of portions. To solve the ordinary
differential equation, the ODE45 method was used and operated by Matlab 2020a software provided
by The Mathworks Inc., Natick, MA, USA. For Figure 2a the following equations were used:

d
dt
χB = (kAB χB + k1F) χA − (kBA χA + k1R) χB, (A1)

χA = 1− χB. (A2)

For the demonstration, 0.02 and 0.01 were assigned for kAB and kBA, respectively, 1 × 10−5 was
assigned for k1F and k1R, and 1 was assigned for the initial molar fraction of A. For Figure 2b the
following equations were used:

d
dt

NB = kAB NB − kBC NB NC, (A3)

d
dt

NC = kBC NBNc − kCD NC. (A4)

For the visualization, 0.03, 0.02, and 0.1 were assigned for kAB, kBC, and kCD, respectively, and 0.5
was assigned for the initial numbers of B and C. For Figure 2c–g the following equations were used:

d
dtχB = (kAB χB + k1F) χA − (kBC χC + k2F + kBA χB + k1R) χB + (kCB χC + k2R) χC, (A5)

d
dtχC = (kBC χC + k2F) χB − (kCA χA + k3F + kCB χC + k2R) χC + (kAC χA + k3R) χA, (A6)

χA = 1− χB − χC. (A7)
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Each value for the calculations is indicated in Table A1.

Table A1. Values assigned to each parameter for the numerical analysis.

Figure 2c Figure 2d Figure 2e Figure 2f Figure 2g

kAB 0.1 0.1 0.1 0.1 0.1
kBA 0.001 0.01 0 0.005 0
kBC 0 0.05 0.05 0.08 0.08
kCB 0 0.005 0 0.004 0
kCA 0 0 0 0.06 0.06
kAC 0 0 0 0.003 0
k2F 0.01 0 0 0 0
k2R 0.001 0 0 0 0
k3F 0.005 0.01 0.01 0 0
k3R 0.005 0.01 0 0 0

χB (initial) 0.001 0.001 0.001 0.001 0.001
χC (initial) 0.049 0.049 0.049 0.049 0.049
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Abstract: The anomalous nanoscale electromagnetic field arising from light–matter interactions in
a nanometric space is called a dressed photon. While the generic technology realized by utilizing
dressed photons has demolished the conventional wisdom of optics, for example, the unexpectedly
high-power light emission from indirect-transition type semiconductors, dressed photons are still
considered to be too elusive to justify because conventional optical theory has never explained
the mechanism causing them. The situation seems to be quite similar to that of the dark energy/matter
issue in cosmology. Regarding these riddles in different disciplines, we find a common important
clue for their resolution in the form of the relevance of space-like momentum support, without
which quantum fields cannot interact with each other according to a mathematical result of axiomatic
quantum field theory. Here, we show that a dressed photon, as well as dark energy, can be explained
in terms of newly identified space-like momenta of the electromagnetic field and dark matter can be
explained as the off-shell energy of the Weyl tensor field.

Keywords: off-shell quantum field; space-like momentum; dressed photon; micro-macro duality;
Clebsch dual field; Majorana fermion; the cosmological term; Weyl tensor; dark energy; dark matter

1. Introductory Review of Dressed Photon Technology

1.1. Broad Overview

Suppose that a nanometer-sized material (NM) is illuminated by propagating light whose
diffraction-limited size is much larger than the size of the NM. Then, an anomalous non-propagating
localized light field is generated around the NM, contrary to the accepted knowledge of optics.
This non-propagating light field is called the optical near field [1], which is undetectable by a separately
placed conventional photodetector. The studies on the optical near field initiated practically in the late
20th century have led, through trial-and-error approaches, to the novel concept of a quasi-particle
created as a result of light–matter interaction in a nanometric space. This quasi-particle is figuratively
called the dressed photon (DP), that is, a metaphoric expression of photon energy partly fused
with the energies of the material involved in the interaction. Figure 1 shows typical experimental
setups for creating a DP. Studies on DPs are now rapidly progressing, yielding innovative generic
technologies [2] of “small light”, which accomplish the impossible in a variety of application fields.
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Figure 1. Typical experimental setups for creating a DP. (a) on a nanoparticle; (b) on the tip of a fiber
probe; (c) on bumps of a rough material surface; (d) on doped atoms in a host crystal.

One should bear in mind, however, that the concept of a DP first proposed by one of the authors
(M.O.) still seems to be either ignored or tacitly understood differently by the mainstream researchers in
optical sciences because of the conceptual difficulty of dealing with off-shell quantities in the midst of
field interactions. We think that this kind of refusal or confusion about DPs stems from a certain degree
of ambiguity in using such an abstract expression as light–matter field interactions in a nanometric
space; the main purpose of the above remark is not to criticize the incorrect usage of DPs in the literature
but rather to promote renewed awareness that the issue of DP phenomena addressed here is
a remarkable one that cannot be understood within the conventional framework of optical theory.

To elucidate the essence of the DP problem, we start by listing five conventional views in optics
and briefly show how a DP violates them.

Five conventional common views in optics

I. Light is a propagating wave that fills a space. Its spatial extent (size) is much larger than its
wavelength.

II. Light cannot be used for imaging and fabrication of sub-wavelength-sized materials. Furthermore,
light cannot be used for assembling and operating sub-wavelength-sized optical devices.

III. For optical excitation of an electron, the photon energy must be equal to or higher than the energy
difference between the relevant two electronic energy levels.

IV. An electron cannot be optically excited if the transition between the two electric energy levels is
electric dipole forbidden.

V. Crystalline silicon has a very low light emission efficiency and is thus unsuitable for use as an active
medium in light-emitting devices.

Contrary to I–V above, the intrinsic natures of DPs have enabled the advent of innovative technologies
such as the following: (1) Nanometer-sized optical devices. These devices are operated on the basis of
the spatially localized nature of DPs created on an NM (Figure 1a) and the autonomous DP energy
transfer between NMs. These devices are based on the intrinsic nature of a DP that is contrary
to I, II and IV. Integrated 2D arrays of NOT- and AND-logic gates operating at room temperature
have been fabricated using InAs NMs [3]. (2) Nanofabrication technology, such as chemical vapor
deposition and autonomous smoothing of a material surface (Figure 1b,c). These technologies are based
on the intrinsic nature of a DP that is contrary to I–IV. Their details will be described in subsection
1.2 since the information on the maximum size of a DP will be used in Section 4 on cosmology.
(3) Light-emitting devices using indirect-transition-type semiconductors. These devices are based
on the intrinsic nature of a DP that is contrary to V. Infrared light-emitting diodes using crystalline
silicon (Si) have been realized. For their fabrication, a method of DP-assisted annealing has been
invented to autonomously control the spatial distribution of the dopant atoms on which DPs are created
and localized (Figure 1d). Their output optical powers are as high as 2 W [4]. Infrared Si lasers
have also been developed whose CW output optical power is as high as 100 W, and the threshold
current density is as low as 60 A/cm [2] at room temperature [5]. Their high power and low energy
consumption factors are 104 and 0.05, respectively, relative to those of the conventional single-stripe
double heterojunction-structured semiconductor lasers fabricated using the direct-transition-type
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compound InGaAsP. Furthermore, novel polarization rotators have been developed using crystalline
SiC that exhibit a gigantic ferromagnetic magneto-optical effect [6].

1.2. Nanofabrication Technology and the Size of a DP

This subsection describes two examples of nanofabrication technology that provide key
experimental data for theoretical discussions in Sections 2–4. In particular, the maximum size of
a DP was determined by analyzing a large number of experimental results.

1.2.1. Photochemical Vapor Deposition

In this method, a material is grown by depositing atoms on a substrate. Gaseous molecules
are dissociated when a DP is created, for example, on the fiber probe tip of Figure 1b. Atoms created by
this dissociation are deposited on the substrate installed below the fiber probe tip. Since the size of a DP
is equivalent to that of the fiber probe tip, a sub-wavelength-sized NM can be grown, which is contrary
to common views I and II. Furthermore, the photon energy hνin of the light incident on the end of
the fiber probe can be lower than the excitation energy Eexcite of the electrons in the molecule, which
is contrary to common view III. This phenomenon occurs because the energy hνDP of the created
DP is given by the sum of hνin, the energies of excitons and phonons in the fiber probe, and thus
hνDP ≥ Eexcite. For example, DP dissociated gaseous Zn(C2H5)2 molecules (the wavelength λexcite of
light whose energy corresponds to Eexcite was as short as 270 nm), thus depositing an NM composed
of Zn atoms on a sapphire substrate. In contrast to common view III, blue incident light (wavelength
λin = 488 nm > λexcite) was used. Figure 2a shows 3D atomic force microscopic (AFM) images
of the grown NMs [7]. Furthermore, the electric dipole-forbidden transition of electrons could be
used for dissociation, which is contrary to common view IV. This approach was possible because
the conventional long-wave approximation is not valid in the case of a DP due to its sub-wavelength
size. For example, DPs dissociated optically inactive Zn(acac)2 molecules, thus depositing Zn atoms,
using visible incident light (457 nm wavelength) (Figure 2b) [8,9].

Figure 2. AFM images of Zn-NMs formed on a sapphire substrate. Dissociated molecules are (a) [7]
Zn(C2H5)2 and (b) [8] Zn(acac)2. The values of the height and FWHM are given in each figure.

The maximum size of a DP was estimated by measuring temporal variations in the deposition rate
of the number of Zn atoms and the full-width at half-maximum (FWHM) of the 3D image [10].
The results showed that, in the initial stage of deposition, the deposition rate and the FWHM
increased monotonically with time. When the FWHM reached the size of the fiber probe tip,
the deposition rate was the maximum, which is the phenomenon known as size-dependent resonance
between the fiber probe tip and the size of the NM [11]. Then, the deposition rate monotonically
decreased and approached a constant value. This result indicated that the size of the NM
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asymptotically approached a certain value. Since the height of the NM monotonically increased with
the deposition time, this approach indicated that the value of the FWHM approached a certain value.
To confirm this indication, the maximum value of the FWHM was evaluated from the 3D images of
the saturated-sized NMs. As a result, a value of 50–70 nm was obtained after compensating for the
errors and inaccuracies in the experimental data. Figure 2a,b just show the images of the NMs
with the maximum value of the FWHM. This maximum value also indicated that the maximum
size of a DP is 50–70 nm because the size of the DP transferred from the fiber probe tip to the NM
corresponds to the size of the NM. A series of experiments confirmed that this value was independent
of the molecular species, the wavelength and power of the incident light, the conformation, and the size
of the fiber probe tip.

1.2.2. Smoothing Material Surfaces

Galilei chemical-mechanically polished the lens surfaces of his telescope as early as the 17th
century. Although this method is popularly used even now in industry, polishing 3D or microsurfaces
using this method is difficult because it is a contact method that employs a polishing pad. Furthermore,
small scratches are created on the surface during the polishing process. To solve these problems,
a non-contact dry-etching method was invented using DPs [12]. Its principle is nearly the same as that
of the photochemical vapor deposition above. That is, DPs are created on small bumps of the rough
surface by light irradiation (Figure 1c). A gaseous Cl2 molecule, as an example, is dissociated if it jumps
into the DP field. Since the created Cl atom is chemically active, it etches the bump without using
any devices such as a fiber probe. Thus, etching autonomously starts upon light irradiation, varying
the conformation and size of the bumps, and stops when the surface becomes flat, i.e., when DPs are no
longer created. A variety of 3D surfaces, such as convex surfaces, concave surfaces, and the side walls
and inner wall of a cylinder, have been smoothed. The microsized side walls of the corrugations of
a diffraction grating were also smoothed. This method has been applied to a variety of materials, such
as glasses, crystals, ceramics, and plastics, to decrease the roughness to sub-nanometer. It has been
employed in industry to increase the optical damage threshold of high-power UV laser mirrors [13],
repair the surface of photomasks for UV lithography [14], and so on.

The maximum size of a DP was also evaluated by this method: Figure 3 shows the experimental
results of polishing a plastic PMMA surface by dissociating O2 molecules by DPs [15]. The wavelength
λexcite of light corresponding to the Eexcite of the O2 molecule was 242 nm. However, the wavelength
λin of the incident light was as long as 325 nm (>λexcite), contrary to common view III. The horizontal
axis represents the period l of the surface roughness. The vertical axis is the standard deviation σ

of the roughness acquired from the AFM images. Here, the ratio σa f ter/σbe f ore between the values
before (σbe f ore) and after (σa f ter) the etching is plotted on a logarithmic scale. This figure shows that
σa f ter/σbe f ore was less than 1 in the range of l < 50–70 nm, from which the maximum size of the DP is
again confirmed to be 50–70 nm, as displayed by the grey band in this figure.

For comparison, in the case when λin = 213 nm (<λexcite), which follows common view III,
the value of σa f ter/σbe f ore was less than unity only in the range of l > λin. In contrast, σa f ter/σbe f ore > 1
in the range of l < λin was obtained. By comparing these results, etching by DPs is confirmed to be
effective for selectively removing fine bumps of sub-wavelength size.
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Figure 3. Ratio of the standard deviation of the roughness of a plastic PMMA surface before and after
etching. The downward arrow represents the value of l that is equal to λin. The width of the grey band
corresponds to the maximum size of the DP. The ratio σa f ter/σbe f ore was derived from the values of
σbe f ore and σa f ter given in Figure 4 of Ref. [15].

2. New Theory for Dressed Photon

2.1. Missing Aspect of Quantum Field Interaction Theory

In the usual quantum field theory (QFT), scattering processes are described by the LSZ reduction
formulae [16], which determine the S-matrix elements Sβα connecting the in(-coming) and out(-going)
scattering states, |α, in〉 and |β, out〉, respectively, as on-shell projections of the time-ordered Green
functions. This way of description is suitable for experimental situations satisfying the asymptotic
completeness which means that interactions among fields can be reduced to scattering processes.
In such situations, in-states |α, in〉 ∈ Hin describe the states of on-shell particles in the Heisenberg
picture in Hilbert space H before the interaction at t = −∞, and out-states |β, out〉 ∈ Hout representing
the final states of on-shell particles after the interaction at t = +∞, which can be determined by
modeled scattering processes under the assumption H = Hin = Hout of asymptotic completeness.

In the situations with asymptotic completeness being valid, all the discussions can safely be
focused on the on-shell aspects in terms of the S-matrix for which the LSZ formulae in QFT are used
commonly among particle physicists. In this case, however, an important issue has been forgotten
regarding the roles played by off-shell Heisenberg fields at the center of given field interactions. We note
here that the Greenberg and Robinson theorem [17,18] proved in axiomatic quantum field theory shows
that an interaction among quantum fields must inevitably accompany space-like momentum supports
whenever this interaction can non-trivially transform in-states of asymptotic field φin into out-states
of asymptotic field φout describing particles with time-like momentum support. Note that space-like
momentum here does not mean the presence of a tachyonic field [19] carrying unstable particles with
space-like momenta.

Thus, the consequence of the axiomatic theory claiming the existence of space-like momentum
support is a remarkable feature in sharp contrast to the conventional perturbative expansion method
for field interactions, in which only on-shell particles with time-like or light-like momentum support
are considered physical. This important result has been totally neglected thus far, perhaps owing
to such prejudice that abstract consequences in mathematical theorems are irrelevant to specific
physical aspects of interacting fields. In the following subsection, however, our discussion on DPs
will exhibit the existence of space-like momentum supports in such a form linked to the existence
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of well-known U(1) gauge bosons mediating electromagnetic interactions as virtual photons. Since
the notion of virtual photons is closely-linked to perturbative expansion methods not necessarily related
to space-like momenta of the field under consideration, the term of virtual photons mentioned above
is used in a loose sense. In what follows, we are going to reexamine the problem of electromagnetic
interaction from the viewpoint of Micro-Macro duality theory to be touched upon shortly below in
which not only microscopic “particle modes” but also macroscopic “non-particle condensates” play
key roles to attain complete description of given electromagnetic fields.

2.2. Augmented Maxwell’s Equation

In view of the unfamiliarity in the science community at large with the relevant subjects,
we recapitulate the important points to make this article self-contained, on the basis of [5], the latest
tutorial paper on DPs, which summarizes most of the results reported in a series of works [5,20–22].
In our new theory on DPs, we have introduced a new mathematical formulation called the Clebsch
dual field, and some of the important outcomes derived from the formulation will be used in our
arguments without detailed explanation; hence, we reserve the Method section until the end to give
a revised concise explanation as background information for interested readers.

To identify precisely the nature of the problem under consideration, we emphasize first
that quantum fields with infinite degrees of freedom are accompanied in general by disjoint
representations [23], which are mutually separated by the absence of intertwiners, as the stronger,
refined, and clear-cut version of unitary non-equivalence. For those who are familiar only with
quantum mechanics with finite degrees of freedom, the existence of such disjoint representations
may look like a pathology in the system with infinite degrees of freedom. However, the familiar
situation encountered in the systems with finite degrees of freedom is, actually, an exceptional one
specific to the finite system. The emergence of characteristic structures where “invisible”microscopic
levels become “visible”to us is due to the sector structure arising from the spectral decomposition
of the center of the observable algebra. Each sector labeled by macroscopic order parameters is
mutually disjoint owing to the absence of intertwiners between different sectors at the microscopic
level. This fact is the crux of the mathematically reformulated “quantum-classical”correspondence
explained in the Micro-Macro duality proposed in [24,25] by one (I. O.) of the present authors.

Recall that, in the relativistically covariant formulation of the electromagnetic field, only transverse
modes are considered physical and the longitudinal mode is eliminated as unphysical because of
the indefiniteness of the metric of the longitudinal mode. At the classical macroscopic level, however,
the Coulomb mode corresponding to the unphysical longitudinal mode plays the dominant role in
electromagnetic interactions. The clue to resolving this contradiction related to the gap between
microscopic and macroscopic worlds must lie in the disjointness of representations at the microscopic
level and in the presence of space-like momentum support related to the former.

By one (I. O.) [26] of the authors, the important role played by macroscopic non-particle
condensates (touched upon at the end of the preceding subsection) has first been discussed in
electromagnetic theory in the attempt to reexamine the essence of Nakanish–Lautrup formalism [27] of
abelian gauge theory: one of the remarkable points important for the present discussion on the classical
Clebsch dual field is concerning the contrast between gauge invariance (in algebraic sense) and
physicality of specific modes (changing from a representation to another, dependent on the choice of
physical situations): in the usual treatment of gauge theories, it is believed that a physical quantity
must be gauge invariant, on the basis of such algebraic judgment as whether τΛ(A) = A or not,
in terms of the algebraic gauge transformation τΛ. In the actual situations, however, such gauge
non-invariant quantities as the longitudinal Coulomb tail Ac and/or the Cooper pairs χc are to be
treated as physical modes in spite of their gauge non-invariance! In order to treat correctly such gauge
non-invariant physical modes, we need to introduce such viewpoint that a quantity A is physical
or not in a given situation should be judged by means of the gauge transformation represented by
a commutation relation at the operator level: [QΛ, A] = 0 or not, in each representation of physical
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relevance, where QΛ denotes a conserved charge defined in the Nakanishi–Lautrup B-field formalism
which generates an infinite-dimensional abelian Lie group of local gauge transformation. Thus, in spite
of their gauge dependence, the Coulomb tail Ac or the Cooper pairs χc as c-number condensates
become physical quantities owing to this commutativity. One should bear in mind that this point is
helpful for reading Section 5 of Method on the formulation of the Clebsch dual field.

As to the electromagnetic 4-vector potential Aμ, one should also pay attention to the fact that
it possesses a nonlocal off-shell (out-of-light-cone) characteristic in the sense that an observable
quantity

∮
γ Aνdlν in the Aharonov–Bohm (AB) effect [28] does not correspond to the value of Aμ at

a certain point in spacetime but to the integrated value along the Wilson loop γ is worth mentioning.
Thus, motivated by the above-mentioned concept of disjoint representations and space-like momentum
support, which seem to be closely linked to the nonlocal characteristic of Aμ, let us see how Maxwell’s
equation (1), represented in terms of vector potential Aμ, whose Helmholtz decomposition is given
by (2), and the mixed form of energy-momentum (EM) tensor T ν

μ given in (3),

∂νFμν = ∂ν(∂
μ Aν − ∂ν Aμ) = [−∂ν∂ν Aμ + ∂μ(∂ν Aν)] = jμ, (1)

Aμ = αμ + ∂μχ, (∂ναν = 0, ∂ν Aν = ∂ν∂νχ), (2)

T ν
μ = −FμσFνσ +

1
4

η ν
μ Fστ Fστ , (3)

can be extended into a thus far unknown space-like 4-momentum sector of the electromagnetic field,
where the notations are conventional and the sign convention of the Lorentzian metric (ημν) signature
(+−−−) is employed.

In the Clebsch dual formulation, the 4-vector potential in the space-like sector is denoted by Uμ,
and for the light-like case of Uν(Uν)∗ = 0, where ∗ denotes a complex conjugate, this potential is
parametrized in terms of a couple of Clebsch parameters λ and φ satisfying

Uμ := λ∂μφ, ∂ν∂νλ − (κ0)
2λ = 0, ∂ν∂νφ = 0, (4)

CνLν = 0, (Cν := ∂νφ, Lν := ∂νλ), (5)

where κ0 is an important constant to be determined in Section 3. Our goal is to show that, as a dual of
the Proca equation of the form ∂ν∂ν Aμ + m2 Aμ = 0, the newly identified vector potential Uμ, called
the Clebsch dual (electromagnetic wave) field, given by

∂ν∂νUμ − (κ0)
2Uμ = 0, ⇐⇒ (∂ν∂ν Aμ + m2 Aμ = 0) (6)

can satisfy “Maxwell’s equation”in the space-like momentum sector and behaves like a classical
version of a longitudinal virtual photon, which is shown in the Method section. While the space-like
Klein Gordon (KG) equation in (4) is necessarily related to negative energy, this equation has been
forgotten in the predominant arguments in the state vector space involving the Fock space structure
equipped with the vacuum vector |0〉 characterized by a|0〉 = 0 in terms of the annihilation operator a.
However, this is not the whole story. Interestingly, if we move from the vacuum situation to thermal
one, then we find that the modular inversion symmetry in the Tomita–Takesaki extension [29] of
the thermal equilibrium, which can physically be interpreted as the right/left symmetry of the state
vector of the Gibbs state, implies the existence of stable states with two-sided (positive and negative)
energy spectra. Thus, one should not neglect the possibility that the two-sided “energy”as in (6)
satisfies the stability of the Fock space structure.

As shown in the Method section, one of the important characteristics of the Clebsch dual field is
that the field strength Sμν := ∂μUν − ∂νUμ corresponding to Fμν is given by a simple bivector of

Sμν = LμCν − LνCμ, CνLν = 0. (7)
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In addition, it is shown in the Method section that the light-like (Uν(Uν)∗ = 0) Clebsch dual field
corresponding to the classical version of the U(1) gauge boson can be extended to cover the gauge
symmetry broken space-like Uν(Uν)∗ < 0 case, in which both λ and φ satisfy the same space-like KG
equation of (4). By this extension, the form of the EM tensor of the Clebsch dual field changes from (8)
to the first equation in (9),

T̂ ν
μ := SμσSνσ = ρCμCν, ρ := LνLν, (8)

T̂ ν
μ := SμσSνσ − SστSστη ν

μ /2, ⇐⇒ G ν
μ := R ν

μ − Rg ν
μ /2. (9)

T̂ ν
μ in (9) becomes isomorphic to the Einstein tensor G ν

μ given in the second equation of (9) where R ν
μ

denotes Ricci tensor defined as the contraction of Riemann curvature tensor of the form: R ν
μ := R νσ

σμ

and R is the scalar curvature defined as R := R ν
ν . Riemann curvature tensor Rαβγδ satisfies

the following properties:

Rβαγδ = −Rαβγδ, Rαβδγ = −Rαβγδ, Rγδαβ = Rαβγδ, (10)

Rαβγδ + Rαγδβ + Rαδβγ = 0, ∇νG ν
μ = 0. (11)

where ∇ν denotes a covariant derivative defined on a curved spacetime. Note that, if we define
R̂αβγδ as R̂αβγδ := −SαβSγδ, then we readily see that it satisfies exactly the same equations as those
in (10). The fact that R̂αβγδ also satisfies the first equation in (11) can be directly shown from (7),
namely, Sαβ is a simple bivector field. Since “Ricci tensor”R̂ ν

μ in this case is defined as R̂ ν
μ = R̂ νσ

σμ =

−SσμSνσ = SμσSνσ and “scalar curvature”R̂ becomes R̂ ν
ν = SστSστ , we see that the first equation in (9)

is rewritten as T̂ ν
μ = R̂ ν

μ − R̂η ν
μ /2 and is isomorphic to the second one. In addition, the divergence

free condition ∂νT̂ ν
μ = 0 which qualifies T̂ ν

μ as the energy-momentum tensor of the Clebsch dual
field corresponds to the second equation in (11). We conjecture that the above isomorphism (9) is
a sort of “conjugated”manifestation of the isomorphism between the Coulomb force and the universal
gravitation, since, as we already explained, the Clebsch dual field represents the longitudinal Coulomb
modes of electromagnetic field. In addition, it also implies an intriguing possibility that the quantization
of the Clebsch dual field to be discussed in the following Section 3 is also closely related to that of spacetime.

For a space-like case, when the λ and φ fields are given by plane waves of ψ = ψ̂c exp[i(kνxν)]

satisfying (4), together with ∂νψ∂νψ∗ = −(κ0)
2(ψ̂cψ̂∗

c ), we obtain T̂ ν
ν = −SστSστ directly from (7)

and (9), leading to showing that the trace of T̂ ν
ν defined as the norm of T̂ ν

ν (||T̂ ν
ν ||) is negative:

||T̂ ν
ν || := −Sστ(Sστ)

∗ = 4(κ0)
2[Uν(Uν)

∗] = −2(κ0)
4[λ̂c(λ̂c)

∗][φ̂c(φ̂c)
∗] < 0, (12)

which will be used in Section 4 on cosmology.

3. Quantization of the Clebsch Dual Field and DP Model

Using the plane wave form mentioned above, Lμ derived from (4) satisfies

LνL∗
ν = −(κ0)

2(λ̂cλ̂∗
c ) = const. < 0, (13)

which shows that “momentum-like vector”Lμ = ∂μλ lies in a submanifold of the Lorentzian manifold
called de Sitter space in cosmology, which is a pseudo-hypersphere with radius (

√
ΛdS)

−1/2 embedded
in R5. The importance of this space in the context of spacetime quantization was first noted by
Snyder [30], who proposed a quantization scheme with Planck length and the built-in Lorentz
invariance based on the assumption that hypothetical momentum 5-vector p̂μ(0 ≤ a ≤ 4) in R5

is constrained to lie on de Sitter space, i.e., p̂ν p̂∗ν = −ΛdS. The similarity between (13) and the de Sitter
space structure of p̂ν p̂∗ν = −ΛdS seems to imply that the isomorphism (9) between T̂ ν

μ and G ν
μ derived

for the classical field equation is valid also for quantized fields, which is surely an important issue
to be investigated.
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A particularly interesting point concerning this similarity is the following contrast: in Snyder’s
quantization scheme, the parameter ΛdS does not explicitly appear although a Planck scale is
introduced independently. On the contrary, (κ0)

2 plays a key role in the Clebsch dual field.
This observation suggests that conformal symmetry breaking related to (4) may be closely related
to the dynamic origin of the cosmological constant Λ, which Snyder did not discuss. In this section,
firstly, we will show that the introduction of κ0 can be justified only when we consider the quantization
of the Clebsch dual field. In addition, its physical implication for cosmology will be discussed in
Section 4 from the viewpoint of simultaneous conformal symmetry breaking of electromagnetic
and gravitational fields.

Note that T̂ ν
μ = ρCμC ν in (8) is isomorphic to the EM tensor of freely moving fluid particles, so

the kinetic theory of molecules suggests that the ρ field can be quantized. Since the physical dimensions
of ρCμCν = ρ∂μφ∂νφ and φ are the same as those of FμσFνσ and Fμν, respectively, using ρ = LνLν given
in (8), we see that Lμ has the dimension of length. Therefore, the quantization of ρ means that there
exists a certain quantized length of which the inverse is κ0. Now, let us consider the Dirac equation of
the form

(iγν∂ν + m)Ψ = 0, (14)

which can be regarded as the “square root”of the time-like KG equation: (∂ν∂ν + m2)Ψ = 0.
Therefore, the Dirac equation for (∂ν∂ν − (κ0)

2)Ψ = 0 must be i(γν∂ν + κ0)Ψ = 0. On the other
hand, an electrically neutral Majorana representation exists for (14), in which all the values of the γ

matrix become purely imaginary numbers such that this matrix has the form of (γν
(M)

∂ν + m)Ψ = 0,
which is identical to the Dirac equation for the above space-like KG equation. The reason why we have
introduced the Clebsch dual field as the space-like extension of the electrically neutral electromagnetic
wave field is because the Greenberg and Robinson theorem mentioned in in Section 2.1 requires such
a field for quantum field interactions, so that the above arguments suggest that Majorana field must be
such a quantum field.

The Majorana field is fermionic with a half-integer spin 1/2, so the same state cannot be occupied
by two fields according to Pauli’s exclusion principle. A possible configuration of a couple of Majorana
fields corresponding to the Clebsch dual field that behaves like a boson with spin 1 can be identified
with the help of Pauli–Lubanski vector Wμ describing the spin states of moving particles. Wμ has
the form of Wμ = Mμν pν, where Mμν and pν are the angular and linear momenta of the Majorana field,
respectively. Note that the two fields Mμν and Nμν can share the same Wμ such that

Mμν pν = Nμνqν = Wμ (15)

when their linear momenta pμ and qμ are orthogonal, i.e., pνqν = 0. Two Majorana fields satisfying
this orthogonality condition can be combined, as in the case of a Cooper pair in the superconducting
phenomenon, to form a vector boson with spin 1, which can be identified as the quantized Clebsch
dual field satisfying the orthogonality condition in (5).

Now, we are ready to consider the mechanism through which a DP emerges. As a mathematically
simple situation, let us consider the case in which the space-like KG Equation (4) is perturbed by
the interaction with a point source δ(x0)δ(r), where r denotes the radial coordinate of a spherical
coordinate system. The essential causal aspects of this problem were already investigated by
Aharonov et al. [31], who showed that the resulting time-dependent behavior of the solution can be
expressed by the superposition of a superluminal (space-like) stable oscillatory mode and a time-like
linearly unstable mode whose combined amplitude spreads with a speed slower than the light velocity.
A time-like unstable mode of the solution to (4) expressed in a polar coordinate system with spherical
symmetry has the form of λ(x0, r) = exp(±k0x0)R(r), where R(r) satisfies

R′′ + 2
r

R′ − (κ̂r)
2R = 0, (κ̂r)

2 := (k0)
2 − (κ0)

2 > 0, (16)
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whose solution becomes the Yukawa potential: R(r) = exp(−κ̂rr)/r, which rapidly falls off as
r increases. The nonzero component of the deformed Clebsch dual bivector field dSab derived by
the combined use of (16) and (7) is dS0r, namely, dS†

0r := k0R′ exp(k0x0) and dS0r := −k0R′ exp(−k0x0),
which are, in the classical interpretation, growing and damping solutions. However, quantum
mechanically, these two can be interpreted as follows. The transmutation from a space-like mode
to a pair of these two time-like modes through the interaction with a point source can be regarded
as a pair creation of Majorana particles: one going forward in time and the other antiparticle
going backward in time. This pair creation is possible because the Clebsch dual field consists of
a pair of Majorana fields. Since these modes are non-propagating, they are superimposed to yield
a non-propagating light field called a DP that can be regarded as a pair annihilation. The energy
density of the DP generated by these processes is given by −(dS†

0r)(
dS0r) = (k0R′)2. If we use a natural

unit system, then κ0 possessing the dimension of m−1 may be regarded as an elemental block of DP
energy. In subsection 1.2, we have observed that the maximum size of a DP is approximately 50 nm.
Since this size can naturally be assumed to correspond to the minimum energy of the DP, we have
Min[κ̂r] ≈ κ0 ≈ (50 nm)−1 using (16).

4. Connection with Cosmology

Since the spatial dimension of our physical spacetime is three, the maximum number of
momentum vectors satisfying the orthogonality condition (15) is also three, that is, Mμν pν =

Nμνqν = Lμνrν = Wμ, which indicates the existence of a compound state of Majorana fermions
with spin 3/2 denoted by |M3〉g. Note that this state can play the role of “the ground state”of
the Clebsch dual field in the sense that Clebsch dual fields as extended virtual photons can be excited
from any of the three different configurations of the “Clebsch dual structure” (15) embedded in
|M3〉g. Electromagnetic interactions are ubiquitous phenomena such that incessant occurrence of
excitation–deexcitation cycles between “the ground”and non-ground states makes the former a fully
occupied state from the viewpoint of a macroscopic time scale. In such a situation, |M3〉g would exist
not as an extremely ephemeral virtual state but as a stable unseen off-shell state.

In order to apply our new idea on the Clebsch dual field to cosmological problems, we first point
out that the formulation of it derived for Minkowski space in Sections 2 and 3 is readily generalized
to cover the case of a curved spacetime for which the partial derivative ∂μ of a given field defined
on the former must be replaced by the covariant derivative ∇μ of the field defined on the latter. At the
end of Section 2, we have shown the isomorphsm between the energy-momentum tensor of Clebsch
dual field and Einstein’s field equation by utilizing R̂μνρσ = −SμνSρσ. It is clear that a curved spacetime
does not create any problem for defining the skew-symmetric simple bivector field Sμν and hence
R̂μνρσ = −SμνSρσ. One of the notable problems we have in the case of dealing with a curved spacetime
is that differential operators do not commute in general. For a given vector field Vμ on Minkowski
space, we have ∂2

νρVμ = ∂2
ρνVμ. On a curved spacetime, however, we have ∇νρVμ = ∇ρνVμ + VσRσ

μνρ

where Rσ
μνρ denotes Riemann curvature tensor, so that the order of differentiation matters. The sole

exception for this non-commuting rule is the case where a vector field Vμ is replaced by a scalar field S,
for which we have ∇νS = ∂νS and ∇νρS = ∂2

νρS − Γσ
νρ∂σS = ∇ρνS because the affin connection Γσ

νρ

is symmetric with respect to the subscripts ν and ρ. Notice again that the skew-symmetric Clebsch
dual field Sμν given in (7) is a bivector field represented in terms of the exterior product of a couple
of gradient vector Lμ = ∂μλ = ∇μλ and Cμ = ∂μφ = ∇μφ. Therefore, while Sμν only contains
the first derivatives of scalar fields φ and λ, the entire formulation of the Clebsch dual field covering,
for instance, ∇νT̂ ν

μ involves the first and second derivatives of them, for the latter of which the order
of differentiation does not matter. We mentioned already that the simple bivector property of Sμν

is a crucial element for deriving the first equation in (11). In reference [5], we show that, not only
for (11) but also for the other parts of the Clebsch dual formulation, the simple bivector property of
Sμν and the commutativity of the second derivatives of scalar fields λ and φ are essential elements.
By using those properties, we can prove ∇νT̂ ν

μ = 0 since, as far as the mathematical manipulations
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are concerned, those in a curved spacetime are essentially similar to those in Minkowsky space.
Thus, we show that the isomorphism (9) can be extended to that in a curved spacetime.

Having stated this, we now move on to the well-known isotropic spacetime structure employed
in cosmological arguments:

ds2 = (cdt)2 − (R(t))2
[

dr2

1 − ξr2 + r2(dθ2 + sin2θdφ2)

]
, (17)

where ξ denotes the curvature parameter taking one of the triadic values of (0, +1, −1) and the other
notations are conventional. The coordinate system employed in (17) is a unique co-moving (co-moving
with matter) one singled out by Weyl’s hypothesis on the cosmological principle with which
the energy-momentum tensor T ν

μ of the universe becomes identical in form to the following one
of the hydrodynamics:

T ν
μ =

⎛
⎜⎜⎜⎝

ρc2 0 0 0
0 −p 0 0
0 0 −p 0
0 0 0 −p

⎞
⎟⎟⎟⎠ . (18)

In addition, corresponding to (18), the components of metric tensor gμν can be chosen in such
that off-diagonal elements of Einstein tensor G ν

μ are also zeros. A caveat in using this coordinate
system for our Clebsch dual field is that, due to its space-like property, the energy-momentum tensor
T̂ ν

μ of the Clebsch dual field to be given by (23) cannot be diagonalized as in the case of (18) since
the field resides outside the familiar time-like universe. In spite of that, the above coordinates system
introduced by Weyl is a quite informative one from the viewpoint of cosmological observations, so that
we think one of the meaningful approaches to estimate the impact of T̂ ν

μ on our time-like universe
would be to focus solely on its diagonal components, especially the trace T̂ ν

ν as the sum of them whose
justification will be given shortly, projected on the four-dimensional “screen”spanned by the set of
basis vectors of the Weyl coordinates.

In what follows, we are going to derive the energy-momentum tensor ((23) or (27)) directly related
to a compound state of Majorana fermions |M3〉g referred to at the beginning of this section. To avoid
misunderstanding of the characters of this tensor, the following remark on fermionic fields is important
to be made in advance: in quantum theory, the time change of a state is described by the dynamics
acting on the (C∗-)algebra of observables. The non-commutativity inherent to quantum theory requires
the notions of quantum “observables”and “states”of a given system to be distinguished more clearly
than in the classical case. Even in the classical Einstein field equation, it is true that “observables”or
“physical quantities”(represented typically by the energy-momentum) and “states”(represented by
the curvature of spacetime) are seen to occupy different places in a way that the former and the latter
appear in the right and the left hand sides of the equation, respectively. In regard to fermionic fields,
we can say that, though state changes of fermionic fields are visible, the physical quantities satisfying
Fermi statistics with anti-commutation relations cannot be visible. In the conventional quantum field
theory, such invisible entities as fermionic fields were introduced as an ad hoc fashion and it is not
until the advent of Doplicher-Haag-Roberts theory [32] that their existence was justified through a
process of reconstructing all the members of a standard formulation of the theory involving fermionic
entities, just starting from the formalism consisting of only observable data structure in the context of
Galois theory.

According to these arguments, the physical quantities associated with ((23) or (27)) derived from
the spacelike Majorana fermionic field explained in Section 3 should be invisible in nature. The reason
is as follows: the Clebsch dual field can be manipulated mathematically as if it is a classical field,
similarly to the case of Schroedinger’s wave equation. As far as the invisible nature of a spacelike 4
momentum vector is concerned, however, we have to take the above-mentioned property of Fermi
statistics into consideration. (The close relation between the quantization of spacelike 4 momentum
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and Fermi statistics was pointed out first by Feinberg [33].) The key question in our analysis on dark
energy is, therefore, whether we can find observable quantities or not. Since the relevant criterion for
singling out such quantities may change depending on the choices of situations and aspects, however,
we have no choice but to make a good guess. The fact which seems to work as “the guiding principle”is
that, within the framework of relativistic quantum field theory, any observable without exception
associated with the given internal symmetry is the invariant under the action of transformation
group materializing the symmetry under consideration. By extending this knowledge on the internal
symmetry to the external (spacetime) one, we assume that the trace T̂ ν

ν as the invariant of general
coordinate transformation is observable since it is directly related to the actual observable quantity of
the expansion rate of the universe through the isomorphism (9) which has been shown to be valid for
a curved spacetime through the arguments in the second paragraph in this section.

To implement our analyses on dark energy, for the sake of simplicity, we take two-stage approach
I and II. In the first stage I, we confine the scope of our argument to sub-Hubble scales in which
the spacetime of the isotropic universe can be regarded as Minkowski space in an approximate sense.
Then, in the second stage II, we smoothly extend our argument beyond those limits to cover the entire
curved spacetime.

Stage I analyses

Firstly, to incorporate the fundamental quantum condition of E = hν into the Clebsch dual
field, let us consider the light-like case given by (8), where we have T̂ν

μ = ρCμCν = (∂σλ∂σλ)∂μφ∂νφ.
Using plane wave expressions of

φ = φ̂c exp(ikνxν), kνkν = 0; λ = iNλλ̂0 exp(ilνxν), lνlν = −(κ0)
2, (19)

where i, λ̂0 and Nλ denote the imaginary unit, the quantized elemental amplitude and the number of
such an elemental mode, we obtain

(Cμ)
∗Cν = kμkνφ̂c(φ̂c)

∗, ρ = (iNλ)
2(κ0)

−2. (20)

In deriving the second equation of (20), λ̂0(λ̂0)
∗ = (κ0)

−4 has been used since the dimension of λ̂0 is
length squared. Now, we introduce Cartesian coordinates x1, x2, and x3 such that the k vector for φ is
parallel to the x1 direction and consider a rectangular parallelepiped V spanned by the length vector
(1/k1, 1, 1). Using (20) and k0 = ν0/c where c denotes the light velocity, the volume integration of
T̂0

0 /(iNλ)
2 over V as the energy per quantum becomes

1
(iNλ)2

∫
V

T̂0
0 dx1dx2dx3 = (κ0)

−2ε[φ̂c(φ̂c)
∗]ν0

c
→ h =

1
c
(κ0)

−2ε[φ̂c(φ̂c)
∗], (21)

from which the condition corresponding to E = hν is identified as the second equation in (21), where ε

denotes a unit square meter. For the non-light-like case of Uν(Uν)∗ < 0, using (12), since we have ||T̂ ν
ν || =

−Sμν(Sμν)∗ = 2(iNλ)
2[φ̂c(φ̂c)∗], ||T̂ ν

ν ||1 := −[Sμν(Sμν)∗]1 defined as that for (Nλ)
2 = 1 becomes

||T̂ ν
ν ||1 = −[Sμν(Sμν)

∗]1 = −2[φ̂c(φ̂c)
∗]. (22)

Since the Clebsch dual wave field, as in the case of an electromagnetic wave, has a propagating
direction, to have isotropic radiation, we need three fields, any pair of which is mutually orthogonal.
Such three fields are given, for instance, by (S23, S02), (S31, S03) and (S12, S01). T̂ ν

μ (3) derived by
the superposition of these fields with S23 = S31 = S12 = σ and S01 = S02 = S03 = τ turns out to be
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T̂ ν
μ (3) =

⎛
⎜⎜⎜⎝

−3σ2 −τσ −τσ −τσ

τσ 2τ2 − σ2 0 0
τσ 0 2τ2 − σ2 0
τσ 0 0 2τ2 − σ2,

⎞
⎟⎟⎟⎠ , (23)

which is the energy-momentum tensor of the anti dark energy (dark energy with negative energy
density, that is, T̂0

0 (3) = −3σ2 < 0) we propose in this paper. As we will see shortly, the dark energy
(with positive energy density) ∗T̂ ν

μ (3) given by (27) having exactly the same trace as that of the anti
dark energy (23) can be introduced accordingly. Here, a remark must be made to clear the following
point concerning different types of dark energy. Although the cosmological term λgμν with λ > 0 is
well-known and presumably the simplest candidate model of the dark energy, the up-to-date notion
of dark energy includes presently-unknown entities other than λgμν. The present model ∗T̂ ν

μ (3) now
we are considering belongs to the latter type.

Stage II analyses

The above analyses in I shows that T̂ ν
ν (3) = −6σ2 + 6τ2 = −6[φ̂c(φ̂c)∗]. As we already pointed

out, the isomorphism between T̂ ν
μ and G ν

μ in (9) can be extended to the one in a curved space-time.
Using this relation, we can say that the existence of T̂ ν

ν (3) induces a constant negative scalar curvature
in the universe. The configuration of such a universe is described as a four-dimensional hyper
pseudo-sphere with a certain “radius” 3/Λ embedded in a fifth dimensional Minkowski space.
This universe is known as de Sitter space whose metric invariant ds2 can be rewritten with polar
coordinates (r, θ, φ) as

ds2 = (cdt)2 − (R0)
2 exp (2

√
Λ
3

ct){dr2 + r2(dθ2 + sin2 θ)dφ2}, (24)

where R0 denotes a constant initial radius of the universe. By comparing (24) with (17), we see that
the curvatue parameter ξ of de Sitter space is zero, which shows that the analyses in the first stage I can
be extended smoothly to the second stage II. Since de Sitter space is a unique solution of the Einstein
field equation for the cosmological term of Λgμν, we see that the impact of T̂ ν

μ (3) can be observed in
a form of cosmological constant.

To the best of authors’ knowledge, the observational data available to us on our expanding
universe is the cosmological constant λobs derived on the assumption that the dark energy may be
modeled by the cosmological term λgμν. If the dark energy is modeled by λobsgμν, then the Einstein
field equation with the sign convention of Rμν = Rσ

μνσ becomes the first equation in (25), and if it is
modeled by ∗T̂ ν

μ (3), then the Einstein field equation becomes the second one in (25):

R ν
μ − R

2
g ν

μ + λobsg ν
μ = −8πG

c4 T ν
μ , R ν

μ − R
2

g ν
μ = −8πG

c4 (T ν
μ +∗ T̂ ν

μ (3)), (25)

which suggests that one of the meaningful observational validations of our dark energy candidate
model ∗T̂ ν

μ (3) would be to compare the traces of λobsg ν
μ and (−8πG/c4)∗T̂ ν

μ (3). Since the trace of
∗T̂ ν

μ (3) is the same as that of T̂ ν
μ (3), we see that, using (22), the magnitude of T̂ ν

ν (3) corresponding
to the above-mentioned isotropic radiation is evaluated as −3× 2[φ̂c(φ̂c)∗], whose numerical value can
be derived by the use of (21), and the experimentally determined value of κ0. Using (κ0)

−1 ≈ 50 nm,
we get λDP := (−8πG/c4)T̂ ν

ν (3)/g ν
ν ≈ 2.47 × 10−53m−2, which may be regarded as the “reduced

cosmological constant”of ∗T̂ ν
μ (3), while the value of λobs derived by Planck satellite observations [34]

is λobs ≈ 3.7 × 10−53m−2. Thus, we can say that |M3〉g is a promising candidate for dark energy.
Note that the energy density T̂ 0

0 (3) in (23) is negative. In order to figure out the meaning of
T̂ 0

0 (3), let us consider a simple case of the on-shell condition of a real-valued 4-momentum vector
pμ = (p0, p1, p2, p3). Without the loss of generality, we can choose a coordinate system in which p2

and p3 vanish, so that we have
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pν pν = (p0)
2 − (p1)

2 = Π = const. (26)

Clearly, (−p0,−p1) satisfies (26) when (p0, p1) is a solution to it. Since energy and time are canonically
conjugate variables, the time evolution of a given dynamical system with negative energy (Hamiltonian)
can be reinterpreted as the backward time evolution of the counterpart system with positive energy.
We often encounter such reinterpretations in Feynman diagrams to distinguish the anti-particle arising
from a pair creation, so that, at the microscopic quantum level, the emergence of negative energy
does not create any fundamental problem, as we already referred to the two-sided energy spectra of
the Tomita–Takesaki extension of the thermal equilibrium. At the macroscopic classical level, however,
there is no hint of the existence of anti-matter in abundance. To explain it, the idea of a twin universe
as the cosmic version of a pair creation was proposed by Petit [35], though the issue remains unsettled
yet. Whatever the reason may be, the weak energy condition (positivity of the energy) in the classical
general theory of relativity related to the stability of a given dynamical system under consideration
must be tied to the matter (with positive energy) dominated property of our universe.

The simple argument on (26) suggests that the classically unfavorable negative property of T̂ 0
0 (3)

can be circumvented as follows. In (26), if we formally replace p0 by ip1 and p1 by ip0, then we readily
see that (26) remains the same. This procedure can be applied to transform (23) into the following
trace invariant (27). Notice that, with the Hodge dual exchanging between (σ, τ) and (iτ, iσ) in (23),
which corresponds qualitatively to the above exchange between (p0, p1) and (ip1, ip0) because electric
and magnetic fields respectively bear temporal and spatial attributes from the Lorentz group theoretical
viewpoint, T̂ ν

μ (3) turns into the following ∗T̂ ν
μ (3)

∗T̂ ν
μ (3) =

⎛
⎜⎜⎜⎝

3τ2 τσ τσ τσ

−τσ −2σ2 + τ2 0 0
−τσ 0 −2σ2 + τ2 0
−τσ 0 0 −2σ2 + τ2,

⎞
⎟⎟⎟⎠ , (27)

in which the transformed 4-momentum vector density in the first row (in comparison to that in (23)),
which changes the sign while the trace of it remains exactly the same as that of T̂ ν

μ (3) in (23). The sign
change for the spatial components in the first row occurs in exactly the same manner as the one in (26),
though the sign change for the temporal component differs from it. This is because, as we already
pointed out, electric and magnetic field respectively bear temporal and spatial attributes, so that
the appearance of τ in (27) is a consistent change in this respect. Thus, the physical meaning of
the dual existence of (23) and (27) is that the notion of matter-antimatter duality can be extended
to the dark energy model based on the Clebsch dual field. Notice that the diagonal components
of ∗T̂ ν

μ (3) resemble the artificial partition of the diagonal components of λgν
μ into ρλ = λc4/(8πG)

and pλ = −λc4/(8πG) (cf. (18)) already employed as the hypothetical equation of state of dark energy
in the conventional cosmology.

In considering the problem of dark matter from the viewpoint of conformal symmetry breaking
mentioned at the beginning of Section 3, we cast a spotlight on the Bel–Robinson tensor [36] Bαβγδ

satisfying ∇αBαβγδ = 0, where ∇α denotes the covariant derivative. We can readily show that

1
2

B σ
μνσ = WμαβγW αβγ

ν − 1
4

gμνW2, W2 := WαβγδWαβγδ, (28)

where Wαβγδ denotes the Weyl tensor. A lengthy but straightforward calculation [37] shows that B σ
μνσ

vanishes identically, which indicates that

gμν =
4WμαβγW αβγ

ν

W2 , if W2 �= 0. (29)
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Since the magnitude of W2 in the well-known Schwarzschild outer solution of a given star decreases
monotonously along radius direction, for discussions on cosmological phenomena for which mass
distributions can be approximated as that of continuous medium, we would have no need to worry
about the singular point of W2 = 0. Notice that (29) shows an intriguing possibility that we can figure
out the physical meaning of the cosmological term λgμν which remains a unsettled issue ever since
the time of Einstein, though it is tentatively used as a dark energy model. The unique property of (29)
that should be distinguished from the one of usual gμν as a metric tensor is the fact that the former
can be defined in the spacetime whose dimension is larger than or equal to 4 because the Weyl tensor
does not exist in the lower dimension and that it is directly related to gravitational field. Such being
the case, we introduce a new notation ĝμν to represent the right-hand side of (29).

In our preceding arguments on dark energy, we have shown a possibility that dark energy may
be explained by a new model different from the cosmological term λgμν. If that is the case, then
λgμν must represent another phenomenon. Note that the magnitude W2 measures the deviation
of spacetime from the conformally flat FRW metric for the isotropic universe. Thus, a field whose
energy-momentum tensor T̃μν having the following form:

T̃μν = −λĝμν, λ > 0 (30)

would behave like a field with an attractive nature of gravity, that is to say, that it must work as the seed
of galaxy formations, which suggests us to look into a possibility that −λĝμν is one of the candidates
of the dark matter model. One of the intriguing properties of −λĝμν is that its form remains the same
irrespective of the magnitude of W2. Considering its attractive nature of gravity, the initial quite small
magnitude (Winit)

2 which seems to be relating to the observed slight density variations in the early
universe identified by COBE mission would grow monotonously. Thus, (Winit)

2 is a parameter playing
a similar role as R0 in (24) and the existence of −λĝμν may be regarded as a major dynamical cause
for monotonously increasing W2 field.

The important question in fixing the dark matter model −λĝμν is the determination
of λ. For this problem, we think that the isomorphism between conformally broken space-like
electromagnetic field (Clebsch dual field) and gravitational one (9) must play a key role. At the
end of Section 2, we show that ||T̂ ν

ν | in (12) is an elemental contribution of the former to the scalar
curvature of spacetime. As we have already shown, the magnitude of this elemental contribution
corresponds in the converted unit of cosmological constant to λDP/3 where λDP is the reduced
cosmological constant of our dark energy model defined in the 6th line from Equation (25). Since (9)
is the isomorphism between Clebsch dual field and Ricci part of gravitational field, it would be
natural to assume that λ in −λĝμν as a conformally broken scale parameter associated with Weyl
part is equal to λDP/3, which we call simultaneous conformal symmetry breaking of electromagnetic
and gravitational fields. As a partial justification of this hypothesis, we point out that the consensus
ranges of the estimated percentage of dark energy and matter are (68% − 76%; mean = 72%)
and (20%−−28%; mean = 24%), so that the coefficient 1/3 of λDP/3 is consistent with the mean values
of these ranges. In the limit of W2 → 0, where ĝμν → g(FRW)

μν , −λDPĝμν/3 asymptotically approaches
to the anti-de Sitter space extensively studied in the Maldacena duality [38]. Thus, if −λDPĝμν/3
actually exists, then we can say that the anti-de Sitter space existed in the early universe.

5. Methods: Formulation of the Clebsch Dual Field

The quantization of the electromagnetic field cannot be performed without gauge fixing of some
sort, which suggests that ∂ν Aν can be specified in a physically meaningful fashion. We next discuss
that the Feynman gauge first introduced by Fermi in the Lagrangian density LGF, containing a gauge
fixing term −(∂ν Aν)2/2 whose variation with respect to Aμ is the second equation in (31),

LGF := −1
4

FμνFμν − 1
2
(∂ν Aν)2 → [∂νFνμ + ∂μ(∂ν Aν)]δAμ = 0, (31)
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which is exactly such a gauge specification. Combining (1) and (31) with the well-documented equation
∂νT ν

μ = Fμν jν on the divergence of the EM tensor T ν
μ given by (3), we obtain

∂ν∂ν Aμ = 0, and ∂νT ν
μ = Fμν(∂

νφ), (φ := ∂ν Aν), (32)

of which the second equation shows that the EM conservation ∂νT ν
μ = 0 holds well, even in the case

of ∂νφ �= 0, as long as the vector ∂νφ is perpendicular to Fμν. In addition, directly from the second
equation in (31), using the antisymmetry of Fμν, we have

∂ν∂νφ = 0. (33)

Using Nakanishi–Lautrup (NL) B-field formalism mentioned in Section 2.2, we can show
that (33) is the gauge-fixing condition we want to obtain. NL formalism realizes manifestly-covariant
quantization of electromagnetic field in which the Lorentz gauge condition (∂ν Aν = 0) can be generalized
to the covariant linear gauges of the form:

LB = B∂ν Aν +
α

2
B2, (34)

where LB, B and α respectively denote a gauge-fixing Lagrangian density to be added to the gauge-
invariant Lagrangian density −FμνFμν/4, NL B-field to be defined below and a real parameter.
The gauge-fixing condition and B-field are given by

∂ν Aν + αB = 0, ∂ν∂νB = 0. (35)

In particular, the gauge-fixing condition with α = 1 is known as the Feynman gauge and we
readily show that the total Lagrangian density LGF with this gauge becomes equal to the first equation
in (31). The second equation in (35) is called a subsidiary condition necessary to identify the physically
meaningful sector in which quantized transverse modes reside. Quantum mechanically, B-field is
shown to be a physical quantity in the sense that it is “non-ghost”field though it is invisible.

Notice that the subsidiary condition on B given in (35) is identical to (33) on φ defined in (32)
and the Feynman gauge shows that φ = ∂ν Aν = −B. Since the classical physicality of φ in the sense
of ∂νT ν

μ = 0 is assured by the orthogonality condition of Fμν ⊥ ∂νφ, we are going to look into
this condition further. Using (2), the first equation in (32) can be regarded as a partial differential
equation on αμ given the above result of (33) specifying χ, namely,

∂ν∂να
μ

(h) = 0, ∂ν∂να
μ

(i) + ∂ν∂ν(∂
μχ) = 0, (36)

where α
μ

(h) and α
μ

(i) denote homogeneous and inhomogeneous solutions, respectively. α
μ

(h) obviously
represents a transverse mode, and the second equation gives, in hydrodynamic terms, a balance
between rotational and irrotational modes. The existence of such a balance is well documented
in the hydrodynamic literature explaining the mathematical description of irrotational motion of
a two-dimensional incompressible fluid. Due to the irrotationality of the motion, the velocity vector
(v1, v2) is expressed in terms of the gradient of the vector potential φ̂, namely, (v1 = ∂1φ̂, v2 = ∂2φ̂);
on the other hand, the incompressibility of the fluid makes its motion non-divergent such that (v1, v2)
is alternatively expressed as (v1 = −∂2ψ̂, v2 = ∂1ψ̂), where ψ̂ denotes a streamfunction. Equating these
two, we obtain ∂1φ̂ = −∂2ψ̂, ∂2φ̂ = ∂1ψ̂, showing that φ̂ and ψ̂ satisfy the Cauchy–Riemann relation
in complex analysis. This example serves as a useful reference in proving that a null vector current
∂μφ propagating along the x1 axis perpendicular to Fμν can be reinterpreted as the current of the longitudinal
(x1-directed) electric field, of which a detailed explanation is given in reference [21] and the existence of
such longitudinally propagating electric field was actually reported by [39]. Thus, based on the above
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arguments on φ and B, we can say that they are physically meaningful key quantities in formulating
the Clebsch dual field.

The orthogonality condition Fμν(∂νφ) = 0 derived by (32) is mathematically equivalent
to the relativistic hydrodynamic equation of motion of a barotropic (isentropic) fluid [40]: ωμν(wuν) =

0, where ωμν := ∂μ(wuν)− ∂ν(wuμ), uν and w are the vorticity tensor, 4-velocity, and proper enthalpy
density of the fluid, respectively. This observation suggests that we look into the unknown form of
4-vector potential Uμ relating to a longitudinal virtual photon that may have space-like momentum by
the method of Clebsch parametrisation [41]:

Uμ = λ∂μφ, (37)

where the two scalars λ and φ become canonically conjugate variables in the parametrized Hamiltonian
isentropic vortex dynamics. Now, let us determine the λ field by referring to the following structures
of electromagnetic waves: (1) ∂σ∂σFμν = 0 and (2) Fμν is advected along a longitudinal null Poynting
4-vector. Corresponding to these structures, we introduce, with a constant κ0 to be determined,
a space-like KG equation ∂ν∂νλ− (κ0)

2λ = 0 (the middle equation of (4)) with the directional constraint
Cν∂νLμ = 0, where Cν := ∂νφ and Lμ := ∂μλ. Multiplying this constraint by Lμ and Cμ yields

Lμ(Cν∂νLμ) = 0 → Cν∂ν(LμLμ) = 0; Cμ(Cν∂νLμ) = 0 → Cν∂ν(CμLμ) = 0,

which shows that ρ := LνLν and CνLν are advected along Cμ. In particular, if Cμ and Lμ

are perpendicular at the initial time, then they remain so after that. Thus, as an important constraint,
we can introduce

CνLν = 0. (38)

The main results of the Clebsch dual formulation can be summarized as follows by classifying
this formulation into two categories: i.e., [I] the light-like (Uν(Uν)∗ = 0) case possessing “gauge
symmetry (GS)”in the sense of (33) and [II] the space-like (Uν(Uν)∗ < 0) case with broken GS.

Category I.

(1) The field strength Sμν := ∂μUν − ∂νUμ corresponding to Fμν is given by a simple bivector with
the important orthogonality condition that cannot be satisfied when Lμ is a time-like vector:

Sμν = LμCν − LνCμ, CνLν = 0. (39)

(2) Uμ is a tangential vector along a null geodesic satisfying the following wave equation:

Uν∂νUμ = −SμνUν = 0, ⇐⇒ ∂ν∂νUμ − (κ0)
2Uμ = 0. (40)

(3) The EM tensor corresponding to (3) with the opposite sign can be defined together with its
conservation law. In references [5,20–22] referred to at the beginning of subsection 4, this sign change
is not properly accounted for, which should be fixed as a typo. The sign change is necessary because
we are dealing with the negative energy that can be clearly seen in the ρ field in (41),

T̂ν
μ = SμσSνσ = ρCμCν, ρ := LνLν; ∂νT̂ν

μ = Sμσ∂νSνσ = Sμσ(κ0)
2Uσ = 0. (41)

The first equation in (41) clearly shows that the Clebsch wave field has the dual representation of
a wave, SμσSνσ, and longitudinally moving particles, ρCμCν with negative “density”ρ (Lν(Lν)∗ < 0
because Lν is a space-like vector), which corresponds to an unphysical longitudinal mode in QED.
Equation (40) proves (6) in subsection 2.2. Thus, we have shown that the Clebsch dual field given in (6)
possessing space-like momentum characteristics carries a longitudinally propagating electric field satisfying
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“gauge invariant”condition (33), which implies that the quantization of the Clebsch dual field gives an alternative
representation of a U(1) gauge boson that emerges in the perturbative calculations in QED.

Category II.

(1) Uμ that is advected by Uμ along a geodesic is redefined.

Uμ :=
1
2
(λCμ − φLμ), =⇒ Uν∂νUμ = −SμνUν +

1
2

∂μ(UνUν) = 0, (42)

∂ν∂νλ − (κ0)
2λ = 0, ∂ν∂νφ − (κ0)

2φ = 0, CνLν = 0. (43)

The form of Sμν given in (39) remains unchanged by (42).
(2) The EM tensor satisfying the conservation law of ∂νT̂ν

μ = 0 is redefined.

T̂ν
μ = Ŝ νσ

μσ − 1
2

Ŝ αβ
αβ ην

μ, Ŝαβγδ := SαβSγδ. (44)

Ŝαβγδ defined above has the same antisymmetric properties as the Riemann tensor Rαβγδ including
the first Bianchi identity, Sα[βγδ] = 0, which holds well since Sμν is a bivector field given by (39).
Thus, T̂ν

μ given in (44) becomes isomorphic to Einstein tensor Gν
μ := Rν

μ − Rgν
μ/2, where the Ricci

tensor Rμν is defined as Rμν := Rσ
μνσ.

6. Conclusions

In this article, we have discussed the important role played by the space-like 4-momentum
in electromagnetic field interactions and found that the space-like momentum field is embodied by
the Majorana fermion, of which time-like modes are now attracting the attention of scientists in the field
of solid-state physics [42]. The investigation of the Majorana field unexpectedly opened up a new
dynamic channel through which we have identified the causes of the three enigmatic phenomena
of DPs, dark energy, and dark matter. The former are generated by the pair annihilation of unstable
time-like Majorana particles, while the two fields in the latter come into existence as the compound
ground state |M3〉g of the Majorana field and the revised cosmological term −λDPgμν/3 through
the simultaneous conformal symmetry breaking in electromagnetic and gravitational fields.

Our interpretation on dark matter defined as −λDPgμν/3 with (29) is consistent with the fact that
it can provide the triggering mechanism of galaxy clustering formation since non-zero W2 in (29) acts
as the core stuff of such dynamical processes. If we regard such galaxy clustering formations as the time
evolution of material subsystems in the universe, then we can say that the simultaneous existence
of the dark matter and energy sustains such subsystems’evolutions, respectively, as the unseen
driving forces of attraction and repulsion with different magnitude, both of which are external
to the subsystems in the sense that they are not bound to the time-like sectors in the spacetime.
Their remarkable abundance ratios in comparison to a negligible one of ordinary matter suggests an
extended thermodynamical viewpoint in which the evolution of material subsystems in the universe
can be compared to the “heat engines”working between a couple of “heat reservoirs”with higher
and lower temperature, which correspond respectively to the dark matter with positive energy
and the negative dark energy.
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