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Wioleta Kicińska, Sergei Karevych, Radomir Jasiński and Oleg M. Demchuk

A General Phenomenon of Spontaneous Amplification of Optical Purity under Achiral
Chromatographic Conditions
Reprinted from: Symmetry 2019, 11, 680, doi:10.3390/sym11050680 . . . . . . . . . . . . . . . . . 270
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Preface to ”Possible Scenarios for Homochirality on

Earth”

As evidenced in several myths, humankind has long been thinking of life: Where did life come

from? And where will life go? A more apt question is whether life exists only on Earth. In 1903,

Svante Arrhenius proposed the radiopanspermia hypothesis for the origin of life; specifically, that

certain seeds of life in the size of 200–300 nm travelled slowly by solar radiation pressure and landed

on Earth. This scenario led to the lithopanspermia and ballistic panspermia hypotheses. In 1978,

Fred Hoyle proposed that interstellar comets carrying several viruses landed on Earth in accordance

with these panspermia hypotheses. With respect to life on Earth, the origin of homochirality has

been the greatest mystery because life cannot exist without molecular asymmetry. Living organisms

on Earth are always temporospatial and metastable as a consequence of a far-from-equilibrium open

system. Life can survive only under open flows of energy and chemical sources because life eats

low-entropy foods and/or harvests solar/thermal energy. In recent years, several discoveries led

by modern spacecraft and telescopes have brought about new horizons regarding the origins of

life and chirality. For example, the Hubble Space Telescope (NASA) captured geysers of liquid

water from Europa, one of Jupiter’s moons. Rosetta (ESA) detected prebiotic constituents and

water on the comet 67P/Churyumov–Gerasimenko that is part of the Jupiter family. Using a

quadrupole gravity measurement system, Cassini (NASA) discovered water under the surface of

Enceladus, one of Saturn’s moons. The Jet Propulsion Laboratory (NASA) showed that Titan, the

largest Saturnian moon, has water containing inorganic salts. Kepler (NASA) discovered over 2000

Earth-like exoplanets located in habitable zones. More recently, in 2016, radio telescope astronomers

detected chiral propylene oxide in a giant molecular cloud called Sagittarius B2 in the Milky Way

galaxy by analyzing absorption bands at mm wavelengths, although the L-D preference is yet to be

characterized. Thus far, many scientists have proposed several possible hypotheses to answer this

long-standing L-D question. Previously, Martin Gardner raised the question about mirror symmetry

and broken mirror symmetry in terms of the homochirality question in his monographs (1964 and

1990). Possible scenarios for the L-D issue can be categorized into (i) Earth and exoterrestrial origins,

(ii) by-chance and necessity mechanisms, and (iii) mirror-symmetrical and non-mirror-symmetrical

forces as physical and chemical origins. These scenarios should involve further great amplification

mechanisms, enabling a pure L- or D-world. Recent studies have demonstrated that even nearly

racemic substances as low as 0.00001% enantiomeric excess (ee) can be significantly amplified to

nearly 100% ee. The present Special Issue encouraged researchers from a broad range of disciplines

to publish original papers, account papers, and reviews which describe possible scenarios of

bimolecular handedness, followed by L-D amplification on Earth, as well as the possibility of life

under exoterrestrial cosmological environments.

Michiya Fujiki

Special Issue Editor
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Abstract: The origin of terrestrial bioorganic homochirality is one of the most important and
unresolved problems in the study of chemical evolution prior to the origin of terrestrial life. One
hypothesis advocated in the context of astrobiology is that polarized quantum radiation in space, such
as circularly polarized photons or spin-polarized leptons, induced asymmetric chemical and physical
conditions in the primitive interstellar media (the cosmic scenario). Another advocated hypothesis in
the context of symmetry breaking in the universe is that the bioorganic asymmetry is intrinsically
derived from the chiral asymmetric properties of elementary particles, that is, parity violation in
the weak interaction (the intrinsic scenario). In this paper, the features of these two scenarios are
discussed and approaches to validate them are reviewed.

Keywords: bioorganic homochirality; circularly polarized photon; spin-polarized lepton; parity
violation in the weak interaction

1. Introduction

A full explanation of the maximally broken symmetry in terrestrial bioorganic homochirality
(the enantiomeric domination of l-form amino acids in proteins and d-form sugars in DNA/RNA)
has not been sufficiently achieved despite their significance in resolving the problems concerning the
origin of terrestrial life. One of the hypotheses for the origin of terrestrial bioorganic homochirality has
been advocated to geological points of view based on prebiotic terrestrial circumstances (the terrestrial
scenario), such as the preferential adsorption of prebiotic organic molecules on chiral mineral surfaces
(e.g., left- and right-handed crystal quartz).

However, extraterrestrial origins of bioorganic homochirality have also been advocated by the
researchers, even in the fields of biology and chemistry. One of the most attractive recent hypotheses
in the context of astrobiology advocates that polarized quantum radiation in space, such as circularly
polarized photons [1–3] or spin-polarized particles, can induce asymmetric conditions in the primitive
interstellar media resulting in terrestrial bioorganic homochirality (the cosmic scenario). In particular,
nuclear-decay- or cosmic-ray-derived leptons (i.e., electrons, muons, and neutrinos) in nature have
a specified helicity, that is, they have a spin angular momentum polarized parallel or antiparallel to
their kinetic momentum due to parity violations (PV) in the weak interaction as a result of intrinsic
symmetry breaking in nature [4–14].

A second hypothesis has also been advocated in the context of intrinsic symmetry breaking in
nature (the intrinsic scenario). This scenario advocates that the bioorganic asymmetry is universally
derived from chiral asymmetry breaking at the level of elementary particle interactions, such as
PV in the weak interaction, as well as at the level of astrophysics, such as asymmetry in cosmic
constructions [15,16]. In this case, serious problems related to the considerable discrepancies in the
hierarchical structures between the evolution of matter and the chemical evolution of bioorganic
compounds needs to be universally resolved.

Symmetry 2019, 11, 919; doi:10.3390/sym11070919 www.mdpi.com/journal/symmetry1
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From the standpoint of asymmetry in nature, spin-polarized leptons in the above-mentioned
cosmic scenario should be included in the intrinsic scenario due to the generation of spin-polarized
leptons derived from PV in the weak interaction. In this article, the features of the cosmic and
intrinsic scenarios are discussed and experimental research approaches to validate these scenarios
are comparatively reviewed. Results of laboratory verification experiments are shown to explain the
relationship between bioorganic homochirality and astrophysical asymmetric radiation sources, which
are derived from the intrinsic asymmetry of the universe.

2. Typical Scenarios for the Origin of Homochirality

2.1. The Cosmic Scenario

Because bioorganic compounds synthesized under abiotic circumstances are intrinsically racemic
mixtures including equal amounts of l- and d-bodies, it is hypothesized that asymmetric products
originated from “chiral radiation,” that is, physically asymmetric excitation sources in space. As a
result, “asymmetric seeds” were transported to primitive Earth resulting in terrestrial homochirality
via several types of amplification mechanisms (the cosmic Scenario) [1]. One of the most attractive
cosmic scenario hypotheses can be summarized in the context of astrobiology as shown below.

(i) Prebiotic simple molecules were densely accumulated on interstellar dust surfaces in dense
molecular clouds [17];

(ii) “Chiral radiation” in space, for example, circularly polarized photons or spin-polarized particles,
induced asymmetric reactions and produced non-racemic mixtures of chiral complex organic
materials including bioorganic precursors as “asymmetric seeds”;

(iii) The “asymmetric seeds” were transported with meteorites or asteroids to the primitive
Earth resulting in terrestrial bioorganic homochirality via some types of “asymmetric
amplification” mechanism.

As evidence supporting this scenario, l-enantiomeric excesses have been observed in isovaline,
an α-methyl amino acid, and several other α-methyl amino acids in the Murchison meteorite [18]. In
general, the racemization rate of α-methyl amino acids is smaller than that of α-hydrogen amino acids.
The observed enantiomeric excesses of α-methyl amino acids in meteorites suggest that asymmetric
reactions on the surface or in the interior of space materials actually occurred and that the consequent
enantiomeric excesses were preserved due to their reduced racemization rate. As for “asymmetric
amplification” mechanism, the Soai self-autocatalytic reaction with positive feedback amplification can
support the almost perfect asymmetry in terrestrial biomolecular homochirality [19].

2.1.1. Circularly Polarized Photons

• Observations of circularly polarized radiation in space

Of the known chiral radiation, circularly polarized photons have been generally considered to
be the most typical polarized quantum radiation in space. In fact, high-energy polarized photons
have been observed in the X-ray to gamma-ray region. In this high photon energy region, linearly
polarized X-rays, which are principally generated by synchrotron radiation (SR) from relativistic kinetic
electrons captured by the strong magnetic fields around neutron stars in supernova remnant, have
been observed emanating from the Crab Nebula [19–21]. Gamma-ray bursts (GRBs) from supernova
explosion areas have been successfully observed with highly linear polarization (up to 70–80%) by the
ICAROS/GAP satellite project [22]. In addition, faint circularly polarized light (0.6% in fraction) has
been observed in the visible region of GRB afterglow, which is supposed to be derived from SR due
to anisotropic electron motion in plasma. In general, long bursts are generated by the gravitational
collapse of high mass stars and slow bursts are generated by binary neutron star mergers [23].

Recently, polarized photons in near infrared (NIR) regions have also been observed in scattered
light from interstellar dust clouds in star formation areas by terrestrial ground-level observatories.
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In particular, increases in both the photon flux and the ratio of radiated circular polarization with
increasing star formation area have been reported [24,25]. In the middle infrared (MIR) region, the
AKARI satellite has detected a polarization pattern at wavelengths of 3–11 μm from protostars [26].

Circularly and linearly polarized light derived from absorption lines of solar elements due
to Zeeman splitting have been observed (anti-Zeeman effects). These effects depend on the angle
correlation between the magnetic field and the line of sight. Spectro-polarimetric observations of
sunspot magnetic fields have been observed by using near-infrared cameras (e.g., large-format infrared
array detectors) [27].

From the far infrared (FIR) to terahertz (THz) wave region, theoretical calculations for the evolution
of elliptical galaxies have predicted that, prior to 4 Gyr, star formation areas radiated intense FIR to
THz photons and gradually darkened after the star formation events. This prediction means that, in
the era of prebiotic molecule formation, FIR to THz photons were more intense than visible or UV
photons. This suggests that polarized photons in the FIR to THz region are also important candidates
for “chiral radiation.”

In contrast to the above-mentioned area- and time-localized radiation sources in space, cosmic
microwave background radiation is thought to be equally distributed in space; however, localized
polarization patterns spreading in a specific direction (B-mode/E-mode polarization) have recently
been observed. The direct relationship between polarized microwave radiation and chiral asymmetric
reactions in bioorganic molecules remains uncertain. The observed polarization is likely relevance
to the non-uniform structure of space resulting in the above-mentioned generation of the polarized
radiation sources in space [28].

• Chiral reaction scheme via circularly polarized photons

Asymmetric reaction schemes due to circularly polarized photons can be classified corresponding
to the photon energy region. Gamma-rays (the photon-nuclear reaction physics region) indicate
nuclear excitation with an intense electromagnetic field. X-rays (the intermediate region between
radiation chemistry and photochemistry) indicate core electron excitation to optical-active excited states
via single photon absorption. VUV-UV-VIS (the photochemistry region) indicates valence electron
excitation to optical-active excited states via single photon absorption. NIR-MIR (the intermediate
region between photochemistry and thermochemistry) indicates vibrational or rotational excitation
of molecular bonds to optical-active excited states. FIR-THz-MW (radiochemistry region) indicates
perturbation to intermolecular interactions via multi-photon absorption.

• Circular dichroism

Interactions of circularly polarized photons with chiral molecules can be estimated by using circular
dichroism (CD), which is defined as the photo-absorption difference between left- and right-circularly
polarized photons at specific wavelengths. Chiral bioorganic molecules generally have intense CD
chromophores derived from characteristic electronic transitions corresponding to photon energies
in the visible to UV region. Because the electronic transitions related to CD chromophores reflect
the bond structures and base conformations of molecules, CD spectra sensitively reflect the steric
structures of chiral molecules with a high degree of accuracy [29,30]. From this point of view, it is
suggested that the expected characteristics of asymmetric photochemical reactions strongly depend on
the irradiated circularly polarized light (CPL) wavelength. For example, theoretical calculations of CD
spectrum of alanine molecules have revealed that the chromophores derived from electronic transitions
correspond to several different wavelengths in the 120–230 nm region [31]. Chiral molecules also have
CD chromophores derived from characteristic vibrational and rotational transitions corresponding to
photon energies in the IR region. In terahertz wave region, absorption spectra for chiral molecule crystals
can discriminate between chiral crystals (l-alanine and d-alanine) and achiral crystals (dl-alanine)
because terahertz region spectra reflect minute intermolecular interactions [31].

3
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2.1.2. Spin-Polarized Leptons

Another type of polarized source that is consistent with the proposed cosmic scenario hypothesis
is spin-polarized leptons, i.e., electrons/positrons, muons, and neutrinos, produced in space. Leptons
are classified as basic elementary particles, constructed in the standard model of particle physics
via quarks, gauge bosons, and Higgs bosons. Lepton and quark interactions are dominated by the
parity-violating weak interaction.

• Electrons/Positrons

Of the leptons, electrons are one of the most universally present particles in ordinary materials.
Spin-polarized electrons in nature are emitted with β−-decay from radioactive nuclear particles derived
from PV involving the weak nuclear interaction (n→ p + e− + νe) and spin-polarized positrons (the
anti-particle of electrons) from β+-decay (p→ n + e+ + νe). In β−/β+-decay, with the weak interaction,
the spin angular momentum vectors of electron/positron are perfectly polarized as antiparallel/parallel
to the vector direction of the kinetic momentum. In this meaning, spin-polarized electrons/positrons
are “chiral radiation” as well as muons and neutrinos which will be mentioned at the paragraphs
below. It is expected that the spin-polarized leptons will induce the different type of chemical reactions
form CPL induced reactions.

Radiation of spin-polarized electrons and positrons are likely frequent events from the nuclear
β−/β+-decay of radioactive nuclei in space. In particular, chiral chemical reactions should be induced
by negative helicity electrons in β−-decay from radioactive nuclei such as 60Co and 90Sr in space [4–9].
It has been well known that β−/β+-decays heat of 60Fe and 26Al in meteorite parent body can operate
as a heat source for the formation and differentiation of its organic materials. From the standpoint
of astrochemistry, spin-polarized electrons in β−/β+-decay potentially operate as chiral radiation to
induce chiral reaction processes in organic materials in the meteorites.

Interaction schemes of spin-polarized positrons with chiral molecules should be recognizable
as being very different from those of electrons. It has been suggested that the electron-positron
annihilation phenomena induced by spin-polarized positrons present a dependence on the spin
distribution conditions of the target bioorganic molecules.

Accompanied by electron/positron radiation in β−/β+-decay from radioactive nuclei, gamma-rays
can be emitted from the disintegrated nuclei via the electromagnetic transition from excited states to
lower-level states. The polarization of the emitted gamma-rays depends on the conservation lows of
the spin and orbital angular momentums between the nuclei, electron/positron, anti-neutrino/neutrino,
and gamma-photon, which is limited according to conservation laws by PV in the weak interaction.
For example, β−-decay from 60Co is accompanied by circularly polarized gamma-rays whereas β−
decay from 90Sr is not accompanied by any gamma-rays due to its direct transition to the ground state
of the disintegrated nucleus.

• Muons

In the atmosphere of the Earth, muons are generated as a secondary cosmic ray via pion-decay
following the impact of a cosmic ray proton with an atmospheric atom. The spin angular momentum
of positive (μ+) and negative (μ−) muons in nature is intrinsically polarized with negative and positive
helicity (left- and right-handed polarization), respectively, by PV in the weak interaction. Muons are
lepton particles with the same value of negative (μ−) or positive (μ+) charge as electrons or positrons,
respectively, and the same value of spin (1/2) as electrons and positrons. Because the muon mass
is much larger than the electron mass (mμ/me ~200) and close to the proton mass (mμ/mp ~1/9),
interactions of spin-polarized muons with organic molecules, including asymmetric reactions, are
different from those of spin-polarized electrons or positrons.

In the positive muon irradiation case, muonium (a positive muon-electron pair (Mu)) and a
non-bonding lone electron can be formed on a double-bond of an organic molecule resulting in the
formation of “Mu radicals.” As a result, radical-mediated asymmetric reactions can be expected in
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organic molecules. Double bonds of carbon–carbon can be reduced to a single bond resulting in
rotation around the single-bond axis. In addition, hot Mu generated by a muon beam can induce
hydrogen extraction from organic molecule (Mu* + RH→MuH + R). Via these types of reactions,
racemization, that is, the enantiomer type conversion of chiral molecules) such as amino acids, is
strongly expected. In addition, Mu can attack non-bonding electrons of the carboxyl bases of amino
acids, resulting in asymmetric electronic excitation depending on the direction of spin polarization
of the muon irradiation via several types of processes. Mu can be thought of a type of isotope of
the H atom whose atomic total mass is 1/9 that of hydrogen. Conversely, the reduced mass of Mu
(positive muon-electron) and an H atom (proton-electron) with a 1 s orbital electron are approximately
equivalent values. From the standpoint of the electronic state, Mu and an H atom can be regarded as
being chemically equivalent.

Interactions of positive and negative muons with organic molecules are very different from each
other due to the relatively heavy mass of a muon. In the negative muon beam case, a negative muon
combined with an atomic nucleus makes a muonic atom (atomic nucleus-negative muons pair). Muonic
atom formation can induce a charge shielding effect due to heavy negative muons captured in small
orbit radii, resulting in the formation of apparently Z-1 nucleus and negative ion. Further, atomic
conversion (Z→ Z − 1) via β-decay (μ− + p→ n + νμ) can occur in large atomic number nucleus. It is
also expected that the chemical activity of muonic atoms depends on the direction of spin polarization
of the muon irradiation.

From these viewpoints, spin-polarized muon irradiation has the potential to induce novel types
of optical activities different from those of polarized photon and spin-polarized electron irradiation.

• Neutrinos

In general, the interaction of neutrinos with materials is very weak on the Earth. However,
reactions including neutrinos accompanied by the weak interaction cannot be neglected in high density
nuclear materials (>1011 g/cm3) in space.

As for high-energy astrophysical objects, neutrons released in supernova explosions can cause
chiral asymmetry in molecules in interstellar gas-dust clouds. The specific physical mechanism of a
relativistic neutron fireball, which is a relativistic chiral electron–proton plasma, has been advocated,
in which the electrons carrying their helicity to the cloud show high chiral efficiency [5,6,9].

Neutrinos with a specified spin angular momentum due to the PV weak interaction are also
radiated in supernova explosions. Recently, it has been argued that selective destruction of one amino
acid chirality by electron anti-neutrinos and the magnetic field from a supernova resulted in the
production of meteorites including left-handed amino acids [11–14]. In this hypothesis, spin-spin
interactions between neutrinos and nitrogen nuclei are emphasized.

2.2. The Intrinsic Scenario

Another hypothesis has been advocated in the context of intrinsic symmetry breaking in nature,
that is, the bioorganic asymmetry is universally derived from chiral asymmetry breaking at the level
of elementary particles, such as PV in the weak interaction [15]. It has been argued that PV leads to
energy differences in enantiomers in the 10−12 joule/mole range and that theoretical calculations of the
energy differences in enantiomers indicate that the intrinsic energies of l-amino acids and D-ribose are
slightly lower than those of their corresponding enantiomers (d-amino acids and l-ribose). Quack
considered that electroweak quantum chemistry methods predict such energy differences to be one
to two orders of magnitude larger than previously accepted, but still very small, and discussed the
current status of theory and some current experimental approaches [16].
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3. Experimental Approaches to Examine the Scenarios

3.1. The Cosmic Scenario

3.1.1. Circularly Polarized Photons

The first asymmetric photolysis experiment on a racemic organic molecule (2-bromopropanoic
acid ethyl ester) using CPL was reported by Kuhn [32] in 1929. In the 1970’s, several asymmetric
photolysis experiments were conducted on racemic molecules, i.e., metal oxalate ions [33] and amino
acid ((RS)-leucine) [34], using CPL from high-pressure mercury lamps.

After the 1990’s, SR facilities were used as light sources for photochemical reactions, spectroscopic
analyses, and micro-fabrication. In particular, the asymmetric photolysis of racemic amino acids in
an aqueous solution using CPL from SR was reported as a validation of the “cosmic scenario” in the
context of astrobiology. Takano et al. reported the asymmetric photolysis of racemic isovaline [35], and
Nishino et al. reported the pH dependence of leucine asymmetric photolysis [36]. In these experiments,
they were able to selectively photolyze one optical isomer in an optically active compound depending
on its CD in the wavelength region of the irradiated CPL.

Further, Takano et al. reported the CPL irradiation of an aqueous solution of complex organic
compounds with high molecular weight, which involved amino-acid precursors with molecular
weights of several thousands. After CPL irradiation followed by the acid-hydrolysis of the solution,
positive and negative enantiomeric excesses in alanine were successfully detected [37,38].

Conversely, in molecular clouds, organic molecules on interstellar dust surfaces should be in their
solid phase, for example, the condensed ice mantle around silica dust core (Greenberg Model [17]).
From this viewpoint, solid-phase experiments can contribute to verifying reaction models of on-surface
or surface-catalytic reactions on materials such as interstellar dust. Meierhenrich et al. [39] reported
solid-phase leucine photolysis and Takahashi reported solid-phase phenylalanine photolysis using
polarized SR in the VUV region [40].

Recent verification experiments have been performed to examine the relationship between optical
activity emergence into several target materials and asymmetric radiation, typically CPL. We irradiated
racemic d l -amino acid films with monochromatic CPL with a wavelength of 215 nm from the
free electron laser (FEL) of UVSOR-II at Institute for Molecular Science (IMS), Okazaki, Japan [31].
This result suggest that the racemic mixture of chiral amino acid was differentially photolyzed or
transformed depending on the CD at the irradiated CPL wavelength.

We are using CD spectroscopy to evaluate optical activity emergence because the CD spectrum
sensitively reflects the steric structures of chiral molecules with a high degree of accuracy. Theoretical
calculations of the CD spectrum of the alanine molecule have revealed that the circular dichroism
chromophores derived from characteristic electronic transitions (n–π*, π–π* for the carboxyl group
and n–σ*, π–σ* for the amino group) correspond to several different wavelengths in the 120–230 nm
region [30]. From this standpoint, the expected characteristics of optical activity emergence strongly
depend on the irradiated CPL wavelength. In further experiments to validate the scenario, we are
investigating the dependence on the irradiation wavelength using CPL with wavelengths of 230 nm,
203 nm, 180 nm, and 155 nm from the undulator beam line BL1U of UVSOR-III at IMS. To examine
optical activity emergence, we measured the CD and photo absorption spectra of the deposited films
using a commercial CD spectrometer (JASCO J-725) and the SR CD beam line BL-12 of Hiroshima
Synchrotron Radiation Center. A detailed analysis of the CD spectra is in progress to determine the
complete mechanism for optical activity emergence [41,42].

Similar irradiation experiments for solid-phase films of an intrinsically optically non-active achiral
molecule, hydantoin (glycine precursor molecules), and glycine have also been performed using CPL
with a wavelength of 215 nm from FEL of UVSOR-II and BL1U of UVSOR-III, respectively [43]. The
CD spectra of irradiated hydantoin and glycine films have many common characteristics, that is, clear
peaks newly appear in the CD spectra at 215 nm and 180 nm and nearly completely symmetric spectra
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were observed with L- and R-CPL irradiation. Further, the intensity ratio of the two peaks and the
intensity and sign of the CD peaks changed with the irradiation dose. These results suggest that
several new chiral structures were introduced into the achiral molecule film by the CPL irradiation.
The absorbance of hydantoin after the CPL irradiation increased on the low-energy side but decreased
on the high-energy side, suggesting that a molecular structure change occurred in the film.

As for the hydantoin case, first principal simulation calculations of the asymmetric optical response
of hydantoin have also been performed. The calculation results suggest that some types of chiral
structures derived from a distortion of the five-ring construction were introduced into the racemic film
by the CPL irradiation. Analogous to hydantoin, it is suggested that some types of chiral structures
were introduced into the racemic glycine film by the CPL irradiation [44]. It is known that crystalized
glycine contains several crystal polymorphs including left- or right-handed spiral constructions, similar
to crystalline quartz. The experimental results suggest that the CPL irradiation induced construction
distortion including left- or right-handed spiral crystal polymorphs depending on the irradiated CPL
chirality. Similar types of mechanisms including chiral structure formation are potentially applicable
to racemic mixtures of optically active amino acids (i.e., dl-alanine), which is potentially relevant to
the origin of the terrestrial bioorganic homochirality stimulated by “chiral radiation.”

In addition to solid films of amino acids, ribose and related sugars following ultraviolet
irradiation of interstellar ice fixed in ice analogs have also been reported with high-resolution mass
spectroscopy [44–46].

3.1.2. Spin-Polarized Leptons

• Electrons/Positrons

The first pioneering experiment examining asymmetric radical formation in D- and L-alanines
using β−-irradiation was conducted by Akaboshi, et al. [47]. Tsarev et al. reported that, after amino
acid/metal complexes were irradiated with high flux β−-rays from an 90Sr-90Y source (50 Ci), at the
Russian Federal Nuclear Center in Snezhinsk, and small amounts of enantiomeric excesses were
detected in the irradiated products using CD spectroscopy [7–9]. As for interactions of spin-polarized
electrons with chiral molecules, Kessler, et al. reported on a low energy (<10 eV) spin-polarized electron
beam with a chiral bromocamphor molecule, that is, so-called “spin-polarization dichroism” [48].
Recently, Rosenberg et al. reported interactions of spin-polarized X-ray photoelectron emitted from
solid surfaces with chiral molecules adsorbed on them [49,50].

We also recently carried out the same irradiation experiments with amino-acid precursors or solid
films of amino acids and also detected enantiomeric excesses using CD spectroscopy on an irradiated
isovaline film [51]. Because the helicity of the spin-polarized electron beam in a β−-ray is negative due
to PV in the weak interaction, verification experiments are required using a spin-polarized electron
beam with positive helicity to detect enantiomeric excesses with the opposite sign with respect to the
negative helicity case. Our present research focuses on simulated experiments using a spin-polarized
electron beam with a helicity-controlled irradiating amino acid film in the achiral state (optically
non-active) and observing the emergence of optical activity.

• Muons

No significant difference has been reported for the asymmetric reactions in enantiomers of organic
compounds using muon beams, except that Lemmon et al. who reported reactions of spin-polarized
positive muons with alanines and octanols [52]. We conducted a trial of spin-polarized muons to
examine the optical activity of organic compounds such as amino acids and their precursor molecule
in achiral states. In the experiments, a racemic amino acid (dl-alanine) and a precursor molecule of
glycine (hydantoin) were irradiated by positive muons with negative helicity and negative muons with
positive helicity using the Muon S beam line of the Materials and Life Science Experimental Facility
(MLF) in the Japan Proton Accelerator Research Complex (J-PARC). Because the penetrating depth of
the muon beam through the polyethylene pellet is estimated to be less than 1 mm, nearly all the muon
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beam should be captured with the target materials packed in the polyethylene or potassium bromide
circular cylinder pellet. Optical activity measurements of the irradiated samples are in progress. We
expect to reveal a mechanism for optical activity emergence whose sign depends on the direction of
the spin polarization and the charge of the muon. We are also planning to observe the disturbance of
the muon spin polarization after chiral chemical reactions due to muonium or muonic atom formation
in the target chiral molecules. The disturbance of the muon spin polarization can be observed using
measurements of the distribution of positrons decayed from muons.

3.2. The Intrinsic Scenario

Recently, the first set of observations of PV energy differences between two enantiomers of chiral
molecules was presented using high-resolution laser spectroscopy [53]. However, at present, no
successful experiments have been reported. The role of PV in the weak interaction in the origin of
terrestrial homochirality is a subject that cuts across research fields, including fundamental physics,
nuclear cosmology, theoretical chemistry, and quantum spectroscopy.

4. Conclusions

Various scenarios for the origin of the homochirality of terrestrial bioorganic molecules in the
context of astrobiology (the cosmic scenario) have been proposed. Asymmetric radiation in space,
such as circularly polarized photons or spin-polarized leptons, induced asymmetric conditions in
the primitive interstellar media. We are conducting cooperative investigations using the following
observations, experiments and computational calculations to examine the cosmic scenario [54,55].

(1) Astronomical observations of polarized radiation from various star-forming and high-energy
phenomena burst regions in space using highly sensitive polarization detecting systems settled in
astronomical observatories;

(2) Experiments with polarized quantum beams from high-energy particle accelerators irradiating
amino acids or sugars and their precursor molecules, followed by chemical and optical
measurements of enantiomeric excesses;

(3) First principal calculations of asymmetric optical responses and the subsequent asymmetric
chemical reactions for amino acids or sugars and their precursor molecules, including the intrinsic
energy difference between the enantiomers derived from PV.

The synergetic use of these three approaches is expected to help solve the problems of the origin
of terrestrial biological homochirality.
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Abstract: Recent work has produced theoretical evidence for two sites, colliding neutron stars and
neutron-star–Wolf–Rayet binary systems, which might produce amino acids with the left-handed
chirality preference found in meteorites. The Supernova Neutrino Amino Acid Processing (SNAAP)
model uses electron antineutrinos and the magnetic field from source objects such as neutron stars
to preferentially destroy one enantiomer over another. Large enantiomeric excesses are predicted
for isovaline and alanine; although based on an earlier study, similar results are expected for the
others. Isotopic abundances of 13C and 15O in meteorites provide a new test of the SNAAP model.
This presents implications for the origins of life.

Keywords: origin of life; amino acid handedness; nucleus–molecular coupling; chirality

1. Introduction

Recent studies [1–4] have identified two astrophysical sites in which the combination of intense
magnetic fields and high fluxes of electron antineutrinos could produce amino acids with a high
probability of favoring left-handed chirality.

Enantiomeric excess ee is defined as ee = (NL − ND)/(NL + ND), where NL(D) is the number of
left- (right-)handed molecules in a population. An ensemble of amino acids with ee = 1 are purely
left-handed, while those with ee = –1 are purely right-handed. The ensemble is racemic if ee = 0,
having equal left- and right-handed molecule parts.

Our studies have shown that ees of the order of a percent or higher could be produced from
two-neutron-star coalescence, and somewhat lower, but still appreciable ees could arise from a close
binary system consisting of a massive star and a neutron star. Note, though, that this latter site might
ultimately evolve into a two-neutron-star coalescence site.

Amino acids are essential for the continuing existence of life, and may have even enabled its
formation. The basic steps by which life might have developed from these basic molecules are not
fully known, though much progress has recently been made for understanding them [5–7]. All amino
acids (except for achiral glycine) used by Earth’s living creatures are homochiral (ee = 1), to the near
exclusion of right-handed forms. Molecular chirality was originally studied by Pasteur [8], and the
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homochirality of the amino acids was subsequently deduced. However, the origin of amino acid
chirality is still a mystery.

Mid-20th century experiments [9,10] suggested that organic molecules, including amino acids,
may have been assembled in an early earthly lighting storm. However, this result does not explain how
amino acids achieved homochirality. Possible mechanisms to explain the conversion of racemic amino
acids to purely left-handed ones in terrestrial processes have been reviewed by Bonner [11]. It was
concluded that these processes would likely not result in amino acids of a single chirality. Additional
evaluations have been made by Mason [12] and Barron [13].

Furthermore, it was concluded by Goldanskii and Kuzmin [14], and by Bonner [11], that amino
acid homochirality is essential for the perpetuation of life.

Amino acids have been found in meteorites, and are therefore produced in outer space [15–20].
Further, some of these have been found to have nonzero ees, of typically a few percent, and to mostly be
left-handed, suggesting a possible cosmic origin of amino acids. Earth may, therefore, have been seeded
with chirally selected amino acids. The observed ees, however, require amplification, presumably via
autocatalysis [14,21,22], to achieve earthly homochirality. Autocatalysis is thought to have converted
small ees to the homochirality observed today. Autocatalytic processes have been demonstrated in
laboratory experiments [23–26] to produce homochiral populations from very small ees. Although
attempts have been made to sample ees of amino acids on objects in outer space [27,28], those missions
have not yet provided definitive results.

The production of enantiomeric amino acids in space could possibly be explained by multiple
models. One possible model explains a production of chiral amino acids with ultraviolet circularly
polarized light (CPL). Mie scattering from an extremely hot star was suggested by Flores et al. [29] and
Norden [30]. This has been extensively studied [31–36]. This model has the advantage that its chiral
selectivity can be experimentally demonstrated with beams of polarized photons from an accelerator.
However, significant molecular selectivity also requires the destruction of most pre-existing amino
acids of both chiralities. The CPL model can produce either positive or negative ees, whereas the
Supernova Neutrino Amino Acid Processing (SNAAP) model is capable of producing only one
enantiomeric excess in a single site.

Another model, Magneto-Chiral Anisotropy (MCA), has been developed by Wagniere and
Meier [37], explored experimentally by Rikken and Raupach [38], and extended by Barron [39]. In this
model, the interaction between photons from an intense light source, for example, a supernova, and
molecules in a magnetic field, possibly from the supernova’s nascent neutron star, would produce
a chirality-dependent destruction effect on the amino acids. The dielectric constant of a medium
depends on k · B, where k is the wavevector in the direction of travel of the incident light, and B is an
external magnetic field. The dielectric constant increases (decreases) when incident light travels in
the same (opposite) direction as the external magnetic field. This effect has opposite signs for L- and
D-enantiomers. The net result is that one enantiomer absorbs more of the incident light (and is thus
preferentially destroyed) than the other. Experimental studies on this effect have resulted in ees on the
order of 10−4 for chiral molecules [40]. The MCA model can also produce ees of either sign.

Other models exist, but these are generally less developed than the MCA or CPL models [40,41].
The SNAAP model [3,4,42], described below, utilizes intense magnetic fields and electron antineutrinos
to create enantiomeric amino acids. Quantum molecular calculations indicate that the SNAAP
model can produce enantiomeric amino acids with significant positive ees [4]. A particularly
viable astrophysical scenario for this model was suggested [2] to be a neutron-star–Wolf–Rayet-star
binary system.

In this work, we discuss the SNAAP model as it applies to three systems. The first is a core-collapse
supernova that, albeit problematic, does illustrate some of the basic features of the model. The second
is a neutron star and massive star binary system. The third is one with two neutron stars that
merge. We estimated the ees produced in each site for the alanine and isovaline amino acids over
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a range of parameters within the sites, applying the quantum molecular calculations developed for
previous studies.

SNAAP model basics are described in Section 2. Application of the SNAAP model to various sites
is discussed in Section 3, followed by a discussion of the simulations relevant to their development in
Section 4. Section 5 presents the results for each site. Section 6 discusses how the SNAAP model might
explain the isotopic abundances observed in the meteorites, and Section 7 gives our conclusions.

2. SNAAP Model

In this model [1–4,42], amino acids contained within meteoroids in the vicinity of an intense
magnetic field and electron antineutrino (hereafter denoted ‘antineutrino’) flux are processed. As a
result of the parity-violating weak interaction induced by antineutrino interactions with the 14N nuclei
of the amino acids, one enantiomer is destroyed over another.

The relevant nuclear reaction is:

ν̄e +
14 N → e+ +14 C (1)

where ν̄e is an electron antineutrino, and e+ is an antielectron—a positron. If the 14N spin (1, in units
of h̄, where h̄ is Planck’s constant divided by 2π) is antiparallel to the ν̄e spin (spin 1/2), the total
quantum mechanical angular momentum of the reaction can be 1/2. The must be equal to the sum
of the spins of 14C (spin 0) and the positron (spin 1/2) in order to conserve angular momentum so
that this reaction can proceed. Alternatively, if the 14N spin is aligned parallel to the ν̄e spin, the total
angular momentum can only be 3/2, and, for angular momentum to be conserved, one unit of angular
momentum must be provided by the wavefunction of either the incoming ν̄e or the outgoing positron.
This process is known from basic nuclear physics [43] to occur at a much smaller rate (roughly one
order of magnitude) than the antialigned case.

Although this transition must be between nuclear states of opposite parity, for 14N→14C, both
ground states have positive parity. Thus, two units of angular momentum must come from the
antineutrino or positron wave functions for that transition to occur. Thus, the inhibition may be
closer to two orders of magnitude. This is the origin of the preferential destruction postulated by the
SNAAP model.

The energies of the antineutrinos from some of the sources we considered are sufficiently large
that it might be possible for a transition to occur between the 14N ground state and the negative-parity
14C first excited state. However, transitions to the negative-parity states in 14C all require not only the
weak interaction, but also excitation of one of the nucleons in 14C from the p-shell to the higher lying
sd-shell. Such reactions would thus have their own additional level of inhibition, and would therefore
probably not be more likely than the ground state to ground-state transition.

Molecular interactions with the external magnetic field have been studied via quantum molecular
calculations [1,4]. Such a field can come from a neutron star. In the molecular rest frame, an electric
field is produced by the motion of the meteoroids in the magnetic field. This produces a truly chiral
environment [13]. In this situation, more right-handed amino acids are destroyed by the interaction of
the 14N nuclei with the ν̄es than left-handed ones [4].

The destruction mechanism is nuclear, but amino acid chirality is molecular, so it must be shown
how the nucleus and molecule are coupled. The external magnetic field aligns the 14N nuclei via
their nuclear magnetic moments, whereas the effective electric field aligns the molecular electric
dipole moments, which depend on chirality. The external magnetic field, however, is modified at the
nucleus by the effects of the orbital electrons, known as shielding—a phenomenon central to nuclear
magnetic resonance. The rank-2 shielding tensor (i.e., a two-dimensional relationship, expressed
in the form of a matrix, which relates each vector component of the external field to each vector
component of the shift in the local field) depends on the electron orbital configuration. Because the
electron orbital configuration depends on the molecular geometry, the shielding tensor depends on the
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chirality of the molecule. As a result, off-diagonal elements in the shielding tensor are asymmetric
under parity transformation, meaning that they are asymmetric under a change in chiralty [1,3].
A chirality-dependent magnetization (a bulk property) is created.

The vectors associated with this scenario are illustrated in Figure 1. Here, a scenario for a
meteoroid at or near the equatorial plane of the magnetic dipole is studied. There, it can be seen that
the external electric field vector ETS (which is coming out of the page in this diagram) is induced by the
meteoroid’s velocity vector vm through external magnetic flux B. Here, an antineutrino velocity vector
vν̄ makes an angle θ with respect to the meteoroid velocity vector. The bulk magnetization vector is M

for a meteoroid at rest. For moving meteoroids, the induced electric field creates additional transverse
magnetization components ΔMχ, where χ represents the chiral state. This induced magnetization
is chirality-dependent, and results in net-positive and -negative spin components aligned along the
magnetization vectors. The population of nuclei with spins along these components is labeled as
N+,− in the figure. The angle 2φ is the separation of net magnetization vectors Mχ, where φ =

tan−1(ΔM/M). The difference in angle between net magnetization and neutrino velocity results in a
different reaction rate for each chiral state [3,4].

Figure 1. Vectors relevant to the processing of amino acids in this model. The vectors and labels are
explained in the text [1]. Used with the permission of Astrobiology.

15



Symmetry 2019, 11, 23

The external electric field enhances this asymmetry by aligning the molecule along its electric
dipole moment [44], thus coupling the nuclear spin and the molecular chirality to result in the selective
destruction of one enantiomer [4]. The destruction rate of individual enantiomers and spin states can
be used to determine the evolution of the ee in time.

Figure 1 shows that the net magnetization, which is an average of the 14N spins, is not necessarily
parallel or antiparallel to the antineutrino velocity (and spin) vector. Thus, the antineutrino/nucleus
wavefunction consists of a mixture of antialigned and aligned states. The interactions are a result of
the projection of the nitrogen spin onto the antineutrino spin vector. However, because of the splitting
of the magnetization vector, the components of this mixture are chirality-dependent. In Figure 1, it can
be seen that the nuclei of the D enantiomers have a net magnetization that is more antialigned with the
antineutrino spin than those of the L enantiomers. This is because the magnetic field for D enantiomers
shifts in the direction toward the incoming neutrino and shifts in the opposite direction for the L
enantiomer. This results in a higher number of spins of the D enantiomer pointing toward the neutrino.
Thus, on average, the nuclei of the D enantiomers are subject to larger destruction cross-sections than
the nuclei of the L enantiomers. To take into account this splitting, we adopted the factor in which the
value of the reaction rate is proportional to 1 − cos Θ, where Θ is the angle between the antineutrino
spin vector and the magnetization vector [45], a good approximation for the considered geometries.

It is also possible that the electron neutrinos could interact with 14N to produce 14O. However,
the energy threshold of this reaction is much higher (greater than 5 MeV compared to the order
of 1 MeV). Because the cross-section for neutrino-capture processes increases as the square of
the energy above threshold, and the antineutrino energies expected [46] from one of the sites,
we consider, that coalescing neutron stars are predicted to be much larger for antineutrinos than
neutrinos (16 MeV versus 10 MeV), this reaction does not have a significant result in producing a
negative enantiometrism from the combined flux from antineutrinos and neutrinos—at least in the
two-neutron-star coalescence model.

The size of the meteoroid or planetoid in this model is not constrained, as the antineutrinos are
able to pass through the intervening material. They simply must be large enough to survive the passage
through space and atmospheric entry. Possible candidates that may provide the necessary conditions
for this model include massive-star-neutron-star binaries, magnetars, Wolf–Rayet stars, or “silent
supernovae”. These are stars massive enough to collapse into black holes. In this process, they create
magnetic fields large enough for this model to work. They also create a very large antineutrino flux,
but very few photons. Another possible candidate is the site of merging neutron stars, which also
produces these same conditions, but with greater magnetic field strength and antineutrino flux at the
location of the meteoroid than in the other sites, primarily due to the meteoroid’s closer proximity to
the event [47,48].

3. Amino Acid Processing in Various Possible Sites

3.1. Processing from a Core-Collapse Supernova

The most obvious candidate for enabling the SNAAP model is a core-collapse supernova from
a single massive star. The magnetic field produced by the nascent neutron-star remnant and the
antineutrino flux are both enormous. However, this site has a fatal flaw: when the massive star
goes into its red-giant phase of stellar evolution, its periphery expands out to about 1 AU. However,
our calculations have shown that, because the magnetic field decreases significantly with radius,
amino acids would not be significantly affected beyond about 0.01 AU [43,49]. The amino acids that
could be processed are therefore inside the star, and would surely be incinerated. Note that the same
problem exists for the MCA model; a single isolated supernova cannot work there either.
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3.2. Processing from a Close Neutron-Star–Massive-Star Binary

A system such as this would presumably have been born from two massive stars in close proximity.
When the more massive one completed its stages of stellar evolution and became a supernova, it would
create a neutron star, assuming it wasn’t so massive so as to collapse into a black hole. If those
two stars remained together, the neutron star would attract the outer one or two layers from the
remaining massive star, creating a Wolf–Rayet (WR) star. It would continue its stages of stellar evolution,
and would eventually become a core-collapse supernova, known as a Type Ib or Ic.

The material that had been attracted to the neutron star would form an accretion disk around
the neutron star. These have been studied in detail, and have been found to enable the formation of
dust grains, meteoroids, and even planets [50]. The cooler outer regions could presumably also permit
the creation of amino acids, possibly on the dust grains that have formed. These may be shielded
from radiation from the WR star, for the portions of their trajectory that are closest to the WR star,
by more outward facing regions of the disk. Amino acids have been shown to form on dust grains [51],
although under different conditions than would be expected in the outer regions of an accretion disk.

An important consideration is the region in which amino acids might be formed in the accretion
disk around one of the neutron stars. Most disk simulations do not extend to temperatures at which
molecules might form, but they agree that the temperature falls off roughly as r−3/4. D’Alessio et al. [50]
found that the midplane temperature depends on the assumed grain size, but was typically several
hundred K at 1 AU for the system they considered. Thus, molecules might begin to form around an
AU from the central object. However, this is outside the region in which the nuclei could be oriented
by the magnetic field from the neutron star.

Although there may be considerations that would allow amino acids to exist closer to their parent
neutron star, this might be a long-term prospect that would result in the destruction of the formed
amino acids in all but the largest meteoroids. As smaller objects with amino acids agglomerated into
larger ones, the material in the disk would impede their velocity, reducing it to less than that required
for them to maintain a stable orbit. Thus, they would gradually sink toward the neutron star. Although
it might be difficult to have very many amino acids existing within 0.01 AU, the maximum distance
within which they would experience a sufficiently large magnetic field to sustain a selection between
chiral states, some might survive their trek to that radius if they were in large meteoroids.

3.3. Processing from the Merger of Two Neutron Stars

The two neutron stars in close orbit might have begun their existence as two massive stars.
When the first exploded as a supernova, it became a neutron star that drew the outer one or two
shells off of the remaining massive star, creating an accretion disk around the neutron star, leaving
the other as a WR star. However, when the second star exploded, the result might well have been a
two-neutron-star system, with the two in close proximity. One of them would also probably retain
some semblance to the accretion disk it had before the WR star exploded.

What is known from GW170817 [52], simultaneously observed by the FERMI [53] and INTEGRAL [54]
gamma-ray detectors, and by the CHANDRA [55] X-ray detector, as well as by many optical telescopes,
is that a lot of heavy nuclides were synthesized via the rapid-neutron-capture process resulting from
the merger of the two neutron stars. While the details of this depend on the masses of the two stars
prior to the merger, the final-state neutron star or black hole may not be of great consequence to our
considerations. The actual amount of created heavy nuclides has been estimated [56] to be several
tenths of a solar mass. Since this was made largely from neutron matter, a huge flux of electron
antineutrinos must have been produced by the process that converted the essentially pure neutron
matter to the neutron-rich progenitors of the r-process nuclei. (Here, “r-process nuclei” are isotopes
thought to be produced via neutron-capture reactions in explosive environments. The r-process is
responsible for production of nearly all of the elements heavier than iron [57].)

Fortunately, enough theoretical work [46,58] has been done on two-neutron star mergers that
good estimates of the needed parameters to perform SNAAP model calculations exist. In particular,

17



Symmetry 2019, 11, 23

the maximum magnetic field generated at the composite neutron star is around 1017 G [46].
That permits the magnetic-field orientation region to extend nearly an order of magnitude beyond
what it would be for the supernova from a neutron-star–WR-star binary system.

Perego et al. [58], and Rosswog and Liebendorf [46] calculated both the expected fluxes for
electron neutrinos and antineutrinos, and their energies. The electron antineutrinos are the dominant
species, and their total flux is expected to exceed 1053 ergs in the fraction of a second during which
they would be emitted. Their mean energy is predicted to be 16 MeV.

However, for creating enantiomeric amino acids, it is important to consider the disk. When the
second neutron star began to converge on its companion to a distance where it would begin to intercept
the outer regions of the disk, the disk would be disrupted by the gravitational field of the second
neutron star. Amino acid-laden meteoroids might be pulled into a close orbit with the second star,
or might be deflected into elongated orbits. As the second star continued to plow through increasingly
dense regions of the disk, it would thoroughly mix the disk material, dragging some of the meteoroids
from the outer disk regions into regions closer to one or the other neutron star and sending others into
orbits that would allow them to pass by the central objects after longer, and highly variable, times.
As the two stars grew even closer, this disk material would begin to orbit both stars, and would be
compressed under the increased gravitational pull of the two stars.

Presumably, many of the amino acids, especially those enclosed in larger meteoroids with highly
elongated orbits, could survive the higher temperatures in which they would find themselves for some
time, in some cases long enough for the two stars to complete their spiral into an object. The huge
magnetic field of the resulting neutron star, along with the enormous flux of electron antineutrinos,
would also surely produce ees in many of these amino acids. The expanding “butterfly” inner disk of
matter that is predicted to occur [46,59] would presumably eventually push the outer disk into outer
space, there to seed the surrounding volume with enantiomeric amino acids.

4. Simulations

Approximations have been performed of the level of conversion of amino acids that might have
existed in the accretion disk from racemic to enantiomeric. Important factors include the gravitational
field, the magnetic field, the meteoroid orbital characteristics, and the electron antineutrino flux.
Many of these factors are dependent on the meteoroid distance from the neutron star. This includes the
meteoroid velocity, which is closely linked to the distance from the star. The details of the calculation
are described in prior work [1], so we only summarize them here.

We have computed the shielding tensors and electric dipole moments in each enantiomer of
isovaline and alanine using the Gaussian16 [60] quantum chemistry code [4]. The environmental
conditions that approximate the expected environment in the space surrounding a neutron-star merger
were simulated. For a typical merger event, the two stars of 1 solar mass each, with a net surface
field of 1011 T, are assumed. Because the dynamics of the fields (gravitational and magnetic) and the
neutrino flux can be complicated in a typical event, we assumed a spherical mass of 2 M� with a dipole
field. A constant antineutrino flux of 1057 cm−2s−1 was assumed at the surface of the merger event
for one second with an average cross-section for the 14N(ν̄, e+)14C of 10−40 cm2. The net antineutrino
interaction rate, f , relative to half the 14N relaxation time, T1, is defined by a unitless fraction [1]:

f ≡ 2
λν̄

λR
= 2λν̄T1 (2)

Using the computed shielding tensor, the nuclear magnetic polarizabilities for cationic isovaline
and alanine were computed with a density functional theory (DFT) calculation using a pcS-2 basis
set [61]. Prior to this, the initial electronic wavefunctions were optimized using an HF + MP2 [62]
computation with the aug-cc-pVDZ basis.

With the resultant shielding-tensor asymmetries, the difference in magnetic field vector for
each enantiomer was determined, Bχ = B◦ + ΔBχ, where χ represents the chirality of a particular
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enantiomer. The antineutrino-interaction rates vary as σ · Bχ → v · Bχ[63], where σ and v are the
antineutrino spin and velocity vectors, respectively. Assuming a massless antineutrino, its spin vector
points in the same direction as its momentum vector.

5. Results

Several simulations were run, in which the ees of multiple amino acids were computed as
a function of time in the vicinity if a neutron-star merger.

The net ee as a function of time and orbital radius is shown in Figure 2 for isovaline. Because
the merger event is so fast, it can be assumed that the orbital radius changes little over the course of
an event. Disk viscosity, however, is an unknown parameter in this model, so a constant meteoroid
velocity of 1% of the vacuum orbital velocity was assumed for all orbital radii. Larger velocities
commensurate with close radii would result in a higher computed ee.

In Figure 2, a plot of the ee up to 1 s, the assumed duration of the antineutrino pulse, is also shown
for various assumptions of the meteoroid velocity at a constant orbital radius of 1500 km from the
merger event. It can be seen that the achieved ees can become large, comparable to those observed in
meteorite analyses, at least at that assumed radius. For lower velocities or greater distances from the
resultant neutron star, ees of the order of a percent can still be achieved.

Figure 2. Left: ee as a function of time and radius from a neutron binary merger for isovaline. Velocity
for a circular orbit is assumed to be damped to 1% of the orbital velocity of a circular orbit. Right: ee
as a function of time for various meteoroid velocities at a fixed distance of 1500 km from the merger,
where c is the velocity of light.

The conditions in Figure 2 are a result of large magnetic fields. This model also produces large
electric fields; these may possibly exceed the dielectric strengths of the amino acids. However, this effect
could be mitigated in several ways. A strong magnetic field and a weak electric field can result in
the same chiral selection. Additionally, this effect could work if the amino acids were contained in
crystalline structures for which a much smaller electric field may suffice.

In prior work, it was shown that, if the antineutrino flux continues for too long, a total destruction
of both L- and D-enantiomers could result, and a sudden drop in ee occurs as all amino acids
are destroyed. This is partially due to their thermalization. In the case of the NN merger event,
the antineutrino pulse is so short that the ee rapidly increases and the antineutrino flux stops well
before all of the amino acids are destroyed.

The results for alanine are shown in Figure 3. Here, it is seen that the ee as a function of time and
distance is similar to that of isovaline. It is noted that, after 1 s, the ee of isovaline is slightly larger
than that of alanine. As explained in previous work [4], the product of the asymmetric components
of the shielding tensor and the electric dipole moment is larger for isovaline than for alanine. It is
seen, however, that a sizable ee can still result for alanine. Although the present results were only
achieved for isovaline and alanine, our previous work [4] strongly suggests that similar results would
be obtained for most other amino acids.
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Figure 3. Left: ee as a function of time and radius from a neutron binary merger for alanine. Velocity
for a circular orbit is assumed to be damped to 1% of the orbital velocity of a circular orbit. Right: ee
as a function of time for various meteoroid velocities at a fixed distance of 1500 km from the merger,
where c is the velocity of light.

The results for the neutron-star–WR-star binary system are not as impressive as those from the
two-neutron-star merger model, but appear to produce viable ees nonetheless. We estimate those to be
roughly four orders of magnitude less than those for the two-neutron-star merger case. In this case,
the amino acids would obviously require amplification via autocatalysis to reach the levels found in
meteorites, but their ees are still competitive with those from other models of chiral selection. Note,
though, that these two sites are sufficiently different that other issues may affect the ratio of achievable
ees. For example, the magnetic field for the two-neutron-star merger may be so high that processing of
the amino acids cannot occur as close to the merged object (because the resulting electric field might
destroy the molecules) as it could to the neutron star in the neutron-star–WR-star site. As noted above,
though, that site might well evolve to the two-neutron-star case when the WR star explodes, in which
case considerably higher ees would be achieved.

The single supernova is problematic, though, because its red-giant phase would envelop any
amino acids that could be processed by its electron antineutrinos. We estimate that the maximum ee
it could achieve would be 10−10 or even less. This is probably not a viable site for providing Earth’s
enantiomeric amino acids.

6. Test of the SNAAP Model

Recent analyses of amino acids in meteorites [64,65] have presented an interesting test of the
SNAAP model. The relative abundances of 15N and 13C, both stable nuclides with low normal relative
abundances (15N is 0.366 percent of natural N and 13C is 1.11 percent of natural C) were observed to
be enhanced in meteoritic amino acids. The abundance of 15N is considerably larger, about a factor of
10, than that of 13C, although the actual enhancement factor considerably varies from one amino acid
to another.

We developed a simple model to see if the SNAAP model is consistent with these isotopic
enrichments. Both charged-current and neutral-current reactions can change the mass numbers of
nuclei if they go to sufficiently highly excited states in the residual nucleus that they can decay by
proton or neutron emission. We assume in the following discussion that neutral-current reactions
perform the transitions, although the results would not be different if charged-current reactions were
included. Then, the relative abundance of 15N to 14N is enhanced both by 15N production from
antineutrino reactions on 16O and by 14N destruction by antineutrino reactions. Similarly, the 13C to
12C abundance ratio is enhanced by production from antineutrino reactions on 14N and destruction of
12C by antineutrinos.

In order to simulate the neutral-current reactions, we approximated the antineutrino energy
distribution, which has a mean energy of 16 MeV [46,58], with a flat distribution from 8 to 24 MeV,
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and assumed the reactions varied with the square of the energy. (The results from our model are
rather insensitive to the details of the distribution.) This model produced relative destruction rates for
16O:14N:12C of 8.3:22.7:2.3, with the destruction rate of 14N being the largest because it has the lowest
energy threshold of all the possible reactions. In each case, the yields from the two possible reactions
were added to produce the result, since the two reactions produce the same final nucleus following
the beta decay of the unstable member. For example, the interaction of an antineutrino with 16O can
produce either 15O plus a neutron or 15N plus a proton, but 15O decays to 15N.

To determine the enhancement of 15N to 14N from the destruction rates on 16O and 14N, one must
take into account the relative abundances of 16O and 14N, and similarly for determining the production
of 13C to 12C. The natural relative abundances are, roughly, for O:N:C = 10:1:4 [66] (these depend on
whether they are galactic or solar abundances, so the numbers given are a rough average of those from
the two sets of values). However, these may not be the abundances in the meteoroids when they get
processed. The abundances of the three elements are more likely to be comparable in amino acids,
but those are not the only molecules formed in the meteoroids. Indeed, there would most likely be
some water, and that would enhance oxygen abundance. In the absence of better information, we have
just assumed the natural abundances. When these are included, they give a relative enhancement
factor of 15N to 13C of about 8.5.

This calculated ratio of the rare isotope enhancements is similar to the observed enhancements
in meteorites of rarer isotopes (∼ 2–10) to well within the observed fluctuations for different amino
acids [64,65]. Since both the charged-current and neutral-current interactions would affect most of the
nuclides other than hydrogen in the amino acids, they produce atomic detritus that have insufficient
recoil energy to move very far from where it is produced. Thus, after the neutrino burst ends, it would
be expected that these atoms would recombine into new molecules, some of which would be amino
acids. It should also be noted that the dust grains on which much of the interstellar chemistry is
thought to occur have both carbon and water, that is, oxygen. The neutrinos certainly produce more
nitrogen from the oxygen that was not part of the original amino acid inventory, but might well be
when recombination occurs. If antineutrino exposure results in a production of nitrogen, then it might
be possible to produce more amino acids afterward, as more nitrogen is available for their production,
assuming that available nitrogen is the limiting factor in amino acid production. Given the possibility
of autocatalysis, that might well increase the ees.

7. Conclusions

The present results suggest that NN-star mergers are a potentially ideal site for producing
appreciable enantiomeric excesses in meteoroids that were nearby when the merger occurred.
Furthermore, the ability of the SNAAP model to reproduce the ratio of the isotopic enhancements of
13C and 15N does lend confidence in the basic features of the SNAAP model. Finally, the SNAAP model
may well explain the enantiomeric excesses observed in meteorites and even, possibly, the origin of
life on Earth.
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Abbreviations

The following abbreviations are used in this manuscript:

AU Astronomical Unit
CPL Circularly Polarized Light
ee enantiomeric excess
MCA Magneto-Chiral Anisotropy
SNAAP Supernova Neutrino Amino Acid Processing
WR Wolf–Rayet (star)
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Abstract: Chirality is a natural attribute nature of living matter and plays an important role in
maintaining the metabolism, evolution and functional activities of living organisms. Asymmetric
conformation represents the chiral structure of biomacromolecules in living organisms on earth,
such as the L-amino acids of proteins and enzymes, and the D-sugars of DNA or RNA, which exist
preferentially as one enantiomer. Circularly polarized light (CPL), observed in the formation regions
of the Orion constellation, has long been proposed as one of the origins of single chirality. Herein,
the CPL triggered asymmetric polymerization, photo-modulation of chirality based on polymers are
described. The mechanisms between CPL and polymers (including polydiacetylene, azobenzene
polymers, chiral coordination polymers, and polyfluorene) are described in detail. This minireview
provides a promising flexible asymmetric synthesis method for the fabrication of chiral polymer via
CPL irradiation, with the hope of obtaining a better understanding of the origin of homochirality
on earth.

Keywords: homochirality; circularly polarized light; asymmetric reaction; polymer

1. Introduction

Homochirality is one of the most valuable aspects of science and is an essential molecular
characteristic of terrestrial life [1–4]. Asymmetric conformation represents the chiral structure of
biomacromolecules in living organisms on earth. Homochirality in biomolecular building blocks
almost exclusively results in the use of only one enantiomer for the molecular architecture, such
as the D-sugars of nucleic acids and L-amino acids of proteins [5–11]. In the achiral environment,
the chemical and physical properties of D- and L-enantiomers were not different except for tiny
energy differences which can be attributed to the parity violation of the weak interactions. However,
these small energy differences have been theoretically proposed, but they are hard to be detected
by conventional experiments [12]. During the process of building up biopolymers such as proteins,
enzymes and nucleic acids, an important requirement is the selection of one enantiomer. Therefore,
the origin of homochirality in nature has been widely often exploited, and the homochirality of life
remains an important subject to be researched.

The asymmetric structure of polymers plays an important role in the maintenance of life processes,
metabolism and evolution, and chiral polymers have been widely used in asymmetric synthesis, chiral
recognition, and enantiomeric separation [13–23]. Moreover, chiral polymers also hold potential
for application in chiral catalysts, liquid crystals, nonlinear optical materials, and the biomedical
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industry [24–33]. In recent years, scientists have reported several methods to synthesize chiral materials,
such as the use of chiral solvents or templates, polymerization with chiral monomers, substituted
achiral polymers with a chiral center, supramolecular self-assembly and circularly polarized light
(CPL) irradiation. Compared with these methods, circularly polarized light (CPL), proposed to be
one of the origins of homochirality in nature, is regarded as an important tool to prepare photo-active
chiral materials [34].

As shown in Figure 1, CPL is one kind of electromagnetic waves with a spiral arrangement
of the electric field vector along the propagation direction [35]. Right and left-handed CPL are
considered to be plausible candidates to introduce the initial chiral asymmetry into biomolecular
building blocks. In 1929, Kuhn conducted an experiment by irradiating a racemic organic molecule
solution with CPL for the first time, and the results demonstrated that CPL could successfully induce
the asymmetric photolysis of organic molecules [36]. Moreover, Kagan also prepared the helical
structure of an olefin molecule with a redox reaction between diarylethene and iodine accompanied by
the CPL irradiation. Interestingly, the results showed that the final obtained products behaved with
chiral signals opposite to that of the external circularly polarized light [37]. In recent years, with the
development of CPL technology, CPL has been widely utilized in areas such as asymmetric photolysis,
asymmetric polymerization, and deracemization reaction [38–42]. Meinert and co-workers reported
that the enantiomeric excess (ee) value of molecules was not only dependent on the polarization state of
the CPL but also deeply affected by the wavelength of the CPL [43–45]. Although the CPL irradiation
method is considered to be an important tool to synthesize helical biomolecules, the enantiomeric
excess is quite a small (<4%). Therefore, how to improve the ee value based on CPL technology remains
a question to be answered. In 2009, Vlieg et al. reported that with CPL irradiation, a racemic solution
of amino acid derivatives could induce a small amount of chiral bias that was then amplified to give a
pure chiral solid phase. The solution of racemic amino acids could be converted to single-handedness
through an abrasive grinding process, and the final chirality of the solid phase could be totally
controlled by the external handedness of the CPL [38]. Meanwhile, Kotov et al. demonstrated that
left- (right-) handed CPL illumination of racemic CdTe nanoparticles in a dispersion state could
induce the same direction twisted nanoribbons. Moreover, the chiral nanoribbons were generated
in an enantiomeric excess exceeding approximately 30%, and this ee value was substantially higher
than that obtained from traditional CPL-induced reactions [46]. Their results opened a pathway for
the preparation of helical photonic structures and provided a scenario for the plausible origin of
homochirality in biomolecules during the evolution of early earth. Kim et al prepared helical structure
based on triphenylamine derivatives, and the helicity of the aggregation was totally controlled by the
handedness of the CPL [47]. Therefore, the utilization of CPL irradiation technology in areas including
the chirality induction, transference and amplification of liquid crystal or polymers would be of great
value especially in asymmetric reaction.

 

Figure 1. The schematic of right-handed circularly polarized light (R-CPL), reprinted with permission
from Reference [34]. Copyright 2018 Elsevier.
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In this review, the recent advances in the preparation and modulation of chiral polymers based
on CPL irradiation technology are outlined, and the asymmetric mechanism and influence factors
are also discussed. Our main purpose is to offer a comprehensive understanding of helical structure
construction based on CPL technology which mainly focuses on polydiacetylene, polyfluorene,
azobenzene, chiral coordination polymers and so on. This review provides a promising flexible
asymmetric synthesis method for the preparation of chiral polymers based on CPL technology, hoping
to help us obtain a deeper understanding of the plausible origin of homochirality on earth.

2. The Asymmetric Synthesis of Chiral Polymers Based on Circularly Polarized Light

2.1. The Asymmetric Polymerization of Diacetylene

Polydiacetylene (PDA) is a novel photosensitive material, which possesses conjugated backbone
chains, and can be easily formed in different structures by self-assembled systems. Diacetylene (DA)
monomers can be polymerized with the irradiation of UV light or γ-rays. With external stimuli (ions,
pH, temperature, etc.), PDA exhibits an apparent color and fluorescence change, thereby making it an
ideal material for sensing in different forms such as liposomes, vesicles, films or microtubes [48–56].
In 2006, Iwamoto et al. demonstrated the enantioselective synthesis of chiral PDA triggered by
ultraviolet circularly polarized light (Figure 2). The DA monomer without any chiral centers was
used to prepare the monomer film and ultra-violet CPL was the only chiral source. Interestingly,
the formed films irradiated with different-handed (left or right) CPL distinguishably induced the
opposite handedness of PDA films [57].

 
Figure 2. The preparation of chiral polydiacetylene films upon irradiation with left- or right-handed
circularly polarized light (reprinted with permission from Reference [57]. Copyright 2006 the Chemical
Society of Japan).

Owing to the C-C bond being able to rotate along with the direction of the CPL, a disturbance
could be generated in the PDA backbone chains. Thus, the formed PDA, which was irradiated with L-
or R-CPL, definitely yielded the opposite chiral polymer. However, upon irradiation with unpolarized
ultraviolet light alone, no CD signals could be noticed at the corresponding absorption band for the
PDA film. It was reported that visible light could also maintain the polymerization of DA monomers
when the number of repeat units of PDA oligomer was more than five. In this case, the enantio-selective
polymerization of diacetylene monomers triggered by circularly polarized visible light (CPVL) was
realized for the first time (Figure 3). The 532 nm CPVL could effectively offer the chiral information
and controlled the handedness of the final PDA chains. This work offered a new method for the
synthesis of chiral optical polymers by the visible light region [58].
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Figure 3. The mechanism of Enantio-selective polymerization of diacetylene (DA) films triggered
by circularly polarized visible light (reprinted with permission from Reference [58]. Copyright 2014
The Royal Society of Chemistry).

CPL is one kind of electromagnetic waves and is considered to be a chiral form of light, which
exhibits a helical trajectory propagation of the electric field vector [59–61]. However, natural CPL
emitted from star formation is usually located in the long-wavelength light such as the IR region,
while most chiroptical reactions were induced by ultraviolet light or visible light. Therefore, it was
reasonable to extend the chirality induction to the IR region (Figure 4). It was demonstrated that by
incorporating NaYF4 up conversion particles, the enantioselective photoinduced polymerization of
achiral benzaldehyde-functionalized DA monomers could be realized with the irradiation of 980 nm
CPL, which based on the multiphoton up conversion mechanism. The 980 nm CPL acted as the only
chiral source and the screw direction of the chiral polymer chain followed the handedness of 980 nm
near CPL. This work paved the way for a deeper understanding of the possible origins of homochirality
in living systems [62].

Figure 4. The mechanism of Enantio-selective polymerization of DA films triggered by 980nm circularly
polarized light by doping NaYF4 nanoparticles (reprinted with permission from Reference [62].
Copyright 2017 Wiley).

Moreover, according to the novel method for the synthesis of helical conjugated polymers
in a nematic liquid crystal phase reported by Akagi et al., helical PDA structures in the liquid
crystal (LC) phase could also be synthesized successfully. In 2014, Xu et al. synthesized the
1,3,5-tris(1-alkyl-1H-1,2,3-triazol-4-yl) benzene (TTB) molecule, and the HB complex was obtained by
mixing DA with TTB in a 3:1 molar ratio through the self-assembly method (Figure 5). Interestingly,
The DA units in the crystal phase could not form helical chains due to the restriction of the crystal
lattice, while in the lamellar columnar mesophase, the molecular motion of the hydrogen-bonded
complex was relatively free, and the external CPL could effectively direct the screw orientation of the
final PDA chains [63]. This work offered a new method for the fabrication of helical polymers in the
liquid crystal phase.
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Figure 5. The mechanism of formation helical PDA films in the Lcol liquid crystal state (reprinted with
permission from Reference [63]. Copyright 2014 The Royal Society of Chemistry).

In 2018, Zou and co-workers synthesized benzaldehyde-functionalized diacetylene (BSDA)
monomers and demonstrated that these DA monomers could be polymerized by the visible light
region. Interestingly, super-chiral light (SCL) was introduced to achieve an enhancement in the
dissymmetry of BSDA molecules in this work (Figure 6). The super-chiral light was generated by the
interference of two circularly polarized lights with the same wavelength, yielding opposite handedness
but with a different intensity. It should be noted here that the SCL could generate a greater chiral
transfer and amplification than that of the traditional circularly polarized light during the asymmetric
photo-polymerization reaction of BSDA monomers. Moreover, the formed helical PDA films irradiated
with SCL exhibited an excellent chiral recognition ability and could be utilized to construct a visual
sensor for the discrimination of several specific enantiomers. This work offered a new method and
might open a pathway for other asymmetric photochemical systems [64].

 
Figure 6. Experimental set-up, molecular structure and CD spectra. (a) Experimental set-up for SCL
generated by two counter-propagating CPL waves with the same frequency and opposite handedness.
The coherent length of the laser is 30 cm and the optical path difference of the two counter-propagating
CPL waves is less than 2 cm; (b) The molecular structure of BSDA monomer; (c) CD spectra of
thus-formed PDA films by application of (i) left-handed or (ii) right-handed SCL; (iii) left-handed or
(iv) right-handed CPL; (v) LPL, respectively. The wavelength of SCL, CPL and LPL were all 325 nm.
The irradiation time was 40 min (reprinted with permission from Reference [64]. Copyright 2018
Springer Nature).
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2.2. Enantioselective Synthesis of Chiral Coordination Polymers with CPL

Helical coordination polymers have been widely used in asymmetric catalysis, ferroelectrics,
nonlinear optical effects, and chiral resolution [65–67]. Scientists have developed a series of chiral
coordination polymers (CCPs) from achiral materials without the doping of any chiral agents. However,
it is impossible to predict the absolute configuration of CCPs and the asymmetric synthesis of CCPs
remains challenging. With the inspiration of a CPL-triggered solid-liquid mixture of a racemic
amino-acid derivative reported by Vlieg et al., Wu and co-workers synthesized the chiral copper
(II) CCP [{P or M-Cu(succinate)(4,4′-bipyridine)}n]·(4H2O)n, which adopts a three-dimensional helical
configuration (Figure 7), and the enantioselective synthesis of chiral coordination polymers by the
visible-light region was successfully obtained (Figure 8). To discovered the influence of CPL, final
products were separated into two zones, bath in the CPL zone (Light-R, L) or bath in dark zone
(Dark-R, L). Moreover, nearly 92 samples were selected during the experiments. In the CPL light
zone, the fragment [Cu(succinate)]x acted as the chiral center, which could exist in one preferential
configuration and directed the helical assembly direction upon irradiating with CPL. The value of
enantioselectivity was at most 80% and the helical structure of the crystalline product was the same
as that obtained by the irradiation of circularly polarized light. In the visible-light region, circular
dichroism effect was relatively weak, and the size of light spot was small than the cuvette, this size
mismatch could not effectively offer enough light bath area, all that lead the enantioselectivity could
not reach 100%. Interestingly, a similar CD signals were also discovered in the dark zone, but CD
spectra demonstrated dissonance, this was attribute to the sharing of one cuvette compared with
Light-zone. This work provided a good avenue to control the enantioselective synthesis of coordination
polymers [66].

 

Figure 7. ORTEP plots with thermal ellipsoids set at the 30% probability level showing
(a) the right-handed helix of polymeric [{Cu(succinate)}n]; (b) the left-handed helix of polymeric
[{Cu(succinate)}n], and (c) the overall structure of [{Cu(succinate)(4,4′-bipyridine)}n]·(4H2O)n viewed
along the c axis (reprinted with permission from Reference [65]. Copyright 2007 Wiley).
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Figure 8. The CD spectra of (a) light-L; (b) light-R; (c) dark-L and (d) dark-R CCPs (reprinted with
permission from Reference [66]. Copyright 2014 Wiley).

2.3. Enantioselective Thiol-ene Polymerization Reaction Triggered by CPL

The thiol-ene reaction, which given its high yield, rapid rate, and mild reaction conditions,
has been widely used in the synthesis of novel organic compounds and smart functional polymers,
especially in surface modification, drug-controlled release and advanced optical materials synthesis.
However, how to realize the asymmetric click reaction from a racemic mixture remains a question to be
solved. In 2017, the allyl-(1-((3-(dimethylamino)propyl)amino)-4-mercapto-1-oxobutan-2-yl)carbamate
(DPAMOC) enantiomers were synthesized, and circularly polarized light was utilized to trigger an
asymmetric polymerization reaction by our group. The results demonstrated that without any chiral
dopant or catalyst, the chiral optically active polymer could also be obtained from racemic monomers
with the irradiation of CPL (Figure 9). Via the CPL-triggered enantioselective polymerization click
reaction, chiral linear and hyperbranched polymers were easily synthesized with the CPL acting as the
only chiral source. Interestingly, the inducible chiral signals of the final polymers could be flexibly
controlled by the handedness of the external CPL as well as the irradiation time. This work paved the
way for expanding to other common asymmetric click reactions for the preparation of chiral polymers
with controllable enantioselectivity [68].
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Figure 9. (a) Schematic illustration of preparing chiral polymer from racemic monomers through the
asymmetric click polymerization process irradiated by 313 nm CPL irradiation. (b) CD signals and
(c) Time-resolved development of the specific rotation values of the final polymer triggered by (i) L-CPL,
(ii) R-CPL or (iii) normal UV light, respectively (reprinted with permission from Reference [68].
Copyright 2017 The Royal Society of Chemistry).

3. The Asymmetric Photo-Modulation of Chirality Polymers Based on Circularly Polarized Light

The photo-modulation of chiroptical properties based on functional materials has gained research
interest, and the approach could lead to the rapid development of smart materials or devices for
reversible information storage. It is believed that chiroptical polymers originate from the properties
of natural polymers, which have a specific one-handed helical structure in living matters. However,
the single-helical configuration (right- or left-handed) of chiroptical polymers was not stable. With
an external physical or chemical stimuli such as light, heating, ions, pH or solvents, the helical
configuration could be changed and may be reversed to opposite handedness. Recently, the circularly
polarized light-triggered photo-modulation of chiroptical properties has been widely researched in
many kinds of photochromophores [69–72]. Herein, the photo-modulation of the chiroptical properties
of polymers based on CPL is described.

3.1. Enantioselective Photo-Modulations of Azobenzene Polymers

Polymers that contain azobenzene chromophores have been widely investigated due to their
fortunate optical storage properties. Nikolova et al. first reported that with the illumination of
circularly polarized light, side-chain azobenzene liquid crystalline polyesters could exhibit a very large
circular anisotropy, and the CPL was the only chiral center [73]. An amorphous achiral azobenzene
(Azo) liquid crystalline polymer (p4MAN) was synthesized by Iftime et al. With the irradiation of
514 nm CPL, the opposite handedness of CPL produced enantiomeric structures (Figure 10). However,
upon switching the handedness of the external CPL, a reversible chiral signal switching between
two enantiomeric superstructures of the azobenzene liquid crystalline polymer could be achieved
successfully. While after several cycles of switching the handedness of the external CPL, the circular
dichroism (CD) signals of the polymers tended to decrease, and this phenomenon was attributed to
the orientation of the several azobenzene units which were perpendicular to the Azo film plane. After
the photoisomerization, the azobenzene chromophores would exhibit a cis-to-trans transfer, whereby
the Azo film plane underwent an angular reorientation. However, several Azo chromophores were
also out of the polymer film’s plane, and the final numbers of Azo units in the polymer film plane
would decrease so that the Azo liquid crystalline polymers exhibited some fatigue, leading to the CD
signal decrease [74].
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Figure 10. (a) UV-vis absorbance and (b) CD spectra of the p4MAN thin film after irradiating with
circularly polarized light; (c) The model of p4MAN to demonstrate the helical arrangement after
irradiation with circularly polarized light (reprinted with permission from Reference [74]. Copyright
2000 American Chemical Society).

Ivanov et al. demonstrated that not only the liquid crystalline phase but also the amorphous
phase of achiral Azo polymers could form a helical structure upon illumination with CPL (Figure 11).
The liquid crystalline orientation represented one of the important factors in the fabrication of chiral
superstructure, as the circular momentum could transfer from the CPL to the azobenzene moiety in
the polymers [75].

Figure 11. The structure and the rotation of the probe beam azimuth of the Azo polymers (reprinted
with permission from Reference [75]. Copyright 2017 Taylor & Francis).
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Kim et al. reported the CPL-driven chiral formation based on amorphous azobenzene polymer
films, and achiral epoxy-substituted azobenzene polymer PDO3 was synthesized in this work [76].
The amorphous azo polymer chains in the film were in a state of several layers, upon irradiation with
left circularly polarized Ar+ laser light, the linear polarized beam of the incident light would lead
to the azobenzene chromophores orienting in one way, which was perpendicular to the main axis
of the incident light (Figure 12). After passing across the first layer, the major axis of the incident
light could rotate following the counterclockwise direction. Therefore, the major axis of incident light
could rotate the same angle in the same direction after passing through the successive layers and the
final optical rotation of the polymer would be extended, thus generating the same handedness helical
structure in the amorphous azopolymer. This work not only broadened the asymmetric modulation of
Azo containing materials but is of great value to the deep understanding of the mechanisms behind
chirality photoinduction.

Figure 12. Schematic illumination of a proposed mechanism for the CPL induced chiral helical structure
based on an amorphous azopolymer film (reprinted with permission from Reference [76]. Copyright
2000 American Chemical Society).

To further study the influences of the azobenzene chromophores structure and the spacer
length during the CPL-triggered helical structure formation, several chiral azobenzene-containing
homopolymers were synthesized by Zheng et al (Figure 13). The results indicated that the above
samples with a short spacer length (0 or 2) did not generate any CD signals, while those with a
longer spacer length (6 or 11) produced clear CD signals. Interestingly, all the films irradiated with
442 nm linearly polarized light displayed a CD signal enhancement in the azobenzene moieties
absorbance region between 260 nm and 360 nm. However, the homopolymers with six methylene
units demonstrated the largest level of enhancement. During the modulation of the chirality process,
the cooperative dipolar interaction with the chiral side chains acted as a key factor in the arrangement
of the main chains of the polymers. With longer spacers (chiral side chains), the aggregation level of
chiral side chains was higher, which was convenient for the chirality transference and formation of
the helical backbones. This work will be of benefit to the design of more sensitive chiral polymers for
information storage and chiroptical switching [77].

The chiroptical properties of the azobenzene-substituted diacetylene (NADA) were also
researched by Zou et al (Figure 14). With the irradiation of 313 nm circularly polarized ultraviolet
light (CPUL), the LB films displayed supramolecular chirality, and evident CD signals were measured
by the CD spectra. Consequently, the handedness of the obtained LB films was consistent with
that of the CPUL. In this system, the chirality could transfer from the azobenzene units in the side
chains to the PDA backbone and could determine the helical direction of the PDA chains. During
the chirality transfer process, the stereoregular packing of the azobenzenes was believed to play an
important role in the determination of the enantiomeric helical PDA chains. Moreover, the above
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chiral LB film (irradiated with right-handed CPUL) was also irradiated with left-handed 442 nm CPL.
The azobenzene chromophores first changed their stereoregular packing to the opposite helical manner
(L-handed), then lead the PDA chains to form the opposite helical structure. Therefore, the modulation
of poly-azobenzene-substituted diacetylene (PNADA) LB film chirality could be achieved easily by
the CPL treatment. However, another finding should be noted, by changing the stereoregular packing
manner of the azobenzene chromophores, a partial inhomogeneous perturbation force was generated
against the chiral arrangement of the Azo chromophores, which was accompanied by generating
variations in the weakness of CD signals. In this way, the CD signals would decrease after a few cycles.
This research offered a novel model system for the deep understanding of the chirality transfer and
modulation based on azobenzene polymers [78].

Figure 13. The CD spectra of PMxAP (x = 0, 2, 6, 11) film (reprinted with permission from Reference [77].
Copyright 2000 Elsevier).

 
Figure 14. Schematic mechanisms of (a) chirality induced and (b) chirality modulation for PNADA
films with CPL treatment (reprinted with permission from Reference [78]. Copyright 2010 The Royal
Society of Chemistry).

35



Symmetry 2019, 11, 474

3.2. Enantioselective Photo-Modulations of Ketone-Containing Polymers

To further study the influence of CPL during the modulation chirality process, ketone-containing
polymers have also been researched by several groups. In 1999, Schuster and co-workers synthesized
a racemic acrylic-substituted bicyclic ketone, and the cholesteric phase of liquid crystals based on a
mixture of 4-cyano-4′-n-alkylbicyclohexanes could be obtained upon irradiation with CPL (Figure 15).
Owing to the different absorption properties of the isomers in the presence of left- or right-handed
CPL, the photoisomerization reaction of racemic acrylic-substituted bicyclic ketones could be triggered
and lead to an enantiomeric excess. The chirality could be transferred through the polymer chains
and induced the polymer to form the same helical structure. The enantiomeric excess (ee) value of the
bicyclic ketone could be easily modulated by controlling the handedness of the CPL and the irradiation
time, which could control the screw pitch and the switch from nematic to cholesteric forms of the
liquid crystalline materials [79].

 
Figure 15. The molecular structure and CD spectra of the racemic samples before and after CPL irradiation
(reprinted with permission from Reference [79]. Copyright 1999 American Chemical Society).

With the same idea, Selinger et Al. switched the photoresolvable polymers between mirror
images with the tool of CPL in 2000 (Figure 16). The racemic mixture of the ketone-containing
group was induced to the polyisocyanate matrix. The polymers first produced no CD signals due
to the equal amount of isomers, however, after irradiation with CPL, the polymers could generate a
small enantiomeric excess, and noticeable CD signals could be measured in the region of the ketone
chromophore. This result demonstrated that circularly polarized light could enforce a disproportionate
excess to form a fixed helical structure in the polymers, even with the influence of large proportions of
other achiral pendants. Therefore, the helicity of the obtained polymers could be switched reversibly
with the alternation of the handedness of the CPL and could also easily return to the original states
without a CD signal upon irradiation by plane polarized light [80].
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Figure 16. Schematic illumination of the switch between two-handed backbone helices for the polymers
irradiated with (+) or (−) circularly polarized light (CPL) or non-circularly polarized light (non-CPL)
(reprinted with permission from Reference [80]. Copyright 2000 American Chemical Society).

3.3. Enantioselective Photo-Modulations of Fluorene-Based Polymers

The preparation of optical helical polymers and asymmetric synthesis based on CPL as the only
chiral source have been contributing great value and have been gaining increasing attention from
researchers. Herein, the CPL-triggered optical chirality induction and asymmetric synthesis of chiral
fluorene-based polymers (PDOF) have been outlined.

Similar to diacetylene, the structure of PDOF polymers also has no chiral center, due to the single
bonds of the fluorene units could be rotated. Therefore, the exchange between the two conformations
(P- and M-twists) can be achieved, and the enrichment of enantiomeric excess can also be obtained
by external stimuli, such as CPL. In 2012, Nakano et Al. prepared an achiral polymer film based on
the poly(9,9-di-n-octylfluoren-2,7-diyl). After irradiating with R-CPL for 6min, the optically active
PODF film displayed intense negative CD signals (CD-1, π–π* transition, approximately 400 nm)
(Figure 17). Interestingly, upon irradiating with L-CPL for 6 min, the CD signal of the PDOF film
(CD-2) disappeared completely. After additional irradiation with L-CPL for 6 min, an intense positive
CD signal could be noted at the same CD bond (CD-3), the spectra of CD-1 and CD-3 were almost
symmetrical. Therefore, the helical structure could be reversibly modulated with CPL [81].

In order to obtain a better understanding the mechanism during chirality induction and the
switching process of PDOF when irradiated by CPL, simulations of the chirality-switching free-energies
based on poly(9,9-dioctylfluoren-2,7-diyl) (PDOF) were calculated not only on an amorphous silica
surface but also in the vacuum phase by Nakano and co-workers (Figure 18). Based on the free-energy
landscape analysis, the achiral-to-chiral switching of PDOF occurred easily only on the matrix of
amorphous silica, where the activation free-energy was calculated to be 35 kcal mol−1. The interactions
between PDOF and amorphous silica played an important role during the chirality switching.
Compared with PDOF in the solution state or in a suspension, the fluorene-fluorene dihedral of
a PDOF film which was deposited on quartz glass could be twisted in a stepwise manner with the
irradiation of external CPL [82].

In 2013, for the first time, Fujiki et al. achieved the mirror symmetry breaking of achiral
azobenzene-alt-fluorene copolymer particles under the condition of optofluidic organic solvents as
well as with CPL irradiation (Figure 19). It was demonstrated that the medium of optofluidic organic
solvent, the wavelength, irradiation time and the ellipticity of the external CPL played important roles
in the chirality generation, switching, racemization and retention of the copolymer particles. The CPL
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could trigger the two conformations (P- and M-twists) with asymmetric broken, and the enrichment of
one enantiomeric excess could be finally obtained. With continual switching of the CPL handedness,
the reversible modulation of chirality in the fluorene-alt-azobenzene copolymer particles could be
achieved successfully [83]. This research would be helpful for the design of smart memory devices
with the use of the nanosized supramolecular assembly.

 
Figure 17. Molecular structure, CD and UV spectra switches of PDOF film upon irradiation with
different handedness CPL for different times (reprinted with permission from Reference [81]. Copyright
2012 The Royal Society of Chemistry).

 
Figure 18. The ECD spectra for the calculated at the ZINDO level for the negative (−) and positive
(+) twist basins of poly(fluoren-2,7-diyl) with the relating experimental spectra recorded after CPL
irradiation for 6 min (reprinted with permission from Reference [82]. Copyright 2015 Wiley).
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Figure 19. Schematic representation of setup for CPL triggered chirality induction and modulation in a
solution of F8AZO particles by r-/l-CPL (reprinted with permission from Reference [83]. Copyright
2013 The Royal Society of Chemistry).

4. Conclusions

Homochirality is one of the universal geometric properties and has garnered remarkable
interest in recent years. The circularly polarized light-triggered asymmetric polymerization and
photo-modulation of chirality in polymers have gained considerable attention owing to the hypothesis
that CPL could transfer single chirality signals to polymers. Moreover, the asymmetric chemical
reaction based on CPL displayed several advantages including the purity of products without any
chiral dopants or catalysts, and the facile adjustment of CPL parameters such as intensity, wavelength,
polarization and interference. Outstanding examples of the asymmetric synthesis of homochirality
in polymers, which are based on the effective CPL irradiation technique for control of the molecular
asymmetry would help us acquire a better understanding of the mechanisms during single chirality
formation, transfer, amplification and modulation. Although significant progress on single chirality
induced by CPL has been made in recent years, the abundance of room for growth in this area also
needs further research attention, including (1) the fabrication of monomers with a more efficient
response to CPL with a large enantiomeric excess. (2) The utilization of CPL in the long-wavelength
region to expand the number of chiral materials for potential applications, owing to the fact that
CPL emitted from the universe is located in the infrared region. We hope this mini-review allows
researchers to find new ways to fabricate chiral materials with more efficiency for applications of
photolysis and photosynthesis as well as chiral recognition and to greater understand the probable
origin of homochirality in living matter.
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Abstract: The review presents the progress in the analysis of low-temperature heat capacity of the
metal-organic framework Zn2(C8H4O4)2

.C6H12N2 (Zn-DMOF). In Zn-DMOF, left-twisted D3(S) and
right-twisted D3(R) DABCO molecules (C6H12N2) can transform into each other by tunneling to
form a racemate. Termination of tunneling leads to a phase transition in the subsystem of twisted
molecules. It is suggested that Zn-DMOF may be considered a model system to study the mechanisms
of phase transitions belonging to the same type as hypothetical Salam phase transitions.

Keywords: heat capacity; metal-organic framework; triethylenediamine (DABCO) molecules;
racemate; Salam hypothesis

1. Introduction

According to the Salam hypothesis, a small parity-violating energy difference (PVED) between
amino acid molecules along with the Bose-Einstein (BE) condensation, makes the less stable
right enantiomers tunnel into the more stable left enantiomers, by changing their structural
forms. This process was described as a second-order phase transition, which is an analog of
the Bardeen-Cooper-Schrieffer (BCS) phase transition; therefore, physical properties such as heat
capacity and magnetic susceptibility should change during this phase transition according to the BCS
laws [1,2]. Even though no such phase transitions have been found in the crystals of known amino acids,
the building material of living organisms, the systems demonstrating the BE condensation of chiral
molecules are still of interest. A model of BE condensation was developed for a gas of non-interacting
chiral molecules to determine the PVED contribution from low-temperature heat capacity data [3].
The present review summarizes low-temperature heat capacity data, which indicate that the BE
condensation may work in a subsystem of triethylenediamine (DABCO) molecules (C6H12N2) in the
metal-organic framework Zn2(C8H4O4)2

.C6H12N2 (Zn-DMOF) and that the mechanism of Salam phase
transitions remains possible. In Zn-DMOF, the enantiomers are represented by left- and right-twisted
DABCO molecules, which transform into each other as a result of tunneling.

2. Structure of DABCO Molecule in Zn2(C8H4O4)2·C6H12N2

Triethylenediamine (DABCO) appears in the form of two conformational isomers with D3h and
D3 point group symmetries, depending on intermolecular interactions. Also, a quasi-D3h form of
DABCO is possible due to strong vibrations of the molecule around the C3 axis. The molecules with
the D3 symmetry, which can be left-twisted D3(S) or right-twisted D3(R), are considered to be chiral
isomers (enantiomers) [4].

Above 223 K, the crystal structure of the metal-organic framework Zn-DMOF is tetragonal,
with space group P4/mmm [5]. The horizontal planes are formed by terephthalate anions [C8H4O4]2−
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(BDC2−) which are linked to {Zn2} pairs by carboxylate anions. The vertical edges are formed by
DABCO molecules (linkers), the point symmetry of which does not contain a 4-fold rotational symmetry
axis (Figure 1). This is the reason why DABCO molecules are orientationally disordered; moreover,
D3(S) and D3(R) forms can transform into each other (by activation or tunneling) [4,6]. Calorimetry,
nuclear magnetic resonance, and X-ray structural analysis data provide evidence of the presence of
phase transitions in Zn-DMOF at ~14, ~60, and ~130 K [7–12].

Figure 1. The structure of Zn2(C8H4O4)2·C6H12N2 (Zn-DMOF), space group P4/mmm. Positions of
carbon atoms in triethylenediamine (DABCO) molecules are disordered [5]. Hydrogen atoms are
omitted for clarity. DABCO and BDC2− structures are shown in the insets. (Compiled from Figure 1
in [10] and Figure 1 in [1]).

3. Mobility of DABCO Molecules in Zn2(C8H4O4)2·C6H12N2

In Zn-DMOF, BDC2− anions and DABCO molecules are involved in activation mobility.
According to the nuclear magnetic resonance (NMR) studies of the activation mobility of BDC2− anions,
the [C6H4] groups of BDC2− anions rotate about the C2 axis through an angle of 180◦ (flipping) [13–15].
No effect of BDC2− flipping on the mobility of DABCO in Zn-DMOF was discovered [13,16,17].

According to the detailed analysis of the temperature behavior of the spin-lattice relaxation times
of hydrogen nuclei (1H NMR T1(T)), D3(S) and D3(R) forms of DABCO can make up a racemic mixture,
and their mirror symmetry may be broken during the phase transition at ~60 K [6,11,12]. The time
decay of nuclear magnetic moments (M) of hydrogen atoms in DABCO was analyzed to find the
distribution of DABCO molecules over different states. Above ~165 K, the time decay of M is a single
exponential function characterized by a single value T1. In this case, DABCO molecules with D3 and
D3h symmetries reorient similarly, their proton spins constitute a single spin system, the activation
barrier is equal to ~4 kJ/mol. Between 165 and 60 K, the time decay of M is a biexponential function
containing two values T1, each corresponding to a certain fraction of nuclear spins in M. The ratio
of these fractions is estimated to be 1/3:2/3. The 1/3·M fraction corresponds to 1H spins of DABCO
molecules of the D3h symmetry, the mobility of which is characterized by a short value T1SH. The 2/3·M
fraction corresponds to 1H spins of the sum of S- and R-forms of DABCO. In this case, these forms
are indistinguishable due to tunneling transitions, so the above fraction (2/3·M) represents the racemic
state of DABCO molecules and is characterized by a single value T1L of a larger magnitude. During
the phase transition at 60 K and down to 25 K, the behavior of T1L is interpreted as the termination
of tunneling between energy degenerate quantum states of R- and S- forms of DABCO, and their
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fractions in M remain equal to each other (1/3:1/3). Below 25 K, the decay M is nonexponential and can
be conventionally characterized by three values T1. So, the phase transition at ~14 K is associated with
the redistribution of DABCO molecules over different energy states characterized by contributions
1/4·M, 1/4·M, and 1/2·M and the appearance of a chiral polarized state [11].

Note that the racemate state was also reported for 1,4-bis(carboxyethynyl)bicyclo[2.2.2]octane
(BABCO) molecules, which are analogs of DABCO. It was shown that the ratio of left- and right-
twisted forms of BABCO can be controlled by light [18,19]. The disorder of DABCO and its analogs,
which causes phase transitions, is also observed in other systems [20–22].

Thus, the 1H NMR T1(T) data testify that phase transitions are associated with the mobility of
DABCO molecules. The analysis of the function M provides quantitative data on the distribution of
DABCO molecules over different states at various temperatures. However, it is still unclear how these
states are structurally realized in Zn-DMOF. Low-temperature heat capacity data for Zn-DMOF may
be used to clarify this problem.

4. Low-Temperature Heat Capacity in Zn2(C8H4O4)2·C6H12N2

All phase transitions in Zn-DMOF (at ~14, ~60, and ~130 K) are second-order phase transitions [10].
Table 1 shows the maximum values of the anomalous parts of heat capacity ΔCp = Cp − Cp

L, where Cp

is the heat capacity of the substance and Cp
L is the regular part of heat capacity “in the absence of

phase transitions”. The entropy of the phase transitions is shown in Table 2.

Table 1. ΔCp (J/mol/K) values at the phase transitions in Zn-DMOF under various pressures of the
heat-exchange gas 4He (P·105,Pa).

P ~14 K ~60 K ~130 K

0.51 6.0 ± 0.4 8.0 ± 0.2 23.0 ± 0.3
1.52 5.0 ± 0.4 11.0 ± 0.2 23.0 ± 0.3

Table 2. Entropies ΔS/R of the phase transitions in the region of critical temperatures (Tc, K) under
various pressures of the heat-exchange gas 4He (P·105,Pa) in Zn-DMOF. R is the universal gas constant.

Tc ~14 ~60 ~130

P ΔS/R ΔS/R ΔS/R
0.51 0.42 ± 0.05 0.14 ± 0.02 0.30 ± 0.04
1.52 0.28 ± 0.04 0.23 ± 0.02 0.30 ± 0.04

The obtained data indicate that the absorbed atoms of 4He affect the states of D3(S) and D3(R) forms
of DABCO (phase transitions ~14 and ~60 K) and do not affect the ordering and disordering of BDC2−
anions during the phase transition at 130 K. This result can be explained by the fact that the structure
of DABCO is flexible [23,24] as compared to that of BDC2− anions and can therefore be deformed in
the presence of adjoining 4He atoms, whereas the structure of BDC2− anions remains unchanged.

The temperature dependence of heat capacity of Zn-DMOF is almost linear between the
phase transitions at ~14, ~60, and ~130 K and above 130 K [8,10,11] to indicate the presence of
a one-dimensional elastic continuum [8,12]. Figure 2 shows the comparison of experimental [8] and
tabulated (Tarasov model) [25,26] heat capacity values using the fitting parameters obtained in [11].
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Figure 2. Tabulated (T/TD) experimental (+) and calculated (solid lines) dependences of heat capacity
(Cp) for Zn-DMOF and one-dimensional elastic continuums (Tarasov model [25]). Vertical dashed lines
show the temperatures of phase transitions. Solid blue, green, and red lines corresponds to the Debye
temperatures of 1490 K, 2230 K, and 2950 K, respectively (according to the data reported in [11]).

According to the XRD data, the crystal lattice of Zn-DMOF expands along the a and b axes
(dL/LdT(a,b) = −9.59·10−6 K−1) and shrinks along the c axis (dL/LdT(c) = 12.2·10−6 K−1) as the
temperature decreases to ~130 K and below ~130 K |dL/LdT(c)| > |dL/LdT(a,b)|(dL/LdT is the coefficient
of thermal expansion) [9]. Hence, the interactions in the -Zn-DABCO-Zn- chain directed along the c axis
are assumingly stronger than BDC2−-[Zn2]4+-BDC2−- interactions in the ab plane, which determines a
one-dimensional elastic continuum for the behavior of the heat capacity. The phase transition at ~130 K
was interpreted as an order-disorder phase transition associated with a change in the relative spatial
arrangement of BDC2− anions, while the DABCO molecules preserve their activation mobility and
remain disordered [9].

Linear regions of heat capacity in Zn-DMOF were analyzed using the Stockmayer-Hecht model
for the heat capacity of chain crystalline polymers [26,27]. The model assumes that molecular groups
in a chain vibrate as single units connected by strong intrachain bonds, while interchain interactions
are neglected. The temperature dependence of the volumetric heat capacity Cv is expressed in terms of
two relationships, Cv/(3Nk) and T/Tm, where N is the number of repeated vibrating units, Tm = hνm/k,
h is the Planck constant, k is the Boltzmann constant, and νm is the maximum frequency of stretching
vibrations in the chain. The repeated vibrating unit along the c axis in Zn-DMOF consists of two Zn
atoms and one DABCO molecule ({Zn2DABCO}) [5].

Experimental smoothed values Cp obtained as functions of temperature in [8] were represented
on a log-log plot and fitted by best tabulated values Cv/(3Nk) for each T/Tm assuming that Cp−Cv is
small [27] (Figure 3). As a result, it was found that the vibrating chain is formed by ~38–39 {Zn2DABCO}
units above 130 K, by ~30 units at 60–130 K, and by ~12 units at 14–60 K (Table 3). Below 14 K, the heat
capacity obeys the ~T3 law (Figure 3) to indicate that interchain interactions become stronger and the
lattice vibrational modes become three-dimensional [8,25].
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Figure 3. Log-log plot of the Zn-DMOF heat capacity versus temperature. Experimental (crosses) and
calculated values of heat capacity at 14.7–57.4 K (blue lines), 130.1–72.6 K (green lines), and 299.6–141.6 K
(red lines).

Table 3. Calculated parameters for Zn-DMOF.
·

M is the nuclear magnetic moment,
·

N is the number of
{Zn2DABCO} units normalized with respect to corresponding values above 130 K.

Region of Fit, K 299.6–141.6 130.1–72.6 57.4–14.7

νm, cm−1 1250 765 285
N ~38.5 ~28.9 ~12.0·
N 1 ~0.75 ~0.31
·

M 1 ~0.67 ~0.33

The values νm ~ 1250 cm−1 and νm ~ 765 cm−1 fall into the region of stretching vibrations of
DABCO, and νm ~ 285 cm−1 fall into the region of Zn-N and Zn-Zn stretchings (Table 3) [28]. Thus,
the obtained values νm correspond to the stretchings in the chains, in accordance with the model [27].

As can be seen, the values obtained from the analysis of Cp for N {Zn2DABCO} units correlate
with fractions (M) in different phases of Zn-DMOF, if N and M values above 130 K are taken as a unit
(Table 3). The obtained quantitative agreement between NMR data and the analysis of heat capacity
suggests the following conclusions. Above 130 K, the chains consisting of ~39 {Zn2DABCO} units
contain DABCO molecules with D3(S), D3(R), and D3h symmetries. At 60-130 K, the longest chains
(~29 {Zn2DABCO} units) contain only D3 forms in the racemic state. The vibrations of these chains
make the largest contribution to the heat capacity, while the vibrations of the chains consisting of D3h

forms make no contribution practically, due to their shorter size. Finally, below ~60 K there are three
types of chains (~12 {Zn2DABCO} units) of the same length but containing three different DABCO
forms (D3(S), D3(R), and D3h). The size of the chains below 14 K cannot be estimated, since the heat
capacity is no more linear at these temperatures.

5. Heat Capacity Behavior during the Phase Transition at 60 K and the Salam Hypothesis

The PVED values for the DABCO molecule and the [Zn2DABCO]4+ cation were obtained in [29].
The difference between the energies of mirror isomers is as small as ~5·10−16 kJ/mol (~5.2·10−18 eV) for
DABCO and an order of magnitude higher (~5·10−15 kJ/mol or ~5.2·10−17 eV) for the [Zn2DABCO]4+

cation. Therefore, the contribution of PVED increases in the presence of Zn2+ cations and is determined
mainly by the contribution of zinc cations. This contribution increases if Zn2+ cations are replaced
by heavier cations Cd2+ and Hg2+ [30]. Hence, it can be assumed that the PVED breaking of mirror
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symmetry between D3(S) and D3(R) forms of DABCO may be caused by their external environment in
the Zn-DMOF structure.

If the symmetry breaking during the phase transition at ~60 K takes place in the chains containing
only D3(S) and D3(R) forms of DABCO, then, according to the Salam hypothesis, the behavior of
heat capacity must correspond to the behavior of heat capacity during the superconducting phase
transition [1,2].

In fact, it was discovered that the temperature behavior of heat capacity of Zn-DMOF is an
exponential function below ~60 K (Figure 4) [31]. The behavior of heat capacity in the region of
second-order phase transitions was studied using the values of the anomalous part of heat capacity
ΔCp = Cp − Cp

L, and the behavior of Cp
L was described using the Tarasov model [25]. Figure 3 shows

the obtained ΔCp values.

Figure 4. Temperature dependence of ΔCp (in gram-atom units) for Zn-DMOF (left) and ΔCp plotted
as a function of 1/T below ~60 K (right). ΔCp is shown on the logarithmic scale (according to the data
from Figures 2 and 4 in [31]).

The region below ~60 K is of particular interest, since it is associated with the termination of
tunneling between D3(S) and D3(R) forms of DABCO as the temperature decreases [11,12]. Based on
the hypothesis suggested in [1,2], a study was carried out to verify the compliance of heat capacity
ΔCp to the exponential dependence ~ exp(−Δ/T), гдe Δ = 1.76·Tc (Δ is the energy gap at 0 K). Figure 4
shows ΔCp as a function of 1/T in the temperature region 15 K < T < 60 K. As can be seen, a good
agreement with the exponential law is achieved for the parameter Δ equal to ~56 K (or ~5 ·10−3 eV) [31].
The obtained value Δ turned out to be almost twice as small as expected (~106 K for Tc = 60 K). There is
probably some inaccuracy with the parameters determining function Cp

L, which may cause the error
of determining the Δ value. However, the detected exponential behavior of ΔCp below 60 K signifies
the presence of a BE condensation. The amplitude of ΔCp during the phase transition at is 60 K ≈
10 J/mol/K (Table 1), which corresponds to the thermal energy jump (ΔCp·Tc) ≈ 600 J/mol (or 6·10−3 eV),
which agrees well with Δ. The value of (ΔCp·Tc) is 1015 times bigger than the PVED (~5.2·10−18 eV) of
one DABCO molecule, but it can be explained by the phenomenon of BE condensation [1,2].

However, neither Cp data nor 1H NMR T1(T) data show any energy difference between D3(S) and
D3(R) forms of DABCO below 60 K (according to the Salam hypothesis, the ratio between D3(S) and
D3(R) forms of DABCO should change). Apparently, the energy difference between D3(S) and D3(R)
forms remains negligible and can be observed only at lower temperatures, when the thermal energy of
the crystal approaches zero [6]. Indeed, according to 1H NMR T1(T) data, the decay M as a function of
time shows anomalous behavior below 25 K [12], but it is not manifested in the Cp behavior until the
phase transition at ~14 K.
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6. Conclusions

The Salam hypothesis is considered impossible during the phase transitions in amino acid crystals,
since the barriers between L- and D-forms of alanine involve intramolecular bond breaking and are
as high as ~200 kJ/mol [32]. In Zn-DMOF, the activation barrier between D3(S) and D3(R) forms of
DABCO is estimated to be ~4 kJ/mol [7] and 5 kJ/mol [27] according to NMR data and quantum
chemical calculations, respectively. Thus, this barrier is ~40 times smaller than the barrier between
L- and D-forms of alanine [30]. The NMR data indicate the presence of tunneling between D3(S)
and D3(R) forms of DABCO. The tunneling splitting for the DABCO molecule in the free state is
estimated to be ~6 cm1− (~8.6 K) [24], which is comparable to the temperature range of observed phase
transitions in Zn-DMOF. The behavior of heat capacity below 60 K corresponds to the heat capacity
during the BE condensation. According to the NMR data, still lower temperatures are associated with
a redistribution of DABCO with different symmetries over energy states to form a chiral polarized
state. In the model system [Zn2DABCO]4+, the R-form is most favorable due to the PVED [29,30],
but it is currently unclear which symmetry of the chains built of {Zn2DABCO} units corresponds to the
most energetically favorable state. The method of resonant X-ray diffraction with circularly polarized
X-rays [33] or optical methods seem to be most preferable for use at low and extra-low temperatures.

We believe that metal-organic frameworks or related compounds containing enantiomers in the
racemic state (not necessarily amino acid molecules) may be considered as model systems to study
Salam phase transitions. Our studies were aimed at revealing the effects of chirality stabilization in
isomeric molecules in solids at low temperatures with the goal of exploring the idea of the cold scenario
of life origin on the Earth.

Author Contributions: S.K., analysis of heat capacity data, writing and editing of the manuscript, M.R., editing of
the manuscript and discussion, D.P., discussion, I.M.: discussion.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Salam, A. The role of chirality in the origin of life. J. Mol. Evol. 1992, 33, 105–113. [CrossRef]
2. Salam, A. Chirality, phase transitions and their induction in amino acids. Phys. Lett. B 1992, 288, 153–160.

[CrossRef]
3. Bargueňo, P.; Perez de Tudela, R.; Miret-Artes, S.; Gonzalo, I. An alternative route to detect parity violating

energy differences through Bose–Einstein condensation of chiral molecules. Phys. Chem. Chem. Phys. 2011,
13, 806–810. [CrossRef] [PubMed]

4. Kozlova, S.G.; Mirzaeva, I.V.; Ryzhikov, M.R. DABCO molecule in the M2(C8H4O4)2·C6H12N2 (M = Co, Ni,
Cu, Zn) metal-organic frameworks. Coord. Chem. Rev. 2018, 376, 62–74. [CrossRef]

5. Dybtsev, D.N.; Chun, H.; Kim, K. Rigid and flexible: A highly porous metal–organic framework with unusual
guest-dependent dynamic behavior. Angew. Chem. Int. Ed. 2004, 43, 5033–5036. [CrossRef]

6. Kozlova, S.G.; Gabuda, S.P. Thermal properties of Zn2(C8H4O4)2•C6H12N2 metal-organic framework
compound and mirror symmetry violation of dabco molecules. Sci. Rep. 2017, 7, 11505. [CrossRef]

7. Gabuda, S.P.; Kozlova, S.G.; Samsonenko, D.G.; Dybtsev, D.N.; Fedin, V.P. Quantum Rotations and Chiral
Polarization of Qubit Prototype Molecules in a Highly Porous Metal–Organic Framework: 1H NMR T1 Study.
J. Phys. Chem. C 2011, 115, 20460–20465. [CrossRef]

8. Paukov, I.E.; Samsonenko, D.G.; Pishchur, D.P.; Kozlova, S.G.; Gabuda, S.P. Phase transitions and unusual
behavior of heat capacity in metal organic framework compound Zn2(C8H4O4)2 N2(CH2)6. J. Solid State Chem.
2014, 220, 254–258. [CrossRef]

9. Kim, Y.; Haldar, R.; Kim, H.; Koo, J.; Kim, K. The guest-dependent thermal response of the flexible MOF
Zn2(BDC)2(DABCO). Dalton Trans. 2016, 45, 4187–4192. [CrossRef] [PubMed]

10. Pishchur, D.P.; Kompankov, N.B.; Lysova, A.A.; Kozlova, S.G. Order-disorder phase transitions in
Zn2(C8H4O4)2·C6H12N2 in atmospheres of noble gases. J. Chem. Thermodyn. 2019, 130, 147–153. [CrossRef]

50



Symmetry 2019, 11, 657

11. Gabuda, S.P.; Kozlova, S.G. Chirality-related interactions and a mirror symmetry violation in handed nano
structures. J. Chem. Phys. 2014, 141, 044701. [CrossRef]

12. Gabuda, S.P.; Kozlova, S.G. Abnormal difference between the mobilities of left- and right-twisted
conformations of C6H12N2 roto-symmetrical molecules at very low temperatures. J. Chem. Phys. 2015, 142,
234302. [CrossRef]

13. Sabylinskii, A.V.; Gabuda, S.P.; Kozlova, S.G.; Dybtsev, D.N.; Fedin, V.P. 1H NMR refinement
of the structure of the guest sublattice and molecular dynamics in the ultrathin channels of
[Zn2(C8H4O4)2(C6H12N2)]·n(H3C)2NCHO. J. Struct. Chem. 2009, 50, 421–428. [CrossRef]

14. Gallyamov, M.R.; Moroz, N.K.; Kozlova, S.G. NMR line shape for a rectangular configuration of nuclei.
Appl. Magn. Reson. 2011, 41, 477–482. [CrossRef]

15. Khudozhitkov, A.E.; Kolokolov, D.I.; Stepanov, A.G.; Bolotov, V.A.; Dybtsev, D.N. Metal-cation-independent
dynamics of phenylene ring in microporous MOFs: A 2H solid-state NMR study. J. Phys. Chem. C 2015, 119,
28038–28045. [CrossRef]

16. Kozlova, S.G.; Pishchur, D.P.; Dybtsev, D.N. Phase transitions in a metal–organic coordination polymer:
[Zn2(C8H4O4)2(C6H12N2)]·with guest molecules. Thermal effects and molecular mobility. Phase Trans. 2017,
90, 628–636. [CrossRef]

17. Burtch, N.C.; Torres-Knoop, A.; Foo, G.S.; Leisen, J.; Sievers, C.; Ensing, B.; Dubbeldam, D.; Walton, K.S.
Understanding DABCO nanorotor dynamics in isostructural metal–organic frameworks. J. Phys. Chem. Lett.
2015, 6, 812–816. [CrossRef] [PubMed]

18. Lemouchi, C.; Mézière, C.; Zorina, L.; Simonov, S.; Rodríguez-Fortea, A.; Canadell, E.; Wzietek, P.;
Auban-Senzier, P.; Pasquier, C.; Giamarchi, T.; et al. Design and evaluation of a crystalline hybrid of
molecular conductors and molecular rotors. J. Am. Chem. Soc. 2012, 134, 7880–7891. [CrossRef]

19. Lemouchi, C.; Iliopoulos, K.; Zorina, L.; Simonov, S.; Wzietek, P.; Cauchy, T.; Rodríguez-Fortea, A.; Canadell, E.;
Kaleta, J.; Michl, J.; et al. Crystalline arrays of pairs of molecular rotors: Correlated motion, rotational
barriers, and space-inversion symmetry breaking due to conformational mutations. J. Am. Chem. Soc. 2013,
135, 9366–9376. [CrossRef]

20. Shi, X.; Luo, J.; Sun, Z.; Li, S.; Ji, C.; Li, L.; Han, L.; Zhang, S.; Yuan, D.; Hong, M. Switchable dielectric phase
transition induced by ordering of twisting motion in 1,4-diazabicyclo[2.2.2]octane chlorodifluoroacetate.
Cryst. Growth Des. 2013, 13, 2081–2086. [CrossRef]

21. Yao, Z.-S.; Yamamoto, K.; Cai, H.-L.; Takahashi, K.; Sato, O. Above room temperature organic ferroelectrics:
Diprotonated 1,4-diazabicyclo[2.2.2] octane shifts between two 2-chlorobenzoates. J. Am. Chem. Soc. 2016,
138, 12005–12008. [CrossRef]

22. Chen, L.-Z.; Huang, D.-D.; Ge, J.-Z.; Pan, Q.-J. Reversible ferroelastic phase transition of
N-chloromethyl-1,4-diazabicyclo[2.2.2]octonium trichlorobromoaquo copper(II). Inorg. Chem. Commun.
2014, 45, 5–9. [CrossRef]

23. Nizovtsev, A.S.; Ryzhikov, M.R.; Kozlova, S.G. Structural flexibility of DABCO. Ab initio and DFT benchmark
study. Chem. Phys. Lett. 2017, 667, 87–90. [CrossRef]

24. Mathivon, K.; Linguerri, R.; Hochlaf, M. Systematic theoretical studies of the interaction of 1,4-diazabicyclo
[2.2.2]octane (DABCO) with rare gases. J. Chem. Phys. 2013, 139, 164306.

25. Tarasov, V.V. Heat Capacity of Anisotropic Solids. Zhurnal Fiz. Khimii 1950, 24, 111–128. (In Russian)
26. Wunderlich, B.; Baur, H. Heat Capacities of Liner High Polymers; Springer: Berlin, Germany, 1970.
27. Stockmayer, W.H.; Hecht, C.E. Heat capacity of chain polymeric crystals. J. Chem. Phys. 1953, 21, 1954–1958.

[CrossRef]
28. Tan, K.; Nijem, N.; Canepa, P.; Gong, Q.; Li, J.; Thonhauser, T.; Chabal, Y.J. Stability and hydrolyzation of

metal organic frameworks with paddle-wheel SBUs upon hydration. Chem. Mater. 2012, 24, 3153–3167.
[CrossRef]

29. Mirzaeva, I.V.; Kozlova, S.G. Computational estimation of parity violation effects in a metal-organic
framework containing DABCO. Chem. Phys. Lett. 2017, 687, 110–115. [CrossRef]

30. Mirzaeva, I.V.; Kozlova, S.G. Parity violating energy difference for mirror conformers of DABCO linker
between two M2+ cations (M = Zn, Cd, Hg). J. Chem. Phys. 2018, 149, 214302. [CrossRef] [PubMed]

31. Kozlova, S.G. Behavior of the heat capacity at second-order phase transitions in the [Zn2(C8H4O4)2·C6H12N2]
metal-organic framework compound. JETP Lett. 2016, 104, 253–256. [CrossRef]

51



Symmetry 2019, 11, 657

32. Sullivan, R.; Pyda, M.; Pak, J.; Wunderlich, B.; Thompson, J.R.; Pagni, R.; Pan, H.J.; Barnes, C.; Schwerdtfeger, P.;
Compton, R. Search for electroweak interactions in amino acid crystals. II. The Salam hypothesis. J. Phys.
Chem. A 2003, 107, 6674–6680. [CrossRef]

33. Tanaka, Y.; Kojima, T.; Takata, Y.; Chainani, A.; Lovesey, S.W.; Knight, K.S.; Takeuchi, T.; Oura, M.; Senba, Y.;
Ohashi, H.; et al. Determination of structural chirality of berlinite and quartz using resonant x-ray diffraction
with circularly polarized x-rays. Phys. Rev. B 2010, 81, 144104. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

52



symmetryS S

Article

Homochirality: A Perspective from
Fundamental Physics

Anaís Dorta-Urra 1 and Pedro Bargueño 2,*

1 Departamento de Física, Facultad de Ciencias Básicas y Aplicadas, Universidad Militar Nueva Granada,
Bogotá 110111, Colombia; anais.dorta@unimilitar.edu.co

2 Departamento de Física, Universidad de los Andes, Apartado Aéreo 4976, Bogotá, Distrito Capital, Colombia
* Correspondence: p.bargueno@uniandes.edu.co

Received: 8 March 2019; Accepted: 16 April 2019; Published: 11 May 2019

Abstract: In this brief review, possible mechanisms which could lead to complete biological
homochirality are discussed from the viewpoint of fundamental physics. In particular, the role
played by electroweak parity violation, including neutrino-induced homochirality, and contributions
from the gravitational interaction, will be emphasized.
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1. Introduction

Life is not symmetric; i.e., left- and right-handed biological structures are not equivalent. In fact,
there are almost only D-sugars and L-aminoacids in living systems. This remarkable fact is known
as biological homochirality, this being one of the more intriguing fundamental problems of science
for which an appropriate solution is still lacking [1]. Concerning possible routes which could led
to complete homochirality, the idea of an extraterrestrial origin [2,3] for it has been reconsidered
from the discovery of an enantiomeric excess of L-aminoacids in some meteorites [4]. Therefore,
symmetry-breaking Earth-based mechanisms are actually not considered, these being superseded
by universal mechanisms of chiral selection. Among these mechanisms, parity violation (PV) in
(electro)weak interactions acquires special interest despite its tiny effects due to its ubiquity from
particle physics to complex biological systems. We remark here that these effects have not been detected
in molecular systems up till now, although several routes have been proposed in the past 40 years to
succeed. Among the various proposals, here we remark on continuous efforts from several groups
around the world, which include Quack [5], MacDermott [6,7], Chardonnet [8], Schwerdtfeger [9],
Budker [10], DeMille [11,12], Hoekstra [13], Schnell [14] and Fujiki [15–17] groups and some proposals
by Bargueño and coworkers [18–21] which were strongly influenced by the pioneering works of
Harris [22]. In the context of blueautocatalysis and absolute asymmetric synthesis, the group of Soai
has identified an interesting reaction [23] which was later interpreted by Lente [24] in the context of PV.

Concerning the evidence of the role played by PV effects in establishing biological homochirality,
the works of MacDermott and coworkers have been decisive. They found [25] that the energy
differences between two enantiomeric forms of all aminoacids found in the Murchison meteorite
were negative due to PV (the so-called parity-violating energy differences (PVEDs)). Furthermore, they
found intriguing correlations between the observed values for the enantiomeric excess (excess for the
left enantiomer) and the calculated values for the PVEDs. Therefore, following these results, one could
conclude that the PVED between enantiomers is, at least, consistent with the meteoritic enantiomeric
excess [25]. At this point it is important to remark that an extremely small energy difference such as
the PVED can only be interpreted statistically and it will not cause a deterministic excess of the favored
enantiomer. Rather, it will cause a minor deviation from symmetry in the probability distribution,
which has very important consequences as discussed, for example, in [26]. Among these consequences,
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Lente concluded that the PVED is very unlikely to be relevant regarding the origin of homochirality,
based on calculations at room temperature. However, if the temperature of the medium is very cold, as
for instance in the interstellar medium, the PVED still persists as a valid candidate to produce complete
enantioselection.

Interestingly, in a different context but also related to PV, neutrino-induced homochirality is being
considered a plausible source for biological homochirality. From the early works of Cline [27,28], it
has been suggested that neutrinos emitted in a supernova explosion could lead to certain amount of
enantiomerism. Different suggestions, which explicitly depend on PV effects, involve the effects of
cosmological neutrinos [29,30], neutrinos from supernovae [31,32], or even dark-matter candidates [30]
on molecular electrons. In addition, there are some interesting works by Boyd and coworkers
concerning a mechanism from creating aminoacid enantiomerism by taking into account the couplings
of certain spins with the chirality of the molecules. In addition, for this mechanism to work, neutrinos
and the magnetic field coming from the supernova progenitor should be considered [33–36].

Finally, we would like to remark that even though the electroweak force is the only one among the
fundamental interactions that incorporates PV naturally, there are some interesting models that extend
the usual gravitational theory (Newtonian or Einsteinian) by incorporating PV effects. Although their
possible effects towards establishing complete enantioselection have not been considered until very
recently [37], here we remark that some of the parity-violating extensions of general relativity proposed
in [37,38] have been already tested [39], therefore paving the way for future experimental observations
of gravity-induced homochirality.

The present work is intended to provide a brief review of the theoretical description, together with
their experimental relevance, of the universal mechanisms described in this introduction which could
be related to biological homochirality. Therefore, we will focus on electroweak- (including neutrino-)
and gravitational PV.

2. Electroweak Parity Violation

One could think that both from the theoretical and from the experimental points of view, the
main advances in basic questions (in physics) usually come hand in hand with high-energy physics.
Although this is a generalized belief, here we will point out that this is not the general rule. However,
fundamental importance should be given to very important and exciting achievements within the field
of high-energy physics. The first symmetry violation was found by Wu [40] in the mid-1950s, after
some pioneering theoretical works by Lee and Yang [41]. After that, PV was naturally incorporated
into the Standard Model of Particle Physics (SMPP) by means of the electroweak unification developed
by Glashow [42], Salam [43] and Weinberg [44], together with its corresponding renormalization by
’t Hooft [45] and Veltman [46]. Coming back again to the experimental side of the history, the main
ingredients of the SMPP were found by the discovery of the Z boson [47] and, finally, of the Higgs
boson [48].

However, as first noticed in the 1970s at Novosibirsk, also table-top experiments could serve to ask
big questions. Specifically, spontaneous optical activity of Bismuth atomic vapors was observed [49,50],
extending the validity of the electroweak theory not only to the subatomic but to the atomic realm.
After this important low-energy experiment, by improving low-temperature and high-resolution
spectroscopic techniques, Wiemann and coworkers discovered the nuclear anapole moment of
Cesium [51]. Here we remark that the anapole moment results from a parity-violating interaction
between the nucleons and the electron. These and other low-energy experiments within PV are
used presently in the main laboratories around the world to search for new physics beyond the
SMMP [52–54]. Therefore, one can conclude that high-energy physics is not the only way of knowing
Mother Nature. For a recent review, please see Ref. [55].

Therefore, we have arrived at a point where PV has been observed in several energy scales ranging
from particles and nuclei to atoms. However, if we continue towards highly complex systems we
find... molecules! Therefore, it is legitimate to ask: is there any role for PV in molecular systems?
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Furthermore, could we gain valuable knowledge by studying it and by trying to observe it in the
laboratory? In addition, finally, is the question: is there any connection between molecular PV and
biological homochirality? Who knows?

2.1. Electron-Nucleon Interaction

What we already know is that with PV, there is a small enantiomeric energy difference between
the corresponding molecular ground states, this being (mainly) due to the nuclear spin-independent
interactions between nuclei and electrons [56]. Although these PVEDs are extremely small (of the
order of 100 aeV for the two enantiomers of CHBrClF) [57,58], they are expected to be detected
using different experimental techniques. Among them, we would like to point out rovibrational [8]
and Mössbauer/NMR spectroscopies [9], dynamics in excited electronic states [5,59], spin–spin
coupling [10], electronic spectroscopy [14] and a more recent technique that involves the use of
cold molecules [13]. Finally, different proposals concerning measurements of the optical activity of
a molecular sample with complete initial enantiomeric excess has been reported [18,19]. Despite all
these efforts, no one has succeeded.

Up to this point we have mentioned the PVED several times. Now, it is time to define it. The PVED,
ΔEew, between the L and R enantiomers is given by

ΔEew ≡ 〈L|Vew|L〉 − 〈R|Vew|R〉 = 2〈L|Vew|L〉, (1)

where Vew is the electroweak parity-violating potential that uses a nonrelativistic approximation for
the molecular electrons, reads [60,61]

Vew =
GF

2
√

2m

n

∑
i=1

N

∑
A=1

QW(A){pi · si, δ (ri − rA)}. (2)

Within this expression, GF, QW and θW are Fermi’s constant, the weak charge (corresponding
to the considered nucleus), and Weinberg’s angle, respectively. By m, si and pi we denote the mass,
spin, and momentum of the molecular electron. The delta function refers to the density of the nucleon,
which has been considered to be point-like.

Please note that when only electromagnetic interactions are considered, as is usually done in
molecular physics computations, the two enantiomers become degenerate and, thus, following simple
energetic considerations, equally probable. However, this time, the molecular Hamiltonian contains
a new term, given by Equation (2), which makes things very different. The most important point to
remark here is the following:

The helicity operator, h = s · p, is chiefly responsible for PV. This operator is P-odd, T-even and,
therefore, PT-odd. Thus, following Barron’s definition of what a truly chiral influence is [62–72], we see
that h constitutes a universal truly chiral influence. Therefore, it lifts (as the PVED does, which in fact
is based on the h operator) the degeneracy between enantiomers. Thus, if this small enantiomeric
excess coming from P-odd effects could be amplified by some mechanisms such as, for example, the
Kondepudi one [73] (for a review of amplification mechanisms with emphasis on stochastic models,
see, for example, Ref. [74]) and references therein, at the levels seen in the Murchison meteorite, this
would mean, at least, a big step towards establishing biological homochirality towards PV.

2.2. Electron-Neutrino Interaction

As previously mentioned in the introduction concerning the role of PV effects towards chiral
selection, the electroweak-mediated interaction between both neutrino and dark-matter candidates
(WIMPS) with molecular electrons have been reported in previous works [29–31]. In the first case, the
interaction is also based on an interaction potential with depends on h but, in contrast with Equation (2),
it crucially depends on the number-density difference between neutrinos and antineutrinos. In the
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WIMP-mediated case, it depends on the number-density difference between left- and right-handed
WIMPs [29–31].

As with the electron-nucleon interaction previously reviewed, one can obtain, for Dirac neutrinos
and assuming nonrelativistic electrons, a P-odd potential which reads

Vν−e ∼ GF
me

(nν − nν̄)∑
i

pi · si. (3)

As in the electron-nucleon case, this interaction causes a PVED between enantiomers because the
helicity of a molecular electron has a different sign for each molecule depending of its chirality.
Specifically, a surprisingly large energy split comparable with the thermal energy associated with
the interstellar medium (10 K) was obtained when considering supernova neutrinos [31]. Therefore,
although the model presented in Ref. [31] can be considerably improved, we think the large energy
split between enantiomers due to supernova neutrinos is large enough to include it as a plausible
mechanism for the origin of homochirality (we remark we are mainly reviewing the origin but not the
amplification of homochirality). Concerning cosmological neutrinos and dark-matter candidates, the
energy splits could reach, in the most favorable case, 10−21 eV [30].

3. Gravitational Parity Violation

The first ideas on gravitational PV appeared when Leitner and Okubo thought that if the weakness
of the weak interaction had something to do with the violation of the parity symmetry, then, following
the same reasoning, maybe there was some PV also present in the gravitational interaction [75]. After
their proposal concerning a modified gravitational potential [75], Hari Dass extended it by writing a
potential of the form (c = 1) [76]

Vgrav(r) = GM
(

α1
s · r

r3 + α2
s · v

r2 + α3
s × (r · v)

r3

)
. (4)

In this equation, M stands for the mass of the gravitating object and r is its separation vector from a
test particle whose spin and velocity are given by s and v, respectively. It is interesting to note that
under CPT conservation, only the α2 term represents a true chiral interaction within this extension.

As pointed out in [37] and, as far as the author knows, the first (and only) application of PV within
chiral molecules and the generalized gravitational potential of Equation (4) is Ref. [38]. The problem
to compute the corresponding PVED between enantiomers, ΔEgrav = 2〈L|Vgrav|L〉, is that α2 is totally
unknown. Despite this, what can be done is to put some bounds on the value of α2 using non-conclusive
experimental efforts towards establishing a clear signal of PV in chiral molecules (α2 < 1017 [38]).

Although Leitner, Okubo, and Hari Dass’s phenomenological ideas were appealing at that time,
the quest for a complete quantum theory of gravitation has provided us with well-motivated physical
mechanisms which naturally incorporate PV in the gravitational sector, as will be commented on in
the next section.

3.1. Chern-Simons Modified General Relativity and Loop Quantum Gravity

Chern-Simons (CS) theory is a modified theory for gravity [77] that extends general relativity
by including PV. This is done by considering not only the Einstein tensor (as usually done in general
relativity) but also the C–tensor [78] and an extra pseudoscalar (as the h operator previously defined)
field [77]. From the point of view of PV, one of the most important points to be remarked is that CS
gives place to some kind of birefringence somehow analogous to its electromagnetic counterpart (left-
and right-handed gravitational waves are selectively suppressed and, therefore, one could say that the
CS theory has preference for a particular chirality) [79]. The interested reader can have a look at other
signals of gravitational PV in Ref. [37] and references therein.
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Regarding the experimental constraint for the CS energy scale (Ecs), which will be of interest
when interpreted in terms of a possible enantioselection route, see Table 1. In view of these numbers,
it is not surprising to say that CS effects remain elusive. However, we ask the interested reader to
remain alert to the near future, in particular with relation to gravitational wave experiments.

Table 1. Experimental bounds for the CS energy scale. See text for details.

Ecs (eV) Ref. Method

10−14 [80] LAGEOS satellites
5 · 10−10 [81] Double binary pulsar

10−14 [82] EMRIs

Other important candidates that incorporate P violation in the gravitational sector is Loop
Quantum Gravity (LQG) [83–85], a theory which reconciles general relativity and quantum mechanics
at the Planck scale. Without entering into mathematical details, here we note that there are some
models within LQG [86] that give place to a nuclear spin-independent gravitational P-odd potential
between electrons and nuclei of the form

VGPV = −9πβGN
2m

n

∑
i=1

N

∑
A=1

(Z + N){pi · si, δ (ri − rA)}. (5)

Therefore, an effective weak charge appears when comparing Equations (2) and (5) [86] as

Qγ = −9πβ(Z + N)

√
2GN
GF

(6)

As the reader can see, the operator entered into Equation (5) is again h and, therefore, we have a
short-ranged P-odd gravitational potential which constitutes a truly chiral influence.

3.2. Gravitationally Selected Homochirality?

As noted before, the comparison between the two charges, weak and effective weak of Equations (2)
and (5) permits the opening of the way for treating PV in LQG as a possible candidate which could
contribute to the selection of biological homochirality. However, extremely precise experimental
constraints on β must be reported to finally see if the energy scale associated with it could reach the
electroweak one (which is about 1 Hz � 10−14 eV). Concerning CS gravity, and as Table 1 shows, its
corresponding energy scale could reach (or even supersede) the electroweak one. Therefore, CS gravity
could also be also considered an interesting candidate towards establishing molecular homochirality.

4. Conclusions

In this work we have briefly reviewed possible ways to obtain complete biological homochirality
for the point of view of fundamental physics. Emphasis has been given to electroweak, neutrino, and
gravitational PV. Although the hypotheses here presented are well sustained from a theoretical point of
view, specific calculations (quantum chemistry-like) would be desirable to test them. We remark that
the work here presented refers to the origin but not to the amplification of molecular homochirality.
In this sense, amplifications mechanisms adapted to the initial biases here described could be designed
to see if the effects here presented remain realistic.
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Abstract: Electrochirogenesis deals with the induction of chirality by polarized electrons of which
those with low energy (<15 eV) are seen to be the most effective. Possible sources of such electrons in
the prebiotic universe are discussed and several examples where chiral induction by these electrons
have been demonstrated are given. Finally, some possible scenarios where electrochirogenesis could
have played a role in forming a chiral imbalance in a prebiotic setting have been speculated on and
some possible future areas of research proposed.
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1. Introduction

Pasteur first discovered the chiral nature of biological molecules in the 19th century. In the
ensuing years numerous investigations have been devoted to trying to understand how chirality could
have evolved in the prebiotic world. Despite all this effort, the editors of the 125th anniversary issue
of Science Magazine in 2005 noted that among the 125 most important unanswered questions was
the following:

“What is the origin of chirality in nature? Most biomolecules can be synthesized in mirror-
image shapes. Yet in organisms, amino acids are always left-handed, and sugars are always
right-handed. The origins of this preference remain a mystery.”

Fourteen years later, there is still no well accepted mechanism.
Numerous reviews of research in this area have been written including one in the present issue [1–8].

Mechanisms are generally classified as biotic or abiotic. Biotic theories presuppose that the evolution
of living matter inevitably resulted in chiral selection and homogeneity, whereas abiotic theories
presume that the origin of life requires the prior development of chirality. Bonner categorized abiotic
mechanisms as, determinate, chance and amplification [2]. A determinate mechanism presupposes
that interaction of relevant organic molecules with a chiral physical force [1] led to an enantiomeric
excess (ee). Perhaps the most invoked determinate mechanism is photochirogenesis, where the
interaction of prebiotic molecules with spin-polarized ultraviolet (UV) photons is conjectured to lead to
an ee [9–12]. In the present paper we examine the possible role of spin-polarized electrons in prebiotic
chemistry, electrochirogenesis.

The interaction of longitudinally spin-polarized electrons (SPEs) has long been considered as
a possible determinate mechanism for creating a chiral imbalance through their interaction with a
racemic mixture of chiral molecules. Although spin-polarized electrons are not chiral particles, per se,
longitudinally spin-polarized electrons are chiral, since as they propagate they trace out a helical path.
The spin direction determines the helicity. Initial research in this area was stimulated by Vester and
Ulbricht who proposed that the high energy spin-polarized electrons produced by parity violation
in nuclear β decay [13,14] could indirectly play a role (V–U hypothesis) [15,16]. They hypothesized
that the irradiation of polarized electrons with matter produced circularly-polarized “Bremsstrahlen”
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photons, which subsequently induced stereoselective degradation or synthesis. Other researchers
investigated the direct interaction of high energy SPEs with chiral molecules. Despite numerous
investigations into both the V–U hypothesis and direct interaction of high-energy SPEs, no conclusive
evidence was found to support either mechanism. Furthermore, Walker noted that the unpolarized
secondary electrons produced by the high energy electrons would significantly dilute any chiral
effects [17]. It is also worth noting that the high energy circularly-polarized “Bremsstrahlen” X-rays
produced via the V–U hypothesis would have a very low absorption cross section for interacting with
the low Z elements found in prebiotic molecules. Much of the research in this area was summarized in
a 2011 review [18]. Although low energy electrons (<~15 eV) are very effective at inducing reactions
in condensed molecular systems [19,20], the possible role of low energy SPEs at inducing chiral
specific chemistry has been little discussed. In the present paper we will discuss recent progress in
understanding the role of such low energy SPEs in creating an ee in an adsorbed chiral assembly.

2. Sources of Low-Energy Spin-Polarized Electrons

2.1. Valence-Level Photoionization by Ultraviolet (UV) Photons

In a ferromagnet the majority and minority valence electrons are unequally populated due to
electron exchange interactions, which results in substantial spin polarization. Measurements on pure
iron using 110 eV synchrotron radiation revealed polarizations as high as 45% [21]. Photoelectrons
emitted from Ni single crystals show polarizations above 30% at threshold (5.2 eV) [22]. Even in the
absence of no net magnetization, spin-orbit interactions can result in valence level polarized electrons.
In the case of GaAs, spin polarizations of up to 40% have been observed following excitation with
circularly polarized light in the range 1.5–3.6 eV [23]. As a result GaAs has found myriad uses as a
source for SPEs in a variety of experiments. Polarizations as high as 15% have been found in gold
using 6–9 eV CPL [24]. Since Au can also be used to self-assemble a variety of chiral molecules,
it has been utilized as a substrate for spin-dependent transport measurements. Measurement using
circular-, linear- and non- polarized light shown that there is an angular distribution in the emitted
spin-polarized photoelectrons for a variety of non magnetic metals [25]. Using circularly polarized
synchrotron radiation spin polarizations approaching 100% have been observed from adsorbed Kr and
Xe excited by synchrotron radiation [26].

2.2. Secondary Electrons from a Magnetic Substrate

Any form of ionizing radiation (photons, electrons or ions) interacting with a solid will produce
electrons. Primary electrons are emitted without any energy loss, but most electrons lose energy
as a result of numerous collisions. The resulting secondary electrons (SEs) have very low energy,
in the 0–10 eV range, as seen in a typical energy distribution curve shown in Figure 1b. In general,
the electrons are unpolarized, but a high degree of polarization can be achieved if the material is
ferromagnetic. The manner by which this is achieved is shown in Figure 1a. A ferromagnet has an
imbalance between the number of majority and minority spin valence level electrons. The majority
band in Figure 1a is totally filled while the minority band is partially filled. As the electrons scatter in
the material, there is a higher density of minority band states available for occupation, so more electrons
will scatter into them than into majority states. Hence the majority electrons have a longer mean free
path than the minority ones, resulting in a net spin polarization of the former. Although subtleties
exist in this model, it can be used to understand the basic process leading to SE polarization [27–31].
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Figure 1. (a) Schematic illustration showing how spin polarization of secondary electrons in a
ferromagnet is achieved. Preferential scattering of minority electrons (red) into empty states above
the Fermi level leads to a decrease in those electrons and thus a net spin polarization of the majority
electrons (blue). (b) Permalloy secondary electron yield curve following excitation by 1190 eV X-rays.

Numerous measurements of the SE polarization have been made on variety of substrates using
ions, photons or electrons. Polarization can range between ~10 to 70%. For a tabulation of secondary
electron yield studies the reader is referred to Table 1 in Ref. [18].

2.3. Chiral-Induced Spin Selectivity (CISS)

As mentioned earlier, gold is the substrate of choice for the self-assembly of organic molecules.
This property has enabled Naaman and coworkers to study the production of spin-polarized electrons
as a result of spin filtering of chiral molecules adsorbed on Au using both circularly and linearly
polarized laser light [32–38]. As a result even initially unpolarized electrons can become polarized by
filtering of an organized chiral assembly, with polarizations reaching as high as 70% [38]. The rationale
for this effect may be understood in terms of an effective Lorentz force acting on the electron. For a
chiral molecule, the moving electron experiences a centripetal force in the direction perpendicular
to the electron’s momentum. Furthermore, an effective magnetic field is produced along the axis of
the chiral molecule, which introduces a spin-orbit coupling and thus a Zeeman splitting between the
spin states of the moving electron. This results in a differential barrier height for the two spin states
of the electron as it tunnels through the chiral bridge. Since the transmission probability depends
exponentially on the barrier height, chiral molecules can act as very efficient spin filters. A number of
recent articles have been devoted to detailing the mechanism by which this process occurs [39,40].

3. Chiral-Selective Chemistry via Low-Energy Spin-Polarized Electrons

Electrons have been shown to initiate chemical reactions in a variety of important biological
molecules [41–43]. Dissociation primarily occurs by two main pathways. One possible dissociation
process is a result of inelastic impact. A fast electron excites an electron in a molecule to a dissociative
excited electronic state resulting in bond breaking. This is usually a minor process because the impact
cross section is low, in the order of the absorption cross section, and there are relatively few electrons
that have sufficiently high kinetic energy. The main route is called dissociative electron attachment
(DEA). The incident electron becomes trapped in one of the lowest unoccupied molecular orbitals
and forms a negative ion. Sometimes the incident electron also excites a second electron forming a
one-hole, two-electron state or Feshbach resonance. These states are usually short lived and often
these temporary negative ion states are dissociative, resulting in a negatively charged fragment and a
neutral species. Dissociative electron attachment cross sections are about a factor of 100 or more higher
than absorption cross sections in the hard and soft X-ray regimes and the cross section is maximum for
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slow electrons (<10 eV kinetic energy). As seen in Figure 1b there are a large number of secondary
electrons in this energy range mainly because of inelastic scattering, which thermalizes the electron
toward low energy, but also because such low energy electrons have a longer escape length so they are
more likely to reach the interface region and react.

Since longitudinally SPEs are chiral particles, they should have chiral specific interactions with
chiral molecules. The following sections will summarize recent experiments that demonstrate chiral
specific reactions of adsorbed molecules initiated by SPEs.

3.1. Chiral-Specific Reactions Caused by Spin-Polarized Electrons from a Magnetic Substrate

Most experiments designed to see if a determinate mechanism can result in chiral specificity in
a reaction start with a racemic mixture of molecules and then determine if the chiral physical force
can impart an ee. The approach used in the work discussed here was to determine the reaction cross
section, a more fundamental quantity, as a function of the chirality of the adsorbed molecule and the
polarization of secondary electrons emitted from a magnetic substrate following X-ray irradiation.
An easily magnetized permalloy (Fe0.2Ni0.8) substrate was chosen and a simple, model chiral molecule,
(R)- or (S)-2-butanol (CH3CHOHC2H5) was used as a reactant. Using X-ray photoelectron spectroscopy
(XPS) changes in the intensity of the chemically shifted C–O peak were observed as a function of X-ray
irradiation time. The chiral carbon on 2-butanol is bound to an –OH group. The intensity of the C–O
peak decreases exponentially as a function of irradiation time as a result of cleavage of the C–O bond.
The time constant (τ) (reciprocal of the reaction rate) was determined by using the simple kinetic
relationship, I = I0exp(−t/τ), where I0 = initial C–O peak area; I = C–O peak area; t = time, as a function
of the spin polarization (magnetization direction) of the substrate secondary electrons and the chirality
of the adsorbed molecule.

Figure 2 shows a series of C 1s XPS spectra of ~2 monolayers of (S)-2-butanol adsorbed on an
argon ion sputter cleaned Permalloy surface, cooled to 90 K, obtained sequentially during 1190-eV
X-ray irradiation. The C–H and C–O peaks decrease in intensity, while there is an increase in the C-M
(carbon-metal) intensity. Kinetic analysis was performed by tracking the intensity of the C–O peak,
since it directly probes the state of the chiral carbon atom. The time dependence of the C–O component
is shown in the inset in Figure 2. Data points are shown by the red dots and the solid line represents
an exponential fit to the data. Such measurements were performed 6–8 times for each magnetization
direction and chirality. Results of the analysis are summarized in Figure 3a. The average time constants
(seconds), with error bars, for (R)-2-butanol are shown in red, while those for (S)-2-butanol are in
blue and the magnetization direction is denoted by +/−. These results clearly demonstrate that a
dramatic change in the reaction rate for a given chirality is obtained by a reversal of the secondary
electron spin polarization. For (S)-2-butanol this difference is 8.9 ± 3.5%, while for (R)-2-butanol, it is
10.9 ± 3.8%. The results for each enantiomer are mirror images of the other which further validates the
proposed mechanism.

The results in Figure 3a indicate an average difference between the time constants for the two
enantiomers of ~10%. In Figure 3b results of the ee for an initial racemic mixture as a function of
reaction time is shown. The time spent acquiring the data in Figure 2, was 6900 s which equals 4.3 time
constants. After this much time there would be 1.4% of the initial concentration remaining and the
ee would be 25%. The ee would be 12% with 14% of the initial population remaining after a time
equivalent to 2 time constants. Such values for enantiomeric excesses are significantly higher than
those reported for experiments involving irradiation by circularly-polarized light or high energy SPEs.
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Figure 2. C 1s X-ray photoelectron spectroscopy (XPS) spectra of ~2 monolayers of (S)-2-butanol
adsorbed on an argon ion sputter cleaned permalloy surface obtained sequentially during 1190-eV
X-ray irradiation. The area of the C–O peak component as a function of irradiation time is shown in the
inset. Data points are shown by the red dots and the solid line represents an exponential fit to the data.

Figure 3. (a) Summary of the time constant results. The average time constants, with error bars,
for (R)-2-butanol are shown in red, while those for (S)-2-butanol are in blue and the magnetization
direction is denoted by +/–. (b) Calculation of the percentage enantiomeric excess (ee) (solid, blue line)
and the percentage remaining concentration (dashed, red line) as a function of time, in terms of the
dimensionless quantity (time constant (τ)/time (t)), based on a time constant difference of 10%. The right
scale is a mirror of the left scale.

3.2. Chiral-Specific Reactions Caused by Natural Selection of Spin-Polarized Electrons

Section 2.3 discussed how the CISS mechanism can result in spin filtering of low energy (<1.5 eV)
electrons by adsorbed chiral molecules resulting in spin polarizations as high as 70% [36,38]. Additional
experimental and theoretical studies indicate that higher energy (<15 eV) electrons should be capable
of filtering via the CISS effect as well [44]. When any substrate is subjected to ionizing radiation,
secondary electrons will be produced. If chiral molecules are adsorbed on the surface then they could
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act as a spin filter for those initially unpolarized electrons. If additional chiral molecules are adsorbed
on that layer then the SPEs should induce chiral specific reactions in those added molecules.

Figure 4 depicts as a schematic diagram of an experiment designed to test this idea. The additional
chiral molecule was (R)- or (S)-epichlorohydrin (C3H5ClO, Epi), which was adsorbed on a self-assembled
monolayer of 70 base-pair long double-stranded DNA (dsDNA) cooled to 90 K. The dsDNA layer
acts as a spin filter for the initially unpolarized secondary electrons produced by X-ray irradiation of
the gold substrate. These secondary electrons then react with adsorbed Epi and the reaction kinetics
were determined by the following changes in the Cl 2p XPS spectra in a similar fashion to Section 3.1
and quantum yields (QYs) were determined. When the two enantiomers were adsorbed on bare Au,
the QYs were the same, but when adsorbed on the dsDNA layer the QY for S-Epi was ~16% greater
than for R-Epi [45].

Figure 4. A schematic diagram showing how the Au secondary electrons produced by X-ray irradiation
become spin polarized, with their spins aligned antiparallel to their velocity, and induce chiral selective
chemistry in adsorbed (R)- or (S)- epichlorohdydrin. This figure was originally published in Ref. [45].

The above work shows that dsDNA can act as an effective spin filter for secondary electrons in the
energy range 0–10 eV (Figure 1b). However, additional studies indicate that dsDNA does not effectively
filter higher energy (>30 eV) electrons [44]. The cause for this can be understood by examining the
theoretically predicted polarization for a chiral overlayer as a function of wave vector, k (E = 13.6 eV*k2)
shown in Figure 5. One can readily see that the relevant energy regime for chirality effects is k = 0 − 1.5
(0–30 eV) as shown in the inset and the effect decays very strongly at higher values [44].

Figure 5. Predicted electron polarizations as a function of electron energy in terms of wave vector
k (E = 13.6 eV*k2) following scattering of electrons by a chiral overlayer. This figure was originally
published in Ref. [44].
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3.3. Chiral-Selective Adsorption

In a recent ground-breaking study, Banerjee-Ghosh, et al. demonstrated that the adsorption of
a chiral molecule on a magnetic substrate is chiral specific [46]. They showed that if a substrate is
magnetized in a particular direction one enantiomer adsorbs faster than the other, whereas if the
magnetization is reversed, the opposite is true. This was determined by examining the initial adsorption
rate of three different molecules: polyalanine, cysteine and DNA in solution, to a perpendicularly
magnetized thin film covered with 5 nm of Au. In all cases the adsorption rate was dependent on the
magnetization direction and the chirality.

In another recent paper Luque, et al. used XPS, ultraviolet photoelectron spectroscopy (UPS)
and X-ray absorption spectroscopy (XAS) to monitor the bonding behavior of two different chiral
molecules to a ferromagnetic thin film Co surface [47]. Using XAS they found that the ratio of the lowest
unoccupied molecular orbital (LUMO) π*/σ* peaks for one enantiomer was significantly different than
for the other, which indicates that the hybridization between the molecular orbitals and the surface is
chiral-dependent. Previously it had been found that the density of LUMO orbitals in self-assembled
DNA films can be related to the secondary electron-induced damage cross section [48]. Therefore,
the differences in the density of LUMO levels as a function of chirality may indicate that there may be
a chiral dependence of the reaction rate in this case. It is also interesting to note that Luque, et al. [47]
using UPS, found a significantly higher secondary electron background for two different enantiomers
adsorbed on the Co surface. This indicates that there is a higher interaction of the secondary electrons
for one adsorbed enantiomer as opposed to the other, which should result in a higher damage cross
section for the former [49].

4. Mechanisms

The explanation for the chiral selective adsorption on a magnetic substrate can be understood
by referring to Figure 6. When a chiral molecule binds to a surface, charge transfer occurs resulting
in electric dipole polarization and excess of electrons and holes on opposite ends of the molecule.
This charge polarization is accompanied by spin polarization via a CISS type mechanism [39,50],
with the spin orientation determined by the chirality of the molecule. The substrate–molecule
interaction will be stabilized via an exchange interaction if the spin of the electron on the end of
the molecule bound to the surface and that of the ferromagnet (FM) are antiparallel (low spin state,
Figure 6a) and destabilized if they are parallel (high-spin state, Figure 6b). For further details see
Refs. [40,46].

 

Figure 6. Schematic diagram depicting the spin-dependent interaction between a ferromagnet (FM)
substrate and chiral molecules. In (a) is shown a low spin interface where the spins of the molecule’s
unpaired electron and that of the FM substrate are opposed whereas in (b) a high spin state is formed
since the spins of the FM and the molecule are parallel.
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In Sections 3.1 and 3.2 evidence was presented that demonstrated that low energy SPEs can
produce chiral-specific reactions. By referring to Figure 6, symmetry arguments may be used to
qualitatively understand the mechanism by which this may occur. The low energy secondary SPEs
produced by irradiation of a magnetic substrate will have the same polarization as the majority spin
electrons (spin up in Figure 6). The electron spin of the positively charged end of the chiral molecule is
up in Figure 6a and down in Figure 6b. Thus, Pauli exclusion would favor the scattering of the free
SPE into the same orbital as that of the electron in the positively charged end of the molecule in (b),
which should stabilize the molecule. The opposite situation would exist for the chiral molecule in (a)
so the SPE would tend to scatter into a higher lying orbital, producing a dissociative negative ion state
via a Feshbach resonance [41]. Even in the absence of a strong adsorbate bond a chiral molecule will
experience charge polarization and thus spin separation as a result of its dipole moment. Therefore,
the SPEs produced by transmission through DNA (Section 3.2) will interact with an adsorbed chiral
molecule in a similar fashion as discussed above, leading to chiral selective reactions.

5. Spin-Polarized Electrons in the Prebiotic Universe

Iron is one of the most common elements in the universe and numerous compounds based on it
are magnetic. We have seen that irradiation of magnetic materials leads to low energy SPEs. Direct
photoemission from a magnetic material by UV light will result in SPEs. If the UV light is circularly
polarized, irradiation can result in SPEs from nonmagnetic material as well, although this effect is more
dominant in higher Z materials.

A major component of the interstellar region is dust, which contains significant proportions of iron
compounds, many of which are thought to be magnetic [51–54]. Analysis of meteorites has shown that
there is a significant amount of iron- and nickel-based magnetic materials. Our nearest neighbor, Mars,
is called the red planet due to the presence of various types of iron oxide in the soil, many of which
have been determined to be magnetic [55]. Closer to home, numerous forms of magnetic materials
are found on the earth’s surface and magnetic iron sulfide is a major component of hydrothermal
vents [56].

One can imagine numerous possible scenarios where an electrochirogenesis mechanism could
play a role in the formation of chiral, prebiotic molecules. It has been shown that UV irradiation
of basic condensed molecules, analogous to those that form on dust grains in interstellar molecular
clouds, results in the formation of prebiotic molecules such as (racemic) amino acids [57,58]. Ionizing
irradiation of magnetic components of the dust particles will yield low energy, secondary SPEs,
which could selectively react with a particular enantiomer yielding an excess of the other. There are
numerous sources of magnetic fields in the universe. In fact Greenberg and Bonner have posited
that circularly polarized synchrotron light produced by relativistic electrons orbiting a neutron start
could produce an ee by irradiation of molecules condensed on dust grains of a passing molecular
cloud [59,60]. The electrons are circulating due to the enormous magnetic field produced by the
neutron star. This field could also align the magnetic domains in the dust particles thereby producing
secondary SPEs as a result of irradiation by the synchrotron light or electrons. Such low-energy
secondary SPEs would be very effective at producing an ee from a racemic mixture of adsorbed chiral
molecules. Furthermore, gas phase amino acids (glycine) and chiral molecules (propylene oxide) have
been detected in the interstellar region [61,62], as well as in comets [63]. If a magnetized dust particle
were to interact with a chiral molecule it would tend to accrete one enantiomer over another via a CISS
type mechanism (Section 3.3) [46].

Analysis of the Murchison meteorite revealed the presence of a wide variety of prebiotic molecules
and, most importantly, chiral amino acids [64–67]. Meteorites, including the Murchison, are known to
contain significant proportions of iron and nickel in a variety of magnetic states [68–71]. It is quite
possible that low-energy, secondary SPEs produced by irradiation of magnetic domains in the meteorite
could have selectively reacted with a particular enantiomer in an initial racemic adsorbate mixture
leading to an ee of the other.
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In a recent article, researchers investigating the structure of Martian meteorites have found
an inventory of organic carbon species and have hypothesized that interactions between spinel
group minerals, sulfides and brine enabled the electrochemical reduction of aqueous CO2 to organic
molecules [72] on Mars. Previous studies have shown that electrochemical reactions can play a role in
the chemistry of important prebiotic molecules, such as amino acids [73,74] and purines [75]. If the
electrodes are magnetic then spin-dependent chemistry may occur [76]. The particular minerals
thought to serve as the electrodes are titano-magnetite, magnetite, pyrite and pyrrhotite, which have
magnetic properties. Therefore, somewhere during the reaction cycle, SPEs could have induced chiral
selectivity in the reaction products.

Hydrothermal vent systems have been postulated to be potential sites for prebiotic chemistry on
Earth and possibly Mars and Titan [77,78]. Wang has suggested that magnetic material such as Greigite
(Fe3S4) present in the vents can act as a spin filter under the action of an external magnetic field to
produce SPEs or that irradiation of ZnS in the vents by circularly polarized light could produce SPEs,
which could induce the synthesis of chiral organic molecules [79]. Further down the evolutionary cycle,
the electrons released from the coenzyme NAD(P)H of amino acid synthase could become spin-filtered
and polarized when they pass through the chiral α-helix structure of the enzymes to the site of amino
acid synthesis at the other end of the helix producing only “spin up” electrons. The SPEs induce the
reductive reaction between ammonia and α-oxo acid. As a result of the Pauli exclusion principle only
L-amino acids are produced [80].

6. Further Research

Electrochirogenesis using low energy SPEs is a relatively unexplored area of research. Although,
numerous avenues for further studies exist, the following possibilities could be very illuminating:

• Determination of an ee following X-ray irradiation of a racemic mixture of chiral molecules
adsorbed on a magnetic substrate. The X-rays will produce low-energy secondary SPEs which
should then selectively react with one enantiomer, leaving an ee of the other. If the cross sections for
the two enantiomers differ by ~10% then the plot in the inset of Figure 3 indicates that there should
be an ee of ~12% after 2 time constants of irradiation with about 14% of the material remaining.
Such differences are well within the sensitivity range of modern chromatography techniques.

• Perform a Miller–Urey type experiment with a magnetized electrode. The magnetized electrode
will produce low energy SPEs in the discharge which should selectively react with one of the
enantiomers formed in the process. This should yield an ee of the other enantiomer and reversing
the magnetization should yield an opposite ee.

• Irradiation of molecules condensed on a magnetic substrate by UV light. Previous work has shown
that racemic amino acids can be produced by UV irradiation of simple molecules condensed
on a non-magnetic substrate [57,58]. If the same experiment were performed using a magnetic
substrate, SPEs would be produced which could result in the direct formation of a chiral amino
acid or the destruction of a particular enantiomer from an initially formed racemic mixture.
Reversing the magnetization directions should result in an opposite ee.

• Theory: although there has been significant progress made in modelling the manner by which
SPES are scattered by the gas phase [81] and adsorbed [82,83] chiral molecules, the mechanisms by
which low energy SPEs cause chiral specific reactions are not well understood and could benefit
from focused calculations using modern computational methods.

7. Conclusions

For more than 150 years scientists have been trying to determine what natural forces could have led
to the prebiotic production of homochiral molecules which are essential for life as we know it. Electrons
are the “glue” that hold molecules together, so it seems only natural that chiral electrons could have
played a role. In this review we have discussed the possible role of electrochirogenesis, which deals
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with the induction of chirality by polarized electrons of which those with low energy (<15 eV) are
seen to be the most effective. Possible sources of such electrons in the prebiotic universe have been
discussed and several examples where chiral induction by such electrons have been demonstrated.
Finally, some possible scenarios where electrochirogenesis could have played a role in forming a chiral
imbalance in a prebiotic setting have been speculated about and some possible future areas of research
proposed. This review is far from exhaustive and it is hoped that it will stimulate further activity in
this field.
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Abstract: We investigated whether semi-rigid and non-rigid π-conjugated fluorophores in the
photoexcited (S1) and ground (S0) states exhibited mirror symmetry by circularly polarized
luminescence (CPL) and circular dichroism (CD) spectroscopy using a range of compounds dissolved
in achiral liquids. The fluorophores tested were six perylenes, six scintillators, 11 coumarins,
two pyrromethene difluoroborates (BODIPYs), rhodamine B (RhB), and 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM). All the fluorophores showed negative-sign
CPL signals in the ultraviolet (UV)–visible region, suggesting energetically non-equivalent and
non-mirror image structures in the S1 state. The dissymmetry ratio of the CPL (glum) increased
discontinuously from approximately −0.2 × 10−3 to −2.0 × 10−3, as the viscosity of the liquids
increased. Among these liquids, C2-symmetrical stilbene 420 showed glum ≈ −0.5 × 10−3 at 408 nm
in H2O and D2O, while, in a viscous alkanediol, the signal was amplified to glum ≈ −2.0 × 10−3.
Moreover, BODIPYs, RhB, and DCM in the S0 states revealed weak (−)-sign CD signals with
dissymmetry ratios (gabs) ≈ −1.4 × 10−5 at λmax/λext. The origin of the (−)-sign CPL and the
(−)-sign CD signals may arise from an electroweak charge at the polyatomic level. Our CPL and CD
spectral analysis could be a possible answer to the molecular parity violation hypothesis based on a
weak neutral current of Z0 boson origin that could connect to the origin of biomolecular handedness.

Keywords: circularly polarized luminescence; circular dichroism; symmetry breaking; parity
violation; weak neutral current; tunneling; Z0 boson; homochirality; precision measurement

1. Introduction

Since the mid-19th century, one of the greatest puzzles for scientists has been why life on Earth
selected L-amino acids and D-sugars, because the corresponding L/D enantiomers were considered
to be energetically identical [1–13]. Regarding other life forms that existed in the past or may exist
now on exoplanets, solar planets, satellites, and comets, it is a matter of great curiosity as to whether
these stereogenic centers and/or stereogenic bonds would be identical to those upon which our life is
now based [14–16]. Living organisms can exist only in a far-from-equilibrium system allowing open
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flows of solar/thermal energy and low-entropy food [17]. This mystery is intimately connected to the
origins of life [2–14] and the accelerating expansion of the universe [18,19].

In 1831, Faraday discovered that an oscillating magnetic (M) field induces an electric (E)
current [20]. In 1861, Maxwell formulated this phenomenon as the theory of electromagnetism
(EM) [20]. In 1845, Faraday observed a magneto-optical phenomenon, now called the “Faraday effect”,
in which a light–matter (LM) interaction causes linearly polarized (LP) light to be rotated clockwise
(CW) and counterclockwise (CCW) (from the observer) by passing through achiral lead-containing
glass and certain liquids under the influence of a static magnetic field. In 1860, Pasteur conjectured
that molecular asymmetry is a consequence of dissymmetric forces of cosmological origin [1]. Possibly,
the “Faraday effect” prompted Pasteur to attempt asymmetric crystallization under the influence of a
magnetic field, but the quest failed [1]. In 1894, Curie considered that magnetic and electric fields need
to align co-linearly or anti-colinearly to produce optically active substances [21].

Left (l)- or right (r)-handed circularly polarized (CP) light is a physical force carrying angular
momentum (±h̄) that is a pure chiral electromagnetic (EM) force, causing mirror-symmetric LM
interactions [22]. Linearly polarized (LP) light is expressed as a superposition of r- and l-CP light.
LeBel in 1874 and van’t Hoff in 1894 postulated that CP light could catalyze asymmetric chemical
reactions to produce chiral substances [21,23]. In 1896, Cotton, who discovered the anomalous
phenomenon of circular dichroism (CD) and optical rotation dispersion (ORD) of potassium chromium
(III) tartrate [24], attempted to degrade an alkaline aqueous solution of racemic copper tartrate using
CP light but failed [21]. The first successful CP light-driven asymmetric synthesis, in the destruction
mode, was reported by Kuhn and coworkers in 1929 and 1930, in which r- and l-CP light at 280 nm
predominantly decomposed one enantiomer in racemic mixtures of 1-bromopropionic ethyl ester and
azidopropionic acid dimethylamide, yielding corresponding optically active substances with small %
enantioexcess (ee) values [21].

In recent years, modern photochemical reactions using unpolarized (UP) light under the influence
of an intense static magnetic field afforded preferential degradation of one of two enantiomers, in
which the product chirality is controllable according to the collinear or anti-collinear conditions [25].
Alternatively, CW and CCW swirling of molecular/supramolecular/polymer systems was found
to result in mirror symmetry breaking (MSB) [26–28]; the product chirality was determined by the
direction of the mechanical rotations, while no MSB happened under static conditions. The macroscopic
mechano-physical rotation is assumed to impart a preferred twist direction to rotatable C–C single
bonds. However, a recent experimental result suggested the occurrence of MSB even under static
conditions via a thermal gradient at specific temperatures [29].

In 1927, Wigner formulated the principle of parity (P) symmetry (corresponding to mirror
symmetry in chemistry), in which all interactions in nature are invariant with respect to space
inversion [30]. This idea led to the categorization of seven symmetries, i.e., charge (C), P, time (T), CP,
PT, CT, and CPT [31,32]. Until 1956, the seven symmetries were thought to be invariant and conserved.
However, these ideas had to be partly revised because of two groundbreaking experiments: P-violated
β±-decay in 1957–1959 [33–38], and CP-violated decay from a neutral K0 meson in 1964 [31,39] and
neutral B0 meson in 2001 [40,41]. Without doubt, P and CP symmetries were broken at subatomic
levels, although CPT symmetry was conserved. More recently, an astonishing experiment conducted
by the Tokai-to-Kamioka (T2K) particle physics team investigated the possibility of CP-symmetry
breaking between neutrino and antineutrino due to generation mixing between an electron-like lepton
(first generation) and a muon-like lepton (second generation) [42]. The idea of generation mixing is
like the mixing between S1 and triplet (T1) states of luminophores [43,44]: the S1 state involves a small
fraction of the T1 state and, conversely, the T1 state is contaminated by a small fraction of the S1 state,
thereby permitting the occurrence of intersystem crossing [45]. Additionally, the mixing in degenerate
coupling of three anthracene dimers in a double-well (DW) was detected as quantum coherence beats
from a radiation process in the S1 state at room temperature [46].
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Currently, physicists concur that all events in the cosmos and material world are governed by
the strong, EM, weak, and gravitational forces, known as the four fundamental physical forces [9,47].
Their relative strengths at 10−15 m are ~1:10−2:10−13:10−38, respectively [47]. However, among these
fundamental physical forces, the only cosmologically dissymmetric force, causing MSB, is the weak
force, which is responsible for nuclear fusion and fission reactions, while the other three forces conserve
symmetry. Hence, a circularly polarized light source is a P-conserved physical source [47]. In the 1980s,
physicists at Conseil Europeen pour la Recherche Nucleaire or European Organization for Nuclear
Research (CERN) succeeded in the detection of charged W± bosons (80.4 GeV) and the neutral Z0

boson (91.2 GeV) [48–51]. This experiment proved that the P-conserved EM and P-violated weak
forces are unified as an electroweak (EW) force with massive W± and Z0 bosons and the massless
photon (γ) according to the Weinberg–Salam theory [48]. W± and Z0 bosons gain their masses from
the Higgs boson (125 GeV) [48] while γ remains massless. Although W±, Z0, and γ are an equal
family at high energies, Z0/γ and W± bifurcate into neutral massive/massless and charged massive
bosons, respectively.

Following 50 years of theoretical and experimental development, P- and CP-symmetry breaking
in particle and atomic physics is now well established [51–60]. The EW force led to the further
groundbreaking predictions theoretically [61–88] and experimentally [89–97] that paired L/D
molecules are no longer enantiomers and should behave as diastereomers. To date, several theories
invoke the P-violating weak neutral current (PV-WNC) via handed electron–nucleus interactions
mediated by the Z0 boson in the destabilization of one enantiomer by adding an extra energy bias
(+EPV) and, conversely, stabilizing the other by subtraction (−EPV). This parity-odd energy bias
is called a “parity violating energy difference” (PVED), ΔEPV, called EPV). The molecular parity
violation (MPV) hypothesis definitively contradicts the accepted notion of enantiomers in the realm
of modern stereochemistry and physical chemistry [98–100]. Molecular physicists have long argued
whether P-symmetry of a molecular pair is exactly energetically equal and whether, if violated, EPV is
detectable [61–88].

However, the MPV theories teach us that EPV between mirror-image molecules is very small:
around 10−8–10−14 kcal·mol−1 or 10−9–10−15 % ee [61–88]. It is, thus, likely impossible that this radical
hypothesis could be experimentally proven by ordinary UV–visible, infrared, microwave, or NMR
spectrometers, or by enantioseparation column chromatography. If the potential barrier (Eb) between
racemic molecules in a symmetrical DW is sufficiently small, the tunneling time between the two local
minima is inversely proportional to the tunneling splitting energy, ΔE± (hereafter called E±), because
of even- and odd-parity eigenstates [66,72,101–103].

In a previous paper [104] aiming to verify the MPV hypothesis experimentally, we used circularly
polarized luminescence (CPL) and CD spectroscopy in an investigation of semi-rigid and non-rigid
π-conjugated luminophores in symmetrical DW/multiple-well (MW) potentials with a smaller Eb in
the lowest photoexcited (S1) and ground (So) states. As we noted therein, a CPL spectropolarimeter
may be regarded as a “low-energy spinning photon–molecule collider decelerator” to measure an
inelastic scattering mode known as the Stokes’ shift [104], allowing for the detection of the subtle
difference between l- and r-handed light speeds and the radiative lifetimes of enantiomers in the
S1 state. We chose a series of luminophoric racemates, including oligofluorenes, linear and cyclic
oligo-p-arylenes, binaphthyls, and fused aromatics carrying rotatable side groups. To control the Eb
value in DW/MW of the luminophores in the S1 and S0 states, we used achiral solvents, including
linear and branched alkanes, linear and branched alcohols, alkyl halides, linear cyclic ethers, and
water (light and heavy) [104]. The solvent viscosity (η, in cP) was tunable, ranging from 0.21 to 71.0 at
20–25 ◦C. We observed that all the non-rigid luminophores showed negative-sign CPL signals in the
UV–visible region, suggesting generation of non-mirror image structures in the S1 state. The Kuhn’s
anisotropic parameter of CPL vs. photoluminescence (PL) signals (glum) of the non-rigid luminophores
increased progressively but discontinuously in the range −0.2 × 10−3 to −2.0 × 10−3 as the solvent
viscosity increased.
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In this paper, to test the MPV hypothesis by further experiments, we investigated whether
semi-rigid and non-rigid laser dyes, molecular scintillators, and other fluorophores in achiral
liquids are mirror symmetrical by CPL and CD spectroscopy. Six perylenes, six scintillators, 11
coumarins, two 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene derivatives (BODIPYs), rhodamine B
(RhB), and 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) were chosen.
Negative-sign CPL signals were exhibited for all the fluorophores in the UV–visible region, suggesting
the generation of non-mirror image structures in the S1 state. Noticeably, BODIPY, RhB, and DCM in
the S0 states revealed clear (−)-sign CD signals with CD dissymmetry ratios (gabs) of approximately
−1.4 × 10−5 at λext. The present comprehensive CPL/CD experimental datasets should support the
long-argued MPV hypothesis regardless of PV-WNC scenarios [1].

2. Results

To validate the MPV hypothesis by CPL and CD spectroscopy, the crucial factors to choose
are as follows: (i) semi-rigid and non-rigid racemic fluorophores carrying side chains allowing for
rotatable freedom and/or flip-flop motional ability, (ii) fluorophores constituting only lighter atoms
among the first three periods of the periodic table, and (iii) achiral liquids as solvents to continuously
control the Eb value. Kasha’s rule predicts that fluorescence occurs spontaneously from the lowest
S1 electronic-and-vibration coupling states (vibronic modes) associated with a significant structural
reorganization at the photoexcited states via non-radiative, ro-vibrational, and translational pathways
even if the fluorophores are excited at the S2 and higher Sn states [43,44].

Previously, Quack et al. [72,80,84], MacDermott and Hegstrom [83], and Bargueño [86] argued
three representative cases, (i) EPV >> E±, (ii) EPV << E±, and (iii) EPV ~ E±, for several rigid, semi-rigid,
and non-rigid cases of molecular chirality. Rigid enantiomers consisting of tetrahedral stereocenters
cannot interfere with the E± value due to the minuteness of the EPV value. Quack et al. listed all the
EPV and E± values of nearly 20 non-rigid rotamers [80,84]; the sign and magnitude of EPV in non-rigid
XY–YX rotamers (X = H, D, T, Cl, and Y = O, S, Se, Te) definitively depend on the dihedral angles.
The EPV and E± values depend on the nature of the rotamers; the former changes by five orders of
magnitude and the latter by considerably more (25 orders of magnitude). From this, an increase in the
rotational barrier height of the rotamers may be inferred. Amongst the rotamers, only T2S2 can satisfy
the EPV~E± criterion (ideally EPV = E±), although radioactive T is not feasible in ordinary chemistry
laboratories [82,84].

The PV-WNC model allows CPL-silent/CD-silent racemic molecular mixtures to become
CPL-active/CD-active in the S0 state. This model is also applicable to racemates in the S1 state.
The EPV value of luminophores can be amplified by heavier atoms (e.g., Si, Ge, Sn, Pb, Se, Te, Cl, Br, I)
in periods 3–7 of the Periodic Table obeying the VSO (∝ Z2) law [69,82,84]. However, luminophores
containing such heavier atoms predominantly emit phosphorescence with a very low quantum yield
(QY < 0.01). Herein, we focus on fluorophores without stereogenic centers, which are utilized as laser
dyes and scintillators and have a high QY (typically, 0.1–0.9). Although these dyes and scintillators
consist of only lighter C, N, O, F, and S atoms, their spin–orbit interactions (ζ) are non-zero and notably
large with ζ = 0.1, 0.2, 0.4, 0.7, and 1.0 kcal·mol−1, respectively [44]. If a huge number of fluorophoric
molecules (>1010–1016) in a cuvette are photoexcited simultaneously by focusing on them an incident
laser beam, the faint 10−9–10−15 % ee or PVED of 10−8–10−14 kcal·mol−1 is expected to be resonantly
boosted to a level that is detectable using an ordinary CPL spectrometer during spontaneous radiation
in a synchronized fashion [104].

When non-rigid enantiomers drop into one well in preference to the other in a dissymmetrical
DW at the S1/S0 states by ceasing to oscillate, we postulate that the diastereomeric characteristics may
accord with one of the three following scenarios [104]: (i) the fluorophore does not reveal any CPL or
CD signals; (ii) the fluorophore at the S1 state does not reveal CPL signals but, at the S0 state, shows
CD signals; and (iii) the fluorophore reveals CPL signals at the S1 state and CD signals at the S0 state.
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Detectable signals, as (+)- or (−)-sign CPL or CD, are considered to arise due to handed rotational
and/or flip-flop motions.

2.1. D2h/D2 Symmetrical Perylene and C2/C1 Symmetrical Derivatives

Firstly, to ascertain the achirality of unsubstituted rigid flat π-conjugated aromatics with D2h
symmetry such as the fluorophores naphthalene, anthracene, tetracene, and pyrene (see Chart 1), in
the S1 and S0 states, we measured their CPL and CD spectra in the low-viscosity solvent methanol ([η]
= 0.55 cP) and several other solvents, since it was pointed out that artefact-free precision measurements
are serious concerns if CPL and CD spectrometers are operated using a single 50-kHz photoelastic
modulator (PEM) [105,106]. We confirmed that no obvious CPL or CD signals in the corresponding PL
and UV–visible spectral regions are detected by our CPL-200 [JASCO (Hachioji, Tokyo, Japan) model
CPL-200]] and CD (JASCO model J-820) spectrometers [104].

 
Chart 1. Chemical structures of five unsubstituted fused aromatics (naphthalene, anthracene, tetracene,
pyrene, and perylene) and five perylene derivatives with substituents, 2,5,8,11-tetra-tert-butylperylene
(ttBuperylene), N,N′-bis(2,6-diisopropylphenyl)-1,6,7,12-tetra-phenoxy-3,4,9,10-perylenetetracarboxylic
diimide (iPrPh-PhO-perylene), N,N′-bis(2,5-di-tert-butyl-phenyl)-3,4,9,10-perylenedicarboximide
(BTBPTCDI), 16,17-bis(n-octyloxy)-anthrax[9,1,2-cde]-benzo[rst]-pentaphene-5,10-dione (Violanthrone
79), and N,N′-di-n-octyl-3,4,9,10-perylenetetra- carboxylic diimide (PTCDI-C8).

Perylene has long been believed to adopt a D2h symmetrical planar and achiral framework and
is postulated as one of the polyaromatic hydrocarbons (PAHs) existing in molecular clouds of the
interstellar universe [107]. In actuality, the interstellar PAHs emit infrared (IR) radiation in bright HII
regions, and planetary and reflection nebulae. The interstellar IR spectral radiation upon excitation
of vacuum–UV and UV–visible spectral lines (for example, Lyman and Balmer series) from ionized
atomic hydrogen dominate most radiation sources of the galaxy and extragalaxies [108,109]. Our
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fundamental question, however, pertains to whether perylene truly remains achiral in the S1 and
S0 states when all the hydrogen atoms attached to the framework are considered. To address this
apparently naive query, we measured the CPL and CD spectra of unsubstituted perylene and five
related derivatives carrying rotatable side groups, 5,8,11-tetra-tert-butylperylene (ttBuperylene),
N′-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxylic diimide
(iPrPhPhOperylene), N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (BTBPT-CDI),
16,17-bis(n-octyloxy)-anthrax[9,1,2-cde]-benzo[rst]-pentaphene-5,10-dione (Violanthrone 79), and
N,N′-dioctyl-3,4,9,10-perylenedicarboxylic diimide (PTCDI-C8) (Chart 1).

It is possible to regard unsubstituted perylene as a fused dimer of l- and r-twistable biphenyl
substructures; however, if there is a twist, then perylene should no longer exhibit D2h symmetry but
should exist as a mixture of D2-symmetrical l- and r-twists and/or a CS-symmetrical achiral folded
framework. The structural hypothesis at the S0 state is obvious for the five cases of (a) four bulky
substituents in the 1-, 6-, 7- and 12-positions of iPrPh-PhO-perylene, (b) two bulky alkoxy substituents
in the 16- and 17-positions in Violanthrone 79, (c) two bulky aromatic groups in the N,N′-positions
of BTBPTCDI, (d) four bulky alkyl substituents in the 2-, 5-, 8- and 11-positions of ttBuperylene,
and (e) two less-bulky alkyl groups in the N,N′-positions of PTCDI-C8. This query at the S1 state is
still unanswered.

Figure 1a–j display comparisons of the CPL/PL (photoluminescence) spectra of perylene and five
derivatives in alcoholic solvents and chloroform at room temperature.

 

 

Figure 1. Cont.
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Figure 1. Comparison of circularly polarized luminescence/photoluminescence (CPL/PL) and circular
dichroism (CD)/ultraviolet (UV)–visible spectra of perylene and five derivatives in alcoholic solvents
at room temperature (path length: 10 mm, cylindrical cuvette, concentration 1–2 × 10−5 M. CPL/PL
spectra of perylene excited at 390 nm in (a) methanol, and (b) 1,4-butanediol. CPL/PL spectra
of ttBuperylene excited at 395 nm in (c) methanol, and (d) 1,4-butanediol. CPL/PL spectra of
iPrPh-PhO-perylene excited at 470 nm in (e) methanol, and (f) 1,4-butanediol. CPL/PL spectra of
BTBPTCDI excited at 525 nm in (g) methanol, and (h) 1,4-butanediol. (i) CPL/PL spectra of PTCDI-C8
excited at 490 nm in 1,4-butanediol. (j) CPL/PL spectra of Violanthrone 79 excited at 625 nm in
chloroform. (k) CD/UV–visible spectra of iPrPh-PhO-perylene in methanol. (l) The glum value of
perylene, ttBuperylene, iPrPh-PhO-perylene, and BTBPTCDI as a function of solvent viscosity.

From Figure 1a,b, unsubstituted perylene in low-viscosity methanol (η, 0.55 cP) reveals a weak
vibronic CPL signal at the corresponding PL emission at approximately 400–500 nm. The vibronic
CPL band becomes more obvious, and glum reaches −0.45 × 10−3 at the first vibronic band when
methanol is replaced with the more viscous 1,4-butanediol (η, 71.0 cP). The magnitude of the vibronic
CPL band at the 0–0 and 0–1 peaks increases as solvent viscosity increases (Figure 1l and Figure S1a–f,
Supplementary Materials). However, CD signals at the corresponding UV–visible bands cannot be
distinguished due to π–π* transitions (Figure S1u, Supplementary Materials). These results imply that
perylene in the S1 state temporarily adopts a chiral twisted geometry. However, the observed chirality
of perylene disappears in the S0 state. Possibly, perylene in the S0 state exists as a mixture of l- and
r-twisted geometries, thereby resulting in a CD-silent pair of opposite chirality twisted conformers.
Photoexcited perylene may be optically active.
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Research on biaryl-sensitized terbium (III) complexes showed that fluorescence lifetime
enhancement in these systems is due to solvent polarity and oxygen sensitivity rather than viscosity
effects [110]. Nevertheless, oxygen solubilization does not significantly influence the fluorescence
quantum yield of most organic luminophores including laser dyes, but does significantly suppress
phosphorescence. Solvent viscosity is, therefore, considered to be a critical factor in the fluorescence
lifetimes in our systems.

In ttBuperylene, when the four hydrogen atoms in the 2-, 5-, 8- and 11-positions of the perylene
framework are replaced by four bulky three-fold symmetric tert-butyl groups as rotors, (−)-sign CPL
signals for the 0–0 and 0–1 peaks at approximately 450–500 nm in methanol, 1,4-butanediol, and
other solvents are more clearly evident (Figure 1c–d and Figure S1g–k, Supplementary Materials).
Similarly, in iPrPh-PhO-perylene, when the four isopropyl groups in the 2-, 5-, 8-, and 11-positions of
the perylene framework are replaced by four two-fold symmetric sterically hindered phenoxy groups
as rotors, the (−)-sign CPL signals redshift to 530–570 nm and are without doubt more obvious in
methanol, 1,4-butanediol, and other solvents (Figure 1e–f and Figure S1p–t, Supplementary Materials).

Similarly, BTBPTCDI, with two sterically hindered phenyl groups in the N,N′-positions of the
perylene diimide framework unambiguously exhibits (−)-sign vibronic CPL signals at approximately
550–590 nm in methanol, 1,4-butanediol, and other solvents (Figure 1g–h and Figure S1l–n,
Supplementary Materials). PTCDI-C8, bearing two less bulky n-octyl groups in the N,N′-positions
of the perylene diimide framework, reveals obvious (−)-sign vibronic CPL signals at approximately
540–580 nm in 1,4-butanediol and n-dodecane (Figure 1i and Figure S1o, Supplementary Materials).
CPL signals for Violanthrone 79 in chloroform were not detected (Figure 1j). A faint (−)-sign CD signal
for iPrPh-PhO-perylene in methanol may be seen on the order of gabs ≈ 10−6, but it is not obvious
(Figure 1k). No detectable CD signals for perylene and ttBuperylene were observed (Figure S1f,g,
Supplementary Materials).

Figure 1l summarizes the glum values of perylene, ttBuperylene, iPrPh-PhO-perylene, and
BTBPTCDI as a function of solvent viscosity for the solvents methanol, ethanol (1.1 cP), n-propanol (2.0
cP), n-undecanol (17.0 cP), 1,3-propandiol (33.0 cP), and 1,4-butanediol (71.0 cP). We can thus conclude
that the perylene and perylene diimide frameworks in the S1 state adopt a twisted geometry due to
steric repulsion in the 2-, 5-, 8-, and 11-positions of the perylene framework. CPL signals of (−)-sign
are apparent, and the glum value reaches a maximum of −2.0 × 10−3. Perylene, thus, does not adopt
an achiral framework in the S1 state, and the same is possibly true for the S0 state.

To see the effect of twisted perylene in snapshot mode, we simulated the CD/UV–visible spectra
with 0.20 eV full width at half maximum (fwhm) and electron density mapping at (c) the first first
lowest unoccupied molecular orbital (1st LUMO) and (d) the first highest occupied molecular orbital
(1st HOMO) for a hypothetical model of perylene twisted by 30◦ (Figure 2a–d). The twisted perylene
clearly shows negative CD spectra at 443 nm and bisignate CD bands at approximately 300 nm. The
value of gabs at 443 nm is found to be 4 × 10−4. A closed-chiral-loop current (reddish zone) (Figure 2c)
is obvious for the LUMO, while the same is not true for the HOMO (Figure 2d). The closed-loop
current may interfere with the one-handed chiral WNC postulated.

2.2. Rigid Luminophores Bearing Multiple Three-Fold Symmetrical Alkyl Substituents

C2v-symmetrical pyrromethene-difluoroborate (BODIPY) and its derivatives are established as
excellent emitters with a high QY and a very small Stokes’ shift (350–500 cm−1) [111,112]. Incorporation
of alkyl groups into BODIPYs improves their solubility in common organic solvents. It is conceivable
that certain BODIPYs carrying three-fold symmetrical alkyl groups may reveal optical activity due
to handed gear motions between these alkyl groups. We, therefore, designed several C2v BODIPYs
as candidates to address the question of whether the handed gear motions occur with exactly equal
energies and opposite senses [113]. If the gear-like motions in CW and CCW directions at the S0 and
S1 states are equally operational, CD and CPL signals will not be detectable due to mutual cancellation
of the opposite chiroptical signed bands, but they will have the same absolute magnitudes. However,
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if the gear-like motions in the S0 and/or S1 states are occurring unidirectionally due to unequal
intramolecular gear energies, this should be detectable as CD and CPL signals. Unidirectional gear-like
motions drive unidirectional molecular motors.
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Figure 2. (a) Hypothetical model of perylene twisted by 30◦; (b) simulated CD/UV–visible spectra
with 0.2 eV full width at half maximum (fwhm) and electron density mapping at (c) first lowest
unoccupied molecular orbital (1st LUMO) and (d) first highest occupied molecular orbital (1st HOMO).
For this time dependent density functional theory (TD-DFT) and Becke, three-parameter, Lee-Yang-Parr
exchange-correlation functional (B3LYP) with 6-31G(d) basis set, Gaussian09 rev D.01 (GaussView5
package)-calculated structures, a closed-chiral-loop current (red) is obvious for the LUMO, although
this is not the case for the HOMO.

Firstly, we tested the gear-motion behaviors of pyrromethene 597 (BODIPY 597) and pyrromethene
546 (BODIPY 546) (Chart 2), which both have five three-fold symmetry methyl groups in the 1-, 3-,
5-, 7- and 8-positions of the BODIPY frameworks. Pyrromethene 597 has two additional three-fold
symmetrical tert-butyl groups in the 4,4′-positions. The tert-butyl group itself consists of three methyl
groups with three-fold symmetry. Both methyl and tert-butyl groups are assumed to act as gears.

 

Chart 2. Chemical structures of [[(4-tert-butyl-3,5-dimethyl-1H-pyrrol-2-yl)(4-tert-butyl-3,5-dimethyl
-2H-pyrrol-2-ylidene)methyl]methane](difluoroborane) (pyrromethene 597) and [[(3,5-dimethyl-1H-
pyrrol-2-yl)3,5-dimethyl-2H-pyrrol-2-ylidene]methyl]methane](difluoroborane) (pyrromethene 546).
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Pyrromethene 597 (Chart 2) in methanol showed weakly vibronic CPL bands at 550–600 nm;
however, in 1,4-butanediol, these were amplified significantly to glum = −1.0 × 10−3 at 562 nm
(Figure 3a,d). Similarly, pyrromethene 546 (Chart 2) in methanol showed weakly vibronic CPL bands;
however, in 1,4-butanediol, these bands were magnified to glum = −0.4 × 10−3 at 515 nm (Figure 3g,h).
Pyrromethene 597 in n-undecanol, ethylene glycol, and other solvents showed similar vibronic CPL
bands at 550–600 nm (Figure 3b,c). These (−)-sign CPL characteristics of pyrromethenes 597 and 546
depend on the nature of solvents (Figure S2a–h, Supplementary Materials).

  

  

 

Figure 3. Cont.
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Figure 3. Comparison of CPL/PL and CD/UV–visible spectra of two pyrromethenes bearing rotatable
alkyl groups (pyrromethene 597 and pyrromethene 546) in solution at room temperature (path length:
10 mm, cylindrical cuvette, concentration 1–3 × 10−5 M, and path length 0.1 cm and 1–3 × 10−4 M.
CPL/PL spectra of pyrromethene 597 excited at 490 nm in (a) methanol, (b) n-undecanol, (c) ethylene
glycol, and (d) 1,4-butanediol. CD/UV–visible spectra of pyrromethene 597 in (e) methanol, and
(f) 1,4-butanediol. CPL/PL spectra of pyrromethene 546 excited at 450 nm in (g) methanol, and
(h) 1,4-butanediol. CD/UV–visible spectra of pyrromethene 546 in (i) methanol, and (j) 1,4-butanediol.
(k) glum value of pyrromethene 597 and pyrromethene 546 as a function of solvent viscosity.
(l) Simulated CD/UV–visible spectra (fwhm = 0.20 eV) of hypothetical model of pyrromethene 597
twisted weakly by 2◦, electron density mapping at (m) first LUMO and (n) first HOMO, obtained with
TD-DFT, B3LYP functional with 6-31+G(d,p) basis set using Gaussian09 rev D.01 and GaussView5
package. A semi-closed-chiral-loop current (green) is seen for the HOMO, although this is not obvious
for the LUMO.

More surprisingly, pyrromethene 597 in methanol revealed a clear (−)-sign CD band (Δε =
0.8 M−1·cm−1 at 530 nm, gabs = −1.5 × 10−5), whilst the λmax of the visible band was 525 nm
(Figure 3e). The Cotton CD band in viscous 1,4-butanediol showed a more intense (−)-sign CD band
(Δε = 1.5 M−1·cm−1, gabs = −3.8 × 10−5 at 527 nm), with λmax of the visible band at 525 nm (Figure 3f).
Similarly, pyrromethene 546 in methanol revealed a clear (−)-sign CD band (Δε = 1.0 M−1·cm−1

at 495 nm, gabs = −1.5 × 10−5) with λmax is 492 nm (Figure 3i). The Cotton CD band in viscous
1,4-butanediol revealed a (−)-sign CD band (Δε = 1.0 M−1·cm−1, gabs = −1.4 × 10−5 at 496 nm)
(Figure 3j). These (−)-CD characteristics are unchanged and independent of the solvent (Figure S3a–h,
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Supplementary Materials). These (−)-sign gabs values for the S0 state are smaller by two orders of
magnitude compared to those of the corresponding (−)-sign glum values for the S1 state.

Pyrromethenes 597 and 546 (Chart 2) preferentially exhibit (−)-sign CD and CPL signals,
indicating that they preferentially absorb and emit l-CP light over r-CP light. These unexpected
chiroptical results imply the occurrence of handed gear-like motions between multiple alkyl rotors
in the S0 and S1 states, causing a subtle distortion of the framework of the BODIPY ring. Gaussian09
simulations usng time dependent density functional theory (TD-DFT) and Becke, three-parameter,
Lee-Yang-Parr exchange-correlation functional (B3LYP) with 6-31+G(d,p) basis set indicate that one of
the subtly distorted pyrromethenes 597 has a negative Cotton CD band at 450 nm (Figure 3l). Its LUMO
and HOMO orbitals correspond to symmetrical and anti-symmetrical electron density with respect to
the C2 molecular axis (Figure 3m,n). Green- and red-colored electron density maps merely indicate the
phase of the electron wavefunctions. If one assumes that a handed closed loop WNC flows only in
regions of the same phase (green regions) indicated by yellow arrows, pyrromethene 597 becomes a
handed chiral π-electron system at the C2 axis in the S0 state. Although a handed current flow by the
yellow arrows is not obvious for the S1 state, the framework of photoexcited pyrromethene 597 may be
more twisted and, thus, associated with more rapid gear motions of the seven three-fold symmetrical
alkyl (methyl and tert-butyl) rotors, suggesting a potential application of UP-driven one-way alkyl
rotors without chiral chemical entities detectable by CPL and CD spectroscopy.

2.3. Organic Scintillators

Spontaneous radiation produced by free electrons at the valence bands of molecules is responsible
for the production of scintillation light in π-conjugated organic molecules in crystalline forms and
molecularly disperse solutions [114]. Scintillation light is fluorescence from the S1 state. This scenario
should obey the Jablonski diagram [43,44]. Highly emissive fluorophores with a high QY are candidates
for molecular scintillators.

In fact, the Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) used a molecular
scintillator to detect anti-neutrinos generated geologically from the β−-decay of 238U and 232Th in
the Earth’s crust, but it cannot detect anti-neutrinos from 40K due to the low energy [115,116]. Three
radioactive nuclei (40K, 238U, and 232Th) are responsible for geothermal power. These radioactive
atoms are considered probes of supernova explosions that followed the nucleosynthesis of heavy
elements and the birth of the Earth [117].

In KamLAND, 1000 tons of liquid scintillator was composed of n-dodecane (80 vol.%),
1,2,4-trimethylbenzene (20 vol.%), and 150 kg of diphenyloxazole (PPO, Chart 3) [115,116], although it
is unclear to us why n-dodecane was considered the best solvent for the liquid scintillator. Anyway,
fortuitous or otherwise, based on the glum–η relationship shown above and discussed in our previous
paper [104], we assume that a viscous fluid medium such as n-dodecane is crucial to magnify the
efficiency of scintillation light.

Non-rigid scintillators, 1,4-bis(2-methylstyryl)benzene (bis-MSB), 1,4-bis(5-phenyloxazol-2-yl)-
benzene (POPOP), 1,4-bis(4-methyl-5-phenyloxazol-2-yl)benzene (DMPOPOP), 2,5-bis(5-t-butyl-2-
benzoxalyl)thiophene (BBOT), 2,5-bis(4-biphenylyl)thiophene (BBT), are soluble in organic solvents,
and 2,2′′-([1,1′-biphenyl]-4.4′-diyldi-2,1-ethenediyl)bis-benzenesulfonic acid disodium salt (stilbene
420) is soluble in water and alcoholic solvents [118–121]. These molecular scintillators can adopt a
polar C2-symmetrical conformation in the S1 and S0 states due to their rotatable main axes. However,
due to multiple C–C bonds with low rotational barrier (~1.5 kcal·mol−1) between the aromatic and
trans-vinylene moieties, and due to the proximity effect of these C–H/H–C repulsions [122], those
molecules cannot adopt planar structures. Thus, these molecules should exist as a mixture of many
rotamers with an equal population of P- and M-twisted molecules in solution at ambient temperature.
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Chart 3. Chemical structures of non-rigid scintillators, 2,2′′-([1,1′-biphenyl]-4.4′-diyldi-2,1-ethenediyl)
bis-benzenesulfonic acid disodium salt (stilbene 420), 1,4-bis(2-methylstyryl)benzene (bis-MSB),
1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP), 1,4-bis(4-methyl-5-phenyloxazol-2-yl)benzene
(DMPOPOP), 2,5-bis(5-t-butyl-2-benzoxalyl)thiophene (BBOT), 2,5-bis(4-biphenylyl)thiophene (BBT),
diphenyloxazole (PPO), and 1,2,4-trimethylbenzene (pseudocumene).

Stilbene 420, as a trans-p-biphenylenevinylene-type oligomer, in H2O (0.96 cP) and D2O (0.96 cP)
emitted (−)-sign CPL with glum = −0.5 × 10−3 at 430 nm (Figure 4a,b), possibly at the second vibronic
0–1’ band, indicating no marked isotope effect between H and D. The glum value increased to −2.0 ×
10−3 at 410 nm at the first vibronic 0–0’ band when 1,4-butanediol was employed as a solvent. The
glum–η relationships showed several transitions when η = 0.96–2.5 cP, 2.5-6 cP, and >22 cP (Figure 4e,f).
This feature arises from 512◦ of rotational freedom of stilbene 420 with the five rotatable C–C bonds.
From the (−)-sign in a vacuum in glum value extrapolated at η = 0.0 cP and the (−)-sign glum value in
water and heavy water, water-soluble non-rigid PAHs in the interstellar universe could spontaneously
favor a handed chiral and/or helical geometry that is radiating (−)-sign CP light.

CPL/PL spectra and glum–η characteristics of bis-MSB as a trans-p-phenylenevinylene-type
oligomer are similar to those of stilbene 420 (Figure 5a–f). Moreover, bis-MSB in low-viscosity solvents
(n-pentane, diethyl ether, and methanol) revealed several weak but clearly detectable vibronic CPL
signals with (−)-sign at 400–450 nm (Figure 5a,c and Figure S5a–p, Supplementary Materials). The CPL
signals were further amplified to −0.72 × 10−3 and −0.90 × 10−3 at 400 nm when the more viscous
n-undecanol and squalane were employed, respectively (Figure 5b,d). The glum value progressively and
discontinuously increased when carbon numbers increased in two series of n-alkanes and n-alkanols
including ethanol (Figure 5e). The glum–η characteristics showed step-like transitions with at least
three plateaus between η = 5–10 cP, 10–17 cP, and >30 cP, while the glum value changed linearly in
response to the η value when η = 0.22–5 cP (Figure 5f). The glum value extrapolated to η = 0 cP is −0.5
× 10−3.
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Figure 4. CPL/PL spectra of stilbene 420 (water-soluble trans-p-biphenylenevinylene-type scintillator)
in (a) H2O, (b) D2O, (c) methanol, and (d) 1,4-butanediol (path length: 10 mm, cylindrical cuvette,
concentration 2.5–10 × 10−5 M); (e) glum value of stilbene 420 as a function of solvent viscosity (η =
0–71 cP); (f) glum value of stilbene 420 as a function of solvent viscosity (η = 0–10 cP).

The scintillators bis-MSB, POPOP, DMPOP, BBOT, BBT, and stilbene 420 have rotational freedom
along five, four, four, four, two, and five C–C bonds, respectively, producing huge numbers of
rotamers. In actuality, these π-conjugated organic scintillators do not reveal noticeable CD bands at the
corresponding π–π* transitions in UV–visible regions exemplified in Figures 6e,f and 7c, and Figures
S4k,l and S5q,r (Supplementary Materials). However, without exception, bis-MSB, POPOP, DMPOP,
BBOT, BBT, and stilbene 420 revealed intense (−)-sign CPL signals at the corresponding PL bands in
various solvents (Figures 4–7 and Figures S4a–p and S5a–p, Supplementary Materials).

The (−)-sign CPL signals and PL spectra of POPOP in chloroform and n-hexadecane are very
similar to those of DMPOPOP in chloroform and n-hexadecane (Figure 6a–d). The only difference is
the luminescence wavelength; the λlum values of the CPL/PL bands at the 0-0’ band are 399 nm for
POPOP and 407 nm for DMPOPOP (Figure 6a,b). Similarly, thiophene ring-containing scintillators
BBOT and BBT in n-hexadecane showed (−)-sign CPL signals with glum = −0.6 × 10−3 at 428 nm
(0–1’ band) and −1.0 × 10−3 at 409 nm (0–0’ band) (Figure 7a,b,d). No detectable CD signal of BBT in
chloroform was confirmed (Figure 7c). This difference in glum value between BBOT and BBT should
arise from the number of rotatable C–C bonds between the aromatic rings; BBOT has two, while BBT
has four.
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Figure 5. CPL/PL spectra of bis-MSB (trans-p-phenylenevinylene-type scintillator) in (a) methanol,
(b) n-undecanol, (c) n-pentane, and (d) squalane (path length: 10 mm, cylindrical cuvette, concentration
2.5–10 × 10−5 M); (e) glum value of bis-MSB as a function of carbon number in two series of n-alkanes
and n-alkanols (including methanol and ethanol); (f) glum value of bis-MSB as a function of solvent
viscosity (η = 0–30 cP).

Figure 6. Cont.
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Figure 6. CPL/PL spectra of POPOP, a 1,3-oxazole ring-containing scintillator, in (a) chloroform and
(c) n-hexadecane, and CD/UV–visible spectra in (e) methanol (path length: 10 mm, cylindrical cuvette,
concentration 2.5–10 × 10−5 M). For comparison, CPL/PL spectra of DMPOPOP in (b) chloroform,
and (d) n-dodecane, and normalized CD/UV–visible spectra in (f) methanol (path length: 10 mm,
cylindrical cuvette, concentration 2.5–10 × 10−5 M).

 

 
Figure 7. CPL/PL spectra of BBOT, a thiophene ring-containing scintillator, in (a) n-hexadecane
and CD/UV–visible spectra in (c) 1,4-butanediol at room temperature. CPL/PL spectra of BBT in
(b) chloroform and (d) n-hexadecane. Path length: 10 mm, cylindrical cuvette, concentration 2.5–10 ×
10−5 M.
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2.4. Luminophores Carrying Dialkylamino Group with Flip-Flop and/or Rotatable Motions

MacDermott and Hegstrom proposed that ammonia-type molecules (R1R2R3N with a
lone pair) able to undergo flip-flop motion are well suited to test the MPV hypothesis [83]
experimentally. Coumarin derivatives, DCM, and RhB [118–121], which are C1-symmetrical
π-conjugated luminophores, are candidates because the frameworks of coumarin, rhodamine,
4-(dicyanomethylene)-6-styryl-4H-pyran possess dialkylamino groups, which are susceptible to
flip-flop and/or rotatable motions in the S1 and S0 states. The temporal generation at the S1 state
and/or persistent generation at the S0 state are detectable as CPL and/or CD signals if certain chiral
geometries are indeed generated. Most researchers do not think that coumarins, DCM, and rhodamine
B are optically inactive because of the lack of chiral stereocenters. Chemical structures of 11 coumarin
derivatives, DCM, and rhodamine B, which all carry dialkylamino group(s) as side chains, are shown
in Chart 4.

 

Chart 4. Chemical structures of coumarin 6, coumarin 545, coumarin 466, coumarin 6H,
coumarin 481/35, coumarin 153, coumarin 1/460, coumarin 102, coumarin 7, coumarin
30, 3,3′-carbonyl-bis(7-diethylaminocoumarin) (bis-coumarin), 4-(dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran (DCM), and rhodamine B (RhB).

Firstly, we measured the CPL/PL spectra of coumarin 6 and coumarin 545 in several solvents
(Figure 8a–f and Figure S6a–j, Supplementary Materials), and, for comparison, we measured the
CD/UV–visible spectra in methanol (Figure 8g,h). Coumarin 6 and coumarin 545 showed very
weak green-colored (−)-sign CPL signals on the order of glum = −0.1 × 10−3 at 505 nm and 520 nm,
respectively (Figure 8a,b). When 1,4-butanediol was employed as the solvent, the weak (−)-sign CPL
signals increased substantially to glum = −1.2 × 10−3 at 509 nm and glum = −1.3 × 10−3 at 526 nm,
respectively (Figure 8e,f). The magnitude of the (−)-sign CPL signals in n-hexadecane (η = 3.47 cP)
was between those in methanol and in 1,4-butanediol (Figure 8c,d). Coumarin 6 and coumarin 545
also showed very weak (−)-sign CD signals on the order of gabs = −1.3 × 10−5 at 464 nm and gabs =
−1.3 × 10−5 at 479 nm, respectively.
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Figure 8. Comparison of CPL/PL and UV–visible spectra of coumarin 6 and coumarin 545. CPL/PL
spectra of coumarin 6 excited at 420 nm in (a) methanol, (c) n-hexadecane, and (e) 1,4-butanediol at room
temperature. CPL/PL spectra of coumarin 545 excited at 420 nm in (b) methanol, (d) n-hexadecane,
and (f) 1,4-butanediol at room temperature (path length: 10 mm, cylindrical cuvette, concentration
2.5–10 × 10−5 M. (g) CD/UV–visible spectra of coumarin 6 in methanol. (h) CD/UV–visible spectra of
coumarin 545 in methanol.

These unexpected CD signals can be seen in ethanol and 1,4-butanediol. The major difference
between coumarin 6 and coumarin 545 is that the former allows for free-rotation and flip-flop motions
of the dialkylamino group, while, in the latter, free rotation is restricted, although the flip-flop motion
is still permitted. We assume that certain flip-flop twists of the dialkylamino group commonly induce
optically active conformations at the S1/S0 states of coumarin 6 and coumarin 545, giving rise to
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an optically active intramolecular charge transfer (ICT) state arising due to electron donation by the
dialkylamino group to the electron-accepting benzothiazole ring.

Next, to clarify the effect of the benzothiazole ring, we measured the CPL/PL spectra of coumarin
466 and coumarin 6H in several solvents (Figure 9a–d and Figure S7a–f, Supplementary Materials),
and, for comparison, the CD/UV–visible spectra in methanol (Figure 9e,f). Similarly, coumarin 466 and
coumarin 6H showed very weak (−)-sign CPL signals on the order of glum = −0.1 × 10−3 at 457 nm
and 481 nm (Figure 9a,b). In 1,4-butanediol, the (−)-sign CPL signals were enhanced to glum = −0.67
× 10−3 at 459 nm and glum = −0.53 × 10−3 at 482 nm, respectively (Figure 9c,d). These (−)- sign CPL
magnitudes are half those of coumarin 6 and coumarin 545. Introduction of the benzothiazole ring
appears, thus, to result in CPL signal amplification by a factor of two. Coumarin 466 and coumarin 6H
also showed very weak bisignate-like CD signals although they are not obvious (Figure 9e,f). Similarly,
the twisted flip-flop motion of the dialkylamino group may be crucial in inducing optically active
conformations at the S1 states of coumarin 466 and coumarin 6H.

  

  

 
Figure 9. Comparison of CPL/PL spectra of coumarin 466 and coumarin 6H at room temperature
(path length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M. CPL/PL spectra of coumarin
466 excited at 370 nm in (a) methanol, and (c) 1,4-butanediol at room temperature. CPL/PL spectra
of coumarin 6H excited at 400 nm in (b) methanol, and (d) n-hexadecane. CD/UV–visible spectra of
(e) coumarin 466 and (f) coumarin 6H in methanol.

To clarify the effect of the three-fold symmetrical but electron-accepting CF3 group, we measured
the CPL/PL spectra of coumarin 481/35 and coumarin 153 in several solvents (Figure 10a–f and
Figure S8a–j, Supplementary Materials), and, for comparison, the CD/UV–visible spectra in methanol
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(Figure 10g,h). Coumarin 481/35 and coumarin 153 in methanol showed weak green-colored (−)-CPL
signals at 507 nm and 527 nm, respectively (Figure 10a,b). Interestingly, these coumarins in squalane
emitted blue-colored (−)-CPL signals with increased glum = −0.28 × 10−3 at 437 nm and glum = −0.39 ×
10−3 at 455 nm, respectively (Figure 10c,d). In 1,4-butanediol, these (−)-CPL signals became enhanced
to glum = −1.17 × 10−3 at 509 nm and glum = −0.59 × 10−3 at 527 nm, respectively (Figure 10e,f).

  

  

  

 
Figure 10. Comparisons of CPL/PL and UV–visible spectra of coumarin 481/35 and coumarin 153 at
room temperature (path length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M. CPL/PL
spectra of coumarin 481/35 in (a) methanol (exited at 410 nm), (c) squalane (excited at 370 nm), and
(e) 1,4-butanediol (excited at 415 nm). CPL/PL spectra of coumarin 153 in (b) methanol (excited at
435 nm), (d) squalane (excited at 385 nm), and (f) 1,4-butanediol (excited at 435 nm). CD/UV–visible
spectra of (g) coumarin 481/35, and (h) coumarin 153 in methanol.
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We tested the effect of the CH3 group at the peripheral position of the coumarin framework in
place of the CF3 group. The CPL/PL spectra of coumarin 1/460 and coumarin 102 were recorded in
several solvents (Figure 11a–d and Figure S9a–d, Supplementary Materials), and, for comparison, the
CD/UV–visible spectra were recorded in methanol (Figure 11e,f). Coumarin 1/460 and coumarin 102
in methanol showed weak blue (−)-CPL signals at 450 nm and 480 nm (Figure 11a,b). In 1,4-butanediol,
these increased to glum = −0.72 × 10−3 at 449 nm and −0.65 × 10−3 465 nm, respectively. The CD
signals of coumarin 1/460 and coumarin 102 in methanol are not obvious (Figure 11e,f).

  

  

 
Figure 11. Comparisons of CPL/PL and UV–visible spectra of coumarin 1/460 and coumarin 102 at
room temperature (path length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M. CPL/PL
spectra of coumarin 1/460 in (a) methanol (excited at 365 nm), and (c) 1,4-butanediol (excited at 365 nm).
CPL/PL spectra of coumarin 102 in (b) methanol (excited at 380 nm), and (d) 1,4-butanediol (excited at
380 nm). UV–visible spectra of: (e) coumarin 1/460, and (f) coumarin 102 in methanol.

To view the effect of the N-methyl group at benzimidazole, the CPL/PL spectra of coumarin 7
and coumarin 30 were recorded in several solvents (Figure 12a–d and Figure S10a–p, Supplementary
Materials). Coumarin 7 and coumarin 30 in methanol showed weak blue-green vibronic (−)-CPL
signals associated with glum = −0.16 × 10−3 at 465 nm and −0.22 × 10−3 at 482 nm, respectively
(Figure 12a,b). In 1,4-butanediol, these (−)-CPL signals increased to glum = −1.21 × 10−3 at 497 nm
and −1.20 × 10−3 at 452 nm, respectively (Figure 12c,d). Coumarin 7 and coumarin 30 in methanol
may show similar bisignate features in their CD signals, but the spectral profile of coumarin 7 is
the opposite of coumarin 30 (Figure 12e,f). Although the effect of the methyl group is minimal, the
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presence of the benzimidazole ring markedly affects the glum values in 1,4-butanediol, when compared
to coumarins 466, 6H, 481/35, 153, 1/460, and 102. The presence of benzimidazole and benzothiazole
groups in coumarins with dialkylamino groups may possibly be another crucial factor in photoinduced
CPL signals.

  

  

 
Figure 12. Comparisons of CPL/PL and UV–visible spectra of coumarin 7 and coumarin 30 at room
temperature (path length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M. CPL/PL spectra
of coumarin 7 in (a) methanol (excited at 420 nm), and (c) 1,4-butanediol (excited at 420 nm). CPL/PL
spectra of coumarin 30 in (b) methanol (excited at 430 nm), and (d) 1,4-butanediol (excited at 430 nm).
UV–visible spectra of: (e) coumarin 7, and (f) coumarin 30 in methanol.

As candidates of photoinduced red-light CPL emitters without stereocenters, we investigated
whether 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and rhodamine
6 in several solvents reveal CPL signals at the corresponding PL bands. DCM and rhodamine 6 are
representative red-light emitters, and both bear flip-flop dialkylamino groups.

Surprisingly, DCM showed weak (−)-sign CD signals on the order of gabs = −1.3 × 10−5 at 474 nm
(Figure 13f). This weak CD signal was reproducible when measured on several different occasions and
unchanged in ethanol, n-propanol, and 1,4-butanediol. Although DCM showed weak (−)-CPL signals
in methanol on the order of glum = −0.18 × 10−3 at 615 nm (Figure 13a), the CPL signal increased to
glum = −0.95 × 10−3 at 615 nm in ethylene glycol (Figure 13c), −1.44 × 10−3 at 617 nm in 1,4-butanediol
(Figure 13d), and, more surprisingly, −1.17 × 10−3 at 549 nm in the low-viscosity solvent, 1,4-dioxane
(η = 1.10 cP) (Figure 13b). The CPL/PL wavelengths of DCM in 1,4-dioxane greatly blue-shifted by
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ca. 70 nm and showed spectral narrowing compared to the alcoholic solvents. For reasons which are
unclear, ethylene glycol and 1,4-dioxane are recommended for DCM when it is used as a laser dye.

  

  

 
Figure 13. Comparisons of CPL/PL spectra of 4-(dicyanomethylene)-2-methyl-6-(4-dimethyl-
aminostyryl)-4H-pyran (DCM) in (a) methanol (b) 1,4-dioxane (c) ethylene glycol, (d) 1,3-propanediol,
and (e) 1,4-butanediol. (f) CD/UV–visible spectra of DCM in methanol at room temperature (path
length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M.

More surprisingly, RhB had a clear (−)-sign CD signal on the order of gabs = −2.0 × 10−5 at
550 nm (Figure 14f). This CD signal was reproducible when measured on several different occasions
and was confirmed to be unchanged in ethanol, n-propanol, and 1,4-butanediol. Although RhB in
methanol showed weak vibronic CPL signals at 572 nm (Figure 14a), it magnified abruptly to glum =
−0.74 × 10−3 at 574 nm in n-C11H23OH (Figure 14c), glum = −0.72 × 10−3 at 581 nm in ethylene glycol
(Figure 14d), glum = −0.83 × 10−3 at 596 nm in 1,4-dioxane (Figure 14b), and glum = −1.01 × 10−3 at
576 nm in 1,4-butanediol (Figure 14e). Similarly, ethylene glycol and 1,4-dioxane are recommended for
RhB when it is used as a laser dye. Ethylene glycol and 1,4-dioxane are not the only solvents for RhB
and are the key to magnified (−)-sign CPL signals in fluidic media with a higher viscosity.
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Figure 14. Comparisons of CPL/PL spectra of rhodamine B (RhB) in (a) methanol, (b) 1,4-dioxane,
(c) n-undecanol, (d) ethylene glycol, and (e) 1,4-butanediol. (f) CD/UV–visible spectra in methanol at
room temperature (path length: 10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M.

Finally, we checked the CPL/PL and CD/UV–visible spectra of 3,3′-carbonylbis(7-diethylamino-
coumarin) (bis-coumarin). As a result, bis-coumarin in 1,4-butanediol showed clear but broader
(−)-sign CPL signals with glum = −0.65 × 10−3 at 531 nm (Figure 15a) and a clearly associated (−)-sign
CD signal with gabs = −1.0 × 10−5 at 463 nm (Figure 15b).
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Figure 15. (a) CPL/PL spectra of bis-coumarin excited at 430 nm in 1,4-butandiol, and (b) CD/UV–visible
spectra in methanol at room temperature (path length: 10 mm, cylindrical cuvette, concentration 2.5 and
10 × 10−5 M.
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As exemplified in the cases of the fused aromatic rings with substituents, BINOL derivatives [104],
BODIPY, and organic scintillators shown in the sections above, the magnitudes of the (−)-sign CPL
signals in a series of coumarin dyes, DCM, and RhB are greatly amplified in response to the viscosity
of the solvents. The glum–η relationships for ten sets of coumarin dyes, DCM, and RhB are summarized
in Figures 16a–j and 17a–b. The data show that, in most cases, the absolute glum values leveled off
at specific values when η > 30 cP. The leveled-off glum values are highly dependent on the nature of
the substituents such as, for example, the presence or absence of benzimidazole or benzothiazole as
electron-accepting groups and the position of the alkyl substituents. Moreover, in all cases, the glum
values extrapolated to η = 0.0 cP are non-zero values, −0.2 × 10−3, suggesting that these luminophores
should emit (−)-CPL signals under solvent-free conditions, such as in a collision-free vacuum.

The non-zero glum values with (−)-sign extrapolated at η = 0.0 cP suggest that coumarins bearing
dialkylamino group(s) with flip-flop capability adopt a handed chiral geometry preferentially by
radiating (−)-sign CP light even in solvent-free, collision-free conditions. We conjecture that twisted
flip-flop motions of the dialkylamino group in these luminophores may play a key role in the emergent
photoinduced (−)-sign CPL signals at the S1 state with inherent handedness dictated by the PV-WNC
mediated by Z0 boson.

 

 

 
Figure 16. Cont.
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Figure 16. Comparison of glum values of (a) coumarin 6, (b) coumarin 545, (c) coumarin 466,
(d) coumarin 6H, (e) coumarin 48/135, (f) coumarin 153, (g) coumarin 1/460, (h) coumarin 102,
(i) coumarin 7, and (j) coumarin 30 as a function of solvent viscosity at room temperature (path length:
10 mm, cylindrical cuvette, concentration 2.5–10 × 10−5 M.

 

(a) sub-caption. (b) sub-caption. 

Figure 17. Comparison of glum values of (a) DCM and (b) RhB as a function of solvent viscosity at
room temperature (path length: 10 mm, cylindrical cuvette, concentration (2.5–10) × 10−5 M.

In Figure 18, we show the CD/UV–visible spectra and HOMO–LUMO electron density of
coumarin 545 optimized by Gaussian09 (DFT, B3LYP/6-31G(d) level), followed by 20 singlet states
by TD-DFT calculation at the B3LYP/6-31G(d) level. Optimized coumarin 545 adopts a chiral
conformation such that the dihedral angle between the benzothiazole and coumarin rings is 27.7◦,
and the two dihedral angles between the nitrogen atom and the two nearest carbons are 4.1◦ and
7.8◦ (Figure 18a). In fact, the chiral coumarin 545 reveals CD signals at the corresponding UV–visible
bands (fwhm = 0.20 eV). The gabs value at the first Cotton band (397 nm) is calculated to be −8 ×
10−5 M−1·cm−1 (Figure 18b). From the estimated gabs value, the experimental gabs (= −1.3 × 10−5 at
479 nm) implies an enantiomeric excess (ee) of 16% in methanol. However, no CD signals are detected
at the S2 state (~300 nm). The weak (−)-CD with gabs = −1.3 × 10−5 at the S1 state (~480 nm) may be
interpreted as the postulated PV-WNC under a zero magnetic field.
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Figure 18. (a) Chemical structure of coumarin 545 optimized by Gaussian09 (DFT, B3LYP/6-31G(d)
level) (b) Simulated CD/UV spectra with fwhm 0.20 eV, (c) 1st LUMO, and (d) 1st HOMO of coumarin
545 obtained with Gaussian09 (DFT, B3LYP/6-31G(d) level), followed by 20 singlet states by TD-DFT
calculation at the B3LYP/6-31G(d) level.

The mapping of electron densities in the first LUMO and first HOMO of the optimized coumarin
545 are displayed in Figure 18c,d, respectively. The nitrogen atom in the dialkylamino group retains
high electron density at both HOMO and LUMO levels. However, the phases (from green to red or
vice versa) differ between HOMO and LUMO. Coumarin 545 at the S1 state may possibly adopt a more
distorted geometry, simultaneously allowing a twisted flip-flop motion at the nitrogen atom.

3. Discussion

Weak interactions occur between all the six quarks and six leptons at the first., second, and third
generations in the framework of elemental particle physics [47,81,123,124]. The weak interactions
generate a “weak charge”, leading to a charged weak current and the weak neural current (WNC).
Only left-handed particles and right-handed anti-particles carry the weak charge. The weak charge is
analogous to Coulomb charges (+ and −) and Mulliken charges (δ+ and δ−) established in chemistry
arising from the parity-conserving EM force. The weak charge is unique and is responsible for the basis
of handedness at subatomic and atomic levels and, presumably, even at artificial molecular, oligomer,
and polymer levels. The hierarchy in the handedness could be connected to the origin of biomolecular
and biopolymer handedness, and beyond.

Charged left-particles and right-anti-particles can take part in the parity violating β− decay
process of neutrons in the n → p + e− + anti-νe reaction. This event arises from a left-handed spinning
electron (or right-handed electron from the observer) and right-handed spinning anti-neutrino (or
left-handed anti-neutrino from the observer’s perspective).

According to Fermi’s theory, β− decay is the result of current–current interactions, leading to the
vector (V)–axial vector (A) components of the charged weak currents. The term V is a polar vector and
A is carrying angular momentum. Although the charged currents may be considered analogously to
the cationic or anionic charges in molecules, no suggestion of dynamically flowing current is applied
to cationic or anionic static charges. The V–A terms can generate different electric charges between p
→ n and e− → νe reactions, leading to the charged weak current.

Weinberg, Salam, and Glashow [47,123,124] formulated a unified theory of parity-conserving
EM and parity-violating weak forces among the four fundamental physical forces based on gauge
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symmetry group SU(2) × U(1), while SU stands for special unitary (triplet states) and U unitary
(singlet state) groups. The unified theory is popularly called the “Standard Model”, and formulates an
electroweak (EW) force.

A spontaneous symmetry-breaking process with handedness is a result of three massive bosons
(W+, W−, and Z0) and the massless photon (γ) [47]. The WNC is coupled with the massive neutral Z0

boson, and the EM neutral current is coupled with γ. The unified theory connects the electric charge e
to the effective weak coupling gw, given by gw = e/2

√
2 sinθw, where θw is the Winberg’s weak mixing

angle. Experimental datasets are mw (for W± bosons) = 81.0 GeV, mz (for Z0 boson) = 92.4 GeV, and
sin2θw = 0. 223, because cosθw = mw/mz, while γ is kept massless.

Certainly, exchange of γ and Z0 occurs between electrons and the nucleus. The PV interaction
in elemental particles can cause atomic parity violation (APV) effects as observable values in
photon-induced absorption and radiation modes. Several APV theories invoked the idea that
negatively charged electrons bonded to a positively charged nucleus by Coulomb force (γ) and
the weak force (Z0), as illustrated in Figure 1.3 (Reference [47]) can involve three γ–γ–γ, Z0–γ–γ, and
γ–γ–Z0 processes. PV potential is expressed as

VPV =
GF

4
√

2
Qw

mec

[
σ · ←p δ3(r) + δ3(r)σ · →p

]
, (1)

where GF is Fermi’s weak coupling constant (1.16637 × 10−11 eV or 2.68971 × 10−10 kcal·mol−1), r
is the position of the electron, σ is the spin operator, me is the electron mass, c is the light speed, p =
−ih̄∇ momentum operator, and δ is Dirac’s delta function. The admixing factor between the s1/2 and
p1/2 states of the atom is on the order of 10−17 Z3Kr, whereby Kr is a relativistic correction factor (Kr ~
3 for Cs and ~ 10 for Bi) [47]. The weak charge Qw is expressed as

Qw = 2∑
p,n

(CVP + CVn) = Z(1 − 4 sin2 θw)− N ≈ −N, (2)

where CVp and CVn are the coupling constants of vectoral V of proton and neutron, and N and Z
are the numbers of neutrons and protons. Because 1 − 4 sin2θW = 0.116 < 1, Qw ≈ −N. In actuality,
chiroptical rotation in visible and near infrared (NIR) regions due to APV effects for vapors of heavy
atoms (Bi, Pb, Tl, and Cs) is always of (−)-sign, regardless of atomic mass, indicating the dominance of
the −N term of Equation (2) [47].

A proton is constituted by two up quarks and one down quark, while a neutron is constituted
by one up quark and two down quarks. All atoms are, thus, made of multiple up and down quarks
and electrons. We radically postulate that the (−)-sign Qw value of all molecules is linearly [61]
and nonlinearly amplified by huge numbers of neutrons because molecules are polyatomic and
polyneutron systems constituting parity-violating atoms: unsubstituted perylene contains 20 ×
6 = 120 neutrons, while pyrromethene 597 and stilbene 420 have 169 neutrons and 248 neutrons,
respectively. We conjecture that enantiomeric pairs are no longer equivalent energetically, and their
characteristics behave diastereomerically, owing to hundreds of neutrons within the nuclei that leads
to non-mirror-symmetric LM interactions as a consequence of the (−)-sign electroweak charge.

The consistent observation of (−)-sign CPL and (−)-sign CD signals may arise from the inherent
(−)-sign of Qw. If the negative-sign Qw in Equation (2) can be applied to spontaneous radiation and
non-radiative processes from photoexcited non-rigid fluorophores, the CPL (and CD) signals are
postulated to be commonly the same (−)–sign regardless of their chemical structures. Because the
CPL signals from the observer are defined as PL(left) − PL(right), the non-rigid fluorophores in the
present results and previous study [104] are primarily radiating PL(right) over PL(left) during the
non-radiating reorganization process at the S1 state. Although the predicted signs in CPL and CD
signals are inverted by dihedral angles of multiple C–C bonds in the non-rigid fluorophores [80], the
weak (−)-charge Qw may be efficiently coupled with dipolar (δ+ and δ–) molecular structures that can
adopt a significantly polar V-shape and syn-form (pseudo-C2 symmetric rotamer), and a polar rod-like
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shape (C1-symmetric rotamer) in the S1 and S0 states, as schematically illustrated in Charts 1–4. The
negative value Qw is additive to δ− (then, δ− − |Qw|) but is subtractive to δ+ (then, δ+ + |Qw|), then
|δ− − |Qw|| �= |δ+ + |Qw|| for an enantiomeric pair of rotamers.

From the viewpoint of molecular dynamics, the PV-WNC force causes parity-odd rotational
and/or flip-flop motions. The motions enforce (R)- and (S)-forms in the same direction (CW or
CCW) that facilitates radiation with only (−)-sign CPL. However, the EM force, a parity-even,
parity-conserved force, allows plural C–C bonds in the (R)-form to rotate and/or undergo flip-flop
motions with CW motion and, conversely, those with the (S)-form to rotate and/or flip-flop CCW or vice
versa. These motional dynamics should be mirror-symmetric. The handedness of motional dynamics
by handed elemental particles can be recognized as chiral crystallization of achiral molecules: longitude
polarized electrons and positrons that mirror image leptons oppositely affect an L/R preference in the
crystallization of sodium chlorate and bromates in water solution [81].

In our previous paper [104], we grouped the apparent CPL and CD spectral characteristics with
their signs, magnitudes, and wavelengths and associated barrier heights (Eb) in double-well and
multi-well potentials into four categories as follows:

(i) Case 1. The value of Eb between rigid enantiomers is relatively high >30 kcal·mol−1 in the S0

and S1 states. Mirror-image CD and CPL spectra are evident for the enantiomers. The parity-conserved
EM force is a determining factor. Racemization rate obeys the Arrhenius equation with activation
energy (Ea).

(ii) Case 2. When 10 < Eb < 30 kcal·mol−1 at the S0 and S1 states, non-mirror-image CPL and CD
spectra are often observed [15,27,90,95,120,122,125–134]. Although (+)- and (−)-signs in CPL and CD
are primarily determined by atrope and point chirality, the absolute magnitudes and wavelengths at
the CPL and CD bands differ considerably from each other.

(iii) Case 3. When 1 < Eb < 10 kcal·mol−1 at the S1 and S0 states, only (−)-sign CPL and (−)-sign
CD spectra should be observed. The parity-violating weak force might be a determining factor in the
S1 and S0 states [104].

(iv) Case 4. When 0 < Eb < 1 kcal·mol−1 in the S1 and S0 states, no detectable CD bands are
observed, although (−)-sign CPL signals are obvious. Resonance quantum tunneling without Ea

is responsible for dynamic racemization, oscillating chirality, and quantum beat [66,72,101]. The
parity-violating weak force is a determining factor in the S1 state, while the parity-conserved EM force
is a determining factor in the S0 state.

Moreover, regarding hidden molecular chirality, in 1970s, Mislow argued the cryptochirality of
mirror-image molecules in which optical activity is non-detectable [135]. In 2006 and 2009, approaches
to chemically decipher cryptochiral molecules and polymers were reported [136,137]. Additionally,
with the help of CPL and CD spectroscopy, a photophysical deciphering approach was applied to the
EM-originating cryptochirality of several CD-silent molecules [138–142].

The previous paper did not report Case 3, though we reported examples of Cases 1, 2, and 4 [104].
The present paper reports Case 3 for the first time, i.e., that pyrromethene 546, pyrromethene 597,
DCM, RhB, and bis-coumarin all reveal (−)-sign CPL and (−)-sign CD spectra, even in low-viscosity
solvents. EW-perturbed quantum chemistry [143], EW-perturbed photophysics and EW-perturbed
photochemical reactions should be considered when open questions of unexpected L/R preference and
their detectable L/R differences in non-rigid and semi-rigid artificial molecules, and supramolecules
and biomolecules in the S0 and S1, Sn . . . states are raised.

Other plausible scenarios for the L/R preference are possible. The handedness of non-rigid
molecules in an ultra-tiny % ee can be increased to ~100% ee upon photoexcitation of parity-conserved
(PC) EM force-driven circularly polarized (CP) light carrying a single angular momentum (±nh̄, n = 1)
in the broad range of γ-ray, X-ray, vacuum–UV, UV–visible–IR, far-IR far-THz, and cosmic microwave
radiation according to certain nonlinear amplification scenarios [97–109], known as autocatalytic
self-replication [144], sergeant-and-soldier and majority rules [145], and polymerization [146].
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Parity-conserving EM force-originating macroscopic MSB was comprehensively reviewed for a
large number of molecules, polymers, supramolecules, colloids, gels, and crystals [147–150]. These
alternative modern scenarios provide other possible answers to the greatest mystery on the origin of
homochirality on Earth.

Recently, lightning was found to be a natural particle accelerator, ubiquitously generating γ-rays.
Lightning causes atmospheric photonuclear reactions. The γ-ray energy is captured by N2 molecules,
followed by producing, possibly, weak force-origin handed neutrons, right-handed positrons, and
left-handed neutrinos [151]. Additionally, cosmological-origin right-handed anti-ν interacting with
14N in molecular clouds in star-forming regions of supernovae and neutron stars [87,152], gravitational
origin parity violation [153,154], and hydrodynamic vortex flows with the opposite handedness in
the north and south hemispheres on Earth [26,27,155] are of specific interest. In recent years, vortex
light (alternatively called optical spanner, spiral light, twisted light, and helical light) [156–169] was
recognized as a new sort of chiral light carrying multiple orbital angular momenta (OAM) with ±
lh̄, l = 1, 2, 3, 4, 5, 10 . . . up to 200. Vortex light with l = 0 is achiral. Vortex light can generate a
torque enabling the rotation of molecular droplets, polymeric solids, and metallic particles in CW
or CCW directions [158,161,164]. The helical wavefront for the Laguerre–Gaussian mode of vortex
light allows for sculpturing spiral relief and motifs and for rotating small objects in CCW or CW
directions [156–170]. Like CP light–matter interactions [171,172], vortex light can discriminate between
enantiomers [164], and it is possible to predominantly generate handed chiral motifs from achiral
polymers [162,163,169]. Astrophysical origin vortex light [156], CP light, and right-handed solar
neutrinos may, thus, be connected to the L/R preference of biomolecular substances.

Recently, astonishing findings seeking source materials connecting with the handedness of
biomolecules on Earth were reported. In 2009, a National Aeronautics and Space Administration
(NASA) team characterized extraterrestrial-origin glycine-embedded samples returned from comet
81P/Wild2 using liquid chromatography and spectrometry [173]. In 2016, other researchers determined
glycine, phosphorus and several organic substances involving O, S, and F in specimens collected
from the coma of 67P/Churyumov–Gerasimenko using a double-focusing mass spectrometer [174].
Moreover, in 2016, radio astronomers found the first astronomical-origin chiral propylene oxide and
achiral n-propanol in the Sagittarius B2 star-forming region of the Milky Way galaxy, although the
existence of any L/R preference remains to be elucidated [175]. Comets and interstellar materials
could deliver biomolecules or their precursors and water to Earth. Although it is possible to synthesize
mirror-image DNA and proteins in laboratories [176,177], it is challenging to directly detect the L/R
preference, possibly associated with (−)-sign circularly polarized radiation from the observation
of interstellar PAHs at the S1/S0 states in the UV–visible region [175], and rigid and non-rigid
non-π-conjugated organics at the near-IR/mid-IR/far-IR/microwave regions [108,109]. It remains a
great challenge and a great curiosity to provide more realistic scenarios for biomolecular handedness.

4. Materials and Methods

Instrumentation details, lists of solvents and fluorophores and their vendors, preparation of
sample solutions, and chiroptical analytical data [99,104] are described below.

4.1. Instrumentation

Using a JASCO (Tokyo, Japan) J-820 spectropolarimeter, UV–visible and CD spectra were
simultaneously recorded at ambient temperature using a cylindrical quartz cuvette with a path length
of 10 mm. The cylindrical cuvette assured a precise CD measurement compared to the rectangular
cuvettes that are often used in routine experiments. Precise CD/UV–visible spectra were obtained by
using a bandwidth of 2 nm, with one or two accumulations at scanning rates of 50 or 100 nm·min−1

with a response time of 2 s. The CD signals of the two BODIPYs and RhB were triply confirmed under
the following conditions: bandwidth = 2 nm, response time = 8 s, scanning rate = 20 nm·min−1 with
four accumulations. To minimize drifts in the light source and power supply, the instrument was aged
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for at least 2 h prior to measurements. CPL and PL spectra were likewise collected using a JASCO
CPL-200 spectrofluoropolarimeter (Hachioji, Tokyo, Japan) employing cylindrical quartz cuvettes with
path lengths of 10 mm at ambient temperature. The best experiment parameters were as follows:
bandwidth = 10 nm for excitation and detection; response time of PMT = 8–16 s during measurements;
two to eight accumulations with scanning rate = 20–50 nm·min−1.

4.2. Materials

4.2.1. Luminophores (vendor)

Section 1: Perylene (Tokyo Chemical Company (TCI), Tokyo, Japan), 5,8,11-tetra-tert- butylperylene
(TCI), N,N′-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylene-tetra-carboxylic
diimide (TCI), N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (Sigma-Aldrich, St.
Louis, MO, USA), 16,17-bis(n-octyloxy)-anthrax[9,1,2-cde]-benzo[rst]-pentaphene-5,10-dione (TCI), and
N,N′-di-n-octyl-3,4,9,10-perylenetetracarboxylic diimide (Sigma-Aldrich) were obtained as indicated.

Section 2: Pyrromethene 546 (TCI) and pyrromethene 597 (TCI) were obtained as indicated.
Section 3: Stilbene 420 (Exciton, Tokyo Instruments Inc. (Tokyo, Japan)), bis-MSB (Exciton),

POPOP (TCI), DMPOPOP (Dotite, Kumamoto, Japan), BBOT (Dotite), and BBT (TCI) were obtained
as indicated.

Section 4: Coumarin 6 (TCI), coumarin 545 (TCI), coumarin 466 (TCI), coumarin 6H (Sigma-
Aldrich), coumarin 481/35 (TCI), coumarin 153 (Sigma-Aldrich), coumarin 1/460 (Sigma-Aldrich),
coumarin 102 (Sigma-Aldrich), coumarin 7 (Sigma-Aldrich), coumarin 30 (Sigma-Aldrich),
biscoumarin) (TCI), DCM (Sigma-Aldrich), and RhB (TCI) were obtained as indicated.

4.2.2. Solvents

Vendor, viscosity in cP, and temperature in ◦C are provided in brackets [178–183]; in each series,
entries are given in order of increasing viscosity as follows:

(1) n-Alkanes: n-pentane (FUJIFILM Wako, 0.21 (25)), n-hexane (FUJIFILM Wako, 0.30 (25)),
n-heptane (Sigma-Aldrich, 0.39 (25)), n-octane (Sigma-Aldrich, 0.51 (25), n-nonane (Sigma-Aldrich,
0.71 (20)), n-decane (Sigma-Aldrich, 0.85 (25)), n-undecane (Sigma-Aldrich, 0.93 (20)), n-dodecane
(Sigma-Aldrich, 1.36 (25), n-tridecane (Sigma-Aldrich, 1.88 (20)), n-tetradecane (Fluka, 2.08 (25),
n-pentadecane (Sigma-Aldrich, 2.86 (20)), and n-hexadecane (Sigma-Aldrich, 3.71 (20)).

(2) Branched and cyclic alkanes: isooctane (Dotite, 0.50 (25)), cyclohexane (Dotite, 0.93 (22)), and
squalane (2,6,10,15,19,23-hexamethyltetracosane) (Sigma-Aldrich, 29.50 (25)).

(3) Non-branched and n-alcohols: methanol (FUJIFILM Wako, 0.55 (25)), ethanol (FUJIFILM Wako,
1.09 (25)), n-propanol (Sigma-Aldrich, 1.96 (25)), n-butanol (FUJIFILM Wako, 2.59 (25)), n-pentanol
(Sigma-Aldrich, 3.47 (25)), n-hexanol (Sigma-Aldrich, 4.59 (25)), n-heptanol (Wako, 5.97 (25)), n-octanol
(Wako, 7.59 (25)), n-nonanol (Sigma-Aldrich, 9.51 (25)), n-decanol (Sigma-Aldrich, 11.50 (25)), ethylene
glycol (FUJIFILM Wako, 16.1 (25), n-undecanol (Sigma-Aldrich, 16.95 (25)), 1,3-propandiol (FUJIFILM
Wako, 33.0 (25)), and 1,4-butanediol (FUJIFILM Wako, 71.0 (25)).

(4) Branched alcohols: isopropanol (Dotite, 2.07 (25), isobutanol (Sigma-Aldrich, 3.38 (25)), and
isopentanol (Sigma-Aldrich, 3.86 (25)).

(5) Chlorinated hydrocarbons: dichloromethane (Dotite, 0.41 (25)) and chloroform (Dotite,
0.55 (25)).

(6) Other solvents: diethyl ether (FUJIFILM Wako, 0.22 (25)), acetone (FUJIFILM Wako, 0.31 (25),
acetonitrile (FUJIFILM Wako, 0.34 (25)), tetrahydrofuran (Dotite, 0.46 (25)), benzene (FUJIFILM Wako,
0.60 (25)), water (Wako, 1.00 (20)), 1,4-dioxane (Dotite, 1.10 (25)), anisole (TCI, 1.09 (25)), heavy water
(Wako, 1.25 (20)), and sulfolane (TCI, 10.10 (25)).
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4.3. Preparation of Sample Solutions

Firstly, a representative stock solution (10−3 M) of luminophore dissolved in spectroscopic grade
CHCl3 (Dotite, Kumamoto, Japan) was prepared. For RhB and stilbene 420, ethanol was used as
the stock solution solvent. A small quantity of the stock solution was added to the desired liquid
(1.9–2.1 mL) in the cylindrical quartz cuvette using a microsyringe. The CD/UV–visible and CPL/PL
spectra were then recorded. Oxygen was not purged from the solvents or solutions in CPL and
CD measurements since it does not significantly influence the fluorescence quantum yield of most
organic luminophores.

4.4. Chiroptical Analysis

The dissymmetry factor of the circular polarization at the S0 state (gabs) was evaluated as gabs = (εL

− εR)/(1/2(εL+εR)), where εL and εR are the extinction coefficients for l- and r-CP light, respectively [99].
The dissymmetry factor of the circular polarization at the S1 state (glum) was evaluated as glum = (IL −
IR)/(1/2(IL + IR)), where IL and IR are the intensities of the signals for l- and r-CP light respectively,
under the incident UP light [99]. The parameter gabs was experimentally determined using the
expression Δε/ε = (ellipticity (in mdeg)/32980)/absorbance at the CD extremum, similar to the
parameter glum, calculated as ΔI/I = (ellipticity (in mdeg)/(32980/ln10))/total PL intensity (in volts) at
the CPL extremum.

5. Conclusions

We tested whether or not semi-rigid and non-rigid π-conjugated fluorophores in the S1 and S0

states in a series of achiral liquids with η ranging from 0.22 cP to 71.0 cP are optically inactive and have
mirror symmetry as measured by CPL and CD spectroscopy. The fluorophores included six perylenes
with and without substituents, two BODIPYs, six scintillators, RhB, DCM, and 11 coumarins. Perylenes
were models of interstellar small and large PAHs radiating IR spectra of bright HII regions, planetary
nebulae, and reflection nebulae. Without exception, all the non-rigid fluorophoric enantiomers, and
possibly also the highly twisted perylene derivatives, showed (−)-sign CPL signals radiating from
the vibronic photoexcited state in support of the molecular parity-violating hypothesis based on the
Z0 boson origin PV-weak neutral current mechanism. The fluorophore emission intensities increased
progressively and discontinuously to approximately –0.2 × 10−3 and −2.0) × 10−3 as a function of the
solvent viscosity. Of specific interest was the detection of weak but clear CD signals with gabs values of
−1.4 × 10−5 at λmax/λext for two pyrromethene derivatives, RhB, DCM, and bis-coumarin at the S0

states. The results of the present CPL and CD spectral characteristics should provide a possible answer
to the parity violation hypothesis at the molecular level based on a handed weak neutral current
mediated by the Z0 boson. The present comprehensive and previous experimental datasets [104]
led us to address the “Ozma problem” posed by Gardner [1]. The query was how we can correctly
communicate the left-and-right issue to intellectually advanced alien lifeforms. Our answer is that,
when an unpolarized UV light source is applied to excite semi-rigid and non-rigid π-conjugated
luminophores, we define (−)-sign CPL signals from the observer as “right” without exception.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-8994/11/3/363/
s1.
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Abstract: Pyrimidyl alkanol and related compounds were found to be asymmetric autocatalysts in
the enantioselective addition of diisopropylzinc to pyrimidine-5-carbaldehyde and related aldehydes.
In the asymmetric autocatalysis with amplification of enantiomeric excess (ee), the very low ee
(ca. 0.00005%) of 2-alkynyl-5-pyrimidyl alkanol was significantly amplified to >99.5% ee with an
increase in the amount. By using asymmetric autocatalysis with amplification of ee, several origins
of homochirality have been examined. Circularly polarized light, chiral quartz, and chiral crystals
formed from achiral organic compounds such as glycine and carbon (13C/12C), nitrogen (15N/14N),
oxygen (18O/16O), and hydrogen (D/H) chiral isotopomers were found to act as the origin of chirality
in asymmetric autocatalysis. And the spontaneous absolute asymmetric synthesis was also realized
without the intervention of any chiral factor.

Keywords: asymmetric autocatalysis; homochirality; chirality; asymmetric synthesis; Soai reaction

1. Introduction

The origins of biological homochirality of l-amino acids and d-sugars have attracted considerable
attention ever since Pasteur discovered molecular dissymmetry in 1848 [1]. Although several theories of
the origins of homochirality of organic compounds have been proposed [2–10], the enantiomeric excesses
induced by these have usually been very low. For organic compounds to achieve homochirality,
an amplification process from low enantiomeric excess (ee) to very high ee is required [11–23].
Therefore, asymmetric autocatalysis with amplification of chirality has been envisaged as the efficient
process. We describe the discovery of asymmetric autocatalysis with amplification of ee. We also
describe the study on the elucidation of the origin of homochirality of organic compounds by using
asymmetric autocatalysis [24–36].

Asymmetric autocatalysis involves a process where a chiral product serves as the catalyst for its
own production (Scheme 1). The reaction is a catalytic self-replication, i.e., automultiplication of a
chiral compound. The superiority of asymmetric autocatalysis over the conventional non-autocatalytic
asymmetric catalysis is as follows: (1) Because of the process of self-replication, the efficiency is high.
(2) During the reaction, the amount of catalyst increases as the product increases. The catalytic activity
and amount of catalyst does not decrease. (3) Because the structure of the product and the catalyst is
the same, the separation of product from catalyst is not necessary.

Symmetry 2019, 11, 694; doi:10.3390/sym11050694 www.mdpi.com/journal/symmetry116
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Scheme 1. Principle of asymmetric autocatalysis.

Frank proposed a mechanism, i.e., a mathematical equation, of asymmetric autocatalysis without
showing any chemical structure in 1953 [21]. However, no real asymmetric autocatalysis had been
reported until we first reported on the asymmetric autocatalysis of 3-pyridyl alkanol in 1990 [37].

2. Discovery of Asymmetric Autocatalysis with Amplification of Enantiomeric Excess

After the examination of the chiral diol system [38], we found in 1995 an efficient asymmetric
autocatalysis of 5-pyrimidyl alkanol 1 with amplification of ee from 2% ee to 88% ee in the reaction
between diisopropylzinc (i-Pr2Zn) and pyrimidine-5-carbaldehyde 2a (Scheme 2) [39,40]. In that
reaction, pyrimidyl alkanol 1a with 2% ee serves as an asymmetric autocatalyst to produce more of
itself with an amplified ee. The consecutive asymmetric autocatalysis enables the amplification from
2 to 88% ee [39]. 2-Alkynylpyrimidyl alkanol 1c with >99.5% ee was found to be an efficient asymmetric
autocatalyst affording itself, 1c, with >99.5% ee and with >99% yield [41]. It was also found that the
asymmetric autocatalysis of pyrimidyl alkanol 1c exhibit significant amplification of ee (Scheme 3).
Indeed, starting from a very low (ca. 0.00005%) ee of (S)-pyrimidyl alkanol 1c as an asymmetric
autocatalyst, three cycles of asymmetric autocatalysis enabled the amplification of ee of alkanol 1c

to >99.5%. During the reaction, the amount of (S)-1c increased by a factor of ca. 630,000 times [42].
2-Alkenylpyrimidyl alkanol 1e [43], 3-quinolyl alkanol 4 [44–46], and 5-carbamoylpyridyl alkanol
5 [47,48] are also highly enantioselective asymmetric autocatalysts with amplification of ee (Scheme 2).
The unique aspect of amplification of ee by asymmetric autocatalysis is that it is accomplished
without the intervention of any other chiral factor. The only chiral factor is the initial enantiomeric
imbalance of alkanol 1 itself as an asymmetric autocatalyst. In addition, asymmetric autocatalytic
self-multiplication of multi-functionalized pyrimidyl alkanol 3 [49] and ultra-remote intramolecular
asymmetric autocatalysis [50] were reported.
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Scheme 2. Asymmetric autocatalysis. Structures of the autocatalysts of pyrimidyl alkanols 1a–f,
multi-functionalized pyrimidyl alkanol, 3; 3-quinolyl alkanol, 4; and 5-carbamoyl-3-pyridyl alkanol, 5.
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Scheme 3. Asymmetric autocatalysis of 5-pyrimidyl alkanol, 1c, with amplification of enantiomeric
excess from ca. 0.00005% to >99.5% ee.

Thus, it was proved that a chemical reaction exists in which very low enantioenrichment is
amplified to almost enantiopure (>99.5% ee).

3. Study on the Mechanism of Asymmetric Autocatalysis

As described in the preceding section, asymmetric autocatalysis exhibits enormous amplification
of ee during the self-replication. Thus, mechanistic insights into the asymmetric autocatalysis have
attracted great attention. For the non-autocatalytic, non-linear effect in asymmetric catalysis, the dimer
mechanism by Noyori [51] and MLn mechanism by Kagan [52] have been proposed.

We revealed the relationship between the reaction time and yield in the asymmetric autocatalysis
using pyrimidyl alkanol 1c with >99.5% ee [53]. A sigmoidal curve of product formation was observed.
We also reported the relationship between the time, yield, and ee of the product by using chiral
HPLC [54], which suggested dimeric or higher order aggregated catalytic species.

Several groups also investigated the mechanism of asymmetric autocatalysis. Heat flow
measurement by microcalorimeter revealed the relationship between a reaction rate and the progress
of the reaction. This suggested the dimeric catalyst model [55]. The dimeric and tetrameric species
were proposed by the NMR measurement of the reaction solution [56,57]. The structure of catalyst
aggregates has been proposed by density functional theory (DFT) calculation [58–61]. Reaction models
have also been presented based on spontaneous mirror-symmetry breakage. These works proposed

119



Symmetry 2019, 11, 694

the mechanistic frameworks of asymmetric autocatalysis of pyrimidyl alkanol [62–69]. We clarified
the crystal structures of asymmetric autocatalyst 1c based on X-ray diffraction [70,71]. It was revealed
that the structures are either tetrameric or oligomeric. The tetrameric crystal structure is formed
in the presence of an excess molar amount of i-Pr2Zn, while the higher order aggregate is formed
in the presence of an equimolar or slightly excess amount of i-Pr2Zn. Recently, reaction modeling
was reported which suggests that the tetramer or higher order aggregates work for the asymmetric
autocatalysis [72]. The clarification of the entire reaction pathway of asymmetric autocatalysis awaits
further investigation.

4. Elucidation of the Origins of Homochirality by Using Asymmetric Autocatalysis

As described in the preceding section, asymmetric autocatalysis amplified ee from very low
to very high. We then examined the origins of homochirality by using asymmetric autocatalysis.
We envisaged that the low ee induced by the origin of chirality could be amplified by asymmetric
autocatalysis. The origins of chirality so far proposed have usually induced only very low ees.
To explain the very high ees observed in nature, the amplification of very low ee of organic compounds
is necessary. We employed asymmetric autocatalysis of amplification of ee to examine the several
proposed mechanisms of the origin of chirality.

4.1. Circularly Polarized Light

One of the representative chiral physical forces is circularly polarized light (CPL). Left (l) and
right (r)-CPL have long been considered as the origin of chirality. In some of the star-forming regions,
the occurrence of relatively strong CPL has been observed [73]. It is known that only ca. 2% ee is induced
by irradiation of CPL to racemic organic compounds such as leucine. Asymmetric photosynthesis of
hexa-helicen by CPL irradiation has been reported [5]. The induced low ee in leucine was correlated,
for the first time, to the very high ee of organic compounds by using asymmetric autocatalysis [74].

The direct irradiation of l-CPL to racemic (rac) pyrimidyl alkanol 1c, and the subsequent asymmetric
autocatalysis, gave (S)-alkanol 1c with >99.5% ee (Scheme 4) as a result of the amplification of ee [75].
On the other hand, r-CPL irradiation affords (R)-1c with >99.5% ee. The relationship between the
handedness of l- and r-CPL and (S)-1c and (R)-1c is explained by the following consideration: The
cotton effects of the circular dichroism (CD) spectra of the solid state of (R)-1 and (S)-1c are plus
(+) and minus (-) at 313 nm, respectively. Thus, when l-CPL is irradiated on rac-1c, the asymmetric
photodecomposition of (R)-1c is induced because l-CPL is absorbed preferentially. Then, the less
reactive (S)-1c becomes the predominant enantiomer over (R)-1c. The asymmetric autocatalysis of the
remaining alkanol increases the ee of (S)-1c to >99.5% ee. Thus, the direct correlation is accomplished
between the handedness of CPL and that of highly enantioenriched organic compound.
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Scheme 4. Circularly polarized light (CPL) triggers asymmetric autocatalysis.

The asymmetric photoequilibrium of rac-olefin 6 using CPL, and the subsequent asymmetric
autocatalytic reaction, gave pyrimidyl alkanol 1c of the correlated absolute configuration to CPL [76].
Recently, under CPL irradiation, a Viedma-type racemization-crystallization of an amino acid derivative
was reported [77].

4.2. Chiral Inorganic Crystals of Quartz, Sodium Chlorate, Cinnabar, and Retgersite, and the Enantiotopic Face
of the Achiral Crystal of Gypsum

A chiral single crystal of silicon dioxide is known as quartz, and it exhibits enantiomorphism.
Chiral minerals including quartz have been proposed as the origin of homochirality [6]. There are
many reports attempting to induce chirality in organic compounds by using quartz [78].
However, no significant asymmetric induction has yet been reported by using quartz.

We thought that the asymmetric autocatalysis amplifies significantly the very low ee of the
product initially induced by chiral d- and l-quartz [79]. Indeed, in the presence of d-quartz, asymmetric
autocatalysis using pyrimidine-5-carbaldehyde 2c and i-Pr2Zn afforded (S)-1c with 97% ee in a yield of
95% (Scheme 5). On the other hand, l-quartz afforded (R)-1c with 97% ee. It was clearly shown by these
results that d- and l-quartz act as chiral initiators of asymmetric autocatalysis. The initially formed
slightly enriched (S)-(zinc alkoxide) of pyrimidyl alkanol 1c serves as an asymmetric autocatalyst
and automultiplies with amplification of ee. Thus, the chirality of d- and l-quartz is correlated to the
chirality of a near enantiopure organic compound.
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Scheme 5. Asymmetric autocatalysis triggered by chiral quartz, sodium chlorate, cinnabar and
enantiotopic face of achiral crystal of gypsum.

Sodium chlorate (NaClO3) and sodium bromate (NaBrO3) are chiral inorganic ionic crystals [14,80,81].
It was also found that d-NaClO3 triggers asymmetric autocatalysis to give (S)-1c, while l-NaClO3

gives (R)-1c [82]. On the other hand, d-NaBrO3 and l-NaBrO3 trigger the formation of (R)- and (S)-1c,
respectively [83]. Note that d-NaClO3 and l-NaBrO3 with the opposite signs of optical activity have the
same type of enantiomorph. Enantiomorphic P- and M-crystals of cinnabar, mercury(II) sulfide (HgS),
are composed of –Hg–S–Hg–S helical chains. We found that P-cinnabar acts as a chiral trigger of asymmetric
autocatalysis to give (R)-1c. In contrast, M-HgS triggers the formation of (S)-1c [84]. Retgersite (NiSO4

6H2O) of [CD(+)390Nujol] triggers asymmetric autocatalysis to afford (S)-1c. In contrast, retgersite of
[CD(−)390Nujol] affords (R)-1c [85].

Gypsum (calcium sulfate dihydrate) is a common mineral which has been widely used. The crystal
structure is not chiral. However, gypsum exhibits two-dimensional enantiotopic cleavage (010) and
(0−10) face. Pyrimidine-5-carbaldehyde 2c was put on the enantiotopic (010) face. Then, the reaction
of aldehyde 2c on gypsum with the vapor of i-Pr2Zn gave (R)-pyrimidyl alkanol 1c [86]. In contrast,
the reaction by exposing on the opposite (0−10) face gave (S)-alkanol 1c. Thus, it was shown that the
enantiotopic face of achiral gypsum works as an origin of chirality.

In combination with asymmetric autocatalysis, chiral inorganic crystals serve as the origin of
chirality to give enantioenriched organic compounds of the correlated absolute configurations.

4.3. Chiral Crystals Formed from Achiral Organic Compounds

Achiral organic compounds often form achiral crystals. However, it is known that some of the achiral
organic compounds form chiral crystals [87]. In some stereospecific reactions, these chiral organic crystals
have been used as reactants [10]. However, in enantioselective synthesis, chiral crystals composed of achiral
organic compounds have seldom been used as inducers. We used chiral crystals formed from achiral
organic compounds as chiral inducers of asymmetric autocatalysis (Schemes 6 and 7).
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P

P
P

N

P

N

P
p

P

P  P P

P P

P
P

tert p
P

t

t

R

t

S

γ

P  P

Scheme 7. Asymmetric autocatalysis initiated by chiral crystals composed of achiral organic compounds.
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Natural proteinogenic amino acids, except glycine, exhibit l-form. Glycine stands as the only
achiral amino acid that possesses no asymmetric carbon atoms. Although it is known that the
stable crystal structure of the γ-glycine polymorph is chiral, it took years to determine the absolute
crystal structure of the γ-glycine polymorph. Recently, the absolute crystal structure of the γ-glycine
polymorph was correlated with optical rotatory dispersion (ORD) [88]. Guillemin reported CD spectra
of γ-glycine [89].

We have correlated the absolute crystal structure of γ-glycine and have used the γ-glycine crystal
as a chiral trigger of asymmetric autocatalysis [90]. It was found that the P32 crystal (left-handed)
of γ-glycine triggers the formation of (S)-pyrimidyl alkanol 1c with up to >99.5% ee (Scheme 6).
In contrast, the P31 crystal afforded (R)-alkanol 1c with up to >99.5% ee.

Thus, in conjunction with asymmetric autocatalysis, achiral glycine as its chiral γ-polymorph acts
as the origin of homochirality.

Cytosine is a nucleobase and achiral. It may be formed under plausible prebiotic conditions [91].
When cytosine is crystallized from methanol, chiral crystals form. Chiral crystals of cytosine
trigger asymmetric autocatalysis. When cytosine crystals of [CD(+)310Nujol] were used as chiral
initiators of the reaction of aldehyde 2c with i-Pr2Zn, (R)-alkanol 1c was formed in combination with
asymmetric autocatalysis (Scheme 7). In contrast, a [CD(−)310Nujol]-cytosine crystal afforded (S)-1c [92].
Thus, the chiral cytosine crystal serves as the origin of chirality.

Cytosine forms achiral crystals of cytosine monohydrate when it is crystallized from water.
When it is heated from one of the enantiotopic faces, the crystal water is eliminated by heating and
chiral dehydrated cytosine is formed [93]. Interestingly, the chirality of the dehydrated crystal is
determined by the enantiotopic face of the crystal from which the heating is applied. It is worth
noting that the dehydration of the crystal water of cytosine monohydrate under reduced pressure
conditions [94] also gives the chiral cytosine crystal with the opposite chirality to that dehydrated by
heating. Thus, by removal of crystal water from an achiral crystal of cytosine monohydrate either by
heating or under reduced pressure, the formation of chiral crystals with controlled absolute chirality
was achieved.

Adenine is another achiral nucleobase. Chiral crystals of adenine dinitrate act as chiral initiators
of asymmetric autocatalysis (Scheme 7) [95]. Thus, achiral nucleobases, i.e., cytosine and adenine,
can serve as the origin of homochirality in conjunction with asymmetric autocatalysis.

Enantiomorphous crystals formed from achiral N-benzoylglycine (hippuric acid) [96],
2-thenoylglycine [97], certain chiral cocrystals consisting of two achiral compounds [98],
benzil [99], tetraphenylethylene [100], ethylenediammonium sulfate [101], aromatic triester [102],
and 2,6-di-tert-butyl-p-cresol (BHT) [103] serve as chiral initiators of asymmetric autocatalysis (Scheme 7).
It should be added that a chiral crystal composed of a racemic serine initiates asymmetric autocatalysis.
Asymmetric autocatalysis using the M-crystals of dl-diserinium sulfate hydrate as the chiral initiator
afford (R)-pyrimidyl alkanol 1c, while P-crystals afford (S)-alkanol 1c [104].

4.4. Enantiotopic Face of Achiral Organic Crystal Composed of Achiral Organic Compound

Some of the crystal faces of achiral organic crystals formed from achiral compounds become
enantiotopic. Achiral 2-(tert-butyldimethylsilylethynyl) pyrimidine-5-carbaldehyde 2f forms an achiral
crystal (P-1) that has enantiotopic faces. When the Re-face of the crystal was exposed to i-Pr2Zn,
(R)-pyrimidyl alkanol, 1f was formed (Scheme 8) [105]. In contrast, exposure of i-Pr2Zn on the Si-face
gave (S)-alkanol 1f. The ees of alkanol 1f were amplified to >99.5% ee by asymmetric autocatalysis.
Thus, it was shown that the enantiotopic faces of achiral crystals act as the origin of homochirality in
conjunction with asymmetric autocatalysis.
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Scheme 8. Asymmetric autocatalysis initiated on the enantiotopic face of an achiral
2-(tert-butyldimethylsilylethynyl) pyrimidine-5-carbaldehyde 2f.

4.5. Spontaneous Absolute Asymmetric Synthesis by Asymmetric Autocatalysis

As described in the preceding section, asymmetric autocatalysis of pyrimidyl alkanol enhances
extremely low ca. 0.00005% ee to near enantiopure >99.5% ee [42]. We reasoned that if i-Pr2Zn is
reacted with pyrimidine-5-carbaldehyde 2 without using any chiral factor, the product with low ee
based on the statistical fluctuation would form. The subsequent asymmetric autocatalysis may enhance
the initial low ee to the detectable high ee (Scheme 9).

 

S

R

Scheme 9. Spontaneous absolute asymmetric synthesis by asymmetric autocatalysis without the
intervention of any chiral factor.

Although the term “absolute asymmetric synthesis” had been used for the asymmetric synthesis
“without the use of any chiral chemical substance,” Mislow newly defined absolute asymmetric
synthesis as “the formation of an enantioenriched compound from achiral compounds without the
intervention of any chiral factor [3].” The spontaneous absolute asymmetric synthesis, based on the
statistical fluctuation, has been thought of as one of the origins of chirality. However, it is known
that the reaction between achiral reagents without any chiral factor always gives so-called racemic
product. However, there are statistical fluctuations in the numbers of enantiomers [3]. Let us consider
the situation of flipping a coin one hundred times: there is an 8% probability of 50 heads and 50 tails.
The remaining 92% are results with either heads or tails being in excess: 49 to 51, 53 to 47, etc. Pályi et
al. described the distribution of ee by statistical fluctuations of various amounts of so-called racemic
molecules [106–108].

We found spontaneous absolute asymmetric synthesis in the reaction between pyrimidine-5-
carbaldehyde 2 and i-Pr2Zn without the addition of any chiral substance. In 1996, we applied patent
for this absolute asymmetric synthesis [109,110]. The reaction afforded enantioenriched (S)-pyrimidyl
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alkanol 1 or (R)-alkanol 1 [109]. When aldehyde 2c and i-Pr2Zn were reacted in a mixed solvent of
ether-toluene, enantioenriched product was formed in situ by statistical fluctuation. The subsequent
asymmetric autocatalysis gave (S) or (R)-1 with detectable enantioenrichments. The formation of
(S)-alkanol 1c occurred 19 times and (R)-1c occurred 18 times in a total of 37 reactions (Figure 1a) [110].
The absolute configurations of 1c formed exhibits a stochastic distribution of S and R enantiomers.
Moreover, by using achiral amorphous silica gel (Figure 1b) [111] and achiral amines (Figure 1c) [112],
enantioenriched 1c was obtained and the distribution of (S)- and (R)-handedness was stochastic.
The absolute asymmetric synthesis has also been reported between pyrimidine-5-carbaldehyde 2b and
i-Pr2Zn (S)-1b or (R)-1b in a stochastic distribution [113]. As described, the results fulfill the conditions
necessary for spontaneous absolute asymmetric synthesis [62,65,114–117].

 

Figure 1. Spontaneous absolute asymmetric synthesis of pyrimidyl alkanol 1. Histograms of the
absolute configuration and ee of products.

Very recently, absolute asymmetric synthesis under heterogeneous solid-vapor phase conditions
has been reported by us (Scheme 10) [118]. The powder of pyrimidine-5-carbaldehyde 2c in test tubes
was exposed to the vapor of i-Pr2Zn and toluene in a desiccator. In 129 reactions, (R)-pyrimidyl
alkanol 1c was formed 61 times. On the other hand, (S)-alkanol 1c was formed 58 times (10 times the
formation of 1c of <0.5% ee was assigned as below the detection level). Thus, the results show that
the distribution of (S) and (R)-alkanol 1c is stochastic. Although the ee values of alkanol 1c varied,
these ee could be enhanced to >99.5% ee during the subsequent asymmetric autocatalysis. The present
heterogeneous absolute asymmetric synthesis under solid vapor phase conditions could be possible in
a more spacious platform.
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Scheme 10. Absolute asymmetric synthesis of pyrimidyl alkanol 1c under solid-vapor phase conditions.

4.6. Asymmetric Autocatalysis Triggered by Hydrogen, Carbon, Oxygen, and Nitrogen Chiral Isotopomers

Many apparent achiral organic compounds become chiral by substitution of carbon (12C),
nitrogen (14N), and oxygen (16O) for their isotopes of 13C, 15N, and 18O, respectively. For example,
dimethylphenylmethanol 8 is an achiral compound because it has the same two methyl groups.
However, when one of the carbon atoms of the methyl group is labelled with 13C, the alkanol becomes
a chiral (R)-alkanol 8(13C) or (S)-alkanol 8(13C) (Scheme 11). Because the difference of carbon (13C/12C)
isotopomers between enantiomers is so small, no report has appeared before on the asymmetric
induction by using chiral carbon (13C/12C) isotopomers.

We found that in the presence of chiral carbon (13C/12C) isotopomer and (R) or (S)-8(13C), as a chiral
trigger, pyrimidine-5-carbaldehyde 2c reacts with i-Pr2Zn to give pyrimidyl alkanol 1c with a very high
ee of the absolute configuration correlated to that of the carbon isotopomer (Scheme 11). (R)-Carbon
isotopomer 8(13C) triggered the formation of (S)-pyrimidyl alkanol 1c with high ee. In contrast,
(S)-carbon isotopomer 8(13C) gave (R)-pyrimidyl alkanol [119]. Other carbon (13C/12C) isotopomers
also serve as chiral triggers on asymmetric autocatalysis. Chiral nitrogen (15N/14N) isotopomer, [15N](S)
and [15N](R)-diamine 9(15N) were also found to work as chiral triggers of asymmetric autocatalysis [120].
In addition, oxygen (18O/16O) isotopomer, [18O](R), and [18O](S)-diol 10(18O), trigger asymmetric
autocatalysis to give pyrimidyl alkanol 1c of high ee with the correlated absolute configuration to that
of oxygen isotopomer [121,122]. As described, carbon, nitrogen, and oxygen isotopomers were found
to act as the origin of homochirality in conjunction with asymmetric autocatalysis.
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As to chiral hydrogen (D/H) isotopomers, there are a few examples of low asymmetric induction
by hydrogen isotopomers [123,124]. It was found that chiral hydrogen isotopomers act as chiral
initiators of asymmetric autocatalysis [125,126]. It should be noted that achiral glycine 7 becomes chiral
by substituting one of the hydrogen atoms of the methylene group for deuterium (D). In the presence of
chiral (S)-glycine-α-d 7(D), (S)-pyrimidyl alkanol 1c of high ee was formed with the correlated absolute
configuration to that of chiral glycine-α-d [127].
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Scheme 11. Asymmetric autocatalysis triggered by carbon (13C/12C), nitrogen (15N/14N), oxygen
(18O/16O), and hydrogen (D/H) isotope chirality.

5. Various Chiral Compounds as Triggers of Asymmetric Autocatalysis

Various chiral compounds work as chiral initiators of asymmetric autocatalysis. Amino acids even
with low ee [128], such as hexa-helicene [129], tetrathia-hepta-helicene [130], and 2-aza-hexa-helicene [131],
initiate asymmetric autocatalysis to give alkanol 1c of the correlated absolute configuration to those
of the chiral initiators. It is known that the value of optical rotation of a chiral saturated quaternary
hydrocarbon, 5-ethyl-5-propylundecane, is below detection level because the differences in the
structures of the four substituents are so small. The compound is called cryptochiral. It was found that
5-ethyl-5-propylundecane triggers asymmetric autocatalysis [132]. Cryptochiral isotactic polystyrene
also works as a chiral trigger [133]. Artificially designed helical [134] silica and mesoporous helical
silica [135] are also chiral triggers.

6. Conclusions

Asymmetric autocatalysis of the enantioselective addition of i-Pr2Zn to pyrimidine-5-carbaldehyde
was discovered by us. In this reaction, the very low ca. 0.00005% ee of (S)-2-alkynylpyrimidyl alkanol
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1 was enhanced to >99.5% ee by consecutive asymmetric autocatalyses. Mislow first mentioned this
reaction as the Soai reaction [3]. The asymmetric autocatalysis with amplification of ee is unique
because no chiral substance other than the asymmetric autocatalyst itself is required.

To elucidate the origins of homochirality, asymmetric autocatalysis with amplification of ee was
applied. By using asymmetric autocatalysis, the initially induced low ee by the proposed origin
of chirality was enhanced significantly by the asymmetric autocatalysis. The racemic pyrimidyl
alkanol was irradiated with l or r-circularly polarized light. The subsequent asymmetric autocatalysis
correlated the chirality of CPL with that of the formed alkanol 1. Thus, for the first time, the correlation
was made possible between the chirality of CPL and that of a chiral organic compound of very high
ee. Chiral minerals such as quartz and cinnabar were found to act as chiral triggers of asymmetric
autocatalysis. Thus, chirality of quartz was correlated to that of a highly enantioenriched organic
compound. It was also found that chiral organic crystals composed of achiral compounds, i.e., glycine,
cytosine, and adenine, serve as chiral triggers of asymmetric autocatalysis. Spontaneous absolute
asymmetric synthesis without the intervention of any chiral factors was realized using the asymmetric
autocatalysis of pyrimidyl alkanol with amplification of ee. Asymmetric autocatalysis was initiated
by chiral compounds resulting from carbon (13C/12C), nitrogen (15N/14N), and oxygen (16O/18O)
isotopomers. X-ray crystallographic analysis revealed the structure of asymmetric autocatalysts.
It should be mentioned that bio-reactions should be studied looking for asymmetric autocatalysis.
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Abstract: The discovery of meteoritic alpha-amino acids with significant enantiomeric excesses of the
L-form has suggested that some cosmic factors could serve as the initial source for chiral imbalance
of organic compounds delivered to the early Earth. The paper reviews major hypothesis considering
the influence of chiral irradiation and chiral combinations of physical fields on the possible ways
asymmetric synthesis and transformations of organics could take place within the solar system. They
could result in a small enantiomeric imbalance of some groups of compounds. More attention is paid
to the hypothesis on parity violation of weak interaction that was supposed to cause homochirality
of all primary particles and a more significant homochirality of compounds directly synthesized
from the latter in a plasma reactor. The first experiment with material synthesized in a plasma
torch resulting from a super-high-velocity impact showed formation of alanine with the excess of
L-form between 7 and 25%. The supposed conclusion is that L-amino acids could serve as a starting
homochiral biomolecular pool for life to emerge all over the Universe.

Keywords: origin of life; biological homochirality; deracemization; super-high-velocity impact;
plasma reactor; absolute asymmetric synthesis; amino acids

1. Introduction

The recently revised estimates of the age of our Earth amount to 4.54 billion years. Some 4.3 billion
years old rocks already show traces of water withering, implying the existence of oceans and land.
Surprisingly, isotopic analysis of some zircon crystals, 4.1 billion years old, reveals carbon-rich
inclusions which allow suspecting the existence of primitive organic life at that time. In any case, it did
not take long, just a few hundred million years, for life to emerge on the young Earth. This could only
be possible if abundant organic matter with a predominant homochirality has been accumulated in its
aqueous basins. Indeed, there is no doubt that numerous organic compounds have been transported
to the planet’s surface or were formed on it during the times of intense bombardment of planets
with meteorites. Even now, the Mars rover "Curiosity" detects organic molecules in the Gale Crater,
a depression that was most likely a freshwater lake about 3.5 billion years ago. Among such compounds
are thiophenes and dimethyl sulfides, but also aromatic compounds, such as toluene, chlorobenzene,
and naphthalene, as well as chain hydrocarbons. The soil samples examined by Curiosity come from
the top 5 cm of the Martian surface and thus they survived in a chemically very aggressive and
hostile environment exposed to cosmic rays and the ionizing and oxidizing conditions [1]. Where the
molecules come from; whether they have been delivered from elsewhere or directly formed on the
planet’s surface is unclear.

As early as 1988, Gol’danskii and Kuz’min [2] convincingly proved that abundance of organic
matter is the precondition that is required but not sufficient for life to emerge. Biopolymers
present numerous high-molecular-weight compounds whose unique three-dimensional structures are
absolutely essential for their productive functioning during their interaction with other components of
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a living cell. This uniqueness of each biopolymer structure is guaranteed not only by the unambiguous
sequence of their building blocks—alpha amino acids, sugars, and nucleotides—but also by the
homochirality of basic classes of compounds with asymmetric molecules, such as amino acids and
sugars. The problem of the emergence of life thus cannot be solved without identifying mechanisms
providing homochirality of the above series of compounds, since without preexisting homochirality,
the self-replication characteristic of living matter could not occur in principle. No racemic primordial
soup of organic compounds would ever give rise to any self-replicating system. Shandrasekhar [3]
reasonably notes: “It is indeed sobering – if not depressing – to consider the fact that, to the extent that
a firm answer to the question on the origin of molecular chirality does not emerge, the origin of life
will remain a mystery.”

Numerous literature exists dealing with the emergence or enhancement of chirality in a racemic
system by a so-called chance mechanism: spontaneous resolution on sublimation or crystallization
with or without Viedma ripening [4], spontaneous symmetry breaking via stereospecific autocatalysis,
asymmetric adsorption, or asymmetric synthesis on chiral crystals. Some of the above processes
can give, within a rather small location, individual products having very high enantiomeric purity
of an undetermined sign, with a similar probability for creating the opposite stereochemical result
in another small location. None of the chance processes could thus provide a global predominance
of L-enantiomers for the whole series of amino acids and D-isomers for sugars. Besides, it is quite
impossible to imagine the above processes to proceed efficiently in the complex matrix of the primordial
soup of organic compounds. Therefore, if the chance scenario for the origin of abiotic chiral purity is
not viable, then all arguments strongly favor theories of induced extraterrestrial homochirality of initial
organic matter.

Searching for chiral organic matter in our solar system is a major challenge for the space research
community and has attained increasing attention from many research groups. Review [5] analyzed
functional possibilities generated by numerous sophisticated instrumentation and technologies
available or being developed especially for space survey missions. One advanced space mission,
namely, the Rosetta spacecraft, after a 10-years-long journey, detached in November 2014 the Philae
lander on the surface of comet 67P/Churyumov-Gerasimenko (67P/C-G). The instrument was fully
prepared to conduct for the first time an extraterrestrial stereochemical investigation of a soil extract
by employing a multicolumn gas chromatograph and a time-of-flight mass spectrometer [6]. After
methylation with N,N-dimethylformamide dimethyl acetal, a series of chiral molecules, such as amino
acids, hydrocarbons, amines, alcohols, diols, and carboxylic acids, could be analyzed. Unfortunately,
the experiment failed because of insufficient energy supply, so that no enantiomeric on-site analysis has
been performed thus far on any organic extraterrestrial material. On the contrary, numerous laboratory
works have been conducted in many countries simulating possible sources of extraterrestrial organic
matter, including chiral compounds.

2. Origins of Extraterrestrial Non-Racemic Organic Matter

Since Miller’s seminal works from 1953 and later, it has become clear that specific biological
building blocks could well be formed in the atmosphere of any planet from a primitive reducing gas
mixture of water, methane, and ammonia, but also from the later suggested gas composition consisting
mostly of carbon dioxide, nitrogen, and water. For instance, both UV and charged particle irradiation
of simple gas mixtures of H2O/CH3OH/NH3/CH3CN were shown to produce up to 26 racemic amino
acids, diamino acids, and N-(2-aminoethyl)glycine [7], but also purine and pyrimidine compounds,
urea, and polyols, along with other prebiotic molecular structures [8].

Simultaneous formation of many more important organic compounds, namely, that of nucleobases
(cytosine and uracil), various proteinogenic amino acids (glycine, alanine, serine, aspartic acid, glutamic
acid, valine, leucine, isoleucine, and proline), non-proteinogenic amino acids, and aliphatic amines,
was reported in experiments simulating reactions induced by extraterrestrial objects impacting on the
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early oceans [9]. The latter are expected to have had sufficient amounts of dissolved bicarbonates and
inorganic nitrogen as the sours of required elements.

Another medium suitable for emergence of organic molecules is cosmic ice, even at extremely
low temperatures. The latter are beneficial to the survival of molecules that were formed in space by
one mechanism or another. In general, individual molecules and heavier atoms are assumed to tend
to gather or adhere to already existing cold solid dust material. Since water is one of most abundant
compounds in the interstellar space, formation of ice bodies with the incorporation of larger molecules
and dust particles is a very common process. Indeed, astrophysical ices contain simple molecules (CO2,
H2O, CH4, HCN, NH3, CO, and others). Once formed, the ices are exposed to complex radiation fields,
e.g., UV, γ- and X-rays, stellar/solar wind particles, cosmic rays, and collisions with other cosmic
bodies. It is only natural to assume that cosmic ices not only entrap various larger organic molecules
but also present a suitable matrix for the formation of new ones, e.g., via radical mechanisms. Indeed,
glycine (Gly), the simplest amino-acid building-block of proteins, has been identified on icy dust grains
in the interstellar medium, icy comets, and ice-covered meteorites, as in the comet 81P/Wild-2 samples
collected and returned to Earth by NASA’s Stardust spacecraft.

Martins et al. [10] presented results of laboratory experiments in which ice mixtures analogous to
those found in a comet were subjected to a shock with a steel projectile fired at a hypervelocity using a
light gas gun. The hypervelocity impact shock of a typical comet ice mixture was found to produce
several amino acids after hydrolysis. These included equal amounts of D- and L-alanine, and the
non-protein amino acids α-aminoisobutyric acid and isovaline as well as their precursors. Simulation
of astrophysical conditions by exposure of multilayer CO2:CH4:NH3 ice films to 0–70 eV electrons also
revealed formation of multiple products, among them glycine [11]. Other amino acids could well form
too, though in smaller quantities.

The discovery of meteoritic α-amino acids with significant enantiomeric excesses of the L-form
has suggested that some cosmic factors could serve as the initial source for chiral imbalance of
organic compounds. In this case, the non-racemic extraterrestrial organic materials delivered to
Earth by carbonaceous meteorites (chondrites) may have contributed to prebiotic chemistry and
finally directed to homochirality of amino acids and carbohydrates on Earth. Chondrites present
remnants of asteroids that survived extreme heating in the Earth’s atmosphere and impact with
the solid surface. Chondrites contain numerous extractable organic compounds and, in even larger
amounts, insoluble crosslinked polymeric kerogen-like organic material. As summarized in the review
paper by the group of d’Hendecourt and Meierhenrich [6], extensive studies of the Murchison and
Murray meteorites “revealed the presence of a series of alkyl-substituted bicyclic and tricyclic aromatic
compounds, aliphatic compounds ranging from C1 to C7, including both saturated and unsaturated
hydrocarbons, more than 80 amino acids, including diamino acids, N-alkylated amino acids and
iminodiacids, small amounts of aldehydes and ketones up to C5, a wide spectrum of carboxylic acids
and hydroxycarboxylic acids, several nucleobases, and sugar acids.” Thank to available sensitive
chromatographic techniques for enantiomeric analysis, from the above diverse array of meteoritic
organic molecules, four groups of compounds having asymmetric carbon atoms—namely, amino
acids, hydroxycarboxylic acids, monocarboxylic acids, and amines—have been examined for their
stereochemical composition. All amino acids were found to display the predominance of one type
of configuration with a wide range of ee values. α-Substituted amino acids, which are known to
be especially resistant to racemization, exhibited extremely high enantiomeric excess: up to 60%
for D-alloisoleucine [12] and 18% for L-isovaline [13]. Surprisingly, meteoritic aliphatic amines and
carboxylic acids that might share a common chemical origin with amino acids were found to be racemic
with the exception of α-hydroxypropionic (lactic) acid [14]. According to Soai et al. [15], the insoluble
and resistant to hydrolysis meteoritic material also incorporates chiral fragments.

Several mechanisms for the emergence of extraterrestrial chirality have been considered and
subjected to experimental testing. Rather popular is the idea of deracemization of pre-formed
racemic amino acids, i.e., distortion of the initial 1:1 proportion of their enantiomers. A number

138



Symmetry 2018, 10, 749

of deracemization scenario are discussed involving chiral irradiation, chiral combinations of physical
fields, and beams of chiral particles, all of which are known to be emitted by nascent neutron stars,
short supernova bursts, or growing black holes. Indeed, a supermassive black hole, billions of times
heavier than the Sun, spinning at the galactic center shoots out two very intensive narrow jets of matter
and chiral radiation in opposite directions [16].

As was shown, circularly polarized irradiation may cause slightly enantioselective destruction
(deracemization) of racemic compounds. Numerous extensive papers and reviews analyze
astronomical sources of circularly polarized light [17,18] and results of model experiments on
deracemization of amino acids [19,20] in terms of possible origins of biological homochirality on
the Earth [6,21].

Besides deracemization of pre-formed amino acids, direct asymmetric synthetic processes can take
place on space objects exposed to circularly polarized irradiation. Thus, in circumstantial laboratory
experiments on model achiral extraterrestrial ice [22,23], the asymmetrical synthesis of amino acids
was found to take place under irradiation with visible and UV circularly polarized light (CPL) at
two different photon energies (6.6 and 10.2 eV). Sixteen distinct amino acids were identified and
the enantiomeric composition of five of them (α-alanine, 2,3-diaminopropionic acid, 2-aminobutyric
acid, valine, and norvaline) was precisely measured using the enantioselective two dimensional gas
chromatography-time of flight mass spectrometry technique technique. The results obtained on such
irradiated ices showed certain symmetry breaking of amino acids with the ee values rising with time
from ee L = −0.20% ± 0.14% to ee L = −2.54% ± 0.28%. The sign of the induced ee (that depends on
the helicity of the CPL) was the same for all five considered amino acids and did not depend on the
evolutionary stage of the samples. Surprisingly, the chirality sign was also found to depend on the
energy of the CPL.

Similar formation of slightly enantiomerically enriched amino acids was earlier considered by
irradiation of their initially racemic pools with intensive antineutrino streams [24]. More recent
works [25,26] suggested that the deracemization of the amino acids could be established due to the
magnetic field of a nascent neutron star from a core-collapsed supernova via amino acid processing by
the neutrinos that would be emitted. A theoretically derived supernova neutrino amino acid processing
model, or SNAAP model, not only appears to produce a small chiral imbalance, but, importantly,
always produces the same sign of the chirality for different amino acids [27].

Chirality also emerges when subjecting thin films of amino acids to polarized light from
synchrotron radiation and a free electron laser. This process is thought to mimic the evolution
of organics adsorbed on the surface of interstellar dust particles [28].

Finally, spin-polarized electrons emitted by the β-decay of radioactive nucleons were also shown
to cause ionization of two enantiomeric molecules of amino acids at slightly different rate thus resulting
in small enantiomeric enhancement of the last surviving portions of the initial racemic material.
This effect known as “electronic circular dichroism” was applied to induce small optical activity
in leucine [29], tryptophan [30], and alanine [31]. However, the kinetic energy of the investigated
spin-polarized electrons was by orders of magnitude too high for efficient enantiomer-discriminating
absorption, which results in almost total destruction of the initial portion of amino acids.

All the above considered determinate mechanisms of creating homochiral groups of organic
compounds (which include symmetry breaking induced by combinations of circularly polarized
irradiation, and magnetic or even gravitational [32] fields) expand the search area for origins of
chirality and life from some locations on the Earth to the interplanetary matter existing in space regions
as big as our Solar system.

Indeed, a more or less expressed enantioselective interaction between organic matter and various
physical fields and elementary particle beams seems to be a much more common phenomenon than
has been earlier expected. Just to mention that electron transmission through chiral molecules was
found to depend on the electron spin, and thin films of chiral compounds, in particular nucleic acids
and peptides, have been shown to act as spin filters, as summarized in the recent review [33].
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Still, all the above hypotheses of extraterrestrial origins of biological homochirality on Earth suffer
from several important weak points.

First of all, for life to start on Earth, it is critical that the building blocks of amino acids, sugars,
and nucleosides be created in space in homochiral form, namely, with a predominant L-configuration
for all amino acids and D-configuration for all sugars. This unique direction of enantioselectivity is
not confirmed for the action of all types of neutrino, antineutrino, polarized electrons, or streams of
other cosmic particles. As for the rays of electromagnetic waves, in different area of space, they may
have different signs of circular polarization. Up to now, a relatively large (from +17% to −5%) circular
polarization of irradiation (namely in the IR range of radiation) was reported from the Orion nebula
OMC-1 star-forming region extending about 400 times the size of the solar system [34].

Notably, such CPL sources will not usually generate a net circular polarization because they will
have regions of positive and negative sign that cancel when averaged over any galactic-sized area
like the Milky Way. The discussed irradiation scenario for the origin of homochirality requires that
the Sun system be formed during only one single chiral cosmic event dominating over a very large
region of a few parsecs in size. The hypothesis involves development of the planetary system in
a high-mass star-forming region where matter was subjected to the influence of an external source
of CPL or chiral combination of physical fields of a given helicity and a favorable dominant energy
during the protoplanetar phase of evolution, thus inducing one definite stereo-specific photochemistry
in the system. That the solar system originated in such a massive star formation region is supported by
isotopic studies of meteorites’ compositions, such as those including 60Fe, suggesting that a supernova
explosion occurred near the Sun [35].

Another general problem is that the configuration of amino acids induced by circularly polarized
irradiation depends on the energy of its quanta, i.e. on its wavelength [23]. Photolysis of amino
acids requires UV radiation, rather than the infrared radiation observed in the Orion massive star
forming area. Of course, UV radiation cannot be directly observed as it is unable to penetrate the dust
that lies along the line-of-sight between the Earth and regions of highly polarized radiation activity.
The general stereochemical outcome of irradiation with CPL of the whole pallet of amino acids was
critically analyzed by Cerf and Jorissen [36]. When taking into account that asymmetric photolysis
implies the preferential destruction of the enantiomer having the higher absorption coefficient, the
highest stereodifferentiation efficiency of irradiation is directly related to the circular dichroism (CD)
band of the compound. For amino acids, the carboxyl group bound to the alpha-carbon has a strong
CD band centered at about 210 nm. The sign of this CD band is the same for all aliphatic L-amino acids.
It is not the case for tryptophan [37], whose indole chromophore exhibits a strong CD band centered
at about 195 nm, with the opposite sign to the carboxyl 210 nm band. Proline also has a strong CD
band of opposite sign around 193 nm in a neutral solution. Therefore, these two amino acids would
violate the homochirality of the pool as a whole if the asymmetry would arise from the enantioselective
photolysis of all the racemates with CPL with the wave length around 200 nm. At the same time, there
seems to be no spectral window where all the biogenic amino acids have a strong CD band of one and
the same sign. Besides, the intensities and signs of CD bands depend on the properties of the medium,
so that extrapolation of laboratory data obtained in liquid solutions to infer the CD properties of amino
acids in space (where they are likely to be found in solid or gas phase) is not straightforward.

It follows from the above considerations that the energy of the circularly polarized UV irradiation
or particle beams must fit into a very narrow range in order to cause efficient ionization and
stereochemical transformations of organic molecules resulting in the deracemization of preformed
compounds or asymmetric synthesis of new ones. Less energetic impacts are inefficient while impacts
of higher energy will totally destroy larger organic molecules. In fact, no circularly polarized cosmic
radiation in the UV region that is required to trigger desired chemical transformations has been
detected thus far. As a rule, cosmic rays of accelerated particles and radiation are destructive to
unprotected organics rather than stimulating efficient synthetic processes. Maybe, cosmic ice bodies
present exclusion due to the existence of some layers with reduced energies of radiation and emergence
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of secondary electrons. On the other hand, the extent of circular polarization of their impacts still
remains to be examined. Also, one should bear in mind that we deal with dynamic processes where
surface layers of ice bodies partially evaporate while they experience bombardment with cosmic rays.

When taking into account the predominant destructive role of all cosmic rays, it is difficult to
expect any significant accumulation of chiral biomolecules on unprotected supports, the more that
a measurable degree of enantioenrichment is only attained for the last small portion of the initial
material. Even then, ee levels attained for these last portions of amino acids could not exceed few per
cent. These values are by orders of magnitude smaller than what is observed in chondritic meteorites.
All these considerations lead to a suggestion that the major part of homochirally enriched organic
molecules were synthesized directly on the atmosphere-protected planets, rather than delivered to
them by radiation-exposed cosmic dust particles and ice bodies.

3. Parity Violation in the Weak Interaction and Homochirality of Matter

The above-discussed processes with determinate origins of chirality could possibly generate very
small chirality within regions as large as the solar system, but only as a result of one single cosmic
event, such as a supernova burst, since any second similar burst event could generate the opposite sign
of chirality of all enantioselective processes. The only universal and constant source of invariant chirality
thus remains the phenomenon called violation of parity in the weak interaction.

Parity conservation implying that nature is symmetrical under reflections in a mirror enjoyed the
status of a fundamental law of physics along with those of conservation of energy, momentum, and
electric charge. Yet, although there were many experiments that established parity conservation in
strong interactions, the weak force, which was first postulated to explain disintegration of elementary
particles, was shown to violate the parity conservation law. It was demonstrated on radioactive
60Co that the β-decay of nuclei oriented with a strong magnetic field emits exclusively left-polarized
electrons, which unequivocally violates parity expectations [38,39]. This discovery revolutionized our
understanding of nature’s fundamental laws. As one of its consequences, we must expect a small
energy difference between any two molecular structures that we used to call enantiomers. The energy
gap between them was calculated to have an order of 10−12–10−15 Jmol−1 [40] with a magnitude
and sign that depend on the particular molecule and, unfortunately, also on its conformation. This
energy difference is too small to be measured and also too small to cause any measurable enantiomeric
enrichment under conditions of thermodynamic equilibration of a racemate.

Nevertheless, the role of parity violation in the creation of initial partial homochirality of organic
matter under kinetic conditions, far from a thermodynamic equilibrium, must be considered more precisely.
According to Davankov [41], parity violation in β-decay processes may be interpreted in terms of
the chirality of elementary particles and is closely related to the phenomenon of the experimentally
observed chirality of atoms [42], assuming the difference in terminology used in chemistry and physics
is neglected. Since the discovery of parity violation, physicists now and then, analyzed the idea of
“how chiral symmetry, its pattern of breaking and restoration under extreme conditions manifest
themselves in the nucleon, nuclei, nuclear matter and hadronic matter” [43]. Even now, asymmetry at
the level of atoms and elementary particles remains both a wonder and a challenge. In principle, it
may give a valuable hint toward something new in the standard model and reconsiders the role of
neutrinos, which are elusive particles that are difficult to detect. Moreover, current measurements of
violation with respect to simultaneous space reflection and charge conjugation (charge-parity (CP)
violation) in the decay of B mesons, which is the phenomenon of asymmetry itself, appear to account
for the excess of matter over antimatter [44,45].

Recently, the European Space Agency’s Planck telescope finished examining the cosmic microwave
background, the faint afterglow of the Big Bang, so that final maps of the early Universe could be
adjusted and released. These data helped researchers to pin down the age of the Universe (about
13.8 billion years), and its composition (95% dark matter and dark energy). The observable 5% of mass,
which is the Universe, is made of matter, not antimatter. This means, that soon after Big Bang, particles
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would decay somewhat slower than their counterparts, antiparticles, and “CP violation” in particle
decays could be the reason for that. It is assumed that stability of particles and their clusters is related to
their weak charges. Thus, the proton’s weak charge defines the strength of certain interactions between
protons and other particles. More recently, scattering of left-polarized and right-polarized electrons on
protons was precisely measured. The difference between the two measurement results characterizes
the weak current of protons, its asymmetry, and was found to amount to –226.5 ± 9.3 parts per billion,
where the minus sign indicates that left-handed electrons are more likely to be scattered than their
right-handed counterparts. The corresponding proton’s weak charge is 0.0719 ± 0.0045, while the
proton’s electric charge is +1. To put the magnitude of the above asymmetry in perspective: if parity
symmetry were violated for the height of mountains, Mount Everest and its mirror-image twin would
differ in height by a mere 2 millimeters [46]. Nonetheless, the important message in terms of chemistry
is: protons are chiral.

Earlier, Davankov [47] presented a more common argument for the chirality of another elementary
particle, the electron. It is known that any electric current, that is propagation of electrons along a wire
(or just in vacuum), is accompanied with circular magnetic field of one definite direction. This makes
the whole system, moving electrons/circular magnetic field, invariantly chiral. The intensity of the
field only depends on the number of electrons that pass through the wire cross section during a unit
time, but not on the creep velocity of electrons along the wire that would depend on voltage applied.
One could argue that the voltage drop may cause partial spin-polarization of electrons. However, the
velocity of random movements of electrons within a metal at room temperature exceeds the creep
velocity by ten orders of magnitude, such that any spin polarization at that large ratio of rates appears
highly improbable. The only known source of the invariant chirality of the system is the inherent
chirality of electrons. It is only natural that any moving charged particle, both negative and positive,
combined with the corresponding magnetic field, would compose a system with one definite sign
of chirality. This leads to a conclusion that every charged elementary particle is inherently chiral.
Importantly, any antiparticle having an opposite charge, like in the pair electron/positron, will produce
an opposite chirality. For this reason, Davankov’s suggestion [47] is that charged particles and their
antiparticles have the opposite inherent chirality sign. This suggestion of some kind of enantiomeric
relationship was further extended to all pairs of neutral particles and antiparticles.

What is even more important, Davankov formulated a general hypothesis [41,47] that all
elementary particles in our universe compose a homochiral pool of which all atoms and molecules
are built, while all elementary antiparticles would compose a homochiral pool that formed antimatter.
The reality is that the collision of all particles with corresponding antiparticles results in their
annihilation with an emission of electromagnetic impulses, i.e. photons of varying energy up to
gamma quanta and neutrino, all of which are chiral as well. (According to Davankov [47] each
individual photon and each energy quantum are chiral, but, contrary to elementary particles, they can
exist in both left-rotating and right-rotating forms). The early universe is theorized to have spawned
the exact same amounts of normal matter and antimatter. Since we observe only matter and no
consolidated antimatter, two kinds of particles must have played by slightly different rules, letting a
fraction of normal particles outlast their bizarre enantiomeric twins. Therefore, scientists are looking
for theoretical particles called the axions that could possibly explain the curious asymmetry of the
Universe and the massive cosmic mystery of dark matter. Theory says that axions will be absurdly
light and hardly interact with normal matter. Until above fundamental theoretical problems receive
their explanation, our notion of homochirality of all elementary particles has its right to exist and
should be seriously taken into account.

Basically, this hypotheses states that inherent homochirality of normal matter was established
in the whole universe soon after the Big Bang, about 13.8 billion years ago, and invariantly subsists
for the whole period of its existence. It is only natural to suggest that homochirality of elementary
particles exerts certain invariable influence on the overall chirality of atoms. The influence of parity
violation could be much less expressed in organic molecules. Chirality of molecular structures belongs
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to a completely different hierarchy of chirality phenomena along with morphological chirality of living
organisms or that of crystals. Besides, organic molecules were constantly formed and destroyed during
prebiological chemical evolution of matter according to laws of organic chemistry, rather than that
of physics.

Still, one can speculate that the above postulated homochirality of elementary particles and atoms
could reveal itself to the most significant extent in the processes of the direct synthesis of asymmetric
organic molecules from ionized atoms and electrons, rather than from transformations of simple
organic precursors. Such direct synthetic processes may proceed during dissipation and the fast
cooling of plasma that contain electrons and all required atoms, such as C, N, H, and O, in their ionized
form. In any event, all numerous simple organic molecules in the universe [5] have emerged in exactly
these kinds of processes.

According to Managadze [48], the major part of the more complex organic matter in the
universe was also synthesized by collisions between solid cosmic bodies at relative velocities above
15–20 km s−1, so-called super-high-velocity impacts. The latter bring about a super-quick heating
of the interacting regions of both the target and the projectile up to temperatures of 106 ◦C, which
results in a total atomization and 100% ionization of the affected matter. The initially solid matter
converts into high-density and high-temperature plasma. The latter dissipates in the form of a
so-called plasma torch or burst and rapidly cools down. During the process of the adiabatic expansion
of plasma, recombination of ionized atoms and electrons proceeds with the eventual combination
of the organic-bearing elements C, H, O, N, and other abandoned elements of matter having a
particularly high affinity for each other. They finally combine into both simple and more complex
organic compounds including those having centers of asymmetry. A significant part of organic
compounds could thus be formed directly on the early Earth’s surface (and everywhere else), as well
as delivered by meteorites, which would have been especially intense during the first 500 million years
after formation of solar planetary system [48].

Davankov’s idea is that the general inherent homochirality of elementary particles should manifest
itself to the most obvious extent in a kind of direct absolute asymmetric synthesis of first organic
molecules and result in the invariant predominant homochirality in all classes of similarly constructed
molecules. Notably, the nonequilibrium synthetic processes considered proceed under unsteady flows
of colliding primary components in open systems that are far from equilibrium. If this hypothesis is
true, amino acids enriched in L-enantiomers and sugars enriched in D-enantiomers have existed in
the universe since the times where sufficient solid material has been accumulated in space to form
planetary systems around numerous suns. The extent of enantioenrichment of organic molecules on
each particular spot should depend on the conditions of their formation in super-high-velocity impacts
and their subsequent transformations.

It further follows from the assumption of general homochirality of matter and that of initially
formed biomolecules that preconditions for life to emerge do exist everywhere in the universe and
that everywhere proteins, sugars, and nucleic acids must have the same unequivocal homochirality
sign as that in living organisms on the Earth. At that, the pallet of life-forming building blocks and
hereditary codes selected for living matter could well be different on different planets. In other words,
the homochirality sign of living matter is predetermined by the inherent universal parity violation on
the level of elementary particles, whereas amino acid and sugar compositions of biopolymers could be
a matter of chance.

Among the above several fundamental predictions that follow from the hypothesis on
homochirality of elementary particles, one could be put to the test by using already existing
experimental techniques. It reads that any direct self assembling of α-amino acid molecules from
ionized atoms and electrons must result in a noticeable homochiral enantiomeric enrichment of the
products with predominance of molecules having L-configuration. Arguments for this supposition
have been outlined in details by Davankov [47,49] and Managadze [50] in their conceptual publications.
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The main idea of the designed experiment consists in creating of a plasma torch reactor by a
super-high-velocity impact of a projectile against a suitable target. Both of them must contain elements
required for the formation of amino acids [51]. The dissipating and cooling-down plasma was expected
to act as a reactor for the self-assembling of ions, radicals, and atoms, all of them being inherently
homochiral, into enantiomerically enriched organic molecules. The plasma torch itself, as a flow of
chiral electrons, followed by a flow of heavier, chiral, positively charged particles, presents a reactor
with very strong chiral combinations of magnetic and electric fields, as well as intensive circularly
polarized light beams. Since the chirality sign of all the components and fields within the plasma
torch is invariantly determined by the homochirality of all primary particles, amino acids, if formed at
all, are expected to be enriched in L-isomers, especially if the chirality of all building elements act in
concert with the induction caused by the chirality of the fields.

As a substantial corroboration of the above-outlined expectation, the striking fact was considered
that all amino acids, including nonnatural α-methylated amino acids, in meteorites (some of them
being much older than Earth) are found to exhibit a predominance of L-isomers with ee as high as
15–18% (for the racemization-resistant isovaline).

A large international team of scientists [51] started experiments with high purity 13C carbon
black that was converted, via the action of high temperatures and high pressure, into diamond
particles of about 1.5–2.5 mm in size. The latter served as projectiles for a super-high-velocity impact
experiment and were expected to completely vaporize and label the plasma synthesis products with
high concentration of the rare 13C carbon isotope. A tablet of ammonium nitrate served as the
O,H,N-providing impact target. Since its mechanical properties are week, a strong plate of pure 12C
graphite was positioned behind the target. To easily collect the products of the impact, the target was
placed into a steel container lined with a titanium foil. The hypervelocity impact experiments were
performed using a ballistic launcher equipped with a light-gas gun [52]. The gun accelerated a set of
20–50 diamond projectiles, about 0.4 g in total weight, to a velocity as high as 7 km/s. The impact
products presented dark gray fine powder, composed of both plasma torch synthesis products and
debris of the graphite plate. The latter was 5.6 g in weight, so that the 12C/13C ratio in any organic
matter synthesized would be 14 if complete mixing of diamond and graphite carbon atoms occurred.
One portion of organic material (2 mg) was extracted from the impact sample with 2 M hydrochloric
acid at 150 ◦C for 24 h and subjected to careful mass-spectrometric investigation. Three separate
analytical instruments with different strengths, limitations, and detection limits were used: a matrix
assisted laser desorption ionization (MALDI) TOF instrument, a laser desorption TOF instrument,
and a GC–MS instrument. In the mass-spectra obtained, the three simplest amino acids and their
typical fragmentation ions could be safely observed: glycine, alanine, and small amounts of serine
(Figure 1). A large proportion of the amino acids was found to contain heavy 13C atoms, implying that
both carbons from the diamond projectiles and 12C target base plate participated in the plasma torch
synthesis process. Mass-spectra also showed formation of much heavier organic products, among
them, possibly, peptides composed of the above amino acids.

The most important results were generated by the numerous repeated chiral gas chromatography-
mass-spectrometry experiments. To perform them, an aqueous soluble fraction of organic products
was subjected to acidic hydrolysis and the amino acids were converted into volatile isopropyl esters of
N-trifluoroacetyl derivatives. The chiral stationary phase in the 50 m x 0.25 mm capillary column was
Chirosil-Val from Altech. Glycine and alanine, enriched in 13C to an extent of 40%, showed up very
clearly in the chromatogram. Mass spectra were recorded in both the single ion monitoring (SIM) and
total ion current modes (TIC). The chiral imbalance of alanine was presented as the ratio of its L- and
D-enantiomers. The fundamental result of the whole study was summed up by the authors as follows:
“This measurement enabled us to calculate L/D values for alanine based on peak integrals and peak
amplitudes in both the SIM and total ion modes. Using SIM data, the values for alanine are L/D = 1.15
based on the peak amplitudes and L/D = 1.68 from evaluating the integrals of peaks. For the total
ion mode, the values for alanine are L/D = 2.5 for the peak amplitudes and L/D = 2.4 for integrals of
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peaks. Given the unavoidable background noise in the total ion mode, the L/D values obtained for the
SIM mode should be considered more reliable. Thus, the violation of symmetry could be in the range
from 1.15 to 1.68” (Figure 2). This range corresponds to enantiomeric excess values between 7 and 25%,
which is similar to ee values found in meteorites and outperforms by far the values expected for all
deracemization effects under action of cosmic polarized irradiations. Remarkably, alanine synthesized
in the plasma torch reactor is noticeably enriched in the L-enantiomer, exactly as predicted from the
hypothesis on homochirality of all elementary particles in Universe.

Figure 1. The amino acid-corresponding section of the MALDI mass spectra of impact products.
The high content of 13C isotope is evident. Notably, glycine peaks dominate over those of alanine
(by 4.75 times) and serine, which is not characteristic of bioproteins. Source: Reference [51].

Figure 2. Section of the total chiral GC-MS profile with D-Ala and L-Ala peaks (retention times 13.3
and 14.7 min, respectively) shown in SIM (140 amu) and TIC modes. Source: Reference [51].
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4. Conclusions

Based on the above reliable and extremely informative experimental findings, one can speculate
that many other α-amino acids, including “non-natural” species, will be synthesized everywhere in
the universe under conditions of much stronger hypervelocity collisions of cosmic bodies and that
all of them will be characterized by the predominance of the L configuration. In a similar direct
synthetic way or during subsequent chemical transformations of organic matter, D-isomers could
become the predominating isomers of sugars. Mechanisms of further enantiomeric enrichment of some
particular compounds [53] through the Soai-type asymmetric autocatalysis [15] and/or Viedma-type
deracemization [4] are being intensively investigated but none of them could function efficiently and
unidirectionally in a complex concentrated aqueous broth. Equally unknown remain the rules of
selection of amino acids and sugars for creating first primitive self-reproducing organic systems. If one
also takes into consideration the essential unique complex of physical conditions on the planet (such as
the presence of water in its liquid form, a suitable atmosphere, sufficient magnetic field of the planet,
and appropriate rotation rate of the latter around its axis and the central star, etc.) the fact of the
emergence of life on the Earth appears a big mystery. Important is only that the general homochiral
shift of organic building blocks and, hence, unique stereochemistry of living matter in the whole
universe is predetermined by the parity violation of elementary particles, whereas realization of life
forms on different planets may remain a matter of a single happy chance.
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Abstract: The four most important and well-studied phenomena of mirror symmetry breaking of
molecules were analyzed for the first time in terms of available common features and regularities.
Mirror symmetry breaking of the primary origin of biological homochirality requires the involvement
of an external chiral inductor (environmental chirality). All reviewed mirror symmetry breaking
phenomena were considered from that standpoint. A concept of chiral and racemic fields was highly
helpful in this analysis. A chiral gravitational field in combination with a static magnetic field
(Earth’s environmental conditions) may be regarded as a hypothetical long-term chiral inductor.
Experimental evidences suggest a possible effect of the environmental chiral inductor as a chiral
trigger on the mirror symmetry breaking effect. Also, this effect explains a conformational transition
of the right-handed double DNA helix to the left-handed double DNA helix (B-Z DNA transition) as
possible DNA damage.

Keywords: environmental chirality; C1- and C2-symmetric catalysts; chiral field (memory); racemic
field; Viedma ripening effect; Wallach’s rule

1. Introduction

Curie [1] was convinced that “without asymmetric physical impact no asymmetric chemical
effect arises”. Modern experimental data support this criterion: asymmetric induction in asymmetric
catalysis is only implemented through the asymmetric (C1 symmetry axis) key intermediate [2].

If a substrate has two or three functional groups which can be coordinated in that intermediate,
chiral C2-symmetric catalyst loses C2 symmetry in the substrate coordination stage. Nature has chosen
such substrates (amino acids and sugars) as components of important macromolecules. However, the
only variant of configuration ratios (L–D) of amino acids and sugars has been selected from the four
possible: D–D, L–L, D–L, and L–D (Figure 1).
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Symmetry 2019, 11, 649

i

i

 
Figure 1. Schematic corridor of amino acid and sugar configurations of life support processes.

A reason for this choice has not received a generally recognized explanation up to now [3–17].
These references indicate a variety of scenarios for the emergence of homochirality and therefore
origin of life [16]. Various scenarios are explained by external and internal reasons existing on the
primary Earth. Possible scenarios of homochirality origin include Earth and exoterrestrial origins,
mirror-symmetrical and non-mirror symmetrical forces, different ampllification mechanisms leading
to L- or D-amino acids and sugars, and L-amino acids excess during meteorite impact.

We believe [3,4] that a possible basis for such a ratio of configurations is the right-handed helix
(P) conformation of important biomacromolecules formed from amino acids and monosaccharides.
(Scheme 1).

 

  

 

right-handed 
helix (P- helix or 

-helix) of 
polypeptides 

right-
handed 
double (P) 
helix of 
DNA 

right-handed triple 
(P) helix formed by 
important 
polyglucanes 

Scheme 1. The triad of right-handed important biomacromolicules.

The L–D ratio of amino acid and sugar monomer configurations may merely occur where there
is a right-handed helix conformation. Mutual relations of single, double and triple right-handed (P)
helixes are also not accidental. The single helix (α-polypeptide) protects amino acids from racemization
by hydrogen bonds between helical turns.

Contradictory situation arises during the single helix formation from monocaccharide hexose.
Indeed, α-(1→2)-D-mannan and β-(1→3)-D-glucan generate M- and P-helices, corresponddingly, in
the same conditions [18]. A helical configuration of amylose relies on the crystallization conditions
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(Table 1). A possible stabilizing factor of the P-helix formation is the double helix (Table 1, items 1
and 2).

Table 1. Structures of linear polysaccharide amylose as function of the solvent used for crystallization.

No Amylose Solvent Helix Reference

1 Amylose A 1 water P [19]
2 Amylose B 1 water P [20]
3 Amylose V – M [21]
4 KOH-Amylose water, KOH M [22]
5 Amylose Vpropan-2-ol propan-2-ol, water M [23]
6 Amylose water M [24]

1 Double helix.

Indeed, linear polysaccharides, viz. i-carrageenan [25] and xanthan [26], form double helices with
the P-structure as well. Schisofillan, a nonlinear polysaccharide, also gives a double P-helix [27–29].

Thus, it is not by chance that nature has chosen the double helix structure to stabilize the
right-handed conformation of DNA. In this case, the configuration error reducing factor is also
important [27]. There is directionality to a right-handed helix in triple helical structures such as in
fungi, mushrooms, and so on. For example, the simplest β-(1→3)-D-glucans, namely curdlan [27],
lentinan [30], scleroglucan [31], xylan [32], etc., with side chains [33–38] form triple P-helices with
the right-handed helical conformation. Hence, there is a triad pronounced in Scheme 1. That is why
right-handed helix structures of important biomacromolecules are representatives of the regular trend
in nature.

Since all natural processes occur in the open system, in previous work [39], we attemted to assess
the external chiral effect on the homochirality origin on the early Earth. A possible influence of an
external asymmetric inductor was analyzed for metastable (stochastic and spontaneous) reactions [39].
In this review, we continue the search for traces of the external chiral inductor, such as the chiral
gravitational field, in the most studied reactions with mirror symmetry breaking.

2. Gravity as a Chirality Inductor

Davankov [40] suggested chirality to be an indispensable feature of different levels of matter.
While evolving this idea, we [39] considered a possibility of chiral effects of various physical phenomena
on chemical reactions (electric field [41], electric field (propeller effect) [42], a combination of electric
and magnetic fields [4,43], magnetic field [4,39,44], circularly polarized light [45], plasma torch of
meteorite impact [46,47], solar irradiation [48,49], parity violation energy difference [29], and similar
effects [39]). Gravity is among such physical phenomena as asymmetric factors [39]. Basing on Barron’s
concept [50] of true and false chirality, we can assume that the mutual gravitational influence of a space
object and its satellites is a chiral factor. In the schematic diagram (Figure 2), we tried to summarize
information on mutual gravitational impact (moving in space) of Sun, Earth, Moon, and Venus. Their
mutual movements create a combination of trajectories in the form of virtual chiral helices. The image
below gives a view of the chiral gravitational environment that is probably strictly individual for
Earth (The Earth–Moon (ratio of masses 81/1) is a double planet system unlike other planets and
satellites of the Solar system, for example, Jupiter–Europe (4·104/1), Mars–Phobos (6·107/1), and so
on). A hypothesis about the formal similarity and possible effect of the Earth’s right-handed (spin)
rotation near the Moon, alongside with the right-handed Earth’s orbital motion around moving Sun
and right-handed helix symmetry of biomacromolecules, was published earlier [3,29,39,51].
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Figure 2. Schematic image of right-handed helices created by the orbital and spin rotation of moving
Sun – Earth (a, c), Earth – Moon (b), and the left-handed helix as a result of the orbital rotation of Venus
around Sun (d). Pitches (P) of the helices: PE

spin =1 day, PE
orbit =1 year, PM

spin =PM
orbit = 1 lunar

(sunderic) month, Ps
spin(N) = Ps

spin(S) =~ 38 Earth’s days (near polar caps). The rotation of Sun around
the axis tilted 82◦45’ to the plane of the Earth’s orbit occurs in the same direction as the spin rotation of
Earth (counterclockwise).

Perhaps, all spiral movments shown in Figure 2 should be considered as a manifestation of the
unified structure of the gravitational field of our Galaxy. The Milky Way Galaxy is a double snail of flat
structure (Figure 3a,b) [52–55]. A symmetry plane virtually divides the Galaxy into a mirror symmetric
left-handed snail – “bottom” (Figure 4c), and a right-handed snail – “top” (Figure 3d). Hence, the
Milky Way may be presented as a mesostructure (an inner racemate).

 

 

 

 

(a) View of the galactic 
“bottom” from south (M-

snail) 
(c) 

View of the galactic 
“top” from north (P-

snail) 
(d)  

(b)  

Figure 3. The Milky Way Galaxy (a) top (view from the galactic north) and (b) sideways. Schematic
structure of the Galaxy: (c) “bottom” snail and (d) “top” snail.
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Figure 4. Motions of the the solar system in the Milky Way [51].

In terms of symmetry, the Galaxy bears a similarity to inner racemate (for example, meso–tartaric
acid. It is conceivable that this mesostructure is confirmed by the anomalous rotation (counterclockwise)
of Venus in the Solar system. This movement does not contradict with the complexity of the Galaxy
structure. Indeed, the mirror symmetry plane divides “clockwise” and “counterclockwise” fields
(Mirror reflection effect or a positive–negative photoeffect.) of the galactic space (P- and M-snails).
Because the Solar system spins and moves along the right-handed trajectory [52–55] (Figure 4) in the
P-snail field, Earth and other planets move identically (clockwise) with the exception of Venus.

An example of the chiral environment’s (chiral gravitational field?) influence is found in
configurational stability (mirror symmetry breaking) of sea snail shells [56,57] (Figure 5). All collectors
of sea shells (conchiologists) evidence that the opposite left-handed structure is an extreme rarity [58].

 

Figure 5. The right-handed helix shape of arbitrary sampled shells of sea mollusks (about 70,000 species
in total [54]).

How does gravity affect symmetry of molecules? In contrast to the influence of the electromagnetic
field [59], the effect of gravity on chemical reactions is difficult to verify experimentally. It was previously
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believed that this effect was absent or very insignificant. Another point of view appeared possible with
the beginning of the space flight era.

3. Gravitational Field Impact on Chemical Reactions

Analyzing an open system, we have to evaluate all possible physical inductors which may affect
the system. Among the non-obvious physical factors that may affect chemical reactions is gravity. After
the discovery of gravitational waves (Gravitational waves discovery (Abbott B.P. et. al. Observation of
Gravitational Waves from a Binary Black Hole Merger. Phys. Rev. Lett., 2016. 116. 061102) suggests
the complex structure of the gravitational field.) the influence of this factor, especially in unstable
asymmetric reactions, became more obvious. A nuclear decay has a reputation of a stable process that
does not depend on external physical inductors. If an external inductor such as a gravitational field can
alter the radioactive decay rate it is bound to affect the nucleus mass. Therefore, if such effect occurs, this
phenomenon may be called a “mass resonator” or “mass resonance”. Fischbach et al. [60–62] analyzed
a 137Cs decay sample onboard the Messenger spacecraft during its mission to Mercury and 54Mn
decay data during the solar flare on December 13 2006. The goal was to show the limits of a possible
correlation between nuclear decay rates and solar activity. Such correlation was suggested not only on
the basis of the 54Mn decay during the solar flare but also by indications of annual and other periodic
variations in the decay rates of 32Si, 36Cl and 226Ra. Data from five measurements of the 137Cs count rate
over a period of approximately 5.4 years was fit to a formula which accounts for a typical exponential
decrease in the count rate over time, alongside with the addition of a theoretical solar contribution
varying with the Messinger—Sun distance [61]. These controversial data on nonexponential periodic
decay rates drew attention and gave rise to discussion [63–65].

Ivanova et al. [48] observed North–South solar asymmetry and anisotropy of cosmic rays over
solar polar caps. The measurements were taken onboard the Kosmos-480 satellite on 18 April 1972 over
a 10-h period. In particular, the flow above the south pole was an order of magnitude higher than that
above the north pole. Svirzhevsky et al. [49] examined N–S solar poles asymmetry relative to the solar
wind speed, plasma density, and some other solar parameters. Asymmetry between the north and
south solar fields was observed in the plasma density, solar radio flux, and geomagnetic indices [66].
Consequently, N–S solar asymmetry (Figure 3a) is an additional chirality trigger alongside with chirality
of the right-handed helix orbital trajectory of Earth revolving around Sun (Figure 3c). Indeed, N–S solar
asymmetric poles during the Sun’s movement form a virtual double right-handed helix (Figure 3a).
Gravitation field asymmetry throughout the entire life time of the Solar system can culminate in the
chiral biomacromolecules origin as well as in biological objects (Figure 6). Nevertheless, the question of
the noticeable effect of asymmetric gravity on symmetry of molecules remains unanswered. However,
asymmetric gravity could affect metastable chiral reactions if assume the gravitational field affects the
radioactive decay.
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(a) (b) 

 

 
(c) (d) 

Figure 6. (a) Stirring of l- and d-crustals (50/50%) of NaClO3 without glass beads and (b) boiling of
the mixture with stirring. (c) Stirring of the mixture with glass beads and (d) deracemization of the
mixture under possible convection fluxes by the temperature gradient during boiling.

4. Stirring (Helical Flux) of the Reaction Mass as a Chirality Trigger

The formation of a conglomerate (50/50% l- and d-crystals) during crystallization of NaClO3 from
a saturated aqueous solution proceeds over a short time interval. However, stirring of the NaClO3

solution (for appreciable time) leads to mirror symmetry breaking (Scheme 2). The enantiomeric
direction of crystallization during stirring was ascribed to the primary crystal as a crystallization germ
(‘secondary’ crystal nuclei) [67,68].

d l

d l

Scheme 2. Influence of solution helical flux.

Similar enantiomeric and racemic conglomerate crystallization was observed in stirred and
unstirred 1,1´-binaphthyl melts [69,70]. The enantiomeric excess (ee up to 80%) in each stirred
crystallization test varied randomly as well.

Stirring of l- and d-crystals mixture of NaClO3 (50/50%) with glass beads led to 100% l- or d-crystals,
randomly, whereas stirring without glass beads left the mixture unchanged [71] (Figure 7a,c). It is
interesting to note that the “stirring time to achieve 100% ee depends on the number of glass beads and
the stirring rate” [72]. In attempt to explain NaClO3 crystallization data, Kondepudi et al. [66–70,73,74]
and other researchers [75–78] attached importance to the experimental fact of stirring. To explain
enantioselectivity of NaClO3 l- and d-crystals stirring with and without glass beads (Figure 6a,c) many
researchers [71,79–87] argued that attrition/grinding was the key factor.
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Figure 7. Stirring of the mixture of l-/d–NaClO3 crystals and glass balls. Time necessary for achievement
of chiral purity is plotted for the constant speed of its agitation (600 rpm)—� and for the agitation
speed, with the constant number of balls (4g of balls)—�.

There are data that argue against the role of stirring. In boiling solutions of the racemic
mixture of NaClO3 crystals, stirring (without abrasion) did not bring mirror symmetry breaking [88]
(Figure 6b). However, the temperature gradient (120 ◦C lower layer–106 C upper layer of colution in
the reaction vessel) [88] led to the formation of spiral flows inb the oiling solution (Figure 6d) (shown
by the snail-shaped arrows). These flows could appear destroyed while stirring, which is why the
enantioenrichment did not occur (Figure 6b).

Even more obvious evidence of the effect of temperature flows of the reaction mixture on
enantioselectivity is sublimation. For example, valine, racemic amino acid, was converted via
sublimation into a conglomerate [89]. During continued heating, the crystals underwent substantial
chirality amplification (increase of initial ee). This phenomenon occurred both in the closed and in
the open system [89]. The authors observed the appearance of three sublimation regions depending
on their location in the form of rings on the conical flask walls. The most enantioselective region
corresponded to the enantioenrichment of the valine sublimate with ee 80% (the closed system) and
ee 70% (the open system). In our opinion, the intervention of the external chiral inductor in this
experiment is reasonably evident.

We believe that the rotation of the flow energy (stirring) or temperature convectional flow of the
helical structure can be a reason for the emergence of enantioselectivity. This scenario can also be
triggered by an external chiral field.

The possible existence of this field is evidenced by statistical experiments while studying the
Viedma ripening procedure (VRP). Viedma [90] discarded any explanation of VRP by the parity
violation energy difference (PVED) effect (Table 2).
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Table 2. The number of VRP experiments for NaClO3 or NaBrO3 with the initial racemic population of
l- and d-crysals and their final chiral purity [90].

Starting Racemate
in VPR

Number of VPR
Experiments

Final Chirality Purity

l-Crystals d-Crystals % of l-Crystals

NaClO3

200 160 40 79.5
240 236 4 98.3
200 102 98 51.0
100 83 17 83.0
100 49 51 49.0
100 73 27 73.0

NaBrO3

260 258 2 99.2
280 274 6 97.8
200 89 111 44.5
100 80 20 80.0
100 52 48 52.0
100 68 32 68.0

“The experiments were performed with racemic mixtures obtained spontaneously from the
same solutions and in the same competing conditions between l- and d-crystals” (“natural” or true
population) [90]. Those data support Viedma’s opinion that the handedness of chiral crystals remaining
in the solution (Table 2) is not random. As seen from Table 2, there is a predominance of l-crystals (in
some cases up to 99.5%), alongside with a few exceptions (l-crystals 49% and 44.5%). Thus, there is
quite a definite trend expressed in the predominant formation of l-crystals. According to Viedma [90]
these experimental results may be explained by the “cryptochiral environment in control”.

To our knowledge, a thorough statistical analysis of changes in left-handed or right-handed
chirality of reaction products, depending on the direction of reaction mixture stirring (clockwise
or counterclockwise), has not been undertaken (there is an opinion that the stirring direction is
not important in VRP expirements [76]). In addition, the nature and origin of this cryptochiral
environment’s effect have not been discussed [81–89,91]. About the same statistical likelihood of
random (stochastic) signs of chirality is observed even with the same rotation direction (also, stochastic
distribution of the enantiomer outcome was observed in crystallization under cooling [92]).

NaClO3 crystallization and similar dissolution–crystallizations are metastable processes [93,94].
Therefore, even a small energy of the spiral flow during mixing can affect chirality as an inductor or
trigger. It explains well the influence of product enantiopurity on the number of glass beads and the
stirring rate [72]. It resembles a search of resonance such as the action of the ultrasonic radiation field
(20 KHz) on enantiopurity of the product during threonine crystallization (5(D)→70–87(D)%ee) [95].

Indeed, Figure 7 shows that the maximal enantioenrichment of NaClO3 crystallization occurs in
the time corridor of 20–24 h of stirring at a speed of 600 rpm (rotation per minute) and with 4 g of glass
balls (data from Reference [72]). This result is likely to be a reflection of a search of resonance with
some external chiral inductor. The shaded area in this figure is the possible resonance region.

Moreover, chiral enrichment vectors are the same in time but are manifested as stochastically
(random) reactions, while enantioselectivity vectors are not the same for different enantiomers (Figure 8).
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Figure 8. Stirring of 50/50% l- and d-crystals mixture of NaClO3 and 4g of balls lead to 100% chiral
purity after 24 h (600 rpm) randomly.

The results given in Table 2 also testify to the vector of predominant “natural” enantioselectivity.
A striking case of a literally “mechanistic” embodiment of stirring in the chiral effect can

be demonstrated by the example of antracene polymerization into a chiral nanofiber structure
(Figure 9) [96].

 

Figure 9. Schematic illustration of the formation of supermolecular polyantracene with left-handed
helical nanoarchitectures.

An average diameter of the rotational helix flux of the reaction solution as a result of stirring and the
supermolecular polyantracene helix cannot be directrly interdependent because of the incompatibility
of helix sizes (the ratio of the diameter of the helices is ~5·109–1 nm). Therefore, chirality of the reaction
product could appear apparently only due to an external chiral inductor as a resonator or the rotation
flux of the reaction mixture as a trigger.

Low temperature can also be a stabilization factor of chirality. Mirror symmetry breaking
occurred upon low temperature spontaneous crystallization of achiral macrocyclic imines [97]. An
absolute asymmetric synthesis was also carried out with a chiral reagent from chiral crystals with
axial chirality [98]. Crystalline 1 was melted at 120 ◦C and then gradually solidified by lowering the
temperature to 110 ◦C with vigorous stirring. Reactions (1) and (2) proceeded as ‘frozen chirality’ [98]
at a low temperature (“frozen chirality”) [92]. Low temperature monitoring data for the reaction (2)
are given in Table 3.

Table 3. Cyclopropanation of 1 using sulfur ylide.

Entry Temp./◦C Conv. of 1/% Yield of 2/% ee of 2/%

1 20 69 37 0
2 0 38 53 50
3 −20 27 65 67
4 −40 16 93 97
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(1)

(2)

There are other examples of axially chiral reagents with “frozen chirality” at a low temperature [99].
Crystallization of racemic axially chiral pyrimidinethione led to the chiral product with up to 91%

ee at a high temperature only [100].
Strong temperature stabilization of axial chirality suggests the existence of a chirality resonator.

A similar assumption can be made in analyzing a dependence of the helicity sign from temperature.
The helicity dependence from temperature was vividly exemplified by experimenting with poly

{(S)-3,7-dimethyloctyl-3-methylbutulsilylene} 3 [101] (Scheme 3). Also, a similar P M transition was
observed for other polysilylenes and analogous polymers at different temperatures, with various
solvents and varying other reaction conditions [102–107].

 
3 

 M-helix at –40°C P-helix at –5°C 

Scheme 3. Schemtic helicity dependence of 3 from temperature.

Reactions (3) and (4) resulted in helical products with different signs. When analyzing the
differences in the energy of these product conformations, it was shown that small amount of
energy (~1/600 of the ambient energy) is only distinguished P- and M-helices in these deuterated
polyisocyanates [108–111]. Therefore, it is quite possible that even a weak external inductor may be
capable of affecting the chiral conformation of helical nanostructures. This assumption should be

verified with special care, for example, in the case of the P M conversion of DNA (see Section 8).
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 (3)

 (4)

A possible existence of the chiral environmental inductor is also evidenced by asymmetric
reactions of achiral molecules adsorbed on the surface of metals [112–115]. Ernst rightly noted that
product’s chirality depends not only on the surface structure but also on the molecules orientation
(Figure 10) [116]. Chirality in this case can occur, apart from under the action of the chiral surface
structure, under the impact of the adsorbing molecule orientation. The environmental chiral inductor
in turn can contribute to this chiral orientation. Problematical chirality of metal surfaces suggests that
the chiral orientation is the main factor that provides enantioselectivity of the reaction of adsorbed
achiral molecules.

R

S R

Figure 10. Mirror symmetry in planar molecules on a surface.

5. Chiral and Racemic Field in Asymmetric Catalysis and Nonlinear Effects

Racemic compounds can also exist in solution, e.g., in ongoing reactions. The formation of racemic
intermediates of a reaction is observed in catalytic asymmetric reactions. The use of non-enantiopure
chiral auxiliaries as asymmetric catalysts sometimes causes a deviation from the proportional linearity
to ee of a catalytic reaction product (nonlinear effect NLE) in asymmetric catalysis [117] (Figure 11).
Scheme 4 shows two models for explaining nonlinear еffects: Kagan’s and Noyori’s models [118].
According to both models racemates and homochiral dimers function as real actors of the reaction
mechanism. However, both schemes do not take into account the specifics of the reaction and substrate
to predict the NLE occurance.
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Figure 11. Examples of nonlinear effects in asymmetric catalysis ee max = ee provided by an
enantiopure catalyst.

RS

RR SS

R S

RS

RR SS

R S

 
Scheme 4. Kagan and Noyori NLE models.

Steigelmann et al. [119] observed remarkable (–)-NLE in diethylzinc addition to benzaldehyde in
the presence of (S)– and (R)–fenchols (5). Methylzinc dimeric C2-symmetrical complexes (R,R-4) and
(S,S-4) were formed in this reaction (Scheme 5).

R R S S

 

Scheme 5. Racemic complex formation with (–)-NLE at X = H or CH3.

(5)

A racemic (heterochiral) complex was formffed where X = SMe3 or t-Bu (Scheme 6).
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S R

t

 
Scheme 6. Racemic complex formation with linear relationship at X = SMe3 or t-Bu.

The use of fenchols with X = H and X = CH3 in the reaction (5) resulted in (–)-NLE while fenchols
with X = SMe3 and X-t-Bu catalyzed this reaction with a linear relationship. Thus, the emergence or
absence of (–)-NLE in the reaction (5) depends only on the structure of ligands. Therefore, in this case,
the (–)-NLE emergence is formally defined by Kagan-Noyori models.

Chen et al. [120] discovered a substrate dependence of the nonlinear effect in diethylzinc addition
to aromatic aldehydes over chiral auxiliary 5.

Reactions with electron-donating substituents on the aromatic ring of aldehyde exhibited a
greater (+)–NLE than those with electron-withdrawing substituents. These data contradict with the
Noyori-Kagan models. The observed substrate dependence can be explained by a reaction of aldehydes
with diastereomeric homo- and hetero-chiral dimers of 6 via different pathways.

Dimethylzinc addition to aromatic aldehydes (6) using BINOLate–titanium complexes 7 as
catalysts produced weak (–)-NLE [121].

 (6)

Several BINOLate–titanium complexes (e.g., 7—reaction (7)) were synthesized at a low temperature
and characterized by crystallography X-ray crystallography. It was shown that (–)–NLE was only
observed in stoichiometric experiments (Figure 12). Catalytic experiments replicated the proportional
linearity of the ee product and the ee catalyst [122].
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Figure 12. And stoichiometric experimental data (Ti/ non-enantiopure BINOL ligand).

(7)

Catalytic reactions were run with 20 mol% of (BINOLate)Ti(O-i-Pr)2 and 80 mol% of
titanium tetraisopropoxide. The stoichiometric reaction were performed using 100 mol% of
(BINOLate)Ti(O-i-Pr)2.

Such a difference between the stoichiometric and catalytic experiments is true if homochiral dimers
catalyze the reaction path to enantiomerically pure products (no NLE). The stoichiometric reaction
results in non-enantiomerically pure products. Given the observed difference the NLE formation
mechanism remains unclear. The heterochiral dimer was shown to be significantly more stable than
homochiral dimers [123]. It is safe to assume that the concentration of homochiral dimers is higher in
the stochiometric experiments than in the catalytic ones. On the basis of this ratio, we may hypothesize
a more pronounced role of homochiral dimers (C2-symmetrical) in the occurance of (–)-NLE during
the stochiometric experiments.

The assumption about the leading role of C2–symmetric homochiral dimers in the appearance
of (–)-NLE gained experimental justification in other reactions. For example, pronounced (–)-NLE
was observed in Friedel–Crafts alkylation of pyrrole with chalcones (8) catalyzed by C2-symmetric
chiral dinuclear zinc catalyst 8 [124] and in the hetero-Diels–Alder reaction of Danishefsky’s diene and
aromatic aldehydes (9) over BINOLate–Zn complex 9 [125].

 (8)
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 (9)

 

Thus, the deviation from the linearity in favor of the racemic product ((–)-NLE) occurs in case
aromatic substrates in reactions catalyzed by homochiral C2–symmetric dimeres in situ formed from
dialkylzinc. This observation resembles catalytic reactions of aromatic substrates under the action
of C2–symmetric chiral catalysts that occur with anomalous low ee, i.e., an almost racemic product.
Addition of diethylzinc to trifluoromethyl ketones (aromatic) over C2-symmetric chiral auxiliaries (10)
pertains to such reactions (Table 4) [126].

Table 4. Results of chiral ligand 10–15 screening in the reaction (10).

Ligand ee %

10 37

  
11 8
12 1 10 11 12
13 7

   
14 0
15 0 13 14 15

(10)

It can be seen that all complexes with C2-symmetric ligands in the reaction (10) lead to
racemate-like products.

Addition of diethylzinc to aromatic aldehydes (11) in the presence of chiral auxiliaries manifests
other interesting features: differences in enantioselectivity of C2– and C1-symmetric chiral auxiliaries
of similar structures are sometimes greater than an order of magnitude (Table 5).
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Table 5. Results of chiral ligand 16–23 screening in the reaction (11).

L ee % Config Product Ref.

16 97 R [127]
17 100 R [128]
18 99 R [129]
19 8 S [130]
21 26 S [130]
20 8 R [131]
22 20 R [130]
23 4 S [132]

 

16 (C1) 17 (C1) 18 (C1)

 

19 R = OH
(C2)

20 R =
NMePh (C2)

21 R = NH2 (C2)
22 R = OH (C2) 23 (C2)

(11)

The catalytic cycle of this reaction in the presence of asymmetric (C1) ligands 16–18 was suggested
on the basis of a calorimetric study of kinetics [133]. The decrease in enantioselectivity in the reaction
(11) over C2-symmetric chiral auxiliaries can be explained on the grounds of a similar catalytic cycle
(Scheme 7) [134].

C
 

Scheme 7. Possible catalytic cycle of the reaction (11) in the presence of C2-symmetric ligands 19, 20.
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Key intermediate A in this scheme is also C2-symmetric. Both intermediate C and B are racemic
dimers. A possible π→π* conjugation (shown by the arrow in intermediate C) reduces the energy
barrier and facilitates this reaction path. Therefore, the reaction (11), in accordance with the mechanism,
can proceed with the formation of a product of low optical purity, in accordance to the experiment.

The deviation from the linearity to a racemic product ((–)-NLE) was observed not only in the
reactions of dialkylzinc addition to aromatic substrates catalyzed by homochiral dimers on the basis of
zinc. Remarkable (–)-NLEs were observed in reactions (12) and (13) [135,136] and similar reactions [137]
of aromatic substrates over C2-symmetric chiral catalysts:

 (12)

 (13)

Thus, all reactions with (–)-NLE occur on the basis of aromatic substrates under the action of
C2-symmetric chiral complexes. A similar effect was mentioned above for the reactions over in situ
formed catalysts with the dialkylzinc participation. The deviation from the linearity with the formation
of the low ee product in asymmetric catalytic reactions occurs where there is an abnormally low ee
product in the presence of C2-symmetric chiral complexes as compared to C1 complexes of similar
structure [2].

Noticeable distinctions between enantioselectivities of identical catalysts with ligands having a
similar structure but different symmetry (C2-21,26,27 and C1-28) were observed in reactions (14) and
(15) [138–141] (Scheme 8) where aromatic prochiral compounds were used as substrates.
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i
 

(14) 

L= 

 
  

 26 C2 21 C2 27, 28 

 ee = 0% (C2) ee = 17% (C2) R = H, ee = 12% (C2) 
R = Ts, ee = 97% (C1) 

 
(15) 

t

t

t

t  

AAL ee (%) 

KBr >99 (S) 

KCl <2 (S) 

29   

 
C  C

 30 31 

Scheme 8. Dependence of the reaction (14) and (15) enantioselectivity upon C1 and C2 symmetry of the
ligand 21, 26–29.

Thus, simple aromatic substrates (acetophenone, etc.) exhibit similar behavior with respect to
C2 or C2 inductor (catalysts). These monofunctional substrates which coordinate with a catalyst by
the reacting group (single–point coordination) only receive stereospecific information directly from
the asymmetric catalyst. A racemic field formed by the π→π* coordination of aromatic substrates
(Scheme 7) can induce a decrease in enantioselectivity. A stage of intermediate complexing with
C2-symmetric ligand may be responsible for the product ee reduction. This mechanism, perhaps, is
similar to the mechanism of the (–)-NLE occurrence established for aromatic substrates.

Since asymmetric induction occurs at the catalyst–substrate stage, symmetry of this intermediate
determines enantioselectivity. If the substrate has two or three functional groups, the chiral
C2-symmetric catalyst loses C2 symmetry at the stage of coordination with such substrate. Indeed,
hydrogenation of amino acid precursors on C2-symmetric chiral complexes (three–point coordination)
involves the formation of the C1 (asymmetric) intermediate [2].

All asymmetric reactions on chiral metal complexes as catalysts support this concept [2]. The
experimental data are entirely consistent with Curie–Pasteur’s doctrine: only asymmetric factors are
responsible for products with asymmetric carbon atoms [1].

A similar situation is observed in asymmetric reactions over chiral organocatalysts. A typical
example of such reactions is two-component reactions such as aldol reactions of acetone with
α-ketoesters, reactions of cyclohexanone derivatives and β-nitrostyrenes (Michael reactions), nitroaldol
(Henry) reactions [39,142–148], etc. Two plausible transition states TS-R and TS-S (Figure 13) reflect
the structure and bonds of the key intermediate of the reaction (16) over C2 organocatalyst 32 [149]. As
seen from the figure, each of the possible transition states (key intermediates) do already not have
C2 symmetry like the basiсorganocatalyst. These key intermediates are asymmetric structures in the
reaction (16).
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TS-32-R TS-32-S 

Figure 13. Transition states of the reaction (16) on C2 organocatalyst 32.

(16)

Therefore, asymmetric induction proceeds through the C1-symmetric (asymmetric) key
intermediate in two-component reactions catalyzed by C2 organocatalysts. Another
example in support of this conclusion is Michael’s reaction (17) on novel C2-symmetric
N,N’-bis-[(pyrrolidin-2-yl)methyl-squaramide] TFA ((R,R)-33 or (S,S)-33) salts [150].

 (17)

Figure 14 shows two possible favoured and two disfavoured intermediates which are different
from the viewpoint of an approach of the reagents to C2 33 (a front or rear approach). Both favoured-1
and favoured-2 intermediates, alongside with those disfavoured-1 and disfavoured-2, are formed as a
result of the reactants coordination with different side nitrogen atoms of C2- symmetrical 33. Therefore,
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they are similar in terms of the structure and symmetry of both 1 and 2 favoured or disfavoured 1 and
2 key intermediates (C2 symmetry of 33 and C1 symmetry of key intermediates).

R R

SS

 
2-(R,R)-33 

 

C
Disfavored-1 Disfavored-2 

C1 symmetry 
 

C
 

Favored-1 Favored-2 
C1 symmetry 

Figure 14. Proposed transition states for the asymmetric Michael reaction (17) over (R,R)-33.

A similar loss of C2 symmetry of an organocatalyst was observed at the key intermediate stage
in the aldol reaction (18) of β-carbonyl acids with trifluoroacetalaldehyde over the C2-symmetric
bisoxazoline catalyst [151] and analogou reactions [151–156].

Nonetheless, the C2 symmetry loss by the key intermediate does not guarantee high
enantioselectivity. An example is a Henry two-component reaction catalyzed by Cu(OAc)2 complexes
with C2 ligands 34–36 and 37–39 (Table 6) [157]. Supposedly, the proposed structure of key intermediate
disfavoured and favoured mechanisms of the reaction (19) on complexes with 35 (34,36) only
corresponds to high enantioselectivity (Scheme 9).
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Table 6. Henry reaction of p-nitrobenzaldehyde with nitromethane in the presence of different ligands.

Ligand Product ee%

34
35
36
37
38
39

69
71
67
0
2
0

 
34 R1 = Et, R = Bn
35 R1 = Et, R = Ph

36 R1 =Me, R = iPr

37 X = N, R = H
38 X = N, R = Ph
39 X = C, R = iPr

R S

R S

≈

 
Scheme 9. Key intermediate strctures of reaction (19).

 (18)
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(19)

Favoured and disfavoured routes of the reaction pathway are equally likely (low enantioselectivity)
in the caseof the reaction (19) on Cu(OAc)2/37 (38,39). Therefore, this mechanism is in agreement with
the experiment.

Thus, all the above-mentioned reactions of asymmetric catalysis proceed by the standard scheme:
asymmetric catalyst (an asymmetry inductor) – asymmetric product. C2 chiral catalysts (a C2 chiral
metallocomplex and a C2 chiral organocatalyst) lose C2 symmetry of the key intermediate that
determines asymmetric induction. Therefore, asymmetric catalytic reactions run in the asymmetric
field and do not occur in the chiral field (asymmetry-(C1), chirality-(C1, C2, Cn, D2).

6. Spontaneous Chiral Ordering of Achiral Molecules in Liquid Crystals

A common feature of achiral molecules involved in chiral ordering is the ability to bind to each
other due to π – π* staking, hydrogen bonds or hydrophobic interactions. Linked by those bonds, they
shift relative to each other around the central axis on the right or left screw. This synchronization of
achiral molecules in chiral superstructures occurs in smectic (lamellar) or nematic liquid crystal (LC)
phases. Numerous studies [158–165] of these nanostructures with a “banana”, “hat” or crown–like
shape show that a ratio of layers with chiral superstructures of different signs in the LC phase is
50:50% or so. It is viewed in photomicrographs as chiral domains (dark/bright spots of equal areas)
between slightly uncrossed polarizers. Therefore, the definition of such spontaneous crystallization of
achiral molecules as “mirror symmetry breaking” [158–165] can only refer to one individual domain or
monolayer with superstructures of similar chirality. Since the ratio of domains of different signs is
close to racemic, this definition is not correct for crystallization of the entire mass of molecules.

Thus, the formation of chiral superstructures from achiral molecules in LC and distribution of
these chiral structures of different signs in the LC matrix is strikingly similar to the formation of chiral
crystals from achiral inorganic compounds/salt molecules (Section 4). For example, a similar pattern
of the equal ratio (l/d = 1:1) of chiral inorganic crystals is observed in deposits of quartz [166–169]
(Figure 15) as well as in the formation of a conglomerate (a mixture of l- and d–crystals) during NaClO3

crystallization (Scheme 2).

 
(a) (b) 

Figure 15. Natural quartz (a) left-handed crystals versus (b) right-handed ones [167].

Powdering of natural chiral quartz crystals blends left- and right-handed domains [166–169].
Chiral surfaces of centric calcite (CaCO3,) were observed as well [170–172]. Asymmetric crystals of
gypsum (CaSO4·2H2O) were also found [173] and used for asymmetric adsorption [174]. It is believed
that natural processes of nucleation and growth of these crystals last for a very long time under the
influence of the chiral environment.
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Crystallization of achiral molecules in LC and crystallization of quartz and other minerals and
salts (see Scheme 8) in nature are likely to proceed according to the laws same as of chirality occurrence.
This regularity was also confirmed in the conditions of a standard organic reaction (20) [175].

 (20)

Achiral molecules crystallize in the LC matrix with an approximately equal area of domains
of chiral superstructures with different chirality signs. It is difficult to measure the exact ratio of
superstructures with different signs of chirality using a polarizing microscope technique (domains) or
scanning electron microscopy (twisted ribbons). Therefore, the (1:1) ratio (a racemic mixture) can be
assumed valid on the grounds of many publications [158–165].

Spontaneous formation of chiral nanostructures from achiral molecules in the LC matrix has
a high inertia depending on heating or cooling to reach a certain temperature. For example, a
paradoxal situation may arise when chiral domains of different chirality signs can be formed at the
same temperature depending on its achievement by heating or cooling (Figures 16 and 17) [57,176].

Figure 16. Temperature dependence of circular dichroism (CD) spectra (ellipticity) of 41 [176].
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Figure 17. Temperature dependence of CD spectra of 42 [57].

 
41 

42 
R1 = –(CH2–CH2–)2СH3 

R2 = –(CH2–CH2–)nСH3 

 
43 

Similar effects were observed in the ongoing formation of other chiral superstructures from
achiral molecules [57,177–180]. The dependence of chiral nanostructures from various mesophase
temperatures of LC (maximal order) suggests that this regularity is of general nature. The temperature
inertia of the formation of chiral superstructures is comparable with the time inertia of crystallization
of calcite, gypsum or quartz in nature.

Mineo et al. [57] suggested that chiral superstructures on the basis of “achiral porphyrin–based
molecules 42 can be induced and controlled by means of a weak asymmetric thermal gradient” or
“asymmetric heat flow.” It can be considered as evidence of “very weak forces having an important
role in natural chiral selective processes” [57]. May it be regarded as a manifestation of resonance with
the external chiral field?

Another feature of the reaction of the chiral superstructure formation from achiral molecules is
a dependence of the conformation of P or M helical structures from irradiation of different energy.

The ratio of P M enantiomeres was found to be reproducible depending on irradiation [158,162]
(Figure 18).
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(a) (b) 

Figure 18. (a) Photoresponsive azobenzene 43. (b) CD spectra for (+) and (–) domains of sample
43 [162].

If enantiomers are an energy equivalent, the ratio of enantiomers should be random and
non-reproducible. The reproducibility of M→P ratio UV and the opposite P→M sequence after Vis
irradiation (Figure 18) could result from the action of the external chiral inductor as a chiral trigger.

Another strange feature of crystallization of achiral molecules in the LC phase was found
during crystallization of pyridinum–tailored antracene 44 [181] in the presence of iodine and other
pseudo-halogen anions with a similar anionic radius.

44 

A specific role of the anionic radius to form chiral supromolecular assemblies from achiral molecule
44 testifies to the influence of the helix pitch size in the ongoing formation of a helix structure. An
external chiral inductor may also be responsible for this experimental data. It is difficult to explain a
similar sensitivity of the organic helical framework to the metallic core radius by internal reasons [182].

An extremely interesting effect was observed in a supamolecular self-assembly of achiral
tetraphenylethylene 45 (Figures 19 and 20) [183] due to solvent evaporation. (A) R = C7, (B) R
= C8, (C) R = C9, (D) R = C10, M, P, M, P, correspondingly.
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Figure 19. Twisted ribbons of 45 on silicon wafers from MeCN/THF (9:1 v/v). (A) R = C7. (B) R = C8.
(C) R = C9. (D) R = C10 [183].

Figure 20. Graphical illustration of the 45 self-assembly effect [183].

Hence, 45 with the even number of carbon atoms in alkyl chains was produced by right-handed
superstructures, whereas the odd number led to the left-handed supramolecular structure (Figure 20).

175



Symmetry 2019, 11, 649

No physical rationale for this phenomenon has been discussed. We believe that a possible explanation
for this effect may be the influence of an external chiral inductor as a resonator.

The sensitivity of this resonator to the structure of achiral molecules could be illustrated by the
following examples (Figures 21–24).

 

46 

 

R = methyl 

 

Figure 21. Schematic illustration of the chiral superstructure on the basis of 46 [148,164].
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47 

  

 

Figure 22. Schematic representation of the chiral superstructure on the basis of 47 [183].

 

Figure 23. Schematic model of the chiral superstructure based on propeller-shaped molecule
48 [184,185].
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49  

Figure 24. Schematic illustration of the chiral superstructure on the basis of crown-shaped molecule
49 [186,187].

As can be seen, symmetry (C2, C4) of corresponding chiral superstructures coincides with symmetry
of the underlying achiral molecules (46,45,48). Crown-shaped molecule 49 with 12 peripheral alkyl
chains (C3) form single columns with 12-fold triple helices (C3) (Figure 24) [186,187]. Asymmetric
molecule 47 (C1 symmetry axis) with the center of gravity in the side chain forms a helix from the
linear sequence of these molecules (tail to head) with C1 symmetry (Figure 22).

Thus, the centers of gravity (symmetry) of achiral molecules and relevant chiral superstructures are
similar. This coincidence could be possible evidence of the gravitational influence in the construction
of chiral ensembles from achiral molecules.

Not necessarily organic compounds or salts solely participate in the formation of chiral
superstructures. Singh et al. [188] observed that cubic nanocrystals (~13.4 nm) of magnetite Fe3O4

as dipoles self-assembled into arrays of helical superstructures. Fe3O4 dipoles are oriented along the
applied magnetic field (H = 700g). The chains of single magnetite particles aggregated as the solvent
evaporated (Figure 25). Examples of self-assembly of one-dimensional Fe3O4 nanocube belts can be
seen in Figure 26.

  

Figure 25. Assemblies of the formation of Fe3O4 nanoparticles (NP) in diethylene glycol (DEG)-air
interface in the magnetic field [188].
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(a) (b) 

 
 

(c) (d) 

Figure 26. Of Fe3O4 nanoparticle chiral arrays. (a) One-dimensional belt folding into a left-handed
helix. (b) Transmission electron microscopy (TEM) image of an individual left-handed helix. (c)
Scanning electron microscopy (SEM) of single-stranded helices. (d) SEM image of (left-handed) double
helix [188].

The authors concluded that “there was no intrinsic preference for helices of either handedness;
each experiment began with the nucleation of either right- or left-handed helices with equal probability”.
At the same time, chiral arrays during a single experiment retained the identical handedness. Double or
triple helices were observed during some experiments (Figure 27a,b). Figure 27c,d also shows chirality
inversion cases in some single experiments (denoted by arrows). Consequently, chirality was preserved
during the experiments, except for some cases of partial inversion which reduced enantioselectivity.
Whereas crystallization of chiral superstructures from achiral molecules in LC can be compared with
NaClO3 crystallization without stirring (Scheme 2 top), chiral arrays of Fe3O4 nanoparticles in the
magnetic field can be compared with NaClO3 crystallization with stirring (Scheme 2, bottom). Indeed,
the images (Figures 26 and 27a) show domains with homochiral superstructures (single handedness).

 

 

 

 

(a) (b) 

  
(c) (d) 

Figure 27. (a) Self-assembly of helical Fe3O4 nanocrystal superstructures. (b) SEM image of the
right–handed array of double helices. (B) Array of right-handed triple helices and the end of a triple
helix (inset). (c) SEM image of self-healing (handedness inversion or damage). The arrows indicate
chirality inversion sites. (d) SEM Image of left-handed double or triple helices (Fe3O4Ag) with sites of
helices with the sign reversal [188].
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A comparison to NaClO3 crystallization with stirring implies a presence of a hypothetical chiral
inductor. Hence, the magnetic field alone cannot be a chiral inductor in the formation of the chiral
order of magnetite crystals. It is believed that a combination of the magnetic field only with another
field [189] (electrical or gravitational) can be an asymmetric inductor.

A number of nanotubes were synthesized (BN, WS2, MoS2, NbSe2, NiCl2, SiO2, TiO2, MoO3,
and V2O5) [189]. Celik-Aktas et al. [190] studing boron nitride nanotubes by transmission electron
microscopy (TEM), observed “regular, zigzag, dark and bright spots on the side walls of the nanotubes.”

These spots moved in a regular fashion around the tube. Basing on this evidence,
the authors [191,192] suggested a double-helix structural model (Figure 28) “as a result of a stronger
wall–wall interaction associated with the ionic bonding in boron nitride”. However, stabilization of the
right-handed helix structure (Figure 28) is opposite to that of the left-handed. It is possible that the
preference of right–handed helix symmetry can be explained as the result of an external chiral inductor
(chiral environment).

    
(a) (b) (c) (d) 

Figure 28. TEM image of BN nanotubes. (a) “Dark contrast regions in the middle of the tube and on
the side walls are visible.” (b) Schematic helix structure of BN nanotubes. (c) Atomic structure of BN
hexagonal helices. (d) BN nanotubes (the change point is indicated by an arrow) [191–193].

The sharp turning point of the BN nanotube at an angle of about 30–40◦ (Figure 28) [190–193] is
extremely similar to the inversion point of the chirality sign of the magnetite nanocrystals self-assembly
(Figure 27c,d). Therefore, it can be assumed that this BN point is the turning point of the transition of
the right–handed helix to the left-handed one (or the contrary).

7. Chiral Field (Chiral Memory) and Racemic Field

An example of the chiral field existence can be an enantioselective reaction (21) of prochiral
substrate hydrogenation on an achiral catalyst in the cholesteric liquid crystal (ChLC) [189].

 
(21)

The temperature maximum of hydrogenation enantioselectivity (ee = 16% at 60–70 ◦C) coincides
with the temperature maximum of ChLC (cholesteryl tridecanoate) helical ordering. Mirror symmetry
breaking in this case is contrary to common sense. Indeed, molecule sizes of α-acetamidocinnamic acid
and the RhCl(PPh3)3 catalyst are much smaller than the ChLC helical pitch (300–400 nm). Therefore,
asymmetric induction at the stage of coordination of substrate and catalyst molecules cannot only
occur under the influence of ChLC helical chirality. A possible explanation of mirror symmetry
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breaking in this experiment is the effect of the chiral field on individual molecules of the substrate
and catalyst [194,195]. Indeed, it was shown by the method of induced circular dichroism that helical
ordering was built by achiral reactant molecules as well as from achiral Wilkinson’s catalyst molecules
in the conditions of the hydrogenation reaction in the ChLC medium. Thus, the chiral structure of the
key intermediate in this reaction was provided by the action of the chiral field [194,195].

A strong chiral field was shown to exist between two flat aromatic “pincers” (tweezers) [196,197]
separated by some kind of a more or less rigid “teter” with a chiral moiety as a chirality inductor.
Porphyrin or metalloporphyrin groups at the chain ends with the chiral inductor in the middle of this
host molecule, for example 50, can be used as tweezers [198–201]. The length of the chain the inductor
and porphyrin group separating can exceed 13 single and double bonds173. In the absence of a chiral
inductor, such structure is used to study molecular chirality of chiral bidentate guest molecules by
circular dichroism of metalloporphyrin hosts as a sensor of chirality [202–207]. End porphyrin groups
can be located at a considerable distance from each other in formulations such as dibenzo30-crown-10
skeleton 51 [208].

 
50  

There is an assumption that tweezer’s architecture of 51 lead to the mesostructure formation.
Mmirror symmetry of N-atoms in 51 is realized through the π–π* interaction of porphirin groups. This
structure provides a strong racemic field between flat porphirin groups. Chirality of self-assembled
achiral porphyrins (imprinted chirality) in host–chiral guest structures persists after a removal of the
chiral guest–inductor which caused this chirality [209]. This is a new example of chiral memory.

A property of silica gel to retain information (“remember”it) about complex or chiral molecules
dissolved in it during molding was noticed long ago [210–213]. After their removal, silica gel could
selectively adsorb these molecules or enantiomers. This selectivity of silica gel could be attributed
individually to silylium ions [214]. However, the experimental variety of the ability to memorize
structural information, which is characteristic of different gels, allows us to attribute this property to
physical gels [215–223].

The discotic trisamides and trisureas of the 52 and 53 type form fibers and organic gels [224–226].
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52 53 

A minor structural variation in this type molecules may dramatically disturb helical columnar
superstructures built on the basis of these molecules. The structure and properties variability of
these helical columnar aggregates may be related to the gel structure as well as π–π* stacking
and H-bonding. It is believed that the gel formation leads to reaction medium structuring.
Together with π–π* stacking [227,228], H-bonding [229], and donor–acceptor interaction [230], this
structuring facilitates the chiral information transfer. Polymers 54 and 55 form co-gels with the
N,N’-bis(octadecyl)L(D)-Boc-glutamic gelator [218].

 

54 55 

Supramolecular chirality of polymers 54 and 55 follows the chirality type of the gelator. Helicity of
the polymer assemblies can be memorized even after a removal of gelator molecules. Reaction mixture
structuring by means of physical gel and π–π* stacking or H-bonding relationships of interacting
molecules is necessary for displaying chiral memory in the formation of chiral superstructures. These
relations and the chiral memory effect were observed for self-assembly of molecules 56 [231] and 57 [216],
and other aromatic molecules in the presence of molecular low weight gelators [217,229–231]. The idea
of reaction mixture media structuring with gel has been further evolved experimentally [232–235].

182



Symmetry 2019, 11, 649

 

 

56 57 

Numerous examples of the chiral memory effect have been observed in polymerization [236–243].
Polymerization creates higher-order structural ordering than the structural arrangement by gel.
Therefore, π–π* stacking, in addition to structural ordering during polymerization, creates conditions
for the emergence of chiral memory. The chiral memory effect in polymerization of oligomers is
also observed with the participation of hydrogen bonding [244]. It is also possible that other factors
may contribute to chiral structuring of the medium during polymerization, e.g., vicinal chirality
(Figure 29) [245].

 
Figure 29. Illustration of the chiral memory effect in poly(biphenylacetylene)s.

We believe that all above-mentioned examples of chiral memory can be explained by the existence
of a chiral field. The conditions of the chiral field existence and preservation correspond to the necessity
of structural ordering in the overall variety of chiral memory examples.

Chiral effects are known to have only a small energy barrier (see, e.g., reactions (3) and (4) with the
P–M transition) [107–111]). Therefore, for example, the P–M conversion occurs when the temperature
changes within 30 ◦C [101–111]. The chiral field effect may be compared with the chiral effect of other
fields or inductors. An example is the chiral effect of ultrasound radiation on chiral amplification [95]
in crystallization. It is of interest that the chiral memory motif is also observed in chirality amplification
during porphyrin self-assembling [246].

A racemic field is misappreciated in comparison with a chiral field. Perhaps, a reason for this is a
kinetic dependence, in which an asymmetric reaction (without an asymmetric inductor) produces the
same number of “right” and “left” products. With a high energy of this reaction, the racemic field may
not be noticed. Therefore, the comparison between the racemic field and the chiral field can be valid
only for not high-energy reactions such as crystallization [247]. Thomas and Tor [248] synthesized a
novel 1.10-phenanthroline ligand with branched multifunctional dentritic groups. When an octahedral
metal ion self-assembled with these ligands two enantiomers, Δ and Λ, were formed (Figure 30). This
can apparently be considered as an example of racemic field impact.
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Figure 30. Dendritic fragments assembled around an octahedral metal ion from Λ and Δ

enantiomers [248].

A colourless crystal of helical [Cu4Cl4(ally)4]∞ was formed after neat triallylamine (ally) addition
to copper (I) chloride at ambient temperature [249] (Figure 31). Out of the five crystallizations three
resulted in the predominantly P-helix and two in the predominantly M-helix. Those examples can
be considered as a manifestation of the stochastic action of the chiral fieid (Figure 31) as well as the
racemic field (Figure 30).

Figure 31. Schematical view of the [Cu4Cl4(ally)4]∞ helix [249].

These cases demonstrate an analogy with crystallization of sodium chlorate (Scheme 2) and the
stochastic helicity formation (Section 6).

There is abundant evidence that a collection of right- and left-handed enantiomers possesses other
physical properties than a collection of pure enantiomers [39]. It is reflected in tighter packing (more
than 4% denser) or higher melting points of racemates than those of their enantiomers (Wallach’s
rule) [250–252]. Also, data on solubility and some other physical properties show that racemates
tend to be slightly more stable than pure enantiomers. The simplest explanation of Wallach’s
phenomenon is associated with a difference in hydrogen bonding energies of “true” racemates and
pure enantiomers [253–260]. Opponents of this concept validity believe that “true” racemates and
pure enantiomers with analogous H-bonding are not rare in occurrence [261–266]. The discussion is
complicated by the fact that there are the examples of anti-Wallach’s rule [267]. Therefore, the cause of
Wallach’s phenomenon has not been completely understood up to now. Some researchers designated
Wallach’s rule as “mutually exclusive binding” in “true” racemates [268].

Thus, the differences in the physical properties of racemate and enantiomer crystals as well as
mirror symmetry breaking or conservation in crystallization of sodium chlorate (Scheme 2) or dendritic
complexes (Figure 30) and triallylamine complexes (Figure 31) suggest the existence of a racemic field
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alongside with a chiral field. It is possible that the existence of mirror symmetry in the form of a
racemic field is global (mirror symmetry space). After all, our Galaxy has a mesostructure (Figure 3).

There are direct evidences of sophisticated structures of racemates. For example, collagen peptides
form tight ridges-in-grooves packing of right- and left-handed triple helices (Figure 32) [269].

Figure 32. Illustration of triple helices of collagen LD (left) and LL (right) conformations [269].

It seems there is a force which provides an energy advantage for the synthesis of a denser racemate
structure. The difference between racemic and chiral fields could explain this experimental observation.

Racemic compounds exist in solution as well (Scheme 4). According to Kagan and Noyori’s
models racemates and homochiral dimers function as real actors in catalytic asymmetric reactions with
nonlinear effects (see Section 5).

Racemic superstructures formed by P- and M-helices represent a large group of
racemates [39,270–272]. There is no consensus about a reason for the structural difference between
heterochiral (racemic) and homochiral dimers [273–275].

8. B–Z DNA Conformational Transition

Having a seemingly stable molecular structure, the DNA molecule is a vulnerable object.
For example, there are more than a hundred of oxidative damages of the DNA molecular structure.
Alongside with the structural damages, the DNA molecule may be subject to conformational distortions
(Table 7) [276]. All these conformations of canonical B-DNA (right-handed double helix) lead to genetic
instability and genetic diseases [277–283]. From this viewpoint, the conversion of right-handed B-DNA
into left-handed Z-DNA attracts widespread attention.

Table 7. DNA conformations [276–278].

Name Conformation Name Conformation

Cruciform Slipped (hairpin) structures

 

Triplex Left-handed Z-DNA

Harvey [284] presented a schematic structure (Figure 33) of B- and Z-DNA molecules after the
inversion point. The base pairs in Z-DNA are directed opposite (arrows) from those in B-DNA.
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Figure 33. B→Z DNA after the inversion point.

It is unlikely that a transition of right-handed B-DNA into left-handed Z-DNA shown in Table 7
occurs linearly without changing the angle of the DNA thread. It is known that the angle between the
polymer helices of opposite senses is about 130◦ (Figure 34) [285,286], which has been confirmed by
other experimental data (see Figure 27c,d).

 

Figure 34. Calculated helical reversal of poly(ethyl isocyanate) [285].

Lee et al. [287] calculated a free energy difference between B-DNA and Z-DNA which is 0.9 kcal/mol
per dinucleotide unit. The low energy of this transition was confirmed by the influence of relatively
weak chemical factors on this transition. Indeed, ions, especially cations, strongly affect B–Z DNA
transitions [288,289]. This influence can be explained by reducing phosphate–phosphate interactions
between phosphate groups on opposite strands. Phosphate groups got closer to each other in
Z-DNA than in B-DNA (7.7 Å in Z-DNA compared to 11.7 Å in B-DNA) [290]. Therefore, cations
clustering around the negatively charged phosphate group affected B-DNA and Z-DNA in a different
manner. It is not surprising that ions with higher valencies appeared more effective than monovalent
ions [291–293]. The agents that change the dielectric constant of water (or alcohol) were found to

stabilize Z-DNA [294–296]. Small molecules affected B Z equilibrium as well [297,298]. The B–Z
DNA transition was also influenced by Co, Mn, Ru and Pt complexes [299–301]. Nevertheless, chiral
metal complexes failed to convert B-DNA to Z-DNA (see also [302–306]).

Xu et al. [307] first reported that the (P) and (M) helicene 60 helix molecule (Figure 35) displayed
structural selectivity in binding to DNA. The circular dichroism (CD) spectra of the (P)-60/Z-DNA
mixture showed the 70% decrease in intensity of CD whereas no change occurred in binding of (P)-60

to B-DNA. No discrimination was seen in the CD spectra of the (M)-60/B-DNA and (M)-60/Z-DNA
mixture. There was only the 20% decrease in CD intensity.
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M P  
Figure 35. Enantiomeric helical pair of helicene 60.

This observation allows a very important and fundamental conclusion: an external chiral inductor
can affect B–Z DNA conformations or their equilibrium. The influence of this inductor is apparently
not related to the chemical interaction. Optically active hexahelicen and its derivatives are known
for their huge optical rotational ability (CD activity and chiral field). Therefore, their effect on chiral
conformations of DNA is due to a greater degree of the helicene chiral field.

By analogy, Tsuji et al. [308] showed that an optically active helicene-spermine conjugate (Figure 36)
might discriminate B–Z DNA conformations as well. The authors proposed a schematic illustration of
the intermediate complex of the B-DNA and Z-DNA interaction with (P)-64 and (M)-64, respectively
(Scheme 10).

P M  
Figure 36. Structures of several spermine-conjugated ligands.

Scheme 10. Schematic illustration of B-DNA and Z-DNA intermediate complexes with (P)-64 and
(M)-64.

Electrostatic interactions of cationic spermine 64 along the phosphate backbone of the DNA minor
groove led to the steric hindrance in the case of Z-DNA and (M)-64. Qu et al. [309] reported that an
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anticancer agent (+)-dunorubicin and its novel (-)-enantiomer (WP 900) exhibited enantioselectivity in
binding to DNA.

Apart from the above-mentioned chiral inductors, complex structures containing large aromatic
ensembles can exert a discriminatory effect on DNA. Doi et al. [310] found that spermine achiral
conjugate 65 affected the B→Z transition of d(CGCGCG)2 at a low salt concentration. Haque et
al. [311] observed an opposite transition of left-handed Z-DNA into B-DNA in the presence of
benzophenanthridine plant alkaloid chelerythrine 66.

 

 
 

 

65 66 

An analysis of the discriminatory ability of irradiations and electromagnetic fields to initiate
DNA degradation shows that almost each of them exerts impact on DNA, alone or jointly with some
other factors. For example, a magnetic field with an extremely low frequency can induce a DNA
double-strand break (the most potent form of DNA damage and genomic instability) [312]. A similar
effect was observed for DNA marker exposure under a pulsed magnetic field (25 Hz) [313]. The pulsed
magnetic field increased a spontaneous genomic DNA degradation in this case. The pulsed magnetic
field enhanced the cell-killing effect of UV radiation [314].

Impact of the electromagnetic field on DNA obeys the same pattern as that of the magnetic field.
It appears that a stable electromagnetic field does not affect DNA. These are only low frequency
electromagnetic fields that exert a genotoxic effect on DNA [315]. For example, 50 Hz low frequency
electromagnetic fields enhanced cell proliferation and DNA damage [316]. Genotoxic effects were
observed in human fibroblasts after intermittent exposure to 50 Hz electromagnetic fields [317] (see
also [318,319]). Regretfully, a combination of two factors (ionizing radiation and a presence of organic
salts) is required to protect DNA from damage. Zheng and Sanche [320] marked that organic salts
were efficient in protecting DNA from damage by electrons of 1 eV to 60 keV. The authors suggest
that anions of organic salts create additional electric fields within the DNA groove which protect the
molecule (see also [321]).

Therefore, usually, a low frequency electromagnetic or a low frequency magnetic field (alone
or in combination with other factors) can affect DNA; however, some scientists disagree with this
opinion [322,323].

Investigations of the static magnetic field effect on DNA have led to less definite conclusions.
Li et al. [324] showed that a “magnetic field could potentiate the activity of oxidant radicals” and
could bring about “both stabilizing and destabilizing effects to DNA”. According to Ruiz-Gomez et
al. [325] the magnetic field effect on DNA is not certain. Aydin et al. [326] believe that a low intensity
static magnetic field may trigger genomic instability. “But this genotoxic effect of the magnetic field,
however, is minimized in living organisms due to the presence of protectic cellular responses” [327]
(see, however [328]).

This assumption has sound grounds. It is now known that each type of DNA damage corresponds
to a certain repair mechanism in a living cell such as nucleotide excision repair, base excision repair,
mismatch repair, and so on [329]. It is logical to assume that impact of a stable factor of the Earth’s
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magnetic field over millions of years of evolution has led to the development of a living cell protective
mechanism, alongside with a corresponding DNA repair mechanism. However, since the pulsed
magnetic field is not found in nature, DNA has no protective mechanism from it. Probably, that is why
the static magnetic field has little effect on DNA and the cell in vivo whereas the pulsated magnetic
field affects DNA and the cell radically [320–322,330]. According to the same logic we can suggest
that periodic long-term gravitational pulsations (lunar tides), as a common phenomenon on Earth,
have a protective mechanism against DNA damage (corresponding DNA repair mechanism) whereas
static gravitation is uncommon for living organisms on Earth. Indeed, gravitational impact on the
Moon (by Earth) has no pulsation. This impact is constant because only one side of the Moon faces the
Earth. Therefore, living organisms may have difficulties with the B–Z DNA transition as there is no
protection from static gravity.

9. Conclusions

An obvious advantage of the right-handed helical structure of the most important biological
macromolecules is possible evidence of the existence of an external chiral inductor with
similar symmetry.

Effects of chiral and racemic fields as possible inductors and conductors of the corresponding
influence explain chemical processes with mirror symmetry breaking or retention.

It is possible that the mirror symmetry effect of a racemic field generates additional energy for
material objects. This effect may probably explain the mesostructure of galaxies or the formation of
chiral crystals of different signs in equal proportions in Earth’s deposits. Also, this effect may account
for the difference in the physical properties of racemic and enantiomeric crystals (Wallach’s rule) or
spontaneous chiral ordering of achiral molecules in the form of domains of different chirality signs
in approximately equal proportions. The physical basis of mirror symmetry breaking and mirror
symmetry retention effects can be found in stochastic chemical reactions running by two routes: with
the formation either of racemic or chiral products.

External inductor’s impact on these reactions and processes has been also discussed. This influence
corresponds to the mesostructure of our Galaxy as a source of chiral and racemic gravitational fields.
The fields can serve as a chiral (chiral environment) or racemic inductor and trigger.

These fields, in turn, can affect all biological processes in living organisms. This is especially
relevant for Z-DNA areas of native DNA damage with the left-handed conformational conversion.
Indeed, there are mechanisms in Nature that protect DNA from destructive factors (mismatch repair,
nucleotide or base excision repair, oxidative defects repair, and so on). It is highly likely that Nature has
a corresponding DNA repair mechanism against DNA conformational damage caused by the pulsed
gravitational field of Earth (Moon tides). Changing of this status quo in lunar settlements (stable
gravity and zero magnetic field) can be dangerous for living organisms. Indeed, it is possible that
DNA molecules (especially Z-DNA fragments) in organisms placed in the other chiral gravitational
environment could behave via a different mechanism and become more vulnerable. Moreover, the
corresponding DNA repair mechanism will function in a different manner.
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Abstract: A review. The question of homochirality is an intriguing problem in the field of chemistry,
and is deeply related to the origin of life. Though amphiphiles and their supramolecular assembly
have attracted less attention compared to biomacromolecules such as RNA and proteins, the lipid
world hypothesis sheds new light on the origin of life. This review describes how amphiphilic
molecules are possibly involved in the scenario of homochirality. Some prebiotic conditions relevant to
amphiphilic molecules will also be described. It could be said that the chiral properties of amphiphilic
molecules have various interesting features such as compositional information, spontaneous formation,
the ability to exchange components, fission and fusion, adsorption, and permeation. This review aims
to clarify the roles of amphiphiles regarding homochirality, and to determine what kinds of physical
properties of amphiphilic molecules could have played a role in the scenario of homochirality.

Keywords: lipid; supramolecular assembly; symmetry breaking; homochirality

1. Introduction

The question of homochirality arises from the simple fact that living organisms are composed
of chiral molecules. Functional biomolecules, such as nucleic acids, proteins, and lipids, are made of
enantiomerically-pure chiral building blocks (e.g., sugars, amino acids, and glycerolphosphates).
Typical questions regarding homochirality are “How did life choose chirality?”, “Why does
the enantiopurity of chiral molecules need to be high in living organisms?”, “How and when
did the homochirality occur?”. One specific question about lipids is “Why is the chiral
moiety of archaea (sn-glycerol-1-phosphate) the mirror image of that of bacteria and eukaryotes
(sn-glycerol-3-phosphate) [1–3]?”. One reason that makes it difficult to answer these questions is that
we do not know how life appeared, nor when it emerged. Some researchers assume that life emerged
when functional biopolymers, such as RNA or proteins, emerged from a soup of their monomers
and oligomers, represented by the RNA world [4–6], protenoid microsphere [7,8], and the protein
world [9]. Others postulate that it was not these polymers, but the formation of a supramolecular
assembly that came first (e.g., micelle, vesicles, coacervate, oil droplets, etc.), represented by a lipid
world hypothesis [10–12]. The latter view is held by relatively few scientists, but it is gaining attention
and could provide new insight into the problem of homochirality.

To understand how amphiphilic molecules may have affected homochirality, approaches from a
wide range of sciences are required. The importance of amphiphilic molecules, from the view point
of the origin of life, has been largely recognized by researchers in system chemistry [13]. This field
provides a bird’s eye view of the origin of life, including the roles of lipids, as well as RNA and proteins.
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Computational methods in this field do not require chemicals and can explore the key features of a
supramolecular assembly, including compositional information, reproduction, and the evolution of
life [14]. Supramolecular chemistry is key in understanding the roles of cell membranes in a prebiotic
system [15], and also provides profound insight into homochirality [16]. The field may be able to answer
the basic questions of homochirality: “How are chiral properties connected with the various features
of a supramolecular assembly, such as critical aggregate concentration, chemical reaction, and the
permeation of chemicals through the boundary of the assembly, etc.?”. The amplification of the chirality
is an important phenomena, and a mechanistic study could provide a general framework with which
to understand the origin of homochirality [17]. Organic chemistry provides knowledge of the synthetic
routes of prebiotic chemicals taking prebiotic reaction conditions into account. In addition to inorganic
catalysts, the growing field of organocatalysis may drastically change the view of stereoselective
chemical reactions under prebiotic conditions [18]. Analytical chemistry provides basic information
about lipids under prebiotic conditions by establishing analytical methods to separate and identify
lipids. One surprising fact is that vesicles can be formed from lipids extracted from meteorites [19],
and identifying the chemical structures of the components by analytical methods may uncover possible
prebiotic molecules, since meteorites are recognized as carbon sources on earth.

This review focuses on amphiphilic molecules in the context of homochirality and aims to (1)
show how could amphiphiles be emerged prior to biopolymers, (2) review prebiotic conditions and
candidates of prebiotic molecules, and (3) clarify the connection between the features of amphiphilic
molecules and homochirality. The main interest lies in (3), but before going into depth, it is worth
considering (1), and understand why amphiphilic molecules, specifically lipids, are attracting attention
from scientists who are studying the origin of life. By knowing what kinds of prebiotic conditions and
prebiotic molecules are probable with the aim of (2), researchers will be able to construct plausible
experimental systems or devise theories to solve the problems of homochirality.

2. Amphiphilic Molecules and the Origin of Life

In the following sections, the authors attempt to briefly summarize the relevance of amphiphilic
molecules in the context of the origin of life. The emphasis is placed on amphiphiles rather than
metabolism in this review (see ref. [13] for a broader view encompassing the metabolic system).

2.1. Theories of Origin of Life

It could be said that the importance of amphiphiles was gradually admitted after Dyson [20–22]
revisited Oparin’s droplet theory (coacervate theory), though his emphasis was on a metabolic system
rather than the compartment of the system. In his lecture in 1984 [22], Dyson categorizes theories
about the origin of life into three groups, i.e., droplet theories by Oparin [23], genetic theories by
Eigen [24], and clay theories by Cairns-Smith [25]. The criteria to classify the theories are in the order
of events (Figure 1). Cells are assumed to form a boundary to confine the content (enzymes and
genes), enzymes to form a self-sustaining metabolic cycle, and genes to form biopolymers containing
genetic information (e.g., RNA and DNA). The droplet theories assume that the formation of the cell
comes first, enzymes come second, and genes last. Genetic theories are represented by the RNA world,
which arose from the striking fact that RNA can replicate itself if the oligomer is provided for ligation.
The theories place genes first, enzymes second, and cells last. The last theory assumes that inorganic
crystals contributed to the emergence of life before nucleic acids.

Based on the droplet theory, Dyson describes how the first living organism proliferated as
follows [22]: “I propose that the original living creatures were cells with a metabolic apparatus directed
by protein enzymes but with no genetic apparatus. Such cells would lack the capacity for exact
replication but could grow and divide and reproduce themselves in an approximate statistical fashion.”
He carefully distinguished replication and reproduction in the text. The former indicates that it is only
possible for a molecule to construct an exact copy of itself, and the latter that cells are able to divide
and inherit approximately the same composition (see review [26] for more details about replication
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and reproduction). The mechanism of replication requires a very precise copy of a molecule; otherwise,
that molecule loses the ability to copy itself.

Interestingly, he also suggested that RNA emerges as a parasite of the prebiotic system that utilizes
adenosine triphosphate (ATP) as an energy source. ATP has high energy phosphate bonds, and ATP is
used as an energy carrier by the present living cells. The prebiotic system possibly discovered a way to
synthesize ATP and other nucleoside triphosphates. RNA could have emerged as a parasite of the
prebiotic system, since RNA is synthesized from nucleoside triphosphates (ATP, GTP, CTP, and UTP).
This idea was inspired by Lynn Margulis, who proposed that mitochondria and the photosynthetic
plastids in eukaryotic cells were symbiotically acquired [27]. Her idea is that the evolution of cellular
complexity was often caused by parasitism and symbiosis.

Figure 1. The three theories described by Dyson [21].

Dyson raises three other notions in support of droplet theories. The first is based on von
Neumann’s idea of hardware (process information) and software (embodies information) [22] (p. 7) [28].
They have an exact analogue in living cells, mainly proteins (component of metabolism) and nucleic
acids (component of replication), respectively. Hardware comes prior to software, and can process
information without the software. On the other hand, software has a parasitic character, and it needs a
host to make a copy of itself. Therefore, the hardware characteristics of proteins is thought to come prior
to nucleic acids with software characteristics. The second reason is that amino-acid synthesis is simpler
than nucleotide synthesis. Dyson dealt with Miller’s experiment that shows how an electric discharge
in reducing gas mixtures can generate amino acids [29,30]. Whether the atmosphere was reductive
or neutral has been discussed after the original report by Miller. We recognize that Miller himself
admitted that the atmosphere is more likely to be neutral than reductive in his posthumous work in
2008, yet the fact that an amino acid can be formed relatively easily is unchanged [31]. Nucleotides have
far more complex structures compared to amino acids, and it is normally thought that the spontaneous
formation of RNA under prebiotic conditions is difficult [13] (p. 286) [32,33]. The possible synthetic
pathway of RNA under prebiotic conditions is still debated and has not been settled [34]. It is likely that
the synthetic route of ATP was gradually developed prior to the appearance of RNA in the metabolic
system of the prebiotic cell. The last reason is that the hypothesis may be testable. He says that a
geochemical approach may determine whether or not a primitive cell in a microfossil contains a clue of
RNA (e.g., high content of phosphorus). Geochemical research on the origin of life is on its way; yet,
the scarcity and poor preservation conditions of Archean rocks on Earth hampers the investigation [35]
(p. 9). Other problems specific to the RNA world are described in the literature [32,36,37].

In addition to these reasonings, it is reasonable to put the emergence of cells before enzymes
and genes when one considers the problem of the concentration threshold and permeation of the cell
membrane [38–40]. First, since the replication or enzymatic reaction takes places via an intermolecular
interaction, the reaction takes a very long time in very diluted conditions. Considering that the
destruction and deactivation of the biopolymers take place at the same time, there should be a certain
concentration threshold for the biopolymers to increase. Secondly, the permeability of a biopolymer is
relatively low compared to that of small molecules, and if one assumes that those biopolymers obtained
a cell membrane in the later stage than the emergence of the biopolymers, then it will be difficult to
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permeate through the membrane. Even if one assumes that biopolymers get into the cell, they can also
be permeated through the membrane to exit from the membrane using the same mechanism by which
they entered the cell.

Regarding the problem of the concentration threshold and permeation, however, a clue to
overcoming this difficulty was found by Luisi and coworkers. They found that ferritin and a green
fluorescent protein in a solution are overcrowded in the cell compartment when liposomes are formed
in the solution [40,41]. The concentration within a compartment is high, contrary to the expectation of
Poisson statistics (they call it an all-or-nothing situation). The mechanism is under investigation, but this
fact is interesting, since it may make it possible to cross the concentration threshold of metabolism
or replication. However, some difficulties still remain regarding the assumption that biopolymers
emerged prior to the cell membrane.

2.2. Lipid World Hypothesis

Lancet and coworkers proposed the concept of the “lipid world” in 1999 [10], and emphasized
the importance of the amphiphilic molecules in the context of the origin of life (see ref. [14] for a
review written in 2018). It seems that Dyson considers the role of the cell as an inert compartment of
the metabolic system, and he was focused more on the cell content that dominates metabolism and
reproduction (i.e., protein enzymes), rather than the cell boundary itself (i.e., assembly of lipid and
amphiphilic molecules). However, Lancet proposed that the lipid and amphiphilic molecules could
also play an important role in information carriage, reproduction, catalysis, selection, and evolution.

Lancet developed a graded autocatalysis replication domain (GARD) model (Figure 2) to
investigate the possibility of the lipid world hypothesis. The model assumes that amphiphilic
molecules are formed from high energy monomers, while some amphiphiles show weak catalytic
activity. Examples of the catalytic reaction with a supramolecular assembly are reported with the
help of metal ions [42,43]. The catalytic activity is described by parameter β derived from a receptor
affinity distribution (RAD) model [10] (p. 132) [44,45]. The simulation can describe the growth and
splitting of the amphiphilic assembly and monitor the compositional changes during growth and
fission. Fission generates progeny assemblies, and it may be problematic if one follows all of the
generated assemblies, since the population exponentially increases. For the GARD simulation, one of
the two progeny assemblies is discarded in the simulation [10] (p. 4), so the model basically focuses on
one assembly. This simulation enables one to investigate the relationship among the compositional
information, reproduction, catalysis, selection, and evolution. Unlike the experimental approach,
the model is not necessarily restricted by the availability of molecules, but it can introduce kinetic
constants derived from experiments which may be more plausible [46,47]. The model is based on the
idea of the autocatalytic set by Kauffman, and he defines the term as follows: “By autocatalytic set we
mean that each member is the product of at least one reaction catalyzed by at least one other member” [48] (p. 50).
The meaning of the autocatalytic set, and the similar terms, autocatalytic reaction and autocatalytic
cycle, are sometimes confusing; the difference was recently clarified by Hordijk [49]. A comparison
among the models proposed by Lancet, Dyson, and Kauffman is reported in reference [50]. Other cell
replication models are also proposed by Solé based on a dissipative particle dynamics approach [51].

The stated ideas of Dyson and Lancet are examples of the recently described metabolism first claim,
and are often contrasted with the genetic first claim represented by the RNA world. Both approval [14,52]
and disapproval [53] can be found for the metabolism first claim, but it is recognized that there is no
decisive evidence to choose between the two, since each has its own shortcomings [13] (p. 287).
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Figure 2. Description of GARD model based on ref [50,54]. (a) Chemical reaction of amphiphilic dimer,
D, from monomers, M. Constants k+ij and k−ij indicates association and dissociation rate constants
for a reaction forming a dimer (Dij) from monomers (Mi and Mj), respectively. The semicircle arrow
indicates the catalysis of the formation and degradation reactions of Dij by Dpq with the factor βij,pq.
(b) Assumed condition of GARD model. Monomers are supplied from the outside and the components
of assembly catalyze the reaction. (c) βmatrix of the reaction. The gray scaled color indicates the value
of β. (d) Rate equation of the system.

2.3. Amphiphiles and Definition of Life

Another piece of key research seeking to unvover the relation between the origin of life and
amphiphiles was carried out by Luisi and coworkers (see reviews [15,39,55–57]). In the context
of the origin of life, he points out that the criterion of life and criterion of evolution are often
confused [39]. Having the question “What is life?” in mind, he introduced the word “autopoiesis”
(i.e., self-reproduction) to supramolecular chemistry [15]. The autopoietic system is defined as “a system
which continuously produces the components that specify it, while at the same time realizing it (the system)
as a concrete unity in space and time, which makes the network of production of components possible” [58].
The definition can differentiate the criteria of evolution from those of the living or dead. In addition,
it helps to think of a minimal living unit based on the supramolecular assembly. Figure 3 describes this
situation. A unit of assembly S (surfactant) is formed from a precursor A. S forms the decay product
P, which is eliminated from the system. The kinetics of formation and destruction of S determines
whether the assembly grows, maintains (being the state of homeostasis), or decays.

The actual self-reproducible supramolecular system of reversed micelles, micelles, and vesicles are
reported [15] (p. 3642). The process of self-reproduction is often referred to as autocatalytic, meaning
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“the catalysis of a reaction by the products” in this context. For example, in the case of autocatalytic
micelles [59], the system is composed of two phases (water and oil), and micelles of sodium caprylates
are formed in the aqueous phase by hydrolysis from ethyl caprylate (insoluble in water and forms an
oil phase). The rate of the reaction is initially slow, but it exponentially increases after the formation of
a certain number of micelles.

It could be interesting to ask whether the finding of the autocatalytic micelle means the discovery
of the model system in which the surfactants show a catalytic activity as described in the GARD model.
However, the mechanism of the autocatalytic micelle was attributed to a transport phenomenon rather
than micellar catalysis [60–62]. This indicated that the catalytic property of the autocatalytic micelle is
not the identical definition of catalytic activity assumed in the previously described GARD model.
Even if this is true, finding a surfactant with catalytic activity or establishing a method to measure
the low catalytic activity in the experimental system would be a big challenge, and it enables a dialog
between the experiment and theory. It will benefit experimentalists to have guidance by a theoretical
model, and it also benefits theoreticians to use the significant phenomena observed by experiment in
the model.

 

Figure 3. The concept of autopoiesis applied to the supramolecular assembly from reference [55].

3. Prebiotic Condition and Amphiphiles

3.1. Sources of Amphiphiles in Prebiotic Condition

Is it plausible to think that amphiphiles existed under prebiotic conditions? Among the sources of
organic compounds (Table 1), the two main sources of amphiphiles are suggested to be extraterrestrial
comets and thermal vents. The first source is a meteorite represented by carbonaceous chondrite
(Table 1). Carbonaceous chondrite is a type of meteorite mainly composed of silicates, but containing
1.5–4% of carbons in organic forms [63]. Deamer and coworkers reported the striking fact that
non-polar molecules extracted from the Murchison carbonaceous chondrite form a vesicle structure [19].
The components of the vesicles are thought to be mainly monocarboxylic acids. Later, analysis
of the carbonaceous chondrite revealed that various kinds of monocarboxylic acids are present in
meteorites [64,65] (Table 2). These findings led to the idea that a membrane-like structure was
formed from lipids such as monocarboxylic acids [11]. The second source of organic compounds is
synthesized via the Fischer-Tropsch-type reaction in thermal vents [66–68]. For instance, in aqueous
solutions of formic acid or oxalic acid, various compounds, such as n-alkanols, n-alkanoic acids,
n-alkenes, n-alkanes and alkanones ranging from C2 to over C35 are synthesized [67]. In addition to
the Fischer-Tropsch-type reaction, the production of organic molecules catalyzed by various kinds of
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minerals was also reported [67,68]. It is notable that acyl glycerols can be formed under hydrothermal
conditions, since acyl glycerols are a substructure of phospholipids at present, and important candidates
for prebiotic supramolecular assembly [69]. The hydrothermal condition is not only preferable for
abiotic organic synthesis; it is also proposed as a good condition for the selection and accumulation of
amphiphilic molecules [70]. The lifetime of each hydrothermal vent is typically less than 100 years,
but ranges from 1–10,000 years [1,71]. Therefore, some questions like “Is the time span enough for
prebiotic cells to become independent from the hydrothermal condition?”, and “Could a prebiotic
cell increase the region of habitat before the living chimney becomes inactive?” will be important in
evaluating whether or not prebiotic cells could have been produced in hydrothermal vents.

Table 1. Major sources (kg yr−1) of prebiotic organic compounds in the early earth (from ref. [72]
(p. 1459)).

Source Amount a/kg yr−1

Terrestrial Sources

UV photolysis b 3 × 108

Electric discharge c 3 × 107

Shocks from impacts d 4 × 102

Hydrothermal vents e 1 × 108

Extraterrestrial Sources f

Interplanetary dust
particles 2 × 108

Comets 1 × 1011

Total 1011

Modified from Chyba and Sagan [73]. a Assumes neutral atmosphere, defined as [H2]/[CO2] = 0.1. b Synthesis of
the Miller-Urey type. c Such as that caused by lightning interacting with a volcanic discharge. d An estimate for
compounds created from the interaction between falling objects and the Earth’s atmosphere. e Based on present-day
estimates for total organic matter in hydrothermal vent effluent [74,75]. f Conservative estimate based on possible
cumulative input calculated assuming flux of 1022 kg of cometary material during first Ga (109 yr) of Earth’s history.
If comets contain ~15 wt% organic material [76], and if ≈10% of this material survives, it will comprise approximately
1011/kg yr−1 average flux via comets during the first 109 yr.

Table 2. Molecular abundances of main organic compounds found in the Murchison, Bells, and Ivuna
meteorites from ref [77].

Compound(s)
Murchison a

nmol/g b nc Bells
nmol/g

n Ivuna
nmol/g

n

Ammonia 1100 280 5300

Amines 130 20 nf d 38 5

Amino acids 600 >85 93 13 156 e 12

Aldehydes/ketones 200 f 18 134 14 1369 23

Hydroxy acids 455 g 17 1231 11 2136 10

Di-carboxylic acids 300 26 43 15 857 15

Carboxylic acids 3000 48 495 11 937 14

Hydrocarbons 1850 237 265 82 221 30

Alkanes 350 140 32 32 221 30

Aromatic 300 87 250 27 489 h 34

Polar 1200 10 ne i ne
a From ref [78] and references therein unless otherwise noted. b Nanomoles/gram of meteorite, indicates total weight
of compounds identified with reference standards. c Number of species in the group. d Not found. e Ref [79] also
reported for Ivuna amino acids, amounts in the table are new to relate all compounds’ quantitative data to the same
meteorite fragment. f From ref [80]. g From ref [81]. h Phenanthrene-subtracted. i Not estimated.
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The amphiphiles described above are mainly lipids, but peptides could also have been components
of the cell membrane [82]. Szostak and coworkers proposed a system of vesicle membranes
encapsulating a dipeptide catalyst [83]. This dipeptide catalyzes the reaction that forms new dipeptides,
and the product takes part in the vesicle membranes because of an enhanced affinity for fatty
acids, thus promoting vesicle growth. Another peptide/lipid system was reported by Pascal and
Ruiz-Mirazo [84]. They used the reaction of a 5(4H)-oxazolone with leucinamide to form a dipeptide
product. The presence of a lipid vesicle increases the yield of the peptide product, leading to the
stereoselective reversal of the dipeptide product above the critical aggregation concentration. They
also demonstrated that the produced dipeptide showed an affinity for the lipid phase. Since amino
acids are synthesized by Miller’s experiment [31] and are found in meteorites [85], it is natural to think
that a certain amount of peptides may be involved in the formation of the prebiotic cell membrane.

N-carboxyanhydride (NCA)-amino acids are a possible precursor of peptides, and could have
been prebiotic compounds involved in the molecular evolution on the early Earth [86,87]. The present
protein is synthesized by reactions with the help of the ribosome (composed of rRNA and proteins),
mRNA, and tRNA. Under prebiotic conditions, a more primitive synthesis of proteins without such an
elaborate reaction should take place. In the case of NCA, it undergoes a simple chemical reaction to
form peptides activated by certain chemical species (e.g., CO2 and carbonyl diimidazole). A particularly
important finding is the case of activation by carbonyl diimidazole. It was found that α-amino acids
can be efficiently oligomerized from NCA using carbonyl diimidazole, while β-amino acids do not
oligomerize [88]. Proteins at the present time are composed from only α-amino acids, but as described
below, the source of organic compounds (e.g., meteorites) contains not only α-amino acids, but also
β-amino acids. If the polymerization of NCA took place with the help of carbonyl diimidazole,
the selectivity would naturally form proteins made of α-amino acids.

Many studies of the origin of life utilize phospholipids to form vesicles, since they are the essential
building blocks of current cell membranes. Their chiral configuration shows an interesting chiral
recognition of amino-acid-related compounds. However, it should be noted that the formation of
complex phospholipids (e.g., phosphatidylcholine) from fatty acids, glycerol, and phosphate would
have been difficult under prebiotic conditions [89–91]. Phospholipids that can be found in the present
cell membranes are products of highly-evolved metabolic pathways incorporated by multiple enzymes.
However, the complexity of phospholipids does not mean that the study of the origin of life using
phospholipids is wrong, but that the synthetic pathway of phospholipids was gradually formed in
the prebiotic system [89]. Interplay between the phospholipids and other biomolecules (e.g., amino
acids or nucleic acids) will provide a possible pathway to form more complex biopolymers, and to the
interaction between lipids and other biomolecules and polymers [33,83,92–97].

The critical aggregation concentration is usually high for short-chain lipids or peptides, and doubts
could be cast over whether or not a boundary structure can be formed with such short-chain lipids under
prebiotic conditions. The pseudo-phase separation approach has been reported for micelles [98,99],
and this model predicts the critical aggregation concentration of mixed micelles based on the parameter
βij = N(Wii +Wjj − 2Wij)/RT. Wii, Wjj, and Wij are the pair-wise interaction of the surfactants i and j,
N is Avogadro’s number, R is the gas constant and T is the temperature. When βij is close to 0, it will
behave as an ideal system, but when the value is negative (e.g., in the case of a mixture of cationic and
anionic surfactants), the critical aggregation concentration becomes lower than that of each component.
Szostak and coworkers revealed that a similar model works not only for micelles, but also for vesicles
composed of prebiotically-relevant lipid mixtures [100]. This result supports the fact that the boundary
structure can be formed even if short chain amphiphiles take part in the vesicle structure.

3.2. Chiral Amphiphiles in Prebiotic Condition

It has been reported that carbonaceous chondrites show an enantiomeric excess of organic
compounds. Amino acid and sugar are thought to be important chiral organic molecules, since they are
chiral building blocks of proteins and nucleic acids. It is interesting that many of the amino acids and
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sugars found in meteorites have excess L and D configurations, respectively [101,102]. The chirality
coincides with the handedness of the building blocks of biopolymers of present life and the fact
supports that the source of the organic molecules are extraterrestrial.

It is also interesting that some of the amphiphiles extracted from a carbonaceous chondrite have
an asymmetric carbon in their structures (e.g., branched monocarboxylic acids in the Murchison
meteorite [64], and hydroxy acids found in the Murchison, GRA 95229 and LAP 02342 meteorites [81]).
Most of these chemicals may have a very high solubility in water to form a membrane structure,
but some could be seen as model chiral amphiphiles to investigate how the chiral structure affects the
properties of a self-assembled entity.

4. Amphiphilic Molecule and Homochirality

The question of “How amphiphiles and homochirality are related?” is less understood compared
to the relationship between polymers and homochirality. One reason for this is that it has been thought
that the first biological entities were biopolymers, such as proteins and RNA, rather than lipids; thus,
the discussion of homochirality has been mainly limited to biopolymers. The question was examined
relatively recently [13,103] (p. 303). The relation between a supramolecular assembly and chirality
is complicated compared to biopolymers, and it is necessary to clarify the connection between the
features of an amphiphilic molecule and homochirality. Lancet and coworkers listed the advantages
of lipid assemblies compared to biopolymers in the context of the origin of life [14]. In Figure 4,
the physical properties in the list and two other physical properties (adsorption and permeation)
are shown. Each physical property could be influenced by the chiral properties. The following
sections are devoted to review studies related to chirality, and to some of the physical properties of the
amphiphilic molecules.

Figure 4. Functions of amphiphiles that could be important for the origin of life and homochirality. The
properties (1)–(6) were taken from a table in reference [14] (p. 19) and slightly modified. (7)–(9) were
added in this review to discuss the possible roles of chiral amphiphiles. In this article, only the
properties with an asterisk are reviewed in detail.

4.1. Chemical Reactions

4.1.1. Advantage Factors

The developing process of homochirality can be described as shown in Figure 5 [104,105]. Without
any asymmetric perturbation of chirality (i.e., the source of chirality), constituents of the pre-biotic
system can be racemic on average (1). However, perturbation of the chiral purity (2a) or statistical
fluctuation of the enantiopurity of chiral molecules (2b) can influence the asymmetrical initial conditions
(3). Examples of the chiral perturbation are listed in Table 3. The enantiomeric excess of organic
molecules in meteorites could have affected the initial conditions of the racemic soup on earth.
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The process of (2a) and (2b) also affects the enhancement of asymmetry (4). The examples of the
enhancement of asymmetry and the effect of the advantage factor in chemical reactions are described in
the following section. Lastly, the system reaches chiral purity of the biological entity at the present time
(5). The description of the advantage factors and chemical reactions described below was originally
considered for biopolymers, but is general enough to also be applied to a supramolecular assembly.

Figure 5. Process of developing homochirality.

Various types of physical advantage factors to induce chiral asymmetry of the system was
summarized by Goldanskii and coworkers [105,106]. It was stated that the combinations of the static
field are not a “true” advantage factor, and do not lead to inducing asymmetry. Quantified values of
the asymmetry factor g are defined as follows.

g =
kL − kD

kL + kD
(1)

where kL and kD are the rate constants for the mirror-image reactions. This value quantitatively
evaluates how much each advantage factor can contribute to the chiral asymmetry. Table 3 lists this
value for each reaction.

Table 3. Physical advantage factors [105,106].

Type of Advantage Factors True (+) or Imaginary (−) g a

Local advantage factors
Circularly polarized light + 10−4 − 10−2

Static magnetic field (SMF) −
Static electric field (SEF) −
Gravitational field (GF) −

SMF + SEF − χi(EB)
Rotation (Coriolis force) + GF − χj(ωvG) � χk(ΩG)

SMF + GF − χl(BG)
Rotation + SMF + SEF + χm(ω[EB]) < 10−4

Rotation + SMF + GF + χn(B[ωG]) < 10−4

SMF + Linearly polarized light + χp(Bk) < 10−4

Global advantage factors

Weak neutral currents + 10−20χrZ5 1
kBT � 10−17

Longitudinally polarized β particles + χqhe
σL−σD

σL+σD � 10−9 − 10−11

From reference [106]. a χ is a factor determined by molecular structure. E is electric field. B is magnetic field. Z is
atomic number. kB is Boltzmann’s constant. he, helicity of β particles <sp>, where the operators s and p represent
the spin and momentum of the particle. σL and σD are cross sections for the interaction of the polarized β particles
with the molecules.
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4.1.2. Reaction Building Blocks

Considering that the living organism at the present time consists of chirally-pure biopolymers,
such as proteins, RNA, and DNA, it is natural to think that the g values of these advantage factors
could be too weak, and that another mechanism to enhance or amplify the chirality of the system is
necessary. One model that describes the spontaneous mirror-symmetry breaking was proposed by
F. Frank in 1953 [107]. He proposed a model reaction of autocatalysis that results in products with
a high enantiopurity, even if the starting chemicals are racemic. This approach was generalized by
Morozov by describing the dynamic reaction of chiral polarization (η) [104,108].

η =
(xL − xD)

(xL + xD)
(2)

where xL and xD are the concentrations of the L and D chiral molecules. |η| = 1 corresponds to the
chirally-pure state while |η| = 0 corresponds to a racemic state. Based on the approach by Morozov,
a broad class of kinetic diagrams and their dynamic equations are described in detail by Goldanskii
and Kuzmin (Table 4) [105].

θ = (xL + xD) (3)

where θ is the concentration of antipodes in the system. The parameters η and θ can be replaced by xL

and xD. The table has several important features:

(1) The table provides “reaction building blocks” which can construct complex models for the reaction
process in an extremely simple way.

(2) The classification enables one to identify the type of process that efficiently leads to breaking the
mirror symmetry.

(3) The table takes g into account to evaluate the contribution of the advantage factors to the process.

Figure 6 qualitatively describes the time dependency of the chiral polarization for each type of
process. The racemization process decreases |η| with time. The neutral process does not change |η|.
The deracemization process increases the value of |η| with time. The deracemization process is the key
to increasing the chiral asymmetry of the system.

Lancet and coworkers investigated the homochirality based on the GARD model [103] (see Figure 2).
Some models for the mirror symmetry breaking designed a reaction network based on the reaction
building blocks shown in Table 4. However, for the GARD model, it randomly generated a large
variety of chemical species including amphiphiles and catalytic networks without designing the
reaction system. The model assumed that the NG types of the chiral molecules form a catalytic network
with equal amounts of the D and L optical isomers. The parity-violating energy difference between
enantiomers is excluded and pairs of enantiomers having the same properties. A key chiral property is
the ability of the chiral compound Li to distinguish an enantiomer of other chiral compounds, Lj and
Dj, described by the enantio-discrimination factor αij = βLi,Lj/βLi,Dj, where βij is the catalytic intensity.
It was observed that some chemical species in the stationary compositional states were enriched,
with one of the two enantiomers indicating spontaneous chiral symmetry breaking. A considerable
degree of chiral selection was observed when the values of αij are highly relative to the typical values.
This indicates that assembly-based enantioselection could not have occurred during the early stage of
the origin of life, since such a high discrimination factor is expected only for large molecules. Lancet
and coworkers suggested that the homochirality could be a consequence of catalytic networks, rather
than a prerequisite for the initiation of primeval life processes.
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Table 4. Basic type of process in chiral system from reference [105].

Block
Name of the
Reaction a Reaction Formula b Type of

Process

Dynamic Equation (dη/dt) c ηmax(t→∞)

g=0 g�0 g=0 g�0

I Synthesis

kL
A→ L

kD
A→ D

Racemizing − 2
(

kxA
θ

)
η

(kL + kD)xA

θ
× (g− η) 0 g

II Racemization

kL
L→ D

kD
D→ L

” − 2kη − (kL + kD)(g + η) 0 − g

III Accidental
autocatalysis

kL
A + L→ L + D

kD
A + D→ L + D

” − 2kxAη − 1
2
(kL + kD)xA ×

(
g + 2η+ gη2

)
0 -

IV Binary
racemization

kL
2L→ L + D

kD
2D→ L + D

” − 2kθη − 1
2
(kL + kD) ×

(
g + 2η+ gη2

)
0 -

V Binary destruction

kL
2L→ A + B

kD
2D→ A + B

” − kθη
(
1− η2

)
− 1

2
(kL + kD)θ× (g + η)

(
1− η2

)
0 -

VI Accidental
superautocatalysis

kL
A + 2L→ 2L + D

kD
A + 2D→ L + 2D

” − k
2

xAθ× η
(
3 + η2

)
− 1

4
(kL + kD)xAθ×

(
g + 3η+ 3gη2 + η3

)
0 -

VII Destruction

kL
L→ A

kD
D→ A

Neutral 0 − 1
2
(kL + kD) × g

(
1− η2

)
η0 |1|

VIII Autocatalysis

kL
A + L→ 2L

kD
A + D→ 2D

” 0 1
2
(kL + kD)xA × g

(
1− η2

)
η0 |1|

IX Cross-inversion

kL
L + D→ 2L

kD
L + D→ 2D

” 0 1
2
(kL + kD)θ× g

(
1− η2

)
η0 |1|

X Annihilation k
L + D→ A + B

Deracemizing k
2
θη

(
1− η2

)
- |1| -

XI Superautocatalysis

kL
A + 2L→ 3L

kD
A + 2D→ 3D

” k
2

xAθη
(
1− η2

) 1
4
(kL + kD)xAθ× (g + η)

(
1− η2

)
|1| |1|

a The table in the original paper does not attribute Block XI to “Superautocatalysis” but it is evident from the main
text. b The formula of block XI was corrected from “A + 2L→ 3D” in the original paper to “A + 2D→ 3D” in this
paper. c xA is the concentration of chemical A. θ = xL + xD. For the case of g = 0, k = kL = kD. For g � 0, Block II, III,
IV, and VI, were not given in the original paper which were completed in this paper (See supporting information).
Block V of the original paper had a contradiction with the dynamic equation of g = 0 when g is substituted by 0.
The equation of block V was revised in this paper.
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Figure 6. Function of η(t) from reference [105]. (a) Racemizing process. (b) Neutral process.
(c) Deracemizing process.

4.2. Spatial Arrangement and Conformation

When a chiral unit and racemic or achiral unit are confined in a polymer or supramolecular
assembly, these units act cooperatively, which can result in non-linear relationships between the
mole fraction of a chiral unit and chiral properties (e.g., optical activity and enantioselective catalytic
activity). Such phenomena were first found for helical polymers, and similar phenomena were also
found later for supramolecular assemblies, mainly in the form of one-dimensional helical fibers.
The Italian researcher Pino and coworkers studied stereo-regular vinyl polymers and determined the
cooperative phenomena in the 1960s [109–111]. However, understanding the phenomena was hindered
by a weak cooperativity and the absence of a chromophore to observe the chiroptical properties that
reflect the chiral conformational properties. Green and coworkers studied poly(isocyanates) (Nylon-1),
which showed evident non-linear relationships between the mole fraction of the chiral unit and optical
activity [112,113]. The mechanism behind the phenomena was described by one-dimensional Ising
models utilizing four main parameters, i.e., temperature, energy of a helix sense reversal, the energy
difference between the units of opposite helical senses, and the degree of polymerization [114–118].
The “optical activity” is often measured as a physical property that responds non-linearly to the
mole fraction of the chiral unit, because the optical activity indicates the helical conformation of
the polymer. However, this does not mean that those amplifications are limited to the chiroptical
properties. Suginome and coworkers have shown that for the poly(quinoxaline-2,3-diyl)s, the majority
rule [119,120] and sergeants-and-soldiers principal [121] can be coupled with asymmetric catalysis.
The reported catalytic reaction of poly(quinoxaline-2,3-diyl)s may only have a slight relation with the
prebiotic catalytic reaction, but implies possible roles of those phenomena in the homochirality if such
a catalytic activity is observed in the supramolecular assembly. Many reviews are available for the
amplification of chirality in helical polymers [113,122–127].

Cooperative phenomena are not limited to polymers whose units are covalently connected,
but also for supramolecular assemblies whose units are non-covalently connected. A wide range
of helical supramolecular assemblies are reviewed by Yashima and coworkers [128] and Meijer and
coworkers [17,129–131]. Figure 7 depicts a model of cooperative supramolecular copolymerization
of a disk-like monomer unit [17], a case of majority rule (Figure 7a), and a sergeants-and-soldiers
reaction (Figure 7b). For the majority rules, a mismatch between the handedness of the helical structure
(ΔH0

MMP) and chirality of the monomer and nucleation (ΔH0
NP) are assumed to reduce the enthalpy

of the elongation process (ΔH0
ELO). For the sergeants-and-soldiers principal, the possible reactions

are similar as those in the majority-rules model, but the principal distinguishes the enthalpy of chiral
units from achiral units, since they have different achiral physical properties. The model is limited
to a supramolecular assembly that undergoes one-dimensional growth, but it implies the possibility
of amplification in the other chiral supramolecular system. It is an open question whether or not
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majority rules and sergeants-and-soldiers principal are involved in the emergence of homochirality in
the context of the lipid world.

Figure 7. Theoretical models of cooperative supramolecular copolymerization from reference [17].
Formation of M- and P-type helical aggregates are possible but only the P-type aggregates are shown
in this figure for the sake of simplicity. The M-type helical aggregate can be described in a similar
manner by switching the helicity of the aggregates from P to M and switching the (S) and (R)-isomers.
(a) Majority-rules reactions. Two types of monomers, (R)-isomer (red) and (S)-isomer (blue), forming
P-type helical aggregate. The model is described by ΔH0

ELO, ΔH0
NP, ΔH0

MMP, and ΔS0, where ΔH0
ELO

is the elongation enthalpy, ΔH0
NP is the nucleation penalty, ΔH0

MMP is the mismatch penalty, and ΔS0

is the entropy. The (R)-isomer prefer P-helicity while (S)-isomer prefer M-helicity. This preference is
taken in account by ΔH0

MMP. (b) Sergeants-and-soldiers reactions. Mismatch does not happen for
this case but additional parameters, ΔH0,A

ELO, ΔH0,A
NP, and ΔS0,A, are introduced to consider the

dependence of the energy on the helicity for achiral monomers.

4.3. Adsorption

It was reported that the membrane of liposomes assists in the formation of the amino acid sequence
of the peptide chain by the adsorption of monomers. For instance, Luisi and coworkers reported
that the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane facilitates the NCA
polycondensation of hydrophobic tryptophan-containing peptides up to 29 mer [132]. They also
reported that 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) assisted the NCA-D/L-Tryptophan
(L-Trp) condensation [97]. They concluded that the chiral structure of the lipid and the corresponding
liposome phase transition temperature do not significantly affect the distribution of the enantiomeric
composition of the resulting Trp oligomers.

Umakoshi and coworkers, however, reported that the liposome of DPPC enantioselectively adsorbs
L-amino acids after 48 h of coincubation [133]. They tested 10 different amino acids (histidine, serine,
aspartic acid, tyrosine, proline, cysteine, tryptophan, phenylalanine, leucine, and valine) and found
that the L-stereoisomer of all the amino acids (except for serine) were preferentially adsorbed on the
DPPC surface. The extreme cases were L-tryptophan and L-histidine, and their SL/D values (adsorbed
concentration ratio of L-amino acid to D-amino acid) exceeded 1000. The adsorption isotherms were
attributed to the Langmuir type. This finding implies the possibility of the condensation of the L-amino
acid on the surface of the DPPC liposome. They also reported the enantioselective adsorption of
ibuprofen [134].
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Taking advantage of the enantioselective adsorption, the group showed that the chiral liposome
can support homochiral oligomerization of an amino acid [135]. They first allowed L- or D-Histidine
to be adsorbed on L-POPC for 72 h, then performed the oligomerization at 25 ◦C for 48 h by
adding 1-hydroxybenzotriazole and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride to
a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (L-POPC) suspension. They concluded that the
homochiral oligomerization of L-amino acids was efficiently achieved compared to the D-amino acids.
This result shows that the chirality of the lipid helps to induce the homochirality of peptides. Questions
as to whether or not the opposite chiral transfer (peptides to phospholipid) happens, and whether such
a reaction occurs with prebiotic molecules, such as NCA, may be interesting, and further investigation
is anticipated.

4.4. Permeation

Though there are almost no studies on the enantioselective permeation from the point of view of
homochirality, some studies from a pharmaceutical point of view have been reported. The blood-brain
barrier protects our central nervous system against external aggressions, but it also prevents therapeutics
from reaching targets in the brain. Teixido and Giralt developed a phenylproline tetrapeptide that
can cross the blood-brain barrier by paracellular hydrophilic diffusion [136]. They synthesized a
library of the 16 phenylproline tetrapeptides stereoisomers, and revealed the relationship among their
stereochemistry, transport properties, and permeability. They categorized the tetrapeptides into two
groups depending on the stereochemistry; (Group 1) peptides with a higher symmetry (i.e., containing
an even number of L or D phenylproline units) and (Group 2) peptides with less symmetric peptides
(i.e., containing an odd number of L or D phenylproline units). The enantiomers of the former
group did not show similar transport and permeation properties. The latter showed a significant
difference between the enantiomers, and basically, the L-rich enantiomer showed higher transport
and permeation properties compared to the D-rich enantiomers. Other studies of stereochemical
effects on the permeability of human and rat skin are reported based on transdermal drug delivery
research [137,138].

5. Conclusions

Though it may not be a common view compared to the RNA world, the lipid world hypothesis
provides new insight into the scenario of the origin of life. It emphasizes that an amphiphilic
molecule could have played a key role in the origin of life prior to the emergence of the biopolymers.
This area of research provides new knowledge about the supramolecular assembly and its interaction
with other biomolecules and biopolymers. Far less is known about the relationship between the
lipid world and homochirality, and it seems that there are various undiscovered features that chiral
amphiphiles have when one considers the physical properties that are unique to supramolecular
assemblies (compositional information, spontaneous formation, fission, permeation, etc.). Considering
the scenario of homochirality, it is of great interest to determine how those properties could have
connected with mirror symmetry breaking, and to elucidate the cooperative phenomena of chiral
molecules, such as the sergeants-and-soldiers principal and majority rules.
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Abstract: A β-strand is a component of a β-sheet and is an important structural motif in biomolecules.
An α-helix has clear helicity, while chirality of a β-strand had been discussed on the basis of molecular
twists generated by forming hydrogen bonds in parallel or non-parallel β-sheets. Herein we
describe handedness determination of two-fold helicity in a zig-zag β-strand structure. Left- (M) and
right-handedness (P) of the two-fold helicity was defined by application of two concepts: tilt-chirality
and multi-point approximation. We call the two-fold helicity in a β-strand, whose handedness has
been unrecognized and unclarified, as hidden chirality. Such hidden chirality enables us to clarify
precise chiral characteristics of biopolymers. It is also noteworthy that characterization of chirality of
high dimensional structures like a β-strand and α-helix, referred to as high dimensional chirality
(HDC) in the present study, will contribute to elucidation of the possible origins of chirality and
homochirality in nature because such HDC originates from not only asymmetric centers but also
conformations in a polypeptide chain.

Keywords: β-strand; hidden chirality; two-fold helix; multi-point approximation; tilt-chirality; high
dimensional chirality

1. Introduction

Chirality bestows variety and complexity to functions of substances and is one of the most
important and fundamental properties in nature. In this context, elucidation of the origins of chirality
and homochirality is a challenge of great importance for scientists, and there have been several
theories [1,2] such as mechanical stirring [3] and photo reaction [4]. One of the possible answers
to the challenge is chirality generation by chiral crystallization [5–8] with enantiomeric excess, or
chiral symmetry breaking [9], followed by amplification [10,11] and transcription [12,13] of the
excessed chirality.

In chiral crystallization, chirality is generated by assembling achiral components in chiral
manners and is fixed in crystals. Such a phenomenon is observed in both inorganic [5] and organic
materials [7,14–18]. A two-fold helix is an especially important structural motif [19] because a
large number of chiral crystals belong to P21 and P212121 Sohncke groups having two-fold helices,
according to space group statistics of the Cambridge Structural Database [20]. It is surprising,
however, that a two-fold helix is achiral as a symmetry operation from the viewpoint of ‘mathematical’
crystallography [21]. This fact brought us a question “what is the origin of chirality in two-fold
helix-based crystals?” The supramolecular-tilt-chirality method based on two concepts, tilt chirality
and multi-point approximation, answered the question as described below (Figure 1) [22–26].
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Figure 1. Concepts of supramolecular-tilt-chirality method and multi-point approximation method for
chirality characterization of two-fold helices. Achiral two-fold helices represented by approximating
components as (a) one-point (sphere); (b) two-point (line); (c) three-point (face) on a mirror plane; (d)
Chirality of two-fold helices in two-point and three-point approximation methods. The lines or faces
in front of the helical axes are tilted to the left or right in the left-(M) or right-handed (P) two-fold
helices, respectively.

A two-fold helix is a symmetry operation of 180◦ rotation around a helical axis combined with
one-half unit translation and is achiral in ‘mathematical’ crystallography (Figure 1a–c) [21]. On the
other hand, a two-fold helix is chiral and has clear left- and right-handedness in ‘chemical/material’
crystallography [18,27] by considering molecular shapes (Figure 1d). This difference is attributed to
an approximation method of molecules: one-point and multi-point approximation in the former and
the latter, respectively. We call the chirality, whose handedness cannot be recognized in a general
way by mathematical crystallography but definitely exists in materials, as hidden chirality. Not only
clear helices, including three-fold, four-fold, and six-fold helices in crystals as well as α-helices in
proteins, but also helices having hidden chirality like two-fold helices, may serve as the origin of
chirality [17,18,28].

Inspired by the discovery of hidden chirality in a two-fold helix, we have been seeking for further
hidden chirality not only in supermolecules [29] but also in a wide range of materials, including
polymers. Consequently, we noticed the fact that chirality of a β-strand has been discussed according
to twist of a β-strand generated by forming hydrogen bonds in a β-sheet [30–32], while the structure
of a β-strand is recognized as a two-fold helix [33]. We can say that the fundamental chirality of a
β-strand is two-fold helicity rather than the twist, which is a kind of secondary chirality. Herein we
describe two-fold helicity as hidden chirality in a β-strand, which is a part of a β-sheet in biopolymers.
Handedness of the two-fold helix is clarified and characterized by applying concepts of tilt-chirality,
which is handedness determination based on the tilt of molecules, and multi-point approximation,
which is consideration of molecules as multi-point rather than one-point. The unveiled fundamental
chirality in a β-strand will give new clues for the origins of chirality generation, homochirality, and
chiral properties of proteins.

227



Symmetry 2019, 11, 499

2. Materials and Methods

Model molecules, pentaglycine and pentaalanine, having various dihedral angles, ϕ and ψ

according to the Ramachandran plot [34], were constructed by using Gauss View5.0.8 [35] and Mercury
CSD 4.0.0 [36].

3. Results

Polypeptides construct high dimensional structures, e.g., α-helices [37] and β-sheets [38], by
changing dihedral angles of ϕ and ψ in the main chain [39]. Due to the simplicity of having no chiral
centers, pentaglycine was firstly focused on as a model polypeptide. In addition, pentaalanine was
also used to clarify effects of chiral centers and side chains by comparing with pentaglycine.

3.1. Two-Fold Helicity of Extended Linear Pentaglycine

Pentaglycine with all trans (ϕ = 180◦ and ψ = −180◦ (or ϕ = −180◦ and ψ = 180◦)) formed an
extended linear structure (Figure 2). The linear structure had two-fold helical symmetry, i.e., a glycine
moiety corresponds to the neighboring one by the operation: 180◦ rotation around the two-fold axis
chain followed by translation along the main chain. Such a two-fold helix was achiral because there
was a mirror plane along the two-fold helical axis.

 

Figure 2. A structure of extended linear pentaglycine. Dihedral angles are ϕ = 180◦ and ψ = −180◦ (or
ϕ = −180◦ and ψ = 180◦).

3.2. Two-Fold Helicity of Zig-Zag Pentaglycine

When the dihedral angles became ϕ = 120◦ and ψ = −120◦ (or ϕ = −120◦ and ψ = 120◦), the
linear pentaglycine transformed into a zig-zag structure (Figure 3 left (or right)). Each chain was
a so-called β-strand, which is a substructure of a β-sheet. The β-strand had no mirror plane along
the two-fold helical axis and constituted a two-fold helix having handedness. Handedness of the
two-fold helicity was defined by focusing on lines or faces in the β-strand. Here we defined a face by a
peptide bond, which is a well-known planar structure in polypeptides and neighboring alpha carbons
of glycine residues.
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Handedness of the two-fold helicity in the β-strand was defined by application of the same
concept of the supramolecular-tilt-chirality method, i.e., helical handedness was defined based on tilt
of lines or faces in front of helical axes. Relative positions of the faces against the helical axis, front and
back, were distinguished based on the position of an oxygen atom in the face when the β-strand was
viewed from the direction that was vertical to the helical axis and parallel to the faces. When the faces
in front of the helical axis were tilted to the left, the β-strand was defined as a left-handed (M) two-fold
helix (ϕ = 120◦ and ψ = −120◦, Figure 3 left). Its mirror-imaged one was a right-handed (P) two-fold
helix having faces tilted to the right in front of the helical axis (Figure 3 right). In this case, dihedral
angles of the β-strand were ϕ = −120◦ and ψ = 120◦.

 

Figure 3. Left- (M) and right-handed (P) two-fold helicity in a zig-zag β-strand of which dihedral
angles are ϕ = 120◦, ψ = −120◦ and ϕ = −120◦, ψ = 120◦, respectively. Faces are comprised of peptide
bonds and neighboring alpha carbons of glycine residues. Relative positions of the faces, front, and
back are defined based on the relative position of an oxygen atom in each face against the two-fold
helical axis.

4. Discussion

4.1. Two-Fold Helicity and Twists of β-Strands in Real Polypeptides

The ϕ and ψ values of the above mentioned linear structure (Ln) and zig-zag β-strand (Zg) are
shown on the Ramachandran plot in addition to the representative secondary structures: β-strands in
a parallel β-sheet (↑↑), antiparallel β-sheet (↑↓), α-helix (α), 310-helix (310), and π-helix (π) (Figure 4).
The blue and red circles are used to distinguish observed structures in real polypeptides composed
of L-amino acids and their mirror-imaged structures, respectively. In real polypeptides, β-strands
exhibit similar structures to the two-fold helical linear and zig-zag chains. From the viewpoint of
symmetry, however, β-strands do not correspond to two-fold helices, with the exception of the case |ϕ|
= |ψ| (dotted line in Figure 4).

Instead, they have pseudo-two-fold helicity with twists along the two-fold helical axes. For
example, a β-strand shows a left- or right-handed twist when its dihedral angles are ϕ = −150◦ and ψ

= 120◦ or ϕ = −120◦ and ψ = 150◦, respectively (Figure 4c,d). Handedness of pseudo-two-fold helicity,
or tilt of the faces, is unchanged by twists of polypeptide chains. Conventionally, on the other hand, a
zig-zag β-strand having a left- (|ϕ| > |ψ|) or right-handed twist (|ϕ| < |ψ|) is defined as P or M helices
because neighboring amino acid residues in a polypeptide chain are related by less than 180◦ rotation
about the helical axis combined with a unit translation [31].
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Figure 4. (a) The Ramachandran plot indicating ϕ and ψ values of the linear polypeptide (Ln, ϕ = 180◦
and ψ = −180◦ or ϕ = −180◦ and ψ = 180◦), the zig-zag β-strands ((M)-Zg, ϕ = 120◦ and ψ = −120◦;
(P)-Zg, ϕ = −120◦ and ψ = 120◦), the representative secondary structures: β-strands in a parallel
β-sheet (↑↑, ϕ = −120◦ and ψ = 115◦), antiparallel β-sheet (↑↓, ϕ = −140◦ and ψ = 135◦), α-helix (α, ϕ
= −60◦ and ψ = −45◦), 310-helix (310, ϕ = −49◦ and ψ = −26◦), and π-helix (π, ϕ = −55◦ and ψ = −70◦).
The linear pentaglycine (Figure 2) and (M)- or (P)-zig-zag pentaglycine (Figure 3) correspond with
Ln and (M)- or (P)-Zg, respectively. Blue and red circles are in mirror-imaged relation to each other.
(b–d) Relationship among dihedral angles (ϕ, ψ), (pseudo-)two-fold helicity, and twist: (b) (P)-Zg
(ϕ = −120◦ and ψ = 120◦) with no twist; (c) a β-strand with P pseudo-two-fold helicity and left-handed
twist (ϕ = −150◦ and ψ = 120◦); (d) a β-strand with P pseudo-two-fold helicity and right-handed twist
(ϕ = −120◦ and ψ = 150◦).

4.2. Correlation Between Molecular Chirality and Chirality of High Dimensional Structures

In characterization of chiral properties, it is important to consider not only molecular chirality
(MC) but also high dimensional chiral structures, which we call high dimensional chirality (HDC)
in the present study, because both of the chirality affect chiral functions. Previously, we succeeded
in elucidating the linkage between MC and supramolecular chirality (SMC) [40]. At the same time,
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dependence of chiral characteristics on MC as well as SMC was confirmed by vibrational circular
dichroism spectroscopy, which has been used in characterization of chirality in biopolymers [41–43].
This success demonstrated that geometrical characterization of MC and HDC leads to prediction and
control of HDC. In the same way with the previous study, we investigated the correlation between MC
of each amino acid residue and HDC, helicity in the present case, of β-strands and α-helices.

Structures of pentamers comprised of achiral glycine and chiral alanine were compared with each
other to clarify effects of chiral centers on chiral secondary structures. In the case of pentaglycine
(RCH(NH2)COOH, R =H), M and P two-fold helices are formed almost equally without external chiral
sources. On the other hand, there is clear selectivity between M and P two-fold helices in the other
polypeptides (RCH(NH2)COOH, R�H). The selectivity is attributable to steric hindrance between
the oxygen atom in a peptide bond and neighboring substituent R (Figure 5a). For example, linear
penta-L-alanine (Figure 5a(i)) tends to form a zig-zag β-strand with P two-fold helicity (ϕ = −120◦ and
ψ = 120◦) (Figure 5a(ii)) by letting a methyl group be away from the oxygen atom of a neighboring
peptide bond rather than that with M two-fold helicity (ϕ = 120◦ and ψ = −120◦) (Figure 5a(iii)) by
making a methyl group be close to the oxygen atom of a neighboring peptide bond. This fact suggests a
correlation between MC and HDC, i.e., absolute structures of amino acids and helicity in polypeptides.

Figure 5. (a) Selectivity in rotation direction of dihedral angles for transformation of poly-L-alanine:
(i) an extended linear structure to (ii) a favored and (iii) unfavored zig-zag structure (β-strand); (b)
Two-fold helicity of zig-zag pentaalanine β-strands: left-handed (M, ϕ = 120◦ and ψ = −120◦) and
right-handed two-fold helices (P, ϕ = −120◦ and ψ = 120◦) comprised of D-alanine and L-alanine,
respectively; (c) Left-handed (M, ϕ = 60◦ and ψ = 45◦) and right-handed (P, ϕ = −60◦ and ψ = −45◦)
α-helices of penta-D-alanine and penta-L-alanine, respectively.

In the same way, handedness selectivity of α-helices is explained. A zig-zag β-strand with P
two-fold helicity can be formed from an extended linear poly-L-amino acid by rotating dihedral angles,
ϕ = −180◦→−120◦ (+60◦) and ψ = 180◦→120◦ (−60◦), in which rotation directions are determined
by chirality of component amino acid residues as mentioned above. The β-strand then becomes a
right-handed α-helix by further rotation of the dihedral angles: ϕ = −120◦→−60◦ (+60◦) and ψ =

120◦→−45◦ (−165◦). The rotation directions, clockwise and counterclockwise in ϕ and ψ, respectively,
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are the same as those in the formation of the β-strand from an extended linear poly-L-amino acid, even
though the value of rotation angle ψ is relatively large. This coincidence in the rotation directions
suggests a structural relationship, or possibility of an inter-structural transition, between a β-strand
and α-helix. In fact, there is a region, sometimes called the bridge region, which bridges the regions of
β-strand (β-sheet) and α-helix in the Ramachandran plot [39].

5. Conclusions

Two-fold helicity as hidden chirality in a β-strand, which is an important structural motif in
proteins, was successfully clarified and characterized by applying the concepts of tilt-chirality and
multi-point approximation. We suggest that two-fold helicity is fundamental chirality of a β-strand.
The geometric viewpoint brings us a new perspective to explain linkages between handedness of
two-fold helicity and that of molecular chirality of amino acid residues in polypeptides. Helicity of an
α-helix, twists in a β-strand and β-sheet, as well as central chirality of component amino acids are
chiral structures in general polypeptides. The two-fold helicity in a β-strand is also a chiral structure
of great importance observed in most polypeptides. Furthermore, the concepts are also applicable to
chiral structures of other biopolymers, e.g., polysaccharides [44] and nucleic acids [45], and synthetic
crystalline polymers [46] of which chirality is non-negligible. Our findings bring important knowledge
for elucidating origins of chirality and homochirality in nature and chiral properties of proteins
including amyloid fibrils [47] and also give new insights into the transition from prebiotic chemistry to
protobiology [48–50].
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Abstract: Chromatographic interaction between infiltrating solutions of racemic mixtures of
enantiomers and enantiomorphic minerals with chiral excess has been proposed as a scenario for the
emergence of biomolecular homochirality. Enantiomer separation is supposed to be produced by
different partition coefficients of both enantiomers with regard to crystal faces or walls of capillary
tubes in the enantiomorphic mineral. Besides quartz, nepheline is the only common magmatic mineral
with enantiomorphic symmetry. It crystallizes from SiO2-undersaturated melts with low viscosity and
is a promising candidate for chiral enrichment by autocatalytic secondary nucleation. Under liquidus
conditions, the dynamic viscosity of silicate melts is mainly a function of polymerization. Melts with
low concentrations of SiO2 (<55 wt%) and rather high concentrations of Na2O (>7 wt%) are only
slightly polymerized and hence are characterized by low viscosities. Such melts can ascend, intrude or
extrude by turbulent flow. Fourteen volcanic and subvolcanic samples from alkaline provinces in
Africa and Sweden were chemically analyzed. Polished thin sections containing fresh nepheline
phenocrysts were etched with 1% hydrofluoric acid at 20 ◦C for 15 to 25 min. Nepheline crystals
suitable for a statistical evaluation of their etch figures were found in four samples. Crystals with
chiral etch figures are mainly not twinned. Their chiral proportions in grain percentages of single
crystals are close to parity in three samples. Only one sample shows a slight chiral excess (41.67%
L-type vs. 58.33% D-type) but at a low level of significance (15 vs. 21 crystals, respectively).

Keywords: chirogenesis; enantiomorphism; nepheline; magmatic flow; etch figures

1. Introduction

Extraterrestrial scenarios for chiral enrichment [1,2] have recently been favoured by the scientific
community because of experimental evidence for enantiomeric excesses induced by circularly
polarized light [3], and because of the fascinating challenge of the cometary mission Rosetta and its
enantiomer-separating Cometary Sampling and Composition (COSAC) experiment onboard the Philae
lander [4–8]. Nevertheless, chiral enrichment of enantiomers by natural chromatographic processes
on the early surface of planet Earth is still a matter of debate. One of us (E. Hejl) [9] has proposed
a new hypothesis for enantiomer separation in the course of chemical etching of nuclear particle
tracks originating from spontaneous or induced fission of 238U or 235U, respectively. The hypothesis
relies on the principle of liquid chromatography, i.e., on partition of dissolved molecular species
between the walls of capillary tubes and a liquid mobile phase. When such tubes or pores occur in
an enantiomorphic crystal they are expected to produce a slight separation of dissolved enantiomers.
This process can be amplified in the course of downhill infiltration of seepage water.

Chromatographic enantiomer separation requires different partition coefficients of both
enantiomers relative to an enantiopure or chirally enriched stationary phase. In the scenario proposed
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by HEJL [9], enantiomorphic minerals in the subsoil of an early Precambrian mainland form the
stationary phase for infiltrating fluids. Chromatographic separation of dissolved enantiomers might
occur either by selective partition on grain boundaries, cracks and cleavage planes, or in tubular
cavities produced by natural etching of nuclear particle tracks. This process necessitates a preexisting
chiral enrichment of enantiomorphic minerals in a certain volume of rock or soil.

On Earth, only two enantiomorphic mineral species are quite common components of magmatic
rocks: quartz and nepheline. These two minerals may be completed by the SiO2-modification tridymite
which could have been more frequent on the early Earth, and was recently discovered on planet
Mars by the rover Curiosity of the Mars Science Laboratory [10]. Furthermore, the most frequent
enantiomorphic mineral besides quartz and tridymite is nepheline. It belongs to the hexagonal
system (hexagonal-pyramidal class, with a polar axis of hexagonal symmetry) and to the space-group
P63 [11,12].

Nepheline has been ignored for enantioselective crystallization in general, and for the emergence
of biomolecular homochirality in particular. More than 130 years after the discovery of its
enantiomorphism [13], nothing is known about the chiral proportions of nepheline in magmatic
rocks or on a global scale. This lack of information might be due to the fact that nepheline is optically
not active [14], and that both enantiomorphs cannot be distinguished under polarized light. In this
context it is important to notice that nepheline crystallizes in a single space group (P63)—in contrast to
quartz which belongs to a pair of space groups, P3121 (right-handed screw) and P3221 (left-handed
screw), i.e., space groups with screw axes of opposite handedness.

Determination of the absolute structure of enantiomorphic crystals (including handedness) is
still a great challenge for experimental crystallography. Among other methods, X-ray diffraction with
dispersion correction has been applied to this problem, and also resonant X-ray diffraction techniques
have made some progress during the last decades [15]. TANAKA et al. [16] have studied structural
chirality by use of circularly polarized resonant X-ray diffraction. They could demonstrate that the
measurement of only one space-group forbidden reflection is sufficient to determine the chirality of
α-quartz or berlinite (AlPO4). The term “absolute structural chirality” refers to space groups having
screw axes labeled right-handed or left-handed. This concept does not apply to nepheline whose two
enantiomorphs belong to the same space group (P63).

Based on crystal morphology and optical activity, many investigations were dedicated to chiral
proportions of quartz in nature, as for example in graphic granite [17], but strong chiral excess of
quartz was neither found on a worldwide nor on a regional scale [18,19]. Because of its occurrence in
alkaline rocks having crystallized from SiO2-undersatureated low-viscosity melts, nepheline is a more
promising candidate for chiral enrichment by autocatalytic secondary nucleation (seeding) than quartz
which mainly crystallizes from melts with higher viscosity.

Spontaneous crystallization of almost enantiopure crystals was indeed observed under laboratory
conditions [20,21]. Dissolved sodium chlorate NaClO3 is not chiral, but its crystals are optically active
and occur in two enantiomorphs. When such crystals precipitate from an aqueous solution of sodium
chlorate, they can be either left-handed or right-handed, with corresponding opposite optical activities.
In case of precipitation from a stationary—not flowing—solution, almost equal numbers of crystals of
both enantiomorphic configurations are formed [20]. On the other hand, when the solution is stirred
with a magnetic stirrer during crystallization, it was found that more than 99% of the crystals had the
same handedness. The direction of enantiomorphic excess (either L- or D-crystals) was unpredictable
and obviously not controlled by the direction of stirring. KONDEPOUDI et al. [20] have argued that
the enantiomorphic excess is due to autocatalytic secondary nucleation and by the suppression of
nuclei of the opposite handedness in the course of a competitive nucleation. Analogous seeding effects
were observed for stirred solutions of NaBrO3, and for the crystallization of chiral hydrocarbons from
a melt [21].

If autocatalytic secondary nucleation [20,21] also occurs in magmatic crystallization, we can expect
that a turbulent magmatic flow of low viscosity has a better chance to produce chiral excess than a gentle

236



Symmetry 2018, 10, 410

flowing magma with high viscosity. Nepheline, which crystallizes from SiO2- undersaturated magmas
with rather low viscosity, is a potential candidate for enantioselective crystallization. Transition from
laminar to turbulent flow is more easily achieved in alkaline or carbonatitic melts than in silica-enriched
magmas with high viscosity. The present investigation is a first test for an eventual chiral enrichment
of nepheline in alkaline magmatic rocks.

2. Viscosities, Ascent Rates and Flow Patterns of Magma under Natural Conditions

Flow patterns of magma depend on viscosity and density as substantial properties of the magma
itself, on magma’s velocity or ascent rate relative to a solid frame of reference, and on the geometry of
the walls that confine the magmatic flow. In contrast to magma densities, which are usually between
2000 and 3000 kg/m3, viscosities of magma can vary by several orders of magnitude. Magmatic
viscosity depends on temperature, the amount of fractional crystallization within the magmatic flow,
and on the chemical composition of the molten fraction. The dynamic viscosity (η) connects the
shear stress (τ) to the strain rate of a fluid (δv/δy = velocity gradient perpendicular to planes of
equal flow velocities). Silicate melts mainly behave as Newtonian fluids [22], i.e., they show a linear
relationship between shear stress and shear rate for any given temperature and pressure (δv/δy = τ/η).
Above liquidus boundary conditions, the dynamic viscosity of a silicate melt is mainly a function of its
polymerization [23,24]. In silicate minerals as well as in silicate melts, the Si4+ ions occur in tetrahedral
coordination with oxygen over a wide range of temperature and pressure. Each of these oxygen atoms
has the potential of bonding to another Si4+ ion which can result in chains, sheets or three-dimensional
networks of connected SiO4 tetrahedrons. Such linking of silicate tetrahedrons has been referred to as
polymerization [23,24]. The equilibrium between various types of oxygen atoms in a silicate melt can
be described by the following reaction:

Si-O-Si + M-O-M = 2(Si-O-M) (1)

where M is a cation other than Si4+, and the oxygens of the three terms of the equation are called
bridging, free and non-bridging oxygens. This equilibrium between oxygen types can be shortly
written as

O0 + O2− = 2O− (2)

Equilibrium conditions can be associated to the equilibrium constant K

K =
(O−)2

(O0)(O2−)
(3)

where the terms in brackets refer to activities or, in the case of an ideal solution, to molar concentrations
of the oxygen species in the melt. A melt with K = 0 would be one with no reaction between
molten SiO2 and molten metal oxide to form non-bridging oxygen. On the other hand, a melt
with K = ∞ is given when in reaction (1) all the silica or all the metal oxide is consumed to form
non-bridging oxygen. Silicate magmas with a higher equilibrium constant K contain less bridging
oxygen, are less polymerized and less viscous than melts with a small K. For a given pressure,
temperature, and composition, the polymerization equilibrium of a silicate melt is realized when the
distribution of oxygen species (O0, O2−, O−) minimizes the free energy of the solution [24].

Such estimations were calculated for binary systems of SiO2 on the one hand and FeO, MnO, CaO,
and Na2O on the other hand [24,25]. All curves (Gibbs free energy vs. molar concentration of SiO2)
show minimum free energies in the vicinity of about 40% molar concentration of SiO2. For any given
concentration of SiO2, the free energy is highest for the system FeO-SiO2, and becomes smaller in the
order of MnO-, CaO-, and Na2O. Consequently, a Na2O-SiO2 melt is always less polymerized and
less viscous than a FeO-SiO2 melt with the same SiO2 concentration. In general, melts with cations
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of high ionization potential are expected to be more polymerized than melts with cations of low
ionization potential, as for example Na+ or K+. This theoretical implication is well tested by X-ray
diffraction studies and NMR spectroscopy of silica glass [26]. At higher pressures (>6 GPa), the degree
of polymerization is further complicated by the formation of new oxygen clusters, including 5- and
6-coordinated Si and Al which result in a decrease of non-bridging oxygen [27,28].

Dynamic viscosities of fresh lava flows can be measured with a portable, motor-driven,
rotating shear vane that records torque and rotation rate. Alternatively, open magma channels can be
used as natural viscometers. Viscosities are calculated from the channel’s slope and depth, as well as
from flow velocity and density of magma. Both methods were successfully applied to alkali carbonatite
lavas of the 1988 eruption of Oldoinyo Lengai, Tanzania [29].

Flow velocities of effusive lava can be determined by observations on the spot [29]. Emplacement
velocities of magma injections into fractures or dykes, as well as magma transport rates in volcanic
ascent channels can be derived from seismic data. The rate of stress release depends on the viscoelastic
properties of rocks and on the rate of magma flow compensating extensional failure in sills or dykes.
Seismic model calculations [30] have shown that at a differential pressure of 1000 bars, basaltic magma
must be injected at 1000 m/s in a 1 m thick extensional dyke in order to produce a magnitude
5 earthquake. Magmatic flow velocities between 1 and 100 m/s are quite common when the injected
volume and the dimension of extensional failure are smaller.

Transition from laminar to turbulent flow depends on the fluid’s density and its dynamic viscosity,
as well as on the flow velocity and a characteristic linear dimension of the flow (for example the
diameter of a pipe or the depth of a flow with an open, unconstrained surface). The dimensionless
Reynolds number (Re) helps to predict flow patterns for different flow situations:

Re = ρ.v.L/η (4)

with ρ = density of the fluid (kg/m3)
v = flow velocity (m/s)
L = hydraulic diameter (m)
η = dynamic viscosity (Pa.s)
Figure 1 is a double-logarithmic cross plot of dynamic viscosity vs. hydraulic diameter,

with characteristic Reynolds numbers of 500 and 2500 for various flow velocities. Transition from
laminar to turbulent flow usually occurs at a threshold between these Re values. The hydraulic
diameter is either the diameter of a cylindrical pipe or the thickness of a dyke. Figure 1 is valid for a
magma density of 2800 kg/m3 (basalt and nephelinite).

By consideration of published dynamic viscosities of various types of magma above liquidus
conditions [22,31], and of reasonable dimensions of magmatic channels, critical flow velocities for
the transition from laminar to turbulent flow can be predicted in a semi-quantitative way (Figure 1).
Low-viscosity melts of carbonatite or nephelinite (η < 10−1 Pa.s) can exhibit turbulent flow even
at very low flow velocities of less than 1 cm/s in a dyke or vent with hydraulic diameters above
10 m. Basaltic melts (η > 10 Pa.s) have a lesser probability of turbulent flow, which may only occur at
higher flow velocities and/or in very large volcanic vents. Dry SiO2-rich melts (rhyolite with η > 108

Pa.s) can never reach turbulence under realistic flow conditions. These predictions are supported by
volcanologic field observations [29,32].

Chiral enrichment by seeding [20] requires not only turbulence but also unconstrained dispersion
of crystalline nuclei within the entire magmatic volume. This is only possible when the enantiomorphic
crystalline species precipitates early from the melt (Figure 2a), and not late under eutectic conditions
(Figure 2b). In the latter case, any seeding will be restricted to the interstitial space of individual
liquid pores between already crystallized minerals. The same is the case for crystals in individual
magma droplets suspended in a gaseous phase of a rapidly expanding explosive eruption (Figure 2c).
Mutual catalytic influence between liquid interstices or droplets is impossible.
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Figure 1. Crossplot of dynamic viscosity (η) vs. hydraulic diameter (L) with corresponding Reynold’s
numbers (both 500 and 2500) for a melt density (ρ) of 2800 kg/m3, and for various flow velocities (v)
between 1 mm/s and 100 m/s. Dynamic viscosities on the right-hand side according to [22,29,31].

 
Figure 2. Schematic representation of crystallization under different magmatic conditions. (a) Early
unconstrained crystallization in a mainly liquid environment. (b) Late interstitial crystallization in the
pores between earlier crystallized phenocrysts. (c) Crystallization in liquid droplets of an expanding
current of hot volcanic gas (ignimbrite or pyroclastic flow). Bold circular arrows symbolize turbulent
mixing; dashed circular arrows symbolize low probability of turbulence.

Phase relations and the shape of the liquidus surface in the compositional triangle
SiO2-NaAlSiO4-KAlSiO4 [33–36] help to predict the crystallization behavior of alkaline melts. Figure 3a
shows the liquidus temperatures (isothermal lines) for various compositions at 1 bar (=105 Pa)
water-vapor pressure. Early and unconstrained crystallization of nepheline from the melt can
only occur in a defined compositional field between the binary eutectic lines in the central part
of the diagram and the NaAlSiO4 corner—without the carnegieite field (Figure 3b). Melts with
bulk compositions in the nepheline field at some distance from the binary lines will first crystallize
nepheline, and by fractional crystallization the composition of the remaining melt will approach the
binary eutectic lines. Alkaline rocks with bulk compositions in the quoted nepheline field should have
porphyritic phenocrysts of nepheline in a finer-grained matrix with a composition that is closer to
eutectic conditions.
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Figure 3. Phase relations in the system NaAlSiO4-KAlSiO4-SiO2. The relative proportions of
components represent mass concentrations (wt%). (a) Phase relationships with corresponding liquidus
temperatures at 1 bar water-vapour pressure according to [34–36]. (b) Compositional areas with specific
crystallization of nepheline (i.e., early, eutectic, or interstitial).

3. Occurrence, Etching Behavior and Chiral Proportions of Nepheline in Alkaline Igneous Rocks

Several SiO2-undersaturated magmatic rocks from various alkaline provinces in Africa and
northern Europe were chosen for the present investigation. Twelve volcanic rock specimens together
with thin sections were provided by curator Epifanio Vaccaro from the Natural History Museum (NHM)
of London, another two samples from Namibia were provided by courtesy of Robert Trumbull from the
GFZ Potsdam. The absolute structure of nepheline (including handedness) cannot be determined by
X-ray diffraction because both enantiomorphs belong to the same space group. For the present study,
we decided to determine chiral proportions of polycrystalline nepheline by a statistical evaluation of
etch figures on intersecting planes subparallel to the c-axis.

The 14 samples are mainly of volcanic or sub-volcanic origin, two are plutonic rocks, and one is
a nepheline-bearing carbonatite (Table 1). Sample no. 1 (BM.1953, 133(2)) is a phonolite from Homa
Montain (Kenya) which consists of a central area of concentric carbonatite dykes and breccia, and some
subordinate plugs of phonolite to nephelinite. K-Ar ages of whole rocks and biotite range from 1.3 to
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12 Ma [37]. Sample no. 2 (BM.1965, P19 (6)) is a phonolitic nephelinite from the Dorowa complex in
Zimbabwe. This complex is intruded into Archaean granitic gneiss and is mainly composed of syenitic
fenite with minor plutonic to subvolcanic intrusions of foyaite, Ijolite, and carbonatite [38]. Sample no.
3 (BM.1968, P37 (401)) is a phonolite from the Namangali hill in southern Malawi. It is composed
of phonolitic and feldspathic breccia which forms vents in fenitized gneisses and in Precambrian
basement rocks. Both fenites and vent rocks are cut by phonolitic dykes and small carbonatite
veins [39]. Samples no. 4, 5, and 6 (BM.1980, P31 (2, 24, 27)) are alkaline volcanic rocks from the
Tundulu complex in southern Malawi. Its central subvolcanic area, which comprises carbonatite,
agglomerate, trachyte, nephelinite, and phonolite, is surrounded by a broad aureole of fenitized
Precambrian basement [40]. Sample no. 7 (BM.1981, P14 (440)) is a nepheline carbonatite from the
Alnö complex at the eastern coast of central Sweden. It intruded the Precambrian basement in Late
Ediacarian times [41]. Sample no. 8 (BM.1981, P3) is a phonolitic nephelinite from Mt. Etinde in the
vicinity of Limbe (Cameroon). Etinde is a steep-sided Late Cenozoic volcano composed of various
kinds of nephelinites and nephelinitic tuffs. K-Ar ages of Etinde’s volcanic rocks range between
0.065 and 6.3 Ma [42,43]. Samples no. 9 and 10 (BM.1995, P6 (40, 43)) are phonolitic nephelinites
from Kerimasi in northern Tanzania. Kerimasi is a Quaternary volcanic cone that rises approximately
1000 m above the Serengeti Plain. It is mainly built up by nephelinites, corresponding tuffs and
agglomerates [44]. Samples no. 11 and 12 (BM.2004, P12 (28, 75)) are from Oldoinyo Lengai which
is situated immediately north of Kerimasi. Because of its natrocarbonatite lavas of extremely low
viscosity, Oldoinyo Lengai is one of the most prominent carbonatite volcanoes of the world. Besides
carbonatite, it is composed by nephelinites, agglomerates, and tuffs [43,45–47]. It has a Quaternary age
and is still active. Samples no. 13 and 14 (KF 85 and KF 88) are nepheline syenites from the Kalkfeld
ring complex in northwestern central Namibia. This bimodal carbonatite-alkali silicate complex
belongs to the Damaraland Igneous Province which formed in the Early Cretaceous, between 137
and 124 Ma [48]. The Kalkfeld ring complex is hosted in granitic and metasedimentary rocks of the
Pan-African Damara System. BÜHN & TRUMBULL [48] have found that the Kalkfeld silicate magma
fractionated alkali-feldspar and nepheline in a CO2-dominated, F- and Ca-poor system, and that
euhedral nepheline phenocrysts are rare compared to predominant alkali-feldspar.

Table 1. Rock types and locations of investigated samples.

No. Sample Code Rock Type Location Coordinates Ref.

1 BM.1953, 133 (22) Phonolite Homa Montain, Kenya 0◦23′ S; 34◦30′ E [37]
2 BM.1965, P19 (6) Phonolitic nephelinite Dorowa compl., Zimbabwe 19◦04′ S; 31◦45′ E [38]
3 BM.1968, P37 (401) Phonolite Namangali, Malawi 15◦49′ S; 35◦35′ E [39]
4 BM.1980, P31 (2) Aegirine biotite phonol. Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
5 BM.1980, P31 (24) Nephelinite Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
6 BM.1980, P31 (27) Phonolite Tundulu complex, Malawi 15◦32′ S; 35◦48′ E [40]
7 BM.1981, P14 (440) Nepheline carbonatite Alnö, Sweden 62◦24′N; 17◦28′ E [41]
8 BM.1981, P3 Phonolitic nephelinite Limbe (Victoria), Cameroon 4◦04◦N; 9◦08′ E [42,43]
9 BM.1995, P6 (40) Phonolitic nephelinite Kerimasi, Tanzania 2◦52′ S; 35◦57′ E [44]
10 BM.1995, P6 (43) Phonolitic nephelinite Kerimasi, Tanzania 2◦52′ S; 35◦57′ E [44]
11 BM.2004, P12 (28) Phonolitic nephelinite Oldoinyo Lengai, Tanzania 2◦46′ S; 35◦55′ E [45–47]
12 BM.2004, P12 (75) Phonolitic nephelinite Oldoinyo Lengai, Tanzania 2◦46′ S; 35◦55′ E [45–47]
13 KF 85 Nepheline syenite Kalkfeld, Namibia 20◦48′ S; 16◦07′ E [48]
14 KF 88 Nepheline syenite Kalkfeld, Namibia 20◦48′ S; 16◦07′ E [48]

Aliquots of samples no. 1 to 12 were ground to a fine powder in an agate mill. Chemical analyses
were conducted by classical XRF methods on lithium tetraborate glass beads and pressed powder
pellets using a Bruker Pioneer S4 crystal spectrometer at the Department for Chemistry and Physics
of Materials, University of Salzburg. Obtained net count rates on single X-ray lines were recast
into concentration data (wt% and ppm) based on an in-house calibration routine that involves
measurements of ~30 international geostandards (USGS and GSJ). The calibration relies on the Bruker
AXS software SPECTRAplus FQUANT (v1.7) and corrects absorption, fluorescence and line overlap
effects. In addition, a monitor standard (GSJ Granodiorite JG-1a) was measured together with the
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samples. Analytical results of Table 2 include information on detection limits and typical analytical
uncertainties for single elements. Reported errors are conservative and refer not only to the XRF
counting statistics, but consider also the uncertainty of the linear fit of the calibrations. Loss on
ignition (LOI) was determined gravimetrically after heating the dried samples to 1050 ◦C for two
hours. Samples no. 13 and 14 had been already analyzed by BÜHN & TRUMBULL [48].

Table 2. Chemical compositions of investigated samples. L.O.I. = loss on ignition; bdl. = below
detection limits. Total iron is given as Fe2O3. The CIPW Norm (cf. text) was calculated with an
assumed ratio of Fe3+/(total iron) = 0.5.

No. 1 2 3 4 5 6 7 8 9 10 11 12

Major elements (wt%)

SiO2 52.04 45.71 53.82 51.45 34.99 46.87 18.75 45.25 47.65 46.49 48.32 45.67
TiO2 0.52 0.65 0.75 0.42 3.10 1.22 1.31 1.11 1.21 1.48 1.06 1.02
Al2O3 19.95 16.03 19.89 19.06 10.32 19.24 8.89 19.05 15.92 17.51 17.17 17.05
Fe2O3 6.28 7.46 3.81 5.71 11.05 5.93 9.17 6.74 9.68 8.82 7.52 7.27
MnO 0.30 0.15 0.19 0.44 0.19 0.21 0.30 0.37 0.28 0.24 0.22 0.21
MgO 0.33 3.60 0.88 0.16 14.72 1.29 1.30 1.23 1.07 1.63 0.42 0.42
CaO 1.97 7.64 2.16 1.63 12.18 3.82 33.46 6.32 8.07 6.93 3.97 5.26
Na2O 6.40 11.55 9.96 7.51 3.00 8.68 2.95 8.10 8.54 9.29 10.05 9.51
K2O 7.19 1.62 5.72 7.97 3.21 7.43 1.56 6.09 5.31 4.99 5.88 5.71
P2O5 0.08 1.21 0.20 0.17 1.12 0.25 1.89 0.16 0.34 0.46 0.14 0.61
SO3 0.12 0.44 0.25 0.10 0.39 0.11 0.21 0.29 0.05 0.11 0.22 0.17

F 0.17 0.20 0.20 0.22 0.43 0.31 0.18 0.32 0.18 0.21 0.27 1.25
L.O.I. 4.77 3.64 1.66 4.35 4.83 3.70 18.91 3.51 1.16 1.26 4.04 5.06

Total 100.12 99.90 99.49 99.19 99.53 99.06 98.88 98.54 99.46 99.42 99.28 99.21

Trace elements (ppm)

Ba 2272 980 705 286 2986 1942 1055 3370 1760 1333 1716 1923
Ce 248 39 273 375 232 185 1284 212 270 246 249 115
Cl 626 146 1739 90 173 886 71 2619 231 1184 1491 319
Co 5 20 8 4 57 8 17 8 9 15 9 8
Cr 8 32 28 8 384 28 26 14 22 70 10 3
Ga 40 20 25 42 13 26 10 26 32 28 30 33
La 122 20 169 167 123 112 647 175 161 143 156 98
Nb 278 55 193 749 99 202 528 343 190 156 159 132
Nd 41 11 51 bdl. 84 22 525 4 69 83 65 15
Ni 9 26 13 10 399 20 13 9 13 14 8 8
Pb 37 24 20 30 5 6 bdl. bdl. 29 22 25 8
Rb 186 36 165 222 104 160 14 192 131 95 125 97
Sr 777 837 511 871 2267 2847 6205 6184 1539 1660 2201 1862
Th 89 bdl. 33 107 5 9 38 bdl. 29 26 28 7
U 13 bdl. bdl. 47 bdl. 15 bdl. 10 5 bdl. 7 8
V 87 101 42 31 258 91 241 242 189 146 179 172
W 11 16 17 21 7 19 12 17 14 11 19 13
Y 29 12 30 45 25 23 59 26 33 36 31 45

Zn 246 114 153 338 101 145 91 210 203 166 187 198
Zr 985 168 882 4512 287 815 312 875 587 408 494 516

Except the carbonatite (no. 7, BM.1981, P14 (440)), all samples have low to intermediate SiO2

contents between 34.99 and 53.82%. The nephelinite of sample no. 5 (34.99% SiO2) and the carbonatite
of sample no. 7 (18.75% SiO2) are ultrabasic by definition (<45% SiO2). All samples are undersaturated
in silica (without normative quartz). With regard to molar proportions, 10 samples (except no. 1,
5, 7, and 14) have Al2O3 < (Na2O + K2O), and can be classified as subaluminous to peralkaline in
composition—depending on their mafic minerals. In the classification scheme of COX et al. [49],
all samples—except of the carbonatite (no. 7)—are in the compositional range of phonolite, phonolitic
nephelinite and nephelinite. Normative nepheline contents range between 12.46% (no. 5) and 36.84
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(no. 2). Samples no. 5, 6, 7, 8, 9, 10, 11, and 12 exhibit normative leucite (up to 23.55% in sample no.
6). Twelve samples (except of no. 5 and 7) have normative orthoclase (up to 50.65% in sample no.
14). Eight samples (except of no. 6, 8, 9, 10, 11, and 12) have normative plagioclase (up to 23.31% in
sample no. 1). Except no. 14, all samples have normative diopside (up to 23.99% in sample no. 2).
Most samples (except of no. 1, 5, 7, and 14) have normative aegirine (up to 14.06 in sample no. 9).
The higher normative aegirine contents (>8%) coincide quite well with observed aegirine augite in
the thin sections. Thus, a certain amount of Na2O has been consumed by the growth of pyroxene
and cannot be considered for the weight proportions in the system NaAlSiO4-KAlSiO4-SiO2 (phase
relationships of Figure 3). In this context it is important to note that powdered aliquots of sample no.
3, 9, 10, 11, and 12 melted during the determination of the loss on ignition. Thus, the bulk composition
of the felsic components of sample no. 3, 9, 10, 11, and 12 must be very close to the ternary eutectic in
the system SiO2-NaAlSiO4-KAlSiO4 (cf. Figure 3a).

After careful examination under a petrographic microscope (cf. Figure 4), polished thin sections
of 10 samples were chosen for chemical etching. Sample no. 3 (phonolite) was rejected because it
contains no nepheline phenocrysts; sample no. 7 (carbonatite) was rejected because its nepheline is
altered and not idiomorphic; samples 13 and 14 were rejected because they either contain no nepheline
phenocrysts (no. 13) or only few interstitial phenocrysts of nepheline (no. 14).

 

Figure 4. Thin sections of nephelinite samples in transmitted light. (a) Strongly altered nepheline
crystals (Ne) in nephelinite from the Tundulu Complex in Malawi; sample no. 6; BM.1980, P31 (27).
(b) Porphyric nepheline (Ne) and green aegirine augite (Aeg) in a dark cryptocrystalline matrix;
Kerimasi, Tanzania; sample no. 9; BM.1995, P6 (40). (c) Porphyric nepheline (Ne) and green aegirine
augite (Aeg) together with fine-grained sanidine in a dark cryptocrystalline matrix; Kerimasi, Tanzania;
sample no. 10; BM.1995, P6 (40). (d) Porphyric nepheline (Ne) and green aegirine augite (Aeg) in
fine-grained to cryptocrystalline matrix (mainly sanidine); Oldoinyo Lengai, Tanzania; sample no. 11;
BM.2004, P12 (28). Scale bars correspond to 500 μm.
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Etch figures on prism or pyramidal faces of nepheline are highly asymmetric but they have the
same orientation as other etch figures of the same crystallographic face [9,13,14,50,51]. Such etch
figures can be produced with strongly diluted hydrofluoric acid at room temperature and are often
depicted in mineralogical textbooks as an example for enantiomorphism (Figure 5). Nepheline can
occur as compound twins, the twinning planes being the base and/or a second order prism [14].
In the course of etching, the shape of the etch figures evolves in a characteristic manner. Initial etch
figures are asymmetric triangles. They become arcuate with progressive etching, and finally exhibit a
drop-shaped form with strong asymmetry. The evolution schema of Figure 6 is a compilation from
BAUMHAUER [13,50], TRAUBE [14], and observations of HEJL [9,51].

 
Figure 5. Idealized enantiomorphic single crystals of nepheline with asymmetric etch figures according
to [13,14,50,51]. The hexagonal crystallographic c-axis corresponds to the X-axis of the optical indicatrix.

 
Figure 6. Typical shapes of asymmetric etch figures on prism faces of nepheline, depending on the
handedness of the crystal [13,14,50,51].

Thin sections of 10 samples (i.e., all samples of Tables 1–3, except no. 3, 7, 13, and 14) were
step-etched with 1 wt% HF at 20 ◦C for 20 to 35 min. Etch figures of nepheline in the thin sections
no. 9, 10, 11, and 12 became visible after 15 min and were almost perfect after 25 min of etching.
Etching of thin section 1 was terminated after 20 min because no typical etch figures became visible
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on the fine grained and partly altered nepheline. Etching of thin section no. 2 did not produce any
etch figures after 35 min. Etching of thin Sections no. 4 and 5 was terminated after 20 min because
only indistinct etch figures became visible. Etching of thin section no. 6 was etched for 35 min and
did not exhibit any etch figures. Thin Section no. 8 was etched for 20 min; it exhibits few and mainly
indistinct etch figures. Thus, characteristic asymmetric etch figures could only be produced in the thin
sections of four samples (Table 3). Such etch figures at various stages of development are shown in
Figure 7. They can be easily identified as either left-handed or right-handed by comparison with the
development sequences of Figure 6.

 
Figure 7. Etch figures on nepheline crystals from East African nephelinite samples. (a) Left-handed
etch figures (type a) in sample no. 9, BM.1995, P6 (40). (b) Left-handed etch figures (arrow: type b)
in sample no. 9. (c) Left-handed etch figures (mainly type c) in sample no. 9. (d) Left-handed etch
figures (arrow: type d) in sample no. 11, BM.2004, P12 (28). (e) Right-handed etch figures (mainly type
c’) in sample no. 9. (f) left-handed (L) and right-handed (D) etch figures (type f and f’, respectively)
in a twinned crystal of sample 10, BM.1995, P6 (43). Scale bars correspond to lengths of 10 μm (a,c–f),
and 20 μm (b).
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Table 3. Chiral proportions of nepheline crystals in investigated samples.

No. Remarks

Counting Statistics

Indistinct Twins L-Type D-Type Total

n % n % n % n % n %

1 fine-grained matrix with few altered
phenocrysts of nepheline and sanidine — — — — — — — — — —

2 fine-grained matrix with some small nepheline
phenocrysts; no etch figures — — — — — — — — — —

3 sanidine phenocrysts (>5 mm) in fine-grained
matrix; no neph. phenocrysts — — — — — — — — — —

4 altered phenocrysts of sanidine and aegirine in
a fine-grained matrix — — — — — — — — — —

5 few large nepheline phenocrysts (>5 mm) in a
cryptocrystalline matrix — — — — — — — — — —

6 cryptocryst. matrix with altered pheno-crysts
of leucite and few nepheline — — — — — — — — — —

7 medium-grained fabric of carbonate, aegirine,
and altered nepheline — — — — — — — — — —

8 dark cryptocrystalline matrix with leucite,
nosean, and few nepheline — — — — — — — — — —

9 many fresh nepheline (>1 mm) and some
aegirine in cryptocryst. matrix 53 44.20 13 10.80 28 23.30 26 21.70 120 100

10 many fresh nepheline (>1 mm) and some
aegirine in cryptocryst. matrix 37 46.25 7 8.75 15 18.75 21 26.25 80 100

11 fresh and big nepheline (1–7 mm) and some
aegirine in fine-grained matrix 23 46.00 6 12.00 11 22.00 10 20.00 50 100

12 slightly alterd nepheline (1–5 mm) and
aegirine in a dark cryptocryst. matrix 25 50.00 5 10.00 9 18.00 11 22.00 50 100

13 porphyric K-feldspar in a groundmass of
medium-grained feldspar and biotite — — — — — — — — — —

14 equigranular fabric of perthitic feldspar with
few interstitial nepheline — — — — — — — — — —

Statistical proportions of left-handed and right-handed nepheline were determined in the
following manner. After etching, the whole area of the thin sections was screened under a petrographic
microscope at a magnification of 1250× for the identification of nepheline. It was decided to determine
grain percentages instead of volumetric or mass percentages. Therefore, every discernible nepheline
crystal with suitable orientation was recorded one time, regardless of its size. The counted crystals
should fulfill the following criteria: they should be idiomorphic, larger than 0.3 mm, and their
crystallographic c-axis should be parallel or subparallel to the plane of section (inclination < 20◦).
The latter criterion was tested under the petrographic microscope by the shape of the crystal boundaries
and by the interference colors when a gypsum plate is inserted in addition position (thickness of the
sections is about 30 μm). The crystals were divided into four classes: crystals without chiral etch
figures, twinned crystals with chiral etch figures, single crystals with right-handed etch figures and
single crystals with left-handed etch figures. Counting results are given in Table 3.

In exceptional cases a twinning plane can be parallel to the thin section without crosscutting it
and would be erroneously counted as single L- or D-type. The twinning plane in Figure 7f crosscuts
the thin section horizontally in the middle of the photograph; the symmetry relations of corresponding
etch figures (both L and D) indicate that the twinning plane must be parallel to the c-axis, i.e., in an
oblique (acute-angled) position to the section plane.
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In sample no. 9 (BM.1995, P6 (40)) a total of 120 nepheline crystals fulfilling the required conditions
was found. Fifty-three of them had only indistinct etch figures, 13 were found to be twins with etch
figures of opposite handedness, and 54 had only etch figures of a single chiral type (either only L-type
or only D-type). Among the latter, 28 are left-handed and 26 are right handed. Thus, 23.3% of the
crystals are left-handed, 21.7 are right-handed, and 55% are indistinct or twinned. Among those
crystals with distinct chirality, 51.85% are left-handed and 48.15% are right-handed.

In sample no. 10 (BM.1995, P6 (43)) a total of 80 nepheline crystals fulfilling the required conditions
was found. Thirty-seven of them had only indistinct etch figures, 7 were obviously twinned, and 36
had only etch figures of a single chiral type (either only L-type or only D-type). Among the latter,
15 are left-handed and 21 are right handed. Thus, 18.75% of the crystals are left-handed, 26.25% are
right-handed, and 55% are indistinct or twinned. Among those crystals with distinct chirality, 41.67%
are left-handed and 58.33% are right handed.

It was difficult to find many suitable nepheline crystals in the samples no. 11 and 12 (BM.2004,
P12 (28 and 75)). Therefore, only 50 crystals were evaluated in each of them. As in the above-mentioned
samples, more than 50% of the crystals are indistinct or twinned (cf. Table 3). Among the well-defined
chiral individual crystals, the proportions are close to parity: 11 L-Type (52.38%) vs. 10 D-type (47.62%)
in sample no. 11; 9 L-type (45%) vs. 11 D-type (55%) in sample no. 12.

The level of significance of these statistical proportions can be estimated by the p-value (probability
value) which indicates the probability that, when the null hypothesis is true, the deviation from the
expected result is the same or greater than that of the actual observed result. The null hypothesis for
chiral proportions of nepheline is that both L-type and D-type occur in similar amounts (probability =
0.5) and that for a number n of well-defined chiral crystals, the expected number of L-type and D-type
crystals is n/2. The calculated p-values for samples no. 9, 10, 11, and 12 are 0.45, 0.20, 0.50, and 0.41,
respectively. Each of these p-values is compatible with chiral parity, but the chiral proportions of
sample 9 have the highest probability for a significant chiral excess, because the observed proportions
have only a 20% probability to be found when the null hypothesis is true.

The counting results of nepheline crystals show that most crystals are not twinned and can be
assigned as either left-handed or right handed. Measured chiral proportions in three samples are well
compatible with chiral parity (no chiral excess). One sample (no. 10, BM.1995, P6 (43)) indicates a slight
chiral excess of the D-type at a low level of significance. These findings do not necessarily exclude
the possibility that under very special circumstances magmatic nepheline can exhibit a stronger chiral
enrichment by autocatalytic secondary nucleation in a turbulent magmatic flow, but they show that
this is not the general case.

None of the investigated samples has an Archean age and the sampled alkaline provinces in
Africa and Sweden are certainly much younger than the appearance of biomolecular homochirality
on planet Earth. Only little alkaline magmatism is known from Precambrian terrains. The oldest
well-documented alkaline igneous rocks (leucite trachytes and phonolites) have an age of 2.7 Ga and
occur in the Kirkland Lake area of the Superior Province, Canada [52]. To date, no alkaline rocks were
reported from terrains older than 2.7 Ga. Thus, the time gap between the earliest evidence for life on
Earth at 3.7 Ga [53] and the earliest known alkaline rocks is 1.0 Ga. Incomplete preservation of alkaline
rocks could be due to preferential destruction by erosion of higher continental settings (volcanoes) or
to almost complete subduction of alkaline volcanic islands. On the other hand, alkaline magmatic
activity could have been rare because the Archean mantle was significantly hotter than today and has
produced more extensive partial melting with only very small portions of low-degree melts.

4. Conclusions and Outlook

This pilot study has shown that nepheline enantiomorphs in unaltered volcanic rocks can be
often identified by the shape of etch figures on section planes subparallel to the crystallographic
c-axis. With regard to chiral proportions of nephelines originating from low-viscosity alkaline melts,
the following conclusions can be drawn:
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1. Not all the nepheline crystals exhibit chiral etch figures on such section planes. Up to more than
50% of the crystals with suitable orientation in a thin section do not develop chiral etch figures
when they are treated with diluted hydrofluoric acid (1% HF aqu. at 20 ◦C).

2. Twinning occurs in magmatic nepheline but is not ubiquitous. In the investigated samples,
most nepheline with chiral etch figures is not twinned.

3. The investigated samples do not exhibit a strong chiral excess of nepheline. Counting statistics of
three of four evaluated samples are well compatible with chiral parity; only one sample shows a
slight chiral excess (41.67% L-type vs. 58.33% D-type) but at a rather low level of significance
(p-value = 0.20) because of the paucity of countable crystals (15 vs. 21, respectively).

When examples of significant chiral excess of nepheline are found in future research,
two important issues need to be addressed:

1. Enantiomer separation by liquid chromatographic interaction between infiltrating molecular
solutions and nepheline with chiral excess has not yet been tested in the laboratory.

2. Nepheline bearing rocks are not (yet) known from early Archean terrains. The eldest
well-documented nepheline occurrences are about 1 Ga younger than the earliest evidence
of life. At the present state of knowledge, this time gap is an obstacle for the validity of the
outlined liquid chromatographic hypothesis with nepheline as a stationary phase.
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Abstract: The origin of biological homochirality, e.g., life selects the L-amino acids and D-sugar as
molecular component, still remains a big mystery. It is suggested that mirror symmetry breaking plays
an important role. Recent researches show that symmetry breaking can also occur at a supramolecular
level, where the non-covalent bond was crucial. In these systems, equal or unequal amount of the
enantiomeric nanoassemblies could be formed from achiral molecules. In this paper, we presented
a brief overview regarding the symmetry breaking from dispersed system to gels, solids, and at
interfaces. Then we discuss the rational manipulation of supramolecular chirality on how to induce
and control the homochirality in the self-assembly system. Those physical control methods, such as
Viedma ripening, hydrodynamic macro- and micro-vortex, superchiral light, and the combination
of these technologies, are specifically discussed. It is hoped that the symmetry breaking at a
supramolecular level could provide useful insights into the understanding of natural homochirality
and further designing as well as controlling of functional chiral materials.

Keywords: symmetry breaking; assemblies; supramolecular chirality; homochirality; self-assembly; vortex

1. Introduction

Chirality is one of the fundamental properties found in nature and also vital in many fields,
including chemistry, physics, biochemistry, pharmacy, and materials science [1–5]. The chirality
of molecular components has dramatic consequences in life systems, where biological homochirality,
e.g., L-amino acids and D-sugar are solely selected, still remains a big mystery [6,7]. It has a profound effect
across a spectrum of disciplines in both industrial and academic researches [8,9]. Beyond the molecule level,
the chirality is extended down to subatomic and up to supramolecular and higher hierarchical levels [10].
The biological DNA double helixes and helical proteins are the typical consequence of molecular chirality
and formed via self-assembly at a supramolecular level. In these chiral nanostructures, the structural
complexity, information storage, and the realization of complicated functions significantly related to
the chirality. At a supramolecular level, many chiral or achiral molecules prefer to self-assemble into an
asymmetric packing mode, thus we could detect supramolecular chirality from various combinations
of chiral and achiral molecules [11,12]. Generally, the chirality can be expressed from the chiral
molecules to the self-assembled assemblies via non-covalent bonds. For the mixed system including
chiral and achiral building blocks, the chirality can be transferred from the chiral components to achiral
components, and thus endowing the achiral molecules with supramolecular chirality. Apart from that,
even exclusively achiral molecules can form chiral aggregates due to the symmetry breaking [13–17].
While in most of the cases, an equal amount of the right and left-handed assemblies appeared from
achiral molecules, predominant chiral aggregates have also been found. However, while these systems
are interesting, a great challenge remains in controlling the supramolecular chirality or achieving the
homochiral assemblies from the stochastic distributions.
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It is generally believed that homochirality is attained in consecutive steps: starting from a
minute chiral bias, and a subsequent chiral amplification process for enantiomeric enrichment and
chiral transmission from one set of molecules to another [18,19]. For the first stage, the chiral bias
is usually generated by the symmetry breaking. For the second stage, amplifying chirality by using
self-assembly is a well-known strategy in supramolecular assemblies [11]. Therefore, exploring the
symmetry breaking in self-assembled nanoassemblies is crucial and inspired for the understanding the
of biomolecular homochirality during the evolution of life [19–23].

In this review, we will firstly present a brief synopsis of symmetry breaking in self-assembled
systems, including crystals, liquid crystals, air/solution and solution/solid interface, and supramolecular
gels. After that, we pay more attention to the manipulation of supramolecular chirality in the
self-assembled systems by physical or chemical ways such as adding chiral dopants, applying Viedma
ripening, hydrodynamic macro- and micro-vortex, superchiral light, and the combination of these
technologies. Those physical control ways are mostly discussed.

2. Symmetry Breaking in Self-Assembly Systems

Over the past two decades, spontaneous symmetry breaking has been found in various self-assembly
systems including crystals [24–26], Langmuir monolayers [27–29], liquid/solid interface [30–32],
liquid crystals [33–37], dye aggregates [14,16,38,39], amphiphilic assemblies [40,41], and supramolecular
gels [42–47]. Figure 1 illustrates some typical examples in these field. One chiral crystal that has
been investigated in detail is tartrate [48]. During crystallization process, two kinds of chiral crystals
with almost identical physical properties can be formed. However, the plane of polarization rotates
are different when linearly polarized light (LPL) passes through these chiral crystals. It should be
noticed that their optical activity maintains when these crystals are dissolved in water. However,
another well-studied crystal with chirality in solid, named as sodium chlorate (NaClO3), behaves quite
differently, as it displays optical activity in crystal state (Figure 1A), but the optical properties disappears
when the crystal totally dissolves in solution [49,50]. It is known that a crystal exists in a molecular
or ion state in solution. Therefore, the above phenomenon suggests that ions of tartrate molecules
are chiral. Conversely, the ions of the NaClO3 molecule are achiral. This is one typical example of
symmetry breaking in crystal systems, and thereafter many achiral molecules have been found to be
chiral in crystals [51–55].

Apart from a few reports of symmetry breaking in solution [16,38,56–59], the introduction of an
interface is effective to control the intermolecular interactions, thereby affecting their self-assembly
properties. The symmetry also can be broken at a confined two-dimensional (2D) surface/interface
during the self-assembly of achiral building blocks [60]. In fact, the formation of symmetry breaking
at a surface/interface is more common than chiral crystallization in three dimensions [61]. However,
compared with the solution state, the analysis of assemblies at surfaces/interface can be more
complicated. For example, the chiral domains are usually hard to distinguish and the artefacts can
confound the optical spectroscopy measurements. Even so, the study of symmetry breaking on
surfaces and at interfaces not only assists our understanding of three-dimensional crystallization and
self-assembly process, but also provides insight into how to fabricate otherwise complicated chiral
materials, such as chiral graphene nanoribbons [62,63].

Among many kinds of 2D materials, Langmuir–Blodgett (LB) technology is an effective method
to orderly arrange molecules on the interface [64,65]. Figure 1B gives a novel type of chiral assemblies
fabricated from achiral amphiphilic molecules, a derivative of barbituric acid [28]. This molecule
could form a chiral LB films at the air/water interface. As shown in the atomic force microscope
(AFM) images, this LB film was consisted of spiral nanoarchitectures. More interestingly, these spirals
were found to wind in both an anticlockwise (CCW) and a clockwise (CW) direction, and a careful
investigation indicated this morphology was closely depended on the surface pressure. It was noted
that the H-bonding between barbituric acid derivatives themselves is crucial for the self-assembly.
Specifically, the carbonyls in 4-and 6-carbonyl of the pyrimidinetrione could form H-bonds with the
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hydrogen in the 1- and 3-N-H of the neighbouring pyrimidinetrione. Owing to the large aromatic rings
and the directionality nature of hydrogen bonds between the amphiphilic molecules, the neighbouring
molecules would incline from the same direction. Such aggregates gradually grow up to chiral fiber-like
nanostructure, and then further curve in a fixed direction to form spirals [28].

 
Figure 1. Symmetry breaking in different self-assembly systems. (A) Molecular structure of sodium
chlorate and its crystal image observed through a pair of polarizers. Reprinted with permission from
ref. [24]. (B) Atomic force microscope (AFM) image of one-layer Langmuir–Blodgett (LB) films deposited
at 7 mN/m pressures after inflection point. Reprinted with permission from ref. [28]. (C) Chemical
structures of an achiral alkoxylated dihydrobenzo [12] annulene derivative. Molecular models and
scanning tunneling microscopy (STM) image of the honeycomb structure at the 1-phenyloctane/graphite
interface. Reprinted with permission from ref. [66]. (D) Photomicrographs of chiral domains
(dark/bright) fabricated from achiral liquid crystal molecule. Reprinted with permission from ref. [34].
(E) Chemical structures of some achiral gelators and the SEM images of optically active supramolecular
gels. Reprinted with permission from ref. [43,46,67].

Figure 1C shows another kind of 2D supramolecular chirality, which is observed at the liquid–solid
interface [66]. With the support of scanning tunnelling microscopy (STM), the chirality properties of 2D
molecular organization can be clearly observed with high resolution under extreme conditions [30,68,69].
Surface-confined nanoporous assemblies, such as a periodic mesh of nanowells shown in Figure 1C,
represent one special kinds of monolayers. The chirality of this monolayer is distinguished according
to the molecular models of interdigitation motifs. Figure 1C gives the typical STM image of the
honeycomb architectures from achiral molecules at the 1-phenyloctane/graphite interface. Clearly,
the CW and CCW rotation of nanowells (indicated by white line) could be observed. The alkyl chain
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interdigitation interactions between neighbouring molecules at the liquid–solid interface were found
to be crucial for the fabrication of the porous network structures [66].

In liquid crystal systems, there are many pioneering works that leading the research of symmetry
breaking [33,35,70,71]. This is because liquid crystal is one unique phase that lies in between the
crystals (or solid) and diluted solution. Different from the crystals, the weak intermolecular interactions
in liquid crystal indicates that the driving force for chirality (long-range helical order) is relative weaker.
On the other hand, the short-range chirality in liquid crystals is retained compared with the solution
state. This combination leads to many distinct features, such as stimuli-responsive, self-healing,
and adaptive behavior, which makes liquid crystals as the quintessential materials for self-assembly
and symmetry breaking [72–74]. As shown in Figure 1D, when the crossed analyser and polarizer
were slightly rotated, two kinds of domains are observed in some of the cubic phases [34]. Remarkably,
when the rotation of the analyzer is reversed, the darker and brighter domains could exchange their
contrast. However, the contrast does not change when the sample is rotated between the fixed
polarizers, indicating that these domains belongs to a chiral structure with opposite handedness [34].

Recently, many achiral molecules, particularly the C3-symmetric structure molecules, are found
to form helical assemblies in supramolecular gel systems [45,75]. For example, as shown in
Figure 1E, chiral symmetry breaking phenomena are observed in the supramolecular gel of achiral
benzene-1,3,5-tricarboxamide/tricarboxylate-based molecules [43,46,67]. The directional H-bonds
between amide groups and the π−π stacking of the benzene rings are the main driven force during
self-assembly process. When three non-chiral ethyl cinnamates were connected to the central benzene-
1,3,5-tricarboxamide, the molecule was found to form instant gels with unequal number of right
(P) and left (M)-handed twists, as observed from the scanning electron microscope (SEM) images
in Figure 1E [43]. If the sample has more M-type twists than P-type twists, a negative Cotton effect
was observed from the circular dichroism spectra; this was reversed if there were a relatively larger
amount of P-type twists. Therefore, the uneven symmetry leads to the bulk macroscopic chirality of
the supramolecular gels.

Based on the experimental data and the molecular dynamics simulation, it shows that the
aggregation of these achiral C3 molecules could initially form predominantly P-type or M-type
aggregates with a random distribution. Thereafter, due to the steric hindrance caused by the
closing-molecular packing, the subsequently growth of those small helical aggregates will follow
the original chirality to form one-dimensional helical aggregates. Finally, such unequal numbers of
P-type and M-type helical aggregates further twisted into twisted ribbons or larger helical fibers and
intertwined with each other to hold the solvent [43].

It should be noted that appropriate manipulation of different noncovalent interactions can fabricate
chiral ordered structures with various dimensions and complexities, which might be comparable with
that found in nature systems. Among these noncovalent interactions, the hydrogen bond (H-bond) is
crucial due to its directionality, strength, specificity of the interaction, and biological relevance [76–80].
For example, as shown in Figure 2A, 2,4-Diamino-6-phenyl-1,3,5-triazines with a single oligo (ethylene
oxide) chain could form an optically isotropic mesophase [81]. This achiral molecule first formed a
primarily double-hydrogen-bonded dimeric aggregates, and these aggregates paralleled side-by-side,
leading to a highly ordered and hydrogen-bonded aromatic bilayer structures. Interestingly, the ethylene
oxide chain at both ends prohibits the parallel alignment of the hydrogen-bonded cores, and thus
induces a small helical twist between them. After that, the helical deformation of the bilayer ribbons is
formed. The results shown that hydrogen bonding leads to chiral aggregates that undergo long-range
chirality synchronization in the isotropic bulk state [81].
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Figure 2. (A) Double hydrogen bonding, Corey-Pauling-Koltun (CPK) model and the scheme
illustration of the chirality synchronization of hydrogen-bonded complexes of achiral N-heterocycles.
Reprinted with permission from ref. [81]. (B) Schematic representation of the self-assembly process of
the coordination polymers. (a) Tapping-mode atomic force microscope (AFM) height image and (b) a
zoomed-in image of the area marked in (a). (c) Corresponding CD and UV-Vis spectra. Reprinted with
permission from ref. [17]. (C) The possible gelation process (a) SEM image and (b) CD spectra of the
chiral gels. Reprinted with permission from ref. [44].

Besides the hydrogen bond, there are a number of examples of dative-bond (coordination
bond) driven symmetry breaking [82–86]. Figure 2B shows a novel coordination polymer gelators that
stemmed from the coordination of Ag(I) and the achiral imidazole derivative [17]. Optically transparent
gels could be formed when a methanol solution of the achiral monomer to an aqueous solution of silver
nitrate at a 1:1 ratio of ligand: AgNO3. The AFM measurements further revealed a well-developed
network structure composed of fibrous aggregates. In addition, the zoomed-in image indicated that this
thicker fiber consisted of a bundle of helical tubes. The CD spectra also exhibited mirror-imaged signals
from different batches, indicating that chiral symmetry breaking is occurred during the coordination
process. Due to the strong directional interactions between the rigid bent bridging ligands and
Ag(I), the initial metal–ligand complexes with accidental excess of one helical direction were formed.
Thereafter, the new aggregates would follow the same handedness to form a secondary helical structure.
On the other hand, the formation of opposite helical aggregates is suppressed. Therefore, the eventual
macroscopic chirality is observed [17].
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As shown in Figure 2C, symmetry breaking that driven exclusively by weak π−π interaction
is studied in supramolecular assemblies [44]. An achiral C3-symmetric gelator was found to form
organogels in cyclohexane. Interestingly, the supramolecular gels were optically active with the helical
nanofibers with predominant handedness. Since there are no any other noncovalent interactions in
this system, the experiment results proved that purely π−π stacking can also drive the symmetry
breaking in the supramolecular gel system. In this case, π−π interaction between benzene rings
and cinnamate substituents were strong enough to form an overcrowded molecular packing. It is
supposed that the achiral molecules could initially generate two kinds of helical conformer by chance,
and subsequently grow up to form longer one-dimensional helical aggregates by following the original
chiral conformation. At last, several helical aggregates further twisted into helical fibers [44].

In fact, combined noncovalent interactions including hydrogen bonding, electrostatic interaction,
and π−π stacking are generally necessary in most of the symmetry breaking systems. For example,
both the hydrogen bonding and electrostatic interaction is essential in the fabrication of chiral
tetraphenylporphyrin sulfonate (TPPS) aggregates [14]. Another example is the self-assembled achiral
partially fluorinated benzene-1,3,5-tricarboxamides in solution, in which the 3-fold hydrogen bonding
and dipole−dipole interaction play important roles [42].

3. Selection and Control of Supramolecular Chirality during Symmetry Breaking: Towards the
Homochirality in Nanoassemblies

Even though the origin of chirality and homochirality in biological systems is still controversial,
the quest to unravel this mystery has led to an intense research to select and control the supramolecular
chirality during symmetry breaking. Actually, the manipulation of chirality in exclusive achiral systems
can be much more useful, since it could not only provide a better understanding of the complicated
biosystems, but also offer guidance on how to rational design of biomimetics as well as advanced chiral
materials [87,88]. To date, various strategies such as changing pH [89], electroweak interaction [90,91]
and microfluidic conditions [92,93], catalysis at prochiral crystal surfaces [94,95], adding chiral
additive [96–99], applying circularly polarized light [100–102], rotational and magnetic force [103],
and vortex and stirring motion [14,104–108], etc. are known to control the emerging chirality during
symmetry breaking.

Generally, based on sergeant and soldier rule, adding chiral substance into the symmetry breaking
systems is quite efficient and usual to control the macroscopic chirality [99,109,110]. For example,
in the C3 supramolecular gel system, a suitable amount of (R)-1-cyclohexyl ethylamine could result in
the formation of M-type twists with a strong negative CD signal [43]. On the contrary, (S)-1-cyclohexyl
ethylamine led to the P-type twists and a mirror-imaged CD spectrum. Owing to the interaction
between amines and ethyl cinnamate, the added chiral amines achieved the chirality control through
the ester–amide exchange reaction. In this case, the chiral amines could not completely remove from
the system [43]. However, if the chiral dopants were replaced to chiral solvent, such as limonene
and terpinen-4-ol, the induced chirality of the supramolecular gels could be maintained even after
completely removing the chiral solvents [44].

In the solid state such as crystal systems, it is easier to achieve the chiral discrimination. Particularly,
this applies to the crystallization process when the same enantiomers have a stronger interaction than
that of the opposite enantiomer. Such kind of crystal is generally called as conglomerate crystals,
representing that each crystal is homochiral (Figure 3A). In the words, the conglomerate can be
regarded as a physical mixture of enantiomerically pure crystals of two kinds of enantiomer. However,
only approximately 5–10% of chiral crystalline molecules belong to this case [9]. For the rest of
approximately 90–95%, both enantiomers exist in one crystallographic unit cell, and the solid is called
a racemic compound, racemate crystals, or true racemate. This is because the opposite enantiomers
have a greater affinity than the same enantiomer in this case.
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Figure 3. (A) Formation of conglomerate and racemate crystals during the crystallization of a racemic
mixture. (B) Schematic representation of Viedma ripening.

It is worth noting that applying stirring during crystallization is usually effective to break
the symmetry, leading to a high enantiomeric excess of the resulting crystal [25,111,112]. In 2005,
Viedma demonstrated that the initially racemic mixture of NaClO3 crystals could completely transform
into one chiral form over a period of several days (Figure 3B) [113]. Remarkably, the completely
transformation means that the whole system achieves homochirality although the final handedness
could not control. This transformation process, which is now called Viedma ripening, involves the
deracemization of solid-to-solid and solution-to-solid [114,115]. The novelty of Viedma’s experiment
lies in the addition of glass beads and magnetic bar during deracemization. The glass beads enhanced
the grind of crystals, resulting in numerous small fragments with the identified handedness. Therefore,
the homochirality is achieved by applying stir and grind for a period of time. It should be noted that
the chiral bias can be controlled by crystal enantiomeric excess [113]. For example, solutions with
initial 5% L-crystal enantiomeric excess give rise to 100% L-type crystals, and vice versa. Since that,
this method was successfully extended to many crystal systems, and even organic reaction which
contains crystal products. Very recently, Viedma ripening found broad applicability [18,116–122].
Without grinding treatment, a temperature gradient which involves several cycles of rapid heating and
slow cooling could also realize the deracemization [123,124].

The responses of achiral molecules and its chiral assemblies to external stimulation can be also
used to manipulate the supramolecular chirality after symmetry breaking. The J-aggregates of achiral
amphiphilic porphyrins, such as 4-sulfonatophenyl and arylmeso-substituted porphyrins, may be the
most representative model for the study of hydrodynamic forces [106,125]. Figure 4 illustrates the
ground-breaking work of Ribo et al. in which the chiral signal of porphyrin aggregates can be controlled
by vortex motion during self-assembly process [14]. The self-assembly of the achiral monomeric
species were promoted by the rotary evaporation of very diluted solutions of deprotonated porphyrins.

Clearly, the randomly distributed chiral signals indicates that the unstirred experiments belong to
a pure symmetry breaking process (Figure 4A). However, as shown in Figure 4B, the chiral selection
was dependent on the rotation direction when the samples were applied rotary evaporation treatment.
The statistical distribution indicated that 85% of the chiral signals could be controlled by the rotation
direction, suggesting a biased symmetry breaking (Figure 4B). Due to the existence of anionic sulfonato
groups and the positively charged porphyrin rings, the J-aggregation was achieved by the intermolecular
electrostatic and hydrogen bonding interactions. Therefore, the arrangements of achiral porphyrins
with different angles are indeed possible (Figure 4C). The schematic illustration shows that the chirality
may be transferred from the macroscopic chiral force to the electronic distribution. After this report,
the acting chiral hydrodynamic shear force during rotatory evaporation were theoretically investigated,
and similar conclusions has been obtained in other type of vortices [126–129].
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Figure 4. The chiral signals of solutions containing achiral amphiphilic porphyrins under (A) unstirred
condition and (B) rotatory evaporation. The concentration was conducted by rotary evaporation from
500 mL to 20 mL for about 2 h. (C) Schematic illustration of the chiral selection during the self-assembly
of substituted porphyrins. Reprinted with permission from ref. [14].

As one kind of the excited-state optical activity, circularly polarized light (CPL) has
triggered intense research interests due to their potential applications in optical sensors [130,131],
3D displays [132,133], bioencoding [130,134,135], encrypted transmission, and storage of information [136],
chiral catalysts [137–140], and photoelectric devices [141]. However, due to the small anisotropy factors
(<10−3), the obtained enantiomeric excess in most cases of asymmetric photolysis and photosynthesis
is undesirable (<4%) [142,143]. When two counter-propagating CPL are interfered with opposite
handedness, with different intensity but the same frequency, the generated light, which is called
superchiral light (SCL), was demonstrated experimentally to enhance the enantioselective polymerization
of achiral diacetylene monomer [144].

Figure 5A shows the experimental set-up for the generation of SCL from two CPL beams
(325 nm) [144]. Clearly, compared with the conventional CPL, the achiral benzaldehyde-functionalized
diacetylene (Figure 5B) LB films that irradiated by the SCL exhibited a stronger CD signal. In contrast,
if the sample was polymerized by LPL, no signal was observed from the CD measurement (Figure 5C).
As a result of the enhanced optical dissymmetry, the polydiacetylene films achieved in SCL field shows
nearly 5-fold enhancement in dissymmetry factor. As illustrated in Figure 5D,E, compared with CPL
irradiation, the enhanced optical dissymmetry in SCL may lead to more helical polydiacetylene (PDA)
chains, thus resulting in an increased dissymmetry factor of PDA films. In addition, transmission
electron microscopy (TEM) images also demonstrated that samples polymerized by SCL have more
helical PDA chains than those polymerized with CPL [144].

Although all of the above approaches can be used alone to select the supramolecular chirality,
not all of them are effective, due to their own limitations. In fact, a large number of reports employed
more than one treatment to control the chirality of symmetry breaking [145]. For example, as shown in
Figure 6A, Vlieg et al. demonstrated that the CPL irradiation caused symmetry breaking of an amino
acid derivative could be amplified by a grinding process [146]. Specifically, a solid–liquid mixture
was firstly irradiated with L- or R-CPL for 70 h (0.3 mW intensity). Thereafter, the slurry was grinded
with a magnetic stirring bar and glass beads. In addition, organic base such as 1,8-diazabicyclo [5.4.0]
undec-7-ene (DBU) was added in order to induce the racemization in solution. Five days later, the final
chirality of enantiopure solid was found to be selected by the handedness of CPL. From the above
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description, it can be concluded that a non-racemizable chiral photoproduct may be formed under
the effect of the CPL irradiation, while the subsequent grind treatment amplified the small initial
chirality [146].

 
Figure 5. (A) Experimental set-up for the generation of superchiral light (SCL) field. (B) The molecular
structure of achiral benzaldehyde-functionalized diacetylene. (C) CD spectra of polydiacetylene films
polymerized by (i) left-handed or (ii) right-handed SCL; (iii) left-handed or (iv) right-handed circularly
polarized light (CPL); (v) linearly polarized light (LPL), respectively. Schemes and corresponding
transmission electron microscope (TEM) images for the helical PDA chains prepared by using (D) CPL
and (E) SCL irradiation, respectively. Reprinted with permission from ref. [144].

Figure 6B gives an example of how the relative directions of rotation and effective gravity
control the chirality of supramolecular assemblies constructed by achiral tris-(4-sulfonatophenyl)
phenylporphyrin (TPPS3) [103]. In order to simultaneously realize the manipulation of rotational,
gravitational and orienting forces, an experiment set-up is designed and outlined in Figure 6B. To be
brief, this set-up contains a tube with seven cylindrical vessels. Each of them was positioned at different
positions and rotated for various time. Such a set-up ensures a solid-body rotation, and thus avoids
the creation of pseudovortices. The rotation is characterized by two parameters, one is the angular
momentum (L), which is set by CW or CCW rotation viewing from the top. The other factor is effective
gravity (Geff) that related to the magnetic levitation force. After rotation treatment, these samples
were placed outside the magnet for three days before the CD measurement. The handedness of the
aggregates is found to depended on the relative directions of the rotational and gravitational forces
applied. For example, the antiparallel L and Geff results in a positive CD signal, while parallel L
and Geff leads to the opposite signals. Further study revealed that the nucleation step was crucial
to control the final handedness. On the basis of these experimental results, a possible schematic
model was proposed. As a result of the electrostatic and π-stacking interactions, the TPPS3 molecules
could aggregate into small chiral nucleus. During this period, the hydrodynamic flow consistently
applied. Meanwhile, the magnetic field arranges the nuclei along the rotation axis, which eliminated
the randomizing Brownian motion and thus achieved the controlled chirality. After that, chiral nuclei
worked as chiral seeds, and the subsequent growth followed the initial chirality even after the external
stimulation was ceased [103].
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Figure 6. (A) Experimental set-up for circularly polarized light (CPL)-driven deracemization and
the illustration of the cascade of events during this process. Reprinted with permission from
ref. [146]. (B) Molecular formula of the achiral porphyrin tetraphenylporphyrin sulfonate (TPPS3),
experimental set-up and the relationship between the chirality and the applied physical forces.
Reprinted with permission from ref. [103]. (C) Experimental set-up and the possible helix formation
mechanism for the enantioselective synthesis of helical polydiacetylene by applying linearly polarized
light (LPL) and magnetic field. Reprinted with permission from ref. [137].

Compared with CPL, the application of LPL irradiation is usually neglected. However,
combined with other physical force, such as magnetic field, LPL is also effective to control the
enantioselective polymerization of diacetylene derivative (Figure 6C) [137]. As a result of the
magnetochiral dichroism effect, the achiral building blocks could selectively form one-handed helical
oligomer chain. The dual effect of LPL and magnetic field might orient the helical oligomer chain in a
chiral arrangement, which is benefit for the polymerization of closing monomer. Therefore, the final
predominant helical chains can be directed by the relative orientation of LPL and magnetic field [137].

Very recently, inspired by natural rock micropores (Figure 7A), a microvortex generated by a
microfluidic device was demonstrated to control the chirality after symmetry breaking either in gel or
solution states [93]. Computational fluid dynamics (CFD) simulation suggested that the CCW and CW
laminar vortices could be generated by the mismatched flow velocities between the main channel and
the microchambers, and the microvortices in the left and right microchamber are predominantly P and
M chirality, respectively. In addition, the high-speed microscopic observation showed that the highest
rotation speed could be 4 × 104 rpm in this device. When the achiral building blocks (BTAC and
TPPS4) were injected into the microfluidic device, microvortex-induced symmetry breaking of these
achiral molecules leads to the formation of supramolecular gels or TPPS4 nuclei. Samples that obtained
from two outlets always exhibited mirror-imaged CD signals. The unique feature of microvortices
is the strong shear gradient, which allows the chiral alignment and formation of the supramolecular
nuclei against the Brownian regime during the mirror symmetry breaking process. The microvortice
controlled nuclei could be subsequently amplified into supramolecular aggregates with a certain
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chiral bias. As a result, the chirality distribution suggested the microvortices maintained 96% chirality
control [93].

Compared with crystals, the homochirality after symmetry breaking is more difficult to achieve
in soft matter and solution due to the dynamic features. In addition, the good stability of chiral
assemblies is also essential. For example, the exchange between the monomers and helical aggregates
is usually fast in diluted solution [99]. Figure 7B illustrated a novel strategy for obtaining almost
homochiral supramolecular assemblies with controlled handedness in a totally achiral system [67].
Due to the hydrogen bond and π−π stacking, the achiral C3 molecules could form instant gels in
a mixed solvent of DMF/H2O. However, the common gelation process only achieved racemic gels.
Interestingly, applying vortex mixing during self-assembly process could significantly amplified the
supramolecular chirality, leading to near-unity homochiral assemblies. In this case, the chiral signals
were random distributed. The real-time monitor of CD intensity and the aggregation suggested that
applying vortex mixing during the nucleation stage is sufficient. Due to the competition caused by
vortex mixing, one kinds of helical nuclei occasionally dominated the system, and the chiral bias could
be further amplified in the following growth. More importantly, by using a small amount of assemblies
obtained as chiral seeds, a supramolecular ripening process could transform the racemic gels to the
homochiral state with the seeds. Therefore, no additional chiral substances are required to obtain both
chirality controlled and homochiral assemblies [67].

 
Figure 7. (A) Schematic hypothesis of the origin of supramolecular chirality in nature. (a) The imitated
microvortices that generated by the microfluidic device. (b) computational fluid dynamics (CFD)
simulation of the chiral microvortices. Formation of chiral supramolecular assemblies of achiral (c)
(tris (ethyl cinnamate) benzene-1,3,5-tricarboxamide (BTAC) and (d) tetraphenylporphyrin (TPPS4) and
C2mim+ ionic stabilizer within the microvortices. Reprinted with permission from ref. [93]. (B) Vortex
mixing-accompanied self-assembly induced homochiral supramolecular assemblies from exclusively
achiral molecules. (a) Schematic illustration of the procedures towards homochirality. (b) Red curve:
the absolute dissymmetry factors (gCD) of the samples prepared with different vortex times; blue curve:
the correlation between the absorption data and cooling time. (c) SEM images of the helical structures
after vortex mixing. (d) Schematic illustration of the mechanism towards homochirality. Reprinted with
permission from ref. [67].
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4. Conclusions

Symmetry breaking in self-assembled systems is an interesting phenomenon leading to an
understanding of the homochirality in a biological system and providing an important method towards
the construction of functional chiral materials, which significantly extend the potential applications
of achiral building blocks. This review provides a summary and discussion of symmetry breaking
based on the diverse systems from solution, interfaces to solids and gels. Moreover, we present a
brief synopsis on the selection and control of supramolecular chirality in the self-assembled systems
from achiral molecules. A number of novel physical manipulations, such as superchiral light field,
microfluidic device induced microvortex, and vortex mixing have been successfully used to achieve
the chiral selection/synthesis and even homochirality of nanoassemblies.

Despite these achieved developments in symmetry breaking, advanced techniques are still needed
to follow the symmetry breaking process and the amplification of the supramolecular chirality from
completely achiral molecules. For most of the systems, even though we could observe the microscopic
chirality from the CD or CPL spectra and morphology, two enantiomers coexisted after symmetry
breaking. Therefore, it is also necessary to quantitatively analyze the enantiomeric excess of the
supramolecular assemblies although it is dynamic in many cases.

So far, various possibilities have been proposed to explain the emergency of the initial chiral
bias in biomolecules [101,147–149]. However, these results are controversial [19,150]. On the
other hand, attaining homochirality is still a challenge in exclusively achiral systems. In general,
asymmetric environments or elements are necessary for the chirality control of symmetry breaking.
Macroscopic chiral force caused by stirring or vortex mixing may transfer the chirality into the
asymmetry molecule aggregation. Although many methods were discovered to control the chirality,
the combination of two or more processes is more effective to the selection and subsequent amplification
the supramolecular chirality during symmetry breaking towards the homochiral assemblies, which
may enlighten the understanding the of biomolecular homochirality during the evolution of life.
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Abstract: This work explores the behavior of chiral compound mixtures enriched in one of
the enantiomers whilst a typical chromatography on the achiral stationary phase is employed.
The influence of several factors, such as the eluent composition, ratio of the compound to the
stationary phase, and the initial enatiomeric purity of the compound used on the distribution of the
enantiomers in the collected chromatographic fraction, was studied. The obtained results indicate
that the phenomenon of Self Disproportionation of Enantiomer (SDE) occurred in all cases, and
some of the collected fractions got higher optical purities than the initial one. Thus, achiral column
chromatography could be applied in some cases as the simplest approach for chiral purification.
Based on the experimental results and DFT calculations, an alternative concept explaining the SDE
phenomenon was proposed. Due to its generality and simplicity, SDE may also be responsible for the
formation of the first chiral non-racemic compounds on the early Earth.

Keywords: enantiomer self-disproportionation; SDE; achiral stationary phase; homochiral and
heterochiral aggregates; chiral separation; chirality; genesis of life chirality

1. Introduction

The mystery of life on Earth is closely connected with the phenomenon of the chiral nature of all
living organisms (human beings, animals, plants, insects, etc.). Chirality, as a fundamental property of
3-dimensional objects (including many molecules and ions) to be non-superinposable on their mirror
images, is imprinted in such basic building blocks of life as amino acids and sugars; it is further
reflected by the chirality of more complex biochemical objects such as DNA and eventually by the
chirality of entire bodies [1,2]. Interestingly, amino acids [3] and sugars [4] derived from natural
sources are non-racemic and are constituted of single stereoisomers. At the same time, according to the
fundamental chemical principles the formation of non-racemic chemical compounds is impossible
when the chiral component of the chemical reaction (substrate, catalyst, medium) is absent [5]. Despite
its crucial value for the understanding of the origin of life, the origins of the chirality of molecules
of life are still unknown [6]. Apart from the creationist approach stating that “the only possible way
for unique homochirality to exist in the chiral biochemical molecules found in living organisms is for
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those biomolecules to have been created with unique homochirality when that organism was first
created. Just as a fingerprint identifies its creator” [7], there are several other theories trying to address
this issue [8]: partial photochemical decomposition of the racemic mixtures of chiral compounds in
the interstellar clouds caused by polarized cosmic irradiation [9,10]; photochemical reactions in the
primordial soup influenced by the Sun’s light polarized by passing though the Earth atmosphere [11,12];
the effect of the parity-symmetry violation of the weak force [13]; the stereochemical outcome of the
chemical reactions influenced by a magnetic field [14]; asymmetric catalysis mediated with chiral
minerals e.g., single quartz crystals [15,16]; stereoselective crystallization of a single enantiomer from
the racemic mixture [17,18]. Since the formation of both enantiomers is statistically equal, all the
variety of the chiral compounds on Earth should have originated from almost a single act of creation.
Moreover, in all those rare cases, mixtures with only an extremely low excess of one of the enantiomers
could be formed. Thus, the major question of the chirality genesis is how—from an almost racemic
mixture of chiral probiotic compounds formed accidentally, once or few times only—an optically pure
substance could have been spontaneously created. The process of the spontaneous enrichment of
the enantiomer mixture and the generality of this phenomenon could be studied on the example of
several typical benchmark asymmetric syntheses where some enantio-enriched mixture of the chiral
compounds is formed.

As a result of the significant progress made in the last few decades, the asymmetric catalysis
has become the basic tool of synthetic organic chemistry used to obtain modern medicines [19], and
cosmetics [20], plant protecting substances [21], and variety of functional materials [22,23]. Valuable
features of those kinds of transformations include: the highest atom economy (thus, only one of two
possible enantiomers are usually desirable); a short synthetic pathway because of the elimination of
chiral derivatisation and racemic mixture separation steps; mild reaction conditions; wide substitution
pattern toleration; and many others—all of the above made these transformations highly attractive
economically. Therefore, they draw the attention of both academics and the industry. The importance
of this field has also entailed the development of methods for the determination of the enantiomeric
composition of the obtained products directly or after derivatisation by chiral reagents. There are the
classical measurement of optical rotation power [24,25], chiral chromatographic approaches [26,27],
NMR methodologies utilising chiral shifting reagents [28–31] and chiral derivatisation reagents [32–34].

In the majority of cases, the determination of the enantiomeric composition of the mixtures of
isomeric products obtained in the reaction is performed after preliminary purification of the sample
studied. Distillation is only marginally useful in the case of polysubstituted organic materials. Such
routine purification techniques as crystallisation and sublimation cannot ensure the invariability
of the enantiomeric composition in a rough reaction mixture and isolated substance because of a
widely observed enantiomer self-disproportionation phenomenon (SDE). SDE was defined in 2006 as a
transformation of an enantiomerically enriched system resulting in the formation of fractions with
different, in comparison to the initial enantiomeric distribution [35]. The SDE phenomenon is attributed
to two distinct models of the intermolecular interaction between the enantiomers of a chiral compound.
These are homochiral (R,R or S,S) and heterochiral (R,S)-associations (Figure 1) which are present in a
not completely racemic mixture and are largely responsible for the nonlinear behavior of the optical
rotation [35,36].
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Figure 1. Preferential formation of homochiral or heterochiral aggregates in the solution of optically
enriched compounds.

Thus, column chromatography is usually the method of choice for the purification of reaction
mixtures in laboratory practice and it is extensively used for the preparation of analytical samples from
different asymmetric reactions. For a long time, the chemical community accepted the assumption
that, with very few exceptions [37], the ratio of enantiomers would not be significantly changed
during chromatographic purification, unless some other chiral players such as chiral solvents or
additives or a chiral stationary phase are used. Recent studies indicate that this rule could be broken
in the case of chiral fluorinated compounds because of notable chiral self-aggregation promoted
by a strong dispersive interaction of fluorous tails [35,38]. Rare literature examples also suggest
that a partial separation of the racemate from the enantiomer could be observed for some other
enantiomericaly enriched compounds subjected to achiral chromatographic purification via regular
gravity driven chromatography on silica gel [39–42], or HPLC [43], MPLC [37], flash [44], or other
chromatographic purification techniques [45]. However, this possibility is still usually neglected in
routine chromatographic purification on regular achiral stationary phases.

Herein, we would like to demonstrate that SDE is a common phenomenon observed during
the achiral low-pressure column chromatography of the chiral compounds obtained in benchmark
asymmetric reactions such as allylic substitution, [46,47] cross-coupling [48–52] and organocatalytic
aldol condensation [53,54] as well as other important asymmetric transformations. Thus, such processes
may play a significant role in the course of the chiral, non-racemic, pro-biotic compound formation.

2. Materials and Methods

All the chemicals used in this research were purchased from Sigma-Aldrich, Avantor Performance
Materials Poland S.A. (formerly POCH S.A) and Merck. Analytical thin-layer chromatography (TLC)
was performed using silica gel 60 F254 precoated plates (0.25 mm thickness). Visualization of TLC
plates was performed by means of UV light. NMR spectra were recorded on Bruker Avance 500
MHz spectrometers, and chemical shifts are reported in ppm, and calibrated to residual solvent
peaks at 7.27 ppm and 77.00 ppm for 1H and 13C in CDCl3 or TMS as internal reference compounds.
The enantiomeric compositions of the obtained fractions were determined by a chromatographic
method (Shimadzu LCMS IT-TOF spectrometer) using chiral chromatographic columns Chiralpak®

and Chiralcel® with the following dimensions: 150 × 2.1 mm, or by 1H NMR and 13C NMR techniques
using an appropriate chiral differentiating factor and solvents. The purification process and the
study of the SDE phenomenon were conducted on a flash low pressure BUCHI chromatograph using
12 × 150 mm PE columns packed by authors with 10 g spherical silica gel 60 with the particle size of
230–400 mesh as the stationary phase. The studied compounds were dissolved in 5 mL of an appropriate
solvent and mixed with 1g of silica gel. Next, the solvent was evaporated and the sample supported on
silica was placed at the top of the column prepacked with silica. After that, the column was connected
to the MPLC to be subjected to SDE studies. In the case of compounds 1 and 6, instead of supporting
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them on silica, the solutions of the studied compounds in 0.6 mL of mobile phase were injected onto
the column prepacked with 11 g of silica and prewashed with the mobile phase. The fractions were
automatically collected by 18 mL volume. The elution progress was monitored by TLC. All DFT
calculations were performed using the “Prometheus” cluster in the “Cyfronet” computational center in
Cracow. A new generation M062x [55]; [56] functional, implemented in the Gaussian 09 package [57],
was used. This functional has been recently used by us to solve several similar problems [58–60].
All stationary structures have been optimized using the advanced 6-311++G(d,p) basis set and were
characterized by only positive eigenvalues in their diagonalized Hessian matrices. For the optimized
structures, thermochemical data for the temperature T = 298 K and pressure p = 1 atm were computed
using vibrational analysis data. For the simulation of the solvent presence, the PCM model has been
applied, similar to in previous our works [59,60].

3. Results and Discussion.

In order to investigate the impact of a routine chromatographic purification process on the
distribution of enantiomers in collected fractions, non-racemic mixtures of the studied compounds
were obtained in the usual benchmark reactions.

3.1. Study on the SDE of Dicarboxylic Acid Esters: (R)-Dimethyl [(2E)-1,3-Diphenyl-2-Propen-1-yl] Malonate (1)

The asymmetric allylic substitution reaction leading to (R)-dimethyl [(2E)-1,3-diphenyl-2-
propen-1-yl] malonate (1) is a standard process used to assess the efficiency and compare the chiral
transition metal complex based catalysts [59]. The product of this benchmark reaction was evaluated
first. The reaction was carried out using (R)-(-)-BisNap-Phos [48] as a ligand and furnished crude
product 1 (Scheme 1), which was subsequently subjected to the enantiomeric purity determination by
an HPLC technique. The enantiomeric composition and (R)-absolute configuration of the product were
determined by the peak integration and elution order from chiral HPLC using a Chiralcel® OD-H
column [61]. The enantiomeric excess of the crude product was 49.0%.

 
Scheme 1. Synthesis of (R)-dimethyl [(2E)-1,3-diphenyl-2-propen-1-yl] malonate (1).

Next, the product was chromatographically purified on the achiral stationary phase. The eluent
system selection was based on the Rf values (~0.2) and hence the mixtures of hexane/acetone in the
ratios of (99/1) and (99.7/0.3) were selected as mobile phases. 50.0 mg of compound 1 was subjected to
the purification process on an achiral 12 × 150 mm column filled with 11.0 g silica gel. The separations
were run at the eluent flow rate of 18 mL/min and the collected fractions had the volume of 18 mL.
The fractions were collected from the moment when the eluted compound was detected by TLC.
The enantiomeric compositions of consecutive fractions were determined by means of chiral HPLC
with the application of a Chiralpak® AS-RH column and the mobile phase H2O/CH3CN = 55/45, and
0.4 mL/min flow (Figure S1). The Chiralpak® OJ-RH and Chiralcel® OD-H columns could also be used
for this purpose. The elution profiles for both eluent systems are depicted in Figure 2 and Table S1.
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Figure 2. SDE of compound 1 in achiral MPLC conditions: the elution profiles. The fitting equation for
hexane/acetone = 99/1 is y = 0.018x + 49.429 (R2 = 0.851) and for hexane/acetone = 99.7/0.3 is y = 2.099x
+ 40.4 (R2 = 0.768).

The mobile phases were selected by the optimization process using the TLC method. Several
possible solvent mixtures and pure solvents were tested in this process. In the next step, those mobile
phases, for which the separation on the plates gave promising results were selected; these mobile
phases were then tested in the column separation process. In those experiments, several mobile phases
were examined and finally those for which the separation result was good enough were obtained and
results obtained in the context of the SDE phenomenon. This procedure of mobile phase optimization
was used in a course of all further separations. In this case, in the optimization process, hexane/acetone
with ratios of 99:1 and 99.7:0.3 was selected as mobile phase. It can be seen that in the course of the
purification, the ee values of the collected fractions increased slightly from the initial level of 49.0%
for hexane/acetone = 99:1 and more significantly for hexane/acetone in the ratio of 99.7: 0.3 (to 51.0%
and 54.0%, respectively). The values of the SDE magnitude (Δee) parameter (defined as the difference
between the highest and the lowest value of the enantiomeric excess of the collected fractions) equaled
1.8% and 7.0% for hexane/acetone = 99:1 and hexane/acetone = 99.7:0.3, respectively. These results
indicate that the eluent used in the first series of the experiment was characterized by a polarity too
high to allow effectively the occurrence of SDE. In contrast to the first series, it is noticeable that the
utilization of a less polar eluent leads to obtaining a compound with a slightly higher ee value in the
latter fractions. These results immediately allowed us to state that the purification process of the
crude reaction mixture on achiral silica gel may affect the ee value. Secondly, the SDE of compound 1

depends on the eluent composition used in the purification process; the less polar eluent facilitates the
SDE phenomenon.

3.2. Study on the SDE of Atropisomeric Biaryl: 2,2′-Dimethoxy-1,1′-Binaphthyl (2)

Inspired by the initial results, we decided to investigate whether the SDE phenomenon may be
applicable to the enantiopurification of 2,2′-dimethoxy-1,1′-binaphthyl (2) enriched in the (R)-isomer
(Scheme 2). Compound 2 was obtained in a benchmark Suzuki-Miyaura reaction which is usually
used to assess the efficiency of a palladium catalyst in cross-coupling reactions. The reaction that was
run in the presence of 0.3% SDS and Na2CO3 in an aqueous medium at ambient temperature utilized
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the (S)-BisNap-Phos ligand (1 mol%) and Pd(C6H5CN)2Cl2 pre-catalyst (0.5 mol%). The enantiomeric
excess of 2 was determined by an HPLC technique using a Chiralpak® AS-RH column, and the mobile
phase H2O/CH3CN = 50/50 (Figure S2). The initial enantiomeric excess was assigned as 41.0% ee.

 
Scheme 2. Synthesis of (R)-2,2′-dimethoxy-1,1′-binaphthalene (2).

Further, 100.0 mg of compound 2 was fractionated on a 12 × 150 mm column filled with 10.0 g
silica gel, using a mixture of hexane/ethyl acetate = 97:3 as an eluent. Considering the low solubility
of compound 2 in the eluent, the compound was applied on the gel and loaded onto the column in
this form. The separations were run at the eluent flow rate of 18 mL/min and the collected fractions
had the volume of 18 mL. The SDE profile of compound 2 is shown in Figure 3 (the numeric data
are given in Table S2). As one can see, the enantiomeric excess of the examined compound increased
with the elution volume from 21.0% ee in fraction 32 (in which compound 3 was first detected by
TLC) to 63.0% ee in the last fraction (fraction 52). The SDE magnitude (Δee) in the studied cases
equaled 42.0%. The chiral HPLC chromatograms of the first and last fractions are depicted in Figure
S2. The final fraction (fraction 52) is 22.0% more enantiomerically enriched in comparison to the
initial sample of 41.0% ee. Such highly significant value of Δee could be caused by the π-π stacking
interaction between the naphthyl moieties [62] as it has been previously observed for other types
of substituted naphthalenes [63]. On the other hand, 2,2′-dimethoxy-1,1′-binaphthyl could easily
undergo crystallization, and it is also theoretically possible that a multiple micro recrystallization
process may have taken place on the column and eventually influenced the enantiomeric distribution
in the collected fractions. In any case, the obtained results indicate a possibility of the enantiomeric
enrichment of potentially crystalline compounds (or even a separation of the enantiomeric fraction
from the racemate) using the methodology based on the achiral chromatographic technique.

 

Figure 3. SDE of compound 2 in achiral MPLC conditions: the elution profile. The fitting equation is
y = 2.089x -46.242 (R2 = 0.979).
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3.3. Study on the SDE of β-Hydroxy Ketone: (4R)-(4-nitrophenyl)-4-Hydroxy-2-Butanone (3)

Taking into account a possible strong effect of the π-π forces in the crystal net, we turned
our attention to another class of organic compounds. The next chiral model compound
(4R)-(4-nitrophenyl)-4-hydroxy-2-butanone (3) was synthesized under aldol condensation conditions
(Scheme 3) [64] in a reaction between 4-nitrobenzaldehyde and technical grade acetone in the presence
of 20 mol% of L-proline. In this benchmark organocatalytic reaction the chiral organic molecule plays
the role of a catalyst, which is more inherent to biomimetic processes. As a result, the reaction products
are not contaminated with toxic metal impurities, the catalyst does not undergo decomposition, and in
general, the process itself is compatible with the requirements of green chemistry, as well as chemical
processes occurring on the early Earth. The optical purity of synthesized compound 3 was determined
by an HPLC technique using a Chiralpak® AD-RH column, and the CH3CN/H2O = 30/70 mobile
phase [65] (Figure S3).

 
Scheme 3. Synthesis of (R)-4-hydroxy-4(nitrophenyl)butan-2-one (3).

The ratio of the amount of the studied compound to the amount of the stationary phase used
may affect the efficiency of SDE. To explore this dependence three different quantities of 3 (50.0 mg,
100.0 mg and 150.0 mg supported on 1.0 g of silica) were eluted with hexane/MTBE = 85:15 in flash
chromatography conditions on a 12 × 150 mm column filled with 10.0 g silica gel. On the basis of the
obtained results (Table S3) the enantiomeric distribution profiles are presented in Figure 4. In all cases a
clear decreasing dependence of the enantiomeric excess was observed. First fractions exhibited a higher
enantiomeric enrichment in the (R)-isomer than the latter ones. The values of Δee were 23.6%, 17.2%
and 16.8% for 50.0 mg, 100.0 mg and 150.0 mg of the examined compound sample size, respectively.
In the case of the sample with the smallest quantity of the compound the highest ee value of 55.6%
occurred in fraction 37 (first fraction in which compound 3 was detected by TLC), while the lowest in
fraction 70 and equaled 32.0% ee. In comparison with the initial value of 47.0% ee, the first fractions
were enantiomerically enriched in (R)-isomer by 8.6% (for a 50.0 mg sample), 5.5% (for a 100.0 mg
sample), 1.8% (for a 150.0 mg sample), while the last fractions were enantiomerically depleted by 15%
(for the 50.0 mg and 150.0 mg sample), 10.6% (for a 50.0 mg sample). As it can be seen in Figure 4, for
100.0 mg and 150.0 mg of the compound in the sample the SDE phenomenon occurred, yet to a lesser
degree. In consequence, these outcomes indicate that the magnitude of the SDE phenomenon depends
on the ratio of the compound amount to the silica gel amount in the chromatographic purification
process. The observed relationship between the SDE and the amount of the separated compound
in comparison to the achiral stationary phase may be due to the fact that a smaller quantity has a
larger number of unsaturated adsorption centers on a gel, which leads to the intensification of the SDE
process. However, when the separation is performed using a larger compound to stationary phase
ratio, an increase in gel loading and therefore saturation of the adsorption centers could be observed,
which may result in the slowdown of the SDE process.
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Figure 4. SDE of compound 3 in achiral MPLC conditions: the elution profile. The fitting equation for
50.0 mg of sample is y = −0.676x + 77.190 (R2 = 0.909) and for 100.0 mg of sample is y = −0.352x +
57.612 (R2 = 0.966) and for 150.0 mg of sample is y = −0.283x + 58.408 (R2 = 0.972).

3.4. Study on the SDE of P-Chiral Compounds: tert-Butylphenylphosphinothioic acid (4)

The influence of the starting material’s enantiomeric composition on the magnitude of SDE was
examined with the tert-butylphenylphosphinothioic acid (4) (Figure 5). The chosen model compound
was earlier synthesized in accordance with the literature procedure [41]. This compound has already
found its application as a chiral solvating agent (CSA) for the enantiomeric excess determination by an
NMR technique [66]. It is worth noting that the enantiomeric purity of 4 could also be determined by
an NMR technique since 4 may simultaneously play a role of the analyzed compound and CSA [67]
(Figure S4). The reason for the observed chiral recognition lays in the ability of 4 to act as a donor
and an acceptor of hydrogen bonds and hence the formation of homochiral and heterochiral dimeric
species (Figure 5). Taking into account the properties of the selected compound, we thought that it
would prove an ideal candidate for investigating the dependence of the SDE phenomenon on the initial
enantiomeric excess of the tested samples.

 
Figure 5. (R)-tert-butylphenylphosphinothioic acid (4): chemical structures on the homochiral and
heterochiral aggregates.
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For the purpose of this study, three samples of (R)-4 in the amount of 100.0 mg and with the
optical purity of 25.0% ee, 60.0% ee and 75.0% ee were prepared, supported on 1.0 g of silica, and then
subjected to the purification process driven by flash chromatography on a 12 × 150 mm column filled
with 10.0 g achiral silica gel.

The samples were then eluted in gradient conditions using a mixture of cyclohexane and tert-butyl
methyl ether in the ratio from 100/0 to 0/100. The separations were run at the eluent flow rate of
18 mL/min and the collected fractions had the volume of 18 mL. To our disappointment, the resulting
Δee was not significant and reached only about 3.0% (Figure 6). The first fractions in which compound
4 was detected by TLC were fractions 7, 6, 9 of 25.0, 60.0, and 75.0% ee, respectively. Compound 4
obtained in the course of the purification exhibited a slightly lower enantiomeric purity in the last
fraction (Figures 6 and 7, Table S4).

 

Figure 6. SDE of compound 4 of 25.0% and 60.0% ee in achiral MPLC conditions: the elution profiles.
The model of the fitting is polynomial.

Since the concentration of the compounds in later fractions was low, those fractions (14–23 for
25.0% ee sample, 12–22 for 60.0% ee sample, and 12–24 for 75.0% ee sample) were combined before the
ee determination. The distribution of the enantiomer in consequent fractions was determined in the
experiment where sample of 4 with 75.0% ee was used. As it could be seen from Figure 7 and Table S4
the majority of the sample of slightly higher ee was eluted in fractions 9–10, while a less enantioenriched
compound was eluted with the next 12 fractions. Such behavior of the compounds may indicate that
part of the sample was adsorbed on stationary phase and slowly liberated upon elution.
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Figure 7. SDE of compound 4 of 75.0% ee in achiral MPLC conditions: the elution profile. The model of
the fitting is polynomial.

An analysis of the collected data showed that in the case of compound 4, even at a low polarity
of the eluent, the magnitude of SDE is insignificantly influenced by the enantiomeric purity of the
starting material. Additionally, it was observed that the amount of the compound collected after
the elution constitutes only around 64.0% of the weight loaded onto the column. This is caused
by strong interactions between the examined compound and the stationary phase and therefore its
irreversible adsorption.

In the cases of compounds 1–3, where the separation process was carried out with the isocratic
elution, the phenomenon of SDE occurs in a linear manner in time. This may mean that the process
takes place at the same speed during the separation procedure. The gradient of a straight line informs
us about whether the enrichment or depletion ee of the fraction is observed, and its value represents
the speed of these changes. The linear effect of the SDE overtime changes can be explained by the fact
that during the isocratic elution, the constants of adsorption and desorption do not change. In the
case of gradient elution conditions, as it had been presented for the compounds 4, the constants of
adsorption are change during the elution process and therefore no linear correlation was observed.

3.5. Study on the SDE of Amino Acid Derivatives: N-Acetyl-Phenylalanine (5)

Biologically important small molecules are of especial interest in terms of the SDE studies.
Therefore, the possibility of enantioseparation of the amino acid derivatives has been studied.
N-acetyl-phenylalanine (5) was selected as a model since it is readily available from natural and
synthetic amino acid [68], 5 is also a product of widely used benchmark asymmetric hydrogenation
reaction [69]. In theory, strong intermolecular hydrogen bonding could be responsible for the enantio
recognition in the case of amino acids. The simplest possible homochiral (A) and heterochiral (B)
dimeric aggregates formed for N-acetyl-phenylalanine are depicted in Figure 8. At the same time, the
crystallographic analysis indicates that in the solid state, N-acetyl-amino acids form a more complicated
net of hydrogen bonds in which the moieties of amino acids are usually groups in tetrameric cycles
(C) [70] [CSD Refcodes: COQHAR, DADGUK01, ACNVAL]. Interestingly, in the presence of protic
solvents, the latter could replace one (or more) of the amino acid derivative molecules to form simpler
aggregates such as e.g., trimers (D) [CSD Refcode: ACDAHO]. For comparison, similar studies on the
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SDE of N-acetylated 1-phenylethylamine [71], and some other amides [72–74], which show a simpler
mode of coordination, have already been reported.

 
Figure 8. Chemical structures of the possible aggregates of N-acetyl-phenylalanine (5).

For the purposes of this study, the samples of 5 with the initial value of ee 50.0% were evaluated in
different eluent systems. First elution was carried out using hexane/i-PrOH = 92/8 and the second series
employed dichloroethene as the mobile phase. Since compound 5 is not soluble in the mobile phase,
100.0 mg of it was initially dissolved in methanol, and the solvent was evaporated in the presence of
about 1.0 g of silica, then the compounds supported on the stationary phase were loaded at the top of a
12 × 150 mm column filled with additional 10.0 g silica gel. The separations were run at the eluent
flow rate of 18 mL/min and the collected fractions had the volume of 18 mL. In both cases 26 fractions
were collected, compound 5 first appeared in fraction 9 (hexane/i-PrOH) and in fraction 12 (ClC2H4Cl).
The enantiomeric composition of the consecutive fractions was determined be means of a chiral HPLC
Chiralpak® OJ-RH column, with the mobile phase using H2O/CH3CN = 85/15 at the flow rate equal to
0.3 mL/min (Figure S5).

The amount of compound 5 and its enantiomeric composition in the consecutive fractions were
evaluated and are presented in Table S5. The SDE profiles are presented in Figure 9. Whenever the
mixture hexane/i-PrOH = 92/8 was used as the eluent, the value Δee was 5.9% and the enantiomeric
excess of the most enriched fraction 9 exceeded the initial mixture by 3.5%. Using dichloroethane
allowed us to reach a greater magnitude of the SDE phenomenon with the 7.5% value of the Δee
parameter. The enantiomeric excess of fraction 12 deviated the initial by 7.2%. The use of an aprotic
solvent strongly affected the SDE, and (in contrast to where hexane/i-PrOH was applied) furnished an
elution with the opposite profile, where the initial fractions were enantiomerically depleted and the
last ones were enantiomerically enriched.

The total amounts of compound 5 recovered after the purification were 65.7% (in the case of
hexane/i-PrOH), and only 47.0% (in the case of dichloroethane) of the weight loaded onto the column.
The results presented in Table S5 clearly indicate that an irreversible sorption of 5 on the stationary phase
was much bigger when the aprotic solvent was used. It also facilitated the formation of heterochiral
aggregates (R,S)- in the solution which (being symmetric and less polar—see Figure 10) are eluting
faster to form first fractions of a lower ee.
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Figure 9. SDE of compound 5 in achiral MPLC conditions: the elution profiles. Fitting equation for
dichloroethane is y = 0.730x + 32.462 (R2 = 0.261), and for hexane/i-PrOH is y = −0.557x + 56.961
(R2 = 0.428).

The experimental observations correlate well with the thermodynamic analysis of the potential
equilibrium between possible stereoisomeric aggregates of 5 (Figure 10). It was found that the
bimolecular (R,S)-aggregate is more stable than the isomeric (S,S)- or (R,R)-aggregates. In particular, an
advanced M062x/6-311++G(d,p)(PCM) computational study showed that the differences between the
values of Gibbs free energies of the formation of both molecular systems equals 4.0 and 2.5 kcal/mol
respectively (Table 1). Additionally, we analyzed key distances between the substructures within
the considered aggregates. It was found that these distances are practically identical in both cases.
So, the difference between thermodynamic stabilities is a not a consequence of the power of local
intermolecular interactions, but rather a more favorable arrangement of the structural elements in
space, which provides more favorable electrostatic interactions and/or lower steric repulsions. Two
aggregates are also characterized with different polarities where heterochiral aggregate has a lower
dipole moment (Figure 10).

   

R,R-aggregate R,S-aggregate S,S-aggregate 

Figure 10. Views of the homo- and heterochiral aggregates of compound 5 in the DCM solution
optimized at the M062x/6-311++G(d,p)(PCM) level of theory.
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Table 1. Differences between the heterochiral and homochiral aggregates of compound 5 in the DCM
solution optimized at the M062x/6-311++G(d,p)(PCM) level of theory.

Transition ΔG [kcal/mol]

(R,S)→ (S,S) 4.0

(R,S)→ (R,R) 2.5

The limited solubility of compound 5, and its tendency to form diverse and intricate crystalline
forms, make the SDE process less efficient and make its study very complicated. Taking that into
consideration, a simpler liquid derivative of α-amino acids should be selected to eliminate the possible
separation via micro crystallization on the stationary phase, and facilitate enantioseparation by limiting
the number of possible aggregation models which may be in an equilibrium and have an opposite
effect on the SDE efficiency.

3.6. Study on the SDE of Aamino Acid Derivatives: Methyl Phenylalaninate (6)

Thus, methyl phenylalaninate (6) was chosen to be examined. The compound was obtained
by esterification [75] of ee = 36.0% (S)-phenylalanine in standard conditions for this sequence of the
reactions (Scheme 4).

 
Scheme 4. Synthesis of methyl phenylalaninate (6).

Since 6 is a liquid well soluble in the majority of organic solvents there was no need to support
the compound on the stationary phase before the separation. The solution of 6 in 0.5 mL of the mobile
phase with the (S)- enantiomer of ee = 36.0% in the amount of 100.0 mg was subjected to the separation
process on an achiral 12 × 150 mm column filled with additional 11.0 g silica gel and prewashed with
the mobile phase. The separations were carried out at the eluent flow rate of 18 mL/min and the
collected fractions had the volume of 18 mL. In this step, diethyl ether (Rf = 0,43) was used as the
mobile phase. The presence of the compound in the obtained fraction was verified on the basis of the
TLC technique. At first compound 6 appeared in fraction 12. The optical purity of the fractions was
determined based on the 1H and 13C NMR techniques using, as CSA, 100 mol% of enantiomericaly
pure 4 (Figure S6).

In the case of 13C NMR, two sets of signals corresponding to the OCH3 (51.41/51.45 ppm) and
NCH (54.29/54.34 ppm) carbon atoms were analyzed, while in the case of 1H NMR only signals
corresponding to NCH proton at 3.95/4.01 (t, J = 6.5 Hz) ppm were used for the ee calculation (Figure
S6). The individual optical purities, measured by NMR, and their average values are shown in Table S6.

As a result of this separation (Figure 11, and Table S6), 11 fractions were collected, in which the
total amount of the compound was 68.1 mg (where: the mass of the (R)-enantiomer was 21.8 mg, and
the mass of the S enantiomer was 46.3 mg). This means that during the separation 31.0 mg of compound
6 was permanently adsorbed on the stationary phase, including 10.2 mg of the (R)-enantiomer and
21.7 mg of the (S)-enantiomer. The Δee value for this separation was 13.8% ee (S). The differentially
calculated enantiomeric composition of compound 6 irreversibly adsorbed on the stationary phase is
the same as for the initial sample and constitutes 36.0% ee (S), which means that the adsorption process
is not selective and the amount of the adsorbed enantiomer depends only on the initial composition of
the starting mixture.
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Figure 11. SDE of compound 6 using diethyl ether: the elution profile. The fitting equation is y =
−1.426x + 59.275 (R2 = 0.836).

Since the initial compound is not racemic, its irreversible nonstereoselective adsorption leads to a
change in the column’s character from achiral to chiral. The enantiomeric purity of the chiral selector
on a newly-formed chiral surface depends on the enantiomeric composition of the mixture during
loading and on the adsorptive capacity of the stationary phase. Such a newly-created chiral column
differentiates the enantiomers of the chromatographed compound and causes their natural separation.
This could be a good alternative explanation of the SDE phenomenon under chromatographic condition.

In order to confirm this hypothesis and explain the mechanism of the SDE process, the following
experiments were carried out. Compound 6 of the same initial enantiocomposition (36.0% ee, (S) was
eluted by tert-butyl methyl ether. In the first separation experiment, 100.0 mg of 6 with an initial
purity of 36.0% ee (S) in 0.5 mL of hexane was injected into a 12 × 150 mm column packed with 11.0 g
of spherical achiral silica gel, washed with the mobile phase. The separation was performed using
tert-butyl methyl ether (MTBE) as the mobile phase (Rf = 0,4) and the eluent flow rate of 18 mL/min,
18 mL of the fractions were collected. As a result of this separation, 8 fractions containing 6 were
obtained (fractions from 7 to 14). The presence of the compound in the fractions was verified based on
the TLC technique. Then, when no more compound was found in the subsequent fractions collected,
the column was used for the second separation experiment, where the same portion of compound 6 (as
in the case of the first separation) was injected. The second separation experiment was carried out
using the same mobile phase MTBE, as in the first separation process. As a result of this separation,
10 fractions were collected (fractions from 36 to 45). The optical purity of the fractions collected in
the first and second separation experiments was determined based on the 1H 13C NMR spectroscopic
technique with CSA 4. The data collected in the course of both experiments was analyzed, and is
presented in Table S7, while the elution profiles are shown in Figure 12.
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Figure 12. SDE of compound 6 by tert-butyl methyl ether: the elution profile. The fitting equation for
1st separation is y = −2.284x + 56.615 (R2 = 0.988) and for 2nd separation is y = −3.863x + 184.578
(R2 = 0.936).

As a result of the first separation experiment, 8 fractions were obtained in which the total mass of
the compound was 68.0 mg (68.0% of initial), where the calculations were as follows: the amount of
the (R)-enantiomer was 22.3 mg and the amount of the (S)-enantiomer was 46.7 mg (of 35.1% ee (S),
calculated on the basis of each fraction). The value of the Δee for the first separation experiment was
16.0%, and the most enriched fraction 7 ee equaled 40.5%, while the less enriched fraction 14 equaled
24.2%. This means that during the first separation 31 mg (31.0%) of compound 6 (of 37.0% ee (S)) was
permanently adsorbed on the stationary phase, including 9.7 mg of the (R)-enantiomer and 21.3 mg of
the (S)-enantiomer. In the first separation experiment, similarly as it had been observed in the case
of the elution with diethyl ether, during the chromatographic process part of the eluted compounds
(31.0 mg) was adsorbed on the stationary phase not enantio-selectively with the ratio R/S depending
only on the initial composition of the mixture.

Notably, in the case of the second separation experiment, the same column was used, but with
already adsorbed compound 6. The total amount of 6 collected after the separation was much higher
and equal to 91.0 mg (91.0%). The weighted arithmetic mean ratio of the (R)-enantiomer to the
(S)-enantiomer was 30.7 to 60.3 mg (33.0% ee (S)). The value of the Δee for this separation calculated
based on the ee of fraction 36 (42.7%) and fraction 45 (9.0%) equaled 33.7%. Thus, only 9.0 mg (9.0%) of
compound 6 of 71.0% ee (S) was lost on the stationary phase.

The efficiency of the second separation experiment was therefore notably higher than of the first
one. The simple rationalization of this phenomenon could be as follows: the effect can be explained
by the formation of a new interaction between the enantiomers and the modified stationary phase
which formed after part of the chiral compound was adsorbed on the stationary phase surface. The
homochiral and heterochiral aggregates are formed during the separation between the free compound
in the mobile phase and the chiral selectors adsorbed on the stationary phase. Such process follows
the rule of three points (Pirkle rule) [76,77]. According to this principle, for the chiral separation of
enantiomers, it is necessary to have a minimum of three interactions between the enantiomers and
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the chiral selector, as shown in Figure 13, while at least one of these interactions depends on the
configuration of the chiral centers of the selector and the selectand. The separation of the enantiomers
by HPLC with the chiral stationary phases depends on the formation of transient diastereoisomeric
linkages (in our case they are homochiral and heterochiral aggregates). Different stabilities of these
complexes result in the possibility of the chiral separation of enantiomers.

 
Figure 13. The model of the interactions between selectand and chiral selector.

The efficiency of the enentiomer separation can be explained based on the quantumchemical
calculations, as in the case of 6. In particular, the M062x/6-311++G(d,p) computational study showed
that the homochiral aggregate is more stable than the isomeric heterochiral one (Table 2). The model of
coordination was based on crystallographic data [70] [CSD Refcodes: IWOMIS] where hydrogen bonds
NH—O=C with the bond length of 2.28 Å were responsible for the crystal net formation. Next, the
quantumchemical study confirmed that the less polar homochiral aggregates (Figure 14) are eluting
faster than the heterochiral ones. The DFT calculation also indicated that the thermodynamic stabilities
of the formed aggregates are dependent on the arrangement of their structural elements in space.

   
R,R-aggregate R,S-aggregate S,S-aggregate 

Figure 14. Views of the homo- and heterochiral aggregates of compound 6 in the DCM solution
optimized at the M062x/6-311++G(d,p)(PCM) level of theory.

Table 2. Differences between heterochiral and homochiral aggregates of compound 6 in the DCM
solution optimized at the M062x/6-311++G(d,p)(PCM) level of theory.

Transition ΔG [kcal/mol]

(R,R)→ (R,S) 2.2

(S,S)→ (R,S) 3.3

4. Conclusions

The data presented above indicate that the optical purification approach based on SDE has a
potential and in some cases could be applied as an alternative to the conventional procedures of chiral
separations. The SDE phenomenon of six non-racemic compounds on achiral silica gel was explored,
and some correlation between the eluent used, ratio of the compounds to the stationary phases and
compound structures was found to influence the magnitude of the enantiomer self-disproportionation
process. An explanation of a possible mechanism of this phenomenon, which involves the in situ
formation of the chiral surface on the achiral stationary phase, was also provided. The presented
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results may mean that the SDE phenomenon should not only be explained by the formation of the
aggregates between the enantiomers in a mobile phase, but also by the change of the column character
from achiral to chiral. Since crystallization and sublimation are purification methods applicable only
for enantiomerically enriched crystalline samples, SDE-based chromatographic methodology could be
applied as a general tool for practical enantiopurification of organic compounds enriched in one of the
enantiomers. Such a self enantio-enriching process may take place in nature, and could be responsible
for the formation of the first chiral non-racemic compounds on the early Earth.

Additionally, it worth mentioning that, taking into consideration the fact that in many publications
on asymmetric synthesis, the optical purity of the furnished products exceeds 99% ee, it is important to
measure the enantiomeric purity before any purification of the product obtained in an asymmetric
reaction to achieve reliable results of the measurement of the level of an asymmetric induction.

From a practical point of view, to facilitate a SDS effect, is may be recommend to use an aprotic
solvents of low polarity and higher ratio of the stationary phase to the separated compound. The mobile
phases should have a Rf value in the range of 0.2–0.4 and the resulting TLC spot should be wider
rather than narrow. Probably, better separations may be obtained in cases of substances forming weak
intermolecular hydrogen bonds.
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Abstract: Spontaneous mirror symmetry breaking (SMSB), a phenomenon leading to non-equilibrium
stationary states (NESS) that exhibits biases away from the racemic composition is discussed here in
the framework of dissipative reaction networks. Such networks may lead to a metastable racemic
non-equilibrium stationary state that transforms into one of two degenerate but stable enantiomeric
NESSs. In such a bifurcation scenario, the type of the reaction network, as well the boundary conditions,
are similar to those characterizing the currently accepted stages of emergence of replicators and
autocatalytic systems. Simple asymmetric inductions by physical chiral forces during previous stages
of chemical evolution, for example in astrophysical scenarios, must involve unavoidable racemization
processes during the time scales associated with the different stages of chemical evolution. However,
residual enantiomeric excesses of such asymmetric inductions suffice to drive the SMSB stochastic
distribution of chiral signs into a deterministic distribution. According to these features, we propose
that a basic model of the chiral machinery of proto-life would emerge during the formation of
proto-cell systems by the convergence of the former enantioselective scenarios.

Keywords: biological homochirality; enantioselective reaction; autocatalysis; origin of life; replicators

1. Introduction

The origin of biological homochirality (BH) [1–4] is often described as a scientific mystery [5] and
the lack of a scientific explanation of the BH phenomenon is often used as proof against the theory of
evolution [6]. However, it is possible nowadays to give a rigorous basic physico-chemical justification
for the origin of BH. There are indisputable experimental reports on spontaneous mirror symmetry
breaking (SMSB) [7–9] as well as many theoretical reports. SMSB can be interpreted within the
framework of entropy production and dissipative processes [10,11]. This means that BH belongs to the
same physico-chemical scenarios as those of open chemical networks proposed for the description of
minimal self-reproducing proto-cells, primordial biochemical cycles, and the chemical thermodynamics
of the reaction networks that maintain the phenomenon of life [12–26]. The paradox is that all of these
reports eschew the enantioselective character of biological replicators, organocatalysis and autocatalytic
reaction networks. Here we report that, in spite of the current mainstream ideas that dominate the
possible explanations of BH, there are currently well-established theoretical and experimental chemical
reports supporting chemical abiotic scenarios, which show a resilience to racemization and a preference
for homochiral reaction outcomes with respect to the racemic ones, i.e. these are the very trends
defining BH. We discuss these points with the aim to close the gap in the understanding of SMSB and
of its place within the differentiated and hierarchical stages of chemical evolution.

The advances made in asymmetric induction during the 20th Century dominate the mainstream
opinion on chiral methods in chemistry. Consequently, historically the emergence of homochirality
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has been justified mainly on the basis of the asymmetric induction of enantioselective reactions by
physical chiral forces [2,27,28], in conjunction with non-linear asymmetric inductions leading to chiral
amplifications [29–31] and the kinetic trapping of the final chiral species. To assume this as the basis
for BH implies that during the evolutionary stages (see Figure 1) corresponding to the condensation
reactions leading to the homochiral functional polymers and chiral replicators, homochirality is achieved
by starting from enantiopure pools of homochiral building blocks (amino acids and carbohydrates).
From a chemical point of view, this is an unlikely assumption that places SMSB at one of the earlier
stages of chemical evolution as a singular event. In this regard, the low probability of such a scenario
has been previously reported by some authors. Root-Bernstein proposed [32] the simultaneous origin
of BH and the genetic code. Moreover, the relationship between the emergence of autocatalytic
replication and homochirality has been reported, as well as the cooperative effect of external chiral
polarizations [33]. However, despite their seminal significance, in our opinion, these proposals lack a
description of their physico-chemical basis. Without this, the acceptance of such models by applied
chemists is not possible. Furthermore, the design and experimental research in the field of artificial
life cannot progress without the assumption of the chemical relationship between homochirality and
autocatalysis. In this report, we describe: a) What type of enantioselective reaction networks may or
may not lead to racemic biases; b) the general physico-chemical basis of how such enantioselective
autocatalytic reaction networks may or may not lead to racemic biases; and c) how these SMSB systems
(reaction networks plus open dissipative systems) depend on external chiral polarizations for the
deterministic emergence in chemical evolution of one of the two chiral signs.

Figure 1. Presently, most accepted stages of a scheme for a reasonable hierarchical order of the
increase of complexity during chemical evolution. The scheme assumes the unreasonable existence
of enantiopure pools of chemical building blocks for the formation of the chiral polymers of life.
Reproduced with author’s permission from reference [34].

2. Racemization and Racemic Mixtures

Asymmetric synthesis of simple chiral organic compounds taking place under the effect of chiral
forces and during the early stages of chemical evolution, i.e. in astrophysical scenarios, is an hypothesis
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that is being experimentally confirmed [35,36]. In such physical scenarios, strong chiral polarization
forces can be expected to be operative. The chiral compounds obtained in such asymmetric synthesis
must undergo racemization processes, which in spite of their low rates due to the low temperatures
of interstellar space, would most likely be significant on long time scales. Therefore, in the currently
and widely accepted hypothesis of the bombardment of Earth by planetesimal objects containing
organic compounds [37], the enantiomeric excess (ee) values could be expected to be on the order of a
few percent. Furthermore, on Earth, the increase of complexity towards supra and macromolecular
compounds could only begin at the latter stages of the Hadean Era, when the Earth’s temperature
decreased low enough so as to not decompose organic compounds. This means the complexity increase
could not have occurred before the beginning of the zircon chronology. This also means that the
starting temperatures of chemical evolution on Earth should be high enough to lead to significant
racemization rates. Furthermore, condensation polymer synthesis probably requires experimental
conditions favoring racemization processes [38]. In summary, it is chemically reasonable to expect
an ee � 0 during the stage of the formation of condensation polymers, but certainly much lower than
the homochirality required for obtaining homochiral polymers (Figure 1) from pure enantiomeric
pools of monomers. Note also that when assuming the first formation of polymers was not the result
of a simple direct synthesis yet occurred under heterogeneous catalysis as mediated for example by
inorganic materials such as clays [39], the existence of non-racemizing enantiopure pools of amino
acids and sugars is highly unlikely.

A key point for starting a discussion of SMSB is the chemical meaning of a racemic mixture.
Mislow discussed this concept in a Socratic-like method by proposing the question of whether a
racemic mixture is composed by an exact number of molecules of both enantiomers [40]. In fact, older
reports [41] had already established that there is an unavoidable statistical deviation from the ideal
racemic composition as expressed by:

ee(100%) = 67.43×N0.5 (1)

where N is the number of molecules. Notice that this statistical ee deviation (1) from the ideal racemic
composition increases when the concentration decreases, so that for extremely dilute solutions there
are low but statistically significant ee � 0 values. Extremely low concentrations of racemic mixtures
occur, for example, when we consider the chirality arising by isotopic element substitution according
to natural isotopic compositions [42], or in the case of polymers of non-identical building blocks [43],
such as those of the RNA-world and proteins, where random condensation leads to a sufficiently high
number of isomers such that their concentrations are low enough to show detectable ee values [44].
However, chiral amplifications of such stochastically distributed initial ee’s in reversible reactions cannot
take place via asymmetric induction reactions. This is because both at thermodynamic equilibrium and
in non-equilibrium stationary states (NESS) in the linear regime of non-equilibrium thermodynamics,
the racemic composition represents a stable potential well even in the presence of the statistical
fluctuations about the ideal racemic composition.

Chemical evolution is not supported by irreversible reaction pathways and the existence of certain
racemization rates must be assumed to occur. Therefore, despite the fluctuations about the definition
of the ideal/mathematical racemic mixture, the real meaning of the racemic mixture is the existence
of a thermodynamic potential minimum for the ideal racemic composition. This means that for any
compositional bias from the ideal racemic composition, such as those associated with the statistical ee
values (1), the system will tend to return to an ee = 0. Obviously, there is a statistical chiral fluctuation
or chiral noise about the potential minimum of the pure 1:1 enantiomeric mixture, but the system
tends to return to ee = 0. This is a consequence of the energy degeneracy between the enantiomers
and of the law of large numbers acting in the thermodynamic limit [45]. In summary, chiral statistical
fluctuations around a stable racemic configuration cannot be amplified.

In contrast to asymmetric synthesis, absolute asymmetric synthesis (AAS), in the absence of any
chiral polarization other than that between the very enantiomeric species of the reaction network,
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is possible for some reaction networks having non-linear kinetics of the enantiomer concentrations.
When the system is maintained far from thermodynamic equilibrium, it is due to the imposed
boundary conditions. The final reaction states, provided the boundary conditions are maintained, are
non-equilibrium stationary states (NESS). These types of reactions, or simply the deracemization of
racemic NESS to scalemic or homochiral NESS, are called spontaneous mirror symmetry breaking
(SMSB). It is worth noting that in a SMSB scenario the chiral statistical fluctuations about the ideal
racemic composition are now necessary to expose the metastability of the racemic NESS, which does
not correspond to a potential well topology but to that of a saddle point. It is important to stress that
the role of the fluctuations is not that of an activation energy and that their effect at the SMSB event is
not at all an amplification of chirality.

3. Stable and Unstable Non-Equilibrium Stationary States (NESS) in Enantioselective Reactions

Reaction networks that are able to lead to SMSB have focused the research interest on the topic [3,46].
The fact that such reaction networks may exhibit permanent SMSB as non-equilibrium stationary
states (NESS) and only when operative in open or some special closed systems is assumed [47],
but they are rarely analyzed within the thermodynamic framework of dissipative reaction systems.
Moreover, previous seminal reports on dissipative reaction networks actually hamper, rather than
facilitate, the chemical understanding of such systems. This is because the erroneous use of the kinetic
approximation of clamped concentrations for the species exchanged with the environment overlooked
the role of the boundary conditions of open systems for the correct description of the NESSs. This error
originates from the first seminal reports on dissipative chemical reactions (e.g. [10]) and was most likely
a consequence, at that time, of the mathematical difficulties of studying the sets of coupled non-linear
differential equation describing reaction networks. Nowadays, this simplification cannot be excused
when simple and powerful computational tools for solving such equations are readily available. The
use of the clamped concentration approximation has even led to the refutation [48] of Prigogine’s
theorem on minimum entropy production for the linear thermodynamic regime and to cast doubts on
the validity of the General Evolution Criterion (GEC) valid for the non-linear thermodynamic regime.
Further discussion concerning the correct thermodynamic description of models for the simulation of
SMSB as NESS can be found in references [49,50].

3.1. Entropy Production and Balance in Open Systems

The boundary conditions (either systems open to matter exchange or closed systems unable
to equilibrate energy with their surroundings) can keep the reaction network operating far from
thermodynamic equilibrium. By increasing the “distance” from thermodynamic equilibrium, the
internal entropy production of the reaction network increases [51]: dSi ≥ 0, where the equality
corresponds to the thermodynamic equilibrium state. Depending how far the reaction network
is driven from equilibrium, a NESS can result, forming the so-called thermodynamic branch (for
example the black trace of Figure 2). However, in a real chemical system, above a critical value of
the entropy production, instability of the NESS can occur. This is because taking the system very far
from equilibrium leads to an increase of the entropy production, which is obtained by increasing the
chemical affinities (forces) and the absolute reaction rates (fluxs/currents). This in turn corresponds
to high concentrations, which can lead to increased viscosities, and so to a breakdown of the mean
field approximation of chemical kinetics. Therefore, the reaction rates become diffusion-controlled and
inhomogeneous distributions of the reaction species and the temperature takes place. This may lead to
either chaotic distributions or to organized structures (oscillatory or stationary). The ordered structures
arising as a consequence of the increased entropy production are called “dissipative” because they are
maintained thanks to the entropy dissipated by the reaction network. However, for some autocatalytic
reaction networks, and before such a spatial instability occurs, the thermodynamic branch can become
unstable for homogeneous distributions of matter and energy that yield other types of NESS, or even
oscillatory compositional states, distinct from the single NESS of the thermodynamic branch. It was
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recognized early on that this could occur only in the case of autocatalytic reactions [11]. However,
such chemical reactions have received much less attention than the study of oscillating reactions or the
formation of macroscopic dissipative spatial structures. Surprisingly, the enantioselective character of
the autocatalytic reaction networks significant in the chemical machinery of life and in consequence
the possible relationship with SMSB processes and BH has been mostly overlooked: only some reports
considerer SMSB in the framework of entropy production and dissipative systems ([52–55]).

 
Figure 2. Spontaneous mirror symmetry breaking (SMSB) emerging in an open system for selective
enantiocatalysis, where A is the achiral resource and D and L are enantiomers (initial concentrations
[D]o and [L]o � 0). SMSB does not take place for n = 1. Metastability of the racemic thermodynamic
branch can only occur for values of n > 1. For reasonable reaction rate constants and reaction parameters
(not specified here) in this example instability of the racemic branch occurs for n > 1.6 and SMSB for n
≥ 1.7. Non-integer values of n correspond to the simplification of complex autocatalytic networks [56],
which leads to the same dynamic change of the solution species.

The entropy production (dSi) of a chemical reaction is always positive definite:

dSi ≥ 0 (2)

where the equality corresponds to thermodynamic equilibrium. In an open system at any stationary
state the balance between the internal (reaction) entropy production (dSi) and the exchange entropy
production (dSe) must be zero:

dS = dSe + dSi = 0 (3)

At thermodynamic equilibrium dS = 0 and dSi = 0, hence there is no exchange entropy with the
exterior dSe = 0. At a NESS dS = 0, this means that the exchange entropy production is negative,
allowing a more ordered internal configuration, than that corresponding to thermodynamic equilibrium:
as occurs for example in SMSB. Non-equilibrium states of the system fulfilling equation (2) may be
unstable, metastable or stable. States that do not have positive time derivative of the second variation
of entropy may become unstable, but it is not a sufficient condition for instability [10,11,50]. Jacobian
linear stability analysis distinguishes metastable from the true stable states [53]. Notice that there
are non-stationary states with positive entropy production dSi > 0 obeying dS = 0. Non-stationary
states with dS = 0 and d2S � 0 correspond to states where the local equilibrium concept can be applied.
These states may form continuous pathways between NESS and, therefore, represent the existence
of thermodynamic reversible routes between different NESS, i.e. those NESSs that are not located in
kinetic traps.

SMSB, and in the case of one asymmetric center, leads to a racemic NESS of saddle point topology
(similar to that of transition state), which is able to evolve through reversible paths (while maintaining
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dS = 0) to one of two degenerate enantiomeric NESS located in an entropy production well dSi > 0 (the
entropy production is minimized). More details about this will be published elsewhere. A schematic
outline of this is shown in Figure 2, wherein the open system consists of a linear flow reactor where
the achiral resources enter with a zero-order rate constant (as a molecular pump) in a well-mixed
solution that has the same volume exiting the reactor, i.e. the exit of all species under the law of
mass action. This open system at the final NESSs have constant volume and the same chemical mass
([A]O) for both the racemic and the homochiral NESS, which simplifies the evaluation of the associated
entropy productions.

It is worth noting that the NESSs are thermodynamically defined by equality (3), referring to the
entropy production balance between the internal reactions and the imposed boundary conditions,
which is entirely overlooked under the clamped concentration approximation of SMSB commonly
used to describe reaction networks in open systems.

The calculation of the entropy production (equal to the product of the forces and the currents
that these forces lead to) is a chemical reaction that is relatively straightforward [52]. Furthermore,
the way the contribution to the entropy production is calculated from the fluxes exchanging matter
with surroundings and on the basis of the chemical potentials of the species can be found, for example,
in reference [49]. From the point of view of chemical evolution, SMSB is subject to thermodynamic
constraints and boundary conditions similar to those of the evolutionary stages of chemical networks.

3.2. Potential Reaction Networks Able to Yield SMSB.

The direct synthesis
A� D, A� L (4)

fulfils the entropy balance (3) along the thermodynamic branch of racemic stationary states. However,
enantioselective autocatalysis may also fulfill condition (3) for several different compositions.

Autocatalytic reaction networks capable of yielding species/enantiomer selection have been
previously reviewed [3,46,47,56–58]. In addition to the networks cited/discussed therein, we must
include the recently reported enantioselective hypercycle [50,59], which is highly significant due to its
coincidence with the replicators of the nucleic acid and protein domain [60].

These reaction networks for SMSB contain a central mechanism in the first order (quadratic)
enantioselective catalysis:

A + D�2 D, A + L�2 L, (5)

where A is achiral and D and L are enantiomers. Reaction (4) may also represent a simplification for
the formation of chiral polymers from achiral building blocks. Reaction (5) can form homochiral NESS
in the case that the initial conditions contain only one of the enantiomers. However, in any model
concerning chemical evolution, the model should include the direct synthesis (4), albeit for a much
slower reaction rate than for the enantioselective autocatalysis (5). This is because the autocatalytic
functionality of (5) can only emerge if reaction (4) is operative. Reaction (4) can start for initial
conditions without any D and L.

The first order autocatalysis (5), also called quadratic autocatalysis, cannot lead to species
selection [56] (between D and L in SMSB), i.e., the entropy production needed to achieve the instability
of the racemic branch is not high enough. This is because the kinetic/dynamic sigmoidal curve of
growth implicit in autocatalytic processes (n > 0; see the meaning of n in Figure 2) is needed, as well
as a super-exponential growth (n > 1) is necessary for species selection. Of course, this is not the
case of cubic autocatalysis (n = 2), but in this case, high concentrations are necessary for the reaction
progress in open system scenarios. Furthermore, to our knowledge, no natural replicators (autocatalytic
systems) have been detected having a reaction order higher than the quadratic. Therefore, the reaction
networks proposed for SMSB are based on first order autocatalysis, which through the coupling of
other enantioselective reactions (Figure 3) yields, autocatalytic kinetic/dynamic signatures such as
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those expected for values of n > 1 necessary for achieving the instability of the thermodynamic branch
and for certain reaction parameters and boundary conditions.

 
Figure 3. Reaction networks (simplified) that may lead to SMSB processes, both by enantioselective
transformations from achiral to chiral compounds a), b), and c), or through the deracemization of
racemic mixtures d).

3.2.1. Frank-like Models

The first theoretical proposal of a reaction network able to lead to SMSB was the so-called Frank
model (1953) [61] (Figure 3a). This model has its historical precedent in the Lotka-Volterra model for
the competitive exclusion between two species [59], and when we take into account that enantiomerism
is the limiting case of species distinguishability. Frank-like models (Figure 3a) contain the homochiral
reaction between enantiomers as the additional chiral recognition step that allows for the increase in the
dynamic of growth allowing enantiomer selection. All evidence indicates that the experimental SMSB
of the Soai reaction [7,8] is a complex reaction network that basically fits into a Frank-like reaction
network [62–64].

3.2.2. Limited Enantioselective Model

The enantioselectivity model (Figure 3b) proposed by Goldanskii and Avetisov [65] is based on
the reasonable assumption of the presence of the corresponding non-enantioselective autocatalysis.
However, thermodynamic constraints [66] determine that LES only makes thermodynamic sense when
the enantioselective and the non-enantioselective autocatalytic steps are located at different points
in the reaction domain and held at quite different temperatures [67–69]. There are no experimental
examples for this model, but it adapts well to SMSB for the abiotic scenario of deep ocean thermal
vents [68].

3.2.3. Enantioselective Hypercyclic Replicators

SMSB in hypercyclic replicators [59] is a consequence of the increase of non-linearity of the
quadratic autocatalysis when cross-catalysis appears. In fact, the hypercycle model [14] was developed
to solve the problem of selection and Darwian evolution for low autocatalytic orders. Although the
implications of this model cannot be an ultimate explanation in systems biology, its raison d’etre is
during the chemical evolution stages of compartmentalization of the RNA-world and the nucleic acid/
protein domain. Notice that this implies that the formation of systems able to self-reproduce while
transmitting functionalities at the same time could be the origin of the emergence of BH.
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Notice that if autocatalysis is present, the emergence of cross catalysis for the same family of
compounds and chemical processes, for example polymerization of oligonucleotides or peptides, is
quite reasonable from a point of view of chemical reactivity and structure. It is quite reasonable that
autocatalytic and cross-catalytic functionalities could emerge simultaneously.

3.2.4. SMSB in Enantioselective Autocatalytic Polymerization/Depolymerization

In our opinion, the Viedma deracemization of chiral racemic conglomerates [9] (Figure 3c) in the
presence of achiral or racemizing building blocks gives unprecedented hints on reaction networks able
to lead to SMSB in the formation of condensation polymers. There are still controversial interpretations
of the Viedma deracemization. In the following, we will discuss this according to our experimental and
theoretical reports. Viedma deracemization can be interpreted, both experimentally and theoretically,
as a phenomenon taking place within the framework of dissipative systems [70] which we summarize
as follows.

A far from equilibrium system is created by mechanical grinding or by establishing temperature
gradients [71,72] in solutions of crystals of racemic conglomerates made up from of either achiral or
racemic monomers. These constitute closed systems unable to achieve energy equilibrium (energy
balance) with their surroundings because:

(a) In spite of being a closed system, the energy input is given selectively to only some of the
species of the system. In other words, the mechanical grinding (the energy input) affects only the
largest crystals.

(b) The higher solubility of the smaller crystals obtained by grinding creates supersaturated solutions
for the larger crystals and in consequence, a constant and permanent cycle of solubilization and
crystal growth is maintained.

(c) Homochiral cluster-to-cluster growth (this is equivalent—through its dynamic signature—to
first order enantioselective autocatalysis). Notice that in saturated solutions monomer-to-cluster
exchange between solution and crystal/cluster is not autocatalytic and therefore is unable to lead
to any chiral amplification, nor to racemization, of the crystal mixture ee value.

(d) Additional growth dynamics to first order autocatalysis of the cluster-to-cluster growth in (c)
that increase the dynamic growth signature are provided by a mutualistic effect in the growth of
homochiral material; each cluster coming from the fragmentation of large crystals can react with
crystals of many different sizes leading to the formation of larger cluster/crystals of many different
sizes, but of the same chiral sign. Furthermore, the free energy profile of the polymer formation,
which is endergonic during the first “polymerization” steps, with cooperative growth beyond a
critical size as well the intermediate sizes of the clusters coming from the breakage of the large
ones, are decisive features for the achievement of the growth dynamics leading to SMSB [70].

From a synthetic chemical point of view, it is paradoxical how the resulting homochiral mixture
does not racemize when the experimental conditions a) and b) above are halted. This is simply
due to the fact that the solid chiral species at saturated conditions do not show solid-to-solid
interactions. Therefore, in the absence of chiral recognition between enantiomeric phases, they are
thermodynamically identical (for a detailed discussion of this, see refs. [73,74]). Furthermore, there
are results pointing to the absence of ripening mechanisms of the larger crystals at the expense of the
smaller ones in Viedma deracemization [75]. This suggests that the former results on the homochiral
biases reported earlier by Kondepudi, in the formation of strong racemic biases in such types of racemic
conglomerates [76,77], could belong to this type of SMSB mechanism. Regarding a generalization
of the Viedma deracemization, the increasing number of reports on the spontaneous formation of
strong bias from the racemic composition in the self-assembly of achiral building blocks towards chiral
aggregates or liquid crystals, is surely significant [78–80].

The lessons learned from Viedma deracemization, make SMSB scenarios reasonable for the
formation of primordial homochiral biopolymers based on cluster-to-cluster growth, as for example by
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template mechanisms in conjunction with the catalyzed depolymerization of the larger polymer chains
to intermediate oligomer sizes. This type of SMSB polymerization has been previously theoretically
studied [81]. There are experimental reports on oligomer formation/depolymerization cycles of
peptides [82] that open prospects on the translation of the former speculations into experimental
research [47].

3.2.5. On the Detection of SMSB in Low Exergonic Reactions in Solution

Most of the examples on SMSB correspond to phase transitions: crystals, self-assembly aggregates,
e.g. Viedma-like deracemizations (e.g. [9,76–80]), that is, cases for which when the boundary conditions
disappear allowing the system to equilibrate with its surroundings, racemization cannot occur. The
only indisputable example of SMSB in solution is the Soai reaction [7]. However, the Soai reaction
corresponds to a high exergonic reaction (organozinc addition to a carbaldehyde) that allows a reaction
workup withouth significant racemization. By contrast, prebiotic chemistry involves many low
exergonic reactions [83].

The lack of experimental results on the emergence of natural optical activity in autocatalytic
reaction networks in solution, for example in the formose reaction (see below) in the carbohydrate
domain, is hampered by the lack of synthetic methods and techniques for the direct study of the final
stationary states in open systems. SMSB in solution should be performed in open systems under
strength-controlled parameters, in contrast to the usual synthetic experiments carried out in the flask.
Furthermore, the emergence of natural optical activity in low exergonic reactions in these open systems
should be performed in real time, because racemization may occur in the common reaction workups
when the open system conditions disappear. However, open system reactors at the bench scale are
today possible thanks to microfluidic instrumentation. In addition, detection of natural optical activity
for specific compounds, or families of compounds, could be carried out by circular dichroism (CD)
spectroscopy, direct observation of reactor content, or of its effluents.

4. BH Based on SMSB Requires Previous Asymmetric Synthetic Scenarios: Stochastic vs.
Deterministic Chiral Signs in SMSB

We assume that the decisive stage in the formation of proto-cells is the compartmentalization [84]
of similar autocatalytic sets in a myriad of abiotic reactors [12,13]. Therefore, a hypothesis on a BH
based on SMSB for the autocatalytic sets reveals the paradox that the stochastic chiral sign distribution
in the different compartments would lead to a set of racemic outcomes when averaged over all the
compartments. The hypothesis of the emergence of two competing enantiomeric worlds is in part
contradictory to the hypothesis that by the exchange of species showing similar functions between
compartmentalized autocatalytic sets, life emerges as a cooperative phenomenon [12–19,85].

However, the change from a stochastic to a deterministic distribution of chiral signs in SMSB is a
remarkable property of SMSB. Under the effect of very weak polarizations, sufficiently weak so that
such polarizations have no chemical consequence in common asymmetric synthesis, the stochastic
distribution of chiral signs in SMSB changes to a single deterministic chiral sign. There are simulations
of this [86,87], but the Soai reaction show dramatic examples, such as the deterministic distribution of
chiral signs between experiments by such weak polarizations as those due to cryptochiral isotopic
enantiomers [8].

Asymmetric induction by the action of natural physical chiral forces, active during the first stages
of chemical evolution, can be considered as proven, despite of the diverse possible origins and organic
compounds. The unavoidable slow racemization times (Section 2) do not prevent these compounds
from arriving to the stage of the formation of instructed polymers and compartmentalization, showing
small residual ee values. These low ee values of the organic compounds, constituting the autocatalytic
replicators, would convert the stochastic SMSB chiral sign into a deterministic one.

According to this, BH would belong to a process developed through all the stages of chemical
evolution. The selection of a deterministic chiral sign in the formation of instructed/functional polymers
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would constitute a first Darwinian selection, namely that of the phenotypic replicator able to survive
by adopting the boundary chiral polarizations (the entry of resources into the compartment).

An interesting question is that the emergence of order in the evolutionary stage of
compartmentalization arises because of a cooperative effect between autocatalytic networks and
quasi-species. This information exchange has been proposed to arise thanks to similar catalytic
functionalities of the exchanged species. This overlooks the chirality of the exchanged species.
However, the chirality sign of similar functionalized polymers shows a chemical recognition of chirality
based on a digitized +/− type of signal.

5. Hypothesis on the Emergence of BH

The former sections correspond to an attempt to describe selected concepts from different scientific
fields, which are essential for the understanding of the emergence of chirality in chemical evolution
and for the description of the basic principles necessary for the understanding of BH. In our opinion,
the former discussion allows for a reasonable speculation of how, and in which stages of chemical
evolution, the present chiral machinery of BH has been formed.

5.1. Is Carbohydrate Synthesis the Third Leg of a Tripodal SMSB Scenario?

Cross-catalysis between peptide and oligonucleotide hypercyclic replicators justifies a SMSB
driving force to one enantiomer class in nucleic acids and in protein polymers [59]. Although weak this
would require the chiral induction, coming from the asymmetric inductions transformations at previous
stages of chemical evolution. However, the formation of primordial nucleotide-like compounds requires
the selection of the adequate chiral carbohydrate monomer to achieve the structural functionalities of
the nucleic acid chains [44,88]. Therefore, chirality in the domain of carbohydrate synthesis should
be an essential element along the path leading to BH. In this respect, assuming SMSB as the central
part of the emergence of BH, the question arises if the selection of one enantiomer of the carbohydrate
family of compounds occurs by enantioselective selection at the formation of the nucleotides, or if it
originated from its own SMSB process during the prebiotic stage of carbohydrate synthesis.

Prebiotic carbohydrate formation is based on aldol-like reactions integrating formaldehyde units
to carbohydrate chains [89–91]. The synthetic integration of formaldehyde is the expected chemical
pathway towards pentoses and hexoses: This was shown already by Butlerov (1861) in the so-called
formose reaction. This reaction leads to a huge diversity of compounds, but the significant point with
respect to SMSB is that it is composed by a family of interconnected autocatalytic cycles [92]. This
strongly suggests that the necessary, but not sufficient, condition of autocatalysis for SMSB may occur
at the prebiotic carbohydrate synthesis. However, there are no experimental data on the detection of
spontaneous natural optical activity in the integrative synthesis of sugars, but we believe that this a
consequence of a lack of methods to detect SMSB in solutions in open systems as discussed above.

The difficulty for theoretical studies of SMSB, and for future research experimental work in
this topic in the carbohydrate domain, compared to those described in Section 3.2., is that, and with
the exception of the first chiral compound of the family (glyceraldehyde or glycerol-1-phosphate),
carbohydrates have more than one asymmetric center. This means that because of epimerization
processes, i.e, the existence of chiral diastereoisomers, when the instability of the thermodynamic
branch occurs, oscillatory final states may arise instead of the simple NESSs (saddle-point racemic
NESS and two chiral NESS at minimum well potentials) described above. In this respect, it is surely
significant that oscillations are an experimental behavior of glycolysis [90], and that in theoretical
models implying compounds with two asymmetric centers, oscillatory behavior between epimers has
been reported [93–95].

The difficulty for experimental studies of formose-like reactions is that, for the synthetic chemist,
the final outcome is a “messy” mixture of compounds. However, from the point of view of the origin
of life topic, it leads to a “high diversity” of carbohydrates. Both points of view are true, but diversity
is probably a characteristic of the first stages of chemical evolution (see for example the thousands
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of compounds detected in a carbonaceous meteorite [96]). The first stages of chemical evolution are
characterized by the formation of a very high diversity of organic compounds of the structural families
that will constitute the chemical support of the phenomenon of life. Later, the increase of complexity,
by forming interconnected reaction networks, the diversity would be thinned out towards a lower
number of structural families and compounds. Synthetic chemical research in the origin of life is
needed to discern which transformations are possible and which reaction mechanisms and interactions
would have be at work to discover the reaction pathways that justify chemical evolution. However,
abiotic scenarios need to be based on “impure” mixtures of compounds of related structural families to
be reliable [97].

Reaction networks that show enantioselective autocatalysis are rare in chemistry. However, in
the protein and nucleic acid domain the presence of replicators showing template mechanisms and
the mutual catalytic activities between the RNA-world and peptide synthesis justify the connections
between SMSB in these two domains. Yet the connection of these two with a possible SMSB at the
carbohydrate metabolisms is more speculative. In the carbohydrate domain the question of BH is not
only related to the supply of a specific pentose to the pre-RNA- or RNA-world, but also to membrane
formation. In this respect, such a lateral connection is shown in the different starting chiral sign of the
glycerol-1-phosphate building block to form the membrane lipids either in archeobacteria or in bacteria:
chiral configuration L (sn-glycerol-1-phosphate) for archeobacteria and the chiral configuration D
(sn-glycerol-3-phosphate) for bacteria [98].

5.2. Enantioselective Linear Reactions in the Chiral Machinery of Life

Regarding the chemical connection between chiral nitrogen-containing compounds and chiral
hydroxy organic compounds, i.e. between the simple compounds of the amino acid and the
carbohydrate domain (for example in the prebiotic chemical cycles proposed by Eschenmoser [83]),
chirality can only imply simple asymmetric inductions and chirality transfer in linear kinetic
dependences between enantiomers.

Metabolic cycles are necessary for the activation of low exergonic reactions, for example by
substrate phosphorylation. Without the energy provided by metabolic cycles it is not possible for
species activation to undergo endergonic or low exergonic reactions with higher yields and rates. It is
surely significant that all indicate a minor role of enantiomerism in the metabolic world proposals, for
example, the citric acid cycle, independent of the enzymes (enantioslective catalysis) that currently
catalyze the cycle, chirality appears for only a few compounds and apparently as a mere accident
that does not have an effect on the energetic function of the cycle. Chirality in metabolic cycles
probably had appeared because of its interconnection with other worlds where SMSB had emerged.
A reasonable hypothesis on the formation of proto-cells is to avoid the term “first” for the proposed
models on the origin of life and consider the proto-cell emergence as a consequence of the mutualistic
effects originating in the compartmentalization of the RNA-, protein-, carbohydrate-, lipid-, and
metabolic-worlds (Figure 4). There, homochirality would be preserved by the SMSB autocatalysis of
the interconnected RNA/protein and carbohydrate domains, which additionally would drive the rest
of the enantioselective reactions and chiral transfer transformations to a common chiral sign.
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Figure 4. The compartmentalization of the different worlds proposed for the origin of life, would
determine that the driving force of SMSB at the interconnected nucleic acid, protein and carbohydrate
domain preserves biological homochirality (BH) and determines the chiral sign of all the rest of the
enantioselective reactions and chiral transfer interactions.

6. Conclusions

(a) BH has its physico-chemical basis in enantioselective autocatalytic reaction networks operating
in open dissipative systems. This thermodynamic scenario is similar to that proposed for the
compartmentalization stages of chemical evolution where the question of chirality has been
avoided up to the present. Moreover, the reaction networks proposed for the formation of pre-RNA
worlds and peptides showing catalytic and autocatalytic functionalities and able to develop
Darwinian evolution, also possess the ability for SMSB, i.e. of the selection between enantiomers.

(b) Asymmetric inductions originating through natural chiral forces during previous stages of
chemical evolution, as for example in astrophysical scenarios, could provide the necessary chiral
polarization to transform, at later stages of chemical evolution, the stochastic chiral sign outcome
of the SMSB processes into a deterministic one. This is in spite of the unavoidable racemization
processes acting during the long-time interval of chemical evolution.

(c) SMSB autocatalytic cycles provide the resilience against racemization characteristic of BH and
would drive the rest of the enantioselective reactions towards a definite chiral sign.

(d) Such a general scenario of BH may be applied to all current models, which aim to find the links
between prebiotic chemistry and biological chemistry [97]. The emergence of BH is concurrent
with the emergence of autocatalytic sets, proto-cells, etc., and it probably represents an energetic
advantage (lower entropy production) [51], with respect to the racemic outcome.

(e) Homochirality has been considered as an inherent property of matter [98]. From a chemical point
of view, it is probably also a necessary condition for life because of the informational entropy
advantage of asymmetry in molecular recognition, that is, in the emergence of catalytic and
autocatalytic functionalities. Once the reasonable existence of SMSB in the decisive stages of
chemical evolution is recognized, in our opinion, then the models concerning the emergence
of autocatalytic sets, proto-cells, etc., cannot avoid the question of the enantioselectivity of the
processes involved. Note that this also has direct consequences for the applied biotechnological
fields of new metabolic cycles and of artificial cells.
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