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Supramolecular Chirality Transfer toward Chiral
Aggregation: Asymmetric Hierarchical Self-Assembly

Shuai Huang, Haifeng Yu,* and Quan Li*

Self-assembly, as a typical bottom-up strategy for the fabrication of functional
materials, has been applied to fabricate chiral materials with subtle chiral
nanostructures. The chiral nanostructures exhibit great potential in
asymmetric catalysis, chiral sensing, chiral electronics, photonics, and even
the realization of several biological functions. According to existing studies,
the supramolecular chirality transfer process combined with hierarchical
self-assembly plays a vital role in the fabrication of multiscale chiral
structures. This progress report focuses on the hierarchical self-assembly of
chiral or achiral molecules that aggregate with asymmetric spatial structures
such as twisted bands, helices, and superhelices in different environments.
Herein, recent studies on the chirality transfer induced self-assembly based
on a variety of supramolecular interactions are summarized. In addition, the

1. Introduction

Chirality is an inherent characteristic of
biological systems, which has been ex-
pressed at every structural level in nature,
including molecules, supramolecules, mi-
croscopic assemblies, macroscopic matter,
and even galaxies, with sizes ranging from
angstroms to light years. These chiral
structures demonstrate a close relationship
with the origin and the evolution of life,
which has intrigued persons for numerous
years. Generally speaking, chirality can be
generated by breaking the S, symmetry.
In most cases, an object is considered

influence of different environments and the states of systems including
solutions, condensed states, gel systems, interfaces on the asymmetric
hierarchical self-assembly, and the expression of chirality are explored.
Moreover, both the driving forces that facilitate chiral bias and the
supramolecular interactions that play an important role in the expression,
transfer, and amplification of the chiral sense are correspondingly discussed.
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chiral if it loses both the mirror plane (o or
S,) and inversion (i or S,) symmetries.!]
Consequently, the lack of symmetry ele-
ments results in the formation of chirality
through multiple length scales. Typical chi-
ral structures in biology such as the a-helix
of peptides, double helix of DNA, and triple
helix of collagens are predominantly at
the nanoscale level. Further exploration
of artificial materials with elaborate
chiral nanostructures in nanoscale has revealed their out-
standing functions that can be applied in, inter alia, asym-
metric catalysis,[?! chiral sensing,/?! chiral electronics,!*! and
photonics.ll Hence, the assembly of asymmetric nanostructures
has been becoming a critical subject in the fabrication of chiral
functional devices.

Top-down and bottom-up approaches are currently the most
accepted strategies for the fabrication of hierarchical micro-
structured materials. However, nanoscale structures are too
small to be easily modified by the typical top-down method. How-
ever, self-assembly has demonstrated its superiority in this field
as one of the most elegant bottom-up methods. For example, am-
phiphilic molecules, liquid crystals, and block copolymers (BCs)
can self-segregate into ordered nanostructures, both in solutions
and condensed states, including micelles, vesicles, close-packed
spheres, cylinders, gyroids, and lamellae.[®) However, one of the
most favorable ways to introduce chirality into these nanoarchi-
tectures is by structural symmetry breaking. Molecular chiral-
ity can be achieved by introducing a chiral center or axis into
molecules using an appropriate synthesis strategy.”! However,
noncovalent interactions such as hydrogen bonding, coordina-
tion interactions, electrostatic interactions, and van der Waals
forces can assist in transferring the introduced chirality to the
achiral molecules in supramolecular systems, which is termed
the induced supramolecular chirality. In addition, the symmetry
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Figure 1. Schematic illustration of chirality from molecular to supramolecular and aggregation levels. From left to right: molecular chirality resulting from
chiral center or chiral axis; supramolecular chirality including the chiral arrangement of molecules, the chiral main chain formation of macromolecules
and their secondary structures; and the aggregation chirality of some twisted structures and helical structures, respectively.

of the assemblies of achiral molecules are susceptible to breakage
by environmental effects like solvents, mechanical forces, and cir-
cularly polarized light (CPL), referred to as the induced aggre-
gation chirality. These three types of chirality are not indepen-
dent of each other, but are closely correlated because of the ability
of these systems to self-assemble into chiral aggregates through
a hierarchical chirality transfer process. Therefore, throughout
this progress report, we make use of the terms molecular chiral-
ity, supramolecular chirality, and aggregation chirality to distin-
guish between the length scales where chirality information is
expressed, as shown in Figure 1.

During the fabrication of chiral nanostructures, chirality trans-
fer and amplification are expected to facilitate the expression of
asymmetry at aggregation levels. It has been validated that these
chirality transfer and amplification phenomena from molecu-
lar to aggregation level should obey two principles, that is., the
“sergeant and soldiers” effect'®] and the majority rule principle.*’
These principles were first established by Green et al. during their
study on dynamic helical polyisocyanate systems. The original
“sergeant and soldiers” effect describes that the introduction of
a few chiral units (the sergeants) can induce a large number of
achiral units (the soldiers) in a dynamic helical chain to adopt
a preferred-handed chiral conformation. The concept has sub-
sequently been extended to all supramolecular systems, which
only require a small number of chiral molecules (the sergeants)
to create the chiral bias and induce the preferred handedness
of the supramolecular structure of achiral building blocks (the
soldiers).l"% For example, one type of disc-shaped chiral molecule
could form helical columnar stacks in nonpolar solvents and gen-
erate a strong Cotton effect in circular dichroism (CD) spectra,
whereas its achiral isomer could only form CD-silent racemic
structures. However, a preferred one-handed helical aggregate
with an intense CD signal was observed when 2.5% of the chi-
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ral isomers were added to the achiral isomers, demonstrating the
“sergeant and soldiers” effect, as reported by Meijer et al.['*!) The
majority rule principle implies that the handedness of the ma-
jority enantiomers dominate the helicity of the minority chiral
units in the dynamic helical chain, which is also applicable in
supramolecular chiral systems.['!] In majority rule experiments,
for instance, the enantiomers were mixed with varying molar ra-
tios, where the anisotropy factor (g), determined as a function of
the enantiomeric excess value (ee) of the mixtures, showed a non-
linear dependence on the ee.[''d) Over the past several decades,
the chirality transfer and amplification phenomena based on the
“sergeant and soldiers” effect and the majority rule principle have
been extensively studied in a diverse variety of self-assembled sys-
tems based on covalent bonding and noncovalent supramolecu-
lar interactions.

Through noncovalent supramolecular interactions like hydro-
gen bonding, z—r stacking, and solvation, molecules first amass
to form supramolecular clusters, which may then function as
building blocks for further assembly into aggregate structures at
the nanoscale level. When the chirality is transferred and ampli-
fied, the chirality of the building blocks typically determines that
of the nano-aggregates such as the rotational direction of a helix.
However, at times, the aggregation chirality is significantly in-
fluenced by the ambient environment or external stimuli, which
results in symmetry breakage in aggregates assembled by achiral
molecules, thus leading to the chirality reversal behavior of some
chiral systems.[!?]

Since the design strategy for various types of chiral building
blocks and recent progresses in their self-assembly have been
reviewed by Liul'®<l and Sanchez,!'?¢¢] we will not concentrate
on the aforementioned. This progress report will focus on the
chirality transfer behaviors of chiral systems under different
ambient environments due to the extraordinary effects of the
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aforementioned environments on the asymmetric hierarchical
self-assembly. Herein, we will describe recent advances in the
asymmetric hierarchical self-assembly induced by supramolec-
ular chirality transfer in solutions, condensed states, gels, and
at interfaces, in this order. In addition, we will discuss how the
chirality information gets transferred into aggregate structures.
Stimulus-responsive properties of these chiral nanostructures
will be also summarized accordingly.

2. Supramolecular Chirality Transfer in Solution
Systems

Herein, the solution systems refer to homogeneous solutions of
solutes molecularly dispersed in solvents as well as, inter alia,
micro-assemblies such as micelles, vesicles, and nanoparticles,
which are dispersed in solvents as nanoscale aggregates. Chi-
rality transferring behaviors in noncovalent bonding, z—x stack-
ing, and the entanglement of hydrophobic molecular chains have
recently attracted significant attention because supramolecular
self-assembly is mostly investigated in diverse solvents driven
by the aforementioned interactions.!**! According to previous re-
search, there are numerous factors that have a prominent effect
on the self-assembly and supramolecular chirality transfer pro-
cess, including the solubility, polarity, and chirality of the sol-
vent, the supramolecular interactions, and the interfacial inter-
action between the aggregates and the solvent.!'®>1213] Therefore,
several studies have been conducted to investigate the influence
of these factors, thereby enabling further comprehension of the
assembly behaviors in solution systems induced by the chirality
transfer.

2.1. Assembly of Chiral Molecules in Achiral Solvents

Since all aggregation types can be driven by various supramolec-
ular interactions in solvent environments, the inherent chirality
of compounds often aids in transferring the asymmetric infor-
mation from molecular to aggregate level, thus leading to differ-
ent morphologies. These processes are significantly influenced
by the solvent effect. Self-assembled supramolecular structures
are often multifarious due to the difference in compatibility be-
tween solutes and solvents. In chiral systems, chirality transfer
can be simultaneously impacted. Recently, Meijer et al. reported
a supramolecular polymer system with chiral-amide functional-
ized zinc porphyrin derivatives as the monomer, which exhibited
strong switch-like behavior through competing aggregation path-
ways in different solvents.['*] At low temperatures under poor
solvent conditions, (S)-monomers assemble into H-aggregate
nucleated polymers, thus forming hierarchical superhelices. In
contrast, weakly coupled J-type aggregates formed through an
isodesmic aggregation process with intermediate solvent quality
and temperatures, without the expression of supramolecular chi-
rality. These results demonstrate the significant effect of different
assembly routes from molecules to aggregates on the hierarchi-
cal chirality transfer process, which may contribute to improved
understanding of the interference between self-assembly and chi-
rality transfer process.

Zhang et al. also confirmed that the solubility of solvents and
the dispersed state of chiral molecules in solvents could influ-
ence the expression of hierarchical chirality. They observed that
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chiral polyfluorene derivatives were optically inactive in molecu-
larly dispersed solutions, but exhibited intense CD signals after
aggregation or coating with selected solvents. However, the differ-
ence in solubility could even induce conformation-driven mirror-
image supramolecular chirality isomerism by confining the in-
trinsically chiral macromolecules in a metastable g-phase.[’>] In
addition to solvent properties, other factors like pH and metal
ions could alter the environment of the solution systems, fur-
ther exerting profound impacts on the transfer and expression
of chirality. Yashima et al. reported the extension and contraction
motions of the spiroborate-based double-stranded helicates com-
posed of 4,4'-linked 2,2'-bipyridine and its N,N’-dioxide units in
the middle of ortho-linked tetraphenol strands, which are regu-
latable by the binding and releasing of protons or metal ions, as
shown in Figure 2A.1'%1 The ion species demonstrate a remark-
able dependence on the ion-assisted extension-contraction mo-
tions in these spring-like systems, as shown in Figure 2B.1Y7]
These phenomena arise from the occurrence of anti-syn con-
formational changes at the linkages, which are amplified into a
large-scale molecular motion of the helicates, thus leading to re-
versible spring-like motions. These motions suggest that ionic
conditions remarkably influence the asymmetric supramolecu-
lar structures in solution through dynamic supramolecular in-
teractions, and might provide a coherent strategy for developing
functional chiral materials with controllable supramolecular he-
lical structures.

The control of helical conformation can be achieved by tun-
ing the intermolecular and intramolecular interactions between
the solvent and solute molecules. Wan et al. synthesized a pair
of enantiomeric cis-poly(phenylacetylene)s (PPAs) substituted
at the meta positions of pendant phenyl rings by an achiral
methoxycarbonyl group and a chiral 1-methylpropyloxycarbonyl
group (i.e., sP-Me-C4/rP-Me-C4). They also synthesized two cis-
PPAs bearing either a methoxycarbonyl (i.e., m-aP-Me) or a 1-
methylpropyloxycarbonyl (i.e., m-sP-C4) meta substituent. Wan
et al. observed that sP-Me-C4/rP-Me-C4 tended to adopt con-
tracted cis-cisoid helical conformations in hydrogen-bond accept-
ing solvents or weak hydrogen-bond donating solvents where the
intramolecular n—xz* interactions were favored. However, sP-
Me-C4/rP-Me-C4 adopted cis-transoid helical conformations in
hydrogen-bonding donating solvents where the n—z* interac-
tions were disrupted by the strong hydrogen bonding between
the solvent and solute molecules."® Furthermore, temperature
also had a significant impact on the assembled helical structures
in this system.

The introduction of chiral additives to achiral polymers, with
the aid of strong supramolecular interactions, is able to in-
duce transfer and amplification in solution systems. Wan et al.
reported the asymmetric induction of supramolecular chiral-
ity through ionic interactions between pyridinium pendants in
isotactic poly(2-vinylpyridine) and chiral acid ions from (+)-
camphorsulfonic acid and dodecylbenzensulfonic acid. These
interactions forced the polymer backbone to twist in a pre-
ferred handedness manner in CHCl, and the mixed solvent
CHCl,/CH,CN.[" Tt was demonstrated that many factors in-
cluding the base to acid ratio, chiral-acid content, and solvent na-
ture could influence the induced chirality. In addition, by tun-
ing the solvent composition, four distinct types of “sergeants-
and-soldiers” effect were observed within a single system for the
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Figure 2. A) (a) Chemical structures of double-stranded spiroborate helicates. (b) Schematic representation of the unidirectional spring-like mo-
tion upon Na‘t-ion release and binding. (c) Schematic representation of acid/base-triggered reversible extension-contraction motion. Adapted with
permission.!'®] Copyright 2016, American Chemical Society. B) (a) Chemical structures of double-stranded spiroborate helicates rac-DH1gy,5~-Na™
and rac-DH2gy,5~-Nat. (b) Schematic representation of the unidirectional spring-like motion upon Na*-ion release and binding. (c) Schematic repre-

sentation of the inclusion complex formation of rac-DH 155%™ (TBAY), with alkali metals, Ag*, and NH,* ions. TBA: tetrabutylammonium. Adapted with
permission.!'7] Copyright 2018, American Chemical Society.
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Figure 3. A) Chemical structures of achiral linear azo-polymers. Reproduced with permission.[21] Copyright 2015, Royal Society of Chemistry. B) Chemical
structures of cyclic azo-polymers. Reproduced with permission.[226] Copyright 2018, Royal Society of Chemistry. C) Chemical structures of achiral star
azo-polymers. Reproduced with permission.[?22] Copyright 2015, Royal Society of Chemistry. D) Chemical structures of the chiral solvent limonene. E)
Schematic illustration of the supramolecular helical structures of the inherently achiral linear azo-polymer PAzoMA induced by chiral limonene, and the
chiroptical switch behaviors. The polymethacrylate main chain is not involved in the helical organization. Adapted with permission.[?'] Copyright 2015,

Royal Society of Chemistry.

first time, due to the sensitivity of ionic interactions to solvent
polarity. Importantly, the typical isotactic poly(2-vinylpyridine)
plastic was successfully transformed into functional polymer
materials, thus helping to extend the design strategy for
achieving chiroptical polymers with helical supramolecular
structures.

The chiral structures fabricated in solutions are usually based
on weak noncovalent bonding interactions, which are not sta-
ble enough for practical applications. Therefore, Yashima et al.
proposed a solution method for the fabrication of stabilized chi-
ral organic nanotube systems. They reported a simple “helix-
to-tube” strategy to construct covalent organic nanotubes from
poly(m-phenylene diethynylene)s (poly-PDEs) containing chiral
amide side chains, which typically adopted a helical conforma-
tion through hydrogen-bonding and solvophobic interactions in
specific solvents. By photo-crosslinking the 1,3-butadiyne moi-
eties aligned longitude across the entire helix with actinic light,
the helically-folded polymer chains formed inherently stable chi-
ral covalent nanotubes.[2"]

Adv. Sci. 2021, 8, 2002132

2.2. Chiral Solvent-Induced Chirality Transfer

Generally, achiral molecules rarely form supramolecular assem-
blies and aggregates with hierarchical chirality. However, the
symmetry of achiral supramolecular assembles is susceptible to
breakage in asymmetric environments, particularly in solution
systems, where the surroundings are conveniently adjusted by
the regulation of the property of solutes and solvents. As a result,
the utility of chiral solvents is an effective strategy for creating an
asymmetric environment. Zhang et al. investigated the chirality
transfer from chiral solvent molecules (limonene) to achiral side-
chain azobenzene-containing polymers (Figure 3).>!) They ob-
served that the preferred supramolecular chirality of the assem-
blies of trans-azobenzene units was generated and determined by
the limonene chirality, as shown in Figure 3A,E. Further studies
on cyclic (Figure 3B) and star-shaped polymers (Figure 3C) con-
taining azobenzene moieties in similar chiral solvents and cosol-
vents demonstrated that chirality transfer and amplification from
chiral solvent molecules was not limited to linear polymers.!??]

2002132 (5 0f20) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Hence, this provided a universal method to fabricating hierar-
chical chiral aggregation from polymers with a variety of topo-
logical chain structures. Nevertheless, other structural factors in-
cluding the spacer lengths and push—pull electronic substituents
were confirmed to impact the chirality transfer and aggregation
process.[2] Short spacer lengths or appropriate terminal groups
like CH, or H groups restricted the assembly of azobenzene units
and hindered supramolecular chirality transfer. Hence, the ap-
propriate spacer lengths and push—pull electronic substituents
could be manipulated to control the induction of supramolec-
ular chirality by chiral solvation. Furthermore, the photoiso-
merization of azobenzene moieties endow these systems with
photoresponsive properties, thus facilitating the fabrication of
photo-regulatable chiral supramolecular assemblies. These re-
ports all contributed to perfecting the principles for designing
and constructing functional chiroptical materials from achiral
polymers.

2.3. Chiral Assemblies Triggered by External Stimuli

As reported decades ago, the symmetry breaking of hierarchical
structures assembled from achiral or racemic molecules in achi-
ral solvents could be induced by external stimuli such as hydro-
dynamic flow by mechanical stirring,!'?* photoirradiation us-
ing CPL,[%] and magnetic field.?s! Hence, a diversity of physical
fields has been applied to generate and amplify chiral bias with
carefully investigated processes and mechanisms. For instance,
photoirradiation is one of the most effective and clean methods,
which is also closely related to the origin of life. Thus, photoin-
duced chiral assembly in solution systems has attracted signifi-
cant interest in recent years.

The supramolecular chirality of polymer systems can be gen-
erated by the photoirradiation of CPL. Kim et al. designed a sys-
tem composed of one z-conjugated molecule tris(4-trideca-4,6-
diynamidophenyl)amine, where the entire process of induction,
control, and the locking of supramolecular chirality could be ma-
nipulated by actinic light.[?] Upon the irradiation of circularly
polarized visible light, the supramolecular chirality of the result-
ing aggregates could be selectively and reversibly controlled by its
rotational direction. However, the supramolecular chirality could
be locked by irradiation with circularly polarized ultraviolet (UV)
light, as shown in Figure 4A. In this system, the chiral bias gen-
erated by CPL could not only be transferred to a supramolecular
level, but also considerably amplified when combined with a self-
assembly process.

Recently, Fujiki et al. reported an enhanced bisignate Cotton
effect of an achiral polymethacrylate carrying achiral azoben-
zene side chains with restricted conformational freedom in ag-
gregates irradiated by right or left CPL at four wavelengths (313,
365, 405, and 436 nm).[?] In addition, they systematically stud-
ied the influence of irradiation wavelength and exposure time, as
shown in Figure 4B.'?3] They demonstrated that a chiral azoben-
zene with a high dissymmetry ratio could be generated, inverted,
and switched in multiple cycles by photoirradiation with weak
monochromatic incoherent CPL over a short period. Herein, they
demonstrate the advantages of using CPL sources with multi-
ple wavelengths rather than a single wavelength in achieving
elaborate chiroptical functions including chiroptical polarization,

Adv. Sci. 2021, 8, 2002132
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restoration, inversion, switching, and long-term memory in such
azobenzene-containing aggregates.

Moreover, the photophysical control of all chiroptical polariza-
tion, depolarization, inversion, retention and switching in the
ground or the photoexcited states of assemblies in solutions
and aggregates has also been achieved. Fujiki et al. reported
the photo-manipulation of chiral assembly in the microparti-
cles of CPL-dependent chiroptical poly[(9,9-di-n-octylfluoren-2,7-
diyl)-alt-bithiophene] (PF8T2) dispersed in optofluidically tuned
CHCIl;-MeOH cosolvents.[”] They indicated that wavelength se-
lection and the handedness of CPL may lead to the inversion of
chirality. In addition, both left- and right-handed CPL photons
could efficiently induce responsive behaviors including chirop-
tical polarization, depolarization, inversion, long-term retention,
and switching modes into achiral PF8T2 microparticles. More-
over, suitable cosolvents might enhance the induced CD signals
due to the optofluidic effect.

3. Hierarchical Chirality Transfer in Condensed
States

In contrast to solution systems, the materials in condensed states
are devoid of solvents, which restricts the potential nanostruc-
tures that can be fabricated. Therefore, annealing methods in-
cluding thermal and solvent annealing are the most effective ap-
proaches to providing sufficient free volume for accelerating the
supramolecular self-assembly. When incorporated with the in-
troduction of chiral bias, self-assembly processes could proceed,
accompanied by hierarchical chirality transfer through various
supramolecular interactions.[?8] However, a unique design strat-
egy is often required for accomplishing the chirality induced as-
sembly, considering the restriction of molecular motion in con-
densed states. In this section, we will summarize recent pro-
gresses in the self-assembly of small molecules and polymers in
the condensed state along with the participation of chiral sense.

3.1. Chiral Assemblies from Molecular Chirality in Condensed
States

In condensed states, an asymmetry in the special shape can
be amplified into supramolecular chirality, resulting in the for-
mation of chiral bias. Shen et al. studied the shape effect of
a large molecule on the self-assembly of supramolecules us-
ing a bent-core molecule, which was covalently linked to a disc-
like hexa-peri-hexabenzocoronene, thus yielding a disc-bent core
amphiphile.[?] It was confirmed that this molecular morphology
could induce hierarchical chirality and lead to the formation of
a columnar phase, which exhibited a 2D nano-ribbon with spiral
texture resulting from the double-stranded supracolumns.
Supramolecular chirality transfer in polymer systems has sig-
nificant potential for detecting special handedness, which is
almost impossible using conventional spectroscopic methods.
Maeda et al. reported the first direct chirality sensing of a series of
chiral hydrocarbons and isotopically chiral compounds (deuter-
ated versions of parent compounds) by a stereoregular polyacety-
lene bearing 2,2'-biphenol-derived pendants.**! The aforemen-
tioned compounds were termed “hidden chirality” because of the

2002132 (6 0f20) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. A) Manipulation of the supramolecular chirality of the assemblies of tris (4-trideca-4,6-diynamidophenyl)amine by light. (a) Schematic illustra-
tion of induction, control, and locking of supramolecular chirality by circularly polarized light. In this figure, CPL refers to circularly polarized light and
CPUL refers to circularly polarized ultraviolet light. (b) CD spectra after irradiation with non-polarized light (black), I-circularly polarized light (red), and
r-circularly polarized light (blue) for 10 min in 1,2-dichloroethane. Adapted with permission.[2>¢] Copyright 2015, Springer Nature. B) The induced bisig-
nate Cotton effect of an achiral polymethacrylate carrying achiral azobenzene side chains. (a) Schematic illustration of the induced aggregation chirality
by circularly polarized light at different wavelengths (313, 365, 405, and 436 nm). (b) Corresponding CD and UV-vis spectra after being irradiated by /-
and r-circularly polarized light at different wavelengths. Adapted with permission.l'22] Copyright 2017, American Chemical Society.

difficulty to be detected.?®! The chirality detection using poly-  of photoresponsive liquid-crystalline units, based on the fluidity
acetylene was based on the generation of an excess one-handed  of the liquid crystal phase and the unique photo-orientation
helix induced by the chiral hydrocarbons and deuterated iso-  property of mesogens. Pinol et al. synthesized a series of liquid-
topomers by the transfer and amplification of chirality, followed  crystalline polymers with a repeating group consisting of two
by its static memory of the induced chirality. As a result, chiral  functional units, with at least one of them being an azobenzene
information and the hidden chirality could be stored as an excess ~ moiety.3!] The photoinduced chiral signals were generated upon
of a single-handed helix memory in the system for an extended  the photoirradiation of CPL at room temperature.’2l However,
period. the induced chirality did not demonstrate excellent stability

CPL can also be used to generate supramolecular and aggre-  because of the relaxation of segments in liquid-crystalline ho-
gation chirality in condensed states assisted by the introduction =~ mopolymers. BCs could help to limit relaxation by confining
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Figure 5. A) Chemical structures of pyrene-labeled PLLA and pyrene-labeled PDLA. B) POM images of PLLA (left) and PDLA (right) isothermally crys-
tallized at 110 °C. The delimited areas represent the observed slices during the rotation experiment. C) Vertical sections of PLLA (left) and PDLA (right)
spherulites observed by POM during the rotation. The value at the bottom represents the angle of twist around the Y axis in the right-handed positive

sense. Adapted with permission.[32] Copyright 2014, Wiley-VCH.

the photo-addressable segments into nanoscale microphase
separation, whereas alternative copolymers containing photo-
crosslinkable cinnamate moieties could help to fix the induced
chirality. As a result, BCs and alternative copolymers were syn-
thesized to facilitate an excellent stability of the photoinduced
supramolecular chirality in these liquid-crystalline polymers.

3.2. Crystallization with the Participation of Chirality

Poly-I-lactic acid (PLLA) and poly-d-lactic acid (PDLA) are a typical
category of chiral polymers with favorable crystallization proper-
ties. Chiral bias in the main chain that exerts a profound effect
on the crystallization process of PLLA or PDLA. Ho et al. sys-
tematically investigated the asymmetrical crystallization of poly-
lactides. With the assistance of a polarized optical microscope
equipped with a home-made goniometer, the formation of left-
and right-handed helical superstructures (twisting lamellae) in
the banded spherulites of the pyrene-labeled PLLA and PDLA
are directly observed, as shown in Figure 5.321 The occurrence of
twisting and shifting with preferential direction was ascribed to
the imbalanced stress at the opposite folding surface along with
J-type aggregation. Molecular chirality evolved into hierarchical
aggregation chirality during the self-assembly process of enan-
tiomeric polylactides (PLA) after being directed by the twisting
and shifting mechanism. Moreover, the banded spherulites re-
sulting from lamellar twisting due to imbalanced stresses at the
opposite folding surface were also observed in the co-crystalline

Adv. Sci. 2021, 8, 2002132

enantiomeric PLA blended with poly(ethylene glycol), indicating
a chirality transfer process based on intermolecular chiral inter-
actions during isothermal crystallization.3]

Through supramolecular interactions, chirality can be
transferred to an achiral polymer chain and the corre-
sponding polymer crystals. For example, when (R)- or (S)-
hexahydromandelic acid (HMA), which can associate with
isotactic poly(2-vinylpyridine) (iP2VP), was introduced as a
chiral dopant, mirror-image CD spectra in the complex sys-
tems were observed.**] Moreover, a preferential sense of the
twisted crystalline lamellae was also obtained in the iP2VP/HMA
complex, thus suggesting the homochirality evolution from con-
formational to hierarchical chirality. The handedness of twisted
lamellae in banded spherulites could be controlled by the chiral
dopants.

The asymmetric crystallization process can assist the selec-
tive chiral separation of optically pure enantiomers. Wan et al.
proposed a self-reporting strategy for collecting two optically
pure enantiomers in a single crystallization process by visual-
izing the crystallization process with the assistance of a dyed
self-assembled inhibitor.**] This inhibitor was synthesized from
copolymers with tri(ethylene glycol)-grafting polymethylsiloxane
and poly(N-6-methacryloyl-L-lysine) as the main and side chains,
respectively.’>] The inhibitor could induce a complete isolation
of the two enantiomers through the selective fractional crystal-
lization of racemic aggregates, and could also selectively label
the latterly precipitated product so that the crystals of the second
enantiomer yielded a direct color readout. Moreover, Wan et al.

2002132 (8 OfZO) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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further developed a quantitative chiral separation method by the
enantiomer-selective magnetization of racemic aggregates.l]
The assembled magnetic nano-splitters consisted of magnetic
nanoparticles, hydrophobic Fe;O, @oleic acid, as the core and the
polymeric inhibitors, and amphiphilic poly(N-6-methacryloyl-S-
lysine)-block-polystyrene, with high stereoselectivity for the tar-
get crystals, as the shell. The nano-splitters resulted in distinct
crystallization processes for the two enantiomers under selec-
tive magnetic fields. Thus, the simple and quantitative separation
of the R- and S-crystals in one single crystallization process was
successfully accomplished. Consequently, these findings provide
novel insights into the design and development of functional
materials for multiscale chiral resolution based on hierarchically
self-assembled nanoarchitectures.

3.3. Asymmetric Phase Structures

Well-defined BCs can usually self-assemble into various ordered
nanostructures, demonstrating significant potential as nanotem-
plates for the fabrication of ordered nanomaterials with desirable
patterning and arrays. The introduction of chiral bias might re-
sult in an asymmetric hierarchical self-assembly process, thereby
enriching the structures that can be formed by BCs in condensed
states. Ho et al. conducted one of the first studies on the phase
structures of chiral BCs and achieved the fabrication of helical
phases in the BCs of PLLA block polystyrene (PLLA-b-PS) or
PDLA block polystyrene (PDLA-b-PS).3”] However, there are nu-
merous factors that can impact the helical phase in these chiral
BCs, such as the volume ratio of the two blocks. Recently, Ho
et al. investigated the competitive interactions of z—z junctions
between the chiral PLA and achiral PS blocks, and their roles on
microphase-separation behaviors.[*®! They indicated that the for-
mation of z—r stacking based on z—z junctions would reduce
the structural ordering due to the mixing of constituent blocks.
However, ordered morphologies were easily obtained in BCs con-
taining alkyl junctions where no z—z stacking could occur, thus
indicating the competitive interactions of z—z junctions and the
microphase separation of chiral BCs. The interface between chi-
ral PLA and achiral PS domains were then investigated by de-
signing a series of PLA-containing BCs with various sequences
and molecular weights of chiral PLLA and achiral poly(d, I-lactide)
(PDLLA) blocks. They observed that the direct connection of a
chiral block to a PS block in the order PS—PLLA—-PDLLA pro-
duced a chiral interface, thereby enabling a short PLLA block to
induce the helical phase, due to the significant effect of helical
steric hindrance on self-assembly. In contrast, the self-assembled
morphology of the chiral BC in the sequence PS—PDLLA—PLLA
was determined by the length of the PDLLA block. Consequently,
only a long PLLA block was able to induce the helical phase due
to the absence of a chiral interface.*]

Another important factor in chiral BCs that impacts the
phase structures is the crystallization of the chiral block.
It was reported that the helical phase in chiral PLA-based
BCs was just a longlived intermediate state.**) Ho et al. re-
cently synthesized poly(cyclohexylglycolide) (PCG)-based chi-
ral BCs, poly(benzyl methacrylate)-b-poly(p-cyclohexylglycolide)
(PBnMA-b-PDCG), and PBnMA-b-poly(r-cyclohexyl glycolide)
(PBnMA-b-PLCG) for comparison with chiral PLA-based BCs.
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Furthermore, they studied the homochirality evolution from
monomeric, to conformational, and to meso-domain chirality
across multiple size scales during self-assembly processes.!*!]
By eliminating the crystallization of the chiral block, they ob-
served the formation of an equilibrium helical phase. In PBnMA-
b-PLCG and PBnMA-b-PDCG, the bulkier chiral side group of
the PCG might generate a more persistent helical bias, which
could assist in strengthening the chiral anisotropy of interseg-
ment forces, thereby leading to chiral meso-domains.

However, the superiority of the chiral PLA-based BCs enables
them to function as reliable chiral templates because of the
degradable characteristics of PLA. Ho et al. obtained the induced
chirality of an achiral chromophoric joint of PLA-containing chi-
ral BCs. The achiral dyes adopted the preferential arrangement
in a single handed helical array at the microphase-separated in-
terface. After the hydrolysis of the PLA block, this helical ar-
rangement could be memorized, functioning as a chiral tem-
plate for the further chirality induction of different achiral dyes,
as shown in Figure 6A.*!] In addition, since the helical phase
is an intermediate state in chiral PLA-containing BCs, it would
evolve into equilibrium double-gyroid phases after annealing for
an extended period.***}] The hydrolysis of the PLA block re-
sulted in the formation of a nanoporous PS matrix with gyroid
nanochannels, which could function as removable templates to
fabricate nanoporous gyroid structures composed of all types
of elements and materials for different functions. These func-
tions include, nanoporous gyroid Pt for electrochemical cataly-
sis, nanoporous gyroid metallic oxides for optoelectronic applica-
tions, nanoporous epoxy for protein adsorption, and nanoporous
Ni/NiO/C composites for electrical properties.[“4]

Chiral doping is also an effective approach for fabricating
various helical phase structures for achiral polymers. Watkins
et al. reported the formation of helical phases by directly dop-
ing a small chiral additive, tartaric acid (TA), into an achiral BC,
poly(ethylene oxide)-b-poly(tert-butyl acrylate) (PEO-b-PtBA). The
handedness of the dopant determined the twist direction of the
helical structures.*’] Furthermore, Lu et al. fabricated double-
helical nanostructures by replacing the achiral BC with poly(1,4-
butadiene)-b-poly(ethylene oxide) (PBd-b-PEO) using such a dop-
ing method.[*] One strength of this chiral doping strategy is that
the dopant can be easily removed by solvents, while the asym-
metric phase structures can be memorized after the removal of
dopants. Based on this method, the chiral arrangement of gold
nanoparticles with both single helical structures and double he-
lical structures were successfully obtained.[*647]

Another advantage of the chiral doping method is that the
interactions between dopants and specific blocks of BCs can
be manipulated. Yu et al. obtained photoresponsive and pho-
totunable helical structures by doping the enantiopure TA in a
liquid-crystalline BC (LCBC), poly(ethylene oxide) blocked with
azobenzene-containing poly(methylacrylate) (PEO-b-PM11AZ),
where both blocks could form supramolecular interactions with
the chiral dopants.!*8] As shown in Figure 6B, the controllable mi-
crophase separation of PEO-b-PM11AZ and the chirality transfer
effect were elegantly combined. Through supramolecular inter-
actions, chirality was transferred from the functional dopant to
the aggregation, which directed the hierarchical self-assembly in
the composite system upon optimizing the annealing condition
and the dopant fraction. The aggregation chirality disappeared
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Figure 6. A) Chirality control and its chirality memory followed by subsequent chirality induction at the microphase-separated interface of self-assembled
chiral PS-b-PL(D)LA. The chemical structures of PS-perylene-PLLA, TEM micrograph of the helical phase structures in PS-perylene-PLLA/PS-PLLA blends
and the schematic illustration of the control, memory, and induction process of chirality inside the phase structures. Adapted with permission.[42]
Copyright 2017, American Chemical Society. B) Illustration for the transfer, photoinduced breaking, and regeneration of the aggregation chirality in the
film of an amphiphilic liquid-crystalline BC doped with chiral tartaric acid. Here, the aggregation chirality was obtained by chiral transfer from the minor
to the major phase through hydrogen bonds by optimizing the annealing condition along with the dopant amount. Reversible photo-manipulation of
the aggregation chirality was observed by the light-induced phase transition of the photoresponsive azobenzene mesogens and the supramolecular
cooperative motion. Adapted with permission.[“8] Copyright 2018, Wiley-VCH.

upon photoirradiation with UV light because a photoinduced
phase transition arose from the continuous phase of pho-
toresponsive azobenzene mesogens, thereby resulting in the
breakage of the helical aggregates along with the reorganiza-
tion of the microphase-separated nanostructures. Thus, the
photo-regulation of the supramolecularly self-assembled helical
morphologies in the condensed state was achieved in the LCBCs.
This report introduces manipulatable functions into the simple,
but effective, method for the construction of asymmetric phase
nanostructures.[*®]

Adv. Sci. 2021, 8, 2002132

4, Chiral Gels

The physical gel system is a typical soft matter with good
stimulus-responsive properties and extensive potential in nu-
merous fields.[*! Both the easily adjustable feature of solution
systems and the self-standing specialty of solid systems are com-
bined in gels by bearing a certain amount of solvent in the solid
skeleton.[®®) Moreover, the introduction of chirality increases
the complexity of hierarchical structures and extends the func-
tionality for chiral materials. In chiral gels, hydrogen bonding,
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hydrophobic interactions, z—z stacking, alkyl chain entangle-
ment, and metallic coordination are the most common driving
forces, which not only induce the self-assembly of molecules,
but can also transfer chirality. Since hydrogen bonding and
hydrophobic interactions exist extensively in these systems
as the assistant interactions for gel formation, we will mainly
discuss the effect of 7—r stacking, alkyl chain stacking and
entanglement, and coordination interaction on the self-assembly
and chirality transfer behaviors in gel systems in this section.
In fact, gels often form through multiple driving forces rather
than single ones. Hence, we will comprehensively consider
their contributions to chirality transfer and gel formation for the
categorization in this section.

4.1. r—r Stacking Systems

Most z-conjugated molecules tend to stack in a face-to-face man-
ner in their aggregation states, and z—z stacking in chiral sys-
tems could function as the driving force for the formation of
self-assembled gelation. However, offset z—z stacking in sys-
tems exclusively consisting of achiral molecules could generate
supramolecular chiral bias and break the symmetry of aggre-
gates in gels. Liu et al. first accomplished the symmetry break-
ing in a supramolecular gel exclusively driven by z—z stacking
of an achiral C;-symmetric benzene-1,3,5-tricarboxylate substi-
tuted with methyl cinnamate in particular achiral organic sol-
vents like cyclohexane.’'?] The supramolecular chirality could
not be controlled and assemblies with both handedness were ob-
served, unless a small amount of chiral solvents was added to
promote a predominant handedness. The chirality of the assem-
blies could be memorized after the removal of chiral solvents.
Moreover, a strong tunable circularly polarized luminescence
(CPLU) was observed in the supramolecular gels self-assembled
from a similar achiral C;-symmetric molecule, where the three
carboxylate linkers between the benzene core and substituted
groups were replaced by amides (BTAC).>'"! The CPLU intensity
of these supramolecular gels was easily enhanced by mechanical
stirring or doping chiral amines. In addition, the handedness of
the CPLU signals could be controlled by the chirality of organic
amines.

Similar to the solution systems, the generation of supramolec-
ular chirality in gels could be achieved using mechanical forces.
The above-mentioned achiral C;-symmetric molecules with
amide linkers could generate supramolecular chirality when self-
assembling in solutions or as gels through z—z stacking along
with hydrogen bonding, induced by laminar chiral microvortices
within asymmetric microchambers. The aggregation chirality in
this case could be controlled by the rotational direction of the
vortices.52! If the peripheral groups were transformed into car-
boxyl acid, which could produce stronger hydrogen bonds in
the supramolecular gel system, near-unity homochirality entities
were also obtained; however, the direction of vortex mixing was
unable to dictate the chirality (Figure 7A).[%] These studies in-
dicate that a laminar chiral microflow can break supramolecular
and aggregation symmetries, providing insight into the origin of
natural homochirality of biological systems.

The aggregation of chiral molecules through z—= stacking usu-
ally form various chiral structures such as twist ribbons, helices,
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and nanotubes,'° which could further transfer handedness to
the nano-assemblies of achiral guest molecules. Liu et al. re-
ported the incorporation of chiral self-assembly and aggregation-
induced emission (AIE) enabled by encapsulating guest AIE-
active achiral molecules in the nanotubes assembled from a C;-
symmetric chiral gelator.®*] This approach assists in the fabrica-
tion of full-color-tunable CPLU by selecting suitable AIE com-
pounds.

The supramolecular gelation process based on z—r stacking
assisted by other interactions, such as hydrogen bonding and
hydrophobic interactions, not only transfers the structural chi-
rality information, but also transmits energy information. The
chiral donor z-gelator contained cyano-substituted stilbene con-
jugated with N,N’-bis(dodecyl)-L(d)-amine-glutamic diamide. By
co-assembling this chiral donor z-gelator with an achiral z-
acceptor, 9,10-bis(phenylethynyl)anthracene, both chirality and
energy transfer were simultaneously accomplished in one com-
posite system.I>>] The co-assembly process enabled the achiral
acceptors to obtain circularly polarized energy and adopt a chi-
ral alignment, thus exhibiting both supramolecular chirality and
energy transfer amplified CPLU. However, in systems involving
hydrogen bonding and z—r stacking, the controlled co-assembly
of a cyanostilbene-appended glutamate compound (CG) with
thioflavin T (ThT) and acridine orange could assist the chiral-
ity transferring from the chiral nanotubes formed by CG to the
achiral acceptors. Upon exciting the donor CG or intermediate
donor ThT, a donor—acceptorl-acceptor2 triad occurred, thereby
resulting in a stepwise amplified CPLU.I®! Efficient energy trans-
fer could contribute to CPLU enhancement, thus leading to a
higher luminescence dissymmetry factor. These reports demon-
strate the cooperative effect of chirality and sequential energy
transfer, which provides a thorough understanding of the natural
light-harvesting process occurring in chiral environments.

The stimulus-responsive properties of some components in
chiral gels exert a profound impact on the self-assembled asym-
metric structures, which will certainly influence the chirality and
energy transfer. Liu et al. designed a photosensitive cinnamic acid
derivative chiral gelator that could form dimers upon photoir-
radiation, and fabricated a chiroptically switchable helical self-
assembly system. Based on the 7—= stacking and hydrogen bond-
ing, superhelices could be obtained through the hierarchical chi-
rality transfer, which would dramatically transform into nano-
kebabs due to the disturbance in the supramolecular interactions
upon the photoirradiation of UV light. Such structural changes
even caused the inversion of supramolecular chirality.’”] How-
ever, nanoscale helicity could be conveyed to achiral fluorescent
molecules by both structures, thus transferring energy informa-
tion and inducing CPLU.

In addition, the stoichiometric ratio of different components
can influence hierarchical chirality transfer and induce a chiral-
ity inversion behavior. Yin et al. prepared co-gels with an achiral
tetraphenylethylene derivative and chiral organic gelators of glu-
tamic acid in chloroform. Through hydrogen bonding along with
z—r stacking, chirality was transferred from the chiral gelators
to the achiral z-conjugated molecules with pyridine end groups,
and then to the aggregate structures, thus inducing CPLU.
However, both the handedness of the aggregates and the in-
duced CPLU inverted after the stoichiometric ratio changed. This
provides a simple strategy for regulating the handedness

2002132 (11 0f20) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED ADVANCEDR

SCIENCE NEWS
www.advancedsciencenews.com www.advancedscience.com

A) L —cow
(@ 2 SieF .
N2 4 Ly
HN _ ‘ H bond N - _ E \
= L0, = P g mmm wem
0, n sl:;lfmg y i i y R .
N \©\H( Inlets =" CW Outlets >,
|
OY\/© 0. ¥
~0 h o \[ ""—':E ( 4
BTAC ' 4 ;
B
) @) .
E Co—as“mb"
f‘ oo = S
O SAS S PTPE/DGG=1:7100

\

Co'”“emb('r

Ippe—]
DGG self-assembly — =

g
= 33—

PTPE/DGG=1:16
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tively. M and P chirality refers to left- and right-handed helical twists, respectively. Adapted with permission.[>2 Copyright 2018, Springer Nature. B)
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rored right-handed pattern. SEM images of PTPE/DGG co-gels at the molar ratio of (b) 1:100 and (d) 1:16 (scale bar: 1 ym). Optical microscopy image
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of CPLU in these supramolecular co-gelation systems (Fig- drogen and halogen bonds are not required, which releases the
ure 7B).158! restriction in molecular structure design for gel systems. In addi-
Achiral components sometimes play an important role tion to driving self-assembly, the introduction of a long alky chain
in the asymmetric self-assembly in co-gelation systems. Liu  can increase the flexibility of assemblies, which is a desirable ad-
et al. observed that purine nucleobases could trigger N-  vantage for adaptive soft matter.
(9-fluorenylmethoxy-carbonyl)-protected glutamic acid to self- Multi-responsive properties can be easily introduced into chi-
assemble into hydrogels with helical structures, while pyrimi-  ral gels by combining functional groups with gelator molecules
dine nucleobases could not because the hydrogen bonding be-  containing a long alkyl chain. Liu et al. reported that the chi-
tween guanine or adenine and glutamic acid enhanced z—r stack-  ral sense in the organogel consisting of a spiropyran contain-
ing and hydrophobic interactions in the co-assembled systems, ing a long alkyl chain and a chiral cationic L (p)-glutamate
which also assisted the expression of aggregation chirality. More- ~ amphiphile (1-(2-(3-(1,5-bis(octadecylamino)-1,5-dioxopentan-2-
over, the helical nanostructures could transfer the chirality toan  yljureido)ethyl)pyridin-1-ium chloride, could be transferred to
achiral fluorescence probe, thus inducing an enhanced CPLU.*®!  spiropyran chromophores via the entanglement of alkyl chains.
This paper might enable comprehension of the selective chiral =~ Moreover, the chiroptical properties can be modified by photoir-
assembly behaviors of biological systems. radiation or variations in the pH.[**! The memorization of hand-
edness could also be accomplished in the organogels contain-
ing a long alkyl chain. An amphiphilic glutamide based gela-
4.2. Chain Stacking and Entanglement Assisted Gelation tor was utilized to tune the achiral chromophores in main-chain
polymers into helical aggregates (Figure 8A).I°! The co-gelation
The stacking and entanglement of chains usually occur in  along with a supramolecular chirality transfer process was driven
supramolecular systems containing a long flexible alkyl chain, by the alkyl chain interactions between the polymer and gelator
thus providing a relatively strong supramolecular interaction for = molecules. The aggregation helicity and the induced CPLU were
hierarchical aggregation and chirality transfer. In the gel sys- memorized, even after the removal of chiral gelator molecules.
tems enabled by the alkyl chain stacking and entanglement, z- When the stacking and entanglement of alkyl chains func-
conjugated aromatic rings or functional groups that can form hy-  tion as the predominant driving force for gel formation and
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Figure 8. A) Co-gelation and chiral transfer from the chiral gelator BG to the achiral main-chain polymers PSi8 and PCz8. (a) Chemical structures of
achiral PSi8 and PCz8, and the formation of P and M helices by doping L-BG and D-BG, respectively. Excited with 360 nm linearly polarized light, the
co-gels mirror-handed circularly polarized luminescence. SEM images for the co-gels of (b) PSi8/L-BG with P helix and (c) PSi8/D-BG with M helix.
Adapted with permission.[8'] Copyright 2016, Royal Society of Chemistry. B) Self-assembly of the chiral lipids that disobey the majority rule. (a) Chemical
structures of enantiomerically pure D- and L-lipids which form M- and P-helices, respectively. (b) Schematic illustration of uncommon chirality transfer
behaviors that do not follow the majority rule. Here, the mixing of two heterochiral lipids with mirror chiral head groups but a 2-methylene discrepancy
in the alkyl chain length leads to the homochiral composite nanotube, where the helical sense is determined by the molecular chirality of the lipid with
the shorter alkyl chain regardless of their mixing ratios. Adapted with permission.[82] Copyright 2019, Royal Society of Chemistry.

chirality transfer, the lengths of the alkyl chains significantly
influence the self-assembly. When two heterochiral lipids
with mirror headgroups but a 2-methylene discrepancy in the
length of the alkyl chain were mixed, the majority rule for
chiral transfer might be disobeyed (Figure 8B).[°2] Homochiral
nanotubes were formed at aggregation level, but interestingly,
their helicities were controlled by the molecular chirality of
the lipids with shorter alkyl chains, regardless of the mixing
ratio. The “induced conformation rearrangement” mechanism
was used to explain such an abnormal phenomenon. Based
on the interaction between the alkyl chains, the conformation
of longer lipids required rearranging to match the shorter
lipids, which helped to eliminate the orientation of the long
lipids. Thus, the alkyl chain packing, hydrogen-bonding of the
amide groups in the lipids, and the orientation of the two lipids
were perfectly matched, resulting in the molecular chirality of
lipids with shorter alkyl chains dominating the chiral transfer
process.

In complex co-gel systems driven by chain entanglement, an
induced-fit mechanism could be applied to transfer chirality
among hierarchical structures to generate complex chiral struc-
tures. Yashima et al. reported the formation of a “helix-in-helix”
superstructure by encapsulating fullerene-bound helical peptides
into a helical syndiotactic poly(methyl methacrylate) (st-PMMA)
cavity.!%] Induced by optically active alcohol or amine, st-PMMA
could fold into a preferred-handed helical conformation and self-
assemble into organogels with an inner cavity. The helical cavity
was used as the chiral host to endow achiral guests with opti-
cal activities, thereby resulting in asymmetric superstructures.[®]

Adv. Sci. 2021, 8, 2002132

Therefore, the helical conformation in the stPMMA backbone
induced the same handedness in the encapsulated hexapeptide to
form a crystalline st-PMMA/peptide-C,, inclusion complex with
the helix-in-helix structures. These findings offer a rational de-
sign strategy for developing functional soft materials, which can
serve as supramolecular nano-reactors with the function of asym-
metry catalysis.

4.3. Coordination Interaction Assisted Self-Assembly

Coordination interaction is a special type of supramolecular
interaction with properties extremely similar to those of co-
valent bonds. Coordination interactions usually exist between
cations and electronegative atoms containing non-bonded lone
pair electrons. Due to the high binding energy and directional-
ity of the coordination interaction, the stacking of molecules and
supramolecules could be severely influenced, which should fur-
ther affect their self-assembly. For chiral gels, the introduction
of coordination interactions could provide a really strong driven
force for gel formation and supramolecular chirality transfer, re-
sulting in stable hierarchical structures. Moreover, the high bind-
ing energy and directionality of coordination bonds makes the
supramolecular complex thermally stable, which could function
as a building block to fabricate various assembled structures at
the multiscale level by further employment of other supramolec-
ular interactions in the supramolecular system.

Among all the coordination interactions, the coordination
between metal cations and heterocyclic compounds has been
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Figure 9. A) Inversion and switching of the nano-assemblies and their CPL regulated by the combination of coordination and z-stacking. (a) Schematic
illustration. (b) SEM image of PyHis xero-gel. (c) SEM image of PyHis in the presence of Zn?* (Zn?*/PyHis = 1/5), and the inserted TEM image at
the bottom-right corner. Adapted with permission.[%] Copyright 2019, Wiley-VCH. B) Formation of the metal-helical nanotube (M-HN). (a) Chemical
structures of the chiral ligand and the schematic illustration of the formation of the metal-helical nanotube. (b) AFM images of the self-assembled helical
single-walled nanotube from the ligand. (c) AFM images of Bi(Ill)-HN after loading 1/50 mol of Bi3*. The size of images was 5 x 5 ym?; the size of the
enlarged image in parts (b) and (c) is 1x 1 pm?. Adapted with permission.[¢”] Copyright 2016, American Chemical Society.

extensively studied because it offers a strategy to combine the
unique properties of metallic compounds and organic systems
together. Stang et al. prepared alanine-based chiral organoplat-
inum(II) metallacycles rhomboids 19/1! and hexagons 24/2!,
using the Pt(II)«pyridyl directional bonding approach.!® The
subsequent self-assembly was driven by hydrogen bonding,
hydrophobic, and z—z interactions among the metallacycles.
As a result, the concentration played an important role in the
assembly process. At a low concentration, where the other afore-
mentioned supramolecular interactions were relatively weak, the
metallacycles tended to assemble into nanospheres, while the
chiral metallogels were generated at a high concentration under
the cooperation of hydrogen bonding, hydrophobic and z—z in-
teractions. It was also demonstrated that the molecular chirality
of the metallacycles was transferred via the self-assembly process
and resulted in the formation of helices at the supramolecu-
lar level, leading to the formation of chiral gels consisting of
microscopic chiral nanofibers with well-defined helicity.

The self-assembly pathways can be switched by coordination
interactions. Liu et al. reported the modulation of the self-
assembly pathways through a cooperative Zn?* coordination and
z-stacking among the pyrenes. Thus, pure pyrene-conjugated
histidine was stacked in an unusual T-shaped z-stacking to form
a nanofiber structure, exhibiting P-chirality and right-handed
CPLU. However, the chromophore packing model was altered
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from T-shaped to z-z stacking such that the nanofibers trans-
formed into nanospheres and inversed into M-chirality showing
left-handed CPLU upon Zn** coordination, as shown in Figure
9A.[®] In general, the opposite supramolecular chirality as
well as CPLU signals could be obtained by the cooperation
of coordination interactions with z—z stacking. This paper
presents an elegant strategy for the preparation of manipulat-
able functional chiral materials by switching the self-assembly
pathways.

The helical metal-coordinated superstructures can be used as
catalysts for asymmetric reactions. Recently, Liu et al. reported
that complex chiral gels formed upon the coordination of a metal
ion with a single-walled nanotube self-assembled from an 1-
glutamic acid terminated bolaamphiphile in water.[”] The util-
ity of different metal ions could help create various metal-helical
nanotubes, as shown in Figure 9B, where the coordination points
could function as efficient catalyst sites for two model asymmet-
ric reactions. For example, the metal ion Bi(III) coordinated he-
lical nanotubes could catalyze the asymmetric Mukaiyama aldol
reaction with a high enantioselectivity (up to 97% ee) in an aque-
ous system. Another metal ion, Cu (II) coordinated helical nan-
otubes, could catalyze the asymmetric Diels—Alder reaction with
up to 91% ee within 60 min. This paper adequately presents the
advantages of metal-coordinated chiral gel systems in the appli-
cation of nanocatalysts, and delivers an approach to asymmetric
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synthesis with a new strategy by the employment of hierarchically
self-assembled chiral nanostructures.

4.4. Weak Interactions between Organic and Inorganic
Compounds

Based on the weak interactions in organic-inorganic compos-
ite systems, co-assembly along with chirality transfer and en-
ergy transfer can be achieved. Liu et al. prepared organic-
inorganic plural gels from lanthanide-doped inorganic upcon-
verting nanoparticles using chiral nanotube encapsulation.[®]
The organic component would self-assemble into chiral nan-
otubes driven by hydrogen bonding and hydrophobic interac-
tions. The handedness of the organic assembled nanotubes was
transferred to the encapsulated upconverting nanoparticles, lead-
ing to a chiral arrangement of the doped nanoparticles, which
further induced CPLU at a wide range of wavelengths from UV
to near infrared light. In addition, they found that the UV section
of the upconverting CPLU could be used to initiate the enantios-
elective polymerization of diacetylene, endowing such organic-
inorganic plural gel systems with good application potentials.
This report inspires a novel approach toward functional CPLU-
active materials with a highly efficient and large dissymmetry fac-
tor, which may help push forward the application of the chiral
optical materials.

Achiral perovskite nanocrystals could also co-assemble with
chiral lipid gelators, demonstrating an induced CPLU through
the supramolecular chirality transfer.”) The doped nanocrystals
might follow the chirality of the gel structure formed by the chiral
lipid to produce a chiral packing. By doping various colorful achi-
ral perovskite nanocrystals, the co-assembled chiral gels could
exhibit colorful circularly polarized emission, and thus enabled
CPLU to show a variety of colors, which could be further applied
to facilitate flexible CPLU devices.

5. Asymmetrical Self-Assembly at the Interface

Apart from solutions, condensed states, and gelation systems,
there is another special environment for materials that can
profoundly impact the supramolecular chirality transfer during
the hierarchical self-assembly, the interface. Generally, the most
common interfaces for self-assembled systems are gas-liquid
and liquid—solid interfaces. Under the restriction of interface in-
teractions such as interfacial tension and different affinities in
the adjacent phases, molecular motion can be limited at the 2D
interface. Thus, molecules can self-organize into ultrathin struc-
tures like mono- or bi-molecular layer structures, which are fun-
damentally different from the self-assembled structures in solu-
tions, condensed states or gels and exhibit some unique proper-
ties, for instance, the Langmuir-Blodgett (LB) films.””) The in-
troduction of chirality will also induce asymmetric supramolec-
ular structures, but the stacking and arrangement of molecules
should be distinguished from that in the other aforementioned
systems due to the confined self-assembly process at the inter-
face.

The LB method is very efficient for preparing ultrathin
nanofilms at the gas-liquid interface. For instance, nanorod
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structured monolayers were fabricated at the air/water inter-
face using an LB technique with the self-assembly of two enan-
tiomeric gelator molecules containing an anthracene moiety.”!!
During this process, chiral sense was transferred to the assem-
blies, enabling the LB films to demonstrate both optical activity
and CPLU properties, as shown in Figure 10A. It was also found
that the dissymmetric factors of the CPLU in the LB films were
enhanced by nearly five times those in gel systems because of the
more compact 2D stacking mode of molecules in LB films. In ad-
dition, the organized nanofilms demonstrated enantioselectivity
to chiral species, whereas the molecular solution did not.

The self-assembly of molecules at the liquid-solid interface
is another interesting topic where the “sergeant and soldiers”
principle is also applicable. Recently, Feyter et al. combined the
“sergeant and soldiers” principle with temperature-dependent
molecular self-assembly to unravel a particular chiral amplifi-
cation mechanism at the solution-solid interface (Figure 10B).
They described the fabrication of a homochirality surface where
the majority handedness of the sergeant-soldiers system was am-
plified or entirely reversed depending on the concentration of
solution after thermal annealing.[?! It was deduced that the an-
nealing treatment enlarged the chiral bias of the system, result-
ing in the chirality amplification or reversion phenomena of the
initial majority handedness during the supramolecular chirality
transfer process. These results provide a novel enantioselective
host—guest interaction-based amplification pathway to induce the
generation of opposite handedness if the concentration of the
building blocks is high enough. Moreover, the fabrication of con-
trollable and manipulatable homochirality supramolecular inter-
faces with either handedness can be achieved by introducing a
single type of chiral modifier. This report also provides a detailed
understanding of the roles that subtle intermolecular and inter-
facial interactions play in supramolecular chirality transfer and
the induced asymmetric hierarchical self-assembly.

6. Summary and Outlook

Herein, we discussed recent progresses in supramolecular chi-
rality transfer leading to asymmetric hierarchical self-assembly
under different environments. In solutions, the inherent prop-
erties of the solvents such as solubility, polarity, and chirality
significantly influence the molecular dynamics and the expres-
sion of chirality, thus resulting in various micro-assemblies. Due
to the unrestricted molecular dynamics in solution systems, it is
facile to manipulate the supramolecular structures by adjusting
the interactions among the solute molecules, between the solutes
and the solvents, or by the application of external fields. However,
their stability requires improvement by post processing methods
such as crosslinking. There is a completely different situation in
the condensed state, where the compact molecular stacking and
the absence of solvents restrict the mobility of molecules, provid-
ing excellent stability of the internal superstructures but making
them difficult to be controlled and modulated. Thus, the design of
molecules and the optimization of treatment conditions become
particularly important in condensed state systems. Annealing
treatments including thermal annealing and solvent annealing
are the most effective approaches to facilitate molecular motions
in condensed states, leading to self-assembly behaviors like crys-
tallization, reorganization, and ordered phase separation. Hence,
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the introduction of chirality creates a bias that can be transferred
and amplified, making the expression of the asymmetric sense
in various chiral assemblies, crystalline phases, and phase
structures at the nanoscale level. Chiral gel systems possess the
advantages of both the solution and the condensed state because
of their spatial structures that bear a certain amount of the sol-
vent in the 3D skeleton. As a result, the easily adjustable property
of solution systems and self-standing characteristics of solid sys-
tems can be incorporated in chiral organogels, endowing them
with multi-functions as intelligent chiral materials. Supramolec-
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ular interactions including hydrogen bonding, hydrophobic
interactions, z—x stacking, alkyl chain entanglement, and metal-
lic coordination play very significant roles in the formation of gels
with 3D spatial structures, the hierarchical self-assembly process,
and the transfer, amplification, and memorization of chirality
in such gelation systems. The interfaces provide a unique
environment that can profoundly impact the supramolecular
chirality transfer during hierarchical self-assembly. The interface
effect restricts molecular motion and their arrangement at the
2D interface plane, thus resulting in distinguished confined
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self-assembly behaviors to form ultrathin mono- or bi-molecular
layers. The chiral superstructures at the interface assist the
realization of functional nano-films or homochiral surfaces
which could exhibit enantioselectivity toward chiral species.

In addition, supramolecular interactions, which are the major
driving forces for the ordered organization and arrangement of
molecules, also significantly influence the expression, transfer,
and amplification of the chiral sense and the hierarchical asym-
metry at multiscale levels. In general, van der Waals forces, hy-
drogen bonding, hydrophobic interactions, coordination interac-
tions, electrostatic interactions, z—z stacking, and the entangle-
ment of alkyl chains are the most common intermolecular inter-
actions that can lead to hierarchically self-assembled structures.
As a result, a broad diversity of nanoarchitectures can be fabri-
cated based on the inherent properties of various supramolecu-
lar interactions such as their strength and directionality. There
are several methods to introduce chiral bias into supramolecular
systems by drawing in molecules with inherent chiral centers or
chiral axis, breaking supramolecular symmetry through control-
ling the self-assembly process, and employing asymmetric exter-
nal fields.

There has been considerable development in the transfer and
amplification of supramolecular chirality at multiscale levels
along with the potential applications. However, the emergence
of chirality and method to control the hierarchically chiral struc-
tures in complex systems like bio-systems has not been prop-
erly elucidated. Hence, the exploration of the origin of symme-
try breaking at different levels, the relationships among chiral
structures at different length scales, and the factors that influ-
ence the expression of chirality at hierarchical levels such as the
self-assembly process and the environmental aspects, are essen-
tial for comprehending the emergence and functions of chirality
in nature as well as directing the design strategies for chiral ma-
terials.

The above strategies to create hierarchical chiral structures
through self-assembly and chirality transfer are typical bottom-
up methods, which can lead to complicated nanostructures in-
cluding single, double, and dendritic helices as well as other
twisted structures demonstrating optical activity. In addition, top-
down methods have been utilized to fabricate macroscopic chiral
structures. By preparing multi-layered films or fibers with dis-
tinct thermal and mechanical properties of each layer, suitable
treatment such as thermal annealing and photo-irradiation with
a programmable shaping procedure, can activate their interior
asymmetry and help create helical macrostructures, as reported
by Ikedal”?! et al., Zhao!”*l et al., and Yul”! et al. These papers
indicate that hierarchical chirality can also be generated by top-
down methods, which might be extrapolated to nanoscale levels
and incorporated into supramolecularly self-assembled systems
to create a chiral bias with the help of the distinct respective ther-
mal or mechanical characteristics of different components.

The chiral nanostructures based on self-assembly and hierar-
chical chirality transfer can be used as nanotemplates for the
preparation of inorganic or metallic functional materials with
chiral microstructures.[*<e46-4876] The transfer and amplifica-
tion of chirality from molecular scale to aggregation level can en-
hance the chiral properties, providing a stereo-geometrical envi-
ronment or chiral space and endowing them with special func-
tions such as chiral sensing, chiral separation, asymmetry catal-
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ysis, and several bio-effects. Moreover, photonic and plasmonic
properties with chiral features can also be achieved by fabricat-
ing the chiral arrangement of inorganic or metal nanoparticles
based on supramolecular chirality transfer and hierarchical self-
assembly, or combined with novel top-down approaches when
necessary.
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