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Supra-amphiphiles provide a brand-new powerful strategy for the construction of functional materials

and have shown fascinating prospects in a variety of fields. When merged with chirality science, the
concept of chiral supra-amphiphiles arises, which is an important subclass of supra-amphiphiles. In this
review, we have provided a general introduction to the concept and design principle of chiral supra-
amphiphiles as well as their self-assemblies. We have also highlighted some progress of chiral supra-
amphiphiles in several application fields, such as chiroptical switches, chiral recognition, chiral catalysis
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and chiral luminescent soft materials. Although some elegant reviews have comprehensively looked
back at the development and achievement of supra-amphiphiles, their research progress in chirality
science has not been well summarized. We hope this review will provide useful guidance and
understanding of self-assembly of chiral supra-amphiphiles, which we believe will benefit scientists in
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1. Introduction

Amphiphiles are one type of unique chemical compounds in
colloidal science, which usually contain two main parts, a
hydrophilic head and a lipophilic tail.'™" They show excellent

“ Beijing National Laboratory for Molecular Science, CAS Key Laboratory of Colloid,
Interface and Chemical Thermodynamics, Institute of Chemistry, Chinese Academy
of Sciences, ZhongGuanCun, North First Street 2, 100190, Beijing, China.

E-mail: liumh@iccas.ac.cn
b University of Chinese Academy of Sciences, Beijing 100049, P. R. China

Guanghui Ouyang was born in
Hunan province, China in 1987.
He received his BSc from the
University of Science and Tech-
nology of China (USTC) in 2010
and PhD degree from the Institute
of Chemistry, Chinese Academy of
Sciences (ICCAS) in 2015. He is
currently an associate professor
at ICCAS. His research interests
focus on the design and appli-
cation of chiral supramolecular
n-gels and catalysts.

Guanghui Ouyang

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

both colloidal chemistry and chirality science.

self-assembly capability in aqueous solution to give varied
structures like vesicles, micelles and tubules,'*™*® which not
only provide satisfactory platforms for the mimicking of lipid
bilayers in living organisms,'®" but also exhibit extraordinary
applications in modern industry and humans’ daily lives, such
as the preparation of crude oil viscosity reducers® and the
production of soaps and detergents.>*® On the other hand,
the fast development of supramolecular chemistry, which is
based on a variety of non-covalent interactions,”” " brings new
opportunities for organic chemistry, materials chemistry and
colloidal chemistry.>*7¢
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Supra-amphiphiles, a new bridge between colloidal chemistry
and supramolecular chemistry, were born and rapidly gained
increasing attention with the pioneering work of Zhang and
other scientists around the world.>”*! Generally, in a narrow
sense, supra-amphiphiles represent amphiphiles in which the
hydrophobic part and the hydrophilic part are connected via
noncovalent interactions or dynamic covalent bonds.*>™** But
in a larger sense, a two-component or multi-component supra-
molecular system constructed by noncovalent interactions
or dynamic covalent bonds, which shows an amphiphilic
property, can also be regarded as a supra-amphiphile.**” Several
important reviews have well summarized the recent progress in
supra-amphiphiles.”®®' For example, Zhang and co-workers have
systematically outlined the definition, categorization, characteriza-
tion and applications of supra-amphiphiles in their leading
reviews.®>® Hao and co-workers also nicely overviewed the
preparation of vesicles from supramolecular amphiphiles using
varied strategies.®™**

Meanwhile, chirality and chiral materials have been gaining
increasing attention from the chemical community in the past
decades due to their wide and attractive applications in chiral
separation, chiral catalysts, chiral luminescent materials,
medicine and sensors.®>””? Chiral self-assembly of amphiphiles
is one of the sophisticated ways to fabricate chiral structures
and materials,”*®® and also plays a critical role in the under-
standing of many chiral phenomena in life systems, considering
that some membranes and organelles constructed from lipid
molecules are actually chiral structures.®"*> When merging with
chiral characteristics, a new application field for the concept of
supra-amphiphiles arises, that is chiral self-assembly of supra-
amphiphiles. It provides a powerful alternative strategy for the
preparation of chiral functional materials and has shown unique
advantages in a variety of chirality fields owing to its dynamic
nature based on non-covalent interactions. However, in contrast
to the furious research progress and reviews of self-assembly
of chiral amphiphiles,®*® the summary or overview of self-
assembly of chiral supra-amphiphiles has not been timely
processed. In this review, we will introduce some recent progress
in this subfield of supra-amphiphiles, mainly focusing on the
self-assembly of chiral supra-amphiphiles initiated by typical
non-covalent interactions, such as hydrogen bonds, coordination
bonds and electrostatic interactions. Besides, cyclodextrin is a
famous chiral host and can form many host-guest complexes.
Thus, the self-assembly of chiral supra-amphiphiles derived from
cyclodextrin has also been summarized. We hope that this review
will contribute to the development of supra-amphiphiles in
chirality science (Fig. 1).

2. Self-assembly of chiral
supra-amphiphiles

2.1 Self-assembly of hydrogen bond based chiral
supra-amphiphiles

Hydrogen bonds are widely used in supramolecular chemi-
stry and colloidal chemistry because of their well-oriented
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Fig. 1 lllustration of the design strategy of chiral supra-amphiphiles and
their chiral self-assemblies applied to several chiral fields. Notes: the types
(type 1, type 2 and type 3) in the upper left corner represent the chiral
status of each part of the supra-amphiphile.

directionality and adequate bond energy as well as reversi-
bility.**®” Many elegant supra-amphiphiles derived from single,
double, and triple hydrogen-bonds and even quadruple hydrogen-
bonds had been well established.®*°° Their self-assembly
mechanism and applications have also been investigated.
However, the design and self-assembly of hydrogen-bond based
chiral supra-amphiphiles are relatively less studied, partly due
to the complexity of these chiral systems and the challenge
of supramolecular chirality formation and transfer. Some
representative examples of hydrogen-bonded chiral supra-
amphiphiles and their self-assembly will be carefully discussed
in the following content.

Liu and co-workers reported a chaperone gelator LHC18,
which is composed of a long alkyl chain, an r-histidine and
a urea connecting bond. The imidazole unit on this gelator
could form electrostatic interaction assisted hydrogen bonds
with varied carboxylic acid compounds, as shown in Fig. 2,
efficiently yielding supra-amphiphiles and two-component
supramolecular gels in water/organic co-solvents.

Through this strategy, they prepared several kinds of supra-
amphiphiles and investigated their chiral self-assembly and
chiral functions. For example, they found that this chaperone

a) N
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Hydrophilic head
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Supra-amphiphile based on LHC18

Fig. 2 The molecular structures of chaperone gelator LHC18 and supra-
amphiphiles based on LHC18. Electrostatic interaction assisted hydrogen
bonds between imidazole and carboxylic acid lead to the formation of the
hydrophilic head.
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gelator gelled all the non-gelling proteinogenic r-amino acids
and their counterpart p-amino acids in DMF/H,0 co-solvents.
Varied nanostructures such as nanospheres, nanoplates, nano-
fibers, nanotwists, nanotubes and mircoclusters could be
observed via SEM, depending on the type of amino acids.®*

They further selected several azobenzene carboxylic acid com-
pounds to form supra-amphiphiles with the chaperone gelator.
As shown in Fig. 3, three kinds of azobenzene compounds were
used, AZO-1 contains two alkoxyl spaced carboxylic acid
pendants, and AZO-2 contains one alkoxyl spaced carboxylic
acid pendant, while AZO-3 contains two directly linked carboxylic
acid groups. All the three AZO compounds could not form gels
individually, however, when they were co-assembled with the
chaperone gelator LHC18, two-component supramolecular gels
were efficiently prepared via the formation of supra-amphiphiles.
SEM images showed that loose nanotubes, nanotubes and
nanosheets were obtained depending the type of AZO compounds.
Upon the gelling process, the molecular chirality localized
at histidine could be transferred to azobenzene assemblies,
showing CD signals in the absorption region of the azobenzene
rings. However, the photo-triggered cis-trans transformation of
the azobenzene unit in these supra-amphiphile assemblies
showed obvious differences. As a result, the optical and chir-
optical properties were totally different. The LHC18/AZO-1 and
LHC18/AZO-3 supra-amphiphiles showed little change in the
CD spectra, while the LHC18/AZO-2 supra-amphiphile showed
considerable reduction in the CD intensity. Furthermore, alter-
nate UV and visible light irradiation could realize reversible
gel-sol transformation for the LHC18/AZO-2 supra-amphiphile
based gel. And the CD signals in these two states could also be
repeated for at least five cycles. The authors suggested that a
flexible spacer such as alkoxy on the azobenzene carboxylic acid
contributes to reversible transformation of these properties.
Combining the photo-responsive properties of achiral azo-
benzene and the chiral properties of the gelator, a chiroptical
switch was newly constructed, which well reflected the unique
feature of non-covalent bonded supra-amphiphiles.®>

AZO-1
S O
V. N e
j\ /([ N N d ) on
\(\fs\ﬁ N cooMe 4 AZO-2
Chaperon Gelator LHC18 o Chirotical
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HO N—< H
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Non-gelator Azobenzene Acids
with or without ether linkage

Fig. 3 The molecular structures of the chaperone gelator and three kinds
of azobenzene carboxylic acids. The right figures are cartoon images
of the nanostructures of the corresponding supra-amphiphile gels.
(Reprinted with permission from ref. 92. Copyright © 2017 American
Chemical Society.)
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In another case, Liu and co-workers prepared a tetra-pendant
supra-amphiphile from the chaperone gelator (enantiomers
LHC18 or DHC18) and a porphyrin with four carboxylic acid
groups (TCCP). As shown in Fig. 4, they found that the LHC18/
TCCP supra-amphiphile could form right-handed hierarchical
microflowers, while the DHC18/TCCP supra-amphiphile gave
left-handed ones. This meant that the supramolecular chirality of
supra-amphiphile self-assemblies followed the molecular chirality of
the histidine moiety. Moreover, these chiral nano- or microstruc-
tures showed macroscopic enantioselective recognition towards
amino acids enantiomers via contact angle measurements.”®

This special strategy of hydrogen-bonded supra-amphiphiles
could also be applied to catalysis. In 2018, Liu and his collea-
gues reported a new kind of supra-amphiphile based on natural
product hemin and chaperone gelator r- or p-HC18.°* As shown
in Fig. 5, hemin/LHC18 and hemin/DHC18 supra-amphiphiles
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Fig. 4 The molecular structures of the chaperone gelator and porphyrin
analogues with four carboxylic acid groups. And the illustration of
formation and self-assembly of supra-amphiphiles. (Reprinted with
permission from ref. 93. Copyright © 2017 American Chemical Society.)
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Fig. 5 The molecular structures of supra-amphiphiles based on hemin
and the chaperone gelator. hemin/DHC18 supra-amphiphile gels showed
a faster catalytic oxidation rate for L-DOPA. (Reprinted with permission
from ref. 94. Copyright © 2018 John Wiley & Sons, Inc.)
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can self-assemble into right-handed and left-handed helical
ribbons respectively, which were clearly observed from SEM
images and supported by the CD spectra. Although natural
hemin is achiral, it showed supramolecular chirality when
participating in the network of supra-amphiphiles via efficient
chirality transfer. The authors applied these supra-amphiphile
chiral nanostructures to the catalysis of 3,4-dihydroxyl-L-phenyl-
alanine (.-DOPA). 1-DOPA can be oxidized by hemin, giving
t-dopachrome, which is also a chiral compound. It was found
that the hemin/DHC18 supra-amphiphile showed a much faster
catalytic rate compared with the counterpart hemin/LHC18. They
also proposed a possible mechanism for this rate selectivity. First,
hemin could capture the chiral sense of LHC18 or DHC18, which
was confirmed by CD spectra. Second, when the chiral :-DOPA
targets the chiral catalytic center of hemin, chiral matching might
determine the catalytic rate-limiting step. As a result, favourable
chiral matching between 1-DOPA and hemin/DHC18 amphiphile
assemblies led to a higher catalytic rate. This work provided an
interesting case of integration of supramolecular catalysis and
supra-amphiphiles.

Hydrogen bonds between carboxylic acid and amines, such
as alkyl amines, aromatic amines and nitrogen-containing
heterocyclic compounds, are widely utilized for the design and
preparation of supramolecular architectures. Liu and co-workers
designed a series of rL-glutamic acid amphiphiles containing
varied long alkyl chains, which are abbreviated as 1-C,GAc
(n represents the number of carbon atoms on the long alkyl
chain). As shown in Fig. 6, two 1-C,GAc molecules and two
4,4'-bipyridine molecules could form supra-amphiphiles based
on four hydrogen bonds between carboxylic acid and pyridine.*®
This supra-amphiphile successfully self-assembled into nanoplate
structures. Most interesting, adding more 4,4’-bipyridine lead
to the formation of a sandwich supra-amphiphile, in which the
extra 4,4’-bipyridine molecules are inserted into the original
two 4,4'-bipyridine. Under this condition, chiral nanotwists
were obtained. Through changing the ratio between the two
components, the structure of the supra-amphiphile could be
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Fig. 6 The molecular structures of supra-amphiphiles based on different
mole ratios of -C,GAc and 4,4’-bipyridine and illustration of self-
assembly. (Reprinted with permission from ref. 95. Copyright © 2011 John
Wiley & Sons, Inc.)
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effectively tuned, leading to distinct self-assembly modes, nano-
structures and chiroptical properties.

Jiao and co-workers reported a quadruple hydrogen-bonded
chiral supra-amphiphile from chiral amphiphilic glutamate
compound 1-GDE and achiral porphyrin derivative TCPP.%®
This chiral supra-amphiphile could form various hierarchical
composite film nanostructures in mixed solvents such as DMF/
H,0 and DMF/CHCI;. As shown in Fig. 7, the supra-amphiphile
in DMF/H,0 (v/v = 3/7) self-assembled into brick-like structures,
while in DMF/CHCI; (v/v = 2/8) flower-like structures are observed.
They found that the intermolecular hydrogen-bonds between
different solvents could change the molecular packing mode,
which significantly altered the self-assembled nanostructures
and triggered supramolecular chirality inversion as supported
by circular dichroism signals. These two films showed different
chiral recognition ability towards amino acid solutions via the
measurement of contact angles.

Multiple hydrogen bonds are also utilized to synthesize
chiral supra-amphiphiles. Zhao and co-workers reported two
N-terminated aromatic amino acid derivatives, named NSer and
PSer. They formed achiral 2D thin plates in DMSO/H,0 via anti-
solvent methods. They successfully obtained a single crystal of PSer.
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Fig. 7 The chemical structure of TCPP and L-GDE and schematic illustra-
tion of different self-assembly pathways under different co-solvents as
well as their nanostructures and chiral recognition via contact angle tests.
(Reprinted with permission from ref. 96. Copyright © 2019 American
Chemical Society.)
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There are -7 stacking (3.48 A) interactions between pyrene units
and two CH-7 interactions (2.86 A and 2.68 A), which contribute
to a double-layered morphology. Combined with XRD data, they
pointed out that a well-defined lamellar structure was formed
with a 26 A-thick double-layer. When co-assembled with achiral
melamine derivative ®"Mm, oppositely chiral nanotubes
were obtained for P--Ser/Mm and P-b-Ser/*"Mm, which was
further supported by mirror-image CD signals. Fourier transform
infrared spectroscopy (FT-IR) indicated that duplex hydrogen
bonds between the melamine moiety and carboxylic acid existed
in the co-assembly system, which contributes to the formation of
a C3-like supra-amphiphile. The supra-amphiphile adopted an
asymmetric arrangement, significantly improved the anisotropy
factor value and successfully afforded chiral nanostructures,
such as twisted ribbons, helical fibers and helical nanotubes.
This work provides a new example of the design and self-
assembly of chiral supra-amphiphiles via multiple hydrogen
bonds (Fig. 8 and 9).°’

Das and co-workers synthesized a cationic achiral C;-symmetric
gelator 1-Cl ™. It could form a light yellow opaque gel via a heating-
cooling procedure in MeOH/H,O co-solvents within several hours.
However, upon sonication, the gel was formed within 4-5 minutes,
and the critical gelling concentration also decreased considerably.
The 1-Cl~ supramolecular gel exhibits helical fiber bundles or
rope nanostructures. Careful analysis demonstrated that the
helical fibers have P or M chirality randomly. Through a
counter-anion exchange strategy, a chiral supra-amphiphile
was prepared via triple hydrogen bonds between achiral L and
a chiral menthylsulfate salt MS. Depending on the molecular
chirality of sulfate, homochiral assembled nanotwists can be
prepared, which was supported by SEM images and X-ray crystal
structures. (+)-Menthylsulfate based supra-amphiphile /(+)-MS
self-assembled into uniform P-chirality nanotwists, while
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Fig. 8 Bioinspired formation of supra-amphiphiles via multiple hydrogen
bonds. (a) Multiple hydrogen bonds in DNA. (b) Duplex hydrogen bonds
among pyridine-based binders and carboxylic acids contribute to the
formation of chiral nanostructures. (c) Chemical structures of aromatic
amino acids and binders. (Reprinted with permission from ref. 97. Copy-
right © 2019 American Chemical Society.)
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Fig. 9 Illustration of chemical structures and chirality control of self-
assembled structures of supra-amphiphiles via the counter-anion
exchange strategy. (Reprinted with permission from ref. 98. Copyright ©
2016 American Chemical Society.)

(—)-menthylsulfate based supra-amphiphile /(—)-MS gave uni-
form M-chirality nanotwists. This work showed that through the
formation of chiral supra-amphiphiles via the counter-anion
exchange method, the helical handedness of the assembly could
be efficiently biased.”®

2.2 Self-assembly of other non-covalent interaction based
chiral supra-amphiphiles

Coordination bonds are also regarded as one of the most
important non-covalent interactions. They have been widely
used to synthesize size and shape controlled metallocycles;
some of them are supra-amphiphiles. For example, Stang’s
group designed a chiral metallacycle type supra-amphiphile.®®
As shown in Fig. 10, alanine-based dipyridyl ligand 3 and an
organic Pt(u) complex acceptor 4 or 5 could form rhomboids 1
and hexagons 2, respectively. The metallocycles 1 and 2 are
typical supra-amphiphiles according to their definition. These
metallocycles can easily self-assemble into nanospheres at low
concentration, while at high concentration, chiral metallogels
are prepared driven by several non-covalent interactions, such
as - stacking, H-bonding and hydrophobic interactions. SEM
images revealed that the metallogels are composed of chiral
nanofibers and the chirality sense is determined by the mole-
cular chirality of alanine. This work described a novel approach
for developing chiral metallocycles, which might help to
develop functional gel materials with controllable dimension-
ality and chirality.

Lee and his colleagues designed two bent aromatic amphi-
philes, which contain a hydrophilic dendron at the apex and an
m-pyridine moiety at the terminal.'® As shown in Fig. 11,
compound 1 could form zigzag 2D flat sheets via n-n stacking
interactions. When coordinating with Ag(i) ions, compound 1
changed into dimeric macrocycles at a lower concentration,
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Chiral Fibers

Chiral Fibers

Fig. 10 Illustration of the chemical structures of building blocks and the
formation and self-assembly of chiral metallocycles. (Reprinted with
permission from ref. 99. Copyright © 2018 American Chemical Society.)

which is a typical chiral supra-amphiphile. Interestingly, at higher
concentration, the dimeric macrocycles transformed into helical
tubules with an internal cavity diameter of 2.5 nm and an external
diameter of 7 nm. CD spectra showed increased signals with
increasing concentration, which indicated the helical stacking
of dimeric macrocycles with a preferred handedness. These two
states were reversible in response to concentration variation.
Back-switching from helical tubules to flat sheets can be
achieved by adding an excess amount of chloride salt, forming
an AgCl precipitate. The results demonstrated that coordina-
tion could trigger drastic supramolecular switching between
chiral helical tubules and achiral flat sheets.

Electrostatic interaction based chiral supra-amphiphiles
have also been designed by several groups. For example, Oda
and co-workers reported a series of cationic gemini achiral
amphiphiles, which are based on ethelene-1,2-bis(dimethyl-
alkylammonium) compounds.’®® As shown in Fig. 12, these
cationic achiral amphiphiles can form salts with several coun-
terions of di-carboxylic acids, which are regarded as chiral
supra-amphiphiles. When tartrate was used, twisted nano-
ribbons are obtained. Their width and pitch can be efficiently
manipulated by the length of the hydrocarbon chain on the
cationic part. Interesting, they found that when the counterion
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Fig. 11 Chemical structures of bent aromatic amphiphiles and illustration
of the formation and self-assembly of coordination-triggered chiral supra-
amphiphiles. (Reprinted with permission from ref. 100. Copyright © 2013
American Chemical Society.)
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Fig. 12 Illustration of electrostatic interaction based chiral supra-
amphiphiles from cationic achiral gemini surfactants and anion chiral
carboxylic acid.

is malate, which only has one hydroxy group, the hydrogen-
bonding between the cation part and the anion part of the
supra-amphiphile was weakened, leading to the formation of
flat bilayers. When glucarate or gluconate are used as chiral
counterions, although the hydrogen bonding remains, the
binding affinity between the cation part and the anion part of
the supra-amphiphile is weakened due to the larger distance
between two carboxylic acids. They further build a model to
explain the above experimental results. Their results contribute
much to the understanding of the role of the chiral bilayer in
the hierarchical formation of helical nanostructures, where the
bilayer is constructed by the supra-amphiphile between achiral
gemini and chiral counterions.

Chiral polyoxometalates (POMs) are difficult to synthesize
for the following two possible reasons. Firstly, their topologic
structure is very complex. Secondly, the dynamic exchange of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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the oxygen molecules in the POMs with those in water leads to
quick chirality disappearance. By designing an electrostatic
interaction based chiral supra-amphiphile, Li and co-workers
successfully reported a chiral POM and its chiral self-assembly
in mixed solvents.'®® As shown in Fig. 13, they prepared an
Anderson-type POM, which contains a triazine derivative with
two short alkoxy chains. By using two enantiomers of chiral
bis(1-phenylethyl)ammonium, R-BPEA and S-BPEA, as the counter-
cations, the morphologies of the POMs changed significantly.
Through the observation of TEM images, they found that
M- and P-type helical fibers existed as the self-assemblies of
these two chiral POMs, which was further supported by the
mirror-image CD signals. This work brings a new method
for the design of chiral POMs by using the strategy of chiral
supra-amphiphiles.

2.3 Self-assembly of cyclodextrin based chiral
supra-amphiphiles

Host-guest interactions occupy a particular role in the develop-
ment of supramolecular chemistry. Supra-amphiphiles based on
such interactions have been well summarized in several reviews.
For example, in 2015, Huang and co-workers systematically
organised and analysed the formation, characterization, assembly
and application of a series of supra-amphiphiles based on typical
macrocyclic compounds including crown ethers, cyclodextrin,
calixarene, cucurbituril and pillar{n]arene.®® However, the chiral
assembly of these supra-amphiphiles and their chirality-related
functions are less discussed.

Cyclodextrin (CyD) is a well-known supramolecular
host.’®*7% It consists of 6-8 p-glucose subunits joined by
a-1,4 glycosidic bonds, providing a chiral inner cavity, which
can bind a chiral guest or an achiral guest to form chiral supra-
amphiphiles in water. In this subchapter, some recent examples of
chiral self-assembly of cyclodextrin-based supra-amphiphiles will
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Fig. 14 Illustration of different complexation modes between long chain
amines and B-CD. Upper: The amine head of CH3(CH,),_1NH, (n = 8, 9) is
toward the wider rim of B-cylcodextrin, which leads to the formation of
helices. Bottom: The amine head of CHz(CH,),,_1NH, (n = 10) is toward
both the narrower and wider rims of B-cylcodextrin, which leads to the
formation of planar bricks. (Reprinted with permission from ref. 106.
Copyright © 2018 Wiley-VCH.)

be overviewed. We hope the analysis and summarization will
contribute to further development of host-guest interaction based
supra-amphiphiles in the chirality field (Fig. 14).

Huang, Yan ad co-workers reported a chiral supra-amphiphile
based on B-cyclodextrin and a long alkyl amine.'® Under vortex
mixing, achiral organic amines CH3(CH,),,_1NH, (n = 6-10) were
added into the saturated solution of B-cyclodextrin. For shorter
chain amines of CH;3(CH,),_1NH, (n = 6, 7), NMR and FT-MS
spectra indicated that a host-guest complex was not formed,
which was also co-evidenced by no Tyndall effect. However, for
long chain amines of CH3(CH,), {NH, (n = 8, 9, 10), white
precipitates were obtained, which were composed of mesoscopic
right-handed helical ribbon structures (z = 8, 9) and planar bulk
bricks (n = 10). NMR titration experiments and FT-MS results
supported a 1:1 host-guest ratio in all the systems. 2D-NMR
experiments indicated that amines CH3(CH,), ;NH, (n = 8, 9)
were oriented threaded into the chiral cavity of f-CD.

They further measured the CD spectra and found different
chiral signals depended on the length of the long chain amine.
In the UV adsorption region of the head NH, group, a positive
CD signal was observed for CH3(CH,), 1NH, (7 = 8), and a
negative CD signal was observed for CH3(CH,),_1NH, (n = 9),
while CH;3(CH,),_1NH, (n = 10) was CD silent. According to
Harata and Kodaka’s rule, if a parallel electronic dipole is
outside the cavity, it will give a negative induced chiral signal,
otherwise it will be positive when inside the cavity. Combining
these findings and the theory, they successfully controlled the
induced chirality by changing the host-guest ratio. When
increasing the mole ratio between B-CD and CH;(CH,),_;NH,
(n=8) from 1:1 to 1:4, the CD signal was totally reversed from
a positive signal to a negative one. Further adding more -CD
to the above system lead to the recovery of the CD signal to
a positive one. Therefore, by simply tuning the dynamics of
the host-guest interaction, the chirality-switching was well
controlled.

Jiang and co-workers reported chiral supra-amphiphile
SDS@2P-CD based bio-mimetic lattice self-assembly."®” Despite
big progress having been achieved in the preparation of crystal-
line structures from protein-mimetic molecules, some special
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Fig. 15 |Illustration of several self-assembly structures of (a) lipid mole-
cules, (b) proteins and (c) SDS@2 B-CD supra-amphiphiles. (Reprinted with
permission from ref. 107. Copyright © 2017 Springer Nature.)

capsid-like structures such as hollow rhombic dodecahedra
and helical tubes are still a fundamental challenge. In their
report, as shown in Fig. 15, the SDS@2B-CD complex can
form polyhedral (4-6 wt%), tubular (6-25 wt%) and lamellar
(25-50 wt%) phases depending on its concentration. Dodeca-
hedral structures were observed for the first time in a self-
assembly system, whose size is comparable to and even larger
than the largest known virus in nature. These self-assemblies
were similar to those from lipid molecule and protein assembly,
thus providing a simple design rule for the design of new protein-
mimetic materials.

Liu and colleagues designed an azobenzene-containing
supra-dendron, which is a host-guest interaction based
supra-amphiphile.'®® As shown in Fig. 16, the azobenzene
moiety is covalently linked with a glutamic acid dendron with
a short alkyl chain. The dendron amphiphile was abbreviated
as AZOCgGAc, which self-assembled into a hydrogel via a
heating-cooling procedure. A reversible macroscopic volume
phase transition of the gel was observed in response to UV
irradiation and pH variations. Although the UV-vis spectrum
showed complete reversibility during this process, the chirop-
tical property, which is characterized by circular dichroism,
showed incomplete reversibility. The authors prepared the
inclusion complex CD/AZOCgGAc with o,f,y-cyclodextrins.
Isothermal titration calorimetry (ITC) experiments indicated
that the a-CD/AZOCgGAc, -CD/AZOCgGAc, and y-CD/AZOCgGAc
gavea1l:1,5:4 and 2:1 host/guest ratio, respectively. However,
0-CD/AZOC3GAc had a bigger binding constant compared
with its analogues B-CD and y-CD, indicating the formation
of a more stable inclusion complex. The supra-dendron o-CD/
AZOCgGAc can also form a hydrogel, which was composed
of nanofibers as demonstrated by AFM images. It was found
that enhanced chiroptical switching capacity was successfully
realized.
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Fig. 16 Molecular structures of the dendron gelator and cyclodextrin
based supra-dendron. Photographs of the gels showed a reversible
gel-sol transition. (Reprinted with permission from ref. 108. Copyright ©
2016 Wiley-VCH.)

Liu and Duan recently designed a pyrene-dendron based
supra-amphiphile and investigated its self-assembly as well
as its circularly polarized luminescence (CPL) properties.'*
As shown in Fig. 17, the individual pyrene-dendron, which is
named PGAc, can self-assemble into a hydrogel at varied pH
values from 3-12. AFM images revealed that the hydrogels were
composed of chiral nanohelices. Interestingly, the pitches of
the helices were related to the pH values. When increasing and
lowering the pH, the length of the pitch gradually increased
and decreased, respectively. This system might be useful for

% i \\

PGAc

.},ﬁ?
L
Yr,
d r i @
PGAc@y—?[‘;.

PGAc@p-CD
Fig. 17 Molecular structures and illustration of supra-amphiphiles. The
right column shows the nanostructures of supra-gels. (Reprinted with
permission from ref. 109. Copyright © 2018 American Chemical Society.)
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the preparation of pH-regulated smart springs. They further
prepared a cyclodextrin based host-guest complex PGAc/CyD.
It was found that the CPL spectrum of PGAc/B-CyD ascribed to
monomer emission showed a blue shift from 475 nm to 440 nm
compared with the PGAc hydrogel. However, the PGAc/y-CyD
inclusion complex showed excimer emission at 480 nm, which
indicated strong n-m stacking of two pyrenes. CPL spectra
showed positive and negative signals corresponding to monomer
and excimer emission of pyrenes, respectively. Moreover, o-CyD
showed no host-guest interaction with PGAc, which is confirmed
by CPL and fluorescence spectra. This strategy can be used to
modify the self-assembly and chiroptical properties of supra-
molecular hydrogelators.

Stimuli-responsive  circularly polarized luminescence
materials have attracted a lot of attention recently. By incorpor-
ating a cyanostilbene conjugated hydrogelator into the inner
cavity of cyclodextrin to form a supra-gelator, Liu and co-workers
successfully constructed a photo-regulated reversible chiroptical
gel from a y-CyD supra-gelator, which showed enhanced circularly
polarized luminescence. The hydrogelator, abbreviated as CG,
could form helical nanotubes via the gelation process.''”
However, the CG hydrogel showed no responsiveness under
photo irradiation, which is probably due to the compact stacking
of the cyano-stilbene moiety. To overcome this problem, they used
cyclodextrins as hosts to encapsulate the CG via the inner cavity of
CyD, which can provide enough space for the photo reaction of
cyano-stilbene. By mixing CyD and CG, a 1:1 host-guest complex
was obtained for all the three cyclodextrins, a-CyD, f-CyD and
v-CyD, which were named supra-gelators and belonged to supra-
amphiphiles. These supra-gelators could also form hydrogels,
which were composed of helical nanotubes as demonstrated by
SEM and TEM images, similar to those self-assembled from the
individual CG. Although the o-CyD and B-CyD host-guest inter-
action supra-gelator showed no response to photoirradiation,
the y-CyD supra-hydrogel showed excellent photo-responsiveness,
giving reversible CD, CPL spectra and morphological changes of
the assemblies. Its CD and CPL signals gradually disappeared
under photo-irradiation. After a heating-cooling procedure, these
chiral signals could be successfully recovered. Besides, the mor-
phology showed complete reversibility between helical nanotubes
and nanospheres. By designing a series of control experiments,
such as rheology measurements, binding constant measurements
and FT-IR experiments, they explained that the larger inner cavity,
low mechanical strength and small binding constant might lead to
excellent photo-reversibility for the y-CyD/CG supra-gelator.

CyD is a chiral host from p-sugar, while CG is derived from
glutamic acid and thus L and p-enantiomers were obtained.
Both CG enantiomers could form host-guest interaction supra-
gelators with CyD. Interestingly, the helicity of the self-
assembled nanotubes was the same as that of 1- or p-CG, which
indicated that the chirality of cyclodextrin has no effect on the
whole system. However, they found that the supramolecular
chirality and circularly polarized luminescence were obviously
enhanced compared with that of individual CG. These results
demonstrated that CyD cannot control the chirality sign but
enhance the chirality intensity of the supra-hydrogels, which
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Fig. 18 Schematic representation of the formation of supra-amphiphiles
and the reversible transformation of the self-assembly route as well as the
nanostructures and the molecular structure of guest molecule CG and the
dendron gelator and supra-dendron. Photographs of the gels showed a
reversible gel-sol transition. (Reprinted with permission from ref. 111.
Copyright © 2019 Royal Society of Chemistry.)

was an interesting phenomenon that has not been reported
before (Fig. 18).""

By forming a three-component supra-amphiphile using
cyclodextrin, an azobenzene-modified Anderson-type polyoxo-
metalate (POM), and positively-charged methylene blue (MB)
dye, Wu and co-workers realized chiral transfer and amplifica-
tion to achiral dyes from cyclodextrin under the cooperation
of host-guest interactions and electrostatic interactions.™*?
As illustrated in Fig. 19, the single-side-modified POM is
synthesized in tetrabutyl ammonium salt, which successfully
gave single crystals in water/ethanol co-solvents at pH 5. After
forming the host-guest complex, the Azo-POM/CyD system was
examined using circular dichroism spectra. Both o-CyD and
B-CyD including POMs showed obviously negative and positive
Cotton signals with a crossover at about 380 nm, ascribed to
the azobenzene group on the POMs. However, the y-CyD/POM
hybrid system gave no CD signal. These results indicated that
the molecular chirality of a- and B-CyDs could be success-
fully transferred to Azo-POM. When further adding positively
charged dye MB, new positive CD signals at 558 nm and 720 nm

Fig. 19 Schematic drawing of the Azo-POM bridged three component
supra-amphiphile, the yellow barrel-shaped part represents cyclodextrin,
the ball-and-stick part represents Azo-POM. (Reprinted with permission
from ref. 112. Copyright © 2014 Royal Society of Chemistry.)
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and a strong negative Cotton signal at 629 nm appeared, which
was due to the induced chirality of the MB dye. For better
understanding of chirality transfer, control experiments were
also designed. No CD signals were found when Azo-POM was
mixed with MB. When o-CD was mixed with MB, chiral signals
belonging to MB could still not be observed. These results
demonstrated that the chirality of cyclodextrin can only be
transferred to MB by bridged Azo-POM through the formation
of the three-component supra-amphiphile, which provides
useful insight in developing POM bridged chiral supramolecular
systems.

Li, Tian and co-workers designed an axially chiral 1,1’-bina-
phthyl compound containing a photo-responsive azobenzene
and a hydrophilic 4,4’-bipyridinium moiety. This compound
can form a typical two chain supra-amphiphile with two equiva-
lents of a-cyclodextrin.'*® As shown in Fig. 20, the synthesized
supra-amphiphile can be further used as a monomer to form a
supramolecular polymer with a bola-type host bis(p-sulfona-
tocalix[4]-arene). The formation of the supra-amphiphile was
well confirmed by "H NMR spectroscopy, while the formation
of the supramolecular polymer was demonstrated by UV-vis
adsorption and circular dichroism spectra. UV-vis spectra indi-
cated that the absorption band of the supra-amphiphile was
similar to that of monomer M, which meant that the chiral
cyclodextrin did not influence the absorption of the chromo-
phores. For the supramolecular polymer, its absorption curve
is almost the overlap of the supra-amphiphile and host
bis(p-sulfonatocalix[4]-arene), which indirectly supports its for-
mation. They also measured DLS, SEM, AFM and TEM data to
support the formation of the supramolecular polymer. More
interestingly, the self-assembly pathway can be photo-regulated
based on the trans—cis transformation of the azobenzene moiety.
This work presents a perfect example of the cooperation of the
concepts of supra-amphiphiles and supramolecular polymerization.

2.4 Self-assembly of in situ formed cyclodextrin based chiral
supra-amphiphiles at the air/water interface

By utilizing Langmuir-Blodgett technology, Liu and co-workers
reported an in situ formed chiral supra-amphiphile based on
host-guest interactions at the air/water interface.'"’* They
designed and synthesized a glutamic acid dendron amphiphile
containing an azobenzene moiety at the amine head, which was
abbreviated as AzoGE. As shown in Fig. 21, this compound
could self-assemble into a stable monolayer at the air/water
interface due to the good equilibrium of hydrophilic and
hydrophobic abilities, which could be easily transferred onto
a solid substrate for further AFM observation and other mea-
surements. AFM images indicated that uniform nanofibers
were formed and an exciton couplet was found in the CD
spectrum at the azobenzene absorption region, which proved
successful chirality transfer from glutamic acid to the achiral
azobenzene moiety. However, the film made from the air/
aqueous CyD system showed circular domains, which exhibited
a negative Cotton effect. These results indicated that the in situ
formation of supra-amphiphiles via host-guest interactions at
air/water interface could significantly manipulate the self-assembled
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Fig. 20 Molecular structures of the dendron gelator and supra-dendron.
Photographs of the gels showed a reversible gel—-sol transition. (Reprinted
with permission from ref. 113. Copyright © 2013 American Chemical
Society.)

nanostructures and supramolecular chirality. Most importantly,
the nanofiber film from the water subphase showed no obvious
response to UV irradiation, although the azobenzene moiety has
a well-known cis-trans configuration transformation. However,
the film from the o-CyD subphase showed impressive reversible
optical and chiroptical properties.

Liu and co-workers also designed an anthracene functiona-
lized glutamic acid dendron, which was named AGE. AGE could
form a stable monolayer using Langmuir-Blodgett technology
at the air/water interface. As shown in Fig. 22, when adding
cyclodextrin to the aqueous phase, AGE could be incorporated
into the inner cavity of y-CyD to form a chiral supra-amphiphile
in situ at the interface.'’®> However, this supra-amphiphile
was unstable and increasing the surface pressure led to its
disassembly. Due to the photo-dimerization of anthracene, the
bola-type supra-amphiphile could be fixed to form a stable
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Fig. 22 Illustration of self-assembly of in situ supra-amphiphiles at the air/
water interface. (A) The AGE/y-CyD supra-amphiphile decomposed under
larger surface pressure, AGE individually self-assembled into nanofibers.
(B) UV 365 nm irradiation led to the dimerization of anthracene, the supra-
amphiphile further formed a very stable rotaxane supra-amphiphile, which
self-assembled into nanoparticles under larger surface pressure. (Rep-
rinted with permission from ref. 115. Copyright © 2014 Elsevier.)

rotaxane-like complex, which could be regarded as a new supra-
amphiphile. The rotaxane supra-amphiphile was further pushed
together to form nanoparticles under compression at the
air/water interface. This work provided a useful method for
in situ construction of stable supra-amphiphiles based on
cyclodextrins.

3. Conclusions and perspectives

Here, we summarized the recent progress of the design and
self-assembly of chiral supra-amphiphiles, which are formed
mainly via hydrogen bonds and host-guest interactions.
In general, two main strategies can be adopted to design chiral
supra-amphiphiles, one is that both the hydrophobic moiety
and hydrophilic moiety are chiral, and the other is that only
one of them is chiral. Through self-assembly, highly ordered
chiral nano- or micro-structures can be prepared from these
supra-amphiphiles, which showed appealing applications in
many fields, such as chiroptical switches, chiral recognition,
chiral catalysis and chiral luminescent materials. Although some
achievements have been made with these chiral supra-amphiphiles,
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it is clear that chiral self-assembly could further be expanded to
more complex systems with the concept of supra-amphiphiles.
There is still plenty of room to establish exquisite chiral supra-
amphiphiles based on varied non-covalent interactions and
a variety of combinations of molecules. Here, we only limited
host-guest interactions to the cyclodextrins. Many more hosts
can be used to construct chiral supra-amphiphiles and thus their
nanoassemblies. In addition, many biological molecules could be
used as one chiral component of supra-amphiphiles and their
self-assembly as well as new functions are expected. From the
view of functions, asymmetric catalysis and enzyme mimics could
be challenging and interesting.
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