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An overview from simple host—guest systems to
progressively complex supramolecular assemblies

Mhejabeen Sayed (2 **° and Haridas Pal (2 *°¢

Supramolecular chemistry involving macrocyclic hosts is a highly interdisciplinary and fast-growing
research field in chemistry, biochemistry, and materials science. Host—guest based supramolecular
assemblies, as constructed through non-covalent interactions, are highly dynamic in nature, and can be
tuned easily using their responses to various external stimuli, providing a convenient approach to
achieve excellent functional materials. Macrocyclic hosts, particularly cyclodextrins, cucurbit[n]urils, and
calix[n]arenes, which have unique features like possessing hydrophobic cavities of different sizes, along
with hydrophilic external surfaces, which are also amenable towards easy derivatizations, are versatile
cavitands or host molecules to encapsulate diverse guest molecules to form stable host—guest com-
plexes with many unique structures and properties. Interestingly, host—guest complexes possessing
amphiphilic properties can easily lead to the formation of various advanced supramolecular assemblies,
like pseudorotaxanes, rotaxanes, polyrotaxanes, supramolecular polymers, micelles, vesicles, supramole-
cular nanostructures, and so on. Moreover, these supramolecular assemblies, with varied morphologies
and responsiveness towards external stimuli, have immense potential for applications in hanotechnology,
materials science, biosensors, drug delivery, analytical chemistry and biomedical sciences. In this
perspective, we present a stimulating overview, discussing simple host—guest systems to complex supra-
molecular assemblies in a systematic manner, aiming to encourage future researchers in this fascinating
area of supramolecular chemistry to develop advanced supramolecular materials with superior function-
alities, for their deployment in diverse applied areas.

interest in multidisciplinary research areas in chemistry and
biology. The formation of supramolecular assemblies essen-

Supramolecular chemistry deals with the well-organized asso-
ciation of smaller constituent molecular units through rever-
sible non-covalent interactions to form complex structural
assemblies that possess new properties and improved function-
alities, which are entirely different from those of their indivi-
dual components."™ The term “supramolecular chemistry”
was coined by Lehn in 1978 to suggest that it is the “chemistry
beyond molecules”.> Supramolecular chemistry plays many
vital roles in several biological processes, namely, selective
substrate-enzyme interactions, specific DNA-protein inter-
actions, hydrogen bond guided interactions among nucleo-
bases in DNA and RNA, antigen-antibody interactions, and
many others.>*°

Since the mid-twentieth century, the supramolecular chem-
istry of synthetic macrocyclic hosts has received tremendous
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tially relies on the mutual recognition of the constituent
molecular entities in specific manners. The first artificial
host-guest complex formation was reported by Pedersen in
1967, whereby the selective recognition of alkali metal cations
as guests was realized through the use of crown ether as the
artificial macrocyclic host, discovered by the author.” It should
be noted that the crown ethers are indeed the first-generation
macrocyclic hosts used in supramolecular host-guest chemistry.”
Since the first report by Pedersen, host-guest chemistry has
become an important research area in supramolecular chemistry,
providing ample opportunities in the design and construction of
intriguing assemblies for various applications, especially in the
analytical chemistry, sensors, nanotechnology, and biomedical
domains.®

Contrary to conventional molecular chemistry that deals
with covalent bonds, host-guest chemistry relies simply on
dynamic non-covalent interactions. Thus, supramolecular systems
can be modulated easily using their strong responses to various
external stimuli like pH, light, salt, electrical input, temperature,
enzymes, chemical agents, etc.,"°'® providing a very convenient
method to achieve excellent tunability of the properties of such
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materials, making them very useful for applications in various
areas like molecular sensors, drug delivery, nanomedicines,
biosensors, catalysis, biomimetic chemistry, materials science,
molecular electronics, and so on.'***17721

In supramolecular host-guest complexes, the guest mole-
cules are encapsulated either partially or entirely into the
cavities of the macrocyclic cavitand or host molecules. Thus,
the compatibility in the size and shape of the host cavity and
the guest molecule is essential in the formation of the host-
guest complex. In such systems, the mutual orientations of the
host and guest units are again determined by the specific
interactions that participate between the recognition sites of
the macrocyclic hosts and the functional groups of the guest
molecules.®*'* Various non-covalent interactions can collec-
tively provide stability to the host-guest complexes and these
include electrostatic, hydrophobic, hydrogen bonding, C-H-n,
and van der Waals interactions. The multipoint contacts
between the constituent units and collective participation of
several non-covalent interactions result in the formation of
supramolecular host-guest complexes with remarkable proper-
ties, which are useful for various applications.*?'>*

Though macrocyclic hosts with smaller cavity sizes usually
favor the formation of simple 1:1 stoichiometric complexes,
hosts with larger cavity sizes can often lead to the formation of
higher stoichiometric complexes. Furthermore, host-guest
complexes that possess substantial amphiphilic character can
also lead to the formation of functional nano-assemblies with
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larger complexity, namely in the form of pseudorotaxanes,
rotaxanes, supramolecular polymers, micelles, vesicles, supra-
molecular nanotubes, and so on.>"**° Versatility in the deri-
vatization of the macrocyclic hosts has additionally motivated
researchers to develop new cavitand molecules with advanced
functionalities and applications.>** Diverse classes of the host
molecules discovered to date include cyclodextrins, cucurbit[n]-
urils, calix[n]arenes, pillarenes, crown ethers, cyclophanes,
cryptands, and many others. These macrocyclic hosts have
reasonably rigid hydrophobic cavities with varying dimensions
and molecular recognition characteristics. Since the field of
host-guest chemistry is extremely vast, in the present article
we have restricted our discussion only to cyclodextrin (CD),
cucurbit[n]uril (CBn), and calix[nJarene (CXn) based host
molecules.

The CD family of the macrocyclic hosts are the classical
container shaped cyclic oligosaccharides composed of
p-(+)-glucopyranose units joined by o-(1-4)-glycosidic linkages,
discovered by Villiers, in 1891.° These cavitand molecules
possess three-dimensional truncated cone-shaped structures,
resulting in an inner hydrophobic cavity and two hydrophilic
portals or rims, the narrower one being composed of the
primary hydroxyl groups and the wider one being laced with
secondary hydroxyl groups. Based on the number of gluco-
pyranose units present, different CD homologs with diverse
cavity sizes are available, namely «CD, BCD, and yCD, having six,
seven, and eight monomer units, respectively (¢f Scheme 1).
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(_) aCD(n=6) BCD(n=7) yCD(n=8)

i Wider rim diameter 5.7A 7.8A 95A

o Narrower rim diameter 5.3 A 6.0A 7.5A

on Jn Height 7.9A 79A 7.9A

Scheme 1 Typical shape and chemical structure of cyclodextrin hosts.
The cavity dimensions of aCD, BCD, and yCD hosts are also tabulated here
for their quick comparison.

While CDs show substantial stability, biocompatibility, low
toxicity, and excellent water solubility, their hydroxyl groups
are also amenable towards easy functionalization.'?*?%31736
Accordingly, numerous CD derivatives have been synthesised
with enhanced solubility and guest binding properties as
compared to those of the parent CD hosts.?>>*33333738 1p
the literature, parent «CD and BCD hosts and their derivatives
are reported to interact with organic guest molecules mostly
through the formation of inclusion complexes with 1:1 stoi-
chiometry. On the contrary, yCD and its derivatives can often
accommodate two guest molecules simultaneously, as their
cavities are substantially larger, leading to the formation of
1:2 host-to-guest complexes.**>**>3 Sometimes, other higher
order complexes are also formed involving yCD and its
derivatives.”>?*> Using CD based hosts, various complexation
studies have been reported in the literature involving different
guest molecules, demonstrating simple to complicated supra-
molecular structures,'*>?*253! some of which will be consi-
dered in this article as representative examples for discussion.

In supramolecular chemistry, the CBn family of hosts have
received substantial attention due to their superior recognition
ability for various organic guests, particularly cationic guests.
CBn hosts are highly symmetrical and quite rigid pumpkin-
shaped cavitand structures constituting glycoluril units joined
in a cyclic manner through methylene bridges. Depending
upon the number of glycoluril units, different CBz homologs
are present, namely, CB5, CB6, CB7, CB8, CB10, and CB14,
having 5, 6, 7, 8, 10, and 14 glycoluril units,
respectively,”'2331:3439746 Among the CBn homologues, the
CB5 to CB8 molecules (¢f Scheme 2) have been investigated
quite extensively in host-guest chemistry. However, studies
involving CBn derivatives are relatively rare compared to those
on the parent CBn hosts, especially because of the difficulty in
the derivatization of the CBn molecules.*’

The cavities of CBn hosts are very hydrophobic in nature due
to their low polarity and polarizability. However, the portals of
these macrocyclic cavities are reasonably polar in nature, as

- » CB5 (n=5) CB6(n=6) CB7(n=7) CB8(n=8)
by Rim diameter 22A 3.9A 5.4A 6.9A
N 'N-CHj] B . ° o
Wt Inner diameter 44A 5.8A 73A 8.8A
uYN-CM, .
o o Height 9.1A 9.1A 9.1A 9.1A

Scheme 2 Typical shape and chemical structure of CBn hosts. The cavity
dimensions of CB5, CB6, CB7, and CB8 hosts are also tabulated here for
their quick comparison.
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they are laced with highly polarisable carbonyl groups.
Endowed with these exciting structural features, CBn hosts
can interact quite strongly with various organic guests involving
strong ion-dipole, dipole-dipole, and hydrophobic interactions
in a collective manner.%'32>23:31344142 Accordingly, CBn hosts
in general form strong inclusion complexes with many organic
guests, with binding constants (K},) typically in the order of
10° M, and in exceptional cases the Kj, value can even become
unusually high, such as in the range of 10'°-10"” M~".*"*® The
water solubility of CBn hosts is in general relatively low,
especially for CB6 and CB8 molecules. However, their solubility
can be enhanced significantly by the addition of salt, charged
guests, or using a solution with an acidic pH.*' While CB7
mostly forms 1:1 stoichiometric complexes with organic
guests, its higher homolog, CB8, can often form higher-order
complexes, due to the simultaneous encapsulation of two
guest molecules in the significantly larger cavity of the latter
hOSt.13'25’49'50

The CXn family of cavitand molecules are considered to be
third-generation macrocyclic hosts, placed after crown ethers
and cyclodextrins. These host molecules have attracted con-
siderable research interest in supramolecular chemistry, as
they offer a wide range of applications in areas like biocatalysis,
enzyme mimics, enzyme assays, drug delivery, pharmaceuticals,
biosensing, and so on."*''*1>1 The CXn hosts are in general
quite non-volatile and have high melting points and thermal
stability, making them very useful in many supramolecular
applications."®'*>*' CXn molecules are formed by the cyclic
oligomerization of phenolic units, connecting them through
methylene bridges, resulting in cone-shaped cavitand structures.
Common CXn macrocycles are CX4, CX6 and CX8, consisting of
four, six, and eight phenolic units, respectively."'”>>

An important characteristic of CXn hosts is the existence of
their m-electron rich hydrophobic cavity. The CXn cavities are
quite flexible and thus can readjust their shape while under-
going complexation with the guest molecules.’'%?12:34:52,53
The phenolic OH groups present at the CXn portals can be
functionalized suitably to obtain various CXn derivatives,
endowing them with the ability to encapsulate a wide variety
of organic guests, metal ions, and biomolecules. Further,
suitably functionalized CXn derivatives, e.g. sulfonated CXn
(SCXn) hosts (¢f. Scheme 3), can have drastically increased
aqueous solubility and thus this enhances their prospects in
various applications.""**"*>>3 Interestingly, SCXn hosts are
capable of binding cationic, neutral, and anionic guests, coop-
eratively involving electrostatic (due to sulfonato groups at the

SCX4 (n=4) SCX6 (n=6) SCX8 (n=8)

- >

" 50,7 " internal diameter 3.0A 7.60A 11.70A
I@-«h—- external diameter 59A 4.96 A 9.23A
J.. Height 11.75A 16.24A 22.40A

Scheme 3 Chemical structure and typical shape of SCXn hosts. The
cavity dimensions of SCX4, SCX6, and SCX8 hosts are also tabulated here
for their quick comparison.
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wider cavity rim), hydrophobic (owing to hydrophobic host
cavity), hydrogen bonding (through phenolic OH groups at
the narrow cavity rim), n-n and cation-n interactions (due to
the phenolic © cloud).»*>!®*12533 I fact, the SCXn hosts are
reported to display quite high selectivity and sensitivity towards
some specific organic and biologically relevant guest molecules
like drugs, amino acids and proteins, and also for monovalent
and divalent metal cations.'>"%?12>5455

The molecular recognition properties of CD, CBn, and CXn
based macrocyclic hosts for diverse guest molecules have been
utilized extensively to construct various host-guest complexes,
which are further guided to self-organize into exotic supra-
molecular assemblies with exciting properties and behavior,
with promising applications in various fields. To date, a variety
of supramolecular assemblies have been reported, from simple
host-guest complexes to pseudorotaxanes, rotaxanes, poly-
rotaxanes, supramolecular polymers, micelles, vesicles, one-
dimensional nanofibers or nanotubes, and many other complex
assemblies. In the literature, though many state-of-the-art review
articles are available on supramolecular chemistry, most of them
cover specific types of supramolecular systems or assemblies, and
do not give an overview of the various types of supramolecular
assemblies which are possible to obtain using different host-
guest systems. In this perspective, thus, we intend to present an
overview assimilating both simple host-guest systems and various
complex supramolecular assemblies, discussing their constitu-
tions, structural features, and applicability in a systematic
manner. Our aim in this perspective is to draw the interest of
researchers who are new to the area of supramolecular chemistry.
We hope that this perspective will be useful for them to begin
their research into supramolecular host-guest systems and will
open up the way forward to explore more complex supramolecular
architectures with advanced structures, functionalities, and
properties for diverse applications.

Simple 1:1 to higher order
stoichiometries of host—guest
complexes

As mentioned above, the interaction of a macrocyclic host with
a guest molecule depends upon various factors, such as the
dimensions of the host cavity, nature of the guest molecule, size
compatibility of the host and guest molecules, their mutual
orientation, and the interaction forces involved in the host-
guest complex formation. In the last few decades, our group, as
well as others, have extensively contributed to the field of
supramolecular host-guest chemistry. In one of the studies,>®
it was shown that even though both CB7 and BCD have
hydrophobic cavities of quite comparable cavity dimensions,
the two hosts show very contrasting complexation behaviour
with the dye acridine orange (AOH'), primarily due to the
differences in the characteristic molecular recognition sites
present on the two host molecules, especially at their portals.
AOH" is a biologically important cationic chromophoric
molecule that is extensively used as a fluorescence marker to
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distinguish between DNA and RNA, as well as a staining agent
for cellular structures.””*® The supramolecular host-guest
interaction of AOH" with the CB7 host results in significant
modulation of the photophysical properties of the dye upon the
formation of the 1:1 stoichiometric dye-host complex, which
is stabilized mainly through strong ion-dipole interactions
between the cationic AOH" and the polarizable carbonyl groups
present at the host portals. In contrast, AOH" shows quite an
insignificant interaction with the BCD host, presumably due to
the hydrophilic nature of the AOH" dye and the absence of any
cation-receptor sites on the BCD molecule.’® Similar observa-
tions have been also found for other cationic dyes upon their
interactions with cucurbituril and cyclodextrin hosts.**>°
Even though CDs do not possess any cationic receptor sites,
there are several reports on the complexation of cationic guest
molecules with CD based hosts. For example, 1:1 stoichio-
metric inclusion complex formations of cationic dyes like
pyronine Y and pyronine B have been reported with fCD
hosts.®° Pyronine B with N,N-diethyl substituents forms a much
stronger dye-host complex with BCD than pyronine Y, which
has N,N-dimethyl groups. The results are rationalized based on
the relative magnitudes of the hydrophobic and specific inter-
actions between the pyronine dyes and the electron-rich oxygen
atoms present at the BCD cavity wall. In the present context, as
well in the cases where the end to end lengths of the guest
molecules are larger than the height of the macrocyclic hosts,
two host molecules can suitably participate to encapsulate two
opposite ends of the guest molecules, forming 1:2 dye-to-host
stoichiometric complexes. This particular aspect has been
nicely demonstrated in the case of oxazine 1 dye (OX1) upon
its interaction with two cyclodextrin hosts, BCD and yCD.®* OX1
is a symmetric cationic molecule belonging to the p-benzo-
quinone diimine class of organic dyes. Upon its interaction
with either BCD or yCD hosts, OX1 undergoes the formation of
some 1:2 (dye:host) stoichiometric complexes as well as the
1:1 dye-to-host inclusion complexes, especially at the higher
host concentration regions (¢f Scheme 4). The results also
indicate that OX1 binds more strongly with the fCD host than
vCD, which is rationalized based on the stronger hydrophobic
interactions of the OX1 dye with the smaller BCD cavity as
compared to those with the larger yCD cavity. Furthermore, for
the OX1-yCD system, the formation of dimeric OX1-yCD com-
plexes [(OX1),-yCD] is also indicated, especially when higher

Scheme 4 Schematic representation of the 1:1 and 1:2 dye-to-host
stoichiometric complexes of OX1 with cyclodextrin hosts. The graphic
has been reproduced from ref. 61 with permission from the American
Chemical Society.
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dye concentrations are used. Due to the large cavity size of the
vYCD host, it can simultaneously accommodate two OX1 mole-
cules inside its cavity, facilitated mainly by the joint participa-
tion of the n-m interactions between OX1 dyes and the
hydrophobic interactions associated with the encapsulation of
the dye dimer inside the yCD host. In contrast, however, the
smaller BCD cavity can accommodate only one dye at a time,
and thus it facilitates the disaggregation of the initially aggre-
gated OX1 dye, if any occurs, especially at the higher dye
concentrations used. Overall, the different stoichiometric com-
plexes formed in the OX1-fCD and OX1-yCD systems are
rationalized on the basis of size compatibility and the relative
dimensions of the dye and the BCD and yCD host cavities.

Likewise, sanguinarine (SA) dye, a biologically active natural
benzophenanthridine alkaloid, which possesses antimicrobial
and anticancer activities, has also been reported to undergo
both 1:1 and 1:2 dye-to-host inclusion complex formation
with another host molecule, CB7, displaying a huge enhance-
ment in the fluorescence intensity of the dye, which is attri-
buted to the reduction in the radiationless deactivation process
from the excited state of SA in its complexed form with the host
molecule.®® SA in its free form is susceptible to nucleophilic
attack by hydroxide anions. In this context, the authors have
also reported the consequent protection of the SA dye from
nucleophilic attack and photooxidation upon encapsulation by
the CB7 host cavity.

Encapsulation of two or more guest molecules inside a
macrocyclic host cavity to form higher order complexes is an
important criterion for the formation of various extended
supramolecular architectures, some of which will be discussed
in forthcoming sections of this article. The formation of such
higher order complexes in host-guest systems is largely deter-
mined by the chemical constitution and the cavity size of the
host molecules concerned. In this respect, the neutral red
(NRH") molecule, a phenazine-based dye and a well-known
fluorescence marker for biological systems, shows contrasting
complexation behaviour with the higher macrocyclic homolog,
CB8, as compared to the lower homolog, CB7.** The substantial
differences in the cavity dimensions of the CB7 and CB8 hosts
bring out quite remarkable differences in the host-guest stoi-
chiometry upon the interaction of NRH" with these two hosts.
Due to the smaller cavity size of CB7, NRH' undergoes 1:1
(dye:host) stoichiometric complex formation, resulting in ~6
fold increase in the fluorescence intensity of the dye. In con-
trast, due to the larger cavity size of CB8, the n-stacked dimeric
NRH" molecules are suitably accommodated within the CB8
cavity, resulting in the formation of 2:1 dye-to-host stoichio-
metric (NRH'),-CB8 complexes, displaying a drastic reduction
in the fluorescence intensity of the dye (¢f Scheme 5). The
NRH" dimers encapsulated inside the CB8 cavities have been
further explored for the possibility of the formation of hetero-
dimers within the host cavities through the replacement of one
of the two NRH" molecules from the 2 : 1 dye-to-host complexes
by introducing a second guest molecule, such as tryptophan
(Trp), an amino acid, into the solution. The results clearly
indicate the exchange of one of the NRH" dye molecules from
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Scheme 5 Schematic representation of the contrasting guest binding
interaction of CB7 and CB8 with the NRH* dye. The scheme has been
reproduced from ref. 63 with permission from the Royal Society of Chemistry.

the CB8 cavity for the added Trp, forming NRH'-Trp hetero-
dimers inside the CB8 cavities. This finding was further examined
in the presence of a protein, bovine serum albumin (BSA), estab-
lishing that there is a controlled release of one of the NRH" dyes
from the (NRH"),-CB8 complexes, resulting in the formation of
NRH'-CB8-BSA ternary complexes, which is quite relevant to the
design of host-guest based drug delivery systems.

In general, selective formations of heterodimers inside
macrocyclic host cavities are difficult to achieve, though there
are a few reports in the literature. Kim et al.®* reported the first
example of the selective inclusion of hetero-guest pairs inside a
macrocyclic host. These authors demonstrated the formation of
hetero-guest pairs between the electron-deficient guest, methyl-
viologen (MV**), and the electron-rich guest, 2,6-dihydroxy-
naphthalene (HN), inside the CB8 cavity, which was mainly
driven by the charge transfer (CT) interaction between the two
guests, facilitated by their close contact within the host cavity
(¢f Scheme 6). The authors confirmed the formation of
MV?>*-HN hetero-guest pairs inside the CB8 cavities through
absorption, emission and NMR studies.

Likewise, Scherman et al.®” reported the inclusion of donor-
acceptor pairs inside the CB8 cavity by screening a wide range
of electron-deficient dicationic viologen guests and electron-
rich aromatic guest molecules, whereby well-defined face-to-
face m-m-stacking geometry of the donor and acceptor pairs
formed inside the CB8 cavity, driven mainly by CT interactions.
The authors observed a more stabilized CT excited state inside
the CB8 cavity as compared to that in the solution environment.
The authors inferred that the observed trends in the binding
process for a wide range of donor-acceptor pairs inside CB8
could be better explained by considering the electrostatic
interactions combined with the solvation effects. It is suggested
that the heteroternary complexes formed in the present systems

CB[g)

- [
& /= =\ + OH
SO-OF T

mv? HN

Scheme 6 Inclusion of hetero-guest pairs inside the CB8 cavity. The
scheme has been reproduced from ref. 64 with permission from Wiley-VCH
Verlag GmbH.

[(MV?* - HN) C CB[8])
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could be very reliable models for the in-depth study of the CT
interactions.

Taking advantage of the stimulus-responsive nature of the
supramolecular system, Schalley et al.®® designed pH and redox
responsive heteroternary complexes, composed of CB8 as a
macrocyclic host and three types of guest molecules in combi-
nation, namely, a pH-responsive phenylpyridine derivative, a
redox-responsive alkyl viologen, and a neutral electron-rich
naphthalene derivative. In their studied systems, both homo
or hetero ternary complexes could be selectively formed in a
controlled manner by applying pH and redox signals as the
external stimuli. Protonated phenylpyridine guests formed a
2:1 homoternary complex with CB8, while upon deprotona-
tion, they formed a 1:1:1 heteroternary complex along with the
electron deficient alkyl viologen as the counterpart in the CB8
cavity. Reduction of the viologen resulted in the formation
of viologen radical-cations, which dimerized within the CBS8
cavity, forming 2:1 homoternary complexes. Thus, the authors
demonstrated a unique supramolecular system illustrating an
inter-conversion between heteroternary and homoternary CB8
complexes, which could be selectively controlled by using
simple redox signals or pH as the stimuli, which could be
explored further with logic gate implications.

It should be noted here that in host-guest interactions, the
formation of externally bound exo or exclusion complexes are
also possible in number of cases. Such complexation arises
when the host cavity is not large enough for the guest molecule
to be accommodated inside the host cavity or when there
prevails a very strong non-covalent interaction between the
guest molecule and anchoring functional groups present at
the host portals. In this context, the interaction of Thioflavin-T
(ThT), a well-known amyloid fibril marker, with two versatile
macrocyclic hosts, namely CB5 and CB7, deserves to be
mentioned.®” Distinct differences in the CB5 and CB7 cavity
sizes bring out remarkably different complexation behaviours
of the two hosts with the ThT molecule. Both CB5 and CB7
undergo 1:1 and 1:2 dye-to-host stoichiometric complexes
formation with the ThT guest. Interestingly, however, with
the cavity of the CB7 host being wider, it can accordingly form
strong inclusion complexes with the ThT guest, while the CB5
host, which has a much narrower cavity, does not allow the
guest dye to enter into the host cavity and accordingly forms
exclusion complexes with the ThT guest. In both cases, the
complexes formed are stabilized largely through the participa-
tion of strong ion-dipole interactions between the cationic ThT
dye and the negatively charged portals of the CB host, which
consist of highly polarizable carbonyl groups. In the case of the
ThT-CB7 inclusion complexes, along with the above strong
ion-dipole interactions, an additional hydrophobic interaction
is also contributed by the CB cavity, enhancing the stability of
the concerned inclusion complexes. In the reported study, the
authors confirmed the proposed mechanisms by ground-state
absorption, steady-state fluorescence, time-resolved fluores-
cence, NMR, and quantum chemical studies.

Host-guest complexation becomes more complicated but
quite fascinating when there is host-induced dimerization or
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higher-order dye aggregate formation, especially on the exter-
nal surface of the host molecules. In this context, Singh et al.®®
reported a very uncommon finding of strongly emissive H
aggregate formation by ThT dye, caused by the host assisted
non-covalently assembled cationic dye molecules on the highly
negative surface of a sulfated-p-cyclodextrin (SCD) derivative,
while the free ThT in aqueous solution has extremely weak
fluorescence. In SCD, the hydroxyl groups of the native fCD
were functionalized with negatively charged sulfonato (SO;™)
groups, and in this process the portals of the host molecules
became highly negatively charged and exceedingly hydrophilic
in nature, assisting the formation of H-aggregates of the dye
(¢f: Scheme 7). The observation in the present case was opposite
to that observed with the parent BCD host, where simple host-
guest inclusion complex formation prevailed, leading to the de-
aggregation of dyes that happened initially to some extent for
the free dye in aqueous solution. For the ThT-SCD system, the
H-aggregate formation was attributed to the strong electrostatic
interactions between the positively charged dye and the highly
negative SCD host, arising due to the presence of multiple SO;™~
groups at the host portals. The emissive nature of the host
assisted H-aggregates of ThT dye was attributed to the restric-
tions imposed on the non-radiative torsional relaxation pro-
cesses in the excited state of the otherwise very flexible ThT
molecules upon their strong binding to the SCD surface.

Heyne et al® also reported the formation of emissive
H-aggregates of the positively charged thiazole orange (TO)
dye, attached non-covalently to the anionic SO;~ groups pre-
sent at the upper rim of the sulfated CX4 derivative (SCX4),
through the formation of host-guest complexes with a 3: 1 dye-
to-host binding ratio. In a similar vein, our group also reported
strong host assisted aggregate formation for the cationic dye
AOH" at the negatively charged portals of the SCD host, which
was attributed to the strong electrostatic interactions between
the cationic dye and multiple negatively charged SO;~ groups
present on the host portals, along with the additional n-n
interactions participating between the stacked dye molecules
bound on the host surface.*®

Multistep complexation behaviour of organic dyes with
macrocyclic hosts and their host concentration dependent
sequential transformations has also been interestingly reported
by our group. In one such work, the sequential changes in the
mode of interaction of AOH' dye with increasing

Scheme 7 Formation of emissive aggregates of ThT on the sulfated-f-
cyclodextrin (SCD) surface. The scheme has been reproduced from
ref. 68 with permission from Wiley-VCH Verlag GmbH.
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Scheme 8 Schematic representation of the multistep binding inter-
actions of acridine orange dye (AOHY) with changing SBEBCD host
concentration. The scheme has been reproduced from ref. 37 with
permission from the Royal Society of Chemistry.

concentrations of the sulfobutylether-p-cyclodextrin (SBEPCD)
host were observed, conceptually shown in Scheme 8.3’ The
SBEBCD host (also known as Captisol), is a multi-anionic CD
derivative, having seven sulfobutylether groups on average
attached to both the portals of the BCD scaffold that effectively
extend the hydrophobic cavity height of the SBEBCD host, while
the presence of the terminal SO;~ groups makes the host
molecules excellent cation receptors. At lower concentration
of the host, AOH' predominantly underwent dimerization at
the negatively charged portal regions of the host and these
complexes were stabilized mainly through strong ion-ion inter-
actions between the cationic charge of the AOH" dye and the
negatively charged SO;~ groups of the host. Interestingly,
however, at higher SBEBCD concentrations, the initially formed
host-bound AOH" dimers eventually disintegrated in a compe-
titive manner to form 1:1 monomeric AOH'-SBEBCD com-
plexes, both as the exclusion and inclusion complexes,
stabilized by the joint participation of the electrostatic interac-
tions between the AOH" dye and the SO;~ groups of the host
and the hydrophobic interactions imparted by the host cavity to
the bound dye. Similarly, our group also reported the host
concentration dependent changes in the host-guest complex
formations upon the interaction of the AOH" dye with water
soluble anionic sulfated-CXn (SCXn) hosts, namely SCX4 and
SCX6, which have highly different cavity dimensions.>® Also in
these cases, at lower host concentrations, the AOH" molecules
underwent initial host assisted aggregation, stabilized by
strong electrostatic interactions along with the additional con-
tribution arising from the n-r interactions between the stacked
dye molecules. At higher SCXn concentrations, however, the
host-bound aggregated AOH' molecules eventually disinte-
grated to form 1:1 AOH'-SCXn complexes, in both inclusion
and exo fashions, stabilized by both electrostatic and hydro-
phobic interactions. The observed results also clearly indicated
that the AOH" dye bound more strongly with the SCX6 host as
compared to the SCX4 host, indicating that the number of SO;™
groups present at the SCXn portals and the size compatibility of
the guest and the host cavity play dominant roles in determin-
ing the overall binding strengths for the studied AOH'-SCXn
systems.

Even though both the CBn and SCXn hosts are known to be
typical anion receptors, the above two classes of hosts can
exhibit largely different complexation behaviours with guest
molecules. In this context, Assaf et al. reported the contrasting
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Scheme 9 Chemical structure and symbolic representation of the PDI
dye. The potential binding modes of the PDI dye with CBn and SCXn hosts
are conceptually shown. The scheme has been reproduced from ref. 70
with permission from Wiley-VCH Verlag GmbH.

complexation behaviour of CBn (CB7 and CB8) and SCXn (SCX4
and SCX5) hosts with perylene-based diimide dye (PDI), which
is well-known for its self-aggregation in aqueous solution.”®
Though both CBn and SCXn hosts are known to behave
preferentially as cation binders, the CBn hosts reduced the
self-aggregation of PDI molecules very significantly through the
formation of stable dye-host inclusion complexes with a 1:2
dye-to-host binding stoichiometry, while in contrast, the SCXn
hosts assisted the host-induced aggregation of the PDI mole-
cules further, due to strong electrostatic interactions, as shown
conceptually in Scheme 9.

Extensive studies have been reported in the literature on
supramolecular host-guest interactions forming various types
of simple to complicated host-guest complexes with various
stoichiometric ratios. The inclusion of all the reported work in
the present context is beyond the scope of the present article.
Interested readers can, however, go through the other compre-
hensive compilations discussing various host-guest complexes,
which are available in the literature.!%?%2331,3446

Pseudorotaxane and
polypseudorotaxane systems

Mechanically interlocked molecules are of great interest to
researchers due to their possibilities for constructing innova-
tive functional materials, which are useful for the development
of molecular switches, machines, sensors, logic gates, and
many others.”"”? Pseudorotaxanes are examples of such inter-
linked systems in which long linear chain-like axle molecules
are threaded through the macrocyclic hosts, which are like the
wheels, driven by the non-covalent interactions between the
constituent units. Unlike rotaxanes, where dumbbell shaped
molecules are mechanically interlocked with macrocyclic host
cavities acting as the anchoring ring, pseudorotaxanes do not
possess the bulky stopper-like structures at both ends of the
axle molecular units, making the assembly and dismantling of
the macrocyclic host molecules through the axle molecules
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highly feasible.>”””*~7° In the following section, we discuss some
of the pseudorotaxane systems, which are considered based on
their intriguing structural features and potential uses in various
applied areas.

Dearden et al.”’ reported the formation of a pseudorotaxane
system involving CB6 as the macrocyclic host and the doubly
protonated 1,4-butanediamine (DAB) dication as the axle
molecule. Inclusion complex formation in the present pseudo-
rotaxane system was attributed to the charge-dipole interaction
between the dicationic DAB and the electronegatively polarized
carbonyl groups present at the CB6 portals.

In inclusion complex formations involving pseudorotaxane
systems, steric factors and the size compatibility of the axle
molecular chain and the macrocyclic host cavity play very
significant roles. In this regard, Harada et al.”® reported pseu-
dorotaxane formations involving polyethylene glycols (PEGSs) of
various molecular weights as the axle molecules and oCD as the
anchoring macrocycle. Interestingly, the authors observed that
while there was significant complex formation for the PEG
molecule with the oCD host when the molecular weight of
PEG was very high, e.g. 1000, PEG molecules with much lower
molecular weights did not show any complex formation with
the oCD host. Similar to binary pseudorotaxane systems, the
formation of ternary pseudorotaxane systems is also quite
possible, where two different macrocycles participate in threading
a linear guest or axle molecule. In this context, Buschmann et al.”
reported the ternary complex formation of PEG with two different
macrocyclic hosts, «CD and CB6, to form a ternary pseudorotax-
ane. The authors suggested that as both the «CD and CB6 hosts
have nearly identical complexing behaviour with the hydrophobic
organic molecules, due to their similar dimensions and hydro-
phobic cavities, the formation of ternary complexes where PEG is
threaded with both oCD and CB6 hosts in a statistically distributed
manner on the PEG polymer chain becomes quite possible.
Similarly, Inoue and co-workers® also established ternary pseu-
dorotaxane formation for cationic dihexylammonium (DHA) as the
axle molecule and CB6 and BCD as the macrocyclic hosts, where
both the host molecules were included along the DHA chain. The
unique ternary complex DHA:CB6: CD, with a 1:1:1 stoichio-
metry of the components, was successfully synthesized by these
authors in a stepwise manner, driven by both enthalpic and
entropic forces. In the synthetic process, the 1:1 DHA-CB6
complex was formed first, due to the strong interaction between
DHA and CB6. Subsequently, in the second step, the addition of
BCD led to the formation of the ternary DHA: CB6:CD (1:1:1)
complex (¢f. Scheme 10).

In another example, ternary pseudorotaxane formation was
also reported using the N,N’-disubstituted methylenediimida-
zolium cation as the axle molecule and CB7 and CDs as the two
macrocyclic hosts.®" The methylenediimidazolium cation used
here had two long chain N,N’-substituents, which also had two
aromatic groups at their terminal positions. For the ternary
pseudorotaxane formed in the present case, the CB7 host
bound the cationic diimidazolium cation, while the CD cavity
encapsulated one of the aromatic residues of the two substi-
tuent groups of the axle molecule. Regarding binary and ternary
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Scheme 10 Schematic representation of the stepwise formation of the
ternary CB6: BCD : DHA complex with a 1:1:1 stoichiometry. The scheme
has been reproduced from ref. 80 with permission from the American
Chemical Society.
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pseudorotaxane formations, Vicha and co-workers®* reported
more complex systems involving adamantylated-bisimida-
zolium salts as the guest axle molecules. In their work, four
different bisimidazolium based guest molecules with one
central biphenyl binding site, along with two symmetrical
adamantyl binding sites at the terminal positions, were synthe-
sized. The synthesized molecules showed pseudorotaxane for-
mations with the BCD host, with stoichiometries of 1:1 and
1: 3 for the guest to host ratios. When both BCD and CB7 hosts
were used together, ternary pseudorotaxane like architectures
were formed with stoichiometries of 1:1:1 or 1:2:1 for the
guest to CB7 to BCD units.

It is evident that the pseudorotaxanes constructed through
the incorporation of several macrocyclic moieties into the main
linear chains of the guest molecules can be well defined as the
polypseudorotaxanes. The length of a polypseudorotaxane sys-
tem is understandably determined by the length of the linear
guest molecule used. The major factors for such polypseudo-
rotaxane formations are the specific interactions involved, as
well as the size compatibility between the host ring and the
encapsulated linear guest. Specific interactions between the
macrocyclic hosts placed adjacent to each other in the poly-
pseudorotaxane also play a significant role in the formation
of such systems.”®® Nostro and co-workers®* studied polyp-
seudorotaxane formation by linear hydrophobic guest polymer
chains, such as poly(propylene glycol) bis-2-aminopropyl ether
(PPG-Am2) and pluronic 105 (PLU), with cyclodextrin (CD)
hosts, such as BCD and yCD. It was found that the polypseu-
dorotaxane formations in these cases were strongly dependent
upon the relative sizes of the guest molecules and the host
cavities of the macrocycles concerned. The authors observed
that the polypsuedorotaxanes were formed significantly for
PPG-Am2 involving BCD as the host and for PLU involving
vCD as the host. The authors also calculated the number of
threaded CD molecules per polymer chain, achieved by per-
forming kinetic studies, and the values were found to be in the
range of 15 to 19 CD molecules per polymer chain. The
complexation process was found to be enthalpy driven, domi-
nated by hydrophobic interactions, as usually happens with CD
based host-guest complexes. In a noteworthy contribution,
Harada et al.®® showed doubly-threaded polypseudorotaxane
formations of PEG molecules with yCD hosts, in which two
polymer chains were threaded across by the y-CD hosts.
Likewise, Tonelli and co-workers®® reported an interesting
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Scheme 11 Conceptual representation of the constrained polymerization
of styrene molecules encapsulated within the narrow yCD channels. The
scheme has been reproduced from ref. 86 with permission from Wiley-
VCH Verlag GmbH.

phenomenon of the constrained polymerization of styrene
based guest molecules within the narrow channels of the yCD
host. According to the authors, following the appropriate
recrystallization of the CD hosts from their saturated aqueous
solutions, it is possible to obtain the channel type packing of
the hosts in the solid-state, where water molecules are just
included within the narrow channels of the packed host
molecules. Suspending such a material based on the yCD host
into liquid styrene resulted in the formation of host-guest
inclusion complexes where styrene molecules were included
within the narrow host channels. The inclusion complexes thus
obtained were then subjected to constrained polymerization,
producing polystyrene molecules within the narrow yCD
channels, conceptually shown in Scheme 11.

Kim and co-workers®” reported polypseudorotaxane for-
mation using CB6 host threading on a polyviologen (PV) poly-
mer that had around 10 bipyridinium units linked together by
decamethylene units as the spacers (¢f. Scheme 12). In the
present case, the degree of CB6 threading, i.e. the number of
CB6 beads per repeat unit, could be controlled between 0.1
and 1.0. The resulting CB6-PV complex was so stable that no
appreciable de-threading was observed. The threaded CB6
beads were tightly confined in the middle of the decamethylene
units of the PV polymer and were stabilized through hydro-
phobic interactions between the entrapped decamethylene unit
and the CB6 cavity, along with charge-dipole interactions
between the carbonyl groups of the CB6 host and the bipyri-
dinium unit of the polymer molecule, resulting in a well-defined
structure for the polypseudorotaxane system in aqueous medium.
As indicated before, the stability of pseudorotaxane systems
depends largely upon the size compatibility between the macro-
cyclic hosts and the encapsulated linear guest molecules. With this

n=10

Scheme 12 Schematic representation of the polypseudorotaxane
formed in the CB6—-polyviologen system. The scheme has been repro-
duced from ref. 87 with permission from the American Chemical Society.
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consideration, Yui and co-workers®® demonstrated biodegradable
polypseudorotaxane formation by the simple mixing of aqu-
eous solutions of poly(e-lysine) and aCD, but they could not
observe similar pseudorotaxane formation when replacing «CD
by BCD and/or yCD hosts. This indicated that, due to their large
cavities, BCD and yCD cannot bind the poly(e-lysine) chains of the
guest tightly enough to produce the concerned pseudorotaxane
systems. In these cases, even if the complexes were formed, their
stability was so low that they dissociated almost instantly and,
thus, there was no appearance of the pseudorotaxane systems. In
an interesting study, Harada and co-workers®® contrastingly
reported the formation of polypseudorotaxane systems for the
inorganic polymer poly(dimethylsiloxane) (PDMS), involving
BCD and yCD hosts, but could not find similar polypseudo-
rotaxane formation for PDMS upon using the «CD host.

Very rarely observed calixarene-based polypseudorotaxanes
were reported by Yamagishi and co-workers,”® using p-tert-
butylcalix[8]arenes as the anchoring macrocycles and PEGs of
various molecular weights as the axle molecules. In their study,
the polypseudorotaxanes were formed through the polyconden-
sation of p-tert-butylphenols with para-formaldehyde in the
presence of PEG molecules, which was supported by the results
obtained from FT-IR, '"H NMR, and differential scanning
calorimetry (DSC) measurements. The yield and the composi-
tion of the polypseudorotaxanes formed were found to be
dependent on the molecular weight of the PEGs used.

Rotaxanes and polyrotaxanes

The pseudorotaxane systems where the guest molecules (axles)
particularly possess covalently attached bulky end groups,
which can act as stoppers for the threaded macrocyclic hosts,
are commonly known as rotaxane systems. The bulky end
groups of the axle molecules are usually larger than the internal
diameters of the macrocyclic hosts such that they can resist the
dissociation or unthreading of the hosts from the linear guest
molecules.””””>”® In this section, we discuss some important
rotaxane systems reported in the literature. The first example of
a rotaxane structure based on the CB6 host was reported by
Kim et al., and was synthesized using a linear guest molecule
based on a spermine scaffold.”’ As a guest molecule, spermine
not only showed strong interactions with CB6 but it also had two
amine groups at both ends, which could be substituted easily with
bulky groups acting as the stoppers. In the synthesis process, the
CB6 molecule was first threaded to the spermine molecule to form
a pseudorotaxane. Then, bulky stopper groups like dinitrophenyl
moieties were introduced at both ends of the spermine unit to
form the eventual rotaxane structure (¢f. Scheme 13). The strong
interaction of CB6 with spermine was attributed to the hydrogen
bonding interactions between the carbonyl oxygen atoms present
at the CB6 portals and the hydrogen atoms of the protonated
amino groups of the spermine molecule. The drastically improved
solubility upon pseudorotaxane formation and the high affinity of
CB6 for spermine allowed the simple, one-pot and high yield
synthesis of the concerned rotaxane system.
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Scheme 13 Schematic representation of CB6 threading over a spermine
molecule to form a pseudorotaxane and the subsequent attaching of
dinitrophenyl groups at both the ends of the spermine unit to form the final
rotaxane. The scheme has been reproduced from ref. 74 with permission
from the American Chemical Society.

In another example, Kaifer and co-workers®® reported the
formation of a CD-based rotaxane system by interacting with
o-[(ferrocenylmethyl)-dimethylammonium]alkanoic acid as the
axle molecule threaded with the «CD host. In this system, the
ferrocene moiety present at one end of the alkanoic acid acted
as one of the stoppers, while the other end was capped through
the coupling of the alkanoic acid group with a potassium
5-amino-2-naphthalene-sulfonate group via amide coupling.
In the present case, two isomeric rotaxanes were formed that
differ from each other in the orientation of the aCD host with
respect to the end groups of the rotaxane systems, as shown in
Scheme 14. Likewise, the synthesis of a two component rotax-
ane ([2]rotaxane) and a three component rotaxane ([3]rotaxane)
was also reported by Dardeer.”® The author synthesized the
[2]rotaxane system by threading BCD onto the succinic dihy-
drazide molecule and then trapping the end groups using
chlorendic anhydride units. Similarly, the [3]rotaxane system
was synthesized by threading two aCD hosts over a di-acyl
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Scheme 14 Schematic representation of a CD-based rotaxane system,
synthesised by capping the free alkanoic acid end by amide coupling. The
scheme has been reproduced from ref. 92 with permission from the
American Chemical Society.
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molecule, namely sebacoyl chloride, and then trapping its end
groups with chlorendic anhydride units. The structures of the
[2]rotaxane and [3]rotaxane systems were investigated using
FT-IR, '"H-NMR, “C-NMR, 2D-NMR, and scanning electron
microscopy (SEM) measurements.

Polyrotaxanes are in general synthesized by coupling the end
groups of the polypseudorotaxanes by larger substituent groups
acting as the stoppers for the threaded macrocycles.?””*77°
Based on this approach, Harada and co-workers presented a
classic example of polyrotaxane formation.’® They first pre-
pared the polyseudorotaxane using aCD as the host molecule
and PEG bis(amines) as the linear guest. Subsequently, both
the end amine groups of the polyseudorotaxane were capped
with bulky 2,4-dinitrophenyl groups as the stoppers, forming
the resultant polyrotaxane system, which the authors referred
to as a molecular necklace (¢f. Scheme 15).

Similarly, Buschmann and co-workers’” reported the synthesis
of mono-, oligo-, and poly-rotaxane systems with cucurbituril
hosts following interfacial condensation. The pseudorotaxane
system was first prepared through complexation of the linear
1,6-hexanediarnmonium cation with the cucurbituril host. The
amino groups of this system were then coupled with suitably
substituted mono and diacid chlorides, namely the substituted
benzoyl chloride, or the substituted benzene-dicarbonyl dichloride,
producing various rotaxane systems. In the present cases, it was
possible to obtain polyrotaxanes of varied lengths by controlling
the amide repeating units and the number of cucurbituril beads
threaded onto the overall chain. Different characterization meth-
ods like IR spectroscopy, differential thermal analysis, NMR, and
elemental analyses were used to verify different structures of
the rotaxanes formed. Similarly, Jia et al.®® reported CD-based
polyrotaxane formations by threading PCD hosts onto bile acid
diamine derivatives and coupling them with PEG-dicarbonate
spacers which have tunable lengths. The resulting polypseudo-
rotaxanes were subsequently capped at both ends with bulky
monoamino-BCD molecules and, thus, this prevented the dis-
sociation of the PCD beads from the bile acid chains (¢f
Scheme 16). In the present cases, different polyrotaxane isomers

= CH,CHzNH,

Scheme 15 Schematic illustration of the synthesis of polyrotaxane incor-
porating PEG bisamines and aCD. The scheme has been reproduced from
ref. 76 with permission from Wiley-VCH Verlag GmbH.

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d1cp03556h

Published on 17 sk&bmamannu 2021. Downloaded on 2025-10-16 07:47:29.

PCCP
@ Inclusion Inclusion
+ complexation @polvmerization ,m
(E) ~\
Polypseudorotaxane

lCapping

Polyrotaxane

o ) ~ S|
Bile acid residue p-Cyclodextrin Poly(ethylene glycol) Stopper

Scheme 16 Conceptual representation of polyrotaxane formation of
BCDs with PEGylated bile acid derivatives. The scheme has been repro-
duced from ref. 96 with permission from the American Chemical Society.

could be obtained by adjusting the lengths of the PEG dicarbo-
nate spacers. It should be mentioned that such polyrotaxane
systems could be explored further for the development of new
materials for uses in biology, sensing, catalysis, molecular
machines, logic gates, and so on.”**

Harada and co-workers reported the synthesis of a polyro-
taxane based on the photoreaction of the end group of a
pseudorotaxane precursor complex.” In the present synthesis,
the pseudopolyrotaxane precursor complex was first formed by
threading «CD macrocycles onto a poly(propyleneglycol) (PPO)
molecule that had a triphenylmethyl group at one end as a
stopper and a photoreactive 2-anthryl group at the other end
(¢f Scheme 17). As such, the 2-anthryl end group was small
enough to act as a stopper. However, when the precursor
complex was exposed to visible light, photodimerization of
the 2-anthryl end group took place, resulting in the 2-anthryl
photodimer as a sufficiently large end group to block the
dethreading of the oCD beads from the resultant polyrotaxane.

A conjugated polyrotaxane system was synthesized by
Hadziioannou and coworkers by the complexation of 5,5'-
dibromobithiophene molecules with aCD hosts, subsequently
followed by the polymerization of these complexes through a
Ni-catalyzed Yamamoto coupling reaction in DMF solvent.’®
After polymerization, bulky 9-bromoanthracene molecules were
finally coupled at both ends of the polypseudorotaxane to
prevent the dethreading of the aCD beads, resulting in the
polythiophene based polyrotaxane system. The structure of the
polyrotaxane was characterized by UV-vis spectroscopy, small-
angle neutron scattering (SANS), and AFM studies. It was
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Scheme 17 Schematic representation of synthesizing aCD based poly-
rotaxane via photodimerization. The scheme has been reproduced from
ref. 97 with permission from the American Chemical Society.
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Scheme 18 Schematic representation  of  the  synthesis of
poly(azomethine) rotaxane capped with Cgo as the end groups. The
scheme has been reproduced from ref. 99 with permission from the
American Chemical Society.

revealed that the polyrotaxane had about seven aCD rings on
its chain and the system was reasonably soluble in both water
and DMSO. In another work, Geckeler et al.°° tried to polymerize
the inclusion complexes of p-phenylenediamine and terephthal-
aldehyde with aCD to form an azomethine based polypseudo-
rotaxane. The resulting system was then converted into
polyrotaxane by capping its amino terminal directly with Cgo
and its aldehyde terminal through p-xylylenediamine mediated
coupling with Cgo. The resulting Cq, capped polyrotaxane was
reported to be reasonably soluble in a polar aprotic solvent like
DMF (cf: Scheme 18).

A major challenge in the synthesis of CD-based polyrotaxane
systems is their low solubility in water, possibly arising due to
hydrogen bonding and/or hydrophobic interactions of the CD
units among the polyrotaxane molecules, leading to their
aggregation. In this context, Resmerita et al. reported the
synthesis of a water-soluble polyrotaxane using a CB7 and a
tris-O-methylated derivative of «CD (TMaCD) as the hosts and
amine-terminated poly(ethylene glycol) as the guest molecule.'®
The observed results in the present cases were compared with
those obtained upon using simple oCD as the host. In this study,
the authors used a TMaCD host with the assumption that methyl
substituents would reduce the hydrogen bonding interactions of
the CD units among polyrotaxane molecules and thus increase
the rotaxane solubility in water. Similarly, CB7 was used, assum-
ing that the hydrophilic carbonyl portals of the hosts would help
to increase rotaxane solubility in water and the hydrophobic
cavity of the hosts would mean that the neutral guest was held
more tightly as compared to in the CD hosts. In the first step of
the synthesis, the CB7, TMaCD, or oCD hosts were threaded on
the guest molecule, driven mainly by hydrophobic interactions,
to form the corresponding pseudopolyrotaxane systems. In the
next step, both the amino end groups of these polypseudo-
rotaxanes were covalently attached with bulky bromotriphenyl-
methane units to form the corresponding polyrotaxane systems.
The chemical structures of the so-formed polyrotaxanes were
investigated using NMR, isothermal titration calorimetry (ITC),
FT-IR, and quantum chemical calculations (¢f Scheme 19).

Supramolecular polymers

The chemistry of supramolecular polymers combines supramo-
lecular chemistry with polymer sciences and such intriguing
systems find potential applications in various fields, such as
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Scheme 19 Synthetic route to the 3-aCD, 3-TMaCD and 3-CB7 poly-

rotaxanes. The scheme has been reproduced from ref. 100 with permis-
sion from Elsevier.

drug delivery, shape-memory, self-repairing and self-healing,
stimuli-responsive materials, and so on.>*?®4%46191 gupra-
molecular polymers refer to the large molecular assemblies
constructed in the form of polymeric chain structures, resulting
from the union of multiple constituent units bound together
through reversible non-covalent interactions. The development
of macrocyclic molecule based supramolecular polymer sys-
tems depends largely on the strength of the associated host-
guest interactions, which again relies on the nature of the
macrocyclic hosts and the guest molecules involved.>>'%> Park
and co-workers designed a highly fluorescent supramolecular
polymer system based on a CB8 host and a 1-methylpyridium
based cyanostilbene derivative (Py'-CN-MBE) as the chromo-
phoric guest (¢f Scheme 20).'° For this guest, its 1-methyl-
pyridinium moiety provided very strong binding with the CBS8
host. The cyanostilbene derivative used was quite non-emissive
in aqueous solution, but became strongly emissive in nature
upon its interaction with the CB8 host, mostly due to the
formation of a linear and rigid supramolecular polymer. These
authors also observed that another stilbene derivative that did
not have a cyano unit actually inhibited the supramolecular
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Scheme 20 Schematic representation of the Py"~CN-MBE-CB8 based
polymer formation. The scheme has been reproduced from ref. 25 with
permission from Wiley-VCH Verlag GmbH.
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polymer formation, and in the presence of CB8 there was
actually a partial quenching of its fluorescence. It was proposed
that such fluorescent supramolecular polymer systems could
find interesting uses in chemical and biochemical sensing, as
well as in bioimaging applications.'®

As the CB8 cavity is relatively larger, it can act as an anchor
to bind the suitable end groups of two guest molecules
simultaneously through their encapsulation and a relay of such
interactions would eventually lead to the formation of unique
supramolecular polymeric systems. In this context, CB8 based
supramolecular polymerization was reported by Pang et al.'**
In this case, linear supramolecular polymer formation was
observed upon the direct interaction of CB8 with thiazole
orange (TO) in aqueous medium and, as suggested by the
authors, the process was driven by the n-n and hydrophobic
interactions among the constituent units (¢f Scheme 21).
Various experimental techniques like electrospray ionization
mass spectrometry (ESI-MS), DLS, NMR, atomic force microscopy
(AFM), and viscosimetry were employed to reveal the formation of
linear supramolecular polymers in the present cases.

In another example, CB8 based supramolecular polymer
formation was also reported by Zhang and co-workers.'*®
In this study, the authors designed and synthesized a homo-
ditopic monomer guest, ie. 4,4’-(propane-1,3-diyl)bis[1-
(anthracen-2-ylmethyl)-pyridinium] bromide (DAP), consisting
of two anthracene moieties coupled through a pyridinium unit
in between as the linker. When CB8 was mixed with the
bifunctional anthracene derivative, it led to the formation of
linear supramolecular polymer, which was driven by the n-n
interactions between the encapsulated anthracene moieties of
the successive guest molecules inside a CB8 host cavity. As a
continuation of this work, Zhang et al.'® also reported the
construction of a novel supramolecular polymer system invol-
ving both CB8 and CB7 as the macrocyclic hosts and using a
unique bifunctional molecule with a p-phenylene unit in the
middle and coupling two naphthalene moieties at the two ends
(Naph-Phen-Naph) as the guest, facilitated and controlled by a
self-sorting process. The authors showed that CB7 selectively
recognized the p-phenylene unit in the middle, while CB8
underwent 2:1 (guest: host) complexation with the naphthalene
units of successive guest molecules. Thus, when the Naph-Phen-

Scheme 21 The structure of TO and schematic illustration of the TO-
CB8 supramolecular polymerization driven by host-enhanced n—r inter-
actions. The scheme has been reproduced from ref. 104 with permission
from the Royal Society of Chemistry.
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Naph guest was mixed with CB7 and CBS, it resulted in the
formation of the concerned linear supramolecular polymer. Inter-
estingly, in the present system, the supramolecular polymerization
process could be controlled by adjusting the CB7 repeating units.
This line of research provides a general methodology to control the
molecular weight and the structure of supramolecular polymers.
Similarly, Thangavel et al. reported the formation of a supramole-
cular polymer based on the host-guest complexation of CB8 with a
phenyl-substituted diazaperylenediium dication (DAP) guest.'”’
The structure of the resulting complex was characterized using
NMR, ESI-MS, ITC, 2D NOESY (two-dimensional nuclear Over-
hauser enhancement spectroscopy), and DOSY (diffusion-ordered
spectroscopy) measurements.

An elegant rotaxane based supramolecular polymer system was
synthesized by Harada and coworkers, involving the orthogonal
interactions of oCD and BCD hosts for the specially designed
rotaxane assembly.'®® The authors first synthesized a BCD deri-
vative, namely, 6-aminocinnamoyl-BCD (6-aminoCiO-fCD), which
then interacted with 1-adamantane carboxylic acid (AdCx),
whereby the AdCx was bound to the BCD cavity and the amino-
cinnamoyl unit remained exposed to water. To this system, aCD
was then added, whereby the phenyl moiety of the aminocinna-
moyl unit was entrapped into the aCD cavity. The system was
subsequently reacted with trinitrobenzene sulfonic acid (TNBS),
whereby the TNBS molecule was coupled to the amino group of
the aminocinnamoyl unit, forming a bulky trinitrophenyl group
as a stopper to resist the escape of the oCD ring. The AdCx
molecule complexed into the BCD cavity was finally removed from
the system, following extraction using organic solvents, to obtain
the desired rotaxane system with a free BCD cavity. The BCD cavity
of this rotaxane system could then undergo complexation with the
trinitrophenyl group of the other rotaxane molecule to produce
the rotaxane based supramolecular polymer where oCD and BCD
molecules were arranged alternatingly in a linear fashion, as
shown in Scheme 22.

Water-soluble sulfonatocalixarene based supramolecular
polymer systems have also been reported in the literature.
In this context, Liu and coworkers designed and synthesized
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Scheme 22 The proposed structure of a supramolecular rotaxane based
polymer. The scheme has been reproduced from ref. 108 with permission
from the American Chemical Society.

;G

This journal is © the Owner Societies 2021

View Article Online

Perspective

" il
) ¢ W (e (5
- - | Wa A~
D B ™~
' G 2%
. (¢ Yl P>
\. X XY -l \e
. J R G

'A

Scheme 23 Schematic representation of the construction of a supra-
molecular 2D network and 1D linear polymer based on the complexation
of ditopic bis(p-sulfonatocalix[5]larene) host with tetracationic and dica-
tionic porphyrin guests, respectively. The scheme has been reproduced
from ref. 102 with permission from the Royal Society of Chemistry.

v
Tetracationic Porphyrin Dicationic Porphyrin

a homoditopic bis(p-sulfonatocalix[5]arene) host molecule that
bridges two calixarene moieties at their lower rims and could
provide two guest binding sites.’®® Supramolecular polymers
with both 1D linear and 2D net-like topological structures were
fabricated by employing this bis-calixarene host upon com-
plexation with dicationic and tetracationic porphyrin guests,
respectively. Interestingly, the binding stoichiometries between
the bis-calixarene host and the porphyrin guests were found to
be 1:5 and 2: 5 with the dicationic and tetracationic porphyrins
(¢f Scheme 23), respectively, such that the number of negative
sulfonate groups on the calixarene moieties was equal to the
number of positive charges on the porphyrin units. This thus
indicates that, in the present system, the ion-ion interaction
played the central role in the formation of the supramolecular
polymer structures. In these supramolecular polymers, calixarenes
and porphyrins acted as the effective electron donor-acceptor
pairs, and thus the photoinduced electron transfer (PET) pro-
cess prevailed in the present system. It was thus suggested that
such supramolecular nanoarchitectures might find potential
applications in areas like artificial photosynthesis, optoelectro-
nics, and so on.*®”

Liu and coworkers further reported the construction of
linear supramolecular ternary polymers, taking advantage of
the distinguishable binding properties of macrocyclic host
molecules, such as cyclodextrins and calixarenes, involving
two orthogonal host-guest interactions.''® For this purpose,
the authors synthesized a heteroditopic adamantane-viologen
guest and interacted it with bis-cyclodextrin and bis-calixare
hosts. The adamantane moiety of the guest preferentially
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Scheme 24 Schematic representation of bisSC4A, Ad-Vio, bisCD and the
supramolecular ternary polymer [bisCD]-[Ad-Vio]-[bisSC4A]. The scheme
has been reproduced from ref. 110 with permission from the Royal Society
of Chemistry.

bound the cyclodextrin cavity, whereas the viologen motif was
mainly included in the calixarene cavity. These two indepen-
dent host-guest interactions that participate in an orthogonal
manner effectively led to the formation of a linear supramolecular
ternary polymer, as shown in Scheme 24. The authors proposed
that, as both cyclodextrins and sulfonatocalixarenes are biocom-
patible, such polymeric systems with orthogonal interactions
might be good mimics for biological processes.'*®

Micelles from supramolecular
polymers

Like conventional surfactants, supramolecular polymers are
also quite amphiphilic in nature and, thus, they can also form
micelles when their concentrations become higher than the
critical micelle concentration (CMC). Like conventional micelles,
supramolecular micellar assemblies can also be used in various
applications, such as drug delivery, the purification of wastewater,
as phase-transfer catalysts, and many others.'”*"?*?%° Micelles
have hydrophobic cores and hydrophilic shells, and are capable of
solubilizing both hydrophobic and hydrophilic compounds inside
the core or shell regions, respectively. The micellization of supra-
molecular polymers is dependent on the preparation conditions,
interaction parameters, and ratio of the host and guest volume
fractions in the polymer."”*"*>*° Jiang et al. reported the for-
mation of multicore and core-shell micelles from graft-like
supramolecular polymers (¢f Scheme 25)."' In their study,
graft-like polymers were formed, involving hydrophilic fCD deri-
vatives as the hosts with suitable hydrophilic chains as their
substituents, and adamantyl end-functionalized poly(e-capro-
lactone) molecules (PCLs) as the guests. The high inclusion ability
of the adamantyl group by the BCD cavity supported the for-
mation of graft-like supramolecular polymers. These polymers
formed multicore micelles under non-equilibrium conditions
when their solutions in N-methyl-2-pyrrolidone (NMP) were
drop-wise added into water. The sizes of these multicore micelles
were found to be in the range of 180 to 220 nm. The formation of
simple core-shell micelles was also observed for these polymeric
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graft-like complex in NMP
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Scheme 25 Schematic representation of the formation of multicore and
core—shell micelles. The scheme has been reproduced from ref. 111 with
permission from Wiley-VCH Verlag GmbH.

systems under equilibrium conditions when the polymer solu-
tions in NMP were dialysed against water. The diameters of these
micelles were found to be around 120 nm.

Wang and Jiang also reported the construction of micelles
using supramolecular polymers, taking advantage of the strong
inclusion complex formation of BCD with adamantyl groups.'*>
Thus, complex formation between a hydrophobic poly(tert-butyl
acrylate) polymer containing the adamantine moiety as an end
group (PtBA-ADA) and a hydrophilic poly(methacrylate) poly-
mer possessing a BCD macrocycle at the terminal (PGMA-CD)
could effectively lead to the formation of micellar assemblies
with diameters in the range of 100 to 200 nm, which could be
adjusted by changing the BCD to ADA ratio in the solution,
achieved using different mixtures of PGMA-CD and PtBA-ADA
in DMF added into a large volume of water to prepare the
micelles. The micelles formed in these cases had a hydrophobic
core consisting of the PtBA-ADA motif and a hydrophilic shell
made up mainly by PGMA-CD units. The presence of the CD
moieties on the micellar surface provided a unique opportunity
to modify the surface either with hydrophobic or charged
characteristics, following the encapsulation of either neutral
or ionic guests into the BCD cavities. Additionally, after cross
linking and core removal, these micelles could be converted
into hollow spheres consisting of PGMA-CD networks, and
thereby could be used for various applications, especially
because large quantities of guests can be encapsulated into
such cavities.

The first protein sized fluorescent supramolecular micelle
systems were reported by Klymchenko et al.,'* involving the
synthesis of amphiphilic calixarene derivatives possessing long
alkyl chain substitutions at the phenolic OH sites (present at
the lower rim) and the alkyne bearing polar quaternary ammo-
nium substitutions at the para-positions of the constituent
phenyl moieties (present at the upper rim). The synthesized
calixarene derivatives could easily undergo micelle formation.
In this study, the authors also cross-linked these amphiphilic
host molecules with PEGylated cyanine 3 and cyanine 5 bis-
azide dyes and, using these latter systems, they could construct
ultrabright emissive protein-sized (~7 nm) shell-cross-linked
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micellar assemblies, where covalently attached cyanine dyes
decorated the corona region of the micelles, formed by the
amphiphilic calixarene derivatives. The micelles thus formed
showed excellent stability in aqueous and organic media. In
addition, they had small hydrodynamic diameters, superior
brightness, and could readily permeate into cells, and thus
could be useful in biosensing and bioimaging applications.

Likewise, Zhou et al.'** designed supramolecular polymeric
micelles which were constructed based on the host-guest
interactions of a hydrophilic PEGylated calix[4]arene derivative
with a hydrophobic photosensitizer molecule, chlorin e6 (Ce6).
The inclusion complex formation of Ce6 with the calixarene
derivative led to the formation of amphiphilic supramolecular
polymers, which could self-assemble to form supramolecular
polymeric micelles in aqueous solution, which could display
intriguing stimuli-responsive properties (¢f Scheme 26). The
micelles formed in the present system were about 200 nm in
diameter, and were very suitable for passive drug delivery, due
to their enhanced permeability and retention (EPR) effects.
These properties, as well as the efficacy of the formed polymeric
micelles towards photodynamic therapy (PDT), were assessed
by the authors using HelLa cells as the representative cancer
cell line.

With regard to supramolecular polymeric micelles, Garcia-Rio
et al. reported an important study involving the interaction of an
amphiphilic p-sulfonatocalix[4]arene tetrabutyl ether (SCATB)
host with a trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium
iodide (DMSI) guest dye.™™ In this study, the authors investigated
the above system at concentrations both below and above the
critical micellar concentration (CMC) of the supramolecular poly-
mer. For concentrations below the CMC, the dye molecules
underwent host-guest complexation with the available host
molecules. Above the CMC, however, the dye molecules were
seen to undergo an exchange between the recognition sites of

oM

Chiorin e6 (Ce8) Host-Guest
Interaction
0 a Self-assembly

Supramolecular Polymeric Micelles Host-Guest complex

DC4-PEG

Scheme 26 Chemical structures of the star-like calix[4]larene host,
chlorin e6 guest molecule, and formation of the supramolecular polymeric
micelles based on host—guest interactions. The scheme has been repro-
duced from ref. 114 with permission from the Royal Society of Chemistry.
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the calixarene hosts present both in the monomeric states and
in the micellar assemblies. It was also observed that above the
CMC, a fraction of the guest dyes also resided in the micellar
hydrophobic core. Accordingly, in this case, there was a reason-
able distribution of the guest molecules between all possible
microscopic localization sites of the micellar system. It was
inferred that the high concentration of counter cations (e.g. Na*
ions in the studied system) at the Stern layer caused a large
charge neutralization for the micellized sulfonatocalix[4]arene
hosts, resulting in less efficient recognition of the cationic
guest molecules at these binding sites and thus allowing their
distribution at different other localization sites. As suggested
by these authors, the above situation might be useful in the
self-sorting process and could be employed for the efficient
translocation of the guests from the host cavity to other
pseudophases of the supramolecular systems.

Supramolecular micelle formations involving CBn hosts and
polymer functionalized guest molecules have also been reported
in the literature. Taking advantage of the ability of CB8 to
encapsulate two guest molecules simultaneously, Scherman
et al. reported supramolecular micelle formation involving ternary
complexes of double hydrophilic block copolymer (DHBC) sys-
tems with a CB8 host."*® In this study, the authors designed one
PH responsive DHBC system that consisted of a naphthalene-
terminated poly(dimethylaminoethyl-methacrylate) (PDMAEMA)
structure and one thermo-responsive DHBC system that com-
prised a methyl viologen terminated poly(N-isopropylacrylamide)
(PNIPAAm) structure and followed the ternary complex formation
of the DHBC systems with the CB8 host. These ternary complexes
subsequently underwent self-assembly in the solution, leading
to the formation of supramolecular micelles, as depicted in
Scheme 27. The authors also demonstrated the usefulness of
these micelles for the encapsulation and controlled release of
drugs, using the chemotherapeutic drug doxorubicin as the
model system. The release of the drug was found to be triggered
by external stimuli like pH, temperature and the addition of
competitive guests for CB8. Moreover, the combined external
triggers of temperature and a competitive binder showed faster
drug release than any of the stimuli alone. The authors also
observed that these supramolecular micelles had faster stimuli
responsive drug release than their covalent analogues, demon-
strating a significant advantage of dynamic non-covalent
systems over covalent systems. Furthermore, the authors also
checked the applicability of the present system in human
cervical carcinoma cells. A significant reduction in the viability
of cells was observed upon triggering the release of the drug
from the supramolecular micelles, indicating the promise of
such systems in chemotherapeutic applications.

In their studies, Scherman et al.'"” have also developed
supramolecular micelles that could bind and release insulin
in a controlled manner. For this purpose, the authors synthe-
sized glucose-sensitive DHBC systems, which can be held
together through CB8 assisted ternary complex formation. These
ternary complexes subsequently underwent self-association to
produce the supramolecular micellar systems. In this study,
poly(dimethylacrylamide) (PDMAAm) was used as one of the
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Scheme 27 Schematic representation of (a) CB8 based ternary complex
formation involving DHBC based polymers, and (b) self-assembly of the
ternary complexes to form the micellar superstructure. The chemical
structures of the two DHBC based polymers are also shown. The scheme
has been reproduced from ref. 116 with permission from the Royal Society
of Chemistry.

DHBC systems, along with two other DHBC systems, namely
poly(acrylamidophenyl boronic acid) (PAAPBA) and poly(N-
isopropylacrylamide) (PNIPAAm), used for their responses
towards glucose and temperature, respectively. The sensitivity
of these micelles towards drug binding and release was also
investigated using insulin-loaded micelles and by following
their responses to external triggers like changing temperature,
glucose concentration, or the addition of a competitive guest
for the CB8 cavity. A good control over the release of insulin
from the supramolecular micelles was observed in their study
under physiological conditions of pH ~ 7.4 and a temperature
of 37 °C. The present supramolecular approach of insulin
delivery achieved by the simple use of host and guest compo-
nents offers ease and versatility over the covalently bound
carriers, which involve complicated synthetic procedures.
Furthermore, the cytotoxicity of the present micellar system
was tested using 3T3 fibroblast cells and it was observed that
the present micellar systems were nontoxic, suggesting the
potential of this system as the drug delivery vehicle for insulin
therapies.

Vesicles from supramolecular
polymers

Supramolecular vesicles can also be constructed by the self-
assembly of some kind of supramolecular amphiphiles formed
through the interaction of macrocyclic hosts with some guest
molecules under specific conditions. Such vesicles have
attracted considerable attention from researchers due to their
structural simplicity, versatility, and most importantly the
reversibility of their formation. These supramolecular assem-
blies have wide applications in various fields, such as the
analysis of biological processes, light-harvesting systems,
drug/gene delivery, fluorescence vesicular sensors, and so
17,21,29,36,40,50 gy date, many supramolecular vesicles based
on CD, CBn, and CXn have been reported in the literature. In a

on.
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study, Jung et al."*® designed and synthesised two amphiphilic
BCD derivatives, namely mono[6-deoxy-6-(octadecanamido)]-
BCD and mono[6-deoxy-6-(octadecenamido)]-BCD, with the
aim of using these systems in the construction of supramole-
cular nanovesicles. It was indeed observed that these BCD
derivatives self-assemble to form distinctive nanovesicles in
water, which were suitably characterized using fluorescence
spectroscopy, DLS, and TEM measurements. To find their
practical applications, all-trans-retinol (vitamin A), a drug that
is highly labile towards decomposition under light and oxygen,
was loaded into these nanovesicles. It was found that, upon
loading into these nanovesicles, the drug was greatly stabilized
against photodegradation, demonstrating the potential of such
systems in pharmaceutical applications. In a similar line,
Tao et al.'*® reported supramolecular vesicle formation using
a linear hyperbranched supramolecular amphiphile produced
through the non-covalent host-guest interaction of a hyper-
branched polyglycerol modified BCD derivative (CD-g-HPG) and
an adamantane-functionalized long alkyl chain (AD-C18),
where strong binding of the adamantine moiety by the BCD
cavity provided stability for the supramolecular amphiphile.
The self-assembly of the resultant amphiphile led to the
formation of supramolecular vesicles in water (¢f. Scheme 28),
which were demonstrated to be very stable and quite flexible,
and were also amenable towards disassembling in the presence
of competitive binders for the BCD cavities.

For p-sulfonatocalix|[n]arene (SCXn, n = 4-8) hosts, because
of their electron-rich cavities, negative charges at the wider
portals, high aqueous solubility, and biological compatibility,
these macrocycles have been realized as versatile building
blocks for the construction of supramolecular amphiphile
systems. Liu et al.'*® reported nanoscale supramolecular binary
vesicle formation, utilizing the host-guest interaction of
p-sulfonatocalix[5]arene (SCX5) host with the 1-pyrene-
methylaminium ion (PMA) as the guest. Simple mixing of
SCX5 and PMA solutions with a charge-matching molar ratio
resulted in the formation of supramolecular amphiphiles,
driven mainly by enthalpic forces, which were then self-
assembled to form the stimulus responsive supramolecular
binary vesicles. The stimulus responsive characteristics of these
supramolecular assemblies provide an added advantage over a
covalent delivery system due to the reversible nature of the non-
covalent interactions. Thus, the encapsulation and controlled

Scheme 28 Schematic representation of the formation of supramolecular
vesicles involving the host—guest interactions of the amphiphilic molecules,
CD-g-HPG and AD-C18. The scheme has been reproduced from ref. 119
with permission from the American Chemical Society.
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Scheme 29 Schematic representation of the formation of supramolecu-
lar polymeric vesicles by SCX4 and chitosan. The scheme has been
reproduced from ref. 121 with permission from Wiley-VCH Verlag GmbH.

release of the drug was checked by loading a good amount of
DOX into the vesicles. Upon increasing the temperature, DOX
was successfully released, accompanying the disassembly of the
vesicles, demonstrating the potential of these vesicles as drug
delivery models for biomedical applications. In a subsequent
study, the authors also reported the formation of supra-
molecular polymeric vesicles through the complexation of the
SCX4 host with a cationic polyammonium guest, chitosan,
conceptually shown in Scheme 29."”" The formation of the
supramolecular amphiphile in this case through host-guest
interaction between SCX4 and chitosan was driven mainly by
the dominant electrostatic interaction. The supramolecular
amphiphiles thus formed were subsequently self-assembled,
forming the supramolecular polymeric vesicles. The vesicles
formed in this case were also found to be multi-stimuli respon-
sive towards pH, temperature, and competitive binders,
suggesting their usefulness in various applications.

Kim and co-workers reported the formation of giant vesicles,
driven by the CT complex formation inside CB8 cavity.'*?
In their study, a ternary complex was first formed with a CB8
cavity simultaneously encapsulating one methyl viologen deri-
vative with a long (C12 and C16) aliphatic chain (MV-C12 and
MV-C16), and a 2,6-dihydroxynaphthalene (DHNp) molecule as
the guests. This ternary complex acted as a supramolecular
amphiphile with its polar head group in the form of a CBS8
moiety, and its hydrophobic tail in the form of an alkyl chain.
These amphiphiles then self-assembled to form large vesicles
in the solution (¢f. Scheme 30), which was confirmed using
NMR, mass spectroscopy, TEM, and SEM measurements.
Vesicles with an average diameter of about 20 nm were formed
with the ternary complexes formed by CB8 with MV-C12 and
DHNp. Much larger vesicles, with diameters ranging from
400 to 950 nm, were, however, formed using the ternary
complexes of CB8 with MV-C16 and DHNp. These results
indicate that the size of the vesicles can be controlled by
changing the alkyl chain length of the guest molecule complexing
with the CB8 host.
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Scheme 30 Schematic representation of the supramolecular vesicles
formed involving ternary complexes of MV-C12 (or MV-C16), DHNp, and
CB8. (a) TEM image of the vesicles formed by MV-C12, DHNp, and CB8. (b)
TEM and (c) SEM images of the vesicles formed by MV-C16, DHNp, and
CB8. The scheme has been reproduced from ref. 122 with permission from
Wiley-VCH Verlag GmbH.

Das and co-workers also reported supramolecular vesicle
formation from another CB8 based ternary complex.'** In this
study, a CB8 based supramolecular amphiphile was first
produced by forming a CT complex within the host cavity,
involving a peptide containing an azobenzene moiety as its
end group and a methyl viologen derivative containing a long
aliphatic chain as the two amphiphilic guest molecules. The
supramolecular amphiphiles thus formed were subsequently
self-assembled to form vesicles in the solution. However, it was
observed that the azobenzene units underwent trans to cis
isomerization upon photoirradiation, leading to the disruption
of the vesicles, as the space inside the CBS8 cavity was not
sufficient to accommodate the cis-isomer. Additionally, the
vesicles also showed reversible responses towards a competitive
binder like 1-adamantylamine, leading to the rupture of the
vesicles by displacing both the guest molecules from the CB8
host. Whereas when the 2,6-dihydroxynaphthalene was used as
the competitive binder, it replaced the peptide unit from the
CBS8 cavity and is itself included in the host cavity, forming a
new ternary complex. In this case, the vesicle structure
remained effectively unaltered, though the peptide units were
released from the initial vesicles. As the authors suggest, these
stimulus-responsive vesicles may find applications in various
fields, including drug delivery, sensors, molecular switches,
and so on.

Supramolecular nanoparticles,
nanorods, and nanosheets

The host-guest based supramolecular amphiphile scaffolds can
also hierarchically self-assemble into various nanostructures,
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namely nanoparticles, nanorods, nanosheets, nanofibres, and
others. The morphologies and functions of these nanosystems
can also be tuned by carefully designing the host-guest com-
plexes. These nanometer-sized assemblies, with varying
morphologies, unique properties, and responsiveness towards
different external stimuli, have shown their great potentials in
various applications like drug delivery, stimuli-responsive func-
tional materials, biosensors, etc.'”?*° In this section, we
present some of the selected work reported in this subject area.

Assaf et al.'** reported the formation of contrasting self-
assembled nanostructures involving the interaction of differ-
ently sized CBn homologues (n = 7 and 8) with an amphiphilic
pyridinium-functionalized anthracene (AnPy) derivative. The
AnPy molecule comprised a hydrophilic electron-deficient pyr-
idinium moiety at one end and a hydrophobic electron-rich
anthracene ring at the other end, with an alkyl spacer between
the two units. The CB7 host, with a relatively smaller cavity,
could suitably encapsulate only the pyridinium unit. In con-
trast, the CB8 host with a much larger cavity could easily
encapsulate both pyridinium and anthracene units simulta-
neously, mainly driven by the associated CT interaction
between the two units. The complexation of CB7 with AnPy
eventually led to the formation of solid nanoparticles with
diameters ranging from 400 to 1000 nm. On the other hand,
complexation of CB8 with AnPy resulted in the formation of
nanorods with lengths of a few micrometers and widths of
about 700 nm.

In the present study, as CB7 was used as the host, the
pyridinium unit of AnPy was encapsulated into the host cavity,
and the anthracenyl unit of AnPy remained outside the cavity.
In these cases, the anthracenyl units of different AnPy-CB7
complexes interacted among themselves through n-n stacking,
resulting in the formation of nanoparticles. In contrast, when
CB8 interacted with AnPy, it led to the formation of supra-
molecular polymeric chains through the simultaneous incor-
poration of anthracene and pyridinium units of different AnPy
molecules into the CB8 cavities in a sequential manner. The
polymeric chains thus formed could then interact with each
other, leading to the formation of nanorods. The different
kinds of nanostructures formed involving AnPy-CB7 and
AnPy-CB8 systems are conceptually shown in Scheme 31. The
resulting assemblies were seen to display stimuli responsive
properties and could be assembled and disassembled by applying
external stimuli like temperature and a competitive binder,
demonstrating the potential of these stimulus responsive nano-
structures in drug delivery applications.

Xing and co-workers also reported the formation of different
self-assembled nanostructures in aqueous solution using the
non-covalent interactions of CB7 and CB8 with the amphiphilic
pyridinium-functionalized anthracene (AP) molecule.'*® It was
seen that the CB7 cavity mainly encapsulated the pyridinium
unit, whereas the CB8 cavity encapsulated both the pyridinium
and anthracene moieties simultaneously. The AP-CB7 com-
plexes formed in the system were further self-assembled to
produce spherical nanoparticles with an average diameter of
about 200 nm. On the contrary, the self association of the
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Scheme 31 Chemical structure of the pyridinium-functionalized anthra-
cene (AnPy) molecule, its symbolic model used and the schematic repre-
sentation of the supramolecular assemblies formed by the AnPy—CB7 and
AnPy-CB8 systems. The scheme has been reproduced from ref. 124 with
permission from the Royal Society of Chemistry.

AP-CBS8 complexes led to the formation of the nanorods with
widths of about 400 nm and lengths of several micrometers.
Interestingly, these supramolecular assemblies were also used
by the authors to construct an artificial light-harvesting system
employing Eosin Y (EY) as the energy acceptor. It was seen that
the fabricated light-harvesting system facilitated excitation
energy transfer from the supramolecular assemblies to the EY
units. The present study thus demonstrated that such supra-
molecular nano-assemblies have potential for uses in artificial
light-harvesting systems.

Likewise, Lui et al'*® also reported the host-guest com-
plexation mediated nanoparticle formation involving SCX4 as
the macrocyclic host and the pyridinium-functionalized anthra-
cene molecule, AnPy, as the guest molecule (¢f. Scheme 32). The
nanostructures formed in the present system were charac-
terized using UV-vis, NMR, DLS, and TEM measurements.
The authors showed that the AnPy-SCX4 based supramolecular
assemblies were quite responsive towards temperature change
and they exhibited very efficient photolysis upon irradiation
with visible light in the presence of the photosensitizer, Eosin Y
(EY). This approach may pave the way to construct various
photoresponsive self-assembled materials and apply them in
photodynamic therapy.

0, 5%50 ‘O
Q @ J /4 (i Self-assembly ‘
ol T ey,
SCX4 AnPy

Nanoparticles

Scheme 32 Schematic representation of the nanoparticles formed by
AnPy and SCX4. The scheme has been reproduced from ref. 126 with
permission from the American Chemical Society.
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Liu et al'” reported the formation of supramolecular
nanosheets involving strong host-guest interactions of the
cationic tetranaphthalenyl-methylpyridinium conjugated por-
phyrin (TPOR) guest with the versatile macrocyclic host, CB7.
In these cases, each naphthalenyl moiety of TPOR bound to the
CB7 cavity, forming 4:1 stoichiometric (CB7),~TPOR com-
plexes, which acted effectively as supramolecular amphiphiles
and, thus, underwent self-assembly to provide the nanostruc-
tures in the form of nanosheets (¢f Scheme 33). It was reported
that the (CB7),-TPOR based nanosheets were responsive towards
a competitive guest like 1-adamantanamine hydrochloride.
In addition, these nanosheets also exhibited greatly enhanced
photosensitizing efficiency as compared to that of the sole TPOR
molecules. The authors anticipated that such supramolecular
assemblies with photosensitizing ability would find potential
applications in photodynamic therapy.'*”

Taking a similar perspective, Liu and co-workers'*® reported
the formation of rectangular nanosheets, utilising the CD
based supramolecular polyrotaxane network, prepared from
the Schiff base polycondensation reaction of 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin with the BCD encapsulated
p-phthaldehyde molecule. These supramolecular polyrotaxanes
then self-assembled to form highly ordered two-dimensional
rectangular nanostructures, with average side lengths of about
500 nm (¢f Scheme 34). The nanosheet morphology was
comprehensively characterized by NMR, FT-IR, XRD, TEM,
and SEM measurements. The authors also used these nano-
structures as the heterogeneous catalyst for the photooxidation
of dimethylanthrancene under visible light irradiation, provi-
ding up to about 99% oxidation efficiency. This approach of
preparing supramolecular polyrotaxane networks could be
applied to functional materials and catalytic chemistry.

Very recently, Tang and coworkers reported an excellent
work where the authors constructed diversified supramolecular

Self-assemble

“—y

Scheme 33 Schematic representation of the formation of nanosheets
from the interaction of TPOR with CB7. The scheme has been reproduced
from ref. 50 with permission from the Royal Society of Chemistry.
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Scheme 34 Schematic representation of the formation of rectangular
nanosheets based on B-CD and porphyrins. The scheme has been repro-
duced from ref. 17 with permission from Wiley-VCH Verlag GmbH.

morphologies following the self-assembly of unique supra-
amphiphiles.'* In their study, an aggregation-induced emission
(AIE)-active amphiphilic scaffold was first prepared by functiona-
lizing the 2,5-dimethoxybenzene-1,4-dicarboxaldehyde (DMA)
molecule through the reaction of its two aldehyde groups with
two molecules of an adamantine (Ad) derivative, namely
N-(adamantan-1-yl)-8-bromooctanamide. ~The amphiphilic
scaffold thus prepared, designated as DAdDMA, was then used
to prepare a novel bola-type supra-amphiphile system,
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Scheme 35 (A) The structures of DAADMA and B-CD. (B) Fabrication of
supra-amphiphile DAADMA@2B-CD. (C) Schematic representation of for-
mation of diversified topological morphologies from DAdDMA@2B-CD
supra-amphiphiles. The scheme has been reproduced from ref. 129 with
permission from Wiley-VCH Verlag GmbH.
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DAADMA@2B-CD, utilizing the typical host-guest interactions
of the two Ad groups of the DAADMA molecule with the two
BCD hosts. These supra-amphiphiles subsequently self-
organized to provide various well-defined nano-assemblies,
namely, leaf-like lamellar nanostructures, vesicles, normal
nanofibers, helical nano-fibers, nano-ribbons, and toroids, as
shown in Scheme 35, which were achieved by suitably adjusting
the composition of the mixed solvent systems used in the study,
typically the DMF-water and ethanol-water solvent mixtures,
and also by changing the temperature conditions. The authors
also investigated the light-harvesting properties of these nano-
assemblies and found that the leaf-like lamellar nanostructures
performed much better than other nano-assemblies, and could
provide up to ~94.2% energy transfer efficiency. The work is
expected to stimulate many follow-up works to develop other
similar supramolecular-based functional nanomaterials with
more diversified topological morphologies to make them useful
for many applications, ranging from biotechnology to stimuli-
responsive supramolecular functional materials and designs.

Summary and conclusions

In the current perspective, we have demonstrated the substantial
progress in supramolecular host-guest chemistry from simple
host-guest complexes to advanced supramolecular architectures.
This perspective highlights the various supramolecular nanos-
tructures prepared using macrocyclic hosts, such as cyclodextrins,
cucurbit[n]urils, and calix[n]arenes, by utilizing their chemical
constitutions and structural features and suggesting their future
applications. The complex supramolecular assemblies considered
here are pseudorotaxanes, rotaxanes, polyrotaxanes, supra-
molecular polymers, micelles, vesicles, nanoparticles, nanosheets,
nanorods, etc. Though a simple host-guest system can be obtained
just by the simple mixing of macrocyclic hosts and guest
molecules, the design of complex supramolecular assemblies
with varied morphologies and functions requires the synergetic
integration of various factors like the strength of the host-guest
binding, nature of the macrocyclic hosts and guest molecules
used, their different interaction parameters, preparation condi-
tions, and the ratio of the mole fractions of the guest and host
used in the preparation method.

In the literature, though several reviews on supramolecular
chemistry are available, the assimilation of various supramole-
cular assemblies in one place has not been reviewed yet. Each
subtopic discussed in this perspective is in itself is a central
topic and, thus, discussing each subtopic in great detail is not
possible. However, we have tried our best to comprehensively
overview various supramolecular assemblies, ranging from
simple to progressively complex supramolecular assemblies,
by selecting exciting examples to showcase different supramo-
lecular structures with unique characteristics, as discussed in
this perspective. The various supramolecular assemblies dis-
cussed here are endowed with enhanced aqueous solubility,
good biocompatibility, and impressive responses and amen-
ability towards external stimuli, which can intriguingly offer

26104 | Phys. Chem. Chem. Phys., 2021, 23, 26085-26107

View Article Online

PCCP

enormous potential to these systems for their applications in
diverse areas like biotechnology, medicines, drug delivery,
sensors, functional materials, nanosciences, energy materials
and many others. We hope that this perspective will be a
stimulus for young researchers to carry forward their research
in this fascinating area of supramolecular chemistry to create
new and innovative nanoplatforms which have broad applica-
tions in the bioanalytical, biomedical, and pharmaceutical
sciences. In particular, it should be mentioned that the prac-
tical applicability of supramolecular assemblies in the clinical
sciences is still quite a challenging task. Thus, it is highly
desirable in the subject domain discussed in the present review
article for future research to be carried out into designing
supramolecular assemblies with advanced properties to promote
their clinical applications.
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