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Recent developments in the construction of
metallacycle/metallacage-cored supramolecular
polymers via hierarchical self-assembly

Bo Li,*a Tian He,a Yiqi Fan,a Xinchao Yuan,a Huayu Qiu ab and Shouchun Yin *a

Supramolecular polymers have received considerable attention during the last few decades due to their

scientific value in polymer chemistry and profound implications for future developments of advanced

materials. Discrete supramolecular coordination complexes (SCCs) with well-defined size, shape, and

geometry have been widely employed to construct hierarchical systems by coordination-driven self-

assembly with the spontaneous formation of metal–ligand bonds, which results in the formation of

well-defined two-dimensional (2D) metallacycles or three-dimensional (3D) metallacages with high

functionalities. The incorporation of discrete SCCs into supramolecular polymers by the orthogonal

combination of metal–ligand coordination and other noncovalent interactions or covalent bonding

could further facilitate the construction of novel supramolecular polymers with hierarchical architectures

and multiple functions including controllable uptake and release of guest molecules, providing a flexible

platform for the development of smart materials. In this review, the recent progress in metallacycle/

metallacage-cored supramolecular polymers that were constructed by the combination of metal–ligand

interactions and other orthogonal interactions (including hydrophobic or hydrophilic interactions, hydrogen

bonding, van der Waals forces, p–p stacking, electrostatic interactions, host–guest interactions and covalent

bonding) has been discussed. In addition, the potential applications of metallacycle/metallacage-cored

supramolecular polymers in the areas of light emitting, sensing, bio-imaging, delivery and release, etc., are

also presented.

Introduction

Supramolecular polymers, containing repetitive structural units
formed by highly directional and reversible noncovalent inter-
actions, have received considerable attention during the last
few decades due to their scientific merit in polymer chemistry
and profound implications for future developments of advanced
materials.1–3 In contrast to the traditional polymers on the basis
of covalent bonding, supramolecular polymers exhibit many
unique features because of the dynamic and reversible nature
of noncovalent bonds, such as self-healing, self-adaption, degrad-
ability and stimuli responsiveness, which enable supramolecular
polymers to be ideal candidates for smart materials.4,5 Although a
great number of supramolecular polymers have been successfully
constructed through noncovalent interactions, including hydrogen
bonding, metal–ligand coordination, p–p stacking, electrostatic
interactions, host–guest interactions, etc., the development of new

strategies to construct novel supramolecular polymers with multiple
functions is still highly demanded.

Discrete supramolecular coordination complexes (SCCs) with
well-defined size, shape, and geometry have received much more
attention in recent years, not only for their aesthetic attributes
but also because of their wide applications in host–guest chemistry,
supramolecular polymers, catalysis, biomedicine and so on.6,7

Coordination-driven self-assembly, drawing inspiration from the
design principles of natural systems, has proven to be a feasible
and efficient approach for constructing discrete SCCs, wherein
the spontaneous formation of metal–ligand bonds between
metal acceptors and organic donors results in the formation
of well-defined two-dimensional (2D) metallacycles or three-
dimensional (3D) metallacages by the directionalities of the
building blocks and the stoichiometries of multicomponents.8

Stang,9 Raymond,10 Fujita,11 Mirkin,12 Nitschke,13 Shionoya,14

Newkome,15 Yang,16 and others17 have already developed a
series of rationally designed discrete SCCs with various shapes
including polygonal triangle, square, rectangle, and higher polygonal
2D architectures, as well as cages, prisms, and polyhedral 3D
architectures via coordination-driven self-assembly. Due to the
highly directional and relatively strong metal–ligand bonds,
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the coordination-driven self-assembly strategy offers consider-
able synthetic advantages such as fewer steps, as well as fast
and facile construction of defect-free final products.18 The vast
advantages have equipped these systems with specific properties,
enabling profound implications for future developments in host–
guest chemistry,19 catalysis,20 molecular flasks,21 optical materials,22

chemical sensors,23 bioengineering,24 amphiphilic self-assembly,25

and so on.
The self-assembly of supramolecular polymers with discrete

SCCs by the combination of metal–ligand coordination and
other noncovalent interactions or covalent bonds could realize
the construction of novel functional supramolecular polymers
with hierarchical architectures, wherein coordination-driven
self-assembly can be employed for constructing a metallocyclic
or metallocaged core, while the final supramolecular polymers are
obtained by other interactions. In the hierarchical supramolecular
polymers, the moderate bond energies E15–25 kcal mol�1 of the
metal–ligand interactions endow them with well-defined core
geometry, thus providing precise control over the shape and size
of the final construction as well as the distribution and total
number of incorporated functional moieties.26 This new class of
hybrid materials possess both tunable viscoelastic properties of
polymers and multiple functions that originated from metal com-
plexes. As a consequence of the dynamic character of metal–ligand
interactions, the physical and chemical properties of metallacycle/
metallacage-cored supramolecular polymers can be reversibly
changed in response to various external stimuli, such as pH,
temperature, or stress. These multiple stimuli-responsive pro-
perties induce a large number of exciting functions (such as self-
healing, controllable uptake and release of guest molecules),
enabling a flexible platform for developing smart materials.27

In this review, we will describe the recent developments
in the construction of metallacycle/metallacage-cored supra-
molecular polymers by the combination of metal–ligand interactions
and other orthogonal interactions, including hydrophobic or hydro-
philic interactions, hydrogen bonding, van der Waals forces, p–p
stacking, electrostatic interactions, host–guest interactions, covalent
bonding and multiple orthogonal interactions. Specifically, we focus
on (1) the effects of the number and type of noncovalent interactions
or covalent bonding on the construction of metallacycle/metallacage-
cored supramolecular polymers; (2) the correlation between metal–
ligand coordination and noncovalent interactions for promoting the
properties of the supramolecular assemblies; and (3) the applica-
tions of metallacycle/metallacage-cored supramolecular polymers in
light emitting, sensing, bio-imaging, delivery and release, etc.

Topological superstructures of
metal-cored supramolecular polymers
1. Metallacycle-cored supramolecular polymers

Metallocyclic cores, which provide a scaffold for directing the
formation of dimensionally controllable nanostructures, have a
significant effect on the resulting nanostructured materials
because of the modularity of coordination-driven self-assembly.
Since the construction of metal-cored molecular mode reported

by Fujita and Stang in the early 1990s,28 a wide variety of metalla-
cycles consisting of 2D geometries ranging from triangles and
rhomboids to hexagons have been constructed via coordination-
driven self-assembly. The rigid, complementary precursors with
suitable angles and symmetric structures, and the corresponding
ratios are the basic requirements for the construction of 2D
metallocyclic assemblies, which determine the shape of the metalla-
cycles and the resulting assembly. Different types of ligands, such as
bis-pyridyl, ter-pyridyl and heterotopic ligands, can be utilized as
building blocks for preparing metallocyclic architectures (Table 1).
For instance, a discrete rhomboidal metallacycle could be prepared
from 601 building blocks with the complementary 1201 subunits,
while a hexagonal metallacycle could be produced from 1201
building blocks with the 1201 subunits or 1801 linear units.

The construction of metallacycle-cored supramolecular poly-
mers with higher-order structures and desired functionalities
can be realized by the orthogonal combination of metal–ligand
coordination and other different noncovalent interactions or
covalent bonds. The metal–ligand interactions are the primary
driving force to form discrete metallacycles with precise shape
and size, and then other noncovalent interactions or covalent
bonds introduced by either the pre-assembly strategy (that
employs the building blocks containing both coordination sites
and secondary interaction sites) or the post-assembly strategy
(that employs the building blocks with coordination sites and
reaction sites, wherein the secondary interactions could be
introduced through post-assembly modification reaction) work
as the secondary driving force to construct the higher-order
assemblies. Various noncovalent interactions, such as hydro-
phobic or hydrophilic interactions,29 hydrogen bonding,30 van
der Waals forces,31 p–p stacking,32 electrostatic interactions,33

host–guest complexation,34–37 and covalent bonds,38 can be
used as the secondary driving forces to induce higher-order
metallacycle-cored supramolecular polymeric structures. Some
of the motifs to functionalize supramolecular polymers and the
type of noncovalent interactions and covalent bonds that they
can provide are summarized in Table 2.

Table 1 Different types of ligands utilized as building blocks for the
construction of metallacycles
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Table 2 Summary of the motifs and the responding types of hierarchical orthogonal interactions for constructing metallacycle-cored supramolecular
polymers

Strategy Non-covalent interaction The introduced segments
The resultant assemblies
and materials Ref.

I Metal–ligand coordination,
hydrophilic/hydrophobic effects 29

II Metal–ligand coordination, hydrogen bonding 30

III Metal–ligand coordination, van der Waals forces 31

IV Metal–ligand coordination, p–p stacking 32

V Metal–ligand coordination, electrostatic interactions 33

VI Metal–ligand coordination, host–guest interactions 34–37

VII Metal–ligand coordination, dynamic covalent bonding 38

VIII Multiple orthogonal interactions 39
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1.1 Metallacycle-cored supramolecular polymers constructed
by metal–ligand coordination with other noncovalent interactions

1.1.1 Metallacycles with hydrophobic or hydrophilic effects.
Macrocyclic amphiphiles, containing both hydrophilic and
hydrophobic segments, can spontaneously aggregate to realize
multidimensional and hierarchical self-assemblies, which can
be organized to direct the formation of dimensionally control-
lable supramolecular nanostructures by micro phase separation
of the hydrophilic and hydrophobic groups due to their mutual
repulsion. Because of the modularity of coordination-driven
self-assembly, the combination of hydrophobic or hydrophilic
effects and metal–ligand coordination could endow the given
supramolecular core with tunable properties, which has a signifi-
cant effect on the resulting nanostructured materials. As shown in
Fig. 1, two amphiphilic rhomboids 1 and 2 were prepared from
hydrophobic dicarboxylate ligands decorated with poly(ethylene
glycol) (PEG) units and a 601 organoplatinum(II) acceptor at 1 : 1
ratio driven by coordination-driven self-assembly.29a Then, well-
defined nanostructures were formed by tuning the hydrophilic
segments of the rhombic blocks as well as by controlling the solvent,
reaction time, and concentration. Rhomboids 1 and 2 aggregated
into spherical micellar structures with the diameters ranging from
50 to 100 nm and 70 to 150 nm, respectively, at a concentration of
5.00 � 10�6 M. When the concentration was increased 10-fold,
rhomboid 1 self-assembled into 1D nanofibers (10–50 nm), whereas
rhomboid 2 transformed into 2D nanoribbons. Furthermore,
these amphiphilic rhomboids could generate supramolecular
metallohydrogels at high concentrations of 4.56 wt% for micelle
1 and 5.55 wt% for micelle 2, driven by intermolecular hydro-
phobic and p–p interactions.

The hierarchical self-assembly of small molecules into nano-
sized assemblies with precisely controlled morphology at different
scales (e.g., from molecular to supramolecular and from the nano-
meter to sub-micrometer range) is of great importance in the fields
of nanoscience and nanotechnology, since the morphology
of nanomaterials plays an essential role in determining the
functionality of the final devices. The 3,4,5-tris(alkoxy)phenyl
substituent is a classical hydrophobic group, which can be
introduced into a conjugated planar skeleton to form highly
ordered nanostructures, such as liquid crystals and gels by
means of the hydrophobic interaction of alkyl chains. Yang and
coworkers reported the hierarchical self-assembly of discrete
supramolecular metallacycles decorated with long alkyl chains
aggregating into ordered fibers or spherical nanostructures on
the surface via hydrophobic interactions (Fig. 2).29b Because of
the different number of the alkyl chain and their different
geometrical properties, the resulting supramolecular metallacycles
displayed different morphologies on the surfaces depending on
preparative conditions. For instance, the rhomboid 9 formed
a fibrous morphology in CH2Cl2/CH3OH (1 : 1) solution under
n-hexane diffusion after 84 h, whereas the hexagons 10 and 11
generated nanospheres under the same conditions. Moreover,
by changing the polarity of the solvents, the morphology of the
rhomboidal aggregates can be modulated from a nanofiber
(CH2Cl2/CH3OH, 1 : 1) to a nanosphere (CH2Cl2/CH3OH, 7 : 1).
This finding is of particular significance since it provides a
simple controllable approach for precise morphological control
of the nanostructures of the soft materials by fine-tuning their
hydrophilic/hydrophobic characters.

1.1.2 Metallacycle with hydrogen bonding. Hydrogen bonds,
with an energy typically between 5 and 30 kJ mol�1, are weaker
than covalent and ionic bonds. However, the strength and
directionality of hydrogen bonds can be easily tuned by varying
the number of hydrogen bonds, altering the acidity/basicity and
the order of the donor/acceptor moieties, and controlling
solvent or temperature. Organic molecules containing hydrogen
bonds are structurally robust by virtue of the multiple hydrogen
bonds that can occur between subunits, while metal–ligand

Fig. 1 Self-assembly of (A) 3–5 to give amphiphilic rhomboids 1 and 2, and
(B) 1 and 2 to give 0D micelles, 1D nanofibers, and 2D nanoribbons. Reprinted
with permission from ref. 29a, Copyright 2013 American Chemical Society.

Fig. 2 Various nanostructures formed by compounds 9–11. Reprinted
with permission from ref. 29b, Copyright 2014 Wiley-VCH.
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coordination with coordination sites and Lewis basic moieties is
a valuable method to organize the molecular precursors with
directionalities, which determines the structure of the resultant
aggregates. By combining these two directional-bonding approaches
into a single system, it is possible to generate hierarchical supra-
molecular materials with attractive tunability.

2-Ureido-4-pyrimidinone (UPy), developed by Meijer and
coworkers, is a well-defined self-complementary quadruple
hydrogen bonding motif.41a Owing to the high thermodynamic
stability (DG = B10 kcal mol�1; kdimer 4 107 M�1 in chloro-
form) and rapid kinetic reversibility (koff = B8 s�1), the UPy
motif could combine with metal acceptors via coordination-
driven self-assembly, forming metallacycles decorated with a
number of pendant hydrogen bonding sites, wherein the
hydrogen bonding could be further employed for linking the
metallacycles into supramolecular polymers. This goal was
achieved by Huang et al., who reported a novel method for
hierarchical self-assembly of supramolecular polymers by combining
the coordination-driven self-assembly and the quadruple hydrogen
bonding.30a A [2+2] rhomboid 13 from a 601 organoplatinum(II)-
acceptor 3 and a 1201 UPy-functionalized donor 12 and a hexagonal
metallacycle 14 from the [3+3] assembly of a 1201 organoplatinum(II)-
acceptor 7 and the same 1201 donor have been formed via the
coordination driven self-assembly. Subsequently, linear chain
(for rhomboids) or cross-linked (for hexagons) supramolecular
polymers were obtained through the hydrogen-bonding of the
UPy-units (Fig. 3). In addition, the rigid metallocyclic cores can
avoid the formation of low-molecular weight cyclic oligomers,
which increased the efficacy of formation and improved the
properties of the resultant supramolecular polymer materials.
Moreover, upon swelling in organic solvents for the hexagonal
networks, viscoelastic gels formed and further led to long,
macroscopic fibers, which possessed enough strength and flexibility
to permit the construction of stable knots. The combination of UPy
motifs and metal–ligand interactions in a single process by the
hierarchical polymerization of metallacycles is a promising method
for constructing novel functional materials with different topologies.

Dendronized polymers (DPs) have received particular attention
in recent years owing to their promising applications in the fields
of electronic materials, liquid crystals, siRNA delivery, and so
on.41b–d By utilizing a UPy motif, Huang and coworkers prepared
a series of metallacycle-cored dendritic supramolecular poly-
mers by the unification of coordination-driven self-assembly
with hydrogen bonding (Fig. 4).30b The rhomboidal metalloden-
drimer 18 with pendant UPy groups at its vertices was obtained
by coordination-driven self-assembly of a Frechet-type dendron-
functionalized 601 organo-Pt(II) acceptor 17 and a UPy-functionalized
donor 12, which facilitates the formation of metallacycle-cored
dendritic supramolecular polymer 19 via intermolecular UPy
hydrogen bonding. The sizes of these dendritic supramolecular
polymers are highly dependent on the generation number of the
attached dendrons. TEM morphological studies showed that
the dendritic supramolecular polymer 19 aggregated into single
polymeric chain nanofibers with a molecular width of B6.00 nm
that subsequently formed laterally associated fiber bundles in
CH2Cl2. However, the same species maintained a monomeric

nature in DMSO, presumably because of the disruption of inter-
molecular hydrogen-bonding by the polar solvent. These dendritic
supramolecular polymers possess both the structural properties of
conventional dendronized polymers and dynamic reversibility of
supramolecular polymers.

1.1.3 Metallacycle with van der Waals forces. Compared with
hydrogen bonds or metal-coordination bonds, van der Waals
interactions are neither strong nor directional, but they widely
exist in nature and play a crucial role in the fields of supra-
molecular chemistry, structural biology, nanotechnology, surface
science, and so on. Cholesterol, which possesses unique self-
aggregation properties due to weak van der Waals interactions,
is a fascinating molecule for the construction of liquid crystals,
supramolecular gels, and ordered nanomaterials.42 Yang and
coworkers prepared two rhomboidal metallacycles 22 and 23
from 1201 cholesteryl-containing dipyridyl donor ligands 20 and
21 with a 601 di-Pt(II) acceptor 3, which further aggregated in
CH2Cl2/CH3OH mixtures through van der Waals interactions
and hydrogen bonding (Fig. 5).31a SEM study revealed that the
aggregation morphologies of the rhomboidal metallacycles were
greatly dependent on the solvent polarity. Helical bundles and

Fig. 3 Cartoon representation of the formation of (A) UPy-functionalized
rhomboid 13 and hexagon 14, and (B) a linear supramolecular polyrhomboid
and a cross-linked three dimensional supramolecular polymeric network from
the self-assembly of rhomboid 13 and hexagon 14, respectively. Reprinted
with permission from ref. 30a, Copyright 2013 National Academy of
Sciences (USA).
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flower shaped structures were obtained for the rhomboidal
metallacycle 22 in different ratios of the CH2Cl2/CH3OH mixture.
Interesting morphological transformations had been observed by
evaporation of the solvents, which was due to the polarity change
of the mixed solvents during evaporation. A reverse vesicle–
tadpole–vesicle transformation was also observed by diluting
the solution of metallacyle 23 with dichloromethane, indicating
the reversibility of this transformation process.

1.1.4 Metallacycle with p–p stacking interactions. p–p stacking
interactions, occurring between electron-rich aromatic rings
and electron-deficient aromatic rings, are important in nucleobase
stacking within DNA and RNA molecules, protein folding, template-
directed synthesis and molecular recognition.43 The electron cloud
distribution and energy transfer of stacking aromatic groups can be
altered under external stimuli, such as pH, temperature and
illumination, which will change the wavelength of emission
light from the chromophore. Due to the responsiveness of p–p
stacking interactions, smart, stimuli-responsive metallacycle-
cored soft materials can be fabricated via the orthogonal
combination of p–p stacking and metal–ligand interactions,
extending the applications of supramolecular polymers in OLEDs,

sensors, probes, etc.44 Fig. 6 displays that the supramolecular
metallodendrimer 25 containing a well-defined metallacycle as
the core can hierarchically self-assemble into stable supramolecular
gels via the combination of p–p stacking and metal–ligand
coordination.32 Because of the dynamic nature of the metal–ligand
bond and responsiveness of p–p stacking interactions, these supra-
molecular gels could undergo reversible sol–gel phase transitions
through the reversible assembly and disassembly of rhomboidal
metallacycles, which are induced by bromide ions.

1.1.5 Metallacycle with electrostatic interactions. Electrostatic
interactions, giving rise to oppositely charged ions, anions and
cations, are a class of wide spread noncovalent interactions in
nature. The self-assembly of simple precursors into complex
supramolecular architectures via electrostatic interactions has
been widely employed in the construction of helical nanoribbons,
monolayers and molecular capsules.33a,b The high density of
ionic charges in the self-assembly leads to functional materials
with significant stability and mechanical strength, which is also
important in determining the structure, dynamics, and function
of biomolecules. By properly selecting suitable negatively charged
complexes with positively charged metallacycles, higher-ordered
supramolecular aggregates can be constructed based on the
combination of metal–ligand coordination and electrostatic

Fig. 4 (A) Synthesis of dendronized polymers of UPy-functionalized
rhomboid 18. (B) Modeling of the linear supramolecular polymers by
PM6 semiempirical molecular orbital methods. TEM images of aggregates
of 18 obtained from (C) CH2Cl2 and (D) DMSO. Reprinted with permission
from ref. 30b, Copyright 2013 American Chemical Society.

Fig. 5 (A) Graphical representation of the [2+2] rhomboidal metallacycles
22 and 23. SEM images of the aggregates of rhomboidal metallacycles 22
(B) and 23 (C) formed in the CH2Cl2/CH3OH mixtures containing 0% (a),
10% (b), 20% (c), 25% (d), 30% (e), 35% (f), 40% (g), 45% (h), 50% (i), 55% (j),
65% (k), 70% (l), 80% (m), 90% (n), and 100% (o) methanol. Reprinted with
permission from ref. 31a, Copyright 2016 the Partner Organisations.
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interactions, and also extend the application in biosystems and
medical fields.

Tobacco mosaic virus (TMV) with one-dimensional (1D) rod-
like structure measures 300 nm in length and 18 nm in
diameter, has a cavity 4.0 nm in diameter, and is comprised
of 2130 identical coat proteins helically arranged around its
RNA.46 The isoelectric point (pI) of TMV is B3.5, showing that
it is negatively charged under neutral conditions. The mono-
dispersed physicochemical properties and anisotropic morphology
make TMV an ideal building block for hierarchical assemblies.
Niu, Stang and coworkers constructed 3D micrometer-sized bundle-
like biohybrid superstructures by hierarchical self-assembly of TMV
and 2D discrete tetraphenylethylene (TPE)-based organoplatinum(II)
metallacycle 26 via multiple electrostatic interactions (Fig. 7).33c

Owing to the nanoconfinement effect of the resultant biohybrid
complexes and the aggregation-induced emission (AIE) activity of
the TPE units, a dramatic fluorescence enhancement had been
achieved upon the addition of TMV. Moreover, the addition of
tetrabutylammonium bromide (TBAB) resulted in the disassembly
of these biohybrid complexes and the subsequent release of the
rod-like virus by disrupting the core 26. This strategy is general and
also works for other protein-based species, such as bacteriophage
M13 and ferritin, which provides new routes for the construction
of functional biohybrid complexes as dynamic optical materials or
biocarriers.

Boron dipyrromethene dyes (Bodipys) are attractive fluoro-
phores because of their excellent photophysical properties such
as bright photoluminescence with high quantum yields, strong
photo- and chemostability, sharp absorption-fluorescence spectra,
extraordinary color tunability through appropriate exocyclic
substitution, and so on. Fig. 8 displays a highly ordered multi-
chromophoric 3D supramolecular network through a self-associative
reaction from a Bodipy based on the metallosupramolecular
rhomboid cavity (274+) and the tetra-anionic linker 1,3,6,8-tetra-
sulfonate pyrene (4SPy4).33d The crystal structure showed the
formation of a cross-linked, highly ordered parallel linear

multichromophoric pattern, wherein the Bodipy dipoles of
the alternate rhomboids face parallel to each other and are
aligned nearly perpendicular to the linkers’ (4SPy4) plane. Each
anionic unit (4SPy4) is linked radially with four rhomboids via
electrostatic interactions between the sulfonate groups of 4SPy4

and the apical position of 274+. The results of absorption-
fluorescence spectroscopy demonstrated that highly efficient
energy transfer and polarization switching can be obtain between
the linker (4SPy4) and the Bodipy dyes of 274+. The experiments of
fluorescence anisotropy decay of 274+ suggested that the Bodipy
dipoles could retain high collinearity in the oligomeric assemblies
as well as in solution, which was consistent with the results of the
crystal structure.

Fig. 6 Self-assembly of dendritic donor 24 and acceptor 3 into rhomboid
25. Reprinted with permission from ref. 32, Copyright 2013 Wiley-VCH.

Fig. 7 Cartoon representation of the formation of a light-emitting metal–
organic biohybrid complex via hierarchical self-assembly of a discrete
organoplatinum(II) metallacycle and tobacco mosaic virus. Reprinted with
permission from ref. 33c, Copyright 2016 American Chemical Society.

Fig. 8 Schematic illustration of the formation of a highly ordered multi-
chromophoric network from a metallosupramolecular rhomboid cavity
(274+) and the tetra-anionic linker 1,3,6,8-tetrasulfonate pyrene (4SPy4).
Reprinted with permission from ref. 33d, Copyright 2016 The Royal Society
of Chemistry.

ChemComm Feature Article

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

20
19

 2
:4

4:
48

 A
M

. 
View Article Online

https://doi.org/10.1039/c9cc02472g


This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 8036--8059 | 8043

1.1.6 Metallacycle with host–guest interactions. Host–guest
interactions, a typical non-covalent interaction, have been
employed to hold two or more molecules or ions together in
certain structures, which are normally generated by the integrated
interactions of hydrogen bonds, p–p stacking, ion–dipole and
hydrophobic interactions, and so forth. But different from
hydrogen bonding interactions, p–p stacking and electrostatic
interactions, host–guest interactions possess better directional
and non-self-complementary properties. Thus, the combination
of host–guest interactions with metal–ligand coordination is an
efficient approach for the hierarchical self-assembly of functional
complex architectures.47 The common host molecules for the
fabrication of host–guest interactions include crown ethers,34

pillar[n]arenes,35 cucurbit[8]urils (CB[8]s),36 and cyclodextrins
(CDs),37 while guest molecules are generally organic compounds
that can be encapsulated in the cavity of the hosts. Solvent is
also crucial for the hierarchical self-assembly; for example,
crown ether- and pillararene-based hierarchical self-assembly is
mainly generated in organic solvents, like chloroform, acetone,
and acetonitrile, while an aqueous solution is more suitable for
cyclodextrin- and cucurbituril-based hierarchical self-assembly.

Crown ether-based metallacycle-cored supramolecular polymers.
Crown ethers are cyclic chemical compounds, which consist of a
ring with several ether groups. Due to the specific binding
selectivity and controllable strength towards a wide range of metal
ions and organic salts (such as K+, dibenzylammonium, and the
paraquat (N,N0-dimethyl-4,40-bipyridinium) dication), crown ethers
have been widely utilized for the preparation of high efficiency and
convenient stimuli-responsive supramolecular polymeric materials
with remarkable topological structures based on hierarchical
self-assembly of metal–ligand coordination and host–guest
interactions.48 As shown in Fig. 9, a [2]pseudorotaxane host–
guest complexation of a hexagonal organoplatinum(II) metallacycle
30 linked with a benzo-21-crown-7 moiety and a bisammonium salt
31 was prepared for the construction of a cross-linked supra-
molecular polymer network by the unification of metal–ligand
coordination and host–guest interactions.34a The resulting 3D
supramolecular network transformed into a thermoreversible
gel at concentrations of over 20 mM. The specifically reversible
gel-to-sol transition was achieved via the addition and removal
of KPF6, which reflected dynamic and tunable properties of this
supramolecular polymeric material. Utilizing a similar strategy,
Yang and coworkers reported another cross-linked supramolecular
polymer containing two well-defined hexagonal metallacycles 34
and 35 constructed from a four component system by a self-sorting
strategy (Fig. 10).34b The resultant cross-linked supramolecular
polymer could transform into a stable metallogel at a con-
centration of 10.0 mM, which displayed reversible gel–sol
transitions under various external stimuli, including halide,
base, and competitive guest.

Pillararene-based metallacycle-cored supramolecular polymers.
Pillar[n]arene based host–guest interactions, which were first
reported by Ogoshi in 2008, have become an important driving
force to promote the development of supramolecular chemistry.49

Due to the rigid and symmetrical structure and easy modification

of intrinsic characteristics, pillar[n]arenes are suitably utilized as
excellent host molecules for the fabrication of host–guest
complexes and supramolecular polymers with not only cationic
molecules but also neutral guests.50 By selecting suitable metalla-
cycle functionalized pillar[n]arene species and the corresponding
building blocks, the construction of multiple pillar[n]arene
derivative metallacycle-cored supramolecular polymers with
well-designed shape and size can be realized by taking advantage
of the coordination-driven self-assembly and host–guest inter-
actions. Yang and coworkers reported the construction of cross-
linked supramolecular polymers via hierarchical self-assembly

Fig. 9 Preparation of metallacycle 30 and its host–guest complexation
with a bisammonium salt 31 forming a supramolecular polymeric network.
Reprinted with permission from ref. 34a, Copyright 2014 American
Chemical Society.

Fig. 10 Schematic of the construction of cross-linked supramolecular
polymers through the stepwise approach and the one-pot approach.
Reprinted with permission from ref. 34b, Copyright 2015, The Royal
Society of Chemistry.

Feature Article ChemComm

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

20
19

 2
:4

4:
48

 A
M

. 
View Article Online

https://doi.org/10.1039/c9cc02472g


8044 | Chem. Commun., 2019, 55, 8036--8059 This journal is©The Royal Society of Chemistry 2019

from hexakispillar[5]arene metallacycles mainly based on host–
guest interactions and metal–ligand coordination.35a A 1201
pillar[5]arene 37 containing a dipyridyl donor was combined
with the corresponding complementary 1801 di-Pt(II) acceptors 9
and 38 with different lengths for the formation of different sized
hexakis-pillar[5]arene metallacycles 39 and 40 via coordination-
driven self-assembly, respectively, which were subsequently
complexed with a series of different neutral ditopic guests to
construct the cross-linked supramolecular polymers (Fig. 11).
These supramolecular polymers transformed into stable supra-
molecular metallogels at relatively high concentrations. Further-
more, by taking advantage of the dynamic nature of Pt–N bonds
and host–guest interactions, the reversible multiple stimuli-
responsive gel–sol phase transitions could be realized through
the disassembly and reassembly of the cross-linked supramolecular
polymer networks upon application of different stimuli, including
temperature, halide, competitive guest, etc.

Host molecule 41 composed of four terpyridine moieties at
the four corners and a copillar[5]arene unit as the linking spacer
was employed for constructing the cross-linked dimeric hexagonal
supramolecular polymer through the orthogonal self-assembly of
metal–ligand coordination and host–guest interaction by Ning’s
group.35b Based on the coordination of terpyridine moieties
in 41 towards the zinc ion and the host–guest interactions
of pillar[5]arene in 41 towards neutral guest molecule 42, the
cross-linked supramolecular polymer was constructed, while
altering the adding sequence of zinc(II) ion and the guest
molecule 42 could change the morphology of the self-assembled
structure from a porous flower-like structure to an amorphous

porous structure (Fig. 12). The reversible stimuli responsive
property of this supramolecular complex could be achieved by
introducing the stronger Zn2+ chelating ligand cyclen.

AIEgens can endow the supramolecular polymers with AIE
properties while maintaining their dynamic, reversible, and
stimuli-responsive properties owing to the reversible and tunable
nature of noncovalent interactions. Thus, introducing an AIEgen
unit into a metallacycle to construct metallosupramolecular
architectures with AIE properties and multiple stimuli-responsive
features could be easily achieved via orthogonal interactions. Yang
and coworkers constructed two cross-linked AIE supramolecular
polymer gels with multiple stimuli-responsive behaviours through
hierarchical self-assembly involving metal–ligand coordination
and host–guest interactions.35c A rhomboidal metallacycle 47
with four pillar[5]arene units and a hexagonal metallacycle 48
with six pillar[5]arene units were prepared by the metal–ligand
coordination of a dipyridyl donor 46 containing a TPE scaffold
and two pillar[5]arene units (Fig. 13). The cross-linked supra-
molecular polymers were formed through host–guest inter-
actions, and further transformed into supramolecular polymer
gels under higher concentration, which displayed AIE properties
due to the restriction of TPE intramolecular motions within 3D

Fig. 11 Graphical representation of (A) the self-assembled hexakis-
pillar[5]arene metallacycles 39 and 40, and (B) the formation of supra-
molecular polymer gels from metallacycles 39 and 40. Reprinted with
permission from ref. 35a, Copyright 2014 American Chemical Society.

Fig. 12 Schematic illustration of the metal–ligand coordination of host 41
and metal ion Zn2+, host–guest interactions between host 41 and guest
molecule 42, and the orthogonal self-assembly of the three components.
Reprinted with permission from ref. 35b, Copyright 2016 Wiley-VCH.
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polymeric networks. Moreover, by taking advantage of the
dynamic nature of both metal coordination bonds and host–
guest interactions, these supramolecular polymer gels displayed
multiple stimuli-responsive gel–sol transitions upon different
external stimuli, such as temperature, competitive guest molecules,
and halides, along with the ‘‘on–off’’ of fluorescence, showing great
potential for utilization in the fields of molecular sensors, drug
delivery, biological imaging, and so on.

Cucurbit[n]uril (CB[8])-based metallacycle-cored supramolecular
polymers. Cucurbit[n]urils (CB[n], n = 5–8, 10, 14), having repetitive
glycoluril (–C4H2N4O2–) monomers interconnected by methylene
bridges (–CH2–), are another important type of water-soluble
macrocyclic hosts. CBs can bind a variety of neutral or positively
charged guests with very high binding constants, which offers
opportunities for the development of new supramolecular
polymers.51 The binding mode of CB[n]s and guest is reasoned
that the function mechanism occurs through hydrophobic inter-
actions or cation–dipole interactions in the case of cationic guests,
and the physicochemical properties of guest molecules can be
adjusted by CB[n]s upon forming the host–guest complexes.
Among the CB[n] homologues, CB[8] is capable of accommodating
two guest molecules in its relatively large cavity in water, which
makes CB[8] widely used as the host for the preparation of
microcapsules for on-demand release, tunable emission, supra-
molecular polymerization, protein dimerization, enzymatic activity,
etc.52 As shown in Fig. 14, the combined metal–ligand coordination
of the organoplatinum(II) ’ pyridyl with CB[8]-mediated host–guest
interactions was employed for preparing a metallacycle-cored
carbohydrate cluster, which subsequently formed nanospheres
and tapes depending upon the concentration.36 In these hierarchical
nanostructures, the water-soluble metallosupramolecular hexagon
containing pendant methyl viologen (MV) and trimethylammonium
units at the vertices was synthesized via the coordination-driven

self-assembly, which provided the first level of organization,
while host–guest interaction and hydrogen bonding derived from
CB[8] with a galactose-functionalized naphthalene derivative
enabled the higher-order organization of heteroternary complexation
for forming 53 with tape-like morphology, which endows them with
interesting biofunctions.

Cyclodextrin (CD)-based metallacycle-cored supramolecular
polymers. Cyclodextrins (CDs) are water-soluble cyclic oligomers
built up from six, seven, or eight glucopyranose units, linked by
a-(1–4)-glycosidic linkages, named a-, b-, and g-cyclodextrins,
respectively.53 Due to the hydrophobic cavities, CDs can form
complexes with hydrophobic compounds in water, which highly
enhances the solubility and bioavailability of these compounds.
The combination of CD-mediated host–guest recognition and
metal–ligand coordination in the hybrid system could efficiently
prepare supramolecular gels with multiple stimuli-responsive
features, such as metal ions, competitive guest/host molecules, and
oxidants. Chan and coworkers constructed triangular terpyridine-
based metallacycles functionalized with 1-adamantyl and ferrocenyl
groups by coordination-driven self-assembly, wherein the host–
guest interactions between the metallacycles and b-CD-containing
copolymers resulted in a series of novel supramolecular gels with
multiple stimuli-responsive features (Fig. 15).37 Furthermore, these
complexes can also be used as stimuli-responsive molecular glue for
adhering the supramolecular gel blocks bearing b-CD by the adhe-
sion tests. This work provides an efficient approach for the facile
construction of functional metallosupramolecular hybrid materials
by the orthogonal combination of metal–ligand coordination and
host–guest interactions.

1.2 Metallacycle-cored supramolecular polymers constructed
by metal–ligand coordination with covalent bonding. The
combination of metal–ligand coordination and covalent bonding
endows the supramolecular assemblies not only the reversibility
of noncovalent interactions, but also the robustness of covalent
bonds, which could be extensively employed to prepare functional
materials with interesting properties, such as mechanical stability,
self-healing, stimuli-responsiveness, etc.54 As shown in Fig. 16,
the well-defined M12L24 spherical frameworks 58 containing

Fig. 13 Graphical representation of (A) the self-assembled metallacycles
47 and 48, and (B) the disassembly of supramolecular polymer gels induced
by the stimuli of a competitive guest and bromide anion. Reprinted with
permission from ref. 35c, Copyright 2018, The Royal Society of Chemistry.

Fig. 14 Cartoon representation of preparation of discrete metallacyclic
hexagon 51 and the formation of heteroternary host–guest complex 53
from 51, CB[8], and NG. Reprinted with permission from ref. 36, Copyright
2018 American Chemical Society.
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fork-like mesogens on the surface of the spheres, connected via
flexible tri-(ethylene glycol) spacers, exhibited lyotropic liquid
crystalline behavior (smectic phases) in DMF.38a The spherical
complexes/polymer hybrid liquid crystalline nanostructured gels
with self-healing properties were obtained through the formation
of dynamic covalent bonds between the aldehyde groups of 59
and the hydrazide moieties of 60. The self-healing property of the
gel was attributed to the dynamic character of the acylhydrazone
linkages, and the liquid crystalline assembly was retained even
in the gel phase. Moreover, functionalization of the liquid
crystalline spherical complexes and gels could be realized via

modification of the inner cavity of the spheres. This study will
open a new way for preparing self-healing materials without
compromising the mechanical strength by combining liquid
crystals and the dynamics and host–guest chemistry of spherical
complexes in supramolecular and materials science.

The post-assembly modification strategy has been success-
fully employed in the construction of discrete metallosupra-
molecular assemblies, such as metal–organic frameworks (MOFs),
mechanically interlocked systems, covalently modified polymers,
etc., which can be obtained through simple covalent reaction or
supramolecular transformation.55 This strategy allows for fine-
tuning the structure of supramolecular species, thus leading to
higher order complexity and additional functionality after
the initial self-assembly. Yang and coworkers constructed star
supramolecular polymers containing well-defined metallacycles
as cores via the combination of coordination-driven self-assembly
and post-assembly polymerization (reversible addition–frag-
mentation chain-transfer (RAFT) polymerization).38b The hexa-
gonal metallacycle decorated with three chain transfer agents
(CTAs) at alternative vertexes was prepared from a 1201 dipyridyl
building block 61 and the corresponding complementary 1201
di-Pt(II) acceptors by coordination-driven self-assembly with a
quantitative yield (Fig. 17). The tris-CTAs metallacycle 63 was
then employed to prepare a supramolecular star polymer 64
through the controlled radical polymerization of N-isopropyl
acrylamide (NIPAAM), which displayed lower critical solution
temperature behavior in water due to the existence of poly-
(N-isopropylacrylamide) (PNIPAAM) moieties. Moreover, the
resultant star polymer could further form supramolecular polymer
hyd rogels cross-linked by organoplatinum(II) metallacycles at room
temperature without the heating–cooling process. Interestingly, the
obtained polymeric hydrogels exhibited stimuli-responsive behavior
toward temperature and bromide anion as well as self-healing
property by taking advantage of the dynamic nature of Pt–N bonds
in the hexagonal metallacycle. This work provides a novel
strategy for the preparation of functional materials containing
well-defined discrete metallosupramolecular architectures by
merging coordination-driven self-assembly and post-assembly
polymerization.

1.3 Metallacycle-cored supramolecular polymers constructed
by multiple orthogonal interactions. The utilization of multiple
orthogonal interactions to construct supramolecular polymer

Fig. 15 Schematic illustration of supramolecular gels constructed through
hierarchical self-assembly based on metal–ligand complexation and host–
guest recognition. Reprinted with permission from ref. 37, Copyright 2018
Wiley-VCH.

Fig. 16 Schematic illustration of the formation of a LC polymer gel from
58. Reprinted with permission from ref. 38a, Copyright 2017 Wiley-VCH.

Fig. 17 Graphical representation of synthesis of an organoplatinum(II)
metallacycle 63 and a star supramolecular polymer 64. Reprinted with
permission from ref. 38b, Copyright 2016 American Chemical Society.
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systems provides advantages over conventional strategies that
employ only one type of non-covalent interaction, as much more
complex architectures may be obtained. Stang and coworkers
presented an efficient strategy for preparing functionalizable
supramolecular polymers by combining triple orthogonal non-
covalent interactions, metal–ligand coordination, hydrogen
bonding, and host–guest interactions, in a single system.39a The
hexagonal metallacycle 67 decorated with 2-ureido-4-pyrimidinone
(UPy) and benzo-21-crown-7 (B21C7) groups at the periphery was
formed via the organoplatinum ’ pyridyl coordination-driven
self-assembly (Fig. 18). The self-complementary hydrogen-
bonding between the UPy groups led to a supramolecular
polymer network with a hexagonal metallacycle as the cavity
cored, wherein the B21C7 groups remain available for additional
post functionalization. The final host–guest interaction was
demonstrated using one of two dialkylammonium molecules
containing fluorophores that bind to the B21C7 groups of the
acceptors, providing a spectroscopic handle to evaluate the
functionalization. The resultant supramolecular polymer net-
work could form self-healing gels at high concentrations or
upon solvent swelling. Moreover, the light-emitting properties
of the dialkylammonium substrates were transferred to the
network via dialkyl ammonium based host–guest interactions.
As the host–guest interactions of crown ether-dialkylammonium
salts do not interfere with the coordination or hydrogen bonding,
the combination of these three orthogonal interactions displays a
highly efficient strategy to prepare supramolecular polymeric
materials with desirable functionality. Supramolecular copolymers (SCs), comprised of two different

monomers, can be tailored by individual building blocks and
thereby may endow the resulting SCs with increased structural
and functional complexity. Huang and coworkers utilized an
orthogonal strategy of combining multiple noncovalent inter-
actions, metal coordination, host–guest chemistry, and multiple
hydrogen bonding interactions, for preparing a linear SC comprising
mechanically interlocked segments with hydrogen-bonding metal-
lorhomboidal units (Fig. 19).39b The UPy-functionalized mechanically
interlocked subunit 69 and rhomboid 70 were prepared by crown-
ether-based [2]rotaxane host–guest interactions and the Pt(II) ’

pyridyl directional bonding approaches, respectively. Owing to the
presence of self-complementary UPy units, a homogeneous linear SC
randomly linked by mechanically interlocked moieties and
hydrogen-bonding metallacycles was formed by mixing the UPy-
functionalized [2]rotaxane and UPy decorated metallacycle at 1 : 1
ratio in CH2Cl2 solution. The thermal stability and diffusion coeffi-
cient of the resulting SC were approximately the average of the linear
supramolecular polymers of 69 and 70. Controlling the structural
and functional properties of both precursors in the SC, the resultant
material could benefit from the unique functionalities and growing
complexity introduced by hierarchical self-assembly. This study
demonstrates that the utilization of the orthogonal strategy based
on noncovalent bonds offers advantages over covalent methods for
obtaining complicated and advanced structures in a highly modular
fashion.

Chiral self-assembly plays crucial roles in biological systems
and materials science,40 wherein the self-assemblies of the chiral
building blocks can be realized via noncovalent interactions,

Fig. 18 Hierarchical self-assembly of 65, 66 and 68 via triply orthogonal
noncovalent interactions. Reprinted with permission from ref. 39a, Copyright
2016 American Chemical Society.

Fig. 19 Cartoon representation of formation of supramolecular copolymers
by 69 and 70. Reprinted with permission from ref. 39b, Copyright 2016
American Chemical Society.
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and the microscopic supramolecular chirality of the resultant
nanostructures can be determined by the molecular chirality of
the building blocks. Li and coworkers prepared a series of
alanine-based chiral metallacycles, rhomboids 74D and 74L and
hexagons 75D and 75L for the fabrication of chiral nanostructures
by coordination-driven self-assembly. The metallacycles sub-
sequently self-assembled to form uniform, well-defined nano-
spheres at a low concentration in methanol, which further
interacted to generate chiral metallogels at a high concentration
driven by hydrophobic interactions, hydrogen bonding and p–p
interactions (Fig. 20).39c Interestingly, the molecular chirality of
the alanine-based metallacycles transformed into supramolecular
chirality via the formation of helixes during the metallogelation
process. This research offers a novel way for developing functional
materials with precise control of the chirality of the resultant
supramolecular nanostructures.

2. Metallacage-cored supramolecular polymers

In addition to the preparation of discrete 2D metallacycles,
coordination-driven self-assembly has also proven to be an
efficient strategy for the construction of 3D metallacages with
well-defined shape and size. Metallacages are a diverse class of
self-assembled structures that possess internal cavities able to
selectively encapsulate guest molecules (Table 3). In general, the
metallacage-cored supramolecular polymers feature outstanding
applications in the fields of sensing, storage, separation, delivery,
catalysis, etc.56 During the last few years, there has been increased
attention towards the construction of well-defined metallacage-
cored supramolecular polymers.57–59

2.1 Metallacage-cored supramolecular polymers constructed
by noncovalent interactions. Metallacages represent an important
class of structures in metal-coordination-driven chemistry not only
due to their appealing structures but also because they can work as
‘‘molecular flasks’’ for chemical reactions, benefiting guest mole-
cules with reactivities different from those in bulk solutions. Fig. 21
shows a discrete supramolecular metallacage 77 functionalized
with an alkynylplatinum(II) 2,6-bis-(benzimidazole-20-yl)-pyridine
(bzimpy) moiety via coordination-driven self-assembly, which
displayed a switchable emission color from pale-yellow to orange-
red in different dimethylformamide (DMF)/water (H2O) solvent
compositions induced by the intermolecular Pt� � �Pt and p–p
stacking interactions.58a It should be noted that the fluorescent
metallacage has been very attractive in the drug-delivery field
through host–guest interactions because it could be realtime-
monitored in biological environments via fluorescence microscopy.
Moreover, the resultant metallacage could further spontaneously

Fig. 20 Self-assembly of (A) rhomboids 74D/74L and hexagons 75D/75L,
and (B) 74D/74L and 75D/75L to give nanospheres and nanofibers. Reprinted
with permission from ref. 39c, Copyright 2018 American Chemical Society.

Table 3 Different types of ligands utilized as building blocks for the
construction of metallacages. ‘‘Tri’’ represents tritopic subunits; ‘‘Di’’ represents
ditopic subunits

Fig. 21 Self-assembly of dipyridyl donor 76 with a palladium(II) acceptor
into supramolecular metallacage 77. Reprinted with permission from
ref. 58a, Copyright 2018 American Chemical Society.
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self-assemble into a stable supramolecular metallogel at room
temperature without a heating–cooling process.

Due to tetraphenylethene (TPE) and its derivatives exhibiting
AIE properties with efficient light emission in the aggregate
state, the construction of supramolecular polymer gels with
highly emissive properties could be achieved by incorporating
metallacages with TPE motifs. Zhang, Yin, Stang and coworkers
prepared a fluorescent metallacage-cored supramolecular gel
via the orthogonal self-assembly of metal–ligand coordination
and host–guest interactions between 21-crown-7 (21C7) and
ammonium salts.58b A tetragonal prismatic cage 82 with four
appended 21C7 moieties in its pillar parts was prepared by the
metal–ligand coordination of TPE-based sodium benzoate 78,
cis-Pt(PEt3)2(OTf)2 79, and 21C7 appendant dipyridyl ligand 80,
and then complexed with a bisammonium linker to form a
supramolecular polymer network via host–guest interactions, which
formed a supramolecular gel at relatively high concentrations
(Fig. 22). High emission had been achieved due to the incorporation
of metallacages with TPE derivatives, which avoided the
fluorescence quenching caused by the highly aggregated state
of molecules in gels. Owing to the dynamic metal–ligand
coordination and host–guest interactions used to stabilize the
whole network structure, the supramolecular gels exhibited
reversible gel–sol transitions induced by heat and potassium
ions. The introduction of metallacages with a TPE derivative as
junctions not only benefited the emission properties but also
enhanced the stiffness of the gel, as well as improved the self-
healing properties of the gel. This strategy provides an efficient

approach to enrich the functionalization of fluorescent metal-
lacages via elegant ligand design and opens a new avenue for
the preparation of stimuli-responsive and self-healing supra-
molecular gels as smart materials.

Recently, a similar supramolecular metallacage network 85
was reported by Sun et al., which was prepared from tetra-
(4-pyridylphenyl)ethylene (TPPE), dicarboxylate moieties, and
cis-(PEt3)2Pt(OTf)2 (Fig. 23).58c Interestingly, by investigating the
interactions between metallacages in dichloromethane and ethyl
acetate, the microneedle structures were generated with tunable
size by adjusting the ratio of the two solvents and they displayed
emission color change from blue to green, and then microflower
structures could be formed by re-assembly of the microneedles
during solvent evaporation. When lysine-modified perylene was
selected as the co-assembly component, the emission of these
needles could be broadened from blue-green to blue-green-red.
In contrast to previous studies that mainly dealt with the
formation of metal–organic complexes with dimensions of nano-
meters, this work provides a platform for the rapid generation of
superstructure assemblies with a wide range of length that can be
used to access a variety of metal–organic complex-based soft
superstructures.

Supramolecular coordination frameworks (SCFs), with the
fundamental characteristics of both metal–organic frameworks
(MOFs) and SCCs, can possess both a predictable and well-
designed structure when compared to MOFs, and open space
and highly ordered arrangements when compared to SCCs.
Fig. 24 displays a diamondoid SCF based on an adamantanoid
supramolecular coordination cage 88 with four uncoordinated
pyridyl groups as the node and a linear difunctional platinum(II)

Fig. 22 (A) Self-assembly of a 21C7-functionalized metallacage 82 and
(B) formation of a cross-linked supramolecular polymer network from
metallacage 82 and a bisammonium salt 81. Reprinted with permission
from ref. 58b, Copyright 2018 American Chemical Society.

Fig. 23 Proposed mechanism for the formation of microflowers. Reprinted
with permission from ref. 58c, Copyright 2018 American Chemical Society.
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ligand 87 as the linker via stepwise orientation-induced supra-
molecular coordination, which exhibited an adamantanoid-to-
adamantanoid substructure with two sets of pores, including
the adamantanoid cage and the framework.59a These nanometer-
sized SCFs could further undergo a shape-controllable and highly
regulated self-assembly to form micrometer-sized regular octahedra
by evaporation under heating in DMSO, which may provide a new
approach to construct novel supramolecular coordination frame-
works with various geometries and valuable properties.

2.2 Metallacage-cored supramolecular polymers constructed
by metal–ligand coordination with covalent bondings. Polymer
metal–organic cage (polyMOC) networks are a new class of materials
formed from the coordination-driven self-assembly of discrete
MOCs with polymer chains. In polyMOCs, the shape and stoi-
chiometry are limited by the network junctions, while the
topology and bulk properties are defined by the MOC structure.
By the rational design of the ligands and suitable choice of the
metal ions, these materials can feature well-defined size, shape,
geometry, and porosity, which enable applications in selective
encapsulation, catalysis, sensing, etc.66

Johnson and coworkers described a novel class of metallacage-
cored supramolecular polymeric materials that possess self-
assembled metal–ligand clusters as junctions, which are connected
by flexible polymer chains.57a M12L24 cages and M2L4 paddlewheels
were prepared from the thermal annealing of a mixture of Pd2+ ions
and PEG terminated with para-bispyridyl ligand 92 or meta-
bispyridyl ligand 93, which then generated supramolecular
polymer gels with junction structures (Fig. 25(A)). The results of
1H magic-angle spinning (MAS) NMR spectroscopy, small-angle

neutron scattering (SANS), molecular dynamics simulations and
oscillatory rheometry showed that gelation driven by a metal–
ligand multicomponent assembly provided a powerful force to
tune the network structure and mechanical properties. These
results also demonstrated that polyMOCs with large junctions
and a high number of loop defects can be leveraged to replace
defects selectively with functional free ligands without com-
promising mechanical integrity. Recently, they prepared another
polyMOC material through cooperative self-assembly wherein the
cages changed shape and size between two topological states on
irradiation, and the reversible switch could be realized by
ultraviolet or green light (Fig. 25(B)).57b Moreover, the coherent
changes of several network properties were produced with the
photoswitching, including branch functionality, defect tolerance,
shear modulus, stress-relaxation behaviour and self-healing.
These studies provide a new way for the development of a range
of polyMOCs with robust, dynamic and otherwise unprecedented
properties by metal–ligand combinations.

Because the polymers used for constructing polyMOCs had
ligands on both ends, the resulting network was constructed in
one step, resulting in a high percentage of topological defects.
However, employing large MOC junctions could refrain from those
defects, and additional functionality could be introduced through
exchange of elastically inactive loops with functional ligands.

Fig. 24 Schematic illustration of the stepwise construction process of
adamantanoid supramolecular coordination cage 88, diamondoid supra-
molecular coordination framework 90, and micrometer-sized octahedron
91. Reprinted with permission from ref. 59a, Copyright 2018 American
Chemical Society.

Fig. 25 (A) Chemical structures of bis-para-pyridine-terminated PEG 92
and 93, and schematic of the M12L24 cage that is expected to arise from the
assembly of 24 bis-para-pyridine ligands and 12 Pd2+ atoms, and the M2L4

paddle wheel that is expected to arise from the assembly of four bis-meta-
pyridine ligands and two Pd2+ atoms. (B) Schematic illustration of photo-
regulated MOC interconversion between two different network topologies.
Panel (A) reprinted with permission from ref. 57a, Copyright 2016 Macmillan
Publishers Limited; panel (B) reprinted with permission from ref. 57b,
Copyright 2018 Springer Nature Limited.
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Based on this principle, Johnson and coworkers constructed
block co-polyMOCs, which were a class of hierarchically structured
materials formed by MOC assembly and block copolymer micro-
phase separation.57c The block co-polyMOCs 96 and 97, featured
with one glassy block, one rubbery block, and a pyridyl ligand at
the end of the rubbery block, undergo coordination self-assembly
in solution to form star polymers with well-defined MOC cores and
polymer arms (Fig. 26). Moreover, the structures and mechanical
properties of block co-polyMOCs are highly tunable related to the
MOC and the block copolymer. The versatility of MOCs and
the diverse range of the structures and compositions of block
copolymers offer great opportunities to develop novel block
co-polyMOCs for constructing functional materials.

3. Application of metal-cored supramolecular polymers

3.1 Fluorescent supramolecular polymeric materials. Fluores-
cent supramolecular polymers possess good structural versatility
and stimuli-driven responsiveness toward microenvironment
changes, such as pH, temperature, pressure, and light illumination,
due to the involvement of non-covalent interactions. In addition,
they inherit the emission characteristics originating from the
chromophores incorporated into the polymers, resulting in their
wide applications in the field of fluorescent sensors, probes,
biological imaging, light-emitting diodes, organic electronic devices,
etc.63 Inspired by the successful preparation of multifunctionalized
metal-cored supramolecular polymers, the construction of fluores-
cent metal-cored supramolecular polymers with precise control over
the shape, size, and number of chromophoric units could be
successfully realized by the combination of chromophoric units
containing noncovalent interaction or covalent bonding sites and
other functional groups in metallacycles/metallacages. Fluorescent
supramolecular polymers not only endow the resultant assemblies
with multiple stimuli-responsive features but also provide unique
emission characteristics that are different from the ligands and
metal ions.

White fluorescent materials have received increased attention
for their fundamental importance and wide applications in low

energy consumption lighting devices, flexible full-color light-
emitting diodes (LEDs) and backlights for liquid-crystalline
displays, which are relatively easy to achieve through the
hierarchical self-assembly of multicomponents with the emission
color covering the entire visible range, compared with the single
molecule white light emitter.64 Yin and coworkers prepared three
phenanthrene-21-crown-7 functionalized fluorescent Pt(II)
rhomboidal metallacycles with orange, cyan, and green emission
colors, respectively, by the coordination-driven self-assembly of
the 601 diplatinum(II) acceptor and 1201 dipyridyl donors, which
were converted into fluorescent supramolecular polymers by the
host–guest interactions with a fluorescent bisammonium linker
(Fig. 27).60a The resultant oligomer derived from a 1 : 1 mixture of
98 and 99 displayed concentration-dependent fluorescence in a
wide color range, wherein high concentration (45 mM) resulted
in orange emission, while blue emission was observed at low
concentration (o25 mM). More importantly, white-light emission
was achieved from the same sample at a concentration of 29 mM,
which emerged from the integration of the complementary orange
and blue color from the metallacycles and linker, respectively. This
study represents a pathway to construct tunable light-emitting
metal–organic assemblies by a suitable implementation of multiple
orthogonal interactions in a single process.

The properties of fluorescent supramolecular polymers are
much more dependent on the chromophoric units installed on
the building blocks and the nature of the non-covalent inter-
actions which tailor the connection of those building blocks.
Recently, Yin and coworkers demonstrated a series of supra-
molecular polymers with tunable fluorescence via the combination
of metal–ligand coordination and phenanthrene-21-crown-7
(P21C7)-based host–guest interactions.60b A suite of rhomboidal
metallacycles 102 with different substituents were prepared via the
coordination self-assembly of a P21C7-based 601 diplatinum(II)
acceptor 101 and 1201 dipyridyl donor 100 (Fig. 28). Fluorescence
emission spanning the visible region from 427 nm to 593 nm was
achieved upon variation of the substituents on the dipyridyl
donors. Metallacycle-cored fluorescent supramolecular polymers
prepared by P21C7-based host–guest interactions exhibited similar

Fig. 26 Schematic illustration of the (A) self-assembly of block polymer
96 to form 4-arm star polymers containing a paddlewheel MOC core, and
(B) self-assembly of block polymer 97 into 24-arm star polymers with a
Fujita-sphere MOC core. Reprinted with permission from ref. 57c, Copyright
2016 American Chemical Society.

Fig. 27 (A) Molecular structures of 98 and 99; (B) cartoon representation
of the supramolecular oligomerization of 98 and 99; (C) emission spectra
of a 1 : 1 mixture of 98 and 99 at different concentrations. Reprinted with
permission from ref. 60a, Copyright 2017 National Academy of Sciences
(USA).
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emission wavelengths to those of the individual metallacycles, but
higher quantum yields relative to their discrete counterparts in
both solution and thin film, which may result from the alternative
stacking patterns of the metallacycles that reduce the loss of the
excitation energy. Moreover, by placing a yellow-emitting supra-
molecular polymer on a UV-emitting LED, a white-light-emitting
LED was fabricated, indicating the potential of the metallacycle-
cored supramolecular polymers as a platform for the fabrication of
light-emitting materials with good processability and tunability.

By a similar approach, Sun and coworkers realized the
formation of a diverse range of suprastructures (1D fibers, 2D
plates and 3D spheres) with multicolor emissions constructed
from hybrid cubic metallacages.60c The new shape-controllable
metallacages with modified substituents and tunable electronic
properties were prepared using dicarboxylate ligands with various
substituents (–sodium sulfonate, –nitro, –methoxyl, and –amine
substituents), tetra-(4-pyridylphenyl)ethylene (TPPE) and cis-
(PEt3)2Pt(OTf)2 (Fig. 29). Diverse suprastructures (1D, 2D, and
3D) with tunable emissions (lmax from 451 to 519 nm) and various
substituents were obtained depending on the substituents
and solvents used. This research not only offers a new way
for constructing suprastructures from small molecules, but also
explores the connection between spatial order and function at
multiple scales, which will develop the applications of supra-
molecular materials in optoelectronic material science.

3.2 Chemical sensor. Sensing is one of the most extensive
applications of self-assembled metal-cored supramolecular
polymers. Many self-assembled metallacycles/metallacages are
positively charged because of the formation of coordination bonds
between electric donor ligand and oxidized metal ions, which might
be employed to interact with anions by electrostatic interactions.

Heparin is a linear, unbranched, sulfated polysaccharide, derived
from alternate repeating units of 1–4-linked pyranosyluronic
acid and 2-amino-2-deoxyglucopyranose units, which is well-
known for its high negative charge density, and widely used as
an anticoagulant for its effectiveness in preventing the formation of
blood clot. It is extremely important to monitor heparin during
anticoagulant therapy and surgery because an overdose of heparin
could cause catastrophic complications, such as haemorrhage and
thrombocytopenia.65

Yang and coworkers selected heparin and a TPE-based
cationic organoplatinum(II) metallacycle 105 to investigate the
hierarchical self-assembly via electrostatic interactions, as well
as the selective detection and quantification of heparin (Fig. 30).61a

Upon the addition of heparin into the tris-TPE metallacycle
solution, dramatic fluorescence enhancement was observed until
the concentration of heparin reached 28 mM due to the hierarchical
arrangement of the positively charged metallacycle and the
negatively charged linear heparin. The existence of entangled
pearl-necklace aggregation, especially the single bead-like chain
morphology, as observed by AFM and TEM provided direct
evidence for the formation of higher-order supramolecular
aggregation by electrostatic interactions. More importantly,
the fluorescence enhancement at 486 nm was linear with regard
to the concentration of heparin at low mM levels, which
suggested that it could serve as a turn-on sensing probe for
the quantification of heparin at mM levels (0–28 mM), since the
heparin concentrations at the therapeutic dosage level are 1.7–
10 mM in postoperative and long-term care. Furthermore, a high
selectivity of metallacycle 105 towards heparin was achieved
because the addition of interfering biomolecules such as glucose,
sucrose, mannose, fructose, galactose, lactose, maltose, bovine
serum albumin, arabinose, and human serum albumin into the
solution of metallacycle 105 resulted in negligible fluorescence
enhancement. This work not only enriches the library of functional
metallacycles, but also provides a potential platform for developing
large biomolecules sensing and binding.

Fig. 28 (A) Cartoon representation of the formation of the metallacycle
102 and (B) the fluorescent supramolecular polymer from metallacycle
102 and a bis-ammonium salt 103. Photos from unpainted (C and D) and
painted (E and F) UV-LEDs under 365 nm illumination: (C) LED off, (D) LED
on, (E) lamp coated with supramolecular polymer-h (LED off), and (F) lamp
coated with supramolecular polymer-h (LED on). Reprinted with permission
from ref. 60b, Copyright 2018 American Chemical Society.

Fig. 29 Multidimensional suprastructures (1D, 2D, and 3D) with tunable
surface modifications and emissions were prepared by multilevel assembly.
Reprinted with permission from ref. 60c, Copyright 2018 American
Chemical Society.

ChemComm Feature Article

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

9.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/2
5/

20
19

 2
:4

4:
48

 A
M

. 
View Article Online

https://doi.org/10.1039/c9cc02472g


This journal is©The Royal Society of Chemistry 2019 Chem. Commun., 2019, 55, 8036--8059 | 8053

Vapochromic materials, which undergo reversible changes
in color upon exposure to some volatile organic compounds due
to the disturbed intermolecular interactions (such as hydrogen
bonding and metal–metal and p–p stacking) by vapor, have been
widely utilized in a wide range of applications in chemical sensors,
light-emitting diodes, environmental monitors and so on.45 Recently,
Yang’s group reported a supramolecular metallacycle 109 func-
tionalized with alkynylplatinum(II) 2,6-bis(benzimidazol-20-yl)-
pyridine (bzimpy) moieties, which displayed a color change from
yellow to red in the solid state upon exposure to CH2Cl2 vapor or
mechanical grinding (Fig. 31).61c The metallacycle 109 formed a
yellow metallogel at a concentration of 7.2 mg mL�1 at room
temperature through intermolecular Pt� � �Pt and p–p stacking
interactions between the peripheral alkynyl platinum(II) bzimpy
units, which was facilitated by the chair-shaped metallacycle at
the core. Upon addition of 1 equiv. of coronene to the metallogel
from metallacycle 109, the gel-to-sol transition was induced due
to the disruption of the intermolecular Pt� � �Pt and p–p stacking
interactions.61d However excess (10 equiv.) pyrene, anthracene,
1-naphthol, tetraphenyl ethylene, and carbazole could not trigger
a gel-to-sol transition, indicating that this stimuli-responsive gel

can be used for the visual recognition of coronene. This study
provides a new strategy for designing novel reversible vapo-
chromic systems containing a well-defined discrete metalla-
cycle as the main scaffold.

Recently, Yang and coworkers presented the successful
combination of coordination-driven self-assembly and stepwise
post-assembly polymerization for the preparation of a star block
copolymer 115 containing well-defined hexagonal metallacycles
as cores, which featured CO2 stimuli-responsive properties
including CO2-triggered morphology transition, CO2-induced
thermoresponsive behavior, and even CO2-promoted hydrogel
formation (Fig. 32).61e Furthermore, the resultant star block
copolymer was capable of forming supramolecular polymeric
hydrogels with MOMs as junctions upon heating an aqueous
star block copolymer solution after it was treated with CO2 to
34 1C at a concentration as low as 2.5 wt%, which was reversed
by the removal of CO2 with N2. Moreover, the resultant supra-
molecular hydrogels presented injectability and good cyto-
compatibility in vitro, which provides a new avenue for the
preparation of novel ‘‘smart’’ soft materials with potential as
biological materials.

3.3 Bio-imaging. Fluorescent supramolecular polymers
play an important role in bio-imaging due to their improved
brightness, inertness to microenvironment, and good biocom-
patibility. Zhang and coworkers used TPE derivatives as fluoro-
phores to synthesize fluorescent polymers via the covalent
linkage of a TPE-based rhomboidal Pt(II) metallacycle 117.60d

The highly efficient amidation reaction between alkylamine and
N-hydroxysuccinimide-activated carboxylic acid was employed

Fig. 30 (A) Self-assembly of a TPE-containing 1201 donor (104) and
acceptor (7) into a tris-TPE hexagonal metallacycle (105), and the possible
binding and aggregation mode of the tris-TPE metallacycle (105) and
heparin. Selectivity analysis (B) and photos (C) with various possible-
interfering biomolecules. Suc = sucrose, Glu = glucose, Man = mannose,
Fru = fructose, Gal = galactose, Lac = lactose, Mal = maltose, BSA = bovine
serum albumin, Ara = arabinose, HSA = human serum albumin, Hep =
heparin, and 105 = metallacycle 105. Reproduced with permission from
ref. 61a, Copyright 2015 American Chemical Society.

Fig. 31 (A) Cartoon representation of the formation of a supramolecular
metallogel. (B) Photographs showing the dynamic color changes from the
reversible vapochromic phenomenon of 109 under ambient light.
(C) Photographs of the metallogel in a mixture of cyclohexane and CH2Cl2
(v/v, 2/5) after the addition of various aromatic organic compounds;
from left to right: (0) no additive, (1) coronene (1.0 equiv.), (2) pyrene
(16.0 equiv.), (3) anthracene (12.0 equiv.), (4) 1-naphthol (19.0 equiv.),
(5) tetraphenylethylene (10.0 equiv.), and (6) carbazole (8.0 equiv.).
(D) SEM image of the xerogel of 109. (E) SEM image of the metallogel
after the addition of coronene (1.0 equiv.). Reprinted with permission from
ref. 61c, Copyright 2016 American Chemical Society and ref. 61d, Copy-
right 2016 Wiely-VCH.
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to link the pendent amino functional groups of a rhomboidal
metallacycle for preparing metallacycle-cored polymers P1 and
P2, which further yielded nanoparticles at low concentration
and transformed into network structures upon increased concen-
tration (Fig. 33). Moreover, these polymers exhibited enhanced
emission and better quantum yields in methanol/water (1/9, vol/vol)
compared with their corresponding precursors, due to the AIE
properties of the TPE-based pyridyl donor. Moreover, a significant
enrichment of the polymers in lung cells was observed after
injection by CLSM images, showing that these fluorescent
metallacycle-cored supramolecular polymers may serve as
theranostic agents for both bio-imaging and cancer therapy.

3.4 Delivery and release. The biological applications of
metal-cored supramolecular polymers have been one of the most
attractive topics owing to the internal cavities of metallacycles/
metallacages providing efficient scaffolds for drug-delivery, and
the tunable size, shape, and geometry of metallacycles/metallacages
interacting spatially and electrostatically with specific biological
targets via coordination-driven self-assembly.

Dendrimers, highly branched macromolecules, containing
several dendritic wedges extending outward from an internal
core, have been receiving increasing attention during the past
few decades not only because of their aesthetically pleasing
structures but also due to their wide applications in host–guest
chemistry, materials science, membrane chemistry, etc.67 Yang
and coworkers presented the design and construction of a
series of peripherally dimethyl isophthalate (DMIP)-functionalized
supramolecular poly(benzyl ether) metallodendrimers 122
featuring a well-defined hexagonal metallacycle at their cores
via coordination-driven self-assembly (Fig. 34).62a Such hexagonal

metallodendrimers hierarchically self-assembled into mono-
disperse vesicle-like structures driven by multiple intermolecular
interactions (e.g., p–p stacking, CH–p interactions, and hydrogen
bonds). Due to the dynamic nature of metal–ligand bonds, the
disassembly and reassembly of the obtained hexagonal metallo-
dendrimers could be reversibly controlled by the addition and
removal of Br� ions, resulting in the transition from vesicles to
micelles, which was used for the encapsulation and controlled
release of fluorescent molecules, such as BODIPY and SRB. By
taking advantage of the halide-induced vesicle–micelle transition,
the controlled release of fluorescent dyes was successfully realized,
displaying the potential as nanocapsules for functional molecule
delivery and release.

The incorporation of fluorescent ligands as the coordination
donors into SCC platforms can endow the metal-cored supra-
molecular polymers with imaging capability, which could sub-
sequently help to trace the delivery and release of organometallic
drugs in vitro and in vivo. AIE-active fluorophore (AIEgen) based
SCCs, which are nearly nonemissive as discrete molecules, but emit
bright fluorescence in the aggregate state via the restriction
of intramolecular motion mechanisms, have been promising
candidates for cell imaging owing to their better photostability.
Chen, Stang and coworkers developed an amphiphilic polymer
Pt-PAZMB-b-POEGMA, containing glutathione (GSH)-responsive
diblock copolymers as the arms and an AIE-based metallacycle

Fig. 32 Cartoon representation of (A) the construction of
organoplatinum(II) metallacycle and star supramolecular block copolymers
and (B) CO2-triggered morphology transition of star block copolymer 115
in water; (C) photographs of the injectable hydrogel over time at 34 1C;
(D) cell viability of MC-3T3 treated with different concentrations of
copolymers. Reproduced with permission from ref. 61e, Copyright 2017
American Chemical Society. Fig. 33 (A) Synthetic routes and cartoon representation of 119 and 120

and model compound 117. (B) CLSM images and flow cytometric analysis
of A549R cells after incubation with P1 and P2. (C) Optical images of
aqueous suspensions of different concentrations of P2 in a 96-well plate;
(D) optical and fluorescence image of a mouse after intratumoral injection
of 200 mg of P2. Reprinted with permission from ref. 60d, Copyright 2016
National Academy of Sciences (USA).
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as the core, wherein the emissive TPE-based bispyridyl ligands
were the donors and acted as the fluorescent probe for live cell
imaging, while the acceptor 3,6-bis[trans-Pt(PEt3)2]phenanthrene
(PhenPt) units were employed as an anticancer drug (Fig. 35).62b

This amphiphilic copolymer was further self-assembled into nano-
particles of different sizes and vesicles via a re-precipitation,
dialysis, and double-emulsion technique. Due to their different
morphology and size, these nanostructures exhibited different
cytotoxicities toward HeLa cells. The self-assemblies were
further employed to encapsulate neutral doxorubicin (DOX) or
doxorubicin hydrochloride (DOX�HCl), while the controlled drug
release was realized by a GSH-triggered cascade elimination of the
hydrophobic protection groups, resulting in the amphiphilicity
changes of the polymer Pt-PAZMB-b-POEGMA. The DOX-loaded
nanoparticles of around 50 nm in size exhibited an excellent
antitumor performance to suppress tumor growth with a
negligible systemic toxicity, due to an enhanced permeability
and retention effect.

Curcumin (Cur) is a hydrophobic anticancer drug isolated
from the Curcuma longa plant, which is well-known for its anti-
cancer properties via inhibition of the STAT3 phosphorylation
process. However, its poor water solubility and low bioavail-
ability impede its clinical application. Stang and coworkers
described a hierarchical approach to produce an effective
delivery system to solubilize Cur in water and transport it to
the cancer cells, via a combination of organoplatinum(II) ’

pyridyl coordination-driven self-assembly and cucurbit[8]uril

(CB[8])-mediated heteroternary host–guest interactions (Fig. 36).62c

The water-soluble organoplatinum(II) hexagon 127 was prepared
from the MV units and tri(ethylene glycol) groups (PEG) alternating
at the vertices. The host–guest interactions of the hexagon 127 with
CB[8] resulted in 128, which further encapsulated Cur via hetero-
ternary host–guest complex formation. Moreover, strong synergisms
of Cur with 127 and 128 with combinatorial indexes of o1 across all
the cell lines were observed. The water-soluble orthogonal self-
assembled complex 129 exhibited ca. 100-fold improved IC50 relative
to free Cur against human melanoma (C32), melanoma of rodents
(B16F10), and hormone-responsive (MCF-7) and also triple-negative
(MDA-MB231) breast cancer cells compared with the corresponding
precursors. An induced apoptosis with fragmented DNA pattern and
inhibited expression of phosphor-STAT3 also supported the
improved therapeutic potential of Cur in heteroternary complex
129. This work provides an efficient strategy for the delivery of
hydrophobic anticancer drugs to cancer cells by the combination
of multiple orthogonal interactions in a single process.

In general, hierarchical self-assembly was a simple and
highly efficient approach to construct functionalized metal-cored
supramolecular polymers with wide applications in light-emitting,
sensing, biological science, and stimulus-responsive and self-
healing materials, which is attributed to the dynamic and reversible
nature of noncovalent interactions. Through the construction of
metal-cored supramolecular polymers with precise control over
the shape, size, and number of chromophoric units, interesting

Fig. 34 (A) Cartoon representation of the self-assembly of 1201 dendritic
donor 121 and acceptor 7 into the hexagonal metallodendrimer 122, and
the illustration of the process of halide-responsive release of fluorescent
molecules. The emission (B) and intensity (C) change of the release
process. Reproduced with permission from ref. 62a, Copyright 2014
American Chemical Society.

Fig. 35 Cartoon illustration of the cellular uptake of DOX-loaded nano-
structures self-assembled from Pt-PAZMB-b-POEGMA. Reproduced with
permission from ref. 62b, Copyright 2017 American Chemical Society.
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photo and electrochemical properties, and wide applications in
fluorescence detection of metal ions, anions, or small molecules,
the mimicking of complicated natural photo processes and the
monitoring of the dynamic process of coordination-driven self-
assembly could be successfully realized. Owing to the well-defined
core structures of metal-cored supramolecular polymers, multiple
functional moieties can be easily introduced into the predesigned
metallocyclic or metallocaged skeletons, forming smart supra-
molecular gels with reversible multiple stimuli-responsiveness.
Moreover, in addition to the chemical stimulus presented in this
article, new triggers such as light, gas, and sonication could be
anticipated to regulate the properties of metal-cored supramolecular
polymers. The cavity-cored structures and nanoscale dimensions
of most assembly, and the size tunable, modular nature of
coordination-driven self-assembly, facilitate host–guest chemistry
and inspire transport and delivery of biological targets. Ongoing
optimization of known methodologies and the discovery of novel
design strategies could promote the development of metal-cored
supramolecular polymers, in particular for their application in the
field of optoelectronics, self-healing, biological science, catalysis
and so on.

Conclusions

The development of new strategies for supramolecular self-
assembly has always been one of the most important aspects

within supramolecular chemistry since it may provide a highly
efficient approach for constructing new supramolecular poly-
mers with precise structures and desired functionalities. In this
feature article, the recent progress in metallacycle/metallacage-
cored supramolecular polymers based on the well-defined discrete
SCCs via hierarchical self-assembly is summarized. The examples
reviewed here strongly evidence that the orthogonality of metal–
ligand coordination with other noncovalent interactions (including
hydrophobic or hydrophilic interactions, hydrogen bonding, van der
Waals forces, p–p stacking, electrostatic interactions, host–guest
complexation) and covalent bonding is a highly efficient approach
to construct functionalized supramolecular polymers. Given the
well-defined hierarchical structures of metallacycle/metallacage-
cored supramolecular polymers, as well as manipulated non-
covalent/covalent interactions, these systems have proven to
be smart materials for application in light-emitting, sensing,
bio-imaging and drug delivery.

Although a great number of high-ordered metal-cored supra-
molecular polymeric nanostructures and functional materials
have been constructed, the development of new assembly methods
is still in its infancy. First, a more cost-effective process with
environmental friendly metals that give higher quality metalla-
cycle/metallacage-cored supramolecular polymers is still desired.
Fig. 15 displays that the triangular terpyridine-based metallacycles
functionalized with 1-adamantyl and ferrocenyl groups were self-
assembled with Zn2+ and Fe2+, wherein the host–guest interactions
between the metallacycles and b-CD-containing copolymers
resulted in a series of novel supramolecular gels with multiple
stimuli-responsiveness,37 which gives us a very good example to
explore metal-cored supramolecular polymers with environmental
friendly metals. Metallosalen-based architectures (salen = N,N0-
ethylenebis(salicylideneaminato)) have diverse potential appli-
cations in catalysis and separation, and they can be simply self-
assembled by the semiflexible pyridyl-functionalized salen with
a wide range of metals.68 Therefore, metallosalen can be considered
as a suitable precursor for the fabrication of metallosalen-cored
supramolecular polymers with environmental friendly metals by
noncovalent interactions between the induced functional moieties.
Second, metal-cored supramolecular macromolecules with stable,
biocompatible and water-soluble hierarchical self-assembly should
be taken into consideration, prompting their utility as scaffolds for
biological applications. Stang and coworkers did pioneering work
on the delivery of hydrophobic anticancer drugs to cancer cells via a
combination of organoplatinum(II) ’ pyridyl coordination-driven
self-assembly and cucurbit[8]uril (CB[8])-mediated heterotern-
ary host–guest interactions,62c showing us the biocompatible
and water-soluble hierarchical self-assembly process. Third, the
mechanism of hierarchical self-assembly processes needs to
lucubrate the fundamental concept of the kinetics and thermo-
dynamics of these self-assembly systems. Finally, more efforts
should be devoted to developing complex superstructures
derived via multiple interactions for improving the chemical,
physical, and mechanical properties of the resultant supra-
molecular structures and developing multifunctional, hierarchical
supramolecular materials, which will enrich nanotechnology,
materials science, and biology.

Fig. 36 (A) Synthesis of MV-functionalized discrete metallacycle 127 and
cartoon representation of the formation of host–guest complex 128 from
the hierarchical self-assembly of 127, CB[8], and Cur. Comparison of IC50

values obtained from treatment of C32, B16F10, MCF-7, and MDAMB231
cells using samples (B) 1250, 128 0 and 1290 and (C) 127, 128 and 129.
Reprinted with permission from ref. 62c, Copyright 2018, National Academy of
Sciences (USA).
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