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CONSPECTUS:

Inspired by assemblies in the natural world, researchers have prepared diverse suprastructures with 

distinct spatial arrangements by artificial self-assembly, including micelles, vesicles, ribbons, 

films, fibers, and tubes. The field of assembly is undergoing a transition from single-component to 

multicomponent assembly and single-step to multistep processing. Control over the size, shape, 

and composition of these building blocks has enabled the formation of suprastructures with 

substantial structural diversity. More importantly, harnessing noncovalent interactions to create 

suprastructures in a controlled manner will lead to a better understanding of the formation of 

complex self-organized patterns. However, for the construction of multiscale self-assemblies with 

controllable shapes and functions, the selection of a suitable protocol remains challenging.

Coordination-driven self-assembly provides a bottom-up approach to construct various metal-

organic complexes (MOCs), which could be further used as building blocks with controllable 

shapes and sizes. Despite the tremendous progress made in the design of MOC-based 

supramolecular materials, most of these MOCs have dimensions of only several nanometers, and 

investigations of these structures rely on the characterization of their crystal structure. However, 

most of the functional suprastructures in living organisms have dimensions ranging from microns 

to centimeters and have the form of soft materials. Thus, obtaining MOC-based highly ordered 

materials of larger size remains a challenge.

This Account focuses on our recent advances in the construction of soft suprastructure materials 

with MOCs. A series of functionalized MOCs were first constructed through coordination-driven 

self-assembly. Then, further self-assembly of the as-prepared MOCs gave rise to the formation of 

higher-order structures. By changing the functional groups in the acceptors and donors in the 

MOCs, different suprastructures, including nanospheres, nanodiamonds, nanorods, nanofibers, 

membranes, films, and gels, were prepared. These studies suggest that using MOCs as building 

blocks is a highly efficient strategy to achieve complex architectures and functional materials for 

the development of desired MOC-based soft materials with high precision and fidelity.
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Graphical Abstract

1. INTRODUCTION

Diverse suprastructures with distinct spatial arrangements can be obtained by artificial self-

assembly. Currently, assembly is undergoing a transition from simple-component to 

multicomponent assembly and single-step to multistep processing. However, the selection of 

a suitable protocol for the construction of multiscale self-assemblies with controllable 

shapes and functions remains challenging. Coordination-driven self-assembly1–6 provides a 

powerful strategy for preparing molecules with well-defined sizes and shapes, which enables 

the transformation of different components into predesigned assemblies. Subsequently, the 

as-prepared assemblies could be further used as modular ‘building blocks’ for constructing 

higher-order superstructures with increasing complexity and functionality.

To date, a variety of different linking ligands have been used in controllable stoichiometries 

to furnish rhomboids,7 triangles,8 squares,9 hexagons,10 and polygons11 with the aid of a 

metal acceptor having a 60°, 90°, 120°, or 180° angle. Furthermore, numerous functional 

units were incorporated as part of the dipyridine/dicarboxylate donors. The introduction of 

alkyl chain segments into the precursors can result in the formation of amphiphilic metal-

organic complexes (MOCs), which can subsequently hierarchically self-assemble into highly 

ordered nanostructures driven by hydrophobic effects. Rigid aromatic planar systems can 

provide π–π interactions,12 amide or amino acid groups could provide hydrogen bonding 

sites,13 cholesteryl moieties feature van der Waals forces,14 and macromolecules15 can act as 

hosts by binding guest species. A hexagon can thus be assembled from the [6 + 6] 

combination of a linear ditopic organic donor and a binuclear metal acceptor with a 120° 

angle between metal sites or from the combination of a linear metal acceptor with a ditopic, 

120° ligand. In addition to Pt, other metal ions, such as Pd,16 Cd,17 Ru,18 Au,19 Ag,20 and 

Fe,21 can also be used, and their interactions with organic ligands lead to the formation of 

various MOCs. For example, van der Boom reported the synthesis of Cu(II)-based MOCs 

with TPEPA (1,3,5,7-tetrakis(4-(pyridyl-4’-yl-ethynyl)phenyl]adamantine) and Cu(NO3)2, 

and hollow tubes could be obtained by the further assembly of these MOCs.22 Regarding the 

acceptor, either nonfunctionalized di-Pt(II) acceptors with different binding angles or 

modified di-Pt(II) acceptors substituted with different functional groups can be chosen.

However, to date, studies have primarily focused on the relationship between metal 

acceptors and MOCs, whereas studies on the relation between MOCs and the resultant 

higher-order assemblies are rare. This has motivated us to systematically investigate the 

relationships among donor ligands, Pt acceptors, MOCs, and resultant assemblies. This 

review will further focus on the relationship between ligands and MOC-based higher order 

assemblies, as summarized in Scheme 1.
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2. HIERARCHICAL SELF-ASSEMBLIES BASED ON PLATINUM-

CONTAINING MOCs

2.1. Assembly of 60° organoplatinum (II) acceptor-based MOCs: Substituent effects (120° 
donors) on the higher-order assembly of rhomboids

Two 60° di-Pt(II) acceptors (A60°) and two 120° donors (D) were mixed to produce a 

rhomboid skeleton, (Figure 1a–c), and the rhomboidal MOCs (M) were obtained with 

various functional groups. Then, the Pt-based metal-organic rhomboids were used as 

building blocks to construct higher-order assemblies. Most of the rhomboids exhibited a 

tendency to form one-dimensional fibers. An amphiphilic rhomboid with a linear 

polyethylene glycol chain, M17 (5.00 × 10−5 M), could self-assemble into fibers in water 

(Figure 1d). If the linear PEG group was replaced with branched PEG, M27 could be 

prepared, and nanoribbons (Figure 1e) were obtained at the same concentration. Both M1 
and M2 can form metallohydrogels. M3 with long alkyl chains was prepared via a fragment 

coupling approach.23 Upon exposure to a solvent mixture of dichloromethane/methanol, 

ordered fibers were formed (Figure 1f). The metallodendritic rhomboid M4 could efficiently 

entrap solvent molecules to form a turbid gel (Figure 1g) in a mixed solvent of acetone and 

water with a very low critical gelation concentration (CGC) of 2.3 mg.mL−1.24 The solvent 

ratio also plays an important role in tuning the morphologies of the resultant suprastructures. 

For the rhomboid cholesteryl-containing metallacycle M5, different morphologies, such as 

helical bundles and flowers (Figure 1h), were produced in mixed dichloromethane–methanol 

solvent systems with different solvent compositions at the same concentration of 0.2 mM.14 

To investigate the influence of the chemical structure on aggregation behavior, analog M6, 

which contained amide groups as a linker, was also prepared.14 M6 was found to form 

different macroscopic structures with different solvent compositions (dichloromethane/

methanol), as shown in Figure 1i, well-dispersed nanoparticles were observed by the 

assembly of M7 (0.1 mg/mL, 90% methanol).25 However, when the concentration increased 

to 1.0 mg/mL, network structures were seen due to the further aggregation of the 

nanoparticles (Figure 1j). Decoration of the 60° organo-Pt(II) acceptors with Fréchet-type 

dendrons produced the rhomboidal metallodendrimer M8.26 Upon the supramolecular 

polymerization of M8 in CH2Cl2, long, slightly bent nanofibers were subsequently found 

(Figure 1k).

2.2. Assembly of 90° organoplatinum (II) acceptor-based MOCs: Substituent effects on 
the higher-order assembly of metallacages

Eight 90° organoplatinum (II) acceptors (A90°), two faces (F) and four pillars (P) were 

mixed to produce metallacages (Figure 2a–d). By changing the substituents in the pillars, 

assemblies with various nanostructures were obtained. For example, tetra-(4-

pyridylphenyl)ethylene (TPPE) could be used as a panel (Figure 2e), together with 90° 

organoplatinum (II) acceptors having dicarboxylate moieties (Figure 2f), to construct 

metallacage M9.12 As shown in Figure 2g, microflowers were formed by the assembly of 

M9 (10 μM) in a mixture of dichloromethane and ethyl acetate (80% ethyl acetate, EA). 

Anisotropic photoluminescence was observed when the microflowers were placed between 
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cross polarizers (inset). Autofluorescence was also observed in the microflowers. TEM 

images further demonstrated the formation of the microflowers.

A possible mechanism of microneedle formation (Figure 2h) involves the individual M9 
molecules dissolved in DCM and stacked via π-π interactions to form elongated one-

dimensional (1D) supramolecular assemblies by the addition of EA, leading to the formation 

of microneedles. Subsequently, M9-based microflowers formed during solvent evaporation. 

Suprastructures with emissions ranging from blue and green to red were obtained through 

the coassembly of lysine-modified perylene (Figure 2i). Moreover, chlorophyll-a and 

Vitamin B12 were introduced into the microflowers to construct a biomolecule-containing 

composite.

If a sodium sulfonate-modified dicarboxylate ligand was used as a pillar (Figure 2j) and 

interacted with TPPE and the 90° acceptor, M10 was obtained. In water, M10 (25 μM) self-

assembled into microfibers (Figure 2k).27 At the same concentration, microspheres formed 

by M10 in tetrahydrofuran (Figure 2l). If a nitro group-modified dicarboxylate ligand was 

used as a pillar (Figure 2m) and interacted with the same face and acceptor, M11 was 

obtained. At the same concentration (25 μM), M11 further assembled into microplates in 

tetrahydrofuran (Figure 2n). Whereas a microfilm formed by the assembly of M11 in 

ethanol (Figure 2o).27 If a methoxy group-modified dicarboxylate ligand was used as a pillar 

(Figure 2p), M12 was obtained. In tetrahydrofuran, M12 (25 μM) self-assembled into 

hollow spheres (Figure 2q). If an amine group-modified dicarboxylate ligand was used as a 

pillar (Figure 2r), M13 was obtained. In tetrahydrofuran, M13 (25 μM) self-assembled into 

microsheets (Figure 2s).27 Metallacages were prepared by the assembly of 

tetraphenylethylene (TPE)-based sodium benzoate (Figure 3a), a pillar (Figure 3b), and a 

90° acceptor. Stang et al. prepared a multifunctional M14-based supramolecular gel by 

orthogonal metal coordination and host−guest interactions (Figure 3c–e).15 In addition to 

TPE-containing metallacages, porphyrin-based metallacages were used as building blocks to 

construct MOC-based materials. Huang et al. prepared porphyrin metallacage M15 (Figure 

3f–g) and then studied the host–guest complexation between M15 and pyrene (Figure 3h). It 

was found that a liquid-crystalline complex was formed (Figure 3i).28

2.3. Assembly of 120° organoplatinum (II) acceptor-based MOCs: Substituent effects on 
the assembly of hexagons

Three 120° organoplatinum (II) acceptors (A120°) and three 120° donors were mixed to 

produce hexagon MOCs (Figure 4a–c). Hexagons M16–20 were decorated with various 

functional groups by using A120°−1 (Figure 4d) and different donors D9–13. Yang et al. 

designed and synthesized 120° dipyridyl donors (e.g., D9) functionalized with multiple 

amide groups and long hydrophobic alkyl chains (Figure 4e) to produce discrete hexagonal 

metallacycles (M16), that could form a supramolecular polymeric hydrogel, promoted by 

CO2, near physiological temperature (Figure 4e, SEM).29 Yang et al. also reported the 

successful combination of coordination-driven self-assembly and post-assembly reversible 

addition fragmentation chain-transfer polymerization to produce a new family of star 

supramolecular polymers containing well-defined metallacycles (M17).30 Aqueous solutions 

of M17 formed free-standing macroscopic hydrogels at room temperature in only 5 min. 
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The critical gelation concentrations (CGCs) were determined to be 2.5 wt % (Figure 4f, 

SEM)). When a very dilute solution of the mixture of tris-TPE metallacycle M18 and 

heparin was dropped on a freshly cleaved mica surface, some single bead-like chains were 

observed (Figure 4g).31 Esterification of 3,5-bis(pyridin-4-ylethynyl) phenol (BisPy-OH) 

with N-[2-(3,4,5-tridodecyclo-xybenzoylamino)ethyl succinic acid (G12-en-SA acid) 

yielded the desired 120° dipyridyl donor (D12). Then, the self-assembly of [3+3] 

metallacyclic hexagon M19 was investigated. M19 formed an almost uniform and highly 

ordered fibrous network structure upon exposure to a mixed solvent of acetone and water at 

a low concentration (5.0 × 10−2 mM). The width of these fibers is within the range of 100–

200 nm, and each fiber is a few micrometers in length (Figure 4h, SEM).32 Yang et al. 

designed and constructed peripherally DMIP-functionalized poly(benzyl ether) 

metallodendrimer M20.33 The dendritic hexagon M20 assembled into vesicular structures 

(Figure 4i, SEM) in a mixed solvent of acetone and tetrahydrofuran. In addition to the 

influence of the substituents in the donor on the resultant assemblies, the acceptor was also 

modified with a functional group (Figure 5a).

A TPE-based supra-amphiphilic metallacycle was functionalized with three poly (N-

isopropylacrylamide) arms through a combination of an exo-functionalization strategy and 

post-assembly polymerization. An aqueous solution of M21 with a concentration of 1.0 mg 

mL−1 was deposited on copper grids, and nanoparticles with a size distribution of 

approximately 20 nm were observed (Figure 5b–d).34 Furthermore, Yang et al. reported the 

successful preparation of structurally defined porous membranes based on 

hexakistriphenylamine metallacycle M22 through electropolymerization (Figure 5e–g).35 A 

discrete hexagonal metallacycle M23 decorated with TPE, amide groups and long 

hydrophobic alkyl chains was constructed via [3 + 3] coordination-driven self-assembly. 

M23 formed organometallic gels (Figure 5h–j) in acetone/water at a low CGCs (21.3 mg.mL
−1).36 A complementary organoplatinum (II) acceptor (Figure 5k) having a crown ether 

moiety and a UPy-functionalized rigid dipyridyl donor (Figure 5l) were used to construct 

M24, which forms a gel-like soft material at high concentrations or upon solvent swelling 

(Figure 5m).37 Huang et al. also prepared a organoplatinum acceptor (Figure 5n) that 

underwent coordination-driven self-assembly with a complementary highly directional 

dipyridyl donor functionalized with a benzo-21-crown-7 moiety (Figure 5o) to furnish 

hexagonal metallacycle M25. These hexagons subsequently polymerize into a 

supramolecular network upon the addition of a bisammonium salt due to the formation of 

pseudorotaxane linkages between the crown ether and ammonium moieties. At high 

concentrations, the resulting assemblies become a gel comprising many cross-linked 

metallohexagons (Figure 5p).38 With the TPE-based metallacycle M26 used as a positively 

charged molecular “glue”, the rod-like tobacco mosaic virus (TMV) with a negatively 

charged surface can be assembled into three-dimensional (3D) micrometer-sized bundle-like 

superstructures via multiple electrostatic interactions (Figure 5q–s).39

2.4. Assembly of 180° organoplatinum (II) acceptor-based MOCs: Geometry effects of 
MOCs on higher-order assembly

Additional polygons were obtained via the use of 180o acceptors (A180°), including 

triangles, diamonds, and rosettes. For example, Yang and coworkers designed and 
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synthesized a dipyridyl donor containing a central Z-configured stiff-stilbene unit that self-

assembles in the presence of two 180° di-Pt(II) acceptors, A180o-1 and A180o-2 (Figure 

6a), to produce size-controllable organoplatinum(II) metallacycles M27–28 (Figure 6b).

These metallacycles aggregated into spherical nanoparticles that evolved into long 

nanofibers upon polymer formation. These fibers were reversibly converted to cyclic 

oligomers by changing the wavelength of irradiation (Figure 6c–d).9 Yang et al. reported the 

construction of hexakispillar[5]arene metallacycles via coordination-driven self-assembly. A 

120° pillar[5]arene containing a dipyridyl donor (Figure 6f) was combined with the 

corresponding complementary 180° di-Pt(II) acceptors with different lengths (A180o-1 and 

A180o-2). Crosslinked supramolecular polymers were constructed from the 

hexakispillar[5]arene metallacycles M29, 30, (Figure 6g–h).10 Yang et al. also designed and 

constructed dendritic dipyridyl donors (Figure 6i), from which two novel triangular 

metallodendrimers, M31, 32, were successfully prepared. This generated dendron was found 

to significantly influence the hierarchical self-assembly behaviors of triangular 

metallodendrimers (Figure 6i–l)8, which were further used as building blocks to construct 

nanoparticles and nanofibers. Then, they synthesized M33, 34 (Figure 6m) and prepared 

M33, 34-based gels (Figure 6n–o).11 In addition to nanofibers, nanospheres, and gels, 

nanodiamonds were prepared by a stepwise assembly through the combination of 120° and 

180° diplatinum(II) acceptors. Cao combined the concepts of supramolecular coordination 

complexes and metal-organic frameworks to offer a new strategy for constructing a 

diamondoid supramolecular coordination framework from an adamantanoid supramolecular 

coordination cage as the tetrahedral node and a difunctional Pt(II) ligand as a linear linker 

via the stepwise orientation-induced supramolecular coordination, producing M35 (Figure 

6p–r). SEM images obtained from a solution of M35 in DMSO upon solvent evaporation at 

50°C showed that nanometer-sized structures self-assembled into a micrometer-sized regular 

octahedron with a side length of ~2.12 μm and a calculated volume of ~4.49 μm3 (Figure 

6s).40

2.5. Substituents effect and geometry effects on the higher-order assembly of MOCs

As mentioned above, both functional groups and the geometry of the MOC are important for 

tuning the higher-order assembly. These effects were elucidated by using the same donors 

but different acceptors (Figure 7a–f) to construct MOCs with different shapes (Figure 7g). In 

some cases, substituents and not the geometry of the MOCs play an essential role in 

controlling the morphology. In particular, some directional groups, such as hydrogen 

bonding containing groups, act as functional groups. For example, Sun and coworkers 

reported the design and synthesis of alanine-based chiral precursor D26 (Figure 7h), which 

is amenable to coordination-driven self-assembly and forms chiral organoplatinum(II) 

metallacycle rhomboids M36, 37 and hexagons M38, 39.13 Gels with higher-order self-

assembled nanostructures were formed by subsequent hydrogen bonding interactions. The 

morphologies of metallogels M36, 37 and M38, 39 at their critical metallogelation 

concentrations were explored by SEM and TEM, which revealed that all assemblies formed 

interconnected fibers (Figure 7i–l) with well-defined helicity.13
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Stirring a mixture of D27 (Figure 7m) and 60° organoplatinum(II) acceptor 3,6-bis[trans-

Pt(PEt3)2(NO3)2]phenanthrene A60o-1 (Figure 7a) in CD3OD induced the self-assembly of 

[2 + 2] rhomboid M40 functionalized with 2-ureido-4-pyrimidinone at its vertices. Self-

assembled [3 + 3] hexagons were prepared in a similar fashion by mixing D27 with one of 

two 120° organoplatinum(II) acceptors, 1,3- bis[trans-Pt(PEt3)2(OTf)2 ethynyl]benzene 

(A120o-6, forming hexagon M41 or 4,4′-[trans-Pt(PEt3)2(NO3)2]diphenyl ketone (A120o-1, 

forming hexagon M42), in DMSO for 8 h. The TEM image in Figure 7n shows a rod-like 

fiber made by placing one drop of dichloromethane solution of rhomboid M40 (1.00 mM) 

onto a carbon-coated copper grid. SEM images show that a thin-long fiber could be drawn 

from the swelled UPy-functionalized hexagon M41 (Figure 7o) and that a knotted fiber 

could be formed from solvent-swelled UPy-functionalized hexagon M42 (Figure 7p).41

In some cases, the geometry of the MOC and not the substituents plays an important role in 

controlling the morphology of the resultant assemblies. In these cases, the donors contained 

only alkyl chains and not amide groups. Yang et al. reported the preparation and 

characterization of a family of metallacycles with different shapes and sizes along with long 

alkyl chains (Figure 7q). Due to the different geometrical properties and alkyl chain 

densities, the resulting metallacycles exhibited distinct self-organization patterns on different 

surfaces, Si(111) or mica, thus yielding various nanostructures with ordered sizes and 

shapes. For instance, rhomboidal complex M43 resulted in a fibrous morphology on the 

surface (Figure 7r), whereas hexagonal complexes M44 and M45 generated nanospheres 

under the same conditions (Figure 7s–t). 44 They also reported the successful construction of 

alkynylplatinum(II) bzimpy-functionalized hexagonal metallacycle M46 by coordination-

driven self-assembly of D29 (Figure 7u) and acceptors. M46 was able to hierarchically self-

assemble into a stable supra-molecular metallogel (Figure 7v) at room temperature. Further 

investigation revealed that this metallogel was selectively responsive to coronene as an 

aromatic guest, which induced the gel-to-sol transition by disrupting intermolecular Pt···Pt 

and π–π stacking interactions.43 However, the rhomboids could not form a stable gel, 

possibly due to the weak intermolecular interaction of the rhomboids.

Furthermore, Yang and coworkers synthesized 120° triphenylamine-substituted 

dicarboxylate donor ligands D30 (Figure 7w) and complementary 120° TPA-functionalized 

di‐Pt(II) acceptor building blocks. Then, metallacycles (M47, 48) with different shapes and 

sizes were successfully obtained via the formation of oxygen‐to‐platinum coordination 

bonds. Subsequently, post‐electropolymerization of those two neutral multi‐TPA-containing 

metallacycles resulted in the fabrication of a new type of neutral polymeric film with well‐
controlled cavity sizes and thickness. As shown by TEM, the M47 film displayed a sheet-

like morphology (Figure 7x) rather than the linear fiber observed for M48 (Figure 7y).44

5. Palladium-containing MOCs and the resultant soft materials

In addition to platinum, Pd has also been used as a building block to construct higher-order 

assemblies. Johnson et al. synthesized the star polymer MOC material M12L24 (M49) 

(Figure 8a), which can be used to precisely tune the structure and dynamics of polymer 

networks (Figure 8b).45 Then, they reported gels assembled from polymeric ligands and 

MOCs as junctions. The resulting ‘polyMOC’ gels are precisely tunable and may feature 
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increased branch functionality. They show two examples of such polyMOCs: a gel based on 

an M2L4 paddlewheel cluster junction, M50, and a compositionally isomeric one based on 

an M12L24 cage (M51, Figure 8c–e).16 Fujita et al. constructed well-defined M12L24 M52 
spherical frameworks containing 24 forklike mesogens on the surface of the spheres. They 

also produced spherical complexes/polymer hybrid LC nanostructured gels that exhibit self-

healing properties through the formation of dynamic covalent bonds (Figure 8f).46 Shionoya 

et al. prepared macrocyclic skeletons of ligand 1 and found that its Pd(II) complexes M53, 
54 allowed their stacked arrangement to form 1D organic and organometallic fibrous 

aggregates (Figure 8g).47 Huang et al. designed and synthesized a Pd2L4 metallacage M55 
with four appendant pillar[5]arene units (Figure 8h) and a neutral ditopic guest compound. 

A supramolecular polymer gel prepared by self-assembly showed temperature and H+ 

responsiveness due to the dynamic metal coordination and host–guest interactions, making 

the supramolecular gel act as a smart material (Figure 8i).48

6. Au/Ag/Fe/Co/Ru/Cd-containing MOCs

The Aida group reported that a trinuclear Au(I) pyrazolate complex (M56) bearing long 

alkyl chains (Figure 9a) in hexane self-assembled via a Au(I)-Au(I) metallophilic interaction 

to form a red-luminescent organogel (Figure 9b).19 The Gao group reported that a 

heterochiral metallocycle M57 (Figure 9c) was formed by the self-discriminating assembly 

of racemic bisbipyridines and silver ions and was further self-organized into nanofibers 

immobilizing self-assembled metal−organic cages.20 These materials selectively 

encapsulated organic solvents in a distinct pattern from the enantiopure version (Figure 9d). 

The Nitschke group reported a new class of hydrogels formed by polymers that are cross-

linked through subcomponent guest molecules within the cages. M58 (Figure 9e, left) forms 

two distinct internal phases within the hydrogel, which allows contrasting release profiles of 

related molecules depending on their aptitude for encapsulation within the cages (Figure 9e, 

right).21

The Newkome group characterized a unique pentameric metallomacrocycle, M59, as well as 

its predesigned hexameric cousin (M60), from the Fe(II)-mediated complexation of 

functionalized 3,5-bis(terpyridinyl)arene ligands (Figure 9f). The self-assembled nanofibers 

based on M59 and M60 were generated by slowly diffusing hexane into macrocycle 

solutions (3 mg.mL−1) in a mixed solvent (Figure 9g).49 The Izzet group reported the 

preparation of multiscale nanoarchitectures M61, 62 (Figure 9h–i) through metal-driven 

self-assembly processes. They found that the solvent composition and the charge of the 

metal linker are key parameters that steer the supramolecular organization. Different types of 

hierarchical self-assemblies, namely, zero-dimensional dense nanoparticles and 1D worm-

like nano-objects, were selectively formed due to the different aggregation modes of the 

metallomacrocycles (Figure 9j).50 The Newkome group also reported the self-assembly of 

multi-ionic species through electrostatic interactions for rigid polycationic macrocycles M63 
with spherical polyanionic dendrimers. The hierarchical formation of the nanofibers and 

sphere-like clusters has demonstrated the potential to employ polyionic architectures as aids 

in shape control (Figure 9k).18 Li et al. used the complete conjugate of TPE with 2,2′:6′,2″-

terpyridine (TPY) as a ligand assembled with Cd(II) to immobilize fluorophores into rosette-
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like metallo-supramolecules M64–65 (Figure 9l–m), which were used as building blocks for 

fabricating nanotubes with different diameters (Figure 9n–o).17

6. Possible mechanism of Pt containing MOCs based higher-order soft 

materials

As describe above, various MOCs have been used for constructing higher-order soft 

materials (Figure 10a), in particular, two dimensional MOCs such as hexagons and 

rhomboids have been widely investigated. As shown in Figure 10b, 48% of the soft materials 

were constructed with hexagons, and 27% were constructed with rhomboids. Based on these 

data, we try to provide the mechanism of the formation higher-order soft materials. For 

example as seen in Figure 10c, 54% of the soft materials are fibers or rods which grow in 

one dimension. These MOC rhomboids were composed of multiple benzene rings, which 

suggests that π - π interactions plays the dominant role in the formation of the resultant 

materials, and thereby providing the driving force for the stacking of rhomboids along a one 

dimensional direction. However, functional groups also play an important role in tuning the 

morphology. Rhomboids with hydrogen bonding donor/acceptor sites drive and stabilize the 

formation of one-dimensional structure (M 3, 4, 8, 36, 37). As for the hexagons based soft 

materials, more than half of them (57%) are gels, and 17% of the materials are one-

dimensional fibers (Figure 10d). Unlike the more rigid planer skeleton of rhomboids, 

hexagons are more flexible and less planar, and therefore harder to grow in only one 

direction. As a result, gels instead of fibers become the dominant structure during higher-

order assembly. Compared with two-dimensional MOCs, the further assembly of three-

dimensional metallacages into higher-order systems is still in the initial stage. In order to 

minimize the influence of substituents, the parent metallacages are used to illustrate the 

mechanism. The formation of microneedles demonstrate the importance of aromatic 

interaction in tuning the assemblies’ morphology. For metallacages with aromatic groups in 

three dimensions, it is not possible to form simple one dimensional architectures. Thus, the 

driving force of the formation of microflowers might result from the aromatic interaction 

among microneedles, which is similar to the formation of the hexagon based gel. 

Furthermore, concentrations of MOCs, environmental temperature, solvent ratio etc are all 

important factors in tuning the assemblies’ morphology. However, based on the limited data, 

to date the comprehension of the accurate relationships among concentrations, temperature, 

solvent ratio, and other metal containing MOCs are far from understood.

6. CONCLUSION AND PERSPECTIVES

Self-assembly is the spontaneous organization of multiple components into well-defined 

ensembles based upon the recognition elements embedded in the building units. Nature has 

evolved self-assembly to readily form complex molecules, aggregation and other entities 

essential for life. Nature is the master of self-assembly by ingeniously exploiting a multitude 

of weak, noncovalent interactions, such as hydrogen bonding, π - π stacking, dipole-dipole, 

van der Waals, hydrophobic-hydrophilic, to enable countless biological processes. Inter alia, 

nucleic acid structures, proteins folding, ribosomes, chromosomes, membranes, 

microtubules are examples of self-assembly of critical importance in all living organisms. In 
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the last couple of dozen years abiological self-assembly has emerged as a cutting edge, 

major and active area of the chemical sciences. As described in this Account abiological 

self-assembly using metal-organic complexes based upon metal-ligand interactions by itself 

or in combination with other weak interactions has provided a convenient procedure for the 

formation of countless novel soft materials with diverse morphologies and properties. Using 

this approach different suprastructures, such as nanorods, nanofibers, nanospheres, diamond 

like architectures as well as films and porous gels have recently been prepared, characterized 

and investigated. Yet this is just the beginning of the journey to prepare ever more 

sophisticated and complex ensemble for application in the materials, biochemical, 

biomedical as well as other areas. Furthermore, many challenges remain in this field. The 

self-assembly process itself is far from fully understood. The precise relationship between 

the metal ligand structure, MOC’s and the resultant suprastructure needs to be explored. The 

use of metals, other than mostly Pt and Pd, and simple synthesis of needed organic ligands 

must be further developed. Finally and perhaps most importantly chemists should interact 

and collaborate more with other scientists like biologists, physicists, engineers and medical 

doctors to take full advantage of the power of abiological self-assembly to the benefit of 

human health and wellbeing.
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Scheme 1. 
The combination of ditopic and tritopic building blocks results in 2-dimensional convex 

polygons and 3-dimensional polygons, which in turn generate soft material.

Sun et al. Page 14

Acc Chem Res. Author manuscript; available in PMC 2019 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
(a–k) 60° organoplatinum (II) acceptor-based rhomboids and the resultant soft 

suprastructures. Adapted with permission from ref 7, 14, 23–26. Copyright 2013 American 

Chemical Society, 2013 and 2016 the Royal Society of Chemistry, 2013 Wiley-VCH, 2016 

National Academy of Sciences (USA).
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Figure 2. 
(a–s) 90° organoplatinum (II) acceptor-based metallacages and the resultant soft materials. 

Adapted with permission from ref 12, 27. Copyright 2018 American Chemical Society.
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Figure 3. 
(a–h) 90° organoplatinum (II) acceptor-based MOCs and the resultant supramolecular 

polymers and liquid crystals. Adapted with permission from ref 15, 28. Copyright 2018 

American Chemical Society, 2016 Wiley-VCH.
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Figure 4. 
(a–i) 120° organoplatinum (II) acceptor-based MOCs and the resultant soft materials. 

Adapted with permission from ref 29–33. Copyright 2014–2017 American Chemical 

Society, 2014 the Royal Society of Chemistry.
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Figure 5. 
(a–s) 120° organoplatinum (II) acceptor-based MOCs and the resultant soft materials. 

Adapted with permission from ref 34–39. Copyright 2017 the Royal Society of Chemistry, 

2016 Wiley-VCH, 2014 and 2016 American Chemical Society.
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Figure 6. 
(a–s) 180° organoplatinum (II) acceptor-based MOCs and the resultant soft materials. 

Adapted with permission from ref 8–11, 40. Copyright 2016 Elsevier, 2014 National 

Academy of Sciences (USA), 2014–2015 and 2018 American Chemical Society.
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Figure 7. 
(a–y) 180° organoplatinum (II) acceptor-based MOCs and the resultant soft materials. 

Adapted with permission from ref 13, 41–44. Copyright 2018 American Chemical Society, 

2013 National Academy of Sciences (USA), 2014, 2016 and 2018 Wiley-VCH.
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Figure 8. 
Palladium-based MOCs and the resultant soft suprastructures. (a–i) M49–55. Adapted with 

permission from ref 16, 45–48. Copyright 2015 Nature Publishing Group, 2013 and 2017–

2018 Wiley-VCH.
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Figure 9. 
Palladium-based MOCs and the resultant soft suprastructures. (a–o) M56–65. Adapted with 

permission from ref 17–19, 21, 49, 50. Copyright 2018 Nature Publishing Group, 2008 and 

2010–2011 Wiley-VCH, 2005 and 2015 American Chemical Society, 2018 National 

Academy of Sciences (USA).
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Figure 10. 
(a) MOC for higher-order assembly (MOC 1–48); (b) pie chart of various MOCs for 

constructing soft material; (c) rhomboid MOCs based soft materials; (d) hexagon MOCs 

based soft materials.
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