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A water-soluble metallo-supramolecular polymer MSP-f-6Np, which possesses a regular pore aperture of 1.4 nm, has been 

assembled from a structurally flexible naphthalene-appended [Ru(bipy)3]2+ complex and cucurbit[8]uril. As the first 

periodic metallo-supramolecular polymer formed by a flexible building block, MSP-f-6Np exhibits a hydrodynamic 

diameter of 122 and 164 nm at 0.1 and 2.0 mM of the monomer concentrations. Synchrotron small angle X-ray 

scattering experiments confirm that MSP-f-6Np possesses porosity periodicity in both the solution and solid states. 

Compared with a control, the new highly ordered porous system displays enhanced photocatalytic activity for the 

degradation of organic dyes. 

supramolecular polymer, structural flexibility, porosity periodicity, cucurbit[8]uril, photocatalysis, organic dye 

degradation 
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1  Introduction 

Since the first report of supramolecular polymers that were 

generated from linear monomers driven by multiple 

hydrogen bonds [1], this family of soft matters has received 

increasing attention due to their unique features such as 

reversible formation and modulated structures and properties 

[2−15]. It has been established that multi-armed monomers 

can allow for the formation of three-dimensional (3D) 

supramolecular networks that exhibit increased stability 

through multivalence [16−19]. However, efficient control of 

molecular monomers into well-defined pores in solution has 

been a challenge [20,21], even though in the past two decades 

periodic porous solid materials, such as metal-organic 

frameworks [22−26] and covalent-organic frameworks 

[27−30], have been extensively exploited for a variety of 

properties and functions. 

We have recently reported that [Ru(bpy)3]2+-derived (bpy: 

2,2’-bipyridine) rigid precursors co-assemble with 

cucurbit[8]uril (CB[8]) to form periodic metal-cored 

supramolecular organic frameworks in water [31,32], which 

is driven by the encapsulation of CB[8] for the dimers of the 

aromatic arms that are attached to the [Ru(bipy)3]2+ cores 

[33−36]. As a special kind of regular metallo-supramolecular 
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polymers (MSPs) [37−41], these self-assembled frameworks 

have been revealed as porous homogeneous catalysts for 

visible light-initiated proton reduction to hydrogen. Given 

the fact that most of reported supramolecular polymers 

consisting of flexible building blocks can only form 

amorphous structures, we were interested in developing 

efficient strategies for realizing the regularity of this kind of 

self-assembled architectures, because ordered arrangement 

of polymer backbones has been an important approach for 

enhancing specific properties or functions of polymers 

[42−44]. Herein we describe that a structurally flexible 

complex that contains a [Ru(bpy)3]2+ core and six appended 

naphthalene (Np) arms can co-assemble with CB[8] in water 

to form a three-dimensional metallo-supramolecular polymer 

that possesses porosity regularity in both the solution and 

solid state. We further show that this porosity regularity can 

remarkably enhance the homo- and heterogeneous 

photocatalytic activity of the incorporated [Ru(bpy)3]2+ 

complexes for the degradation of organic dyes. 

 

 

Figure 1  The structures of compounds Ru-f-6Np, Ru-f-2Np, methylene 

blue, congo red, and crystal violet. 

2  Results and discussion 

The encapsulation of CB[8] for aromatic dimers is a robust 

binding pattern for the formation of advanced 

supramolecular entities in water [33−36]. Several groups 

have utilized CB[8] encapsulation-enhanced Np dimerization 

to generate discrete supramolecular polymers [45]. To reach 

higher structural ordering for MSPs, we designed and 

prepared six-armed Ru2+-based monomer Ru-f-6Np and 

control Ru-f-2Np (Figure 1), whose [Ru(bipy)3]2+ cores were 

attached with six or two Np units through the flexible 

−CH2NMe2+CH2− linkers, respectively. Their synthetic 

routes are provided in Scheme 1. For the synthesis of Ru-f-

6Np, compound 1 was first reacted with dimethylamine to 

afford 2 in 95% yield. The pyridine derivative was then 

treated with Ru(DMSO)Cl2 to produce 3 in 95% yield. 

Finally, compound 3 was reacted with 4 to produce Ru-f-6Np 

in 90% yield. For the preparation of Ru-f-2Np, compound 6 

was first prepared in 89% yield from the reaction of 2 and 5 

and then reacted with 4 to afford Ru-f-2Np in 90% yield. 

Both Ru-f-6Np and Ru-f-2Np were highly soluble in water 

(>8.0 mM). The crystal structure of 3 revealed a symmetric 

octahedral feature for the complex core (Scheme 1), which is 

the key factor for the regularity of supramolecular metal-

organic frameworks formed from rigid Ru2+-complex 

prototypes [31,32]. 

 

 

Scheme 1  The synthesis of compounds Ru-f-6Np and Ru-f-2Np and the 

crystal structure (CCDC no. ) of intermediate 3. 

CB[8] has a very limited solubility in water (<0.01 mM) 

[46]. Stirring its suspension (3 equiv relative to Ru-f-6Np) in 

the solution of Ru-f-6Np (3.0 mL) in water at room 

temperature for 14 days led to complete dissolution of CB[8]. 

This process could be finished in 2 hours at 100 °C. The 

resolution of the 1H NMR spectrum of Ru-f-6Np in D2O was 

notably lower than that of Ru-f-2Np (Figures S1 and S2, 

ESI), which reflects increased intermolecular stacking of the 

hydrophobic Np moieties as a result of the larger 

multivalence of the six Np units [16−19]. Upon binding 

CB[8], the resolution of both samples decreased remarkably 

(Figures S1 and S2, ESI). Job’s plot obtained by fluorescence 

quenching experiments supported a 1:3 and 1:1 binding 
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stoichiometry for the two Ru2+ complexes and CB[8] (Figure 

S3, ESI), respectively, which were consistent with the 

established 2:1 binding motif between the Np units and 

CB[8] [40−42]. 
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Figure 2  DLS profile of compounds Ru-f-6Np and Ru-f-2Np and their 

mixture with CB[8] (1:3 and 1:1) at different concentrations in water at 

25 °C. 

 

Figure 3  Model of periodic 3D metal-supramolecular polymer MSP-f-6Np 

formed by Ru-f-6Np and CB[8] (1:3), which has a pore aperture of 1.4 nm. 

The structure was obtained by Materials Studio 7.0. 

2D diffusion ordered spectroscopic (DOSY) 1H NMR 

experiment for the solution of Ru-f-6Np and CB[8] (1:3) in 

D2O afforded a diffusion coefficient (D) of 3.2 × 10-11 m2 s-1 

(Figure S4, ESI), which is comparable to that of the mixture 

obtained from a rigid prototypic precursor [28], supporting 

that the two components formed larger supramolecular 

entities. Dynamic light scattering (DLS) experiments for Ru-

f-2Np and Ru-f-6Np and their 1:1 or 1:3 mixture with CB[8] 

in water at [Ru2+] = 1.0 mM gave rise to a hydrodynamic 

diameter (DH) of 2.3, 20, 2.5 and 151 nm, respectively 

(Figure 2). It can be found that the values of Ru-f-2Np and 

its 1:1 mixture with CB[8] were small, reflecting that the two 

molecules did not form large supramolecular aggregates. The 

relatively large value of pure Ru-f-6Np indicated that strong 

aggregation occurred due to intermolecular stacking of the 

appended hydrophobic Np units. Remarkably, the 1:3 

mixture of Ru-f-6Np and CB[8] afforded a pronouncedly 

larger value of 151 nm. At [Ru2+] = 0.1 mM and 2.0 mM, the 

DH values were 122 and 164 nm, respectively. The value at 

[Ru2+] = 2.0 mM was comparable to that of the rigid 

prototyped Ru-r-6PhPy at the identical Ru2+ concentration 

[28]. All these results supported that new large 

supramolecular entities (MSP-f-N6p, Figure 3) were 

generated within the studied concentration range. 

Isothermal titration calorimetric (ITC) experiments were 

conducted by gradually adding the complexes to the aqueous 

solution of CB[8]. Apparent association constants Ka1 and Ka2 

for the complexation of CB[8] for the first and the second Np 

unit were thus derived. For Ru-f-2Np, the values were 1.58 

(± 0.41) × 106 and 1.83 (± 0.32) × 104 M-1, whereas for Ru-

f-6Np, the values were 7.23 (± 0.46) × 106 and 7.91 (± 0.31) 

× 104 M-1 (Figure S5, ESI). The enthalpy changes (ΔH) 

related to the two 1:2 complexes were thus calculated to be 

−16.5 (± 2.67) and −53.4 (±5.58) kcal, respectively, whereas 

the entropy changes (−TΔS) were determined to be −6.02 and 

−37.3 kcal, respectively. The larger values of Ru-f-6Np 

reasonably reflected the multivalence of the binding of its six 

Np units with CB[8], which led to the formation of the large 

supramolecular entities. In both cases, the enthalpic 

contribution was smaller than the entropic contribution, 

which was consistent with the high-energy water model 

proposed for the encapsulation of cucurbiturils for 

hydrophobic guests [47]. 

Synchrotron small-angle X-ray-scattering (SAXS) 

experiment for the aqueous solution of Ru-f-6Np (1.0 mM) 

and CB[8] (1:3) revealed a broad, but discernible peak 

(Figure 3a), which matched well with the calculated {100} 

d-spacing (3.0 nm) of the modelled network obtained 

according to the reported method [31], and supported that the 

above-mentioned nanoscale supramolecular entity existed as 

a regular or periodic porous framework (MSP-f-6Np, Figure 

3) or supramolecular organic framework. The broadness of 

the peak may be attributed to the dynamic nature of the self-

assembled systems in solution [31], although defects could 

not be excluded. The synchrotron SAXS profile for the solid 

microcrystals, obtained by slow evaporation of the above 

solution and evidenced by TEM images (Figure S6, ESI), 

gave rise to two stronger and sharper peaks (Figure 4b), 

which matched with the calculated {110} and {111} spacings 

(2.1 and 1.7 nm) of MSP-f-6Np. The peaks could also be 

observed from the 2D SAXS profile (Figure 4b, inset). These 

results indicate that the periodicity of MSP-f-6Np was also 
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maintained and the (Np)2⊂CB[8] binding motif did not 

change in the solid state. Elemental mapping analysis 

confirmed the composition of the C, N, Cl, O and Ru 

elements in the microcrystals (Figure S7, ESI). 
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Figure 4  a) Solution-phase synchrotron SAXS profile of MSP-f-6Np 

formed by Ru-f-6Np (1.0 mM) and CB[8] (1:3) in water and b) synchrotron 

SAXS profile of the MSP-f-6Np microcrystals formed by evaporation of the 

above solution (Inset: 2D profile). Both of which confirmed the periodicity 

of MSP-f-6Np. 

Molecular modelling revealed that MSP-f-6Np possesses 

about 75% of void volume and the pore aperture of the square 

defined by four adjacent CB[8] molecules was about 1.4 nm 

(Figure 3). To test the stability of this new highly ordered 

supramolecular polymer formed from a structurally flexible 

monomer as well as to explore the function of the 

[Ru(bipy)3]2+ complexes incorporated in the monomer, we 

first studied the influence of organic dyes, including 

methylene blue (MB), congo red (CR) and crystal violet 

(CV) (Figure 1), on the fluorescence of the [Ru(bipy)3]2+ 

complexes. Adding these dyes to the aqueous solution of 

MSP-f-6Np caused complete or significant quenching of the 

fluorescence of the framework (Figures S8-S10, ESI), 

whereas for the solution of Ru-f-6Np, quenching also took 

place, but all with a pronouncedly lower efficiency. It has 

been reported that CB[8] is able to encapsulate MB or other 

organic dyes in water [48-50]. DLS studies revealed that 

adding linear MB and CR (1.0 mM) to the solution of MSP-

f-6Np ([Ru-f-6Np] = 0.3 mM) in water did not cause a 

significant change of the DH value after the solutions were 

stayed for 1 hour, which indicated that the dyes did not 

decompose the polymer frameworks through entering the 

cavity of the CB[8]. This result is not unexpected considering 

that the binding between CB[8] and the Np units of Ru-f-

6Np displayed important multivalence. The fact that both 

cationic and anionic dyes more efficiently quenched the 

fluorescence of the [Ru(bipy)3]2+ complexes of MSP-f-6Np 

than the pure complex Ru-f-6Np supported that the dyes 

were adsorbed into the pores of the MSP-f-6Np. MSP-f-6Np 

can be considered as a new porous ordered cationic 

supramolecular polyelectrolyte. The adsorption for cationic 

MB and CV should be driven mainly by hydrophobicity, 

even though the process for CR might be also promoted by 

ionic electrostatic interaction. 
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Figure 5  Visible light-induced change of the UV-vis spectra of methylene 

blue (MB) (0.05 mM) in the aqueous solution of a) MSP-f-6Np and b) Ru-

f-6Np at 25 C ([Ru2+] = 0.01 mM), and c) normalized absorbance vs 

irradiation time. 

Irradiating the aqueous solution of MB in the presence of 

MSP-f-6Np caused complete degradation of the dye in 80 

minutes (Figures 5a and 5c). In contrast, after the identical 
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irradiation time, Ru-f-6Np of the same concentration could 

lead to only 41% of the dye to degrade (Figures 5b and 5c). 

Similar enhanced catalysis of MSP-f-6Np for the 

degradation of CR and CV was also observed (Figures S11 

and S12, ESI). These results indicated that the Ru2+ 

complexes as the nodes of the cubic framework catalyzed the 

degradation of the dyes in a cooperative manner. The 

heterogeneous catalysis of MSP-f-6Np for the degradation 

of MB in acetonitrile revealed that, after 5 hours of visible 

light irradiation, MB was degraded completely (Figure S13, 

ESI). However, with Ru-f-6Np of the same molar amount as 

catalyst, only 58% of MB was degraded. The activity 

enhancement of MSP-f-6Np may be attributed to the fact that 

the framework prevented the aggregation of the Ru2+ 

complexes and as a result, the catalysis could take place as in 

a homogeneous system despite a slightly lower efficiency. 

3  Conclusions 

In conclusion, we have demonstrated that a highly ordered 

porous metallo-supramolecular polymer can be assembled 

from a flexible six-armed ruthenium complex building block 

through the encapsulation of CB[8] for the dimers of the 

appended naphthalene units. The new porous regular 

supramolecular polymer is highly stable in water to allow for 

enhanced photodegradation of organic dyes at very dilute 

concentration under both homo- and heterogeneous 

conditions. The principle established herein should be 

applicable to other kinds of multi-armed flexible monomers 

to construct new well-defined porous MSPs or 

supramolecular organic frameworks (SOFs), and the 

resulting regular porous materials may be further exploited 

as new biocompatible porous materials for adsorbing and 

transporting biologically active species. 
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