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            Abstract
Polymer networks can have a range of desirable properties such as mechanical strength, wide compositional diversity between different materials, permanent porosity, convenient processability and broad solvent compatibility1,2. Designing polymer networks from the bottom up with new structural motifs and chemical compositions can be used to impart dynamic features such as malleability or self-healing, or to allow the material to respond to environmental stimuli3,4,5,6,7,8. However, many existing systems exhibit only one operational state that is defined by the material’s composition and topology3,4,5,6; or their responsiveness may be irreversible7,9,10 and limited to a single network property11,12 (such as stiffness). Here we use cooperative self-assembly as a design principle to prepare a material that can be switched between two topological states. By using networks of polymer-linked metal–organic cages in which the cages change shape and size on irradiation, we can reversibly switch the network topology with ultraviolet or green light. This photoswitching produces coherent changes in several network properties at once, including branch functionality, junction fluctuations, defect tolerance, shear modulus, stress-relaxation behaviour and self-healing. Topology-switching materials could prove useful in fields such as soft robotics and photo-actuators and also provide model systems for fundamental polymer physics studies.
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                    Fig. 1: Design of polyMOCs with photoswitchable topology.[image: ]


Fig. 2: Photoswitching of polyMOC topology.[image: ]


Fig. 3: Photoswitching topology leads to tunable network dynamics.[image: ]


Fig. 4: Fatigue properties.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Solution self-assembly of DTE-based bis-pyridine ligand and Pd2+.
a, DTE-containing bis-pyridine photoswitch reversibly interconverts between open (o-L) and closed (c-L) forms. Note that the ring-closure reaction produces trans-isomers (racemic). In the presence of Pd2+, o-L and c-L form Pd3(o-L)6 and Pd24(c-L)48 MOCs, which can be interconverted using light. b, Aromatic regions of the solution 1H NMR spectra (CD3CN, 25 °C, ω/2π = 500 MHz) for o-L and c-L, and corresponding MOCs prepared from these ligands and Pd(CH3CN)4(BF4)2. Photoswitching steps are indicated by black arrows. c, 1H DOSY measurements indicate that Pd2+ forms a smaller assembly with o-L (green spectrum) and a larger assembly with c-L (blue spectrum). From a series of 1H NMR spectra generated from 1H DOSY measurements, the decay of peak intensities was fitted to provide the diffusion value (D) for Pd3(o-L)6 (green shaded region) and Pd24(c-L)48 (blue shaded region), respectively. From the measured diffusion values, the hydrodynamic radii of Pd3(o-L)6 and Pd24(c-L)48 were calculated. d, ESI mass spectrum of Pd3(o-L)6. The charge states of intact assemblies due to the loss of counterions are marked. Inset shows the simulated and observed isotopic patterns of [Pd3(o-L)6 + 2BF4−]4+. e, Cold spray ionization mass spectrum of Pd24(c-L)48. The charge states of intact assemblies due to the loss of counterions are marked.


Extended Data Fig. 2 Frequency sweeps in oscillatory rheometry at 0.5% strain.
a, Data for three o-gel samples. b, Data for three o-gel samples after UV irradiation. c, Data for three o-gel samples after UV irradiation followed by green-light irradiation. d, Data for three c-gel samples prepared directly from c-PL.


Extended Data Fig. 3 Fitting of high-q SAXS profile of the c-gel.
a, High-q regime of the SAXS profile for the c-gel. Five peaks were identified (dashed lines) and indexed. b, Experimental results were fitted with the form factor of a spherical particle with radius 2.9 nm.


Extended Data Fig. 4 Topology switching in the presence of free ligand as defects.
a, Frequency sweep in oscillatory rheometry at 0.5% strain for three o-gel′ samples. b, Frequency sweep in oscillatory rheometry at 0.5% strain for three o-gel′ samples after UV irradiation. c, Frequency sweep in oscillatory rheometry at 0.5% strain for three o-gel′ samples after UV irradiation followed by green-light irradiation. d, SAXS curves for the o-gel′ before and after UV irradiation.


Extended Data Fig. 5 Simulations of network topology.
a, Snapshots of in silico polyMOCs before UV irradiation. Left: MOC junctions are shown as grey spheres and polymer chains connecting MOC junctions are shown in blue. Right: A zoom-in view of the region in the green cube in the left panel. Looped and non-looped polymer chains are shown in red and blue, respectively. b, Snapshots of in silico polyMOCs after UV irradiation. Left, MOC junctions are shown as grey spheres, and polymer chains connecting MOC junctions are shown in blue. Right, A zoom-in view of the region in the green cube in the left panel. Looped and non-looped polymer chains are shown in red and blue, respectively. The blue dashed circle shows a representative case in which two Pd24L48 clusters are connected by multiple polymer chains (that is, multiple secondary loops). c, A representative polymer network which is abundant in secondary loops. The connectivity of each junction is calculated on the basis of the total connections, which describes the number of polymer chains connecting MOCs. d, The same polymer network is represented in another way by calculating the connectivity of each junction on the basis of the active connections.


Extended Data Fig. 6 Simulated results for average connections per MOC for a series of polyMOCs with various PdxLy stoichiometries.
Two types of connections between MOCs are defined: total connections and active connections. These connections correspond to two classical models of elasticity: the affine model (total connections, red curve) and the phantom model (active connections, black curve). Both affine (yellow stars) and phantom (blue stars) models were used to calculate the average branch functionality for the o-gel and c-gel based on measured G′, and the results were compared with simulated active connections and total connections. For the o-gel, the phantom-model based experimental calculation agrees well with simulated active connections; for the c-gel, the affine-model based experimental calculation agrees well with simulated total connections. The experimental and simulated results suggest that the o-gel is best described as a phantom network while the c-gel is best described as an affine network.


Extended Data Fig. 7 Simulation studies of fatigue behaviours.
a, Simulation results for \({\bar{f}}_{{\rm{ac}}}\) of Pd3L6 gel obtained by assuming that a certain fraction of ligand is inactive. b, Simulation results for \({\bar{f}}_{{\rm{tc}}}\) of Pd24L48 gel obtained by assuming that a certain fraction of ligand is inactive.


Extended Data Fig. 8 1H NMR of the aromatic regions of model compound o-L during UV irradiation.
The o-L was completely converted to c-L after 5 h, with approximately 2% side product as indicated by the presence of a second set of peaks. After 18 h of UV irradiation, about 20% of c-L was converted to the side product. By 45 h, more than 80% of the c-L had undergone side reaction(s).





Supplementary information
Supplementary Information
This file contains synthetic methods and additional characterization data.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Gu, Y., Alt, E.A., Wang, H. et al. Photoswitching topology in polymer networks with metal–organic cages as crosslinks.
                    Nature 560, 65–69 (2018). https://doi.org/10.1038/s41586-018-0339-0
Download citation
	Received: 04 February 2018

	Accepted: 16 May 2018

	Published: 18 July 2018

	Issue Date: 02 August 2018

	DOI: https://doi.org/10.1038/s41586-018-0339-0


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Photoswitchable coordination cages
                                    
                                

                            
                                
                                    	Elie Benchimol
	Jacopo Tessarolo
	Guido H. Clever


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Reconfiguring hydrogel assemblies using a photocontrolled metallopolymer adhesive for multiple customized functions
                                    
                                

                            
                                
                                    	Jiahui Liu
	Yun-Shuai Huang
	Si Wu


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Recent progress in photoreactive crosslinkers in polymer network materials toward advanced photocontrollability
                                    
                                

                            
                                
                                    	Hiroshi Masai
	Tomoki Nakagawa
	Jun Terao


                                
                                Polymer Journal (2024)

                            
	
                            
                                
                                    
                                        One-pot synthesis of hyperbranched polymers via visible light regulated switchable catalysis
                                    
                                

                            
                                
                                    	Shuaishuai Zhu
	Maoji Zhao
	Xiaolin Xie


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Design of self-healing and self-restoring materials utilizing reversible and movable crosslinks
                                    
                                

                            
                                
                                    	Ryohei Ikura
	Junsu Park
	Yoshinori Takashima


                                
                                NPG Asia Materials (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
