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            Abstract
Rational control of the self-assembly of large structures is one of the key challenges in chemistry1,2,3,4,5,6,7,8,9, and is believed to become increasingly difficult and ultimately impossible as the number of components involved increases. So far, it has not been possible to design a self-assembled discrete molecule made up of more than 100 components. Such moleculesâ€”for example, spherical virus capsids10â€”are prevalent in nature, which suggests that the difficulty in designing these very large self-assembled molecules is due to a lack of understanding of the underlying design principles. For example, the targeted assembly of a series of large spherical structures containing up to 30 palladium ions coordinated by up to 60 bent organic ligands11,12,13,14,15,16 was achieved by considering their topologies17. Here we report the self-assembly of a spherical structure that also contains 30 palladium ions and 60 bent ligands, but belongs to a shape family that has not previously been observed experimentally17. The new structure consists of a combination of 8 triangles and 24 squares, and has the symmetry of a tetravalent Goldberg polyhedron18,19. Platonic and Archimedean solids have previously been prepared through self-assembly, as have trivalent Goldberg polyhedra, which occur naturally in the form of virus capsids20 and fullerenes21. But tetravalent Goldberg polyhedra have not previously been reported at the molecular level, although their topologies have been predicted using graph theory. We use graph theory to predict the self-assembly of even larger tetravalent Goldberg polyhedra, which should be more stable, enabling another member of this polyhedron family to be assembled from 144 components: 48 palladium ions and 96 bent ligands.
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                    Figure 1: MnL2n-type polyhedral metalâ€“organic ligand complexes.


Figure 2: X-ray crystallographic analysis of self-assembled product 3.


Figure 3: Schematic representation of Goldberg polyhedra.


Figure 4: X-ray crystallographic analysis of self-assembled product 4.
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Extended data figures and tables

Extended Data Figure 1 NMR study of the self-assembly of ligand 1.
a, 1H NMR spectrum (500â€‰MHz, DMSO-d6, 300â€‰K) of ligand 1. The signal denoted PyHÎ± is derived from the protons in the pydridyl Î±-position; that denoted PyHÎ² is derived from the protons in the pyridyl Î²-position. The signal denoted â€“OCH3 is from the methoxy protons. b, 1H NMR spectrum of 1 after self-assembly with palladium(ii) ions (BF4âˆ’ salt). The aromatic signals are shifted downfield and heavily broadened. c, 1H DOSY spectrum of 1 after self-assembly with palladium(ii) ions (BF4âˆ’ salt). The spectrum indicates a single product with a diffusion coefficient D of 2.6â€‰Ã—â€‰10âˆ’11â€‰m2 sâˆ’1 (logDâ€‰=â€‰âˆ’10.58). The grey band is a guide to the eye. All of the NMR spectra (500â€‰MHz) were measured for DMSO-d6 solutions at 300â€‰K.


Extended Data Figure 2 Schematic representation of larger tet-G(h, k) polyhedra.
Polyhedra with the topology of tet-G(3, 0) (or, equivalently of tet-G(0, 3); Qâ€‰=â€‰9), tet-G(1, 3) (Qâ€‰=â€‰10) or tet-G(2, 3) (Qâ€‰=â€‰13). For Qâ€‰=â€‰9 and Qâ€‰=â€‰10, the other structure in the chiral pair (tet-G(3, 1) and tet-G(3, 2), respectively) is a mirror image of the polyhedron shown.


Extended Data Figure 3 1H NMR of ligand 1.
Full range spectrum: 500â€‰MHz, CDCl3, 27â€‰Â°C.


Extended Data Figure 4 13C NMR of ligand 1.
Full range spectrum: 125â€‰MHz, CDCl3, 27â€‰Â°C.


Extended Data Figure 5 1H NMR of 3.
Full range spectrum: 500â€‰MHz, DMSO-d6, 27â€‰Â°C.


Extended Data Figure 6 1H NMR of 3.
Full range spectrum: 500â€‰MHz, DMF-d5, 27â€‰Â°C.


Extended Data Figure 7 1H DOSY NMR of 3.
Full range spectrum: 500â€‰MHz, DMSO-d6, 27â€‰Â°C. For comparison with M12L24 or M24L48 complexes, see ref. 36.


Extended Data Figure 8 1H DOSY NMR of 3.
Full range spectrum: 500â€‰MHz, DMF-d5, 27â€‰Â°C. For comparison with M12L24 or M24L48 complexes, see ref. 36.


Extended Data Table 1 Crystal data and structural refinement for M30L60 (3) and M48L96 (4)Full size table
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Supplementary Data 2 
X-ray data of M48L96. (CIF 1216 kb)


MEM electron density map of M30L6.
360Â° rotating movie of the electron density map. (MOV 52204 kb)


MEM electron density map of M48L96.
360Â° rotating movie of the electron density map. (MOV 48346 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Fujita, D., Ueda, Y., Sato, S. et al. Self-assembly of tetravalent Goldberg polyhedra from 144 small components.
                    Nature 540, 563â€“566 (2016). https://doi.org/10.1038/nature20771
Download citation
	Received: 18 August 2016

	Accepted: 25 October 2016

	Published: 21 December 2016

	Issue Date: 22 December 2016

	DOI: https://doi.org/10.1038/nature20771


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

                
                    	
                            
                                
                                    
                                        Non-statistical assembly of multicomponent [Pd2ABCD] cages
                                    
                                

                            
                                
                                    	Kai Wu
	Elie Benchimol
	Guido H. Clever


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Systematic construction of progressively larger capsules from a fivefold linking pyrrole-based subcomponent
                                    
                                

                            
                                
                                    	Kai Wu
	Tanya K. Ronson
	Jonathan R. Nitschke


                                
                                Nature Synthesis (2023)

                            
	
                            
                                
                                    
                                        The sharp structural switch of covalent cages mediated by subtle variation of directing groups
                                    
                                

                            
                                
                                    	Qiong Chen
	Zhaoyong Li
	Hao Li


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Kinetic trapping of 2,4,6-tris(4-pyridyl)benzene and ZnI2 into M12L8 poly-[n]-catenanes using solution and solid-state processes
                                    
                                

                            
                                
                                    	Javier MartÃ-Rujas
	Stefano Elli
	Antonino Famulari


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        [2,2] Paracyclophanes-based double helicates for constructing artificial light-harvesting systems and white LED device
                                    
                                

                            
                                
                                    	Zhe Lian
	Jing He
	Hua Jiang


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Over 100 components in a self-assembled complex
Rational control of self-assembly remains a formidable challenge. It is thought to become increasingly difficult, even impossible, as the number of individual constituents increases. For example, no one has ever been able to design discrete molecules that self-assemble from more than 100 components. When exploring design principles appropriate for dealing with the self-assembly of large numbers of components, Daishi Fujita et al. discovered a spherical structure with a topology not previously reported at the molecular level. Using mathematics describing this class of structures, the authors then targeted and characterized an even larger structure containing 48 palladium ions coordinated by 96 bent organic ligandsâ€”by far the largest number of components observed in a self-assembled molecular structure to date. The structure has the topology of a tetravalent Goldberg polyhedron, a type of convex polyhedron made from squares and trianglesâ€”a twist on the original Goldberg polyhedra that were first described by Michael Goldberg in 1937.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Unexplored territory for self-assembly
                

                
	Florian Beuerle



                
    
        
            Nature
        
        News & Views
        
        
            21 Dec 2016
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	Nature Middle East


            


        

    

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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” 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
            
        


    









    








