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            Abstract
Nanoscale or colloidal particles are important in many realms of science and technology. They can dramatically change the properties of materials, imparting solid-like behaviour to a wide variety of complex fluids1,2. This behaviour arises when particles aggregate to form mesoscopic clusters and networks. The essential component leading to aggregation is an interparticle attraction, which can be generated by many physical and chemical mechanisms. In the limit of irreversible aggregation, infinitely strong interparticle bonds lead to diffusion-limited cluster aggregation3 (DLCA). This is understood as a purely kinetic phenomenon that can form solid-like gels at arbitrarily low particle volume fraction4,5. Far more important technologically are systems with weaker attractions, where gel formation requires higher volume fractions. Numerous scenarios for gelation have been proposed, including DLCA6, kinetic or dynamic arrest4,7,8,9,10, phase separation5,6,11,12,13,14,15,16, percolation4,12,17,18 and jamming8. No consensus has emerged and, despite its ubiquity and significance, gelation is far from understoodâ€”even the location of the gelation phase boundary is not agreed on5. Here we report experiments showing that gelation of spherical particles with isotropic, short-range attractions is initiated by spinodal decomposition; this thermodynamic instability triggers the formation of density fluctuations, leading to spanning clusters that dynamically arrest to create a gel. This simple picture of gelation does not depend on microscopic system-specific details, and should thus apply broadly to any particle system with short-range attractions. Our results suggest that gelationâ€”often considered a purely kinetic phenomenon4,8,9,10â€”is in fact a direct consequence of equilibrium liquidâ€“gas phase separation5,13,14,15. Without exception, we observe gelation in all of our samples predicted by theory and simulation to phase-separate; this suggests that it is phase separation, not percolation12, that corresponds to gelation in models for attractive spheres.
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                    Figure 1: 
                        Composition and structure of experimental gel and fluid samples.
                      [image: ]


Figure 2: Comparisons among cluster mass distributions  n(s ) for  Î¾  = 0.059.[image: ]


Figure 3: Comparison of  n(s ) mapping of experimental  cp to  kBT/U. [image: ]


Figure 4: 
                        Spinodal decomposition in samples that form gels.
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 Long-time evolution of the gel sample at Ã¸=0.045 and Î¾=0.059 and cp=3.31 mg/mL, also illustrated in Fig. 1d and Supplementary Video 2. Time elapsed after mixing indicated by the counter in the upper left. Three-dimensional reconstruction (56x56x56Î¼m3) shown at left, with two-dimensional confocal microscope image at upper right. The gel is in the steady state: the structure remains essentially unchanged throughout the entire 100,000 second observation period, even as the spanning cluster exchanges monomers with the surrounding dilute colloidal gas. This exchange is highlighted in the lower right-hand panel: new gel particles that appear for the first time in a frame are highlighted in green, indicating condensation onto the gel from the gas; monomers that disappear in the subsequent frame are highlighted in red, indicating evaporation from the spanning cluster into the gas phase. (MOV 43940 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Lu, P., Zaccarelli, E., Ciulla, F. et al. Gelation of particles with short-range attraction.
                    Nature 453, 499â€“503 (2008). https://doi.org/10.1038/nature06931
Download citation
	Received: 11 December 2007

	Accepted: 14 March 2008

	Issue Date: 22 May 2008

	DOI: https://doi.org/10.1038/nature06931


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

                
                    	
                            
                                
                                    
                                        Kinetic control of shape deformations and membrane phase separation inside giant vesicles
                                    
                                

                            
                                
                                    	Wan-Chih Su
	James C. S. Ho
	Atul N. Parikh


                                
                                Nature Chemistry (2024)

                            
	
                            
                                
                                    
                                        Far from the equilibrium crowd
                                    
                                

                            
                                
                                    	Michael Schmiedeberg


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        The hidden hierarchical nature of soft particulate gels
                                    
                                

                            
                                
                                    	Minaspi Bantawa
	Bavand Keshavarz
	Emanuela Del Gado


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Hierarchical amorphous ordering in colloidal gelation
                                    
                                

                            
                                
                                    	Hideyo Tsurusawa
	Hajime Tanaka


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Temporal and spatial characterisation of protein liquid-liquid phase separation using NMR spectroscopy
                                    
                                

                            
                                
                                    	Jack E. Bramham
	Alexander P. Golovanov


                                
                                Nature Communications (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
            
        

        
    



            

        
    


    
        Editorial Summary
Gelation: Short-range attraction
Nanoscale or colloidal particles change the properties of materials, imparting solid-like behaviour to a wide variety of complex fluids. This behaviour arises when particles aggregate to form mesoscopic clusters and networks. Numerous scenarios for gelation have been proposed, but no consensus has emerged. Lu et al. report experiments showing that gelation of spherical particles with isotropic, short-range attractions is initiated by spinodal decomposition; this thermodynamic instability triggers the formation of density fluctuations, leading to spanning clusters that dynamically arrest to create a gel. This simple picture of gelation should apply to any particle system with short-range attractions.
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