







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 18 August 2021



                    Mobility gradients yield rubbery surfaces on top of polymer glasses

                    	Zhiwei Hao1Â na1, 
	Asieh Ghanekarade2Â na1, 
	Ningtao Zhu1, 
	Katelyn Randazzo3, 
	Daisuke KawaguchiÂ 
            ORCID: orcid.org/0000-0001-8930-039X5, 
	Keiji TanakaÂ 
            ORCID: orcid.org/0000-0003-0314-38435, 
	Xinping Wang1, 
	David S. SimmonsÂ 
            ORCID: orcid.org/0000-0002-1436-92692, 
	Rodney D. PriestleyÂ 
            ORCID: orcid.org/0000-0001-6765-29333,4 & 
	â€¦
	Biao ZuoÂ 
            ORCID: orcid.org/0000-0002-4921-88231Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 596,Â pages 372â€“376 (2021)Cite this article
                    

                    
        
            	
                        18k Accesses

                    
	
                        60 Citations

                    
	
                            164 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Glasses
	Polymers


    


                
    
    

    
    

                
            


        
            Abstract
Many emerging materials, such as ultrastable glasses1,2 of interest for phone displays and OLED television screens, owe their properties to a gradient of enhanced mobility at the surface of glass-forming liquids. The discovery of this surface mobility enhancement3,4,5 has reshaped our understanding of the behaviour of glass formers and of how to fashion them into improved materials. In polymeric glasses, these interfacial modifications are complicated by the existence of a second length scaleâ€”the size of the polymer chainâ€”as well as the length scale of the interfacial mobility gradient6,7,8,9. Here we present simulations, theory and time-resolved surface nano-creep experiments to reveal that this two-scale nature of glassy polymer surfaces drives the emergence of a transient rubbery, entangled-like surface behaviour even in polymers comprised of short, subentangled chains. We find that this effect emerges from superposed gradients in segmental dynamics and chain conformational statistics. The lifetime of this rubbery behaviour, which will have broad implications in constraining surface relaxations central to applications including tribology, adhesion, and surface healing of polymeric glasses, extends as the material is cooled. The surface layers suffer a general breakdown in timeâˆ’temperature superposition (TTS), a fundamental tenet of polymer physics and rheology.Â This findingÂ may require a reevaluation of strategies for the prediction of long-time properties in polymeric glassesÂ with high interfacial areas. We expect that this interfacial transient elastomer effect and TTS breakdown should normally occur in macromolecular systems ranging from nanocomposites to thin films, where interfaces dominate material properties5,10.
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                    Fig. 1: Formation of wetting ridge and its topological profile.[image: ]


Fig. 2: Polymer nano-rheology and surface chain dynamics.[image: ]


Fig. 3: Failure of TTS at the glassy polymer surface.[image: ]


Fig. 4: Emergence of rubbery dynamics at the surface of the unentangled polymer.[image: ]
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