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            Abstract
Electron dynamics in water are of fundamental importance for a broad range of phenomena1,2,3, but their real-time study faces numerous conceptual and methodological challenges4,5,6. Here we introduce attosecond size-resolved cluster spectroscopy and build up a molecular-level understanding of the attosecond electron dynamics in water. We measure the effect that the addition of single water molecules has on the photoionization time delays7,8,9 of water clusters. We find a continuous increase of the delay for clusters containing up to four to five molecules and little change towards larger clusters. We show that these delays are proportional to the spatial extension of the created electron hole, which first increases with cluster size and then partially localizes through the onset of structural disorder that is characteristic of large clusters and bulk liquid water. These results indicate a previously unknown sensitivity of photoionization delays to electron-hole delocalization and indicate a direct link between electronic structure and attosecond photoionization dynamics. Our results offer new perspectives for studying electron-hole delocalization and its attosecond dynamics.
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                    Fig. 1: Attosecond coincidence spectroscopy of size-resolved water clusters.[image: ]


Fig. 2: APS of size-resolved water clusters.[image: ]


Fig. 3: Size-resolved photoionization time delays of water clusters.[image: ]


Fig. 4: Effect of orbital delocalization on photoionization delays of water clusters.[image: ]


Fig. 5: Effect of orbital delocalization on photoionization delays of poly-acetylenes.[image: ]
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Extended Data Fig. 1 Effect of the channel coupling on photoionization delays of the 1b1 band.
a, Calculated time delays for photoionization out of the 1b1 band of water clusters relative to H2O for a kinetic energy of eKE = 6.0 eV (SB12). The results of the single-channel calculations using ePolyScat30,31 (filled circles) are compared with multi-channel calculations using the basis-set complex Kohn method32,33,34 (filled triangles) are compared. The experimental results are identical to those shown in Fig. 3. b, Same as a, but calculated/measured for SB14.
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Extended Data Fig. 2 Effect of orbital delocalization on photoionization delays of the 3a1 band.
Correlation between the photoionization delays and the first moment of the electron-hole density of the 3a1-orbital-band of water monomer and tetramer (s4) for a kinetic energy of eKE = 6 eV.
Source data


Extended Data Fig. 3 Effect of molecular geometry on orbital delocalization and photoionization delays of (H2O)4s4.
The structures are obtained from AIMD time propagation at different times (see legend). AIMD are run using density-functional theory, the Turbomole software package, the B3-LYP density functional, the def2-TZVP basis and a temperature of T = 100 K.
Source data





Supplementary information
Supplementary Information
Supplementary text, figures and references.


Peer Review File




Source data
Source Data Figs. 1–5 and Extended Data Figs. 1–3.




Rights and permissions
Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


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



Cite this article
Gong, X., Heck, S., Jelovina, D. et al. Attosecond spectroscopy of size-resolved water clusters.
                    Nature 609, 507–511 (2022). https://doi.org/10.1038/s41586-022-05039-8
Download citation
	Received: 24 June 2020

	Accepted: 28 June 2022

	Published: 12 July 2022

	Issue Date: 15 September 2022

	DOI: https://doi.org/10.1038/s41586-022-05039-8


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

                
                    	
                            
                                
                                    
                                        Attosecond-resolved non-dipole photoionization dynamics
                                    
                                

                            
                                
                                    	Jintai Liang
	Meng Han
	Hans Jakob Wörner


                                
                                Nature Photonics (2024)

                            
	
                            
                                
                                    
                                        Attosecond metrology of the two-dimensional charge distribution in molecules
                                    
                                

                            
                                
                                    	V. Loriot
	A. Boyer
	F. Lépine


                                
                                Nature Physics (2024)

                            
	
                            
                                
                                    
                                        Apparatus for attosecond transient-absorption spectroscopy in the water-window soft-X-ray region
                                    
                                

                            
                                
                                    	Kristina S. Zinchenko
	Fernando Ardana-Lamas
	Hans Jakob Wörner


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Open questions in attochemistry
                                    
                                

                            
                                
                                    	Francesca Calegari
	Fernando Martin


                                
                                Communications Chemistry (2023)

                            
	
                            
                                
                                    
                                        Attosecond delays between dissociative and non-dissociative ionization of polyatomic molecules
                                    
                                

                            
                                
                                    	Xiaochun Gong
	Étienne Plésiat
	Hans Jakob Wörner


                                
                                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: ]
