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            Abstract
The discovery of a method to separate isotopologues, molecular entities that differ in only isotopic composition1, is fundamentally and technologically essential but remains challenging2,3. Water isotopologues, which are very important in biological processes, industry, medical care, etc. are among the most difficult isotopologue pairs to separate because of their very similar physicochemical properties and chemical exchange equilibrium. Herein, we report efficient separation of water isotopologues at room temperature by constructing two porous coordination polymers (PCPs, or metalâ€“organic frameworks) in which flip-flop molecular motions within the frameworks provide diffusion-regulatory functionality. Guest traffic is regulated by the local motions of dynamic gates on contracted pore apertures, thereby amplifying the slight differences in the diffusion rates of water isotopologues. Significant temperature-responsive adsorption occurs on both PCPs: H2O vapour is preferentially adsorbed into the PCPs, with substantially increased uptake compared to that of D2O vapour, facilitating kinetics-based vapour separation of H2O/HDO/D2O ternary mixtures with high H2O separation factors of around 210 at room temperature.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: The diffusion-regulatory mechanism for dynamic discrimination of water isotopologues.


Fig. 2: Structural depictions of the diffusion-regulatory PCPs.


Fig. 3: Adsorption kinetics of water isotopologues for FDCâ€“1a and FDCâ€“2a.


Fig. 4: Mixed vapour separation.
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Extended data figures and tables

Extended Data Fig. 1 Vapour sorption for control materials.
H2O and D2O sorption curves at 298â€‰K for (a) zeolite 3A (pore aperture 3â€‰Ã…), (b) microporous active carbon (pore aperture 3â€‰Ã…), (c) ZIF-7 (pore aperture 3â€‰Ã…)27, (d) FMOF-Cu (pore aperture 2.5â€‰Ã…)28, (e) Ni2(bipy)3(NO3)4-M (pore aperture 2.4â€‰Ã…)29, (f) Ni2(bipy)3(NO3)4-E (pore aperture 2.1â€‰Ã…)29, (g) Cu(OPTz) (pore aperture 3â€‰Ã…)21, and (h) HKUST-1 (pore aperture 9â€‰Ã…)30. For microporous active carbon and Cu(OPTz), their curves for H2O and D2O sorption were the same, and no discrimination was observed. For FMOF-Cu, the adsorption amounts for H2O and D2O were too low for adsorption-based separation. For ZIF-7, the difference in adsorption amounts for H2O and D2O were only 4.1 and 3.1â€‰cm3 gâ€“1 at P/Psâ€‰=â€‰0.5 and 0.98, respectively, not as large as in FDCâ€“1a and FDCâ€“2a (10.2 and 9.9â€‰cm3â€‰gâ€“1 at P/Psâ€‰=â€‰0.98, respectively). For zeolite 3A, despite the surface condensation at high P/Ps, a distinguishable difference between H2O and D2O was observed at low P/Psâ€‰<â€‰0.2, which was attributed to the cluster formation of H2O or D2O at different P/Ps. In principle, this difference could be used in discriminating water isotopologues by controlling the relative pressure. However, in the real recognition/separation systems, an ambient pressure (P/Ps around 1) is more favorable, whereas low pressure is difficult to control. For Ni2(bipy)3(NO3)4-M and Ni2(bipy)3(NO3)4-E, they underwent a sudden gate open and a gradual gate open toward H2O and D2O molecules in the adsorption process, and therefore, they could not separate water isotopologues. For HKUST-1, it represents the systems using large pores and strong binding sites for the separation of water isotopologues (thus thermodynamic separation). However, no difference could be observed in the sorption curves. Therefore, the demonstrated preferential adsorption of H2O over D2O by FDCâ€“1a and FDCâ€“2a at 298â€‰K was not found for other small-pore adsorbents, including zeolite, activated carbon, and other PCPs/MOFs. Even though some compounds show a slight difference in preference of adsorption behavior for water isotopologues, the difference is not comparable to adsorption behavior by FDCâ€“1a and FDCâ€“2a.


Extended Data Fig. 2 H2O and D2O sorption curves for FDCâ€“1a and FDCâ€“2a at 298â€‰K using different exposure time.
a, H2O sorption curves for FDCâ€“1a. b, D2O sorption curves for FDCâ€“1a. c, H2O sorption curves for FDCâ€“2a. d, D2O sorption curves for FDCâ€“2a. We measured the H2O and D2O sorption curves with the exposure time of each plot as 600â€‰s, 1800â€‰s, and 4800â€‰s, respectively, resulting in a total measurement time of 26.4, 74.2, and 221.5â€‰h, respectively. The adsorption amounts markedly increased with the prolonged exposure time, which indicated that the diffusion kinetics of adsorbates was the determining factor for this thermoresponsive adsorption behavior.


Extended Data Fig. 3 Temperature-dependent sorption curves of H2O and D2O.
a, H2O sorption curves in FDCâ€“1a from 278 to 323â€‰K. b, D2O sorption curves in FDCâ€“1a from 278 to 323â€‰K. c, H2O sorption curves in FDCâ€“2a from 278 to 323â€‰K. d, D2O sorption curves in FDCâ€“2a from 278 to 323â€‰K. The uptake amounts of H2O and D2O in both the two PCPs obviously increased as increasing the temperature, indicating a diffusion-controlled sorption behavior which was determined by the kinetic factor. On the other hand, the uptake amounts of H2O in both the two PCPs were substantially higher than that of D2O at the same temperature (e.g., H2O 36.1â€‰mL gâ€“1 vs. D2O 25.9â€‰mL gâ€“1 in FDCâ€“1a at 298â€‰K, and H2O 25.2â€‰mL gâ€“1 vs. D2O 15.4â€‰mL gâ€“1 in FDCâ€“2a at 298â€‰K), revealing that the diffusion of H2O was faster than that of D2O. Finally, under otherwise identical conditions (same temperature and vapor), the uptake amounts of H2O and D2O in FDCâ€“1a were substantially higher than that in FDCâ€“2a, demonstrating that the diffusion rate of the former was higher than the latter.


Extended Data Fig. 4 Variable-temperature synchrotron PXRD of FDCâ€“1a under vacuum conditions.
The curves from blue to red denote the temperature changing from 273 to 373â€‰K. The ranges of dominant peaks are enlarged to clearly show the slight change of peak position with temperature.


Extended Data Fig. 5 Diffusion-rate calculation.
Diffusion rates (k) of H2O and D2O in (a) FDCâ€“1a and (b) FDCâ€“2a. Calc.1 represents the calculated diffusion rates considering that all rotational and translational movements were changed to vibrational modes for the adsorbed H2O or D2O. Calc.2 represents the calculated diffusion rates by considering that one rotational movement remains and other rotational and translational movements of H2O or D2O were changed to vibrational modes at the initial state.


Extended Data Table 1 Current methods of the separation of deuterated speciesFull size table
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