







    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



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 19 September 2018



                    Superstructures generated from truncated tetrahedral quantum dots

                    	Yasutaka Nagaoka1, 
	Rui Tan1, 
	Ruipeng Li2Â nAff6, 
	Hua Zhu1, 
	Dennis Eggert3,4, 
	Yimin A. Wu5, 
	Yuzi Liu5, 
	Zhongwu Wang2 & 
	â€¦
	Ou Chen1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 561,Â pages 378â€“382 (2018)Cite this article
                    

                    
        
            	
                        21k Accesses

                    
	
                        144 Citations

                    
	
                            59 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Nanoparticles
	Quantum dots


    


                
    
    

    
    

                
            


        
            Abstract
The assembly of uniform nanocrystal building blocks into wellÂ ordered superstructures is a fundamental strategy for the generation of meso- and macroscale metamaterials with emergent nanoscopic functionalities1,2,3,4,5,6,7,8,9,10. The packing of spherical nanocrystals, which frequently adopt dense, face-centred-cubic or hexagonal-close-packed arrangements at thermodynamic equilibrium, has been much more widely studied than that of non-spherical, polyhedral nanocrystals, despite the fact that the latter have intriguing anisotropic properties resulting from the shapes of the building blocks11,12,13. Here we report the packing of truncated tetrahedral quantum dot nanocrystals into three distinct superstructuresâ€”one-dimensional chiral tetrahelices, two-dimensional quasicrystal-approximant superlattices and three-dimensional cluster-based body-centred-cubic single supercrystalsâ€”by controlling the assembly conditions. Using techniques in real and reciprocal spaces, we successfully characterized the superstructures from their nanocrystal translational orderings down to the atomic-orientation alignments of individual quantum dots. Our packing models showed that formation of the nanocrystal superstructures is dominated by the selective facet-to-facet contact induced by the anisotropic patchiness of the tetrahedra. This study provides information about the packing of non-spherical nanocrystals into complex superstructures, and may enhance the potential of self-assembled nanocrystal metamaterials in practical applications.
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                    Fig. 1: Characterization of the TTQD building blocks and tetrahelical assemblies.[image: ]


Fig. 2: Characterization of 3D cluster-based bcc single supercrystals.[image: ]


Fig. 3: Characterization of the 2D superlattice with a tentative quasicrystal-approximant superstructure.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 HAADFâ€“STEM images.
aâ€“c, HAADFâ€“STEM images of TTQDs at low (a) and high (b, c) magnification.


Extended Data Fig. 2 Tetrahelix with a left-handed (counter-clockwise) spiral.
a, HR-TEM image of a tetrahelical assembly. b, FFT patterns corresponding to the four consecutive domains. c, The corresponding simulated electron diffraction patterns of the four domains. d, The corresponding schematic illustration of the tetrahelix.


Extended Data Fig. 3 Representative SAXS patterns from different projections obtained from rotational SAXS measurements along the [110]bcc axis.
aâ€“c, [001]bcc projection (a), [\(\bar{1}11\)]bcc projection (b) and [\(\bar{1}10\)]bcc projection (c). The d-spacings of representative spots are labelled.


Extended Data Fig. 4 Construction of a cluster-unit building block of the bcc-supercrystal solid from 36 TTQDs.
a, Wigner-Seitz (Wâ€“S) cell of a bcc crystal structure. b, Schematic illustrations of the assembled and disassembled â€˜ball-likeâ€™ cluster-units comprising 36 TTQDs, viewed from the side and the top. We note that â€˜bccâ€™ represents another level of â€˜cluster-based bcc superlatticeâ€™, and if a less dense and open structure is considered, a slight symmetry-breaking of the cluster does not modify the bcc structure.


Extended Data Fig. 5 Simulations of the WAXS patterns obtained from the rotational WAXS measurements along the [110]bcc axis.
aâ€“l, Simulations of the WAXS patterns for the [001]bcc projection (aâ€“d), the [\(\bar{1}11\)]bcc projection (eâ€“h) and the [\(\bar{1}10\)]bcc projection (iâ€“l). In the cluster unit, six atomic orientations were used which are colour-coded in the computer-generated models. The orientations are classified using grey, red, purple, blue, yellow and green colours in the model (leftmost panels in a, e, i) and in the corresponding simulated patterns for each orientation (right panels in a, e, i). Simulated WAXS patterns were generated by overlapping six orientations (b, f, j). The experimentally observed WAXS patterns (c, g, k) were compared with the resulting simulated patterns (d, h, l).


Extended Data Fig. 6 Comparison between simulations and experimental results using characterization techniques in real and reciprocal spaces.
a, TEM image for the monolayer superlattice of a bcc supercrystal along the [\(\bar{1}10\)]bcc projection. b, The FFT pattern of the image in a. c, SAXS method (ii) simulation of a bcc supercrystal from the [\(\bar{1}10\)]bcc projection (shown in Supplementary Figs.Â 19 and 20b). d, SAED pattern from the superlattice area of a. e, SAXS pattern of a bcc supercrystal from the [\(\bar{1}10\)]bcc projection. f, WAED pattern from the superlattice area of a. g, WAXS pattern from a bcc supercrystal from the [\(\bar{1}10\)]bcc projection. We note that bâ€“e all exhibited similar patterns in terms of the signals and the intensity profiles, indicating the validity of our approach to the identification of complex structures by iterating real and reciprocal spaces using the FFT of the model and the TEM images, diffraction patterns such as SAED and SAXS, and TEM images.


Extended Data Fig. 7 TEM and SAED of bcc-supercrystal solids with tri-line contrast.
aâ€“h, Additional TEM images for bcc-supercrystal solids (a, c, e, g) and the corresponding SAED patterns (b, d, f, h). We note that although the TEM images all showed similar patterns with tri-line contrast (a, c, e, g), the SAED patterns for the selected areas gave different patterns (b, d, f, h). This discrepancy is due to a deeper penetration depth of the electron beam used in the SAED measurement than for the 2D TEM imaging. This result indicates that these bcc supercrystals have a three-layer structure, and that the out-of-plane direction is parallel to the [110]bcc direction. We also assigned SAED patterns to the corresponding projections: the [111]bcc projection (b) and the [100]bcc projection (d). The SAED patterns shown here were obtained from a bcc supercrystal without fixed rotational orientations; therefore, some of the SAED patterns did not have clear bcc-oriented patterns such as those in f and h.


Extended Data Fig. 8 TEM tilting experiment with monolayer superlattices of a bcc-supercrystal solid.
aâ€“c, TEM images from [\(\bar{1}10\)]bcc (a), [\(\bar{1}11\)]bcc (b) and \(\left[010\right]\)bcc (c) projections. dâ€“i, The corresponding FFT patterns from the TEM images shown in aâ€“c. These patterns were assigned to the [\(\bar{1}10\)]bcc (d, g), [\(\bar{1}11\)]bcc (e, h) and [010]bcc (f, i) projections.


Extended Data Fig. 9 FTIR spectra of an amorphous powder sample of the TTQDs and the bcc-supercrystal solid.
In all panels, the spectra of the amorphous powder are shown in red and the bcc-supercrystal solid in blue. a, Full FTIR spectra. b, An expansion in the region of 1,600 cmâˆ’1 to 1,350 cmâˆ’1, which shows various peaks: a characteristic Nâ€“H bend appearing at 1,559 cmâˆ’1 (green dotted line); asymmetric and symmetric stretching of the carboxylate group (â€“COOâˆ’) appearing at 1,537 cmâˆ’1 and 1,430 cmâˆ’1 respectively (red dotted lines); a Câ€“H scissoring bend at 1,458cmâˆ’1 and CH3â€“Câ€“H bending at 1,378 cmâˆ’1 (blue dotted lines). The peak separation between asymmetric and symmetric stretching of the carboxylate group (â€“COOâˆ’) is 107 cmâˆ’1, which suggests bidentate binding and chelate formation. c, An expansion in the region of 1,300 cmâˆ’1 to 900 cmâˆ’1, the Pâ€“O stretching region of the FTIR spectrum of ODPA molecules. The following peaks are observed: P=O vibration; PO3 symmetric stretches in the range of 1,000 cmâˆ’1 to 1,150 cmâˆ’1; PO3 asymmetric stretches in the range of 950 cmâˆ’1 to 1,030 cmâˆ’1. The PO3 asymmetric stretch of the bcc-supercrystal sample is blue-shifted by 51 cmâˆ’1 (from 1,029 cmâˆ’1 to 978 cmâˆ’1) when compared with the amorphous TTQD powder sample. The P=O vibration was also considerably weakened in the bcc-supercrystal sample in comparison to the amorphous TTQD powder sample. Similar changes have been observed previously, for example in ref. 28, indicating a higher packing density of ODPA molecules in a confined state as a result of sandwiching between two atomic planes (that is, two {0002}WZ crystal facets).


Extended Data Table 1 FTIR peak assignments for TTQDs and the bcc-supercrystal solidFull size table
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Video 1
SAXS patterns of the bcc-supercrystal from rotational SAXS measurements along the [110]bcc axis with a step angle of 1Âº.


Video 2
WAXS patterns of the bcc-supercrystal from rotational WAXS measurements along the [110]bcc axis with a step angle of 1Âº.
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