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Geometric and electronic shells



Au25, Ag25



Nanfeng Zheng et al. Nature Communications, 2013
Terry Bigioni et al. Nature 2013
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Atanu Ghosh, et. al., ACS Nano 2017



Ag10 Core in an Ag12 Shell: A Four-Electron 
Superatom 

Esma Khatun, et. al., ACS Nano, 2019



(A) Optical absorption spectrum of Ag22. Inset: image of single crystals under a microscope. (B) 
HRESI MS of I which displays a peak at ~2876 m/z. Inset: Comparison of the theoretical and the 
experimental isotopic distributions of Ag22. 



The overall structure of Ag22: A) Unit cell with a tetragonal arrangement; B) top view; C) side 
view. Labels: red, blue and pink = Ag, yellow = S, orange = P, green = Cl, gray = C and white = 
H. 



Reactions of clusters
Reactions between clusters

Chemistry of clusters



Inter-cluster reactions

A + B 🡪 C + D



Au25(FTP)18 + Ag44(FTP)30              Au25-xAgx(FTP)18



I: Au25-xAgx(PET)18-y(FTP)y II: Ag44-mAum(FTP)30-n(PET)n MAu: 197
MAg: 108

MPET: 137
MFTP: 127





Energies for the substitution reaction of (A) Au in Ag44(SR)30, (B) Ag 
in Au25(SR)18 and (C) the overall reaction   energies (in eV) as a 

function of their positions in product clusters, AuxAg44-x(SR)30 and 
Au25-xAgx(SR)18 for x=1



Shell closure in intercluster reactions

Krishnadas  et al., ACS Nano 2017 



Nanfeng Zheng et al. Nature Communications, 2013
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K. R. Krishnadas et al. Nature Commun. 2016



Reaction between Au25(PET)18 and Ag25(DMBT)18

DMBT
PET
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within 2 min 

within 5 min 

Ag25(DMBT)18:Au25(PET)18 
0.3:1.0 

Evolution of alloy clusters from the dianionic adduct,
[Ag25Au25(DMBT)18(PET)18]

2-



DFT-optimized structure of [Ag25Au25(DMBT)18(PET)18]
2-





How do we comprehend this?



A view of gold methly thiolate [25]aspicule (Au25(SMe)18). 
Gold atoms colored gold, sulfur atoms by yellow, carbon 
dark gray, hydrogen atoms as white and (b) with the gold and 
sulfur atoms alone .

x

y 

Se

ScSc

AueAue

x

y 

z

Ball and stick structure
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Shell Structure
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Terminologies 





Gana Natarajan et. al. JPC C. 2015



Aspicules



(D1-3,D2-3)-di(2-phenylethylthiolato),16(methylthiolato)-auro-25 aspicule(1-) 
(D1-3,D2-3)-(PET)2,(SMe)16-auro-25 aspicule(1-)
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R-(SMe)44-auro-102 aspicule(0) and L-(SMe)44-auro-102 
aspicule(0)



Ananya Baksi et al. Chem. Commun. 2016

Cluster dimers



Precision alloys

Shridevi Bhat et. al. J. Phys. Chem. Lett. (2017)



3D view

Monomers

Dimers





Molar ratio of two clusters= 1:1



Kinetics of the exchange (monitored on the Ag25 side)



Cluster dynamics

They are indeed molecules!

K. R. Krishnadas, et al. Acc. Chem. Res. 2017 







ESI MS of  A) 107Ag25(DMBT)18 and B)109Ag25(DMBT)18. Insets shows the respective isotope patterns. 





Papri Chakraborty, et. al. Science Advances 2018





Supramolecular chemistry

Papri Chakraborty, et,. al. ACS Nano 2018



Figure 1. A) (a) Full range ESI MS, (b) experimental and calculated isotope patterns  and (c) DFT optimized structure of 
[Ag29(BDT)12]

3- cluster. B) (a) ESI MS of [Ag29(BDT)12(C60)n]
3- (n=1-4) complexes, (b) experimental and calculated isotope 

patterns of [Ag29(BDT)12(C60)4]
3- and (c) schematic of the possible structure of [Ag29(BDT)12(C60)4]

3-. 



Figure 3. NMR of (a) C60 showing peak at 143.59 ppm, (b) the adducts at a cluster:fullerene molar ratio of 1:4 showing peak 
at 143.03 ppm for the C60 molecules in bound state and (c) the adducts at an excess concentration of C60 (cluster:fullerene 
molar ratio of 1:15) showing a predominant peak for free C60 (143.59 ppm) and a less intense peak for bound C60 (143.03 
ppm).



Isomerism in supramolcular adducts

Abhijit Nag, et al. JACS 2018
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Assemblies and superstructures



Papri Chakraborti, et. al., submitted

Ag29 supramolecular adduct with crown ether





Amrita Chakraborty, et. al. Angew. Chem. 2018







Ag40 and Ag46 with the same shell

M. Bodiuzzaman, et. al. Angew. Chem. Int. Ed. 2018



Sensors
Catalysis
Energy harvesting - Solar cells



Summary
• Atomically precise clusters is a new area of materials 

science
• Chemistry of these systems show new excitements
• Borromean ring diagram of clusters can be used to 

understand such reactions
• Their extremely fast solution state dynamics is a puzzle
• They show promising properties useful for applications
• Clusters are indeed molecules 
• New materials are coming !
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