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Also the pioneering work of R. W. Murray, Robert L. Whetten, Uzi Landman, Tatuya Tsukuda, Yuichi Negishi, Hannu Hakkinen,
R. Jin, Nanfeng Zheng, Terry Bigioni,  Osman Bakr, Kornberg, Jianping Xie, C. M. Aikens, Thomas Buergi, Amala Dass, …. A. W. 
Castleman Jr., H. Schmidbauer, …
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Nanfeng Zheng et al. Nature Communications, 2013
Terry Bigioni et al. Nature 2013
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Geometric and electronic shells



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
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Au25(PET)18 + Ag44(FTP)30              Au25-xAgx(PET)18-y(FTP)y; x=0-13

Au25:Ag44

14.0:1.0 

7.0:1.0 

1.7:1.0 





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



Ag
25

-Au
25

 experiments

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 .
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Ball and stick structure



(a) (b)

(c)

Au@Au12@Au12@S6@S
12

S12@S6

Au12 @Au12

Shell Structure



z′

z

y

y′

zy′

zy

x′ x 

yx′ yx

y ′x′
x
z

x′z

z′y

    
xz′ 

y′x

x′z′

z′y′

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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Ligand Exchange & Alloy 
cluster
Au24Pd(SR1)10(SR2)8     isomer 1 (cis)

1, 5-(SBB)10, 3-(SC6H12)8
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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)





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







After 4 
days

After 2 
days

After 1 day

Ag25(2,4-DMBT
)18

               Ag25 reacts with Untreated-Pure Au foil (24 carat)
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Ag25 reacts with 22 Carat Au foil after 24 hours (200 rpm)

Unpublished



Greater insights



Molar ratio of two clusters= 1:1



Kinetics of the exchange (monitored on the Ag25 side)

With Manfred Kappes and Horst Hahn



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
• Clusters are indeed molecules
• New materials are coming!
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Where there is clean water, there is hope.

52

Clean water through advanced materials
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