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Molecular formula, Molecular weight

Au38SR24

Au102SR44
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They make high quality crystals



Geometric and electronic shells
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Molecular structure

Gana Natarajan
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Molecules and their properties
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Ananthu Mahendranath et al. Chem.Comm.2021



Nanfeng Zheng et al. Nature Communications, 2013
Terry Bigioni et al. Nature 2013

Ag44
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Reactions on clusters
Reactions between clusters

Molecular reactions
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Ion optics 

of the M
S



Inter-cluster reactions

A + B  C + D
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Au25(FTP)18 + Ag44(FTP)30 Au25-xAgx(FTP)18
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Locations of Au in AuxAg44-x(SR)30 

Location of Ag in 
Au25-xAgx(SR)18 

I Dcv Dcf S 

C -0.015 +0.564 +0.388 +0.226 
I -0.486 +0.093 -0.083 -0.245 
S -0.276 +0.303 +0.127 -0.035 

Location of Au in  
AuxAg44-x(SR)30 

 
∆E/eV 

 

Icosahedron (I) -0.72  

Dodecahedron: cube vertex 
(Dcv) 

-0.14  

Dodecahedron: cube face (Dcf) -0.32  
   

Staples (S) -0.48  

Location of Ag in  
Au25-xAgx(SR)18 

 
∆E/eV 

 

Central atom (C) +0.71  

Icosahedron (I) 
+0.23  

Staples (S) +0.44  

(A)
(B)

(C)

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
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Ag25-Au25 experiments

K. R. Krishnadas et al. Nature Commun. 2016
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Reaction between Au25(PET)18 and Ag25(DMBT)18

DMBT
PET
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m/z

[Ag25(DMBT)18+Au25(PET)18]2-

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-
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Optimized structure of [Ag25Au25(DMBT)18(PET)18]2-
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How do we comprehend this?
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Gana Natarajan et. al. JPC C 2015 25



Aspicules
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(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

(i, 1, 2, x2)-palladoauro-25 asp (-1)

x

y 

z
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R-(SMe)44-auro-102 aspicule(0) and L-(SMe)44-auro-102 aspicule(0) 29
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M. Neumaier, A. Baksi, et. al., JACS 2021
Manfred Kappes, KIT



CID data of [Au25Ag25]2-



Kinetics of the exchange (monitored on the Ag25 side)



Expanding reactions
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Interparticle Reactions Forming Product Co-Crystals



Ag40 and Ag46 with the same shell

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

Co-crystals



Atom transfer dynamics

They are indeed molecules!
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2000 4000 6000 8000 10000

5140 5145 5150

 

2000 4000 6000 8000 10000

 

5190 5195 5200

 

m/z m/z

m/z m/z

A) B)

a)
b)

[107Ag25(DMBT)18]- [109Ag25(DMBT)18]-

ESI MS of  A) 107Ag25(DMBT)18 and B)109Ag25(DMBT)18. Insets shows the respective isotope patterns. 
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Papri Chakraborty, et. al. Science Advances 2019
42
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Can clusters react with nanoparticles?
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Paulami Bose et al. Nanoscale 2020

45



46



47



Colloidal crystal

A B C

CC

Crystallization of AgAu NP



Day 0 Day 15

1 µm

Day 15

1 µm

Day 30

Day 20

1 µm

1 µm

Day 40 Day 50

30 µm

Transformation of colloidal particles in solution



52° Tilt

Crystals imaged after 50 days

52° Tilt



Bulk Au― Ag NC reaction



Characterization of reaction products



Supramolecular chemistry

Papri Chakraborty, et,. al. ACS Nano 201853



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-.
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145 144 143 142

 Chemical shift (ppm)

(a)

(b)

(c)

C60

[Ag29(BDT)12]3- + C60

(1:4)

[Ag29(BDT)12]3- + C60

(1:15)

Free C60 Bound C60

143.59 143.03 

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).
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Isomerism in supramolcular adducts

Abhijit Nag, et al. JACS 201856



1000 2000 3000 4000 5000

X3-

X∩CD1
3-

X∩CD2
3-

X∩CD3
3-

Ag29BDT12 = X β-cyclodextrin = CD 

CD-

m/z

1976 1980 1984 1988

X∩CD6
3-

X∩CD5
3-

X∩CD4
3-

X∩CD1
3-

Calculated 
Experimental

A)

a)

b)

m/z

X∩CD1
3-
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1 2 3 4 5 6
 

4 5 6 7 8 9
 Drift time (ms)

Isomer 1 Isomer 2

X∩CD3
3-

628.0 Å2613.0 Å2

Isomer 1 Isomer 2

X∩CD2
3-

540.0 Å2526.0 Å2

X∩CD1
3-

438.0 Å2

Drift time (ms)

X∩CD6
3-

903.0 Å2

X∩CD5
3-

812.0 Å2

Isomer 1 Isomer 2

X∩CD4
3-

724.0 Å2705.0 Å2

a)

b)

c)

d)

e)

f)
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Assemblies and superstructures
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Nanoclusters in colloidal assemblies

Nonappa et al., Angew. Chem. Int. Ed. 2016, 55, 16035–16038.

Som, A. et al., Adv. Mater. 2016, 28, 2827–2833
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Atomically precise nanocluster assemblies encapsulating 
plasmonic gold nanorods 

Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522–6526. 
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3D morphological analysis
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Generalization Works for Au250(pMBA)n and aqueous solvent
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Chakraborty, A. et al., J. Phys. Chem. C 2021, 125, 3256−3267.

Near-infrared chiral plasmonic microwires through 
precision assembly of gold nanorods on soft biotemplates

With Nonappa, Mauri A. Kostiainen and Robin H. A. Ras



Long-range assemblyLong-range assembly
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NIR chirality
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Single particle chirality measurement

68



With cellulose nanocrystals
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2019
Outlook
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Jana et. al, Inorganic Chemistry (just accepted)

Carborane-thiol protected propeller-shaped photoresponsive silver nanomolecule

With Tomas Base



Characterization of Ag21



Structural details of Ag21



Structural details of Ag21
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Molecules and their properties

Molecular formula
Molecular weight
Molecular structure
Molecular absorption and emission
Molecular reactions
Molecular assembly
Molecular co-crystals

------
Phases - phase transitions
Physical properties

Electrical, magnetic
Mechanical properties
Electrochemical properties

Future?



NonappaRobin Ras Mauri Kostiainen

Collaborators

Manfred Kappes Olli Ikkala

Tatsuya Tsukuda, Keisaku Kimura, Yuichi Negishi, Uzi 
Landman, Hannu Hakkinen, Rob Whetten, Tomas Base



77



78



79



Thank you all

Department of Science and Technology
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Shiv Khanna, Umesh Waghmare, Chandrabhas Narayana, Giridhar U. Kulkarni, Reji
Philip, Vivek Polshettiwar, R. Mukhopadhay
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