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Molecules and their properties



Au25L18
-

7385 7390 7395
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Molecular formula, Molecular weight

Au38SR24

Au102SR44



Geometric and electronic shells
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Molecular structure

Gana Natarajan



Au25, Ag25, Ag29
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Nanfeng Zheng et al. Nature Communications, 2013
Terry Bigioni et al. Nature 2013

Ag44
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Ananthu Mahedranath et al. Unpublished
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Many gaps remain
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Ananthu Mahendranath et al. Chem.Comm.2021



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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5500 6000 6500 7000

m/z

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

6272 6276 6280 6284 6288
m/z

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

DMBT PET

18



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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DFT-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 24



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) 28



Cluster dimers
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Ananya Baksi et al. Chem. Commun. 2016

Cluster dimers
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Precision alloys

Shridevi Bhat et. al. J. Phys. Chem. Lett. (2017)
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Md. Bodiuzzaman et al. Chem. Commun. 2019

A covalently linked dimer of [Ag25(DMBT)18]-
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Experimental

Theoretical

[Ag25(DMBT)17Ru(bpy)2bpy(CH2S)2Ag25(DMBT)17(PF6)2]2-

[Ag25(DMBT)17Ru(bpy)2bpy(CH2S)2Ag25(DMBT)17(PF6)2]2-
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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)



Cluster 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



43



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



Can clusters react with nanoparticles?
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Paulami Bose et al. Nanoscale 2020
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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
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X∩CD2
3-

X∩CD3
3-

Ag29BDT12 = X β-cyclodextrin = CD 

CD-

m/z
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Experimental
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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
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d)

e)

f)
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C-Ag29(BDT)12∩CD2 T-Ag29(BDT)12∩CD2 C-Ag29(BDT)12∩CD3

T-Ag29(BDT)12∩CD3 C-Ag29(BDT)12∩CD4 T-Ag29(BDT)12∩CD4

Cis = C
Trans = T

ii)
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Assemblies and superstructures
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Papri Chakraborti, et. al., ACS Mat. Lett. 2019

Ag29 supramolecular adduct with crown ether

61



62



Amrita Chakraborty, et. al. Angew. Chem. 201863
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2019
Outlook
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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?
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Thank you all

Department of Science and Technology

Collaborators: Tatsuya Tsukuda, Keisaku Kimura, Yuichi Negishi, Uzi Landman, Rob 
Whetten, Hannu Hakkinen, Robin Ras, Manfred Kappes, Horst Hahn, Tomas Base, 
Shiv Khanna, Umesh Waghmare, Chandrabhas Narayana, Giridhar U. Kulkarni, Reji
Philip, R. Mukhopadhay
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