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Based on the pioneering work of R. W. Murray, Robert L. Whetten, Uzi Landman, Tatuya Tsukuda, Yuichi Negishi, Hannu Hakkinen,

Rongchao Jin, Nanfeng Zheng, Terry Bigioni,  Osman Bakr, Kornberg, Jianping Xie, C. M. Aikens, Thomas Buergi, Amala Dass, 

Ackerson, De-en Jiang, Sukhendu Mandal, Christine Aikens, …. A. W. Castleman Jr., H. Schmidbauer, …. Robin Ras, Olli Ikkala,..3



The area has exploded 
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Molecular formula, Molecular weight

Au38SR24

Au102SR44



Seeing them - Au25 and Au144
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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, but…
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Molecular materials
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Formula, structure and spectroscopy



Challenge 1. We do not know enough

Structures – we have over 300, yet…

Protein protected clusters?
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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?



Physical 

properties

Phase diagram

N. Sandhyarani, Thalappil Pradeep, J. Chakrabarti and Mohammad Yousuf, 
Phys. Rev. B., 62 (2000) R739-R742.



(a) Fifty-four atom gold core consisting of two Mackay icosahedron shells. (b) The icosahedral

gold core (pink) is covered by 60 gold atoms (yellow) making up the grand core. (c) Total

structure, where the grand core is covered in ‘staples’—green atoms represent sulfur, whereas

blue atoms represent gold in the staple structure. The organic carbon chains have been left out

for clarity.

Do we know enough about structures?

Jensen, K. M. Ø., et al. Nat. Commun., 7, 2016, 11859. 



[Au144(PET)60]
3+



A series of RS-SR losses

11000 11200 11400 11600 11800 12000 12200 12400

 5 NCE

MSMS of [Au144(PET)60]



[Au116(PET)41]
2+

[Au120(PET)41]
2+

[Au124(PET)41]
2+

Transformation to a new core

[Au116(PET)41]
+

[Au120(PET)41]
+

[Au124(PET)41]
+

Anagha Jose, et. al. Unpublished



Materials availability





Challenge 2. We do not make enough



Challenge 3. We do not know deep enough



Reactions on clusters

Reactions between clusters

Molecular reactions

24

Ion optics 

of the M
S



Inter-cluster reactions

A + B → C + D

25



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

[Au21-xAgx(FTP)14]-

x = 123 0

x = 02 135 4

[Au25-xAgx(FTP)18]-

=x 
[Au25-xAgx(FTP)18]-

0113

[Au21-xAgx(FTP)14]-

x = 12345 0

12

m/z

(B)

(A)
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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
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Optimised structure of [Ag25Au25(DMBT)18(PET)18]
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)
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Mechanism
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Fig. 1: Effect of electron irradiation of C60 molecules (fullerene) at different electron energies. At 30 kV the molecules do
not undergo any structural changes. However, at 80 kV the C60 start to polymerize, first forming dimers and subsequently 
another tube within the original tube.

https://www.uni-ulm.de/en/einrichtungen/hrem/forschung/forschungsfelder/carbon-nanotubes/





Algara-Siller, G.; Lehtinen, O.; Wang, F. 
C.; Nair, R. R.; Kaiser, U.; Wu, H. A.; 
Geim, A. K.; Grigorieva, I. V., Square ice 
in graphene nanocapillaries. Nature 
2015, 519 (7544), 443-445. 

Observing water
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Au144HT60

B. S. Sooraj, et. al. Unpublished
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B. S. Sooraj, et. al. Unpublished
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Can we see dimers?

Swetashree Acharya, et. al. J. Phys. Chem. C., 2024
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2000 4000 6000 8000 10000

5140 5145 5150

 

2000 4000 6000 8000 10000
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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
50
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Dynamics



4. How to comprehend this molecular world?

53

Nomenclature



A

B
x

y

z

1) Edge projection 2) Face Projection

C2(x)

C2(y)

C2(z) C3
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Gana Natarajan et. al. JPC C 2015 55



Aspicules

56



(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) 59
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5. What for?

Devices, quantum, catalysis, energy, CO2 conversion, biology,….
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M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.

Where are they taking us to?
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ACS Sustainable Chemistry  & Engineering Editorial, 

December 2016

Clean water for everyone



We developed environmentally friendly water positive nanoscale materials for  affordable, sustainable and rapid 

removal of arsenic from drinking water.

There are over 1700 community installations across the country, serving 1.3 million people with arsenic and iron-free 

water every day.



Evolution of materials to products

64

Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435
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Smart water purifiers and big data

Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435
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Decrease in the absorption of Au15 as a biofilm is dipped into the cluster 
solution. Inset: Free standing quantum cluster loaded film in visible light and 
UV light.

Cluster-based metal ion sensing

Anu George et al. ACS Applied Materials & Interfaces, 2012 
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Approaching detection limits of tens of Hg2+

Atanu Ghosh et al. Anal. Chem. 2014. 67



Mercury quenching experiment using nanofiber

68
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Stability



Jana et. al, Inorganic Chemistry (2022)

Carborane-thiols

With Tomas Base





Thermal stability



Analog/Grating

Equipment

$ 5~6 Billion (2017)

a few 100k units  (2017)

Ultra compact Low Cost

Spectral Sensor Module 

~ Billions units ( ? 2027 )

Exponential Opportunity of Spectral Sensing

Water quality measurement – In the pipeline

Sensors and new opportunities



500 µM

Co P Sa) b)

c) d)

New electrodes - Aligned nanoplates of Co6S8

74

1,2-bis(diphenylphosphino)ethane (DPPE)



Electrospray deposition
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Sensing

76
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Working electrode

Anagha Jose et al. ACS Materials Lett., 5 (2023) 893–899.



E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 101079. 

Arsenic poisoning across the world



Installations made by four companies

India’s water is being monitored

IITM/IISc
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