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Quantum Dots – Seeds of Nanoscience

‘for the discovery and synthesis of quantum dots’



How small are these ‘Quantum Dots’?



Robert F. Curl, Harold W. Kroto and Richard

E. Smalley Nobel Prize 1996

Remembering pioneers

Andre Geim and Konstantin Novoselov,

Graphene, Nobel Prize 2010

Michael Faraday – Divided metals

Lord Kelvin – Melting depends on size?

Jean Pierre Sauvage, J. Fraser Stoddart, and

Bernard Lucas Feringa, Molecular machines

Nobel Prize 2016

Richard Feynman, Nobel Prize 1965 –
Plenty of room at the bottom



Quantum effects arise when particles shrink in size

Energy levels of semiconductor crystallites with

different dimensionalities.

Illustration of size-

dependent bandgap.
G. Dong, H. Wang, G. Chen, Q. Pan, J. Qiu, Frontiers in Materials 2015,

2.



Left: transmission electron microscope image of a CdSe nanocrystal. Centre: Atomic structure of

a nanocrystal. Right: Electronic states in a core-shell quantum dot, with the dot itself in the

centre bracketed by a wide-bandgap shell.

Illustration of quantum dots

A. L. Efros and L.E. Brus, ACS Nano 15, 6192 (2021).

Today, ‘quantum dot’ refers to a nanostructure in which quantum

mechanical effects manifest themselves in the electronic structure.
• Either through quantum size effects, many-body interactions (excitonic states) or high surface-to-volume ratio such that

surface states dominate the electronic structure.

• In addition to a small size comparable to the carriers’ de Broglie wavelength, it is now recognized that the quantum

phase coherence length (typically limited by inelastic scattering) needs to exceed the system size.



Gas phase



Mass spectra of positively charged Ar, Kr, Xe clusters, W. Miehle, O. Kandler, 

T. Leisner, and O. Echt. (1989) J. Chem. Phys., 91, 5940.

Gas phase cluster spectroscopy

Ti8C12

Fe, Al clusters

Gas phase



Gas phase



From Gunter Schmidt, Chem. Soc. Rev. 2008, 37, 1909–1930

Magic clusters

Gas phase and solution phase
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From Y. Negishi

Stable clusters 





How do we know that they exist?

Charge detection MS



Synthetic methods



Observing such clusters



Au25L18
-

Atomically precise metal clusters as materials 

T. Pradeep et. al. Acc. Chem. Res. 2018; 2019.

Au25, Ag25, Ag29



1 2 3

Zhu, M.; Aikens, C. M.; Hollander, F. J.; Schatz, G. C.; Jin, R. J. Am. Chem. Soc. 2008, 130, 5883-5885.

Au

S

Au13 core

Au13 core + the

exterior 12  

Au atoms

Au25(SR)18

Au25(SR)18

>150 such clusters

Structures





Geometric and electronic stability

Au25SR18
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With Tatsuya Tsukuda



I. Chakraborty and T. Pradeep, Chem. Rev. 2017

Evolution of noble metal clusters

 

Year 20122010200019901980



Mass spectrometry and materials science



2000 4000 6000 8000 10000

 

7385 7390 7395

 

Au25(PET)18
-

m/z



28

2000 4000 6000 8000 20000 40000 60000

m/z

Ag29(BDT)12
3- Ag25(DMBT)18

-

Au25(PET)18
-

HRMS of Au25(PET)18
-
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Molecular materials



30

Molecules and their properties

Molecular formula

Molecular weight

Molecular structure

Molecular absorption and emission

Molecular reactions

Molecular assembly

Molecular co-crystals

Ionization potential

Electron affinity 

------

Phases - phase transitions

Physical properties

Electrical, magnetic

Mechanical properties

Electrochemical properties

Future?



Reactions on clusters

Reactions between clusters

Molecular reactions

31

Ion optics 

of the M
S



Inter-cluster reactions

A + B  C + D

32



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

38
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M. Neumaier, A. Baksi, et. al., JACS 2021
Manfred Kappes, KIT



Kinetics of the exchange (monitored on the Ag25 side)



42Papri Chakraborti, et. al. Science Advances, 2019.

Isotopic exchange



New Clusters and new Ligands

1-HS-1,2-C
2
B
10
H

11
1,2-C

2
B
10
H

12

43

Vivek Yadav, et. al., Nature Communications, Revised and submitted



Jana et. al, Inorganic Chemistry (2022)

Clusters stable up to 300 oC!

With Tomas Base



Structure of [Ag17(o1-CBT)12]
3- Nanocluster

+

+
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Structure of M17 Nanoclusters

Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17

46



Atomically precise nanocluster assemblies 
encapsulating plasmonic gold nanorods 

Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522–6526. 

47



Aspicules

A system of nomenclature

Gana Natarajan, et. al. JPC C. 2023



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
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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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R-(SMe)44-auro-102 aspicule(0) and L-(SMe)44-auro-102 aspicule(0)





Nature Nanotechnology, July 2014 issue

Work was featured in several journals



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.
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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.

Quantum cluster based metal ion sensing paper

Large area uniform illumination using quantum cluster

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.



Video of mercury quenching experiment using the nanofiber



Analog/Grating
Equipment
$ 5~6 Billion (2017)

a few 100k units  (2017)

Ultra compact Low Cost

Spectral Sensor Module 
~ Billions units ( ? 2027 )

Water quality measurement – In the pipeline

Sensors and new opportunities



500 µM

Co P Sa) b)

c) d)

New electrodes - Aligned nanoplates of Co6S8

64

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



Electrospray deposition
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Sensing

66
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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



70International Centre for Clean Water
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