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Quantum Dots – Seeds of Nanoscience

‘for the discovery and synthesis of quantum dots’



How small are these ‘Quantum Dots’?



Harold W. Kroto, Richard E. Smalley and

Robert F. Curl, 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.



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



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 
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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
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With Tatsuya Tsukuda



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

Evolution of noble metal clusters

 

Year 20122010200019901980



Also 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, …. A. W. Castleman Jr., H. Schmidbauer, …. Robin Ras, Olli Ikkala 21

Citations: >2000



Mass spectrometry and materials science



Au25L18
-

7385 7390 7395

 

23

Molecular formula, Molecular weight

Au38SR24

Au102SR44



Au25, Ag25, Ag29

24

New molecules



Nanfeng Zheng et al. Nature Communications, 2013

Terry Bigioni et al. Nature 2013

Ag44

25



Geometric and electronic shells

26

Molecular structure

Gana Natarajan



TEM images of Au25(SR)18 and Au144(SR)60
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29

Ananthu Mahendranath et al. Chem.Comm.2021
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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



32

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?



33



Reactions on clusters

Reactions between clusters

Molecular reactions

34

Ion optics 

of the M
S



Inter-cluster reactions

A + B → C + D

35



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)

36



 

 

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

42
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How do we comprehend this?

44

Nomenclature



A

B
x

y

z

1) Edge projection 2) Face Projection

C2(x)

C2(y)

C2(z) C3

45



Gana Natarajan et. al. JPC C 2015 46



Aspicules

47



(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-)

48
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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) 50
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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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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
58
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Can clusters react with nanoparticles?

60



61

1

2

3

Scale bars: 50 nm (B-G) and 10 nm (insets of B and C).

Ag25 with Au nanoparticles

Paulami Bose, et al. Chem. Mat. 2024 
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5
4

Scale bars: 20 nm

Interface controls the reaction
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6 8

7

Computational insights
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Reactions and new materials



Reactions leading to co-crystals



Supramolecular chemistry

Papri Chakraborty, et,. al. ACS Nano 2018
66
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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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Assemblies and superstructures

68



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

70



Generalization Works for Au250(pMBA)n and aqueous solvent

71
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Co-crystals



Isomerism in supramolecular adducts

Abhijit Nag, et al. JACS 2018 73
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77

M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.

Where are they taking us to?



78

A. Anil Kumar, et. al. Adv. Mater., 29 (2016) 1604260.
Safety of spent media, TCLP

Range of materials, their affordability and safety



79

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

81

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



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



300 400 500 600 700 800

I(
E

)=
A

(W
)*

W
2

Wavelength (nm)

  2 min

  6 min

 10 min

Visible light UV light

300 400 500 600 700 800

I(
E

)=
A

(W
)*

W
2

Wavelength (nm)

  2 min

  6 min

 10 min

Visible light UV light

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. 85



Mercury quenching experiment using nanofiber

86



Jana et. al, Inorganic Chemistry (2022)

Carborane-thiol protected silver nanomolecule

With Tomas Base





Thermal stability



500 µM

Co P Sa) b)

c) d)

New electrodes - Aligned nanoplates of Co6S8

90

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



Electrospray deposition

91



Sensing

92
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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



Ag17   AuAg16 Ag13Cu4 AuAg12Cu4

Vivek Yadav, et. al., Nature Communications, 2025
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S truc ture o f M 1 7 N ano c lus ters

Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17

97



[Ag62S12(CBT)32] Nanocluster

Largest molecule with carboranes so far……

Jana et al., manuscript under preparation 
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Summary

• Atomically precise clusters are a category of new materials

• They are molecules – properties, nomenclature,…

• Clusters are thermally stable up to 400°C. 

• They exhibit useful applications

• Atomic precision across the periodic table

• An era cluster-based materials is being born

S-12

Figure S4. a, b ) Optical microscopic images of crystals having pyramidal facets.
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Larger clusters - TEM

60 nm sized Au-citrate nanoparticles Au~246000(MUTAB)~6280

Au279(TBBT)84 Au144(PET)60
Au25(PET)18
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CDMS of viruses and nanoparticles

(a)

(b)

Keifer, D. Z.; Motwani, T.; Teschke, C. M.; Jarrold, M. F. Measurement of the Accurate Mass 

of a 50 MDa Infectious Virus. Rapid Commun. Mass Spectrom. 2016, 30 (17), 1957–1962.

B. S. Sooraj, et. al. Unpublished
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103

B. S. Sooraj, et. al. Unpublished



Weathering of Minerals in Microdroplets

104



Spoorthi, et. al., Science, 384 (2024) 1012-1017.

Spontaneous Weathering of Natural Minerals in 

Charged Water Microdroplets Forms Nanomaterials

105



Ruby, Fused Alumina

106



Mechanism of nanoparticle formation

107
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Affordable, inclusive, sustainable and contextual excellence   



The AMRIT Team, 2013
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People’s Water Data

A course by IITM



Properties
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Nanomechanical Properties of Cu4 Nanoclusters

Amoghavasha Ramachandra Kini, et. al., Chem. Mater. 2025 118



Nanomechanical Properties of Cu4 Nanoclusters
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Catalysis by Ag13Cu4 Nanoclusters

❖ Direct N9-arylation of Guanine with Phenylboronic Acid Catalyzed by

Cu-doped Silver Nanocluster
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Biosensor Design

As(III)

As(V)

e-

Recombinant Arsenite 

Oxidase NT-26 Aio

Horse Heart 

Cytochrome C
Aldrithiol Low-cost Gold sputtered 

thin film on PET substrate

Buffer: pH 7-8

1st Generation Design (Mediated Electrochemistry)

e-

As(III)

As(V)

Recombinant Arsenite 

Oxidase NT-26 Aio

low-cost nanostructured 

electrodes which interact 

directly with enzyme (e.g. 

graphene or CNT). 

2nd Generation Design (Direct Electron Transfer)

e-

Bio-nano Consulting & Imperial College, London
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Sub-zeptomolar detection 

Ammu Mathew, et al. Angew. Chem. Int. Ed. 2012

Featured in:
The Hindu, Telegraph, Times of India, etc.
C&E News
and many others
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How do we know that they exist?

Charge detection MS



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.



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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Structural anatomy of [Ag62S12(CBT)32] Nanocluster

Ag6@Ag8 Ag6@Ag8S12 Ag6@Ag8S12@Ag48 Ag6@Ag8S12@Ag48S32

Ag6@Ag8S12@Ag48S32(CB)32
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Characterization of Ag62 cluster
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Gas phase


