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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
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Au25, Ag25, Ag29
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New molecules and materials



Nanfeng Zheng et al. Nature Communications, 2013

Terry Bigioni et al. Nature 2013

Ag44
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Au25L18
-

Atomically precise metal clusters as materials 

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

7385 7390 7395
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They make high quality crystals



Geometric and electronic shells
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Molecular structure

Gana Natarajan





Synthetic methods





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

Evolution of noble metal clusters

 

Year 20122010200019901980

>2000 citations



Mass spectrometry and materials science
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Molecular materials
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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

Ionization potential

Electron affinity 

------

Phases - phase transitions

Physical properties

Electrical, magnetic

Mechanical properties

Electrochemical properties

Future?



Reactions on clusters

Reactions between clusters

Molecular reactions

20

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

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



Kinetics of the exchange (monitored on the Ag25 side)



31
Papri Chakraborti, et. al. Science Advances, 2019.

Isotopic exchange
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Vivek Yadav, et. al., Nature Communications, 2024

New Clusters and new Ligands



Jana et. al, Inorganic Chemistry (2022)

Clusters stable up to 300 oC!

With Tomas Base



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

+

+

34Vivek Yadav, et. al. Nature Comunications 2024



Au@Ag16

Ag13@Cu4 Au@Ag12@Cu4

Ag17

35

Structures of M17

Nanoclusters



Atomically precise nanocluster assemblies 
encapsulating plasmonic gold nanorods 

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

44

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



Electrospray deposition
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Sensing

46



47

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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Ice chemistry 



Clathrate hydrates in interstellar environment

Diffuse clouds: T ~ 100 K, n ~ 100 molecules per cm3

Dense clouds: T ~ 10-100 K, n ~ 104-108 molecules per cm3

On Earth sea level: T ~ 300 K, n ~ 3×1019 molecules per cm3

https://spaceref.com/science
51

Pressure: ~ 10-10 mbar

Temperature: ~ 10 K 



Bag, S. et al., Annu. Rev. Anal. Chem. 2013, 6, 97–118
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Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823–2829

Ice instrument located in HSB-148, IIT Madras
115-400 nm
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Instrumentation
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Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2018, 116, 1526-1531

CH in ultrahigh vacuum

Methane CH

Carbon dioxide CH
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Microdroplets



Spoorthi et al., Science384, 1012–1017 (2024) 31May 2024



A scale of 1000

Image from Wikipedia



Functional Nanomaterials



Microdroplets

0D 1D

2D3D

Anyin Li, et. al., Angew. Chem. Int. Ed. 2014, 

53, 12528 –12531.

Depanjan Sarkar et. al., Adv. Mater. 2016, 

28, 2223–2228.

Depanjan Sarkar, et. al., J. Phys. Chem. C 2018, 122, 

17777−17783.Arijit Jana et. al., J. Mater. Chem. A, 2019, 7, 6387–6394.



Bimetallic Nanobrushes

A B C

D E F

20 µm 20 µm

20 nm5 nm20 µm

50 µm

Formation of Ag-Pd bimetallic brushes



Nature is a best teacher, a great source of wisdom



Depanjan Sarkar et. al., Adv. Mater. Interfaces, 2018, 1800667.

Patterned Surfaces Using Microdroplets



Efficiency of 

56.6 L m−2 d−1

Atmospheric Water Capture
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NP1

100 µm

ESSI

Pallab Basuri et. al. Chem. Sci., 2022, 13, 13321–13329.

Understanding Microdroplets



Transformation of Materials in

Microdroplets



Transformation process 

Experimental set-up

Pt wire

Capillary

Ambient Microdroplet Annealing of Nanoparticles

Angshuman Ray Chowdhuri et. al., Chem. Sci., 2021, 12, 6370–6377.

Synthesis of polydisperse NPs



Thanks to ChatGPT



Weathering in Nature



Sand, the Ubiquitous Material

Images from Wikipedia
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Ground silica Optical image of silica



Weathering of Minerals in Microdroplets

Spoorthi, et. al., Science, 2024
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Ruby, Fused Alumina



3.5 kV 4.5 kV 5 kV

SiO2 after 

electrospray

SiO2 before 

electrospray

SiO2

JCPDS 

data

Fragmentation of Silica – Varying Conditions



Surface force

Separatio

n due to 

cleavage

The process of cleavage and surface reconstruction visualized with first-principles simulations 

Mechanism: Cleavage



Localized slip

Stacking fault 

(𝑥, ݖ ∈ [0,1]) - fractional coordinates 

This instability leads to the formation of a

stacking fault on the (010) plane, achieved

with slip localized at (010) plane

Mechanism: Slip
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SFE (2݉/ܬ) 

Slab ݖ ݔ 
w/o H-

atom 

1 H-

atom 

2 H-

atoms 
 ܧ

0.0 0.0 0 0 0 0 

0.5 0.5 -1.21 -0.93 -0.88 -1.20 

0.5 0.0 1.20 1.18 0.90 1.12 

0.0 0.5 -0.07 0.89 -0.83 -0.09 

SFEs of (010) direction with (0, 0), (0, 0.5), (0.5, 0) and (0.5, 0.5) slip configurations on 

the (110) plane of SiO2
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No H-atom One H-atom Two H-atoms

Silicate fragments
A B C

b

c

b

c

a
a
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Mass Spectrometry of the Fragments
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Effect of Charged Microdroplets on Quartz

Increased surface roughness after the spray
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Mechanism of Nanoparticle Formation



Rayleigh, On the 

equilibrium of liquid 

conducting masses 

charged with electricity, 

Philosophical Magazine, 

1882

Q = 8π (ϵ0 γR3)1/2

Image from Wikipedia



Droplets

T
ra

v
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l 
p
a
th

Smaller droplets

Grazia Rovelli, et. al. Chem. Sci., 2020, 11, 13026–13043.

Understanding Microdroplets
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science.org SCI EN CE9 58    31 MAY 2024 •  VOL 384 I SSUE 6699

By R. Graham Cooks and Dylan T. Holden

C
harged microdroplets are commonly 
observed in clouds, sea spray, and 
other natural aerosols. The chemistry 
that occurs at the air-water interface 
of these droplets is often distinct from 
that observed in bulk solution, which 

is of considerable interest because chemical 
reactions can be accelerated at this boundary 
(1, 2). This may have implications for envi-
ronmental processes such as the weathering 
of rocks, which contributes to soil formation. 
On page 1012 of this issue, Spoorthi et al. (3) 
report that micrometer-scale mineral par-
ticles can rapidly break down into nanoparti-
cles when in charged aqueous microdroplets 
(see the figure). This points to a potential role 
for atmospheric water droplets in the natural 
disintegration of minerals.

To examine material degradation, Spoor-
thi et al. borrowed methodology used to ac-
celerate bond-forming chemical reactions. 
By spraying an aqueous suspension of mi-
croparticles of natural minerals, the authors 
produced nanoparticles of minerals in high 
yield. Specifically, Spoorthi et al . used an elec-
trospray device to emit a jet of liquid droplets 
(by applying high voltage) containing min-
eral particles of natural quartz, ruby, or syn-
thetic alumina that ranged in size from 1 to 
5 µm in diameter. The authors observed the 
production of nanoparticles that were 5 to 10 
nm in diameter. Moreover, the fragmentation 
occurred in approximately 10 ms. 

Such material degradation and chemi-
cal synthesis experiments are united by the 
extremes of chemical reactivity that occur 
at the air-water interface, where reagents 
are partially solvated (4). Whether formed 
through nebulization, splashing from a sur-
face, or other means, microdroplet popula-
tions will include droplets with nonzero net 
charges. The small radius of curvature in a 
microdroplet produces a very strong elec-
tric field (5) that can support a double layer 
of electric charge at the air-water interface. 
The change in geometry (radius of curvature) 

converts a two-dimensional air-water inter-
face with limited electric field into a sphere 
with an electric field of a strength approach-
ing the order of chemical bond energies (3 to 
4.5 eV/Å). Coulombic fission (the splitting of 
charged microdroplets due to excess charge 
overcoming the surface tension) and evapo-
rative processes further increase the surface 
area, reduce the radius of curvature, and aug-
ment the surface electric field of the droplet. 

The unusual chemical nature of the air-
water inter face results in much remarkable 
chemistry. For example, amino acids in wa-
ter undergo dehydration to form peptides 
in this environment (6), whereas bulk wa-
ter simply solvates amino acids. The super-
acidic interface activates amino acids and 
removes water to yield peptides. In addition 
to such acid-base reactions, redox chem-
istry results from the formation of strong 
oxidants and reductants from water at the 
interface. For example, a high hydronium 
ion (H3O+) concentration at the inter face 
derived from fleetingly charged surface wa-
ter molecules (H2O+•/H2O−•) coexists with 
oxidative species such as hydrogen peroxide 
(H2O2) and OH•. These redox species enable 
a variety of spontaneous chemical trans-

formations, including carbon-oxygen (C-
O) bond cleavage in phosphonates, which 
yields the corresponding phosphonic acid 
(7), and in the Baeyer-Villiger oxidation of 
aryl ketones to give esters (8). These consid-
erations thereby enable simultaneous acid-
base and oxidation-reduction chemistry in a 
single population of droplets (7).   

Through their study, Spoorthi et al. have ad-
ded natural weathering to a list of  processes 
in which accelerated interfacial micro-
droplet reactions play an important role. 
Other processes include those in the atmo-
sphere, both natural and anthropogenic, the 
latter typified by pollution that involves ni-
trate photochemistry (9). A substantial num-
ber of accelerated catalyst-free microdroplet 
reactions form the basis for chemical synthe-
ses that generate a variety of small molecules 
(10), including the facile and  high-throughput 
functionalization of drugs. This latter ap-
proach can be scaled up so that microdroplet 
reactions produce substantial small-mole-
cule products. Prebiotic chemistry, including 
peptide and nucleotide formation, is anot-
her process that is accelerated at the micro-
droplet air-water inter face (11). 

The millisecond timescale of quartz degra-
dation reported by Spoorthi et al . matches the 
known microsecond-to-millisecond timescale 
for accelerated bond-formation and bond-
cleavage chemical reactions in microdroplets 
(1). This reinforces the conclusion that the 
chemical basis for accelerated weathering lies 
in the powerful acidic and hydrolytic nature 
of the air-water interface. The authors fur-
ther suggest a role for the superacid interface 
in inducing slippage at crystal plane bound-
aries in quartz and ruby fragmentation. Their 
simulations show that individual protons 
inserted into the slip configuration mineral 

Department of Chemistry, Purdue University, West Lafayette, 
IN, USA. Email: cooks@purdue.edu 

Micro-to-nano transitions in minerals at the air-water interface
Reactions that promote mineral disintegration are accelerated at the air-water interface of microdoplets.  

Key reactive species are the result of the e ects of a high electric eld at the surface of the water droplets. 

CHEM ISTRY

Breaking down microdroplet 
chemistry
Charged microdroplets accelerate mineral disintegration 
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How do They Form?
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Ambient electrospray

MoS2 Nanosheet MoS2 Nanoparticles

Solvent: Water

Potential: 3.0 kV

MoS2 Nanosheets
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Ambient 

electrospray

Graphene oxide nanosheet Graphene oxide nanodiscs

Graphene Oxide
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Thanks to ChatGPT



Vision

Make soil using 

processed wastewater 

and make deserts 

bloom. 

Thanks to ChatGPT
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2D classification images



https://www.youtube.com/watch?v=fiJyptbXBtM
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