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Quantum Dots – Seeds of Nanoscience

‘for the discovery and synthesis of quantum dots’
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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.
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Au13 core + the

exterior 12  

Au atoms

Au25(SR)18

Au25(SR)18

>150 such clusters
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Geometric and electronic shells
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Molecular structure

Gana Natarajan



Au25, Ag25, Ag29

12

New molecules



Nanfeng Zheng et al. Nature Communications, 2013

Terry Bigioni et al. Nature 2013

Ag44
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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?



Reactions on clusters

Reactions between clusters

Molecular reactions
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Ion optics 

of the M
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Inter-cluster reactions

A + B → C + D

17



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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Optimized 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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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
32
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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

35



[Ag62S12(CBT)32] Nanocluster

Largest molecule with carboranes so far……

Jana et al., manuscript under preparation 
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Can Water Microdroplets Make Soil?
A path to sustainable nanotechnology



NANOPARTICLES

Spontaneousweatheringof natural mineralsin

chargedwater microdropletsformsnanomaterials
B. K. Spoorthi1, Koyendrila Debnath2, Pallab Basuri1, Ankit Nagar1,

Umesh V. Waghmare2, Thalappil Pradeep1,3*

In this work, weshowthat particles of common minerals break down spontaneously to formnanoparticles in

charged water microdroplets within milliseconds. Wetransformed micron-sized natural minerals likequartz

and ruby into5- to10-nanometer particles when integrated into aqueous microdroplets generated via

electrospray. Wedeposited thedroplets onasubstrate, which allowed nanoparticlecharacterization. We

determined through simulations that quartzundergoes proton-induced slip, especially when reduced in

sizeand exposed to an electric field. This leads toparticlescission and theformation of silicate fragments,

which weconfirmed with mass spectrometry. This rapid weatheringprocess may be important for soil

formation, given theprevalenceof charged aerosols in theatmosphere.

N
anoparticles of minerals exist naturally

in soil, and some of them are essential

for life (1). Microdroplets have been a

topic of interest over the past decade,

and the confined environment within

them isknown to causechemical synthesis at

an accelerated rate, aswell asother processes

such astheformation of nanoparticles(2).We

decided to explore whether natural minerals

could disintegratein microdroplets, through a

processoppositeto chemical synthesis.

For our experiments, we prepared micron-

scaleparticlesof natural quartz(SiO2) and ruby

(Cr-substituted Al2O3) for useinanelectrospray

setup (Fig. 1, A and B). Weground commercial

millimeter-sized quartz particles well using a

mortar and pestle and used centrifugation to

separate the differently sized particles that

formed. Wecarefully excluded all theparticles

smaller than 1mm in size and used particles

of 5 to 10 mm that were suspended in water

for the experiment (Fig. 1C). Even after ultra-

sonication todetach anyadhered particles,we

found some smaller particles attached to a

few larger ones(Fig. 1C). Theseadhering par-

ticles had dimensions greater than 100 nm

(fig. S1). We took an optical image of the

ground quartz powder and an optical micro-

scopic image of the separated particles that

weused for electrospray (fig. S2). Weelectro-

sprayedasuspension of about 0.1mg/ml of the

separated quartz particles through a capillary

tubethat had an inner diameter of 50 mm at a

flow rateof 0.5 ml/hour and observed the re-

sulting plume(Fig. 1A). Wecollected the pro-

duct of electrospray 1.5 cm away from the

spray tip, which resulted in a flight time on

theorder of 10 ms, consistent with similar ex-

periments (3, 4). The product that was de-

posited on a transmission electron microscopy

(TEM) grid had only 5- to 10-nm-diameter

particles(Fig. 1D) throughout thegrid. Under

higher magnification, particles of different

morphologies were observed. The particles

showed the (110) plane of quartz (inset of

Fig.1D).Sonicationhadnoeffect on thebreak-

ing of silica particles. Experimental methods

arepresented in thesupplementarymaterials,

including a video of the electrospray process

(movieS1).

Toensurethat our initial observationswere

truly representative of the process, we per-

formed measurementson larger quantitiesof

samples. Webuilt amultinozzleelectrospray

unit composed of six nozzles. We electro-

sprayed 1 liter of the suspension that con-

tained 100 mg of the crushed micron-sized

particlesdiscontinuously over a month at the

optimized conditions (spray voltage and dis-

tance) anda3ml/hour flowrate,andadeposit

RESEARCH

Fig. 1. Process of disintegration of natural quartz in microdroplets.

(A) Schematic representation of the disintegration of mineral particles in micro-

droplets. Setup components include (i) the electrospray emitter, (ii) a spray

capillary with a 50-mm inner diameter, and (iii) the conducting substrate at a

distanceof L=1.5cmfromthetipof theemitter. (B) Aphotograph of thenatural

quartz. (C) Field-emission scanning electron microscopy (FESEM) image of

ground and separated natural quartz used for electrospray, showing that the

size range of particles is between 1and 5 mm. A few smaller particles that

are naturally adhered to the micron-sized particles remain attached even

after ultrasonication. (D) TEMimage of natural quartz after electrospray with

a high-resolution image of a particle shown in the inset. The plane shown is

(110), where d is lattice spacing.

1Department of Chemistry, Indian Institute of Technology

Madras, Chennai 600036, India. 2Theoretical Sciences Unit,

Jawaharlal Nehru Centre for Advanced Scientific Research,

Bangalore 560064, India. 3International Centre for Clean

Water, IIT Madras Research Park, Chennai 600113, India.

*Corresponding author. Email: pradeep@iitm.ac.in
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A scale of 1000

Image from Wikipedia



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



Surface force

Separa

tion 

due to 

cleava

ge

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

Mechanism: Cleavage



Localized slip

Stacking fault 

(𝑥, 𝑧 ∈ [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 (𝐽/

𝑚2) 

Slab 

𝑥 𝑧 
w/o H-

atom 

1 H-

atom 

2 H-

atoms 
𝐸 

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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Mechanism of nanoparticle formation



Can Clathrate Hydrates Exist in Space?
Exploring astrobiology



Interstellar medium 

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

52

Pressure: ~ 10-10 mbar

Temperature: ~ 10 K 



Interstellar ices

Silicates and carbonaceous material – 0.01-0.5 μm 

Arumainayagam, C. R. et al., Chem. Soc. Rev., 2019, 48, 2293–2314
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e
 C

ry
o
st

a
t

View ports

Vacuum 
gauge

Leak 
valve

QMS

Instrumentation

QMS for ion

scattering as well as SIMS

Low energy ion 

scattering MS

Deuterium

lamp

C
s

+
io

n
 g

u
n

 

fo
r 

S
IM

S

B-A 

gauge

B

A

Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823–

2829
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115-400 nm

Bag, S. et al., Rev. Sci. Instrum. 2014, 85, 014103/1-014103/7



Bag, S. et al., Annu. Rev. Anal. Chem. 2013, 6, 97–

118
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Clathrate hydrates in interstellar environment

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 1526-1531
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Clathrate hydrates in interstellar environment

12.71% of 

the total 

CH4 is 

trapped

512 cage of 

CH4 hydrate

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 1526-1531



T = 90 K Amorphous ice

T = 145 KFully Crystallized ice

Amorphous ice

Ice Ic

(a) (b)

2 nm

2 nm

Ice at molecular resolution

IFFT

Observing growth of crystalline ice from amorphous ice



THF-CH4 Clathrate hydrate crystal 3 D electron diffraction

Crystal structure 

Electron diffraction of nanometer-scale crystals of 

clathrate hydrate

(a) (b)

(c)
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