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Quantum Dots - Seeds of Nanoscience
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THE NOBEL PRIZE IN CHEMISTRY 2023

A quantum dot is a crystal that often consists of just a few
thousand atoms. In terms of size, it has the same relationship
to a football as a football has to the size of the Earth.

©Johan Jarnestad/The Royal Swedish Academy of Sciences



Remembering pioneers

Michael Faraday — Divided metals

Lord Kelvin — Melting depends on size?

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

Robert F. Curl, Harold W. Kroto and Richard
E. Smalley Nobel Prize 1996

Andre Geim and Konstantin Novoselov,
Graphene, Nobel Prize 2010

Jean Pierre Sauvage, J. Fraser Stoddart, and

Bernard Lucas Feringa, Molecular machines
Nobel Prize 2016

THE NOBEL PRIZE IN CHEMISTRY 2023
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New molecules and materials

AU,s, Adys, Adog



Nanfeng Zhgng et al. Nature Communications, 2013 4
Terry Bigioni et al. Nature 2013



Atomically precise metal clusters as materials
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They make high quality crystals




Molecular structure

Geometric and electronic shells

Gana Natarajan 11






Synthetic methods
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and more
. 7 eg. glutathione
v‘/”

4-(tert butyl)benzyl 2-phenylethanethiol
mercaptan

Auyg Ausg,
Auy,, etc.

trimer,
pentamer, etc.

Au monomer Au dimer



Evolution of noble metal clusters

>2000 citations

L —
1980 1990 2000 Year 2010 2012

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



Mass spectrometry and materials science

..........

AR-COOLED TURBOMOLECUILAR PUMPS

ROTARY PUMP

SYNAPT 2-S0

High Defirdion Mass Spectrometry
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HRMS of Au;(PET),;
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Molecular materials Edited by
Thalappil Pradeep

ATOMICALLY PRECISE
ACCOUNTS —— METAL NANOCLUSTERS

 Approaching Materials with Atc
;CIuster Assemblies

4 Papri Chakraborty, Abhijit Nag, Amrita Chakral

s DST Unit of Nanoscience (DST UNS) and Thematic Unit
6 Technology Madras, Chennai 600 036, India

Bullding Blocks
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X
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A = atomically precise clusters
B = cyclodextrins, fullerenes, nanoparticles, etc.



Molecules and their properties

Chemical forrmula

Molecular weight

Critical temperatune

Critical pressure

Critical densigy

Triple pmni temperpiure

Triple point préssune

Mormal boiling point

Mormal freezing poimt

Density of wce at normal melting point
Maximum demsity, 3.98°C
Viscosity, 25%0

Surface tensicn, 257C

Heat Capacity, 25°C

Enthalpy of vuponsation, 100°C
Enthalpy of fesion, 0°C
Velocity of sound, 0°C
Drielectric constant, 25°C
Electrical conductivity, 25°C
Eefractive index, 25°C

Liguid compressibilicy, 10°C
Coefficient of thermal expansion, 25°C
Thermal Conductivity, 25°C

Har

180145
37391°C
22.05 MPa
3150 kg/m®
0.01°C
15060 Pa
[000C

0.0°C

918.0 kg/m’
999.973 kg/m'
(.889 mN s/m”
T2 mivim
4.1796 kl/kg K
2,257.7 klikg
3338 kifkg

[ 403 kmis

TH. 40

5 pSfm

333

480, = 10" Ym5N
256.32 % 10" K™
0608 Wim K

Molecular formula

Molecular weight

Molecular structure

Molecular absorption and emission
Molecular reactions

Molecular assembly

Molecular co-crystals

lonization potential

Electron affinity

Phases - phase transitions
Physical properties
Electrical, magnetic
Mechanical properties
Electrochemical properties

Future?



Molecular reactions

Reactions on clusters

Reactions between clusters

20



Inter-cluster reactions

pubs acs org/JACS

JOURSAL OF THE AMERICAN CHEMITAL NOCIETY

Intercluster Reactions between Au,:(SR),s and Ag,4(SR);,

K. R. Krishnadas, Atanu Ghosh, Ananya Baksi, Indranath Chakraborty,” Ganapati Natarajan,
and Thalappil Pradeep*

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence, Department of Chemistry, Indian Institute of Technology
Madras, Chennai, 600 036, India

& Supporting Information

A+B->C+D

21
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Ag,--Au,. experiments

K. R. Krishnadas et al. Nature Commun. 2016
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[AQ,5(DMBT),g+Au,5(PET),s]*

DMBT PET
Q/SH SH
ch Q/\/
CHs

[Ag,s(DMBT) s #Au,s(PET),4]*

Ag,:(DMBT),,

6272 6276 6280 6284 6288

m/z
=
=

MM =)
5500 6000 6500 7000 g
m/z I

5000 5500 6000 6500 7000 7500
m/z
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Evolution of alloy clusters from the dianionic adduct,
[Ad,5AU,5(DMBT),4(PET),5]*
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within 5 min
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Optimized structure of [Ag,;Au,:(DMBT),s(PET),s]*
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Kinetics of the exchange (monitored on the Ag,; side)




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



New Clusters and new Ligands

1,2-CB. H 1-HS-1,2-C.B. H

2 10 12 2 10 1

Vivek Yadav, et. al., Nature Communications, 2024
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Structure of [Ag,,(0,-CBT),,]*

Vivek Yadavy, et. al. Nature Comunications 2024



Structures of M,

AU@Ag;6

Au@Ag,,@Cu,




Atomically precise nanocluster assemblies

encapsulating plasmonic gold nanorods

=Y

) A [Ag,[PMBA).J

Na,[Ag,,(pM BA)m] [Ag,,(PMBA)_ I*

H-bondirig f'H ;, LL

GNR surface **

o pMBA GNR@Ag,,

Absorbance (a. u.)

400 500 600 700 800 900 1000

Wavelength (nm)

Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522—-6526.
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Biopolymer-re
nanocomposii
water purifice

Mohan Udhaya Sankar', Saha
Kamalesh Chaudhari, and Tha

Unit of Nanoscience and Thematic Uni

Edited by Eric Hoek, University of Calif

Creation of affordable materials fo
water is one of the most promising
drinking water for all. Combinin
composites to scavenge toxic sp
other contaminants along with t
affordable, all-inclusive drinking 1
without electricity. The critical p
synthasis of stable materials tha
uously in the presence of com
drinking water that deposit and
surfaces. Here we show that suc
be synthesized in a simple and effe
out the use of electrical power. 1
sand-like properties, such as highe
forms. These materials have beer
water purifier to deliver dean drin
ily. The ability to prepare nanos
ambient temperature has wide |
water purification.

hybrid | green | appropriate technolog




Work was featured in several journals

Nature Nanotechnology, July 2014 issue






Quantum cluster based metal ion sensing paper
Large area uniform illumination using quantum cluster

Visible light UV light

I(E)=A(W)*W*

— 2 MiN
— G Min
10 min

300 400 500 600 700 800
Wavelength (nm)

Decrease in the absorption of Au,: as a biofilm is dipped into the cluster
solution. Inset: Free standing quantum cluster loaded film in visible light and
UV light.

Anu George et al. ACS Applied Materials & Interfaces, 2012




Approachlng detection limits of tens of Hg**

Atanu Ghosh et al. Anal. Chem.2014.






Sensors and new opportunities

Equipment
$ 5~6 Billion (2017)
a few 100k units (2017)

L o7

Water quality measurement — In the pipeline

Spectral Sensor Module
~ Billions units ( ? 2027 )

Analog/Grating , Ultra compact Low Cost

nanoA



New electrodes - Aligned nanoplates of CozSg

0.6

0.4 | 425 nm

Absorbance
33

0.2 495 nm

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

0.0 ; i T — ——
400 600 800 1000
Wavelength {nm)




Electrospray deposition

Pt wire

X

Capillary

Spray
plume _— Cluster film

ESD setup 40 uM

FE (vdw)<FE(Non-vdw) by 2.03 eV

e)
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Working electrode

Vertically aligned nanoplates

Glassy carbon dropcasted with ESD of Cog cluster{ WE)

Working electrode _
-~

Handheld Potentiostat Vertically aligned nanoplates

Anagha Jose et al. ACS Materials Lett., 5 (2023) 893-899. 47



Arsenic poisoning across the world

70°0'0"N

Worldwide arsenic affected range

[‘.000.

! 1 1 1
100°0'0"W 2070'0"W 60°0'0"E 140°0'0"E

70°0'0"N
1

Least affected
Slightly affected
Moderately affected
Moderate to high
Very high

10°0'0"S
L

| Countries 0 6.900 13,800

Lo e 1km

100°0'0"W 20°0'0"W 60‘:(}'0"[3 140°0'0"E
1 1 1

E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 101079.
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cfick the dot to view details of water supply in the village
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lce chemistry
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Clathrate hydrates in interstellar environme

HELIOSPHERE INTERSTELLAR MEDIUM
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ontribution from third bilayer

C

! Full bila

yer terminated
[

“ | Half-bilayer terminated
1

——————

{0001} Basal plane

First bilayer

Y=

Bag, S. et al., Annu. Rev. Anal. Chem. 2013, 6, 97-118



Instrumentation

QMS for ion
scattering as well as SIMS

Low energy ion
scattering MS

Cs* ion gun
for SIMS

\ Leak | =m—
valve fgeu

Deuterium
lamp

115-400 nm

Ice instrument located in HSB-148, IIT Madras

Viswakarma, G. et al., J. Phys. Chem. Lett., 2023, 14, 2823-2829
53



CH in ultrahigh vacuum

3009 cm?
—a—0h
«-28h
- Filted spectrum

Methane CH
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w ACSPublications

Ghosh, J. et al., Proc. Natl. Acad. Sci. U.S.A., 2018, 116, 1526-1531




Microdroplets
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Functional Nanomaterials




Anyin Li, et. al., Angew. Chem. Int. Ed. 2014,
53, 12528 —12531.

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

28, 2223-2228.

A nESI source

(PA{ACNL,]

B
5
£

{(Pd(ACN))
[PA{ACN)(N,0))"

|

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

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



Bimetallic Nanobrushes
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Patterned Surfaces Using Microdroplets
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Atmospheric Water Capture
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Understanding Microdroplets
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Transformation of Materials in

Microdroplets




Ambient Microdroplet Annealing of Nanoparticles

Experimental set-up Synthesis of polydisperse NPs
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Weathering in Nature




Sand, the Ubiquitous Material

Images from Wikipedia
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Ruby, Fused Alumina

74



Fragmentation of Silica — Varying Conditions
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electrospray
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Mechanism: Cleavage

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

Slab
w/o H- 1 H- 2 H-
X A E
atom atom atoms
SFE (J/

mz) 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
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Silicate fragments

Two H-atoms

One H-atom

No H-atom
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Effect of Charged Microdroplets on Quartz

Increased surface roughness after the spray
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Mechanism of Nanoparticle Formation

Mother droplet

Physical effects
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Rayleigh, On the
equilibrium of liquid
conducting masses
charged with electricity,
Philosophical Magazine,
1882
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Understanding Microdroplets

% Partial

k solvation
bulk at the

surface
(b}

d Electric IFF
(d) field | % Surface
£ 9 charge

¥
'4

Physical
confinement
of reagents

|}
u i
- ._- o T
. s
- r S [
. A
. . &
. =+
.
.
.
.
.

. lon evaporation and
. gas-phase reactivily
{ ' osfe, s oy

- X

Travel path

A
<

.
At ® *

Smaller droplets

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

.
.
.
.
.
)
.
.
| ]
L]
a
u
]
]
]
]
[ ]
[ ]
[}
L}
N
N
]
]
L J
L]
L
L4
L4
L4

L4
L4
L4
L4



INSIGHTS

SPECTIVES

CHEMISTRY

Breaking doanmicrodroplet

chemistry

Charged microdroplets acodlerate minerd disintegration

By R Graham Cooks and Dylan T. Holden

microdroplets are commonly
in clouds, sea spray, and
other natural aerosols. The chemistry
that occurs at the air-water interface
dropletsis often distinct from
bserved 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 & al. (3)
report that micrometer-scale mineral par-
ticles can rapidly break down into nanoparti-
cles when in charged aqueous microdroplets
(seethefigure). This pointsto a potential role
for atmospheric water dropletsin 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 ef al. used an elec-
trospray deviceto emit ajet of liquid droplets
(by applying high voltage) containing min-
eral particles of natural quartz, ruby, or syn-
thetic alumina that ranged in size from 1to
5 um in diameter. The authors observed the
production of nanoparticles that were 5to 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 changein geometry (radius of curvature)

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

958 31MAY 2024 - VOL 384 ISSUE 6699

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/A). 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 theradius of curvature, and aug-
ment the surface electric field of the droplet.

The unusual chemical nature of the air-
water interface 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 (H30") concentration at the interface
derived from fleetingly charged surface wa-
ter molecules (H,0*'/H,0™") coexists with
oxidative species such as hydrogen peroxide
(H202) and OH-. These redox species enable
a variety of spontaneous chemical trans-

formations, including carbon-oxygen
O) bond cleavage in phosphonates, winun
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 chemistryin a
single population of droplets (7).

Through their study, Spoorthi e al. havead-
ded natural weathering to alist 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 thefacileand 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 interface (71).

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

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 effects of a high electric field at the surface of the water droplets.

Parent droplet Coulomb repulsion Nanoparticle formation
Acharged droplet generates an Droplet fission begins when Nanoparticles are released
electric double layer, which givesa coulombic energy exceeds insmaller microdroplets.
strong electric field. This produces surface tension.
the reactive species (orange ring). Nanoparticle
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How do They Form?




MoS, Nanosheets

Ambient electrospray
>

Solvent: Water
Potential: 3.0 kV
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Graphene oxide nanodiscs

Graphene oxide nanosheet



Raman Spectra of MoS, and Graphene Oxide Nanosheets
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Vision

Make soil using
processed wastewater
and make deserts
bloom.

Thanks to ChatGPT
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ESI-MS of Au,,,(HT),,
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2D classification images
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