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We supply arsenic-free water to 1.3 million people every day.

Our technologies provide clean water to 13 million peoplé'.



Advanced materials for clean water

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

Biopolymer-reinforced synthetic granular
nanocomposites for affordable point-of-use

water purification

Mohan Udhaya Sankar?, Sahaja Aigal®, Shihabudheen M. Maliyekkal’, Amrita Chaudhary, Anshup, Avula Anil Kumar,

Kamalesh Chaudhari, and Thalappil Pradeep®
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Clusters
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I Atomically Precise Clusters of Noble Metals: Emerging Link between
| I T ——— |! I I |I Ll |! ] [ |! - Atoms and Nanoparticles
Indranath Chakraborty @ and Thalappil Pradeep*

A 1 n I I I I 1 0 n m 1 DO n m DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence, Department of Chemistry, Indian Institute of Technology

Madras, Chennai 600036, India

[ e =t | © Supporting Information
N an OCI uste r C hen;listry ﬁTrﬂnSﬂEd Packlﬁg Structures ABSTRACT: Atomically precise pieces of matter of dimensi posed of

noble metals are new categories of materials with many unusual properties. Over 100

molecules of this kind with formulas such as Au,s(SR);g Auzg(SR),,, and Auygy(SR),, as

H well as Ag)s(SR)5 Agyo(S,R)1,, and Agy(SR); (often with a few counterions to

Stmng mantum SIZE EﬁEd compensatg charges) a;sre known now. 'fg'hey can be made reproducibly with robust
synthetic protocols, resulting in colored solutions, yielding powders or diffractable crystals.

They are distinctly different from nanoparticles in their spectroscopic properties such as

. optical absorption and emission, showing well-defined features, just like molecules. They
show isotopically resolved molecular ion peaks in mass spectra and provide diverse

DlscrEte En ergy LBVEIIS information when examined through multiple instrumental methods. Most important of
these properties is luminescence, often in the visible—near-infrared window, useful in

biological applications. Luminescence in the visible region, especially by clusters protected

with proteins, with a large Stokes shift, has been used for various sensing applications,

Transited Chemical and
Physical Properties I. Chakraborty and T. Pradeep, Chem. Rev., 2017, 117, 8208-8271.

Jin, R. et al, Chem. Soc. Rev. 2020, 49, 6443-6514.



New molecules

AU,s, Agys, A8y






Molecular materials
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Approaching Materials with Atomic Precision Using Supramolecular
Cluster Assemblies

Published as part of the Accounts of Chemical Research special issue “Toward Atomic Precision in Nanoscience”.
Papri Chakraborty, Abhijit Nag, Amrita Chakraborty, and Thalappil Pradeep™

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), Department of Chemistry, Indian Institute of
Technology Madras, Chennai 600 036, India
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Interparticle Reactions: An Emerging Direction in Nanomaterials
Chemistry

K. R. Krishnadas, Ananya Baksi,” Atanu Ghosh, Ganapati Natarajan, Anirban Som,
and Thalappil Pradeep™

Department of Chemistry, DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE) Indian Institute of
Technology Madras, Chennai 600 036, India
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Ag,,(BDT),,* Ag,5(DMBT),g° Au,s(PET),5"

HRMS of Au;(PET),;
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345 structures!

Alkane- and arene- thiols are great, but...

Clusters are hard to crystallise, except in some cases
Thermal stability is limited
Applications are limited

Edited by
Thalappil Pradeep e 7 29 kDa
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Jobin et al. Chem. Phys. Lett. 2004, 390,181



Building Blocks: Carborane Thiols
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About the Ligand

1-HS-1,2-C B H_

1’2_C2B10H‘12
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Cu, Agys Adyy Ady



Propeller shaped [Ag,;(my-CBT),,(TPP),] Nanocluster
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Jana et al., Inorg. Chem., 2022, 61, 23, 8593-8603



Propeller shaped [Ag,;(my-CBT),,(TPP),] Nanocluster
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Mass spectrometric characterization

[AG21(MCT)2(TPP),,]* [AG13(MCT)AG,(MCT),]*
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Light-activated Conversion of Carborane Thiol Appended Silver
Nanocluster

Light-activated intercluster conversion

[Ag42(CBDT) 5(TPP),] NC | [Ag14(CBDT)e(TPP)g] NC

175-200 W
White light

‘NIR Phosphorescence Red Fluorescence
Formation of core-centered stable charge carriers

Ligand:

1,2-(HS),-1,2-C>B,H,
Jana et. al, ACS Nano 2021, 15, 10, 15781-15793 : R



Light-activated Intercluster Conversion
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Photoluminescence Properties
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Multicolor Phosphorescence of Tetranuclear Copper Nanoclusters

Jana et al., Chem. Sci., 2023, 14, 1613-1626.
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Photophysical properties

100+ 1.00 ~ "
a) 281 nmn — Solution b) — Saluson C) 1.00 270 nmy —— Solusion
——— Sobd stale —— Sold state
~— Calculated —— Calcstated
0.75 4 0.75 4 0754
8
§ 050 + 0.50 4 0.50 4
0254 0254 0254
X \ 3
0.00 <, v ' ' G y 000 000 - i v T )
%0 200 350 400 a0 500 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm) Wavelength (nm)
26nm ¢ C8Y —

D ®) |2s0 o uy@oCeT f) 10’4 Cu @oCET
Py —Cu,y@mCBT —— Cu,@mCS8T
oy

— Cuy@ICBT cu e
CugDoCBY Cu,@mCET CuBICBT
—_ 5
: 2 10°
s £'77
> z
£l 5
E 'E 1
- i 10 E




Mechanoresponswe propertles
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Thermoresponsive properties

Effect of heating
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Dynamics in clusters

Reactions
|Isotope exchange
Positional dynamics



Inter-cluster reactions

pubs acs org/JACS
JOVERNAL OF THE AMERICAN CHEMITAL SOCIETY

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

K. R. Krishnadas, et. al., JACS, 2016
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Ag,--Au,. experiments

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

DMBT PET
Q/SH SH
ch ©/\/
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[Ag,s(DMBT) s #Au,s(PET),4]*
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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)

32



Modulation by Site-specific Positioning of Triphenylphosphine in
Ag,,(CBDT)(TPP), Nanoclusters

Synthesis Schematic of Ag,,(CBDT)4(TPP), Nanocluster

@
(- | TPP
U U u + NaBH,
Q (R
Ag Solution Qg 1,-Carborane Dithiol

Ag4(CBDT)¢(TPP),

Vivek Yadav, et. al., Unpublished



Crystallization

Ag,, (CBDT)q (TPP), Agq4 (CBDT)g (TPP),

Tetrahedral TPP Square Planar TPP 34



Square Planar TPP

Tetrahedral TPP
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Tetrahedral TPP

Square Planar TPP
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Packing of Ag,, (CBDT), (TPP),

Square Planar TPP

Tetrahedral TPP

Monoclinic

Crystal system -

Crystal system - Triclinic

o
o<
)
S
koo.
=3
N
a Wil 'e)
1

o
S

o
| -

o O
wm
S =
o O
wv >
o
oL
g
o
N
o0
_©
-~
—
o oo
1

o

>}

o ,
| -

O
mm
S =
o O
v >

2

/ -

2

7 -

37



Luminescence of crystals of Ag,, (CBDT), (TPP),

4 Sew e oue o

Tetrahedral TPP Square Planar TPP
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green AgNCs
- orange AgNCs
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Agq; AUAQ:s Agy3CU,  AuAg4,Cuy

Vivek Yadav, et. al., Nature Communications, Revised and submitted
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Synthesis Schematic of [Ag,,(0,-CBT),,]3- Nanocluster

&
coo
VUV

Ag Solution 0,-Carborane
Thiol

[Ag17(04-CBT)4,]*
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Absorbance
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Characterisation of [Ag,,(0,-CBT),,]3> Nanocluster
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Structure of [Ag,,(0,-CBT),,]3>- Nanocluster
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Alloying of Nanoclusters: The Work Plan

Enhanced Stability

Structural Modulation

w
Bimetal

44



Structure of AuAg,, Nanocluster
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Structure of Ag,;Cu, Nanocluster
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Structure of AuAg,,Cu, Nanocluster
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Structure of M,, Nanoclusters

AU@Ag;6

Au@Ag,,@Cu,
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Theoretical Understanding
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Packing of M,; Nanoclusters

. " AuAg16 (Trigonal)
Bimetallic Trimetallic
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Structural Pores of AuAg,,Cu, Nanoclusters
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[Ag¢,5:,(CBT);,] Nanocluster

Largest molecule with carboranes so far......

52
Jana et al., manuscript under preparation



Structural anatomy of [Agy,S,(CBT);3,] Nanocluster

-
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Absorbance

Characterization of Ag, cluster
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Properties



Nanomechanical Properties of Cu, Nanoclusters
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Nanomechanical Properties of Cu, Nanoclusters
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Catalysis by Ag,;Cu, Nanoclusters

% Direct N%-arylation of Guanine with Phenylboronic Acid Catalyzed by

Cu-doped Silver Nanocluster

0 HO.OH 0
N N
NH NH
7 Agy;Cuy NC /
¢ * : - QAL
L'al N NH, KOH, DMSO/H,0 N N NH,

Guanine
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Summary

« Carborane protected nanoclusters are versatile.

* Clusters are thermally stable up to 400°C.

« Comparatively larger crystals are available for experiments.

* Nuclearity up to Agg, is now known.

* Need to explore new properties - electrical and thermal conductivity

 Limitation: Need to expand to Au clusters; beyond the reports on Au,g and Au,s.
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Observing Molecules
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Weathering of Minerals in Microdroplets




Spontaneous Weathering of Natural Minerals in
Charged Water Microdroplets Forms Nanomaterials

A i

Micron-sized
particles

4 kV

T

Spoorthi, et. al., Science, 384 (2024) 1012-1017. 63



Ruby, Fused Alumina
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Mechanism of nanoparticle formation

Physical effects

—
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Incorporation of Au in Ag,,
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Incorporation of Cu in Ag,,
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Incorporation of Cu in Ag,,

[Ag13Cu,(0,-CBT),,]*
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Absorbance (a.u.)

UV-Vis of M,; Nanoclusters
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Mass Spec of M,; Nanoclusters
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Photoluminescence of M., Nanoclusters
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Theoretical Understanding

E =+0.00 eV E=+034eV E=+035eV

Energetically best .o oy GAP = 2.01 eV GAP = 2.03 eV

doping position
for Au is in the
center of the
metal core.

E=+071eV E=+035eV E=+0.37eV
GAP =207 eV GAP =1.97 eV GAP =2.01eV

Energetically best
doping position
for Cu is at the

metal-ligand
interface, in the E=+039eV E =+0.38 eV E = +0.40 eV
Cu(SR), units. GAP = 1.98 eV GAP = 1.99 eV
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Tetrahedral TPP Square Planar TPP 7®



Tetrahedral TPP

Square Planar TPP
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Tetrahedral TPP

Bonding of CBDT to Metal Core

Square Planar TPP
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Theoretical understanding of electronic energy levels
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Summary and Takeaway
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