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New molecules

AU,s, Adys, Adog
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ABSTRACT: Atomically precise pieces of matter of nanometer dimensions composed 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, Ausg(SR),4 and Au;,(SR) 4, as
well as Ag)s(SR)is Agy(S;R)y, and Agy(SR);, (often with a few counterions to
compensate charges) are known now. They 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
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,
down to a few tens of molecules/ions, in air and water. Catalytic properties of clusters, especially oxidation of organic substrates,
have been examined. Materials science of these systems presents numerous possibilities and is fast evolving. Computational
insights have given reasons for their stability and unusual properties. The molecular nature of these materials is unequivocally
manifested in a few recent studies such as intercluster reactions forming precise clusters. These systems manifest properties of the
core, of the ligand shell, as well as that of the integrated system. They are better described as protected molecules or aspicules,
where aspis means shield and cules refers to molecules, implying that they are “shielded molecules”. In order to understand their
diverse properties, a nomenclature has been introduced with which it is possible to draw their structures with positional labels on
paper, with some training. Research in this area is captured here, based on the publications available up to December 2016.




Phenine nanotube (pNT)

Synthesis does not limit us today

— Yamamoto coupling
— Suzuki-Miyaura coupling h
— Baurle/Yamagol/lsobe coupling

H. Isobe et al. Science 2019, 363, 151



Can we create materials of atomic
precision across the periodic tahle?
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They make high quality crystals




Molecular structure

Geometric and electronic shells

Gana Natarajan 11



Molecular materials
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U pubs.acs.org/accounts

 Approaching Materials with Atomic Precision Using Supramolecular
;CIuster Assemblies

4 Papri Chakraborty, Abhijit Nag, Amrita Chakraborty, and Thalappil Pradeep™

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

Buliding Blocks

A = atomically precise clusters Supramolecular cluster Materials
B = cyclodextrins, fullerenes, nanoparticles, etc. assemblies with atomic precision

12



Molecules and their properties

Chemical forrmula

Molecular weight

Critical temperatune

Critical pressure
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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?



Edited by
Thalappil Pradeep

ATOMICALLY PRECISE
METAL NANOCLUSTERS




Molecular reactions

Reactions on clusters

Reactions between clusters

15



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

16



2
o
-
LL
—
(o))
<
n
n
N
-
<
&
o
-
LL
3
<
o)
<
+
@
o
-
LL
o
N
-
<

[Au,s Ag,(FTP) sl

Xx=543210

(A)

ey
<
(]
—
a.
E o - -
(Xlllll
(oT]

2 IIIII
AV.A3 ||||||
b !

5 X
<
Rl
5
p)

gx(FTP)18]-

25-x

Au

13 12€

(B)

5250

7

1

7500

6750
m/z

6000



Ag,--Au,. experiments

K. R. Krishnadas et al. Nature Commun. 2016
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[AQ,5(DMBT),g+Au,5(PET),s]*
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Evolution of alloy clusters from the dianionic adduct,
[Ad,5AU,5(DMBT),4(PET),5]*
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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.
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Atomically precise nanocluster assemblies

encapsulating plasmonic gold nanorods

=Y
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GNR surface **
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Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522—-6526.
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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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Range of materials, their affordability and safety
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Clean water for everyone

ACS Sustainable Chemistry & Engineering Editorial,
December 2016




= 3
We developed environmentally friendly water positive nanoscale materials*fer 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
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Biosensor Design

1st Generation Design (Mediated Electrochemistry)

—.. | Buffer: pH 7-8

_ _ Horse Heart Aldrithiol Low-cost Gold sputtered
Oxidase NT-26 Aio Cytochrome C thin film on PET substrate

2"d Generation Design (Direct Electron Transfer)

@\, low-cost nanostructured
electrodes which interact

directly with enzyme (e.g.

graphene or CNT). '

| | BioeNano
Recombinant Arsenite CONSULTING J
Oxidase NT-26 Aio

Bio-nano Consulting & Imperial College, London




Cluster-based metal ion sensing

Visible light UV light

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

— 2 MinN
— 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




Approaching detection limits of tens of Hg2*

\

w‘%

Atanu Ghosh et al. Anal. Chem. 2014.
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Mercury quenching experiment using nanofiber

—
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Angewandte
Jnlt‘mulumn’[tﬁhm’ Chem’e

Sub-zeptomolar detection !

Ex 490 nm

FITC
= Analyte
(Hg?* or TNT)
Au@(Si0,~FITC)@Ag,. MF b
Featured in:
The Hindu, Telegraph, Times of India, etc.
C&E News

and many others

Ammu Mathew, et al. Angew. Chem. Int. Ed. 2012
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With Tomas Base

Jana et. al, Inorganic Chemistry (2022)
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Thermal stability
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New electrodes - Alighed nanoplates of Co.S;
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Electrospray deposition
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Anagha Jose et. al. ACS Mat. Lett. (2023




Sensing

045 060 075

Potential (V)

a)
PBS
0.28 - 3.75 ppb
iﬂ.ﬁ -
-
c
2014 -
=
=
Q
0.07 -
0.00 -
015 0.30
€) o010
—— Tapwater
— 5 ppb
—— 10 ppb
0084 __ 25pmb
—— 50 ppb
— 100 ppb

Current (pA)
=
T

0.03

0.30

045 060
Potential (V)

b) 025

0.20 -

Current (jA)

0.05 4

0.00

=
-
o

(=]

-

=]
i

y=2.36E-9x + 2.33E-8
rr=0.99

d) 0.10

0 10 20 30 40 50
Concentration (ppb)

60 70 80

= b
= =
=2} [=-]
A |

Current (uA)
=]
(=]
B

0.02 -

0.00

100 ppb

Ca® Pb” Fe?* Fe'*Mn?* Cu’'As™ As™ As™

43



Computational insights

Relative Energy (eV)
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Working electrode

Vertically aligned nanoplates

Glassy carbon dropcasted with ESD of Co; cluster{ WE)

Working electrode _
-~

Handheld Potentiostat

Vertically aligned nanoplates
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Smart water purifiers and big data

Smart Water Purifiers linked to loT Global Map of Water Health

Cost-effective sensor accessory for loT- enabled sensing for
point-of-use applications households and distribution networks
A ok
. If Toilet
~*1 Shower)
' i
Water
treatment
plant
= advisories ;';ami:s [ ._J
L~ and )
_ smart water ,’)_é .....
Aol oovernance A /.
water bodies /- 7_/,1’ ',' J
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Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435



Arsenic poisoning across the world
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E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 101079.
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