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Water is the most important inheritance of our p
lanet



Advanced materials
Clean Water for all

Chemistry of ice

© Robert Szucs/Grasshopper Geography
From S. Vishwanat

h



Our dreams become reality
with materials




But, matter is becomin

9
ATOMICALLY PRECISE

Vivek Yadav, et. al. Nature Communications 2
025

Organic and inorganic matter too are becoming atomically p
recise



AR 4

M08 094
RN
AAAA

1

1

V\/
WAARARX X
AR
h‘«*&.’:?}:“ X

X




World’ s first nanochemistry-based wat
er pu ;
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A plant to make supported nanomaterials for wate
r purification; with capacity of 4.5 tons per month,




Based on the work of: R. W. Murray, Robe
rt L. Whetten, Uzi Landman, Tatuya Tsuku
da, Yuichi Negishi, Konishi, Hannu Hakkin
en, Rongchao Jin, Nanfeng Zheng, Terry B
Igioni, Osman Bakr, Kornberg, Jianping Xi
e, C. M. Aikens, Thomas Buergi, Stefan Wa
jda, Amala Dass, Christopher Ackerson, Ke
nneth L. Knappenberger, Rodolphe Antoi
ne, Noelia Barrabes, Joanna Olesiak-Bansk
a, Rajesh Sardar, George C. Schatz, Robert
W. J. Scott, Kevin Stamplecoskie, Marcus
Tofanelli, Jie Zheng, Gangli Wang, Julia La
skin, De-en Jiang, Robin Ras, Olli Ikkala, M
aria Francisca Matus, Nonappa, Manfred
Kappes, Stefanie Dehen, Stacy Copp, Andr
e Clayborne, Anindita Das, Ignacio Garzon
, Lasse Jensen, Chris Johnson, Chen-Wei Li
u, Dongil Lee, Di Sun, Quan-Ming Wang,
Manzhou Zhu, Taeghawan Hyeon, Jian He
, Yan Zhu, Meng Zhou, Wenwu Xu, Man-B
o Li, Shuang Quan Zang, Yongbo Song, H
uan Yan, Zhikun Wu, Chuanhao Yao, Jinbi
n Liu, Hai-Long Jiang, Gao Li, Shaowei Ch
en, Sukhendu Mandal, Indranath Chakrab
orty, E. S. Shibu, Ananya Baksi, Amitav Pat
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Chasing the ‘Cluster’ Dr
eams




Molecular formula, Molecular wel
ght

25PET18_RES_NEG_MS 3 32 (0.558) Cm (5:80) TOF MS ES-
7390 5714 1 24ek

100+

Au25L18-
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L 13935747
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T. Pradeep et. al. Acc. Chem. Res. 2018; 201
9.



and more
eg. glutathione

4-(tert butyl)benzyl 2-phenylethanethiol
mercaptan

Auyg, Auzg,
Au,,, etc.

trimer,
pentamer, etc.

Au monomer Au dimer



Molecular structur
e

Geometric and electronic sh

ells Gana Nataraja
N



Jobin et. al. CPL, 2004

Shibu et. al. J. Phys. Chem. 200
Q



New molecule

Nanfeng Zheng et al. Nature Communications,

Au25, Ag25, A 2013
a29 Terry Bigioni et al. Nature 2013
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Agzg(BDT)1232~925(DMBT)1 Au25(PET)18

HRMS of Au25(PET)18

m/z



Molecular materia
Is



Molecules and their properti

es

Mole:tf;f::?;;? ?82(0) 148 M O I ecu I ar fO rmu Ia Thalappil PE::::;

e B Molecular weight ATOMICALLY PRECISE

%rfﬁ::al density 31 ost‘?c kg/m’ Molecular structure METAL NANOCLUSTERS
iple point temperature . ; , -

Triple point pressure 615.066 Pa Molecular absorption and e [ g

Normal boiling point 100.0°C s '@

Normal freezing point 0.0°C miSssion

Density of ice at normal melting point 918.0 kg/m* .

e Ao S900 999.973 kg Molecular reactions

Viscosity, 25°C 0.889 mN s/m*

Suihos Gadas. 29°C Ty Molecular assembly

Heat Capacity, 25°C 4.1796 kl/kg K &

i SO prdrna Molecular co-crystals

Enthalpy of fusion, 0°C 3338 kIkg 0 —me_

Velocity of saund, 0°C 1.403 km/s o

Dielectric constant, 25°C 78.40 Phases - phase transitions

Electrical conductivity, 25°C 8 pS/m ; :

Refractive index, 25°C 1333 Physical properties

Liquid compressibility, 10°C 480. X 10~ 2m¥N , ,

Coefficient of thermal expansion, 25°C 15632 x 10k~ Electrical, magnetic

Thermal Conductivity, 25°C 0.608 W/m.K & S

Mechanical properties
Electrochemical properties
Future?



Molecular reactio
ns

Reactions on clusters

Reactions between cluste
rs



Inter-cluster reactio

ns

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Intercluster Reactions between Au,5(SR),s and Ag44(SR);,

K. R. Krishnadas, Atanu Ghosh, Ananya Baksi, Indranath Chakraborty,f 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
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Au25(FTP)1
(FTP)18 + Ag44(FTP)J  Au25-xAgx(FTP)18 + Ag44-xAu

oh x(FTP)30
F :



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 posi
tions in product clusters, AuxAg44-x(SR)30 and Au25-xAgx(SR)18 for x=1




Ag25-Au25 experiments

K. R. Krishnadas et al. Nature Commun. 20
16



Reaction between Au25(PET)18 and Ag25(DMBT)18
DMBT



Ag25(DMBT)18+Au25(PET)18]2-

DMBT PE
J

Ag25(DMBT)

18

[Ag25(DMBT)18+Au25(PET)
8]2-

Au25(PET)

18



Evolution of alloy clusters from the dianionic adduct,

Ag25Au25(DMBT)18(PET1)18]2-

within 5 min

Ag25(DMBT)18:Au25(PET
)18

0.3:1.0

within 2 min



Optimized structure of [Ag25Au25(DMBT)18(PET)18]2-







How do we comprehend th

1S?
Nomenclatu
re



Aspicules

C,lz)

Gana Natarajan et. al. JPC C 2015
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Representation : 37. :
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(D1-3,D2-3)-di(2-phenylethylthiolato), 16(methylthiolato)-auro-25 aspic
ule(1-)

1 (D1-3,D2-3)-(PET)2,(SMe)16-auro-25 aspicule(1-)
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T



m/z

5500 6000 6500 7000
|

15-20 min

CID data of [Au25Ag2
5]2-

55-60 min
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Kinetics of the exchange (monitored on the Ag25 sid

e)
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ESI MS of A) 107Ag25(DMBT)18 and B)109Ag25(DMBT)18. Insets shows the respective isotope patte
ns.
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@) [o7ag,(DMBT),g1 [(99Ag,(DMBT), g )

o 109Ag
x:y=1:1
[1971199Ag,;(DMBT),e]"
(107Ag:109Ag=x:y)
['97Ag,s(DMBT),e]
+
['9°Ag,5(DMBT),g]"
(x:y)
5140 5160 5180 5200

m/z
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Papri Chakraborty, et. al. Science Advances 20
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Coulombic adduct

S ) m +nE
Sl s
: 1 % B¢
. e =
-nE
S| Q Q
(s : © 2o MO0 (A) Schematic represent
S5 1o e - e ation of gas phase ion-i
on reaction of atomicall
y precise nanoclusters |
n an MS trap cell. Atomi
" cally precise nanocluste
c R — rs (B) (a) [Ag1/7(01-CBT)
3- b Ag17L12(Cu14L0 12]3- and (b) [Cu14(09,
1 12-CBDT)6]+ forming (

C) Columbic adducts.

[Ag17L12Cu] [Ag17L12Cu14L'6]
2- 2.
*

With Scott McLuckey and De-en Jia
ng



Power of chemistry - Anything can be made
Phenine nanotube (pNT

Precision Is at another le N \ 9

-

vel | ‘.*' | -
NV T
B e H

-
w 1 \GLL

4 n '
4 b .'

~

o~
L

N’
0"0'

L

— Yamamoto coupling
— Suzuki-Miyaura coupling
— Baurle/Yamago/Isobe coupli

9 H. Isobe et al. Science 2019, 363, 1
57




Clean water for all

ACS Sustainable Chemistry & Engineering Edito
rial, December 2016




Water positive materia

Biopolymer-reinforced synthetlc granular

— .

nanocomposites *

water purificatio
Mohan Udhaya Sankar’ Sahaya Asgal
Kamalesh Chaudhar, and Thalappil P
Urdt of Nanos e ond Themagtx Ut of Tuell

Edned by Erc Mok Urwweruty of Cadormea Los
(eaton of affordable matent s for corstan

S =

Bt . allE: ol o

Anil Kumar,

A ndle
ember 21, 2012)
anwed retention

water 5 one of The most promaaag ways to

drinking water for il Combining the oy [ nanocrystalkne
omposites 10 scavenge toxk speces suc » matermks

other contaminants dong with the above COous rowle.

affordable diexhaive dnnkng wate pu | 80 sbunclant <O
without slectricty. The oritical problem | wlp in the crys-
synthesis of stable materiah that can red covalemt
wously In the pmsence of complex P ix. X-ray photo-
drinking water that deposit and cause 3 mposition is rich
surfaces. Here we show that such consta ral imaging, the
be syrthesized in 3 wnple and o fecowe ‘2l was confirmed.
nlhlﬂdm“hm “mm'ﬁe
sanc-iik e properSes. wxch a3 hagher shear st vity in drinking
forms. These materials have been used to cloped that can
water purifier ©© defbver dean drinking wat wonstrate an af
fly. The ability to prepare nanostructured ) QO de-
ambient temperature has wide relevana riads i Indis, as
water purification  the waterborne

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



How to make?



What is special?



Live/dead staining experiments



No nanotoxicity



Variety of materials
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Confined Metastable 2-Line Ferrihydrite for Affordable
Point-of-Use Arsenic Free Drinking Water

a
o
3
3
c
3
=
|
3
3

By Avula Anil Kumar, Anirban Som, Paolo Longo, Chennu Sudhakar,
Radha Gobinda Bhuin, Soujit Sen Gupta, Anshup, Mohan Udhaya Sankar,
Amrita Chaudhary, Ramesh Kumar, and T. Pradeep™

A. Anil Kumar, et. al. Adv. Mater.,, 29 (2016) 16042
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Mechanism — molecular too
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Modeling surfaces

Chennu Sudhakar, et al. ACS Sustainable Chemistry & Engineering, 6 (2018) 9990-10000.



Lab studies

250
B 4 Arsenicinput A As(lll) output
A As(V)output A Total arsenic output

—

S 200 |
o Before As adsorption
o £

S— Q.

- ~ |
0O S o Iron input |
= -E l - After As adsorption

“ '
= 3 - \./
Q 50 0 300 600 900 1200 &

S Volume of water passed (L) J

& !

Yy % ;

o

200 400 600 800 1000 1200
Volume of water passed (L)

A. Anil Kumar, et. al. Adv. Mater,, 29 (2016) 16042
60.



Initial pilot studies
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Larger pilot studies

MAP SHOWING LOCATION OF TUBEWELLs FOR INSTALLATION OF ARSENIC FILTER
AT NINETEEN ARSENIC AFFECTED BLOCKS IN MURSHIDABAD DISTRICT




Implementation - From 25 KLD to 1 MLD

Large water supply schemes Retrofitted Water Purification Plant

Capacity: above 1 MLD Capacity: 0.1-1 MLD

5 schemes in use across India Over 180 units in use across India



Now they are across the countr
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Smart water purifiers and big data

Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435



Evolution of materials to produc

ts

©

. Community-
Community-scale cg_° — oy scale
atmospheric water ki '
_ oH p contaminant
harvesting 9 R E, \Ore Catalysis removal
o cts
Ton  TiO-assisted
AL photocatalysis
H;0/ O
Atmospheric e
An atmospheric M . o "‘mm
. nanomaterials composit
water generator with Harvestin q ER -
a capacity of : [*
400 liters per day o S
Patterned silver

(Company: VayuJal)

Nanoparticle-based
arsenic filtration
pump used by

(ref 36) school children in
West Bengal
(Company:
-y Confined InnoNano Research)
Concernss "' R L i) 2—Il:::gtf::ﬂt:l;ldarite
i over patterned g R . W)
dnediop B -:I'n?s- ey /a for As(lll) and
nanobrushes dendrimer (ref 32':;&"‘05& As(V) removal
Disinfection L=
.~ Live bactena
Solar water l /
Holey MoS, (ref 31)
disinfection / \ '\(’
using MoS,, Héiy ues, :
nanosheets \* ' '
Visibie igny
Community-
scale
desalination Community-scale drinking water

CDI machine for rural areas
(Company: InnoDI)

(ref 35)

ACSPublications
W Tk i Led . W ks

Ankit Nagar and T. Pradeep, ACS Nano 14 (2020) 6420-6435.



Sensors and new opportuniti
&5
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Water quality measurement — In the pipe
line



Cluster-based metal ion sensing

Decrease in the absorption of Aul5 as a biofilm is dipped into the cluster soluti
on. 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
+




Mercury quenching experiment using nanofiber




Rota ry nwano molecule

With Tomas Bas
e

Jana et. al, Inorganic Chemistry (2022)






Thermal stabilit
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New electrodes - Aligned nanoplates of Co6S
8

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



Electrospray deposition

- Ptwire

-

o

€
\&/
Capillary
~— |

Spray

L plume ~_—Cluster film

ESD setup




Sensing

Vertically aligned nanoplates

Handheld Potentiostat Vertically aligned nanoplates

Anagha Jose et al. ACS Materials Lett, 5 (2023) 893-8
99.
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India’ s water is bein

ore
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click the dot to view details of water supply in the village
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Full video at https://www.voutube.com/watch?v=fiJ






Arsenic poisoning across the worl
d

1] A

159-23.1
21.1-326
326-3111
Digtrict Bourdasy [

——" Sudhir et. al. Unpublish
scale has been added like fig@g

E. Shaji, M. Santosh, K. V. Sarath, Pranav Prakash, V. Deepch and B. V. Divya, Geoscience Frontiers, 12 (2021) 10107
9.




Can Water Microdroplets Make Soil?

A path to sustainable nanotechnology



. Science



scale of 100




Functional Nanomaterials






Sand, the Ubiquitous Material

Images from Wikipe
Aia
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Optical image of silica

Ground silica



Weathering of Minerals in Microdroplets

Spoorthi, et. al., Science, 2024



Ruby, Fused Alumin
a



Fragmentation of Silica — Varying Conditions

SiO02 after
electrospra

Y

SiO2 befor
e electrosp
ray

101

Si02 ]
CPDS d
ata

20 22 24 26 28 30

2 theta (degree)



Mechanism: Cleavage

The process of cleavage and surface reconstruction visualized with first-principles simulation
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Mechanism: Slip

Stacking fault
b — bo + (x, O,Z):

his instability leads to the formation of a sta
<ing fault on the (010) plane, achieved with

ip localized at (010) plane (@9, €€ < [0,1]) - fractional coordinates




Mechanism of nanoparticle formation

Mother droplet Coyy, NP formation

-
.
o ——
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Physical effects
Physical effects
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How do they for




MoS2 Nanosheets

MoS2 Nanosheet MoS2 Nanoparticles



Grand unification of synthesi
§ Radi®ls, ion










Vision

Make soil using proce
ssed wastewater and
make deserts bloom.

Sto. ChatGP
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An ocean of opportunities

Water presents a unique opportunity to find a
purpose in life.



Conclusions

Atomically precise clusters and new molecular materials.

Affordable clean water with advanced materials is possible at scale.
Natural minerals break spontaneously in charged water microdroplets.
Clathrate hydrates exist in ultrahigh vacuum.

Implications of all these are profound for sustainability.

New research is needed In these areas.

Affordable, inclusive, sustainable and contextual excellen
ce
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Can Clathrate Hydrates Exist in Space?

Exploring astrobiology



Interstellar medium

Pressure: ~ 10-10 mbar

HELIOSPHERE INTERSTELLAR MEDI .
A ; o T %mperature. ~10 K

KUIPER BELT

-
=
L

1 -

= © -~ QORT CLOUD
= - TERMINATION SHOCK
T il - ; ]
- S e o [ : s %
= 2 = = = = = o HELIOPAUSE i .
= : = E 1 - = = 3 OWSHDCK . et -
= g = = = = = i e e ALPHA CENTAURI
1 ‘ ko= " > n 3 .
. ‘ . ‘ | - . ‘ - G ". - _r- -' -
- . o
Ig AR B'An il 1 £an ; ,‘.‘_ _.. —_— S
(B3 LIEHT-MINUTES B LvBRT-miNgTES) (577 LIENT-DAYE] (578 LIGHT-DAYE) ... B - vEAns B e
1Al a
(B3 LIEME-MINETIS) ‘,
-
s Lu ~
Fﬁijfu{‘\‘h}i)lmih\ s " !

https.//spaceref.com/science



Interstellar ices

Gas-phase
bombaprdment 9. Photodesorption
= Molecular 9
- i I " formation

&

UV irradiation

"d’sﬂ“-‘.:ate cgge j—‘,

“ _ 'b')\ U’ S ocs |
% NH N 'é . Chemical

~ CO; Y processing

Silicates and carbonaceous material

m

Five Mechanisms for Processing Interstellar Ices
Thermal Ice Chemistry
| ®

N i NH,COOH

High activation -
' energy, low N
N fEﬂC"aﬂ rate g

Atom Addition Chemistry

HCO ’ ' ‘

Hydrogen

M occretion ‘
s '__ ‘-\\ CH,OH

t"l e ~

Diffusion and
reaction due
to heating

reactions

NH,

CH,OH
Reaction due to ShGCk
ionizing radiation Chemistry (?)
] L ‘n-i-@ ,
N‘H; ﬁ + . Hypervelocity
' ’ neutral particle
Al At AL . _
2 YT ¥ Y ' "ﬁ
NH; NH, N,H, ‘ . & ‘NH: ;:r“:::oﬂ k J
Radiation ' “ — [ sl
Chen’nstfv H‘“z ‘ Photo- v shock wave

MM chemistry

- 0.01-0.5

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



115-400 nm

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

Viswakarma, G. et al., J. Phys. Chem. Lett, 2023, 74, 2823-28
29



yer terminated

o _=Contﬁbution from third bilayer

Full bila

450 A

3

--
L]
L]
.
I
3

Half-bilayer terminated

_ v
c
| a _
— a b——
- — | .
@ - @
>
) S B
e o 0
e
p: g E
Q .m.. [
LW )
@
v

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



Clathrate hydrates in interstellar environment
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Clathrate hydrates in interstellar environment
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Electron diffraction of nanometer-scale crystals of
clathrate hydrate

(a THF-CH4 Clathrate hydrate crystal (b 3 D electron diffraction
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MicroED — THF CH4 clathrate hydrate
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Single particle structure
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Mass Photometry
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