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Molecular formula, Molecular weight

Au38SR24

Au102SR44



Au25, Ag25, Ag29
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New molecules



5

2000 4000 6000 8000 20000 40000 60000

m/z

Ag29(BDT)12
3- Ag25(DMBT)18

-
Au25(PET)18

-

HRMS of Au25(PET)18
-



TEM images of Au25 and Au144
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They make high quality crystals



Geometric and electronic shells

8

Molecular structure

Gana Natarajan
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Molecular materials



10

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?
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Reactions on clusters
Reactions between clusters

Molecular reactions
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Ion optics 

of the M
S



Inter-cluster reactions

A + B  C + D
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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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2-
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Optimized structure of [Ag25Au25(DMBT)18(PET)18]
2-

20
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How do we comprehend this?
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Nomenclature



A

B
x

y

z

1) Edge projection 2) Face Projection

C2(x)

C2(y)

C2(z) C3
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Gana Natarajan et. al. JPC C 2015 24



Aspicules

25



(D1-3,D2-3)-di(2-phenylethylthiolato),16(methylthiolato)-auro-25 aspicule(1-) 
(D1-3,D2-3)-(PET)2,(SMe)16-auro-25 aspicule(1-)

26
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Ligand Exchange & Alloy 
cluster
Au24Pd(SR1)10(SR2)8 isomer 1 (cis)

1, 5-(SBB)10, 3-(SC6H12)8

(i, 1, 2, x2)-palladoauro-25 asp (-1)

x

y 

z
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R-(SMe)44-auro-102 aspicule(0) and L-(SMe)44-auro-102 aspicule(0) 28
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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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2000 4000 6000 8000 10000
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2000 4000 6000 8000 10000

 

5190 5195 5200

 

m/z m/z

m/z m/z

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
36
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Can clusters react with nanoparticles?

38
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1

2

3

Scale bars: 50 nm (B-G) and 10 nm (insets of B and C).

Ag25 with Au nanoparticles
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5
4

Scale bars: 20 nm

Interface controls the reaction
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6 8

7

Computational insights
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Reactions and new materials



Reactions leading to co-crystals



Supramolecular chemistry

Papri Chakraborty, et,. al. ACS Nano 2018
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-

Figure 1. A) (a) Full range ESI MS, (b) experimental and calculated isotope patterns and (c) DFT optimized structure of

[Ag29(BDT)12]
3- cluster. B) (a) ESI MS of [Ag29(BDT)12(C60)n]

3- (n=1-4) complexes, (b) experimental and calculated isotope

patterns of [Ag29(BDT)12(C60)4]
3- and (c) schematic of the possible structure of [Ag29(BDT)12(C60)4]

3-.
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145 144 143 142

 Chemical shift (ppm)

(a)

(b)

(c)

C60

[Ag29(BDT)12]
3- + C60

(1:4)

[Ag29(BDT)12]
3- + C60

(1:15)

Free C60 Bound C60

143.59 143.03 

Figure 3. NMR of (a) C60 showing peak at 143.59 ppm, (b) the adducts at a cluster:fullerene molar ratio of 1:4 showing peak

at 143.03 ppm for the C60 molecules in bound state and (c) the adducts at an excess concentration of C60 (cluster:fullerene

molar ratio of 1:15) showing a predominant peak for free C60 (143.59 ppm) and a less intense peak for bound C60 (143.03

ppm).
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Assemblies and superstructures

47



Nanoclusters in colloidal assemblies

Nonappa et al., Angew. Chem. Int. Ed. 2016, 55, 16035–16038.

Som, A. et al., Adv. Mater. 2016, 28, 2827–2833
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Atomically precise nanocluster assemblies encapsulating 
plasmonic gold nanorods 

Chakraborty, A. et al., Angew. Chem. Int. Ed. 2018, 57, 6522–6526. 
49



3D morphological analysis

50



Generalization Works for Au250(pMBA)n and aqueous solvent

51



Chakraborty, A. et al., J. Phys. Chem. C 2021, 125, 3256−3267.

Near-infrared chiral plasmonic microwires through 
precision assembly of gold nanorods on soft biotemplates

With Nonappa, Mauri A. Kostiainen and Robin H. A. Ras



Long-range assembly

53



NIR chirality
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M. Bodiuzzaman, et. al. Angew. Chem. Int. Ed. 2018

Co-crystals



Isomerism in supramolcular adducts

Abhijit Nag, et al. JACS 201856
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M. Udhaya Sankar, et. al. Proc. Natl. Acad. Sci., 110 (2013) 8459-8464.

Where are they taking us to?
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A. Anil Kumar, et. al. Adv. Mater., 29 (2016) 1604260.
Safety of spent media, TCLP

Range of materials, their affordability and safety
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ACS Sustainable Chemistry  & Engineering Editorial, 
December 2016

Clean water for everyone



We developed environmentally friendly water positive nanoscale materials for  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

64

Ankit Nagar and T. Pradeep 14(2020). ACS Nano, 6420-6435
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Smart water purifiers and big data

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



Biosensor Design

As(III)

As(V)

e-

Recombinant Arsenite 
Oxidase NT-26 Aio

Horse Heart 
Cytochrome C

Aldrithiol Low-cost Gold sputtered 
thin film on PET substrate

Buffer: pH 7-8

1st Generation Design (Mediated Electrochemistry)

e-

As(III)

As(V)

Recombinant Arsenite 
Oxidase NT-26 Aio

low-cost nanostructured 
electrodes which interact 
directly with enzyme (e.g. 
graphene or CNT). 

2nd Generation Design (Direct Electron Transfer)

e-

Bio-nano Consulting & Imperial College, London
66
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Decrease in the absorption of Au15 as a biofilm is dipped into the cluster 

solution. Inset: Free standing quantum cluster loaded film in visible light and 

UV light.

Cluster-based metal ion sensing

Anu George et al. ACS Applied Materials & Interfaces, 2012 
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Approaching detection limits of tens of Hg2+

Atanu Ghosh et al. Anal. Chem. 2014. 68



Mercury quenching experiment using nanofiber

69



Sub-zeptomolar detection 

Ammu Mathew, et al. Angew. Chem. Int. Ed. 2012

Featured in:

The Hindu, Telegraph, Times of India, etc.

C&E News

and many others
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Jana et. al, Inorganic Chemistry (2022)

Carborane-thiol protected silver nanomolecule

With Tomas Base





Thermal stability



Analog/Grating
Equipment
$ 5~6 Billion (2017)

a few 100k units  (2017)

Ultra compact Low Cost

Spectral Sensor Module 
~ Billions units ( ? 2027 )

Water quality measurement – In the pipeline

Sensors and new opportunities



500 µM

Co P Sa) b)

c) d)

New electrodes - Aligned nanoplates of Co6S8

75

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



Electrospray deposition

76



Sensing

77
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Working electrode

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



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

Arsenic poisoning across the world



Installations made by four companies

India’s water is being monitored

IITM/IISc



81International Centre for Clean Water
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Very new science



Unprecedented Polymorphism in Carborane-thiol Protected 2e-superatomic Spherical 
[Ag62S12(M9)32]

4+ Nanocluster

[Ag62S12(M9)32]
4+



Ag6@Ag8 Ag6@Ag8S12 Ag6@Ag8S12@Ag48 Ag6@Ag8S12@Ag48S32

Ag6@Ag8S12@Ag48S32(CB)32
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Cluster aggregates



[Ag11–xAux(DPPB)5Cl5O2]
Dynamic light scattering

(A) TEM images of phosphine protected Ag11–xAux alloy clusters formation of 
solvent-induced aggregates in the presence of 50, 60, 70, and 90% water.

Madhuri Jash, et. al., Chem. Mater., 35 (2023) 313-326 
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A (i) Calculated structure (x = 2), (ii) the metal, Ag11-xAux, core (x = 2), and (iii) ESI MS of [Ag11-xAux(DPPB)5Cl5O2]2+ (x = 1-5) nanoclusters.

In inset, calculated isotopic distribution is stacked with the experimental one. B. Concept and experimental implementation of MP. Parts

in the graphic representation: 1: solvent mixture (sol mix) containing nanoclusters; 2: nanocluster aggregates in solution; 3: glass surface;

4: immersion medium; 5: objective lens. Single-particle landing event on a non-coated cover slide is shown on the right. C. A stacked plot

of the MP histogram of various-sized nanoaggregates with the counts of particle landing events, with varying solvent composition. Mav

are shown on the spectra as [xx]. The photographs of single-particle binding events on the glass-sol interface during each set of

measurements is shown. The corresponding fwater% of solvent mixture is labelled on each histogram.

Mass photometry

With Vicki Wysocki



Ag11–xAux(DPPB)5Cl5O2

30:70 methanol/water mixture

Conc. of cluster 0.05 mg/ml 

With Antoine Rodolphe, Lyon 

CDMS



Plasmonic nanoparticles
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Molecular materials
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Thank you all

Department of Science and Technology

Collaborators: Tatsuya Tsukuda, Keisaku Kimura, Yuichi Negishi, Uzi Landman, Rob 
Whetten, Hannu Hakkinen, Robin Ras, Manfred Kappes, Horst Hahn, Tomas Base, 
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Pathak, Chaitanya Sharma Yamijala
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Mass spectrum of the cluster

2000 3000 4000 5000 6000

1+
1+

m/z

1+

3170.42 (4+)

4247.40 (3+)

[Ag62S12(M9)32]
4+ 

MS/MS was done

Experiment
Theory

Fragment from the cluster



Type A: Type B:  Type C Type D

Hexagonal
a = 25.004 Å
b = 26.666 Å 
c = 124.542 Å
α = 91.185°
β = 92.169°
γ = 117.904°
Volume = 73207 Å3

Tetragonal
a = 24.890 Å
b = 35.704 Å
c = 25.059 Å
α = 90°
β = 92°
γ = 90°
Volume = 22247 Å3

Triclinic
a = 25.03 Å
b = 26.69 Å
c = 43.30 Å
α = 76°
β = 75°
γ =  62°
Volume =  24944 Å3

Cubic
a = 35.42 Å
b = 35.52
c = 35.45
α = 90°
β = 89.90°
γ = 90°
Volume = 44599 Å3

Polymorphic crystals
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Reactions with bulk gold
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Scale bars: 1 μm

Composition of microstructures



NonappaRobin Ras Mauri Kostiainen

Collaborators

Manfred Kappes Olli Ikkala

Tatsuya Tsukuda, Keisaku Kimura, Yuichi Negishi, Uzi 
Landman, Hannu Hakkinen, Rob Whetten, Tomas Base



104



105



106



107

Ananthu Mahendranath et al. Chem.Comm.2021
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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
Ionization potential
Electron affinity 

------
Phases - phase transitions
Physical properties

Electrical, magnetic
Mechanical properties
Electrochemical properties

Future?



Nanfeng Zheng et al. Nature Communications, 2013
Terry Bigioni et al. Nature 2013

Ag44
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Jana et. al, Inorganic Chemistry (just accepted)

Carborane-thiol protected propeller-shaped photoresponsive silver nanomolecule

With Tomas Base



Characterization of Ag21



Structural details of Ag21



Structural details of Ag21



Paulami Bose et al. Nanoscale 2020
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Colloidal crystal

A B C

CC

Crystallization of AgAu NP



Day 0 Day 15

1 µm

Day 15

1 µm

Day 30

Day 20

1 µm

1 µm

Day 40 Day 50

30 µm

Transformation of colloidal particles in solution



52° Tilt

Crystals imaged after 50 days

52° Tilt



Bulk Au― Ag NC reaction



Characterization of reaction products



122Papri Chakraborti, et. al. Science Advances, 2019.

Isotopic exchange


