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Clusters

Science of nanomaterials has advanced tremendously in the recent past.



2019
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Geometric and electronic shells



Au25, Ag25
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Systematic Isolation of  Glutathione-Protected Gold clusters
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Negishi, Y.; Nobusada, K.;  and Tsukuda, T. 

J. Am. Chem. Soc. 2005, 127, 5261-70.







Au25SG18

Synthesis: Au25 clusters can be preferentially populated by dissociative 

excitation of larger precursors

Scheme showing the synthesis of Au25SG18 clusters

E. S. Shibu et al. J. Phys. Chem. C. 2008

Direct synthesis from mixture of particles
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TUB Rao and  T Pradeep, Angew. Chem. Int. Ed.  49 (2010) 3925-3929(2010). 

Silver clusters - interfacial etching
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One step methods - Au18SG14

Atanu Ghosh, T. Udaya Bhaskara Rao and T. Pradeep, J. Phys. Chem. Lett., 3 (2012) 1997-2002

Slow reduction!
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CD∩BBSH

Positive mode MALDI MS of BBSH∩CD complex
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Substitution chemistry of clusters

R1

R2

Mixed functionalised 

clusters

Yoshiki Niihori, Miku Matsuzaki, T. Pradeep and Yuichi Negishi, J. Am. Chem. Soc., 135 (2013) 4946-4949



Ligand exchange chemistry –
Substitution chemistry

Separation of precise compositions of noble metal clusters protected with mixed ligands

With Niihori and Negishi, Tokyo University of 

Science





Cluster isomers



Cluster alloys
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T. U. B. Rao et al. Angew. Chem. Int. Ed. 2012 Hot article



Ag10 Core in an Ag12 Shell: A Four-Electron 

Superatom 

Esma Khatun, et. al., ACS Nano, 2019
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experimental isotopic distributions of Ag22. 



The overall structure of Ag22: A) Unit cell with a tetragonal arrangement; B) top view; C) side 

view. Labels: red, blue and pink = Ag, yellow = S, orange = P, green = Cl, gray = C and white = 

H. 



Packing diagram of Ag22: (A) Organization of clusters in a unit cell; (B) and (C) Packing diagrams 

along X and Y-axes, respectively display rectangular 2D lattice; (D) Packing diagram along Z-axis 

presents square 2D lattice.



Reactions of clusters

Reactions between clusters

Chemistry of clusters



Inter-cluster reactions

A + B → C + D
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Shell closure in intercluster reactions

Krishnadas et al., ACS Nano 2017 



Nanfeng Zheng et al. Nature Communications, 2013



Ag25-Au25 experiments

K. R. Krishnadas et al. Nature Commun. 2016



Reaction between Au25(PET)18 and Ag25(DMBT)18
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DFT-optimized structure of [Ag25Au25(DMBT)18(PET)18]
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How do we comprehend this?



A view of gold methly thiolate [25]aspicule (Au25(SMe)18). 

Gold atoms colored gold, sulfur atoms by yellow, carbon 

dark gray, hydrogen atoms as white and (b) with the gold and 

sulfur atoms alone .
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Aspicules



(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-)
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R-(SMe)44-auro-102 aspicule(0) and L-(SMe)44-auro-102 aspicule(0)
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Cluster dimers
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Precision alloys
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Molar ratio of two clusters= 1:1



Kinetics of the exchange (monitored on the Ag25 side)



Cluster dynamics

They are indeed molecules!

K. R. Krishnadas, et al. Acc. Chem. Res. 2017 
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Supramolecular chemistry

Papri Chakraborty, et,. al. ACS Nano 2018
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Isomerism in supramolcular adducts

Abhijit Nag, et al. JACS 2018



1000 2000 3000 4000 5000

 

X3-

X∩CD1
3-

X∩CD2
3-

X∩CD3
3-

Ag29BDT12 = X β-cyclodextrin = CD 

CD-

m/z

1976 1980 1984 1988

X∩CD6
3-

X∩CD5
3-

X∩CD4
3-

X∩CD1
3-

Calculated 

Experimental

A)

a)

b)

m/z

X∩CD1
3-



0 30 60 90 120 150 180 210 240

0.0

0.2

0.4

0.6

0.8

1.0

 

S
u

rv
iv

a
l 

y
ie

ld

Collision Energy (eV)

Energy Resolved Fragmentation of Ag29BDT12∩(X-CD)3-

Comparison of 

interaction between 

different cyclodextrins

with Ag29BDT12



1 2 3 4 5 6

 

4 5 6 7 8 9

 
Drift time (ms)

Isomer 1 Isomer 2

X∩CD3
3-

628.0 Å2613.0 Å2

Isomer 1 Isomer 2

X∩CD2
3-

540.0 Å2526.0 Å2

X∩CD1
3-

438.0 Å2

Drift time (ms)

X∩CD6
3-

903.0 Å2

X∩CD5
3-

812.0 Å2

Isomer 1 Isomer 2

X∩CD4
3-

724.0 Å2705.0 Å2

a)

b)

c)

d)

e)

f)



a) b) c)

A)

B) a) i) ii)
b) i)

c)
i) ii)

1

2
3/5

4
5/3

6

1

2

1

6

1

2

3

1

2

6

1

2

3

6

1

1

2

4

6

C-Ag29(BDT)12∩CD2 T-Ag29(BDT)12∩CD2 C-Ag29(BDT)12∩CD3

T-Ag29(BDT)12∩CD3
C-Ag29(BDT)12∩CD4

T-Ag29(BDT)12∩CD4

Cis = C

Trans = T

ii)



Assemblies and superstructures



Amrita Chakraborty, et. al. Angew. Chem. 2018
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Sensors
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Approaching detection limits of tens of Hg2+

Atanu Ghosh et al. Anal. Chem. 2014. 95



Video of mercury quenching experiment using the nanofiber

96



Mesostructures
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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



Nanotechnology 21 (2010) 055103 A Retnakumari et al

Figure 8. Fluorescent microscopic images showing interaction of Au–BSA–FA NCs with different types of cell lines: (a1)–(a2) FR−ve lung

carcinoma A549, (b1)–(b2) FR-depressed oral cell carcinoma, KB, (c1)–(c2) FR+ ve KB cells with unconjugated Au clusters, (d1)–(d2) FR+ ve

KB cells with FA-conjugated Au clusters at 2 h, (e1)–(e2) 4 h and (f1)–(f2) 24 h of incubation.

for 24 h. There appeared to be no significant staining or

cellular uptake suggesting no FA-mediated process and the

non-specific uptake of Au–BSA–FA conjugates is insignificant

even at relatively high concentration of conjugates (1 mg ml−1

for 1000 cells). This is further examined by treating

the FR+ ve cells with unconjugated Au–BSA nanoclusters

(figures 8(c1)–(c2)), which also showed no specific attachment

of nanoclusters to the FR+ ve cell.

In contrast to the control experiments, the nature of

interaction of FA-conjugated Au–BSA samples changed quite

significantly when incubated with FR+ ve KB cells. In

figures 8(d1)–(d2), KB cells treated with Au–BSA–FA at

2 h are shown. Interestingly, as early as 2 h, large

numbers of red-emitting Au–BSA–FA conjugates were found

specifically attaching to the cell membrane of FR+ ve KB

cells. Relatively larger sized nano-aggregates, marked by

white arrows, were accumulated mostly on the cell membrane

while the solubilized clusters stain the whole cell, rendering

a red fluorescent stain of the whole cell. With a longer

incubation time of 4 h (figures 8(e1)–(e2)), the concentration

of aggregated nanoclusters on the cell membrane was found

reduced with an increase in fluorescence at the intracellular

region. After 24 h, no aggregated nanoconjugates were seen

on the cell membrane but found completely internalized in

the cytosol. To differentiate the nucleus from cytosol, DAPI

staining was carried out and the red emission (true-color

imaging) from Au nanoclusters within the cytosol can be

clearly seen. These results clearly suggest that the Au cluster

conjugates were specifically taken up by the FR+ ve cells and

the fluorescence intensity of internalized clusters remained

intact, indicating the maintenance of cluster identity within

the intracellular regions. In breast adenocarcinoma cells,

MCF-7, the expression level of folate receptors is reported

to be relatively low compared to that of KB cells [39]. We

have tested corresponding relative changes, if any, in the FR-

mediated uptake of nanoclusters in MCF-7 compared to KB

cells by incubating the same concentration of FA-unconjugated

and-conjugated Au–BSA NCs with MCF-7 and KB cells under

identical culture conditions. In figure 9, it can be seen

that, without any FA, the BSA–Au did not show any specific

attachment to MCF-7 whereas FA-conjugated Au–BSA NCs

showed enhanced uptake leading to red fluorescent staining of

the cell membrane. The relative difference in the uptake was

measured by spectrofluorimetric studies of red fluorescence

from Au clusters present in the cell-lysates of KB, MCF-7

and A549 cells. Cells incubated without any nanoclusters and

PBS were used as the controls. Prior to the experiment, the

unattached nanoconjugates were washed out with PBS and

cells were trypsinized and lysed. In figure 9(c), the emission

intensity at 674 nm of Au–BSA–FA NCs was found higher in

the case of KB cell-lysate. MCF-7 cell-lysate showed relatively

less emission intensity compared to that of KB, but higher than

that of A549. This result further confirms that the Au–BSA–

FA conjugates were taken up by KB and MCF cells through

FR-mediated endocytosis and there were relative changes in

the uptake due to varied expression levels of the receptor. In

effect, this study clearly demonstrates that the fluorescent Au

nanoclusters can be successfully used for molecular-receptor-

specific detection of cancer, at the single cell level, by optical

imaging. Considering the near-infrared emission property and

non-toxicity, the Au-nanocluster-based nanobioprobes will be

10



Catalysis

Energy harvesting - Solar cells



Summary
• Atomically precise clusters is a new area of materials 

science

• Chemistry of these systems show new excitements

• Borromean ring diagram of clusters can be used to 

understand such reactions

• Their extremely fast solution state dynamics is a puzzle

• They show promising properties useful for applications

• Clusters are indeed molecules

• New materials are coming !
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