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7 ABSTRACT: Atomically precise pieces of matter of nanometer dimensions composed of
8 noble metals are new categories of materials with many unusual properties. Over 100
9 molecules of this kind with formulas such as Au25(SR)18, Au38(SR)24, and Au102(SR)44 as
10 well as Ag25(SR)18, Ag29(S2R)12, and Ag44(SR)30 (often with a few counterions to
11 compensate charges) are known now. They can be made reproducibly with robust
12 synthetic protocols, resulting in colored solutions, yielding powders or diffractable crystals.
13 They are distinctly different from nanoparticles in their spectroscopic properties such as
14 optical absorption and emission, showing well-defined features, just like molecules. They
15 show isotopically resolved molecular ion peaks in mass spectra and provide diverse
16 information when examined through multiple instrumental methods. Most important of
17 these properties is luminescence, often in the visible−near-infrared window, useful in
18 biological applications. Luminescence in the visible region, especially by clusters protected
19 with proteins, with a large Stokes shift, has been used for various sensing applications,
20 down to a few tens of molecules/ions, in air and water. Catalytic properties of clusters, especially oxidation of organic substrates,
21 have been examined. Materials science of these systems presents numerous possibilities and is fast evolving. Computational
22 insights have given reasons for their stability and unusual properties. The molecular nature of these materials is unequivocally
23 manifested in a few recent studies such as intercluster reactions forming precise clusters. These systems manifest properties of the
24 core, of the ligand shell, as well as that of the integrated system. They are better described as protected molecules or aspicules,
25 where aspis means shield and cules refers to molecules, implying that they are “shielded molecules”. In order to understand their
26 diverse properties, a nomenclature has been introduced with which it is possible to draw their structures with positional labels on
27 paper, with some training. Research in this area is captured here, based on the publications available up to December 2016.
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Inter-cluster reactions 

A + B à C + D 



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)



	

6000 8000 10000 12000
m/z

In
te

ns
ity

 

  

   

(A) (B)

(b)

(a)

(b’)

(a’)

Au4(SR)4
loss

Au4(SR)4
loss

I

I
II

II

6000 6500 7000 7500

In
te
n
si
ty
	

m/z

	

(0
,	0
)

(9
,	7
)

(1
0,
	7
)

(1
2,
	7
)

(1
3,
	8
)

(1
1,
	7
)

I: Au25-xAgx(PET)18-y(FTP)y II: Ag44-mAum(FTP)30-n(PET)n MAu: 197 
MAg: 108 
 
MPET: 137 
MFTP: 127 





MAu: 197 
MAg: 108 
 
MPET: 137 
MFTP: 127 

Au25(PET)18 + Ag44(FTP)30              Au25-xAgx(PET)18-y(FTP)y; x=0-13 

Au25:Ag44 

14.0:1.0  

7.0:1.0  

1.7:1.0  



F1

F2

F3

F1
F2

F3
F4

S

I

S

Dcv

Dcf

IC

(A) (B)



	

	

	 	
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 



400 600 800 1000

Ab
so

rb
an

ce

Wavelength (nm)

121 2 3 4 5 6 7 8 9 10 11
[AuxAg44-x(FTP)30]4-

X=

m/z	7211

[A
u 2

5(
FT
P)

18
]-

(B)
[A
g 4

4(
FT
P)

30
]4
-

m/z	2140

(C)

(A)

(D)

Calc.

Expt.

Calc.
Expt.

***

**
*

t =	2	min

t =	10	min

t =	1	h t =	1	h

t =	10	min

t =	2	min

400 600 800 1000

Ab
so

rb
an

ce

Wavelength (nm)

800	nm
698	nm

46
7	
nm42
7	
nm

834	nm

646	nm

53
9	
nm48
6	
nm

41
6	
nm

Au25(FTP)18

Ag44(FTP)30

•••• •

Shell closure in intercluster reactions 

Krishnadas  et al., ACS Nano 2017  



Nanfeng Zheng et al. Nature Communications, 2013 



Ag25-Au25	experiments	
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Reaction between Au25(PET)18 and Ag25(DMBT)18 
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DFT-optimized structure of [Ag25Au25(DMBT)18(PET)18]2- 
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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 
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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

CONSPECTUS: Nanoparticles exhibit a rich variety in terms of structure, composition, and properties. However, reactions
between them remain largely unexplored. In this Account, we discuss an emerging aspect of nanomaterials chemistry, namely,
interparticle reactions in solution phase, similar to reactions between molecules, involving atomically precise noble metal clusters.
A brief historical account of the developments, starting from the bare, gas phase clusters, which led to the synthesis of atomically
precise monolayer protected clusters in solution, is presented first. Then a reaction between two thiolate-protected, atomically
precise noble metal clusters, [Au25(PET)18]

− and [Ag44(FTP)30]
4− (PET = 2-phenylethanethiol, FTP = 4-fluorothiophenol), is

presented wherein these clusters spontaneously exchange metal atoms, ligands, and metal−ligand fragments between them under
ambient conditions. The number of exchanged species could be controlled by varying the initial compositions of the reactant
clusters. Next, a reaction of [Au25(PET)18]

− with its structural analogue [Ag25(DMBT)18]
− (DMBT = 2,4-dimethylbenzenethiol)

is presented, which shows that atom-exchange reactions happen with structures conserved. We detected a transient dianionic
adduct, [Ag25Au25(DMBT)18(PET)18]

2−, formed between the two clusters indicating that this adduct could be a possible
intermediate of the reaction. A reaction involving a dithiolate-protected cluster, [Ag29(BDT)12]

3− (BDT = 1,3-benzenedithiol), is
also presented wherein metal atom exchange alone occurs, but with no ligand and fragment exchanges. These examples
demonstrate that the nature of the metal−thiolate interface, that is, its bonding network and dynamics, play crucial roles in
dictating the type of exchange processes and overall rates. We also discuss a recently proposed structural model of these clusters,
namely, the Borromean ring model, to understand the dynamics of the metal−ligand interfaces and to address the site specificity
and selectivity in these reactions.
In the subsequent sections, reactions involving atomically precise noble metal clusters and one- and two-dimensional
nanosystems are presented. We show that highly protected, stable clusters such as [Au25(PET)18]

− undergo chemical
transformation on graphenic surfaces to form a bigger cluster, Au135(PET)57. Finally, we present the transformation of tellurium
nanowires (Te NWs) to Ag−Te−Ag dumbbell nanostructures through a reaction with an atomically precise silver cluster,
Ag32(SG)19 (SG = glutathione thiolate).
The starting materials and the products were characterized using high resolution electrospray ionization mass spectrometry,
matrix assisted laser desorption ionization mass spectrometry, UV/vis absorption, luminescence spectroscopies, etc. We have
analyzed principally mass spectrometric data to understand these reactions.
In summary, we present the emergence of a new branch of chemistry involving the reactions of atomically precise cluster systems,
which are prototypical nanoparticles. We demonstrate that such interparticle chemistry is not limited to metal clusters; it occurs
across zero-, one-, and two-dimensional nanosystems leading to specific transformations. We conclude this Account with a
discussion of the limitations in understanding of these reactions and future directions in this area of nanomaterials chemistry.

■ INTRODUCTION

Reactions between molecules have been explored ever since the
beginning of chemistry. Atomic level understanding of chemical

Received: May 4, 2017
Published: July 20, 2017

Article
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© 2017 American Chemical Society 1988 DOI: 10.1021/acs.accounts.7b00224
Acc. Chem. Res. 2017, 50, 1988−1996
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Rapid isotopic exchange in nanoparticles
Papri Chakraborty1, Abhijit Nag1, Ganapati Natarajan1, Nayanika Bandyopadhyay1,
Ganesan Paramasivam1, Manoj Kumar Panwar1, Jaydeb Chakrabarti2, Thalappil Pradeep1*

Rapid solution-state exchange dynamics in nanoscale pieces of matter is revealed, taking isotopically pure
atomically precise clusters as examples. As two isotopically pure silver clusters made of 107Ag and 109Ag
are mixed, an isotopically mixed cluster of the same entity results, similar to the formation of HDO, from
H2O and D2O. This spontaneous process is driven by the entropy of mixing and involves events at multiple
time scales.

INTRODUCTION
Since the discovery of deuterium (D) (1) and the isolation of D2O
(2), isotopic exchange in molecules has served as a characteristic
signature of their dynamic chemical bonds (3). The rate of isotopic
exchange in water (H2O + D2O = 2HDO) is fast with an equilibrium
constant of 3.75 ± 0.07 at room temperature (4), and it occurs at
measurable speeds down to cryogenic temperatures (5). H/D ex-
change in proteins has been an important tool to understand their
surface structure (6). Moreover, isotopic exchange in systems like
H2/D2 has high activation barrier and occurs at very high tempera-
tures (~1000 K) or over heated catalytic metal surfaces (7). The ex-
istence of nanomaterials of noble metals with precise composition
(8, 9) allows the feasibility of their isotopic exchange to be tested.
Using high-resolution electrospray ionization mass spectrometry
(ESI MS), we show that atomically precise monolayer-protected
nanoclusters, made of isotopically pure silver (107Ag and 109Ag),
despite their well-defined structures and ligand protection, undergo
rapid exchange of the isotopes of the metal atoms. The exchange
approaches a dynamic equilibrium within a minute in solution at
room temperature. Using two archetypal examples of Ag nanoparti-
cles of precise composition, [Ag25(SR)18]

− (10) and [Ag29(S2R)12
(TPP)4]

3− (11), where SR, S2R, and TPP are protecting ligands, we
demonstrate that the rapid isotopic exchange reflects their solution-
state dynamics. In addition, we show the ability to control the exchange
dynamics by controlling the temperature. Time-resolvedmeasurements
further reveal that the mechanism of exchange involves several pro-
cesses that occur at different time scales. The spontaneity in such reac-
tions is mainly driven by the mixing entropy contribution to the free
energy. Such an exchangemechanism, reminiscent of isotopic exchange
between H2O and D2O, presents intriguing insights into the nature of
nanoscale matter.

RESULTS
To study isotopic exchange, we chose [Ag25(SR)18]

− clusters (10)
initially. Two identical but isotopically different clusters, [107Ag25
(DMBT)18]

− and [109Ag25(DMBT)18]
− (DMBT= 2,4-dimethyl benzene

thiol), were prepared starting from isotopically pure metals and exten-
sively characterized to ensure their chemical purity and isotopic identi-

ty. The isotopic clusters showed identical optical absorption spectra
(fig. S1A). ESI MS of [107Ag25(DMBT)18]

− and [109Ag25(DMBT)18]
−

are presented in Fig. 1A, a and b, respectively. The peak maxima of
the spectra are separated by m/z (mass/charge ratio) 50 because of
the interchange of 25 atoms of 107Ag with 109Ag. The mass spectral
distributions of the isotopic clusters are narrower than those of a
sample with natural Ag (fig. S1B). The isotope patterns (fig. S1, C
and D) are purely due to the isotopes of S, C, and H in the ligands,
and therefore, they are similar to those of the [Au25(PET)18]

− cluster
(12, 13) [PET (phenyl ethane thiol) has the same atomic composition
(C8H10S) as DMBT], as Au has only one isotope. The minor differ-
ences with calculated patterns (fig. S1, C and D) are due to the slight
isotopic impurity, as the isotope enrichment was ~98%. Upon mixing
an equimolar mixture of [107Ag25(DMBT)18]

− and [109Ag25(DMBT)18]
−

in solution at room temperature, the spectrum changed instantane-
ously, and the resulting distribution is shown in Fig. 1B. No peaks
due to the parent clusters were observed, indicating that they were
totally exchanged in this process. The mass spectral distribution
calculated (fig. S2A) considering a system where each isotope of
Ag (107/109) has a probability of occupying 50% of the total sites
of the cluster is similar to the distribution observed in Fig. 1B. It is
nearly identical to that of the ion [Ag25(DMBT)18]

−, having the
natural isotope distribution (107Ag: 51.839%, 109Ag: 48.161%), and
the minor differences arise as the 107Ag/109Ag ratio is not exactly
1:1 in nature (fig. S2B). The two isotopically pure clusters were further
mixed at varying molar ratios, and in each case, rapid exchange be-
tween the two clusters resulted in a binomial mass spectral distribution
(fig. S3), in agreement with the calculated isotope pattern considering
the relative abundance of each isotope from their initial molar ratio of
mixing (fig. S4). Such an equilibrium statistical distribution is expected
for a system where there are nearly equivalent sites that have equal
probability of exchange.

Control over the exchange dynamics was achieved by lowering the
temperature. The parent solutions were cooled to −20°C and mixed in
a 1:1 molar ratio, and ESI MS was measured instantly. The source and
desolvation temperatures were lowered to 30°C, and the sample was
infused from an external syringe, which was also cooled to −20°C to
reduce the effect of temperature during injection. In Fig. 2 (A to D),
we presented the intermediate stages involving stepwise exchange of
the isotopes of the atoms between the two clusters. Although the re-
action kinetics was slower at lower temperatures, the equilibrium
distribution was attained in about 30 s. Rapid exchange occurred even
in alloys of the cluster (14), such as [Ag24Au(SR)18]

− (fig. S5).
To probe how the dynamics of the exchange process is controlled

by the inherent structures of the cluster, we performed a similar study

1DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), De-
partment of Chemistry, Indian Institute of Technology Madras, Chennai 600 036,
India. 2Department of Chemical, Biological and Macromolecular Sciences, S. N.
Bose National Centre for Basic Sciences, Sector III, Block JD, Salt Lake, Kolkata
700098, India.
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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 
•  Clusters are indeed molecules 
•  New materials are coming! 



1 Approaching Materials with Atomic Precision Using Supramolecular
2 Cluster Assemblies
3 Publishedaspart ofthe Accounts ofChemical Research specialiss ue “TowardAtomic Precision inNanosci ence” .

4 Papri Chakraborty, Abhijit Nag, Amrita Chakraborty, and Thalappil Pradeep*
5 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

7 CONSPECTUS: Supramolecular chemistry is a major area of chemistry that utilizes weaker non-covalent interactions between
8 molecules, including hydrogen-bonding, van der Waals, electrostatic, π···π, and C−H···π interactions. Such forces have been the
9 basis of several molecular self-assemblies and host−guest complexes in organic, inorganic, and biological systems. Atomically
10 precise nanoclusters (NCs) are materials of growing interest that display interesting structure−property correlations. The
11 evolving science of such systems reaffirms their molecular behavior. This gives a possibility of exploring their supramolecular
12 chemistry, leading to assemblies with similar or dissimilar cluster molecules. Such assemblies with compositional, structural, and
13 conformational precision may ultimately result in cluster-assembled hybrid materials. In this Account, we present recent
14 advancements on different possibilities of supramolecular interactions in atomically precise cluster systems that can occur at
15 different length scales. We first present a brief discussion of the aspicule model of clusters, considering Au25(SR)18 as an
16 example, that can explain various aspects of its atomic precision and distinguish the similar or dissimilar interacting sites in their
17 structures. The supramolecular interaction of 4-tert-butylbenzyl mercaptan (BBSH)-protected [Au25(SBB)18]− NCs with
18 cyclodextrins (CD) to form Au25SBB18∩CDn (n = 1−4) and that of [Ag29(BDT)12]3− with fullerenes to form
19 [Ag29(BDT)12(C60)n]3− (n = 1−9) (BDT = 1,3-benzenedithiolate) are discussed subsequently. The formation of these
20 adducts was studied by electrospray ionization mass spectrometry (ESI-MS) and optical absorption and NMR spectroscopy. In
21 the subsequent sections, we discuss how variation in intercluster interactions can lead to polymorphic crystals, which are
22 observable in single-crystal X-ray diffraction. Taking [Ag29(BDT)12(TPP)4]3− (TPP = triphenylphosphine) clusters as an
23 example, we discuss how the different patterns of C−H···π and π···π interactions between the secondary ligands can alter the
24 packing of the NCs into cubic and trigonal lattices. Finally, we discuss how the supramolecular interactions of atomically precise
25 clusters can result in their hybrid assemblies with plasmonic nanostructures. The interaction of p-mercaptobenzoic acid (p-
26 MBA)-protected Ag44(p-MBA)30 NCs with tellurium nanowires (Te NWs) can form crossed-bilayer precision assemblies with a
27 woven-fabric-like structure with an angle of 81° between the layers. Similar crossed-bilayer assemblies show an angle of 77°
28 when Au102(p-MBA)44 clusters are used to form the structure. Such assemblies were studied by transmission electron
29 microscopy (TEM). Precision in these hybrid assemblies of Te NWs was highly controlled by the geometry of the ligands on
30 the NC surface. Moreover, we also present how Ag44(p-MBA)30 clusters can encapsulate gold nanorods to form cagelike
31 nanostructures. Such studies involved TEM, scanning transmission electron microscopy (STEM), and three-dimensional
32 tomographic reconstructions of the nanostructures. The hydrogen-bonding interactions of the −COOH groups of the p-MBA
33 ligands were the major driving force in both of these cases. An important aspect that is central to the advancement of the area is
34 the close interplay of molecular tools such as MS with structural tools such as TEM along with detailed computational
35 modeling. We finally conclude this Account with a future perspective on the supramolecular chemistry of clusters.
36 Advancements in this field will help in developing new materials with potential optical, electrical, and mechanical properties.

37 ■ INTRODUCTION
38 Atomically precise nanoclusters (NCs) present rich diversity in
39 their structures and properties.1,2 A large variety of clusters made
40 of noble metals like Au, Ag, etc. and protected by ligands3,4 such
41 as thiols and phosphines are known in the literature, andmany of

42their structures have been determined from single-crystal
43studies. Precise composition, precision in molecular structure,
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Where there is clean water, there is hope. 
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