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Ag,,SR,, — Nanfeng Zheng and Terry Bigioni
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Evolution of noble metal clusters
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|. Chakraborty et al, to appear in Chem. Rev. 2016



Evolving Science

Part | Cluster chemistry is getting increasingly complex
Ligand exchange
Isomers
Alloys
Supramolecular chemistry

Part Il Are there pointers?
Specific examples

Part [Il How do we understand these systems?
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Cq: Buckminsterfullerene
H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl
& R. E. Smalley

Rice Quantum Institute and Departments of Chemistry and Electrical
Engineering, Rice University, Houston, Texas 77251, USA

During experiments aimed at understanding the mechanisms by
which long-chain carbon molecules are formed in interstellar space
and circumstellar shells’, graphite has been vaporized by laser
irradiation, producing a remarkably stable cluster consisting of
60 carbon atoms. Concerning the question of what kind of 60-
carbon atom structure might give rise to a superstable species, we
suggest a truncated icosahedron, a polygon with 60 vertices and
32 faces, 12 of which are pentagonal and 20 hexagonal. This object
is commonly encountered as the football shown in Fig. 1. The Cg,
molecule which results when a carbon atom is placed at each vertex
of this structure has all valences satisfied by two single bonds and
one double bond, has many resonance structures, and appears to
be aromatic.

NATURE VOL. 318 14 NOVEMBER 1985

Fig. 1 A football (in the
United States, a soccerball)
on Texas grass. The Cg,
molecule featured in this
letter is suggested to have
the truncated icosahedral
structure formed by
replacing each vertex on the
seams of such a ball by a
carbon atom.

graphite fused six-membered ring structure. We believe that the
distribution in Fig.3c is fairly representative of the nascent
distribution of larger ring fragments. When these hot ring clusters
are left in contact with high-density helium, the clusters equili-
brate by two- and three-body collisions towards the most stable
species, which appears to be a unique cluster containing 60
atoms.

When one thinks in terms of the many fused-ring isomers
'_v_gj.t,llt_x,ng.atisﬁcd valences at the edges that would naturally arise
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New Protocols for the Synthesis of Stable Ag and Au Nanocluster
Molecules

T. Udayabhaskararao and T. Pradeep*

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

ABSTRACT: “Catching” metals in the nonmetallic form in solution, as they grow to 2. ""’”"""’
bulk, is one of the most exciting areas of contemporary materials research. A new kind of
stabilization to catch the nonmetallic form of noble metals with small thiols has evolved
as an exditing area of synthesis during the past decade. Gold clusters stay in the frontline
of this research, yieding new “molecules” composed of a few to several hundreds of
atoms. By taking guidelines from gold cluster research, various new protocols for silver
nanoclusters were developed. In this Perspective, we highlight the recent advances on
the synthesis of atomically precise silver, gold, and their alloy clusters with a special
emphasis on silver. As a result of intense efforts of the recent past, clusters such as
Agra(SR)7n Ag(—S—R-S=), Ags(SR), Agsa(SR)s Agu(SR)s0 Aguso(SR)sy
Agio(SR) 4o and Agio;(SR)so (SR and S—R~S refer to thiolate and dithiolate ligands,

respectively) were added to the literature. Moreover, “silver-covered” and “gold-covered”
alloy clusters have also been synthesized. Eady reports of the crystallization of such
dusters are available. Several of these clusters are shown to act as sensors, catalysts, and
pesticide degradation agents, which suggests that these materials may find applications in

daily life in the foreseeable future.
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Ag,MSA., - solid state synthesis

AgNO, + H,MSA Became orange Water +
(Initially both color [ Ethanol
are colorless) (excess)]
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TUB Rao and T Pradeep, J. Am. Chem. Soc. 132 (2010) 16304-16307.
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Indranath Chakraborty, et al. Nano Lett. 2012 With Uzi Landman and Rob Whetten



Intgnsity (a.u.)

Ag.,Au, — 13 atom alloy cluster
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Gas phase aggregates of protected clusters
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Ligand Exchange of AuysSG 3 Leading to Functionalized Gold Clusters: Spectroscopy,
Kinetics, and Luminescence

E. S. Shibu,” M. A. Habeeb Muhammed,’ T. Tsukuda,’ and T. Pradeep*'

DST Unit on Nanoscience (DST UNS), Department of Chemistry and Sophisticated Analytical Instrument
Facility, Indian Institute of Technology, Madras, Chennai 600 036, India and Institute for Molecular Science,

Myodaiji, Okazaki 444-8585, Japan
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Auz\,,SG18

Direct synthesis from mixture of particles

Scheme showing the synthesis of Au,.SG,; clusters
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Quantum Clusters of Gold Exhibiting FRET

M. A. Habeeb Muhammed,” Ajay Kumar Shaw,’ Samir Kumar Pal,** and T. Pradeep*'

DST Unit on Nanoscience, Department of Chemistry and Sophisticated Analytical Instrument Facility, Indian
Institute of Technology Madras, Chennai 600 036, India, and Unit for Nanoscience and Technology,
Department of Chemical, Biological and Macromolecular Sciences, Satyendra Nath Bose National Centre for
Basic Sciences, Block JD, Sector III, Salt Lake, Kolkata 700 098, India
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SCHEME 1: Approaches Used for Functionalization of Dansyl Chromophore on the Au,s Cluster
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With Lauri Lehtovaara, Hannu H.kkinen



Positive mode MALDI of BBSHNCD complex
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Substitution chemistry of clusters
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Yoshiki Niihori, Miku Matsuzaki, T. Pradeep and Yuichi Negishi, J. Am. Chem. Soc., 135 (2013) 4946-4949



Separation of precise compositions of noble metal clusters protected with mixed ligands
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Unprotected clusters from protein templates
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A. Baksi, T. Pradeep, B. Yoon, C. Yannouleas and U.Landman, ChemPhysChem, 14 (2013) 1272-1282.
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Some Pointers



Noble Metal Clusters Over Oxides: Aggregation, Separation
and Reaction




Coalescence of Atomically Precise Clusters on Graphenic Surfaces
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Time dependent MALDI MS study of the conversion of Au,,.
Ghosh, A.; Pradeep, T.; Chakrabarti, J. J. Phys. Chem. C 2014, 118, 13959.
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MALDI MS spectra with increasing graphene concentration for a constant Au,, concentration. (a,) Data at
lower concentration (0.005 wt %) of graphene where complete conversion of Au,, to Au, .. has not taken
place. It shows some peaks at lower mass. (a3) At higher concentration (0.01 wt %) of graphene,
complete conversion to Au ;. has happened. Both the spectra were collected after 180 min of mixing the
reactants. (B) Time dependent conversion of Au,, for a fixed graphene concentration at different Au,,
concentrations. IP and IR represent the intensity of Au ,. and Au,, in the MALDI MS spectra. Traces b,
b,, and b, represent final concentrations of Au,, in solutions (3.17, 1.68, and 0.87 uM, respectively).



(A) TEM image of chemically synthesized graphene alone. The nanometer thin folding (marked) indicates
that the sheets imaged contain two-three layers of chemically synthesized graphene. (B) Image of
graphene surface containing clusters (Au,,.). Some clusters are marked with circles. Outside the graphene
surface, there was no cluster. It proves that the conversion happened only on graphene surfaces. Number
of folding has decreased significantly in panel B.



Clusters on surfaces



Simple and Efficient Separation of Atomically Precise Noble Metal Clusters
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Transformation of Ag, FTP, *
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Inter cluster exchange reaction between Au,(SR),, with

Ag,,(SR),,
AU,5(PET) g + Ag,,(FTP), Al,s AG(PET) o (FTP), +Ag Au (PET) (FTP),
AU,5(FTP) 15 + Ay, (FTP)y, Au,; AQ,(FTP),s + Ag Au (FTP)

Clusters tried: Au,,(PET),,
Au, (FTP).,
Au, (nBuS),,

Ag,,(FTP).,
Ag 1 52(PET)60
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Time-dependent UV-vis spectra during the reaction between Au,(PET).., and
Ag,,(FTP),, clusters at a ratio (Au,:Ag,,) of 7:1.
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Ag,,(FTP),, clusters at a ratio (Au,:Ag,,) of 1.7:1.
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What does it mean?

Two kinds of chemistry
Substitution, exchange, conjugation, supramolecular, etc. chemistry
and
Cluster chemistry
Graphene reaction
No intermediates were prominent.
On oxide surfaces
13 kDa, ~Ag80, n =347
20 kDa, ~Ag120, n =587

Cluster coalescence

Unique inter-cluster reactions, simultaneous transformations
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SID incorporation was introduced by Wysocki ef al. Angew. Chem. Int. Ed. 2012, 51 (18), 4336-4339.
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Reaction between Au,, and Ag,,
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Evolving Science

» Cluster science is getting increasingly complex
Ligand exchange
Isomers
Alloys
Supramolecular chemistry

 How do we comprehend them?

* \We need to name them - uniquely



Structure and name

* Current names
— Au_(SR) ., Au_.(SR),,, AU@R, or just Au__
— Au,._Pd (SR1)  (SR2)
e Complexity: eg.lsomers and chirality
 =>Nomenclature
— Organic, inorganic, etc.
— Fullerenes
— Boranes



What does it contain?

* We need:
1. Diagram of the molecule with labels

2. Naming scheme
1. Flexible
2. Unique
3. Structural details



What are these materials?

and more
eg. glutathione

4-(tert butyl)benzyl 2-phenylethanethiol
mercaptan

Au,, Au,g,
Au,,, etc.

trimer,
pentamer, etc.

Au monomer Au dimer



Aspicules



Ball and stick structure

A view of gold methly thiolate [25]aspicule (Au,.(SMe),).
Gold atoms colored gold, sulfur atoms by yellow, carbon

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




Shell Structure

(a) Au@Au, ,@Au,,@S.@S




Terminologies




1) Edge projection 2) Face Projection
Ca)
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18(methylthiolato)-auro-25
aspicule(1-)
Gana Natarajan et. al. JPC C. 2015
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(D1-3,D2-3)-di(2-phenylethylthiolato),16(methylthiolato)-auro-25 aspicule(1-)
(D1-3,D2-3)-(PET),,(SMe), ,-auro-25 aspicule(1-)
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(a) Aus(SMe),,(PET), (b) Aux(SMe),(PET), (trans) (c) Aus{SMe),(PET), (cis)

3 2 51 .*Il
D5 m._t*,oz pa , :
(D1-3)-(PET),,(SMe) ,-auro-25 trans-(01-3,02-3)-(PET)Z,(SMe),G-auro-zs cis-(D1-3,D4-3)-(PET),,(SMe) ¢-auro-
aspicule (1-) aspicule (1-) 25 aspicule (1-)
{d) Aus(SMe),,(PET)s (e) AuxpPds(SMe),,{PET)s
»_ D3 _*_ D3
3 x ® Au
% SMe
X  PET
® pd

([D1-D6]-3)-(PET),,(SMe),,-auro-25 ([D1-D6]-3)-(PET),,(SMe),,-(i,1,2,D1-2,D2-4)-
aspicule (1-) pentapalladoauro-25 aspicule (1-)



(A) (B)

(€)

R-44(methylthiolato)-auro-102 aspicule(0)

R-(SMe),,-auro-102 aspicule(0) and L-(SMe), ,-auro-102
aspicule(0)






Compact aspicule structural names for Au
one modification of each.

25’

Au,, and Au, ,, aspicules and

Formula
Name/substituent
positions

Compact Aspicule Structural Name

Aspicule name

Au,5(SMe), s

[D1-D6]-[1, 3, 5-Me-Au,S,] I-i-auro-25
aspicule (1-)

(SMe), auro-25 (1-)

Au,;Pd,(SMe),(SPET),

Two Pd in the core.

D1, D2-[1, 3, 5-Me-AuPdS;],, [D3-D6]-[1,3,5-
Me-Au,S;], I-(i,2)-dipalladoauro-25 aspicule (1-

(D1-3, D2-3)-(SPET),,
(SMe), (i, 2)-dipalladoauro-

Two PET at the bridging | ) 25(1-)
ligands
Au,y(SMe),, [D1-D6]-[1, 3, 5-Me-Au,S;]¢, [M1-M3]-[1, 3- (SMe),, (i, i,)-auro-38

Me-AuS,], BI-(i,, i,)-auro-38 aspicule (0)

aspicule (0)

AusPd,(SMe),,(SPET),

Two Pd atoms in
interstials

Two PET ligands in
dimer staples

D1, D2- [3-PET, 1,5-Me-Au,S;],, [D3-D6]-[1,
3, 5-Me-Au,S;],, [M1-M3]-[1, 3 -Me-AuS,]; BI-
(i, i,)-dipalladoauro-38 aspicule (0)

(D1-3, D2-3, M1-1, M2-3)-
(SPET), (SMe),y (i, i,)-
dipalladoauro-38 aspicule (0)

Au,,(SMe),,

[M1-M19]-[1, 3-Me-AuS,],,, D1, D2-[1, 3-Me-
Au,S;], MD ,o@(N-RID,;,S-RID,;)-auro-102
aspicule (0)

(SMe),, auro-102 aspicule (0)

Au,oPd,(SMe),o(SPET),

Two Pd atoms in the MD
core. Two PET ligands at
bridging ligands of the
dimer staples and two on
differnt monomer
staples.

MI1-[1-PET, 3-Me-AuS,], M2-[3-PET, 1-Me-
AuS,], [M3-M19]-[1,3-Me-AuS,],;, D1, D2-[3-
PET, 1, 5-Me-Au,S,], MD,y@(N-RID;,S-
RID,;)-(1, 49)-dipalladoauro-102 aspicule (0)

(D1-3, D2-3, M1-1, M2-3)-
(SPET),, (SMe),, (1,49)-
dipalladoauro-102 aspicule (0)




Aspicule structural names and aspicule names for Au
modification of each.

25’

Formula Name

Aspicule Structural Name

Aspicule Name

Au,s(SMe),;

[D1-D6]-(1,2:3,4:5,6:7,8:9,10)-[1, 3, 5-
Me-Au,S;], I-i-auro-25 aspicule (1-)

(SMe), auro-25 (1-)

Au,;Pd,(SMe),(SPET),

[D1, D2]-(1,2 : 3,4)-[1, 3, 5-Me-AuPdS;],,

Two PET on the bridging | [D3-D6]-(5,6 : 7,8 : 9,10 : 11,12)-[1, 3, 5- (D1-3, D2-3)-(SPET),, (SMe),, (7,
ligands, and two Pd in the Me-Au,S;], I-(i,2)-dipalladoauro-25 aspicule | 2)-dipalladoauro-25 (1-)
core. (1-)
[DI-D6]-1,9:2,10: 3,8 : 14,22 : 15,23-
Auss(SMe),, [12,0-ME-A18,); [MI-MBJ4,18. 15 108 (SMe),, (i, i,)-auro-38 aspicule (0)

6,20-[1,3-Me-AuS,];BI-(i), i,)-auro-38
aspicule (0)

Au,Pd,(SMe),,(SPET),
Two Pd in interstials

Two PET in dimer staples

[D1, D2]-(1,9 : 2,10)-[3-PET, 1, 5-Me-
Au,S;],, [D3-D6]-(3,8 : 14,22 : 15,23)-[1, 3,
5-Me-Au,S;],, [M1-M3]-4,18 : 5,19 : 6,20-
[1, 3 -Me-AuS,]; BI-(i,, i,)-dipalladoauro-38
aspicule (0)

(D1-3, D2-3, M1-1, M2-3)-(SPET),,
(SMe),, (i, i,)-dipalladoauro-38
aspicule (0)

Au,,(SMe),,

[M1-M5]-(N1,N7 : N2:Ng : N3:N11 : N4:N13 :
Ns5,N15), [M6-M8]-(N6,31: N10:26: N14,30)-
[Mg-Mu1]-(23,24 : 27,28 : 31,32)-[M12-Mi4]-
(23,515 : 25,57 : 29,51)-[M15-M19]-(S6,S2 :
S8,S3 : 510,54 : $12,S5 : S14,51)-[1,3-Me-AusS,]
[D1,D2]-(N8,Sg : N14,513)-[1,3,5-Me-Au,S.],
MD,,@(N-RID,,S-RID,)-auro-102 aspicule (o)

197

15

(SMe),, auro-102 aspicule (0)

Au,oPd,(SMe),,(SPET),

Two Pd in the MD core.
Two PET ligands on
bridging ligands of the
dimer staples and two PET
ligands on different
positions of monomer
staples.

[M1,M2]-(N1,N7 : N2:N9)-[5-PET, 1,3-Me-
AuS,],, [D1,D2]-(N8,Sg : N14,S13)-[5-PET, 1,3-
Me-Au,S,], [M3,M4,M5]-(N1,N7 : N2:Ng :
N3:Nu : N4:N13 : N5,N15)-[M6, -, M8]-(N6,31:
N10:26: N14,30)-[M9-Mu1]-(23,24 : 27,28 : 31,32)-
[M12-M14]-( 23,815 : 25,57 : 29,51)-[M15-M19]-
(S6,S2 : S8,S3 : S10,54 : S12,S5 : S14,S51)-[1,3-Me-
AuS,],, MD,,@(N-RID,,,S-RID,)-(1,49)-
dipalladoauro-102 aspicule (o)

(D1-3, D2-3, M1-1 M2-3)-(SPET),,
(SMe),, (1,49)-dipalladoauro-102
aspicule (0)

Au38 and Au102 and one
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Work was featured in several journals

Nature Nanotechnology, July 2014 issue
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Molecular Ionization from Carbon Nanotube Paper**
Rahul Narayanan, Depanjan Sarkar, R. Graham Cooks, and Thalappil Pradeep*

Dedicated to Professor C. N. R. Rao on the occasion of his 80th birthday.
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Abstract: Ambient ionization is achieved by spraying from
a carbon nanotube (CNT)-impregnated paper surface under
the influence of small voltages (> 3 V). Organic molecules give
simple high-quality mass spectra without fragmentation in the
positive or negative ion modes. Conventional field ionization is
ruled out, and it appears that field emission of microdroplets
occurs. Microscopic examination of the CNT paper confirms
that the nanoscale features at the paper surface are responsible
for the high electric fields. Raman spectra imply substantial
current flows in the nanotubes. The performance of this
analytical method was demonstrated for a range of volatile and
nonvolatile compounds and a variety of matrices.
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Contribution from third bilayer
[0001] a=454

Full bilayer terminated

| er lce Chemistry

Half bilayer terminated

Second bilayer ‘ | |
1 I
”f | i
o I
@l I F2.75 A
l\. ~|
I | ~ ~
>}
{0001} =
Basal plane -
First bilayer
u
X S. Bag et. al. Ann. Rev. Anal. Chem. 2013
y

J. Cyriac et al. Chem. Rev. 2012

A perspective view of Th ice growth on a Ru(0001) substrate. The grey balls indicate the Ru atoms, the black balls represent the oxygen atoms and
the white balls stands for the hydrogen atoms. Hydrogen bonds in the ice structure are shown by black dotted line in between the water molecules.
The epitaxial growth of ice is shown.
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Summary

* New chemistry of clusters
* Borromean rings diagram of Au,,,
* Understanding of the structures formed

* Nomenclature for Au25, Au38, Aum2 and

Au, (SR), to describe both structure and
modifications
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