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This critical review deals with the history of Auss(PPh3);,Clg and its derivatives from the very
beginning in 1981 to date. Auss clusters obtain their special interest from their ultimate size and
their ideal cuboctahedral structure. They are part of the family of so-called full-shell clusters,
particles with perfectly completed geometries, also represented by icosahedral Au;; clusters. Bare
as well as ligand protected Auss clusters not only exhibit special chemical and physical stability,

but draw their attention particularly from their unique electronic properties. Single electron
switching at room temperature becomes possible, giving rise for development of applications in
future nanoelectronic devices. A predominantly size-determined property of the 1.4 nm particles
becomes obvious with respect of biological response. Auss clusters indicate an unusual
cytotoxicity which seems to be caused by the unusually strong interaction between the 1.4 nm
particles and the major grooves of DNA. Only marginally smaller or larger particles show
drastically reduced toxicity, whereas significantly larger gold nanoparticles are completely non-
toxic. Both, the electronic perspectives as well as the relevance in toxicology are at very early

stages of development (75 references).

1. Introduction

More than 25 years after its discovery' the scientific story of
the gold cluster compound Auss(PPh3),Clg is reviewed in the
following article. Among the huge number of gold nanopar-
ticles that have been generated and investigated in the mean-
time, Auss(PPh;3);,Clg and a series of derivatives hold a very
special place. The reason for that is the monodispersity, the
full-shell character (see below) and the size of the Auss nucleus
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of 1.4 nm, from which unique electronic properties are
followed. Larger gold nanoparticles, also called gold colloids,
are known since centuries and have been and still are used to
colour glass (ruby glass). Systematically, gold colloids were
synthesized and investigated for the first time by Michael
Faraday in the 19th Century.? In the meantime, numerous
synthetic procedures have been developed and gold nanopar-
ticles are now available in the size range from ca. 1 nm up to
several hundred of nanometres. Except a few examples, they
all are characterized by more or less broad size distributions
and imperfect structures. This statement explicitly excludes
numerous gold clusters <1 nm with molecular character,
consisting of a distinct number of gold atoms and usually
fully characterized by X-ray structure analyses. The term
“nanoparticle” generally is used for particles >1 nm of
inexact size and structure, whereas the term ““cluster” should
be restricted to stoichiometrically exact species. However, it
has to be noticed that this differentiation is not consequently
followed in the literature. Frequently, the term ‘“‘nanocluster”
is also used, meaning something between the both exponents.
Two recent reviews on gold nanoclusters and nanoparticles
present the state of the art of this still rapidly growing field of
nanoscience.™*

On the way from simple gold complexes to Auss an impressive
list of structurally characterized gold clusters has become
known. Only few examples shall be mentioned here. The Aug
core in the cluster Aug(PPh3);(NO;3), forms an incomplete
icosahedron,® just like the Au, nucleus in Aug[P(CgHy-p-
Me)3]g(PF5)36 or its BF,~ derivative.” This series can be con-
tinued by the example Au;oCl3(PCy,Ph)¢{NO5 (Cy = cyclohex-
yl), the Auyq core of which is however, not characterized by a
fragmentary icosahedron, but shows approximately Dj;, sym-
metry and can be described as a hexagonal ring of six edge- and
face-sharing tetrahedral atoms with a central Au atom.®
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Nevertheless, the relationship to the icosahedral structure be-
comes visible. The first Au;; cluster was reported already in
1969, as part of the compound Ay, l(PPh3)7(SCN)3,9 followed by
other Auy; species in 1970'° and 1972."" A “natural” end of this
continuous development was the synthesis of some Au,; species.
Perfect icosahedra, for instance in the cluster Au;z(dppm)g
(NOs), (dppm = Ph,P—-CH>~CH,—PPh,),'> were detected.

Beyond Auys, a less perfect row of gold cluster compounds
has been discovered. One structurally fully characterized species
should be mentioned: [Auso(PPhs);4Clg]CL."? This cluster com-
pound, having the threefold amount of Au atoms, shows
nature’s tendency to form densely packed structures if the
number of building blocks, here the Au atoms, increases. The
gold atoms in Ausg are arranged in a slightly distorted hexago-
nal close packed manner. Icosahedra are less dense packed
structures, due to their five-fold symmetry. However, in this
connection it should be mentioned, that the structures of metal
rich compounds not only depend on the number of metal atoms,
but also on the number and nature of protecting ligands.

Very recently, a big jump in the development of structurally
defined gold clusters has been made by the synthesis and
investigation of Aujgx(p-MBA)4, (MBA = p-mercaptobenzoic
acid).' The structure of the gold core is described to consist of a
rather complex arrangement of fcc, hcp, icosahedrally and
decahedrally arranged inner atoms. It can be assumed that this
unique structure is substantially influenced by the special nature
of the mercaptobenzoic acid ligands, forming not only very
strong Au—S bonds, but also interact via the carboxylic functions
with one another to form a rigid and very stable shell around the
102 gold atoms. This special situation may also be the reason for
the crystallizability of this compound. As will be discussed
later, weakly bound ligands like in Auss(PPhs),,Clg, partially
dissociate in solution and so give rise for the formation of strong
Au—Au interactions, ending up in cluster aggregates.

The clearing up of the atomic arrangement in Auss by single-
crystal X-ray analysis was not possible so far. As already
indicated, the comparatively weak Au—P bonds in Auss(PPhs);»
Clg do not allow extended crystallisation procedures due to
decomposition. On the other side, microcrystalline material has
easily been obtained and could be used for X-ray powder
diffraction experiments. The lack of large single crystals was, on
the other hand, the reason for the application of all relevant
physical methods to gain information not only on structural
details, but at the same time on numerous other properties.

The lack of a single-crystal X-ray structure analysis of
Auss(PPh3);,Clg or one of its derivatives was occasionally
the reason for doubts concerning its size and structure, not
only by other groups, but also by ourselves. However, mean-
while there exist so many indications for the correctness of the
formula that doubts seem no longer justified. Many groups
around the world used and still use Auss clusters for various
investigations, one derivative is commercially available. The
assumption that Auss(PPh;),Clg is a single chemical com-
pound results not only from its monodispersity, but follows
from molecular weight determinations and elementary ana-
lyses which are performed from any prepared sample.

The present review deals with the phenomenon of full-shell
clusters, especially those of gold, their formation and
organization in different dimensions and with the behaviour

of ligand-free Auss clusters, followed by the discussion of the
unique electronic properties of Auss cluster compounds as well
as of aspects of future applications. Beyond that, fascinating
new developments will be considered, namely the interaction
of Auss clusters with bio-systems. The biological responses to
Auss are, compared with that of larger and smaller gold
nanoparticles, absolutely surprising and of general relevance.

2. Full-shell clusters

The expression “full-shell cluster” comprises particles com-
posed of a central atom, regularly surrounded by individual
shells of atoms and ending up in perfect outer geometries. In
principle, full-shell clusters could be based on icosahedra, but
they are less favoured for larger particles due to their lower
density compared with e.g. a hexagonal close packed (hcp)
arrangement, as is observed in most transition metals, among
others in bulk gold. A central atom is coordinated by 12 others
as a maximum in the st shell, followed by 42 in the 2nd shell,
etc. In general, the construction follows the relation: number
of atoms per shell = 10n*> + 2, with n = shell number. The
total number of atoms for a distinct full-shell cluster is given
by I + 12 = 13 (one-shell cluster), 13 + 42 = 55 (two-shell
cluster), 55 + 92 = 147 (three-shell cluster) ezc. in close-
packed arrangements forming perfect cuboctahedra. Fig. 1
illustrates the formation of full-shell clusters up to a four-shell
cluster consisting of 309 atoms.

The special stability of full-shell clusters was demonstrated for
the first time by Recknagel and co-workers in 1981, using xenon
atoms."® Supersaturated Xe gas was expanded into a mass
spectrometer and in a continuous row of signals, maxima for
Xeq3, Xess and Xej47 were observed. This was interpreted by the
formation of especially stable and long-lived full-shell clusters.
Meanwhile there exists a series of transition metal full-shell
clusters, beginning with Au;; (icosahedral), Rh;; (cubocta-
hedral),'® Rhss,'” Auss,! Ptsyge (four-shell),'® Pdsg, (five-shell),"
Pd,4;5 (seven-shell)* and even Pd,ys7 (eight-shell), > all cubocta-
hedral. In this connection it should be mentioned that all these
clusters are equipped with a shell of appropriate ligand mole-
cules for at least two reasons: synthesis generally happens in
solution via metal atoms and requires surface protecting mole-
cules to stop uncontrolled particle growth and to prevent
metal-metal interactions with coalescence. Furthermore, it
should also be stated that at least the five-, seven- and eight-
shell clusters may deviate to some extent from an ideal stoichio-
metry. Nevertheless, from high-resolution transmission electron
microscopy (HRTEM), the full-shell nature of these giant
clusters can be followed, as is shown in Fig. 2 by two examples.

The four-shell cluster Pt3gp9 (a) consists of a central plane
(a row) of atoms, involving the central atom, and four addi-
tional planes on each side. The eight-shell cluster Pd,gs;
altogether shows 17 planes (b) (1 + 8 + 8).

2.1 Formation of ligand-protected Au,3 and Auss clusters

First of all it should be mentioned that the aimed synthesis of
distinct full-shell clusters is still not possible. Rather they are
found by chance and the experience of the experimentalist. Of
course, if a synthetic route has been found for the first time,
reproducibility is a condition. The only working procedure to
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Fig. 1 Organization of full-shell clusters: a first single atom (purple) is surrounded by 12 others (green) to give a one-shell cluster M ;3. 42 atoms
(red) can be densely packed on the 12 green atoms ending with the Mss two-shell cluster, followed by 92 atoms (yellow) and 162 atoms (blue) to

give M 47 and M3y, respectively.

synthesize gold full-shell clusters up to date uses reduction of
gold salts in the presence of appropriate ligand molecules in
solution. The icosahedral one-shell cluster Au;;(dppm)s
(NO3)4 (dppm = Ph,CH,CH,PPh,), mentioned above, was

o e

Fig. 2 HRTEM images of full-shell clusters. (a) four-shell cluster
Pt3g9, (b) eight-shell cluster Pdygs7. 9 (1 + 4 + 4) atomic planes in
Pt3po and 17 (1 + 8 + 8) planes in Pdyys; can be counted.
((a) Reprinted with permission from ref. 18. Copyright 1989, Wiley-
VCH, (b) Reprinted with permission from ref. 20. Copyright 1993,
American Chemical Society.)

synthesized from Au,(dppm)(NOs), and NaBH,.'? The che-
lating dppm molecules trap the Au;; clusters and stabilize
them in such a manner that further growth is prevented. A
stepwise synthesis is also possible, as is shown with [Aus-
(PMe,Ph);oCL](PFy)5.%! Tt is formed of [Au;(PMe,Ph)o *
and EtyNCI in alcoholic solution. The mechanism of this
surprising reaction is still unknown.

The synthesis of the first Auss cluster goes back to the same
year, 1981, when the first Auys clusters were found. PhsPAuCl,
dissolved in benzene or toluene, was treated with gaseous B,Hg at
60 °C to form Auss(PPh3);,Clg in about 30% yield.l'22 Several
attempts to use NaBHy instead of diborane as reducing agent
failed, and the reasons can satisfactorily be understood. One
function of B,Hg is to reduce Au(i) in the starting compound to
Au(0), apart from the six Au atoms linked to chlorine atoms and
so having the formal oxidation state + 1. The other, and probably
decisive function, is its ability to bind excess PPhs as Ph;P-BH3, a
Lewis base—Lewis acid adduct. This is not possible if NaBH, is
used. Experimental and analytical details, especially the separa-
tion from other products and further purification, will not be
discussed here. Solid Auss(PPh;);>Cls forms a microcrystalline,
dark brown powder, best soluble in dichloromethane. Solutions
of the cluster are only of limited stability due to partial dissocia-
tion of PPhj ligands. Dissociation of ligands in solution is a well
known phenomenon in complex chemistry and usually leads to
stable equilibria. However, if there is an alternative for the ligand
deficient species, the equilibrium will be disturbed. In case of
Auss(PPh3);,_Clg the formation of stable gold—gold contacts,
eventually leads to insoluble aggregates. As a consequence,
solutions of the cluster have to be used as fast as possible after
generation to avoid such unwanted reactions. However, chemical
reactions, for instance ligand exchange reactions, can be per-
formed in the course of a couple of hours or even days without
visible decomposition, due to the presence of excess new ligand
molecules. On the contrary, in the solid state, the cluster is
indefinately stable at room temperature or below. From ca.
60 °C on, decomposition starts. The rather weak Au—P bonds
in solution have been studied by *'P NMR spectroscopy.
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Fig. 3 Substitution of PPh; in Auss(PPh;);,Clg by other ligands, generating hydrophilic or hydrophobic character.

Addition of excess PPhs to Auss(PPhs);>Clg solutions results in
single, averaged *'P signals, the shift of which depends on the
amount of additional phosphines. The ligand exchange is
faster than the NMR time scale; the calculated contact time is
7 =30%+0.5ps.?

The labile Au—PPh; bond can be used for ligand exchange
reactions resulting in various derivatives. Whereas the original
compound Auss(PPhj3);,Clg is soluble in CH,Cl,, the solubility
can be tuned by changing the nature of the ligand shell from
hydrophilic to hydrophobic. Fig. 3 informs on some exchange
reactions and the different solubilities of the products.

The substitution of PPhs by the monosulfonated derivative
Ph,PC¢H4SO;Na succeeds best by a phase transfer reaction
from CH,Cl, into water, containing the sulfonated ligand.24
The phase transfer shifts a possible equilibrium state with both
ligand types quantitatively to the water soluble cluster deriva-
tive. Na™ can easily be exchanged by H™ via ion exchange.

Another water-soluble cluster is obtained using the c/oso-borate
Na,[B1,H;SH] to exchange PPhs, also by a phase-transfer reac-
tion and by generating stable Au-S bonds.”> As has been found,
about six phosphine ligands are substituted in a couple of days,
the total exchange takes about 6 weeks! The reason for that time-
consuming reaction is to be seen in the accumulation of negative
charges by the doubly charged [Bj,H;;SH]* ions, inducing
increasing Coulomb repulsion. Interestingly, the Na™ ions can
be exchanged by [N(octyl);] " in a reverse phase transfer reaction,
resulting in Auss{(B1,H{;SH)[N(octyl)4]>}12Cls which is again
soluble in CH,CL,.°

A derivative with a totally nonpolar surface is created when
PPh; is substituted by the silsesquioxane (cyclopentyl);-
SigO1,(CH,);SH (Tg-OSS-SH), the structure of which can be
seen from Fig. 3.%° The quantitative exchange is again facili-
tated by the formation of strong Au-S bonds. Due to
the cyclopentyl substitutents in Tg-OSS-SH the nonpolar
character is transferred to the cluster which is now very soluble
in n-pentane.

These experiments impressively demonstrate that solubility
of nanoparticles strictly depends on the nature of the

protecting ligand shell and can be varied from hydrophilic to
hydrophobic.

It is important to remark that the size of the cluster nucleus
in all these reactions did not change. As an example, a TEM
image of the silsesquioxane derivate is shown in Fig. 4,
indicating the monodispersity of the particles in an extended
area with randomly oriented clusters (A) and in a magnified
cutout of a two-dimensionally ordered arrangement (B).

A very special kind of ligand exchange has recently been
reported: the total coverage of the Auss nucleus by a single
dodecadentate thioether.?” For this, the synthesis of the ligand
molecule, shown in Fig. 5, had first to be developed. The
ligand exchange at Auss(PPhs);,Clg succeeded by means of a
phase-transfer reaction into water without changing the
cluster size.

All 12 PPh; ligands at the 12 corners of the cuboctahedron
become substituted by the 12 thiol functions of the dodeca-
dentate molecule, increasing its kinetic and thermal stability
remarkably. Thermal stability tests have been performed by
binding the cluster to a 5’-thiol-modified 27 mer with a 3'-
fluorescein functionalized complementary strand. In case of
having an intact cluster in the neighbourhood of the fluores-
cence marker, fluorescence is quenched. Indeed, during 100
warming—cooling cycles between 20 to 95 °C the fluorescence is
quenched at 20 °C, but reappears at 95 °C due to the
separation of the complementary strands. Less than 10% of
the clusters are destroyed during the first 100 min. This
experiment clearly demonstrates the importance of a protect-
ing ligand shell concerning stability of the nanoparticles.

2.2 Organisation of ligand-protected Auss clusters

The generation of three- (3D), two- (2D) and one-dimension-
ally (1D) organized ligand protected Auss clusters has been
intensively investigated during the last decade. 3D organiza-
tion, usually simply called crystallization, happens by itself
under appropriate conditions from solution. However, as has
been mentioned before, the generation of larger crystals of
Auss(PPh3);,Clg failed due to the fast decomposition of the

1912 | Chem. Soc. Rev., 2008, 37, 1909-1930
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Fig. 4 TEM image of an extended area of Auss(Tg-OSS-SH);,Clg
clusters, deposited on a TEM grid from solution (A) and a small area
of ordered clusters formed by chance (B). (Reprinted with permission
from ref. 26. Copyright 1998, Wiley-VCH).

clusters in solution. The crystallisation of more stable deriva-
tives, as discussed in section 2.1, has so far not yet been object
for experiments, but should be more promising compared with
the parent compound. In spite of the lack of larger crystals, 3D
arrangements of Auss(PPhs);»Clg in the micrometer regime
have been successfully investigated by means of TEM and
X-ray powder diffraction.

2.2.1 3D Organisation. Micrometer sized crystals of
Auss(PPh;3),,Clg clusters are formed from concentrated di-
chloromethane solution in preparative amounts by fast eva-
poration of the solvent. Well shaped microcrystals are
observed by TEM, as can be seen in Fig. 6.*® Fig. 6(a) shows
crystals of rather the same size and from the magnified cutout
in Fig. 6(b) the perfect arrangement of hexagonally close-
packed clusters can be followed. The separation between the
cluster rows is ca. 2.0-2.1 nm. Assuming an fcc arrangement of
the clusters, the distance corresponds to an effective cluster
distance of 2.3-2.4 nm, in agreement with the calculated
cluster diameter considering van der Waals distances between
the PPh; ligands.

Small-angle X-ray diffraction (SAXRD) experiments re-
sulted in only one strong reflection of 20 = 4.3°, correspond-
ing to a d value of 2.05 nm, in perfect accord with the HRTEM
result, and a hexagonal close-packing, if observed along the
[111] direction.?®

a HO.C

S0

HOL,

s/\(ﬁ
dogi 0

b Fluorescence quenching

decompo-

N P

Fig. 5 (a) The dodecadentate thioether molecule used to completely
capture the Auss cluster. (b) Sketch of the heating and cooling
processes with separation and recombination of the complementary
strands and final decomposition of the complex (FAM = fluorescein-
aminomodifier). The four linked (bold lines) grey triangles in the
cuboctahedra indicate the presence of the four tridentate 1,3,5-tris
(mercaptomethyl)benzene units of the decadentate ligand molecule.

2.2.2 2D Organisation. Ordered monolayers of ligand pro-
tected Auss clusters can be generated on different routes. Islands
of Auss(PPhs);,Clg can easily be prepared on water surfaces from
thin films of cluster solutions. Evaporation of the solvent gen-
erates relatively small areas of hexagonally and quadratically
organized clusters on the water surface where they can be
transferred from to substrates.”’

A condition to organize the particles in a reasonable extension
is a weak interaction with the surface. On the one hand, there
should be an attraction towards the clusters in solution, on the
other hand there must be sufficient mobility for deposited parti-
cles to organize themselves.

Auss(PPh;3),,Clg organizes in two different packing modes
on a poly(vinylpyrrolidone) (PVP) film at the phase boundary

This journal is © The Royal Society of Chemistry 2008
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Fig. 6 Microcrystals of Auss(PPh;);»,Clg (a) and high resolution
image of a thin crystal part indicating the highly ordered cluster layers
(b). (Reprinted with permission from ref. 28. Copyright 1999, Royal
Society of Chemistry.)

of water and dichloromethane.®® Usually, a hexagonal order
dominates, however, square orders form more extended areas.
The reason for the formation of both modifications is to be
seen in the type of the very first and accidental contacts
between cluster molecules. The function of the PVP, dissolved
in the water phase, can be seen in weak hydrophobic—
hydrophobic interactions between the polyvinyl backbone
and the phenyl rings of the clusters.

The acidified derivative Auss(Ph,PCsH4SO3H),Clg  self-
assembles on thin films of poly(ethyleneimine) (PEI), generated,
for instance, on the carbon film on a TEM copper grid. The
reason for the organized self-assembly is the interaction between
the SO;H functions and the NH groups of PEI. Again, hex-
agonal close packed and square structures are observed. Fig. 7
shows a cutout of perfectly organized clusters of square order.’!

2.2.3 1D Organisation. Generally, one-dimensional orga-
nisation of nanoparticles is difficult and only few examples of
perfect 1D arrangements have become known. Nature tends to
organize in more than one dimension and so generation of 1D
structures requires technical assistance.

A quasi-1D structure of Auss(PPhs);,Clg has been generated by
a rather exotic method, namely the controlled degradation of

e i SR L TR S —
han R T RS

4 R
b . b

Bl o

Fig. 7 (a) TEM image of a square ordered monolayer of
Auss(Phy,PCsH4SO3H) ,Clg on a PEI film. (b) magnified cutout. (Rep-
rinted with permission from ref. 31. Copyright 2000, Wiley-VCH.)

ordered cluster monolayers.®® If islands, swimming on a water
surface (see above), are transferred to smooth solid substrates
under strictly controlled conditions, for instance under a
20° withdrawal angle and a computer controlled speed of
10 cm min ™', the oscillation of the water meniscus at the water-
substrate boundary “cuts” the islands into stripes of 3—4 cluster
rows. Fig. 8 shows a TEM image of such an assembly of cluster
rows.

Strictly one-dimensional cluster arrangements have become
accessible by a particular technique, based on the chemical
modification of an alkyl-terminated self-assembled mono-
layer.*73¢ Specific oxidation of terminal CH; groups by a
metalized AFM tip, inducing electric pulses, results in the
generation of COOH functions which then can be functiona-
lized by SH groups, strongly binding Auss clusters by sub-
stitution of PPh; molecules. The process is sketched in Fig. 9.
Fig. 10 shows an AFM image of two 1D cluster rows,
intentionally interrupted to deposit individual clusters.

Depending on the software of the atomic force microscope,
any kind of pattern can be drawn by this technique.

2.3 Generation and organisation of bare Au;; and Auss
clusters

The nature of full-shell clusters suggests a special stability due
to their perfect outer geometry. Indeed, if the protecting

1914 | Chem. Soc. Rev., 2008, 37, 1909-1930
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Fig. 8 TEM image of stripes of cluster rows, generated by artificial
degradation of ordered monolayers. (Reprinted with permission from
ref. 32. Copyright 2001, Royal Society of Chemistry).

ligands are removed under mild conditions, naked Au;s as well
as Auss clusters can be generated and their behaviour can be
studied under appropriate conditions.

The first indication of the existence of ligand-free Auj;
clusters was observed already in 1986.37 Electrophoresis of
dichloromethane solutions of Auss(PPh3);,Clg resulted in the
removal of the outer shell of gold atoms with formation of
(PPh;),AuCl, bulk gold and a species (Au;3),. X-Ray powder
diffraction investigations resulted in a unique structural situa-
tion: bare Au;; clusters first organize to (Au;s);3, full-shell
clusters of full-shell clusters, which then behave as building
blocks for microcrystals of the general formula [(Aui3z);s],-
This result was the first indication that bare full-shell clusters
interact with each other in an organized manner and not
simply to give a polycrystalline material.

The fact that ligand-protected Russ and Rhss clusters
behave in the same manner’’ supports the generality of this
observation.

Tip-induced

HNanoelectrochemical
Palteming Self-Assembly
NTS
-

Sl OS:—

(™=

] 188 2Zea 308 488 SPP 6@ 7Oe 888 nH

Fig. 10 AFM image of strictly one-dimensionally ordered
Auss(PPh3);,_Clg clusters. The 1D wires are intentionally interrupted
to deposit one (left) and two (right) individual clusters. (Reprinted
with permission from ref. 36. Copyright 2002, American Chemical
Society).

The results with Auss(PPhs);,Clg have been indirectly con-
firmed by a totally different experiment.*® Secondary ion mass
spectrometry (SIMS) has been applied for mass determination
of the cluster. Instead, degradation to Au;s clusters was
observed which organize, even under the unusual conditions
in the spectrometer, to multiples (Au;3), with maxima at n =
15, 23, 31, 39, 47 and 55. (Au;3)ss is the continuation of
(Au;3)13, a full-shell cluster of full-shell clusters!

How can bare Auss clusters be generated? Under mild
conditions, a rather strange route turned out to work best:
the removal of the PPhj ligand molecules by the thiol termi-
nated dendrimer G4-SH which is shown in Fig. 11.%

In cluster solutions with excessive dendrimer, the PPh;
ligands are removed by the thiol functions of the spherical
dendrimer. However, due to the excessive dendrimer mole-
cules, the clusters can move around on the dendrimer surface,
since all positions are equivalent. Finally, bare clusters meet
from time to time and touch each other with formation of
stable metal-metal bonds inside of a cavity of dendrimers.
Fig. 12 illustrates the process formally.

@/
/
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Z By xTHF ©
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lZIJH OH CH
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CHy CHy CHy CH; — CH; COOHCOOH CH; — CHs COOHCOOH CH; —» CH;COOHOOOH CH; " CH; COOHCOOH CHy

L i s Sk Ll

Monolayer (a) Pattermed Monolayer (b)

Bilayer Pattem (c)

Thiolated Template (d) Auss Clusters Pattem ()

Fig. 9 Generation of thiol-functionalized molecular monolayer to bind Auss clusters.
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Fig. 11 The fourth-generation dendrimer G4-SH with 96 SH end-groups.

It seems surprising that this aggregation of Auss particles powder diffraction. Fig. 13 shows one of the perfect crystals, a
happens in an ordered manner, resulting in partially well-shaped TEM cutout of a thin border area together with a sketch of the
microcrystals that have been characterized by TEM and X-ray ordering principle as it results from TEM and X-ray data.

Fig. 12 Illustration of formation of microcrystals of bare Auss clusters inside a cavity of G4-SH.
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Fig. 13 A microcrystal of bare Auss in a shell of G4-SH dendrimers (a). A TEM image of a cutout of a thin crystal border area shows the cluster
arrangement (b) which is sketched in (c) for clearness. ((a), (b) Reprinted from ref. 39. Copyright 2000, Wiley-VCH).

The destiny of the chlorine atoms during this process is
somewhat unclear. Analytical data suggest that they are
present only in traces.

A corresponding observation was made using a two-dimen-
sional arrangement instead of a solution in preparative
amounts.*’ If a G4-SH monolayer on a silicon wafer is treated
with small amounts of cluster solution, the particles quickly
“disappear” in and underneath the monolayer. If the system is
kept in an atmosphere of CH,Cl,, crystals appear in the course
of a couple of days on the surface, where they can be imaged.
Fig. 14 shows SEM images of such nanosized crystals in
different magnifications. Though this procedure does not give
sufficient amounts for further analyses, it can only be assumed
that they are identical with the characterized crystals from
solutions.

Fig. 14 SEM images of small crystals in different magnifications,
generated in a monolayer of G4-SH from Auss(PPh;3);»Clg in an
atmosphere of CH,Cl,. (Reprinted with permission from ref. 40.
Copyright 2005, Wiley-VCH).

2.4 The chemical resistivity of bare Auss clusters

The indications of the thermodynamic stability of bare Auss
clusters, discussed above, provoked experiments with respect
to their chemical behaviour.

Surface deposited bare Auss clusters, separated from each
other, were treated in an oxygen plasma. For comparison, the
procedure was also applied to a series of smaller and larger
non-full-shell clusters. After oxygen treatment, X-ray photo-
electron spectroscopy (XPS) measurements where performed
to analyse the presence of gold and gold oxides, respectively.
Fig. 15 shows the result.*!

As can be seen, the Auss species only show a very weak
oxidic shoulder, caused by few particles having a non-perfect
full-shell cluster geometry. All other particles give well ex-
pressed signals for oxidic species. This result gives rise to study
the catalytic properties of bare Auss clusters, which should be
of a special nature. However, experiments with Auss have not
yet been performed. Comparison with other naked gold
particles in this respect would be of interest.*?

A comparable result was obtained when the ligand-free
clusters were treated with indium vapour. In bulk state, a
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Fig. 15 Au-4f photoelectron spectra of different gold nanoparticles
after treatment in an oxygen plasma. Only a very weak shoulder
indicates some oxide from non-perfect particles. (Reprinted with
permission from ref. 41. Copyright 2002, Science AAAS).
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Auln, phase exists which is easily formed from the elements.
As in case of oxygen, all species used for comparison are at
least partially alloyed if treated with In vapour, but not
Al.155.43

The reason for the inertia of the Auss clusters is to be seen in
the perfect geometrical cuboctahedral shape. Any chemical
reaction on the surface would require degradation of the full-
shell system. Under the experimental conditions applied for
the above experiments, the energy for a destruction of the
particles is obviously not reached.

Finally, it can be stated that full-shell clusters are not only
distinguished by a preferred formation, but even more by a
special behaviour concerning the chance of survival. This can
especially be followed from the tendency of ligand-free clusters
to self-organize or to resist massive chemical treatment as
discussed.

3. The special electronic behaviour of Auss

A scientifically clear definition of nanoscience says that
“nanoscience is dealing with functional systems either based
on the sub-units with specific size-dependent properties or of
individual or combined functionalized sub-units”.** Consider-
ing metal nanoparticles, here it is the special case of the 1.4 nm
particle Auss, the relation to the definition is to be seen in the
size-dependent properties. It is text book knowledge that a
bulk metal is characterized by its freely mobile valence elec-
trons, forming broad energy bands. On the contrary, in atoms
or molecules, consisting of only a few metal atoms such as in
Co,(CO)g, Fe3(CO);, or Coy(CO)y,, the electrons are located in
discrete energy levels (atomic or molecular orbitals). A funda-
mental question therefore is where the transition from bulk to
molecule happens if a metal particle is systematically reduced
in size or, in other words, how many metal atoms are necessary
to leave the typical molecular state. As it turned out by the
study of numerous metal nanoclusters, Auss(PPhs);,Clg occu-
pies exactly the position between bulk solids and molecules, at
least at room temperature. At low temperatures, larger parti-
cles show similar behaviour since it is known that temperature
drastically influences these critical electronic properties. It
should also be recognized that any kind of electronic charac-
teristics includes the presence of the ligand shell. The electronic
properties of individual bare nanoparticles might be signifi-
cantly different from those of ligand protected ones. A particle,
indicating the existence of more or less concrete electronic
energy levels can no longer be described using classical physical
laws, rather quantum mechanical rules have to be applied
(quantum dots) as is the case for atoms or molecules.

Some of the results indicating the quantum dot behaviour of
ligand-protected Auss clusters are summarized below. In some
cases, comparison with other nanoparticles is suitable in order
to indicate important differences. It should also be noted that
the interest was mainly focused on room-temperature proper-
ties which should be of higher relevance for possible applica-
tions than low-temperature behaviour.

3.1 Answers from different tools

A valuable information on the electronic behaviour of Auss
in Auss(PPhs);,Clg came from the study of the relaxation

behaviour of excited electrons in three different gold
nanoparticles.*’ Using femtosecond laser spectroscopy, the
relaxation time is found to be sensitive to the electron—phonon
coupling as well as to the electron surface collision. In large
particles, weakening of the electron—phonon coupling dom-
inates and so slows down the electronic relaxation compared
with bulk metals. The smaller the particles become, the more
the surface collision dominates, accelerating relaxation.
Fig. 16 informs on the relaxation behaviour of three differently
sized gold nanoparticles.

As can be followed, the relaxation becomes faster going
from 15 nm to 1.4 nm (Auss) particles due to the increased
surface collision. However, the still smaller 0.7 nm (Au;s3)
cluster exhibits drastically reduced relaxation. Whereas the
relaxation of 15 nm and 1.4 nm is attributed to the formation
of hot electrons (390 nm excitation), the molecular nature of
the Au;; cluster is characterized by bonding electrons, fixed
between the Au-Au bonds. In other words, these results
characterize Auss as a species, just one step before being a
typical molecule. On the other hand, it behaves characteristi-
cally different from 15 nm particles, not to speak of the bulk
metal.

This very special electronic situation of Auss(PPhs);,Clg is
impressively confirmed by various other physical tools. The
decisive difference between Auss and colloidal gold, shown
above, (1.4 nm vs. 15 nm) is also demonstrated by optical
spectroscopy. In contrast to the well known collective dipole
resonance (surface plasmon resonance) of larger gold nano-
particles at ca. 520 nm, responsible for the well known red
colour of such particles, it can not be observed for extremely
pure samples of Auss(PPhs);»Cle.*® Very small amounts of
colloidal impurities result in weak plasmon bands. Conse-
quently, this method can also be used to check the purity of
Auss cluster samples.

A more detailed view into Auss clusters has been gained
using Mdssbauer spectroscopy. Mdssbauer spectroscopy is a
valuable tool to obtain information on the interaction of so-
called Mossbauer nuclei and surrounding electrons. The elec-
trical monopole-interaction is measured as the isomer shift &
(IS). It informs on the s electron density and so gives informa-
tion on the oxidation state and coordination number. The
electrical quadrupole interaction, measured as quadrupole
splitting (QS), gives, among others, information on the ligand
field splitting, again a very valuable information on the
internal bonding situation in relevant compounds. Further-
more, information about the magnetic state of a system can be
gained. For Auss(PPh;);,Cls the most valuable information
comes from IS and QS. Table 1 summarizes the measured IS
and QS data of the cluster and for comparison the correspond-
ing data for bulk gold are added, together with a sketch of the
bare Auss nucleus, indicating the various types of Au atoms.*’

The cuboctahedral Auss(PPhs);»,Clg has five distinct Au
sites: the central Au atom in the inner Au;; nucleus and its
12 surrounding atoms, 24 non-coordinated surface atoms, 6 Cl
atoms located in the centres of the 6 squares and 12 corner
surface atoms with coordinated PPh; ligands. The central Au
atom and the 12 atoms in the first shell have the same nearest
neighbour coordination and so do not differ visibly in IS and
QS. However, the three sites in the second shell can well be
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Fig. 16 The relaxation behaviour of excited electrons in three differ-
ently sized gold nanoparticles. (Reproduced with permission from
ref. 45. Copyright 1997, Elsevier).

distinguished as can be seen from Table 1. Furthermore, it can
be seen that the IS value of the central 13 atoms differ
characteristically from the IS value of bulk gold. This differ-
ence is caused by the slightly lower s electron density in the
Auy; core due to charge transfer to the ligands.

EXAFS studies on Auss(PPhj3),Clg at 80 K showed that the
Au—Au bond lengths in the cluster are significantly shorter
than in bulk gold and clearly indicate the cuboctahedral
packing of the gold atoms, but not the existence of a
polyicosahedral geometry.*® Similar results were obtained
for the water-soluble derivative Auss(Pho,PC¢H4SO3Na);,Clg.

Table 1 Mossbauer spectroscopy data (IS and QS) of
Auss(PPh;);,Clg. The sketch of the Auss core indicates the different
types of surface atoms

Au site QS/mm s~
Core —1.4 0.0
Bare surface +0.3 1.4
PPhs-bonded +0.6 7.1
Cl-bonded +0.1 44
Bulk gold —1.224 0.0

—I 2
f))knT
STM Tip

U C = Capacity of the tunnel contact

i A
Ligand Shell C=eg, q

/
.— Cluster Core

Fig. 17 Experimental setup to image and to investigate ligand
protected nanoparticles by STM and STS, respectively. The conditions
to observe single electron transitions are that ¢*/2C » kgT where C =
eggA/d is the capacity of the tunnel contact (¢ = dielectric constant,
gy = electric field constant, 4 = surface of electrode, d = distance of
the electrodes).

£ = dielectric constant

£, = electric field constant

A = surface of electrode

d = distance of the electrodes

Corresponding investigations on the icosahedrally shaped
[Au;(Ph,PC¢H4Cl)/]1;5 clearly show the difference in the
typical nearest Au—Au distances linked with its icosahedral
nature.

Finally, a last method shall be discussed completing our
knowledge on the electronic situation in Auss clusters in a
unique manner: scanning tunneling microscopy (STM) and
spectroscopy (STS). STM can be used to image individual
cluster molecules, but of more valuable, to directly “look” into
the electronic properties of quantum dots, is STS. The method
is based on the electric contact between the STM tip and an
individual particle, not a simple challenge. Using an experi-
mental setup as sketched in Fig. 17, current (I)-voltage (U)
characteristics can be obtained, telling us very valuable details
about the particle’s electronic behaviour.

The voltage U, applied between the STM tip and the
conductive surface (a second STM tip can also be used
instead), induces a current 7, the value of which depends on
the capacity C of the system. C is dependent on the tip distance
d (in case of contact with the particle it is the thickness of the
ligand shell), the surface of the electrode and the particle size,
respectively, as well as of the dielectric constant ¢ and the
electric field constant ¢;. In other words the smaller the
particle, the smaller is C. In the case of a quantum dot between
the electrodes, single electron transition should be observable,
assuming that either the thermal energy of the electrons or C'is
small enough so that the condition ¢*/2C >» kgT (kg =
Boltzmann constant) is fulfilled. An example how the tem-
perature influences the situation is impressively shown when a
17-nm Pd particle, protected by a shell of H,NC¢H4SOs;Na
ligand molecules and trapped between two platinum electro-
des, is investigated at two different temperatures.*” The result,
shown in Fig. 18, clearly demonstrates that the nanoparticle
behaves in bulk-like manner at 295 K, following Ohm’s law,
but shows a well expressed step, the so-called Coulomb
blockade (CB), at 4.2 K.

The CB behavior tells us that there exists a gap voltage of
ca. 55 mV where a single electron is trapped in the particle and
is only released at higher voltage. This behaviour indicates the
existence of a single electron switch at 4.2 K. The question,
already asked at the beginning of this chapter, namely how
small a metal particle has to be in order to reach typical
quantum dot behaviour at room temperature, has been
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Fig. 18 Current (/)-voltage (U) characteristics of a 17-nm Pd particle
at 295 and 4.2 K. (Reprinted with permission from ref. 49. Copyright
1997, American Institute of Physics).

studied with particles of different size. As has been found, even
the four-shell cluster Pt3go(phen®);¢030 (phen* = sulfonated
phenanthroline) with its 1.8 nm Pt core shows a
Coulomb blockade only at low temperatures, not at room
temperature.So

The unique situation of Auss, already variously mentioned,
again becomes visible by STS. Individual Auss(PPhs);>Clg
clusters, deposited on a gold substrate, show indeed a Cou-
lomb blockade at room temperature (!), as is seen from
Fig. 19.%

Due to a sufficiently small C value, €*/2C is large enough to
fulfil the above condition. This is the first example of a single
electron switch working at room temperature! Of course, this
finding gives rise for thinking about future applications of
these quantum dots in nanoelectronic devices, as will be
discussed in section 3.2.

An even deeper insight into the electronic situation of
Auss(PPh;3);,Clg is gained if STS is applied at low temperature.
Investigation at 7 K in a low-temperature ultrahigh vacuum
scanning tunnelling microscope resulted not only in individual
images (Fig. 20) of the nanoclusters, but gave very valuable
information on the electronic level splitting in the Auss

nucleus.>>>?

0.20
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-500 o 500 1000 1500
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i
-1000

Fig. 19 [-U characteristic of Auss(PPh3);,Clg at room temperature
indicating a well expressed Coulomb blockade. (Reprinted with per-
mission from ref. 51. Copyright 1998, Springer).

Fig. 20 Left: STM image of a single Auss(PPhs)>Clg cluster. The
light green areas represent electron rich phenyl rings of the PPhs
ligands. The positions a and b have been used to measure STS spectra
(see Fig. 21). Right: model of the cluster of the corresponding view.
(Reprinted with permission from ref. 53. Copyright 2003, American
Chemical Society).

Fig. 20 shows an STM image of Auss(PPh3);»,Clg and the
corresponding model. The light green areas indicate the posi-
tion of electron-rich phenyl rings of PPh;. The positions a and
b indicate where the spectroscopy has been performed. In
order to exclude any influence of the ligand molecules on the
result, measurements were performed over a Ph ring (a) and, in
the same distance, over a ligand-free position (b). As could be
expected, clear Coulomb blockades of the same extension
could be observed in both cases. Due to the low temperature,
the blockade is extended compared with the 295 K measure-
ment, to be followed from Fig. 21. If the /-U characteristic is
changed in such a way that the first ablation d//dU is used
instead of I, CB is indicated as a minimum. Due to the low
temperature of 7 K, this minimum is now characterized by a
series of energy levels with average spacing of 170 meV. This
result clearly proves the disappearing of the energy bands,
present in the bulk state to the replacement by discrete levels,
as is in principle the case in atoms. Quantum dots therefore are
often called “‘artificial big atoms”.

After having characterized and discussed the specific electro-
nic properties of individual cluster species, it is of interest how
ligand protected Auss clusters interact electronically with each
other under varying conditions. Very first results have been
gained by using impedance spectroscopy to investigate macro-
scopic pellets of Auss(PPh;);2Clg of high density (91% of the
theoretical density) with respect to the electronic inter-cluster
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Fig. 21 Left: I-U characteristics of a single Auss(PPhs),,Clg cluster at
7 K measured at two different positions (see Fig. 20). Right: d7/dV
characteristic of the curves a and b indicating discrete energy levels
with spacing of 170 mV. (Reprinted with permission from ref. 53.
Copyright 2003, American Chemical Society).

relation.>*® The experimental results, obtained at temperatures

between 253 and 333 K, indicate that in the borderline region
from bulk to molecule the last “metallic’” valence electrons are

a d

localized in a quantum box of the lateral dimension of the
cluster, wherein they are freely mobile at the applied tempera-
tures. Corresponding to the Pauli principle, the quantum box in
Auss(PPh3),Clg is occupied with two electrons. If a third
electron enters, the cluster core serves as an electron trap. The
inter-cluster conductivity is determined by the tunnelling of
single electrons. An activation step and transport step result in
the tunnelling step which corresponds to a disproportionation
step resulting in the activation enthalpy. The relaxation frequen-
cies are in the region of 10*-10° Hz. The total resistance at 298 K
is found to be 3.23 x 107* ohm™' m™! and the temperature
dependence of the dc and ac conductivity follow the Arrhenius
relation o(7) = oo + exp(—Ea/kgT) (Ea = activation energy,
kgT = thermal energy). This relation indicates hopping trans-
port of individual charges between nearest neighbours. At low
temperatures, the number of charge carriers of the hopping
process does not change with temperature. However, at elevated
temperatures, thermally excited additional charge carriers parti-
cipate in the hopping process. E5 reflects the energy necessary
for the transport of an electron from one cluster to another.

Since at room temperature nearest hopping dominates, it was
of interest to vary the cluster—cluster distance by thicker ligand
shells or by spacer molecules of different lengths. Generally, two
types of distance separators are possible: those linking the
clusters covalently and those linking them non-covalently, for
instance by simply touching one another or by ionic interactions.
The sketch shown in Fig. 22 shows the various kinds of distance
separators between identically sized Auss nuclei.’’

For type I the standard PPh; and Tg-OSS-SH ligands (see
Fig. 3), enlarging the total diameter of the cluster from 2.2 nm
to about 4.2 nm, have been applied. Diamines are used to link
the clusters via ionic bonds using the acidic ligand
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Fig. 22 Principles of variations of cluster—cluster distance.
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Fig. 23 Activation energies of variously linked Auss clusters. Cova-
lently linked clusters (1-4) show characteristically reduced E, values
compared with non-covalently linked species (5-8).

Ph,PCsH4SO3H (type 11), and covalent cluster—cluster bonds
were obtained by dithiol molecules, each S atom substituting a
PPh; ligand (type III). Without going into chemical details,
Fig. 23 informs on the measured activation energies as a
function of the different distances.

The activation energy increases linearly for the non-
covalently linked clusters with increasing distance (5-8). The
covalently communicating systems 1-4 show significantly low-
er activation energies, due to the better conductivity of the
molecules used, all consisting of conjugated m-systems.

The investigation of charge transport in three-dimensionally
organized Auss clusters has been extended to the study of two-
dimensional cluster arrangements. However, as it turned out,
the resistance of larger monolayers is too high to be measured.
Only small areas of about 20 nm show sufficient conductivity
to be determined. Such 20 nm areas of Auss(PPh;);,Clg result
in I-U characteristics with well expressed Coulomb blockades
like in the case of single clusters.”® However, I-U and im-
pedance measurements on Auss(PPhs);,Cls multilayers suc-
ceeded if measured in a vertical direction.’”->** Multilayers
are made by using self-assembled monolayers of thiol mole-
cules on flat substrates. These bind the clusters by partial
substitution of PPhj by thiol functions. Additional deposition
of a thiol monolayer on the cluster monolayer then allows the
generation of a third cluster monolayer ezc. The as prepared
300-500 nm thick films were characterized by TEM and AFM.
The electrical response, measured parallel to the surface,
resulted in thermally activated conductivities, similar to that
observed for 3D systems (see above).

A very different type of cluster multilayers has been generated
and investigated.®®> The conductivity —behaviour of
Auss(PPh3),Clg double- and monolayers, embedded between
5 nm SiO, films, was measured perpendicular to the film plane.
The SiO, films were generated by a plasma-assisted physical
vapour deposition (PAPVD) and the cluster films by a spin-
coating process. AFM and scanning electron microscopy (SEM)
characterization of the layer systems were used for quality con-
trol. Fig. 24 shows a sketch showing the generation procedure,
Fig. 25 shows TEM images of cluster/SiO, multilayer samples.

Impedance measurements of the cluster double layer sys-
tems <15 nm indicate thermally activated frequency depen-
dence of the capacitance. It is assumed that in the cluster
double layers dipoles are formed which then interact between

Conductive silver
Copper wire , d: 0.5 mm

Si0,
Gold Coating/PAPVD Augs
== R

o

20000000000
80 0088000000000

Fig. 24 Sketch of the construction of electrically contacted cluster/
SiO, multilayers.

the layers at low frequencies. Multilayer systems > 15 nm tend
to crystallize.®'

The multilayer systems containing cluster monolayers be-
have characteristically different.> Samples of up to eight
cluster/SiO, combinations have been investigated. Current—
voltage relation studies between —5 and + 5 meV show linear
I-U characteristics. This is interpreted as the result of electron
tunnelling from the cluster monolayers through the SiO, films
or, in other words, the cluster monolayers are in contact with
each other through the SiO, films. The current values decrease
with increasing number of layers. From the linear /-~U char-
acteristics it can be followed that there is no tunnelling

Fig. 25 SEM images of cluster double layers (a) and monolayers (b),
separated by SiO; films. (Reprinted with permission from ref. 61 and
62. Copyright 2005, Wiley-VCH).
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Fig. 26 Illustration of electronic tunnelling through cluster/SiO,
layers with decreasing amplitude.

blockade. The tunnelling distance is about 5.7 nm. Fig. 26
illustrates the electronic situation in such a system.

The amplitude of the electronic wave is found to decrease
with an increase in the number of layers.

It seems important to keep in mind that there is a char-
acteristic difference between the systems with cluster double
layers and those with monolayers. Thus dipoles are formed in
the double layers, which is not possible in monolayers, so that
tunnelling processes dominate in monolayers.

Finally, a very special electric behaviour of a Auss(PPh;);,Clg
monolayer shall briefly be discussed. A cluster monolayer was
generated on a thin film of PVP (see 2.2.2), deposited on a SiO,
support and contacted by two electrodes.®

Fig. 27 shows an SEM image of the experimental setup.

Like in former experiments (see above), the resistance of the
monolayer was too high to be measured. However, for obtain-
ing the above SEM image, the sample was irradiated with a
10 keV electron beam for 10 s with the consequence of a
measurable current of roughly Ohmic behaviour. However, if
only one electrode and part of the monolayer is irradiated, a
diode-like characteristic can be observed, as can be followed
from Fig. 28(a).

The diode behaviour can be tuned by variation of the energy
of the electron beam, the exposure time, the contact distance
and the irradiated area. Optimum conditions are 10-20 keV,
10 s and an electrode distance of 50 nm. A second surprise is
the fact that the system relaxes in the course of 15-30 h after

Fig. 27 SEM image of the experimental setup for measuring the
conductivity behaviour of a cluster monolayer on PVP using a SiO,
support. (Reprinted with permission from ref. 63. Copyright 2001,
Wiley-VCH).

a
20 .
o
O' r
20 2
a0 |
11 pA
604 H
4 2 0 2 4 6 8
uiv —»
b oo ST TE0
0- — ;if-R.‘on:oﬂ’C'“
15h
-204
40] /
_60_ <
I7pA /o.2h
-804

-1,5 10 -05 00 05 10 15
Ulv —»
Fig. 28 (a) Diode behaviour if one electrode and part of the mono-
layer are irradiated by an electron beam. (b) Relaxation of the diode

situation in the course of 15 h. (Reprinted with permission from
ref. 63. Copyright 2001, Wiley-VCH).

switching off the voltage, as is seen from Fig. 28(b). Reactiva-
tion is possible in any case i.e., there is no degradation or
decomposition during irradiation. An explanation for this very
unusual observation is that so-called “‘image charges” in the
cluster layer are formed as a consequence of additional charges
in the SiO, surface. Due to this activation process, the particles
reorganize in the layer in order to reach maximum distance
and minimum energy, for instance square instead of hexago-
nal. This process happens rapidly during the electron bom-
bardment but takes much more time to reorganize after
switching off the voltage.

All these experimental results, beginning with the quantum
dot behaviour of individual Auss clusters up to the electronic
interactions in three- and two-dimensional arrays indicate the
exceptional position of ligand protected Auss nanoclusters.
Based on these fundamental investigations it is obvious to
conjecture about possible applications of Auss clusters. Some
of the activities, even if still very underdeveloped, are discussed
in the following section.

3.2 Possible applications

Among the numerous exciting properties of Auss(PPhs),Clg
and its derivatives, the ability to be switched by single electrons
is probably the most promising one, considering future applica-
tions. There is an ultimate vision, namely to use these quantum
dots as switches and transistors in nanoelectronic memory
systems and computers, especially since the well-known Moore
law predicts the need of novel generations of transistors in the
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Fig. 29 Sketch of the aimed construction of a cross-bar system with single quantum dots between each cross-point.

next few decades.** Another reason to think about the use of
single electron transistors is the fact that at present transistors
use some hundred thousands of electrons for each 0/1 step. Auss
could do it with one single electron, an enormous reduction of
energy. However, the step from the individual particle to a
working system is accompanied by any number of technical
difficulties and it may be that some of them can never be solved.
In spite of the huge challenges to be foreseen, it seems worth to
start at least with some very first steps on the way to the goal, the
realization of which would open the door to absolutely novel
generations of computers. A change from the present transistor
size in modern computers to 1.4 nm quantum dots would
increase the storage capacity by at least a factor of thousand.
Therefore, any kind of effort seems justified.

The most difficult challenge is to be seen in the connection of
the nanosized switches and transistors among one another and
to the macroscopic outer world, respectively. The first step is the
generation of an aimed arrangement of quantum dots on atom-
ically flat surfaces, including electrical contacts. To begin with, it
seems reasonable to find solutions for arranging and contacting
the clusters by using them only as switches and not yet as
transistors. A cross-bar system, consisting of conducting wires of
appropriate diameter, having a switch between each cross-point,
would allow to electrically address each of the quantum dots.
Fig. 29 shows a sketch of the planned arrangement.

Conductive bars of 2.5 nm in diameter would be ideal for
arranging the Auss(PPhs);,Clg clusters strictly one-dimensionally.
However, to get a first experience, groups of parallel 20 nm wide

bars were generated, beginning with a multilayer system of
epitaxially grown alternating GaAs and AlAs layers.®®

Part of the multilayer system is first oxidized by H,O»,,
followed by an etching process with citric acid and repeated
oxidation. The successful generation of this Al,O5 bar system
is demonstrated by AFM and SEM (Fig. 30).

Shadow mask evaporation of gold finally gives conductive bars
that can be decorated with Auss clusters via 1,4-benezendithiol.
This process is in principle known from former experiments with
two-dimensional extension. Due to the bar dimension, a max-
imum of 8-9 clusters might be arranged in parallel on the gold
traces. The presence of the clusters has been shown by electrical
measurements before and after the decoration. The cluster pro-
tected bars show a drastically increased resistivity.

Finally it could be demonstrated that also 2.5 nm Al,O5 bars
can be generated, using the same technique, as is shown in
Fig. 31.9

Deposition of gold and clusters on the 2.5 nm bars has not yet
been demonstrated. Furthermore, it has also not yet been shown
that addition of a gold wire system perpendicular to the first one
indeed results in a successful contact of clusters between each at
the cross-points. On the other hand, the experiments described
above give hope for a successful further development.

4. Biological responses to gold nanoparticles

The interaction of nanoparticles in the size range of 1-100 nm
with biological systems is of general interest for several

Fig. 30 AFM (left) and SEM image of bundles of 20 nm Al,O; bars.
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Fig. 31 AFM (left) and SEM image of bundles of 2.5 nm Al,O5 bars.

reasons. One is the similarity of the particle size and that
of cellular components and proteins. Gold nanoparticles of
various size and shape have frequently been in the focus
of interest. Another reason for the use of gold nanoparticles
is the fact that they can easily be identified by electron
microscopy and/or by UV-Vis spectroscopy if not too small.
Furthermore, the noble character of gold restricts the variety
of interactions with biomolecules. Oxygen sensitive particles
like those of iron, cobalt ezc. would immediately be oxidised in
aqueous media under in vivo conditions and so would no
longer behave as the original particles. Such metal nanopar-
ticles may also dissociate ions from the surface and so cause
additional chemical reactions.

As will be shown later, the ability for interactions depends
decisively on the particle size. Numerous papers in the recent
past report on the toxicity or otherwise of gold nanoparticles.
These findings can not be considered absolutely, but must be
judged in dependence of the particle size. In addition, other as
important factors influencing the behaviour of gold nanopar-
ticles in a living medium exist. Most decisive is the nature of
the particle’s surface. Since bare particles do not exist at all
under usual experimental conditions, the particles have to be
equipped by a shell of ligand molecules. These protecting
compounds, whatever they may consist of, make the very first
contact to molecules in a new medium and influence transport
mechanisms as well as the metabolic behaviour. In addition,
electric charges may be located on the surface. Positively or
negatively charged surfaces may behave very different, even if
the chemical composition of the ligand material might be
comparable. Considerations like these are of general nature
and originate from our basic knowledge of complexation
chemistry. In this sense, interactions of metal nanoparticles
with biomolecules, even if very complex, are related to com-
plex chemistry, and are often difficult to understand and to
observe. Nevertheless, it is complex chemistry and from this
we know that the stability of a complex depends on the bond
strength between the metal atom and ligand molecule, its
geometry and extension which additionally influences the
stability of a complex. Strong ligands substitute weaker
ligands, an important fact also in biosystems. Furthermore,
the complex stability depends on the number of functionalities
in a ligand molecule. A bi-, tri-, tetra- or even oligodentate
ligand forms complexes the stability of which exceeds that of
complexes with chemically equivalent monodentate ligand

molecules by orders of magnitude. The stability constant of
a complex informs on these relationships.

Having all these manifold and in some cases rather difficult
relations in mind, an absolute statement on toxicity or non-
toxicity of gold nanoparticles is not possible. Each example
has to be considered independently with consideration of the
respective situation. In the following, some examples from the
recent literature are briefly and critically discussed on condi-
tion of the above statements.

4.1 Toxicity and non-toxicity of gold nanoparticles

4 nm gold particles, protected with cysteine or citrate, 12 nm
particles, generated by reduction with glucose, and 18 nm
particles, alternatively modified with citrate, biotin and cetyl-
trimethylammonium bromide, have been used to interact with
human leukemia cell lines (K562).°° Though the particles have
been taken up into the cells, no inherent toxicity has been
observed. Except for citrate, which was present on the 4 nm
and on the 18 nm particles, all other test compounds had very
different surfaces. There is a dramatic difference between
citrate and cysteine. Citrate anions are only weakly coordi-
nated to the gold surface and can easily be substituted by
almost any other molecule, whereas cysteine forms stable Au—S
bonds. Independent on the fact that both species do not show
toxicity, it can be expected that they behave very differently in
contact with the cell lines. Glucose or its oxidation products on
the 12 nm species, biotin and cetyltrimethylammonium-
cations, equip the 18 nm particles with fundamentally different
surface properties, so that the reasons for the non-toxicity of
the particles can be seen in the size of the particles and/or in the
ligand shells. The conclusion of these investigations is only that
each individual species exhibits no toxicity towards leukemia
cells, specific reasons can not be given.

The uptake of spherical and rod-shaped gold nanoparticles
in the size range of 10-100 nm by HeLa cells, fully or at least
partially (rod-shaped) modified by citric acid ligands, has been
studied.®” Tt could be shown that the kinetics and saturation
concentrations depend characteristically on the dimension of
the particles. A maximum uptake was observed for 50 nm
particles. It is assumed that the uptake of the nanoparticles is
mediated by non-specific adsorption of the particles on serum
proteins. These results are consistent in so far as the particles
of different size and shape all have predominantly the same
kind of surface, so that different behaviour can indeed be

This journal is © The Royal Society of Chemistry 2008
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traced back to the particles size and shape. Transferrin
equipped gold nanoparticles exhibited the same trend in
uptake, but with a reduced level. In agreement with the results
described in ref. 66, no cellular toxicity could be observed.

The response of macrophages (RAW264.7) to gold nano-
particles has also been investigated recently.®® 35 + 7 nm gold
particles, capped by lysine and poly-lysine, were studied with
respect to endocytotic uptake and cell toxicity. As in the cases
discussed above, cytotoxicity could not be registered. Instead, a
production of reactive oxygen and nitride species was observed.

Peptide modified gold nanoparticles were used to investigate
subcellular distribution in HeLa human cervical epithelium
cells, in murine fibroblastoma (3T3/NIH) cells and in HepG2
human hepatocarcinoma cells.*” Commercially available 20 nm
gold particles were modified by four different peptides, con-
jugated to bovine serum albumin. It turned out that the kind of
peptide used for the decoration determines the behaviour of the
particles towards the cells. Location of the particles exclusively
in cytoplasm, in cytoplasm and nucleus, and no uptake were all
observed. A detailed discussion of these interesting results shall
not be given due to the fact that obviously the biochemical
nature of the particles surface and the cell type determine the
trajectories, and not the gold particles in the centre, which was
of same size in any case. Statements on toxicity are not given,
but obviously it has not been observed.

Citrate covered 13.1 4+ 1.4 nm gold particles were used to
study the influence on human dermal fibroblast cells from
primary cultures.”® An easy transport through the cell mem-
branes was observed with particle concentration in the va-
cuoles. As a consequence, abnormal actin filaments as well as
formation of extracellular matrix species have been found.

Marked toxicity has been observed using 2 nm gold particles
decorated with two different species, alkylammonium- and
alkylcarboxylic-thiols, which are strongly bound to the parti-
cles surfaces via sulfur. The ammonium functions cause a
positively charged surface, the carboxylic groups make the
surface negative.71 Red blood cells, Cos-1 cells and E. coli
bacteria have been selected for toxicity tests. As it turned out,
the anionic species showed no toxicity at all, whereas the
positively charged species indicate a moderate toxicity with
respect to the selected cells and bacteria, respectively. Again, it
is the particle’s surface that determines the toxicity or non-
toxicity, and not so much the size of the particle.

Summarizing these investigations of bio-responses on various
gold nanoparticles it can be stated that in most cases the nature
of the surface is responsible for the nature of interaction with the
cell lines under investigation. A direct dependence of toxicity
from the particle size has not yet been shown. Only in one case it
could be observed that for citrate modified particles, a maximum
uptake for 50 nm particles happened, but without the conse-
quence of toxicity. Furthermore, it was not expressively docu-
mented that the protecting materials are toxic or non-toxic by
themselves to see if the additional presence of gold particles
plays any significant role. In other words, up to now there has
been no clear proof of toxicity of gold nanoparticles at all, nor
that in the case of toxicity is there a direct correlation between
size and toxicity. In the following sections we present first results
of a systematic investigation of the toxicity/size relation for gold
nanoparticles.

4.2 The special size- and element-related responses to Auss

Bulk gold is known to be non-toxic. Therefore, it has been
applied in medicine, especially in dentistry, without any detri-
mental effects; even in colloidal form it has been used against
rheumatic diseases. The question is however, what gold nano-
particles really do on a size level where intense interactions
with cell components become possible on a molecular level.
Another important question is the role of the element gold
itself. Though gold is the most noble metal, it is also the most
electronegative metal we know, comparable with iodine. Is
therefore a special attraction between gold nanoparticles and
negatively charged biomolecules to be expected? To get an-
swers, we must find a way to directly interact gold nanopar-
ticles with cell components, independent of the presence of a
protecting core shell. The following sections will give some
very first answers on these fundamental questions.

4.2.1 Auss/DNA interactions. DNA, the most fascinating
and fate determining part of a cell, is nowadays an available
molecule either from natural cells or as artificial pieces of
predetermined composition and length. Before beginning with
studies of Auss clusters in living cells, we investigated Auss/
DNA interactions in vitro. Natural DNA was used to interact
with the water-soluble Auss(Ph,PCgH4SO;H);>Cls.”> The in-
teraction of metal nanoparticles with DNA is in general a well
known phenomenon, and it is observed that nanoparticles
usually organize along the DNA double strands by electro-
static interactions, among others observable by TEM. Auss
clusters behave decisively differently.

From preliminary AFM investigations it could be shown
that the above cluster indeed adds to DNA in aqueous
solution. Fig. 32 shows an AFM image of a y-formed piece
of DNA with only partial cluster coverage.

As can be followed from the cross section through a non-
covered and a covered part of the DNA, the difference
between both is about 1.8 nm, less than the diameter of the
ligand protected cluster. So, a simple addition of ligand
protected clusters to the DNA surface could not have hap-
pened. Detailed TEM studies and molecular modelling calcu-
lations indicated what has actually occurred.

From numerous TEM investigations it is known that ima-
ging of Auss particles is in general no problem at all. However,
TEM studies on systems, equivalently prepared to that shown
in Fig. 32, resulted in the presence of parallel wires, consisting
of particles of only 0.7 nm in diameter instead of 1.4 nm and
additional larger gold particles of 5-10 nm, as can be seen
from Fig. 33.

What happened? From molecular modelling calculations’
we learned that there should exist an interaction between bare
Auss clusters and the major grooves of the B-DNA, existing
under the experimental conditions in aqueous media. Two
reasons for this very special interaction became obvious: first,
a more or less perfect fit of about 50% of the clusters in the
major grooves, the height of which is known from X-ray
diffraction data and second, the electronegativity of gold,
resulting in strong interactions between the negatively charged
phosphates of the DNA and the particle surface. Fig. 34 shows
the result of the calculations.

1926 | Chem. Soc. Rev., 2008, 37, 1909-1930

This journal is © The Royal Society of Chemistry 2008



=2 nM
s
™
= AN e
s N e
[=]
("r}
- 1 T T T
Yo 100 200 300 400 500
nM

Fig. 32 AFM image of a y-formed piece of B-DNA, partially covered with clusters. The cross section shows the difference in height between non-
covered and covered DNA (ca. 1.8 nm). (Reprinted with permission from ref. 72. Copyright 2003, Wiley-VCH.)

Chemically, the formation of these hybrid systems can well
be understood: it is the substitution of rather weakly coordi-
nated monodentate phosphine ligands by multidentate nega-
tively charged groove entities, enveloping the clusters by about
half of their volume. It can not be determined if residual
phosphines are still located on the outside.

Why is this arrangement not to be seen in the TEM and why
do we find 0.7 nm particles, instead? The answer is to be seen in
the transformation of the B-DNA into A-DNA under the ultra-
high vacuum conditions in the electron microscope. These lead
to the loss of water from B-DNA, linked with a shrinking and

Fig. 33 TEM image of 0.7 nm gold particles organized in parallel
wires and large gold nanoparticles (a) and a magnified cutout (b),
generated from DNA/Auss interaction and ultra-high vacuum condi-
tions. (Reprinted with permission from ref. 72. Copyright 2003, Wiley-
VCH.).

reduction of the dehydrated major groove height from ca.
1.5 nm to 0.7 nm.”> One might have been expected that the
shrinking process is avoided due to the presence of the 1.4 nm
gold spheres or alternatively, the elimination of the clusters
might occur. Instead, the 1.4 nm spheres are degraded to the
fitting 0.7 nm clusters (corresponding to Au;3) which now form
as stable complexes with the water-free A-DNA. The gold
atoms, peeled of from the Auss clusters, aggregate to larger
nanoparticles which can be found everywhere in the sample, and
two of them can be seen in Fig. 33(a). Molecular modelling
calculations of the interaction of idealized Au,s clusters with A-
DNA resulted in the situation shown in Fig. 35. Inter-strand
interactions lead to the wire-like structure to be seen in TEM.
These results impressively show the exceptionally strong
interaction of fitting gold nanoparticles with the major groves
of B- and A-DNA, respectively. The results also demonstrate
that Auss clusters, if available as bare spheres, could irrever-
sibly attack DNA in living cells, if no other strong interactions
on the way through the cell membranes and the inner cell parts
prevent arrival in the nucleus. Again, it should be reminded
that a metal atom (here it is a very small nanoparticle) in a
mixture of weaker and stronger ligands finally ends up com-
plexing with the strongest of them. To see if DNA is the

Fig. 34 Modelling of the interaction of bare Auss clusters with the
major grooves of B-DNA. (Reprinted with permission from ref. 72.
Copyright 2003, Wiley-VCH.).
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Fig. 35 Molecular modelling of Au,; clusters in A-DNA. (Reprinted
with permission from ref. 72. Copyright 2003, Wiley-VCH.).

ultimate partner for Auss in a complex cell system, offering
numerous other potential reaction partners, the cell experi-
ments described in the next section have been performed.

4.2.2 Auss/tumor cell interactions. A series of human can-
cer cell lines has been selected to study not only the cytotoxi-
city, but also to observe the distribution of the gold clusters in
the various cell compartments. Parallel experiments have been
carried out with the routinely applied chemotherapeutical
cisplatin.”® First of all, a possible toxicity of the ligand
molecule Pho,PC¢H4SOsH and its Na-salt has been investi-
gated. As it turned out, there is no difference to be observed if
the SOz;H or the SO3;Na derivative is used, and both are non-
toxic. Table 2 presents the cell lines selected for the tests and
the ICsy values for cisplatin and the Auss cluster. ICsq is
defined as the concentration of drug required to inhibit cell
growth by 50% compared to a control. It should be mentioned
that the incubation time for cisplatin was 74 h compared with
only 24 h for Auss in order to get comparable results.

Comparable ICs, values can only be registered for SK-ES1,
MOR/P and CCD-919 Sk, neglecting the factor 3 in time. All
other data indicate a dramatically higher cytotoxicity of the
Auss clusters compared with cisplatin. The maximum differ-
ence is observed for the metastatic melanoma cell-lines BLM
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Fig. 36 Viability of melanoma cells in dependence of concentration
of Auss(Ph,PCsH4SO3H),Clg (a) and cisplatin (b). (Reprinted with
permission from ref. 74. Copyright 2005, Wiley-VCH.).

and MV3 with a ratio of the ICs values of ca. 180 : 1 for BLM
and still far over that value for MV3. In fact, the difference of
both compounds is still more significant since the Auss-values
have been reached already after 24 h. After 74 h, ICs, values
could not be determined due to total mortality of the cells.

From Fig. 36 the result for the BLM cells is presented in a
visualized form.

Whereas for the Auss particles the viability zero is already
reached with 0.4 M amount, in case of cisplatin viability is
still 50% even with 50 uM amount of the complex.

The distribution of gold in various parts of the cells was
determined in case of the BLM melanoma cells using
radioanalysis. Cell fragmentations and successive neutron

Table 2 1Cs, values of 11 human cancer cell lines using cisplatin (72 h) and Auss (24 h)

ICso/pM
Cell line Type Cisplatin, 72 h Auss, 24 h
MC3T3-El Bone cells 26.10 + 1.27 1.65 + 0.14
U-208 Osteosarcoma 11.17 £ 2.02 0.64 £+ 0.04
SK-ES-1 Osteosarcoma 0.79 + 0.17 1.03 £ 0.18
MOR/P Lung cancer cells 3.30 £ 0.30 2.10 = 0.10
MOR/CPR Lung cancer cells 7.10 £ 1.2 2.50 £ 0.10
CCD-919Sk Fibroblast cells 0.45+0.10 0.62 + 0.07
BLM Metastatic melanoma 54.70 £+ 7.60 0.30 +0.10
MV3 Metastatic melanoma >50 0.24 £+ 0.02
SK-Mel-28 Melanoma 15.60 £+ 2.26 1.12 £ 016
HelLa Cervical cancer cells 7.93 +0.95 2.29 +0.10
Hek-12 Kidney cancer cells transformed with adenovirus 20.13 £ 6.0 0.63 £+ 0.02
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Fig. 37 (a) Comparison of ICs, values of four different cell lines using
different gold nanoparticles and the complex Tauredon in logarithmic
scaling. Abbreviations: e.g. Au0.8MS = 0.8 nm Au particle, stabilized
by MS (monosulfonated triphenylphosphine). ((a) Reprinted with
permission from ref. 75. Copyright 2007, Wiley-VCH). (b) Linear
scaling of the HeLa values.

irradiation allowed very exact [*®Au]gold radioanalysis with
the result found that 20-25% of the gold was associated with
DNA, a very high value, supporting the in vitro experiments.

The exceptional position of Auss in cytotoxicity has impress-
ively been confirmed by comparing smaller and larger gold
nanoparticles with Auss, all equipped with the same kind of
sulfonated triphenylphosphines as ligand molecules. ICsq values
of four cell lines, namely HeLa, SK-Mel-28, 1.929 and J774A1,
have been determined in parallel using Tauredon, a commer-
cially available gold thiomalate complex, 0.8 nm (Auy), 1.2 nm,
1.4 nm (Auss), 1.8 nm and 15 nm particles, all stabilized by
Ph,PC4H4SO;Na.”® Fig. 37(a) shows the results.

For the first time a well expressed size-dependent cytotoxicity
of gold nanoparticles is shown. The maximum toxicity is found
for Auss in all four cases. Only slightly smaller (1.2 nm) or larger
(1.8 nm) particles exhibit a remarkable increase of the ICsg
values and herewith a corresponding decrease of toxicity. The
Au complex Tauredon and the 15 nm gold particles do not
indicate measurable toxicity. The difference in cytotoxicity
between Auss and the smaller and larger particles becomes even
more impressive in Fig. 37(b), where a linear correlation between
the different toxicities in case of the HeLa cell lines is shown.

The very important role of the phosphine ligands as weakly
coordinated molecules becomes obvious by using the 0.8 nm
and the 1.4 nm clusters, stabilized by glutathione ligands
instead of phosphines. Very stable Au—S bonds prevent ligand
dissociation with the consequence of absolute non-toxicity!
These experiments prove that gold nanoparticles only become
toxic if available in bare form, or rather provided with ligands
that are easily substituted.

It is still an open question if the differences in toxicity,
especially between the particles with only small variations in
size, are due to a perfect (Auss) or a less good fit (1.2 nm,
1.8 nm) to the major grooves of DNA, or if a different
mechanism of chemical destruction of the cells is responsible.
Indeed, the latter may be more likely, since it was shown that
Auss and 1.2 nm particles cause a different kind of cell death.
Whereas Auss clearly induces necrosis, the 1.2 nm and 1.8 nm
particles initiate apoptotic cell death.” Of course, these two
results are only first hints that different particle—cell interac-
tions may happen, even with such small differences in particle
size. It can also not be excluded that the observed very fast cell
death using Auss is exclusively due to interactions with DNA.
Other decisive destructive interactions may also occur.

5. Conclusions and outlook

The two-shell cluster Auss, existing with various ligand shells
and in bare form, has attracted unusual attention for several
reasons. There is the perfect cuboctahedral geometry (which is
inherent in any other full-shell cluster), being responsible for
an extraordinary stability, which is especially observable in the
chemical inertness of the Auss nucleus and in its ability to
become organized in three-dimensional architectures. Even
more attractive from a scientific, but also from a practical
point of view, is the extraordinary electronic situation in
Auss(PPh;3);,Clg. Numerous different physical methods indi-
cate that this cluster compound exactly meets the borderline
between bulk materials and molecules and so behaves as a
typical quantum dot. Bulk as well as molecular behaviour can
be observed, depending on the criteria and method applied.
The cluster’s capability to be switched by single electrons at
room temperature belongs probably to the most important
findings. First steps to use this unique property for applica-
tions in future nanoelectronic devices have been made. How-
ever, it is clearly a substantial challenge to realise this possible
goal.

Independent of the special electronic quality of Auss, a more
accidental effect opened another door of application, namely
in toxicology and medicine.

Based on the findings that the Auss nucleus with its 1.4 nm
diameter and the height of the major groove of DNA fit
perfectly to each other and that the presence of several
phosphate groups around the groove coordinate the gold
nanoparticle in the manner of a multidentate ligand, a series
of cell experiments were carried out. Indeed, it seems realistic
that this irreversible connection between Auss and DNA is at
least one explanation for the extraordinary cytotoxicity, ob-
served for more than a dozen human cancer cell lines. This
assumption is supported by the fact that slightly smaller or
larger gold nanoparticles show drastically lower toxicity and
by the observation that Auss induces necrosis, whereas 1.2 nm
and 1.8 nm particles cause apoptosis.

As yet there are no data on the specificity of Auss, i.e. the
ratio of toxicity of tumor cells and healthy cells. Even if this
ratio was high, long-term study and development, as for using
Auss as a single electron switch in future storage systems,
would be required to make Auss a successful anti-cancer drug.
Hopes in both cases seem justified.

This journal is © The Royal Society of Chemistry 2008
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