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The vigorous development of Nanotechnology and Nanoscience has induced a more intense study on
coordination compounds built on metal surfaces of different types, such as flat surfaces, electrodes and
nanoparticles. Both self-assembled coordination compound and metal surface tend to modify their prop-
erties in such a degree that even new ones can arise. In this review the state-of-art of this new field in
Coordination Chemistry is analyzed. Especial attention has been given to the general procedures used to
build coordination compounds on metal surfaces.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

At the end of the last century a new era for Coordination Chem-
istry started with the birth and development of Nanoscience and
Nanotechnology. The applications found for coordination com-
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pounds in Supramolecular Chemistry permitted their fast and
spontaneous incorporation to nanosystems [1].

The possibility of building coordination compounds on solid sur-
faces has made possible the preparation of nanoscaled devices with
new properties. In this review we will only address our attention
on coordination compounds built on metal surface although prac-
tically the same type of constructions is possible on metal oxides,
nanotubes, graphite, etc. This decision is due to two main reasons:
(1) this is the first review completely dedicated to coordination
compounds built on different types of metal surfaces and a nec-
essary delimitation is unavoidable and (2) the electron transfer


http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:rcaov1946@yahoo.com
dx.doi.org/10.1016/j.ccr.2008.08.010

R. Cao Jr. et al. / Coordination Chemistry Reviews 253 (2009) 1262-1275

(ET) processes using two different pathways: between neighboring
coordinated metal ions or between them with the metal surface
through self-assembled ligands, may perhaps be the main distin-
guishing property in this new area [2,3].

The construction of coordination compounds on metal surfaces
is possible using two main approaches:

1. Form the complex and then self-assemble it on the metal surface
as a whole.

2. Build the complex using the layer-by-layer (LbL) procedure start-
ing from the self-assembly of an appropriate ligand.

In both cases, the selection of the ligand through which the coor-
dination compound will be attached to the metal surface is very
important.

“Self-assembly” is a term of Supramolecular Chemistry [1]
and is generally used to define repeated supramolecular interac-
tions among molecules in solution or solid state to give special
arrangements or architectures. This term is especially used for
the formation of micelles and others systems formed by surfac-
tants. Here we will use the term “self-assembled monolayer (SAM)
(or multilayer)” to define the adsorption (better chemisorption) of
molecules on solid surfaces. The interaction between the molecules
that form a monolayer and the metallic surface is more than a sim-
ple adsorption but cannot by analyzed as a typical coordination
or covalent bond. It has its own specificities as we will analyze
below.

2. Formation of self-assembled mono- and multilayers on
metal surfaces

Until now, coordination compounds have been mainly built on
soft metal surfaces. Gold has been the metal most studied for self-
assembly processes, generally using alkanethiols.

The main characteristics of the formation of SAM of alkanethiols
on gold can be summarized as following:

1. Au(111) presents the best characteristics for the formation of
SAM:s.

2. The thiolate group (formed by deprotonation as a consequence
on the interaction) is associated with three gold atoms on the
surface.

3. The Au-SR interaction is reversible which permits the alkanethi-
olate anions to interact among themselves in order to achieve the
formation of a highly compact monolayer.
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4. Alkanethiolates with about 10-20 carbon atoms achieve the
highest organized monolayer.

5. Alkanethiolates self-assemble on the gold surface with a tilt of
about 30° from the normal to the surface.

The most common (and simplest) procedure to form a SAM con-
sists in dipping an extremely clean unoxidized gold sheet into an
ethanol solution of the corresponding alkanethiol. Other volatile
organic solvents can also be used. The concentration of the thiol
may vary between 1mM and 1uM. SAM must be completely
formed after 12-18 h of interaction at room temperature. Actually,
the molecules are self-assembled within the first seconds or min-
utes but the rest of the time is required in order to achieve a highly
organized and compact monolayer containing about 5nmoles of
thiol cm~2 of surface. A more detailed analysis of the factors that
affect the formation of a SAM can be found in the excellent reviews
of Ulman [4], Finklea [5] and Whitesides and coworkers [6].

Similar SAM have been built on silver, copper, nickel, palladium
and platinum [7]. Silver, nickel and copper are less inert and can
easily oxidize. Since copper can oxidize extremely easily it is diffi-
cult to obtain organized and compact SAM on this metal. The most
stable SAM on platinum have been obtained using isocyanide [8].

SAM of thiols or other types of sulfur-containing molecules
(xanthates, dithiocarbamates, dithiocarboxylates, etc.) that present
a terminal functional group permit the construction of a second
monolayer through the formation of a covalent bond. The most
common reaction used in the formation of a second monolayer
corresponds to the formation of an amide group by the condensa-
tion (using a carbodiimide) between carboxylate and amine groups.
The second monolayer can also be self-assembled electrostatically
or by means of non-covalent interactions (van der Waals forces,
hydrogen bonding, etc.) or metal-ligand bonding [6]. A simple
physical adsorption also permits self-assembly but with a non-
specific character for which a relatively thick film is formed instead
of a monolayer.

The self-assembly of one monolayer on top of another, no
matter the force applied to maintain them together, is called “layer-
by-layer” (LbL) procedure. In the LbL procedure once the first
monolayer is formed and identified the modified metal surface is
dipped into a solution containing the compound to form the second
monolayer and so on. Therefore, LbL is a stepwise procedure.

This review is mainly dedicated to the self-assembly of addi-
tional monolayers through the formation of coordination bonds.
As mentioned above, a coordination compound can be formed and
self-assembled on a metal surface in one step, i.e. self-assembling
the coordination compound as a whole. Obviously, the coordination
compound must contain a functional group able to self-assemble

H,N

?‘P l\ff';\ S/\/\/NHZ — M*e—HN

SH SH

H,N

Fig. 1. Schematic representation of a hypothetical complex in which the thiol pendant group can coordinate to the metal center.
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Fig. 2. Schematic representation of a hypothetical complex built LbL on a metal surface.

to the metal surface. This requisite defines the procedure to be
selected: one-step self-assembly or layer-by-layer procedure. If the
functional group (e.g. thiol) to be used in the self-assembly to the
metal surface is also able to coordinate to the metal center only
the LbL procedure can by used in order to an avoid additional
(unwanted) coordination. In Fig. 1 we have represented a hypothet-
ical situation in which the thiolate pendant group of a coordination
compound is able to coordinate to the metal center and, there-
fore, is no longer disposable for the self-assembly process. In such
case, the complex cannot be self-assembled as a whole and the LbL
procedure should be used. Fig. 2 shows the LbL formation of the
same hypothetical coordination compound in three steps: (1) the
aminoalkanethiolate, named “base monolayer”, (2) the coordina-
tion of M™ that will behave as a “coordinating linker” and, (3) the
coordination of trien, the terminal ligand.

Another important factor to take into consideration, when
defining the procedure to follow when building a coordination
compound on a metal surface, is the steric effect that can be intro-
duced by the terminal self-assembled ligands. A bulky terminal
ligand affects the surface coverage. If a LbL is used, as that rep-
resented in Fig. 2, actually only part of M™ coordinated to the
self-assembled aminoalkanethiolate will sterically be able to asso-
ciate trien. Therefore, when using the LbL process what should
actually be expected to happen is the formation of a mixed multi-
layer, as represented in Fig. 3. Depending on how bulky the second
ligand is, it can coordinate to only 60-70% or less of self-assembled
M"™ (coordinated to the aminoalkanethiolate). Therefore, the final
product is a mixed layer.

When using the LbL procedure it may happen that when the
metal ion is coordinated to the terminal group of the base mono-
layer (second step) some ligands may dissociate in order to fulfill
the coordination sphere of the metal ion. Of course, this event
only takes place when the strength of metal-amino group bond is
greater than the S-metal surface association. This dissociation pro-
cess logically affects the surface coverage of the metal surface and
the organization and stability of the monolayer. In order to avoid
the undesirable dissociation process of the base ligand the metal
ion can be coordinated by weak ligands, easily removable when
forming the next monolayer of strong ligands.

The self-assembly of mono- and multilayers on metals can be
carried out on flat surfaces, electrodes, nanoparticles and chan-
nels or pores. Metal electrodes can present different shapes (flat,

bead, disk-like, etc.) but in order to simplify the terms used in this
Review we will only refer to “flat surface” for metals with no addi-
tional connection or use. Coordination compounds can also be built
on the same types of surfaces. In this review we will only address
our attention to the first three types of metal surfaces. Channels
and pores, especially those of nanodimensions, present serious
steric restrictions to build coordination compounds of different
types. Practically no work has been reported for these last two
cases.

Two aspects of a surface are flatness and roughness (or smooth-
ness). We will not further analyze the roughness of metal surfaces
(flat or not) although it may affect the formation of multilayers,
especially when more than three monolayers are involved in a LbL
procedure.

Roughness is a very important factor to consider when selecting
the technique to characterize the modified surface. For example,
when using atomic force microscopy (AFM), scanning electron
microscopy (SEM) or scanning tunneling microscopy (STM),
techniques that characterizes the topology of surfaces, the min-
imization of the roughness of a surface to be analyzed defines
the possibility of achieving acceptable results. On the contrary,
in surface enhanced Raman spectroscopy (SERS), FTIR and X-ray
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Fig.3. Representation of how inthe LbL process represented in Fig. 2 the trien ligands
can only coordinate to part of the terminal metal ions due to steric restrictions.
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Fig. 4. Schematic representation of M(IV)-bis(alkanephosphonate) multilayers.

photoemission spectroscopy (XPS), among many others, the
roughness mainly affects the cleanness of the studied surface.

3. Self-assembly on flat surfaces
3.1. Bis(phosphonates) and M(IV) of group 4

The first report on construction of coordination com-
pounds on solid surfaces corresponded to a short communi-
cation on the formation of a multilayer of zirconium(IV) with
decanephosphonate derivatives on a silicon wafer [9]. Thereon,
several reports appeared devoted to similar multilayer sys-
tems but mainly on gold surfaces. Hf(IV) and Ce(IV) were
also used as linkers of bis(alkanephosphonates), mainly 1,10-
decanediylbis(phosphonate) [10-13]. In all these reports very
similar systems were studied as that depicted in Fig. 4. Since in this
type of system a M(IV)ionis alternating, as coordinating linker, with
organic ligands they are sometimes called “hybrid” multilayers.

A mercaptoalkanephosphonate has been mostly used to form
the base SAM on gold (and in some cases other surfaces were
used) leaving the phosphonate terminal group to coordinate the
first metal ion, M(IV). An exception in this sense was the use of
11-hydroxyundecanethiol [10]. The terminal hydroxyl group was
phosphonated in situ with phosphorous oxychloride and further
on 11-hydroxyundecylphosphonate was used a ligand. A similar
procedure was reported but introducing a copolymer [14].

Each M(IV) ion links two successive bis(alkanephosphonates)
(Fig. 4) and, at the same time, coordinates neighboring chains. This
characteristic guarantees the formation of a robust multilayer sys-
tem. The main and exclusive role of M(IV)is as a coordinating linker.
Another property that reinforces the stability of the multilayer sys-
tem is that the formed complex is neutral. This type of multilayer
system was built using a LbL procedure.

An interesting approach consisted in using Zr(IV) as linker
of alternating 1,10-decanediylbis(phosphonate) and 4,4’-azobis[(p-
phenylene)methylene]bis(phosphonate) monolayers [15]. Varying
the ratio between both monolayers and the thickness of the result-
ing film the authors were able to control the index of refraction of
the modified surface. With a terminal azo-monolayer the system
could have served as a photosensor but this application was not
studied.

3.2. Bis- tetrakis- and hexakis(hydroxamate) and M(IV) of group
4

Rubinstein and coworkers used bis(hydroxamate) derivatives
and Ti(IV), Zr(IV), Hf(IV) and/or Ce(IV) as coordinating linkers to
form multilayers on gold surfaces. They selected a cyclic disul-
fide bound to a bis(hydroxamate) moiety (Fig. 5a) to form the
base monolayer on gold. The S-S bond disrupted opening the cycle
and the two thiolate groups self-assembled to the gold surface.
This way, a highly compact base monolayer could be obtained.

The bis(hydroxamate) groups pointing outward from the surface
were used to coordinate Ti(IV), Zr(IV) and Ce(IV). To complete the
coordination sphere of these metal cations the same ligand was
used leaving its cyclic disulfide moiety pointing outward. If the
system was formed stepwise the resulting bilayer could be sym-
metric or asymmetric [16]. After that report, the authors worked
on a multilayer system using the same cyclic disulfide bound to
a bis(hydroxamate) moiety for the preparation of the base mono-
layer on a gold surface. A second ligand, a tetrakis(hydroxamate)
(Fig. 5b) was used to form the additional layers. Ti(IV) or Ce(IV)
were used to link, through the formation of coordination bonds,
one tetrakis(hydroxamate) with the following one. The multilayer
system was built stepwise with up to 10 ligand-M(IV) layers [17].

The tetrakis(hydroxamate) system presents some similarities
with the above-mentioned bis(phosphonates) but with the advan-
tage of using two terminal bidentate groups linked through a
double chain (Fig. 5b). Rubinstein and coworkers further reported
a combined multilayer system built on gold using the ligand rep-
resented in Fig. 5a to form the base monolayer and the tetrakis
(hydroxamate) ligand (Fig. 5b), now alternating with an alka-
nebis(phosphonate) ligand and Zr(IV) as the coordinating linker.
The authors claimed that the construction of this hybrid system per-
mitted a more rational manipulation since tetrakis(hydroxamate)
is acid-sensitive while alkanebis(phosphonate) is acid-resistant
[18]. This type of system was further studied but using alka-
nebis(phosphonate) only to form the terminal monolayer. The
effect of the metal ion linker (Zr(IV) or Ce(IV)) was analyzed in
detail. They confirmed that with Zr(IV) a greater thickness could
be achieved, with a large excess of the cation evenly distributed
between the organic layers. This excess of Zr(IV) was transformed
through time into ZrO, to make the multilayer system become a
robust composite organic-ceramic multilayer [19]. Rubinstein and
coworkers also reported the use of a hexakis(hydroxamate) ligand
(Fig. 5¢). This way, a branched multilayer was obtained using Zr(IV)
as coordinating linker. This multilayer system behaved as an excel-
lent dieletric with self-repair properties [20]. The branched nature
of hexakis(hydroxamate) ligand used (Fig. 5c) allowed the construc-
tion (using a divergent approach) of 2-11 generation “coordination
dendrimers” on gold surfaces [21].

A multilayer system based on hexakis(hydroxamate) ligand and
Zr(IV) as coordinating linker was used to immobilize gold nanopar-
ticles (AuNP) capped with 6-mercaptohexanol and also a cyclic
disulfide bound to a bis(hydroxamate) moiety. This same ligand
was used to form the base monolayer. The coordinated AuNP films
grew in a true LbL way, adding one AuNP monolayer at a time. Using
conductive AFM, an increase in ohmic resistance with the number
of AuNP layers was observed [22].

The multilayer systems analyzed above used one or two ligands
with a M(IV) coordinating linker in all cases. The main goal was to
obtain robust systems with an appreciable thickness. We will now
analyze other types of constructions of coordination compounds
on flat metal surfaces with new properties.
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Fig. 5. Different hydroxamate ligands used to build M(IV) coordination compounds on gold surfaces.

3.3. Ruthenium coordination compounds

As mentioned in Section 2, the intermolecular interactions
among the components of each monolayer are important in order
to achieve a stable and compact system. When the molecules that
form the base monolayer present a terminal bulk functional group,
this can affect the preorganization process and compactness of
the monolayer. From a coordination point of view, bulk termi-
nal groups containing donor atoms are practically indispensable
to build a coordination compound on a metal surface. An inter-
esting approach to minimize this problem consisted in preparing
a mixed base monolayer. Licciardello and coworkers reported the
formation of a mixed base monolayer using thiophenol and 4/(4-
mercaptophenyl)-2,2":6/,2”-terpyridine ina 1:1 molar ratio [23,24].
The terpyridine (tpy) moiety pointing out from the modified gold
surface served to coordinate Ru(tpy)?* to the self-assembled mixed
base monolayer [25]. A similar base monolayer was used to immo-
bilize lactoferrin, which will be analyzed further on. A terpyridine
thiolated derivative was first used to immobilize cobalt, chromium
and osmium complexes (forming multilayer systems) on gold elec-
trodes [26].

Evidently, the use of mixed base monolayers is very important
to take into consideration when designing the way to build coor-
dination compounds on metal surfaces. Moreover, it is essential to
analyze which compound, and in what molar ratio, will the base
ligand accompany in the mixed monolayer in order to reduce to a
minimum the steric restrictions introduced by the terminal moiety
of the base ligand, by the metal ion and also by the terminal ligand.
Additionally, the “accompanying” compound should enhance the
stability of the mixed base monolayer.

Ruthenium coordination compounds have been mainly built
on electrodes, however, some have also been built on simple flat
gold surfaces. [Ru(CN)s ]3>~ moiety has been coordinated to a SAM
of 4-mercaptopyridine through the nitrogen atom of the pyridine
moiety. The back-donation of [Ru(CN)s]3~ played an important
role in the stabilization of the formed multilayer [27,28]. This sys-
tem was also compared with a similar one using a [Fe(CN)5]3~
moiety. As expected, the ruthenium complex exhibited a greater
back-donation [29].

11-Mercaptoundecanoic acid (MUA) was coupled to p-
methylamine-pyridine to form a base monolayer to which a trin-
uclear ruthenium complex, [Rus(pu3-O)(p-CH3COO0)g(bpy)2(CO)]
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(bpy: 2,2’-bipyridyl), was coordinated. CO was liberated electro-
chemically and its coordination site was used to coordinate the
second trinuclear unit, and so on (up to five units) [30].

A mixed multilayer system, based on two ruthenium complexes,
[Ru(NH3)5Cl]2* and [Ru(CN)g]*~, was built on a gold surface. Both
ruthenium complexes were linked together through a cyano bridge,
[(CN)sRu-CN-Ru(NH3)s5]~. This mixed-valence dimeric anionic
complex was electrostatically immobilized on a gold surface, pre-
viously modified with a disulfide derivative monolayer containing
quaternary ammonium terminal groups [31]. The stability of this
system was not analyzed.

Most of the ruthenium complexes analyzed here are not neutral
and, therefore, the mono- or multilayers they form require the pres-
ence of counterions. Other complexes mentioned in this review also
present this same characteristic which is very important especially
in the case of modified electrodes.

3.4. First row transition metal compounds

The first report on the construction of a first row transition
metal compound on a flat metal surface corresponded to the
use of 11-mercaptoundecanoic acid and 16-mercaptohexadecanoic
acid as ligands with Cu(lIl) as the coordinating linker. These lig-
ands were used indistinctly to form the base monolayer with
the carboxylic moiety pointing outward from the gold surface,
which served to coordinate Cu(ll). A second monolayer (and so
on) was attached through coordination of the mercapto group to
Cu(II). Unexpectedly, the authors reported that according to XPS
determinations the metal ion was not reduced to Cu(l). Up to
six layers of mercaptocarboxylate were self-assembled this way
[32]. A similar, but much simpler system was built consisting in
the formation of a base monolayer of mercaptoundecanoic acid
and Cu(Il) coordinated to the terminal carboxylate groups. The
coordinatively unsaturated Cu(Il)ions served to detect organophos-
phorus compounds as a selective surface acoustic wave device
[33].

As mentioned above, the preparation of a mixed base monolayer
using thiophenol and 4/'(4-mercaptophenyl)-2,2":6',2"-terpyridine
in a 1:1 molar ratio was reported [23,24]. The authors used the ter-
minal terpyridine moiety to coordinate Fe(Il) to SAM but containing
free coordination sites. This mixed monolayer was patterned by
a lithographic technique on a SAM of 11-mercaptoundecanol that
served as “blackboard”. To this SAM lactoferrin, a glycoprotein that
contains two iron-binding sites (His-253, Tyr-92, Tyr-192 and Asp-
60 of the N-lobe and Hys-253, Tyr-435, Tyr-528 and Asp-395 of the
C-lobe), was associated through direct coordination with immobi-
lized Fe(II). The presence of 11-mercaptoundecanol (as blackboard)
was necessary to avoid unspecific adsorptions of the protein to the
gold surface [34].

Two approaches, completely different from the others men-
tioned up to now, were used to build coordination compounds
on metal surfaces. One consisted in synthesizing a ligand directly
on a gold surface. 4-Piperidinemethanethiol was synthesized and
self-assembled on a Au(11 1) surface. The NH group of the piperi-
dine moiety was then transformed into a dithiocarbamate group
through condensation of CS,. This was, an amphiphilic ligand with
thiolate and dithiocarbamate terminal anionic groups was formed,
with the latter pointing outward from the surface. Nevertheless,
the amphiphilic ligand was able to make a “flip” and self-assemble
through the dithiocarbamate group but with less stability than
the Au-thiolate interaction. Copper(Il) was coordinated to the free
dithiocarbamate group and its coordination sphere was completed
with the addition of morpholyldithiocarbamate anion. This way, a
bis(dithiocarbamato)copper(ll) complex was self-assembled on a
gold surface in three steps [35].

NH, H,N
Sa f a2
LNH - “HNJ

gs B R

Fig.6. M(en),2* formed by adamantanoyl ethylenediamine derivatives supramolec-
ularly associated with (3-cyclodextrin dodecylthioether derivatives self-assembled
on a gold surface. Adapted from Ref. [37].

The other novel approach was completely based on supramolec-
ular interactions. For this, a B-cyclodextrin [36] dodecylthioether
derivative was self-assembled on a gold surface and an adaman-
tanoyl ethylenediamine derivative was supramolecularly associ-
ated with it. Once the adamantanoyl moiety was included in the
cyclodextrin cavity two ethylenediamine terminal groups coor-
dinated Cu(Il) or Ni(Il) to form a M(en),2* unit for each two
self-assembled cyclodextrins as depicted in Fig. 6 [37].

3.5. Metalloporphyrins and metallophthalocyanines

Metalloporphyrins and metallophthalocyanines are highly sta-
ble coordination compounds that generally present one or two free
coordination sites. They have been recently used in the develop-
ment of sensors when modifying metal electrodes. These results
have been possible thanks to previous studies on the self-assembly
of these types of compounds on flat surfaces.

Both porphyrins and phthalocyanines are bulky planar macro-
cycles. This characteristic requires a different way to self-assemble
them on a metal surface. Two approaches have been used: (a)
self-assemble an alkanethiol with a terminal donor atom able to
coordinate apically the metal ion inserted in the macrocycle; (b)
link thiol derivatives to one or more positions of the macrocycle
to be used for the self-assembly. If process (a) is used the plane
formed by the macrocycle should stay held parallel (approximately)
to the metal surface. With process (b) a horizontal orientation can
be achieved only if more than one thiol pending moiety is linked
(more or less symmetrically) to the macrocycle. Only one pending
group provokes a perpendicular orientation of the macrocycle [38].
Process (b) has been scarcely used [39], perhaps due to synthetic
difficulties. Nevertheless, Lindsey’s group succeeded in synthesiz-
ing different zinc(Il) porphyrins monosubstituted with pending
thiol derivatives [40-43].

When the macrocycle is associated perpendicularly to the metal
surface the access of any external substrate is sterically restricted.
Nevertheless, such geometric arrangement of the self-assembled
macrocycles favors the achievement of a compact SAM that could
be highly stable due to - interactions.

Zinc(Il) porphyrins monosubstituted with thiol derivatives and
ferrocene (Fc) were used to study the effect of the spacer length on
the photoelectrochemical properties when self-assembled on gold.
The authors observed that as the length of the spacers increased,
the SAM tended to form a highly ordered structure and the pho-
tocurrent also increased [44].

Isothiocyano [45] and isocyano [46] moieties have also been
used to self-assemble porphyrins and phthalocyanines on gold sur-
faces.
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The horizontal position of the immobilized macrocycle is impor-
tant when using it to develop a sensor since it offers a high
accessibility to the substrate. Nevertheless, the horizontal position
reduces the surface coverage (a negative effect), with many empty
spaces under the “macrocyclic umbrella”. If the macrocyclic mono-
layer is prepared mixed with another thiolated derivative, the latter
should present a much shorter chain than that used to immobilize
the macrocycle. If this requirement is not fulfilled, the second thiol
present can affect the position adopted by the macrocycle [47]. That
is the reason for which no second thiol is generally used to form a
mixed SAM for macrocyclic immobilization.

A metalloporphyrin has been self-assembled perpendicularly
to a gold surface through a cyclic disulfide base monolayer, sim-
ilar to that represent in Fig. 5a, but containing two hydroxamate
groups plus two imidazolyl terminal groups. The two imidazolyl
moieties served to associate to the axial coordination positions
of iron tetraphenylporphyrin forcing the perpendicular position of
the macrocycle [48]. According to electrochemical determinations
when the layer was self-assembled in one step a higher coverage
was achieved than when the process was carried out in two steps
(LbL self-assembly of cyclic disulfide followed by the coordination
of iron tetraphenylporphyrin). Due to steric factors not all the imi-
dazolyl moieties of the base monolayer were able to coordinate the
metallomacrocycle.

Imidazolyl-terminated linkers have also been used to self-
assemble different metalloporphyrins through the apical coordi-
nation to the metal ion [49]. Additional monolayers were reported
to be self-assembled to this base monolayer of metalloporphyrin by
using bidentate pyrazine as a bridging ligand [50]. A similar system
was reported but using a diimidazole binder to anchor cobalt and
iron tetraphenylporphyrins to an ultrathin film of gold deposited
on mica. The advantage of this latter system consisted in its trans-
parency, which permitted to study it by UV-vis spectroscopy [51].

Thiophenol derivatives are convenient to immobilize met-
alloporphyrins. 4-Pyridinethiol has been used to self-assemble
octaethylporphyrinatozinc(Il) by the apical coordination of pyri-
dine nitrogen. This Zn-N(Py) bond is not characterized by a high
stability but, nevertheless, was expressed with a significant shift in
some signals recorded by SERS [52].

An apical coordination was also used to form a layer of a
ruthenium phthalocyanine on gold but using pyridine carboxalde-
hyde as linker. Actually, the ligand was condensed through the
carboxaldehyde moiety to a base monolayer containing terminal
amine groups. Pyridine moieties served to axially coordinate to
ruthenium and an additional condensation permitted the apical
coordination of a cobalt tetraphenylporphyrin as terminal mono-
layer [53].

4. Metal electrodes modified with coordination compounds

Modification of metal (mainly gold, platinum, silver and cop-
per) electrodes with coordination compounds follows the same
two approaches already mentioned in the introduction: the self-
assembly of the metal complex as a whole on the metal electrode
and the LbL procedure. When the LbL procedure is used the best
alternative seems to consist in preparing a mixed base monolayer
in order to avoid direct interactions between neighboring coordi-
nated metal ions. As expected, a mixed base monolayer, where one
of the constituents should be electrochemically inactive, results in
a relatively low surface coverage but the resulting average effect is
positive.

The main characteristic of modifying metal electrodes is that
acceptable electrochemical signals have to be achieved. Therefore,
the experimental conditions in the preparation of SAM on metal
electrodes (electrode pretreatment, immobilization technique, sur-

face coverage, surfactants, electrolytes, solvents and temperature)
are very important [54-57]. Additionally, rate and mechanism of ET
between the coordinated metal ion and the metal surface have to
be taken into consideration since they can affect the sensibility of
the modified electrode [2,3,5].

Metal electrodes modified with coordination compounds are
studied electrochemically, including electrochemical impedance
spectroscopy (EIS) [58,59], in order to characterize the stability
of the formed SAM, define surface coverage, possible formation of
defect structures, stability of the SAM bonding, orientation of the
terminal groups, etc. It is also very convenient to characterize the
modifying surface with a quartz crystal microbalance (QCM) [57].

Building coordination compounds on electrode surfaces does
not only permit one to analyze their new electrochemical proper-
ties and ET rates. Most importantly, metal electrodes modified with
coordination compounds have found applications as sensors and as
supports for building biosensors.

4.1. First row transition metal compounds

One of the first reports on gold electrodes modified with coordi-
nation compounds described the formation of a mixed monolayer
of 2,2’-thiobis(ethyl acetoacetate) and n-octadecyltrichlorosilane.
The acetoacetate terminal groups served to coordinate Cu(Il) and
Pb(II) to produce an electrochemical response, which disappeared
in the presence of Fe(ll), Fe(Ill) or VO%* [60]. Earlier than that,
gold electrodes modified with several types of sulfur-containing
carboxylic acids were reported. The terminal carboxylate groups
served to coordinate Co(NHj3)s3* and the ET kinetics were studied
[61]. From then on, the construction of first row transition metal
complexes on metal electrodes have been reported but with no
transcendent applications.

Gold electrodes modified with a thiol-modified terpyridine
ligand, 4’-(5-mercaptopentyl)-2,2:6/,2"-terpyridinyl Cr(III), Co(II)
and Os(I) complexes were self-assembled on gold surface as a
whole although the LbL procedure was also analyzed [26]. In this
second case, part of the ligands forming the base monolayer dis-
sociated to complete the coordination sphere of the metal ion (see
Section 2). The modified electrode containing Cr(Ill) was able to
detect NO but no quantitative information was offered.

The only report found on a copper(ll) complex built on a gold
electrode with a certain applicability was that used as NO sen-
sor. Ribose bis(thiosemicarbazonato)copper(Il) built LbL on a gold
electrode was able to detect NO concentrations down to 6 wM [62].

The transition metal compound that has been most used to
modify metal electrodes has been ferrocene and its derivatives. Fc
constitutes a stable and excellent electron donor with well-defined
electrochemical properties. As expected, metal electrodes modified
with SAM containing ferrocenyl terminal groups have mainly been
used to study ET kinetic processes between Fc and the electrode.
The self-assembly of Fc through alkylthiol pending groups tend to
form multilayers and aggregates, a problem that has been solved
using a mixed base monolayer [63]. The formation of Fc multilayers
is apparently controlled by hydrogen bonds and highly organized
SAM have been achieved by increasing the concentration of Fc with
alkythiol pending groups [64].

FcCO,(CH>),SH was self-assembled on a gold electrode [65,66],
which constitutes the first report on ferrocenyl moieties modifying
gold electrodes. The authors detected that long chain lengths and
low surface coverage caused slow ET kinetics between the electrode
and the ferrocene groups. When this type of system was studied
in butyronitrile/ethyl chloride solvent mixtures slow ET processes
were observed, especially at low temperatures [67]. The ET kinetics
of a mixed monolayer (FcCO,(CH;),SH + CH3(CH>),,_1SH) on gold
was studied in detail [68]. The authors were not able to explain,
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using the indirect-induced temperature jump method, the kinetic
behavior for n <8, which could have been attributed to the pres-
ence of poorly organized SAM. Several other reports have also been
dedicated to this important issue [69-74].

The self-assembly process of FcCO(CH;)sSH on gold electrodes
with the formation of mono- and multilayers has been studied
with a electrochemical quartz crystal microbalance [75]. A rel-
atively high surface coverage (0.75nmolcm~2) was determined,
which dropped down to 0.46 nmol cm~2 (corresponding to a sim-
ple monolayer) after rinsing the modified electrode with water and
ethanol.

The electrochemical properties of ferrocenyl units (FcC12S-Au)
are affected when forming a binary monolayer on gold elec-
trodes [76]. In the presence of "H3N—(CH;)11;S- an anodic shift
was observed while the contrary took place when the second self-
assembled compound was ~0O0C-(CH; );1S-. This result indicates
the importance of the charge of the SAM in ET processes.

Ferrocenyl derivatives have not only been self-assembled
on gold electrodes, but also on platinum. For this, 12-
ferrocenyldodecyl isocyanide was successfully used both on gold
and platinum electrodes [8]. The isocyanide derivative gave a redox
peak ~300 mV more negative than its disulfide analogues.

Electrodes modified with SAM containing ferrocenyl moieties
and photoactive compounds have received special attention. Mirkin
and coworkers reported gold, platinum and ITO films modified with
4-(4-mercaptobutyl)-4'-ferrocenylazobenzene [77,78]. SAM of fer-
rocenylundecanethiol on gold electrodes was used to catalyze the
chemiluminescence of luminol. This system was used for detection
of glucose in the presence of glucose oxidase [79].

Gold electrode modified with ferrocenylhexanethiol was stud-
ied in aqueous and dichloromethane solutions in the presence
of various anions, i.e. HSO4~ (or SO42-), ClO4~, and PFg~.
While the redox peaks of ferrocene measured in aqueous solu-
tions were observed to shift to more positive values in the
anion order of PFg~, ClO4~, and HSO,4~, in dichloromethane
the observed shifts became more negative in this same order
[80,81]. The electrochemical effect that the solvent may cause on
a ferrocenyl-modified (1-(4-mercaptododecyl)-4-(2-ferrocenyl-1-
ethylene) pyridinium bromide) electrode was also analyzed when
studying acetonitrile solutions with varying amounts of water as
can be observed in Fig. 7 [82]. The authors observed that the cur-
rent decreased and the oxidation potential shifted negatively with
increasing water contents in acetonitrile solutions due to changes
in the dielectric constant of the solvent.

A gold electrode modified with 11-ferrocenyl(carbonyloxy)
undecanethiol was used to determine egg-phosphatidylcholine
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Fig. 7. Effect of water content in acetonitrile solutions on the cyclic votammograms
of ferrocenyl-modified (1-(4-mercaptododecyl)-4-(2-ferrocenyl-1-ethylene) pyrid-
ium bromide) electrode: (a) pure acetonitrile; (b) 1% water; (c) 5% water; (d) 10%
water content [82].

lipid vesicle [83]. Once the lipid was adsorbed on the SAM a sig-
nificant increase in the anodic peak current was observed. This
observed variation could be attributed to Fc-peptidic bond inter-
actions, which will be analyzed in Section 5.2.

An interesting report on ferrocenyl-modified gold elec-
trodes corresponds to those modified with a mixed mono-
layer Of(FC(CHz )GSH/HO(CHZ )2 SH and FC(CHZ )165H/HO(CH2 )11 SH)
HO(CH;),SH was introduced in the monolayer in order to achieve
a surface with low concentration of ferrocene moieties. This con-
dition was required since the purpose was to study the effect that
the inclusion of the ferrocene groups into (3-cyclodextrin cavities
would cause [84].

4.2. Ruthenium and osmium coordination compounds

Ruthenium and osmium are the only second and third row tran-
sition metals reported to form coordination compounds modifying
metal electrodes, even forming “duets” in some reports. Pyridine
chelating derivatives (mainly bpy and tpy) and NH3 have been
the ligands mostly used to form the immobilized ruthenium and
osmium complexes.

ET kinetics of electrodes modified with ruthenium and osmium
have been widely studied by Finklea’s and Abruia’s groups and
by other authors [2,5,56,85-93]. The ET kinetics of the two metal
ions are completely different. The electrolyte used may affect the
electrochemical behavior of the metal electrodes modified with
ruthenium and osmium complexes [94]. Additionally, the use of
mixed monolayers, where only one of the constituents is elec-
troactive with the other behaving as a “diluent” that reduces the
steric effects of the associated bulky complexes, has proven to be
convenient [95].

[M(bpy)2(bpe)CI]* (M:Ru(ll), Os(Il); bpe:trans-1,2-bis(4-
pyridyl)ethylene) complexes, both in solution and self-assembled,
were studied photo- and electrochemically [96]. The authors
observed that while oxidation of the osmium centers proceeded
as a simple one-electron-transfer reaction, the behavior of the
ruthenium aquo-compound is more complicated. The rate at
which two Ru3* centers disproportionated was larger for the
immobilized complex than in solution phase, most likely due to
a neighboring effect caused by the monolayer. A similar pair of
complexes, [M(bpy),(1,3-bis(4-pyridyl)propane)Cl]*, forming a
mixed monolayer was previously studied using the second ligand
to form the base monolayer on platinum electrodes [97]. An
exchange dynamic, controlled by the rate of desorption of each
complex via a dissociative mechanism, was observed. Additionally,
the presence of mixed monolayers (Os/Ru) resulted in an increased
broadening of the voltammetric wave associated with the ruthe-
nium complex relative to the case of a monolayer only containing
the ruthenium complex. Abruiia and coworkers also immobilized
an Os(bpy),2*complex on gold electrodes using a Py—(CH,),-SH
ligand [98].

Platinum disk electrodes were modified with [Os(bpy),(4,4’-
trimethylenedipyridine), |2, with one of the 4,4'-trimethylene-
dipyridine ligands directly associated with the metal surface,
which exhibited nearly ideal cyclic voltammetric behavior [99].
The ET kinetics of a very similar system was previously
reported [100]. [Ru(bpy)s]?* containing a pendant amino group
was LbL self-assembled on gold sputtered silicon electrodes
previously modified with thioctic acid and its electrochemi-
luminescent properties were studied [101]. The use of the
LbL procedure permitted the formation of a compact orga-
nized layer. When [Ru(bpy);]%* electroluminescent devices were
studied by MALDI-TOF mass spectrometry and micro-Raman
spectroscopy [(bpy)2(H,0)RuORu(OH; )(bpy), ]** dimer was iden-
tified as the performance-degrading product [102]. The formed
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Fig. 8. Ruthenium(II) complex with bis(3,5-dimethylpyrazol-1-yl)dithioacetate was
self-assembled LbL on a gold electrode [106].

[(bpy)2(H20)RuORu(OH, )(bpy); |** dimer was considered by the
authors as an effective quencher of luminescence device. A similar
effect will be analyzed in Section 5.2.

Mercaptoacetate modifying a gold electrode served to coor-
dinate Ru(NHs3)s3*. The resulting electrode, modified LbL, was
observed to electrochemically interact with [Fe(CN)g]3>~, EDTA and
NO. [Fe(CN)g]3~ formed a binuclear complex with Ru(NHj3)s3*
while EDTA subtracted Ru(Ill) from the bilayer coordination sphere.
NO, on the contrary, formed a stable coordination bond with ruthe-
nium which induced a higher reversibility in the Ru(IlI/II) redox
system [103].

The interaction of metal electrodes modified with ruthe-
nium complexes with NO has been studied and seems to be a
promising topic. The first reports on this issue corresponded to
platinum electrodes modified with [Ru(bpy),;L(NO,)]* complexes
[104,105]. Reversible cyclic voltammetric peaks corresponding to
the formation of coordinated nitrate and nitrosyl species were
observed.

A ruthenium(Il) complex with bis(3,5-dimethylpyrazol-1-
yl)dithioacetate was self-assembled LbL on a gold electrode (Fig. 8).
The formed layer was compact (surface coverage of 4.15 pmol cm—2)
and highly organized according to AFM determinations. This
modified electrode was used to detect NO through coordina-
tion to one of the disposables coordination sites of ruthenium(II)
[106].

4.3. Metalloporphyrins and metallophthalocyanines

The planar nature of metalloporphyrins and metallophthalocya-
nines requires a special approach to self-assemble them on metal
electrodes, as already mentioned in Section 3.5. The method most
used for the immobilization of metalloporphyrins on gold elec-
trodes has consisted in the axial coordination to isonicotinate-,
pyridine- and imidazole-terminated base monolayers. This way, the
immobilized metalloporphyrin lies approximately parallel to the
surface presenting its second axial position free and completely
accessible. When using isonicotinate-terminated adsorbates a
higher reproducibility in the formation of the base monolayer has
been observed.

The formation of a base monolayer containing terminal groups
able to coordinate a given metalloporphyrin eliminates the neces-
sity of prior modification of the metalloporphyrin, and requires only
asmall quantity of it in the surface reaction. This permits better con-
trol of the surface coverage of the modified electrode. Moreover,
axially bound metalloporphyrins exhibit sharp peaks and stable
cyclic voltammetric behavior [49].

S S

Fig.9. Co(Il) porphyrin disulfide derivative used to self-assemble on gold electrodes
[112].

The importance of electrodes modified with redox active met-
alloporphyrins is expressed in the large number of reports on this
issue [37-43,49,107-115].

An electrode modified with ruthenium phthalocyanine (using
1,4-diisocyanobenzene as base monolayer) has been studied with
results similar to those obtained with metalloporphyrins [116].
Interestingly, the authors studied the formed multilayer by XPS and
could observe that each macrocycle covered about 12 molecules of
1,4-diisocyanobenzene forming the base monolayer.

Montfort’s group [112,113] has synthesized metalloporphyrin
disulfide derivatives (Fig. 9) and self-assembled them to modify
gold electrodes using a method that permitted stable and com-
pact monolayers. The electrochemical behavior of these modified
electrodes was compared with those of the metalloporphyrin in
solution.

The effect of alkyl spacers in metalloporphyrins containing pen-
dant disulfides and their photoelectrochemical properties have
been analyzed. In this sense, a higher ordered structure on gold
electrodes was achieved when the length of the spacers was
increased. On the other hand, photochemical studies permitted one
to observe that the quantum yield increased in zigzag (even-odd
effect) when the spacer was increased up to six methylene groups
while additional lengthening led to slight decreases [111]. The
authors explained this behavior taking into consideration that: (a)
two competitive deactivation pathways of the excited singlet state
of the metalloporphyrin could have taken place; (b) metallopor-
phyrin aggregation enhanced the rate of non-radiative pathway in
the excited state; and (c) ET rate from the gold electrode to the
resulting metalloporphyrin radical decreased with an increase of
the spacer length.

The preparation of stacked mixed multilayer of metallopor-
phyrin has also been reported. For example, several monolayers
of  bis(dinitrogen)-meso-tetramesitylporphyrinatoruthenium(Il)
were stacked one on top of the other with a high order using
bidentate pyrazine-terminated ligands [49].

Interestingly, a ferrocene-porphyrin-Cgp was synthesized and
self-assembled through an alkanethiol pendant group near to the
ferrocene moiety. This ingeniously designed triad contained a
donor, a photoexcitable and an acceptor group linked in this order.
As expected, this system was studied photoelectrochemically [117].
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The intensity of the induced photocurrent is larger by two orders
of magnitude than that of porphyrin-polyalkanethiol systems due
to the effect of the donor-acceptor (ferrocene and Cgp) moieties
present in the SAM.

Several metalloporphyrins, such as haemoglobin and its ana-
logues are known to coordinate nitric oxide, a radical of biological
importance. For that reason, several groups have worked on mod-
ifying electrodes with metalloporphyrins (generally in polymeric
form) [118,119] and metallophthalocyanines [115] in order to
develop NO sensors, mainly using carbon and glassy-carbon elec-
trodes. Covering the modifying surface with Nafion® (a cationic
exchanger) eliminates the interference caused by nitrite anion. Up
to now electrodes modified with metalloporphyrins are more effi-
cient than those modified with ruthenium complexes (analyzed
above) as NO sensors.

5. Coordination compounds capping metal nanoparticles

The development of noble metal nanoparticles (MNP) has
attracted great attention in recent years due to their interesting
and novel optical [120], as well as catalytic and electrical prop-
erties [121]. The singularity of MNP is due to the very small size
of these species where a high percent of the atoms are on the
surface. Due to the small size and high percent of atoms on the
surface in MNP when irradiated with visible light they are able
to electronically excite in a process called “surface plasmon res-
onance” (SPR). SPR is expressed as a maximum in the electronic
spectrum with its position depending on the metal and the size of
the MNP. For example, gold nanoparticles with an average diam-
eter of 2-3 nm will present their SPR maximum at 503-507 nm
(red), while for silver nanoparticles it will be at around 405 nm
(yellow).

In order to avoid aggregation MNP are stabilized by capping
them through the self-assembly of different species, mainly sulfur-
containing molecules. AuNP capped with alkanethiols have been
the most studied MNP since they are greatly resistant against oxi-
dation and are easy to obtain. The nature of the capping agent can
significantly affect the properties of MNP.

The approximately spherical form of MNP introduces a new fac-
tor to consider when analyzing the capping SAM. The curvature of
the surface favors the accessibility, especially of bulky substrates, to
metal ions coordinated to MNP. This specificity makes a significant
difference when comparing with metal complexes self-assembled
on flat or electrode surfaces as already analyzed above.

Several groups have capped MNP with metal complexes, spe-
cially to use them as catalysts and sensors [122]. Nevertheless,
relatively few reports on metal complexes capping MNP have been
published up to now.

5.1. Main group metal complexes

11-Mercaptoundecanoic acid (MUA) capping AuNP was used in
the detection of spectroscopically silent metal ions such as lead(lI),
cadmium(Il) and mercury(Il) [123]. This type of AuNP was able
to associate any of these heavy metal ions contained in an aque-
ous solution through the coordination to the terminal carboxylate
moieties of MUA. Such coordination caused the aggregation of
AuNP and, consequently, an enhancement of the hyper Raleigh
scattering effect was observed. An increase of the intensity and
a red shift of the SPR band were observed due to a decrease in
the symmetry and also to an increase in the size of the chro-
mophoric entity. As expected, with the addition of EDTA the effect
was reversed. This way, AuNP capped with MUA served as pho-
tosensor of spectroscopically silent cadmium, mercury and lead
ions.
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Fig. 10. Sandwich structure formed by K* with the two 15-crown-5 ether terminal
moieties of neighboring AuNP. Adapted from Ref. [124].

A more elegant and selective ion detection method was devel-
oped by Chen and coworkers who used AuNP capped with a thiolate
containing a 15-crown-5 ether terminal moiety for the detection
of potassium in the presence of Li*, Cs*, NH4*, Ca2*, and Na* ions
[124]. As known, sodium ions form the most stable complexes with
this crown ether. Nevertheless, potassium was detected through a
change from red to blue color by the formation a 2:1 sandwich
shape complex displacing sodium from inside two neighboring
macrocyclic rings of the same or different AuNP (Fig. 10). This way,
potassium was detected at concentrations between 7.6 M and
0.483 mM.

1,10-Phenanthroline can behave as a Li* selective organic chro-
mophore [125]. AuNP capped with 1,10-phenanthroline terminal
moieties associated Li* in order to achieve a coordination num-
ber of four. This way, an aggregation of nanoparticles was induced,
expressed in a change of color from red to blue, linearly propor-
tional to lithium concentration in the range from 9 to 90 mM. An
important observation was that small AuNP were more effective as
chromophores than bigger ones.

5.2. Transition metal complexes

Ferrocene presents interesting redox properties, constitutes an
excellent electron donor and is highly stable. This explains why
MNP capped with ferrocenyl terminal moieties have been exten-
sively studied. If the ferrocenyl terminal moieties are present in
a mixed monolayer together with other electroactive derivatives
multistep chemical and redox catalytic reactions can be observed
[126].

Ferrocenyl termini AuNP (Fig. 11) has been obtained in two steps
(LbL) through the condensation of ethylenediamine-N-ferrocenyl
amide to about 50% of the carboxylic groups of capping mercaptoac-
etate. This type of AuNP was able to self-aggregate to form micro-
and nanometric spheres, depending on the concentration of the
solution. This effect was attributed to donor-acceptor interactions
of the ferrocenyl moieties with the amido groups of neighbor-
ing nanoparticles combined with the effect produced by hydrogen
bond formation with the solvent. Therefore, this type of system was
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Fig. 11. Ferrocenyl termini AuNP formed LbL through the condensation of
ethylenediamine-N-ferrocenyl amide to about 50% of the carboxylic groups of cap-
ping mercatoacetate [127].



1272 R. Cao Jr. et al. / Coordination Chemistry Reviews 253 (2009) 1262-1275

o
Y:Fc or \NJk

H

Fe

!
f_\s/ \Si“‘]
! si-¥
ig PN
Oi
S S g

Fig. 12. AB; dendron-like compound with a AuNP nucleus and terminal Fc moieties.
Adapted from Ref. [130].

studied as peptide sensor with positive results [127]. On the other
hand, the observed interaction between the ferrocene derivatives
expressed as an aggregation process of AuNP can serve to explain
the formation of multilayers and aggregates when modifying gold
electrodes as already mentioned above [62,63].

In a more or less similar way, a ferrocene amide derivative was
also used to cap AuNP mixed in different proportions (7-38%) with
alkanethiol. The AuNP capped with the mixed monolayer (obtained
in one step) was employed for the selective detection of dihydro-
gen phosphate anion in dichloromethane [128]. The redox peaks
of ferrocene moieties decreased in intensity and a new less pos-
itive pair of peaks appeared in the presence of this oxoanion. An
excess of H,PO,4~ eliminated the typical ferrocene peaks and fur-
ther increased the new ones. Apparently, this effect was caused by
the formation of hydrogen bonds between each amide groups and
negatively charged oxygen of the anions. Similar results, but with
a smaller shift, were obtained in the detection of HSO4~ [129].

The sensing property of MNP containing terminal ferrocenyl
moieties can be enhanced if it is capped with a dendron-like com-
pound, known as dendronized cluster. Using MNP as nucleus the
capping thiolates can be transformed in several steps (generations)
to finally achieve complex molecular species with an increasing
number of ramifications. These new ramifications can improve the
sensing capacity of this type of MNP. Astruc and coworkers used
this idea [130] using two types of dendronized thiol ligands formed
by ABj3 (Fig. 12) and ABg units, with nonasilylferrocenyl and amid-
oferrocenyl groups anchored to AuNP. Both dendronized clusters
were titrated with H;PO4~ and ATP and a shift in the redox peaks
was observed. The highest shift was observed for ABg dendrimer
showing a positive dendritic effect.

The electrochemical properties of ferrocene derivatives capping
MNP have also been used in the fabrication of thin films. AuNP
capped with mixed SAM of octanethiol and biferrocene thiolated
derivative, AuNP-BFc, was used for the preparation of thin films by
its electrodeposition on indium-tin oxide (ITO) electrodes [131]. A
two-step one-electron oxidation of the biferrocene units of AuNP-
BFc in CH,Cl; electrolyte solution was induced, which produced
the adhesive AuNP-BFc film on the ITO electrode surface. Analysis
by STM and AFM of the modified surface showed that the interpar-
ticle distances were greater than expected and also the presence of
solvent, anions and oxidized biferrocene units in the film.

Other complexes of iron capping MNP have been studied but in
less extension. 2-Mercapto- and 4-mercaptopyridine (2-MPy and

4MPy, respectively) were set to react with [Fe(CN)s(H,0)]3~
and S-coordinated [Fe(CN)s5(2MPy)]>~ and N-coordinated
[Fe(CN)5(4MPy)]3~ complexes were obtained [132]. Each of
these two iron(Ill) complexes was then attached to citrate pro-
tected AuNP. AuNP capped with [Fe(CN)s(2MPy)]3~ dissociated the
2MPy ligand and an aggregation of the nanoparticles was observed.
On the contrary, [Fe(CN)s(4MPy)]3~ generated very stable AuNP.
Evidently, the symmetric association of 4MPy to AuNP guaranteed
the formation of a SAM of the iron complex positively charged on
the AuNP that repelled the neighboring nanoparticles.

Ruthenium complexes with bpy ligand are well known for
their fluorescent properties and for that same reason have been
used to cap MNP. Fluorescence of ruthenium complexes normally
quench when associated with MNP. For example, the electrostatic
interactions between tris(bipyridyl)ruthenium(Il) and anionic N-
(2-mercaptopropionyl)glycine self-assembled on AuNP produced
the quenching effect [133]. As expected, this electrostatic quench-
ing is sensitive to pH and also to the presence of electrolytes in
aqueous solution. The quenching effect was also used, but in the
opposite sense, to determine the attachment of [Ru(bpy)s]?* and
[Os(bpy)s]?* to the surface of citrate protected AuNP and AgNP. A
quenching effect proportional to the concentration of these colloids
was observed [134].

A possible mechanism responsible of the quenching of
Ru(bpy);2* associated with AuNP has been proposed [135]. A
Ru(bpy)s2* thiol derivative was self-assembled (through a spacer of
seven methylene units) to AuNP capped with monothiol derivative
of triethylene glycol by an exchange reaction. The resulting mixed
SAM was formed with different percentages of the chromophores.
For AuNP containing the highest proportions of Ru(bpy)3;2* a charge
transfer in the excited state was observed. The ET products, namely
Ru(bpy)s3* and Ru(bpy)s*, were found to be stable for several
nanoseconds before recombination. No ET to the gold cluster was
observed.

[Ru(bpy); ]?* associated with AuNP can cause a shift in the maxi-
mum of the SPR band. For example, the association of Ru(bpy);2* to
AuNP (d =19 nm) motivated an 8-fold increase in the color-change
rate when the temperature was increased from 24.0 to 51.0°C. On
the contrary, for AuNP (d =48 nm), after capped with the same com-
plex, a 3-fold decrease in the color-change rate was observed for the
same temperature variation [136].

The effect on the electrochemical and spectroscopic properties
of ferrocenyl or biferrocenyl-functionalized terpyridyloctanethi-
olate SAM on AuNP upon the coordination of ruthenium(Il) to
tpy were studied [137]. Electrochemical shifts upon coordination
of ruthenium(Il) indicated an interaction with the iron centers.
A similarly modified AuNP, but only capped with 2,2:6',2"-
terpyridyloctanethiol (without Fc units), was used to coordinate
Ru(tpy)3* and as a building block for the creation of new types
of composites [138]. For this, AuNP capped with a mixed SAM of
[Ru(tpy)(terpyridyloctanethiol)]3*, with the thiol moiety attached
to the Au surface, and 1-(10-mercaptodecyl)pyrrole was elec-
tropolymerized on a glass carbon electrode creating a film of a
conductive poly(metal nanocomposite).

MNP have also been capped with organoruthenium compounds
[139]. For this, AuNP capped with mercaptopropanoic acid were
set to interact with (Rus3(CO);;) clusters. An insertion of carboxy-
late groups into the Ru clusters resulted in the fragmentation and
formation of a shell of Ru dicarbonyl carboxylate oligomers that
remained attached to AuNP through the carboxylic groups of self-
assembled mercaptopropanoate.

Self-assembled metal complexes have served as junctions in the
functionalization process of MNP. For example, a cobalt complex
has been used for attaching proteins to AuNP [140]. A NTA amino-
derivative Co(Il) complex was condensed (forming an amido group)
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to AuNP protected with thioctic acid. The two free coordination sites
of Co(II) served to associate two histidine tags introduced by genet-
ically engineering to horseradish peroxidase and ferredoxin-NADP*
reductase. These immobilized proteins kept their enzymatic activ-
ity almost entirely. Analogues of the enzymes without the histidine
tag could not be immobilized on the Co(II) complex capping AuNP.

Copper(ll) pyridine complexes have also been used as junc-
tions when capping AuNP and gold disk electrode. A gold electrode
modified with pyridine-terminated thiol derivative coordinated
copper(Il) ion and then AuNP capped with a mixed SAM of
octanethiolate and pyridine-terminated thiol derivative were asso-
ciated. Copper(ll) served as coordinating linker. The coordination
process of AuNP was done LbL and reversibly controlled by addi-
tions of EDTA. Zn(II), Mn(II) and Ni(Il) were also used but a lower
coverage and reproducibility were achieved. This multilayer sys-
tem, in the presence of hydrophobicelectrolyte anions (PFg~,ClO4,
BF4~, etc.), showed an enhanced ET kinetics and an increased effec-
tive capacitance, which were related to the presence of peripheral
(and internal) metal ion centers [141].

Gold nanoparticles have been stabilized with a zinc(II) phthalo-
cyanine containing a Cy; mercaptoalkyl tether photosensitizer. This
type of system was able to generate singlet oxygen with enhanced
quantum yields when compared to the free phthalocyanine. Other
zinc(Il) macrocycles supported on AuNP have been used for sensing
anions [142]. In this sense, a disulfide-functionalized zinc(II) por-
phyrin self-assembled on AuNP was observed to associate anions
such as H,PO,4~ and Cl~ with enhanced binding affinities compared
to the free zinc(II) porphyrin [143].

[Ti(O-i-Pr)4] has been associated with AuNP through termi-
nal bisnaphthol moieties (Fig. 13). This system was studied in
the benzaldehyde asymmetric alkylation catalysis with an almost
quantitative yield (more than 92% of conversion and an enan-
tiomeric excess superior to 80%) [ 144]. Different spacers were used
(4-6 methylene units) to minimize the steric repulsions between
the bulky [Ti(O-i-Pr)4] units. The advantage of using this known
catalyst on AuNP is that it is easier to recuperate and purify.

More recently, a chiral rhodium-diphosphine complex has
been incorporated into self-assembled thiolate monolayer of AuNP
and studied as hydrogenating catalyst of methyl a-acetamido-
cinnamate [145]. The self-assembled metal nanocatalyst showed a
full conversion and a 93% ee yield, the same efficiency of free cata-
lyst. Nevertheless, this type of metal nanocatalyst is easy to recover.
The main characteristic of this system is based on the bulkiness of
the phenyl moieties of phosphines, which are characterized by large
Tolman angles. For that reason, long spacers should have favored

Fig. 13. AuNP capped with [Ti(O-i-Pr)4]. Adapted from Ref. [144].

the access of the substrate to the metal center. Furthermore, the use
of a mixed base monolayer could also have assisted the access of
the substrate. As concluded by the authors, only small MNP (with
diameters less than 5 nm) should be used. Larger MNP allow an easy
recovery of the catalyst but require the use of greater amounts of
MNP, making the process more expensive.

5.3. Lanthanide metal complexes

Europium complexes present excellent luminescent properties
which have been studied when associated with AuNP. The lumi-
nescence of an Eu(Ill) complex of diethylenetriaminepentaacetic
acid with two thiophenol moieties was slightly quenched when
assembled to a AuNP, probably because of the proximity of the
complex to the metal cluster [146]. In contrast, the interaction of
AgNP protected with poly(vinylpyrrolidone) with an Eu(Ill) com-
plex of dinicotinic acid resulted in an aggregation process and an
enhancement of the luminescence properties within a limited con-
centration region [147].

Interesting results were obtained when a monothiolated bpy
derivative served to cap AuNP and associate europium(lll) or
terbium(IlI) forming self-assembled M(bpy),3* complexes. These
complexes exhibited luminescence (red-emitting for europium and
green-emitting for terbium) with quantum yields greater than sim-
ilar complexes formed from cryptand or calixarene derivatives
with bipyridyl moieties. The luminescence of both types of AuNP
decreases dramatically in the presence of Ca(II), Mg(II), Zn(II), Ni(II)
and Cu(Il) to serve as metal ion sensors [148].

Gadolinium compounds have been widely studied to improve
the sensitivity of magnetic resonance imaging (MRI), a powerful
medical imaging technique. 1,2-Mercaptoamine was condensed to
two of the five carboxylic groups of diethylenetriaminepentaacetic
acid. The resulting chelating ligand was associated with AuNP
through the two thiol groups and to a Gd(III) metal ion by the other
donor groups. Each of the resulting capped AuNP contained as aver-
age about 150 gadolinium complexes. The nanoparticles exhibited
a high relaxivity (585mM~1) as compared to the non-associated
Gd(III) complex [149].

6. Outlook

Until now, nanocatalysis has mainly been centered on the study
of new catalysts among unmodified metal nanoparticles [150]. The
catalytic properties of metal complexes self-assembled on nanopar-
ticles can harmonically combine with those of the nanosized metal
forming efficient bimetallic catalysts. The combination of the cat-
alytic properties of metal complexes with those of MNP [151] is
a promising alternative, especially in enantioselective reactions
[144,145].

The immobilization of metalloproteins is of practical impor-
tance. This type of biomolecule is extremely susceptible to any
external factor. For that reason, when metalloproteins are chemi-
cally immobilized on any kind of support their conformation can be
significantly affected, that is, they can denature. When the immobi-
lized metalloproteins are enzymes, which have valuable industrial
and medical applications, the catalytic activity decreases [36]. Even
when the immobilization of an enzyme is physical in nature and
takes place on a charged surface, there is a high probability that the
enzymatic activity will be affected due to alterations in the confor-
mation of the enzyme as a consequence of electrostatic interactions
[152].

The simplest (and most used) way to immobilize a metallo-
protein on a metal surface consists to first form a SAM with a
mercaptocarboxylic acid and then conjugate the biomolecule by a
condensation reaction through the amine groups of the latter [153].
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Self-assembled metal complexes have served to immobilize differ-
ent types of biomolecules, especially metalloproteins. For example,
capped AuNP containing Co(NTA) termini served to immobilize
horseradish peroxidase and ferredoxin-NADP* [140]. Ni(NTA) asso-
ciated with gold surfaces has been successfully used to immobilize
histidine tagged proteins [154,155].

As mentioned in Section 3.4 for lactoferrin [33], metal com-
plexes could serve to supramolecularly immobilize metalloproteins
without affecting their conformation. Metal nanoparticles with
associated enzymes can serve as biosensors and detectors [156].

Probably the most promising materials are those named
“hybrids” containing both inorganic and organic compounds, espe-
cially polymers. Molecular conducting polymers are receiving great
attention. Recently, several types of inorganic conducting polymers
have been synthesized and found different applications (sensors,
light-emitting devices, solar cells, nanolithography, photonic crys-
tal, catalysis, etc.) [157]. Among this type of polymers, a copper(I)
coordinating polymer based on isonicotinic acid as ligand can be
mentioned [158].

References

[1] J.M. Lehn, Supramolecular Chemistry, VCH, Weinheim, 1995.

[2] R. Brito, R. Tremont, C.R. Cabrera, ]. Electroanal. Chem. 574 (2004) 15.

[3] J.F. Smalley, H.O. Finklea, C.E.D. Chidsey, M.R. Linford, S.E. Creager, ].P. Ferraris,
K. Chalfant, T. Zawodzinsk, S.W. Feldberg, M.D. Newton, ]. Am. Chem. Soc. 125
(2003) 2004.

[4] A.Ulman, Chem. Rev. 96 (1996) 1533.

[5] H.O. Finklea, Electroanal. Chem. 19 (1996) 109.

[6] J.C. Love, L.A. Estroff, ].K. Kriebel, R.G. Nuzzo, G.M. Whitesides, Chem. Rev. 105
(2005) 1103.

[7] G.M.Whitesides, ].A. Williams, C.B. Gorman, J. Phys. Chem. C 111 (2007) 12804.

[8] J.J. Hickman, P.E. Laibinis, D.I. Auerbach, C. Zou, TJ. Gardner, G.M. Whitesides,
M.S. Wrighton, Langmuir 8 (1992) 357.

[9] H. Lee, L]. Kepley, H.-G. Hong, T.E. Mallouk, . Am. Chem. Soc. 110 (1988) 618.

[10] T.M. Putvisnski, M.L. Schillling, H.E. Katz, C.E.D. Chidsey, A.M. Mujsce, A.B.
Emerson, Langmuir 6 (1990) 1567.

[11] B.L. Frey, D.G. Hanken, R.M. Corn, Langmuir 9 (1993) 1815.

[12] A.C.Zeppenfeld, S.L. Fiddler, W.K. Ham, B.J. Klopfenstein, C.J. Page,]. Am. Chem.
Soc. 116 (1994) 9158.

[13] H. Byrd, S. Whipps, J.K. Pike, J. Ma, S.E. Nagler, D.R. Talham, J. Am. Chem. Soc.
116 (1994) 295.

[14] P. Kohli, G.J. Blanchard, Langmuir 16 (2000) 8518.

[15] D.G. Hanken, R.M. Corn, Anal. Chem. 67 (1995) 3767.

[16] T. Moav, A. Hatzor, H. Cohen, J. Libman, L. Rubinstein, A. Shanzer, Chem. Eur. J.
4(1998) 502.

[17] A. Hatzor, T. Moav, H. Cohen, S. Matlis, J. Libman, A. Vaskevich, A. Shanzer, 1.
Rubinstein, J. Am. Chem. Soc. 120 (1998) 13469.

[18] A. Hatzor, T. van der Boom-Moav, S. Yochelis, A. Vaskevich, A. Shanzer, .
Rubinstein, Langmuir 16 (2000) 4420.

[19] 1. Doron-Mor, H. Cohen, S.R. Cohen, R. Popovitz-Biro, A. Shanzer, A. Vaskevich,
I. Rubinstein, Langmuir 20 (2004) 10727.

[20] M. Wanunu, R. Popovitz-Biro, H. Cohen, A. Vaskevich, I. Rubinstein, J. Am.
Chem. Soc. 127 (2005) 9207.

[21] M. Wanunu, A. Vaskevich, A. Shanzer, I. Rubinstein, ]J. Am. Chem. Soc. 128
(2006) 8341.

[22] M. Wanunu, A. Vaskevich, S.R. Cohen, H. Cohen, R. Arad-Yellin, A. Shanzer, L.
Rubinstein, J. Am. Chem. Soc. 127 (2005) 17877.

[23] A. Auditore, N. Tuccitto, S. Quici, G. Marzanni, F. Puntoriero, S. Campagna, A.
Licciardello, Appl. Surf. Sci. 231-232 (2004) 314.

[24] A. Auditore, N. Tuccitto, G. Marzanni, S. Quici, F. Puntoriero, S. Campagna, A.
Licciardello, Chem. Commun. (2003) 2494.

[25] N. Tuccitto, V. Torrisi, M. Cavazzini, T. Morotti, F. Puntoriero, S. Quici, S. Cam-
pagna, A. Licciardello, ChemPhysChem 8 (2007) 227.

[26] M. Maskus, H.D. Abrufia, Langmuir 12 (1996) 4455.

[27] L.C.N.Diégenes, E.C. Nart, M.L.A. Temperini, I.S. Moreira, Inorg. Chem. 40 (2001)
4884.

[28] P. Corio, G.ES. Andrade, I.C.N. Diégenes, 1.S. Moreira, F.C. Nart, M.L.A. Tem-
perini, J. Electroanal. Chem. 520 (2002) 40.

[29] L.C.N. Diégenes, J.R. de Sousa, LM.M. de Carvalho, M.L.A. Temperini, A.A.
Tanaka, I.S. Moreira, Dalton Trans. (2003) 2231.

[30] M. Abe, T. Michi, A. Sato, T. Kondo, W. Zhou, S. Ye, K. Uosaki, Y. Sasaki, Angew.
Chem. Int. Ed. 42 (2003) 2912.

[31] T. Wei, K. Tamada, S. Yokokawa, E. Ito, K. Yase, M. Hara, Chem. Lett. 33 (2004)
164.

[32] S.D.Evans, A. Ulman, K.E. Goppert-Berarducci, L. Gerenser, ]. Am. Chem. Soc.
113 (1991) 5866.

[33] LJ. Kepley, R.M. Crooks, Anal. Chem. 64 (1992) 3191.

[34] N. Tuccitto, N. Giamblanco, A. Licciardello, G. Marzanni, Chem. Commun.
(2007) 2621.

[35] R. Cao Jr., A. Diaz, R. Cao, A. Otero, R. Cea, M.C. Rodriguez-Argiielles, C. Serra,
J. Am. Chem. Soc. 129 (2007) 6927.

[36] R.Villalonga, R. Cao, A. Fragoso, Chem. Rev. 107 (2007) 3088.

[37] O. Crespo-Biel, CW. Lim, B.J. Ravoo, D.N. Reinhoudt, J. Huskens, J. Am. Chem.
Soc. 128 (2006) 17024.

[38] K. Uosaki, T. Kondo, X.-Q. Zhang, M. Yanagida, J. Am. Chem. Soc. 119 (1997)
8367.

[39] T.A. Postlethwaite, J.E. Hutchison, K.W. Hathcock, R.W. Murray, Langmuir 11
(1996) 4109.

[40] D.T.Gryko, C.Clausen, K.M. Roth, N. Dontha, D.F. Bocian, W.G. Kuhr, J.S. Lindsey,
J. Org. Chem. 65 (2000) 7345.

[41] C.Clausen, D.T. Gryko, R.B. Dabke, N. Dontha, D.F. Bocian, W.G. Kuhr, J.S. Lind-
sey, J. Org. Chem. 65 (2000) 7363.

[42] C.Clausen, D.T. Gryko, A.A. Yasseri, ].R. Diers, D.F. Bocian, W.G. Kuhr, J.S. Lind-
sey, ]. Org. Chem. 65 (2000) 7371.

[43] D.T. Gryko, F. Zhao, A.A. Yasseri, K.M. Roth, D.F. Bocian, W.G. Kuhr, ].S. Lindsey,
J. Org. Chem. 65 (2000) 7356.

[44] H.Imahori, H. Norieda, S. Ozawa, K. Ushida, H. Yamada, T. Azuma, K. Tamaki,
Y. Sakata, Langmuir 14 (1998) 5335.

[45] W.Han, S.Li, S.M. Lindsay, D. Gust, T.A. Moore, A.L. Moore, Langmuir 12 (1996)
5742.

[46] V. Huc, ].-P. Bourgoin, C. Bureau, F. Valin,.G. Zalczer, S. Palacin, . Phys. Chem.
B 103 (1999) 10489.

[47] J.E. Redman, ].K.M. Sanders, Org. Lett. 2 (2000) 4141.

[48] G.Ashkenasy, G. Kalyuzhny, J. Libman, I. Rubinstein, A. Shanzer, Angew. Chem.
Int. Ed. 38 (1999) 1257.

[49] S.Zou, RSS. Clegg, F.C. Anson, Langmuir 18 (2002) 3241.

[50] D.A.Offord, S.B. Sachs, ML.S. Ennis, T.A. Eberspacher, ].H. Griffin, C.E.D. Chidsey,
J.P. Collman, J. Am. Chem. Soc. 120 (1998) 4478.

[51] G. Kalyuzhny, A. Vaskevich, G. Ashkenasy, A. Shanzer, I. Rubinstein, J. Phys.
Chem. B 104 (2000) 8238.

[52] Z.Zhang, T. Imae, Langmuir 17 (2001) 4564.

[53] V.Huc, M. Saveyroux, ].-P. Bourgoin, F. Valin, G. Zalczer, P.-A. Albouy, S. Palacin,
Langmuir 16 (2000) 1770.

[54] D. Chen, ]. Li, Surf. Sci. Rep. 61 (2006) 445.

[55] H.O. Finklea, M.S. Ravenscroft, D.A. Zinder, Langmuir 9 (1993) 223.

[56] M.S. Ravenscroft, H.O. Finklea, J. Phys. Chem. 98 (1994) 3843.

[57] Th. Wink, SJ. van Zuilen, A. Bult, W.P. van Bennekom, Analyst (1997) 43R.

[58] Y.Gafni, H. Weizman, ]. Libman, A. Shanzer, I. Rubinstein, Chem. Eur. J. 2 (1996)
759.

[59] Z. Gao, J. Bobacka, A. Ivaska, Electrochim. Acta 38 (1993) 379.

[60] S. Steinberg, I. Rubinstein, Langmuir 8 (1992) 1183.

[61] T.T.-T. Li, M.J. Weaver, ]J. Am. Chem. Soc. 106 (1984) 6107.

[62] T.Ngarivhume, A. Diaz, R. Cao, M. Ortiz, I. Sinchez, Syn. React. Inorg. Met. Org.
Nanomet. Chem. 35 (2005) 795.

[63] L. Miiller-Meskamp, S. Karthduser, R. Waser, M. Homberger, U. Simon, Lang-
muir 24 (2008) 4577.

[64] A.S.Viana, L.M. Abrantes, G. Jin, S. Floate, RJ. Nichols, M. Kalaji, Phys. Chem.
Chem. Phys. 3 (2001) 3411.

[65] C.E.D. Chidsey, C.R. Bertozzi, T.M. Putvinski, A.M. Mujsce, J. Am. Chem. Soc.
112 (1990) 4301.

[66] C.E.D. Chidsey, Science 251 (1991) 919.

[67] L.S. Curtin, S.P. Peck, L.M. Tender, R.W. Murray, Anal. Chem. 65 (1993) 386.

[68] ]J.E. Smalley, S.W. Feldber, C.E.D. Chidsey, M.R. Linford, M.D. Newton, Y.-P. Liu,
J. Phys. Chem. 99 (1995) 13141.

[69] K. Weber, L. Hockett, S. Creager, ]. Phys. Chem. B 101 (1997) 8286.

[70] K. Weber, S.E. Creager, Anal. Chem. 66 (1994) 3164.

[71] L. Tender, M.T. Carte, R.W. Murray, Anal. Chem. 66 (1994) 3173.

[72] G.K. Rowe, S.E. Creager, ]. Phys. Chem. 98 (1994) 5500.

[73] S.E. Creager, G.K. Rowe, ]. Electroanal. Chem. 370 (1994) 203.

[74] ].J. Sumner, K.S. Weber, L.A. Hockett, S.E. Creager, J. Phys. Chem. B 104 (2000)
7449.

[75] A.S.Viana, M. Kalaji, L.M. Abrantes, Langmuir 19 (2003) 9542.

[76] LY.S.Lee, T.C.Sutherland, S. Rucareanu, R.B. Lennox, Langmuir 22 (2006) 4438.

[77] B.R. Herr, C.A. Mirkin, J. Am. Chem. Soc. 116 (1994) 1157.

[78] W.B. Caldwell, K. Chen, B.R. Herr, C.A. Mirkin, J.C. Hulteen, R.P. Van Duyne,
Langmuir 10 (1994) 4109.

[79] Y. Sato, D. Kato, F. Mizutani, Chem. Sensors 20 (2004) 340.

[80] T. Kondo, M. Okamura, K. Uosaki, ]. Organomet. Chem. 637-639 (2001) 841.

[81] G. Valincius, G. Niaura, B. Kazakeviciené, Z. Talaikyté, M. KaZemékaité, E.
Butkus, V. Razumas, Langmuir 20 (2004) 6631.

[82] X.G. Zhang, Y.L. Shi, H.L. Li, J. Colloid Interf. Sci. 246 (2002) 296.

[83] A.T.A.Jenkins, J.-F. Le-Meur, Electrochem. Commun. 6 (2004) 373.

[84] T. Auletta, F.C.J.M. Van Veggel, D.N. Reinhoudt, Langmuir 18 (2002) 1288.

[85] H.O. Finklea, D.D. Hanshew, J. Am. Chem. Soc. 114 (1992) 3173.

[86] H.O. Finklea, M.S. Ravenscroft, D.A. Snider, Langmuir 9 (1993) 223.

[87] ].D. Tirado, D. Acevedo, R.L. Bretz, H.B. Abruiia, Langmuir 10 (1994) 1971.

[88] H.O. Finklea, L. Liu, M.S. Ravenscroft, S. Punturi, J. Phys. Chem. 100 (1996)
18852.

[89] H.O. Finklea, M.S. Ravenscroft, Isr. J. Chem. 37 (1997) 179.

[90] D.I Brevnov, H.O. Finklea, ]. Electrochem. Soc. 147 (2000) 3461.

[91] D.A.Brevnov, H.O. Finklea, H.V. Ryswyk, ]. Electroanal. Chem. 500 (2001) 100.

[92] R.M. Haddox, H.O. Finklea, ]. Phys. Chem. B 108 (2004) 1694.



R. Cao Jr. et al. / Coordination Chemistry Reviews 253 (2009) 1262-1275 1275

[93] N. Madhiri, H.O. Finklea, Langmuir 22 (2006) 10643.

[94] J. Redepenning, H.M. Tunison, H.O. Finklea, Langmuir 9 (1993) 1404.

[95] H.O. Finklea, D.D. Hanshew, J. Electroanal. Chem. 347 (1993) 327.

[96] RJ. Forster, E. Figgemeier, A.C. Lees, J. Hjelm, J.G. Vos, Langmuir 16 (2000)
7867.

[97] ].D. Tirado, H.D. Abruiia, ]. Phys. Chem. 100 (1996) 4556.

[98] R.L. Bretz, H.D. Abruiia, ]. Electroanal. Chem. 388 (1995) 123.

[99] R.J. Forster, J.P. O’Kelly, J. Phys. Chem. 100 (1996) 3695.

[100] RJ. Forster, L.R. Faulkner, J. Am. Chem. Soc. 116 (1994) 5453.

[101] S. Zanarini, E. Rampazzo, D. Bich, R. Canteri, L. Della Ciana, M. Marcaccio, E.
Marzocchi, M. Montalti, C. Panciatichi, C. Pederzolli, F. Paolucci, L. Prodi, L.
Vanzetti, J. Phys. Chem. C 112 (2008) 2949.

[102] L. Soltzberg, J.D. Slinker, S. Flores-Torres, D.A. Bernards, G.G. Malliaras, H.D.
Abruiia, J.-S. Kim, R.H. Friend, M.D. Kaplan, V. Goldberg, J. Am. Chem. Soc. 128
(2006) 7761.

[103] D.Gonzélez Abradelo, A.M. Diaz, R. Cao, Inorg. Chem. Commun. 11 (2008) 300.

[104] H.D. Abruiia, ].L. Walsh, T.J. Meyer, RW. Murray, ]. Am. Chem. Soc. 102 (1980)
3272.

[105] H.D. Abruiia, J.L. Walsh, T.J. Meyer, R.W. Murray, Inorg. Chem. 20 (1981) 1481.

[106] A. Diaz, S. Gutiérrez, M. Ortiz, I. Sanchez, R. Cao, A. Otero, Inorg. Chem. Com-
mun. 10 (2007) 1482.

[107] H. Imahori, T. Hasobe, H. Yamada, Y. Nishimura, 1. Yamazaki, S. Fukuzumi,
Langmuir 17 (2001) 4925.

[108] T. Yamada, T. Hashimoto, S. Kikushima, T. Ohtsuka, M. Nango, Langmuir 17
(2001) 4634.

[109] ].P. Collman, M.S. Ennis, D.A. Offord, L.L. Chng, J.H. Griffin, Inorg. Chem. 35
(1996) 1751.

[110] T.A. Eberspacher, J.P. Collman, C.E.D. Chidsey, D.L. Donohue, H. Van Ryswyk,
Langmuir 19 (2003) 3814.

[111] H.Imahori, H. Norieda, Y. Nishimura, I. Yamazaki, K. Higuchi, N. Kato, T. Moto-
hiro, H. Yamada, K. Tamaki, M. Arimura, Y. Sakata, J. Phys. Chem. B 104 (2000)
1253.

[112] ASS. Viana, S. Leupold, E.-P. Montforts, L.M. Abrantes, Electrochim. Acta 50
(2005) 2807.

[113] C.M.Cordas,A.S.Viana, S.Leupold, F.-P. Montforts, L.M. Abrantes, Electrochem.
Commun. 5 (2003) 36.

[114] D.L. Pilloud, X. Chen, P.L. Dutton, C.C. Moser, J. Phys. Chem. B 104 (2000) 2868.

[115] J. Oni, N. Diab, I. Radtke, W. Schuhmann, Electrochim. Acta 48 (2003) 3349.

[116] V. Hug, J.-P. Bourgoin, C. Bureau, F. Valin, G. Zalczer, S. Palacin, J. Phys. Chem.
B 103 (1999) 10489.

[117] H.Imahori, H. Yamada, S. Ozawa, K. Ushida, Y. Sakata, Chem. Commun. (1999)
1165.

[118] T. Malinski, Z. Taha, Nature 358 (1992) 676.

[119] E Bedioui, N. Villeneuve, Electroanalysis 15 (2003) 5.

[120] K.L. Kelly, E. Coronado, L.L. Zhao, G.C. Schatz, ]. Phys. Chem. B 107 (2003) 668.

[121] M.-C. Daniel, D. Astruc, Chem. Rev. 104 (2004) 293.

[122] ].D.E.T. Wilton-Ely, Dalton Trans. (2008) 25.

[123] Y. Kim, R.C. Johnson, ].T. Hupp, Nano Lett. 1 (2001) 165.

[124] S.Y. Lin, S.W. Liu, C.M. Lin, C.H. Chen, Anal. Chem. 74 (2002) 330.

[125] S.O. Obare, R.E. Hollowell, C.J. Murphy, Langmuir 18 (2002) 10407.

[126] R.S.Ingram, M.J. Hostetler, R.W. Murray, J. Am. Chem. Soc. 119 (1997) 9175.

[127] D.G. Abradelo, R. Cao, R. Cea, Inorg. Chem. Commun. 10 (2007) 511.

[128] A.Labande, D. Astruc, Chem. Commun. (2000) 1007.

[129] A.Labande, J. Ruiz, D. Astruc, J. Am. Chem. Soc. 124 (2002) 1782.

[130] M.-C.Daniel, ]. Ruiz, S. Nlate, J.-C. Blais, D. Astruc, J. Am. Chem. Soc. 125 (2003)
2617.

[131] M. Yamada, T. Tadera, K. Kubo, H. Nishihara, . Phys. Chem. B 107 (2003) 3703.

[132] ES. Nunes, L.S. Bonifacio, K. Araki, H.E. Toma, Inorg. Chem. 45 (2006) 94.

[133] T. Huang, RW. Murray, Langmuir 18 (2002) 7077.

[134] W.R. Glomm, S.J. Moses, M.K. Brennaman, ].M. Papanikolas, S. Franzen, J. Phys.
Chem. B 109 (2005) 804.

[135] P. Pramod, P.K. Sudeep, K.G. Thomas, P.V. Kamat, ]. Phys. Chem. B 110 (2006)
20737.

[136] X.-H.N. Xu, S. Huang, W. Brownlow, K. Salaita, R.B. Jeffers, Phys. Chem. B 108
(2004) 15543.

[137] T.-Y. Dong, H.-W. Shih, L.-S. Chang, Langmuir 20 (2004) 9340.

[138] M. Ito, T. Tsukatani, H. Fujihara, J. Mater. Chem. 15 (2005) 960.

[139] S. Wang, W.-S. Sim, Langmuir 22 (2006) 7861.

[140] ].M. Abad, S.EL. Mertens, M. Pita, V.M. Fernandez, DJ. Schiffrin, J. Am. Chem.
Soc. 127 (2005) 5689.

[141] S. Chen, R. Pei, T. Zhao, D.J. Dyer, J. Phys. Chem. B 106 (2002) 1903.

[142] P.D. Beer, D.P. Cormode, J.J. Davis, Chem. Commun. (2004) 414.

[143] D.C. Hone, P.I. Walker, R. Evans-Gowing, S. FitzGerald, A. Beeby, I. Chambrier,
M.J. Cook, D.A. Russell, Langmuir 18 (2002) 2985.

[144] K. Marubayashi, S. Takizawa, T. Kawakusu, T. Arai, H. Sasai, Org. Lett. 5 (2003)
4409.

[145] T. Belser, M. Stohr, A. Pfaltz, ]. Am. Chem. Soc. 127 (2005) 8720.

[146] D.J. Lewis, T.M. Day, J.V. MacPherson, Z. Pikramenou, Chem. Commun. (2006)
1433.

[147] H. Nabika, S. Deki, J. Phys. Chem. B 107 (2003) 9161.

[148] B.L Ipe, K. Yoosaf, K.G. Thomas, J. Am. Chem. Soc. 128 (2006) 1907.

[149] P-J.Debouttiére, S. Roux, F. Vocanson, C. Billotey, O. Beuf, A. Favre-Réguilldn, Y.
Lin, S. Pellet-Rostang, R. Lamartine, P. Perriat, O. Tillement, Adv. Funct. Mater.
16 (2006) 2330.

[150] R. Narayanan, M.A. El-Sayed, J. Phys. Chem. B 109 (2005) 12663.

[151] A.Roucoux, J. Schulz, H. Patin, Chem. Rev. 102 (2002) 3757.

[152] X. Wang, D. Zhou, K. Sinniah, C. Clarke, L. Birch, H. Li, T. Rayment, C. Abell,
Langmuir 22 (2006) 887.

[153] P.-H. Yang, X. Sun, ].-F. Chiu, H. Sun, Q.-Y. He, Bioconjug. Chem. 16 (2005) 494.

[154] G.B.Sigal, C. Bamdad, A. Barberis, J. Strominger, G.M. Whitesides, Anal. Chem.
68 (1996) 490.

[155] J.K.Lee, Y.-G.Kim, Y.S. Chi, W.S. Yun, LS. Choi, ]. Phys. Chem. B 108 (2004) 7665.

[156] 1. Willner, B. Basnar, B. Willner, FEBS J. 274 (2007) 302.

[157] J.-C. Eloi, L. Chabanne, G.R. Whittell, I. Manners, Mater. Today 11 (2008) 28.

[158] E. Mateo-Marti, L. Welte, P. Amo-Ochoa, PJ. Sabz Miguel, J. Gomez-Herrero,
J.A. Martin-Gago, F. Zamora, Chem. Commun. (2008) 945.



	Coordination compounds built on metal surfaces
	Introduction
	Formation of self-assembled mono- and multilayers on metal surfaces
	Self-assembly on flat surfaces
	Bis(phosphonates) and M(IV) of group 4
	Bis- tetrakis- and hexakis(hydroxamate) and M(IV) of group 4
	Ruthenium coordination compounds
	First row transition metal compounds
	Metalloporphyrins and metallophthalocyanines

	Metal electrodes modified with coordination compounds
	First row transition metal compounds
	Ruthenium and osmium coordination compounds
	Metalloporphyrins and metallophthalocyanines

	Coordination compounds capping metal nanoparticles
	Main group metal complexes
	Transition metal complexes
	Lanthanide metal complexes

	Outlook
	References


