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The formation of one-dimensional structures on nanoscale is
one of the main goals of modern nanotechnology. The aim of
these efforts is to find conductive long molecules that could
serve as molecular wires in nanocircuits. In recent years,
electrical conductivity in several organic and metal-organic
systems has been studied to this end. In principle, DNA is
one of the most attractive molecules for molecular wire ow-
ing to its well-known self-assembly chemistry and controlla-
ble structural diversity. However, the ability of DNA to con-
duct electricity is still controversial. In principle, binding of
metal ions to organic molecules seems to be a suitable
method for improving conductivity. Therefore, some studies
were carried out with the so-called M-DNA as an alternative
to increase conductivity on DNA. We have selected the 1D-
coordination polymer [Cd(6-MP"),], (6-MP~ = 6-mercaptopu-
rinate) as a feasible structural model that is suitable for pro-

viding basic information about the electrical properties of M-
DNA.Work with this coordination polymer revealed several
aspects concerning the systematic search for new adsorption
methods for coordination polymers on surfaces, their mor-
phological and physical characterization, and opened a new
playground for the study of coordination polymers as poten-
tial molecular wires. In this microreview, we focus on the de-
scription of several methods dealing with the isolation of sin-
gle chains from crystals of these supramolecules, and dif-
ferent pathways to obtain molecular assemblies are also de-
scribed. Methodologies and characterization techniques are
illustrated with the results obtained with different coordina-
tion polymers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

In modern technology, the performance of a variety of
devices directly depends on the level of miniaturization
reached. This is why nanotechnology has attracted so much
interest in recent years. One of the ultimate goals of nano-
technology is to generate well-organized functional systems
based on molecules in order to reach the highest possible
level of miniaturization. A widely used strategy to generate
miniaturized systems consists of a variety of nanolitho-
graphic methods. However, this requires complex and ex-
pensive instrumentation and the level of miniaturization
reached is usually far from the molecular scale. However,
bottom-up alternatives have been developed. The basis of
bottom-up methods lies in the ability of specific single
molecules to self-organize and generate supramolecules in
a similar fashion to how nucleic acids work in nature. How-
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ever, the predictable self-assembly of basic molecular sub-
units to obtain specific desired architectures is still an im-
portant challenge for chemistry.[!]

Envisaging applications on molecular electronics, the
bottom-up design of molecular wires has been explored in-
tensively over the last decade.”! A molecular wire can be
defined as a molecule that is able to transport electrical cur-
rent between two points of a circuit.[’l They are essential
building blocks for the fabrication of molecular circuits.
However, in most studies of molecular wires, electrical con-
ductivity experiments with single molecules have been never
tested and this term has been coined from a merely struc-
tural point of view, or just taken into account electrical con-
ductivity measurements in bulk. This problem has been
closely related with the experimental limitations of these
measurements.

DNA is an attractive molecule to be considered a candi-
date for molecular wire because it presents a well-known
self-assembly chemistry in terms of the design of sequences,
a facile coordination of metals, and an astonishingly con-
trollable structural diversity.[*3 However, the ability of
DNA to conduct electricity is still a matter of debate.[®”]

On the other hand, carbon nanotubes (CNTs) are other
potential candidates since they show excellent electrical
properties.®] However, several problems related with low
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solubility and the difficult selective functionalization of
CNTs preclude their suitability for the fabrication of molec-
ular circuits.!

To date, the electrical properties of other systems based
on molecules have been studied. Most of the works have
centered on organic molecules and, very few on inorganic

molecules, including metal-organic systems. A remarkable
feature of these systems is the length of the molecules used
to carry out the electrical single-molecule measurements.
With the exception of DNA and CNTs, the typical lengths
of organic and inorganic molecules usually fall in a narrow
range (ca. 1-20 nm). This is an issue that needs to be ad-
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Scheme 1. Summary of some selected systems studied as molecular wires.

dressed for several reasons, for instance the dependence of
the current on molecule length and because length will play
an important role in the construction of molecular devices.

The electrical conductivity measurements on a wide vari-
ety of single organic molecules (Scheme 1) show decay pa-
rameters B ranging from 1.5 to 0.04 A-'.'% From these
studies it seems clear that unsaturated m-bonded organic
molecules increase conductivity at least at one order of
magnitude.l'” However, few experiments have been per-
formed to measure electrical conductivity across single in-
organic molecules. The inorganic systems studied can be
classified into: small molecules,!'-'? small oligomers!'*] and
coordination polymers!' (Scheme 1). The B values ob-
served for some metal-organic systems seem to improve the
conductance of analogous organic molecules,!'?! therefore
the selective combination of metal ions with organic mole-
cules to obtain efficient molecular wires seems to be of
interest.[']

The main scope of this minireview is to provide an over-
view on a novel branch of molecular wires based on coordi-
nation polymers. Coordination polymers are infinite aggre-
gates of metal ions or fragments bridged by ligands. They
self-assemble by coordination bonding in one, two or three
dimensions to give a wide variety of structures.[!>10] The
key to the design of a desirable polymer architecture is
based on the suitable selection of the molecular building
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blocks, which also determine the properties of the resulting
materials.!7-!8 In recent years, research of these materials
has increased exponentially, due to their current and poten-
tial applications. Among other functions, these compounds
form porous materials and polymer magnets, and present
chromism, nonlinear optical properties, redox properties
and electrical conduction.['>19] Specifically, herein we deal
with aspects concerning the isolation of coordination poly-
mers as single molecules on surfaces, since this is the first
step for an accurate electrical characterization by means of
conductive atomic force microscopy (C-AFM).

2. Some Methodological Notes

Before describing the advances made in the organization
of diverse molecular wires, this section presents some essen-
tial methodology used in the isolation and characterization
of single molecule chains on surfaces.

2.1 Scanning Probe Microscopy

Two microscopy techniques have mainly been used to
characterize nanostructures adsorbed on surfaces: Scanning
Tunnel Microscopy (STM)?°24 and Atomic Force Micro-
2887
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scopy (AFM).25261 Both scanning probe microscopies,
STM and AFM, use a sharp probe moving over the surface
of a sample.

In the case of STM, a bias voltage is applied to the met-
allic tip so that a tunnelling current flows below a very
short distance between the tip and the sample (the tunnel-
ling current decreases exponentially to the distance). Feed-
back is applied in order to maintain the tunnelling current
constant, giving scanned images with possible atomic reso-
lution.

In the case of AFM, the probe is a tip at the end of a
cantilever. The raster scans are performed by a piezoelectric
scanner. The cantilever deflections (and therefore the tip-
substrate interactions) are monitored by a laser beam that
is reflected off the rear site of the cantilever. Finally, the
laser variations induced by the deflection of the cantilever
are detected by a photodiode system. Two different modes
are mainly used in AFM: contact mode and dynamic mode.
In the first technique, the tip and the sample remain in
short contact, while performing the scans. The drawback of
this technique is that the tip induces high forces (in particu-
lar lateral forces) that could alter the scanned samples.*”]
In dynamic mode, the AFM tip oscillates near its first reso-
nance frequency (often hundreds of kilohertz) and is placed
over the surface. In this case, the tip can also contact the
sample, but with a much softer force, making this technique
a better choice for scanning soft or poorly immobilized
samples.

Typically, STM makes it possible to reach higher resolu-
tion on the x and y axes than AFM. The main drawback
of this technique is the difficult sample preparation since it
only works for very clean conductive surfaces and thus re-
quires an extensive cleaning process. That is why STM has
evolved over time into an ultra high vacuum technique. Be-
sides, characterization of thin films can be a problem when
they are poor conductors, imposing a maximum thickness
for the film that critically depends on the decay factor 3
(for these films the current decay follows an exponential law
with B being the exponential decay factor).! In contrast,
any flat surface, regardless of its conductivity, is suitable for
AFM measurements, and therefore it is not so dependent
on the surface cleanness. Thus, AFM techniques allow, with
a very simple sample preparation, determination of the
height (z axis) of a 1D structure with a precision in the
range of Angstrems, but resolution on the x and y axes is
much less accurate and is determined by the final diameter
of the tips, which can vary from 5 to 30 nm.

2.2 Physical Properties at Molecular Level

In this section, we define molecular level as measure-
ments that refer to an individual molecule. The most exten-
sive and powerful techniques for this approach are Scan-
ning Probe Microscopies (SPM). Using this set of tech-
niques it is possible to characterize the electrical conduc-
tance,?”! electrostatic interactions (electrostatic force micro-
scopy, EFMB) local magnetic fields (magnetic force mi-
2888
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croscopy, MFMP!) mechanical® and optical properties
(near-field  scanning optical microscopy, NSOM/
SNOMI33y,

Conductivity studies of coordination polymers in bulk
material (single crystals or powder) suggest, in some cases,
the possible metallic or semi-conductive behaviour of the
isolated chains.?*3% However, it is essential to measure the
electrical transport in individual polymers in order to test
potential applications for nano-electronics.

In particular there are a variety of well-known methods
to measure conductance across a single molecule. The ex-
periments have been based on making a chemically modi-
fied electrode to establish the first molecule-electrode con-
tact. The second electrode can be either a temporal contact
(scanned prove) or a permanent contact (crossbar, sand-
wich). In addition it is possible to break the single electrode
to measure those molecules trapped across the junction
(break junction). Additionally, micro-fabrication techniques
have approached the molecular scale. E-beam lithography
is able to produce metallic electrodes with nanometer reso-
lution (ca. 2 nm) which are suitable for trapping and meas-
uring conductivity across molecules (nano-gap). Recently,
an excellent review on this topic was published by Ab-
rufia.[?7]

Conductance AFM can be used in two well defined geo-
metries. In the first, there is a molecule carpet standing-up
from a conductive substrate (in most cases a gold surface
connected to the molecules through thiol groups). A con-
ductive tip is used to image the surface and to obtain elec-
trical characterization.l?”!

The other geometry applies to long molecules lying on
an insulated substrate. The surface is partially covered with
a mask and then a gold electrode is evaporated leaving a
sharp electrode edge.’® When a polymer (both covalent
and supramolecular polymer) is connected to the gold edge,
direct measurement of its conductivity can be performed.
The measurement is achieved by applying bias voltage be-
tween the electrode edge and a metallic AFM tip that is
connected to the polymer. (Figure 1).3¥ The vertical C-
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Polymer
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Figure 1. Schematic representation of the procedure to perform
electrical measurements on molecules using the C-AFM technique
in horizontal geometry.
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AFM method is well suited for molecules that form thin
films. However, it is always difficult to know the amount
of molecules involved in the electrical contact. The second
method can only be applied to molecules of a relatively long
length (> 100 nm) but it has the advantage that the mole-
cule to be contacted can be clearly visualized before electri-
cal characterization. Besides, the horizontal C-AFM
method allows characterization of the resistance of the
molecules as a function of their length. This is in fact the
main advantage in the use of this technique, not only over
the vertical geometry, but also over other techniques such
as lithographically fabricated contacts and in situ measure-
ments.3%:4%

On the other hand, the AFM tip can be used to manipu-
late the deposited entities. Thus, hard AFM tips are very
useful in nano-indentation experiments for studying the me-
chanical properties of nanostructures.'¥ For instance, de-
position of individual chains on a surface offers the chance
to obtain information about the mechanical properties of
these fibers by comparison with other polymers. A.-DNA
(used as reference polymer) was coadsorbed with individual
chains of [Cd(6-MP),],, (6-MP~ = 6-mercaptopurinate). A
force to cut first the DNA and then the polymer chains,
using the same AFM tip, was applied. Since the tip was the
same, the applied pressure for a given force (which was di-
rectly measured with the AFM) was also the same. By me-
ans of this approach we confirmed that individual chains
of [Cd(6-MP"),], are weaker than the A-DNA strands as is
to be expected for the cleavage of the coordination vs. coval-
ent bonds.['4

2.3 Adsorption Methods on Surfaces

Generally, coordination polymers are insoluble and this
limited their processability by the common “wet” pro-
cedures typically employed in a chemical laboratory. Taking
this drawback into account, a key factor for the nanotechn-
ological applicability of coordination polymers is the devel-
opment of efficient methods to isolate single-molecule enti-
ties on surfaces. One strategy is the extraction of single
molecules from bulk samples, for which there is a need to
overcome supramolecular cohesive interactions. This goal
is reached by means of physico-chemical methods (such as
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sonication or sublimation) that provide enough energy to
the system to remove the cohesion within the crystals, or
by dissolution of the chains, which usually requires some
chemical modification such as acid-base reactions (Fig-
ure 2). The methods developed in recent works following
these principles are briefly reported below.

The sublimation of molecules has been widely employed
to deposit organic compounds on surfaces.*!"431 Recently,
it has also been shown to be a useful technique for working
with coordination polymers. On 1D coordination polymers,
the process starts with the rupture of the inter-chain and,
later, intra-chain interactions, followed by adsorption of the
small building blocks on the surface. At this point, the
building blocks reassemble to regenerate the isolated chains
in situ on the surface. A factor that should be considered
to facilitate the reaction between the building blocks is the
diffusion on the surface, which can be tuned by controlling
the temperature. Sublimation methodology has been suc-
cessfully applied to adsorption of 1D coordination poly-
mers. Thus, compounds {[Co(ox)(Htr),]-2H,O}, or
[Pty(dta),I],** have been characterized on Highly Oriented
Pyrolytic Graphite (HOPQG). In a related approach, Kern et
al. sequentially deposited di- or tri-carboxylates and iron
atoms by sublimation in an ultra-high-vacuum chamber.
Reaction and subsequent assembly of these tectons resulted
in formation of regular 2D structures.**!

In addition, it has recently been reported that mechanical
forces induced by ultrasound can induce cleavage of not
only inter-chain, but also intra-chain interactions, as occurs
by sublimation.[*®! This has been widely verified for several
coordination polymers.*”1 Figure 3 summarizes the dif-
ferent processes that can be expected to occur when a 1D-
coordination polymer is sonicated. Initially, a long chain
can be cut into small activated fragments that later reorga-
nize in solution or on the surface to generate circular struc-
tures or the initial linear molecules.

Another approach to generate the single chains of a co-
ordination polymer from crystals is to chemically modify
the terminal ligands of the polymer involved in the weak
interactions among the chains. The reaction has to be able
to remove these interactions but not to drastically change
either the polymer architecture or its properties, as for ex-
ample, protonation/deprotonation*®4°! of a ligand in a co-

[E———

single chains and fibers

nanocrystals

nanostructures

Figure 2. Scheme of different methods employed to form single polymers, fibers, nanostructures and nanocrystals in a surface.
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Figure 3. Elementary mechanism of the effect of ultrasound on a coordination polymer.

ordination polymer. The repulsion forces resulting from the
charges induced from protonation/deprotonation processes,
could be enough to release chains from the crystal.

Interaction with solvent molecules can also result in
cleavage of coordination bonds in linear coordination poly-
mers resulting in formation of small building blocks that
are able to reassemble again. For instance, it has been re-
ported that solubilization of ruthenium MMX polymers in
ethanol leads to the formation of discrete solvated dimet-
allic species [RuRu(ethanol)]*.5% These saturated species
can be activated by means of ultrasounds, which induce dis-
ruption of the weaker coordination bonds leading to unsat-
urated [RuRu]* and/or small oligomers in solution. It has
been observed that these new activated species evolve in
solution to generate long chains (Figure 3).°'1 Moreover, a
simple way to generate chains directly on the surface con-
sists of inducing in situ reaction of the building blocks:
metal ions and ligands. Applying this principle, by mixing
diluted solutions of rigid linear organic coordinating tec-
tons bearing two differentiated coordination poles with
solutions of salts of suitable metal centers such as Co™ or
Pd!, resulted in isolation of 1D coordination networks on
graphite surfaces.®?! Analogously, polymeric chains of zinc
complexes of dipicolylglycyl (Dpg) peptides were prepared
by deposition of highly diluted aqueous solutions on graph-
ite.l??!

From recent reports, a new strategy can be envisaged to
grow in situ coordination polymers of controlled dimen-
sions that are vertically oriented with respect to the surface
plane. First, the synthesis of 3D MOF [Cuz(BTC),(H,0)],
(BCT = 1,3,5-benzenetricarboxylic acid) has been recently
achieved by sequentially combining the corresponding
building blocks, growing a MOF structure in a step-by-step
fashion.3 The formation of the corresponding MOF was
achieved by repeated immersion cycles of a functionalized
surface, first in solution of metal precursor and sub-
sequently in a solution of organic linker. Furthermore, in a
very recent report, this method was applied to 1D struc-
tures, assembling metal ions by terpyridine-based ligands
obtaining highly conductive molecular wires of lengths up
to 40 nm.’¥ Again, the assembly of the molecular wires
was carried out via sequential coordination steps, by alter-
2890
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nating immersions of the gold functionalized surfaces into
a solution of Fe'' or Co™ salts and into a solution of a
symmetric hexadentate ligand. These step-by-step cycles
can be repeated as much as needed to control the length of
a molecular wire, which is a significant advance towards the
design of molecular circuits.

3. Advances in the Formation of Molecular
Wires

3.1 From DNA to MOFs

DNA is a molecule of increasing importance in material
sciences.’>l As a nanowire candidate, it presents an attract-
ive chemistry that allows the formation of controlled archi-
tectures based on the sequence self-assembly.[*>%37] How-
ever, its electrical characterization is still controversial. In
fact, it has been described as anything from superconduc-
tor, conductor, semiconductor or insulator.’8! This wide
range of results is probably related to the variety of param-
eters that can affect the final results such as DNA se-
quence, % DNA length,>8 DNA-surface interaction,[®!]
sample preparation and measuring technique,-9>%3 and
the nature of the electrical contacts between DNA and the
macroscopic electrodes.[4%31 However, in all the cases in
which DNA showed charge transfer behaviour, its length
was less than 40 nm. It is currently widely accepted that it
behaves as an insulator for chains of over 40 nm in
length.[%¢] A detailed revision of the reasons why these pa-
rameters can affect conductivity measurements has been re-
cently reported.[®”l However, there is not a clear theoretical
reason to believe that DNA should conduct electricity. It
may certainly transport small density of current with an
exponential decrease with the distance that is the case for
all conjugated molecules.

Metal-coating of DNA has largely been used as an ap-
proach to produce metallic wires.[®8 Essentially the idea is
based on a simple process in which metal ions are added to
a DNA solution in such a way that the ions exchange with
the sodium ions of the sugar-phosphate backbone. Then the
metal-ion-coated DNA 1is reduced with a chemical agent or

Eur. J. Inorg. Chem. 2009, 2885-2896
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light. Recently, a similar method has been used to generate
uniform bimetallic wires of tuneable size by metallization
of artificial DNA.[*]

Several other approaches based on the modification of
its electronic structure have been tried in order to increase
conductivity on DNA.I7% One of these approaches is based
on the insertion of metal ions in the duplex. Therefore, the
metal ions are linearly stacked between the pair bases. This
advance includes metal-ion-mediated base pairs with natu-
ral nucleosides!”! 74 and metal-ion mediated base pairs with
artificial nucleosides!’>7%! (Scheme 2). An excellent overview
focused on these studies has recently been published in this

journal.l”]
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Scheme 2. (a) Schematic representation of the concept; (b) a se-
lected examplel’!! of metal-ion-mediated base pairs with natural
nucleosides; and (c) a selected examplel’® that includes metal-ion-
mediated base pairs with artificial nucleosides.

A new candidate molecular wire based on a modified
form of DNA, is the so-called M-DNA.["®! The initial struc-
ture proposed by Leel’®71 consists of the substitution of
the protons between guanine-cytosine and adenine-thymine
by Zn', Ni'l or Co! cations. It has been reported that this
substitution is only achieved at high pH (pH > 8), at lower
values this form reverses to DNA. However, the structure
proposed by Lee is still unclear®-81 since the exact position
of the metal ions has not been determined. Moreover, as-
pects concerning its electrical characterization are contro-
versial (82831

In order to overcome the well-known problems concern-
ing the restricted stability (just at high pH values), unclear
structure and controversial electrical properties of the M-
DNA, a simpler model has been investigated. This new ap-
proach is based on the selection of a 1D coordination poly-
mer with a related structure to that proposed by Prof. Lee
for M-DNA.. A suitable model is the 1D-coordination poly-
mer [Cd(6-MP),], (6-MP~ = 6-mercaptopurinate). The mo-
lecular structure of this polymer was well-established by X-
ray diffraction.®¥ Its structure, while preserving many of
the features of M-DNA, is simpler and allows affordable
theoretical modelling and experimental manipulation
(Scheme 3). Thus, prompted by the idea of modelling M-
DNA, investigation of this polymer represented the first
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step of a new path where the study of 1D coordination
polymers deposited on surfaces has been revealed to be an
outstanding field of research that is full of new challenges.

(@ (b)

Q = metal cation
= P= 5
G § =mn-stacking

- ; - = H-bond
guaninate 6-mercaptopurinate _ dinzion bond
A = adenine, T =thymine, C = cytosinate coargination bon

Scheme 3. Schematic representation of M-DNA structure sug-
gested by Prof. Lee (a) and [Cd(6-MP),], (b).

3.2 Mercaptopurine-Ligand-Based 1D Cadmium
Coordination Polymers

The 6-mercaptopurine/cadmium system generates several
related dimetallic and 1D polymeric compounds. Figure 4
provides a representation of the routes employed for the
synthesis of the different Cd" complexes with 6-mercapto-
purine (6-MP).[4]

This system is highly pH-dependent, due to the non-,
partial or total deprotonation of the two acidic hydrogens
of the mercaptopurine molecule. In such a way, acidic pH
values lead to dimeric complexes [Cd,(6-MP)4(NO3),]-
(NO3), (1) or [Cdy(6-MP)4(H0),](NO3)4-2H,0O (2), de-
pending on the solvent employed. pH values ranging be-
tween 4-5 lead to a 1D neutral coordination polymer [Cd(6-
MP),-2H,0], (4). Finally addition of Ca(OH), to a sus-
pension of either complex [Cd,(6-MP)4(NO3),]J(NO3), (1)
or [Cd,(6-MP)4(H>0),](NO3)42H,0 (2), reaching up to pH
12, gives the 1D ionic coordination polymer [Cd(6-MP?),],-
[Ca(H,O)¢], (3), comprised of parallel packed [Cd-
(6-MP?),],>* polyanions and [Ca(OH,)e],>"* polycations,
which are joined together by means of electrostatic interac-
tions and hydrogen bonds.

The structure of these 1D chains is based on stacked
[Cd(6-MP/6-MP?),] entities, which are linked through
Cd-S bonds, forming a one-dimensional chain. The coordi-
nation mode of the mercaptopurine ligand in these poly-
meric complexes is similar to that reported for the bridging
ligands in compounds 1 and 2. However, a more detailed
analysis shows a subtle but significant difference in the
stacking of the trans-[Cd(6-MP /6-MP?),] subunits. The
arrangement of the cadmium-mercaptopurine monomeric
building blocks in compound 4,34 allows every mercap-
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Cd(ClO4)y'6H0

HAc/OAc™
60°C

Cd(NO3)p-4H0
MeOH
60°C, 24 h

NaOH
HpO

[Cd2(6-MP)4(H20)21(NO3)4 2H20 (2)

[Cdy(6-MP)4(NO3)7](NO3)> (1)

Figure 4. Synthetic routes of the 6-mercaptopurine/cadmium(II)
system.

topurinate ligand to establish n-7 interactions with the two
adjacent ligands. In compound 3, these interactions are
hampered by the repulsive electrostatic force between the
twofold deprotonated mercaptopurines, which leads to a
chain arrangement that only allows m-n stacking with just
one of the two adjacent mercaptopurinate ligands and even
this stacking is weakened by a nonparallel divergent dispo-
sition [5.11(6)°]. The negative charge of the polymeric cad-
mium complex also leads to an increase in the metal-metal
distance [4.139(1) A for 3 vs. 3.918(3) A for 4.

The different methods used to get the single chains of
these polymers isolated on surfaces from the bulk material
are listed below.

Sonication: The crystal cohesiveness of [Cd(6-MP ),
2H,0], is ensured by means of hydrogen bonds between the
chains which imply the crystallization of water molecules.[34]
Therefore in order to weaken these intermolecular interac-
tions a heating treatment was performed prior to sonic-
ation. It results in formation of the anhydrous coordination
polymer, in which the chains are less tightly held together.
Then, energy provided by sonication breaks the intermo-
lecular interactions in addition to some of the coordination
bonds, leading to chain fragments which can later re-
assemble to make longer chains but also in some cases rings
formed by linking two ends of the chains. After sonication,
the reaction media is a mixture of dispersed chains, nano-
crystals, and fibers. Thus, centrifugation at high speed and
long times only allows the lighter entities (i.e. single-mole-
cule chains) to remain in the supernatant solution prior to
deposition on mica (Figure 5).
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Figure 5. (a) High pass AFM filtered image showing the first stage
of 4 processing after sonication (200 W, 40 kHz, 90 min) and soft
centrifugation (8000 rpm, 10 min) and height profile of the nano-
crystal. (b) AFM topography image of an individual polymer chain
at the end of the treatment with sonication and prolonged centrifu-
gation (8000 rpm, 20 min) and height profile across the molecule.

Deprotonation: By treatment with NaOH it is possible
to deprotonate the mercaptopurinate ligand of compound
[Cd(6-MP),:2H,0], affording the anionic polymeric com-
plex found in 3. As a consequence of the effects of the de-
protonation on a crystal of 4, where all the chains are neu-
tral, the negative charge acquired by the chains will gener-
ate inter-chain repulsive forces, leading to a disaggregation
of the new anionic polymeric chains. An AFM topography
image shows a linear molecule of about 0.5 nm height
(value in agreement with the X-ray height of a single poly-
mer). This molecule is probably a single polyanion obtained
by the complete deprotonation of 4.

In situ Reaction: The reaction between the two building
blocks of 4, Cd™ and 6-MP, was carried out at low concen-
tration on a highly oriented pyrolytic graphite (HOPG) sur-
face. AFM images recorded immediately after solution de-
position did not show organized structures. However, after
heating the surface at 80 °C for 1 hour the AFM topogra-
phy image shows fibrous structures with a height ranging
from 0.5 to 5 nm, proving that in situ reaction leads to sin-
gle polymers and fibers of 4.14]

Electrical properties of the isolated chains are the key for
a potential application as molecular wires. Their electrical
characterization was performed in a pioneering study deal-
ing for the first time with the electric properties of isolated
chains of a coordination polymer. Electrostatic force micro-
scopy (EFM) and conductance AFM measurements indi-
cate that these chains behave as insulators rather than mo-
lecular wires. Accordingly, DFT calculations indicate a
large bandgap of 2.30 ¢V, small bandwidths (0.32 eV for the
highest occupied molecular orbital, HOMO) and that the
states with a large weight in the metal ions are low in en-
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ergy, well below the Fermi level. Thus, the metal atoms do
not behave as a conducting metallic wire, but rather as a
chain of cations in an ionic compound. However, additional
DFT calculations on [M(6-MP"),],, (M = Mn!!, Fe!!, Co'l,
Ni!, and Cu') recently reported suggest that [Cu-
(6-MP-),], is a better candidate for molecular wire.[®3

3.3 [Mn(p-ox)(4atr),],, (ox = oxalato; 4atr = 4-amino-1,2,4-
triazole)

A different platform to obtain 1D systems is provided by
oxalato bridging ligands. The nature of the structures
formed from coordination of oxalate anions largely depends
on the shape of the templating counterions and/or the
features of the auxiliary ligands used to complete the metal
coordination sphere. Thus, a wide variety of structures are
observed as depicted in Figure 6. 1D complexes of formula
[M(p-ox)(L),], can be obtained by using rigid ligands, such
as pyridyl or triazole entities and even nucleobases, as
monodentate terminal/axial ligands, which permit the poly-
merization process of the oxalato-metal framework.[36-881

2D grid-type

3D chiral

Figure 6. Tailoring of metal-oxalato frameworks using different or-
ganic ligands or templating counterions: (i) monodentate N-con-
taining rings; (ii) achiral cations; (iii) chiral tris-chelated diimine
cationic complexes; (iv) bidentate ligands such as 4,4'-bipyridine;
(v) multidentate blocking N- or O-donor ligands.

The crystal structure of [Mn(p-ox)(4atr),],, (5) consists of
neutral linear one-dimensional chains in which trans-
[Mn(4atr),]*" units are bridged by centrosymmetric bis-bi-
dentate oxalato ligands, giving a distorted octahedral
MnO,N, chromophore (Figure 7).48! The 1D chains run
along the a axis and the terminal 4atr ligands are parallel
to the propagation direction of the chain, due to a weak
intramolecular hydrogen bond.
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Figure 7. Lateral view of a polymeric chain of compound [Mn(u-
ox)(4atr),],,.

In this case, sonication experiments were performed with
special attention to the influence of the solvent and surface.
Casting deposition on mica of a droplet from the solution
obtained after sonication and ultracentrifugation of [Mn(u-
ox)(4atr),], in ethanol leads to the formation of nanopar-
ticles with an homogeneous height of 4 nm (Figure 8, a).
These nanoparticles probably consist of chains curled-up
from the polymeric complex. Thus, the final shape of the
isolated chains is ruled by the relative strength of the intra-
molecular forces and the interactions with the substrate and
with the solvent molecules. In contrast, adsorption of an
ethanolic solution of 5 on a hydrophobic surface (HOPG)
leads to formation of linear chains in high density (Fig-
ure 8, b). The height values range from 0.5 to 1 nm, which
is in agreement with the expected diameter of a single poly-
mer.*® These results indicate that a key factor governing
the shape of the isolated chains, in addition to the flexibility
and characteristics of the polymeric complex, is the nature
of the surface. As shown in Figure 8 (c), the molecule width
is not uniform suggesting that more than one molecule is
aggregated. A high resolution fast Fourier transform fil-
tered STM image (Figure 8, d) shows parallel structures of
the coordination polymer. This confirms the hypothesis of
a multiple molecule structure for each chain observed in the
AFM images.

Another possible method to obtain single chains of the
polymer is deprotonation of the 4atr-coordinated ligands
with a diluted solution of NaOH. Although a partial de-
composition of the polymer is observed with subsequent
formation of Mn3Oy, the resulting solution deposited on
mica led to single chains of 5 (Figure 8, e), of heights rang-
ing from 0.4 to 0.6 nm, in good agreement with the ex-
pected diameter of the single chains from the X-ray crystal
structure. 8!

3.4 MMX Chains

A unique case of particular interest to the search for long
conducting molecules is the MMX family. Some MMX
structures show metallic behavior in bulk samples, suggest-
ing good perspectives for the use of some of these com-
pounds as molecular wires. MMX structures consist of 1D
chains built up from repeated halogen-bridged binuclear
metal complexes, in which the two metal atoms of each bi-
metallic unit are linked pairwise by four ligands (Scheme 1).
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Figure 8. (a) AFM image of a homogeneous distribution of nanoparticles of compound 5 on mica. (b) AFM topography image of an
individual nanoparticle with height profile. (c) High pass AFM filtered image of 5 deposited on HPOG showing a large number of chains
with non uniform width. (d) High resolution STM topography showing the detail of the chains of (c). ¢) AFM topography image of
single chains obtained after treatment of 5§ with NaOH, centrifugation, and deposition on mica.

Compounds with this structure have been obtained using
Platinum and Ruthenium metal centers. Deposition on sur-
faces of Ru-MMX has made it possible to observe interest-
ing features on nanometric scale.

The structure of [Ru,Br(p-O,CEt),], consists of [Ru,(p-
O,CEt)4]" units connected by bromide ions to give linear
chains. Accordingly, measurements of atomic force micro-
scopy (AFM) of fibers deposited in mica gave evidence of
1D entities of lengths from 0.5 to 5 um and a height of
ca. 0.7 nm. However, when the same MMX compound was
deposited on a graphite surface, only helical bundles were
detected. A more detailed analysis by means of high-resolu-
tion scanning tunneling microscopy (STM) revealed that
the chains exhibit helical structures with various helix peri-
odicities, chiralities and diameters.[®” The formation of heli-
cal superstructures suggests that in graphite, the formation
of intermolecular interactions costs less energy than the
binding to the surface.

Another interesting feature was found for the MMX of
formula [Ru,I(n-O,CEt)4],. AFM topographies were dif-
ferent depending on the time allowed in solution after son-
ication. The image of a solution of complex immediately
deposited after sonication shows dispersed structures of un-
defined shape. If the sonicated solution was allowed to
stand for one hour before adsorption on the mica, the cor-
responding AFM image shows a random distribution of
ring like structures of a much higher definition. One day
after sonication deposition of the solution on mica results
2894
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in the observation of irregular linear structures of highly
irregular heights. However, 19 days after sonication the
solution evolves in such a way that the deposited material
presents well defined, but not perfect, linear structures. Af-
ter 43 days, well defined micron-length wires of a uniform
diameter of ca. 0.5 to 1 nm were observed.>!]

The fact that the MMX of formula [Pt,(u-CH3CS,)4l],
shows a metallic conductivity in crystalline phase at room
temperature prompted a detailed theoretical analysis of its
structural and electronic properties. The results obtained
indicate that single chains with the uniform structure
M3t _M23*_X-M?5*-M?>*-X, which is the phase ob-
served at room temperature by X-ray diffraction, has a very
robust metallic behaviour that is in agreement with the ex-
perimental findings. This outstanding conductivity can be
understood by this theoretical work regarding the fact that
the metallic M band that characterizes the system is the
result of simultaneous hybridization of metal orbitals with
the halogen and with the dithioacid ligands.”®! These results
suggest that MMX are good candidates for use as molecu-
lar wires, and experimental work is in progress to isolate
single molecule chains of Pt MMX and perform their elec-
trical characterization.

4. Conclusions

The emergent area of nanotechnology requires new pro-
cedures to organize materials on nanometer scale.['l Specifi-
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cally, the construction of nanocircuits based on molecules
will require conductive molecules and the capability to or-
ganize them. To this end, DNA has been considered a mole-
cule of major interest. However, to date, isolated single
chains of DNA longer than 40 nm have shown insulator
behaviour. To overcome this drawback, early work with 1D
MOFs as molecular wires has been performed. However,
despite the electrical characterization of the first isolated
individual chains showing insulator behaviour, recent re-
sults suggest that suitable metal-organic frameworks can be
excellent candidates for conductive molecular wires. More-
over, these seminal works have developed new techniques
to organize on molecular scale 1D coordination polymers
on surfaces. These are based on the separation of the indi-
vidual chains from the microcrystal of the bulk sample and/
or in situ reactions of the corresponding tectons. The disag-
gregation can be achieved by simple physical methods such
as sonication-centrifugation-deposition and by direct subli-
mation-deposition of the bulk material. Chemical treat-
ments, which are based on the characteristics of the coordi-
nation polymer, such as protonation/deprotonation or sol-
vation can also be employed successfully to disperse the in-
dividual chains from the bulk sample. Thus, a new land-
scape has appeared in front of us. The search for new candi-
dates of molecular wires within diverse families of 1D poly-
meric coordination compounds is wide open.®! In fact,
recent DFT calculations have indicated MMX chains as
good candidates and future theoretical work will probably
direct the design of new MOFs with suitable electrical prop-
erties.’% The formation of 1D nanostructures of coordina-
tion polymers is essential in the search for potential nano-
technological applications.

The organization in complex structures of molecular
wires based on coordination polymers can probably be
achieved through the suitable functionalization of the ter-
minal ligands in such a way that they can interact via H-
bonding with DNA-nanoarrays. Therefore, DNA will act as
the template for these new molecular wires allowing con-
struction of nanocircuits. This microreview presents a very
young area of research and so further studies will surely
appear in order to obtain a deeper understanding of the
factors that direct the organization of the 1D nanostruc-
tures of coordination polymers on the surfaces.

Acknowledgments

Financial support from the Spanish Ministerio de Ciencia e Innov-
acion (MICINN) MAT2007-66476-C02-01/02, MAT2008-05690/
MAT; ERA in chemistry CTQ2006-027185-E and NAN2004-
09183-C10; Comunidad Autonoma de Madrid S-0505/701/MAT/
0303, CCG08-UAM/MAT-4441 and European Union contract
FP6-029192 (DNA nanodevices). R. M.-B., P.J. S. M. and D. O.
thank the MICINN for funding through the programs “Ramoén y
Cajal” and “Juan de la Cierva”.

[11 G. A. Ozin, A. C. Arsenault, Nanochemistry, RSC Publishing,
Cambridge, UK, 2005.

Eur. J. Inorg. Chem. 2009, 2885-2896

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

[2] Y. N.Xia, P. D. Yang, Y. G. Sun, Y. Y. Wu, B. Mayers, B. Gates,
Y. D. Yin, F. Kim, Y. Q. Yan, Adv. Mater. 2003, 15, 353-389.

[3] E.A. Weiss, M. R. Wasielewski, M. A. Ratner, Top. Curr.
Chem. 2005, 257, 103-133.

[4] N. C. Seeman, Angew. Chem. Int. Ed. 1998, 37, 3220-3238.

[5] N. C. Seeman, Acc. Chem. Res. 1997, 30, 357-363.

[6] Y. A. Berlin, I. V. Kurnikov, D. Beratan, M. A. Ratner, A. L.
Burin, Top. Curr. Chem. 2004, 237, 1-36.

[71 H. Cohen, C. Nogues, R. Naaman, D. Porath, Proc. Natl.
Acad. Sci. USA 2005, 102, 11589-11593.

[8] C. Gomez-Navarro, P. J. De Pablo, J. Gomez-Herrero, B. Biel,
F. J. Garcia-Vidal, A. Rubio, F. Flores, Nat. Mater. 2005, 4,
534-539.

[9] D. Tasis, N. Tagmatarchis, A. Bianco, M. Prato, Chem. Rev.
2006, 106, 1105-1136.

[10] A. Salomon, D. Cahen, S. Lindsay, J. Tomfohr, V. B. Engelkes,
C. D. Frisbie, Adv. Mater. 2003, 15, 1881-1890.

[11]1. W. P. Chen, M. D. Fu, W. H. Tseng, J. Y. Yu, S. H. Wu, C. J.
Ku, C. H. Chen, S. M. Peng, Angew. Chem. Int. Ed. 2006, 45,
5814-5818.

[12] A. K. Mahapatro, J. W. Ying, T. Ren, D. B. Janes, Nano Lett.
2008, 8, 2131-2136.

[13] N. Tuccitto, V. Ferri, M. Cavazzini, S. Quici, G. Zhavnerko, A.
Licciardello, M. A. Rampi, Nat. Mater. 2009, 8, 41-46.

[14] D. Olea, S. S. Alexandre, P. Amo-Ochoa, A. Guijarro, F. de Je-
sus, J. M. Soler, P. J. de Pablo, F. Zamora, J. Gomez-Herrero,
Adv. Mater. 2005, 17, 1761-1765.

[15]S. Kitagawa, S. Noro, in: Comprehensive Coordination Chemis-
try 11, vol. 7, Elsevier, Amsterdam, 2004.

[16] E. C. Constable, Coord. Chem. Rev. 2008, 252, 842-855.

[171M. Eddaoudi, J. Kim, D. Vodak, A. Sudik, J. Wachter, M.
O’Keeffe, O. M. Yaghi, Proc. Natl. Acad. Sci. USA 2002, 99,
4900-4904.

[18] M. W. Hosseini, Chem. Commun. 2005, 5825-5829.

[19] C. Janiak, Dalton Trans. 2003, 2781-2804.

[20] A. Semenov, J. P. Spatz, M. Moller, J. M. Lehn, B. Sell, D.
Schubert, C. H. Weidl, U. S. Schubert, Angew. Chem. Int. Ed.
1999, 38, 2547-2550.

[21] U. Ziener, J. M. Lehn, A. Mourran, M. Moller, Chem. Eur. J.
2002, 8, 951-957.

[22]S. Novokmet, M. S. Alam, V. Dremov, F. W. Heinemann, P.
Muller, R. Alsfasser, Angew. Chem. Int. Ed. 2005, 44, 803-806.

[23]S. Stepanow, M. Lingenfelder, A. Dmitriev, H. Spillmann, E.
Delvigne, N. Lin, X. B. Deng, C. Z. Cai, J. V. Barth, K. Kern,
Nat. Mater. 2004, 3, 229-233.

[24] M. A. Lingenfelder, H. Spillmann, A. Dmitriev, S. Stepanow,
N. Lin, J. V. Barth, K. Kern, Chem. Eur. J 2004, 10, 1913—
1919.

[25] D. G. Kurth, N. Severin, J. P. Rabe, Angew. Chem. Int. Ed.
2002, 41, 3681-3683.

[26] P. Samori, Chem. Soc. Rev. 2005, 34, 551-561.

[27]1 E. Moreno-Herrero, P. J. de Pablo, J. Colchero, J. Gomez-Her-
rero, A. M. Baro, Surf. Sci. 2000, 453, 152-158.

[28] S. H. Choi, B. Kim, C. D. Frisbie, Science 2008, 320, 1482
1486.

[29] X. D. Cui, A. Primak, X. Zarate, J. Tomfohr, O. F. Sankey,
A. L. Moore, T. A. Moore, D. Gust, G. Harris, S. M. Lindsay,
Science 2001, 294, 571-574.

[30] C. Gomez-Navarro, F. Moreno-Herrero, P. J. de Pablo, J. Col-
chero, J. Gomez-Herrero, A. M. Baro, Proc. Natl. Acad. Sci.
USA 2002, 99, 8484-8487.

[31]L. Abelmann, S. Porthun, M. Haast, C. Lodder, A. Moser,
M. E. Best, P.J. A. van Schendel, B. Stiefel, H. J. Hug, G. P.
Heydon, A. Farley, S. R. Hoon, T. Pfaffelhuber, R. Proksch,
K. Babcock, J Magn. Magn. Mater. 1998, 190, 135-147.

[32] O. Sahin, S. Magonov, C. Su, C. FE. Quate, O. Solgaard, Nat.
Nanotechnol. 2007, 2, 507-514.

[33]Y. Oshikane, T. Kataoka, M. Okuda, S. Hara, H. Inoue, M.
Nakano, Sci. Technol. Adv. Mater. 2007, 8, 181-185.

2895

www.eurjic.org



MICROREVIEW

F. Zamora et al.

[34]R. A. Heintz, H. H. Zhao, O. Y. Xiang, G. Grandinetti, J. Co-
wen, K. R. Dunbar, Inorg. Chem. 1999, 38, 144-156.

[35] P. Audebert, P. Capdevielle, M. Maumy, Synth. Met. 1991, 43,
3049-3052.

[36] B. I. Holliday, T. M. Swager, Chem. Commun. 2005, 23-36.
[37] B. Ulgut, H. D. Abruna, Chem. Rev. 2008, 108, 2721-2736.

[38] P. I. de Pablo, C. Gomez-Navarro, J. Colchero, P. A. Serena, J.
Gomez-Herrero, A. M. Baro, Phys. Rev. Lett. 2002, 88, 36804
36808.

[391M. Noyong, K. Blech, A. Rosenberger, V. Klocke, U. Simon,
Measurement Science Technology 2007, 18, N84.

[40] K. Blech, M. Noyong, F. Juillerat, T. Nakayama, H. Hofmann,
U. Simon, J. Nanosci. Nanotechnol. 2008, 8, 461.

[41]T. Yokoyama, S. Yokoyama, T. Kamikado, Y. Okuno, S. Ma-
shiko, Nature 2001, 413, 619-621.

[42]]J. A. Theobald, N. S. Oxtoby, M. A. Phillips, N. R. Champness,
P. H. Beton, Nature 2003, 424, 1029-1031.

[43] G. Pawin, K. L. Wong, K. Y. Kwon, L. Bartels, Science 2006,
313, 961-962.

[44] L. Welte, U. Garcia-Couceiro, O. Castillo, D. Olea, C. Polop,
A. Guijarro, A. Luque, J. M. Gomez-Rodriguez, J. Gémez-
Herrero, F.  Zamora, Adv. Mater. doi: 10.1002/
adma.200802886.

[45]J. V. Barth, G. Costantini, K. Kern, Nature 2005, 437, 671-679.

[46]J. M. J. Paulusse, R. P. Sijbesma, Angew. Chem. Int. Ed. 2004,
43, 4460-4462.

[47] F. Zamora, P. Amo-Ochoa, P. J. Sanz Miguel, O. Castillo, In-
org. Chim. Acta 2009, 362, 691-706.

[48] U. Garcia-Couceiro, D. Olea, O. Castillo, A. Luque, P. Roman,
P.J. de Pablo, J. Gomez-Herrero, F. Zamora, Inorg. Chem.
2005, 44, 8343-8348.

[49] P. Amo-Ochoa, M. 1. Rodriguez-Tapiador, O. Castillo, D. Olea,
A. Guijarro, S.S. Alexandre, J. Gomez-Herrero, F. Zamora,
Inorg. Chem. 2006, 45, 7642-7650.

[50] W. I. Geary, Coord. Chem. Rev. 1971, 7, 81-99999.

[51] L. Welte, R. Gonzalez-Prieto, D. Olea, M. Rosario Torres, J. L.
Priego, R. Jiménez-Aparicio, J. Gomez-Herrero, F. Zamora,
ACS Nano 2008, 2, 2051-2056.

[52] M. Surin, P. Samori, A. Jouaiti, N. Kyritsakas, M. W. Hosseini,
Angew. Chem. Int. Ed. 2007, 46, 245-249.

[53] C. Shekhah, H. Wang, S. Kowarik, F. Schreiber, M. Paulus, M.
Tolan, C. Sternemann, F. Evers, D. Zacher, R. A. Fischer, C.
Woll, J Am. Chem. Soc. 2007, 129, 15118-15119.

[54] N. Tuccitto, V. Ferri, M. Cavazzini, S. Quici, G. Zhavnerko, A.
Licciardello, M. A. Rampi, Nat. Mater. 2008, 8, 41-46.

[SS]H. Yan, Science 2004, 306, 2048-2049.

[56] Y. G. Ke, S. Lindsay, Y. Chang, Y. Liu, H. Yan, Science 2008,
319, 180-183.

[57]1J. Sharma, R. Chhabra, A. Cheng, J. Brownell, Y. Liu, H. Yan,
Science 2009, 323, 112-116.

[58] D. Porath, G. Cuniberti, R. Di Felice, Top. Curr. Chem. 2004,
237, 183-2217.

[59]1H. Cohen, T. Sapir, N. Borovok, T. Molotsky, R. Di Felice,
A. B. Kotlyar, D. Porath, Nano Lett. 2007, 7, 981-986.

[60] B. Q. Xu, P. M. Zhang, X. L. Li, N. J. Tao, Nano Lett. 2004, 4,
1105-1108.

[61] N. Borovok, T. Molotsky, J. Ghabboun, H. Cohen, D. Porath,
A. Kotlyar, FEBS Lett. 2007, 581, 5843-5846.

2896

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[62] X. F. Guo, A. A. Gorodetsky, J. Hone, J. K. Barton, C. Nuck-
olls, Nat. Nanotechnol. 2008, 3, 163-167.

[63] D. Porath, A. Bezryadin, S. de Vries, C. Dekker, Nature 2000,
403, 635-638.

[64] H. Cohen, C. Nogues, D. Ullien, S. Daube, R. Naaman, D.
Porath, J. Chem. Soc. Faraday Trans. 2006, 131, 367-376.

[65] K. W. Hipps, Science 2001, 294, 536-537.

[66] C. Nogues, S. R. Cohen, S. S. Daube, R. Naaman, Phys. Chem.
Chem. Phys. 2004, 6, 4459-4466.

[67] R. Gutierrez, D. Porath, G. Cuniberti, in: Charge transport in
disordered solids with application in electronics (Ed.: S. Baranov-
ski), Wiley & Sons, Chichster, 2006.

[68] E. Braun, Y. Eichen, U. Sivan, G. Ben-Yoseph, Nature 1998,
391, 775-778.

[69] M. Fischler, U. Simon, H. Nir, Y. Eichen, G. A. Burley, J. Gier-
lich, P. M. E. Gramlich, T. Carell, Small 2007, 3, 1049-1055.

[70] T. Carell, C. Behrens, J. Gierlich, Org. Bio. Chem. 2003, 1,
2221-2228.

[711Y. Tanaka, S. Oda, H. Yamaguchi, Y. Kondo, C. Kojima, A.
Ono, J Am. Chem. Soc. 2007, 129, 244-245.

[72]J. Liu, Y. Lu, Angew. Chem. Int. Ed. 2007, 46, 7587-7590.

[73]J. S. Lee, M. S. Han, C. A. Mirkin, Angew. Chem. Int. Ed. 2007,
46, 4093-4096.

[74] G. H. Clever, C. Kaul, T. Carell, Angew. Chem. Int. Ed. 2007,
46, 6226-6236.

[75] F. A. Polonius, J. Muller, Angew. Chem. Int. Ed. 2007, 46, 5602~
5604.

[76] K. Tanaka, A. Tengeiji, T. Kato, N. Toyama, M. Shiro, M.
Shionoya, J. Am. Chem. Soc. 2002, 124, 12494-12498.

[77]1). Mueller, Eur. J. Inorg. Chem. 2008, 3749-3763.

[78] P. Aich, S.L. Labiuk, L.W. Tari, L.J. T. Delbaere, W.J.
Roesler, K. J. Falk, R. P. Steer, J. S. Lee, J Mol. Biol. 1999, 294,
477-485.

[79]1J.S. Lee, L. J. P. Latimer, R. S. Reid, Biochem. Cell Biol.-Bi-
ochim. Biol. Cell 1993, 71, 162-168.

[80]S. S. Alexandre, J. M. Soler, L. Seijo, F. Zamora, Phys. Rev. B
2006, 73, 205112.

[81] M. Fuentes-Cabrera, B. G. Sumpter, J. E. Sponer, J. Sponer, L.
Petit, J. C. Wells, J. Phys. Chem. B 2007, 111, 870-879.

[82] A. Rakitin, P. Aich, C. Papadopoulos, Y. Kobzar, A.S. Ved-
eneev, J. S. Lee, J. M. Xu, Phys. Rev. Lett. 2001, 86, 3670-3673.

[83] E. Moreno-Herrero, P. Herrero, F. Moreno, J. Colchero, C. Go-
mez-Navarro, J. Gomez-Herrero, A. M. Baro, Nanotechnology
2003, /4, 128-133.

[84] E. Dubler, E. Gyr, Inorg. Chem. 1988, 27, 1466-1473.

[85]S. S. Alexandre, J. M. Soler, P. J. S. Miguel, R. W. Nunes, F. Yn-
durain, J. Gomez-Herrero, F. Zamora, Appl. Phys. Lett. 2007,
90, 193107.

[86] O. Castillo, A. Luque, P. Roman, F. Lloret, M. Julve, Inorg.
Chem. 2001, 40, 5526-5535.

[87] U. Garcia-Couceiro, O. Castillo, A. Luque, J. P. Garcia-Teran,
G. Beobide, P. Roman, Eur. J. Inorg. Chem. 2005, 4280-4290.

[88] J. P. Garcia-Teran, O. Castillo, A. Luque, U. Garcia-Couceiro,
P. Roman, F. Lloret, Inorg. Chem. 2004, 43, 5761-5770.

[89] D. Olea, R. Gonzalez-Prieto, J. L. Priego, M. C. Barral, P. J.
de Pablo, M. R. Torres, J. Gomez-Herrero, R. Jimenez-Apar-
icio, F. Zamora, Chem. Commun. 2007, 1591-1593.

[90] A. Calzolari, S. S. Alexandre, F. Zamora, R. Di Felice, J. Am.
Chem. Soc. 2008, 130, 5552-5562.

Received: November 7, 2008
Published Online: B

Eur. J. Inorg. Chem. 2009, 2885-2896



