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Unraveling physico-chemical properties of molecule
based architectures across a wide range of length scales
represents one of the major goals of materials science.
Scanning Probe Microscopies (SPMs) permit not only
the imaging of surfaces, but most interestingly they also
make it possible to gain insight into a variety of physical
and chemical properties of molecule-based structures
occurring in scales ranging from the hundreds of
micrometers down to the sub-nanometer regime.
Moreover they allow the manipulation of objects with
a nanoscale precision, thereby making it possible to
nanopattern a surface or to cast light onto the
nanomechanics of complex assemblies. Thus, they can
provide crucial information for the optimisation of
functional materials. This Feature article reviews recent
progress in the use of SPMs beyond imaging on soft
materials, with a particular emphasis on the chemical
discrimination, mechanical properties of macromolecules,
tip induced reactions and manipulations as well as on
the study of electrical properties of materials on the
nanoscale.
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Introduction

Nanoscale science and nanotechnology are cross-disciplinary
areas involving functional systems and materials whose
structures and components, due to their nanoscale size, possess
unusual or enhanced properties. The processing and the
manipulation of complex architectures on the nanoscale as
well as the fabrication of devices with new sustainable
approaches are key issues towards a technology based on
smart materials. The invention of Scanning Tunnelling
Microscopy (STM) in 1982 by Gerd Binnig and Heinrich
Rohrer represented a true breakthrough in nanoscale science
and nanotechnology.'® STM allowed for the first time to
produce real-space images of electrically conductive surfaces
with sub-nanometre scale resolution. The development of the
Atomic Force Microscope (AFM), known also as the Scanning
Force Microscope (SFM),*” permitted the extension of
explorations to electrically insulating materials such as
biomolecules and polymers. A major advantage of Scanning
Probe Microscopies (SPMs) is that they can operate under
different media such as air, liquid, and gas streams, expanding
in this way the studies to environments that are technologically
more important and also more easily accessible and less
expensive than ultra-high vacuum (UHV). As a consequence,
they allow visualisation of amorphous or crystalline structures
of organic adsorbates,® including porous materials.” Moreover,
they allow monitoring of dynamic phenomena such as chemi-
cal reactions!®!! as well as the diffusional path of single
molecules,'? the healing of a crystalline surface of alkanethiols
self-assembled on metallic surfaces,'> and the process of
crystallisation.'* Exploiting these microscopies, one can
attain a spatial resolution along the X-, Y-, and Z-directions
of a fraction of an angstrom. The techniques basically convey a
sharp probe (tip) that interacts locally with a sample surface
during raster scanning. The SPMs differ as regards to the prime
physical property that is measured and employed to analyse the
surface.

After a first period when these methodologies have been
primarily utilized for creating nice pictures of surfaces, the
implementation of new modes of scanning and new SPMs
paved the way towards their use to bestow information on the
physico-chemical properties of the matter and on inducing
actions that can single-out characteristics of the molecular
system investigated. In this Feature article the most important
results obtained exploiting SPM beyond imaging, in particular
using STM and SFM based set-ups, will be highlighted. Due to
the extremely large number of works performed with these
methods in many scientific disciplines and on a variety of
materials, spanning from supramolecular materials, to biologi-
cal systems, to classical semiconductors, efc., this paper will
mainly focus on (bio)organic-systems and I will not extensively
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treat every achievement. This article is divided into the
following four main chapters:

(1) Study of the chemical discrimination, by STM and
Chemical Force Microscopy;

(2) Investigation of the mechanical properties of macro-
molecules, with SFM imaging and Force Spectroscopy;

(3) Nanomanipulations by STM and SFM based
approaches;

(4) Determination of electrical properties of ordered
architectures, using STM and SFM based set-ups.

Chemical discrimination

STM monitoring of the local density of state of molecules at
surfaces

To a crude approximation, STM imaging offers a sub-
molecularly resolved map of the tunnelling current in a plane
across a conductive sample, probing point by point the pro-
bability of tunnelling between tip and surface while scanning.
Therefore it renders it possible to select a given molecule and to
gain insight into its electronic local density of states (LDOS) at
the surface.'® This is accomplished by sensing the density of
filled or unfilled electronic states near the Fermi surface, within
an energy range defined by the bias voltage at low voltage.'®
This enables discrimination between different chemical func-
tionalities adsorbed at surfaces.®'”2° Even though much
attention has been paid to the implementation of theoretical
methodologies to supplement experimental results,>*> more
than 20 years after the invention of STM discrimination
between the electronic and topographic structures of surfaces is
still a great challenge.

The contrast in STM imaging is determined by the chemical
nature of the adsorbate. However, the location of molecules in
the plane X-Y with respect to the lattice of the crystalline
substrate,® and the position of the molecule along the Z axis,
i.e. molecule—substrate distance,?® can also generate different
overlaps of the frontier orbitals of the molecule with the Fermi
level of the substrate. This leads to a different contrast, as
the STM provides a picture of the electronic properties of
the complex hybrid system which conveys substrate and
ad-molecule. Accurate studies revealed that interaction with
the conductive substrate induces a strong perturbation of the
electronic structure of a synthetic polycyclic aromatic hydro-
carbon adsorbed on a highly oriented pyrolitic graphite
(HOPG) substrate in the first epitaxial monolayer. In a
second epitaxial layer, where the same ad-molecule is
0.335 nm distant from the surface, the molecules are electro-
nically unperturbed (Fig. 1).>” Previously, a mapping in real-
space of the conformation of individual functionalized
porphyrin molecules was afforded by STM. It revealed
predominantly rotations around the bonds between the
porphyrin cores and the to four pendant tert-butyl groups,
which differ on different metal substrates (Fig.?2).”® Very
recently Ho and coworkers were able to construct a
reproducible metal-molecule-metal junction using UHV-
STM. In this way electron transport through the single-
molecule junction was studied, being determined by the local
electronic structure of the nanoscale region that includes the
molecule and a number of metal atoms in proximity to the
molecule-metal bridge, elucidating the nature of the junction.?
These results are of great importance for tailoring contacts, "'
in view of the future fabrication of nanoscale electronic devices.

A practical approach to visualize self-assembled monolayers
and sometimes even multilayers of (macro)molecules adsorbed
on a conductive surface is the STM at the solid-liquid interface.
In this type of measurement the STM tip is immersed in an
almost saturated organic solution in a poorly polar sol-
vent.8193273¢ Interfacial interactions govern the self-assembly
at surfaces, that is in competition with solvation in the 3D
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Fig. 1 STM constant height images of self-assembled architectures of
hexa-peri-hexabenzocoronene (HBC) at the highly oriented pyrolitic
graphite-solution interface. (a) Hexagonally packed first layer adjacent
to the substrate. The structure possesses a unit cell « = (1.37 + 0.04)
nm and « = (60 + 1)°, leading to an area A = (1.63 + 0.05) nm>. The
observed features do not reflect the frontier orbital of the neat HBC.
(b) Second layer adjacent to the substrate. The unit cell dimensions are
a=374+03)nm, b = 3.6+ 03)nm, o = (86 + 5)°, and 4 =
(3.3 + 0.3) nm®. The contrasts reflect accurately the nodal planes of the
frontier orbitals of the neat HBC. Tunnelling condition of the STM
image: (a) U, = 351 mV, average I, = 436 pA. (b) U, = 1250 mV,
average I, = 125 pA. Adapted with permission of the American
Chemical Society (ref. 27).

supernantant solutions. Exploiting this method ordered mono-
layers can be easily formed and studied with a sub-molecular
resolution. This makes it possible to gain insight into different
types of physico-chemical properties that span from the
thermodynamics of physisorption at the solid-liquid interface,
which is driven by an interplay between the enthalpy gain and
the loss in entropy upon adsorption,?” to the 2D behaviour of
chiral molecules at surfaces.™®

High resolution STM imaging of organic based materials
permits remarkable chemical discrimination in organic mono-
layers and the singling out of physico-chemical properties of
a given molecule in an ordered architecture. The possibility to
detect smaller and smaller tunnelling currents, together with
the ability of supramolecular chemistry to self-assemble more
and more complex arrangements, characterised by low

Fig.2 Conformational identification of Cu-tetra[3,5 di-tert-butyl-
phenyl]porphyrin (Cu-TBPP). The four-lobed quadrilateral forms are
visible. The lobes appear independently of the variable chemical
bonding with the substrates and can be identified as the uppermost zerz-
butyl groups of each of the four large (~1 nm) di-tert-butylphenyl
units. In the model on the left the four bond angles of the phenyl-
porphyrin bonds of each molecule have been determined such that the
conformation of the model corresponds to STM data. The uppermost
tert-butyl groups are shown in yellow to emphasise the molecular
subunits visible in the STM data. (a) Cu(100), square symmetry. (b) Ag
(110) rectangular symmetry. Scan length = 10 nm. Reprinted by
permission from Nature (ref. 28) copyright 1997 Macmillian Publishers
Ltd. (courtesy of Dr T. Jung).
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Fig.3 Schematic representation of a typical Chemical Force Micro-
scopy experiment. The tip, coated with a Au layer, is derivatised with
alkanethiols bearing a given functional group in the w-position (filled
circle). The sample surface is coated with a self-assembled monolayer
exposing a different functionality (empty circle). By approaching the tip
to the surface a force—distance curve can be traced. At position A the
tip is attracted to the surface. On decreasing the tip—sample distance a
repulsive regime (B,C) is reached. Pulling the tip away from the surface
a minimum (D) in the force—distance curve occurs characterised by a
maximisation of the tip-surface adhesion due to capillary forces.
Continuing the retraction the tip breaks free of surface attraction.

molecular dynamics, will permit insight into nanostructured
(bio)organic materials with a high degree of complexity.

Chemical Force Microscopy probing intermolecular interactions

During raster scanning for imaging, SFM measures the force
interactions between the tip and the sample surface. Therefore
the SFM is basically a force sensor. Besides imaging, the probe
of an SFM can also be used to single out directly the forces that
hold together two components of a multi-molecular structure.
Chemical Force Microscopy (CFM, Fig. 3) combines (i) the
force sensitivity of the SFM (down to the sub-nN or even pN
scale), (ii) the spatial resolution of SFM (sub-nanometer) and
(iii) chemical discrimination. It exploits specifically derivatised
SFM tips, prepared covalently linking a self-assembled
monolayer (SAM) terminating in a distinct functional group
to the tip surface. While the piezo motion of the SPM is frozen
in the XY directions, the functionalised tip is brought near to
the sample surface via movement along the Z axis. In this way
intermolecular interactions between functional groups exposed
on the tip and the sample surface can be investigated on the
nanometer scale collecting force—distance curves.**=’ Lieber
and co-workers probed the interactions between CO,H-CO,H,
CO,H-CH; and CHs-CHj;, revealing the formation of
H-bonds between two CO,H units, weaker forces of van der
Waals type between two CHj; groups, and even weaker inter-
actions between the dissimilar CO,H and CH; moieties.>**°
The CFM measurements are extremely dependent on the
experimental conditions, such as tip and sample composition as
well as the surrounding medium.

Capillary forces are caused by the condensation of water
vapour in the zone where the tip contacts the sample surface.
Given their magnitude of a few nN, they can easily screen
weaker interactions such as van der Waals forces or hydrogen
bonds. Due to this, measurements need to be performed in
either a vacuum, a dry gas atmosphere or a fluid. Conducting
the experiments in liquid media, solvent chemical effects on the
interaction between organic group assemblies can be analysed.
Under these conditions the interaction between two CO,H
groups has been studied in water, 1-propanol and hexane by
sampling the approach part of the force curve. While the first
case revealed long-range repulsions, due to the presence of
electrostatic interactions between the CO, ™ units, in the latter
case short-range attractions caused by the formation of
H-bonds have been observed.*' The exploration of pull-out
force curves on the interactions between CH;-CH; and CO,H—
CO,H has shown that solvent exclusion can directly affect the
adhesive forces between the tip and the surface, an effect which
is more pronounced in water and on the CHs—CHj pair.*?

The CFM study, which has also been extended to other

moieties including NH, and OH, has also been performed as a
function of the ionic strength and of the pH. This permitted the
generation of adhesion force titration curves on the nanoscale,
and thus determination of the pK, which resulted in similar
values to those obtained by conventional contact angle wetting
studies of the same surfaces.** This method for determining the
pK, has also proved to be viable for probing, at different pH,
the interaction between two dissimilar groups, namely NH,
and OH.*

Chemical reactions such as the hydrolysis of ester groups in
self-assembled monolayers (SAMs) have been monitored with
the so-called inverted CFM. In the latter, the chemical reaction
taking place at the surface of the tip coated with reactants, is
probed in-situ by force-distance measurements on a scale of
less than 100 molecules. The pull-off forces of different reactive
SAMs provided evidence of the occurrence of reaction.*

Recent success in chemical mapping of the surface func-
tionality of oxidized polymer films with sub-50 nm resolution
using CEM>® points to the need to move to more complex,
chemically heterogeneous systems, such as polymers, mixed
monolayers, or supramolecular architectures. In this concern,
the cation complexation force of 18-crown-6 has been mea-
sured in ethanol by means of CFM using probe tips and mica
substrates modified chemically with 18-crown-6 and ammo-
nium ion, respectively. The specific complexation force was
suppressed by free potassium ion in the measurement solution,
indicating a blocking effect based on the competitive com-
plexation of the 18-crown-6 moiety between the free ion and
the ammonium ion bound to the substrate. The single
complexation force of 18-crown-6 with ammonium ion in
ethanol was evaluated to be about 60 pN.>° Also in line with
increasing complexity, Frisbie and co-workers have studied the
chemical binding force of discrete electron donor—acceptor
complexes under CHCl;. CFM studies on the interaction
between N,N,N',N’-tetramethylphenylenediamine (TMPD)
and the electron acceptor 7,7,8,8-tetracyanoquinodimethane
(TCNQ) revealed a force-distance curve with a (70 + 15) pN
periodicity, assigned to the rupture of individual of TMPD-
TCNQ donor—acceptor (charge-transfer) complexes.> This
opens perspectives for the investigation of complex binding
phenomena which can depend on external stimuli such as light.

CFM is also a chiral sensor. McKendry and co-workers have
shown that one can discriminate between enantiomers of
mandelic acid at the near-molecular level. Two types of (R)-
and (S)- derivatives of mandelic acid were bound to gold
surfaces. The differentiation of (R)- and (S)-mandelic acid was
achieved exploiting chiral selectors such as the (R)- or (S)-
phenylglycine derivative that were bound to the tip. The
different interactions between the enantiomers gave rise to
different adhesion forces, which were used to achieve the
discrimination. Importantly, to minimise variations in data
determined by the use of different tips, measurements were
performed employing a single tip on each of the different chiral
surfaces investigated. These results were properly confirmed by
collecting sixty measurements of adhesion forces on each
surface as well as by checking the integrity of the tip by
repeating the measurement of the first surface at the end of the
sequence.®’

Most of the CFM results can be well described by the
Johnson—Kendall-Roberts (JKR) theory of adhesion mecha-
nics. #3357 A hybrid molecular simulation approach that
combines a dynamic model for the CFM tip-cantilever system
and a molecular dynamics (MD) relaxation technique for
SAMs on Au(111) at room temperature has been applied to
investigate dynamic adhesion and friction between a CFM tip
and a substrate, both modified by self-assembled monolayers
(SAMs) with hydrophobic CH; or hydrophilic OH terminal
groups. This permitted for the first time the simulation of
force—distance (or adhesion) curves and friction loops (or
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friction coefficients) in the CFM on the experimental time
scale. In good agreement with experimental data, the simula-
tion showed that the adhesion force and friction coefficient for
the OH-OH contact pair are much larger than those for the
CH;-CHj; pair due to the formation of hydrogen bonds.°!
More recently, atomistic molecular dynamics simulations have
been successfully employed to gain deeper understanding into
the experimental results obtained with CFM on the interaction
between a tip coated with an alkanethiolate self-assembled
monolayer interacting with a smooth planar solid-wall.®?

Therefore, adhesion force measurements between different
surfaces under different media can provide notable insights
that are crucial to understand and control intermolecular
interactions. This approach is very helpful to determine
qualitatively the magnitude of the interaction between different
units, albeit it lacks a quantitative determination of the forces
since one can hardly estimate the number of functional groups
that are probed in each measurement! Thus we can not offer an
exact quantification of the strength of the broken bond.

Exploiting a derivatised tip one can also image the surface
with SFM achieving a chemical sensitivity, due to the different
intermolecular interactions between the tip and the chemical
functionality exposed on the sample surface. This sensitivity
was evidenced by visualising nanopatterned surfaces.*>->%>’
Unfortunately this approach suffers from degradation of the
tip, which is due to the presence of frictional forces between the
tip and the surface during raster scanning.

The SFM set-up cantilever can be used to monitor bio-
chemical reactions such as the specific transduction, via surface
stress changes, of DNA hybridisation and receptor—ligand
binding into a direct nanomechanical response of microfabri-
cated cantilevers. Arrays of cantilevers were derivatised with
diverse biomolecules. The differential deflection of the canti-
levers was found to offer a true molecular recognition signal
despite large non-specific responses of individual cantilevers.
Hybridisation of complementary oligonucleotides revealed that
a single base mismatch between two 12-mer oligonucleotides
can be detected.®® Using this method nanomolar concentra-
tions of different unlabeled DNA sequences can be detected
within minutes and it can discriminate overhangs through
differential measurements. The nanomechanical response
originates predominantly from steric hindrance effects and it
is sensitive to the concentration of oligonucleotides in solution;
thus one can estimate how much of a given biomolecule is
present and active. The specificity of the measurements is
determined by the thermodynamics of the ligand-receptor
binding interaction on the cantilever, which enables the
measurement of thermodynamic equilibrium constants.®*

In summary CFM studies grant insight into the thermo-
dynamics of supramolecular interactions and allow chemical
reactions to be monitored. Combining this approach with
external stimuli, complex interactions and related phenomena
occurring in nature can be explored.

Mechanical properties of macromolecules
SFM imaging to explore different physico-chemical properties

SPM imaging itself already permits the characterisation of a
large number of physico-chemical properties of isolated mole-
cules as well as of complex multimolecular arrangements.
Besides being tools for the direct quantification of the mole-
cular weight distribution of polymers,®>®® SFM makes it
possible to study conformational and mechanical properties of
single (macro)molecules®”®® or of supramolecular architec-
tures.®*’* Kinetic experiments on the adsorption of dsDNAs
revealed that the transport of these molecules from the solution
drop onto the surface is governed solely by diffusion, and that
the molecules are irreversibly adsorbed onto the substrate. A
statistical polymer chain analysis was applied to dsDNA
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molecules to determine the deposition conditions that lead to
equilibrium and those that result in trapped configurations.
Using the appropriate conditions, DNA molecules deposited
onto freshly cleaved mica can be equilibrated in quasi 2D on a
surface as in an ideal 2D solution. A persistence length (/,) of
53 nm was determined from those molecules. This value agrees
with the ones obtained in solution using more indirect
scattering methods.”! Macromolecules that do not equilibrate
on the surface adopt conformations similar to those expected
for a simple projection onto the surface plane, suggesting a
process of kinetic trapping. Later, synthetic polymers of
isocyanodipeptides have also been investigated using a similar
approach, based on a Tapping Mode SFM®”7? study of the
conformation of isolated macromolecules equilibrated at a
surface. For this macromolecular system the /, was determined
as (76 + 6) nm’* which is more than one order of magnitude
larger than the /, determined in solutions for simpler
poly(isocyanides), namely poly(a-phenylethylisocyanide).”
This indicates that the hydrogen bonded networks existing in
the side-chains of the polymers stabilize the overall polymer
structure in line with previous physico-chemical studies.”
Among single chain synthetic polymers the stiffness of the
poly(isocyanodipeptides) is indeed very high, having an /; that
is even 50% larger than that of dsDNA."!

By studying the dynamics of the oscillating tip-cantilever
systems while imaging complex films such as triblock
copolymers with tapping mode SFM one can gain insight
into the local mechanical properties of the multicomponent
architecture and discriminate them from the topographical
contribution to the overall image contrast,’® as well as to cast
light onto the viscosity of the film on the nanometer scale.””’8

The Pulsed Force Mode (PFM) extends the capabilities of
SFM. In addition to the sample topography, the PFM offers
access to material properties such as local stiffness and
adhesion on a micro- and nanometer scale, while the lateral
forces are virtually eliminated. Therefore, high resolution
mapping of delicate samples in air and fluids can be attained.”
PFM can be used to study both mono- and multicomponent
ones. A series of investigations on phenylene-based dendri-
mers* allowed insight to be gained into the adhesion on mica
of different dendrimers with increasing generation either with®!
or without®carboxyl groups in the outer rim. In a different set
of experiments, adhesive forces and topography were mapped
simultaneously on single poly(sodium 4-styrenesulfonate)
(PSS) polymers supported on a rough surface. Force-distance
curves showed the differences in adhesive forces of the tip/
sample and the tip/surface couples, so that sample materials
can be distinguished in terms of surface adhesive properties.®
A wealth of information can be gained exploiting PFM on
multicomponent films. A good example of this can be found in
ref. 83 where PFM was used to study the morphology of three
segmented polyurethane elastomers. High-contrast images
provided evidence of the phase-separated structures on a
scale of several tens of nanometers to a few hundred nano-
meters. The adhesion-dependent pull-off force signal was
found to be far more sensitive to local variations in mechanical
properties than the stiffness-dependent indentation force
signal.®

In conclusion, imaging itself offers access to a huge amount
of information on the nanomechanics of molecule based nano-
structures. The combination of imaging with SPM manipula-
tion (see below) will open more intriguing perspectives in the
fields of polymers and materials science.

Force Spectroscopy (FS)

Making use of an approach similar to CFM, either the forces
that hold together two components of a complex macro-
molecular architecture or the mechanical properties of single
polymer chains can be probed. This can be done by tethering


http://dx.doi.org/10.1039/b314626j

Published on 01 March 2004. Downloaded by Pennsylvania State University on 17/05/2016 00:44:46.

View Article Online

¥ a
Force

—
&,

%’ Btﬂ $
v

! — Binding
_— Partner

Polymer %’
1

Bond
Rupture b
800
Ring ' I
Distorsions x):.
600 /
Conformation | |
E o Transition W
laki f
T Bond muiten : "FI%
S Torsions i ,
L 2004 E t
Entropic R L o
Forces J‘ J}l Feut
0 -
T T T 1
3 4 5 6 7

Extension f Monomer [A]

Fig.4 (a) Schematic representation of a Force Spectroscopy experi-
ment. The functionality attached to the SFM tip selectively binds a
pendant group from the macromolecule adsorbed on a surface. Pulling
the tip away from the surface the macromolecule is stretched. (b) At
increasing extension, different types of conformational transitions are
prompted.

the (macro)molecular object both to the SFM tip and to the
surface. Sampling force—distance curves, thereby manipulating
molecular objects along the Z-axis with the SFM tip, one can
induce a rupture of the weaker bond in the system or induce a
mechano-chemical transition, producing a restoring force that
causes the bending of the cantilever (Fig. 4). This methodology,
known as Force Spectroscopy (FS), in the best cases permits
spatial manipulations of less than a nanometer and can detect
forces in the piconewton (pN) regime.®* The development of
smaller, softer and more drift-stable cantilevers will allow these
limitations to be partially overcome.®> Due to the same reasons
related to capillary forces explained for CFM, FS measure-
ments must be conducted in a liquid medium. Under this latter
environment one can also study biological processes, such as
binding and unbinding, as well as nanomechanical properties
of isolated biomolecules.

A milestone in FS investigations was the direct measurement
of the rupture of bonds formed in a ligand-receptor complex,
namely between streptavidin and biotin.®®®” By blocking many
biotin or iminobiotin sites on the surface and fully functional-
ising the tip with avidin units, it was possible to detach a
few bonds at a time and determine the rupture occurring at
(160 + 20) pN between avidin and biotin and at (85 + 15) pN
between avidin and iminobiotin.®® In these experiments the
molecules under investigation did not need to be attached
covalently to the tip and sample, but rather physisorption was
used successfully. This was done by picking up a different part
of the individual chain with the SFM tip applying a contact
force of several nN over a period of seconds. The obtained
unspecific attachment was stable under forces up to a nN.%¢
Using this experimental set-up Rief and collaborators have
successfully unzipped the double strand of DNA, singling out
forces necessary to break A-T bonds as 9 pN, while 20 pN was
required to split C from G.%

Making use of this knowledge, very recently a short DNA
duplex with a given sequence, which thus possesses the

-
3

=1

Fig.5 (A) Conventional FS experiment in which the rupture force
required to break a molecular bond, such as a DNA duplex (red), is
measured with a cantilever spring (blue). (B) The differential force test,
in which the rupture force of a sample bond (red) is measured by
comparing it with a known reference bond (blue), which serves as a
molecular force standard. Upon loading the chain of polymer spacers,
sample bond, and reference bond, the weaker bond has a higher
probability of rupturing than the stronger one. Consequently, most of
the probed fluorescence labels (green) end up with the stronger bond
after separating the two surfaces. Reprinted with permission from
ref. 89. Copyright 2003 AAAS.

previously defined bond strengths, has been employed as a
molecular force standard in a FS experiment that aimed at the
quantification of intermolecular interactions (Fig. 5). During
separation of the two surfaces a complex nanostructure which
conveys a sample and the reference was stretched, until the
weaker among the two bonds got broken.® The discrimination
between different binding modes and the concept of mechanical
stringency offers striking advantages when applied to the field
of protein arrays. In fact employing the threshold force defined
by the short DNA sequence one can discriminate between
specific and non-specific binding in a variety of antibody-—
antigen interactions.®

The intrinsic elasticity of polysaccharides has also been
explored at the single molecule level making use of FS. Dextran
and amylose exhibited similar mechanical properties under
extension. At low force the force—curve revealed a range
governed by an entropic contribution. At higher forces an
intramolecular structural transition took place, increasing its
effective length. In contrast, for cellulose although its chemical
structure is very similar to that of amylose, it did not show any
conformational transition.”®

When the bond to be broken has a strength in the nN range
or even higher values, it turned out to be necessary to tether
covalently the molecule to the two surfaces. This strong
anchoring has been employed by Grandbois and co-workers on
single polysaccharide strands; these chains have been stretched
until breakage of covalent bonds. While a bond between
silicon—carbon exhibited a strength of (2.0 + 0.3) nN, the one
between sulfur—gold revealed values of (1.4 + 0.3) nN. Bond
rupture probability calculations, based on density functional
theory, nicely supported the experimental results.”!
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SFM imaging has been used in conjunction with FS to gain
more information during a pull-out experiment. The imaging
made it possible to monitor an individual molecule before and
after its manipulation. In this way it was possible to determine
the intermolecular forces between single proteins on a bacterial
surface layer and to shine light onto the unfolding pathway
during the pulling out process.”

Interestingly for polymer scientists, single polymer chains
can be attached to the tip and substrate and stretched. In the
relaxed state the polymer tends to adopt a coiled conformation
due to the maximisation of the entropy of its segments. The
extension of the macromolecule generates an opposing force
because of the entropy decrease. Small extensions require a
limited force; however, the resistance to the extension increases
as the polymer approaches its stretched conformation. The
worm-like chain model (WLC) describes well the mechanical
behaviour of the polymer under this type of stress.”>**

Most importantly, FS does not suffer from the averaging of a
heterogeneous pool of data, but rather offers insight into the
distribution of the observables. This makes it possible to single
out sub-states which are commonly averaged out in micro-
scopic investigations. For example it has been shown, in the
first instance, on the muscle protein titin,”® and later on other
multi domain proteins, that the modules can be unfolded one
by one. The so-obtained force curve is characterised by a saw-
tooth pattern with a number of peaks corresponding to the
domains that have been unravelled (Fig. 6).8+9¢ The mechani-
cal behaviour therefore deviates from a pure entropic con-
tribution in the polymer extension.

The possibility of tuning the constant pulling rate and the
temperature of the system allows attainment of a thermo-
dynamic quasi-equilibrium condition and to discern between
the enthalpy and entropy contribution, respectively.””*® Alter-
natively, making use of the Jarzynski equality relating the
irreversible work to the equilibrium free energy difference AG,
one can obtain equilibrium thermodynamic parameters from
processes carried out arbitrarily far from the equilibrium.”’

By and large, FS offers the chance to exert external forces to
modify the extent and even alter the fate of reactions with the
intent to extrapolate rules that govern the interconversion of
mechanical and chemical energy in these processes.

FS is also an ideal set-up to probe mechano-chemical
processes induced by external stimuli. The optical excitation on
an azo-benzene based architecture, inducing a switching
between the cis and frans configuration, was detected on

200 pN

20 nm

Fig. 6 The entropic elasticity of a multimodular protein and its
domain unfolding. The saw-tooth pattern of peaks, observed when
force is applied to extend the protein, corresponds to sequential
unravelling of individual domains of a modular protein. As the distance
between substrate and cantilever increases (from state 1 to state 2) the
protein elongates, generating a restoring force that bends the cantilever.
‘When a domain unfolds (state 3) the free length of the protein increases,
returning the force on the cantilever to near zero. Further extension
again results in force on the cantilever (state 4). The last peak represents
the final extension of the unfolded protein prior to detachment from the
AFM tip. Printed with permission of Elsevier from ref. 84.
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isolated molecules. This represented the first example of opto-
mechanical energy conversion at the single molecule level.'"!

FS measurements are all about grabbing the cat by the
tail.'® Exploiting this crude game for manipulating single
molecules, material scientists will be able to explore the nature
of (bio)molecular machines one at time, and infer from their
behaviour those properties common to the population and
those corresponding to specific sub-states.

Nanomanipulation

New avenues of exploration are accessible by exploiting nano-
manipulators running on SPM set-ups. These tools are based
on a fine tuning of the position of the SPM tip relative to the
sample surface. This permits control of the interaction between
tip and surface and to exploit the sharp tip in an invasive way
triggering a variation of the morphology or of the structure of a
thin film with a molecular scale precision. In this way SPM
heralds its ability both to fabricate and to monitor high-
resolution, miniaturised molecular arrays. These types of
manipulations have been performed typically at very low
temperature, a few Kelvin, and in very controlled environ-
ments, ultra-high vacuum (UHV).

Under these conditions the dynamics of the single
ad-molecules is pretty small, thus one can approach them
with a good precision with the SPM tip after having imaged
them. An impressive result was reported by FEigler and
co-workers employing the STM to position 48 Fe atoms into
a circular ring in order to ““corral” some surface state electrons
and force them into “quantum’ states of the circular structure
(Fig. 7). This allowed visualisation and study of the quantum
mechanical properties of electrons which are confined to
dimensions as small as possible for future electronic devices.'*

In 1996 Gimzewski and Joachim demonstrated that one can
simplify the experimental conditions and manipulate single
porphyrins'® and fullerenes'®* at room temperature in UHV.
In this latter experiment, a molecular scale prototype of an
abacus was fabricated, where single fullerenes were translated
along the Cu(111) monoatomic steps by using the STM tip as
manipulator.

Sub-monolayer quantities of m-conjugated molecular species
have been deposited in UHV on metallic surfaces and the tip of
a STM has been employed to manipulate single molecules
in-situ, shining light on the internal mechanics of the molecules

-

- -
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Fig.7 Single Fe atoms adsorbed on a Cu(111) surface forming a
“quantum corral” at 4 K. The image shows the contour of the local
density of electron states. The corral is about 14.3 nm in diameter. The
ripples in the ring of atoms are the density distribution of a particular
set of quantum states of the corral. Reprinted with permission of
ref. 102. Copyright 1993 AAAS.
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and inducing conformational molecular switches.'03105-107

This represents a step forward towards the fabrication of
molecular tunnel-wired nanorobots.'®® Moreover the manipu-
lation of individual molecules on a conductive substrate allows
their placement at desired positions on the surface. This
method was applied to move polycyclic aromatic hydrocarbons
(PAHs) to a double atomic step of the Cu(100) surface that
could then act as a well-defined electrode. The tip of the STM
was employed as a counter-electrode, and in this way the
conductivity of the single molecules along the main molecular
axis was probed.'®

Making use of a non-contact SFM and STM operating in
UHYV, the switching energy of a single molecule switch based
on the rotation of a di-butyl-phenyl leg in a Cu-tetra-3,5 di-zert-
butyl-phenyl porphyrin was determined. The mechanics and
intramolecular conformation of the switched leg was controlled
by the tip apex of the non-contact SFM. The comparison
between experimental and calculated force curves revealed that
the rotation of the leg requires an energy less than 100 x 102! J,
which is four orders of magnitude lower than state-of-the-art
transistors.''°

Later the manipulation also became viable at room pressure
under mild environmental conditions. Individual tobacco
mosaic viruses were visualized and manipulated at the
graphite-air interface, and data revealed a competition
between sample-substrate lateral friction and the flexural
rigidity of the manipulated object.'! Circular DNA was
manipulated at the solid-liquid interface. After its imaging the
DNA was cut with the SFM tip by applying a local pressure.
Visualisation after the manipulation showed that the linearised
molecule started searching amongst conformations with a
higher end-to-end distance than its initial zero value.'?

The tip of a SFM, operating in contact mode, has been
employed to induce a mechanical perturbation whose effect is
localised at the contact area of the tip (Fig. 8). The experiments

Fig.8 (a) Array of dots of an amide-based rotaxane produced by
individual line scans of the SFM tip on a 5 nm-thick film adsorbed on
HOPG. (b) For a given thickness (here 20 nm), the number of dots is
linearly proportional to the scan length. The number of dots can be
determined with a 2% accuracy. Film thickness controls the
characteristic size. Changing the film thickness in the range between
3 and 35 nm, the interdot distance increases from 100 to 500 nm, the dot
full-width-half-maximum from 40 to 250 nm, and the dot height from
1 to 20 nm, with a dispersion of 10 to 20%. (c) Pattern made of 31 lines
with 45 dots each on a 30 x 30 um? area on a thicker film. (d) Proof-of
concept for information storage. The sequence “e ¢ 7 a 8 in the
hexadecimal base corresponds to the number 968616. Reprinted with
permission from ref. 113. Copyright 2003 AAAS (courtesy of Drs
M. Cavallini and F. Biscarini).

performed on thin films of benzylic-amide-based rotaxanes
revealed that a local, collective reorganisation of the material
into spatially correlated nano-dots occurs when the tip is
scanned along a line with a load force just above a 2 nN
threshold. These manipulations were performed on the
(sub)micrometer scale, thus there was no direct control of
conformational transitions at the level of single molecules. The
authors believe that the fact that a collective writing of an array
of nanostructures occurs, is possibly related to the interconver-
sion of rotaxanes in the solid state and to formation and
ripening of crystalline nuclei.'"

Very recently Rabe and Schliiter were able to manipulate
single rod-like dendronised polymers with the SFM tip,''* and
connect two strands covalently performing a photochemical
reaction at surfaces (Fig.9).!"> The “move-connect-prove”
approach was used to attest the formation of the new single
polymer chains starting from the two smaller units.!'> This
represented an important step forward towards the nano-
construction and generation of nano-archichitectures at will.

Differently from SFM, the STM permits achievement of
higher spatial resolution in the imaging, and the manipula-
tion can be addressed down to the single molecule scale.
Unfortunately manipulations with STM cannot be performed
on self-assembled monolayers at the solid-liquid interface since
under these conditions the interfacial interactions are very
strong and the dynamics of the molecules are extremely high;
once the tip is retracted from the “manipulating mode”, the
monolayer having the initial supramolecular arrangement is
formed again, due to the strong interfacial interactions govern-
ing the self-assembly. A solution to this problem was recently
introduced.!'® Starting from STM exploration at the solution—
solid interface, evaporation of the solvent led to the formation
of a gel which was stable on the substrate surface for several
days. As an example, crown ether-functionalised phthalocya-
nines were investigated under these conditions [Fig. 10(d)].
Sub-molecularly resolved STM imaging exhibited the
co-existence of three different arrangements over an area of
some hundreds of square nanometres. Two (1 and 2) highly
ordered ‘face-on’ hexagonal phases, and another one (3)
arranged ‘edge-on’, forming lamellae consisting of n—n stacked
phthalocyanines. Because of the durability of this gel-graphite
interface, it became possible to execute STM measurements
continuously for a few days with the tip immersed in the gel. In
addition, the slow dynamics of the single molecules at this
interface made it possible not only to follow the coarsening of a
single molecule over a timescale of several hours, but also to
readily manipulate the molecular adsorbate with precision on
the molecular scale. In this set of experiments, after having
‘read’ the surface [Figs. 10(a) and (d)], the tip of the STM was
employed in an invasive mode to ‘write’ information on the
molecular scale [Fig. 10(b)]. This could be accomplished by
reducing the tunnelling gap impedance, thus inducing a
mechanochemical switch from the ‘face-on’ to ‘edge-on’ pack-
ing. Going back to non-invasive measurement conditions, the
surface was ‘read’ again and the switching which took place in
area 4 was monitored [Figs. 10(c) and (e)].!'®

All in all, nanomanipulation offers perspectives for future
explorations on the nanomechanics of complex arrangements
as well as for the nanoconstruction of surfaces, being of
paramount importance in the frame of increasing the density of
data storage.

Nanolithography with SPM

To date, different methodologies have been introduced for
nanopatterning surfaces exploiting the SPM tip as an active
pen. Among them, Dip-Pen Nanolithography (DPN) turned
out to be a pretty simple and viable approach: the SFM tip is
employed to deliver molecules to a surface via a solvent
meniscus, which naturally forms in the ambient atmosphere

J. Mater. Chem., 2004, 14, 1353-1366
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Fig. 9 Tapping-mode SFM images of two individual dendronised polymers, moved towards each other (“move”’; a-b), irradiated by UV light
(““‘connect”; b—c), and challenged mechanically (“prove”; d,e.f). The arrows indicate the movement of the SFM tip during manipulation. Reprinted
with permission from Angew. Chem., Int. Ed. (ref. 115) copyright 2003 Wiley-VCH.
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Fig. 10 Scheme showing the STM tip being employed to (a) ‘read a surface’, (b) ‘write a surface’, and (c) ‘read a surface’ again. The STM images
were recorded at the gel-HOPG interface: (d) reading the surface before manipulation; (e) reading the surface after manipulation. The area indicated
by 4 in (e) has been manipulated by inducing a mechano-chemical switch from the ‘face-on’ hexagonally packed structure to the ‘edge-on’ lamellae
architecture. Reprinted by permission from IOP Publishing Limited (ref. 117) copyright 2002.

(Fig. 11). This direct-write technique offers high-resolution
patterning capabilities for a number of molecular and bio-
molecular ‘inks’ on a variety of substrate types such as metals,
semiconductors, and monolayer functionalised surfaces
thereby tailoring nanostructures composed of organic,''®!"?
semiconducting,'?* or metallic materials'>*'*! with controlled
and well-defined nanometer shape and size.

More precisely, in analogy with a quill pen, the SFM tip is
simply coated with a molecular ‘ink’ and then brought into
contact with the surface to be patterned. Water condensing
from the immediate environment forms a capillary between the
SFM tip and the surface, which in some cases aids transport of
the ink molecules onto the substrate. In other cases, a chemical

Molecular transport

or physical driving force, such as chemisorption of atoms or
electrostatic interaction, is used to assist molecular transfer of

_ J. Mater. Chem., 2004, 14, 1353-1366

Fig. 11 Cartoon of Dip-Pen Nanolithography (DPN). Reprinted
with permission from ref. 118. Copyright 1999 AAAS.
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Fig. 12 (a) Nanoscale molecular letters written on an Au(111) surface with 16-mercaptohexadecanoic acid (MHA) molecules by DPN. (b) SAMs
in the shape of polygons drawn by DPN with MHA on an amorphous Au surface. A 1-octadecanethiol SAM has been overwritten around the
polygons. (¢) Two straight poly(3,4-ethylenedioxythiophene) (PEDOT) written by electrochemical dip-pen at 10 (left) and 1 nm s~ ! (right). The
humidity was 28% and the voltage was —12 V. Polymer line width: 50 nm scale bar: 1 pm. Inset: Cross-section of the two lines. Reprinted with
permissions: (a,b) from ref. 123 (Copyright 1999 AAAS) and (c) from the American Chemical Society (ref. 127).

the ink from the tip to the surface. Keeping the SFM tip static,
spots can generated on the substrate surface, while lines and
curves can be produced by moving the probe during ink
deposition. The DPN experiments need to be performed in a
controlled environment where humidity levels can be tweaked
to optimise transport.'*?

The DPN was first introduced in 1999 by Mirkin, demon-
strating how this method can be easily applied to fabricate
alkanethiol nanostructures onto a gold surface (Fig. 12a).!'®
Multicomponent nano-architectures were also designed by
DPN using multiple ink (Fig. 12b).'** Moreover, the use of
multiple tips at the same time permits parallel and serial writing
capabilities.'** With DPN protein nanoarrays'*® as well as
modified nucleotides'*® have been self-assembled at surfaces,
opening new avenues towards the study of fundamental
interactions between biological systems such as biomolecular
recognition, association, and binding.

Combining the dip-pen with the electrochemical appro-
ach,'® poly-thiophene nanowires on semiconducting or
insulating substrates have been designed. Starting from the
monomer, polymeric n-conjugated wires were fabricated with a
length of several micrometers (Fig. 12c).'*’

Using the same tool poly-histidine-tagged peptides and
proteins, and free-base porphyrins coated on SFM probes,
were chelated to ionised regions on a metallic nickel surface by
applying an electrical potential to the SFM tip in the DPN
process.!?® Exploiting an electrochemical approach, Sagiv
and co-workers have implemented a facile route to nano-
pattern a self-assembled monolayer, supported on a silicon
wafer, with some metallic silver nanodots. Starting with a thiol-
top-functionalized silane monolayer (TFSM) with silver ions
chemisorbed on its outer surface (Ag"—TFSM), metallic silver
nanoparticles were generated at selected surface sites by either
wet chemical or tip-induced electrochemical reduction of the

Nanografting
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surface-bound metal ions.'” This demonstrated that nano-
lithography is a versatile way to the in-situ chemical fabrication
of spatially defined metal structures on organic monolayer
templates.

Alternatively, different types of nanostructures can be
fabricated from a self-assembled monolayer of thiolates on
gold by exploiting the tip in an invasive mode. These modes are
shown in Fig. 13. In nanoshaving (Fig. 13A) the SFM tip exerts
a high shear force during the scan, which causes displacement
of the SAM adsorbates. Performing this manipulation at the
solid-liquid interface using a solution containing a different
alkanethiol, one can induce the occurrence of chemisorption in
the newly exposed gold surface as the tip ploughs through the
matrix SAM, in the so called nanografting mode (Fig. 13B). In
both cases reducing the interaction forces between the tip and
the sample surface, one can visualize the nanostructures in a
non-invasive fashion.

Making use of STM, nanolithography can also be performed
on the nanoscale. After imaging the alkanethiol monolayer in
UHYV with a low average tunnelling current, by increasing the
tunnelling current beyond a certain limit, one can induce the
displacement of metal atoms (electron induced diffusion,
Fig. 13C) or the desorption of adsorbate molecules (electron
induced evaporation, Fig. 13D).!*

Combining conducting SFM (see below) with nanoshaving,
the surface can be visualized and patterned with different
molecules by the same tip, and at the same time the electron
transfer properties of the surface can be explored and
correlated with other properties such as the topography.

Therefore a number of viable approaches are already
established for nanoconstruction by manipulating materials
with a nanoscale precision exploiting the SPM tip. Even though
these methods are difficult to employ on the industrial scale,
they will be fundamental in a variety of fields where tailoring

Electron induced evaporation

Fig. 13 Cartoons of four manipulation modes exploiting SFM (A and B) and STM (C and D). The imaging and fabrication modes are depicted in
the top and bottom rows, respectively. Reprinted with permission of the American Chemical Society (ref. 130).
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small objects can offer a step forward towards the generation of
smarter materials and functional devices.

Tip activated chemical reactions

The tip of the STM can be exploited to direct chemical
reactions with a molecular scale precision."*! The sharp STM
tip can be used to break bonds selectively, to manipulate
molecular fragments and to form new bonds. This series of
operations was accomplished by performing an Ullmann
reaction involving the homocoupling of two iodobenzene
molecules to afford biphenyl.!313?

Topochemical reactions were also carried out at surfaces by
using the STM tip as stimulus. This requires a careful
molecular design which offers a well-defined relative orienta-
tion of the reactive moieties. In this way intermolecular
reactions can take place. A typical example is the topochemical
reaction between diacetylenes giving rise to poly-diacetylenes.
Besides the previously performed polymerisation at surfaces
triggered by light,'** Aono has shown that the STM tip can be
used to “draw’ a 1D m-conjugated polymer (poly-diacetylene),
applying a pulsed sample bias from a predetermined position in
a self-assembled monolayer of diacetylenes at surfaces.!?>!%
Very recently, De Schryver and co-workers have demonstrated
that by exploiting the same procedure one can successfully
write 2D nanostructures on graphite.'*” This method repre-
sents a new way for the nanofabrication of electrically active
species, which is of great importance in the frame of tailoring
nanoelectronic circuits. More generally, the tip induced
reaction will make it possible to promote complex reactions
in a given location at surfaces and to cast light onto their
mechanism.

Electrical properties

The electrical properties of nanostructures can be elucidated by
means of different types of SPMs. All of them permit
combination of a high resolution structural characterization
with electrical measurements, paving the way towards the
correlation of nanoscale structure with the transport properties
in molecule based materials. They differ in the type of spatial
resolution they can achieve and in the type of conductivities
that are measured. Being based on the quantum chemical
principle of the tunnelling of electrons, STM offers superior
spatial resolution in imaging and it allows to wire a smaller
amount of molecules per measurement. Differently exploiting
the SFM based modes one can obtain a true topographic map
of the investigated nanostructure, despite the larger contact
area in the electrical measurements.

Scanning Tunnelling Spectroscopy (STS)

Beyond imaging, the STM set-up can supply spectroscopic
investigations on single molecules using the Scanning Tunnell-
ing Spectroscopy (STS) mode.*'¥*1% In this mode the tip is
‘frozen’ at a well specified distance from the sample surface
(position) and d//d U is sampled as a function of voltage (U) (in
a selected range, typically within —2 and +2 V). The resulting
characteristic (d//dU) = f(U) can usually be interpreted in
terms of the electronic density of states.'*! Several studies on
organic layers have been accomplished in UHV and at solid—
liquid interfaces. The major difficulties in experiments of this
type are related to sample instabilities during the measure-
ments. For the case of UHV, studies on single copper
phthalocyanines (CuPcs) by Gimzewski et al.'*® and later by
Dekker et al.'*? revealed asymmetric /(U) traces, namely an
enhanced current at negative sample bias, attributed to a
resonant tunnelling through the HOMO of the CuPc.
However, the HOMO-LUMO gap of the Pc was not observed.
Likewise, studies on vanadyl derivatised Pcs on Au(111) have
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shown strongly asymmetric I(U) curves because of an
enhanced tunnelling current at positive sample bias.'**!% In
this case the tunnelling occurred through the LUMO. STS
explorations have also been carried out as a function of the
distance between tip and surface on chemisorbed monolayers
of a,o/-xylyl dithiol (XYL) on Au.'*® Increasing the tip-surface
distance, the I(U) curves become asymmetric. On the same
molecular systems, investigations were performed tethering
nanometer-sized gold clusters, deposited from a cluster beam,
between the head groups of the SAM and the STM tip. UHV-
STM was employed both to image these nanostructures and to
measure their /(U) characteristics as a function of the separa-
tion between the probe tip and the metal cluster. At room
temperature, a “Coulomb staircase” behaviour was recorded.
This result is in good agreement with semi classical predictions
for correlated single-electron tunnelling and permits an
estimation of the electrical resistance of a single XYL molecule
which amounts to (18 + 12) MQ.'® Similar results have been
obtained on crystalline monolayers of coronene grown by
sublimation on HOPG in UHV.'"*” The HOMO-LUMO gap,
although being smaller than the calculated value for an isolated
molecule, increases with the size of the tip—sample gap.

Recently Wei and Reifenberg have shown by STS that a self-
assembled monolayer of dodecanethiols on Au(111) possesses
insulating electrical properties comparable to that of a 1.5 nm
layer of SiO, on Si, suggesting its possible use as electrical
insulators in future device applications.'*® Employing a
different tactic, Gimzewski and Joachim have translated, in
UHV with the STM tip, polycyclic aromatic hydrocarbons
(PAHSs) to a double atomic step of the Cu(100) surface. This
step was employed as an electrode, while the STM tip behaved
as a counter-electrode. In this manner the electrical properties
of the single molecules through the ‘conjugated diving board’
was determined, revealing an exponential decay of the con-
ductivity with the distance from the contact end.'” The
combination of STS and optical absorption measurements was
used to determine the exciton binding of PPV and poly-fluorene
derivatives.'* By means of STS one can also evaluate the band
gap for a conjugated polymer film of PPV. The data obtained
fit well with optical spectroscopy measurements.'>° Exploiting
STS and ultraviolet photoelectron spectroscopy (UPS) on
unsubstituted hexa-peri-hexabenzocoronenes (HBCs) sublimed
in UHV on Au(111), comparable results for the electronic
structure of the occupied states have been sampled. Also in this
case, the measured band gap is in accordance with that
determined by optical absorption.'!

Only a few STS studies have been reported on organic
molecules at the liquid-solid interface. The use of STS under
these conditions was introduced first by Rabe and co-workers
comparing the STS plots of the saturated and unsaturated
moieties in a single alkylated HBC physisorbed at the graphite—
solution interface. While the /(U) characteristics of the
aliphatic side-chains turned out to be symmetric, those of the
conjugated core moieties were asymmetric.'> Under the same
solid-liquid interface conditions, metallo-porphyrin derivatives
assembled on gold surfaces have been investigated with
STS. Asymmetric /(U) spectra have also been found due to
an increase in tunnelling current at high negative sample bias.
This increase was explained by tunnelling via the oxidised states
of the molecule.'® Again, asymmetric traces have been
recorded on self-assembled monolayers of thiol-functionalised
aromatic moieties in air.'>® The molecules have been found to
act as potential barriers to electron transmission.'>® The barrier
is trapezoidal when the molecule has a permanent dipole
moment (normal to the basal plane of the Au surface), in
accordance with the asymmetric /(U) traces.'>* Very recently,
rectifying behaviour was probed on tetrathiafulvalene (TTF)
nanostructures at the solid-liquid interface. This asymmetry in
the I(U) spectra was found to be strongly correlated with the
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oxidation potential of the molecule, but independent on its
molecular ordering.'>

STM imaging can also provide information on the con-
ductivity of organized architectures. The average resistances of
self-assembled monolayers of linear alkanethiols with different
length chemisorbed nearly perpendicular on Ag(111) was
determined from the range of tunnelling parameters (tip
voltage and average tunnelling current) that allowed attain-
ment of molecularly resolved STM imaging of the head of the
molecules self-assembled at surfaces. This revealed an expo-
nential increase in the resistance of the layer with increasing
length of the alkyl chain from C,HsSH to C,1Hp;SH. ¢

Later, conjugated oligomers of phenylene-ethynylenes were
embedded into a dodecanethiol self-assembled monolayers on
Au(111). STM and microwave frequency alternating current
STM at high tunnel junction impedance (100 GQ) were used to
assess their electrical properties. The inserted conjugated
molecules formed single molecular wires that extended from
the Au(111) substrate to about 7 A above and were found to
possess a very high conductivity as compared with that of the
alkanethiolate."”’

Dynamic electronic processes could be also detected by
STM. A stochastic on—off conductivity switching in phenylene-
ethynylene oligomers embedded in a SAM of alkanethiols was
observed and explained in terms of changes in ring conforma-
tions, or electron localisation, or both.!>® Later, the stochastic
on—off switching was monitored also on much simpler chemical
systems including octanedithiol, decanedithiol, and dodecane-
dithiol bonded on Au(111). The rate of switching increased
substantially at 60 °C, the temperature at which these films are
commonly annealed. Because such switching in alkanethiols is
unlikely to be determined by intra-molecular electronic changes
and cannot be fully accounted for by breaking of the top
contact, it was suggested that the cause is the well-known
mobility of molecules tethered to gold via a thiol linkage,
leading to a stochastic breaking of the bottom molecule metal
contact.'®

The STM based set-ups permit explorations at the single
molecular level on the electrical properties of single molecules
in supramolecular arrangements as well as to obtain insight
into dynamic processes at the interface. These latter are crucial
for the tailoring of hybrid metal-organic contacts.

Electrical measurements with Scanning Force Microscopy

A great deal of work was performed by Frisbie and co-workers
using conducting probe SFM (CPSFM) to record I(U) charac-
teristics on samples that are highly resistive or surrounded by
insulating regions which could then not be investigated by
STM. Another difference from STM measurements, is the
position of the tip. In CPSFM the tip is placed in direct contact,
under controlled load, with the material to be probed. In fact
the measured /(U) relationship is known to be profoundly
influenced by the electronic properties of the tip-sample
contact. In contrast, an STM tip is generally not in physical
contact with the sample, so the determined 7(U) characteristics
suffer from the hardly reproducible tip—sample contact. While
reliance of STM on tunnelling allows a powerful conductance
spectroscopy that maps the electronic density of states of a
material, the length scale over which one can probe transport
in resistive materials is limited to typical tunnelling distances
(1-10 nm).'™® Moreover the visualisation of the organic
materials with SFM can be performed using the metal
coated tip operating in Tapping Mode, limiting the invasivity
of the imaging.

CPSFM was used to measure the electrical transport
characteristics of 2-14 nm thick doped crystallites of the
organic semiconductor sexithiophene (6T) sublimed in vacuum
on Au and SiO, substrates. SFM imaging accounted for an
orientation of the 6T molecules with their long axes nearly

perpendicular to the substrate. While for the crystals supported
on Au the transport is probed through the thickness of the
crystals (ie., the vertical direction) with the CPSFM tip, on
SiO; the transport is measured parallel to the substrate between
the CPSFM tip and a nanofabricated Au electrode in contact
with the crystallite. On Au a greater conductance was found for
the three 6T layers rather than for the single layer thick one,
suggesting that an important role is played by interchain
hopping. Both the vertical and horizontal conductance
measurements showed non-ohmic behavior."®" CPSFM per-
mits also to study the conductivity of a 6T crystal on SiO, at
different distances from the microfabricated Au wire contact.
At a given tip voltage, the current decreased with increasing
distance of the probe from the wire.'®

CPSFM can also be exploited to address the transport
investigation on an individual grain boundary (GB) in a 6T
crystal on a SiO,/Si surface. A variable channel length
transistor was constructed using a microfabricated Au
electrode contacting one grain, an Au-coated AFM tip as a
positionable electrode, and the doped Si substrate as a gate.
The GB resistance was found to be gate voltage dependent and
large, on the order of 10°-10'° Q for a 1 pm boundary length.
Resistances across single 6T grains were an order of magnitude
lower. The results indicate that GBs can be the principal
bottleneck to charge transport in polycrystalline organic
semiconductor films, particularly at low gate fields.'®> This
was also confirmed by electrostatic force microscopy studies of
the potential drop along monolayer thick hundred nanometer
wide domains of a poly-thiophene, doped with AuCls.'®?

A similar experiment to that performed by STM by Heinz
and Rabe on the conductivity of SAMs of alkanethiols as a
function of the number of methylene units in the alkane chains
packed on a metallic substrate'>® was carried out by CP-SFM
using Au as support. The resistance was again found to
increase exponentially with monolayer thickness. The para-
meter f3, being the decay constant of the transconductance (G),
where G = fe ¥, with / = the length of the wire, was
determined as § = 1.45 per methylene unit.'®* This value is in
reasonable agreement with the ones previously reported by
different authors.'®>'*” The comparison of CPSFM measure-
ments on SAMs of unsaturated oligo-phenylene thiolates and
saturated alkanethiolates assembled on Au substrates revealed
average f§ values of (0.42 + 0.07) A~ ! and (0.94 + 0.06) A1,
respectively.'®® A recent study demonstrated that important
roles are played by the work function of the chosen metal
electrodes and by the anchoring groups that interact with the
contact.'®® The tip-SAM contact exploiting the CPSFM
approach is approximately 15 nm?.'"

Using a Au nanocluster with a 1.5 nm diameter embedded
between the conductive SFM probe and the SAM one can
reduce such a size notably. The resistance of a single
HS(CH,)sSH molecule covalently linked to this Au nanocluster
was measured to be (900 + 50) MQ. In contrast, non-bonded
contacts to CH3(CH,);SH monolayers were at least four orders
of magnitude more resistive. Moreover these experiments were
less reproducible, and had a different voltage dependence,
demonstrating that the measurement of intrinsic molecular
properties requires chemically bonded contacts. The conduc-
tivities determined employing the Au nanocluster fit well with
first principles simulations based on tunnelling transport.'”!
Reasonably, the same approach on a single carotenedithiol
molecules with a total length of 28 carbons revealed a notably
higher conductivity of the conjugated molecule if compared
to a linear saturated alkane having an equivalent length
chemisorbed on Au.'

Therefore CPSFM is perfectly suitable to elucidate the
electrical properties of materials across a wide range of length
scale on a variety of samples. Noteworthy, the use of Au
nanoclusters interfaced to the conductive SFM tip as counter
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electrode represents a very elegant way to wire reproducibly a
small amount of molecules.

Discussion and future challenges

SPMs have indisputably widened the scope for addressing and
controlling the properties of single molecules. The first scientist
who dared to think so small was Richard Feynman in 1959,
who, in his celebrated lecture entitled There’s Plenty of Room at
the Bottom'"™ said: ‘I can hardly doubt that when we have some
control of the arrangement of things on a small scale we will get
an enormously greater range of possible properties that
substances can have, and of different things that we can do’.
Different important issues still need to be tackled to improve
the capability of tuning the physico-chemical properties of
single molecules as well as of their ordered multi-molecular
arrangements. A great challenge is the elucidation of more and
more complex entities and processes. Marrying SPM studies
beyond imaging with external stimuli (light, pH, applied
voltage) one can explore many physico-chemical phenomena in
both artificial and natural systems. The exploitation of the tip as
stimuli for nanopatterning and nanomanipulation can benefit a
lot from the use of different SPMs and from the development of
new modes. For example Scanning Near Field Optical
Microscopy'”® can be successfully used to trigger chemical
reactions,!’*!”> such as a polymerisation leading to a nano-
patterning of the surfaces with an array of a given conjugated
polymer.'”®

Concluding remarks

Scanning Probe Microscopies are demonstrated to be unique
tools for casting light onto different physico-chemical pro-
perties of single molecules and on their supramolecular
arrangements as well as for the nanoengineering of complex
hybrid architectures at surfaces. Their versatility and simplicity
in the different modes as well as their applicability to different
kinds of samples provide direct access to new realms at the
interface between different disciplines including chemistry,
physics and biology, and open up a vast range of applications
that foster materials science into the nanoscale world.
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