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Abstract

This thesis presents a study of different nanoscale functional properties of MogSo.xIx nanowires and
demonstrates a straight-forward functionalization route based on self-assembly. In order to ascertain their
basic functional properties, studies of dispersion and electromobility under different conditions were
performed. It was found that the nanowire bundles, due to their large diameters and long lengths, cannot
travel through electrophoresis gel like DNA, CNTs and other familiar entities. The gel pores are too small,
thus the individual thicker MogSo.xIx bundles and especially the agglomerated networks and meshes
become trapped in the wall of the gel pockets, blocking the pores completely. Despite the fact that the
nanowires exhibited no travel through the gel, their definite movement towards the positive wall of the gel
pocket revealed their negative charge in aqueous solution. Dielectrophoresis was used to manipulate
MogSy.xIx nanowires and to construct point-field emitters. MogSo.xI emitters proved to be comparable in
performance, durability and current stability to SWCNTSs emitters.

Dispersability of MogSy.xIx nanowires in different pH has been tested by performing sedimentation
studies and microscopic characterization. It was found that decreasing the solution pH also resulted in
significant diameter reduction of the nanowires. However, the quantity of the sediments seemed to increase
as well, implying disintegration of structures. The most stable dispersion showed a neutral pH.

Armed with the results from dispersion studies, a functionalization of MoeSg xIx nanowires in aqueous
solution with different (bio) molecules was obtained, and nanowires with gold colloids in two, three and
even in multi-terminal connectors were functionalized. The bond between the nanowires and the gold
colloids appears to be a covalent bond facilitated by the compatible distances between Au-Au and the Mo-
Mo atoms in the nanowire. In the next step, the attachment of thyroglobulin and green fluorescent protein
to two different types of nanowires, as-grown nanowires and sulfonated nanowires was successfully
performed. The sulfonated nanowires were seen to be decorated over their entire surface with protein,
whereas in the case of as-grown material the proteins connected to the ends of the nanowires. Topographic
and force-curve AFM measurements enabled the determination of the fingerprints of MogSo.xIx nanowires,
proteins and substrates, and made it possible to distinguish between different types of nanostructures which
self-assemble in solution.
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1 Introduction

1.1 Inorganic nanotubes: background and theoretical considerations

The ability of carbon to bond with itself and with other atoms in various combinations of chains and rings
forms the basis for the widespread scientific discipline of modern organic chemistry. Until recently we
knew for certain of just two types of carbon crystalline structure, diamond and graphite. Despite the best
efforts of some synthetic chemists like Roald Hoffmann, Orville Chapman and others, attempts to prepare
novel forms of molecular or polymeric carbon were fruitless. Soon there after, in August 1985, Harold
Kroto and Richard Smalley, collaborating at Rice University, launched a series of experiments on the
vaporization of graphite. The first to be discovered were the hollow, cage-like buckminsterfullerene
molecules (Kroto et al., 1985), also known as buckyballs, or Cg fullerenes (Figure 1). In accordance with
the Euler rule, the Cq molecule was found to be composed of 20 hexagons and 12 symmetrically disposed
pentagons.

In fact, what had been discovered was not just a single molecule but an infinite class of new molecules:
Ce0, Cr0, Cgy, etc. Following this discovery, in 1991 Sumio Iijima observed multiwall nanotubes
(MWCNTs) (Figure 1) formed in a carbon arc discharge (Iijima, 1991) and two years later, he and Donald
Bethune independently observed single-wall nanotubes (SWCNTs) (Iijima et al., 1993; Bethune et al,,
1993). Now, more than ten years after their discovery, we know a great deal about nanotubes. We know
that carbon nanotubes are made of rolled graphene sheets capped at each end with half of a fullerene
molecule of the same diameter. These structures can be viewed therefore as an elongated form of a
fullerene. Both fullerenes and nanotubes are seamless structures that contain carbon atoms that only form
bonds with three other atoms. The absence of dangling bonds makes these structures energetically very
stable. Nonetheless, the deviation from planarity induces a non-negligible amount of stress into the
fullerenes; this explains many of their chemical and physical properties.

diamo graphite

C6O .
fullerene multi-walled

carbon nanotube
Figure 1: Carbon. A gallery of known carbon forms.

Despite the important properties that carbon nanotubes (CNTs) have shown since their discovery,
scientists have had to face a series of obstacles. One is that carbon nanotubes are normally produced as
random mixtures of metallic and semiconducting tubes (Mintmire et al., 1992; Hamada et al., 1992; Saito et
al., 1992; Issi et al., 1995). While it is possible to measure the electronic properties of single tubes and to
choose the right one for a given experimental set-up, any large scale application would depend on selective
synthesis or efficient separation. Another important issue is that carbon nanotubes are generally insoluble in
any solvents, resulting in their poor processability for many proposed potential applications. Over time,
several strategies have been developed for the dispersability of the nanotubes: one is to functionalize them
(Duesberg et al., 2004; Chen et al., 1998), but this process strongly changes their physical and chemical
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properties (Garg and Sinnott, 1998); another is to add a surfactant (Moor et al., 2003) or a polymer (Wise
et al., 2004). Unfortunately, both approaches tend to change their physical and chemical properties thus
affecting their proper basic characterization.

Mainly due to the disadvantages mentioned above as well as other difficulties, scientists' attention
turned towards the synthesis of other inorganic, one-dimensional structures. It is quite natural to assume
that the formation of fullerene and nanotubes is not limited to carbon but can occur also in other two-
dimensional layered compounds, such as WS, (Tenne et al., 1992) or its structural analog MoS, (Margulis
et al., 1993; Feldman et al., 1995). In contrast to the graphite, which is made of mono-atomic carbon sheets
arranged in a hexagonal honeycomb and held together by van der Waals forces, these inorganic tubes are
made of stacked molecular sheets (Figure 2). For example, in the case of MoS, each molecular sheet
consists of a six fold-bonded molybdenum layer sandwiched between two threefold-bonded sulfur layers.
In analogy to graphite, weak van der Waals forces are responsible for the stacking of the S-Mo-S layers
together. Unlike carbon fullerenes and nanotubes, which can be readily synthesized in single-wall form,
here concentric multilayer structures are usually obtained.

Figure 2: Comparison of different sturctures. Schematic drawing of graphite and MoS, structure.

However, these nanotubes are far from being the only inorganic nanotubes made. In recent years, a
variety of inorganic materials nanotubes has been theoretically studied, synthesized and characterized:

«¢+ transition metal chalcogenide NTs: MoS, (Margulis et al., 1993; Feldman et al., 1995), MoSe,
(Nath and Rao, 2001), WS, (Tenne et al., 1992), WSe, (Nath and Rao, 2001), NbS, (Nath and
Rao, 2001), NbSe, (Galvan et al., 2001), TaS, (Nath and Rao, 2001), ZrS, (Nath and Rao,
2002), HfS, (Nath and Rao, 2002), TiS, (Chen et al., 2003), ZnS (Dloczik et al., 2001), NiS
(Jiang et al., 2001), CdSe (Rao et al., 2001), CdS (Rao et al., 2001);
«» oxide NTs
a) transition metal oxides: TiO, (Hoyer, 1996), ZnO (Wu et al., 2002; Zhang et al., 2002), GaO/ZnO
(Hu et al., 2003), VO, (Niederberger et al., 2003), W 5049 (Hu et al., 200), V,05 (Satishkumar et al., 1997,
Spahr et al., 1998), Al,O; (Pu et al.,, 2001), In,O3 (Cheng and Samulski, 2001), Ga,O; (Cheng and
Samulski, 2001), BaTiO; (Hernandez et al., 2002), PbTiOz (Hernandez et al., 2002);
b) silicon oxides: SiO, (Lin et al., 2000), MoOj; (Satishkumar et al., 2000), RuO, (Satishkumar et al.,
2000);
¢) rare earth oxides: Er, Tm, Yb, Lu oxide (Yada et al., 2002);
+¢+ transition metal halogen NTs: NiCl, (Hacohen et al., 1998);
+ mixed phase and metal doped NTs: PbNb,S,,,1 (Bernaerts et al., 1997), Mo, ,WS, (Nath et al.,
2002), WMo,C,S, (Hsu et al., 2000), Nb-WS, (Zhu et al., 2001), WS,-carbon nanotubes
(Whitby et al., 2002), NbS,-carbon nanotubes (Zhu et al., 2002), Au-MoS, (Remskar et al.,
2000), Ag-WS, (Remskar et al., 2000), Ag-MoS, (Remskar et al., 2000), CussFeSq5 (Peng et
al., 2001);
¢+ Dboron- and silicon-based NTs: BN (Chopra et al., 1995; Loiseau et al., 1996), BCN (Stephan et
al., 1994), Si (Sha et al., 2002);
+» metal nanotubes: Au (Busbee et al., 2003), Co (Tourillon et al., 2000), Fe (Tourillon et al.,
2000), Cu (Han et al., 2001), Ni (Han et al., 2001), Te (Mayers and Xia, 2002), Bi (Li et al.,
2001).
All these nanotubes have been synthesized by various methods. These methods can be categorized into
six major approaches based on the reaction media that were used during the preparation: sulfurization,
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decomposition of the precursor crystals, template growth, precursor-assisted pyrolysis, misfit rolling and
direct synthesis from the vapor phase.

Overview of the synthesis of inorganic nanotubes

The synthesis of inorganic nanotubes has witnessed substantial growth in recent years. A short overview of
the most commonly used methods will be presented.

Nanotubes of disulfides and diselenides of Mo and W have been prepared using various methods. The
most commonly used method is the synthesis from stable oxides such as MoO3; and WOj; (Tenne et al.,
1992; Margulis et al., 1993; Feldman et al., 1995). The oxides are first heated at high temperatures in a
reducing atmosphere and then reacted with H,S or H,Se. Later recognizing that the trisulfides MoS; and
WS; are likely to be the intermediates in the formation of disulfide nanotubes, disulfide nanotubes were
obtained just by decomposing the trisulfides. Likewise, the same procedure was used for obtaining
diselenides. The trisulfide route was indeed found to provide a general route for the synthesis of the
nanotubes of many metal disulfides such as NbS, (Nath and Rao, 2001), TaS, (Nath and Rao, 2001), ZrS,
(Nath and Rao, 2002), HfS, (Nath and Rao, 2002), etc. Another route for obtaining Mo and W
dichalcogenides is to use the decomposition of the precursor ammonium salt, such as (NH4),MX, (X=S, Se
and M=Mo, W). The hydrothermal method can also be employed for the synthesis of dichalcogenide
nanotubes, where the organic amine is taken as one of the components in the reaction mixture.

Similarly, the hydrothermal route has shown to be productive for the synthesis of other inorganic
materials such as SiO; (Lin et al., 2000), V,0s5 (Spahr et al., 1998), and ZnO (Zhang et al., 2002). Synthesis
from surfactants of CdSe and CdS (Rao et al., 2001) has also been reported. Here the metal oxide reacts
with the sulfidizing/selenidizing agent in the presence of a surfactant such as TritonX. Oxide gels in the
presence of surfactants or suitable templates form nanotubes as well. For example, by coating carbon
nanotubes with oxide gels and then burning off the carbon, one obtains nanotubes and nanowires of a
variety of metal oxides including SiO, (Satishkumar et al., 1997). Boron nitride nanotubes have been
obtained by striking an electric arc between HfB, electrodes in a N, atmosphere (Loiseau et al., 1996).

Gold nanorods with high aspect ratios have been synthesized in high yields by a seed-mediated growth
process (Busbee et al., 2003). Gold seeds are prepared by reduction of the metal salt HAuCl, with a strong
reducing agent. The growth steps involve the addition of more metal salt to the seed solution, with a weak
reduction agent, in the presence of a surfactant. Ni and Cu microtubules several centimeters in length can
be easily prepared using the method of pyrolysis of composite fibers consisting of a polyethylene
terephthalate (PET) core fiber and an electroless-plated metal skin layer. With this approach, the diameter,
wall thickness and length of metal microtubules can be controlled (Han et al., 2001).

Under appropriate growth conditions the mixed layer compounds (PbS),.x(NbS,), have been shown to
crystallize from a vapor phase as hollow cylindrical scrolls (Bernaerts et al., 1997). Another interesting set
of structures of inorganic nanowires are coated carbon nanotubes. These were obtained by Whitby (Whitby
et al,, 2002) by pyrolizing H,S/N, over MWCNTs thinly coated with WOs;. The high resolution
transmission electron microscope (HRTEM) images revealed the presence of WS, arrays on the tube
surface.

Theoretical considerations

The basis of the growth mechanism of inorganic nanotubes is the lack of bending resistance of thin quasi
two-dimensional crystal sheets (Remskar et al., 1996). This bending can be spontaneous, as in the case of
transitional metals dichalcogenides and in mixed layer compounds grown from vapor phase (Bernaerts et
al., 1997), or geometrically influenced by template growth in the channels of a membrane (Sha et al., 2002)
or as the coating of a nanofiber (Whitby et al., 2002). Theoretical considerations suggest that due to the
strain energy, narrow tubular structures are less stable than the corresponding layer stripes (Seifert et al.,
2002). Thus, when the diameter passes a critical radius, the strain in the tubes becomes smaller than the
energy associated with the edges (dangling bonds) in the layered stripes. Therefore, the cylindrical
geometries with self-closed layers become clearly the most stable structures.

The simple rolling of crystal sheets does not usually lead to the growth of nanotubes longitudinally if
the stacking order and orientation relationship between two adjacent turns is not satisfied. It is to be noticed
that the geometry of the folded sheets is cylindrical, but such a formation can only grow in the radial
direction until the strain energy no longer exceeds the energy gained by the van der Waals interactions
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between layers. The interaction between the layers is weak and interlayer distances are arbitrary.

On the other hand, if the conditions for stacking order and orientation relationship are satisfied, the
interaction between the adjacent turns is stronger. However, two limiting cases still exist from the
macroscopic point of view. In the case where van der Waals interaction energies between the planes are
much smaller then those associated with covalent bonds, dislocations will be generated on bending. Yet it
is possible that dislocations will not form on bending and the system will remain defect less (Mendelev et
al., 2002). Microscopically, the matching of adjacent layers at the atomic level, with the respective
extension and/or contraction effects, contributes to the elastic energy caused by the enlarged circumference
and by the bending of the molecular layers. The total elastic energy per primitive cell is larger in nanotubes
than in microtubes, where the elastic energy is distributed over a large number of atoms.

The symmetry of inorganic NTs is explained in terms of line groups (Milosevic et al., 2000), which
describe the quasi-one-dimensional systems holding the translational periodicity of elementary structural
units along one axis. These structural units have their own point group symmetry and are arranged by
operations of the generalized translation group. The theory is formulated for nanotubes with walls one, two
or three molecular layers thick.

Properties and applications of inorganic nanotubes

Superior physical and chemical properties of inorganic nanotubes have been predicted and some of them
have already been confirmed by experiments. Whereas quantum dots exhibit a blue shift with decreasing
size of the nanoparticles, both experiment and theory has shown that the band-gap of semiconducting
nanotubes, such as GaSe and MoS,, shrinks with decreasing nanotube diameter. This effect can be ascribed
to two factors: the small quantum size effect of the closed nanostructure and the deformation of the
chemical bonds in the curved sheet leading to a perfect hybridization of the atomic orbitals. Furthermore,
whereas armchair nanotubes were often found to have an indirect (A-I') electronic transition, zig-zag
nanotubes possess a direct (I'-I') transition suggesting that they could emit strong luminescence on optical
or electrical excitation (Greenaway and Nitsche, 1965). Numerous publications have been dedicated to the
calculations of the band structures of nanotubes. For example, BN nanotubes were found to have a high
band-gap regardless their chiralities. Both experiment and theory show that the band-gap of such nanotubes
shrinks to the point where they become metallic (giant Stark effect) with the application of a large
transversal electric field (Khoo et al., 2004; Ishigami et al., 2005). Furthermore, BN can be used as nano-
insulating devices for encapsulating conducting materials like metallic wires. Filled BN nanotubes are
expected to be useful in nanoscale electronic devices and for the preparation of nano-structured ceramics.

The thermal stability of 1D nanostructures is of critical importance for their implementation as building
blocks in nanoscale electronic and photonic devices. It is well known that the melting point of a solid
material will be greatly reduced when it is processed in the form of nanostructures (Buffat and Borel,
1976). In a series of studies, Link and co-workers used spectroscopic methods to investigate the
photothermal melting and shape transformation of gold nanorods dispersed in micellar solution (Link et al.,
2000). They found that the nanorods were melted and transformed into spherical particles when exposed to
femtosecond laser pulses at moderate energies. At higher energies or when exposed to nanosecond laser
pulses, these nanorods were fragmented and then transformed into spherical particles with smaller
dimensions. Wu and co-workers used in-situ high-temperature TEM to investigate the melting and
crystallization of Ge nanowires encapsulated by carbon sheaths (Wu and Yang, 2000 and 2001). The
germanium nanowires (10-100 nm in diameter) were prepared using the vapor-liquid-solid (VLS) method
and subsequently coated with carbon sheaths 1-5 nm thick to confine the molten Ge and prevent the
formation of liquid droplets at high temperature. Two distinct features were observed in the melting-
recrystallization cycle: one was the significant lowering of the melting point, which was found to be
inversely proportional to the diameter of the nanowire. The other was the large hysteresis loop associated
with the melting-recrystallization cycle. By taking advantage of the relatively low melting points of the
nanowires encapsulated in carbon sheaths, Wu and co-workers demonstrated the capability to manipulate
individual nanowires using techniques such as cutting, interconnecting and welding.

Understanding the mechanical properties of nanostructures is essential for the atomic-scale
manipulation and modification of these materials, which have been known to behave quantitatively
different when the dimensions are reduced from micro- to nanoscale. Several years ago, Lieber's group
pioneered the use of atomic force microscopy (AFM) in determining the mechanical properties (elasticity,
strength and toughness) of individual SiC nanorods (Wong et al., 1997). Based on their measurements, the
Young’s modulus of 610-660 GPa was estimated for these nanorods in concordance with the theoretical
predictions (Song et al., 2001) for oriented SiC. The high Young’s modulus implies that these materials are
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a class of promising candidates for use as reinforcing elements in generating strong composites (with
ceramics, metal or polymers serving as the matrix).

Miniaturization in electronics through the “bottom-up” technique has improved considerably in recent
years. The prototype devices that have been demonstrated include field-effect transistors (FETs), p-n
junctions, bipolar junction transistors, resonant tunneling diodes, etc. As the critical dimension of an
individual device becomes smaller and smaller, the electron transport properties of their components
become an important issue. Studies from a number of groups indicated that some metal nanowires might
undergo a transition to become semiconducting as their diameters are reduced (Zhang et al., 2000). Another
issue related to the electronic applications of chemically synthesized nanowires is the assembly of these
building blocks into various device architectures. Kovtyukhova and co-workers have synthesized nanorods
containing diode-junctions and then assembled them into arrayed systems (Kovtyukhova et al., 2001). A
number of interesting experiments were recently conducted with titanate nanotubes H,Ti;O;. By adding
these nanotubes to organic light-emitting diodes, the luminosity was improved and turn-on voltage
decreased. These effects were attributed to the lower barrier for hole injection from the electrode to the
organic semiconductor and to the improved hole transport in the organic film (Qian et al., 2004; Tokudome
et al., 2005).

Another important property of inorganic nanostructures is the capacity to sense different molecules,
either for medical, environmental or security-checking applications. The extremely high surface-to-volume
ratios associated with these nanostructures make their electrical properties extremely sensitive to species
adsorbed on surfaces. Thus Penner and co-workers fabricated a hydrogen sensor using Pd nanowires
(Walter et al., 2002; Favier et al., 2001) supported on the surface of a polymeric thin film. Each nanowire
contained many break junctions along their longitudinal axis that could be reduced as hydrogen gas was
adsorbed into the crystal lattice. The resistance of these nanowires exhibited a strong dependence on the
concentration of the hydrogen gas. In other experiments, Cui and co-workers have modified the surfaces of
semiconductor nanowires and implemented them as highly sensitive, real-time sensors for pH and
biological species (Cui et al., 2001). The mechanism can be understood in terms of the change in surface
charge as caused by protonation and deprotonation. More recently, Law and co-workers fabricated the first
room-temperature photochemical NO, sensors based on individual single crystalline oxide nanowires and
nanoribbons (Law et al., 2002). For n-type SnO, single crystals, the intrinsic carrier concentration is
determined by deviations from the stoichiometry in the form of equilibrium oxygen vacancies, which are
predominantly atomic defects. The electrical conductivity of nanocrystalline SnO, depends strongly on
surface states produced by molecular adsorption that often lead to space-charge-layer changes and band
modulation. Nitrogen dioxide acts as an electron-trapping adsorbate on SnO, surfaces, and can be
monitored by measuring the electrical conductance of the material.

Finally, we must not forget that nanotubes and nanowires with sharp tips are promising candidates for
applications related to cold cathode or field emission of electrons. Lee et al. have investigated the field-
emission characteristics of Si and SiC nanorods using current-voltage measurements (Zhou et al., 2000).
Both nanorods exhibited good field-emission characteristics. The turn-on field for both types of nanorods
was 15 and 20 Vpm™, respectively and the current density of 0.01 mAcm™ was comparable with those
observed for other field emitters made of CNTs and diamond.

1.2 Nanowires: overview

Beside nanotubes and rolled-up structures, in the last decade the interest was directed towards the studying
of nanowire systems. Typical nanowires are often referred to as 1 dimensional (1D) materials which have
interesting properties that are not seen in bulk counterparts. It is generally accepted that quantum
confinement of electrons by the potential wells of nanometer sized structures may provide one of the most
powerful means to control the electrical, optical, magnetic and thermoelectrical properties of a solid-state
functional material. In a comparison with quantum dots and wells, the advancement of 1D nanostructures
has been slow until very recently, as hindered by the difficulties associated with the synthesis and
fabrication of these nanostructures with well controlled dimensions, morphology, phase purity and
chemical composition. Nowadays, 1D structures can be fabricated using a number of advanced
nanolithographic techniques (Cerrina et al., 1996), such as electron beam or focused ion beam writing
(Gibson, 1997 and Matsui et al., 1996), proximal-probe patterning (Hong et al., 1999 and Dagata, 1995),
and x-ray or extreme UV lithography. In addition, also methods based on chemical synthesis may be used
for generating 1D nanostructures.

Many materials were found to naturally grow into 1D nanostructures due to the highly anisotropic
bonding in the crystallographic structure. One of the most known example is the polysulphur nitride, (SN);,
an inorganic polymer studied extensively due to its metallic and superconducting properties (Stejny et al.,
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1981 and Stejny et al., 1979). Uniform nanowires ~20 nm in diameter and hundreds of um in length could
be easily grown from vapor phase and some of them might also aggregate into bundles.

Molybdenum Chalcogenide molecular wires

Another interesting group of nanostructures are the molybdenum chalcogenides. With the general formula
M;Mo¢Xs (M= Li, Na ...etc; X= S, Se, Te), this family of compounds consists of higly anisotropic quasi-
one-dimensional conductors (Tessema et al., 1991). Their structure can be understood as chains of MogXg
separated by the M element. Some of these compounds exhibit a metal-semiconducting phase transition.
There are speculations that these transitions arise due to a fluctuating Peierls gap that is believed to be
uncorrelated from one Mo chain to another (Tarascon et al., 1984). Further studies showed that these
molecular wires can be dissolved in polar solvents, such as dimethylsulphoxide or N-methylformamide,
yielding subnanometer wide molecular wires as well as larger bundles of ~1 um in diameter with lengths
up to 20 um (Tarascon et al., 1985, Golden et al., 1995 and 1996). Using STM, Venkataraman and Lieber
(1999), investigated the structural and electronic properties of the MogSeq molecular wires. Their tunneling
spectroscopic measurements indicated the existence of sharp peaks in the local density states. This
observation was consistent with the Van Hove singularities characteristic of 1D conductors. No evidence
for the opening of an energy gap (the metal-to-insulator transition) was found in their conductance
measurements with temperatures down to SK. Messer et al. (2000) studied the self-organization properties
of these molecular wires into mesoscopic bundles. Their TEM and low-angle XRD studies indicated that
the crystallinity along each individual molecular wire could be well maintained while the spacing between
these inorganic wires could be varied in the range of 2-4 nm by changing the length of surfactant
molecules. Moreover, it was found that the counter cations within the Li,MogSes nanowires can be readily
exchanged to form [Mo;Se;] nanowires with different counter cations and hence electrical properties
tunable from semiconducting to superconducting.

Selenium and tellurium wires

Se and Te chalcogens represent another ideal system for generating nanostructures with 1D morphologies.
It was seen that Se and Te atoms tend to form polymeric, helical chains through covalent bonding, which
can be readily packed into a hexagonal lattice through van der Waals interactions. These two materials are
also interesting for their photoconductivity, piezoelectricity and high reactivity to generate important
functional materials.

Gates et al. (2000) have found a solution-phase route to large scale synthesis of uniform nanowires of
trigonal selenium (t-Se) with lateral dimensions controllable in the range of 10 to 100 nm and length up to
several hundred microns. Formation of t-Se seeds could also be induced using other means such as
sonication (Gates et al., 2002). Nearly complete transformation of a-Se colloids to t-Se wires was often
observed after 5 hours of growth. By varying the concentration of amorphous selenium (a-Se) in the initial
suspension, it was possible to control the diameters of the resultant nanowires. Recently, Sun et al. (2006),
reported the synthesis of one-dimensional indium selenide nanowires, a II-IV group compound
semiconductor nanostructure with potential applications in data storage, solar cells and optoelectronics. By
the nondestructive removal of Se from one-dimensional NbSe; nanostructure, Hor et al. (2005) obtained
superconducting NbSe, nanowires. The conversion takes place in the narrow reaction temperature range of
600 °C — 700 °C. Transport measurements on individual nanowires confirm their superconductivity with T,
~ 7.2 K. Confinement induced enhancement of the critical fields and resistance steps in the R-I
characteristics were observed also.

Theoretical calculations, performed by Kahaly et al. (2008) showed a smooth evolution of properties as
one approaches the bulk, through progressively thicker nanowires. The undercoordination of atoms at the
surface of the nanowires results in the reduction of cohesive energy, rearrangement of atoms at the surface,
consequent changes in the interhelical distances d by approximately 1%, stronger interhelical Se-Se bonds,
the decrease in the pitch of the helices and of the values of the Young’s modulus with the decreasing
diameter of the nanowires. Also the optical conductivity and dielectric properties of the nanowires are more
strongly dependent on the plane of polarization of light than in the bulk.

The synthesis for Te nanowires is very similar to the one used for Se nanowires. Using the vapor-phase
method, Furuta et al. (1975), obtained on a solid substrate Te whiskers of various morphologies by
controlling the temperature. Recently Chen et al. (2007) reported the fabrication of Te nanowires parallel
and perpendicular to the c-axis of Te by vapor deposition method on a substrate of NaNO, particles. A
facile visible-light-assisted solution-phase approach has been developed to synthesize trigonal Te 1D
nanostructures (Zhang et al., 2007). The diameter of the Te nanowires can be varied by controlling the
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nucleation and growth process through modulation of the pH value of the reaction mixture.

As in the case of Se nanowires, also for Te nanowires theoretical calculations have been performed
(Ghosh et al., 2007). Similarly as for the Se nanowires it has been observed that reduction of the atom
coordination number at the surface of the nanowires results in the rearrangement of the atoms at the
surface, stronger intrahelical Te-Te bonds, in the reduction of the lattice parameter ¢ with decreasing size,
in changes of the intrahelical distances d by ~ 1%, and in the reduction of the Young’s modulus. These
structural changes correlated with the decreasing overlap of the electronic wave functions of different
helices and the electronic structure of the nanowires, exhibit a blue shift in the band gap with decreasing
diameter of the nanowires.

Due to the structural similarities of the pure trigonal Se and Te phases and due to their similar growth
conditions, 1D alloy nanostructures were synthesized. Xia et al. (2006) found that it was possible to
generate monodispersed nanowires of Se/Te alloys with lateral dimensions in the range of 50 nm via the
homogeneous nucleation and solution growth process (14). Using an even more simple method, Qin et al.
(2006) obtained nanowires with diameter as small as 8 nm. They showed that using sodium
dodecylbenzene sulfonate (SDBS) as a surfactant, the lateral dimension of Se/Te nanowires can be
controlled.

Metal and oxide nanowires

Metal nanowires have been the focus of many recent studies because of their potential use as the active
components or interconnectors in the fabrication of electronic, photonic and sensing devices. They also
provide an ideal system to experimentally probe transport properties under various physical confinements.
Metal nanowires that are a few microns in length can be prepared using a variety of methods including
template synthesis (Foss et al., 1992 and Sun et al., 2000), solution phase reduction (Jana et al., 2001) and
physical vapor deposition (PVD) onto carbon nanotubes (Zhang et al., 2000).

Baik et al. (2008) fabricated Fe nanowires on nanoporous templates using a pulse electro deposition in
sulfuric and oxalic acid. Other reports demonstrate also the preparation of Ag nanobbelts by refluxing an
aqueous silver colloidal dispersion (Bai et al., 2007) or by reducing AgNO; with ascorbic acid in the
presence of poly acrylic acid (PAA) (Sun et al., 2003); the growth of Cu nanobelts on the surface of an Al
TEM grid by galvanic reduction (Huang et al., 2007) and the growth of Ni nanobelts through a
hydrothermal method (Liu et al., 2003) have also been shown. Recently, Zhang et al. (2006) reported on the
synthesis of gold nanowires by the reduction of HAuCl, with a-D-glucose under sonication. Alternatively
Sander et al. (2003) produced gold nanowires by electrochemical deposition on prefabricated gold nanorod
arrays. AFM measurements made by Marszalek et al. (2000) showed that Au nanowires elongate under
stretching in quantized steps up to three integer multiples of 0.176 nm and that they spontaneously shorten
in steps of 0.152 nm when relaxed.

One of the most commonly used techniques used for the growth of nanowires is vapor-liquid-solid VLS
process. Si and Ge nanowires have been grown using this method, where a metal catalyst (generally Au) is
used to decompose the source gas and form an eutectic (Givargizov, 1975 and Greytak et al., 2004). Excess
decomposition of the source gas leads to the precipitation of nanowires from an eutectic. Qi et al. (2007)
used this method to produce SiGe nanowires using disilane as the Si source, which provides a higher
degree of flexibility in tuning the stoichiometry. Other approaches include pulse laser ablation transforming
SiGe thin films, in the presence of Au particles, through a three-step annealing process (He et al., 2005 and
Deng et al., 1996). SiGe, in the form of single-crystal nanowires, offers the potential of enhancing the
above optical, thermal and electrical properties compared to bulk. .

1D ZnO nanostructures have attracted recent interest due to their unique properties such as wide band
gap (3.37 eV), large excitation binding energy (60 meV), excellent chemical stability and practical
applications including field emission (Lee et al., 2002 and Zhao et al., 2006), dye-sensitized solar cells
(Law et al., 2005), photodetectors (Lu et al., 2006) and light emitting diodes (Saito et al., 2002). The
synthesis of this nanostructures includes methods like solid-vapor deposition (Pan et al., 2001 and Wang et
al., 2004), thermal evaporation (Wang et al., 2004), metal-organic chemical vapor deposition (Lee et al.,
2005), template assisted method (Jie et al., 2004) and aqueous solution method (Tak and Yong, 2005). Jo et
al. (2003) recently prepared ZnO nanowires on a Si substrate via thermal evaporation of ZnO and graphite
powder at 950 °C, using Au as a catalyst. Lee et al. (2002) studied thermal evaporation process for
synthesizing well-aligned ZnO nanowires at 550 °C using cobalt as a catalyst.

Another interesting materials are the silicon oxide nanowires. These nanowires are good candidates to
assist in miniaturization of optical fibers and to construct nanosized waveguides (Yu et al., 1998 and Tong
et al., 2005). Various techniques have been employed by now to synthesize SiO, nanowires, including
chemical vapor deposition (Yan et al., 2005 and Xiao et al., 2006), laser ablation (Aharonovich et al., 2008
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and Yu et al., 1998), thermal growth (Wang et al., 2006) and carbon reduction methods (Li et al., 2004).
Theoretical studies addressed the formation of SiO nanowires through anisotropic incorporation of (SiO,),
clusters (Zhang et al., 2006), but their results haven’t been experimentally tested yet.

Recently, Law et al. (2002) fabricated the first room-temperature photochemical NO, sensors based on
individual single-crystalline oxide nanowires and nanoribons. They demonstrated the concept with SnO,
nanowires as a typical example. The electrical conductivity of nanocrystalline SnO, depends strongly on
surface states produced by molecular adsorption that often lead to space-charge-layer changes and band
modulation. NO,, acts as an electron-trapping absorbate on SnO, crystal surfaces and can be detected by
monitoring the electrical conductance of the material.

Conclusions

The research on nanostructured systems, particularly on 1D structures, allowed an increasing study of the
physical and chemical principles in nanoscale structures. 1D nanostructures, in spite of the difficulties to
obtain an accurate control of fabrication parameters, are ideal to study transport phenomena at nanometric
scale, often preferred when compared to 0D and 2D systems In time, different and various methods were
and will be further developed for the preparation of nanotubes, nanowires, nanobbelts, and other similar
materials.

It is noticeable that high interest for 1D nanostructures lays in electronics, where smaller dimensions
have historically allowed the production of denser, faster circuits. However, one-dimensional
nanostructures and most of the applications derived from these materials are still in an early stage of
technical development.

In this thesis we will focus on the type of 1D cluster chains similar to the well known “Chevrel phase”
materials. These materials fall under the family of MogSy_<Ix nanowires containing cluster including blocks.
Further in this thesis the Chapter 3 will focus on their synthesis method and reveal various properties. As
the title of the thesis suggests, the functionalization properties of MoeS.<Ix nanowires will widely exposed
and discussed. (Di)electrophoresis method will be mentioned as an straight forward route for trapping the
nanowires on Ni electrodes for use in field-emission measurements (Chapter 4). Since in their structure the
nanowires contain sulfur, our attention was directed towards the functionalization of MogSo_I; nanowires
with gold and different (bio)molecules; Chapter 6 is reserved for the functionalization of the nanowires
with gold colloids, followed by Chapter 7, that speaks of the protein attachment on the nanowires.
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2 Characterization methods

For the measurement and characterization of our sample we used different techniques. Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) measurements were carried out to
characterize the MogSy I nanowires as a raw material. For imaging and for force measurements of bare
nanowires and nanowires attached with different (bio)materials when deposited on HOPG substrate,
Atomic Force Microscopy (AFM) techniques were employed. This chapter will introduce the basics of the
abovementioned techniques.

2.1 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM)

The history of electron microscopy (EM) began about fifty years ago. The main idea behind the
development of these microscopes was to overcome some of the limitations of light microscopes. It was
shown that by using electrons with wavelengths of much less than 0.1 nm, the resolution of the
microscopes would improve considerably.

Two types of EM have since been developed: scanning electron microscopes (SEMs) (Figure 3a), which
are mainly used for morphology studies (Goldstein et al., 2003; Chescoe and Goodhew, 1990) and
transmission electron microscopes (TEMs) (Figure 3b), which are used for studying the internal structure of
the specimen (Reimer, 1997).

Figure 3: Electron Microscopes. Full image of a (a) Scanning Electron Microscope and of a (b) Transmission
Electron Microscope.

2.1.1 Scanning Electron Microscopy (SEM)

Obtaining a low-magnification (<1000x) image of a three-dimensional object is remarkably easy with an
SEM. Its basic components are the electron gun, the lens system, the electron collector, the visual and
photorecording cathode ray tube and the microscope electronics (Figure 4). The first scanning electron
microscope was developed and described in 1942 by Zworykin et al. (Zworykin et al., 1942).
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Figure 4: Scanning Electron Microscope. A schematic representation of the inside of a Scanning Electron
Microscope.

The basic principle of SEM is very simple. As a fine beam of electrons hits the specimen, it liberates
electrons from the surface layers of the sample, which are then collected by a detector. The electron beam
is generated in the electron gun. Several types of electron guns are used depending on the intensity of the
current that can be produced in a small spot, on the stability of the emitted current, and on the lifetime of
the source. As can be seen from Figure 5, an electron gun consists of three parts: a wire filament serving as
the cathode (negative electrode), the grid cap or the Wehnelt cylinder (control electrode) and the anode
(positive electrode). Most of the electron microscopes use a thermionic gun (Figure 5 left). It is robust,
relatively cheap and does not require an ultra high vacuum. The electrons are emitted from a heated
filament, mostly made from tungsten or lanthanum hexaboride (LaBs). The amount of electron emission
and the focusing of the electrons are controlled by the Wehnelt cylinder. The emitted electrons in the gun
are accelerated from the negative potential of the filament to the ground potential at the anode. A hole in
the anode allows a fraction of these electrons to proceed down through the microscope column.
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Figure 5: Electron guns. A schematic drawing of the thermionic (left) and field emission electron gun (right).

In addition to thermionic emission, modern microscopes can be equipped with field emission sources
(Figure 5, right), where a very strong electric field (10° Vm™) is used to extract electrons from a metal
filament. Lower temperatures give much higher source brightness than in thermionic guns.
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Brightness is a very important parameter as image quality at high magnification is almost entirely
dependent on it. In electron microscopy, brightness is defined as the beam current per unit area per solid
angle:

B=I/SQ (1)

Passing from the anode of the electron gun, the beam, which typically has an energy ranging from few
hundred eV to 50 keV, is focused by one or two condenser lenses into a beam with a very fine focal spot
sized between 1 nm and 5 nm. The beam then passes through a pair of scanning coils, which deflects the
beam in a raster fashion over a rectangular area of the sample surface, before entering an objective lens,
which focuses the beam on the sample surface. Complex interactions of the electrons with the atoms of the
specimen produce a variety of signals which are collected by a detector. The resulting signal is then
amplified and displayed on a cathode ray tube (CRT) or computer screen.

Electron beam-sample interaction in SEM

When the electron beam hits the sample, the electrons will scatter through the sample within a defined area
called the interaction volume. This volume depends on the atomic number of the material being examined,
on the acceleration voltage being used, and on the incident angle for the electron beam. During the
electron-sample interaction secondary electrons, backscattered electrons, X-rays, heat, light, etc. will be
formed (Figure 6). The image formation in the SEM mainly depends on inelastically scattered electrons
that form secondary electrons. Due to their low energy, these electrons originate from within a few
nanometers from below the surface. The brightness of the signal depends on the number of secondary
electrons reaching the detector. If the beam hits the sample perpendicular to the surface, then a certain
number of electrons “escape” from within the sample. As the angle of incidence increases, more secondary
electrons will be emitted. Thus steep surfaces tend to be brighter than flat surfaces, which results in images
with well-defined, three-dimensional features.

Incident electron
beam Backscattered

— electrons
=
[Sa)
2 X - rays
2
S, ) .
g Cathodaluminescence
wn
=
=]
M Auger electrons
. Interaction
% volume
a Sample
N
2
o . .
£ Inelasticlly scattered Y Elastically scattered
z electrons Unscattered electrons
E electrons

Transmitted electrons

Figure 6: Schematic of the electron-sample interaction.

In addition to the secondary electrons, backscattered electrons can be detected as well. These are
elastically scattered incident electrons that escape from the sample backwards. The intensity of these
electrons varies directly with the specimen atomic number: elements with a high atomic number appear to
be brighter than elements with a low atomic number. This interaction is used to detect contrast between
areas with different chemical compositions. There are fewer backscattered electrons emitted from a sample
than secondary electrons.
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Resolution of the Scanning Electron Microscope

The spatial resolution of the SEM (Joy, 1984) depends on the size of the electron spot (0.4 - 5 nm), which
in turn depends on the magnetic electron-optical system which produces the scanning beam. Likewise, the
resolution is limited by the size of the interaction volume. Both parameters are very large compared to the
distance between atoms, so the resolution of the SEM is not high enough to image down to atomic scale.
The advantages of SEM are that it can image a large area of a specimen, can image bulk materials not just
thin foils, and has the possibility to measure the composition and the nature of the specimen. Depending on
the instrument, the resolution can be between 1 nm to 20 nm.

For our experiments a JOEL JXA-840A Scanning Electron Microscope was used with a thermionic
tungsten emitter. The minimum optical resolution that can be reached is around 10 nm, strongly dependent
on the conductivity of the sample, since charging severely affects scattering processes.

2.1.2 Transmission Electron Microscopy (TEM)

Competing with the Scanning Electron Microscope is the Transmission Electron Microscope (TEM). This
microscope operates on the same basic principle as the light microscope but uses electrons instead of light.
The first practical TEM was built by Albert Prebus and James Hillier in 1938. Many measurements with
the TEM are performed in both the material and biological sciences.

The elements of a TEM are very similar to the ones in a SEM — a schematic representation is shown in
Figure 7. The electron beam is formed by a thermionic or field emission electron gun, similar to that in a
SEM. The condenser lenses then focus the electron beam to a spot on the order of 1 mm on the thin sample
to be investigated. The first image formed by the objective lens is magnified typically 20-50 times. The
diffraction patterns are focused in the back focal plane of the lens. Inserting an objective aperture in the
back focal plane of the lens allows the selection of particular group of electrons to contribute to the final
image. Afterwards, the image is passed down through the projector lenses, enlarged and then projected on a
phosphorescent screen.
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Figure 7: Transmission Electron Microscope. A schematic diagram of a Transmission Electron Microscope.

Electron beam-sample interaction in TEM

Specimen interaction is what makes electron microscopy possible. When the energetic electrons strike the
sample, two types of interaction appear: inelastic interaction, where the energy is transferred from the
incident electrons to the sample (secondary electrons, which are used for SEM images, are also produced
among others), or elastic interaction, where no energy is transferred and the electrons are either passing
through the sample unhindered or are scattered. As shown in Figure 6, for thin samples all unscattered and
inelastically and elastically scattered electrons contribute to the image formation in the TEM. The
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transmission of unscattered electrons is inversely proportional to the specimen thickness. Areas of the
specimen that are thicker will have fewer transmitted unscattered electrons and will appear darker but
thinner areas will have more transmitted electrons and will thus appear lighter. The elastically scattered
electrons also contribute to image formation in TEM.

TEM operation modes

TEM has two basic modes of operation, namely the bright field mode and the dark field mode. In the bright
field (BF) mode of the TEM (Figure 8b), an aperture is placed in the back focal plane of the objective lens
which allows only the electrons in the transmitted beam (direct beam) to pass. In this case, specimen
thickness and diffraction contrast contribute to image formation.

optic axis optic axis
objective aperture objective aperture
difraction pattern difraction pattern
a. dark field image b. bright field image

Figure 8: TEM operational modes. Schematic configurations of (a) dark field image and (b) bright field image.
The white circle in both images represents the aperture through which the scattered electrons are allowed to pass,
as in the case of DF image mode, or the direct beam is allowed to pass, as in the case of BF image mode.

Similar in purpose to the BF technique is the dark field (DF) (Figure 8a) imaging mode, where one or
more diffracted beams are allowed to pass the objective aperture, while the direct beam is blocked. Dark
field images present very useful information such as planar defects, stacking faults or particle size.

Despite all the interesting applications of the transmission electron microscope, there are a number of
drawbacks to this technique. The preparation of a thin enough sample to be electron transparent makes the
TEM microscopy time-consuming. Destruction of the crystalline structure of the sample during the
preparation process can also occur. The small field of view is also an inconvenience raising the possibility
that the region analyzed may not be characteristic to the whole sample. Furthermore, it is possible that the
sample may be damaged by the electron beam, as in the case of biological materials.

2.2  Atomic Force Microscopy

The Atomic Force Microscope (AFM) is perhaps the most versatile member of the scanning probe
microscope family (SPMs). In contrast to the electron microscope family, these microscopes generate
images by “feeling” the specimen with the help of a probe.

Scanning probe microscopy began in the early 1980s when Binning and Rohrer (Binning et al., 1982)
revolutionized microscopy with the invention of the Scanning Tunneling Microscope (STM). The
importance of this discovery was recognized with the award of the Nobel Prize in Physics. A few years
later Binning and colleagues (Binning et al., 1986) announced the construction of the second member of the
SPM family — the Atomic Force Microscope (AFM), also known as the Scanning Force Microscope (SFM).
Commercial AFMs began to appear in the early 1990s and have evolved through several generations. In
Figure 9 an SPM Dimension 3100 (wWww.veeco.com) model from Veeco can be seen, which was used for
our experiments as well.
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Figure 9: Scanning Probe Microscope. AFM Dimension 3100 model from Veeco.

The principle on which the AFM works, the different types of probes that can be used, the sample
preparation as well as the tip-sample interactions will be discussed further in the next chapters.

2.2.1 Main components of the AFM

In contrast to the other microscopes that have been presented till now, the atomic force microscope is
probably the easiest to be understood, even at high school level. It works on the principle of “feeling” the
sample as a sharp probe scans the surface. A good analogy is of a blind person feeling objects with their
fingers and then building up a mental image of what they touch. Like the blind person’s fingers, this
method of imaging can produce a good detailed picture. Besides taking the topography of the surface, the
AFM can also give information about its softness or hardness, about the material characteristics and even
about forces between the tip-sample.

The schematic in Figure 10 illustrates the main features of an atomic force microscope. The most
important part is the probe which does the “feeling.” The probe or the AFM cantilever is usually a hard
material on which the tip is mounted and is made of silicon or silicon nitride.
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Figure 10: Atomic Force Microscope. Schematic representation of the Atomic Force Microscope.

Another crucial part of the AFM is the scanning mechanism. This is done by means of a piezo-ceramic
actuator, which changes its position under applied voltage. The most frequently used driver is a hollow-
tube scanner, which can move the sample or the cantilever in all three perpendicular directions.

The final feature of the instrument is the detection system. Here, a laser beam is focused onto the end of
the cantilever, preferably directly over the tip, and then reflected onto a photodiode detector. In the majority
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of the instruments, the photodiode is split into two segments (see Figure 15). As the tip moves in response
to the sample topography during scanning, the angle of the reflected beam changes and so the laser spot on
the photodiode moves.

When the sample is scanned the topography of the sample surface causes the cantilever to deflect as the
forces between the tip and sample changes (Figure 11). The level of deflection is controlled by a feedback
loop mechanism which moves the sample in the appropriate direction at each imaging point. The X, y and z
displacements of the piezoelectric scanner are recorded and displayed to produce an image of the sample
surface.

bend cantilever

cantilever

probe tip

Figure 11: Scanning process of the AFM.

Types of cantilevers

As mentioned previously, the most important part of the AFM is the probe since this is the part that
interacts with the sample. The probe consists of a cantilever with a sharp tip at the end. The tip may either
be glued onto the cantilever or may be integrated, i.e. the cantilever is directly fabricated with a sharp tip at
the end. Modern AFM tips and cantilevers are made by micro-fabrication, using techniques like
lithographic photo-masking, etching or vapor deposition. The typical materials used are silicon, silicon
nitride or diamond. They can also be coated with different materials if specific measurements want to be
performed.

Two shapes of cantilevers are most commonly available commercially. One is of a triangular geometry
as seen in Figure 12a, also called the “V” shape. It is designed to minimize the twisting of the cantilever
during scanning and is used typically for contact mode topography. The other form in which the cantilever
can be manufactured is the rectangular form (Figure 12b). This type is usually used for measuring frictional
properties of the sample.

Figure 12: AFM cantilever types. SEM image of AFM cantilever: (a) a “V” shape cantilever and a higher
resolution in the inset, and (b) a rectangular cantilever with its higher magnification in the inset.

Regardless of its shape the cantilever should fulfill several requirements:
¢ it should have a small spring constant to allow detection of small forces;
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® its resonant frequency should be high to minimize sensitivity to mechanical vibrations;

e the tip should have a small opening angle if rough surfaces are to be studied, and large if the
sample is flat (Figure 13 a and b); and,
e for atomic resolution measurements the tip should be sharp (Figure 13c).
What should be taken into consideration when choosing the tip for the measurements is that sharp tips
with small opening angles are very sensitive to mechanical contact. In contrast, relatively large opening
angle tips are preferable due to their resilience.

a. b. \/‘ C.

Figure 13: AFM tip shapes. Schematic representation of different shapes of the tip: (a) tip with small opening
angle suitable for rough surfaces, (b) tip with large opening angle suitable for flat surfaces, and (c) sharp tip for
atomic resolution measurements.

The piezoelectric scanner

Having some knowledge about the probes used, we shall now examine how a sample is scanned in an
AFM. There are two ways of moving a sample under the AFM tip: the sample can be moved and the tip is
kept in place, or the sample can be stationary and the tip is moveable. The DI 3100 model used for our
experiments employed the latter scanning method.

The piezoelectric scanner is actually a tube with thin walls made from hard piezoelectric ceramic,
usually lead zirconate titanate (PZT). These materials have the property to compress, twist or distort
proportionally upon the applied field. The AFM scanner is constructed by combining independently
operated piezo electrodes for X, y and z directions into a single tube (Figure 14). Whether the piezo
elongates or contracts depends on the polarity of the applied voltage. AC voltage applied to the different
electrodes of the piezoelectric scanner produce its movement along the three major axes.
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Figure 14: AFM scanner. Schematic representation of a piezoelectric tube scanner.

The optical detection system

With the tip making contact with the sample one can ask how the height change of the tip can be monitored
as it passes across the sample. These movements can be very small when imaging atomic resolution.
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The majority of the AFM designs are based on the optical detection system. Here a laser beam is
reflected by the cantilever and collected by a photodiode (Meyer et al., 1989) (Figure 15). As the tip scans
the surface it encounters different changes in the relief, the laser beam reflected by the deflected cantilever
falling on different parts of the photodiode. Further on the signal is collected and translated into a
topographic image.

photodiode
laser

bend cantilever

probe tip

sample

Figure 15: Optical detection scheme.

2.2.2 Tip sample interaction

As briefly mentioned at the beginning, the AFM relies on “feeling” the sample with the help of the
cantilever. As the surface is scanned forces between tip and sample are sensed (Cappella and Dietler,
1999). In the simplest case, by measuring the cantilever’s deflection §. and knowing its stiffness k, the
forces can be calculated from Hook’s law:

F=-ko @)

c

But the distance controlled during the measurements is actually the z-piezo position (Figure 16). Thus,
the relation that connects these two parameters is given by the following relation:

D=Z-(0.+9,) 3)

where D is the tip-sample separation and J; is the sample deformation.
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cantilever

Figure 16: The measured distances. The tip-sample distances where the actual measured distance is the z-piezo
position.

The forces are measured at the AFM by collecting a force curve (Figure 17) which is a plot of the
cantilever deflection as a function of the z-piezo position. At the beginning, the tip is far from the surface
and no interaction can be detected. As the tip approaches the surface, at one point it “jumps” to contact due
to the attractive forces between the tip and the sample. Once the tip comes into contact, the forces increase
linearly as the tip is moved further. In the retraction process the sample and the tip might remain together
crossing the original contact point. When the spring force of the cantilever is great enough, the tip “jumps”
out of the sample contact.

force repulsive force

approach
contact
line retract

tip-sample separation
distance
non-contact

atractive force

Figure 17: Force-distance curves. Schematic of the force-distance curve for a tip approaching the sample and
then retracted.

However, the forces on the tip as it moves towards or away from the sample are different (Heinz and
Hoh, 1999). In the approaching portion Van der Waals forces are dominant. These forces appear as a small
negative deflection just prior to contact. Other forces that can be detected are electrostatic and polymer
brush forces or elastic forces. The withdrawing curves can sometimes follow the same path as in the
approaching process. Usually, though, some hysteresis can appear due to the adhesion forces. In ambient
conditions the sample is covered with a layer of water forming a capillary bridge between the tip and the
sample. A different form of adhesion occurs when a polymer is “cached” between the AFM tip and the
surface. Usually the force curves exhibit a negative deflection as the polymer is stretched until it breaks or
detaches from the tip or substrate. In the case of multiple polymer attachments saw-tooth patterns can be
observed. Unbinding forces between specific biological receptor-ligand systems can also be noticed in the
withdrawing curves. In the simplest case the magnitude of the adhesion is a direct measure of the binding
force.
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Table 1: Force-distance curves and force laws for their interpretation ( Heinz et al,. 1999).

Approach

Retraction

a van der Waals

5

e Adhesion

5

b Electrostatic

f Capillary force

5
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We can conclude that the interpretation of AFM force curves relies almost entirely on establishing the
force laws. These force laws describe force as a function of the probe-sample separation distance (D) rather
than a function of the z-piezo position. The transformation to D is obtained by subtracting the lever
deflection from the z-piezo movement (Butt, 1992). Table 1 is a review of the possible forces present in the
approaching and withdrawing process together with the corresponding force laws.

Basic operational modes

With the schematic force curves from Figure 10 in mind, we can conclude that two regimes are
characteristic for AFM operation. One is the AFM contact mode where the tip makes a soft “physical
contact” with the sample and it works in the repulsive regime of the intermolecular force curve as can be
seen in Figure 18a. The permanent contact with the surface makes it unsuitable for soft samples. To
overcome this problem AFM tapping mode was developed. In this mode, the tip is oscillating at its
resonant frequency (in the order of hundreds of kHz) and barely “tapping” the surface. It works also in the
repulsive regime and the operating region is indicated on the force-curve from Figure 18b. The tapping
mode overcomes problems associated with friction, adhesion, electrostatic and other difficulties, but the
scanning speed is much lower than in contact mode.
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Figure 18: AFM operational modes. Basic operational modes of the atomic force microscope: (a) AFM contact
mode and (b) AFM tapping mode and non-contact mode.

The last operational mode is the AFM non-contact mode (NC-AFM). Here the tip oscillates at its
resonant frequency but the spacing between it and the surface is from 5 to 15 nm. The repulsive forces are
replaced in this case by the attractive ones (see Figure 18b). In NC-AFM the tip suffers no degradation
effect, which can happen in the other modes.

The AFM measurements presented in this thesis were made with the DI 3100 Scanning Probe
Microscope, Nanoscope IV controller.
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3 MogSs. I, nanowires

Although graphite, with its anisotropic two-dimensional lattice, is the stable form of carbon under ambient
conditions, on nanometer scales it forms zero- and one-dimensional structures, namely fullerenes (Kroto et
al., 1985) and nanotubes (lijima, 1991; lijima and Ichihashi, 1993; Bethune et al., 1993), respectively. This
is, however, not limited to carbon, and in recent years fullerene-like structures and nanotubes have been
synthesized from numerous compounds with layered two-dimensional structures. The nanowires with the
proposed formula MogSgI; (Vrbanic et al., 2004) are such a material. In structure, this material is similar
to the transitional metal chalcogenides clusters, known also as Chevrel phase (Chevrel et al., 1971; Chevrel
et al., 1979; Fischer, 1978).

3.1 Overview of Chevrel phases

In 1971 Chevrel et al. reported the existence of a new series of ternary molybdenum sulfides. These
materials may be written with the general formula M,Mo¢Xs, where M stands for a metal and X stands for
a chalcogen, and have superconducting properties (Fischer, 1978). The chalcogens are: oxygen (O), sulfur
(S), selenium (Se), tellurium (Te), polonium (Po) and ununhexium (Uh). Compounds have also been made
in which the Mo atoms from the formula M;MogXg were replaced by rhenium (Re), ruthenium (Ru) and
rhodium (Rh) (Perrin et al., 1978; Perrin et al., 1980).

Most of these materials can be prepared simply by mixing the appropriate amount of the elements and
leaving them to react in sealed quartz tubes for about 24 hours at temperatures varying from 1000° C to
1250° C (Chevrel et al., 1971; Sergent and Chevrel, 1973). The resulting material is a grey powder. In cases
when the M element itself is volatile in the synthesis the binaries M, X, (X= S, Se, Te) are used. Another
method used for obtaining the Chevrel materials is the chemical-vapor deposition technique.

As simple as it is to obtain the Chevrel materials, it is difficult to characterize them. Thus,
understanding their crystalline structure is of great importance. It has been found that the fundamental
structural unit in the Chevrel phases is the cluster MogXg (Figure 19). Furthermore, it was discovered that if
the M element from the general formula MMo¢Xs is a small cation, integer X can vary continuously
between the values 1 and 46 but if M is a large cation, x has a defined value or is limited to a narrow
interval (examples: PbMog 35Sg, LaMogSg, BaMog 35S3).
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Figure 19: Schematic of the MogsXs unit. (a) A view of the X positions along the ternary axis; (b) A view of the
Mo positions along the ternary axis; and, (c) A view of the complete unit (the ternary axis is represented by the
dashed line) (Fischer et al., 1978).

In the case of the X element being sulfur, the MogSg cluster becomes unstable at 470 °C and starts to
decompose. Consequently, the stabilization of the structure can be obtained either by introducing the M
element or by substituting sulfur by a halogen (Sergent et al., 1977).

Interesting from a structural point of view is the packing of the MogXs clusters. Crystallographic studies
have shown that nearly all ternary molybdenum chalcogenides crystallize in a hexagonal-rhombohedral
structure with the rhomboheral angle a close to 90° (Chevrel et al., 1971; Sergent and Chevrel, 1973). Bars
and co-workers were the first who started the chain of structural investigations of this class of materials
(Bars et al., 1973). We now know that the MMo¢Xs (X= S, Se, Te) compounds can be thought of as
building blocks of MogSg units. In such a cubic unit the X atoms are situated at the corners and the Mo
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atoms at the face centers (see Figure 19c). The MogSs units are arranged in a simple rhombohedral lattice,
each of them rotated 25° degrees around the ternary axis inside the MMogXs structure.

o2 ele @ Po

Figure 20: PbMosSs compound. Structure of the PbMogSg compound along the thombohedral axis (Marezio et
al., 1973).

This arrangement of the units leaves some empty channels where additional metal atoms can be inserted
forming the MMo¢Xg compound. Figure 20 shows as example the PbMosSg compound as described by
Marezio et al. (1973). Over the years Chevrel and co-workers synthesized more other compounds
containing clusters with formulas MogX,; and Mo,X 4 (Chevrel, 1981; Chevrel et al., 1980; Zheng et al.,
1995) (Figure 21). These units consist of stacks of three and four staggered Mo3;X3 units which are capped
with chalcogens. The metal-metal and metal-chalcogen distances in these large clusters are in the same
range as in the MogXg cluster, between 2.6 Aand 2.8 A.

Figure 21: Structure of (a) Mo¢X;; and (b) Mo ;X4 units (Chevrel et al., 1980).

Along with the determination of structural characteristics of these varieties of compounds, further
interest was raised by their properties. Since their discovery, the unusual superconducting properties of
these compounds have generated a large number of different investigations. Experiments have revealed a
critical temperature ranging up to about 15K (see Table 2).

Table 2: Table of the critical temperature for different compounds.

compound critical temperature T, [K] references
MogsSeBr 13.8 Sergent et al., 1977

MogSe;Br 7.1 Sergent et al., 1977
MogSe;l 7.6 Sergent et al., 1977
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MogTegl, 2.6 Sergent et al., 1977
MoyRe;Teg 3.5 Brown et al., 1986
LiMogSs 4.2 Chevrel et al., 1971
Mg 14Mo06.6Ss 35 Perin et al., 1978
PbMog 4Ss 15.2 Perin et al., 1978,
Matthias et al., 1972
LaMogSeg 114 Marezio et al., 1973
Er;;MogSeg 6.2 Marezio et al., 1973
Cu,MogSeg 59 Shelton et al., 1976
Pb,MogSeg 6.7 Shelton et al., 1976

A striking feature of these materials is that most of them are superconducting regardless of the
superconducting properties of the M element. The explanation can be found in the fact that the conductive
electrons in these compounds are the 4d-electrons of Mo. Thus, the superconductivity is determined by the
electronic structure of the MogXg clusters. It was indicated by Bergmann and Rainer (1973) that the
external modes of the MogXg lattice are situated in the frequency range of ® ~ 2xT, (® ~ 12 meV) favorable
for superconductivity properties. In addition, it was found that the trend in T, variation might be connected

with the changes in the density of states. As a result, we expect compounds of the type M 21 Mo, S, M'=
monovalent atom) and M 1” Mo, S, (M"= divalent atom) to have a relatively high density of states and thus
a high T.. On the other hand, it is expected that compounds of this type M 31 MogS, and

M 1MM06S8 (MIH: trivalent atom) to have a low density of states and low T. (Sergent et al., 1977).

Moreover, Marezio and coworkers (1973) pointed out that the variation of T, can be correlated to the
volume of the unit cell: an increase in volume results in an increase in transition temperatures. This
correlation can also be found in the case of rare earth compounds (RE,)MogSg (Sergent et al., 1978).

Another property accompanying superconductivity that raises great interest in Chevrel phase materials
is the extraordinarily high critical field He, of many of these compounds. Theoretical calculations and
experimental work found that the critical field in Chevrel phases was actually the orbital critical field
(Odermatt et al., 1974; Foner et al., 1974; Fisher et al., 1974). The reason for this high field is to be found
in the particular molecular structure of these materials, which leads to a short coherent length {, and to a
short mean free path l. The reason for the weak paramagnetic pair-breaking, which allows the orbital effect
to determine the H,,, is probably the relatively high value of spin-orbit parameter Ay, (~ 10). Also, the
magnetic (Zheng et al., 1995) and electronic (Tobola et al., 2003) properties of Chevrel phases with
different metals at the M position were extensively studied both experimentally and theoretically.

The above overview of Chevrel phase materials is an introductory field for MogSq.Ix nanowires, the
experimental object of this thesis. MogSo4Ix nanowires are very similar to the well-known Chevrel
compounds with the difference that there are no cross-links between individual columns. The synthesis
method and some properties of these materials will be presented further on.

3.2 The synthesis and the structure of Mo¢Sy.<Ix compounds

MogSoxIx nanowires can be synthesized in a single step reaction direct from the pure elements.
Accordingly, molybdenum, sulfur and iodine powders are weighed and sealed in a quartz ampoule with an
inside pressure of 107 Pa (Figure 22). The quantities chosen for the elements depend on the desired
stoichiometry and the quantity of the final product to be obtained (see Equation 4):

X:y:z= Mo, Ms . Ty
MMo MS MI 4)

In the above equation x, y and z are the number of moles; my;,, mg, m; are the masses of the elements
placed in the ampoule; and, My, Mg, and M are the molecular masses of each element.
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Figure 22: Powder of Mo4Se..I. nanowires. Nanowires colected directly from the ampoule after the synthesis is
finished.

The field ampoules are then introduced into a furnace (Figure 22) and heated to the temperature of
1050°C. The synthesis program is the following: in the first step the temperature in the furnace is set to
grow for 1h till reaching 200°C; in the second step, the temperature is set to grow 8°C per hour till reaching
the value of 1050°C; the last step is the cooling process till the room temperature. The resulting material is
a mixture of MogSg 4Ix nanowires and impurities of MoS,, M0,S; or MogSgl, crystals. In order to get rid of
the impurities the raw material is submitted to a purification process. Thus, the material is dispersed in
acetone with the help of an ultrasonic tip for 2 minutes followed by a mild dispersion in ultrasonic bath for
1 hour. The resulted solution is then let to sediment. After 1 hour of sedimentation the solution from the top
is filtrated. The pure nanowires collected from the filter paper have a fur-like appearance and are stuck in
bundles with diameters of 100 nm up to 1 um and lengths reaching mm (Figure 23). Upon examination
with a transmission electron microscope (TEM), these nanobundles are seen to be composed of very fine
nanowires, approximately 1nm in diameter (see Figure 23 inset).
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Figure 23: SEM image of MogSy..I. nanowires as grown. The inset shows a high resolution TEM image of a
bundle of nanowires.

For our measurements nanowires with the formula MogS;Is were used. The structure of these nanowires
is fitted to the space groups of hexagonal-lattice P65 and trigonal-lattice R3 with the unit cell presented in
Figure 24A. Furthermore, the XRD and EXAFS measurements (Meden et al., 2005; Kodre et al., 2006)
shows that the individual nanowires are composed of Mog octahedral clusters, separated by bridging anions
(Ior S) and dressed with six additional anions on the surface of each wire. The nearest-neighbor Mo-S and
Mo-Mo distances were determined to be at 2.43 A and 2.68 A respectively. The distance at which I atoms
were placed from Mo atoms in the starting models ranged from 3.15 to 2.78 A: the last distance was
confirmed in the EXAFS measurements (Meden et al., 2005; Kodre et al., 2006).



Mo6S9-xIx nanowires 25

MoSIx-6

T r MogS.l;

Cross-links

Figure 24: Structure of MoSo. I, nanowires (A) in the comparison with typical impurities (B, C, D) which shows
Chevrel Phase properties.

Meden et al. (2005) proposed that the structure of MogSeIx nanowires is similar to that of Chevrel
phases with an octahedral of six Mo ions (Mog) forming the building blocks of the wire which is bridged by
partially occupied S sites and with its terminal positions occupied by both S and I atoms. They found the
structure to be independent of the synthesized stoichiometry. However, the unique feature of MogSo.Ix
nanowires, as also seen in Figure 24, is the absence of cross-links among the wires, which makes them
readily dispersible. This property and the fact that they are not superconductive make them slightly
different than the Chevrel phase materials.

3.3 Physical properties

In analogy to carbon nanotubes, made by rolling up graphite sheets, we saw that layered transitional metal
dichalcogenides can form nanotubes as well. The discovery of molybdenum-based nanowire materials with
the general formula MoeSoI, in past years has raised considerable interest. Although these materials have
only recently been synthesized, some of their properties have already been experimentally and theoretically
studied.

3.3.1 Dispersability of MoSy.<Ix nanowires

A prime advantage of these nanowires over the well-known carbon nanotubes is that they can be easily
dispersed in various solvents (Nicolosi et al., 2005). Nicolosi et al. (2005) studied the dispersability of
MogSy Iy nanowires in a range of common solvents. They monitored the optical transmission of the
dispersion as a function of time. The transmission was transformed into turbidity using the Lambert-Beer

law
I —, T
Ji,=¢
)

where I/], is the transmittance, T is the turbidity and 1 is the sample length. The turbidity can be thought of
as the product of the sample concentration C and the effective extinction coefficient o, which represents all
absorption and scattering processes. Thus, when dispersing the MogSy_Ix nanowires in different solvents
using the above mentioned method, the turbidity was observed to go to a constant value which represented
the turbidity associated with the stable dispersed material in each solvent (Figure 25). From the graph
obtained it is clear that the best solvent is isopropanol (IPA), followed by dimethylformamide (DMF) and
dimethylsulfoxide (DMSO).
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Figure 25: Sedimentation curves of MosSo..I, nanowires dispersed in different solvents (Nicolosi et al., 2005).

Moreover, it was found that the MogSe Iy material consists of three phases: two phases which are
insoluble and one which is soluble. Microscopy measurements showed that the insoluble material consists
of impurities and thick bundles of nanowires, whereas the soluble phase shows nanowires with diameters
ranging 1 to 10 nm (Figure 26).

Figure 26: Dispersed MogSo., I, nanowires. SEM picture of the insoluble phase of MogSq. I, material after
dispersion (a) and a TEM picture of individual nanowires present in the soluble phase (Nicolosi et al., 2005).

Quantitative measurements were performed also for different concentrations from 0.1 mg/ml down to
0.003 mg/ml. For each concentration the bundle size distribution was calculated by measuring the diameter
of the nanowires with a transmission electron microscope (TEM). At high concentrations the diameter of
the bundles did not vary much (Figure 27). However, when the concentration dropped down to 0.025
mg/ml, the average diameter fell to approximately 1 nm.
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Figure 27: Average diameters of MogSy. I, bundles as a function of concentration. The blue line represents the
average diameter for the insoluble phase (bottom solution), the red line represent the average diameter for the
soluble phase (top solution). The solvent used for dispersion is IPA (Nicolosi et al., 2005).

It is worth mentioning that the material that Nicosoli et al. worked with was MogS, 5145 nanowires.
Using the same technique, McCarthy et al. (2007) dispersed MogSsl¢ nanowires. They found the same
diameter decrease when lowering the concentration of the solution. However, the best solvents for these
nanowires seem to be dimethylformamide (DMF) and acetone. Thus, it can be concluded that the
dispersible solvents differ in changing the stoichiometry of the nanowires.

3.3.2 Tribological properties

Apart from easy dispersability compared with carbon nanotubes, the MogSe.<Ix nanowires have a high
Young’s modulus (430 GPa for MogS;l¢ and 420 GPa for MogS,4 5145 nanowires) and a low shear modulus
(0.32 GPa for MogS;l and 0.8 GPa for MogS, 514 5 nanowires) (www.mo6.com). Moreover, the tribological
performance of these nanowires in polyalphaolefin (PAO) has shown good friction reducing properties
(Joly-Pottuz et al., 2005). A comparison with materials such as MoS, and molybdenum dithiocarbamate
(MoDTC) is shown in Figure 28. The addition of only 1 wt% of material to PAO base oil results in a sharp
decrease of the friction coefficient.
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Figure 28: Comparison of friction coefficient of MogSo.. I, nanowires with MoS, and MoDTC materials, all added
1 wt% in PAO (Joly-Pottuz et al., 2005).

Moreover, the nanowires were more efficient at ambient temperature than the used anti-friction
additives (MoDTC). This has raised special interest in automotive lubrication.

3.3.3 Basic electronic properties

Recently, electronic band structure calculations on MogS¢ I nanowires were performed showing these
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materials to be semi-metallic (Meden et al., 2005). The electronic band structure for MogSe_. I, calculated
with the density functional theory (DFT) is shown in Figure 29. The common feature of all the studied
stoichiometries is the large density of states, high anisotropy and small dispersion (large effective mass) of
the electron bands in the plane normal to the nanowires c-axis. The base for these properties was found to
be the low electronic coupling between adjacent nanowires. Moreover, the Fermi energy is close to the top
of the valence band and crosses the hybridized bands belonging to Mo, S and 1.

Figure 29: Electronic band structure. Electronic band structure of MogSo (I, nanowires along the symmetry lines
of the Brillouin zone: (a) Mo d band, (b) bridging I atoms, (c) I on Mog octahedral cluster, and (d) S. (Meden et
al., 2005).

The two lowest unoccupied molecular orbitals (LUMOs), as seen in Figure 29, are very close to Eg
(0.2eV) and are predominantly of Mo(d) and S(p) character. Meden et al. 2005 found a band gap E, at
approximately 0.6 eV. Similar results were obtained also by Zimina et al. (2004) with a band gap at 0.4-0.2
eV.

The semi-metallic character of MogSq Iy nanowires was confirmed also by recent experiments on the
current-voltage (IV) characteristics. Bercic et al. (2006) measured the resistivity of MogSg.<Ix nanowires
networks under different conditions. The annealing was performed at 500, 700 and 900 °C. Figure 30a
represents the current-voltage characteristics of as-grown and annealed material. The I-V characteristic
appears to show linear behavior, whereas the conductivity os3pk changes upon annealing. If at room
temperature the nanowires network conductivity o3px is in the order of o3px= 0.04 S/m, the values
increase as the annealing temperature increases reaching a value of cgoox= 0.2 S/m at a temperature of
900°C.
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Figure 30: Semi-metallic character of MosSy., 1, nanowires. (a) Current-voltage characteristic of the as-grown
MogSo. I, network (line) and annealed at 500, 700 and 900 °C; (b) the room temperature conductivity 63k
dependency on annealing temperature T (Bercic et al., 2006).
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The temperature dependence of resistivity of as-grown material as well as of annealed appears to follow
Mott’s variable range hopping law (VRH):

oc=0,exp—(T,/T)” ©

where o, denotes room temperature conductivity, T, some characteristic temperature and [ the
dimensionality of the system (1/4 for three dimensions and %2 for one dimension). Plots for both samples
are shown in Figure 31.
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Figure 31: Resistivity vs. Temperature. Measurements of a nanowires network (a) and an annealed one at 900
and 700 °C (b) (data fit with an exponential law characteristic of variable range hopping VRH), (Bercic et al.,
2006).

Interestingly, f=1/4 fits the data for the raw nanowires network, whereas B=1/2 seems to be better for
the annealed samples. This changing of dimensionality can be explained with the effects of inter-bundle
and inter-wire hopping. High temperatures change the structure, so that the overall conductance depends
mainly on interbundle hopping, whereas in the as-grown case the electrons scatter considerably also
between the wires inside of the bundle, thus raising the dimensionality. The observed VRH temperature
dependence has been observed previously also in CNT networks. Uplaznik et al. (2006) went further and
measured the conductivity of single MoSIx nanowire bundles (~ 7.2 nm) using different contacting
methods. The I/V characteristic also showed linear behavior, with conductivity up to G3px= 10 S/m.
Likewise, VRH fits the temperature dependence of resistance well. However, new results of in situ
measurements of conductivity of individual nanowire bundles of lengths between 1pum and 50 pm and of
diameters between 40 nm and 310nm, showed a conductivity in the range of 10 S/m as measured by
Uplaznik et al. (2006). When increasing the bias-voltage from 10 V to 40 V, the conductivity rose to 10°
S/m (Hummelgard et al., in press 2007).
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4 (Di)electrophoresis for the manipulation of MogSo. I nanowires

(Di)electrophoresis was used for our experiments to manipulate MogSg<Ix nanowires. Using electrophoresis
we found out that the nanowires are negatively charged. We were therefore able to separate the nanowires
from the impurities present in the solution. Furthermore, dielectrophoresis was shown to be a good method
for positioning MoSIx nanowires onto contacts. The resulting electrodes found application in field emission
experiments, obtaining promising results.

4.1 Introduction to (di)electrophoresis

4.1.1 Electrophoresis overview

The electrophoresis method was first employed by Arne Tiselius in 1937. The experiments were based on
the detection of electrophoretic motion by the moving-boundary method. As the particles migrate in an
electric field, the movement of the boundary between the solution of particles and a sample of pure solvent
can be observed. Tiselius was awarded the Nobel Prize in chemistry in 1948 for the moving-boundary
method (Tiselius, 1948) and since then it has been successfully used to separate complex mixtures of
charged macromolecules in solution and to study their physical characteristics.

The term “electrophoresis” originally referred to the migration of large molecular weight charged
particles in an electrical field while the term “inophoresis” had been used for the migration of lower
molecular weight substances in stabilized media such as gels and powders. Nowadays the general term
electrophoresis covers all applications regardless of the studied material or the used medium.

In the early studies electrophoresis measurements were carried out in liquid phase, but as time passed
the development of this method progressed from “paper electrophoresis,” cellulose acetate membranes and
gel electrophoresis to molecular disc, SDS (sodium dodecyl sulfate), immunoelectrophoresis and finally to
isoelectric focusing and high resolution two dimensional electrophoresis. If we summarize, we can
distinguish between four basic electrophoretic methods:

» “free” solution electrophoresis or moving boundary electrophoresis (MBE) (Tiselius, 1948;
Hannig, 1982);

» zone electrophoresis (ZE) (Mikkers et al., 1979; Jorgenson and Lukacs, 1981; Smithies, 1955;
Kohn, 1957);

» isotachophoresis (ITP) (Everaerts et al., 1976; Baumann and Chrambach, 1976);
» isoelectric focusing (IEF) (Awdeh et al., 1968; Stiles and Davies, 1976; Arnaud et al., 2005).

Free solution electrophoresis or moving boundary electrophoresis (MBE)

MBE was the earliest form of electrophoresis. In this method, a boundary is formed at one end of the
separation compartment, between the sample to be studied and the solution. By applying the electrical field
the boundaries for samples of different electrophoretic mobilities migrate at different rates. Although the
substance cannot actually be separated by this method, the position of a boundary after a given time
provides the electrophoretic mobility of that sample.

Zone electrophoresis (ZE)

This is one of the most common forms of electrophoresis. In this method a homogeneous buffer of constant
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pH is used. The buffer acts as an additional selection mechanism since small molecules will migrate
through the pore structure faster than larger ones.

Isotachophoresis (ITP)

The term literally means “same speed transport.” Here the ionized samples migrate with identical velocities
between the leading electrolyte and the terminating electrolyte. The selectivity is based on their
electrophoretic mobilities, e.g. the sample with the highest mobility goes directly towards the leading
electrode while the one with lower mobility migrates to the second electrode.

Isoelectric focusing (IEF)

IEF, also known as electrofocusing, takes place in a pH gradient and takes advantage of the fact that the
molecule’s charge changes with the pH of the surrounding substance. Under an applied current, molecules
move towards the anode or the cathode until an isoelectric point is reached (i.e. the pH at which the
molecule’s charge is zero). An important feature is that the sample must be amphoteric, meaning it must
have both acidic and basic functional groups. At this point the migration stops, but diffusion will occur and
the sample will enter a region of pH above its isoelectric point (pI). The applied electric field will cause the
molecules to migrate back to its pl. Therefore the sample becomes focused to a stationary band. The
resolution of this technique is high enough to fraction proteins with only one charge difference into
separate bands.

The advantages of the solid support electrophoresis over electrophoresis in “free” solution are in:

v'  the possibility of obtaining complete separation regarding mobility, not only limited boundary
separation;

v’ the ability to study substances with low molecular weight like amino acids, peptides, and
nucleotides; and,

v' the reduction of testing sample quantities for the experiments.

Most common types of electrophoretic gels

There are many types of materials used to make gels. A gel is chosen depending on the type of the sample
for characterization. In general, the gel matrix should satisfy some demands:
v'adjustable and regular pore size;
v’ chemically inert;
v no electro-osmosis property (i.e. no movement through a membrane or other porous structures
upon the applied field).

Two of the most common gels for electrophoresis will be presented. Agarose is a natural colloid
extracted from sea weed. This gel has very large sized “pores” and is used primarily to separate very large
molecules (over 10 nm in diameter) (Meyers et al., 1976). The pore size depends on the concentration of
agarose aqueous solution w/v (weight of agarose/volume of water), e.g. pore sizes of 150 nm for 1% or 500

nm for 0.16% (Serwer, 1980). Agarose is a linear polysaccharide (with an average molecular mass of about
120,000 dalton) (Figure 32).
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Figure 32: The chemical structure of agarose.

The agarose gels are formed by suspending dry agarose in aqueous buffer, then boiling the mixture until
a clear solution forms. The liquid is then allowed to cool to room temperature forming a rigid gel.

On the other hand polyacrylamide gel, used in polyacrylamide gel electrophoresis (PAGE), which was
first described by Raymond and Weintraub in 1959, is a material that is used for skin electrodes and soft
contact lenses. It is obtained by chemical co-polymerization of acrylamide monomers with a cross linking
reagent usually N,N’-methylenebisacrylamide (Figure 33).
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Figure 33: The chemical structure of PAGE gel.

The PAGE gel may differ in preparation to provide for different electrophoretic conditions, i.e.
homogenous concentration or with varying gradient. The polymerization of PAGE gel should take place in
oxygen atmosphere since the oxygen acts as a free radical trap. Gradient gels provide continuous decrease
in pore size from the top to the bottom of the gel. PAGE offers greater flexibility and more sharply defined
banding than agarose gels.



34 (Di)electrophoresis for the manipulation of Mo6S9-xIx nanowires

Theoretical considerations

As mentioned earlier, electrophoresis is the movement of electrically charged particles under the influence
of an electric field (Chrambach, 1985; Mosher et al., 1992). The movement is governed by the Lorentz
force, which takes in consideration the electrical properties of studied particles (¢) and the ambient
electrical conditions (E) (Equation 7):
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= g%
Fe=q*E 7
On the other hand, the translational movement of the charged particles is slowed by the frictional forces.
These forces depend on the hydrodynamic size of the molecules, their shape, the pore size of the medium in

which the electrophoresis takes place, and the viscosity of the buffer. The frictional force is given by the
expression:

Ff =Vf (8)

where Vv is the velocity of the molecules and f is the frictional coefficient.

In stationary state conditions, the electric force on each molecule will be balanced by the friction force
encountered upon moving. Thus the velocity v of molecules moved by electrophoresis is given by the
following equation:

g*E=vf ©)
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where, u is the electrophoretic mobility (m*V's ™. Taking into consideration Stoke’s law, the
electrophoretic mobility can also be expressed as:

q q
/u = —=
femnr (11

where # is the viscosity of the medium and r the radius of the particles.

However, for the development of a more detailed theory of electrophoretic phenomena, it is important to
take into consideration the physical nature of charged particles in a liquid medium as well. It is well known
that colloidal particles dispersed in a solution are electrically charged due to their ionic characteristics and
dipolar attributes, and that each particle is surrounded by an electrical double layer. This layer consists of
two parts. The inner region, called the Stern or Helmoltz layer (Figure 34), is where each particle is
surrounded by oppositely charged ions (counter-ions). The ions inside this layer are strongly bound.
Surrounding the Stern layer is a cloud-like area composed of a variety of ions of opposite polarities called
the diffuse Gouy-Chapman layer. In this area the ions are less firmly attached and a boundary exists within
which the ions and particles form a stable entity.
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Figure 34: Representation of electrical double layer that surrounds particles moving in a solution.

Under applied electric field, the particles move accompanied by the Stern layer and part of the diffuse
layer, i.e. the ions in the internal side of the diffuse layer travel with the particle while the ions beyond the
boundary do not. This boundary is called the surface of hydrodynamic shear or slipping plane. The
difference in electrical charge between the Stern layer and the diffuse layer is the zeta potential C.

The magnitude of the zeta potential gives information about the potential stability of the colloidal
system. If all the particles have a large negative or positive zeta potential, they will repel each other
resulting in a stable dispersion. If the particles have low zeta potential values (-30mV< { < 30mV), then
there is no force to prevent the particles to aggregate and the dispersion becomes unstable.

Moreover, the zeta potential is related to the electrophoretic mobility by the Henry equation:

2g6:7 Kr
3 -
n (12)

where, e=gpe, is the dielectric constant of the fluid, composed of the vacuum and relative dielectric
constants & and &, 1 is the viscosity, fixr) is Henry’s function (Michov, 1988), and « is the Debye-Huckel
parameter (Debye and Huckel, 1923) given by the following expression:
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(13)

where z is the valence of counter-ions, e is the elementary electric charge, n, is the average number density
of the ions in the solution, k is the Boltzman constant and T is the absolute temperature.

The inverse of the Debye-Huckel parameter, ', gives the thickness of the double layer. Typical values
of ' range from 1 nm to 1 um indicating that the double layer phenomenon is confined to a very narrow
region adjacent to the surface. Thus, taking into consideration the product xr or the function f{xr), the
electrophoretic mobility can be expressed as:

» xr<1orflxr)=l, (Huckel — Onsager approximation (Huckel, 1924))
_ 2¢e
31 (14)

» kr> 100 or flkr)=1.5, (Smoluchowski approximation (Smoluchowski, 1917))

_<

n (15)

7
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Figure 35: An illustration of two extreme cases of particles smaller (a) and bigger (b) than the thickness of the
double layer.

The Smoluchowski theory is applicable to very large particles compared with the double layer thickness
1/k and for high ionic strength (Figure 35). On the other hand, the Huckel-Onsager equation is expected to
be valid for low potentials, low electrolyte concentrations and small enough particles to be considered a
point charge (particles are small compared to the thickness of the double layer 1/x). For intermediate values
of kr the values of fixr) depend on the applied theory (O'Brien and White, 1978; Wiersema et al., 1978;
Cassou and Tovar, 2001).

The large number of theoretical approaches and computer models in the literature provides insight into
many aspects of electrophoresis. The dynamic computer models, which consider mass transport due to both
electromigration and diffusion, are the most advanced as are most general mathematical descriptions of
electrophoresis processes.

Applications of electrophoresis

Electrophoresis methods are used for the quantitative characterization of substances or mixture of
substances, for purity control, quantitative determinations and preparative purposes. It is an important
technique in molecular biology, genetics, microbiology, biochemistry and even in forensics. The
application domains range from cells (Bauer, 1987 and 1994; Smolka et al., 2005) and particles
(Eychmuller et al., 1990; Petersen and Ballou, 1999) to nanotubes (Wang et al., 2003; Doorn et al., 2002;
Umek, 2001) and nucleic acids (Bishop et al., 1967; Fangman, 1978), proteins (Michalski and Shiell,
1999), peptides (Michalski and Shiell, 1999; Cleveland et al., 1977; Collet and Baguna, 1993), amino acids
(Mourzina et al., 2005; Warren and Adams, 2000; Poinsot et al., 2006), organic acids (Chiari et al., 1996),
drugs (Nishi, 1999; Martinez-Gomez et al., 2006; Liu et al., 1998) — everything that can carry charge.

After the electrophoresis is completed, the gel must be analyzed quantitatively and qualitatively to
answer analytical or experimental questions. Since most of the (bio)molecules are not directly visible, the
gel must be processed to determine the location and amount of the separated molecules. The method used is
the staining of the gel with organic dye, silver stains, fluorescent dye or radioactive labels depending on the
analyzed sample.

For example, scientists have performed numerous experiments on DNA molecules. In electrophoretic
measurements DNA molecules were observed moving towards the positive electrode due to the net
negative charge of the phosphate backbone. After the complete separation the fractions of DNA molecules
of different lengths are often visualized using fluorescent dye specific for DNA, such as ethidium bromide.
The gel shows bands corresponding to different DNA molecule populations with different molecular
weights. The DNA length determination is typically done by a comparison to commercially available DNA
ladders containing DNA fragments of known length (Bush and Holmes, 1982; Maniatis et al., 1975;
Raymer and Smith, 2007).

In contrast, proteins are usually stained with organic dyes (Raymer and Smith, 2007; Diezel et al., 1972;
Bennett and Scott, 1971). Proteins are amphoteric compounds, i.e. their net charge is determined by the pH
of the medium in which they are suspended. Most of the organic dyes are believed to be electrostatically
attracted to the charged groups on the proteins, forming strong complexes. Proteins can also be detected by
fluorescent labeling (Greenspan and Gutman, 1993; Kumar et al., 1995; Shcherbakov and Piendl, 2007)
either before or after electrophoresis and then visualized under UV light. This technique involves the
covalent binding of a fluorescent dye to terminal amino groups of the proteins. Another possibility for the
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(bio)molecule detection separated by electrophoresis is radioactive labeling (Symington et al., 1981). °H,
*C, P, S and '*Iare the most commonly used isotopes for radioactive labeling.

Staining of the molecules has shown to be very important for the visualization of the molecules. Having
standard ladders of known length molecules, the length of unknown molecules can be roughly estimated.
For a more accurate estimation theoretical models (Ogston, 1958; Deutsh and Madden, 1989; Slater and
Guo, 2001) in parallel with experimental data have been employed (Sol et al., 1975; Maniatis et al., 1975;
Johnson and Grossman, 1977). As a result, determination of mobility, length and charge of the molecules
as a function of gel concentration or electric field strength has been thoroughly investigated throughout the
years.

4.1.2 Dielectrophoresis overview

Work in the field of AC electrokinetics has shown that submicrometer particles can be characterized and
manipulated in microelectrode arrays using dielectrophoresis. Thus, the dielectrophoretical manipulation of
particles has rapidly become a major area of research, with particular applications in biotechnology and
nanotechnology. This method has been applied to characterize and separate latex spheres (Green and
Morgan, 1997), viruses (Morgan and Green, 1997; Green et al., 1997; Muller et al., 1996), DNA (Asbury
and van den Engh, 1998; Ying et al., 2004) and proteins (Morgan et al., 1999), as well as carbon nanotubes
(Krupke et al., 2003 and 2006).

Short description of the phenomenon

Dielectrophoresis (DEP) is the motion of polarizable particles in non-uniform alternating electric fields and
arises from the interaction of the field and the induced dipole. The basic theory and early applications of
this phenomenon were largely developed by Pohl (Pohl, 1915 and 1978). The essential feature that
distinguishes dielectrophoretic effect from electrophoretic is that in the first case ac electric fields are
involved, in the latter dc electric fields.

In a uniform electric field the charged particles are moving along the field lines towards the electrode of
opposite particle charge (Figure 36a). If the charge is neutral, it will be barely polarized and no movement
toward either electrode will be detected.

positevely
—_—— charged - negatively charged
i articl
—_———— / particle e ‘f"" particle

neutral

e patticle

@‘\1—___‘__“ neutral

_—— particle

— A e B " net force

Figure 36: Behavior in (a) uniform and (b) non-uniform electric fields of charged and neutral particles.

In a non-uniform field, the situation is different. For the charged particles the behavior is the same as in
the case of uniform field, i.e. being pulled along the field lines towards the electrode of opposite polarity.
For the neutral particles, the applied field induces a dipole in the particle. The interaction of the induced
dipole with the electric field generates a force. Due to the presence of a field gradient, these forces are not
equal and there is a net translational movement (Figure 36). If the particle is more conductive than the
medium around it, the dipole aligns with the field and the force upon the particle acts towards the region of
highest electric field. If the particle is less polarizable than the medium, the dipole aligns against the field
and the particles are repelled from regions of high electrical field.

However, it should be mentioned that the sign of the electrodes does not matter since the net force upon
the neutral particles is the same. Thus, a polarizable particle is attracted towards the point were the field is
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higher regardless of the sign of the electrode (see Figure 37). For that matter, the applied field can be non-
alternating as well as alternating.

a. b.

Figure 37: Behavior of neutral particles in an alternating non-uniform field. (a) The neutral particle is more
conductive than the medium and is attracted towards the electrode where the field is stronger; and (b) the neutral
particle is again more conductive than the medium and is moving towards the highest field intensity although the
field is reversed.

Theoretical considerations
The instantaneous dielectrophoretic force F' (@) on a particle (Pohl, 1915 and 1978) is given by

F(w) = (p(w)-V)E(w) (16)

where p(@) is the induced dipole moment, V is the del vector operator and E(@) is the electric field.
Taking into consideration that the dipole moment can be written also as:

P(®) = A()VE(w) a7

where /(@) is the polarizability or the dipole moment per unit volume, Vv is the volume of the particle,
the dielectrophoretic force can be rewritten as:

F(0) = va(@)(E(w) - V)E(w)
(18)

— 1 - 2
F(w) = —va(a))V‘E(a))
2 (19)
If the polarizability is expressed as follows,
a=¢c1f(€,.€
Aree.e0) o0

where £, and £, are the complex permittivities of the particle and medium (the complex permittivity is

given by € =€— ](—J , where £ is the real permittivity, 0 the conductivity, j =+/—1 and @ the
w

angular frequency), the dielectrophoretic force equation is transformed to:
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F(w) = %vem Relf(e).) \VE@)* }

21)

where Re{} is the real part of the expression in brackets. The force can be described by different
expressions depending on the shape of the particles:

e for a spherical particle, where the factor f (6‘; ,6‘;) is given by the well-known equation of
Clausius-Mossotti (Clausius, 1879; Mossoti, 1850; von Hippel):
fee)=| 2
E,E,)=| =
e, +2e,

£

(22)

and the volume of the sphere is Vv 2370‘3, with r being the radius of the particle, the induced
dielectrophoretic force is:

_ e ¢ -
F(w) = %mﬂem Re {f—z”’*]VE(a))z
£

P m

(23)

e for an ellipsoidal particle (Stratton, 1941; Kakutani et al., 1993), where the factor f (6‘: , 6‘;)
is given by the equation

5 s €

f(gp’gm): (
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Ed Ed
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B=xy,2 (24)

and the volume v = 5 4mabc , with a, b the equatorial radii (along the x and y axes) and ¢ the polar radius

(along the z axis), the equation of the force is:
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for an elongated particle (like nanowires) (Morgan and Green, 1997), where the factor
f (8;; , 8,:) has the expression

«

E —€,
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*

m

(26)

and the volume v = 7r°[ , where r is the radius and [ the length of the cylinder, the dielectrophoretic force
is given by:

*

. e - .
F(w) = %rzlem m{# VE(a))} 27)
gm

The direction of the dielectrophoretic (DEP) force, positive or negative, depends on the sign of the
Re{ f (€: ,€, ) ). Positive DEP occurs when Re{ f (€; ,€,) }>0 and the force is pointing towards the high
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field strength. The negative DEP is the reverse of the positive one, i.e. the force is in the direction of
decreasing field strength. The frequency dependence of f (€; ,6‘;) makes DEP a powerful technique of

manipulating particles in solution. Since dielectrophoresis is a non-invasive, non-destructive technique, it
has potential uses in a wide range of biotechnological and nanotechnological applications.

Applications of dielectrophoresis

A controlled handling of single (bio)molecules is essential for the fabrication and the investigation of
devices based on (bio)molecules. An important step in the development of the lab-on-a-chip is the ability to
move around liquid samples to different parts of the chip or to separate parts of the sample such as
particles, biological cells, or DNA. Dielectrophoresis is a well-defined positioning tool that is ideal for
biotechnological and nanotechnological applications (Markx et al., 1994; Muys et al., 2005).

Applications of dielectrophoretic experiments are countless. Further in this chapter we will mention
only the most interesting ones and those corresponding to our research interest.

Ever since the discovery of carbon nanotubes (CNTs) their separation has been a challenge. CNTs
typically are grown in bundles having both metallic and semiconducting properties. Unfortunately, the
separation of the two types has been impossible until Krupke et al. (2003) adopted the dielectrophoretic
method. Using microelectrodes prepared by the standard electron-beam lithography Krupke found that
semiconducting single-walled carbon nanotubes (SWCNTs) can be separated using negative
dielectrophoresis, whereas for metallic nanotubes positive dielectrophoresis should be used. Moreover, the
selectivity of the process depends on the field strength and frequency, on the surfactant concentration or
solution conductivity, and on the purity of the SWNTs (if they are individual or aggregated in bundles)
(Krupke, 2004).

Dielectrophoresis was demonstrated to be a very good technique also for the integration of molecular
structures into microscopic electrode arrays. Assembly of gold nanoparticles from suspension connected by
molecular bridges (Kretschemer and Fritzsche, 2004; Bhatt and Velev, 2004), immobilization of gold
nanoparticles along carbon nanotubes (Zheng et al., 2004), DNA trapping between CNT electrodes
(Tuukkanen, 2006), trapping of cells (Wang et al., 1997), single proteins (Holzel et al., 2005) and
bioparticles (Hughes and Morgan, 1998), spatial manipulation of single DNA molecules for genetic
investigations as well as for the building blocks (Hozel and Bier, 2003; Oana et al., 1999) have been
successfully performed using AC fields.

The use of nanocrystals and nanowires in nanodevices as field-effect transistors, photodetectors, x-ray
source, high-resolution electron beam instruments and light-emitting diodes raised the interest of
researchers. For all these nanodevices the key component might be planar field emission electron source or
point emitters. Dielectrophoresis once again proved to be a very elegant technique for the assembly of these
components. Successful reports on SWCNTs and double-walled carbon nanotubes (DWCNTSs) point
emitters (Jung et al., 2006; Zhang et al., 2004), microfabricated electrodes of CdSe nanowires (Zhou et al.,
2007), diamond-based films as future cold-cathode materials (Chen et al., 2003), diamond coated silicon
and molybdenum emitters (Zhirnov et al., 1996) etc. have been registered.

4.2 Electrophoretical separation of MoS¢.Ix nanowires

MogSy.«Ix nanowires are synthesized in weakly bound bundles of up to 100 nm in diameter and 1 pm in
length (see Figure 10a). The big advantage of MogSoI; nanowires over CNTs is that they are easily
dispersed in organic solvents like isopropanol, dimethyl-formamide or chloroform (Nicolosi et al., 2005).
Since the raw material is not very pure, but contains also crystals of Mo,S;, Mo¢S¢l, and MoS,, we used
(di)electrophoresis for the separation of MogSyIx nanowires from these impurities and also for the
separation regarding their diameter.

Experimental approach

The first experiments were carried out in an electrophoretic cell (BIO-rad, power-pac 300 model) and then,
in order to use lower quantities of material, a smaller electrophoretic cell was used (B1A model). A gel
solution was prepared by weighting out the desired amount of agarose and mix it with a measured amount
of electrophoresis buffer, e.g. for an 0.8% gel concentration, 0.8 g of agarose was add to 100ml of TBE
(1X) buffer. After that boiling the solution till all the grains of agarose will be dissolved, the gel solution
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was poured into a mold and allowed to solidify at room temperature for several hours before use. The
pockets were formed by introducing a “comb” mold into the liquid gel and removing it after the cooling.
The gel was then put in the electrophoretic cell and covered with the standard TBE buffer.

For the solution we dispersed the nanowires in two different organic solvents: IPA and DMF. The
choice of the solvent was made based on the best solubility, in our case IPA. For the third solution, the
nanowires were dispersed in water containing SDS surfactant.

The dispersion of MogSgIx nanowires (5 mg) in IPA, DMF and water-SDS solution (10 ml) was made
using a 750 W sonication tip for 5 minutes and subsequently a low power ultrasound bath for 1h. The
obtained solutions were further mixed with 0.5 ml glycerol and 0.5 ml of deionized water. Glycerol is
commonly used in electrophoretic experiments for raising the density of the solution compared to water.
The solution is then poured with a transfer pipette into the preformed gel pockets (Figure 38) and carefully
submerged in water. The higher density of the solution confines the sample inside of the pockets,
preventing random diffusion.

transfer pipet

MoSix ngnowire stucked MoSIx
solution 6] nanowires in the
wall of the gel pocket

Figure 38: Schematic of the electrophoretic experiments. (a) Pockets were formed with the “comb” mold after
the cooling of the gel: (b) injection of the sample into the pockets; and (c) the electrophoretic experiment running
under a 300V bias for 25 minutes.

When the pockets in the agarose gel were filled with the solutions, an electric field of 300V was applied
for 25 minutes in the case when the BioRad electrophoretic cell was used. In the case of the smaller cell,
the applied field was of 80V in a time of 90 minutes.

Experimental results

As mentioned above, electrophoresis experiments were performed for separating MogSe «Ix nanowires from
impurities and possibly according to their diameter. We expected to obtain a diffusion of the MogSg I
nanowires into separate fractions as Umek et al. (2001) obtained in their experiments on CNTs (see Figure
39).
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Figure 39: Electrophoretic experiment results on CNTs obtained by Umek et al. (2001).
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Unfortunately, unlike in the CNTs, no diffusion of the MogSq Iy nanowires could be seen. However, by
the end of the experiment we observed a pronounced deposition on the pocket wall corresponding to the
positive electrode as well as some sedimentation on the bottom of the pocket. For a better understanding of
what happened during the electrophoretic experiment microscopy measurements were performed. SEM
images were taken of the raw material, of the nanowires dispersed in DMF before electrophoretic
experiment, and of the material removed from the pocket wall after the completed separation (Figure 40).

-
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Figure 40: SEM images of the experiment. SEM image of Mo¢S;l¢ nanowires as grown (a); of the nanowires
dispersed in DMF solution where bundles of MogS;ls as well as impurities can be seen (b); of collected
nanowires after electrophoresis experiments (c).

We can conclude that the impurities and the large bundles that could not be dispersed were deposited on
the bottom of the pockets while the small bundles were deposited on the “positive wall,” suggesting a
negative charge of the nanowires. To confirm the latter assumption we performed another experiment but
with a different pocket geometry. If in the first case the voltage was applied across the pocket, i.e. the
shorter wall, now the movement of the material was induced laterally, i.e. on the long side (Figure 41).
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Figure 41: Electrophoresis experiment. Image of the solution in the pocket at the beginning of the experiment
(top). In the bottom image, a fraction of the nanowires is deposited on the bottom of the pocket and the other on
the vertical wall.

As can be clearly seen in the lower pocket in Figure 41 material migrated towards a positive electrode,
undoubtedly confirming a negative charge of the nanowires in the solution.

Since the migration through the gel could not be observed, another test was performed. The usual
method used for visualizing the electrophoretic experiment in real time is the dyeing of the sample. Under
an applied electric field the separated domains of samples with different sizes can be seen due to the
attached dye on the sample. In addition, the size of molecules can be estimated by comparing their
mobilities in gel electrophoresis with those of standard fragments of known length, i.e. standard ladders.

Electrophoretic experiments were made on dyed MogSe«Ix nanowires and compared with a standard
dyed DNA ladder (GeneRuler™ 100bp DNA Ladders) (Figure 42). DNA was chosen since it has the same
negative charge in the solution as our nanowires as well as the same elongated shape, making it an adequate
control substance. The DNA ladder is supplied with two dye solutions of xylene cyanol FF (for the upper
part of the ladder) and bromophenol blue (for the lower part of the ladder) for visual tracking during
migration. The MogSq I nanowires were dyed in the same manner as the DNA ladder. The electrophoresis
was performed under a 80V bias for 90 minutes. Figure 42 shows a schematic of the electrophoretic
measurements together with photographs taken before and during the experiment.
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Figure 42: Electrophoresis experiment with dyed DNA and MogSs..I, nanowires. (a) Schematic of the dyed
MogSgIx compared with a standard DNA ladder; (b) a photograph taken before and (c) during the
electrophoretic experiment.

After the first minutes of the experiment the DNA ladder could be seen forming. In the case of our
sample, the diffusion of bare dye was noticeable as well as the diffusion of nanowires since the pocket
walls towards the positive electrode started to become darker due to the deposition of the nanowires
(Figure 42c).

Since we did not know if the dye had bound to the nanowires and whether it had also traveled unbound,
dye control measurements at the end of the electrophoretic experiment were performed. The gel was
preserved in standard EtBr (ethidium bromide) solution for half an hour after the electrophoretic
experiment and then photographed with a UV light-box. EtBr intercalates between DNA base pairs and
fluoresces under UV light at 312 nm. We hoped that the EtBr would bind to the nanowires and the
visualization of the diffusion would be possible. The photograph from Figure 43 shows the standard DNA
ladder containing the 11 fragments ranging from 100bp (base-pairs) to 1000bp. In the lanes corresponding
to the MogeSo I nanowire solution, however, no signs of diffused nanowires can be seen.

DITA 5 solubions
ladder of dyed MoSTx

Figure 43: Photograph of the gel after the experiment finished. Photograph of the DNA ladder (left). No traces
of possibly diffused nanowires can be observed (right).
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4.3 Dielectrophoretic manipulation of Mo0S¢.xIx nanowires

As mentioned previously, dielectrophoresis is the electro-kinetic motion of dielectrically polarized
materials in non-uniform electric fields and is currently an active area of research for positioning and
orientation or alignment of CNTs and other nanomaterials. In our experiments we used dielectrophoresis
for positioning MogS31s nanowires onto Ni wires covered with 99.95% pure Indium.

Experimental approach

Raw material of MogS;ls was dispersed in isopropanol (IPA) using an ultrasonic bath for half an hour and
left to sediment for one day. The electrodes on which we wanted to attach a single bundle of MogSo.Ix
nanowires were Ni wires coated with In. The coating was performed by immersing the tip of the Ni wires
into a droplet of molten In. Upon withdrawing the Ni wires from the In droplet, a layer of In remained on
the wire. The rapid cooling of the In and the slow withdrawal of the Ni wires from the droplet enabled us to
control the formation of a relatively sharp-end coating as shown schematically in Figure 44. The diameter
of the nickel-coated wires was above 100 um.

Figure 44: Schematic of the coating process of a Ni electrode wire with pure In. First, the In is made molten on
the tip of a welding machine and the Ni wire is brought close (a). The wire is then immersed in the formed
droplet of In (b). With a slow movement the Ni wire is withdrawn from the droplet (c). Upon cooling and due to
the slow withdrawing process on the end of the Ni wire, a sharp conical In coating is shaped.

The obtained In-coated Ni electrodes were used further in the dielectrophoretical experiment for the
trapping of the MogSgxIx nanowires. Two electrodes were brought close together (d<100 pm) on a glass
support and wired up with a serial resistor of 10 MQ as shown in Figure 45. The circuit was powered either
by a DC or AC power supply. For the measurement of the electric current during the experiment, we used
an oscilloscope which monitored the drop of voltage across a serial resistor. After switching on the power
supply, a droplet of nanowires in IPA dispersion (c=0.05 mg/ml) was applied to the tips. The trapping was
performed with an applied DC field of 20V or an applied AC field of 10 V at a frequency of 10 MHz.

glass support

droplet of MoSIx
nanowire solution

In covered Ni tip

Figure 45: Schematic diagram of the circuit used for trapping a single bundle of MosS;ls.
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Experimental results

During the experiment, the drop in voltage across the resistance was measured with an oscilloscope (Figure
47a). A jump in voltage, attributed to the moment when the suspension is applied to the contacts, can be
observed in the graph. Almost immediately following that, a bundle of nanowires is trapped on the emitter.
The increase in the voltage, indicated in the graph by an arrow, corresponds to the moment in which the

bundle is trapped.
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Figure 46: The visualization of the dielectrophoresis experiment. Optical microscope image made immediately
after the suspension was applied to the contacts (a); optical microscope image made after the solution had dried
(b); SEM image showing a single bundle attached to Ni tip (c).

To control and to better understand the experiment, the process was performed under a microscope
where we were able to observe the experiment in-situ. When the suspension was applied, nanowire
movement towards the positive electrode could be observed until the solution had dried (Figure 46 a and b).
Because of the limited resolution of the optical microscope, however, we could not observe the attachment
of the bundle. Therefore a SEM image was subsequently taken. A single bundle of MogS;ls could then be
observed on the tip (Figure 46¢).

Once we had obtained a single bundle on the tip we could use it as an emitter for field emission
measurements. The results of such measurements are presented in Figure 47b and Figure 47¢ (Zumer et al.,
2005). An I-V curve is plotted together with a Fowler-Nordheim plot for the emitted current. Importantly,
during the field emission measurements, the MogS;1s bundle did not detach from the tip which suggests that
the contact between the MogS;1g nanowire and emission is quite strong.
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Figure 47: Drop in voltage across the resistance (a); I-V field emission curve (b); F-N plots (c).
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4.4 Conclusions

Electrophoresis is used for the separation of (bio)molecules on the basis of size and electric charge, for
purifying (bio)molecules, or for the analysis of their structures and physical properties. In our experiments
electrophoresis has shown the transport of MogSo.<Ix nanowire bundles in solution. Bundles with small
diameters travel to the positive electrode while impurities and larger bundles are deposited on the bottom of
the gel pocket. Since the diameter of the nanowires is larger then the gel’s pores, the diffusion true solution
of the nanowires was not possible. In addition, a staining process was done in order to test the mobility of
the MogSo4Ix nanowires further. Dyed standard DNA ladders are usually used as a reference for
determining molecules of unknown size. For this our nanowires were dyed in the same way as the DNA
ladder and followed by electrophoretic measurements. At the end of the experiment, staining with EtBr was
performed in order to observe possible diffusion of the nanowires, since the attachment of the dye to the
nanowires was not known. On the photographed gel we were able to observe only the DNA ladder. The
observed non-mobility of the nanowires through the gel can be explained by two possible scenarios:

¢ the nanowires traveled through the gel, but the EtBr did not bond with the nanowires, thus no
fluoresce could be observed, falsely implying non-mobility;

¢ the nanowires did not travel through the gel due to their large diameters.

However, even though the electrophoretic method could not be used to separate MogSg Iy nanowires
according to diameter, some useful information could be extracted. It was demonstrated that the nanowires
carry negative charge in aqueous solutions and that they move in a DC electric field, which can be
successfully employed for positioning MogSy,Ix material or for separating MogSoI, material from
impurities.

We have shown dielectrophoresis to be a very good technique for self-assembly of nanowires onto
contacts. We have succeeded in obtaining single bundles (up to 10 nm diameter) attached onto indium-
coated nickel tips which were then used in field emission measurements. The attachment process was
demonstrated to be straightforward and very simple. The point emitters obtained were then used in field
emission measurements. The strength of the field emission current from our point emitter was shown to be
comparable to the values obtained from SWCNTs. Fowler-Nordheim plots gave a maximum emission
current of Igg= 0.8 pA. The fitted data gave a linear dependence in both upward and downward mode
(increasing and decreasing the voltage), a good indication that the field emission may be understood as a
standard barrier-tunneling mechanism.
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5 Solubility of Mo¢S,.I nanowires as a function of the pH of the solution

5.1 Dispersion of nanowires

In general, nanowires and nanotubes are often synthesized in bundles with diameters ranging from several
nanometers up to a micron and with different stoichiometries. Moreover, in the case of widespread carbon
nanotubes (CNTs), their lack of solubility has raised many problems in the search for their application
possibilities. Thus, much effort has been invested in finding the right procedures for nanowire/nanotubes
dispersion in different solvents for different applications.

Covalent (Hamon et al., 1999; Rigga et al., 2000) and ionic (Vigolo et al., 2000) modifications have
been reported, i.e. dispersion of single-walled nanotubes (SWCNTSs), fragments or ropes (rather than
individual tubes) in organic media and formation of polymer-nanotube composites. For example, covalent
functionalization with a carboxylic acid group (Chen et al., 1998) followed by treatment with thionyl
chloride to form an acryl chloride group has been used to improve the solubility of carbon nanotubes. The
acid chloride-functionalized SWCNTSs are then susceptible to reaction with amines and after four days they
can be dispersed into individual nanotubes soluble in organic solvents. Nevertheless, it was observed that
the band electronic structure of the native tubes was disrupted by these modifications and in some cases the
inherent crystalline structure of the individual tube was severely damaged. The ionic modification is made
by dispersing the nanowires in a highly concentrated aqueous solution of sodium dodecyl sulfate (SDS),
which adsorbs at the surface of the nanotubes thus improving their solubility.

The efficient purification and length selectivity of CNTs using anionic surfactants such as SDS or
nonionic surfactants such as Triton X-100 has already been reported (Liu et al., 1998; Duesberg et al.,
1998; Kirstic et al., 1998). However, the removal of the surfactants afterwards proved to be problematic,
decreasing the range of possible applications. As an alternative, SWCNTs have been dispersed by
functionalizing their side-walls with fluorine (Mickelson et al., 1999) and with alkanes (Boul et al., 1999)
resulting, however, in the modification of the intrinsic SWCNT properties. Purification techniques in
organic solvents (Ausman et al., 2000; Shelimov et al., 1998) were shown to be very productive. By
noncovalent functionalization of carboxylic acid groups to SWCNTSs, dispersion in common organic
solvents was obtained (Chen et al., 2001) with nanotubes of several microns in length and 2-5 nm in
diameter. Likewise, it is worth mentioning that organic functionalization (Georgakilas et al., 2002; Liu et
al., 2002) can make carbon nanotubes soluble in most organic solvents and even in water.

Wrapping SWCNT in macromolecules such as polyvinyl pyrrolidone (PVP) and polystyrene sulfonate
(PSS) (O’Connell et al., 2001) or functionalizing them with monoamine terminated polyethylene oxide
(PEO) (Sano et al., 2001) have shown to be effective methods for the solubilization of carbon nanotubes in
water. In addition, physical adsorption of long chain polymers (Coleman et al., 2000; Bandyopadhyaya et
al., 2002) can be employed for the dispersion of carbon nanotubes. For instance, Nativ-Roth et al. (2007)
studied the interaction mechanism between carbon nanotubes and physical adsorbed copolymers. They
found that dispersion of SWNT via steric repulsion among physically adsorbed (non-wrapping) block
copolymers is applicable to SWNT as well as to MWNT.

Reports have also been published on the functionalization of CNTs with synthetic molecules. For
example, dispersion of polyethylene glycol, PEG-attached CNTs, based on the chemical modification of
the CNTs (Fernando et al., 2004; Zhao et al., 2005; Lee et al., 2007) or pristine CNTs using PEG-based
amphiphilic molecules (Moore et al., 2003; Cohen et al., 2004) have shown to result in stable water
solutions.

The M-IV semiconductors are attractive building components for the fabrication of optical and
optoelectronic devices, e.g. emitting diodes, solar cells, lasers, etc. Among them CdS nanostructures are
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also of great interest due to their high photosensitivity. Thiruvengadathan et al. (2005 and 2007) succeeded
in preparing CdS elongated nanostructures of a few microns in length and 3-6 nm in diameter. The
dispersion was made in an aqueous solution containing SDS or gum arabic (GA) polymer in glass vials
cooled in ice and sonicated under mild (50 W) or harsh (400 W) conditions for different time durations. On
the other hand, Hsu et al. (2007) dispersed ZnO nanocrystals in methanol using just an ultrasonic bath.

In past years work has been done on finding the right method for dispersing inorganic MogSo. I«
nanowires (Nicolosi et al., 2005 and 2006; McCarthy et al., 2007) as well. We have seen in Chapter 3 that
these nanowires are easily produced (Vrbanic et al., 2004) and synthesized in long thick bundles. Nicolosi
et al. (2005) studied the dispersion properties of nanowires in isopropanol at different initial concentrations
(Figure 48). The sedimentation studies were performed by monitoring the transmission of a laser through
the center of a sample for over 200 hours. Transmission was then transformed into turbidity using the
Lambert-Beer law:

T
I/1,=e 8)

where I/]j is the transmittance, 7 is the turbidity and / is the sample length.

They observed that the material contained two insoluble and one soluble phase. Using the sedimentation
method, Nicolosi et al. (2005) succeeded in isolating the soluble phase from the insoluble one. TEM
(transmission electron microscope) images show that the insoluble phase contains large bundles of MogSo.
«Ix nanowires while the soluble phase contains small diameter nanowires (up to 10 nm). Moreover, it could
be noticed that the diameter of the bundles decreases with the concentration of the solution.
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Figure 48: Sedimentation study as a function of solution concentration (Nicolosi et al., 2005).

Furthermore, sedimentation studies in different organic solvents have been performed (Nicolosi et al.,
2005), demonstrating that the dispersion of MogS¢ Ix nanowires depends dramatically on the solvent used.
Figure 49 shows sedimentation curves for all studied solvents, clearly indicating that isopropanol (IPA) and
dimethyl formamide (DMF) are by far the best solvents for dispersing the nanowires. From TEM images it
was seen that before sedimentation in all solvents both bundles of nanowires and impurities were present,
whereas after 100 hours of sedimentation, depending on the solvent, impurities could be found in neither
IPA nor DMF.
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Figure 49: Sedimentation curves for different organic solvents (Nicolosi et al., 2005).

5.2 Preparation of the sample

Another possible method for rendering MogSo.<Ix nanowires soluble in solution is by changing the pH of
the environment. It has been shown that an assembly of gold (Wang et al., 2007) or Pt (Liu et al., 2005)
nanoparticles on nanowires is possible by tuning the pH of the solution. The change in the pH value mainly
influences the quantity and distribution of negative charge on the nanoparticle’s surfaces. At lower pH
values the induced dipole-dipole attraction of the interparticles is so strong that the Au particles self-
organize into chains. The increase in the pH values means an increase of the net negative charges on the
nanoparticle’s surfaces, thus the intensity of the induced dipole-dipole interaction decreases.

Taking into account these observations, we tried to disperse our nanowires in acidic and basic media.
Experiments were performed in 1-methyl-2-pyrrolidone (NMP). First, MogSo.<Ix nanowires were dispersed
of 0.1 mg/ml, and then the pH value of the MogSy I« solution was adjusted by adding hydrochloric acid
(HCl). The exact pH value of the solution was determined using a pH meter.

Sedimentation studies were subsequently carried out. The instrument used is presented in Figure 50.
Sedimentation was monitored by measuring the transmission of four lasers through a quartz cuvette
containing the sample. The linear transmission is then transformed in turbidity using Lambert-Beer law
(Equation 28). More about the theory behind sedimentation process can be read in Nicolosi et al. (2005).

Figure 50: Apparatus for measuring the sedimentation process of MosSo.,1, nanowires (Nicolosiet al., 2005).

5.3 Experimental results

The experimental sedimentation curves can be seen in Figure 51. The experiments were carried out for
different pH values: pH was set from 11.4 down to 1.58. It was observed that turbidity tends to decrease till
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it reaches a constant value, which represents the turbidity associated with the obtained dispersed material
for each pH. For each pH the sedimentation was different and, as can be seen in Figure 51, the curves
corresponding to higher pH at the top of the graph represent the best dispersions. We can conclude that
with the decreasing pH of the solution, the solubility of the nanowires also decreases.
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Figure 51: Sedimentation curves. MogSg I nanowires dispersed in NMP at four different pH values.

To determine the composition of the solution, TEM investigation was performed on the MogSg I«
nanowires diluted in NMP. A droplet was taken from the top of the solution before the sedimentation and
24 hours afterwards. Before sedimentation in solution both bundles of nanowires and impurities were
observed (Figure 52 a and b). The quantity of the impurities from the beginning of the sedimentation
started to diminish only after 24 hours (Figure 52 ¢ and d). By the end of the experiment after 4 days, a
substantial amount of insoluble phase deposition was observed as the pH value decreased.
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Figure 52: TEM measurements. TEM pictures of the dispersed MogSo I nanowires dispersed in NMP
immediately after dispersion (a and b) and after 24 h of sedimentation (c and d) at pH 9.3 and 1.58.

The diameters of the nanowires were also measured. A distribution of the average diameter of the
MogSs «Ix nanowires is presented in Figure 53 for different pH values before the sedimentation process and
after 24 hours. It should be pointed out that in the initial solution (Mo0gSeI; nanowires dispersed in NMP)
the values of the diameter were between 25 and 50 nm. When HCI was added, the diameter of the
nanowires decreased to values below 15 nm, clearly indicating a correlation between the pH and the
average nanowire diameter.



52 Solubility of Mo6S9-xIx nanowires as a function of the pH of the solution

300 A3 Sonicated (ph=11.45) 120 As Sonicated (ph=11.45)
225 90 t=24h
150 60
75 30
0 e : mwm o =
1051 0 ph=93 —_ 128 i ph=9.3
S §‘ 3 90! t=24h
s 70} |} e 60!
— Wi >
> 3B 2 30!
c D *§§ . e - g ERIFEE
g 100l 1 ph=47 s 168 i ph=4.7
E}' §§ Lt 1201 t=24h
w50} | 80+
ol — “ph=158 180 ph=158
70 135 | t=24h
90t
35
451
D LA . L s L 0 ! 1 1
0 100 200 300 400 0 100 200 300 400
a. Diameter (nm) b. Diameter (nm)

Figure 53: Diameter distribution. Diameter distribution of Mo¢Sy.Ix nanowires dispersed in NMP immediately

after dispersion (a) and after 24 h of sedimentation (b).

The mean bundle diameter as a function of pH of the solution is shown on Figure 54. An obvious

decrease of the diameter is observed as the pH values decreases. Furthermore even after 24 hours the mean
diameter of the nanowires in the solution remains the same implicating instantaneous reaction of the
nanowires rather then time dependent on a larger scale of several hours.
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Figure 54: Mean bunde diameter as a function of the pH of the solution.

5.4 Conclusions

Following the report of Wang et al. (2007) who succeeded in the self-assembly of gold nanoparticles into
long chains just by changing the pH of the media, we performed a sedimentation study in which the pH of
the MogSy.xIx nanowire dispersion was changed in order to debundle the nanowire bundles due to the
change in the charge in the solution.

Sedimentation measurements were performed by measuring the turbidity as a function of time. Fitting
the experimental curves with the theoretical model we found that the solution consists of insoluble and
soluble material. The insoluble sedimented material consists of impurities and large bundles while the
stable solution of soluble material consists mainly of thin bundles or even individual nanowires. It was soon
clear that the best turbidity curve was for the as-sonicated nanowires in NMP. A decrease in the pH was
followed by a decrease of the solubility.

However, the TEM measurements and diameter distribution showed that as the pH decreases towards an
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acidic medium, the average diameter of the MogSo.I, nanowires also decreases. Moreover, the amount of
sedimented material increases as the turbidity curves were showing. The reason for this might lie in the
material disintegration upon changing due to the decrease of pH.
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6 Functionalization of Mo4S._I, nanowires with Au colloids

The ability to manipulate the physical, chemical and biological properties of particles, molecules and
nanowires allows researchers to design and to use them in disciplines such as nanoengineering,
nanoelectronics and nanobioelectronics for drug delivery, as image contrast agents, for diagnostic purposes
or as building blocks for the fabrication of nanoscale devices.

6.1 Historical background of Au functionalization

Most of the early studies in the area of metal clusters focused on the preparation of gold colloids in aqueous
media (Faraday, 1861; Turkevitch et al., 1951). Colloidal gold particles prepared in an aqueous medium by
chemical reduction are usually capped with anions (e.g. citrate) that charge their surface negatively,
preventing aggregation (Shipway et al., 2000). More recently, newer methods have been reported for the
preparation of stable metal nanoparticles capped with monolayers of organic molecules possessing
functional groups such as quaternary ammonium halides, amides, thiols, isothiocyanates, etc. which can
often act as stabilizers of nanoparticles. Such monolayer-protected metal clusters are of interest in the
design of nanostructured materials.

6.1.1 Synthesis - overview of Au nanoparticles

The simplest and by far the most conventional method of gold nanoparticle (AuNP) synthesis is the
aqueous reduction of tetra-chloro-aurate (H[AuCl,]) by sodium citrate reduction (Turkevitch et al., 1951;
Handley, 1989) or other reducing agents (Yee et al., 1999). The size of the particles synthesized by citrate
reduction can reach 15 nm to 20 nm, depending on the reagent concentration (Yee et al., 1999; Hostetler et
al., 1998). Citrate ligands were not the only ones used to stabilize the gold colloids, and in time phosphanes
and thiols, owing to their rather strong Au-P and Au-S bonds, were discovered to be excellent stabilizers as
well.

Eventually, thiols were shown to be the most important type of stabilizer for gold colloids of any size
(Figure 55). The use of thiols leads to the formation of RS thiolates that form strong covalent bonds (Au-
S). Thus, phosphanes start to be slowly substituted by thiols since the latter ones bind more strongly to the
gold. The obtained gold colloids showed to be repeatedly isolated and redissolved in common organic
solvents without irreversible aggregation or decomposition. They can be easily handled and functionalized.

The synthesis methods to obtain AuNPs are diverse. One can employ Faraday’s two-phase system
(Faraday, 1861) which uses thiol ligands. Brust et al. (1995) went further and used p-mercaptophenol to
stabilize AuNPs in a single phase system. Many publications subsequently appeared describing the Brust-
Schiffrin method for the synthesis of different stable AuNPs (Hostetler et al., 1996). Other ligands
containing sulfur, such as xanthates (Tzhayik et al., 2002), disulfides (Porter et al., 1998), di- (Resch et al.,
1999), tri- (Felidj et al., 2003) and tetrathiols (Balasubramanian et al., 2002), have also been used
successfully as stabilizers.
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Figure 55: Schematic of the formation of AuNPs coated with organic shells (Sun et al., 2001 ).
A new route for the synthesis of AuNPs is the use of “nano-reaction chambers.” Micelles can be the

most appropriate kind of such chambers. Moller et al. used diblock co-polymers with regularly organized
micelles, in which AuCl,; were transported. The formation of the nanoparticles takes place following a
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reduction step with hydrazine or NaBH, (Spatz et al., 1996). Figure 56 represents a schematic process of
the formation of AuNPs in the micelles present in the copolymer structure.

m
N :
] )
oty
block copolymer miscelles cq?éq
m selective solvent
P
o / ctal
R P oies

Figure 56: Formation process of AuNPs in a block of copolymer micelle. (a) the copolymer micelle; (b) the
loaded micelles with the AuCly. and, (c) the formed single gold nanoparticle in the micelle (Spatz et al., 1996).

Another popular technique that has been used by scientists is the seeding-growth procedure also known
as metal-vapor synthesis. Metals consist of atoms, so the simplest way of obtaining nanoparticles is to
generate single metal atoms in the gas phase followed by the condensation to nanoparticles. A commonly
used technique for metal vapor production is the laser ablation (Mafune et al., 2000; Sibbald et al., 1996;
Yeh et al., 1999). An impediment for using this technique is a rather broad nanoparticle size distribution.

Sonochemistry was also used for the synthesis of AuNPs within the pores of silica and for the synthesis
of bimetallic Au/Pd particles (Chen et al., 2001). AuNPs have been fabricated via decomposition of
[AuCI(PPh3)] upon reduction in a monolayer at the gas/liquid interface (Khomutov, 2002). The heat treated
AuNPs form 2D superlattices with hexagonal packing (Shimizu et al., 2003). The number of procedures for
synthesizing AuNPs is enormous, therefore only the most known and used ones have been mentioned
above.

6.1.2 Some general properties of Au nanoparticles
Some physical properties

High-resolution transmission electron microscopy (HR-TEM) is by far the most valuable tool for studying
nanoparticles’ size, distribution and structure, but other methods can be very useful, e.g. scanning tunneling
microscopy (STM), atomic force microscopy (AFM), small-angle X-ray scattering (SAXS), laser
desorption/ionization mass spectroscopy (LDI-MS) and X-ray diffraction.

Many investigations have shown that gold nanoparticles exhibit either a mono- or a polycrystalline
structure of hexagonal close-packed (hcp) atoms. A characteristic of gold colloids is the color, which can
vary between light red via purple-red to bluish-red. This effect is caused by the surface plasmon band
(SPB), quantitatively described by the Mie theory, a broad absorption band in the visible region around 520
nm. The SPB originates from the collective oscillations of the confined electron gas of the particles (6s
electrons of the conduction band for AuNPs) that is correlated with the electromagnetic field of the
incoming light.

Mie theory attributes the plasmon band of spherical particles to the dipole oscillations of the free
electrons in the conduction band occupying the energy states immediately above the Fermi energy level
(Alvarez et al., 1997). The main characteristics of SPB are: a) the position at around 520 nm; b) its sharp
decrease with decreasing the core size for AuNPs with 1.4 - 3.2 nm core diameter; and. c) step-like spectral
structures indicating transitions to the discrete unoccupied levels of the conduction band (Melinger et al.,
2003). Thus, it was found that SPB is absent for gold particles with diameters less than 2 nm as well as for
bulk gold. This is due to the lack of quasi delocalized electrons necessary for the interaction with light.

Moreover, SPB maximum and bandwidth do not depend only on the size of the nanoparticles but also
on the particle shape, medium dielectric constant and temperature. The refractive index of the solvent has
been shown to induce a shift of the SPB (Templeton et al., 2000). With elliptical particles, the SPB is
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shifted to higher wavelengths as the spacing between the particles is reduced. The shift is described as an
exponential function of the gap between the two particles (Su et al., 2003). Another influential parameter is
the core charge. Excess of electronic charge causes a shift of SPB to higher energies, whereas electron
deficiency causes shifts to lower energies (Ung et al., 2002).

Of great interest in biophotonics and material science are the fluorescent properties of nanoparticles.
Some widely used capping fluorescent groups are pyrenyl (Thomas and Kamat, 2000); polyoctylthiophenyl
(Xu and Yanagi, 1999); and, fluorenyl (Dubertret et al., 2001). The ability of the gold surface to bind with
specific functional groups has made it suitable for a variety of applications.

Investigation of the electronic properties of gold nanoparticles has also attracted much attention for
years. Metal and semiconductor clusters in the nanometer size regime exhibit quantum size behavior.
Probably the most used method for studying the electronic structure of the nanoparticles is the measuring of
current-voltage (I-V) characteristics under different conditions. Measurements at room temperature have
shown that the particles exhibit a linear current-voltage response and therefore indicate metallic behavior
(Ohm's law) while at low temperature the electronic results were dominated by Coulomb blockade
phenomena. The /-V curves were found to contain current steps separated by voltage plateaus where each
current step represents the addition of a single electron to the particles (Mullen and Ben-Jacob, 1988).
However, in order to observe single electron current steps, the junction capacitance C must be extremely
low, so that the energy necessary to charge the particle with a single electron is large compared with the
thermal energy (see Equation 29):

E=€2/2C >> kT (29)

where e is the electron charge, k is Boltzmann’s constant, T is the temperature and C is the capacitance of
the particle between the electrodes. Thus, with decreasing particle size, C is lowered and the single electron
transport (SET) can be observed even at room temperature.
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Figure 57: I-V characteristic of citrated AuNPs showing current steps and voltage plateaus (Brousseau et al.,

1998).

Figure 57 shows a typical I-V curve for citrate-capped AuNPs at room temperature (Brousseau et al.,
1998). Two well-defined 5 nA current steps and voltage plateaus of 500 mV are observed. The theoretical
semi-classical model for single electron tunneling fits the data and gives similar results to previous
observations of Andres et al. (1996). Moreover, it was found that by changing the citrate ligands with
thiols, the I-V characteristic changes significantly. Consequently, the surrounding of a nanoparticle core in
a low dielectric shell allows access to important nanoscopic electrical phenomena in relatively complex
fluidic environments.

Recently, measurements on Auss(PPh3);,Clg clusters at 7 K under ultra high vacuum (UHV) indicate
that the ligands surrounding the AuNPs do not visibly contribute to the tunneling process (Zhang et al.,
2003). Moreover, by plotting the differential conductivity d//dV as a function of the tunneling bias (Figure
58) the existence of discrete energy levels inside the Auss could be proven.
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Figure 58: Differential conductivity vs bias. Tunneling spectra acquired above the C¢Hs ligand ring (dashed
lines) and next to the ligand ring (solid lines) (Zhang et al., 2003). The arrows indicate the discrete electronic
energy levels in the Auss cluster core.

Interesting electrical properties were shown also by regular 2D (two-dimensional) arrangements of gold
particles (most of them with size of a few nanometers up to 20 nm) when conductivity measurements were
carried out (Torma et al., 2001). The I-V characteristics of the layers were shown to exhibit quasi-one-
dimensional conduction behavior. Moreover, a temperature dependence of the conductivity has been
observed, which can be interpreted by Mott’s law for variable range hopping.

The use of nanoclusters in future nanoelectronics has evoked much interest. Progress in the
development of well-ordered cluster arrangements has been made during the past year, but much still needs
to be learned for producing 3D, 2D or even 1D arrangement routinely and in large amounts.

Some chemical properties

Ligand exchange reactions are a common and much used method to change solubility or to introduce
special properties. For instance, the incorporation of 11-mercaptoundecanoic acid gives amphiphilic gold
nanoparticles, which are soluble in basic aqueous media but aggregates in acidic media due to the
hydrogen-bonding. The control of the particle aggregation was shown to be controllable through the
modulation of pH (Simard et al., 2000).

The formation of the water soluble compound Auss(Ph,PC¢H,SO;3;Na);»,Clg from Auss(PPh;);2Clg
dissolved in dichloromethane is also based on ligand mobility. The property of a carboxylate group to bind
with metals has been used to form controllable and reversible assembly of AuNPs monolayer and
multilayer films (Zamborini et al., 2000; Wuelfing et al., 2001). Complexes of pyridine-functionalized thiol
AuNPs also led to the formation of surface assemblies (Chen et al., 2002). Various other electroactive
(Miles and Murray, 2001) and photoactive groups (Sudeep et al., 2002; Kamat, 2002), catalysts (Li et al.,
1999) and simple groups such as halides, nitriles, alkenes, and sulfonates were introduced using this ligand-
exchange reaction (Warner et al., 2000).

For instance, Cgy was introduced into AuNPs by nucleophilic addition of 4-aminophenoxide ligands to
Cgo double bonds (Zhu et al., 2003; Liu et al., 2001). This property can be used for the assembly of three-
dimensional nanoparticle arrays exhibiting long-range order. Moreover, for the attachment of proteins,
peptides and oligonucleotides (Gregori et al., 1997; Alivisatos et al., 1996) on AuNPs for the formation of
various building blocks nucleophilic addition of ®-maleimido thiol-AuNPs on a sulfidryl group was used.
AuNPs functionalized with sulfo-N-hydroxysuccinimide were shown to react with primary amines,
facilitating the attachment of any protein bearing a primary amine to be linked to AuNPs. As the list of
ligand exchange reactions is lengthy, only some representative examples have been mentioned above.

6.1.3 Au colloid applications in nanobiology and nanotechnology

Semiconductor and noble metal nanoclusters in the nanometer size regime were shown through the years to
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have potential applications in the development of biological nanosensors, optoelectronic nanodevices, etc.
(Romero, 2001; Hickman et al., 1991; Chen et al., 1998). The advantages of small nanoparticles are: (a)
short-range ordering; (b) enhanced interaction with environment due to the high number of dangling bonds;
(c) great variety of the valence band electron structure; and, (d) self-structuring for optimum performance
in chemisorption and catalysis.

In recent years the “self-assembly” process has been shown to be a powerful tool for the design of
building blocks. The two well-known approaches for self-assembly are the top-down and bottom-up
approach. The “top-down” approach methods for nanoscale manipulation have, however, numerous
drawbacks, e.g. they do not reach scales below 50 nm in size and have high production costs. Thus,
advances in the field of nanotechnology provide an alternate “bottom-up” approach, in which the
nanoparticles and the bridging molecular units are assembled together as circuits in nanoelectronics. This
technique offers a number of potentially very attractive advantages including experimental simplicity, size
domain down to atomic scale, inexpensive fabrication, and 3D organization of building-blocks.

The ability of gold nanoparticles to self-assemble into ordered arrays gives them great potential in
silicon memory applications (Kolliopoulou et al., 2003; Paul et al., 2003). For instance, a recent report by
Leong et al. (2007) demonstrates combined AuNPs with pentacene to form a new organic memory system.
The electronic device has a triple layer structure: on an amine modified silicon substrate AuNPs are
mobilized and then covered with pentacene (Figure 59). The gold nanoparticles act as the device's charge-
storage elements and their properties are studied using capacitance-voltage and conductance-voltage
measurements.

citrate stabilezed Snm GodBlectrode |
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Figure 59: Schematic of the triple layer organic memory device based on gold nanoparticles (Leong et al.,
2007).

Scientists are also keenly interested in DNA-based sensors used for gene sequence recognition and
expression, detection of mutations or polymorphisms, mapping and even for molecular diagnostics. DNA is
regarded as a promising construction material because of its recognition capabilities, physicochemical
stability and mechanical rigidity. Assemblies of DNA-gold colloids have been prepared by the DNA
hybridization-based self-organized pathways. The resulting arrangements have found applications in
electronics, optical and laser technology. For example, Mirkin et al. (1996) and Alivisatos et al. (1996) used
non-complementary DNA oligonucleotides capped with thiol groups for binding particles to each other or
to the surfaces in a controllable fashion. Geometries, such as lines of several particles along DNA strands
or gold double- or triple- DNA terminals, have also been produced. On the other hand, Mucic et al. (1998)
reported a non-covalent method for the assembly of gold nanoparticles in a network material. By using
modified gold nanoparticles with oligonucleotides and complementary oligonucleotide linker to the
modified nanoparticles they were able to form two-component networks.

Park et al. (2002) reported a conductivity-based DNA detection using oligonucleotide functionalized
AuNPs. In their approach, a small array of short oligonucleotide strands is trapped in the gap between the
two electrodes. The target oligonucleotide has complementary recognition elements to the one between the
electrodes. Park et al. used the three component sandwich approach, where target DNA is used to bind to
functionalized AuNPs with a complementary sequence to the target one. If the target DNA molecules are
not present then no gold particles are captured. Capacitance or conductivity measurements can be
performed to determine the number of target molecules that filled the gap (Figure 60). By exposing the
device to a solution of Ag(I) and hydroquinone (photographic developing solution) the sensitivity of the
detection was increased.
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Figure 60: High sensitivity detection device for DNA molecules. (a) Scheme showing the construction steps of
the DNA detection device; and, (b) sequence of the capturing process: captured DNA oligonucleotide, target
oligonucleotide and functionalized AuNPs (Park et al., 2002).

Using the same three layers sandwich approach, Taton and co-workers (Taton et al., 2001) were able to
detect two different target sequences in one solution. Thus, 50 and 100 nm AuNPs were functionalized with
DNA oligonucleotides (Figure 61). After running the experiment, the array glass slides were observed
under microscope and whenever 50 nm gold nanoparticles were attached a green light was observed (542
nm) while whenever 100 nm gold nanoparticles were attached a orange light was observed (583 nm).
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Figure 61: Schematic of the three layer sandwich of DNA captured arrays, DNA targets and the functionalized
gold nanoparticles (Taton et al., 2001 ).

Liu and Lu (2003) used gold functionalized DNA enzymes for calorimetric detection of metal ions.
They were able to hybridize the nanoparticles into aggregate clusters that have a characteristic blue color.
However, in the presence of a specific metal ion like Pb(II), the catalytic DNA will break off individual
AuNPs, resulting in a color shift to red. The change of the color depends on the concentration of the
contaminant metal ions and can be monitored by UV-spectroscopy. A colorimetric sensor based on
functionalized AuNPs was made by Liu and Lu (2006) also for the detection of adenosine and cocaine. The
sensor is based on the same principle of disassembly of nanoparticle aggregates exhibiting a very rapid
color change. In time, colorimetric detection was shown to be a straightforward method for which scientists
showed great interest (Elghanian et al., 1997; Storhoff et al., 1998).

The use of surface plasmon resonance (SPR) method for the detection of molecular binding (Kalyuzhny
et al., 2003; Raschke et al., 2004) has been intensely studied. For instance, Nath and Chilkoti (2002) used
the SPR method for the design of a biomolecular sensor. They assembled AuNPs on an optically
transparent substrate and observed the changes in the absorbance spectrum associated with biomolecular
binding to the gold colloids (Figure 62). The formation of the layer of gold particles on the glass will result
in the coupling of plasmons of individual particles and would show in the UV-spectra an absorbance at
wavelengths of approximately 550 nm. Introducing the proteins, the binding process to the gold
nanoparticles is correlated with an increase of absorbance at 550 nm. It was shown also that with the
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increase of the solution concentration more proteins are bound and the absorbance increases significantly.

Detection Protocol

Light

Biomolecular binding event
on sensor chip detected by
absorbance change

Figure 62: The principle by which the biomolecular sensor operates (Nath et al., 2004).

A diffraction based sensor for detecting DNA oligonucleotides was developed by Weld et al. Here, the
captured oligonucleotides form a diffraction grating pattern on a silicon wafer. The target oligonucleotides
are attached to the AuNPs probes. Illuminating the sample with a laser and measuring the diffraction
patterns they were able to determine the hybridization rate of the DNA.

Fuel cell technology is a domain that attracts great attention because it allows the conversion of
chemical energy into electricity. Applicability domains of fuel cells are large; among them are low-
emission transport systems, stationary power stations, combined heat and power stations, etc. Fuel cells are
made up of electrodes, an electrolyte, i.e. a pool of chemicals that bathes the electrodes and fuel, which is
used up as the cells produce energy. Like a battery, fuel cells generate a flow of electricity by pushing
electrons out from one electrode and receiving them back through a second electrode. At the nanoscale in
an aqueous solution, gold-catalyzed chemical reactions vary quickly even at room temperature (Bulushev et
al., 2002). Thus, researchers used gold nanotubes on membrane surrounded by water that contained
dissolved polyoxometalate, a metal complex that has a high affinity for the electrons. Electricity was
produced by catalytic oxidation of carbon monoxide (CO) using the gold catalysts at room temperature.
Gold-based alloys also were reported to give very good results by using catalysts for CO oxidation
(Cameron et al., 2003).

6.2 Experimental results

We have seen that the self-assembly process plays an important role in the development of nanodevices. In
our experiments we demonstrate a new route to recognitive self-assembly of molecular-scale circuits using
sulfur-terminated MogSo._I, nanowires.

To reproducibly self-assemble a complex circuit based on single molecules, it is essential that the
connection junctions between the building blocks exhibit recognitive ability. They should be connectable to
diverse entities, such as gold metal surfaces (for connections to the macro world) and biomolecules (for
nanosensors, nanoelectrodes, molecular switches), and, most importantly, they must allow branching.

The particular advantage that MogSeI; nanowires have for the development of molecular nanodevices
are the S atoms at the end allowing covalent bond formation with gold surfaces or to thiol groups.

6.2.1 Sample preparation

Before self-assembly, MogSo4I; nanowires were first annealed at 750 °C in a sulfur atmosphere.
Subsequently, the nanowires were ultrasonically debundled in isopropanol (IPA) for one hour in a low
power sonification bath. The concentration of the sample was 0.5 mg/ml. After sonification, the solution
was left to settle in order to sediment out large bundles. The dispersion from the top of the solution was
removed and analyzed with an atomic force microscope (Figure 63a). The 5 nm gold nanoparticles,
supplied by British Biocell International, are surrounded by a negative citrate shell. Due to the high
concentration of AuNPs in solution, we diluted them in H,O, the final concentration being 2.5%10'" part/ml.
Afterwards, the AuNPs were also analyzed with an atomic force microscope in order to optimize their
concentration and to accurately measure their diameter distribution (Figure 63b).
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Figure 63: AFM images. (a) MoSIx nanowires after dispersion; and, (b) AuNPs after dilution on a mica
substrate.

The dispersed MogSo,Ix nanowires were mixed with the gold colloids in the proportion of
1(nanowires):3(AuNPs). The mixture was left to react for three days and then studied with an AFM.

6.2.2 Atomic force microscope analysis

For the AFM studies, droplets of solution were dried on a mica substrate and then analyzed with a DI
Dimension 3100 atomic force microscope in tapping mode. A systematic AFM investigation reveals a large
number of gold nanoparticles attached to the ends of MogSe Iy nanowires (Figure 64a and Figure 64b).
Measurements of height profiles of both the wire and the golden particle were performed. The nanowire
measured 1 nm + 0.2 nm in diameter, (Figure 64d) and the golden particle measured 4.5+0.5 nm in
diameter (Figure 64c), which is in perfect agreement with the sizes of single nanowires and of AuNPs in
the solution.
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Figure 64: AFM analysis of the experiment. AFM images of MoS,I, nanowires functionalized with gold particles
(a and b), cross section measurements of the individual wire (d), and cross section measurements of the gold

particles (c).

We obtained attachment yields of over 50% in water and 10% in IPA (measured by counting the ends of
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twenty-one MogSo4Ix molecular wires MWs (molecular wires) with and without AuNPs attached). In
comparison, very few (<5%) AuNPs were observed to be attached to the sides of MWs. Control
experiments with silver nanoparticles (supplied by British Biocell International) were performed as well.
The MogSo«Ix nanowires and silver colloid solution were prepared with the same procedure as the gold
colloids. After leaving them to react for three days, droplets from the top of the solution were dried on
HOPG (highly oriented pyrolytic graphite) substrate. Figure 65 shows where silver colloids are
concentrated on the substrate and in the near vicinity of the MogSy_xI; nanowires. No attachment can be
observed at the end or on the lateral parts of the nanowires, suggesting chemical bonds between sulfur
terminated nanowires and the gold atoms, ruling out other charge driven connection mechanisms.

Figure 65: Control experiment with Ag nanoparticles. AFM image of Mo¢Sy, Iy nanowires mixed with Ag
nanoparticle solution. Noticeable are the Ag nanoparticles concentrated in zones on the mica substrate. Even if
the nanoparticles are positioned in the vicinity of the MogSy I nanowires, no attachment can be seen.

Multiple connections to a single AuNP have also been observed: two or even three MWs attached to a
single AuNP were present (Figure 66). The emerging connectivity protocol for self-assembly of larger
circuits involves sequential connections of individual components with a yield y; for each step i, and the
maximum final yield approximately equal to the product of all the Y=IIy; The reaction temperature, the
choice of the solvent, and the concentration appear as the main control parameters controlling the yield.

100 nm
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Figure 66: AFM images of multiple connections to a single AuNP. it can be seen two (a) or three (b) molecular
wires attached to a single AuNP.

Further, in Figure 67a we show a large branched circuit containing a number of AuNP-MW
connections. An enlarged image of three thin MogSo.Ix bundles connected to one AuNP is shown in Figure
67b. The angle between the bundles is 120+5°, and the diameters of the three connecting MWs are d = 1.2,
1.5, and 2 nm as shown in the profile measurements in Figure 67c.
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Figure 67: AFM analysis of a multi-connector. (a) AFM image of a large branch circuit containing couple of
gold colloids; (b) a three-nanowire connection to only one gold particle together with the height profile of each
component of the circuit (c).

As mentioned above, connections to gold surfaces may be expected to have more than one covalent
bond per MW. The Au atoms on [111] AuNP faces are triangularly arranged, with Au-Au spacing of day_au
=285 A. dau.au 18 very close to the Mo-Mo distance dyiopo = 2.68 A of Mo atoms at the ends of MoSIx
nanowire (Figure 68a). This suggests that the terminal S atoms on the MW ends may easily form three
bonds between the Mo atoms in the MW and the Au atoms on the faces of the AuNPs [111] as shown
schematically in Figure 68b.
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Figure 68: Schematic of the attachment of MogSo. 1, nanowires with Au colloids. (a) represents the atomic
arrangements of MogSg I, nanowires and (111) AuNP indicating also the Au-Au and Mo-Mo atom distances
while (b) is a schematic of the connection between the gold and the nanowire.

However, the intriguing question is the 120° angle in the three MWs attachment (Figure 69a). It is well
known that the Au has a face centered cubic structure (Figure 69b). Truncating the corners of the cube one
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can easily obtain a spherical shape close to that of the AuNPs (Figure 69 c and d). The triangular
arrangement shown in Figure 69a can be obtained experimentally in two cases:
e projecting to the plane the normals of observed two planes of the type (111) and one plane of

the type (100), and

® projecting to the plane the normals of three planes of the type (111).
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Figure 69: Triangular arrangement of a three multi-connector. Schematic of three MWs connected to one AuNP
(a) and possible geometries of the bonding between the MogSo I, nanowires and the AuNP (b, ¢ and d).

Larger circuits with five MWs and two AuNPs and the same 120° connectivity pattern have also been
observed (such as in Figure 70), suggesting that a favored geometry involves regular AuNP structured

nanoparticles.
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Figure 70: AFM height image representing multi-terminal circuits with multiple MWs and GNPs.

A statistical distribution of angles which have been observed is presented in Figure 71. We see that in
the case of three MWs connected to a AuNP, the angle between them is centered around 120° and
distributed between 100° and 145°. With two MWs connected to a AuNP, the angles are much more widely
distributed, ranging from 80° to 180°, larger angles (>120°) occurring more often than the smaller ones

(<120°).
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Figure 71: Angle distribution. Angle distribution for two terminal connections of MogSe.<I; nanowires and one
AuNP (a) and for three terminal connections of MoSIx nanowires and one AuNP (b).

This affinity for easy functionalization with the gold particles is not shown by all the nanowires. We
tried different kinds of stoichiometries of M0gSo.I, nanowires and some of them were more successful than

others (very much depending on the element present in the linking planes). So far, MosS;ls and MoS,I,
nanowires exhibited successful functionalization.

The success of gold attachment to the MogSo.xIx nanowires brings our attention to the field of biological
applications. The next step was to attempt to functionalize proteins with the gold particle already attached
to the MogSo<Ix nanowires. We used thyroglobulin, an iodinated and sulfonated dimeric protein with a high
molecular mass (660 kDa) and the major soluble protein of the thyroid gland. Thyroglobulin is stored in the
lumen of the thyroid follicles as soluble dimers, tetramers and insoluble multimers, formed through
formation of disulfide and dityrosine bonds. This protein can be easily functionalized with Au particles due
to its thiol groups. The sample was prepared in one step mixing the dispersed MogSoIx nanowires into
water (to ensure the natural environment of the proteins) with the AuNPs and the thyroglobulin. The
solution was left to react for three days in a refrigerator, since the proteins at room temperature tend to
aggregate. A droplet from the sample was dried on a mica substrate for the investigation with the AFM. To

our surprise, the protein was attached directly to the MogSg.Ix nanowire followed by the gold particle, and
not reversed as expected (Figure 72 ).
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Figure 72: Mo4So..l-protein-gold attachment. AFM image of the system MogSo I nanowire-protein-gold
particle (a); schematic of MogSo_I functionalized with the protein followed by a gold particle (b).

The cross section analysis (Figure 73) confirmed that the protein, which has a diameter ~2 nm, was
attached to the 5 nm gold particle. The blue line in the Figure 73 depicts the cross section shown in the
Figure 73 b. One possibility of the height cross section interpretation can suggest, from left to right, the
zero at the substrate surface followed by a step of ~4 nm corresponding to the nanowire, continuing with a

lower step of ~ 2nm attributed to the protein and in the end a step of ~ 7 nm indicating the protein-gold
attachment.
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Figure 73: AFM analysis of the nanowire-protein-gold system. AFM image of the thyroglobulin protein attached
to MogSy_,Ix nanowire and gold nanoparticle in the same time (a); cross section measurement of the protein, wire
and the AuNP covered with the protein (b).

6.3 Conclusions

We have demonstrated two possible routes for the construction of larger functional circuits using MogSg I«
MWs: through AuNPs and by direct connection to thiolated biomolecules. The two approaches may lead to
different possible applications. The use of AuNPs offers the possibility of branching and construction of
larger circuits. It is known that AuNPs are protected by a negative shell of citrates so as not to form
aggregations. The success of attaching the gold colloids to the nanowires despite the negative surrounding
is due to the formation of a covalent bond between Au and S. The control experiments made with AgNPs
showed no attachment, which is consistent with our Au-S bond explanation. The repulsion force between
the Ag colloids surrounded by the negative shell and the negatively charged nanowires could not be
overcome in order to form a stable connection. The distance between Au-Au atoms, being approximately
equal to the one between the Mo-Mo atoms, facilitates the bonding with the bridging S atoms present in the
structure of the nanowire in geometry close to the one that occurs within the nanowire itself. Moreover,
owing to the triangular arrangement of the AuNP clusters, different possible geometries of the bonding
between MogSo. I, nanowires and AuNPs have been obtained. Connections between two, three or even
more nanowires with one, two or more AuNPs have been observed. The angle distribution between the
connected nanowires through the AuNPs for terminals with three connectors was shown to be centered at
around 120° and distributed between 100° and 1450, while for a terminal with two connectors the angles
ranged from 80° to 180°.

On the other hand, we have obtained directly connected functional biomolecules as well, which might
be used for sensor applications. From the bare mixture of the nanowires, AuNPs and thyroglobulin, a direct
connection wire-protein has been obtained with the gold colloid attached to the protein. The sulfur richness
of the thyroglobulin surface facilitated a rapid attachment to the nanowires, while the AuNP attached
directly to the protein. All the MogSy.«I; nanowire connections shown here appear to be inherently stable in
air and compatible with Si-based technology.
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7 Functionalization of Mo¢So_ I, nanowires with thyroglobulin protein

Nanowires, nanotubes and nanocrystals have been established as smart building blocks for the development
of nanometer-sized electronics and sensing devices. Because of their very high aspect ratio, high electronic
conductivity and small size, they offer a series of advantages. However, is still a challenge to devise ways
in which appropriate molecular recognition elements can be incorporated. Consequently, nanowires
modified with different proteins or oligonucleotides have evoked a great deal of interest.

7.1 A historical overview of bio-functionalization of nanotubes and nanowires

The nano-dimensions, electronic properties, remarkable tensile strength, flexibility and the physico-
chemical properties of carbon nanotubes make them an ideal candidate for chemical and biochemical
sensing and for nanotechnological applications. A big disadvantage of CNTs is unfortunately their lack of
solubility. Thus, numerous attempts have been made for the functionalization of the nanotubes to find a
solution for dissolving them in different solvents. For instance, Tanaka et al. (1992) described a method for
dissolving SWCNT (single-walled carbon nanotubes) in organic solutions by derivatization with thionyl
chloride and octadecyl amine. This approach has opened the way for solution phase chemistry to be carried
out on CNTs for the integration of these materials in biological systems. Functionalized carbon nanotubes
with proteins (Huang et al., 2002), oligonucleotides (Nguyen et al., 2002; Baker et al., 2002; Hazani et al.,
2003; Dwyer et al., 2002), peptides (Pantarotto et al., 2003), etc. have all been successfully reported.

Covalent functionalization of CNTs

DNA molecules offer a great potential as building blocks with all the basic properties necessary for the
assembly of nanoscale electronic devices. Linking DNA strands to the nanotubes requires specially
prepared DNA strands. Various methods of DNA surface capturing include chemical adsorption, covalent
binding, electrostatic attraction, copolymerization and the avidin—biotin affinity system. Hu et al. (2005)
functionalized CNTs with molecules containing the thiol group and halogen. The chemical methods for the
covalent functionalization of CNTs involve direct fluorination, organic free radical addition, fluorine
displacement in fluoro nanotubes producing amino, hydroxyl and carboxyl group terminated derivatives.

Huang et al. (2002) reported that BSA (bovine serum albumin) proteins can be covalently attached to
carbon nanotubes via diimide-activated amidation under ambient conditions as can be seen in Figure 74.
They observed that the protein sample is colorless in an aqueous buffer solution but, when mixed with the
carbon nanotubes, the sample turned dark-colored upon functionalization. For more quantitative
measurements the sample was analyzed with an AFM (atomic force microscope). The images suggest that
the proteins are immobilized on the walls of the nanotubes.

nanotube-BSA conjugate

Figure 74: Covalent functionalization of a carbon nanotube via diimide activated amidation (Huang et al.,

2002).

In time it has been shown that the universal methods for connecting biomolecules to CNTs is diimide-
activated amidation by direct coupling of carboxylic acid to proteins as a coupling agent (Jiang et al.,
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2004).

Both van der Waals and hydrophobic forces were found to be important for the study of the DNA-CNT
interaction (Ito et al., 2003). A simulation performed by Gao et al. (2003) has shown that DNA molecules
could be spontaneously inserted into carbon nanotubes (see Figure 75). These mini devices are opening the
door to interesting applications and can play an important role in molecular electronics, molecular sensors,
electronic DNA and nanotechnology of gene delivery systems.

Figure 75: Simulation of DNA entering a SWCNT (Gaoet et al., 2003).

Reliable detection of small amounts of DNA/RNA has become of great interest for molecular diagnosis.
Electrochemical (EC) techniques have shown great potential in providing solutions to create modern
instrumentation for genetic analysis (Kuhr, 2000). For instance, Li et al. (2003) integrated carbon nanotube
arrays into electrochemical systems for ultrasensitive chemical and DNA detection. Functionalized
nanotube ends with primary amine-terminated oligonucleotide probes were submitted to Ru(bpy)-mediated
guanine oxidation method (Sistare et al., 1999). As a result, hybridization of less than a few atom moles of
oligonucleotide targets can be easily detected.

The use of enzyme labels to generate electric signals has been extremely useful for ultrasensitive
electrochemical bioaffinity assays of proteins and DNA (Caruana and Heller, 1999; Zhang et al., 2003). For
instance, Wang et al. (2004) demonstrated the use of carbon nanotubes for dramatic amplification of
enzyme-based bioaffinity electrical sensing. The CNT-based amplifiers, loaded with alkaline phosphates
enzyme tags, lead to a highly sensitive detection of proteins and DNA. This type of CNT-derived
amplification bioassay is expected to open new opportunities for medical diagnostics and protein analysis.

The covalent modification of nanotube tips enables the straightforward creation of well-defined probes
sensitive to specific intermolecular interactions that define the properties of many chemical and biological
systems. It is believed that functionalized nanotube tips will prove especially useful for imaging self-
assembled polymeric and biological materials. For instance Wong et al. (1998) studied the ligand-receptor
interaction of biotin-streptavidin using covalently modified carbon nanotubes. Biotin was covalently linked
to the nanotube and force-displacement measurements were performed on streptavidin immobilized on a
mica surface. The functionalized nanotube tips usually show only single binding events of 200 pN as can
be seen in Figure 76.
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Figure 76: Covalently functionalized nanotubes with biotin as biological probe. (a) Schematic of modified
carbon nanotubes with biotin interacting with streptavidin protein immobilized on a mica substrate; and (b)
force-displacement curve showing the binding force of approximately 200 pN (Wong et al., 1998).

Functionalization of carbon nanotubes with biomolecules was also used for the self-assembly of carbon
nanotubes into functional devices and circuits. Keren et al. (2003) used DNA biological recognition for the
self-assembly of carbon nanotube-based electronics. Figure 77a shows an atomic force microscope of the
DNA/SWCNT assembly. The white arrow indicates the streptavidin-coated SWCNT bound to a RecA-
coated 500-base-long ssDNA localized at the homologous site in the middle of a scaffold A-DNA molecule.
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The obtained assembly was connected via e-beam lithography to electrodes and electrical measurements
under ambient conditions were performed (Figure 77b).

Figure 77: Carbon nanotube-based electronics. (a) Atomic force microscope image of a conductive SWCNT
coated with streptavidin and connected at both ends to a A-DNA scaffold (Keren et al., 2003); and (b) schematic
representation of the electrical measurements circuit (Keren et al., 2003).

Carbon nanotube field effect transistors (CNTFETSs) incorporating biotin-functionalized nanotubes have
been successfully used for the sensing of streptavidin (Star et al., 2003). The carbon nanotubes were
covered with a polymer coating that has hydrophilic properties on which biotin can be covalently attached
(Figure 78). Upon electrical measurements a significant change can be seen as the streptavidin binds to the
biotin-functionalized carbon nanotube.

Streptavidin —= Drain

Source
Biotin
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Figure 78: CNTFET with biotin functionalized SWCNT for the sensing of streptavidin (Star et al., 2003).

Polymer

Noncovalent functionalization of CNT

Another way to functionalize carbon nanotubes is by noncovalent binding. This method is of particular
interest because it allows carbon nanotubes to preserve their sp2 structure and thus their electronic
characteristics. The noncovalent interaction is based on van der Waals forces or n-m stacking and it is
controlled by thermodynamics. Multi-walled carbon nanotubes covered by DNA (Guo et al., 1998),
supramolecular conjugates of nanotubes covered by DNA, and DNA molecules inserted endohedrally into
nanotubes (Okada et al.,2006) are some examples of noncovalently bonded composites.

Azamian et al. (2002) have shown that it is possible to adsorb a variety of metalloproteins and enzymes
on oxidized, purified and vacuum-annealed single-walled carbon nanotubes in aqueous solution (Figure
79). They conducted experiments in the presence and in the absence of a coupling reagent (EDC) to prove
that the bond between the nanotubes and the proteins is noncovalent.
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Figure 79: AFM image of a protein-modified SWCNT taken by Azamian et al. (2002).

A simple method for noncovalent functionalization of nanotubes has been proposed also by Chen et al.
(2001). Their method involves a bifunctional molecule, 1-pyrenebutanoic acid and succinimidyl ester
(Prakash et al., 2006). Successful attachment of both ferritin and streptavidin onto SWCNTSs was observed
under a transmission electron microscope (Figure 80). This method may offer the means of obtaining stable
suspensions of functionalized SWNTs in solutions and introduce the possibility of self-assembly of
nanotubes with unperturbed sp2 structures and electronic properties.

Figure 80: TEM image of functionalized SWCNT with ferritin (a) and streptavidin (b) (Chen et al., 2001).

If initially research was concentrated on functionalizing CNTs with small biomolecules (~60 kDa), to be
of particular importance in biomedical nanotechnology it has shifted to larger proteins (~150 kDa). In a
recent study, Teker et al. (2006) used functionalized carbon nanotubes with antibodies (Figure 81) for
detecting overexpressed cell surface receptors in breast cancer cells and for drug delivery. Electronic
transport properties of carbon nanotubes have shown a decrease in conductance upon adsorption of
antibodies on the surface of the nanotubes.

Figure 81: AFM image of CNT functionalized with antibodies (Teker et al., 2006).

The solubility of carbon nanotubes in polymers in aqueous solutions has been studied for years using
adsorption of surfactants. Recent studies have shown that the solubility of carbon nanotubes can be
drastically improved also through functionalization with biomolecules such as single-stranded DNA (Zheng
et al., 2003), polysaccharides (Numata et al., 2005), peptides (Ortiz et al., 2005), etc. For instance,
Karajanagi et al. (2006) used a number of proteins of different sizes and structures for the solubility of
HiPco SWNTs in water. Characterization methods such as UV-Vis spectroscopy, Raman spectroscopy and
atomic force microscopy were used for the analysis of solutions. High dispersability and debundling of
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SWCNTs was obtained by Nepal and Geckeler (2006) as well, but this time using lysozyme. By merely
changing the pH value it was observed that the nanotubes can be highly dispersed or can form aggregates.
This result has great potential in the design of solution-based optical pH sensors.

The immobilization of streptavidin on CNTs has been reported as the key approach for the controlled
deposition of carbon wires on specific surfaces. To prevent the nonspecific adsorption of streptavidin,
CNTs have been decorated noncovalently by a surfactant/polymer mixture. Scientists have shown that
specific binding of the protein can be achieved by cofunctionalization of the CNTs with biotin, a molecule
which exhibits extremely high affinity to streptavidin.

Concerning biosensor technology, glucose oxidase, an enzyme which catalyzes the oxidation of
glucose, has been immobilized onto the surface of CNTs (Wang et al., 2003; Tang et al., 2004) and was
extensively used in clinical tests. The nanotube-enzyme conjugate was integrated on a carbon electrode for
voltammetric detection of glucose, resulting in an increase of the catalytic response of more than 10 times
due to the presence of conducting CNT. Other examples of such electrochemical biosensors concern the
hemoglobin system (Cai and Chen, 2004; Zhao et al., 2003) for hydrogen peroxide detection, the
myoglobin composite for nitric oxide (Zhao et al., 2003; Zhang et al., 2005) or hydrogen peroxide (Zhao et
al., 2004) detection, the hemin conjugate for oxygen gas sensing (Ye et al., 2004), the microperoxidase-11
system for oxygen reduction (Liu et al., 2005), the cholesterol esterase system for blood analysis (Li et al.,
2005) and the horseradish peroxides system for hydrogen peroxide reduction (Zhao et al., 2002).

Functionalization of other nanowire types with biomolecules

Carbon nanotubes are not the only promising materials for the functionalization with biomolecules for
applications in bionanotechnology. Searson’s group (Salem et al., 2004) used biotin-avidin to direct the
end-to-end assembly of Au/Pt/Au multisegment nanowires. The biotin/avidin linkage is one of the strongest
known biological interactions and has been used for the assembly of single-component gold nanoparticles
(Mann et al., 2000; Salem et al., 2003) and nanorods (Caswell et al., 2003). Searson has shown that by
changing the length of the gold segment the number of nanowires connected at each node can be
controlled.

Another method for the assemblies of superstructures is the use of antigen-antibody interactions. Wang
et al. (2005) demonstrated that by using this method aqueous CdTe nanowires can be assembled into
crossbar and end-to-side connections. Studies performed with the help of a conductive AFM demonstrated
that the junction points between the NW are nonconducting, thus impeding the charge transport between
the wires.

An interesting material due to its high environmental stability, electronic conductivity, ion exchange
capacity, and biocompatibility is polypyrrole (Ppy). These properties have made Ppy a popular constituent
of planar electrochemical biosensors. Hernandez et al. (2004) used functionalized Au/Ppy/Au nanowires
loaded with avidin and streptavidin proteins (see Figure 82) for the development of nanoscale biosensors
and assemblies.

biotin - FITC

protein modified
nanowires

Figure 82: Schematic of the functionalization process of Au/Ppy/Au nanowires with biotin protein.

Boron-doped silicon nanowires (SiNW) field effect transistors were modified into biomolecular
nanosensors (Cui et al., 2001; Patolsky et al., 2004). Functionalizing SiNWs with biotin, the ligand-
receptor binding of biotin-streptavidin was studied through electrical measurements. An increase was
observed in the conductance of biotin-modified SiNW to a constant value upon addition of streptavidin.
The concept of using NW FETs modified with receptors or ligands for specific detection can be developed
in many directions. Using also Si nanowires, Hahm and Lieber (2004) succeeded in real-time detection of
DNA and DNA mismatches. They have shown that Si nanowire sensors functionalized with peptide nucleic
acid (PNA) receptors can distinguish between wild type and mutant oligonucleotide sequences. Taking
these results into consideration, it should be possible to extend this approach to the detection of other
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genetic markers of diseases.

Another interesting type of nanowire structure that could be a good candidate for the manufacturing of
future generation nanobiosensors are the metal oxide nanowires such as In,O; nanowires (Curreli et al.,
2005; Tang et al., 2005) or ZnO (Kim et al., 2006). Li et al. (2005) proposed a complementary detection
system of prostate specific antigen (PSA) based on n-type In,O; nanowires and SWNT (PSA is an
oncological marker for the presence of prostate cancer). For this, Li first covalently attached antibodies to
the nanowire surface via a succinimidyl linking molecule and then combined the In,O; nanowires with
SWCNTs for the detection of PSA, which revealed complementary electrical response upon PSA binding

(Figure 83).
&sa L=
~_ ;7 Psa

Figure 83: Schematic of the detection device of In,O; nanowire/SWCNT (Li et al., 2005).

7.2 AFM force measurements: theoretical and experimental considerations

The number of applications for AFM has increased since its invention in 1986 to the point where it has
been adopted in many fields of nanoscience and nanobiotechnology. It provides the ability to view and
understand events as they occur at the molecular level, which increases our understanding of how systems
work and leads to new discoveries in a wide range of fields including life science, materials science,
electrochemistry, polymer science, biophysics, nanotechnology, and biotechnology.

We have described above that the self-assembly approach is a straightforward method for
manufacturing nanodevices for bionano- or nanotechnological applications. Understanding how molecular
recognition works or investigating the electrical, mechanical and chemical properties of nanowires and the
contact connecting two different entities for developing molecular electronic devices is therefore of
immense interest. The development of the atomic force microscope (AFM) has opened new perspectives
for the investigation of surfaces at high lateral and vertical resolution. The AFM has several properties that
make it an ideal tool for measuring intermolecular forces: theoretical force sensitivity in the order of 10
N, displacement sensitivity of 0.01 nm, contact areas as small as 10 nm”, and the ability to operate under
physiological conditions.

Force-distance curves have been employed for the study of numerous material properties and for the
characterization of all known types of surface forces. AFM force-distance curves are routinely used in
several kinds of measurement, for the determination of elasticity, Hamaker constant, surface charge
densities, and degrees of hydrophobicity. The essential part of the AFM is the cantilever which contains the
tip (see more details about AFMs in Chapter 2). While the tip is scanning the sample, the cantilever deflects
upon encountering differences in the surface height. Focusing a laser beam on the back side of the
cantilever upon its deflection, the laser is reflected and detected by means of a position sensor. The
deflection of the cantilever is detected from the reflection of the laser, focused on the end of the cantilever
and reflected on a photodiodes.

The first reports of attempts to interpret force-distance curves and related information appeared in 1989-
1990. The force-distance curves were divided into four regions (Figure 84): the non-contact line, where the
tip is far from the sample and thus no interaction is detected (region I); next, the tip is closely approaching
the surface until it is jumping-to-contact due to van der Waals forces (region II); after contact and by
approaching the tip closer to the surface, a positive deflection of the cantilever arises due to repulsive
forces. This is the contact region of the force curve (region III), where elastic properties of the sample can
be measured; finally, throughout the withdrawing process the cantilever follows the approaching behavior
as it returns, but due to the adhesion forces between the tip and the sample it starts to deflect negatively
until the contact breaks (region I'V).
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Figure 84: Typical force-distance curve showing the different regions of the approaching and withdrawing
processes of the tip to and from the surface.

Theoretical considerations

Over time, several theories have described the tip-sample interaction. At the beginning, both the tip and the
sample were considered to be continuous elastic media. Differences in the relations between the applied
force F' and the contact radius a or the deformation ¢ (see Figure 85) were found to be caused by the
adhesion. The most developed theories that studied these differences were proposed by Hertz (Hertz, 1882),
DMT (Dejaguin-Muller-Toporov) (Johnson et al., 1971), and JKR (Johnson-Kendall-Roberts) (Derjaguin et
al., 1975 and 1983).

Figure 85: The interactions between an elastic sphere and a flat surface. F is the loading force, R the radius of
the sphere, y the distance from the center of the contact area, J the penetration depth, ay,,,, and akr are the
contact radius following the Hertz and JKR theories.

The Hertz model does not take into account the adhesion of the sample while the other two theories can
be applied in the case of small tips and stiff samples (DMT) or large tips and soft samples (JKR). In the
Hertz theory, the adhesion force is much smaller than the maximum load, whereas in the other two theories,
the thermodynamic (Dupre) work of adhesion W can be calculated from the jump-to-contact region if the
radius R of the tip is known. Furthermore, the contact area can be calculated as a function of Young's
modulus E while the deformation of the sample can be measured from the contact regime. For a better view
of all the parameters, Table 3 presents the relations between a, J and the adhesion force for all three
theories.
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Table 3 Summary of the equation of contact radius a, deformation of the sample 6 and adhesion force F .,
calculated from the three commonly used theories which explain tip-sample interaction, W is the adhesion work
per unit area, E,, is reduced Young’s modulus, F is the force exerted by the tip on the surface.
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Later, in 1992, Maugis et al., following the Dugdale model (Dugdale, 1960), proposed that adhesion be
considered as a constant additional stress present around the contact area. Moreover, he proposed that all
the material properties be described by the dimensionless parameter A:

(30)

where 7y is a typical atomic diameter., Following Maugis' theory, one can observe a continuous transition
from the DMT theory to the JKR theory. Nowadays, this theory is the only general theory fully describing
the elastic deformation of the samples.

However, in all the above theories, the shape of the tip was considered to be spherical. In contrast,
Sneddon et al. (1965) developed another theory which takes into consideration a punch as a tip and
describes the force-distance relationship as a power law:

F=ad" 31)

where, a and n are constant, with n being 1 for a flat cylinder, 2 for cones and 1.5 for spheres and
paraboloids.

When talking about soft samples, e.g. biomolecules, polymers, etc., plastic deformations might take
place, thus the before mentioned theories do not apply to this type of tip-sample interaction. In the presence
of plastic deformations, the approaching and withdrawing curves present a hysteresis. It is seen that upon
retraction of the tip, the sample does not regain its shape. As a result, the AFM is employed as an indenter
in such experiments, and force-displacement curves are not of primary interest. The measurements are
focused on the results of a given indentation, i.e. on the shape of the indented hole and not on the
dependence of the deformation on the load. A review of this experiment was published recently by van
Landingham et al. (2001).

Experimentally, Burnham and Colton (1989) were the first to deal with the elasto-plastic properties of
the materials using the AFM. In view of Hertzian theory, a good agreement with the experiments was
obtained for Young’s modulus of an elastometer, HOPG (highly ordered pyrolytic graphite) and gold.
Radmacher et al. (1994), on the other hand, measured the indentation of Si;Ny, tip on a lysozyme adsorbed
on a mica substrate. He also found a good agreement between the experimental results and Hertzian theory.
Moreover, he showed that through the acquisition of force-distance curves one can distinguish between two
materials, e.g. between lysozyme and mica surface (Figure 86).
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Figure 86: Force spectroscopy on mica substrate (a) and on lysozyme aggregate (b) taken by Radmacher et al.
1994.

In the case of polymers, for the determination of the elastic properties the Hertz model is usually
employed (Matzelle et al., 2003; Mermut et al., 2003) due to the low adhesion, but in some cases JKR
(Lubarsky et al., 2004) and Maugis theory (Sun et al., 2004) can also offer good results. For thin
deformable films the effect of the surface cannot be neglected (Dimitriadis et al., 2002, Shulha et al., 2004).
Consequently, indentation is limited to depths much less than the total thickness of the sample in order to
eliminate substrate influence.

More information about the attractive forces between the tip and the sample can be extracted from
jump-to-contact as well as from jump-off-contact events. In order to evaluate these attraction forces one
must know the force law and the shape of the tip. The jump-to-contact regime can be predicted by either
JKR or Maugis theories. In AFM measurements, the jump-to-contact instability is governed by the stiffness
of the cantilever relative to the long-range tip-sample forces. Pethica and Sutton (1988) have shown that
there is a minimum separation of approximately 1-2 A below which the jump-to-contact is present
regardless of the rigidity of the tip. This instability is due to the fact that at some small enough separation,
the gradient of the surface forces exceeds the gradient of the elastic restoring force of the cantilever. In the
case of the jump-off-contact regime, features of the force-distance curves are related to the sample surface
energies, e.g. material stiffness and adhesion, all well explained by the Maugis theory.

Measurements of forces

As previously mentioned, the interaction between the tip and the sample arises from one or more forces
acting between them (Figure 87). For a simplified approach between two hard surfaces in the absence of
any long range interactions, van der Waals forces will dominate. These forces appear in the approaching
process as a downward deflection just prior to contact. The van der Waals forces between atoms/molecules
are the sum of three different forces, all proportional with 1/r6, where r is the distance between the atoms or
molecules. The three forces are: the orientation or Keesom force, the induction or Debye force and the
dispersion or London force.
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Figure 87: Different possible interactions between the tip and the surface.

The Keesom force originates from the angle-averaged dipole-dipole interaction and is written as:

uu; C
we(r)=— — —=——K
3(4rne e) k,Tr r

(32)

where u; and u, are the dipole moments of the molecules, & the dielectric constant of the medium, kg
Boltzmann's constant and 7 the temperature.

The Debye force is the angle-averaged dipole-induced dipole interaction, between two atoms or
molecules:

(33)

where ag; and oy, are the electronic polarizabilities of the molecules.

The dispersion force has the highest contribution to van der Waals forces. It acts between all
atoms/molecules (a distance ranging from 2 A up to 10 nm). It is the dipole-induced dipole interaction and
is of quantum-mechanical origin:
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where hv, and hv, are the first ionization potentials of the molecules and % is Planck's constant. The
Keesom and Debye forces are acting between polar molecules while the dispersion contribution acts
between every molecule.

However, for molecules of dielectric constants &, and &, in a medium of dielectric constant &3 and using
Clausius-Mossotti expression (Equation 35) McLachland et al. obtained different expressions for the van
der Waals forces:

81 (V) - 83 (V) R3

o, (V)=4rec,e,(V) .

EW)+2e,(v) 35)
where o, s the excess polarizability and R,, is the molecule radius. A more general introduction regarding
van der Waals forces is given in Israelachvili et al. (1992).

In order to model the interaction which takes place in the AFM, it is necessary to consider macroscopic
bodies. Thus, in the case of two interacting spheres of radii R; and R, at the distance D (Figure 88), the
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force F(D) can be obtained by integrating over small circular sections of surface 2zxdx on both spheres
(Israelachvili 1992):

F(D)= IZJfo(Z)dx

(36)
where f(Z) is the normal force per unit area. From Chord theorem X*~2R 121=2R»z, and
2
x (1 1
Rl Rz
(37)
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Figure 88: Schematic of two interacting spheres. The two spheres of radius R, and R, are at distance D. The
force is integrated over small circular sections of radius x and height dx at distances Z=D+z,+z,.

and hence

dz = i+i xdx

Thus the force can be expressed as:

RR, f(Z)dZ = 2;zﬂW(D)

R +R, R +R,

X
(D)= j 27
b (39
where W(D) is the interaction potential between two flat surfaces. Equation 39 is known as the Derjaguin

approximation and it is valid when the interaction range and the separation D are much smaller than R, and
R;. The different expressions of the force for common geometries can be seen in Table 4.
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Table 4 The summary of the van der Waals law forces for different geometries.

geometry force
Two flat surfaces 4 per unit area
1=
Two spheres A4, RR
e 2
4 6D' R +R,
Sphere-flat
surface f=- AH};
6D
Cone-flat surface 5
Fom A, tan g*0
6D
Paraboloid-flat 4 2
surface f= 1B
12D° [
Cylinder-flat -
surface f __ AHR
6D’

It is noticeable that all the interaction laws depend on the Hamaker constant Ay which includes all
physico-chemical information:

AH = ﬂ.chlpz (40)

in which C is the constant in the atom-atom pair potential and p, and p, are the numbers of atoms per unit
volume.

In reality a thin layer of water vapor often adsorbs on the sample surface, creating a meniscus that in
turn creates additional capillary forces. Such a water layer barely affects attractive forces, whereas it
prevents the tip from jump-off-contact from the surface due to its high surface energy. The Laplace
pressure of the liquid meniscus is given by:

11
P=y|—+—
7k TR,
@1)

in which y; is the surface energy of the liquid and R, and R, are the two radii that define the liquid meniscus
(see Figure 89).
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Figure 89: Schematic of the meniscus formed between the AFM tip and the sample.

The resulting capillary force F.,, between a plate and a sphere with radius R has been calculated by
O’Brien and Hermann to be:

F,, =27Ry (cosb, +cosb,) @)

where the parameters 8, and 6, are the contact angles between the two surfaces and the liquid.

Recently Gao et al. (1997) have calculated formulas for different tip geometries. More elaborate
theories to describe the meniscus forces have been developed in recent years by Lazzer et al. (1999) and
Stiffer et al. (2000).

Measurements of Coulomb forces can be employed for studying the tip’s shape. Hao et al. (1999) have
studied these forces by modeling the tip first with a sphere and then with a cone. The resulting forces were:

R
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where V is the voltage difference between the tip and the sample, R the radius of the sphere, D is the tip-
sample distance and L is the cone length.

The tip-sample interaction was studied also in liquid media. The commonly encountered forces between
tip and sample are electrostatic double-layer (arising because of surface charges at interfaces), solvation
forces (arising whenever liquid molecules are ordered in discrete layers between two surfaces), repulsive
hydration forces (arising between hydrophilic surfaces), hydrophobic attractive forces (arising between two
hydrophobic surfaces), and steric forces (arising when the interaction surfaces are spatially diffuse).

Likewise of great interest are the specific forces. These are noncovalent forces that generate very strong
adhesion between molecular groups. The term “specific” refers to all forces that are present only between a
specific pair of molecules. Most of these forces arise at the interaction between biological molecules. In
order to measure the specific forces one has to functionalize the AFM tip with molecules of interest.

Some experimental results

The unique capability of the AFM to acquire forces locally and with high sensitivity makes it possible to
obtain information about the interaction of a single molecular pair.

Adhesion of proteins to the surfaces is important in biology and for medical and industrial applications.
Snellings et al. (2000) have found reduced adhesion of human serum albumin (HAS) coated tips to surfaces
coated with PEG (polyethylene glycol) polymer brushes. PEG materials are considered as biocompatible
coatings for biomedical devices. It was found, following the introduction onto bare gold sensor chips by
either spin coating or chemisorption, that the incorporation of hydrophilic PEGs significantly reduced the
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protein affinity at the polymer interfaces.

Sethuraman et al. (2004) studied protein adhesion surfaces functionalized with different end groups
using colloid probes coated with proteins (ribonuclease A, lysozyme, bovine serum albumin (BSA),
immunoglobulin, g-globulins, pyruvate kinase, and fibrinogen). Adhesion increased with wettabilities of
the surfaces and the self-adhesion of proteins increased with protein size. As has been noticed by others
(Oberhauser et al., 2001; Gergely et al., 2000) step-like behavior exhibiting large jump-off-contact
distances suggests that the proteins are stretched and most likely partially or fully denatured.

Adhesion in aqueous buffer solution between AFM probes functionalized with BSA was employed to
recognize liposome adsorption on dextran-coated surface plasmon sensor chips (Erb et al., 2000). Analysis
of the maximal adhesive force and adhesion energy reveals a stronger interaction between BSA and the
dextran matrix compared to the lipid covered surfaces. It could be concluded that the sensor chip surface
becomes completely covered by lipid when injecting lipid vesicles.

Another growing field in biological applications is the use of the AFM as a nanomechanical sensor that
allows probing of the mechanical properties of cells. A first measurement of the mechanical properties of
animal tissue by AFM force—distance curves was done by Tao et al. in 1992 on a section of hydrated cow
tibia. Bones have rather complicated but well-organized structures. The relationship between their
structures and elastic properties is still not well understood. However, Tao has demonstrated that
quantitative data on the elastic properties of a biological composite can be obtained with unprecedented
resolution. First single cells studies in 1993 by Weisenhorn et al. gave values of 0.013-0.15 MPa for the
elastic modulus of lung cancer cells.

A comparison of the elastic properties of normal human epithelial cell lines (Hu609 and HCV29) and
three cancerous ones (Hu456, T24, BC3726) have shown that healthy cells have a Young’s modulus of
about one order of magnitude higher than cancer cells (Lekka et al., 1999). Quantitatively determined
differences in the elastic properties between normal and cancerous cells were attributed to possible changes
in cytoskeleton organization due to oncogenic transformation. Adhesion of cells to surfaces is of critical
importance in many medical, biological and industrial applications. Biocompatibility of implants and
formation of biofilms on surfaces (films made up of cells, having in part different properties from isolated
cells) (Beech et al., 2002) are closely related to this issue.

Another mechanism for the adhesion can be the specific receptor-ligand interaction (Leckband et al.,
2000). In many examples, such as hormone binding to cell surface receptors and drug targeting, the surface
microenvironment can alter the apparent kinetics/thermodynamics of protein recognition events. In such
cases, the force profiles that control receptor binding are superpositions of specific receptor-ligand
interactions and nonspecific forces between the soluble ligand and the substrate. Discrete measurements of
the force-distance curves can identify the different forces that govern protein interactions at surfaces.

Measurements of mechanically induced unfolding have been done in the past years by many groups
(Jeon et al., 1991; Rief et al., 1997). The AFM measurements exhibited periodic spikes in the force-
extension curves that were attributed to the reversible unfolding transitions of the individual domains. The
sharpness of the peaks suggests a protein unfolding by a two-state mechanism. Tskhovrebova et al. (1997)
have done mechanical experiments on single molecules of titin protein to determine their visco-elastic
properties. Applying high forces they obtained an unfolding of the immunoglobulin and fibronectin
domains.

Clausen-Schaumann et al. (2000) examined stretching and the mechanical stability of the DNA double
helix. They have performed measurements of AFM functionalized tips with double-stranded DNA
molecules on a gold surface and shown that if individual DNA double strands are mechanically
overstretched, the double helix splits into single strands that, depending on the attachment of the two
strands to the mechanical actuators and on the number of single-strand breaks in the molecule, may
recombine to the double-helical conformation upon relaxation of the molecule. The force on which this
splitting occurs depends on the pulling velocity, the ionic strength and the temperature as well as on the
DNA sequence.

Measurements of bond-rupture forces as a function of the force loading rate, known as dynamic force
spectroscopy, have been performed in several biological systems using AFM. For instance, Lo et al. (2001)
have analyzed dynamic force spectra of biotin-streptavidin interactions over a range of loading rates. They
observed linear relationships between the unbinding force and the log of the loading rate.

Krautbauer et al. (2000) used single molecule force spectroscopy to characterize DNA-small molecule
interactions. Binding of cisplatin and ethidium bromide to duplex DNA produced marked changes in its
mechanical properties as compared to untreated molecules. These changes strongly depend on the sequence
of the stretched molecules. Lioubashevski et al. (2001) measured hybridization forces between PNA
(peptide nucleic acids) and DNA and detected single-base mismatches. The adhesion force between
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double-stranded PNA/PNA molecules was 1.8 times larger than double-stranded DNA/PNA. Cocco et al.
(2001) developed models for the mechanical unzipping of DNA under the conditions used in typical force
spectroscopy experiments.

Marszalek et al. (2001) used single molecule force spectroscopy to identify the components in mixtures
of polysaccharides. Using the elasticity of the various polysaccharides as a fingerprint, the force spectra
obtained were related to the conformation of the pyranose ring and the type of glycosidic linkages. Their
approach allows the identification of individual polysaccharide molecules.

Van der Aa et al. (2001) have used force spectroscopy and microscopy measurements for
macromolecular stretching at the surface of living cells. The surface of dormant spores exhibited no surface
adhesion while the germinating spores exhibited adhesion forces of up to 5.4 N. Adhesive interactions were
attributed to the stretching of polysaccharides on the cell surface.

Instead of taking force-distance curves only on selected points of the sample, one can also acquire
curves in every point corresponding to a pixel of the AFM image. Since the tip is scanned not only along
the surface but also travels in the Z-direction perpendicular to the surface, the term "force-volume mode"
has been attributed to this operational mode. From the array of force-distance curves the spatial variation of
interactions throughout the sample surface can be obtained. This is usually done by post-processing the
force data, resulting in two-dimensional maps of physico-chemical sample properties. A considerable
number of studies using the force volume mode have been performed in the biological field. The ability to
resolve specific interactions as antibody-antigen binding between AFM tip and sample surface have been
already reported (Stroh et al., 1996). Measurements of biotin-streptavidin (Ludwig et al., 1997), ferritin-
anti-ferritin (Allen et al., 1998), and thymine and adenine (Jjiro et al., 2002) have also been performed
using force-volume mode. Radmacher et al. (1996) have mapped force-distance curves on human platelets
showing differences between the substrate and the cells mainly due to elasticity.

7.3 Experimental results

Inspired by the results of previous research on nanowire functionalization, we attempted to test the
connectivity of our inorganic MogSg Iy nanowires. We were mainly interested in biofunctionalization since
our nanowires contain sulfur, raising the possibility of agile biomaterial connectivity. Moreover, sulfur-
based chemistry allows binding with gold, opening the gate to enormous possibilities not only in the field
of functionalization, but also in the wider areas of research, especially for sensory applications.

Our experiments were focused on functionalizing MogS¢,Ix nanowires with two different types of
proteins and to study their connectivity with the help of the AFM. The functionalization was made on two
types of nanowires: MogSslg raw material and MogS;slg rich in S. The sulfonation was performed by
annealing the as-synthesized material in an S atmosphere at 700 °C. Subsequently, for the functionalization
process we dispersed the MogSo.I nanowires in distilled water for one hour in a low power ultrasound bath
and left it to sediment for one day. The proteins used were thyroglobulin (Tg) and green fluorescent protein
(GFP).

7.3.1 MogSq.xIx nanowires functionalized with proteins: sample preparation

Nanowire-Tg conjugates were produced by mixing 0.8 pg/ml of thyroglobulin (reduced with 10 mM
dithiothreitol DTT or intact) and 0.1 mg/ml of Mo¢S;lg nanowires. The conjugates were left to react
overnight at 4°C. Nanowire-GFP conjugates were produced by mixing 0.4 pg/ml of GFP-Cys mutant
(reduced with 10 mM dithiothreitol DTT or intact) and 0.1 mg/ml of MosS;lc nanowires. The conjugates
were left to react overnight at 4°C. They were further purified by Percoll gradient centrifugation. A step
gradient was prepared with 1.15 ml undiluted Percoll, 1.15 ml Percoll diluted 1:2 and 1.7 ml Percoll diluted
1:10. Centrifugation was performed for two hours at 20000 g with a TST 60-4 rotor in a Centrikon T-2070
ultracentrifuge (Kontron Instruments). The GFP-Cys-nanowire conjugates were collected at the interface
between 10% and 50% Percoll. The conjugates were subjected to a 1.5-hour centrifugation at 100000 g
using the same rotor as described above to remove Percoll from the sample.

From the resulting solutions a drop from the top was taken, deposited on HOPG substrate and
investigated with the AFM (Figure 90). We can see that the functionalization process for the two types of
MogSe Iy nanowires is very different. We observe that raw, as-synthesized nanowires are always
functionalized with proteins only at the ends (Figure 90a and c), whereas in the case of MogS¢_4Ix nanowires
rich in S the protein seems to cover the wire along the entire length (Figure 90b), which would be
consistent with our expectations.
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2 pm 100 nm

200 nm

Figure 90: AFM tapping mode images of two types of MoSo. I, nanowires. As-synthesized (a) and rich in S (b)

functionalized with Tg. The (c) and (d) images shows a functionalized MogSy. Iy nanowire raw material with
GFP.

Reproducible results have been observed. Figure 91is a gallery of images showing protein aggregation
attached to the end of the nanowires.
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Figure 91: Image gallery of thyroglobulin protein attached to nanowire ends. From the profile analysis
individual nanowires having a diameter of about 1 nm can be observed, while the proteins are present in
aggregations with diameters of between Inm and 2.5 nm.

7.3.2 AFM force measurements

To confirm the wrapping of the sulfonated nanowires with thyroglobulin, we used AFM to perform force
measurements. These experiments were carried out as described in section 7.2 by monitoring the deflection
of the cantilever as the tip is approaching or withdrawing from the sample. The general introduction to the
interaction between the tip and the sample in section 7.2 leads to the conclusion that different substrates
exhibit different interactions with the tip, resulting in different force-distance curves. In other words, we
can say that the force-curves for each material have a unique shape, some sort of fingerprint due to its
unique interaction with the tip. Obtaining force-distance curves at specific reference points we hoped to
confirm the presence of functionalized nanowires and to find an easy way to distinguish between the bare
nanowire and the one wrapped with the protein. In order to do this we first performed force-measurement
curves to find the fingerprint of each component: the substrate (in our case HOPG), the protein and the
nanowire. Figure 92a represents the typical shape of the force curves on HOPG. The small displacement of
the withdrawing curve present in the contact-line of the approaching curve has also been achieved in the
results obtained by Patil et al. (2002) who proposed that the friction effect between the HOPG substrate and
the AFM SiN tip causes this hysteresis behavior.
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Figure 92: AFM force measurements. Obtained force-distance curves and AFM pictures of HOPG substrate (a),
of the MogSy.Ix nanowires on HOPG substrate (b) and of thyroglobulin deposit on HOPG substrate (c).

Figure 92b represents the force curves for the MogS Ix nanowire deposit on a HOPG substrate. In this
case no hysteresis is present and the approaching curve could be assigned to van der Waals interaction
between the tip and the sample. However, the drop upon withdrawing might occur due to some binding
forces between the tip and the nanowire or to the adhesion forces (since we were working in ambient
atmosphere a thin layer of water on the sample was always present). In the case of the protein deposit on
HOPG substrate, the shape of the force curve is considerably different. The protein is positively charged, so
the repulsion interaction is anticipated upon approaching. This can be seen in the force-distance curves
(Figure 92c) where we notice the lack of a pronounced jump-to-contact event. Upon withdrawing the jump-
off-contact process is attributed to the sensitivity of the HOPG substrate beneath. The withdrawing curve
resembles the one for the bare HOPG substrate but is not as pronounced as was proposed by D. Kim et al.
(2002).

Having the fingerprints of each individual material present in our experiments, we could measure force-
distance curves on the MogSyIx nanowires assumed to be completely wrapped. A slow approach of the
AFM tip on the covered nanowire results in the bending of the cantilever upon contact with the sample. The
obtained force-distance curve shows the fingerprint of the thyroglobulin in the approaching process, the
withdrawing curve, however, is typical for the MosSo.Ix nanowires that the tip is sensing beneath the

protein (Figure 93a) (the same phenomenon observed also in the case of the protein on bare HOPG
substrate).
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Figure 93: Force-distance curves and AFM images of a fully wrapped MosSe.. I, nanowire with thyroglobulin (a)
and of an unwrapped nanowire after measurement (b).

By increasing the force upon the MogSo I nanowires the process terminates with the unwrapping of the
nanowire from the protein (Figure 93b). What is surprising is that the unwrapping is complete and we do
not have just local damage (in Figure 93b the remaining protein can be seen after the experiment is
finished).

To avoid irreversible damage to the wrapped MogSe I, nanowire, force-volume measurements at room
temperature were performed as well. Instead of taking force-distance curves only at selected points in the
sample, in force-volume measurements one can acquire force-distance curves on every point corresponding
to a pixel of the AFM image.

In the first step, we used a tapping-mode AFM to study the surface topography of functionalized
nanowires to allow identification of feature characteristics (Figure 94).

0 1pm o 1 pm

Figure 94: Tapping-mode AFM image of MosS..I, nanowire wrapped with thyroglobulin before performing
force-volume measurements.

Further force-volume experiments were performed by recording the force curves at individual pixel
points in an AFM image. Adhesion measurements in force-volume mode were carried out in an array of 64
x 64 forces versus distance curves uniformly distributed over an area of 1um?, tip velocity of ~1 pm/s and a
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constant applied force of 2.32 nN. A typical force-volume image is presented in Figure 95. On the left is
the height image of the wrapped nanowire obtained by the force-volume measurements. The resolution of
the image is low due to the few points taken per line. On the other hand, on the right, the corresponding
force-volume image based on the retract (adhesion) forces can be seen. Clearly, the topographical features
in the height image directly correspond to different tip-force interactions with the surface in the force-
volume image. Typical force curves of the wrapped MogSg I nanowire (A), thyroglobulin (B) and HOPG
substrate (C) are shown in the force plot. The force curve of the wrapped nanowires (A) shows a soft
adhesion jump, whereas for the thyroglobulin and HOPG substrate (B and C) the tip adheres to a much
greater extent. For the wrapped nanowires the soft adhesion force is due to the fact that the tip feels only
the proteins that cover the nanowire, the significant layer of protein overcoming the influence of the
nanowire beneath. However, in the case of the thyroglobulin close to the HOPG and the substrate itself, the
adhesion forces are much stronger.

height image

AFM 100 nm
v u_ 100 nm

Figure 95: Force volume mapping of wrapped MogsSs..1, nanowires with thyroglobulin protein.

7.4 Conclusions

We have demonstrated a straightforward method for the functionalization of MogSy I nanowires with
thyroglobulin. Using different nanowires, we observed that the proteins can attach themselves at the ends of
the nanowires (for the as-synthesized material) or it can cover them entirely (for MogSg_Ix nanowires rich
in S). The functionalization was shown to be successful for both thyroglobulin and green fluorescent
protein. The richness in S on the surface of the proteins made the functionalization of the nanowires
straightforward.

The AFM force—distance measurements emerged as a useful experiment to confirm the two possible
functionalizations. We found that each material has its own fingerprint, providing us with the possibility of
distinguishing between HOPG substrate, protein and MogS¢Iy nanowire. It has been seen that upon
approaching, the tip experiences a repulsive force due to the positive charge of the protein, while the
withdrawing process is governed by the strong attractive forces felt from the HOPG substrate beneath.

On the other hand, the force-curves in the case of the nanowires are completely different. Owing to the
van der Waals forces, the tip jumps-to-contact in a first step on approach until a true contact is made upon
application of increased force to the cantilever. In the withdrawing process the pronounced jump-off-
contact seen in the force-curves is attributed to strong adhesion forces. Similar force-curves were also
measured for the HOPG with the difference of a hysteresis presence in the contact regime due to the
friction between the HOPG and the AFM tip.

Knowing the shape of the force curve we performed measurements on MogSgI, nanowires covered
entirely with thyroglobulin. We observed that increased force on the cantilever unwraps the protein
completely from the nanowire. Upon approaching the force-curves exhibit a typical behavior for proteins,
i.e. a repulsion force felt by the tip preventing a jump-to-contact event is observed. On the other hand, in
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the withdrawing process the van der Waals forces from the nanowires were strongly felt by the tip, yielding
a pronounced jump-off-contact drop. By increasing the force on the cantilever, the protein is scattered from
the nanowire resulting in a total unwrapping. The clear distinction between different materials, based on
force measurement curves, opens the way to reliable and high-yield functionalization studies of MogSg I«
nanowires.

For avoiding the unwrapping and for a clearer interpretation of the measurements, force-volume
mapping was performed. Due to the significant covering of the nanowire with thyroglobulin, upon
retraction the tip senses only the protein with no influence from the nanowire beneath, thus the jump-of-
contact event is small. The situation is completely different when taking the HOPG substrate and the
thyroglobulin close to it into consideration. In both cases the retracting curve shows strong adhesion forces
normal for the substrate and as well as for the protein due to the sensing force from the substrate beneath.
In conclusion we can say that the AFM in our measurements was shown to be an excellent tool not only for
the visualization of our samples, but also for their subsequent interpretation.
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8 Overall conclusions

The new class of inorganic nanowires synthesized in 2002, i.e. M0gSo.<Ix nanowires, has proved to be of
immense interest due to their striking physical and chemical properties. Numerous experiments have been
performed in order to extract some of their basic properties, of which many still remain hidden. Our work
was focused on studying the properties of these nanowires for possible applications in nanotechnology and
nanobiotechnology.

In the first part (di)electrophoresis techniques were employed for the manipulation and separation of
MogSo4Ix nanowires. With the help of electrophoresis it was shown that the MogSy4I; nanowires are
negatively charged. A net movement of the nanowires towards the positive electrode was observed, yet no
diffusion through the gel was noticed. Staining the nanowires with typical dyes for DNA observation also
could not reveal any eventual nanowire traveling through the gel. This could be due to the lack of bonding
between the dyes and the nanowires. Thus, only the diffusion of the bare dyes was detected, without a
noticeable trace of nanowire movement. Even EtBr staining did not show any traces of nanowire diffusion,
again possibly due to the lack of successful nanowire bonding. On the other hand, no travel of the
nanowires through the gel could be the consequence of their long lengths and rapid agglomeration in the
sample solution. The nanowires tend to entrap themselves in large meshes, webs or networks that
completely block the pores, disabling the eventual single nanowires from even leaving the pocket and
entering the gel. In addition, large diameter nanowires contribute to this pore stuffing effect, single-
handedly blocking the pores. Even though the nanowire diffusion was not observed, the experiment yielded
the undisputable fact that the charge of the nanowire in aqueous solution is negative. This creates new
possibilities to chemical functionalization of these materials. In comparison to relatively inert carbon
nanotubes that show very little chemical compatibilities in common solvents, our material exhibits intrinsic
solubility in various solvents that, together with charging the solution, enables rich and straightforward
chemistry. Moreover, the solubility in water gives us a unique route to biofunctionalization and
biochemistry, laying the foundation for nanotechnology and biological sciences on the cellular level.

We successfully used dielectrophoresis also for the self-assembled manufacture of nanowires terminated
with nickel/indium field emission tips. Interestingly, the performance of our inorganic nanowires was
comparable with the reported emission properties of SWCNTs, making our material a strong, sound
alternative for field emission applications. The maximum measured current of 0.8 pA driven by barrier-
tunneling mechanism and the stability of tips over several hours could launch these novel composites into
the high-tech industry of new generation display boards, electronic microscopy and electronic lithography.

Our pursuit of basic chemical and physical properties led us from sample preparation methods in
different solvents and pHs to the testing of chemical reactivity implemented in terms of functionalization
capabilities with chosen microparticles. It emerged that the best solubility of the sample and stability of the
particles was achieved in a neutral pH, simplifying the chemical reaction as well as deploying an arsenal of
possible functionalizing entities. Solvent charging along with sulfur arrangement on distances nearing gold
lattice distances in the basic construction of the compound raised the hope of possible connectivity with
gold nanoparticles. As anticipated, our direct route of attachment proved to be a successful one. Since
sequential chemical modification of AuNPs on the nanowires could give rise to many interesting
compounds, new nanoelements with remarkable electrical properties could be manufactured. This exciting
fact makes the material for multifunctional posterior chemical treatment, enabling us to produce templates
for possible nanoelectronic building blocks in a controlled manner. Along with individual nanowire
attachment, the AuNP functionalization also yielded multi terminal connections and even networks with the
AuNP links between the wires. These self-assembled structures are by themselves fascinating and exciting
systems whose properties may facilitate a new generation of logic circuits, chips, controllers, and sensors.

Encouraged by the AuNP functionalization we then attempted more complex attachment with sulfur or
thiol-containing biomolecules, i.e. with proteins. The basic idea was again based on favorable sulfur gold
chemistry using AuNP as mediators between the nanowire and the sulfur-rich protein molecule. To our
surprise, the protein attached on the ends directly to the nanowire omitting AuNP altogether. This stunning
result was of course confirmed in the attempt to connect nanowires and protein directly, namely without
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AuNP in the solution. Moreover, our experiment with sulfur-rich nanowires yielded nanowires completely
wrapped with protein, implying the crucial role of sulfur in the attachment procedure. Our sensitive and
nondestructive AFM analysis reliably identified the individual building blocks of the nanowire—the
AuNP/protein complex—based on predetermined force-curve fingerprints for each component. This vivid
connectivity could be the base for implementation of biomolecules in electronic circuits, potentially
revolutionizing medicine especially in diagnostics with a new generation of maximum sensitivity
biosensors at the level of single molecules.

The presented work reveals some interesting and intriguing properties of inorganic MogSe.<Ix nanowires.
Along with compatibility with a variety of common solvents, especially with aqueous solutions, this
compound also exhibits rich chemical properties, as demonstrated by successful attachment of AuNPs and
especially protein biomolecules. Likewise, their performance as electron field emitters cannot be neglected
since their stability implies favorable electronic properties, making them adequate for integration into
electronic circuits. This unique “all-in-one” nanocompound, due to its straightforward processing, high
connectivity, and excellent biocompatibility, can thus join the elite group of potential future materials for
novel applications in the burgeoning field of nanotechnology.
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