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Abstract

Spontaneously adsorbed monolayers of [Co(ttp-CH2-SH):2](PFe)2 have been formed on
platinum microelectrodes by exposure to micromolar solutions of the complex in 0.1 M
TBABF4 in acetonitrile, ttp-CH2-SH is 4'-(p-(thiolmethyl)-phenyl)-2,2":6',2"-
terpyridine. Resonance Raman spectroscopy on roughened polycrystalline platinum
macro electrodes show that the molecule undergoes adsorption by sulphur atom onto the
platinum surface. The monolayers show reversible and well defined cyclic voltammetry
when switched between Co2+ and Co3+ forms, with a peak to peak splitting of
0.040+0.005 V up to 200Vs" and an FWHM of 0.138+0.010 V. Adsorption is
irreversible leading to the maximum surface coverage, 6.3+0.3x10°* rholém' for
2.5<[Co(ttp-Ctf2-SH)2]<10 (oM The rate of monolayer formation appears to be
controlled not by mass transport or interfacial binding but by surface diffusion of the
complex. The surface diffusion coefficient is 5.5+1.1x10'7cm V indicating that prior to
formation of an equilibrated monolayer, the adsorbates have significant mobility on the
surface. The electron transfer process across the monolayer-electrode interface has been
probed by high speed chronoamperometry and the standard heterogeneous electron
transfer rate constant, k°, is approximately 3.06£0.03x104 s'1L The reorganization energy

is. 18.5 kimol'L

Self-assembled monolayers of pentanethiol-beta-cyclodextrins have been immobilised on
gold polycrystalline macroelectrodes and electrochemically and spectroscopically
characterised. The adsorption dynamics was followed by monitoring the change in
capacitance during time and a surface diffusion process was found to be the rate
determining step. The layers appear to have a mixed structure most likely between a
hexagonal close-packed monolayer and a brick configuration. Blocking behaviour
depends on the hydrophobicity of the solution phase redox active probe. Scan rate
dependent cyclic voltammetry has been used to characterise the defect density within the
assemblies. In general, the layers are stable enough in time and potential window to
probe the host-guest properties of the immobilized cyclodextrin cavities. The modified

gold electrodes were exposed to micromolar solutions of cobalt biphenylterpyridine, in



order to electrochemically and spectroscopically characterise the inclusion process. The
host-guest reaction occurred for the in-situ experiments and it was characterised in terms
of equilibrium constant, 2.78+0.7><104 M'], and free Gibbs energy of inclusion, 25 kJ
moll Finally, control experiments of the adsorption of the redox active probe onto the

bare gold electrodes further confirmed the occurring of the inclusion.
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Introduction

From high-speed molecular computers to optoelectronic switching, technological
advances in speed and miniaturisation drive the search for novel materials with
enhanced electronic properties. In particular, the semiconductor industry has seen a
remarkable miniaturisation trend that nowadays, needs the utilisation of
microelectronic circuit components with molecule or atom sizesl The silicon
industry is facing fundamental physical constraints (charge leakage, loss of the
fundamental band structure) to further progress of Moore’s Law2. Primarily, the
etching technique, used in the production of silicon devices, is a top-down approach
which is reaching its limits. Therefore, in order to produce molecule size circuits, an
alternative route to pattern million of transistors, wires and other devices needs to be
found3. Particularly, a bottom-up technology that uses atoms to build nanometre size
molecules, which can be further arranged on a surface in a three-dimensional way is
desired. An easy and well-known technology that fulfils these needs is the self-
assembly technique, that allows dense monolayers of tailored molecules to be
immobilised in a controlled and organised manner2. Depending on the nature of the
immobilised molecule, wires, switches, rectifiers and storage devices can be built and

characterised4, as shown in Figure 1.1
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Figure 1.1 a) wires b) hybrid molecular switches, c) hybrid molecular rectifiers, d)

storage, e) two molecules that show promise for mono-molecular electronics.

Adapted from reference 3.



Using typical size organic molecules it is possible to fit 1014 molecule per cm?2
compared to a density occupation of 107-108 devices of the silicon industry2.
Moreover, the self-assembly technique not only allows to produce a denser pattern to
what contemporary chip-patterning techniques can achieve, but also produces systems
where directional control of single electron transfer and efficient charge separation
can be realised. Furthermore, the immobilised molecules can be functionalised and
additional properties can be easily introduced. This is possible since the position and
orientation of the single molecules within the monolayer can be controlled and

characterised.

The present project is focused on the assembly and characterisation of molecules able
to transfer electrons to and from an electrode surface, with a long term view towards
producing molecular wires. Many studies in literature have reported different
methods for the immobilisation and characterisation of electroactive systems through

show self-assembly.

Bumm et al.5 showed how single molecular wires had been inserted at grain
boundaries within self-assembled monolayer of dodecanethiolate on gold. This
technique permitted the isolation of single molecular wires from their neighbours
which were then imaged by STM and electrically characterised. Qualitative results of
the conductance levels showed that the molecular wires were more highly conducting

than the surrounding alkanethiolate structurese6.

Chen et al.1 developed a more controlled insertion of the molecular wires into an
alkanethiol matrix, by applying controlled voltage pulses to an alkanethiolate SAM
under a solution of molecular wires and triggering the insertion with the STM tip.
The sulphur terminated conjugated oligomers showed a higher conductance compared

to the insulating surrounding matrix.

Importantly, suitable candidates for molecular wires should connect two electrodes
and therefore the capability of disulfide terminated molecules to bridge these surfaces
in a perpendicular way is important. Single molecules of benzene-1,4-dithiol self-

assembled onto two facing gold electrode surfaces of a mechanically controllable



break junction showed to form a statically stable gold-sulphur-aryl-sulphur-gold

system, allowing for direct observation of charge transport through the molecules .

Schiffrin et al. 9 10 stepped a bit further by connecting gold nanoparticle to a gold
surface via alkanethiol bispyridinium (viologen) and studied the electron transfer
properties of such a system. Viologen was electrochemically active between the
nanoparticles and the gold surface, and the films were air stable and did not show any

degradation after thousands of cycles.

Another route followed in literature is the utilisation of the molecular recognition
properties of a system. Mbyndio et al.15 followed a biological route using DNA to
guide the assembly of nanorods in precise arrangements. The approach links on
sequence of single-stranded DNA to a nanorod and the other to a surface, allowing the

complementary strands to find each other in solution and interact specifically.

It is clear, from the examples cited above, that the more studied and used system to
self-assemble molecules on a surface is the chemisorption of sulphur terminated redox
molecules on gold surfaces1/, which allow electrons to be transported thanks to their

molecular structure.

Therefore, following the ideas of self-assembly and molecular recognition, this
project focused on the self-assembly of complexes of transition metals which show
different redox states, that are immobilised either covalently on a substrate (e.g.
sulphur atom on a platinum substrate) or by non-covalent interactions between an
electrochemically silent immobilised host and a redox active guest in solution (e.g.
cyclodextrin host-guest interactions). Then, the immobilised molecules can be used
to attach other molecules present in solution via chemical reaction (creation of
disulfide bond, coupling reaction between amine and carboxylic acid) or via repetitive
host-guest interactions, following a bottom up method.

The formation of the disulfide bond and in particular the use of the host-guest
chemistry of cyclodextrins has several advantages, among which the most interesting
is the possibility to select the guest molecule nature, thus, easily tuning the molecular
wire propertiesl8 In this way, complex synthetic reactions needed to covalently link

several metal complexes as to create a supramolecule are avoided, and various lengths



of molecular wires can be created and the direction of growth off a surface controlled.
This represents a promising step compared to the immobilisation of rigid rod

conjugated dithiols19

After the creation of such modified surfaces, the characterisation of their structures
and electron transfer properties is of primary importance. Electrochemistry offers a
simple and flexible way2l to characterise the stability, the defect density, the
electrochemical reactivity of the modified interface, even at microsecond timescales
with the use of microelectrodes20. Moreover, Surface Enhanced Raman Spectroscopy
(SERS) allows to further investigate the orientation of the molecules in the layers, in

particular when an external potential is applied.

In this chapter, the contemporary theories used to describe the electrical double layer
at an interface and the electron transfer processes are described. The formation and
characterisation of self-assembled monolayers and the models describing the
adsorption dynamics are considered. The electrochemical techniques that are
commonly used to characterise the electron transfer activity of redox active
monolayers and the fundamentals of Surface Enhanced Raman Spectroscopy are then

described.

Chapter Two describes the synthesis and characterisation of the complexes and
sulphur terminated (3-cyclodextrins used in this study. Microelectrodes have been
employed in the characterisation of the electron transfer and their construction and

properties are given.

Chapter Three describes the characterisation in solution and as monolayer, of a cobalt
terpyridine thiol terminated complex, adsorbed on platinum microelectrodes. The
study of the adsorption dynamics is performed by electrochemistry in order to identify
the rate determining step. The effect of the applied potential on the heterogeneous

electron transfer rate constant and the contribution of the solvent dynamics on the



charge transfer are discussed. Insights in the orientation of the molecules within the

monolayer are obtained by SERS.

Chapter Four deals with the immobilisation and characterisation of thiol terminated [3
cyclodextrins (P-CDs) confined on gold surfaces. The study of the adsorption
dynamics is performed by electrochemistry as well as the characterisation in terms of
surface coverage, defects, permeation of the layer and orientation of the molecules
within the monolayer. Further insights in the spatial arrangement of the P-CDs in the

monolayer as varying the applied potential from the OCP are obtained by SERS.

Chapter Five described the inclusion of a cobalt terpyridine biphenyl complex into the
cavities of the immobilised p-CDs. Characterisation of the inclusion reaction is given
in terms of thermodynamics parameters, as the free Gibbs energy of inclusion,
equilibrium constant of the reaction and potential shifts of the included moiety respect

to the solution values.



1.1. The electrode-solution interface

Modified and unmodified surfaces exhibit different interfacial properties, which can
be used to characterise the system. In particular, the study of the double layer
capacitance changes, following a monolayer deposition, gives information about

defect density, ion penetration, solvation and stability of the layers.

Introduction

The solid/liquid interface (e.g. metal/solution interface) is an environment which has
distinct and different reactive properties from those of the contacting bulk phases.
Basically, the species present at the interface experience an anisotropic electric field,
which arises from the breaking down of the symmetry and decays with the distance
from the electrode. Thus, solvent dipoles can become oriented and a net ionic excess
charge accumulates at the interface on the solvent side. This solvent charge induces
the metal to accumulate an identical charge of opposite sign on its surface to reach a

situation where the principle of electroneutrality is satisfied:

QN = -gs (1.1

Therefore, a charge separation is present at the metal-solution interface which
produces a difference in potential. This arrangement of charges and dipole is called
the Electrical Double Layer. The extension of the double layer is identified at the
metal side within a distance of a few Angstrom and at the solution side as the layer of

adsorbed solvent molecules and specifically adsorbed species.

A description of this distribution of charges has been given in several theories2,
which span from the simplest model of a parallel plate capacitor, suggested by
Helmholtz22, to more realistic and complicated models proposed by Gouy and
Chapman,23 24 and Stem?25. The power of the electrochemistry resides in the fact that
an external voltage can be applied to the metal, in order to easily vary its potential and
study the consequent electrical double layer rearrangement. The following theories

can be then applied to the more specific electrode-electrolyte solution interfaces.



1.1.2 From the Helmholtz to Stern description

The idea of the parallel plate capacitor as a description of the electrical double layer is
just a simple way to visualise the distribution of the charges at the interface.
However, due to thermal agitation, it is highly unlikely that the charge accumulated
on the solution side could reside on a singular plane. A compensating charge that
diffuses in the solution is a more realistic view. The concept of a diffuse double layer
was first introduced by Gouy and Chapman2l In this model, the solution charge is
localised in a layer whose magnitude is the result of balanced electrostatic and
thermal phenomena. The potential profile, when the thermal activation barrier is

larger than the potential applied, follows an exponential decay:

(= $8expf-zcc) (1.2)

where X is the distance from the electrode surface and k is:

12
(1.3)

called the Debye-Huckel parameter26 and has the units of reciprocal length. It follows
that k _/ has the units of length (m) and is usually called the thickness of the double
layer. Since n° is proportional to the concentration of the electrolyte in solution, by
increasing the concentration and the valence of the electrolyte, i.e. at higher ionic
strengths, it is possible to decrease the value of k / and, consequently, the thickness of
the double layer, until the situation of the parallel plate capacitor is reached.

By means Equation 1.3, it is possible to calculate the double layer thickness for any
electrolyte at different concentrations and use these calculations to understand
experimental data. In Chapter 2, k lvalues for acetonitrile solutions of TBABF4 are

be calculated and compared to the experimental data.



Gouy and Chapman derived their model by assuming that ions at the interface are
point charges, without physical size and restrictions to the minimum approachable
distance to the surface. Since ions have a finite size, and are usually solvated, this
assumption is clearly not realistic. The ions cannot reach the surface and they can
also be limited by solvent molecules adsorbed on the metal. This is particularly true
for cations which exhibit a strong energy of solvation. The closest plane that ions can
approach is, therefore, a result of different parameters as the ionic radius, the primary

solution sheath and the strength ofthe electrostatic interaction.

Figure 1.2 shows the plane where the centres of solvated ions reside, at a distance xJ
usually called the outer Helmholtz plane (OHP). In this instance, the interaction is
purely electrostatic and the chemical natures of the ions and the metal are assumed not
to play an essential role. Those ions are said non-specifically or physically adsorbed.
However, ions and neutral molecules can be adsorbed on the electrode surface by
experiencing a more specific and stronger interaction with the charged surface than
the electrostatic governing in the diffuse layer, for instance a chemical bond. In this
situation, solvent dipoles previously adsorbed on the metal surface can be replaced by
molecules whose solvent sheath has been stripped off. This situation gives rise to a
inner Helmholtz plane (IHP) or Stern surface, at some distance xh from the metal
surface, where the centres of these specifically or chemically adsorbed molecules are
localised. It follows that, the weaker the solvation of the molecule the stronger will
be its specific adsorption. The whole picture of the electrical double layer is shown in

Figure 1.2 together with the potential profile.

10



Figure 1.2 Schematic representation of the double layer under the Stem theory. IHP
and OHP are inner and outer Helmholtz planes respectively, at a distance xi and X.
At the bottom, the potential profile is represented. Within the IHP and OHP ()has a

linear decay while in the diffuse layer is described by a single exponential decay.

1n



1.2 Differential capacitance

If one considers the double layer as a parallel plate capacitor, it can be described by:

q=CJ (1.4)

where g is the charge accumulated (C), 9 is the potential present at the interface (V)

and Cdi is the capacitance ofthe double layer (F).

Since the potential is applied by an external source of voltage, it is possible to step it
over a range of values and, by measuring the charge accumulated at each step, obtain
Cdi. For an ideal parallel plate capacitor, Cdi should be constant with a consequent
linear relationship between g and & However, in real systems, an exact
proportionality between g and § is not found, since variation of the potential leads to
solvent dipoles reorientation, specific adsorption or desorption of ions, which shield
the double layer from the metal surface. However, it has been found that the variation
of charge, dg, produced by a variation in the potential, dj> is itself a function of () 21.
Thus, the derivative dg/dcj) is a better description of the process occurring at the

interface, and is usually called as the differential capacitance C /.

ForsterZ/, 28 reported on measurements of Cd by means of small amplitude potential
step chronoamperometry, where the pulse amplitude was small enough to consider the
measured capacitance as an approximate differential capacitance. Figure 1.3 shows
the potential dependence of Cd for a clean (black dots) and anthraquinone modified
(empty squares) mercury microelectrodes. Both the curves show minima for Cd,
which corresponds to the PZC. However, the presence of the anthraquinone shifts the
minimum at more negative potentials, due to a variation of the PZC of approximately
0.090V. In fact, adsorption of the negatively charged anthraquinone species causes
the charge at the solution side of the interface to become non zero, which has to be

balanced. Since the electrode is more polarisable than the solution the countercharge

12



is induced there. Therefore, to regain the condition where no excess charge is present
on the metal, the potential shifts to a more negative value so as the charge due to
adsorbed anthraquinones is exactly counter balanced by an opposing excess charge in

the diffuse layer.

0,4 0.2 0 -0,2 *04 *06 *08
E 1 Volt

Figure 1.3 .Dependence of the double layer capacitance on the applied potential. The
symbol e« represents data for a mercury microelectrode immersed in a solution
containing 10%NM anthraquinone 2,6-disulfonic acid and 10pM anthraquinone 1,5-
disulfonic acid. The symbol O represents data for a clean mercury microelectrode in
the same electrolytic solution but without any dissolved anthraquinone. In both cases
the supporting electrolyte is 0.05M NaClos4 at pH of approximately 5.5. Adapted

from reference 24.
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1.2.1 Capacitance ofan unmodified surface

As mentioned in the GC theory, the double layer can be thought as made of two
contributions defined by the OHP. It follows that also the total Cd can be split in two
different components 25, Ch and Cdiffuse, he. two capacitors in series, representing the

capacitance ofthe charges at the OHP and of the diffuse layer respectively.

Therefore, the typical rules for capacitors in series can be applied:
C;y=Q '+ Ci,, (1)

where

(1.7)

and s0Ois the permittivity of the free space and ssoi is the solution dielectric constant,
is the Debye-Huckel parameter and 9 is the potential at the interfaceg]. Equati)on 1.7
shows that while Ch behaves as a parallel plate capacitor and it is potential
independent, Cdiffuse is potential dependent. Significantly, the differential capacitance
is governed by the smallest of the two components. By increasing the ionic strength
in the solution, the parameter k increases and Cdiffuse becomes large. It follows that
Ch is predominant in Equation 1.7, and the double layer is reduced to the Helmholtz
parallel plate capacitor. Again, application of these equations to experimental data

will be discussed in Chapter 2.

14



1.2.2 Capacitance ofa modified interface

The same model of capacitors in series described for an unmodified surface, was
proposed by Smith and White2e for an electrode coated with a compact and
completely insulating molecular electroactive film. Figure 1.4 shows the studied

system and the proposed model.

(A)

Figure 1.4. Scheme of irreversibly adsorbed electroactive films in contact with an
electrolyte solution. The electroactive centres are indicated by open circles and
separated from the surface by a dielectric film (zig-zag lines) of finite thickness. In A
and B the interfacial potential profile is linear across the dielectric region between the
metal and PET. In B a second dielectric layer extends a finite distance beyond the
PET introducing a second linear potential decay. For both A and B the potential

profile in solution is non-linear. Adapted from reference 25

15



Equations 1.6 and 1.7 still apply to the system, the only difference being the
substitution of Ch, the double layer capacitance at the OHP, with Cf|m the

capacitance of the film:

(1.8)

Cfim = EoSfilm 1d

Cdiffuse = f ( £n>Ssal>K *g§)

As before the total interfacial capacitance is governed by the smallest of the two
components. In this situation, by reducing the thickness of the double layer, k'], the
capacitance of the film becomes dominant in the Cj expression. The film is thought
to behave as a parallel plate capacitor, whose dielectric constant is controlled by the
chains of the adsorbed molecules. Thus, since the adsorbed monolayer usually shows
a lower dielectric constant than the electrolyte, monitoring the total interfacial
capacitance, at high electrolyte concentrations, allows changes in the double layer
structure to be probed. In fact, the switching from uncoated to coated alkanethiols
gold electrodes produces a drop in the capacitance, which can be experimentally

determined with electrochemical techniques.

For instance, Boubour et al.in’/\i and Ruediger el al.” used ac impedance spectroscopy
to characterise the double layer structure. In particular, Boubour studied the ionic
permeability of alkanethiols adsorbed on gold electrodes using ac impedance
spectroscopy in absence of an external redox probe. The layers behaved as ionic
insulators, until a critical potential, V¢, was reached or exceeded. At potential more
cathodic than V¢, SAMs of alkanethiols showed a significant change in the phase
angle in the low frequency region associated with ion penetration, as shown in Figure

1.5:

16
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Figure 1.5. Bode plot of CHs(CH2)nS/Au SAM from 0.4 to -0.2V (x), -0.3V (0), -
0.4V (A) and -0.5V (*) in 50mM K:I1IPO4, pH 7. Symbols are the experimental data
and solid lines are the best fitting obtained by the corresponding equivalent circuit.

Adapted from reference 26.
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In several contributions®® ** % * cyclic voltammetry is used to probe the blocking
behaviour of SAMs towards an external redox probe dissolved in the contacting
electrolyte solution. Figure 1.6 shows how the presence of an adsorbed layer changes
the profile of the CV of a reversible electroactive probe, increasing the peak-to-peak

separation and rendering the electron transfer reaction more difficult.

34 h
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Figure 1.6. Cyclic voltammograms of 5 mM Ru(NH3)e3+ obtained using nanoporous
SAM-electrodes fabricated by immersing a gold surface in ethanol solutions
containing hexadecanethiols for the time period indicated in each frame. The data
were obtained at 0.1 Vmin'lin an aqueous electrolyte solution containing 1M KCL1.

All data, except frame g, were obtained with the same electrode. Adapted from

reference 29.
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Finally, Walsh et al.s7 used chronoamperometry to probe the double layer structure

dependence on the electrolyte concentration, as shown in Figure 1.7:

16
14
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Figure 1.7. Dependence of the differential capacitance in L:ClIO4 concentration for

spontaneously adsorbed monolayers of [Os(bpy)z-4-bptCI]+ on a 125 (im radius
platinum microelectrode. Potential step size is 0.025V, from 0.400 to 0.425V vs.
Ag/AgCl. Adapted from reference 33.
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In particular, the differential capacitance of platinum microelectrodes modified with
osmium complex monolayers were determined, showing clearly that the total
differential capacitance is sensitive to the electrolyte concentration up to 0.3M, after
which is dominated by the monolayer contribution.  Moreover, the limiting
differential capacitance was significantly larger than that expected for a monolayer
completely impermeable to the electrolyte, suggesting that the monolayer was

partially solvated at high electrolyte concentrations.

In conclusion, probing the double layer capacitance as a function of the electrolyte
concentration helps to characterise the monolayer structure in terms of permeability
(defect free), thickness of the layer and dielectric properties. Further discussion on
the characterisation of the monolayer properties in terms of capacitance is reported in

the next section.
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1.3. Self-assembled monolayers on electrodes

1.3.1 Definition ofSelf-Assembled Monolayer

There is an increasing interest in the properties of modified electrodes that can be
used in a wide range of technologies at nanometre-scale. Self-assembled and
spontaneously adsorbed monolayers provide an easy method to change, in a
controlled way, the chemical composition and physical structure of a surface36.

A single layer of highly organised and close packed molecules on a substrate surface
on a large scale is defined as a monolayerb. The assembly of molecules on a
substrate is defined self-assembly when the process is spontaneous and consequent to
the simple exposition of the substrate to a homogeneous solution or vapour of the
molecules1r.

Self-assembled monolayers (SAMs) show both a strong bond between the substrate
and the molecules, by means of a specific atom or moiety, and additional lateral
interactions among the molecules themselves that stabilise the monolayer. Other
methods are used to produce monolayers on a substrate and among them the most

popular is the Langmuir-Blodgett (LB)17.

1.3.2 Alkanethiols

In the following experimental chapters, SAMs of sulphur terminated terpyridine
complexes and cyclodextrins are discussed and characterised. The immobilisation of
the molecules has been performed either on platinum or gold substrates. However,
the most popular and studied SAMs are made of alkanethiols molecules confined on
gold surfaces 38,39, 4«0 and Figure 1.8 shows a schematic representation of the system.
In the last years other metals have been tested as substrate (P t4l, Ag, Cu 42 Pd 43) and
other molecules as components of the monolayer (sulphides44, disulphides45, silanes4g,
isonitrile 7, pyridine48 49). Moreover, different techniques have been used to

characterise the layers, both electrochemical or spectroscopic
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The structure and organisation of the molecules within the monolayers, the lateral
interaction, the energy of adsorption, the permeability and possibility of
functionalisation of this system have been subject of several studies43.

The adsorption of alkanethiols is specific and defined as chemisorption but the
mechanism of the process has not been clarified17. Two possible routes have been

proposed for the adsorption process50:

RS-H + Au°, -> RS-Au++ y2Hz + Aun (1.9)

RS-H + Au n+ oxidant =RS*Au++ V2 H20 + Aun (1.10)

Basically, the SH moiety has to lose an hydrogen to form the RS'-Au+species but it is
not well clear whether this happens by the production of Hz in vacuum (reaction 1.9)
or H20 in solution (reaction 1.10), via reductive elimination reaction of gold hydride
or another unknown reaction. Moreover, the presence of thiolate has been shown by
XPS5L FTIRS2 electrochemistryss and Raman spectroscopy54.

More recently Paik et al. ss studied the early stage of adsorption of organosulphur
molecules on gold and silver by electrochemical and quartz microgravimetric
methods. The potential shifts of the substrate metals, current flowing through the
substrates and the surface mass increase observed during the adsorption process were
found to support newly proposed electrochemical mechanisms of chemisorption steps.
Thiols adsorb on Au and Ag by an anodic oxidation whereas dialkyl disulfides

adsorbed through a reaction that results in net cathodic current.
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1.3.3 Experimental conditions ofdeposition

The popularity of the self assembly technique comes from the advantages that it offers
in setting the experimental conditions. In fact, the deposition can be carried out at
room temperature, under atmospheric pressure, without need of anhydrous or
anaerobic conditions. It is enough to expose the substrate to the solution (or vapour)
containing the molecules for a certain period of time to allow the assembly to occur.
In fact the strength of the bound formed between the sulphur atom and the metallic
substrate has been calculated to be in the order of 30 - 40kJmol’’ 43 while the net
energy of adsorption, considering the bond energies of S-H breaking, S-Au formation
and H? formation is about -5 kcal mol1 [>5. However, the stability of the layer
itself, in terms of energy needed to remove the layer, can be larger than that, since
stabilising lateral interactions have to be overcome in order to desorb the layer. Thus,
SAMs of thiols are stable over a wide range of electrolyte compositions, potentials

windows and temperatures5r.

The choice of the solvent for the deposition is mainly based on the solubility of the
molecules, because its nature does not affect the assembly itself. Usually, micro to
millimolar concentrations of the molecule are enough to carry out the deposition,

affecting more the final homogeneity of the layer3.

The size of the substrate can be tuned from macro to microscale without any
substantial difference in the self-assembly process. Nevertheless, the crystallinity as
well as the smoothness of the metal can affect the structure and defect density of the
monolayer.  Creager et asss proved how the microscopic surface roughness
influenced the final packing of the layer by comparing layers assembled on wet
chemically etched polycrystalline gold electrodes to gold films vacuum evaporated
onto heated mica. The blocking properties of the substrates were analysed as shown
in Figure 1.9 concluding that defectiveness in the monolayers were strongly
influenced by the preparation method of the surface. SEM and STM techniques were
used to characterise micro and macroscopic features concluding that only microscopic

differences were important in the final assembly.
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Figure 1.9. CVs of 0.2mM of (hydroxymelhyl)ferrocene at gold electrodes coated
with a monolayer of Ci2H2sSH: A) as polished, B) evaporated onto silicon with
chromium underlayer C) etched in concentrated aqua regia D) etched in dilute aqua

regia. Adapted from reference 54.
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In another contribution Yang el al. s showed, by electrochemical reductive
desorption, how the desorption potentials of alkanethiol monolayers depend on the
nature of the crystal lace of the substrate, as shown in Figure 1.10. The effect is
primarily due to the different electronic charge densities of the single crystal faces

upon which the adsorption is performed.

26



20

10

0

-10

A orhg

-20
-30
-40
-50

-60

-1.3

0
-8
-16
-24

| * 0N omS

-32
-40
-48

-1.4

ml -09 -0.7 -05 -0.3 -0.1 01

E / V vs SCE

-1.0 - 0.6 - 0.2 0.2

E/ V vs SCE

Figure 1.10. CVs of a nonanethiol coated Au(l 11) (top figure) and Au(l 10) (bottom

figure) electrodes in 0.1M KOH. The first cycle is represented with a solid line, while

repetitive scans are represented by dotted lines. Adapted from reference 55.

27



1.3.4 Electroactive monolayers

The possibilities of varying the chain length and, in particular, of easily introducing
functional groups, due to the availability of different oo-terminated thiols (halide,
alcohol, aldehyde, amide, carboxylic acid) are other important advantages offered by
the self-assembly method. Therefore, SAMs provide a flexible and convenient
method for attaching redox centres to electrodes producing electroactive SAMs to
study electron transfer at nanometer-scale36.

Besides the electron transfer studies, the redox centres can act as a non destructive
probe to characterise the structure of the SAMs, especially in mixed SAMs, or to
describe their adsorption/desorption dynamics.

The synthesis of electroactive molecules can be performed before or after their
immobilisation. In the first case, the redox centre can be synthesised with a pendant
thiol prior to deposition, which is a common strategy followed in literature.

At the other hand, the adsorbed thiols can be coupled via ester or amide bond
formation after deposition50.

Other routes bypass synthetic methods and produce redox active SAMs by means of
non covalent interaction between the monolayer and the active probe, i.e. host-guest
interactions. These two different technologies are the subject of the present thesis.
The ease of immobilisation, stability and ideality of SAMs produced by adsorption of
electroactive molecules, either covalently and non covalently linked to the sulphur
atom, on metal surfaces are discussed. Further characterisation of the specific
electroactivity also are presented. The characterisation is often performed by

electrochemistry and Raman spectroscopy.
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1.3.5 Adsorption dynamics o fSAMs

The adsorption of a monolayer involves different steps, such diffusion of the molecule
to the substrate, binding of the molecule on the surface, either reversibly or
irreversibly, reorganisation of the molecules, which can include surface diffusion,
lateral interactions and also desorption6l

Monitoring the changes of the monolayer surface coverage vs. time allows to study
the dynamics of the adsorption and determine parameters as the rate constants of the
process and the determining step nature, i.e. Kinetics, diffusion, competition with

other molecules.

Bain et al.¢2 first studied the chemisorption on gold of alkanethiols and found that the
adsorption process has two contributions with different kinetics. During the first step,
which lasts a few minutes, a disordered monolayer is deposited, while during the
second one, that can last for several hours or days, an internal reorganisation of the
molecules within the monolayer occurs. While the rate constant of the process is
unique, the speed of the deposition itself and the quality of the monolayer are
consequences of the solution concentration. By using millimolar solutions of the
molecule, highly defective monolayers are deposited in a few seconds while, with

micromolar concentrations, a slower less defective deposition is found.

Different fitting models were used in literature to model experimental data and obtain
thermodynamics information as the adsorption/desorption rate constant or the free
energy of adsorption27. Some of these models will be discussed below and applied in

experimental Chapters 3 and 4.
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Introduction

For kinetically controlled models, the rate determining step, to reach the final
maximum surface coverage, is the kinetics of the binding of the molecules on the
surface. In fact, it is possible to calculate, for semi-infinite linear diffusion, the role of
the mass transport to the electrode and compare the dynamics of the different steps
involved in the adsorption.

The mass transport contribution is calculated, for a defined bulk concentration, in
terms of the time needed to diffuse to the surface, enough material as to produce the

monolayer at the maximum surface coverage,
t=-£ - (1.21)

where D3nis the diffusion coefficient of the molecule in solution (cm /s) and 5 is the
film thickness (cm), defined as ro >with r maxin mol cm 2and Cbin mol cm °. If

t results smaller than the experimental time required to complete the adsorption, then

the mass transport from the bulk to the surface is not rate determining.

1.3.5.1 Kinetically controlled models

A consequence of an adsorption being kinetically controlled is that the concentration
of the adsorbing species adjacent to the surface approaches that found in bulk solution
and it is constant. Under these conditions, the rate of adsorption is first order in the

free sites at the surface:

?Of = 4«*(rmax - H (1-12)

where kak is the adsorption rate constant (s'). The solution of Equation 1.12

describing the variation of the surface coverage with time is therefore63:
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rCO-FmaxlIl exp( (1.13)

If the adsorption has reversible character, another term, kdesr, has to be introduced in

Equation 1.12, where kdes is the desorption rate constant.

When the adsorption requires two adjacent free sites and the adsorbed monolayer is
mobile, the second order equation describing the variation of the surface coverage vs.

time is the following:

0(0=1-— (1.14)
*adst

where o is the time dependent fractional coverage, )/Cme*and kaks has the units of

s'IM 1

However, competitive, irreversible, first-order parallel adsorption pathways, described
by two different binding constant can be representative of the system, e.g. two

different orientations of the adsorbing molecule.

Adsorption following a two-step mechanism, where weakly bound molecules undergo

a surface reorganisation can also be presenté4, 65,66.

Other systems can show mixed behaviour, combining different models. Shen et al.®’
described the adsorption of lysozome onto hydrophilic and hydrophobic SAMs,
previously immobilised at the surface, using QCM. The adsorption kinetic model
included reversible adsorption, irreversible adsorption, desorption and conformational

transformation from reversible to irreversible.

However, for instance alkanethiols adsorption has been fully described by simple first
order models as Equation 1.12, neglecting the desorption process, even though
alkanethiols are known to self-exchange with molecules in solution and diffuse over

the substrate surface68. In fact, the reversible character of the reaction was usually not
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visible at the timescale of the adsorption experiment allowing the desorption term to

be assumed zero69.
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1.3.5.2 Diffusion controlled model

When the interaction of the molecules with the substrate is fast, diffusion through the
bulk to the surface is the rate determining step.

Two main diffusion controlled adsorption types can be used to describe the system.
The first is a purely diffusion irreversible model. In this model, the solution adjacent
to the surface is completely depleted on the solute that adsorbs and the concentration
gradient drives its diffusion from the bulk towards the surface. Therefore, the rate of
adsorption is equal to the rate of diffusionzo and the equation describing the fractional

coverage time dependence, o, is the following:

rn f\u2
so I (1.15)

The model assumes that the sticking probability is equal to 1, which is valid for the
initial stage of the adsorption. Moreover, this equation does not take into account

saturation of the surface.

A diffusion controlled model that incorporates the fraction of covered area has the

following differential expressionzi.7o

rn ai/2
dT soln =" g (1.16)
Cby Tt

where 9 is the fractional surface coverage and can have different configuration and in

. T . r
the following derivation is approximated to 9 = - . The model assumes that

the adsorption has Langmuirian character and it is first order. The integrated equation

is then:
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1/2

r
m =rn 1-€exp —-— (1.17)
AT

where r = --—-- “& 2-. The model should be applied for systems undergoing a

reversible adsorption and at very low surface coverages, ie. when no lateral
interactions between the adsorbates exist. However, at the very beginning of
adsorption processes the surface coverages are usually low enough to allow Equation

1.17 to be applied.

Combination of kinetically and diffusion control models can also be considered.
Hubbard et al.72 reported on a system with these features, which was fully modelled
by Equation 1.13 and 1.17 at different timescales of the experiment. The combination
of the two equations was then finally used to fit the experimental data over the whole

range of times.

In the following experimental chapters fittings of the data with all the models
presented above are shown. The fittings are obtained by minimising the sum squares
of the residuals between the theoretical and experimental values and the best fitting

parameters are discussed and compared with literature values.
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1.3.6 Thermodynamics o fAdsorption

The relationship between the amount of substance adsorbed on the electrode, e.g. the
surface coverage T, and the activity in bulk solution, at a given temperature and
electrical state of the system, is given by the adsorption isotherm. This description is
valid for systems that undergo reversible adsorption, since no model is needed to
describe an irreversible system, where the final surface coverage has the same value

for all the concentrations.

Langmuir isotherm

The Langmuir isotherm describes equilibrium adsorption when 1) there are no lateral
interactions between adsorbed molecules, 2) the limiting surface coverage is dictated
simply by the size of the adsorbate, 3) all adsorption sites on the surface are
equivalent and 4) the adsorption is fully reversible. The Langmuir isotherm is

described by the following equation:

(r’_r) =pch (1.18)

where T is the surface coverage at equilibrium (mol cm’2), Tsis the saturation surface
coverage, (3is the adsorption coefficient and Cb is the concentration of the species in
the bulk (mol cm'3). Typically, the concentration of the compound in solution is
sufficiently low (from milli to micromolar values) that activity effects are negligible.
Application of the Langmuir isotherm to experimental data is helpful for obtaining
surface coverages of dense monolayer and the adsorption coefficients.

The latter can be used to determine the free energy of adsorption, i.e. the difference in
free energy between a surface active molecule in solution and in the adsorbed state,

according to the following:
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However, homogeneity which summarises the conditions for a Langmuirian
adsorption, is rare. Mercury electrodes come close to having homogenous surfaces.
Forsterrs reported on the nearly ideal -electrochemical behaviour of 2-
hydroxyanthraquinone (20H-AQ) adsorbed on mercury electrode, showing that the
dependence of the surface coverage on the concentration of 20H-AQ is well fitted by

the Langmuir isotherm.

Usually real surfaces have active sites on which the standard free energy of adsorption
is high and other less active sites. As the fractional surface coverage increases, the
most active sites are occupied first, followed by the less active. Then, lateral
interactions start to build up, depending on the nature of the adsorbed species and
their average distance apart. lon-ion interactions are long-range interactions since
they decay with the first power of distance. Dipole-dipole interactions decay with rs
while chemical interactions decay with re and are only influential at high values of
surface coverage. Following the lateral interactions, the voltammetric peaks become
broader or narrower than the theoretical value, the formal potential shifts, with
changes in the surface coverages and the peak currents do not depend directly on the
scan rate. Therefore, the Langmuir isotherm cannot describe the system and another
model that takes into account these interactions is needed. Frumkin isotherm models
the free energy of adsorption as an exponential function of the surface coverage, as

expressed by the following equation:

PC = exp(g<9) (120)
_u

1

where 9 = is the fraction coverage and g is a parameter that for attractive

interactions is negative and for repulsive interactions is positive. It follows that the

Langmuir isotherm is a special case of the Frumkin with g equal to zero.

For instance, in contrast to 20H-AQ monolayers, which showed Langmuirian
behaviour, 1-amino-2-sulfonic-4-hydroxyanthraquinone adsorbates exhibit significant
lateral interactions, in particular stabilising hydrogen bonding, which requires the

Frumkin adsorption isotherm to be used74.
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1.4. Electron transfer kinetics

1.4.1 Marcus theory

Introduction

The study of the heterogeneous electron transfer process across the
monolayer/electrode interface is of primary importance in order to characterise the
reactivity of interfacial supramolecular assemblies. Monolayers of redox active
complexes offer a powerful way to investigate the role of distance, structure and
redox composition on the rate and mechanism of the electron transfer because of the

ease in tuning their chemical structure and properties.

For homogeneous reactions, changes in the driving force coincides with changes in
the temperature or chemical structure of the reactant, which is a more complicated and
labour intensive route. At the other side, electrochemistry offers a powerful way of
varying the driving force of electron transfer reactions, due to the fact that the external

applied potential can be easily changed relative to the formal potential.

1.4.2 Homogeneous electron transfer reactions.

The starting point in describing the electron transfer is to consider homogeneous
reactions. Then, the derived model can be applied to heterogeneous systems.
Rate constants can generally be described using the Arrhenius equation which has the

following expression2l:

k = AvnKele -AG* IRT (121)

where vn is the nuclear frequency factor, Kei is the electronic transmission
coefficient, A is a precursor equilibrium constant and AG« is the free energy of

activation.  vn represents the frequency of attempts on the energy barrier, and is
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associated with the frequency at which the molecules achieve the appropriate
configuration to form the transition state. Therefore, vnis generally related to nuclear
bond vibrations or solvent motion. Kej is the probability that those molecules, once
achieved the transition state, fall into the products configuration and do not fall back
into the reactants configuration. A represents the ratio of reactant molecules in the
reactive position for transition state formation.

Microscopic theories, such as Marcus theory7, 76 relate AG"to structural parameters
of the reactants and the medium, in order to have a microscopic expression of the rate
constant, in terms of the distance of the redox centre from the surface, the nature of

the reactants and the role of the bridging ligand.

It is possible to describe a generic supramolecular assembly with the notation A-L-B,
where A and B are two redox active centres connected via the ligand bridge L. Then

the electron transfer process can be expressed as:

A-L-B -» A*~L-B* (1.22)

However, two requirements have to be satisfied in order for the electron transfer to

happen.

Firstly, the Franck-Condon principle, which states that the electron transfer process is
an instantaneous process. Thus, the nuclear configuration of the system does not
change during the electronic process. Therefore, reactant and product have to share a
common nuclear configuration at the moment of the transfer.

Secondly, since the electron transfer reaction in this case is supposed to be
radiationless, and since no energy can be dissipate as heat by vibrational motions, it
follows that the internal energy of the system has to be constant during the electronic
process. Therefore, the initial state (the energetic level of the electron on the reactant)
and the final state (the energetic level of the electron on the product) of the electronic

transfer have to be isoenergetic.

The free energy of the system is a multidimensional surface, defined in terms of the

nuclear coordinates of the reactant, product and solvent. Among all the different
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paths that the system can go through, the most favoured is considered, reducing the
problem to a single dimension. In this situation, since the internal modes of the A-L,-
B assembly can be approximated to those of a harmonic oscillator, with an average
mode frequency, the equation describing the free energy of the system is simplified to
a parabola.

Figure 1.11 shows the free energies vy the nuclear coordinates for the two

configurations A-L-B and A* -L-B*"
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Figure 1.11 Free energies vv. nuclear coordinates for the process A-L-B -» A*'-L-
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The only point where the above requirements are satisfied is when q s g” called the

transition state.

The equations for the two parabolic free energies can be expressed in terms of the
nuclear coordinates gAL-B and gA.+L-B.- At the transition state both equations can be
used to calculate the energy. Setting the two expressions equal to one another gives

an analytical expression for g and consequently for the energy of activation AG":

AG+=M '+l (1.23)

and the electron transfer rate constant expression becomes:

(/1 + AG °f

— 1.24
k = AKelvn exP AART (1.24)

where A is the reorganisation energy, which represents the minimum energy needed
to modify the nuclear configurations of the reactant and the solvent to that of the
product without transferring an electron. Therefore, increasing the reorganisation
energy of a system corresponds to a horizontal distortion of the product free energy in

relation to the reactant.
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1.4.3 The reorganisation energy X

The reorganisation energy X can be separated in two distinct contributions:

where Aj,and M are the inner and outer sphere components, respectively.

The inner sphere component, Xjn is the energy associated with changes in bond
lengths in the molecule required for the electron transfer to occur, while X0 is the
energy required to change the medium polarisation after that the electron transfer has
occurred.

Since many of the molecules used in interfacial supramolecular assemblies undergo
negligible changes in the bond lengths during the electron transfer, the inner sphere
reorganisation energy often does not contribute significantly to the overall X and the
main contribution is given by the outer sphere component2l. This last component for

homogeneous reactions ha the following expression:

e o n
2 (s ooornd (1.26)

47N 2 Ra MY\ £qp 3.

where e is the electronic charge, so is the permittivity of free space, Rd and Ra are the
radii of the donor and acceptor moieties respectively, rDA is the intramolecular
distance between donor and acceptor and egp and esare the optic and static dielectric
constants of the medium, respectively.

Both the intramolecular distance and the polarity of the solvent can affect the value of
Aot In fact, by increasing either the distance between the moieties A and B or the
polarity of the medium the outer sphere reorganisation energy increases. For
heterogeneous reactions where A or B is the electrode surface, Equation 1.26 is
slightly different and different contributions are present in literature about the

. * * * 77,78,
calculation of the outer-sphere reorganisation energy for heterogeneous reactions

79, 80
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1.4.4 Gibbsfree energy ofactivation

Equation 1.23 predicts how AG” changes with the thermodynamic driving force AG®
and X. Variations in the driving force can be thought in a nuclear coordinates scheme

as Figure 1.11, as vertical distortion of the free energy surface of the products respect

to the reactants. In particular, changing the driving force with respect to a constant

value of A produces three different situation as shown in Figure 12.
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A-L-B
A-L-B

AG®< X AG°= X AG®> X

(@) Normal (b) Activationless (c) Inverted

Figure L12. Schematic diagram representing the relation between a constant X and a

varying driving force, AG®
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When |AG°|< X (Figure a) by increasing the driving force, the energy of activation,
AG", decreases with a subsequent increase in the rate constant of the electron transfer
reaction as expected from Equation 1.23.

When |AG°| = X, (Figure b), AG” is equal to zero and the rate constant reaches a
maximum.

At more negative values of AG®, i.e. when |AG®| > X, AG” starts to increase despite
the large driving force for the reaction and subsequently the rate constant becomes

smaller. This range of AG® is called the inverted region.
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1.4.5 Heterogeneous electron transfer reactions

In order to find an expression for the rate for a heterogeneous system, A in the generic
supramolecular assembly A-L-B, is now an electrode with a continuous or semi-
continuous density of states, instead of the molecular orbitals of the molecular moiety.
Therefore, the model described for homogeneous electron transfer reactions can be
applied to heterogeneous systems, if changes are introduced as to reflect the metallic
behaviour of the electrode.

Three main elementary steps are thought to be involved in the overall electron transfer
process for a reactant that is adsorbed at the surface, i.e. thermal activation, electronic

coupling and the instantaneous electron transfer event itself.

Thermal activation allows the orbitals of the adsorbed molecule to fluctuate around a
mean value. Then, when resonance with the electrode energy levels is reached,
electron transfer can occur. However, another important factor needs to be satisfied,
e.g. the electronic coupling between the molecule orbitals and the electrode manifold
states. The shorter is the separation between them, the stronger will be the electronic
coupling. Finally, the instantaneous electron transfer process can occur. If a bridging
ligand connects the electrode surface and the adsorbed molecule, the long-range
charge transfer event can happen either via super-exchanges: or hopping mechanisms.
In the first case, the orbitals of the bridging ligand lie outside the resonance with the
donor orbitals, usually by ca. 2eV. Therefore, the transferring electron does not
directly populate the bridge orbitals. The role of the bridging ligand is to spatially
extend the wavefunctions of the reactants, allowing them to couple. In the hopping
mechanism, the electron is transferred sequentially through a bridge whose energy
levels lie in close resonance with the donor orbitals. The rate of the electron transport
may be described as an additive function of each electron transfer step through the

bridge.

A metal electrode has a broad energy band of electrons and the electronic coupling,

mentioned above between the adsorbed redox couple and the substrate, can occur with
. . 91, 09 .

any of the occupied electronic state * . As for the homogeneous reactions, the

electron transfer rate constant is sensitive to the driving force of the charge process, in
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this case the applied overpotential. However, this sensitivity depends on the extent of
the electronic coupling between the reactants, which differentiate systems in adiabatic

and non adiabatic, as shown in Figure 1.13.

Figure 1.13. Schematic representation of an adiabatic (top figure) and non adiabatic

(bottom figure) system
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When the electronic coupling is strong, as in the top figure, a splitting larger than kgT
arises at the intersection point. This produces a lower curve, where most likely the
system resides, and an upper curve representing an excited state. The system is called
adiabatic. When the interaction is small, as in the bottom figure, the splitting at the
intersection point is less than kgT. The probability to crossover from the reactant

curve to the product one is small and the process is called non-adiabatic.

The electronic transmission coefficient kei, introduced in Equation 1.21, describes the
probability that reactant species once achieved the transition state fall into the product
configuration. The transfer of an electron between an electrode and a species, held at
some distance from the electrode, is considered to be a tunnelling process. Therefore,
the probability of the charge transfer decreases with increasing the separation between
the electrode and the electroactive species and its value can range between o and 1,
representing minimum and maximum of tunnelling probability. From Figure 1.14 it is
clear that in case of adiabatic systems with a strong coupling, once the transition state

has been reached the probability of products being formed is high, close to unity.

At the other side, when the coupling is weak for non adiabatic system, the probability
of crossing over to the products configuration is small and Kei « 1. Figure 1.14
illustrates the small probability as a sharp cusp at the intersection between the two
potential energy surfaces. The strength of the coupling depends on the overlap
between the wave functions of the electrode and the electroactive species, and is
expected to decrease exponentially with increasing donor acceptor distance. Hence,
varying this distance allows the probability of electron transfer, and so k&, to be

systematically altered & x4.

Rearranging Equation 1.21 for adiabatic systems, where Kg is equal to 1, the rate

constant expression becomes:

k =Avne / (1.27)
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and it follows that the rate constant depends only on nuclear parameters, v,, (Franck-
Condon factors).

In contrast, for non adiabatic systems kd « 1 , and electronic factors play arole in the
rate constant value. A situation like that occurs when the two reactants are far apart

and electronic coupling is weak8x H5 S7* 83

In conclusion, classical Marcus theory relates the rate of electron transfer to electronic
and nuclear factors. The nuclear terms take into account the dependence of the
electron transfer rate on the solvent and species modes while the electronic factors
account for the distance dependence and the dependence on the nature of the bridge6L
Altogether these factors represent the critical parameters that influence the probability
of the electron transfer to occur once the driving force is enough to reach the

transition state.
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1.4.6 potential dependence ofthe heterogeneous electron transfer rate constant

A way to decouple the electronic and nuclear factors (vnkei) and the energy (AG")
factors in the electron transfer rate constant expression involves measuring electron
transfer rate constants at a single temperature over a range of driving forces. With the
use of the electrochemistry this is possible by measuring the electron transfer rate
constants at different applied overpotentials, r|. For adiabatic systems the electron
transfer occurs predominantly through states near the Fermi level of the electrodes:
and the electron transfer rate constant is given by the product of the frequency factor

and the density of the acceptor states in the molecule D61:

1/2
X - E f
k(E)y=vnD" * ! exp- ' ' (1.28)
y4TIXKBT A 4XKBT J

where X is the total reorganisation energy. For non adiabatic systems electrons with
energies below the Fermi level may be transferred and one needs to sum over all
electron energies. The Fermi function describes the distribution of occupied states

within the metal at a given temperature as the following

= 1.29
n(E) +exp[(E- E,)/k,, T\ ( )

where E is the energy level of an arbitrary state and Ep is the energy of the Fermi

level. Therefore Equation X becomes:

\ 1/2+ M e-[(A-£)2/4AKBr\

KE)=vaN - akar. | 1+e{E-EF)/KBT

dE (1.30)

where N is the number of donor states.
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The most significant consequences of Equations 1.28 and 1.30 are that they both
predict curvature in plots of In k vs. r\. For extremely large driving forces, k no
longer depends on overpotential and reaches a maximum value when r| is equal to X,
this is equivalent to the Marcus Inverted Region seen in homogeneous electron
transfer reactions. However, the rate of electron transfer does not decrease with

increasing driving force as in homogeneous electron transfer, rather it becomes

independent of driving force.
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1.5. Electrochemical and spectroscopic techniques

Introduction

A wide range oftechniques is available to study kinetics and thermodynamics aspects
of electrode processes. Basically, they can be divided in two main categories, bulk
methods, which deal with phenomena occurring in the bulk of the solution and

interfacial techniques, which study the electrode-solution interface.

In the present thesis, interest is focused on the study of interfacial properties of
supramolecular assemblies. For this reason potentiostatic techniques, which belong to

the interfacial dynamic techniques, were chosen to characterise the system.

When using the potentiostatic methods, the potential varies as a function of time and
the corresponding flowing current in the cell is monitored. The potential can be either
stepped, linearly swept or sinusoidally varied from an initial to a final value. To the
first class of techniques belong chronoamperometry and chronocoulometry. For the
second class the most representative techniques are cyclic voltammetry and linear
sweep voltammetry, normal and differential pulse voltammetry while for the third
class ac voltammetry and electrochemical impedance spectroscopy are the main

techniques.2:
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1.5.1 potential step techniques

Potential step techniques are widely used to obtain kinetic information about
heterogeneous electrode processes. The potential step is the simplest excitation
function which can be applied to the working eiectrode of an electrochemical cell, by
stepping instantaneously from an initial potential, at which no net current flows, to a
final potential, at which the taradaic process is occurring mw 91. The system s
monitored as it relaxes towards its new state by either recording the current-time
response (chronoamperometry)s2 or the charge-time response (chronocoulometry).

The general shape of excitation and response for a single potential step

chronoamperometry experiment in solution are given in Figure 1.14



E/V i/ A

Figure 1.14 Excitation function and general response in solution for single potential

step chronoamperometry
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1.5.1.1 Solution phase electrochemistry

It is possible to derive an equation describing the current-time profile of a redox
species in solution for potential step experiments, by setting the initial and boundary
conditions for the experiment.

For instance, a spherical electrode is immersed in an unstirred solution and initially
just O (the oxidised form of the redox couple) is present in solution. The
concentration of O from the surface of the electrode into the bulk is homogeneous and
the potential is initially set as no reduction of O or any other faradaic process can
occur.

At time zero the potential is instantaneously stepped to a new value, to fully reduce O
present at the surface. If the redox couple is kinetically reversible (Nerstian) the
reduction of O reaches, after a certain time, a situation of diffusion controlled state.
In this instance, the rate determining step of the process is the mass transfer of the
electroactive species at the electrode. A concentration gradient is generated in the
solution adjacent the electrode surface, which decreases in time, as well as the current.

* *
Under these conditions, the current-tfe function has the following expressio%1 :

_ nFADC, nFAChHDI;,l
K nmtuwbo K

where Cbis the concentration of O in the bulk, A is the electrode geometric area, Dsain
is the diffusion coefficient in the bulk of the oxidised form O and r is the electrode
radius. The other quantities have their usual meaning.

Equation 1.31 has two contributions whose contribution varies during the experiment.
At short time scales, the time dependent component is dominant and the diffusion
field towards the electrode surface can be considered planar. The thickness of the
depletion layer is much smaller than the electrode radius and the surface appears to

* . il w12
the electroactive species as planar. Under these conditions a t

dependence of the
current is found, both for micro and macro electrodes, and follows the decay
described by the Cottrell equation. A plot of i vs. tuz is linear, with a slope

proportional to the diffusion coefficient and the bulk concentration of O.
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At long time scales, the second term of Equation 1.31 does not contribute anymore to

the current, which reaches a steady state value in accord with the following equation:

nFAD....C,
w (1.32)

Vv

The steady state situation is the result of two balanced processes, diffusion and
electrolysis. The onset of the steady state for an electrode can be estimated by means

of a dimensionless parameter:

r

Therefore, for instance, for a 5 mm electrode and a redox couple with a diffusion
coefficient in aqueous solution of IxIO's emV 1 a time of 80 s is required to have a
equal to 10, i.e. to have iss= 10it. Therefore, steady state behaviour is not observed
for macroelectrodes at the tens of milliseconds timescale typical of conventional
electrochemical experiment. By reducing the radius of the electrode to 5ja,m, the time
for a steady state response is reduced to 80|us, which can fulfil the experiment

requirements.

Equation 1.31 shows that the current response is proportional to the flux of redox
species at the electrode, which has its maximum at time zero. Therefore, the system
at the very beginning of the experiment is kinetically controlled and a value for the
heterogeneous rate constant for the electrode reaction can be determined. In fact,
other practical problems are involved as the rise time of the potentiostat and the
presence of the double layer charging current. This last issue is particularly important

because this charging current can totally mask the faradaic current at short times.
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1.5.1.2 Surface confined species

The mass transport can limit the potential range over which it is possible to study the
kinetics behaviour of the system. In fact, the reciprocal of the rate constant at a
particular overpotential gives the timescale over which enough material has to diffuse
to the electrode in order to react. Typically, the diffusion coefficients of species in
solution are too small to produce enough electroactive material at the electrode
surface. Therefore, the use of electroactive monolayers allow this issue to be

eliminated.

For instance, an ideal electrochemical reaction involving a surface confined
electroactive couple is considered and the potential is stepped, from an initial
capacitive value to a final potential where a faradaic reaction is produced. The

equation describing the current-time profile has the following expression® :

iF =kQe{~ki) (1.34)

Equation 1.34 describes a single exponential decay, where k represents the apparent
heterogeneous rate constant for the overall reaction and Q is the total charge passed
during the reaction. Therefore, for an ideal system, where no iR drops are present and
an unique rate constant describes the kinetic properties, a plot of In i vs. t is linear,

with a slope of —k and intercept kQ.

As discussed in the previous section, a double layer is always set at the electrode-
solution interface, which produces a charging current when an external potential is

applied which has the following expression2lL:

ic= y A " HC> (1.35)

where AE is the magnitude of the applied potential step, Ruis the uncompensated cell

resistance (Ohm) and Cd the differential capacitance. Equations 1.34 and 1.35 can be
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resolved if the time constant of the double layer charging is shorter than the faradaic
one. In this instance, experimental data are taken and analysed after 5-10 R.C
constants . Shrinking the size of the electrode and increasing the ionic strength are

common strategies utilised to decrease the value of the cell time constant and are fully

discussed in the following experimental chapters.
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1.5.2 Sweep techniques

1.5.2.1 Cyclic voltammetry

Sweep techniques® 21 are useful methods to quickly obtain a general overview and
diagnose the redox properties of a redox active molecular system. In fact, it is
possible to gain information about potentials, reversibility or adsorption phenomena
by analysing the response ofthe system.

The most widely used technique is cyclic voltammetry (CV) which involves sweeping
linearly the potential of the electrode from an initial value Ei to a final E2 at a constant
rate. When E: is reached the sweep is reversed to reach the initial potential Ei or a

new value Es.

E/V

Figure 1.15. Excitation function in cyclic voltammetry

The consequent flowing current has a different profile if the redox couple is dissolved

in solution or adsorbed as monolayer on the electrode surface and behaves reversibly

or irreversibly.
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Solution phase electrochemistry

A quick way to characterise reversibility or irreversibility of a system, together with
the diffusion coefficients of the redox centres and formal potentials is solution phase
electrochemistry. For instance, a system where only the oxidised form (O) of a redox
reversible couple is dissolved in an unstirred solution is considered (no R present).
The Kkinetics of the redox couple is fast enough to satisfy at each potential the
equilibrium described by the Nernst equation. The starting potential is chosen at the
open circuit potential ofthe system (OCP) and, then, scanned in a reductive direction.
When approaching the formal potential of the couple, the reduction reaction of O
starts at the electrode surface and a cathodic current is observed. The concentration of
R increases, while O concentration decreases, with both concentrations being equal at
the formal potential. Then, by further scanning, the concentration of O at the
electrode surface approaches zero, while its concentration gradient and therefore the
cathodic current reach a maximum. If the potential is still scanned reductively, O
molecules sitting at larger distances in the bulk have to diffuse to the electrode surface
in order to satisfy the equilibrium dictated by Nernst equation. The depletion layer
starts to increase inside the bulk and consequently the gradient of O starts to decrease.
At this stage, the system is under diffusion control and the overall behaviour gives
rise to a peak shaped current-potential response. By further scanning, the potential
reaches values where a steady-state situation is reached. At this stage E is switched
and scanned back towards more anodic values. Initially, a cathodic current is still
observed due to the very cathodic value of the potential which allows O to be still
reduced. Once E becomes sufficiently positive, molecules of R, now accumulated at
the electrode surface, start to be oxidised and a peaked shape curve similar to the

cathodic (but in the anodic direction) under diffusion control is observed.

A typical CV for an ideally reversible redox couple in solution is shown in Figure

1.16:
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Figure 1.16. Typical cyclic voltammogram for areversible redox couple in solution

If the diffusion field at the electrode surface is assumed to be planar the Randles-
SevtNik equation gives the expression for the peak currents at 25°C under semi-infinite

linear diffusion conditions:

=2.69x 105n2,2ChADJD 2vu (1.36)

where v is the scan rate (Vs'D) and the other parameters have their usual meaning.
The square root of the scan rate dependence of the current has an implicit dependence
on tiz which is identical to that of the Cottrell equation. The reversibility of the redox

couple is assigned if the conditions listed in Table 1.1 are satisfied.
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Table 1.1. Conditions for areversible redox couple in solution

AEp = EpcEpa= 57/n mV

lipa/ipcl 1
i,a \m

E pindependent of v

| Ep-E p% |= 59/n mV

Moreover, under reversible conditions, the average of the two peak potentials gives

the half-wave potential which is in turn related to the formal potential of the redox

couple:

E = +Bil=gr (1.37)
2 2nF  Dh

In fact since usually Do~Dr, it follows that E 12 is a good approximation of the redox

formal potential.
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Surface confined species

Figure 1.17 shows a theoretical CV for an ideal reversible surface confined redox

couple.

Figure 1.17. Cyclic voltammogram for areversible surface confined redox couple
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The situation is representative for an electroactive monolayer adsorbed at the surface
with no molecules dissolved in the electrolyte, or at a very low concentration which
does not effect the faradaic response. Since no diffusion takes place, the consequent
peak-peak separation is not observed in the anodic and cathodic current maxima, and,
therefore, EPa=ERC The adsorption sites are considered equivalent and not dependent
on the applied potential and the adsorption of the monolayer is strong, in both the

reduced and oxidised form.

For instance, a system is considered where, at time zero, just the oxidised form is
present, and the potential is swept towards negative values. A consequent cathodic
current flows is observed, which rises from the capacitive to a peak value and with
further scanning it falls again to the capacitive current. Once more, a peaked shape
for the current is obtained and, when the potential scan is reversed, a symmetric shape

about x-axis is observed. The equation describing the peak currents is2L

NE AT (1.38)

ART

© S

where Y is the surface coverage (mol cm'2 and n is the number of electrons
exchanged during the reaction and A is the electrode area. In contrast with the

solution phase CV, the peak current for a surface confined species depends linearly on

The area under the wave represents the charge passed during the experiment and it is
possible to relate it to the surface coverage of the electrode through the following

equation6l:

nFA

Another important parameter is the full width at half maximum (FWHM), i.e. the total
width of the anodic or cathodic wave at half the peak current, which is related to the

lateral interactions among the molecules of the monolayer.
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Under Langmuir isotherm conditions (where no lateral interactions are experienced)

the FWHM for aNernstian reaction at 25°C is given by:

FWHM = — mK (1.40)

If repulsive lateral interactions are present FWHM>90.6/n mV while under attractive
interactions conditions FWHM <90.6/n mV.

In the following table the characteristics for an ideal reversible redox active

monolayer are summarised.

Table 1.2. Conditions for an ideally reversible electroactive monolayer
AEp=0
lipa/ipcl |
ip X v

FWHM = — mV
n

Epa= EpC-E il2~E°
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1.5.3 A.C. Techniques

1.5.3.1 Electrochemical Impedance Spectroscopy at the bare electrodes

Electrochemical impedance spectroscopy9, 21 represents an useful tool for studying
the Kinetic parameters of a system, together with the characterisation of its resistive
and capacitive behaviour. In EIS, the potential imposed on the cell is a sinusoidal
signal of angular frequency, co, of a small magnitude at a constant potential.
Therefore, the system is not strongly perturbed and the resulting current is
approximately at the steady state. Usually, the recorded output is the magnitude of
the impedance, a quantity which relates the applied ac potential to the flowing ac

current.

The impedance, Z, represents the overall capacitive and resistive behaviour of the cell

and relates the two phasors potential and current, E and i, as follows:

E=iZz=i(Ru- jXc) (1.412)
where Ru is the uncompensated resistance of the cell, Xc is the reactance and is the
reciprocal of the product coCd. Therefore, the impcdance can be thought as the sum of
a real and imaginary resistance, in a complex notation, as shown in the following

equation and Figure 1.18:

Z=Ru~jXc=Ru—j 'a>Cd (1.42)

66



Figure 1.18. Diagram ofthe real and imaginary components of the impedance
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The angle between the two phasors E and i, called phase angle, can be calculated as

follows:

tan 9= e e (1.43)

Equation 1.42 shows that the impedance depends on w and, therefore, by changing the
angular frequency it is possible to probe the whole behaviour of the cell.

In principle, any electrochemical cell at any angular frequency can be modelled with a
representative circuit of combined capacitors, resistors and inductors which are then
related to kinetic parameters of the cell. Different notations are used to display the
variation of the impedance with the frequency. In a Bode plot, log|Z| and § are both
plotted against log®. An alternative representation, a Nyquist plot, displays Z” (i.e.

roxXc) vs. Z’ (i.e. R) for different a values.

In the present work, the time constant of cells with bare working electrodes have been
measured by EIS. The analysis of the results is carried out by modelling the bare
electrode behaviour in a inert electrolyte solution with a RC circuit in series, as shown

in Figure 1.19

68



Figure 1.19. Nyquist plot for a bare electrode in an inert electrolyte solution and its

modelling circuit of R and C in series.

Since the modelling circuit is in series, the impedance is the sum of the reactance and
the resistance, i.e. Z=Ru+l/0)Cd. Therefore, at high values of oo, Z=RUwhile at low
frequencies the capacitive term becomes more important. Ideally, the final Nyquist
plot shows a straight line, crossing the Z’ axis at Z’=R. When either a reactive
monolayer is added or a redox couple in solution is present the profile in the Nyquist
plot is greatly changed. Therefore, more sophisticated and complicated mathematical

models are used to interpret the experimental data in terms of electrical circuits%4.
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1.5.4 Raman Spectroscopy

Introduction

In Raman spectroscopy an incident light is inelastically scattered by a sample and
shifted in frequency by an energy corresponding to its characteristic molecular
vibrations. The molecule, hit by the photons, changes its electronic state into a virtual
excited state which does not coincide with an electronic transition, and consequently
relaxes back in a new vibrational or rotational energy level. The final energy level is
smaller than the incident radiation for the Stokes lines and bigger for the anti-Stokes

lines, as shown in Figure 1.20.
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A K Virtual state

v]/
Ground state

Figure 1.20. Excitation and relaxation to and from virtual states for Stokes (1),

Rayleigh (2) and anti-Stokes (3).
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However, since only molecules that are in an excited vibrational/rotational energy
level can produce anti-Stokes lines and their number is usually small at room

temperature, in Raman spectroscopy typically only Stokes lines are measured.

A simple classical electromagnetic field description of Raman scattering can be used
to explain many of the important features of Raman band intensities. The dipole
moment, P, induced in a molecule by an external electric field, E, is proportional to

the field as shown in Equation 1.44:
P=aE (1.44)

where a is the polarizability of the molecule and measures the ease with which the
electron cloud around a molecule can be distorted. Raman scattering occurs because a

molecular vibration can change the polarizability. The change is described by the

polarizability derlvatlve,g , where p is the normal coordinate of the vibration. The
p

selection rule for a Raman-active vibration is that a change in polarizability during the
vibration has to happen. Therefore, the vibrations of a highly polar moiety, such as
the O-H bond, are usually weak since an external electric field can not induce a large

change in the dipole moment by stretching or bending the bonds.

Typical strong Raman scatterers are moieties with distributed electron clouds, such as
carbon-carbon double bonds. The 7i-electron cloud of the double bond is easily
distorted in an external electric field. Bending or stretching the bond changes the
distribution of electron density substantially, and causes a large change in the induced

dipole moment.

In general, the intensity of the Stokes Raman scattering is proportional to the square
of the induced electric dipole and, therefore, to any electromagnetic field incident on

the analyte:

IrSAE 2 (1.45)
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This relation is particularly important in explaining the enhancement of the signal

obtained at roughened surfaces as described in the following section.

15.4.1 Surface Enhanced Raman Spectroscopy (SERS) and Resonance Raman

Spectroscopy (rRS)

Surface enhanced Raman Spectroscopy (SERS)®% is a selective and sensitive
analytical tool that allows detection of molecules adsorbed on nanostructured
materials by enhancing the Raman signal. Increases in the intensity of the scattering
Raman signal have been observed on the order of 104-106 and for particular systems
as high as 106-1089%. These SERS active substrates are various metallic structures
with critical dimensions on the order of tens of nanometres. The most common type
of SERS active substrates exhibiting the largest effect are colloidal silver or gold
nanoparticles in the 10-150 nm size range, gold or silver electrodes or evaporated

films of these metals 91

It is generally agreed that many factors contribute to the augmentation of the signal,
but roughly the enhancement mechanisms are divided into two categories, the
electromagnetic field enhancement and the chemical first layer effects . The latter
provides an order or two of magnitude increase in the Raman signal and it is a
consequence of interactions between the adsorbed molecules with the substrate,
usually electronic coupling. For instance, these interactions can produce resonance
Raman effects due to the creation of new metal-molecule charge-transfer electronic
transitions.

At the other end, the electromagnetic field enhancement contribution arises from
enhanced local optical fields close to the metal surface. When the wavelength of the
incident light is close to the plasma wavelength of the metal, conduction electrons in
the metal surface are excited into an extended surface electronic excited state called a
surface plasmon resonance. Molecules adsorbed or in close proximity to the surface
experience an exceptionally large electromagnetic field, and, considering Equation
1.45 their Raman signal is more intense. Vibrational modes normal to the surface are

most strongly enhanced.
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Closely spaced interacting particles seem to provide extra field enhancement,
particularly near the gap sites between two particles in proximity. It follows that
roughened materials can produce this type of signal enhancement. Different
techniques have been used in order to produce nanostructured roughened surfaces, i.e.
oxidation-reduction cycles on electrode surfaces9, 100 vapour deposition of metal
particles onto substrates, lithography9%, metal colloids or metal deposition over a

deposition mask of polystyrene nanospheres 97401

It is also clear that the frequency of the excitation line is important and depends on the
characteristic of the roughened surface as well as the type of metal used1® It can be
inferred then that inhomogeneous roughened surfaces reduces the efficiency of the
enhancement, since only a fraction of the substrate will be able to produce
enhancement at any given excitation line. Molecules with lone pair electrons or n
clouds show the strongest SERS. The effect was first discovered with pyridinelQd3
Other aromatic nitrogen or oxygen containing compounds, such as aromatic amines or
phenols, are strongly SERS active. The effect can also been seen with other electron-

rich functionalities such as carboxylic acids9.

Raman spectroscopy is conventionally performed with green, red or near-infrared
lasers. The wavelengths are below the first electronic transitions of most molecules,
as assumed by scattering theory. The situation changes if the wavelength of the
exciting laser is within the electronic spectrum of a molecule, i.e. when Resonance
Raman Spectroscopy (RRS) is performed. In this case, the intensity of some Raman-

active vibrations increases by a factor of 102-104.

The signal enhancement observed in SERS depends on the distance of the Raman-
active species from the metal surface. While monolayers show superior surface
enhancement, there is evidence that SERS may operate at distances of up to tens of
nanometers6l. Moreover, for adsorbed species the selection rules are different and
forbidden modes for in normal Raman spectroscopy can be allowed in SERS. Finally,
the relationship between the frequencies and intensities of the SERS bands are
influenced by the applied potential and the degree of dependence is particular for each

considered system.
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Conclusions

The self-assembly and molecular recognition techniques seem to offer valid
alternative routes to the construction of micro and nanodevices, in particular for the

semiconductor industry, which is facing scale down issues.

Molecular electronics, involving chemically designed components, can be tailored
and tuned easily to satisfy the particular request of the single device. Therefore, the
study of heterogeneous systems as the electrode/electroactive monolayer interfaces is
fundamental to understand the advantages that these techniques can offer compared to
the traditional lithography method. In particular, the features of the modified
interface in terms of electron transfer properties are a key issue. Factors as the
distance of the electroactive molecule from the electrode surface, which influence the
electronic coupling, and contribution from the medium surrounding the reactive
molecule are fundamental. Moreover, the ease of fabrication and the steps constituting
the adsorption process are extremely important to understand those factors that drive
the formation of the monolayers. Finally, the homogeneity, structure, orientation of
the molecules within the monolayer and its stability need to be characterised in order
to verify the production of nanometre size systems that can answer the reliability

required by the semiconductor industry.
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Chapter 2:

Microelectrodesfabrication, synthesis and
characterisation ofcomplexes andfunctionalised j3-

cyclodextrin
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Introduction

In the following chapters the immobilisation and characterisation of cobalt complexes
and thiolated P-cyclodextrins (P-CDs) on metal surfaces will be described. Particular
attention is dedicated to the adsorption dynamics and electron transfer properties of the

assembled monolayers.

The use of metal substrates, such as platinum and gold, allowed the layers to be
characterised by electrochemical and spectroscopic methods, including cyclic
voltammetry, chronoamperometry, AC voltammetry and Raman spectroscopy. These
materials show a high affinity for immobilisation through the sulphur atom, they are
stable in a large potential window, both in aqueous and organic solutions and they show

enhanced Raman spectra when the substrate is appropriately prepared.

Thiolated cobalt complexes have been studied previously as building blocks for
supramolecular structuresl,2. However, the studies were focused predominantly on the
energetics of immobilisation and not in the dynamics. The present work involved the
study and characterisation of tailored molecules for applications in nanotechnology, and
in particular in molecular wires, so the major focus was on the electron transfer properties
of these monolayers. In this context, the use of microelectrodes is essential in order to
probe fast charge transfer kinetics. It is well known that by reducing the dimensions of
the electrode surfaces adverse effects, such as ohmic drop, can be significantly reduced
and rapid electrode response times achieved 34. The development of microelectrode
technology has significantly broadened the amount of information that can be obtained
from electrochemical experiments5. Thus, detailed examinations of the Kkinetics of
electrode reactions can be performed at short timescales, revolutionising the

understanding of electrode reactions

In the first part of this chapter, the construction and characterisation of platinum
microelectrodes are described. The electrodes constructed in this study have radii in the

range of 12.5-50 |*m, and the response times of these small electrodes are discussed.
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In the second part, the synthesis and characterisation of the thiolated cobalt complexes
are then described. Complete characterisation of the complexes was carried out using a
range of analytical techniques including elemental analysis, mass spectroscopy, UV -Vis

spectrophotometry, HN MR, Raman spectroscopy and solution phase electrochemistry.

Thiolated p-CDs are an easy way to modify an electrode surface in order to form a
substrate capable of molecular recognition. In the present chapter the characterisation of
the gold polycrystalline surface, which acts as a platform for the immobilisation of p-CD-
SH molecules, is presented. Complete characterisation of the p-CDs and the including
cobalt biphenyl terpyridine complex was carried out again by HPLC, UV-Vis

spectrophotometry, HNMR and Raman spectroscopy.
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2.1 Platinum Microelectrodes

Introduction

Electrodes with a critical dimension, e.g. the radius lying in the range of micrometer, are
usually called microelectrodes. The successful application of microelectrodes comes
from their interesting electrochemical properties that allows fast electrochemical
techniques to be used together with a wider range of electrolytic media, not suitable for
typical electrodes with millimetre size. Microelectrodes show currents in the range of
pico and nanoampere, steady-state responses in the range of microseconds and short RC

double layer charging times3

During an electrochemical experiment capacitive and faradaic currents flow through the
cell and produce a potential that distorts the applied potential by an amount iR, the ohmic
drop. The nano and pico currents produced at the microelectrodes lower the ohmic drop
and allow experiments to be performed in poorly conducting media such as organic
solvents. In fact, when a nano current is observed in a cell containing a media with a
specific conductance of 0.01 ficm'and an electrode with a radius of 25pm, the potential

undergoes a deviation of less than 1 mV, which is not detectable by cyclic voltammetry.
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Mass transport

Equation 1.31 in Chapter 1 describes the mass transport for potential step techniques at
short and long time scales at an electrode surface.

At short time scales, the diffusion field at the electrode surface can be considered planar
and the microelectrode shows a CV with the typical peak-shaped profile characteristic of
semi-infinite linear diffusion control. At longer timescales the depletion layer is larger
than the electrode and the geometry of the electrode becomes more important. A
spherical diffusion field is reached which is more efficient than the planar one. Under
these conditions it is possible to observe a steady state response that is only observed at

very long times (tens of seconds) with macroclectrodes.
Cell time response
Equation 1.35 describes the current that flows due to the charging of the electrical double

layer. The resistance of an electrochemical cell depends on the specific conductance of

the medium k and the radius of the electrode as follows®6:

F- =T ')

In contrast, the double layer capacitance is proportional to r2. Multiplying Rs and Cd
gives the time cell constant, RsCd, which, actually decreases proportionately to the
electrode radius. Thus, shrinking the electrode radius produces a smaller cell time

constant and a faster electrode response
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2.1.2 Microelectrode fabrication

Platinum microelectrodes were constructed using a method previously reported7, by
sealing a fine wire of platinum (Goodfellow Metals, Cambridge, UK) in soft glass. The
radii of the microwires used were in the range 12.5-50fim. Soft glass tubing (0.d. 5mm,
i.d. 3mm) was cut into pieces of about s cm in length. One end of the tube was heated in
a butane flame, until the tubing partially collapsed, leaving a hole of inner diameter of
about 1mm. The tubes were then soaked in a 50:50 milliQ water/nitric acid solution, at
50°C, for several hours to remove any contamination. After cleaning, the tubes were
rinsed with milliQ water and then soaked in acetone for 2 hours. Finally, the pieces of

tubing were rinsed with milliQ water and oven dried.

An aluminium transition wire (approximately 5 cm in length) was soldered to a piece of
copper hook-up wire, stripped of its outer plastic protective covering and bent in zig-zag
shape to ensure stability of the wire within the glass tubing. Approximately 3 cm of the
microwire was then cut and one end winded around the aluminium wire and soldered.
The microscopic wire was then cleaned in a 50:50 milliQ water/nitric acid solution for
one hour, rinsed with milliQ water, then soaked in acetone for another hour and finally

allowed to dry in air.

The conductivity of the wire assembly was then checked with a multimeter and then
passed through the glass tubing, allowing approximately 0.5 cm of the microwire to be
exposed through the hole at the end of the tubing. This end was then gently heated in a
butane flame until the glass completely collapsed around the microwire, forming a seal
between the glass and the microwire. The assembly was then glued to the glass at the end
of the copper wire, using an epoxy adhesive and finally capped with a plastic cap. The
end of the electrode was then polished using fine sand paper until the end of the electrode
appeared flat. The electrode was then allowed to stand in milliQ water overnight to
check for any leaks into the electrode body. By performing cyclic voltammetry in 1M

LiC104, before and after the soaking, the leakage could be detected as a substantial
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increase in the background current. Approximately 90% of the electrodes constructed
using this approach were successfully made and were used routinely in electrochemical

experiments. The design of the microelectrodes is shown in Figure 2.1
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wire
Plastic cap and
adhesive

Soft glass tubing

Soldered connection

Aluminium
transition wire

Soldered connection

Microw ire

Tapered end

Figure 2.1 Design ofthe microelectrodes constructed for this study



2.1.3 Electrode polishing

Electrodes that had been successfully sealed were then polished using aqueous slurries of
alumina (Buehler, aluminium oxide powder) applied to a felt polishing pad (Struers, OP-
Chem). Polishing was carried out by holding the electrode surface against the polishing
pad and gently performing “figure of eight” movements with the electrode. Polishing
was performed using successively finer grades of alumina, 12.5, 5.0,1.0, 0.3 and 0.05 pm.
Between each grade of alumina the electrodes were rinsed thoroughly using milliQ water

and then sonicated in milliQ water for 10 minutes.

The progression of polishing was monitored by cyclic voltammetry in 0.5 M H2SO4. In
this experiment, the reference electrode was a Ag/AgClI, KClsa aqueous reference, placed
in a salt bridge containing the same sulphuric acid solution while a platinum wire was the
counter electrode. The salt bridge was used in order to minimise contamination of
sulphuric acid solution from the chlorides diffusing from the reference filling solution.
Chlorides can react with the metal substrate and affect the voltammetric response. A

typical CV for platinum microelectrodes is shown in Figure 2.2
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E vs Ag/AgCIlA/olts

Figure 2.2 CV of a polycrystalline platinum microelectrode (50 j.un radius), in 0.5M
H2SO4 for electrode cleaning. Scan rate: 0.1 Vs'lL Reference electrode: Ag/AgCIl. KCI?

in a salt bridge. Counter electrode: platinum wire
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In general, the potentials were scanned in a range chosen to form and then subsequently
fully reduce a complete oxide monolayer in order to completely remove any adsorbed
material.  In particular, between 0.7 and 1.0V, the formation of a platinum oxide
monolayer is observed, whose profile changes during the scanning. The reverse scan was
run from 1.4 to -0.2V to fully reduce the oxide layer around 0.5V. The reductive
adsorption peaks for hydrogen are also detected between 0 and -0.2V followed in the
reverse scan by the oxidative desorption hydrogen peaks. Limited repetitive scans were
performed in this range of potentials until no further change in the oxidation and
reduction peaks were observed. A second set of CVs was then run in a smaller potential
window. This protocol allowed obtaining a clean electrode and an accurate measure of

the charge needed to oxidise just the first layer of the metal surface.

2.1.4 Determination ofelectrode area

Due to the well characterised formation of oxide monolayers on polycrystalline platinum,
the charge passed in removal of these oxide monolayers is routinely used to determine the
real or microscopic area of these electrodes8. For platinum, hydrogen adsorption from

solution may also be used to determine the microscopic area.

The method of oxide reduction for the determination ofthe real surface area assumes that
oxygen is adsorbed at the surface in a mononuclear layer and also that one oxygen atom
is attached to one metal atom. Once the contribution from double layer charging has
been subtracted, the charge passed during the reduction of the metal oxide layer can be

used to calculate the real surface area according to Equation 2.2

where Areg[ is the microscopic area of the electrode, Qr is the charge under the surface
oxide reduction peak (C) and Qs is the standard value for the surface oxide charge per

unit area for each metal. The reference value for polycrystalline platinum is 420(j,C cm'z.
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The surface roughness of the microelectrodes was calculated by dividing the microscopic
area by the geometric area and typical values for the roughness factor were in the range
of 1.5-2.1. Some uncertainty arises because of the differing crystal composition of the

surface since the charge of desorption depends upon the crystal face of the metal9.

Once the microscopic area of the electrodes was determined, the electrodes were
electrochemically cycled in a capacitive range in 0.5M H2SOs, until a time independent
background response was observed. In this way complete reduction of any surface oxide

and also full desorption of hydrogen were ensured.
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2.2 Gold macroelectrodes

The same polishing procedure and electrochemical cleaning described for the platinum
microelectrode was followed for the gold macroelectrodes (CM Instruments, 2mm
diameter).

Figure 2.3 shows a typical CV, first and last scan, obtained for a gold polycrystalline

macroelectrode cycled in 0.5M ILSOa:
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E vs Ag/AgCl/Volts

Figure 2.3. CV ofa polycryslalline gold macroelectrode (2mm diameter) in 0.5M H2SOs
for electrode cleaning, first scan (thin tine) and last scan (thick line). Scan rate: 0.1Vs'l

Reference electrode: Ag/AgCI, KClst in a salt bridge. Counter electrode: platinum wire
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Again the potentials were scanned in order to fully oxidise and then fully reduce the gold
oxide layer and remove any adsorbed material. Between 1,4 and 1.6 V the peaked profile
typical for a polycrystalline gold substrate is observed10. The major difference between
platinum and gold is the absence for the latter of the adsorption/desorption hydrogen
peaks. Therefore, the microscopic area can just be determined with the oxide reduction
peak observed at 0.9V, knowing that the specific charge for gold is 390jo,C cm'2 8.

Typical values for the roughness factor were in the range 1.5-2.2.
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2.3 Double layer capacitance and uncompensated cell resistance

As mentioned before, in order to measure the heterogeneous electron transfer rate
constant accurately, it is necessary to know the cell time constant. In the following
sections, the interfacial capacitance and uncompensated cell resistance as measured by
chronoamperometry, AC voltammetry and impedance spectroscopy are reported and
discussed as a function of electrode size and electrolyte concentration. The objective is
to identify those electrodes with the smallest RC constant that will be used as the starting
point during the electron transfer determination experiments. Acetonitrile solutions of
TBABF4 were tested, since the monolayers behaves ideally in this electrolyte and are

stable for several hours.

Materials and instrumentation

Platinum macro (CH Instruments, 2mm diameter) and home-made micro electrodes were
mechanically polished as previously described and rinsed with milliQ water. The
characterisation was performed in acetonitrile solutions (Sigma-Aldrich, 99.9%)
containing oven dried TBABF: (Sigma-Aldrich electrochemical grade) as electrolyte. A
three-electrode electrochemical cell of conventional design was used and all the
potentials were quoted versus a non-aqueous Ag/Ag+ reference electrode previously
calibrated versus the ferrocene/ferrocenium redox couple. The counter electrode was a

platinum wire.

Chronoamperometry and AC voltammetry were performed, for macro electrode, using a
CH instrument Model 660A potentiostat/galvanostat. EIS was performed for

microelectrodes using an impedance spectrum analyzer IMs BAS Zahner.
For microelectrodes chronoamperometry experiments, a custom-built function two-

electrode, generator-potentiostat with a rise time of less than 2 ns was used. The counter

electrode was a Pt wire combined with a Ag/Aghreference electrode.
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Prior to any experiments the solutions were deoxygenated with oxygen-free argon and a

blanket of argon was left over the solution for all the experiments.
2.3.1 Electrolyte concentration dependencefor macroelectrodes
Electrochemical impedance spectroscopy determination

In electrochemical impedance spectroscopy, a constant dc potential of 0 V (the OCP) was
chosen and the frequency ofthe ac potential was changed between 1and 1x 104 Hz, while
the electrolyte concentrations ranged between 0.05 and 0.6 M. Figure 2.4 shows the
profile for the phase angle versus the frequency of the ac potential for a platinum
macroelectrode in 0.6M TBABF4, in acetonitrile. The conversion of this plot into a graph
of imaginary versus real part of the impedance, shown in Figure 2.5, was performed by

the CHI software by means of the equations introduced in chapter 1

!f%

§-20 J

-100
logf

Figure 2.4 Phase angle versus logf for a platinum macroelectrode (2 mm diameter) at
0.6M TBABF4, in acetonitrile. Frequencies range: 1to IxIO4 Hz. Amplitude: 0.005V.

Reference electrode: Ag/Ag+calibrated vs. Fc/Fc+. Counter electrode: platinum wire
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Figure 2.5 shows the imaginary Versus the real parts of the impedance for all the

concentrations for the platinum macroelectrode

K 100D
Do ¢ 0.05M

<o, 0 0.1M

800 Oe A 0.2M

lo A 0 0.3M

600 0 0.5M

m 0.6M
400
200
0

0 200 400 600 800 1000
Zl

Figure 2.5 Plot of -Z” vs. Z’ for a platinum macroelectrode at different supporting
electrolyte concentrations, TBABF4, in acetonitrile. Frequencies range: | to IxIO4 Hz.

Reference electrode: Ag/Ag+calibrated vs. Fc/Fc+. Counter electrode: platinum wire.



The values for the uncompensated cell resistance at the different electrolyte
concentrations can be easily extrapolated at -Z”=0, by modelling the impedance profile

with best tit linear regressions.

Moreover, rearranging Equation 1.43 gives:

Z=— =—— (2.3)
toC, 2JfCd

where f is the frequency in Hz. By plotting Z” versus coa straight line is obtained,
whose slope gives the differential capacitance, Cd. Figure 2.6 shows the straight lines

obtained from the results of Figure 2.5 at the different concentrations
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3.5E+03
3.0E+03
2.5E+03
2.0E+03
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O.CE+O0
O.CE+00 5.0E-04 1/ 1.0E-03 1.5E-03

Figure 2.6. Plot of Z” versus l/co for a platinum macroelectrodc (2mm diameter) at
different supporting electrolyte concentrations, TBABFa4. in acetonitrile.  Reference
electrode: Ag/Ag* calibrated vs. Fc/Fc". Counter electrode: platinum wire. The symbols
are the data and the straight line are the linear regressions whose slopes give the

capacitance of the double layer.
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The calculated differential capacitances and resistance are shown in Figure 2.7 for

different electrolyte concentrations.

y 10 350 g

0 300 |
250
200
150
100
50

0.0 0
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Acapacitance cm
O resistance

Figure 2.7. Electrolyte concentration dependence of the differential capacitance and
resistance by EIS for a platinum macroelectrode at different supporting electrolyte
concentrations, TBABF: in acetonitrile. Reference electrode: Ag/Ag+ electrode

calibrated vs. Fc/Fc+redox couple. Counter electrode: platinum wire.
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As it can be seen from summarising Figure 2.7 and Table 2.1, Cj does not show any
significant electrolyte dependence in the range of concentrations considered. This
suggests that the diffuse double layer is compressed for each electrolyte concentration

investigated and does not contribute significantly to the overall capacitance.

In Figure 2.7, a linear dependence of the resistance with the electrolyte concentration is
visible up to 0.3 M TBABF4, as predicted by Equation 2.1. Further increase of the
electrolyte concentration does not decrease the resistance of the system, while a constant
plateau value is reached. This phenomenon is probably due to some sort of residual

resistance present in the set-up, e.g., a contact resistance in series with the cell resistance.

Table 2.1 summarises the results obtained at different electrolyte concentration in terms

of uncompensated cell resistances and double layer capacitances.
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Table 2.1 Uncompensated cell resistance and double layer capacitance dependence on

TB A BF24 concentration in acetonitrile by EIS for platinum macroelectrode

C/M Ru,/Ohm C,i/|iF
0.05 25240 0.43%0.10
01 21145 0.4420.10
0.2 122+22 0.470.08
0.3 8010 0.56£0.07
0.5 A8x7 0.460.05
0.6 568 0.50:£0.05
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Chronoamperometry determination

The uncompensated cell resistances and the double Ilayer capacitances for
macroelectrodes at different electrolyte concentrations were also determined by
chronoamperometry. A typical response is shown in Figure 2.8 and the inset shows the

semilog plot:

0.8
| m 4

y = -12943x - 8.0106
0.6

0.4

0.2

0.0
0.0 0.1 0.2 0.3 0.4 0.5

time/ms

Figure 2.8 Current response from -0.6 to -0.55V for a platinum macroelectrode (2mm
diameter) in acetonitrile, 0.6 M TBABF4 in acetonitrile. Reference electrode: Ag/Ag+
electrode calibrated vs. Fc/Fc+redox couple. Counter electrode: platinum wire. Potential

step: 0.050V for 0.5ms. The inset shows the semi-log current versus time response.
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As mentioned in Cliapter 1 the current flowing after applying a potential step in a

capacitive range of potentials can be modelled by the following equation:

AF
K =v ~ expi-t IR'Cd) (2.4)
frx

Using the linearized form of the equation, which is shown in the inset in Figure 2.8, it is
possible to calculate the cell time constants, and the individual resistance and differential
capacitances. The determined uncompensated cell resistances and capacitances are shown

in Figure 2.9 and summarized in Table 2.2.

1.0 450
350
250
150

50
0.2 0.4 0.6

: C/IM
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Figure 2.9 Electrolyte concentration dependence of the differential capacitance and
uncompensated cell resistance by CA for a platinum macroelectrode (2mm diameter) at
different supporting electrolyte concentrations, TBABF” in acetonitrile. ~Reference
electrode: Ag/Ag+ calibrated versus Fc/Fc+ redox couple. Counter electrode: platinum

wire.
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Table 2.2 Uncompensated cell resistance and double layer capacitance dependence on

electrolyte concentration by CA

C/M RJOhm C/txF

0.05 366+48 0.29+0.15
0.1 299+37 0.20+0.10
0.2 170+30 0.31+0.12
0.3 127+33 0.43+0.10
0.5 100+20 0.18+0.08
0.6 91+20 0.42+0.08
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Again, the capacitance does not show a particular dependence on the electrolyte
concentration, while the uncompensated cell resistance drops, especially from 0.05 to
0.2M. It is interesting to note that the values obtained by E1S and CA are in good
agreement, considering the different techniques and the models used to fit.

Table 2.4 summarises the results in terms of cell time constant, determined either by EIS

or CA, at different electrolyte concentrations

Discussion ofthe results

In Chapter 1the Debye-Hiickel k parameter was defined and calculated for a range of
concentrations, for a 1:1 electrolyte in water and acetonitrile at 25°C. Equation 2.5

shows the expression ofk:

12
(2.5)

where £ is the dielectric constant of the medium, n,° is the number of ions at the bulk
concentration, e is the charge of the electron, kHis the Boltzmann constant, T is the
absolute temperature and z, is the charge of the ion taken with the sign. The units of k are
therefore the reciprocal length, then k 1has the units of length (m) and is usually called
the thickness ofthe double layer.

Table 2.3 shows the calculated k for the range of concentration between 0.05 and 0.6M of

TBABF4 in acetonitrile at 25°C.
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Table 2.3 cCalculated k : for different concentrations of TB A BFs in acetonitrile at 25°C

C/IM Kl/nm
0.05 136
o 9.6
0.2 6.0
0.3 5.6
0.4 g
0-5 4.3
08 3.9

The major effect of the concentration on k is evident switching from 0.05 to 0.2 M, when
the k value halves. Further increase of the concentration does not significantly change
the diffuse double layer thickness. In Chapter I, the total double layer was described as
made of two contributions defined by the OHP, and therefore the double layer
capacitance was also split in two different components, Cn and Cdimtse.two capacitors in
series, representing the capacitance of the charges at the OHP and of the diffuse layer

respectively. The typical rules for capacitors in series were applied:

(2.6)

where for a1:1 electrolyte is
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C fl ~ esolSO! x2

_ =2/ \ (2-7)
Cdlffuse = KCOShV n k,,T

The diffuse layer capacitance, Cdiffl&, depends on the potential and the value of k while
the total capacitance, Cd, is governed by the smaller of the two contributions in Equation
2.7. Therefore, at large electrolyte concentrations Cdiffuse becomes so large that its
contribution to the total capacitance is small and in a plot of Cd versus potential one sees
only the constant capacitance of CH. At small electrolyte concentration a peaked profile
is seen, with a minimum at the PZC. Therefore, an interesting way to probe the
behaviour of the capacitance and understand its contribution to the RC constant of a cell,

is to probe the potential dependence of the capacitance at different electrolyte

concentrations using AC voltammetry.
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Figure 2.10 Differential capacitance versus potential for a platinum macroelectrode (2
mm diameter) at different TBABF4 concentrations in acetonitrile. Reference electrode:

Ag/Ag+calibrated versus Fc/Fc+redox couple. Counter electrode: platinum wire.
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With the exceptions of 0.6 and 0.3M all of the capacitance values are approximately
independent of the applied potential. Moreover, the capacitance values are in the same
range for the different concentrations, slightly shifting towards higher values while
increasing the concentration. This phenomenon suggests that the double layer is
compressed and behaves as a parallel plate capacitor, without really affecting the RC
constant value.

The exception showed by 0.6 and 0.3M could be explained with some sort of adsorption
of the electrolyte on the surface, phenomenon that is not taken into account in the double
layer description by Stern. Another possible explanation could be a reconstruction effect
of the polycrystalline surface electrode that can happen during the scanning of the
potentialll This phenomenon would change the crystallinity of the exposed surface to
the contacting electrolyte solution causing a variation of the electrode response. In order
to study this possible explanation differential capacitance experiments could be
performed with single crystal electrode, since a variation in the surface crystallinity could

be detected easier.
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Table 2.4 Cell time constants determined either by EIS or CA for different

concentrations of TBABF4 in acetonitrile for platinum macroelectrode

C/M RC constant/ms by EIS RC constant/ms by CA
0.05 0.11 0.10
01 0.09 0.06
0.2 0.06 0.05
0.3 0.04 0.05
0.5 0.02 0.02
0.6 0.03 0.04

The two techniques show the same trend for the time cell constants. In particular, the
shortest cell time constants are obtained when the electrolyte concentration is at least
0.3M. Therefore, in the measurement of the electron transfer, a concentration of 0.6M
TBABF4 was selected.



2.3.2 Size dependence : microelectrodes and high speed chronoamperometry

In the following experiments, the size dependence of the cell time constant will be shown
and discussed, by comparing the values obtained for macroelectrodes to those determined
for microelectrodes at 0.6M. In order to do so, the effect of electrolyte concentration was

assessed.

High speed chronoamperometry was carried out by stepping the potential of 0.050V from
-0.6 to -0.55V. As for macros, by fitting Equation 2.4, estimations for R and C were

calculated at different electrolyte concentrations and they are shown in Figure 2.11

1.20
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0.20
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
U resistance c/M
A capacitance

Figure 2.11. Electrolyte concentration dependence of the differential capacitance and
resistance by HSCA for a 100 p,m platinum electrode at different supporting electrolyte
concentrations, TBABF4, in acetonitrile. Reference electrode: Ag/Ag+ calibrated versus

Fc/Fc+redox couple. Counter electrode: platinum wire.
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As it can be seen from the figure, the same trends found for macros are observed for the
microelectrodes. In particular, the linearity between the electrolyte concentration and the
resistance is well followed. The double layer capacitance drops by three orders of
magnitude with respect to the values for macros, while the resistance increases by two
orders of magnitude. The overall effect is a net decrease of the cell time constant, from
sub millisecond to less than 10|j,s. This observation is consistent with the theoretical
considerations of Section 2.1 where the RC is expected to vary with the radius of the

electrode, when everything else is kept constant.

Table 2.5 reports the calculated values for RC for the whole range of concentrations for

the platinum microelectrodes.
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Table 2.5. RC constants determined by HSCA, for 100 jam platinum electrode at

different supporting electrolyte concentrations, TBABF” in acetonitrile.

C/M RC constant/ps
0.05 9.5+£2.0
0.1 4.4+1.2
0.2 3,6£1.1
0.3 3.0£1.3
0.6 1.6+0.7
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The values of the reciprocal cell time constants are between 1.05 and 6.2 *10Y 1
Therefore, electron transfer reactions with rate constants of the order of IOV: can be
measured. In the literaturel2 electron transfer rate constants for similar compounds to
that described in the present work exhibit rate constants in the range of 10 s'1 Therefore,

it is theoretically possible to measure rate constants using these electrodes.

In order to confirm the values obtained for the time cell constants by HSCA,
electrochemical impedance spectroscopy experiments were ran at 0.6M for 100 and 25
micron radius electrodes. The potential chosen was the OCP, and the frequency was
ranged from 1x103Hz to 1x 10sHz.

The results for the EIS are shown in Table 2.6. It can be seen that, for the 100pm
electrode, they match the values obtained by the chronoamperometry experiments within
10%.
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Table 2.6. RC constants at 0.6M TBABF4 acetonitrile solution for a 100 and 25-(j,
platinum electrode by CA and EIS.

C/M electrode diameter RC/jus by CA RC/fts by EIS
(fMm1)

0.6 100 1.6 1.8

0.6 25 - 0.16
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It is interesting to note that by switching from 100 to 25 jam (diameter) electrodes the RC

constant decreases of one order of magnitude.

In general, the electrode characterisation experiments show that the RC constant of a cell
does decrease by increasing the electrolyte concentration in a very reproducible way for
different sizes of platinum electrodes. The effect of the electrolyte is mainly on the
resistance of the system that is generally reduced of one order of magnitude, keeping the
size of the electrode constant. Nevertheless, a striking effect is obtained when the
electrode dimensions are reduced, changing from 1mm diameter to 50 and 12.5p,m radius.
The RC constants are reduced over four orders of magnitude, due to the small
capacitances of the electrodes. Therefore, the best case scenario is represented by an
electrolyte concentration of 0.6M and a microelectrode of 12.5pm radius, which allows

the electron transfer reactions that occur on the microsecond timescale to be characterised.
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2.4 Cobalt terpyridine complexes

Introduction

The cobalt complexes used in the present work are terpyridine complexes of Co2+ with
different substituents to allow self-assembly or docking with a cyclodextrin host, i.e.

benzylthiol and biphenyl. Figure 2.12 shows the structures of the complexes.

Figure 2.12 Molecular structures of bis-biphenyl-2,2°:6,2” -terpyridine Cobalt complex
(left figure, referred as CoTpybip) and bis-4’-(p-(thiolmethyl)-phenyl)-2,2°:6°,2” -
terpyridine Cobalt complex (right figure, referred as CoTpySH). The molecules are

shown without the counter ions and the cobalt metal centre is in the oxidation state 2 +.
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In the following chapters bis-biphenyl-2,2":6\2’-terpyridine Cobalt complex and bis-4’-
(p-(thiolmethyl)-phenyl)-2,2,:6°,2” -terpyridine Cobalt complex will be referred as

CoTpybip and CoTpySH respectively.
In the following section, the synthesis and characterisation of a series of cobalt

terpyridine complexes are described and discussed.
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2.4.1 Complexes characterisation

UV-VISIBLE SPECTROSCOPY

UV-Vis spectrophotometry was performed by using a a Hewlett-Packard 342A diode
array spectrophotometer. Samples were dissolved in spectrophotometric grade
acetonitrile at different concentrations in order to determine the extinction coefficient.
Glass cuvettes with a path length of 1 cm were used for all measurements. The minimum

slid width was 2 nm.

ELECTROCHEMISTRY

Solution phase electrochemistry was performed by cyclic voltammetry using a CH
Instruments Model 660 Electrochemical Workstation and a conventional three electrode
cell. Platinum polycrystalline macroelectrodes ( CH Instruments, 2mm diameter) were
used as working electrodes, the counter electrode was a platinum wire and the reference
electrode was a Ag/Ag+ organic reference, previously calibrated versus the
ferrocene/ferrocenium couple. All experiments were performed at room temperature.

The solutions were 0.1M TBABF: in acetonitrile, deoxygenated with free-oxygen argon.

SOLID STATE RAMAN SPECTROSCOPY

Solid Raman spectroscopy was performed by using Horiba Jobin Yvon HR800UV. The

parameters used will be discussed in each section

'H-NMR SPECTROSCOPY, ELEMENTAL ANALYSIS AND ES-MS

*H-NMR was carried out at the University of Birmingham, School of Chemical Science,

together with the elemental analysis and ES-MS.
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2.5 Synthesis of CoTpySH

The following synthetic procedures were performed in the School of Chemistry at the
University of Birmingham and kindly provided for electrochemical studies and Raman

spectroscopy.

Synthesis o f4 -(p-(thiolmethyl)-phenyl)-2,2 .62 **-terpyridine

A mixture of ttp-CH2-Br (540 mg, 1.38 mmol) and thiourea (108 mg, 1.40 mmol) were
brought under reflux in dry dioxane (25 ml) for 3 h, resulting in a white suspension. The
mixture was cooled down to room temperature, followed by addition of a degassed
aqueous solution (5ml) of NaOH (56 mg, 1.50 mmol). The resulting solution was
allowed to reflux for 3 hours, and evaporated to dryness. Upon addition of degassed
acidified H20 (20 ml, pH~3-4) a white solid precipitated which was extracted from
CH2Cl2 (4x100 ml) and dried under vacuum. Yield: 62%.

'H-NMR (300 MHz, CDCIs): 5 in ppm 8.73 (s(overlapping), 4H, Hs,s-), 8.67 (d, J=7.9
Hz, 2H, Hs), 7.87 (m, 4H, H4Q, 7.47 (d, J= 8.2 Hz, 2H, Hn), 7.36 (m, 2H, H5), 3.82 (d,
J=7.5 Hz, 2H, -CH2), 1.82 (t, J= 7.5 Hz, 1H, -SH).

ES-MS (MeOH): m/z 356 {M + H}+ 378 {M + Naj 1

13C-NMR (75 MHz, CDCI3): & in ppm 158.7, 158.5, 152.2, 151.6, 144.6, 139.4, 139.4,
131.1, 130.1, 126.3, 123.9, 121.2, 31.2.

Synthesis o fCoTpySH

A mixture of CoCl26H2 (37 mg, 0.155 mmol) and ttp-CH2-SH (110 mg, 0.31 mmol)
was brought to reflux for 30 min.. Following cooling to room temperature and filtration
to remove any unreacted solid, addition of excess of NH4PFs (130 mg, 0.79 mmol) led to

the precipitation of a pink powder which was isolated by filtration under vacuum and
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washed with cold MeOH and Et.o. Recrystallization from MeCN gave the pure
compound in 49% yield.

HNMR (400 MHz, CDjCN): 5 in ppm 93.32 (H6, characteristic fingerprint of low-spin
[Co(terpy)]2+species), 54.48, 43.14, 32.58. 14.12, 9.81, 9.36, 8.57.

ES-MS (MeOH): m/z 401.2 {M -2PFs+ MeOH }2+ 912 {M - PF6}+

ELEMENTAL ANALYSIS: Found: C, 49.8; IlI, 3.1; N, 7.8. Q 4l1:4NeS2CoP2F 2 requires
C, 49.9; H, 3.2; N, 7.9 %).



UV-VISSPECTROPHOTOMETRY

In the UV region, bands below 350nm are assigned to the intra-ligand n-n* transitions13
The metal to ligand charge transfer band is observed at 510nm, as shown in Figure 2.13.

Figure 2.14 shows the extinction coefficient determination.

A/nm

Figure 2.13. Absorption spectra for CoTpySH at different concentrations in acetonitrile.

123



3 y = 1.1818x + 0,0036
2.5 R2> = 0.9997

2
15 #

1

*
0.5 ¢
*
0
0 0.5 1 1.522.53

C/mM

Figure 2.14. Calculation of llie extinction coefficient for CoTpySH in acetonitrile for the

MLCT at 510 nm.

From the slope of the linear regression the extinction coefficient for the MLCT at 510 nm

was calculated to be 1.18+0.05* 10:M'lcm'1 .
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2.5.1 Solid state Raman spectroscopy

The preparation of the solid film involved the dissolution of the complex in
spectrophotometric acetonitrile at 0.5mM, which was then drop-cast on a platinum
surface and allowed to evaporate under argon. The exciting line was 514nm from an
argon-ion laser (0.050W) which is resonant with the MLCT optical transition.

Figure 2.15 shows the Raman spectrum obtained for CoTpySH together with the Raman

for CoTpy for comparison and assignment of the peaks. Table 2.6 summarises the

assignments of the bands.

1360

wavenumbers/cm <4

Figure 2.15 Raman spectra (514.5 nm excitation) of a drop cast film of CoTpySH (black

line) on a platinum electrode and CoTpy (purple line) on a glass slide
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Table 2.7. Assignments for CoTpySH drop cast on a platinum electrode

Wovenumbers/cm1 Assignments

520 Benzene ring mode
640-677 vCS
923 C-SH bending
846 uncertain
1024 |3CH terpy mode
1095,1129,1163 Phenyl

1247 CH2 wagging
1291 CH:2 wagging
1363 Centre py ring mode
1474 Outer py ring mode
1609 Outer py ring mode
2839 vCHz: aliphatic
2954 vCH:

It can be seen that no presence of disulfide is detected and that the band at 923cm'14
which is completely absent from the CoTpy spectrum suggests the existence of thiols
moieties. Moreover, the peaks at 640 and 677 are representative of CS stretching modes.
The CH: presence is confirmed by the peaks at 2839 and 2954 cm': and by the wagging
modes at 1247 and 1291 cm'11516. The presence of the phenyl moiety is confirmed by
the peaks between 1095 and 1163cm'l and the ring mode at 520cm'l Finally, the
terpyridine modes are detected at 1024, 1363, 1474 and 1609cm'l 17,18’ 1¢ However,
compared to the modes of CoTpy they are shifted towards higher energy, probably due to
the substitution on the centre pyridine and have different relative intensities. This
difference in intensity could be explained by assuming that for the drop cast film on the
platinum electrode SERS effect is occurring, affecting the band intensity. Moreover,
since both molecules are excited by the same laser line and have similar UV spectra

resonance Raman effect is expected to contribute in the same way.
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2.5.2 Solution phase electrochemistry

Solution phase electrochemistry experiments were performed for a family of cobalt
terpyridine complexes with a general formula Co(tpy-R)z(PFe)2, R=H, pyridyl group or
terpy-phenyl-CH2-SH moiety in order to assign redox processes. The formal potentials

and diffusion coefficients were also determined.

Figure 2.16 shows the CV for the Co2+#/Co3+redox process for CoTpySH in acetonitrile in

the range of the metal based redox processes.
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figure 2,16. Solution phase electrochemistry of CoTpySH in 0.1 M TBABF\i in
acetonitrile. Starting potential: OCP,-0.2V. Scan rate: 0.1Vs'l Reference electrode:

Ag/Ag‘ calibrated vs. Fc/Fc'. Counter electrode: platinum wire.
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It can be seen that a one-electron redox process is observed at -0.081+0.005 V,
corresponding to the Co~7Cou couple. The peak to peak separation, AEP is 0.094 V
which is somewhat larger than the value 0.057 V expected for a fully reversible single
electron transfer process under semi-infinite linear diffusion control. However, AEPand
the peak shape do not depend on the scan rate, v, for 0.05<v<5 Vs and a plot of In ipvv
In v is linear with a slope indistinguishable from the theoretical value of 0.5. These

observations are consistent with a reversible electrochemical reaction involving the

Co24/3+ couple.
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Diffusion coefficients

Diffusion coefficients for the oxidised and reduced forms of the metal complex were also
determined which will be used in the following chapter when the adsorption dynamics of
the molecule on the electrode surface will be discussed.

Equation 1.36 describes the relation between the peak current of a species in solution and
the square root of the scan rate under planar diffusion conditions. A plot of ip versus v
has a slope proportional to CjDjl/2, where D, is the diffusion coefficient in cmV 1 of the i
species and Q is its bulk concentration in mol cm'3. Equation 1.36 was coupled with
steady-state experiments, that were performed using Pt microelectrodes (d=25jam).
Equation 1.32 shows that the steady-state current is proportional to the product DjCj.
Therefore, the ratio between the two quantities DjC, calculated from the steady-state
experiments and C,D|I/2 calculated from planar diffusion conditions, gives the square

root of the diffusion coefficient of the species, D/ 2 as shown below:

DE @ 8)

The values found are listed in the summarising Table 2.7 and they match with literature

for related compounds in acetonitrile solutions.?***
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Table 2.8. Electrochemical parameters for CoTpySH dissolved in acetonitrile at room

temperature
E°'/V AEp/V DcoMi Dcoi,!t
/cmx' /cmXx'l
-0.081 0.094 1.9+0.2x10'h 11+0.4x1 Os¢

The values for the diffusion coefficients of the oxidised and reduced form of the redox
couple Co2/3+ show that the reduced species is slightly faster than the oxidised form.
This difference in the diffusion rate through the bulk could be explained by taking into
account solvation phenomena. Those are expected to be stronger for the oxidised form
which more likely attracts more solvent molecules than the reduced form. Eventually,

the oxidised form has a bigger size than the reduced form and a slower diffusion.
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2.6  Synthesis of CoTpybip

Synthesis o f[Co(biptpy)i](N()j)2

Biphenyl-2,2,:6°,2” -terpyridine, biptpy, (150 mg, 0.39 mmol) and cobalt(ll) acetate (50.4
mg, 0.20 mmol) were heated to reflux in methanol (113 cm3 for 15h. The reaction
mixture was cooled and a methanolic solution of ammonium hexafluorophosphate added.
The resulting precipitate was filtered, dissolved in dry acetone (28 cm3) and a solution of
tetrabutylammonium nitrate (200 mg) in dry acetone (. c¢cm3) added to produce a red
precipitate which was filtered and washed with diethyl ether to Vyield

[Co(biptpy)2](Nos)2 (139 mg, 73 %) as a dark red solid.

m/z (ES+): 829.2 [M-NOj]+ 414.6 [M-2N 032+

ELEMENTAL ANALYSIS: Found: C, 68.2; 11, 3.9; N, 11.6. C54H38N806Co requires
C, 68.0; H, 3.9; N, 11.8%).

132



UV-VIS SPECTROPHOTOMETRY

In the UV region bands below 350nm are assigned to the intra-ligand n-n* transitions
and a metal to ligand charge transfer band is observed at Xirexof 517nm, as shown in

Figure 2.17.

350 450 550 650
A/nm

Figure 2.17 Absorption spectra for CoTpybip in acetonitrile at 244jaM

From the slope of the linear regression the extinction coefficient for the MLCT at 517 nm
is 3.2* 10sM'lcm-1and for the peak at 444 mn is 3.8* 10,M*‘lcm-~I.
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2.6.1 Solid state Raman spectroscopy

The Raman spectroscopy was run on a solid sample on a glass slide. The exciting line
was 514nm of 0.050W from an argon-ion laser.

Figure 2.18 shows the Raman spectrum obtained for CobipTpy together with the Raman
for CoTpy for comparison and assignment of the peaks. Table 2.9 summarises the

assignments of the bands.

180

80
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wavenumber/cm

Figure 2.18. Raman spectra (514.5 nm excitation) of solid CoTpybip (black line) and
CoTpy (purple line) on a glass slide.
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Table 2.9 Assignments for CobipTpy solid powder.

Wavenumbers/cm 1 Assignments
1028 pCH terpy mode
1206, 1242, 1277 Biphenyl modes
1357 Centre py ring mode
1471 Outer py ring mode
1602 Outer py ring mode
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The modes relative to the terpyridine (1357, 1471 and 1602 cm'l) are visible with a
different relative intensity compared to CoTpy. In particular the mode at 1357cm'lis red
shifted, probably due to the substitution in 4 position of the central pyridine. The modes
between 1206 and 1277 cm-1 are likely to be due to the biphenyl substituentz2 and they

are completely absent on the CoTpy spectrum.
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2.7 Synthesis of mono-6-deoxy-6-(mercaptopentamethylene)thio-/3-
cyclodextrin ((3-CD-SH)

The synthetic procedure was performed by Dr. Andrea McNally, School of Chemical
Sciences, DCU and kindly provided, following a procedure published by Nelles et al.23.
The vyield and molecular weight are 57% and Ca7Hs0032S: MW = 1252 g/mol,
respectively.

The structures of unmodified beta-cyclodextrinsis are shown in Figure 2.19.

ASvcondary
Qlyeoaldlc Hydroxyls
Oxygen Brldg«a T _
a
N
.1,
"mPrimary
Hydroxyla

Figure 2.19 Molecular structure and molecular dimension of unmodified beta-

cyclodextrins
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The modification of the b-CD was conducted on the primary hydroxyls ring and Figure

2.20 show the final structure of the molecule used in the present work:

SH

Figure 2.20. Molecular structure of mono-6-deoxy-6-(mercaptopentamethylene)thio-|3-

cyclodextrin (P-CD-SH)
ES-MS: Molecular ion peak at m/z= 1257 ([M++H]).

‘H-NMR (400 MHz, DMSO) 5 OHgiu.2+3 5.6 - 6.0 ppm (m, 14H’s), OHGiu-s 4.708 -
4.475 ppm (m, 7H’s), HGiui 4.827 ppm (m, 7H’s), Hpataethid 1.7 - 1.2 ppm (m, 4H’s)
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Figure 2.21 'H-NMR spectrum of P-CD-SH in ds-DMSO

The spectrum below 3 ppm shows resonances due to the -CH2 and -SH protons of the
pentanethiol substituent. This is somewhat obscured by the dg-DMSO peak at 2.50 ppm.
Small peaks are visible at 7.49 and 7.13 ppm, correspond to the -OTs leaving group
present as intermediate in the synthetic procedure. Integration of these peaks shows that

the -OTs accounts for only 2.06 % of the P-CD-SH.



2.7.1 Solid state Raman spectroscopy

The complex was used as powder and deposited on a silica wafer and then scanned. The
excitation line was 632nm which gave the best spectrum. The thiolated modified
cyclodextrin is compared in Figure 2.22 to the unmodified P-CD. The parameters used
for the acquisition are reported in the figure legend and the assignments summarised in

Table 2.10 24’25

oun

%

400 900 1400 1900 2400 2900

wavenumbers/cm'1

Figure 2.22 Raman spectra (632 nm excitation) of a solid sample of P-CD-SH (black
line) and P-CD (purple line) on a silicon wafer. Accumulation parameters : 10s for 40

times . Hole aperture: 300fj.m, grating: 1800.
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Table 2.10. Assignments for P-CD-SH solid powder

Wavenumbers/cnil Assignments

2929-2912 vCH:2 asymmetric for n-alkanes

2929 vOH asymmetric for CD

2861-2849 vCH2 symmetric n-alkanes

1175-1310 CH: twist and rock n-alkanes

1230-1440 Combinations of CH stretching, C-OH

deformation and CH: deformation modes

for carbohydrates

1000-1200 vC-OH and deformation modes
950-1150 vCC n-alkanes
Below 1200 Skeletal and torsional ring modes

The SH modes (stretching, 2590-2560, thiols) and C-S modes ( stretching, 740-585, alkyl
sulfide) were not detectablezs 27. However, between 510-525 cm-': the vSS could be

covered by the cyclodextrin modes.
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Conclusions

The protocol followed for the construction of the microelectrodes proved to be
reproducible and effective. The cell time constants for those microelectrodes were
successfully measured and exhibited short RC constants, giving the possibility of

measuring electron transfer rate constants on the microsecond timescale.

The synthesis and characterisation of cobalt terpyridine complexes for self-assembly and
inclusion reaction and of thiolated modified cyclodextrins were presented and discussed.
The purity of the compounds was confirmed together with the presence of moieties able
to self-assemble or to show binding ability with a range of techniques, including solution
phase electrochemistry, Raman and UV spectroscopies, HNMR, elemental analysis ES-
MS. In particular Raman spectroscopy will be useful as reference for the interpretation

and confirmation of the immobilisation of the molecules on the electrode surfaces.

142



References

1
2
3
4

10

12
13
14

15
16

17

18

19
20

Maskus M., Abruna H. D., Langmuir, 1996, 12, 4455

Maskus M., Abruna H. D., Abstract ofpaper ofAm. Chem. Soc., 1995, 210, 352
Forster R.J., Chem,. Soc. Rev., 1994, 289

Pletcher D., Microelectrodes: Theory and Applications, Eds. Montenegro M. I,
Querios, M.A., Daschbach J. L., Kluwer Academic Publishers, 1991

Andrieux C. P., Hapiot P., Saveant J.-M., Chem. Rev., 1990, 90, 723

Newman J.,, J. Electrochem. Soc., 1970, 117, 198

Xu C., PhD Thesis, University of Illinois at Urbana-Champaign, 1992

Trasatti S., Petrii O. A., J. Electroanal. Chem., 1992, 327, 353

Bard A.J., Faulkner L.R., Electrochemical methods: Fundamentals and
applications, Second edition, Wiley 2001.

El-Deab M., Sotomura T., Ohsaka T., J. Electrochem. Soc., 2005, 152, cl

R. J. Forster, P. J. Loughman, E. Figgemeier, A. C. Lees, J. Hjelm and J. G. Vos,
Langmuir, 2000, 16, 7871

Juris A., Balzani V., Barigeletti F., Campagna S. Belser P., von Zelewsky A.,
Coord. Chem., Rev., 1988, 84, 85

Szafranski C.A., Tanner W., Laibinis P.E., Garrell R.L., Langmuir, 1998, 14,
3570

Murty K.V.G.K., Venkataramanan M., Pradeep T., Langmuir, 1998, 14, 5446
Sant’Ana A.C., Alves W.A., Santos R.H.A., Ferreira A.m.D., Temperini M.L.A.,
polyhedron, 2003, 22, 167-1682

Zakeeruddin S.M., Nazeerudin M. K., Pechy P., Rotzinger F. P., Humphrybaker
R., KalyanasundamramK., Gratzel M., Shklover V., Haibach T., Inorg. Chem.,
1997, 36, 5937

Schneider S., Brehm G., Prenzel C. J., Jager W., Silva M. I, Burrows H. D.,
Formosinho S. T., J. Raman Spec., 1996, 27, 163

Hugot Le-Goff, A., Joiret S., Falaras P., J. Phys. Chem. B, 1999, 103, 9569

Pyathi R., Murray R.W., J. Am. Chem. Soc., 1996, 118, 1743

143



21 Hjelm J., Handel R.W., Hagfeldt A., Constable E.C., Housecraft C.E., Forster R.J.,
Electrochem. Comm., 2004, s, 193-200

22 Joo S-W., Chung T. D., Jang W. C., Gong M-s., Geum N., Kim K., Langmuir,
2002, 18,8813

23 M. Weisser, G. Nelles,. P. Wohlfart, G. Wenz, S. Mittler-Neher. J. phys Chem.,
1996, 100, 17893-17900

24 McNally A., PhD Thesis submitted at the Dublin Institute of Technology, 2005,

Chapter 2

25 Lin-Vien D., Colthup N. B., Fately W. G., Graselli J. G,, The Handbook of
Infrared, and Raman Characteristic Frequencies of Organic Molecules, Boston
Academic Press, 1991

26 Hill W., Fallourd V., Klockow D,, J. Phys. Chem. B 1999, 103, 4707-4713

27 Maeda Y., Kitano H., J. Phys. Chem. 1995, 99, 487-488

144



Chapter 3

Electron transfer across

platinum/cobalt terpyridine thiol interface
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Introduction

The study of charge transfer processes at molecular and nanoscale has increased
significantly in recent years following the interest in nanotechnologies. Nanoscience
concerns the study of objects and systems whose at least one dimension is 1-100 nm.
The objects studied in this range of sizes are larger than atoms and small molecules, but
smaller than the structures typically produced for use in microtechnologies. Optimizing
the transfer of electrons over nanometre-scale distances is fundamental to the creation of
novel nanoscale devices and to understanding naturally occurring redox processes.1 The
idea of using molecules as elements of computer circuits2’3, electronic and optical
switches, s sensors,s and for charge storager has driven the creation of complex
architectures and the identification of building blocks that promote fast electron
transfer.ss For example, to compete with near-term semiconducting circuits, approaches
need to be developed for the construction of interfacial supramolecular assemblies whose

properties, e.g., redox state, can be switched on the nanosecond timescale.

One of the most popular methods used to modify substrates, is the self-assembly of
molecules on a surface to produce monolayers, which involves the 2-dimensional
interactions between independent building blocks to create a superstructure. 1011 Self-
assembled monolayers are themselves nanostructures with a thickness of typically 1-3
nm12 They are well-suited for nanoscience because they are easy to prepare, they form

on objects of all size and can be easily functionalised.

Among the systems that show self-assembly properties alkanethiols on gold are the most
popular and studied, since gold resists oxidation and produces SAMs with low degree of
defects1213. However, the molecules that are believed to have interesting electronic
properties are not simple alkanethiols but contain redox sites. Organic molecules
containing redox centres whose oxidation number and hence electronic structure can be

changed reversibly, show promising functional behaviour when layered between

146



electrical contactsl4 as shown in Figure 3.1 for a nanoparticle attached to gold via

alkanethiol bispyridiniuma,is

Au Substrate

Figure 3.1. Schematic representation of the nanoscopic device. Adapted from reference

Among those switchable molecules, organometallie compounds16, and in particular
transition metal complexes with tailored ligands, are the most popular systems, since
either the strength or the kinetics of the binding can be controlled and modified17.
Moreover, the possibility of directing the surface structure at molecular level by carefully

tuning the transition metal and ligand natures is probably the most interesting property.

Particular interest has been shown for self-assembled monolayers of transition metal
polypyridine complexes. In fact, chelating ligands allow the construction of defined
supramolecular architectures and posses an increased stability compared to other bindings,
e.g. hydrogen bonding. However, many of the bridging ligands investigated involve
flexible linkages to couple the redox centre and the electrode. Such tethers can

compromise the collection of mechanistic information about the electron-transfer process
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since they introduce unnecessary conformational heterogeneity and enantiomers are often
present. In contrast, functionalized terpyridine is an attractive approach to the creation of
rigid or geometrically constrained linkers.18 2,2':6',2"-terpyridine ligands (terpy) are
among the heterocycles that have very high binding affinity for transition metal ions such
Fe2+ and Co2+. Complexation of two terpy ligands can lead to a metal complex which
have octahedral coordination geometries and then produce molecules with a linear
geometry that facilitates construction of multicomponent linear arrays and molecular

wires.19'20.

Electrochemical investigations of redox active monolayers provide a powerful insight in
the study at nanometre-scale of the effects that distance, chemical structure and
composition have on the mechanism and the rate of the electron transfer.21,22,23,24,25.

Therefore, cyclic voltammetry and chronoamperometry have been used to characterise

the monolayer and its chemical properties.

In the following chapter, the spontaneous adsorption dynamics and interfacial properties
of monolayers of [Co(ttp-CH2-SH)2](PFs)2, CoTpySH, will be discussed. The
electrochemical response of these monolayers is well defined allowing the time
dependence of the surface coverage to be monitored and then modelled. Because of their
short length, of the order of 10A, bridging ligands of this type might be expected to

support rapid electron transfer across the electrode/monolayer interface.
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3.1 Monolayer deposition and electrochemical characterisation

3.1.2 Experimental

Materials and Instrumentation

Cyclic voltammetry was performed using a CH Instrument Model 660 Electrochemical
Workstation and a conventional three-electrode cell. Potentials are quoted with respect a
home-made Ag/Ag+ organic reference electrode, previously calibrated against
ferrocene/ferrocenium redox couple.  All experiments were performed at room

temperature.

High speed chronoamperometry experiments were performed by using custom-built
function two-electrode, generator-potentiostat with a rise time of less than 2 ns. The

counter electrode was a Pt wire combined with a Ag/Ag+organic reference electrode.

The experiments were performed in anhydrous acetonitrile solutions (Sigma-Aldrich,
99.9%) containing oven dried TBABF« (Sigma-Aldrich electrochemical grade) as
electrolyte. The solutions were deoxygenated with oxygen-free argon for 5 min and kept

under an argon atmosphere during the experiments.

Monolayer assembly

Platinum microelectrodes of 50 and 12.5 |im radius were used for the electrochemistry.
Two protocols were followed as to assemble the monolayer on the platinum
polycrystalline microelectrodes, i.e. ex-situ and in-situ.

For the ex-situ immobilization, the deposition solutions were prepared by dissolving

CoTpySH in acetonitrile at micromolar concentrations. The platinum microelectrodes

were cleaned as described in Chapter 2, washed with milliQ water and then acetonitrile,
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dried under argon and placed in the deposition solutions overnight. Then, prior to any
measurements, they were thoroughly rinsed with acetonitrile in order to wash away any

unbound material.

In-silu experiments were performed by exposing the electrochemically cleaned electrodes
to micromolar solutions of the complex in acetonitrile with TB A IsF4 as electrolyte for a
period oftime longer than one hour. The assembly process was then monitored by cyclic
voltammetry of the redox process of the metal centre. The scan rate was kept sufficiently

high so the dissolved complex contributed a maximum of 5% to the overall current.
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3.1.3 Results
3.1.3.1 In-situ deposition
Figure 3.2 shows the final CV obtained after 2h of immersion of a 50-pm radius platinum

electrode in a 10 pM solution of the complex in acetonitrile. The supporting electrolyte
is 0.1M TBABF4 and the scan rate is 20 Vs'L
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Figure 3.2. In-situ CV of the monolayer obtained by immersion of a 50 (im radius
platinum electrode for 2h in a 10 (iM solution of the complex in acetonitrile, O.IM
TBABF: as supporting electrolyte. Scan rate: 20 Vs'L Reference electrode: Ag/AgQ’

calibrated versus Fc/Fc*redox couple. Counter electrode: platinum wire.
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A well defined voltammetric response is observed at E°' equal to -0.082+0.007 V which
is assigned to the Co2#/3+ redox process, based on the solution phase experiments shown
in Chapter 2. The peak currents increase linearly with increasing scan rate, for both the
cathodic and anodic waves, as expected for a surface confined species, as shown in

Figure 3.3:

K 25 y =0.9441 x + 1.7357
R2=0.9876
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y=0.9598x+1.7931
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Figure 3.3. Scan rate dependence of the cathodic (black square, bottom regression line)
and anodic (open squares, top regression line) peak currents for the Co2+3+redox process,
for the monolayer assembled on a platinum microelectrode, shown in Figure 3.1. The
experiment is performed in a complex-free TBABF: acetonitrile solution. The y-axis

display the absolute values of the current.
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The peak to peak separation, AEH is 0.040+0.005 V at 20VS: and is invariable with
increasing the scan rate up to 50 Vs'l suggesting that the non-zero separation between
the potential peaks is not caused by slow heterogeneous electron transfer or ohmic drop.
The ratio between the anodic and cathodic peak currents is approximately 1 for the range

of scan rates considered.

The FWHM values are 0.135+0.005V and 0.145+0.005V, for the cathodic and anodic
waves respectively, instead of the 0.0906 V expected for a single-electron redox process,
suggesting the presence of some lateral repulsive interactions between adsorbates. All

these considerations suggest that the redox process has a quasi-reversible character.

By integrating the charge under the voltammetric waves a surface coverage of 6.3 x 10 u
and 5.9 x 101 molcm for the anodic and cathodic peaks respectively, are obtained.
Molecular modelling indicates that the projected area of the cobalt complex, adsorbed
vertically on the surface, is of the order of 98 A2. Therefore, under these conditions the
surface coverage corresponds to approximately 40% of a close packed monolayer. This
maximum coverage is lower than that, 1.2-1.5x10-10 molcm'2, reported by Abruna for
[Co(4'-(5-mercaptopentyl)-2,2":6',2"-terpyrindyl)] on gold.1.s However, in their complex,
the five carbon alkyl chain attached to the sulphur atom, probably, plays a stabilizing role,
leading to a more compact monolayer. The observation that a relatively dense monolayer
is formed within 2 hours from a 10 p,M solution of the complex is significant and

suggests that the thiol moieties interact rapidly with the platinum surface.

In general, these data show that exposure of clean platinum microelectrodes to
micromolar concentrations of CoTpySH in acetonitrile leads to the formation of a
spontaneously adsorbed monolayer, which behaves quite ideally and in which the

heterogeneous electron transfer is relatively fast.
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3.1.3.2 Ex-situ deposition

Figure 3.4 shows the profile of the CVs for the ex-situ deposition protocol, after an
overnight deposition of the cleaned platinum microelectrode in a micromolar solution of

the complex in acetonitrile.
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Figure 3.4. CV ofthe monolayer obtained by immersion of a 12.5 jam radius platinum
electrode in a micromolar solution of the complex in acetonitrile for 12 hours.
Electrolyte: 0.1M TBABF4. Scan rate: 100 Vs'l Reference electrode: Ag/Ag+calibrated

versus Fc/Fc+redox couple. Counter electrode: platinum wire.
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A well defined voltammetric response is observed at E°' -0.053+0.006 V, which is about
0.030V more positive with respect to the formal potential obtained for the in-situ
deposition, shown in Figure 3.2. Therefore, after an overnight deposition, the monolayer
structure changes by stabilizing its energy, since it results more difficult to oxidise the
redox couple. This shifting of the potential peak was also observed during the
monitoring of the adsorption for the in-situ deposition, as it will be discussed in the next
sections. Again, linearity was found for the dependence of the peak currents with the
increasing scan rate and the ratio between the cathodic and the anodic peaks was

approximately 1for the range of scan rates considered, as shown in Figure 3.5:
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Figure 3.5. Scan rate dependence of the cathodic ( black square, top regression line) and
anodic (open squares, bottom regression line) peak currents for the Co2+3+redox process,
for the monolayer assembled on a platinum microelectrode following an ex-situ
deposition. Electrolyte: 0.1M TBABF4. Reference electrode: Ag/Ag+ calibrated versus

Fc/Fc+redox couple. Counter electrode: platinum wire
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A peak to peak separation of 0.044+0.009 V was also determined, which is similar to that
found for the in-situ protocol, and which did not change by increasing the scan rate up to
500 Vs (vide infra). The FWHM values are 0.173£0.006V and 0.144+0.005V for the
cathodic and anodic peaks, respectively. Therefore, the redox activity of the ex-situ

deposited monolayer is also considered to be reversible.

However, the surface coverages calculated by integrating the area under the cathodic and
the anodic peaks produced a smaller value for the ex-situ protocol compared to the in-situ,
i.e. 3.0£0.5 xIO-u mol cm'2. The surface coverage observed here is the same found by
Constable and co-workerszs for structurally similar [M(terpy)(terpy-pyridine)]2+ M is Os

or Ru.

Clearly no difference in the voltammetric shapes was observed for the two protocols in
terms of AEp suggesting that similar electronic properties in terms of electron transfer
were found. However, a higher value of FWHM for the cathodic wave was observed
leading to the conclusion that stronger repulsive interactions among the molecules in their
oxidation state were present for the ex-situ deposition. The major difference is the

shifting of the formal potential.

A possible explanation relies on the microenvironmental effects that occur during the
adsorption. If the adsorption follows a random growth model, shifts in the potential will
be expected since, as the surface coverage increases the intermolecular separation will
decrease and the molecules will interact with each other. Another contribution can come
from the counter ion, in terms of bigger permeability of the in-situ assembled monolayer
compared to the ex-situ. This hypothesis is supported by the increase in the lateral
interactions for the ex-situ layer.

Another explanation of the difference in the formal potential of the monolayer adrobed
either by the in-situ or the ex-situ protocols, relies on the presence, for the in-situ
adsorbed monolayer, of molecules which experience physisorption.

Therefore, since those molecules can diffuse over the electrode surface they can show a

formal potential closer to the solution phase value.
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This explanation, also, takes into account the difference in surface coverages for the
monolayer adsorbed by using the two different protocols. More likely the timescale of
the experiments are fast enough to measure the electroactivity of those physisorbed

molecules before they desorbe and diffuse over the electrode surface.
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3.1.4 Desorption ofthe CoTpySH monolayer in acetonitrile

Desorption experiments were conducted to gain some insight into the structure of the
final monolayer, by checking for the presence of multiple desorption peaks and their
associated kinetics. The desorption experiment were run in anhydrous acetonitrile
solutions containing O.IM TBABF4 after an overnight exposure of clean electrodes to
micromolar solutions of the complex. Desorption of alkanethiols from platinum has not
been studied as much as for gold surfaces. However, anhydrous acetonitrile solutions
allows to broad the potential window and check a possible desorption of the molecule at
very negative potentials together with the presence of the redox processes of the metal

centre.
Figure 3.6 shows repetitive scans of a monolayer between 0.4 and -1.8V in 0.1 M

TBABF: anhydrous acetonitrile solution at 2Vs 1 The electrolyte solution does not

contain any dissolved complex.
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Figure 3.6. Desorption of a monolayer of CoTpySH immobilized on a platinum
macroelectrode surface after overnight exposure to a micromolar solution of the
molecules in acetonitrile. The electrolyte is 0.IM TBABF4 in anhydrous acetonitrile.
Scan rate: 2Vs_|. Reference electrode: Ag/Ag' calibrated Versus Fc/Fc redox couple.
Counter electrode: platinum wire. The red line highlight the oxidation reaction of the
metal centre occurred during the first scan. The arrow indicates the time dependence of

the peak.
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The interpretation of the peaks is complicated by the possible presence of further redox
processes, i.e. the metal centre reduction from Co2+to Colt at around -1.05V and the
reductive processes of the terpyridine ligands at more negative values. Figure 3.7 shows
how the addition of an anchor group, such as pyridine, to the terpyridine ligand shifts its
reduction potentials to more positive values, i.e.,, it makes the redox process
thermodynamically more facile. This phenomenon is likely a consequence of the

conjugation and hence higher electron density introduced by the pyridine.

E vs Fc/Fc+A/olts

Figure 3.7 Solution phase electrochemistry of CoTpy (black line) and CoTpy-py (purple
line) in 0.1M TBABF4 anhydrous acetonitrile solution. Scan rate: 0.5Vs" starting at the
OCP. The working electrode is a polycrystalline platinum macro electrode. Reference

electrode: Ag/Ag+calibrated vs. Fc/Fc+redox couple. Counter electrode: platinum wire.
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By comparing Figure 3.6 to 3.7 the following observations can be made. At first sight
the two redox processes observed in Figure 3.6 can be assigned to the metal redox
processes shown fn F?gure 3.6. However, in Figure 3.6 only the oxidation from Co2+ to
Co3thas ideal behaviour and it disappears after repetitively scanning of the monolayer at
negative potentials, suggesting that desorption of the molecule occurs. Furthermore, the
peak current of the redox process at -1.1V decreases and changes its shape over time,
together with the relative reverse peak at -1.01 V. Moreover, comparing the first red scan
in Figure 3.6 to the following ones, it is evident that the capacitive currents changed
during the experiment, showing a variation of the double layer structure most likely due
to the desorption of the molecule. Finally, by comparing the integrated areas under the
peak at -0.83V and -1.1V in Figure 3.6, an order of magnitude difference is obtained,
which suggests that baseline correction is needed or overlapping of several redox
processes is present. In conclusions, it appears that desorption of the molecule occurs,

probably from different energetic sites, producing a quite broad desorption wave.
Further evidence that the redox process at -1.1 V is not involving the cobalt reduction

was obtained from solution phase experiment ran over a larger potential window than in

Chapter 2, as shown in Figure 3.8.
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Figure 3.8. Solution phase electrochemistry in the metal and the thiol redox potentials
range of CoTpySH in 0.1M TBABF. acetonitrile solution. Scan rate: 0.5Vs ' starting
from 0.03V (OCP). The working electrode is a polycrystalline platinum macro electrode.
Reference electrode: Ag/Ag+ calibrated versus Fc/Fc+redox couple. Counter electrode:

platinum wire. The arrows indicate the time dependence of the peak.



In Figure 3.8 the first, the intermediate and the last scans are shown, as to illustrate the
changes during the experiment. It is clear that, by continuously scanning, the oxidation
of the cobalt metal centre does not change its properties. However, a shift in potential for
the formal potential to -0.071V and an increase of about 0.040V in the peak separation is
observed compared to the solution phase values discussed in Chapter 2. In particular, a
shift to more positive potential was observed for the oxidation of Co2+to Co3+ while the
reverse reduction reaction of the probe did not show any particular change. This suggests
that some hindrance to the electron transfer involving the oxidation of the molecule is

introduced.

By scanning at more negative potentials, the CV profile changed during the experiment.
First of all, an increasing pre-peak was observed at -0.75 V, shifting about 0.050V during
the experiment. Moreover, the peak currents at -1.05 V become larger and the peak
shape changed into a reversible surface confined profile. In fact, a FWHM of
0.11740.005V and of 0.107+0.005V for the anodic and cathodic wave respectively were
obtained, together with AEp of 0.035+£0.007V. This phenomenon cannot be explained if
the redox process at -1.05V is assigned to the cobalt reduction. On the contrary, if one
assumes that adsorption of the molecule through the sulphur atom is occurring, the wave
can be explained as the reductive desorption and consequent oxidative re-adsorption of
the thiolated molecules. This consideration is further confirmed by the areas under the
peaks. In each scan the sum of cathodic areas calculated under the peak at -0.75 and -
1.045V were equal to the anodic area at -1.010V, suggesting that the pre-peak is indeed
involving the reduction of the molecule. Therefore, it is likely that what is observed at -
1.05V involves the immobilization of the molecule on the electrode surface, probably by
creating multilayers, which produce a blocking layer for the oxidation of the cobalt in

solution.
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3.2 SERS ofthe monolayer on platinum

Since the discovery of SERS its applications have been restricted to very few metals such
as Ag, Au, Cu that can exhibit an enhancement of the Raman signal up to 10s times.
However, it is extremely interesting to broad the range of metals that can be used for
SERS, primary platinum, which is utilised in many technological processes, due to its
catalytic activity and wide polarizable potential window. Unfortunately, it has been
shown for decades that rough and smooth platinum surfaces produced very low intense
Raman signals, which was often overlapped with bulk Raman bands27. The advent of
confocal Raman microscopes helped the weak Raman bands of adsorbates on platinum to
be improved28. Moreover, new roughening techniques showed that an enhancement of
the bands intensity could be reached for platinum surfaces and that the signal intensity

was influenced by the pre-treatment of the surface itself29.

3.2.1 Experimental

Further evidence of the presence of the CoTpySH on the platinum surfaces was found by
performing ex-situ and in-situ SERS of the monolayer on platinum polycrystalline
macroelectrode. The platinum electrodes were roughened by applying a variation of the
protocol proposed by Tianze 30. Platinum polycrystalline macroelectrodes (1mm radius)
were first cleaned as described in Chapter 2, and then subjected to multi-potential step
experiments in 0.5M H2SOs. The potential was first stepped for 10s in a positive
direction, up to 1.4V and then stepped in a negative direction, down to -0.25V for 2s, for
5-10 minutes. A roughness factor of 5 was then measured. The roughened platinum
polycrystalline macroelectrodes were then rinsed with milliQ water, acetonitrile, dried
under argon and placed in the micromolar deposition solution of the complex overnight.
Prior any measurements the electrodes were rinsed with acetonitrile and dried under

argon.
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Raman spectra were acquired by using a Horiba Jobin Yvon HR800UV. The excitation
was 514nm in order to have resonance effect on the Raman signal together with a weak

surface enhancement contribution.
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3.2.2 Ex-situ SERS of CoTpySH on roughenedplatinum electrodes

Figure 3.9 shows the Raman spectrum obtained for a monolayer on a roughened platinum

macroelectrode at 514nm together with the Raman spectrum ofthe solid for comparison.

800 1050 1300 1550

wavenumbers/cm 1

Figure 3.9. Ex-situ Raman spectra of CoTpySH monolayer on roughened platinum
macroelectrode (Imm radius, black line) and solid powder (purple line) at 514nm.

Accumulation: 10sX20times, Hole: 500 j.im. Grating: 1800
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The presence of the monolayer is confirmed by the peaks in the pyridine ring breathing
region. The phenyl peaks between 1100 and 1200 cm-: are not visible. In contrast, the
signals due to the terpyridine ligands, enhanced by resonance, are detected and they
maintain their relative intensities. Moreover, the peaks at 1247 and 1291 cm-1 assigned to
the CHz wagging are visible and blue shifted in the monolayer spectrum, probably due to
the fact that they are close to the surface. In general, these observation are consistent
with the molecule adsorbed on the platinum through the sulphur atom even though it is
not possible to obtain exact information on the orientation of the molecule. More likely,
the disappearance of the phenyl modes suggest that the molecule stretches out from the

surface instead of lying on it.
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3.3 Adsorption dynamics

Introduction

Monolayer formation involves a small number of fundamental processes, i.e., mass
transport to the electrode surface by diffusion of the adsorbate through solution and
binding of the adsorbate to the electrode surface. However, the overall sequence may be
complicated by additional factors such as reversible binding, surface diffusion, adsorbate
reorientation and desorption proceeding in parallel with adsorption3l. For example, for
alkanethiol based monolayers it is well known that formation of the gold- or platinum-
thiol bond is essentially irreversible.s2 However, initial adsorption is a rapid process and
there is significant mobility of the adsorbates on the surface. At longer times, defects
anneal and a more stable, less mobile structure is created.ss,3a By monitoring the time
dependence of the surface coverage and fitting these experimental data to appropriate
models, an insight into the mechanism of monolayer formation and the relative

importance of adsorption kinetics, surface diffusion, and mass transport can be obtained.

Analysis of the surface coverage versus time profiles can be used to measure rate
constants and obtain a more detailed insight into the monolayer formation mechanism.
The surface coverage versus time data obtained at bulk concentrations of CoTpySH
ranging from 2.5 to 10 |aM have been analysed with a wide range of models (vide infra).
In each case, the sum square of the residuals between the experimental surface coverages
and those predicted by the model were minimised using a gradient search algorithm. A
number of models, have been considered in an attempt to model the dynamics of
adsorption, leading to a final surface coverage of CoTpySH on platinum: pure diffusion
controlss , pure irreversible kinetic control involving a single processss , mixed
diffusion/kinetic control37, parallel kinetically controlled pathways and a two step

mechanism.38.
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3.3.1 Results

A key advantage of electroactive adsorbates is that the time dependent surface coverage
can be conveniently monitored using cyclic voltammetry. In particular, the redox activity
of the metal centre Co2#/3+ was followed. Figure 3.10 shows cyclic voltammograms
taken at defined time intervals after a clean platinum microelectrode (50 p,m radius) was

placed in a 10 pM solution of CoTpySH in acetonitrile, 0.1M TBABF: at 20VS'l
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Figure 3.10. Dependence of the cyclic voltammetry response ofa 50 pm radius platinum
microelectrode following an in-situ deposition of a CoTpySH monolayer for 1,5, 10, 20,
150 minutes. The arrows indicate the increasing time. The bulk concentration of the
complex is 10 pM, 0.1M TBABFs. Scan rate: 20Vs-1. Reference electrode: Ag/Ag+

calibrated versus Fc/Fc+redox couple. Counter electrode: platinum wire
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Thiese voltammograms clearly show the progressive growth of an electroactive film as
evidenced by the growth of the peak corresponding to the Co2+/Co3tredox process. The
peak potential for the oxidation reaction, Epa, shifts in a positive potential direction,
indicating that it becomes thermodynamically more difficult to oxidize the adsorbate with
increasing surface coverage. This behaviour most likely arise because of
microenvironmental effects, e.g., a decreasing local dielectric constant as the film forms.
Significantly, the peak shape, e.g., the FWHM, does not change during monolayer
assembly suggesting that lateral interactions do not change as the surface coverage
increases. This behaviour would be expected if the monolayer assembly proceeds by a
random growth mechanism as previously found for the ex-situ assembled monolayer. It
is also noticeable that the interfacial capacitance does not change significantly with

increasing surface coverage.
In Figure 3.11 the variation of the surface coverage with time where the bulk

concentration is 2.5, 5 and 10 pM in 0.1M TBABF: acetonitrile solutions at the same

scan rates is shown.
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Figure 3.11 Time dependence of the surface coverage where the bulk concentration of
CoTpySH is 2.5 O, 5.0 O and 10 pM ¢ . The solid lines represent the best fits obtained
from the diffusion controlled model with ar nmax value of 63+3 pmolcm'2 and a diffusion

coefficient of 5.5¢1.Ix1 O7cm V.
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This figure shows that the surface coverage increases rapidly during the first 40 min
following immersion of the electrode for each concentration investigated and reaches a
plateau value for times longer than approximately 2 hours. The time required for

sufficient material to diffuse from the bulk solution to the electrode surface is given by:

t= (3.1)

where DSn is the diffusion coefficient of the complex in solution3l. The diffusion
coefficient has been measured in Chapter 2 and for the redox couple C02+n+ is 2x10°
cmV 1 Therefore, for the lowest bulk concentration investigated, 2.5 |xM, the time
required for mass transport of sufficient material to form a monolayer under linear
diffusion conditions is approximately 100 s, indicating that mass transport to the surface
is not rate determining. Significantly, the final surface coverage obtained is independent
of the bulk concentration for 2.5<CoTpySH<10 p,M suggesting that the complex adsorbs
irreversibly. Figure 3.12 shows the correlation plots between theoretical and
experimental surface coverages for the various models described in Chapter 1 where the

bulk concentration is 2.5 (J.M, which is also representative for the other concentrations.
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Figure 3.12. Correlation plots of theoretical vs. experimental surface coverages using the
following models (from top to the bottom): parallel equilibrium, two step adsorption,
diffusion controlled adsorption and Kkinetically controlled adsorption. The modified

electrode is a 50 (.im radius platinum microclectrode and the bulk concentration of the

complex is 2.5|.iM, 0.IM TBABF4 acetonitrile solution.
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The best fit is obtained using the pure diffusion controlled model which gives a direct
(slope of 1.09+0.1), unbiased (intercept of -3.0x10'12 mol cm’2) correlation between the
theoretical and experimental surface coverages. A similar behaviour is observed for the
other concentrations explored. The other models either produce biased responses or the
residuals depend on the surface coverage. The best fits of this model to the experimental
surface coverage versus time profiles, over this concentration range, reveal a r nmax value
of 63+3 pmolcm2 and a diffusion coefficient of 5.5+1.1xI0:7 cmV 1 The observation
that these best fit parameters are independent of the bulk concentration further suggests

the diffusion controlled model appropriately describes the experimental response.

A key observation is that the diffusion coefficient is a factor of approximately 4 times
lower than that found for diffusion of the complex in solution. This observation suggests
that diffusion of the complex on the electrode surface controls the rate of monolayer
assembly. Surface diffusion of alkane thiols has been extensively explored, for example,
by Kakiuchi et al. who determinedss Dsuf to be of the order of 1018 cmz2 s1 for
undecanethiol and mercaptoundecanoic acid at 60 °C. Weiss et al.s0 found the rate to be
lower than 1017 cm2 s1 for the surface diffusion of thiolate on Au(lll) terraces from
coalescence of initially isolated domains of CHs(CH2)isSH in a mixed SAM with
CHso 2C(CH.)isSH. Schonenberger et al.a1 observed that holes in a dodecanethiol SAM
coalesced at the rate of 0.5-1 nm/min at 90 °C, which corresponds to 1-4 1017 cm2 s'1
Therefore, while the observed diffusion coefficient is much lower than that associated
with diffusion through solution, it is dramatically larger than values previously reported
for alkane thiol diffusion on gold. The faster surface diffusion rates observed here most
likely arise because the monolayers investigated here are formed on platinum. Moreover,
unlike alkane thiols, the complexes investigated here do not undergo stabilizing lateral

interactions making them more mobile on the electrode surface.

Thus, it appears that the adsorption mechanism involves a fast initial adsorption step
followed by a diffusional process at the surface, e.g., to enable closer packing of
adsorbates. It is, perhaps, important to note that while the voltammetry indicates

destabilizing lateral interactions, these are rather weak, of the order of -5 kJmol"1l
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Given that formation of the platinum thiolate bond is exothermic to the order of 40-50
kdmol'l, surface diffusion of adsorbates to give a closer packed structure is

thermodynamically favourable.
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3,4 Electron transfer rate constant determination

In this section the election transfer rate constant of monolayers of CoTpySH adsorbed on
platinum microelectrodes are presented and discussed. In Chapter 2 the RC constant of
the electrochemical system was determined for bare microelectrodes of 12.5 and 50 (am
radius and it was found it was possible to determine rate constants as large as 106 s'1
Different methods can be used to determine the rate at which the transfer of electrons

occurs.

First, the method introduced by Laviron4 allows the electron transfer rate constant to be
determined from a plot of AE,/n, where AEP is the peak to peak separation and n is the
number of exchanged electrons, versus the scan rate, when the system is diffusionless and
AEp>200/n mV. Flowever, in the present work separation due to kinetics effects was not

observed at scan rates as fast as 500 Vs'las shown in Figure 3.13.
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Figure 3.13 CVs of a monolayer of CoTpySH on a platinum microelectrode (12.5j.im
radius) in 0.6M TOABF4 at 500 Vs'l (black line), 200 Vs'1 (blue line) and 100 Vs'l
(purple line). Reference electrode: Ag/Agl calibrated versus Fc/Fc+ redox couple.

Counter electrode: platinum wire
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It can be seen from the figure that the peak to peak separation does not increase and AEP
is 0.04V for 20<v<500 Vs'L At 1000 Vs'lthe noise overlapping the monolayer did not

allow AEPto be accurately determined.

High speed chronoamperometry: acquisition and simulation ofthe data

Forster43, 444546 used a custom built potentiostat with a rise time shorter than 2 ns for the
determination by chronoamperometry of the rate constants of complexes with ligands of
similar size to that studied in the present work.

Chronoamperometry is a powerful technique with which to obtain kinetic information.
The protocol used here involved stepping the potential from a non faradaic value, set
0.2V away from the formal potential of the redox process, to a potential that is larger than
the formal potential of the redox process of at least 0.05V. The amplitude of the potential
step was kept constant at 0.5V and therefore the capacitive contribution to the current
decay was also constant, assuming the capacitance of the monolayer independent on the
applied potential. The overpotential, r), was varied. This protocol assures that the
contribution from the reverse rate constant to the overall measured rate is minimised.
The consequent flowing current was then monitored during time and analysed to obtain

kinetic information.

Usually, two current decays, which arise from the double layer charging and the faradaic
currents flows, can be time resolved, because they have different time constants. In
particular the RC constant is shorter than that of the faradaic process, and analysis of the

data only after 5-10 RC is desired.

Simulations of the expected experimental transients can be performed in order to decide
whether a 50 or 12.5 jam radius microelectrode best suits the rate constant determination.
In fact, the current decay for an electroactive monolayer is a function of the rate constant
at a particular overpotential, r), and Q, the charge that undergoes the redox reaction which
is related to the surface coverage. Therefore, although it is suitable to use small

electrodes in order to minimise the RC constant contribution, for slow heterogeneous
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electron transfer rate constants, a high surface charge is required for the faradaic transient

to be detected.

In Chapter 1, the equations describing the current decays following a potential step for
the double layer charging and a redox active monolayer were introduced. Simulation of
the two decays can be performed varying the electrode size (50 and 12.5 p,m radius), k°
(between 103and 104s']), the applied overpotential (between 0.05 and 0.2V) and keeping
constant the surface coverage and the potential step. Both the electrodes showed two
distinct decays for the capacitive and faradaic currents for overpotentials bigger than
0.05V, at faster (104s') and slower (103s') standard rate constants. Figure 3.14a and b
show the simulations obtained at r| equal to 0.180V, supposing an RC constant the same
as at the bare electrode. This is the worse case scenario since more likely the RC constant

is lowered by the presence of the monolayer that decreases the capacitive contribution.
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Figure 3.14 Simulations for a 12.5(im (a, top graph) and 50pm (b, bottom graph) for the
capacitive and faradaic decays at overpotential of 0.180, for k° in the order of 103 s*’(thin
red line, slow k) and 104 s"i(thick red line, fast k). Potential step: 0.5V. RC constants:
0.16ps for plot a and 1,6ps for plot b. The capacitive decay is plotted as a black line.
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However, experimentally better results were obtained with 50 (.im radius microelectrodes,
since usually higher surface coverages were achieved and a better signal to noise ratio
was obtained. Therefore, the determination of the electron transfer was performed by
chronoamperometry with SOpm radius platinum electrodes in 0.6M TBABF4.

Figure 3.15 shows a typical experimental decay following an applied overpotential of

0.180V fora 50 jim radius platinum microelectrode modified with CoTpySH,,
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Figure 3.15 Current response (O) for a 50 (im radius platinum microelectrode modified
with a CoTpySH monolayer following a potential step of 0.5V where the overpotential r|
was 0.180V. The solid line is the best fit double exponential decay. Fitting parameters:
k= 1.92*10%'1 and kRC= 1.44xl06 s'L The inset shows the semilog current vs. time
response for the Faradaic current decay corresponding to oxidation of the Co2+ centres
after 5RC. The supporting electrolyte is 0.6M TBABF4 in acetonitrile. Reference
electrode: Ag/Ag+ calibrated versus Fc/Fc+ redox couple. Counter electrode: platinum

flag. Cell set up: two electrode cell with the reference and the counter combined.
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The solid line confirms that the experimental response is adequately described by a
double exponential decay arising from double layer charging and faradaic electron
transfer at short and long times, respectively. The inset shows semilog graph, Ini vs. t,
where the slope is the electron transfer rate constant, k, at a defined overpotential and the
intercept is In kQ. For the experiment shown in Figure 3.15 the heterogeneous electron
transfer rate constant, k, was calculated to be 1.4+0.9x105s'1and the RC of 1£0.5 [is.

From the semilog plot, the charge associated with the electron transfer is calculated to be
ca. 75% of the charge determined by cyclic voltammetry. Moreover, no deviations from
linearity are observed at short time scale indicating that uncompensated cell resistance,
which would cause the rate constant to evolve in time, is insignificant. Therefore, ca.
75% of the surface confined molecules are redox active on a microsecond scale and show

a single rate constant and thus a similar microenvironment.
After the chronoamperometry experiment the presence and stability of the monolayer was

checked and successfully recorded, indicating that the 25% of “inactive” monolayer is

not due to desorption of the molecules from the surface, as shown in Figure 3.16
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Figure 3.16 CVs of the monolayer before and after the chronoamperometry experiment
in 0.6M TBABF.i. Scan rate: 5 Vs'l Reference electrode: Ag/Ag calibrated versus

Fc/Fc+redox couple. Counter electrode: platinum flag.
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3.4.2 potential dependence ofk

Potential dependent electron transfer experiments may allow the reorganization energy
and electronic coupling effects to be deconvoluted for these terpyridine based monolayers
and calculate a value for k°.

Overpotentials ranging from 0.120 to 0.200 V were applied and the corresponding rate
constants measured. The current decays were recorded and fitted as described in the
preceding section and a plot of k vs. r| for the oxidation process of Co2+3twas obtained as

shown in Figure 3.17.

2.0E+05
1.0E+05 -
0,0E+00
0 0,05 0,1 0,15 0,2 0,25
T/ Volts

Figure 3.17. kvs. N plot for a CoTpySH monolayer adsorbed on 50 |am radius platinum
microelectrode. The supporting electrolyte is 0.6M TBABF4. Potential step: 0.5V.

Overpotential: from 0.120 to 0.2V. The solid curve represents the best fit derived from
the Marcus model, where A=0.19V and pre-exponential factor is 2.4 xlO4 s'L The

extrapolated standard heterogeneous rate constant is 3.06£0.03x104s'L
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It is perhaps important to note that Figure 3.17 is a different representation of the
dependence of the rate constants on the applied overpotential than that presented in a
Tafel plot. For the data presented here, the In k dependence of the conventional Tafel
plot obscures the very weak potential dependence of k. The maximum applied
overpotential was chosen to be 0.2V, since at higher values the corresponding k was

faster than the RC constant of the cell for the 50 (im radius electrode.

In Chapter 1the expression for Marcus equation, relating the rate constant to the driving
force was described. The potential dependent rate of electron transfer for adiabatic

systems at a certain overpotential, r),and temperature, T, is expressed by47:

U)2
k(rp)= fZ 1~ H2e (3.2)
ft nkBA

where H is the matrix coupling element, which quantifies the electronic interaction of the
redox orbitals and the metallic states. The experimental data were then fitted with
Equation 3.2, leaving as freely adjustable parameters X, the total reorganization energy,
and the matrix coupling element H and minimizing the sum square of the residuals

between the experimental and theoretical data.

The fitting procedure gave X equal to 0.191eV, or 18.5 kJ mol'], and H equal to 0.22 kJ
mol'l The fact that the electronic element is less than 1 kJ mol'l is supportive of
considering the system being adiabatic and it is in good agreement with literature values
for compounds with similar ligand length 4849. The extrapolated standard heterogeneous
rate constant was 3.06£0.03x 10V . Significantly, this rate constant is in the same order
of magnitude of that found for [Os(bpy)2 1,2-bis(pyridyl)ethane]2+ where the electron
transfer distance is similar to that of the terpyridine complex investigated here but the

electron transfer is highly non-adiabatics0, 3>
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As mentioned in Chapter 1, the reorganization energy, X, is made of two contributions,

the inner, Xjn, and outer , Xos, sphere energies. Under Marcus theory “os, has the

following expression 49, 53 in kJ mol'1for an heterogeneous electron transfer process:

_fexNN; _£ 1 r (3.3)
18~ Ju rj

where N is the Avogadro’s number, a is the radius of the redox centre(5.6 ,&S ]8, n is the
number of electrons, eo is the vacuum dielectric constant (8.85><10'12 C2Jm), r s
reactant-image distance, and 8gp and 8Sare the optical and static dielectric constants of the
medium around the redox centre. In the following calculations, the imaging effects will
be neglected, i.e. r—@ Therefore, an estimation of X and discussion of the results

obtained from Figure 3.17 can be performed.

A calculation of the static dielectric constant esis possible by knowing the RC constant of
the system which can be obtained from the fitted transients with the double exponential
equation. At 0.6M TBABF4 the effective contribution to the total capacitance comes
predominantly from the monolayer, since the diffuse double layer is compressed.

Therefore, ssis given by:

where d is the ligand length (10A)so The double layer capacitance, i, was calculated to
be 2.1 x 106 F cm'2 and, therefore, eswas equal to 2.4. The optical dielectric constant can
be calculated as the squared value of the refractive index of the medium, which for

acetonitrile is 1.344. By substituting those values in Equation 3.3, X is 17.2 kJ mol'l

The agreement between this value and that obtained by fitting the Tafel plot is good and

similar to what found in literature22 by Chidsey, and it suggests that the activation energy

188



of the process is mainly controlled by the reorganization of the medium surrounding the
molecule. Therefore, the breaking of the conjugation due to either the bonds between the
phenyl moiety and the terpy or the phenyl and the CH2 does not seem to play a significant
role in the electron transfer rate as well as the nature of the heteroatom bonding to the

metal surface.
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Conclusions

Monolayers of [Co(ttp-CH2-SH)2]2+ on platinum were prepared which are extremely
stable and exhibit close to ideal reversible electrochemistry. A particular advantage of
terpyridine complexes is that they enable supramolecular assemblies to be built in a

highly linear manner in the direction perpendicular to the electrode surface.

The adsorption mechanism monitored in-situ involves rapid adsorption of the complex
followed by a rate limiting surface diffusion that ultimately yields monolayers in which
the surface coverage is 40% of that expected for a close packed assembly. The
adsorption of the molecule is irreversible and controlled by diffusion of the molecule on
the surface. The rate of surface diffusion is approximately 10 orders of magnitude higher
than that found for alkane thiols on gold indicating that the interaction of the Cobalt thiol
complexes with platinum is substantially weaker and reflecting the fact that there are
destabilizing interactions between the cobalt complexes compared to stabilizing lateral
interactions in the case of conventional alkane thiols. These electrostatic repulsive
interactions, together with their inherent linearity, is likely to lead to highly ordered

structures on the molecular scale.
The dynamics of electron transfer are the same order of magnitude expected for short

chain ligand with a heterogeneous electron transfer rate constant, k°, of 3.06+£0.03x104s"1

and a reorganization energy controlled by the solvent contribution.
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Chapter 4

Immobilisation and characterisation of beta-thiol

cyclodextrins on gold electrodes
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Introduction

Host-Guest chemistry

In the wide field of nanotechnology, the host-guest chemistry is an attractive route for
building up supramolecular architectures using non-covalent interactions in a way that
allows the properties of the final system to be tuned. The method involves a ‘host’
molecule which includes, totally or in part, by non-covalent forces, a ‘guest’ molecule to
produce a ‘host-guest’ complex. The non-covalent supramolecular interaction is based
on a range of attractive and repulsive forces, which are dictated by the properties of the

individual components.

Commonly the host is a large molecule or aggregate such as an enzyme or synthetic
cyclic compound possessing a well defined, sizeable, central cavity. Some well-studied
examples of host molecules are calixarenesl, crown ethers2and cyclodextrins3. The guest
may be an ionic species, an organic or a more complex molecule, such as a hormone or
neurotransmitter. Among all the hosting molecules cyclodextrins (CDs) seem to be the
most important ones because they are semi-natural products, produced from a renewable
natural material by an enzymatic reaction, they are fairly inexpensive, due to the high
yields of production and they show low toxicity and therefore can be consumed by

humans.

CDs have the capability of accommodating molecules of the size of one-two benzene
rings in their cavities, while larger molecules, that have sided chains of comparable size,
are partially included. CDs are cyclic oligosaccharides, prepared by the enzymatic
degradation of starch, most commonly comprising of six, seven or eight D-
glucopyranoside units (a, 3 y respectively) linked by a 1,4-glycosidic bond. Due to their
conformation, they form hydrophobic cavities lined by the glycoside oxygen bonds,

which are responsible for the ability of the CDs to include hydrophobic molecules.
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The inclusion phenomenon essentially involves substitution of the included water
molecules with a less polar guest, interaction of the relatively non-polar guest molecule
with an imperfectly solvated hydrophobic cavity of the CD is an energetically favoured
process. The driving forces leading to the inclusion complexation by cyclodextrins
include electrostatic, Van der Waals and hydrophobic interaction, hydrogen bonding,
relief of conformational strain, exclusion of cavity-bound high-energy water and charge-

transfer interaction.456.

The inclusion of a guest, G, is a thermodynamic equilibrium process with an association

constant, K, given by the relationship:

CD +G <>CD.G
K= [CD.G] (4.1)
[CDI[C]

Self-assembled monolayers o fthiolated CDs

Coupling the ability of the CDs for molecular recognition with assembly techniques is a
powerful route to produce sensors able to recognize and quantify molecules in aqueous

solutions?.

SAMs are highly organised at the molecular length scale, the most studied of which
involves the immobilisation of molecules through a sulphur atom onto gold surfaces.
When the self-assembled molecule is able to bind and therefore recognise other
molecules, a strong and versatile modified surface for sensing can be built up. Given that
the supporting materials are noble metals the assemblies can be characterised by a wide

range of techniques, including electrochemistry.
In the present work, mono-6-deoxy-6-(mercaptopentamethylene)thio-p-cyclodextrin was

self-assembled on gold polycrystalline surfaces through the pentanethiol moiety, in order

to produce modified substrates able to perform molecular recognition and ultimately
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build up supramolecular architectures at the interface. The modified CDs studied to date,
typically a and |3 primarily involve modification on the primary side of the CD cavity
with sulphur containing moieties such as thiolate. Upon surface attachment, the wider
opening of the CD receptor will face the adjacent solution, which should facilitate
binding of solution species inside the cavity. Again, the utilisation of mono-thiolated
CDs seems to be more promising in terms of packing and low defect density in the
monolayer rather than multi-thiolated CDs8. This is mainly due to the higher degree of
rotational freedom that the cavity experiences when assembled on a surface and therefore

the molecules within the monolayer are able to interact and pack closely.
The surface coverage, the extent of lateral interactions among the p-CDs constituting the

monolayer, and the orientation of the cavities will be discussed extensively in the

following sections.
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4.1 Experimental

Instrumentation

Cyclic voltammetry and AC voltammetry were performed using a CH Instrument Model
660 Electrochemical Workstation and a conventional three-electrode cell. All solutions
were deoxygenated thoroughly prior any experiment using oxygen free argon, and a
blanket of argon was maintained over the solutions during all experiments. Potentials are
guoted with respect a home-made AQ/AgCl, KClsa aqueous reference -electrode,
previously calibrated against standard laboratory calomel reference electrode. All

experiments were performed at room temperature.

Monolayer assembly

The electrodes were cleaned are described in Chapter 2, then rinsed with milliQ water
and placed, as quickly as possible in a daily fresh micromolar solution (from 100 to
200|xM) of the P-CD-SH and soaked overnight. The solutions were prepared by
dissolving p-CD-SH in milliQ water and then sonicated for 10 min. The solubilitylin

water of P-CD is known to be 0.012M at 25°C
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4.2 Description ofthe J3-CD layer

4.2.1 Reductive desorption

It is well known that the surface coverage of alkanethiols monolayers can be determined
by reductive or oxidative desorption9of the adsorbed thiolated layer. The electrode
reaction for the reductive desorption of monolayer films at alkaline pH (pH>I 1), where
the experiment can be performed at accessible potentials, can be described by the

following Equation:

H-+AUS(CH2MCH3+ «e'—»Au(0) + HSC(CH2NCH3 (4.2)

Porter et al? first reported on the determination of the surface coverage of adsorbed
alkanethiols at evaporated gold electrodes. The technique was based on the measurement
of the charge passed for the reductive desorption (Equation 4.2b) of the gold-bound
thiolate layer, assuming that one electron was needed to reduce one gold-sulphur bond,
i.e. n=1. The experiment was performed in 0.5 M KOH in a potential window between -
0.2 and -1.2V, imposed by solvent reduction. For dodecanethiols a sharp voltammetric
peak was observed at -1.1 V vs. Ag/AgCl. The applicability of this method was
evaluated by using ferrocene terminated thiols and by comparing the surface coverages
obtained by reductive desorption to the values calculated from the ferrocene/ferrocenium

redox process.

Similar approach was extended by Rojas et allto thiolated CDs, i.e. for the reductive
desorption of Per-6-thio-P-CD in 0.5 M KOH solution adsorbed on gold bead electrodes.
As shown in Figure 4.1, a large peak at-0.95V vs. SSCE was attributed to the reductive

desorption of the layer.
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Figure 4.1. Reductive desorption of Per-6-thio-p-CD in 0.5 M KOI 1solution adsorbed
on gold bead electrodes, derivatised by overnight exposure to a 1.0 mM solution of the

cyclodextrins in DMSO/I LO (60:40 v/v). Scan rate 0.1 Vs'l, Adapted from ref. 9.
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By assuming Equation 4.1 applies, they calculated a surface coverage of 75% of a full-
packed monolayer, supposing that six Au-S bonds were broken. No data were presented

regarding the crystallinity of the gold substrate.

However, in another contribution Yang et al.10reported on the desorption and adsorption
kinetics of nonylmercaptan on gold single crystal electrodes, showing a substantial
dependence of the desorption potential on the substrate, pH and scan rate. Thiols
deposited on polycrystalline gold surfaces showed multi-peaks when reductively
desorbed that agreed well with the potentials found for the thiols adsorbed on each single
crystal gold films. In particular, CVs of a nonanethiol-coated Au(lll) in 0.1 M KOH
showed a symmetric, sharp, reductive current at -1.04V (vs. SCE) while, when Au(110)
was used as electrode the reductive peak was found at -1.27V. Finally, as shown in
Figure 4.2, on polycrystalline faces, two main reductive current peaks were seen at
potentials corresponding to the value measured on the Au(lll) surface (-1.04V) and
close to the value for Au(l 10). These differences were thought to be partially related to
the different surface charge densities of the different single crystal faces that play a role

in the reductive desorption of the molecule.
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E / V vs SCE

Figure 4.2. Reductive desorption of a nonanethiol modified gold polycrystalline
electrode in 0.1 M KOH at 0.2Vs"\ Solid line, first cycle; dashed lines second and third
cycles. Adapted from ref. 10.
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In the present work, reductive desorption cyclic voltammograms of mono-6-deoxy-6-

(mercaptopentamethylene)thio-P-cyclodextrin layers  (denoted P-CD-SH)  on
polycrystalline gold macro electrodes were run in 0.5 M KOH solutions, in a potential

window between the OCP and -1.4 V in order to measure the surface coverage of the

layers. Figure 4.3 shows the resulting CV.

4.00

E vs Ag/AgCIA/olts

Figure 4.3. Reductive desorption in 0.5 M KOH of P-CD-SH monolayer adsorbed on a
gold polycrystalline macroelectrode (2 mm diameter). Solid line: first cycle, dashed line:

second cycle. Scan rate: 0.1Vs'L Reference electrode: Ag/AgCl, KClst in a salt bridge.

Counter electrode: platinum wire.
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It is perhaps useful to split the description of the experiment in two sections, referring to

the first and second cycle respectively.

In the first scan, two main reductive peaks are visible at -0.95 and -1.25V vs. Ag/AgCl,
together with an anodic re-adsorption peak at around -1.2V. The anodic peak is broad
and ill-defined, most likely because it is distributed over a larger range of potentialsll, 9
By comparing Figure 4.3 to Figure 4.2 it is clear that desorption of the P-CD-SH layer
occurs at the same potentials as for nonanethiol monolayers. Thus, the presence of the p-
CD as head group does not affect the interactions within the alkyl chains in the layer

which controls the desorption potentials.

The FWHM for the reductive peak at -1.25V has a mean value of 0.091+£0.010V, which
is an ideal value for a surface confined species that undergoes a one electron Nernstian
redox process. The peak at -0.95V has a FWHM of 0.130+0.010V, indicating some
repulsive interactions between the molecules within the monolayer.

The difference in volts between the two peaks is around 0.3V, which is ca. 26 kJ mol'lin
terms of the free energy of adsorption. In well-packed alkanethiols monolayers, the alkyl
chains are able to interact through the methylene CH2 group, gaining a stabilising energy
of 4-8 kJ mol'lper CH212 In the present work, the alkyl chain attached to the beta-
cyclodextrin is made of 5 carbons whose lateral interaction, possible when the molecule
adsorbs on a particular crystalline face, could account for the difference in potentials
observed in the CV. The fact that the peak at -1.25V has an ideal value for FWHM is a

further evidence of these interactions among the molecules.

In the second cycle the peak at -0.95V disappears while the peak at -1.25V still shows an
electrochemical signal, although it is shifted to more positive potentials. The shift in
potentials of the peak at -1.25V can be explained by assuming that the polycrystalline
gold surface is constituted of contacting islands of Au(l 10) and Au(l 11). In this scenario
the desorption of the molecules adsorbed on Au(lll) produce destabilised edges at the
Au(l 10) patches. Moreover the surface coverage of the peak at -0.95V is ca. 20-25% of

the value obtained from the -1.25V peak. Therefore, desorbing a small amount of thiols
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from Au(lll) can produce a less stable monolayer whose desorption potentials shift
positively. During the desorption experiments, either single or multiple waves were
recorded and it was not unusual to observe very broad peaks, sometimes barely detectable,
even though other control experiments showed good blocking towards external probes
(vide infra ). The occurrence of reductive desorption at intermediate potentials is not
unusual and Boubour et al Band more recently Calvente et al. 14 have reported on
potential-induced gating of self-assembled monolayers. In the Calvente contribution, the
monolayers were first adsorbed and were then subjected to chronoamperometry
experiments.  The applied potential was chosen between the deposition and the
desorption values and held for times long enough to exceed a defined tmex, exclusive to
each type of alkanethiols, generally within 2 minutes. Then, reductive desorption
experiments showed that these monolayers have become progressively more disordered
and unstable and they ultimately desorbed. Again, Yang et al. 15 reported on a
spontaneous desorption process of alkanethiols adsorbed on gold, by STM and AFM
imaging, revealing and confirming that the process mainly initiates at defect sites and

then propagate in the ordered domains.
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4.2.2 SERS ofthe modifiedpolycrystalline gold macroelectrodes.

The presence of the monolayer and the dependence of its structure on the applied
potential were probed by performing SERS at the modified gold polycrystalline
electrodes. The Raman experiments were performed either ex-situ, with the monolayer
dried in argon and scanned in air, or in-situ, in an aqueous solution of 0.2M Na2S04, with
Ag/AgCIl, KCISt as reference electrode and a platinum wire as a counter electrode.
Figure 4.4 shows the ex-situ SERS of the P-CD-SH monolayer on roughened gold
polycrystalline electrode, at 632nm excitation line together with the Raman spectrum of

the powder, for comparison.

-100
400 700 1000 1300 1600 1900 2200 2500 2800 3100

wavenumbers/cm'1l

Figure 4.4. Ex-situ SERS of P-CD-SH monolayer on roughened polycrystalline gold
macroelectrode (2mm diameter, black line) and Raman of solid powder on glass (purple

line) at 632nm.
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The assignments of the bands are the same as described in Section 2.6 for the solid
powder. It can be seen that the modes relevant to the cyclodextrin are present on the gold
surface, supporting the fact that the cyclodextrins are effectively adsorbed on the gold.
Moreover, the signal is in general stronger than the response from the solid powder on
glass due to enhancement factors. Since no absorption is observed for the CDs in the
UV-Vis region, the 632nm excitation will enhance the signal thorough the surface
enhancement effect. Therefore, the orientation of the molecule on the surface will allow
some particular modes to be enhanced, giving information about the structure of the

monolayer.

By comparing the spectra shown in Figure 4.4 some differences are visible. First, at 2869
cm"la peak in the monolayer spectrum is visible, which is absent for the solid and can be
assigned to the symmetric v(CHz) of the alkyl chain. The range between 1200 and 1400
cm'l is assigned either to twisting and rocking of CH2 in the alkyl chain or the
cyclodextrin modes and therefore, the intense peak at 1326 cm'l is probably a
combination of different modes. In the region between 500 and 1000 cm'l a better
resolution of the cyclodextrin modes is observed with respect to the solid powder, in
particular in the range between 500 and 700 cm'l which is assigned to the CS modes.
These observations are consistent with an adsorption of the thiolated P-cyclodextrin
through the sulphur atom, with the pentane chain close to the surface. The broad and
intense peak at 1604 is not well understood, since no double bonds are present in the
molecule and the signal is completely absent in the spectrum of the solid powder. Figure
4.5 shows the effect of a contacting electrolyte solution on the Raman response of the

monolayer.
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wavenumbers/cm'l

Figure 4.5. In situ (purple line) and ex-situ (black line) SF.RS of P-CD-SH on roughened

gold polycrystalline macroelectrode (2mm diameter) at 632 nm. For the in-situ

experiment, the electrolyte solution is an aqueous 0.2M NaiS(Xi. Reference electrode:

Ag/AgCI, KCI sat. Counter electrode: platinum wire
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In the in-situ measurements, the Raman spectra confirm that the monolayer is present.
The modes at 2869 cm'lare still visible, confirming that the CDs are likely oriented with
the alkane chain closer to the surface. However, the profile in the range between 1200-
1000 cm'1 changes, with peaks more intense and better defined that can be assigned to
CH2 modes. This could be explained by the presence of a contacting aqueous solution

that causes the thiolated cyclodextrins to fully extend offthe electrode surface.

Effect ofthe appliedpotential on SERS spectra

The applied potentials were chosen in order to be more positive and more negative than
the OCP (0V). The external potential was applied by connecting a CHI potentiostat-
galvanostat workstation to the cell containing the modified electrode. The potential was
stepped and the consequent flowing current monitored. When the current reached a
plateau the Raman experiment was started and the spectra accumulated. Figure 4.6
shows the effect of the applied potential on the monolayer structure in 0.2M Na:.
The peak at 920 cm'l is due to the electrolyte, Na2SC», and can be used as internal

reference to discuss the relative intensities of the peaks at the different potentials.
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Figure 4.6 In situ SERS of P-CD-SH on roughened gold polycrystalline macroelectrode
(2mm diameter) at 632 nm at OCP (0V. purple line), 0.3V (red line) and -0.3V (blue line)
in an aqueous 0.2M Na:SC». Reference electrode: Ag/AgCl, KCI sat. Counter electrode:

platinum wire.
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The intensity of peaks between 2869 and 2920 cm'1changes by switching from the OCP,
at 0V, to -0.3 and 0.3V, while the profile between 1200 and 1500 cm'ldoes not show any
particular change. The peak at 1015 cm'lbecome less intense and defined by applying an
external potential, while the peak at 1604 decreases at 0.3V and is extremely intense at -
0.3V and red shifted. Moreover, a peak at 850cm'1is better defined at -0.3V compared to
the OCP. These observations are consistent with an effect of the applied potential on the
whole structure of the adsorbed monolayer, since vibrations of either the alkyl chain or
the cyclodextrin head are affected. Therefore, the experiments suggest that by applying
an external potential 1) the monolayer is still present at the interface, 2) there is an
internal reorientation of the molecules within the monolayer, as supposed from the results
obtained with cyclic voltammetry which is reversible. However, it is not possible to
guantify by Raman spectroscopy the reorientation of the molecules within the monolayer

in detail.
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4.2.3 Surface coverage determination by reductive desorption

As suggested first by Schneiderll and later by Yangl0 the charge associated with the
desorption of a monolayer consists of capacitive and faradic contributions. The
calculation of the faradic charge, Qf, was performed by subtracting the charge due to the

double layer charging, Qcap, from the total charge under the reductive peaks, Qr:

Qf*Qr-Qa* 43
The electrochemical reductive desorption charge determination is significantly
complicated by the simultaneous passage of double layer charging current during the
desorption process. Moreover, the capacitive charge has two contributions, the double
layer charge of the coated electrode and the charge associated to the diffuse layer of the
uncoated electrode.
Assuming that the coated electrode behaves as a pure capacitor, then, the charge

accumulated by scanning from potential E] to potential Ez;before the desorption potential,

can be expressed as:
Q, =Ct(£,-£)) (4.4)

where Qc is the capacitive charge for the coated electrode (C), Ccis the capacitance of the

film (F) and Ei and E2are the initial and final potentials (V).

Similarly, for an uncoated electrode the following equation can be used:

B, =£,C,dE (4.5)
H
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where dE is the potential step of the experiment (0.05 V) and Cj is the differential
capacitance of the uncoated electrode at each step / (F). Therefore, performing AC
voltammetry experiments, for coated and imcoated electrodes, allows the total capacitive

charge, Qapto be determined

As described in Chapter 2 it is possible to convert impedance measurements into
capacitance values, by means of Equation 2.3. A frequency of 962 Hz was imposed to
the ac potential, at which the behaviour of the cell is purely capacitive. The amplitude
was 0.005V for the ac potential and a potential step of 0.050V for the dc potential.
Figure 4.7 shows the results obtained for an uncoated electrode scanned between -0.7 and
-1.4V and a coated electrode from 0to -0.5V, in 0.5 M KOH:
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Figure 4.7 AC voltammetry of an uncoated (top) and a coated (bottom) gold
polycrystalline macroelectrode (2 mm diameter) in 0.5 M KOH with frequency = 962Hz,
amplitude= 0.005V and potential step= 0.05V.
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It is clear, from Figure 4.7, that the assumption of treating the coated electrode as a pure
capacitor is appropriate, since its capacitance profde is potential independent, in the range
observed. Moreover, as expected, the capacitance of the modified electrode with an
organic layer is lower than the value for the unmodified electrode, when in contact with
an electrolyte. As it can be seen from Figure 4.7, the capacitance of the modified
electrode in the range of potentials between 0 and -0.5V is about 50-60% lower than the

capacitance of the uncoated electrode.

By applying Equation 4.5, the capacitive charge for the uncoated electrode was calculated
to be 26£6 p.C cm'2 in the range of potentials between -0.7 and -1.4V. For the coated
electrode, the capacitive charge value in the same range of potentials was extrapolated
from the values obtained between 0 and -0.5 V by applying Equation 4.4, resulting in a
value of 4.8£0.8(0,C cm 2, which is in a good agreement with literature values for
modified interfaces10. In order to calculate the final capacitive charge, the contributions
from the coated and the uncoated capacitive charge at each potential should be
determined. However, it is not possible to obtain this information from the CV and,
therefore, assumptions need to be made. From Figure 4.3, it is clear that the current
profile in the desorption range of potentials does not behave as expected for an ideal
capacitor, since the baseline shows a decrease indicating that the double layer capacitance
tends towards the bare electrode value as desorption proceeds. Thus, the final faradaic
charge, Qf, can be calculated by subtracting the capacitive charge of the uncoated
electrode from the integrated area under the two reductive peaks, Qr. The surface

coverages are determined by applying the following equation.

nFA
Assuming n=l a mean value for T was calculated to be 1.6+0.9* 10™° mol cm'2 The

large uncertainty reflects the difficulties associated with accurately measuring the

baseline as well as differences in the desorption peak shapes and potential.
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Discussions ofthe results

In the literatureError! Bookmark not defined, the outer diameter of the p-CD is
reported to be 15A, which gives a projected area of 176A2 per molecule and a surface
coverage of 8.1 IxIO'l mol cm'2 for a hexagonal full-packed monolayer. Alternatively,
the average experimental surface coverage gives a value for the projected area of 104 A2.
Values for the surface coverages in literature for short alkanethiols, such as
mercaptobutanol and mercaptohexanol are 7.5x10'10 and 9x1O'10 mol cm'2 respectively.
Thus, it appears that although the alkanethiols have surely an effect in the structure and
orientation of the P-CD head group, they cannot pack as closely as in the absence of the
P-CD. Weisse et al.]6 reported on the determination, by optical methods, of the surface
coverage and orientation for mono-thiolated and mixture of multi-thiolated cyclodextrins
derivatives on gold substrates. They developed a model for the organisation of the

cyclodextrins derivatives in the chemisorbed films which is shown in Figure 4.8.

mikibl

Figure 4.8. Models for the structure of the chemisorbed cyclodextrins films for mono

and multi-thiolated derivatives. Adapted from ref 16.

In this model, the beta-cyclodextrin tori are located as an outermost layer on top of the
spacers and the spacers are oriented perpendicular to the surface. The spacers in the
monothiolated derivatives give freedom to the cyclodextrin tori to align themselves in the
top layer, optimising intermolecular hydrogen bonding. The packing density of the tilted
cyclodextrins tori increases with increased spacer length. When the spacer is more than
one carbon, the tori orientation is not as in the hexagonal closed packed model but more

likely in a brick packing model, whose surface coverage is 1.9X10'I10mol cm'2 I7.
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The spacer used in the present work was shorter than the ones reported previously, which
allows the CD to orientate in an intermediate situation between a hexagonal and brick
packed monolayer. Moreover, the desorption potentials suggest that the monolayer is
constituted of at least two diverse structures, which show different lateral interactions
within the alkyl chains and likely allow different orientations of the (3-CD tori. Finally,
Schneider et al. 18 showed how the assumption that the reductive desorption of
alkanethiols from a surface requires one electron per sulphur atom may not be accurate.
By coupling cyclic voltammetry with quartz microbalance experiments they showed a
large discrepancy between the amount of material lost during the reductive desorption
experiment, as calculated from the charge with n=1, and the mass change monitored with
the EQCM. These arguments suggested that a fairly large fraction of the
electrochemistry charge must be due to double layer charging and that n could have

values different than integer19 20.
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4.3 Impedance characterisation: the double layer capacitance

Introduction

Reductive desorption is a useful method for measuring the surface coverage but it is
destructive. Another way to estimate the surface coverage and defectiveness of the (3-
CD-SH layer is the monitoring of the blocking behaviour towards an external redox
active probe and/or the change in the double layer capacitance after the monolayer
adsorption. In the following section, these two techniques are compared to the desorption

technique in order to find a correlation that allows them to be used as screening tests.

Since thiol CD monolayers are not electroactive, a way to check the presence of the
layers on the substrate surfaces is to monitor the change in the double layer capacitance
following the adsorption of the layer. As explained in Chapter 1, when a monolayer of an
insulating molecule is adsorbed at the surface of the electrode, the double layer
capacitance of the modified electrode drops, due to the fact that the electrolyte molecules

are displaced and the dielectric constant of the contacting phase decreases.

Experimental

In section 4.1 the preparation of the substrate, gold polycrystalline macro electrodes, was
described. After polishing with alumina and electrochemically cleaning in sulphuric acid,
the electrodes were rinsed with milliQ water and the capacitances for the bare electrodes
were checked in a daily fresh 0.2 M Naz2So 4 aqueous solution from -0.5 to 0.5V. Sodium
sulphate was chosen as electrolyte for the capacitance measurements because of the low
binding constant of sulphate with (3-CD. Chamberlain et al. 2L reported on the
electrostatically-induced inclusion of anions in CD monolayers on electrodes. By
monitoring the interfacial capacitance with different electrolytes they found that the

larger and more strongly solvated anions like So+ A F' and H2P 04 were excluded.
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After measuring the capacitance of the bare surfaces, the electrodes were rinsed with
copious amount of milliQ water and placed in the deposition solution. The results for six
electrodes are shown in Figure 4.9 together with the values obtained at the bare surfaces.
Capacitance measurements were performed by AC voltammetry technique. A low
frequency of 123 Hz was used. At this frequency the behaviour of the cell is purely
capacitive, previously checked by EIS at the OCP. An amplitude of 0.005V was set for
the ac potential and a potential step of 0.050V for the DC potential.
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Figure 4.9 Capacitance measurements for bare (top) and p-CD-SH modified (bottom)
gold polycrystalline macro electrodes in a 0.2M Na2SG aqueous solution. AC
voltammetry parameters: Amplitude(V)= 0.005, Potential step(V)=0.050,
Frequency=123Hz. Reference electrode: Ag/AgCIl, KC1 sat in a salt bridge. Counter

electrode: platinum flag.
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Figure 4.9 clearly shows that the bare electrode does not behave as a pure ideal capacitor,
since the double layer capacitance changes with the applied potential. This is due to
reorientation, adsorption or desorption of the electrolyte molecules at different potentials,
showing a maximum in the capacitance at 0.3V. The error bars are significant reflecting
the heterogeneity of the bare surfaces, probably due to the protocol followed in their
preparation, which does not allow a microscopic control of the substrate, and therefore

their possible different reactivity.

For the modified electrodes, a drop between 60-87% in the capacitance values can be
observed, as expected when an organic film is adsorbed at the surface. The behaviour of
the double layer is more similar to an ideal capacitor in the checked range of potentials,
being less affected by the applied potential and showing a flat profile. This is mainly due
to the fact that the electrolyte molecules cannot reach the electrode surface and undergo
reorganisation, changing the double layer structure. The modified electrodes behave as
blocked electrodes against the sodium sulphate molecules and limited permeation is
observed. The error bars are significantly smaller for the modified electrodes than for the
bare electrodes, suggesting that a final similar situation is reached on electrode surfaces
with different initial capacitances. This result is somewhat expected since the adsorption
of the p-CD-SH is a chemisorption process that likely to displace any weakly bound

adsorbates.

The capacitance drop can then be used as a qualitative description of the adsorption, as a
preliminary screening to check the presence of the monolayer on the electrode surface.
Monitoring the dynamics of adsorption could then give a better insight on the factors

dominating the self-assembly.
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4.4 Adsorption dynamics

Introduction

As discussed in Chapter 1 the adsorption of a monolayer involves different steps, such
diffusion of the molecule to the substrate, binding of the molecule on the surface, either
reversibly or irreversibly, reorganisation of the molecules, which can include surface

diffusion, lateral interactions and also desorption.

The adsorption of thiols on gold surfaces has been proved to be an irreversible process i.e.
a covalent bond is formed between the thiol and the gold substrate. ITowever, initial
adsorption is a rapid process and there is significant mobility of the adsorbates on the
surface. At longer times, defects anneal and a more stable, less mobile structure is
created. By monitoring the time dependence of the surface coverage, the mechanism of
the adsorption can be understood, and the contribution of each process, can be

determined.

As previously mentioned, the formation of non-electroactive monolayers can be
monitored by capacitance measurements, i.e. by monitoring the change in the double
layer capacitance when an organic film is forming. ELS is a powerful technique that
allows following the profile of the impedance of a system vs. time. Then, as described in
Chapter 2, the imaginary part of the impedance is used to calculate the capacitance of the

system.

Experimental

The measurements were performed at the OCP of the cell in order to avoid any effect of
the potential on the adsorption dynamics. A frequency of 123Hz was chosen together
with an amplitude of the AC voltage of 0.005V and a deposition time from 3h to 1 day.
The polycrystalline gold macroelectrodes were polished and electrochemically cleaned as

previously described. Then, they were placed in a freshly prepared 0.2M Naz2So 4
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solution and left to equilibrate in the free P-CD electrolyte solution in order to reach a
plateau and therefore a stable initial situation for the adsorption to be studied. Figure
4.10 shows the results for a polycrystalline gold macroelectrode in a 90jaM aqueous
solution of P-CD-SH, 0.2M Na2504 for a deposition time of 3h. This figure reveals that
the rate of capacitance decrease drops dramatically for deposition times longer than about

2,000 s. However, atrue constant plateau is not observed.
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Figure 4.10. Capacitance measurements vs. time for a bare polycrystalline gold
macroelectrode, in a 90jrM aqueous solution of P-CD-SH, 0.2M Na2SCx. EIS parameters:
E = OCP, Amplitude(V)= 0.005, Frequency= 123Hz. Reference electrode: Ag/AgCl,

KCUt in a salt bridge. Counter electrode: platinum flag.
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In order to apply the fitting models it is necessary to convert the capacitance values into

0, fraction of surface coverage.

A linear relation between capacitance and surface coverage is assumed2 and the

following equation is applied:

g (c,-C/) 47

where C, is the capacitance at the injection time, Ct is the capacitance at each time and Cf
is the capacitance at the end ofthe experiment (F). Figure 4.11 shows experimental O vs.

time profiles and best fits obtained to various adsorption models..
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Figure 4.11. Variation of 0 with time for a gold polycrystalline macroelectrode in a 100
iiM aqueous solution of [3-CD-SH, 0.2M NaiSO”; experimental (open squares) and lilted
values (black squares, model 6, double exponential). Reference electrode: Ag/AgCl, KCI

sat in a salt bridge. Counter electrode: platinum Hag.
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4.4.1 Curve Modelling

It can be seen that the adsorption process has two main components, one very fast which
develops in the first 30 minutes and a second one, with a smaller rate constant. This two-
stage assembly process yields an equilibrium surface coverage after approximately 3h.

A number of models sourced from literature were fitted to the experimental data® 2

kinetically controlled Langmuir model
diffusion controlled Langmuir model
second order kinetically controlled model
Purely diffusion controlled adsorption

Elovich adsorption model

o o b~ W N

A double exponential combining 1and 2

The following Table summarise the equation describing the models:

Model Equation
Kinetically controlled Langmuir model F(0 = Lmax [l —exp(- kagst)]
Diffusion controlled Langmuir model £t 12

r(0=rnax 1-eXp - -

Second order kinetically controlled
model
Purely diffusion controlled adsorptionl

fn
9{t) =Cb
\' m ]

Elovich adsorption model rxo = rmaxfi- exP(-w 1 ,H " 1)

Combined double exponential 1/2]
O(t) =1- aexp(~kact) +(1- a)exp
V"'t))
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Models 1,2 and 6 are essentially the same ones applied for the adsorption dynamics of
CoTpySH on platinum in Chapter 3 and discussed in Chapter 1. For these three models
an irreversible statistical adsorption with no following desorption is assumed. In model 1
the limiting step is the rate of adsorption and in model 2 the mass transport of the
molecule to the surface. Model 4 is a purely diffusion system which does not take into
account saturation of the surface, and therefore it cannot properly describe the system.
Model 5 is essentially model 1 corrected by a factor which takes into account an energy
barrier E before binding. The model supposes that the energy increases with increasing
the surface coverage, due to increasing lateral interactions. However, Weisser e£ a/.24
found values for this energy for mono and multi-thiolated p-CDs on gold surfaces to be

in the range from 0 to 1.8 kJ/mol, which essentially reduces model 5to model 1

For each model, the sum square of the residuals between the experimental 0, fractional
coverages, and those predicted by the theoretical models was minimised, by having as
freely adjustable parameters the rate constants and pre-exponential factors.

Figures 4.12a, b and ¢ show the correlation plots for the best fittings obtained from three

of the models:

s @
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Figure 4.12. Correlation plots between the experimental 0 and the best fitted values for
double exponential model (model 6, open squares), second order (black squares, model 3)
and diffusion controlled model (model 2, open triangles). The black lines are the linear

regressions for the three models.
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It can be seen that the combination of a Langmuirian diffusion and kinetically controlled
adsorption models gives the best results, with a R2= 0.9879, a slope very close to unity

(0.9816) and small intercept (0.15). The fitting equation is the following:

9= 1-(aexp(- KK)+ (I- A)exp(- Kdt12)) (4.8)

where A is a pre-exponential factor, kk(s') is the apparent rate constant for the kinetic
controlled adsorption process and Kj (s'i/2) is the rate constant for the diffusion controlled
adsorption. The pure diffusion control adsorption is the second model that fits the data
properly, suggesting that the reaction has a main diffusive character. Table 4.1

summarises the values for kkand Kj for models 6 and 2.

Table 4.1. Rates of adsorption for models 6 and 2

CljaM Model 6 Model 2
Ki/s" Kd/S'12 Kd/S-112
105 2.5x10'4 0.093 0.051
100 4.9x10'4 0.121 0.045
90 25x104  0.109 0.048

Values for the diffusion coefficient can be calculated by using the mean value of the

surface coverage determined in the previous section, knowing that:

d=W"Jf (4.9)
4T

where C is the concentration of (3-CD-SH (mol cm-3) and D is the diffusion coefficient
(cm2 s'). By means of the fitted k¢ values from model 6, D was calculated to be
2.5£0.7x10'8 cmV 1, which is two orders of magnitude smaller than the value found by

Simova et al. 5at 300K for a cyclodextrin concentration of 0.001M in aqueous solutions.

229



Therefore, as found for CoTpSH in Chapter 3, the diffusion process considered in this
model is more likely interfacial rather than through the solution to the electrode surface.
This consideration is also supported by the timescale of the adsorption process. In fact,
the time required for mass transport of sufficient material to form a monolayer under
linear diffusion conditions when the concentration is 90p.M and supposing D is 2.6* 10"6
cm2s'], is less than Is, indicating that mass transport to the surface is not rate determining.
The molecules are therefore thought to diffuse to the electrode surface from the bulk and
then diffuse over the electrode surface where they undergo an internal reorganization.
The fact that, likely, different crystalline faces constitute the surface is supportive of a
mechanism of interfacial diffusion.

Therefore, the adsorption has an irreversible character which is interfacial diffusion

controlled and Kkinetically controlled at different timescales of the experiment.
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4.5 Blocking behaviour

Introduction

The main goal in blocking experiments is to understand the roles played by different
charge transfer processes that operate whenever a freely diffusing redox species
encounters a monolayer coated electrode, namely long-range electron transfer,
permeation across the film and charge transfer at the pinholes. Long-range electron
transfer, tunnelling, is usually observed at well packed, defect-free and stable alkanethiols
monolayers and usually shows a strong dependence on the alkyl chain. As previously
shown, the presence of a bulky head group as the p-CD does not allow the alkyl chains to
closely pack. Evidence for ion permeation into short alkanethiols monolayers was
reported by Porter et al?6, showing the dependence of the differential capacitance on the

hydrocarbon chain length and nature of the supporting electrolyte.

Here, two different redox couples Ks Fe(CN)6and Co(tpy)z(PFs)2 with different solubility
properties were used as external probes in blocking experiments. The hydrophilic
KsFe(CNys should exhibit greater blocking by the layer since the only way to approach
the surface is through defects . The hydrophobic Co(tpy)2(PFe)2 could not undergo

permeation into the CD cavity.
The blocking experiments were performed in 0.2M NazSo 4, at which pH (ca. 7) the CDs

are neutrall0 and therefore the electrostatic contribution to the blocking behaviour should

be minimized.
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4.5.1 Cyclic voltammetry of KjFefCN)(,

KsFe(CNys is a well known probe27 28which undergoes reversible one electron, outer
sphere redox reactions in aqueous solutions at bare electrodes. The k° is sufficiently
small to produce reversible, quasi-reversible and irreversible responses under accessible
conditions. A 2 mM solution of KsFe(CNys in 0.2M Na2SC-s» was prepared. Cyclic
voltammetry from -0.1 to 0.5 V was performed at different scan rates, ranging from 0.1 to
5 Vs'], for the bare and P-CD-SH modified gold polycrystalline electrodes. For further
reference a nonanethiol modified electrode ( denoted C9S/Au) was also tested. Figure
4.13 shows the normalized current profiles recorded at 0.1Vs'l where the starting

potentials are the OCPs.
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Figure 4.13. Cyclic voltammetry of an aqueous 2mM KasFe(CN)6 in 0.2M NajSO” of a
bare ( black line), (3-CD-SH (thin line) and C9SH (dashed line) modified gold electrodes.
The starting potentials are the OCPs. Scan rate 0.1 Vs'l Reference electrode: Ag/AgCl,

KClsat. Counter electrode: platinum wire.
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Two limiting cases are visible in Figure 4.13. At the bare gold electrode Fe(CN)64"
undergoes a reversible oxidation from Fe2+to Fe3+at a potential of 0.235V. The peak-to-
peak separation is 0.070£0.005 V which is very close to the ideal value of 0.057V for a

one-electron redox reaction under semi-infinite linear diffusion control.

At the opposite extreme, exponential-like voltammograms are obtained at CgS/Au
electrode. The layer is so compact and insulating that the electron transfer rate is
dramatically slower. This behaviour is expected when the redox probe remains at the
solution side of the monolayer. In particular, the current profile, up to 0.35V, is
capacitive while the steadily increasing currents from 0.35 to 0.5V are attributed to

tunnelling across the alkanethiol monolayer.

Between these two limiting situations, the p-CD-S/Au electrode shows an intermediate
behaviour, with a drop in the peak currents together with a shift in peak potentials with
respect to the bare electrode. The peak-peak separation increases up to 0.323V. The shift
suggests that the phenomenon is due to slower kinetics of electron transfer. In fact the
electron transfer is hindered by the presence of the P-CD-SH layer but can still occur at
overpotential of ca. 0.150V. The high currents obtained, as compared to the results
obtained for CgS/Au, indicate that some penetration of the redox probe occurs at layer,
due to the presence of defects or the nature itself of the layer, which allows for a closer
approach of the probe to the electrode surface. The CVs are highly reproducible

suggesting a reproducible monolayer structure.
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4.5.2 Stability ofthe layers: timescale

Cyclic voltammetry of the layers was performed in 2 mM KsFe(CNjs in 0.2M Naz2Sos by
repetitively cycling (every 2, 5 and 20min) between -0.05 and 0.5V at 0.2V s’1for Ih.

Some of the layers showed a certain level of permeation and Figure 4.14 shows the
results for Ih cycling.

20.0

E vs Ag/AgCl/Volts

Figure 4.14. Cyclic voltammetry of an aqueous 2mM K:Fe(CNjs in 0.2M Na2SCss of P-
CD-SH modified gold electrodes at time zero (black line) and after Ih of cycling (thin
line). The starting potentials are the OCPs. Scan rate 0.2Vs™*. Reference electrode:

Ag/AgClI, KClsat- Counter electrode: platinum wire.
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By comparison of Figures 4.14 and 4.13 it can be seen that the potentials shift back
towards the reversible values and the currents increased and become more peaked after
repetitive cycling. The peak-peak separation comes back to 0.180V and the anodic
overpotential drops to 0.070V. This is a consequence of some sort of permeation of the
redox probe which is more pronounced for the FeZtoxidation state, which is more
hydrophobic. However, permeation affects the layer partially since the final CV after one
hour of cycling are still more similar to those expected for a blocked interface than for a
bare electrode. Reductive desorption experiments were ran after Ih cycling in 0.5M

KOH to check the presence of thiol layers and Figure 4.15 shows the results.

4.00

-20.00
E vs Ag/AgCIlA/olts

Figure 4.15 Reductive desorption in 0.5M KOH of p-CD-SH monolayer on
polycrystalline macroelectrode after Ih cycling in 2mM KaFe(CN)6, 0.2M Na2So 4 . Scan
rate;: 0.1Vs’L Reference electrode: Ag/AgCl, KCI sat in a salt bridge. Counter electrode:

platinum wire.
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In general the reductive peak magnitude was noticeably reduced, sometimes hardly
detectable, together with a shift of the peak potentials to more positive values, around -
IV and -0.6V. The decrease of the peak currents together with the shift in potentials
suggests that some instability was introduced in the layers, due to repetitive scans. It was
not possible to determine the surface coverages of the layers and therefore to say if the
cycling triggered desorption of the thiol molecules or just introduced disorder and
instability.

The stability experiment shows how the time scale of the inclusion experiment is of
primary importance in order to guarantee the presence of the p-CD-SH layer on the

electrode surface.
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4.5.3 Stability ofthe layers: potential window

Capacitance measurements were performed by AC voltammetry technique, at a
frequency of 123Hz, amplitude of 0.005V and a potential step of 0.050V, by
progressively increasing the positive potential from 0.4 to 0.6V. Figure 4.16 shows the

profiles of C vs. E.

v 8.0
E
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E vs Ag/AgCIlA/olts

Figure 4.16. Capacitance measurements for (3-CD-SH modified gold polycrystalline
macro electrodes in 0.2M Na2SG4 aqueous solution from -0.5 to 0.4V ( black line), from -
0.5 to 0.5V (dashed line) and from -0.5 to 0.6V (dotted and dotted-dashed line. AC
voltammetry parameters: Amplitude(V)=0.005, Potential step(V)=0.05,
Frequency=123Hz. Reference electrode: Ag/AgCl, KC1 sat in a salt bridge. Counter

electrode: platinum flag
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As it can be seen, increasing the positive range of potentials by 0.2 V produces an overall
increase of the capacitance of ca. I(iF cm'2 By comparing Figure 4.16 to the bare
electrode capacitances in Figure 4.9 in the range of potentials between 0.4 and 0.5V, it
can be said that this change is almost negligible, being slightly bigger than the error bars
magnitude. Therefore, gold oxidation, which is supposed to start at 0.6V and to
destabilise the monolayer, does not have a major effect on the adsorbed P-CD molecules,
in the timcscale of the experiment. Thus, when monitoring the inclusion reaction a
potential window of ca. 1V, from -0.5 to 0.6V, can be used without desorbing the CD

monolayer.
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4.5.4 C'yclic voltammetry of C(Tpy)i(pFd2

The blocking behaviour towards a more hydrophobic redox couple,[Co(tpy)2](PFs)2,
(denoted CoTpy) was also tested. The probe was chosen due to its similar geometry and
physical properties to the complex to be used for the inclusion reaction. However,
CoTpy should not include in the [3-CD cavities since its diameter is bigger than the CD
cavity size29. Again, the hydrophilicity of the probe and then the permeability features of
the layer have been tested. Micromolar solutions (ca. 500pM) in 0.2M Na2SC>, 90:10
milliQ water/acetonitrile were prepared, by dilution of millimolar solutions of the probe
in pure acetonitrile. Figure 4.17 shows the CVs obtained at the bare and (3-CD modified

polycrystalline gold macroelectrodes at 0.1Vs'L
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Figure 4.17. Normalised cyclic voltammetry of a 500(.iM Co(tpy)2(PFfi)2>0.2M NaiSOt,
90:10 milliQ water/MeCN for a bare (thick line) and p-CD-SH (thin line) modified gold

macro electrodes. The starting potentials are the OCPs. Scan rate: 0.1Vs’l Reference

electrode: Ag/AgCl, KCI3k Counter electrode: platinum wire.
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At the bare electrode the redox couple shows a reversible behaviour, with AEP=
0.062+0.005 V and E°'= 0.061+0.005 V. Significantly, reversible voltammetric waves
were also detected at the P-CD-S/Au electrode. In particular, AER= 0.061+0.005V and
E°'= 0.054+0.005 V. Atthe modified electrode the currents are slightly enhanced, while
the formal potential is shifted of less than 0.010V towards more negative values. Since
both the anodic and cathodic peak potentials are shifted, the effect likely has a
thermodynamic rather than a kinetic character and oxidation of the probe is somewhat
easier at the modified surface rather than the bare. The rate of electron transfer at the p-
CD modified interface appears to be relatively large since the AEP does not change, by

changing the scan rate from 0.010 to 0.5 V/s.

In order to check if permeation occurs or if cycling in the presence of the cobalt complex
induces disorder or desorption, reductive desorption experiments were run after the
blocking experiments. These experiments did not show any particular difference from
the results obtained for the desorption of fresh monolayers. Therefore, by cyclic
voltammetry it was not possible to check the actual permeation of the molecule through
the layer.

Future work could involve the study of the blocking experiment at different time scales

and at different probe concentrations, in order to define the limits of the phenomenon.
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4.6 Defects characterisation and surface coverage determination by

blocking experiments

Introduction

The defects at a modified electrode can be thought as an array of microelectrodes and

therefore the theory developed for this system can be used to describe their properties3)
31, 32

Consider a one-electron redox reaction in an unstirred solution where only one species, A,

iS present at time zero:

k°a
A<->B +e~ (4.10)

where k° is the standard heterogeneous electron transfer rate constant (cm s'D) and a is
the transfer coefficient. Initially only species A is present and, by increasing the potential,
A is oxidised to B and a depletion (or diffusion) layer grows around each individual disc.
The shape and magnitude of the CV are then dependent on different factors, the size of
the diffusion layer vs. the size of the defects, (), and the distance between the individual

defects, d.

Then four situations can happen as shown in Figure 4.18:
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© Individual small diffusion layers: non-linear diffusion
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microetcclrode insulator

microelectrode
insulator

© heavily overlapping diffusion layers:

G) overlapping diffusion layers linear diffusion

Figure 4.18. Schematic diagram of the four situations of a diffusion profile for an array

of microelectrodes/defects. Adapted from ref. 30
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In situation 1, at very short time scales, the diffusion layer thickness, 5, is smaller than
the size of the defects resulting in a linear diffusion profile. The resulting CV is a scaled-
down macroelectrode response, in situation 2, 5 is larger than 9 but not enough to cause
two adjacent diffusion layers to overlap. The diffusion layer has a radial profile and the
resulting CV is the response of an individual microelectrode multiplied by the number of
the defects on the surface. Arrays, like situations 2, produce scan rate independent CVs
with steady-state characteristics, for a certain range of scan rates, hn situation 3, two
adjacent profiles start to overlap and peak currents and scan rate dependence start to
appear in the CV as the response becomes controlled by semi-infinite linear diffusion.
Finally in situation 4 the diffusion fields overlap completely and linear diffusion

predominates.

In terms of modelling the CV response, situation 1 and 4 can be described by planar
diffusion methods, while situation 2 can be described by the 2-dimensional microdisk
problem. Situation 3 is more complicated since it includes contributions from both radial

and linear diffusion..

Amatore et al?3analysed the four categories for an evenly spaced array of disk-shaped
microelectrodes of uniform radii embedded in an insulating plane. They found
expressions for the CV shape in terms of two dimensionless parameters A and B, which
depend on k°, the scan rate, the fractional coverage, @.34 They reported on limiting cases
like reversible CVs, irreversible CVs, with kOgpgiven by the product of k° and (1- 0),
and plateau currents which are independent of scan rate. Switching from one situation
(CV shape) to the other is, then, a consequence of the interplay between the scan rate, d,

() and the concentration of the redox probe.
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4.6./ CVs simulation

Simulations of the CVs obtained at the bare and modified electrodes at different scan
rates were performed by CITI660A software.

Figures 4.19 and Figure 4.20 show the results for a bare and a modified macro electrode
respectively at 0.2V/s in a 2mM [C|Fe(CN)6 ,0.2M Na"SC” solution under semi-infinite

linear diffusion conditions.
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Figure 4.19. Experimental (solid line) and simulated (open squares) CV for 2inM
K,il;e(CN)6 ,0.2M Na2SCs4+ solution at a bare electrode at 0.2 V/s. Reference electrode:
Ag/AgCI, KCl sat in a salt bridge. Counter electrode: platinum wire.
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Figure 4.20. Experimental (solid line) and simulated (open squares) CV for 2mM
Kal"e(CN)(, ,0.2M Na"SO.* solution at a modified electrode at 0.2 V/s. Reference electrode:
Ag/AgCl, KCI sat in a sail bridge. Counter electrode: platinum wire



For the bare electrode, as shown in Figure 4.19, where the diffusion is assumed to be
planar and the reaction is reversible in the experiment time-scale, the agreement between

the experimental data and the fitting is good.

For the modified electrodes, as shown in Figure 4.20, the agreement between theory and
experiments is poorer, because the fitting program does not take into account the
contribution from radial diffusion. Particularly defect free layers could be obtained
showing blocking behaviour at O.OIOV/s. The simulation could not be performed for
such packed monolayers and the surface coverages were then calculated by reductive
desorption. However, in general, a good correlation between the blocking experiments
and the values obtained by desorption was found, allowing to chose those electrodes that

exhibited good blocking.

Table 4.2 summarises the parameters used to simulate the bare and two modified
electrodes, denoted as modi and mod2. The fitting values reproduce very well the bare
electrode in a range of scan rate between 0.010Vs'lkv<IVs'l while for the modified

electrodes the range is 0.1Vs’l<v<0.5Vs'l
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Table 4.2. Simulation parameters for bare and modified electrodes in a 2mM

K4Fe(CN)6,0.2M Na2S04.

ke/ E°/W a M oo R Arealcm2 cu!

cm s’ cm2s1l  cmV1 VF

bare 9xI(T 0.238 0.5 0.00135 8.5x 10/ 9X107 0.064 12
Modi 4.2x10'4 0.235 0.55 0.00135 IxIO'6 IXIO'6 0.052 1.2
Mod2 8.2x10™ 0.235 0.5 0.00135 IX1O'6 IXIO'6 0.1 13

The k° values for the bare electrode is in good agreement with literature values®. The
diffusion coefficients were calculated as previously described in Chapter 3 and a value of
8.4x1 07 cm2s'lwas obtained for both the reduced and oxidized forms. These values are
in excellent agreement with the simulated values. The simulated microscopic areas were
compared to those calculated from the reductive peaks in the cleaning CV, which are
0.058 cm2 0.062 cm2and 0.15 cm2 for bare, modi and mod2 respectively. It can be seen
that the matching between experimental and simulated values is in the order of 10-30%.
As previously mentioned, the apparent heterogeneous electron transfer rate constant can

be related to the standard rate constant by the following equation:

kKl=ke°(l-e) (4.11)

where © is the fraction of covered area. Application of Equation 4.11 gives values for ©
of 0.953 and 0.911 for modi and mod2 respectively, assuming k° value from Table 4.2.
When the blocking was observed at 0.02V/s the simulation gave a kgp=3x 10"V, which
in terms of ©=0.99236. The corresponding surface coverages calculated by reductive
desorption has a mean value of 1.6x10'I1mol cm'2. Thus, the blocking seems to be an

efficient and non destructive technique to estimate the packing ofthe monolayer.
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4.6.2 Size and distribution ofthe defects

In principle, by knowing the fraction of covered area it is possible to describe in terms of
size and distribution the defects of a monolayer36. Again, assuming evenly spaced array
of disk-shaped microelectrodes of uniform radii embedded in an insulating plane, pinhole
parameters can be estimated from CVs, by determining the scan rate at which peak
current is not longer linear with the square root of the scan rate, i.e. switching from a

planar diffusion to a radial diffusion.
Figures 4.21a and b show the shape of the CV at different scan rates when switching

from planar diffusion to a situation where contribution from radial diffusion is visible

with the typical S-shaped CV.
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Figure 4.21a. Cyclic voltammograms of 2mM KsFe(CN)6 ,0.2M NajSC” solution at a
modified electrode at 0.02 (top) and 0.05Vs'lI(bottom). Reference electrode: Ag/AgCl,

KC1 sat in a salt bridge. Counter electrode: platinum wire
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Figure 4.21b. Cyclic voltammograms of 2mM K4Fe(CN)6 ,0.2M Na2S04 solution at a
modified electrode at 0.2 (top) and 0.5 Vs'l(bottom). Reference electrode: Ag/AgCl, KC1

sat in a salt bridge. Counter electrode: platinum wire
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The equations describing this method are the following:

cl & (4.12)
2.22(1-0)*12

j =d(\-0),2 (4.13)

where the parameters have the meaning previously described.

Figure 4.22 shows the plot of log ipek vy. log v for mod 1.
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Figure 4.22. Graph of log ipvs. log v for an aqueous 2 mM KaFe(CN)f, ,0.2M NazSo 4
solution at a modified p-CD-SH gold electrode for the anodic (black square) and cathodic

(open square) showing the switch from a planar to a radial diffusion situation.
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It can be seen that the slope ofthe two linear regression changes. ldeally, radial diffusion
should give a log ip independent on the scan rate, while a decrease is observed. This is
mainly due to the difficulty in placing the baseline in the experimental CVs which shown
a shape similar to situation 3 rather than 2. The intersection of the two linear regressions
is vimexand its value is 0.1 1V/s. Substituting © (0.95) and virex in Equations 4.12 and 4.13,
a distance between the defects of 500nm and a diameter of 108nm are calculated, ten
times the outer diameter of the P-CD-SH. However, these numbers should be treated
cautiously since no proof of the evenly distribution of the defects and uniformity of the

radius was found. Moreover accurately determining the CV baseline is challenging.
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Conclusions

In the present chapter the formation and characterisation of modified gold polycrystalline
macroelectrodes with P-CD-SI | was shown. The monolayer appears to be well packed,
most likely with a mixed character between a hexagonal and brick packed monolayer
conformation. Small size defects were detected with blocking behaviour experiments
performed with KtFe(CN)6. The layer results sensitive to the hydrophilicity of the probe
and stable over a wide potential window and timescales of hours.

Therefore the layers results suitable for molecular recognition of electroactive probes in

aqueous solutions.
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Chapter 5:

Inclusion reaction of CoTpybip

in the immobilised P-CD cavities
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Introduction

The need of miniaturised devices capable of directional motion of electrons and energy,
in particular for the semiconductor industry, has triggered the generation of molecule-
based functional devices. In particular, the study of the integration of those molecular
components into well-ordered assemblies with a well-defined supramolecular architecture
has been investigated extensively. Such devices require control of molecular orientation
and organisation at the nanometre scale, and, therefore, it is of primary importance to

study molecules and methods that allow assembling multicomponent nanostructures.

Traditional molecular electronics based attempts have relied on either covalently linked
low molecular weight systems or polymersl However, complexity in the synthetic
procedure or lack of spatial control of individual molecular units together with
inefficiency of mass transfer often limits systems of this kind. Alternative “bottom up”
strategies for forming supramolecular assemblies involve the deposition of thin films and
layers by Langmuir-Blodgett method (LB), which has the disadvantage of requiring
particular instrumentation and being labour intensive2. Crespo-Biel et al.3reported on the
utilisation of layer by layer deposition (LBL) to form multivalent supramolecular host-
guest interactions between dendritic guest molecules and host-modified gold
nanoparticles. However, with this technique is not easy to control the stability towards

interpenetration of the single layers.

A more versatile and promising route is to mimic the self-assemblies present in living
systems that are capable of directional control of electron transfer and energy4,5.
Artificial systems that mimic the properties and the functions of the biosystems can be
developed based on the immobilisation of molecules able to interact non covalently with
other redox/photoactive active molecules, which have a defined geometry in order to

build up molecular wires.

Figure 5.1 schematically shows the idea of a molecular wire, where a transition metal

complex acts as the active part of the wire, by switching its redox state, and the CDs and
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the linkers direct the self-assembly onto the surface. Moreover, functionalised CDs are
ideal hosts because of their selective complexing properties, aqueous solubility and

ability to self-assemble.

Non covalent linking to Surface active metal complex
form pseudo rotaxane non covalently linked to CD
Surface active CD CD units covalently linked

by a metal centre

Figure 5.1 Schematic representation of a molecular wire

As previously described, cyclodextrins have the ability of forming inclusion complexes
with hydrophobic molecules. The number of reported inclusion complexes with CDs in
solution and immobilised on a surface has been increasing over the years. Rojas et al.6
first reported a CV investigation of well organised and defined molecular cavities
confined on a gold surface that were able to include molecules dissolved in solution. The
probe in solution was a ferrocene redox couple, capable of including into the p-CD
cavities. Since then, other authors reported on the characterisation with electrochemistry
of the inclusion of small molecules able to completely or partially penetrate the cavity,
e.g. ferrocene 7°8°9° 10 and cobaltocenium derivativesll, 12, organic molecules 13
Y4(adamantyls1516, quinones 7 Band anthraquinonesl9 benzyls, phenols, alkyl chains)
21) . However, as previously mentioned, the guests used for the present work are
molecules with a defined linear geometry such as the terpyridine complexes characterised

in Chapter 3.
Some studies on the ability of terpyridine complexes to perform directional light-induced

charge separation energy transfer have been carried out successfully in solution22. In the

case of osmium terpyridine biphenyl complexes, the biphenyl moiety allowed the
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molecule to include, constructing modular systems that showed higher flexibility rather
than polymetallic systems of donor/acceptor units. Therefore, in this work a similar
compound, cobalt terpyridine biphenyl, CoTpybip, was chosen as an electrochemically
active guest molecule. The design of the metalloguest was carefully chosen as explained

below.

First, cobalt terpyridine complexes show accessible formal potentials in agueous solution
at a gold electrode, as shown in Chapter 3 for a family of CoTpyL, where L is an
including tail such as diphenyl or adamantyl. hn the case of inclusion of the cobalt
terpyrydine complex the tail has to be hydrophobic in order to interact with the cavity of
the P-CD. Moreover, the size of the tail needs to take into account the cavity dimension.

Aromatic biphenyls’have been proved to strongly interact with p-CD in solution "2

hn the following sections, the ability of P-CDs molecules immobilised on gold to bind
CoTpybip present in the contacting solution is reported using electrochemistry. The
amount of included complex and the thermodynamic constant of the inclusion process is
also discussed. Further characterisation by Raman spectroscopy has also been performed.
Control experiments at the bare gold electrodes will complete the characterisation of the

process.
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5.1 Experimental

Instrumentation

Cyclic voltammetry was performed using a CH Instrument Model 660 Electrochemical
Workstation and a conventional three-electrode cell. All solutions were deoxygenated
thoroughly prior to measurement using oxygen free argon, and a blanket of argon was
maintained over the solutions during all experiments. Potentials are quoted with respect a
home-made Ag/AgCI, KClst aqueous reference electrode, previously calibrated against a
standard laboratory calomel reference electrode. All experiments were performed at

room temperature.

Raman spectroscopy was performed using an Horiba Jobin Yvon HR800UV . The
acquisition was carried out ex-situ after washing the electrode with copious amount of
milliQ water and drying it under argon. Acquisition parameters are listed in the relative

section.

Complexformation

CoTpybip was synthesized and characterised at the School of Chemical Science in

Birmingham and used as received.

The medium in which the host-guest complex formation takes place is important, since it
influences the inclusion equilibrium process in both directions. In fact, as described in
Chapter 1, the inclusion process can be simply thought as the substitution of the solvent
(typically water) included in the cavities by a less polar guest. CoTpybip is a
hydrophobic probe that is soluble in acetonitrile. However, solutions with high water
content are needed for the inclusion process, in order to enhance the affinity between the
CD cavity and the molecule itself. In fact, as reported by Osella et alP regarding the

inclusion of ferrocene into P-CD cavities in mixtures of water and an organic co-solvents,

263



the increase of the acetonitrile presence from 0 to 10% produced a small decrease in the

binding properties (ca. from 4x 103to 3x 103M'J).

Previous studies were performed at the School of Chemical Sciences in Birmingham, on
the complexation in solution between permethylated beta-cyclodextrins and M-bipTpy,
where M is hr, Os, by HNMR, circular dichroism, microcalorimetry and luminescence

spectroscopy. The following conclusions were made:

1) the amount of acetonitrile does not have to exceed 10%.
2) the inclusion happens through the secondary side of the CDs due to dipole coupling
effects

3) just the terminal phenyl ring of the biphenyl tail is included in the cavity.24

In the present work, in order to probe the affinity of the cavities of the (3-CD-SH
monolayers for the redox probe, modified electrodes were exposed to solutions of
CoTpybip and cyclic voltammetry was performed. In particular, the redox process
involving the metal oxidation Co2+to Co/3+ was monitored and the characteristic for a

reversible redox process for a surface confined species checked.

The following experimental conditions were used based on the conclusion cited above.
Millimolar solutions of CoTpybip in anhydrous acetonitrile were first prepared. Then,
aliquots of the stock solution were diluted, by dropwise addition of milliQ water, to
produce micromolar concentrations of the redox probe with a final water/acetonitrile ratio
of 90/10. These deposition solutions were then used in two different protocols for the

inclusion process with the modified electrodes, i.e. ex-situ and in-situ inclusions.

In-situ inclusion involved dipping the modified working electrodes in micromolar
solutions of CoTpybip, containing 0.2M Naz2So4  The association was monitored using
high scan rate CVs in order to limit the diffusive contribution. The electrodes were not

removed at any stage from the deposition solutions. In the presence of the electrolyte the
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solubility limit of the probe was approximately 40 p.M, at which the solution was non-

turbid and stable for about 10 minutes.

Ex-situ monitoring of the inclusion process involved dipping the P-CD-S/Au electrodes
in micromolar solutions (90:10 milliQ water/acetonitrile) of the cobalt complex for
different deposition times. Subsequently the electrodes were washed with milliQ water
and checked in IM UCIO4 solutions. The high electrolyte concentration was needed to
“freeze” the equilibrium set in the deposition solution, creating a highly ionic and

hydrophilic environment.
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5.2 Molecular recognition

5.2.1 In-situ inclusion

For the in-situ inclusion monitoring, the modified P-CD electrodes were prepared as
described in Chapter 4 and then placed in a cell containing micromolar solutions of the
complex in 90:10 milliQ water/acetonitrile, 0.2M Naz2SCss as supporting electrolyte. Four

different concentrations were used, namely 5, 10, 20 and 40 jj,m.

The reproducibility of the experiment is an issue of primary importance. Unfortunately,
it has been shown in Chapter 4 that during the immobilisation of the p-CD-SH on gold, it
is not possible to control and direct their orientation and packing. Flowever, it is possible
to characterise the CD films. Moreover, it was shown how scanning the layer for long
times could introduce some disorder in the layer itself, probably through desorption of
some molecules, which reduces the probability of the inclusion. It is also important to
note that hydrophobic probes in aqueous solution can exhibit a significant tendency to
physically adsorb on the electrode surface. Therefore, fast scan rates for short times were
used in the following experiments. Figures 5.2 shows representative CVs for a p-CD-
S/Au consecutively immersed in 5, 10, 20 fiM solution of the complex, 90:10 milliQ
water/acetonitrile, 0.2M Na2SC». Between each experiment the P-CD modified
electrodes were rinsed with acetonitrile to completely remove any included molecule
which would affect the achieving of equilibrium. The corresponding Gaussian fitted
background corrected CVs, are shown in Figure 5.3. The background correction was
performed in Excel by fitting the best baseline to the data and then subtracting it from the
experimental data. The background corrected CVs were then fitted with a Gaussian
equation in Origin 6.0, which minimises the Chi square value between experimental and
theoretical data. The potential peak and the FWHM were left as freely adjustable
parameters. The discussion of the results will be based on Figure 5.3. This data
processing was needed due to the small magnitude of the peaks related to the inclusion

process compared to the capacitive current.
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Figure 5.2. CVs of p-CD-S/Au electrode immersed in a 5(.iM (red line), 10).iM (black
line) and 20|juM (yellow line) solutions of the complex, 90:10 milliQ water/acetonitrile,
0.2M Na2S04. Scan rate: 10Vs'l Reference electrode: Ag/AgCIl. Counter electrode:

platinum wire.
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Figure 5.3. Gaussian fitted background corrected CVs of a P-CD-S/Au electrode
immersed in a 5j.iM (thin line), 10jaM (black line) and 20(.tM (dashed line) solutions of
the complex, 90:10 milliQ water/acetonilrile, 0.2M NasSOa. Scan rate: 10Vs‘l. Reference

electrode: Ag/AgCL Counter electrode: platinum wire.
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A way to check the occurrence of the inclusion process between a redox probe and
cavities in solution by electrochemistry is to monitor the shifting of the potential peaks of
the redox process with respect to the values in absence of the binding cavities. In fact, in
the literature2 5 26 the shift to more positive potentials was used to indicate that the
complexation had occurred between electrochemically reversible redox probes and (3
CDs in solution, together with a drop in the peak current values. The interpretation of the
phenomenon was based on the different environment that the redox probe experiences
when in solution or in the cavity of the P-CD. Since the cavity represents a more stable
system for the hydrophobic probe in the reduced state, the consequent oxidation is more
difficult and requires higher energy and therefore more positive potentials. In the
literature, shifts spanned between 0.010 to 0.1V and a decrease in the current was also
observed as a consequence of the inclusiong 2526. In fact, since the included complex
was assembled in solution, it was characterised by smaller diffusion coefficients,
compared to the free complex, which produced smaller currents. In the present case, the
peak currents do not decrease since the cavities are confined on the surface and the probe

can diffuse as normal. Therefore, only the shift in potentials can be checked.

More interestingly, in another contribution Rowe et al. 27 showed how the formal
potential of a surface confined thiol terminated ferrocene shifted to more positive
potentials when the chain length of the surrounding alkanethiols was increased. While
the distance from the electrode of the redox probe was constant, the environment changed

creating a more stable situation for the ferrocene neutral molecule as shown in Figure 5.4.
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Figure 5.4. CVs in IM HCI04 of electrodes coated from ethanol solutions containing
(Fc)C6SH and n-alkanethiols: A) butane thiols, B) n-hexanethiol C)n-octanethiol D) n-
decanethiol E)n-dodecanethiol. Scan rate 100mV/s, S=l|.iA, coverage for each

voltammograms is 2.4x 10'1 mol cm'2. Adapted from reference 28
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Tliey explained the phenomenon as an increased free energy that must be overcome to
force the electrogenerated ferrocenium ion to reside in this quite non-polar, poorly
solvating environment. In particular, they observed a shift in potential ranging from
0.050 to 0.200V when switching from a C4 to a C12 alkyl chain. The fact that the formal
potential shifted even when the probe was partially buried in the surrounding layer, is
supportive of the results discussed below for our probe.

In Figure 5.3, redox processes are visible for the modified electrodes immersed in 10 and
20 (UM solutions, while at 5 pM just the anodic wave is detectable. The anodic and
cathodic potentials are 0.263+£0.012V and 0.137+0.005V, respectively and the formal
potential is 0.197+0.008V. if compared to the formal potential of the in-situ control
experiments shown in Section 5.3, performed at the bare electrodes, the formal potential
of the cobalt oxidation results shifted to more positive values. In particular, both the
anodic and the cathodic waves move, suggesting that this effect is not due to kinetics but
to thermodynamics issues. The shift is about 0.050V, ca. 5 kJ mol'lwhich is in the order
of magnitude of weak interactions, e.g. Van der Waals forces that are needed to
compensate the change in the oxidation state.  Considering literature values, the
magnitude of the shift is supportive of a partial inclusion of the probe into the cavities,
likely through the biphenyl moiety while the terpyridine ligand is partially interacting

with the cavity.

Further evidence of an actual inclusion is obtained by considering the blocking
experiment conducted in Section 4.4.4. For those experiments, CoTpy, which does not
have biphenyl moieties, was used as probe in solution and its electron transfer properties
characterised by CV at the bare and p-CD-S/Au electrodes. It was found that the probe
behaved reversibly in the same way over the two different electrodes, showing just a
small shift to more negative potentials for the modified surface. Since CoTpy is unable
to include in the cavities, due to its size, the signal observed in Figure 4.17 could only
come from the probe in solution undergoing a reversible redox reaction most likely
through the P-CD cavities. Similar considerations can be obtained by comparing Figures

5.2 and 5.9. It is clear that CoTpybip acts differently at the P-CD-S/Au and bare
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electrodes and in particular that at the modified electrode the physisorption is suppressed,
and, therefore that diffusion to the electrode surface is blocked. Therefore, the redox
process observed in Figure 5.2 at higher potentials is considered to be associated with the

included complex.

The presence of cathodic and anodic waves is a proof of an actual electronic
communication through the CDs between the metal centre and the electrode. However,
the electron transfer does not look rapid in the timescale ofthe experiment since a peak to
peak separation of about 0.130V is present. If the included complex is considered as a
surface confined species which is reversibly adsorbed at the electrode surface,
undergoing an ideally reversible redox reaction, a zero separation between the two peaks
should be observed. It is not clear if the peak to peak split was due to kinetics effects,
because a scan rate dependence experiment was extremely affected by iR drop and no

reliable information could been obtained.

A more detailed analysis of the amount of the included complex vs. its bulk concentration
allows the binding constant to be estimated, as discussed in the following section, and
compared to the values obtained in solution for similar compounds. In Figures 5.2 and
5.3 the profiles obtained for the modified electrodes immersed in a 40 ~.M solution are

not shown due to precipitation of the CoTpybip in solution that affected the resulting CV.
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5.2.2 Estimation ofthe binding constant

By integrating the area under the peaks in Figure 5.3, surface coverages for the oxidised
and reduced forms can be calculated and therefore the association constant for the
equilibrium between the probe in solution and the immobilised form can be estimated.

Table 5.1 summarises the values of the surface coverages vs. bulk concentrations.

Table 5.1 Surface coverages and formal potentials for the included CoTpybip-P-CD-
S/Au in 0.2M NaiSO” 90:10 milliQ water/acetonitrile

C/liM r apmol cm"2 r dpmol cm'2 E°TV
5 24 . 0.2793
10 54 48 0.191
20 63 43 0.201

aRefers to the anodic peak potential since the cathodic wave is not visible

In order to estimate the binding constant, a mechanism for the process has to be
postulated, which considers the rates of the electron transfer and of the association and
dissociation processes and the different parameters that direct them. In fact different
pathways can be thought happening during the oxidative electrochemical experiment as

shown in Figure 5.5
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Figure 55 Schematic representation of the possible mechanism for the oxidative

electrochemical experiment.

The red box is the starting situation where the cobalt complex is included in the cavities
and it is in equilibrium with the redox probe dissolved in the contacting electrolyte
solution at the OCP. Then, when an external potential is applied pathway 1 or 2 can
follow, depending on the rates of the electron transfer and of the dissociation/association
processes of the assembly as well as the affinity of the produced oxidised molecule for

the cavity.

In the literatureError! Bookmerk not cefired 1328 a wj(je range Of values for the association and
dissociation rate constants is reported which varies from 2.8 to 5.2x107 M 'V 1and from
0.01 to 1.3x10s M'1s"1 for the association and dissociation of the assembly processes
respectively. Also it has been reported a strong dependence of these constants on the
structure of the guest molecule. Moreover, a general two-step equation has been thought

to be representative of the complexation reaction as shown in Equation 5.1

R K
p +CD ﬁB>p' CD* ﬁh*p- CD (5.1)

where P is the redox probe in solution and CD is the cyclodextrin cavity and kl and k2
are the forward rate constants and klb and k2b are the backwards. The first step is the

association between the probe and the CD to form a transient complex, P-CD*, which
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then relaxes to the isomeric included assemble, P-CD. The second step involves

solvation changes.

Wang et al.5 supposed that the oxidation of cobaltocene to cobaltocenium could only
occur after dissociation from p-CD, since the oxidised form would lead to a more
unstable situation. Nevertheless, in their work the cobaltocene was completely included
in the cavity, while in the present work the included moiety isjust the terminal phenyl of
the biphenyl tail. The last assumption is consistent with the shift in potentials observed
of about 0.050V. Therefore, the oxidation of the metal centre in the complex should not
dramatically change the properties of the included moiety, allowing direct oxidation of
the included complex. Moreover, the assembly studied by Wang was in solution where
the electron transfer is limited by diffusion, while the supramolecular assembly is now
immobilised on a surface, where the electron transfer occurs at faster rates. Therefore, in
Figure 5.3 and Table 5.1 the smaller surface coverage for the reduction of the included
complex simply reflects the affinity of the more hydrophilic oxidised molecule for the
bulk rather than the CD cavity. Pathway 1 was, then, supposed to represent the redox
process occurring at the electrode when scanning at positive potentials, and Equation 5.1

allows the binding constant for the reduced form to be estimated.
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K [CohlpTpy-p-CD-S/Au
[CobipTpyfc\p - CD- SI M,,,,

(5.2)

In Chapter 4 the surface coverage of the p-CD-SH was calculated to be 1.6+0.9x 10'10
mol cm'2. Substituting the values from Table 5.1 in Equation 5.2, Kas is 2.78+0.7X104
M'l

Haider et al.2 report on a binding constant between [Os(biptpy)(tpy)]2+and metallo-beta
cyclodextrins in solution of 2x104M'L The binding constant is in the same order of
magnitude of the constant found in solution, suggesting that the immobilisation does not
affect the thermodynamics of the process. Similar conclusions were provided by Rojas6
when the inclusion of ferrocene into p-CD cavities was monitored. However, they
treated the inclusion process as a reversible adsorption process and they fitted the surface

coverages vs. concentration profile with a Langmuirian equation:

F_ =KmC (5.3)

where T is the surface coverage at each single concentration and r nax is the saturation
surface coverage (mol cm'2), which in our case corresponds to occupation of all the
cavities. With this method, the determination of the actual surface coverage of the
surface confined CDs is not needed and can be left as a freely adjustable parameter. By
fitting the data in Table 5.1 with Equation 5.3, a binding constant of 7.6x 104 M'land a
saturation surface coverage of 1.08x10"'° mol cm"2were obtained. It is interesting to note
that a good agreement between the fitted value for the saturation surface coverage and the
value from the desorption experiment (1.6+£0.9x 1010 mol cm"2) of the cyclodextrins was
found. This consideration is supportive of the fact that the protocol followed in Chapter 4
for the determination of the confined cyclodextrins is correct and that they are able to
accommodate guests. The free energy of association is calculated to be ca. 25 kJ mol'l

which is in the order of magnitude expected for hydrophobic interactions.
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An interesting phenomenon was recorded during the scanning. The redox activity
increased by decreasing the time between the scanning, reaching a maximum stable value.
When the system was left quiet, the redox activity decreased back to the starting situation.
This phenomenon suggests an on/off condition for the system that was detected in each
experiment. Probably, the application of a potential is a further parameter that triggers
the inclusion process, more likely by varying the cavities orientation. The potential
dependence of the structure of the P-CD monolayer was shown in Chapter 4. In
particular, a change in the Raman spectrum was recorded when a potential step was
applied with a different final potential value, suggesting an orientation effect of the

molecules within the monolayer.

The effect of the applied potential on the orientation and self-organisation of reversibly
adsorbed P-CDs on gold single crystal was also reported by Obhira et al.2 30.
Interestingly, they monitored by STM the organisation of CDs in nanotubes structures in
a specific potential window and consequently disruption of the order outside those

potentials.

In general, in-situ inclusion seems to occur at the modified p-CD-S/Au electrodes with
CoTpybip, with an association constant comparable to those found in solution for related
complexes. The inclusion is reversible and likely potential controlled and is detectable
down to 5p,M concentration of the probe. Moreover, a further proof of the amount of

immobilised CDs on the surface was possible by fitting the inclusion data.
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5.2.3 Ex-situ inclusion

The ex-situ inclusion experiment was conducted in order to monitor the possibility of
removing the modified electrodes from the deposition solution and, by consecutive
dipping steps in solutions containing CDs or guests molecules, building up molecular
wires. The preparation and characterisation of the modified P-CD-S/Au electrodes was
discussed in Chapter 4. Once prepared the electrodes were cycled with K4Fe(CN)6 to
check their blocking properties, rinsed with milliQ water and placed in micromolar
solutions of the complex, 90:10 milliQ water/acetonitrile, and monitored after one hour

and overnight deposition.

Prior to any electrochemical measurements, the electrodes were thoroughly rinsed with
milliQ water and subsequently checked in a free complex 1 M LiCio04 solution. Figure
5.6 shows the background corrected CVs obtained for a modified gold polycrystalline
macroelectrode immersed sequentially in 10, 20 and 40 jjM solution of the probe, 90:10

water/acetonitrile and scanned at 0.5Vs’lafter lh deposition.
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Figure 5.6 Background corrected CVs of a P-CD-S/Au polycrystalline macroelectrode (2
mm diameter) immersed subsequently in 10 (black line), 20 (purple line) and 40

(blue line) solutions of the probe, 90:10 water/acetonitrile after Ih deposition. Electrolyte:
IM LIiCICU. Scan rate: 0.5Vs'L Reference electrode: Ag/AgCl. Counter electrode:

platinum wire
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The following table summarises the characteristic values for the CVs at the different

concentrations after lIh deposition.

Table 5.2 Surface coverages and formal potentials for the included CoTpybip-P-CD-

S/Au, from the ex-situ deposition

C/M E/V E./V E°vV FWHMe FWHM ly ly

v v pmolcm2 pmolcm2
IOjjM  0.084:0.004 0.185:0.009 0.134:0.005 0.1320.013  0.153£0.005  2.1/3.4 1.8/4.4
20MM 0.084£0.002 0.171%#0.013 0.127+0.008  0.145:0.013  0.142¢0.024  27/6.1 4.7/6.3
AOXM  009U0011 01810011 0143£0.002 0.1410.005  0.170£0.008  4.0/7.5 4.6/6.5

For the surface coverages two representative results are reported to shows the trends of the values but the

difficulty in the reproducibility

The discussion of the results obtained with the ex-situ inclusion is more complicated,
since the reproducibility was affected by the washing step and, therefore, only a
qualitative description is presented. First, it is interesting to note that even after copious
washing a redox process was observed that followed a trend, i.e. the surface coverage of
the probe increased with the concentration in solution. However, the surface coverages
are about one order of magnitude smaller than what found for the in-situ inclusion. A
very rough estimation of the binding constant is therefore around 1.0£0.3x103 M"1 an

order of magnitude smaller than the in-situ.

As previously discussed, the shift in formal potential is an indication of inclusion.
However, from the table it is clear that the values for the formal potential are scattered
with a highest value of 0.143+0.002V, which is about 0.020V shifted respect to the ex-
situ control experiment ran at the bare electrode (vide infra). In particular the standard
deviations for the peak potentials are around 10% the values. Apparently, it is not

possible to undoubtedly say that inclusion occurred at the modified electrode by
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electrochemistry, since presence of the precipitated complex on the electrode surface, due
to the washing step, can affect the final response.
To further investigate the occurring of the inclusion, Raman spectroscopy was ran and the

results will be discussed in the following section.

5.2.4 Raman spectroscopy o fthe ex-situ included complex

An additional attempt to monitor a possible ex-situ inclusion was performed by running
ex-situ Raman spectroscopy of the electrode and comparing the result with the Raman of
the solid powder of the CoTpybip and of the empty P-CD monolayer on gold, as shown
in Figure 5.7. The modified electrode was a smooth electrode, the same used for the
electrochemistry, washed with milliQ water and dried under argon prior to the
measurement. Therefore, not a strong enhancement due to surface roughness was
expected. The presence of the CoTpybip and the cyclodextrin layer was checked by
scanning the wavenumbers in different energy ranges, between 900 and 1700 cm'1for the
terpyridine modes and between 2700 and 3100 for the alkyl chain attached to the
cyclodextrins. Both the molecules were successfully detected and the assignments of the
modes were based on the lists discussed in Chapter 2. The following table summarises

the results of Figure 5.7.
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Figure 5.7. Ex-situ Raman spectra of CoTpybip-(3-CD monolayer on smooth
polycrystalline gold macroelectrode (2 mm diameter, black line) and Raman of solid
powder of CoTpybip (purple line) in the breathing ring region of the terpyridine ligand.
The inset shows ex-situ Raman spectra of the included monolayer (black line) and of the
empty P-CD monolayer (purple line). Acquisition parameters are: Line: 632nm. Grating:

1800. Hole: 500. Accumulation: 10s><20 times.
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Table 5.3 Comparison between Raman shifts for the CoTpybip solid and included in the

cyclodextrin layer

CoTpybip solid/cm1 CoTpybip-P-CD/cnil Assignments

1028 1028 Terpyridine mode
1206 1206 and 1224 Biphenyl mode
1242 1247 and 1258 Biphenyl mode
1277 1284 and 1297 Biphenyl mode
1357 1368 Centre py mode
1471 1459 Outer py mode
1539 1546 Biphenyl?
1602 1608 Outer py mode

It is interesting to note that either the modes for the terpyridine or the biphenyl are shifted,
likely because their vibrational modes are affected by the cavity.

The main shifts are observed for the biphenyl modes which are between 16 and 20 cm™1
while the terpyridine modes shifts range between 6 and 12 cm 1l Moreover, the

vibrations relative to the overall terpyridine remains constant at 1028 cm"1

Furthermore, in Figure 5.7, the biphenyl modes show peaks with usually a shoulder at
smaller wavenumbers, which are close to the values observed for the solid sample. This
suggests that some of the molecules present at the electrode surface indeed have
precipitated from the solution during the washing step but that the included complex is
also present and it is not entirely washed away. Therefore, the mixed behaviour observed
with the electrochemistry can be associated with both physically adsorbed and included

molecules.

The vibrations of the cyclodextrin hosting the probe are not shifted if compared to the

spectrum obtained for the free monolayer, PCD-S/Au in the inset of Figure 5.7. However,
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the relative intensities change, in particular for the CM stretching modes at 2936 and 2911
cm'l compared to the CH stretching of the alkyl chain at 2864 cm 1 Therefore, the
inclusion has some effects also on the monolayer vibrations. Again, the reproducibility is

a key issue due to the difficulties of controlling the effects on the monolayer of the

washing step.

In general, the ex-situ inclusion occurs and it is possible to qualitatively monitor the
presence of the included complex, especially by means of Raman spectroscopy. The
washing step seems to play a key role in the quantitative determination of the inclusion

process, since some complex can be precipitated on the surface.
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5.3 Characterisation of CoTpybip at a bare electrode surface

5.3.1 Experimental

Control experiments were run with bare polycrystalline gold macroelectrodes and
micromolar solutions of the cobalt complex in order to check and characterise any
possible physisorption process of the molecule on the bare electrode surfaces. The

control experiments were also run in-situ and ex-situ.

5.3.2 Ex-situ control experiment

For the ex-situ protocol two different concentrations were used, 10 and 100 ~.M, in 90:10
milliQ water/acetonitrile. The protocol followed was the same used for the ex-situ
inclusion at the p-CD modified electrodes described in Chapter 3. The modified
electrodes left in the cobalt complex solution, were first rinsed with copious amount of
milliQ water and then checked in an oxygen free 0.1M LiCi04 solution after 30, 60 and

120 min and overnight deposition.

Figures 5.8a and b show the change in time of the control experiment for a bare gold

electrode immersed in a 10p,M solution of the complex in 90:10 milliQ water/acetonitrile
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Figure 5.8a. CV of a bare polycrystalline gold macro electrode left in a 10).iM solution of
the complex, 90:10 milliQ water/acetonitrile after 30 min (thin line), 60 min (shaded line)
and 120min (thick line) and washed with milliQ water prior the measurement. Scan rate:
0.5Vs“. Electrolyte: 0.1 M LiCIOj. Reference electrode: Ag/AgC'l. Counter electrode:

platinum wire
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Figure 5.8b. Background corrected CV of a gold polycrystalline macroelectrode left in a
10 solution of the complex, 90:10 milliQ water/acetonilrile for 30 min and washed
with water. Electrolyte: 0.1M UCIO4. Scan rate: 0.SVs'l Reference electrode: Ag/AgCl.

Counter electrode: platinum wire
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In the first scan, recorded after 30min in the deposition solution, a redox process is just
about visible and from the background corrected CV, shown in Figure 5.8b, it is possible
to calculate the E°'= 0.126+0.005V, AEPR=0.100V and FWHM of 0.146+0.008V and
0.113+0.010V for cathodic and anodic waves respectively. A scan rate dependence
experiment showed linearity between the peak current and the scan rate, for 0. I<v<0.5Vs"
", with a slope of 0.9973 and R2=0.997. This kind of correlation is typical of surface
confined species. The surface coverage at 30 min deposition time was 1£0.01xI10'n
molcm’2 and 9.4£3.2x 10'12 molcm'2, for the anodic and the cathodic waves respectively,
which are larger than the values found for the experiment conducted with the modified
electrodes. After 60min in the deposition solution and washing with milliQ water, the
surface coverage decreases and is not visible anymore after 120min. Altogether these

considerations are consistent with the molecule weakly physisorbed on the electrode

surface, since repetitive washings with milliQ water reduced the surface coverage.

The ex-situ control experiments showed that the molecule can adsorb weakly on the bare
electrode surface, probably by weak forces which evolve and change during time and
washing. As previously showed, the washing step does not have the same effect on the
surface coverage for the modified electrodes, since a trend where the surface coverages
increased with the bulk concentration was observed. This suggests that the interactions
of the probe with the bare and the modified electrodes are different. In particular,
CoTpybip seems to experience a stronger interaction with the P-CD-S/Au which is also

concentration dependent.
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5.3.3 In-situ control experiment

As for the ex-situ protocol, the in-situ protocol at the bare electrodes was the same used
for the P-CD modified electrodes. Three different concentrations of the cobalt complex
in 90:10 milliQ water/acetonitrile were used, namely 1, 5 and 10 foM with 0.01M
Na2SCs4 as electrolyte. Between each deposition the electrodes were thoroughly rinsed

with acetonitrile to completely remove any physisorbed material.

Figure 5.9 shows the background corrected CV for a 5pM solution of the complex, 90:10
milliQ water/acetonitrile, 0.01M Na2SC», at 0.5VS'l1 which is representative for the

concentrations investigated.

Figure 5.9 In-situ background corrected CV of a gold polycrystalline macroelectrode
scanned in a 5 fiM solution of the complex, 90:10 milliQ water/acetonitrile, 0.01M
Na2S04 as electrolyte. Scan rate: 0.5Vs'l Reference electrode: Ag/AgCl. Counter

electrode: platinum wire
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A redox process is visible in the range of potentials assigned to the oxidation of the cobalt
complex and, from Figure 5.9, it is possible to calculate the E°'= 0.147+0.003V,
AEp=0.053£0.01 IV and FWHM of 0.193+0.019V and 0.216+0.017V for cathodic and
anodic wave respectively. A scan rate dependence experiment showed linearity between
the peak current and the scan rate, even for low scan rates as 0.5<v<IVs-I, with a slope
of 0.9213 and R2=0.97. Again as previously found for the ex-situ inclusion altogether
these characteristics are consistent with a surface confined species with a more negative

formal potential compared to the included complex.

The surface coverages for the oxidation of the physisorbed molecule have been found
bigger than that values for the ircluded complex, rangirig from 84, 67 and 67 pmol cm' ?
for 1,5 and 10 f.iM solution respectively. The corresponding cathodic surface coverages
were 28, 60 and 59 pmol cm'2. The main observation is that the surface coverage vs. bulk
concentration does not follow any trend, probably being triggered just by the applied

potential.

It is interesting to note that the formal potential for the ex-situ and in-situ control
experiments are shifted of about 0.020V, probably due to the different charge density at
the surface of the bare electrode. In fact, while in the first case the adsorption is
performed at the OCP in the second scenario an external potential is applied. This
consideration suggests that indeed some sort of electrostatic interaction controls the

adsorption of the molecule at the bare surface.

In general the in-situ control experiments suggest that electrostatic physisorption of the
molecule is present for the bare electrode in the same range of concentrations used for the
inclusion experiment. However, the features of the CVs obtained are different either in
terms of formal potential or surface coverage, suggesting that what is observed for the in-
situ inclusion experiment is effectively the complexation ofthe cobalt complex in the CD

cavity.
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The overall conclusions of these control experiments is inconclusive in the sense that
clearly physisorption occurs at bare electrodes but that this process differs from that

found for the monolayer coated electrodes.
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Conclusions

The inclusion process of CoTpybip into the cavities of P-CD-SH molecules immobilised
on a gold surface was successfully characterised for the in-situ protocol, allowing the
binding constant to be estimated. The value obtained is in good agreement with literature
values for the same process in solution. A mechanism for the redox reaction was
supposed, with a direct oxidation of the molecule included in the cavities, followed by the
setting of a new equilibrium between the oxidised form at the electrode and in the bulk.
The electron transfer needs to be fully characterised. However, there is evidence that the
heterogeneous electron transfer rate constant is smaller than that found for the CoTpySH

discussed in Chapter 2.

The adsorption of the probe at the bare electrode was also characterised and showed
different characteristics to the included complex, allowing physisorption and the
inclusion process to be distinguished. Raman spectroscopy was particularly useful for
the characterisation of the ex-situ inclusion, where the washing step caused the probe to

precipitate on the electrode surface.

In general, the first step for the construction and characterisation of molecular wires was
therefore achieved, showing that the 1) inclusion process can be characterised in situ and
2) by taking off the electrode from the deposition solution the included complex is still

available for a bottom up construction of molecular wires.
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Chapter 6

Conclusions and Future Work
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The focus of this thesis has been the construction and characterisation of monolayers
assembled on metal nobles surfaces via covalent and non-covalent bonds, able to perform
electron transfer reactions. The importance of finding alternative routes for the
construction of nanodevices for different applications and, in particular, for the semi-
conductor industry, has driven the study of new techniques capable of producing

molecular size devices.

It has been shown in Chapter 3 and 4 that the self-assembly technique allows monolayers
of surface active metal complexes to be formed on either platinum or gold. However,
monolayers in which the orientation of the individual adsorbates and highly stable
monolayers are required for molecular electronics applications. With this in mind,
terpyridine complexes were utilised in Chapter 3 as building blocks since they show
perpendicular orientation to the electrode surface, probed with SERS. The geometry of
the terpyridine ligand together with some repulsive interactions between the molecules
within the monolayer appears to allow highly ordered structures to be built. However,
they are less dense than a full-packed monolayer, but still can provide 1013 molecules/cm?2

compared to 10s density achieved by state-of-the-art nanolithography.

Electron transfer properties are of course of great importance in the production of
molecular wires and GHz or better switching frequencies are required. The possibility of
transferring electrons from and to the electrode surface was investigated in Chapter 3 for
the terpyridine complexes. It was found that the rate constant of the process is in the
order of magnitude of related complexes (3.06+£0.03x104 s') and it is controlled by weak
electronic coupling to the electrode surface. Significantly, despite the direct coupling to
the electrode surface, and the short electron transfer distance, the electron transfer rate is

at least two orders of magnitude slower than conventional semiconductors.

Future work could involve the link of the immobilized sulphur terpyridine complexes
with other sulphur terminated molecules, producing a disulfide bond, with extremely
ordered geometry, which is able to conduct electrons over higher distances. The

mediation of the first immobilized monolayer for the electron transfer involving the
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overlying multilayers would be of primary importance, in particular in terms of nature of

the metal redox centre and of the bridging ligand (conjugation, length).

Chapter 4 and 5 dealt with the immobilisation of redox active molecules through a non-
covalent interaction, in particular the host-guest properties of (3-cyclodextrins. Again the
structure, packing and orientation of the immobilised P-CDs was probed,. It was found
that the nature (crystallinity) of the substrate greatly controls the final packing of the
molecules, producing islands of different type of aggregation, where the lateral
interactions have different contributions. In particular, when applying a varying external
potential, the molecules appeared to change their orientation within the monolayer.
However, the change is reversible, rendering the whole system interesting for different

applications.

Probably the most interesting results is the effective partial inclusion of redox active
molecules in the cavities of the immobilised P-CDs, probed either with electrochemistry
or SERS. The inclusion was demonstrated to be reversible and, in some extent, potential
controlled. In fact, as to best of our knowledge, the characterisation by electrochemistry
of the inclusion of molecules into the cavities of P-CDs involved only molecules, as
ferrocene or cobaltocene, which showed complete inclusion into the hosting cavities.
This approach did not allow other hosts to be linked to the included species which is a

key step in building up molecular wires.

Future work could involve the study of the nature of hosts and guests with a higher
equilibrium constant, which allows confining a bigger number of molecules (adamantyl
and cyclodextrins) on the surface. The study of the electron transfer timescales of such a
supramolecular system is, then, fundamental to understand the effective utilisation of

those assemblies as molecular electronics.

297



Acknowledgements

I don’t really know where to start from...it was a very interesting, painful and
unforgettable experience...not only in terms of work, but also in terms of people that I’'ve

met and experiences that I couldn’t have done back in Italy...

First of all, 1 would like to thank Prof. Robert Forster for the opportunity he gave me and
his guide and experience during these last almost 4 years and Prof. Han Vos for his

support.

And then of course all the people that have walked with me on this emerald island,
comforting me when | was sad and partying with me when | was happy!!

In DCCJ the list is endless and surely I’ll forget somebody, so don’t take any offence,
you’re anyway in my thoughts..

Starting from the people who “live or lived” in S102: Johan, Martin, Lynn, Darragh,
Colm, Eoin, Emmet, Jennifer, Almut, Javed

Going to Postdocs and postgraduate in Robert and Tia’s group (Oh, Jaysus, so many..):
Yann, Uju, Gavin, Andrea, Deirdre, Stephen...

And then all the other friends, spread around the campus: Tony, Lynda, Adriano, Nicola,

Yuliya, Anna, Keith, Alan, Bill...
All the people from SUSANA project..
Stefania you have a special place...

Finishing with the no-nerd friends (no chemists!!): Xavier, Isabelle, Alix, Gwen, Alwin,

Monica, Torsten..
Enrico, my soulmate..

And myself.and Ireland..



