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“Tuning Structure to Optimise Charge Transport Nanoparticle Composites,

Microcrystals and Metallopolymers”
Lorrame Keane, B Sc

Enhancing charge transport 1s important for the development of matenals in devices
including sensors, electronics and catalysts The focus of the work presented here 1s the
investigation of factors that enhance charge transport 1n redox active materials including
sohd deposits, metallopolymers and metallopolymer nanoparticle composites Deposits
of the osmium polypyridyl complex, [Os(OMe-bpy);]** have been mechanically attached
to a microelectrode surface Due to close packing of the material particles the internal
free volume 1s low and solvent/counterton uptake occurs slowly Electrochemical
cycling in HCIO4 causes changes 1n the deposit morphology with evidence of nucleation
and crystal growth This process appears to be promoted by the protonation of the
methoxy groups that encourages hydrogen bonding between adjacent complexes The
rate of charge transport increases from 15301 x 10° cm?s ' for 01 < [HCIO4] <06 M
to 13x1 x 10° em®s' m 10 M HCIO; For the osmum polypyrdyl polymer,
[Os(bpy); (PVP);y CI]" ‘break in’ and physical effects from the electrolyte perchlorate
10n or protons were not evident Polymenc matenals are rigid and rapidly swollen in
electrolyte with the result of possible fast uptake of solvent/counterions Introducing
gold nanoparticles forming metallopolymer nanoparticle composites increases the charge
transport by approximately an order of magnitude from 5 3+2 x 10 °t0 58 x 10° cm’s '
corresponding to electron transfer rates between the redox centres of 19 x 10® and
17 x 10" M's' Enhanced charge and electron transport values may indicate the
formation of an interconnected network where the osmium centres mediate electron
transfer between the gold nanoparticles To demonstrate the possible application of these
solid state and polymeric osmium polypyridyl complexes as optical devices, 1t 1s
necessary to understand their photophysical properties As a first step 1n elucidating these
properties, the quenching of excited state Os”" species by Os®” has been explored using
[Os(bpy);](PF¢), as a model



Chapter 1

Review of Charge Transport in Microcrystals, Metallopolymers

and Nanoparticle Composites



1.1 Introduction

Understanding and enhancing charge transport is important for the development of
materials in a range of scientific devices. The charge transport properties of thin metal
films have lead to exciting possible applications in gas sensorsland electronic devices.2
Polymeric materials are to the forefront of battery34 molecular electronics,5 catalytic,6
and electronic device research.7 Electrodes modified with solid deposits and polymeric
films allow 3-D complexes to be examined. Redox active solid materials are applied to
the electrode surface by mechanical abrasion. Due to the random packing nature of the
material, the particles are close together and the redox centres are at a distance that is
well defined. Charge transport is defined as the movement of electrolyte counterions
into and out of the redox material to compensate for the charge created during
electrochemical cycling. For solid materials charge transport generally depends on
electron self-exchange between the closely packed redox sites and counterion movement

into and out of the material.

In contrast, for redox active polymeric materials the redox centres are fixed and the
redox-to-redox distances are statistically averaged. The redox centre is bound to a rigid
non-conductive backbone chain and in contrast to the solid material the redox centres are
further apart. In this case charge transport is expected to depend on counterion
ingress/egress with electron self exchange between the redox centres occurring slowly.
To increase the rate of electron self exchange between polymer redox centres, metal
nanoparticles can be introduced. Upon initial electrochemical cycling, the structural and
compositional differences between these redox active solid and polymeric materials can

be evident through the ‘break-in’ effect.

In the work presented in this thesis, new insights into the charge transport properties of
redox active osmium compounds are investigated as solid deposits and within
metallopolymers. The charge transport mechanism occurring with these materials is
represented in Figure 1.1. Oxidation or reduction of a redox-active species at the
electrode surface generates a concentration gradient between the solid layer and the bulk
solution. This redox process requires electron transfer across the electrode/deposit

interface. The rate at which electron transfer takes place across the interface is described



electrode Redox material electrolvte

Figure 1 1 Schematic diagram of processes that can occur at a modified electrode Ox
represents an oxidised substance and Red represents the reduced form n a layer on an
electrode surface Processes shown are (1) heterogeneous electron transfer from Red to
produce the oxidised form, Ox, (2) diffusion of counterions (C) from the electrolyte to
the Ox species within the layer, (3} electron transfer from Red to another Ox in the layer

(electron self exchange)

Voltammetric studies have been mostly undertaken on solution-soluble species but many
compounds are insoluble in important solvents such as water leading to little
electrochemical work bemng carried out  Applying microcrystalline compounds to
electrodes by mechanical attachment allows voltammetry to be undertaken  The
voltammetry of thin film studies of insoluble materials form part of a well-investigated
arca®® Solid state electrochemistry has aroused much interest since the early work

0T Their work

carried out by Scholtz and co-workers a little over ten years ago
involved the analysis of metal alloys, 1e tin-bismuth, through abrasive stripping

voltammtery Prior to this, the majority of electrochemical studies were restricted to the



voltammtery. Prior to this, the majority of electrochemical studies were restricted to the
fabrication of composite electrodes from mixtures of solid powders and conducting

carbon paste.12

The widespread interest in polymers has been spurred by their applicability in the area of
chemically modified electrodes.1314 Polysulfur nitride, (SN)nwith its metallic nature has
been exploited in the use of the polymer as an electrode in liquid electrolytes and in
surface electrolcatalysis.1516 Doped conducting polymers such as polyacetylene and
polypyrrole have relatively delocalised electronic states with properties suitable for
organic storage batteries.17 One goal of coating electrodes with electroactive polymers is
the development of new materials with very active catalytic properties.18 The bulk of the
work has been with systems where the polymer itselfis inert and serves only as a support
for the electrocatalytic metal sites. An electrode modified with redox polymer is a means
of providing the electrode with the chemical, electrochemical, optical, and other
properties of the immobilised molecule. The reaction can also be controlled by the

applied potential or current and monitored over a narrow potential range.

Optimising charge transport via the tuning of solid state and polymeric materials is the
main focus of the work presented here. During electrochemical cycling redox active
solid materials can undergo structural changes and may also enhance the charge transport
properties of the material. Nucleation and crystal growth is a phenomenon identified by
counterion uptake into the solid deposit and structural modification during
electrochemical cycling. Due to its rigid nature, modifications to polymer structure upon
counterion uptake would not be as evident. These structural changes can result in
augmented diffusional charge transport properties. The introduction of metal
nanoparticle fillers to polymers can provide a route for increased charge transport along
with nanoparticle size control depending on the polymer mole fraction. The charge
transport properties of metallopolymer:nanoparticle composites in the literature is
minimal so the research findings reported in chapter 4 present some new and exciting

results.

Nanoparticleipolymer compositcs have unique optical, electric and magnetic properties
which continue to drive intense research in fields as diverse as catalytic synthesis and

sensor development.



Redox active solid deposits and polymer species have the potential to exhibit interesting
examples of light and electrically sumulated functions > To demonstrate real world
applications of these materals as optical devices 1t 1s necessary to perform photoinduced
processes Chapter 5 covers photoinduced electron transfer and quenching
measurements of [Os(bpy)s]*" as a model to demonstrate the photophysical properties of

osmium polypyridyl complexes

Thus thests details the following, Chapter 1 introduces the literature review that discusses
aspects of charge transport 1n solid state and metallopolymeric matenals including mass
transport, ‘break-in’ effect, homogeneous and heterogenous charge transport,
nanoparticle compostte redox and optical properties Chapter 2 reports the synthesis and
characterisation of the solid deposit [Os(OMe-bpy)3]2+, the metallopolymer
[Os(bpy).CI(PVP),]" and the nanoparticle metallopolymer composite In Chapter 3, the
osmium polypyridyl microcrystalline material 1s mechanically attached to a
microelectrode surface and electrochemically cycled in supporting electrolyte Chapter 4
describes the charge transport properties of an osmium polypyridyl polymer and the
charge percolation findings of a metallopolymer nanoparticle composite  Chapter 5

presents the results of hfetime and fluorescence quenching of solution phase

[Os(bpy)s )"



1.2 Mass Transport in Redox Active Layers

Electrochemically oxidising or reducing a redox active species at an electrode surface
generates a concentration gradient between the interface and the bulk solution at a
diffusion-controlled rate. For solid deposits and polymeric materials the rate of charge
transport through the layer influences the voltammetric response. The equations
presented below describe the diffusion rate of counterions through redox active films on
the electrode surface. The current response for diffusion-only experiments depends on
the flux at the electrode surface, which in turn depends on the electrode size and
geometry. Fick’s second law describes the diffusion of electroactive species to a

spherical electrode:

dc(r,t)_ D d C(r,t) (2dC(r,t) 7
dt dr2 r dr (D

The boundary conditions for the equation above are,

HmC(r,0 =C»

C(r,0) = C®@

C(r,t)=0fort>0

where r is the distance from the center of the sphere, C is the concentration as a function
of distance r and time t, and D is the diffusion coefficient for the redox active species.
The solution to this set of equations may be found by Laplace transform techniques

where the time evolution of the current, i(t) is described as;

nFADC* nFAD ?7C“
»() = + wo|
r. » ¢ ft

)

where n is the number of electrons transferred in the redox reaction, F is Faraday’s
constant, and A is the geometric electrode area. The current response following a

potential step contains both a time-independent and time-dependent term.



Short times
At short tumes, the second term 1n equation in Equation 2 1s much larger than the first

and the current density 1s given by the Cottrell equation,

nFAD"C”
l(f) =—7ZT/— (3)

t/l

In this case, a transient current with the same shape as that occurring with a
macroelectrode 1s obtamed, 1 ¢ , a plot of 1(t) vs t *1s linear Figure 1 2 1llustrates that at
these sufficiently short times the diffusion field 1s small compared to the electrode
radius, and linear flux of electrolyte species perpendicular to the layer on the electrode

predominates

Phb vy
A7/

7 \
Insulator Electrode Insulator

Figure 12 Linear diffusion at an electrode at short timescales where the diffusion field

1s small compared to the electrode radus

Long Times

As t increases, the transient second term of Equation 2 decays and the current 1s
dominated by the first term of the equation The current attains a time-independent

steady-state value given by

= ADC 4



Carrying out long pulse experiments causes the diffusional layer to exceed the size of the

electrode and this 1s shown 1 Figure 1 3 as radial (nonlinear) diffusion

\\\l/ﬁ//
VYIRS

Insulator Electrode Insulator

Figure 13 Radial diffusion at the electrode at long timescales where the diffusional

layer exceeds the size of the electrode

The steady state response arises because the electrolysis rate is equal to the rate at which

electrolyte 10ns can diffuse to the electrode surface

Equation 2 describes a spherical electrode but can be modified to describe the

predomuinantly used microdisk electrode
r,o=—= (5)

where 14 1S the radius of the disk electrode

Therefore, the response to the potential step described in Equation 2 for a microdisk

electrode 1s given by,

4nFDC® nFD"C”
= + 14
7[/2’%

ie) (6)

d



The steady state current 1s readily calculated by multiplying the steady state term by the

disk area zr,” , giving the following equation,

1(t) = 4nFDC"r, @)

Electrodes modified with the redox material offers a convenient means to both probe and
control the properties of the material These electrode/material assemblies underpin
technologies rangmg from electrocatalysis™ to redox-switchable non-linear optical

matenals %!



1 3 Film Formation

While immobilising sohd deposits and polymers on electrode surfaces 1s relatively
straightforward a true three-dimensional molecular-scale orgamzation cannot be easily
obtained However, there are many reasons to investigate the capacity of
macromolecules as assemblies The processes occurring in synthetic macromolecules
can be compared to those of biological systems such as proteins The function of
proteins 1s to regulate reactions of reactive centers and this regulation may be based on
either kinetic or thermodynamuc principles * Often, metal centers m enzymes are forced
into particular coordination modes by steric confirmation of the protein In other cases,
while the metal center 1n the co-enzyme might control the thermodynamics of a process
(for example, by its redox potential or excited state energy), the protein controls the

kinetics

131 Sohds

Applying a solid state material to an electrode generally entails placing 1-3 mg of the
powdered matenial on a coarse-grade filter paper 2*** The electrode 1s gently rubbed into
the powder until 1t 1s visibly thoroughly coated Another approach involves adding a
drop of Mill1-Q water to the powdered material before transferring the material onto the

25

electrode surface as a paste > Prior to electrochemical measurements, the coating 1s

allowed to dry

1 3 2 Polymers

A wide range of deposition techmques can be employed to obtain relatively well-defined
polymer thin films with thickness of the order of microns and less The methods that
have been used include the following

e Solvent evaporation

e Dip coating

e Spin coating

10



e Langmuir-Blodgett techniques
» Electrostatic self-assembly
e Electrochemical polymerisation and deposition

e Chemical bonding and grafting

In the solvent evaporation technique, a known amount of polymer material is mixed with
solvent and is placed on the surface. The solvent is then slowly evaporated under
controlled conditions.  In this way, the amount of material deposited can be controlled.
However, factors such as the composition of the coating solution (concentration of
polymer and solvent), drying time, environment and temperature need to be controlled
carefully so as to achieve a reproducible and strongly adhering film. Spin-coating is
generally regarded as the best way to deposit a uniform coating. For this technique, the
rotation speed used is important, while for dip coating the rate of withdrawal of the
substrate affects the properties of the layer obtained.27 Dip coating is an easier, faster,
and less expensive alternative to spin-coating. However, it cannot achieve the high level

of uniformity and extremely thin layers that can be achieved with spin-coating.

In the Langmuir-Blodgett technique, amphilic polymers that are formed at a liquid-air
interface are transferred to a solid substrate by horizontal or vertical transfer.28 The
thickness of such polymers is of the order of a few nanometers depending on the material
being used. With this method, multilayer structures can be produced usually by repeated
deposition of the same layer. With electrostatic self-assembly,2 alternating positively
and negatively charged layers can be deposited. This method leads to well-ordered

multilayer systems with molecular level control over the architecture.

Electrochemical methods have also been widely used to produce surface immobilized
layers.303L A prerequisite for the application of these techniques is the presence of an
electroactive group in the precursor material. Materials that have been widely studied
include polyanilines, polypyrroles and polythiophenes.2 With these compounds, thin
conducting layers can be obtained for which the structure and layer thickness can, to a
certain extent, be controlled by the electrochemical methods used to produce them. Self-

assembly and grafting techniques have been used to attach both polymeric and

11



> Polymers with active end groups have been

34

3
monomeric materials to surfaces

immobilized using this technique € g silanes on silicon

1 4 ‘Break In’

Due to the close packing of electrocrystallised compounds 1n the solid state the internal
free volume 1s low and solvent/counterion uptake can be slow One approach to creating
solids that facilitate more rapid 10n transport 1s to encourage a higher free volume 1n the
solid deposit using complexes with bulkier side groups that would increase the inter
redox site separation On the other hand, polymeric matenials are rapidly swollen in the

supporting electrolyte and uptake of solvent/countertons can be fast

141 Solids

An nteresting model postulated to explain charge propagation across the solid Dawson
molybdate anion salts 1s illustrated mn Figure 1 4, with steps [ to II1°° It 1s proposed n
step I that a surface charge transport reaction occurs which allows charge propagation
across the particle surface from the three-phase boundary (electrode/solid
deposit/electrolvte) This 1s believed to take place via electron hopping The ‘breaking-
I’ process describes the process that occurs at step II  When the surface potential
reaches a sufficiently negative value, reduction and transfer (insertion) of 1ons from the
solution 1nto the solid becomes possible The surface of the solid 1s suggested to most
likely become broken (fractured) and increases in volume, which enables both 10ns and
solvent to penetrate the solid In the case of Dawson molybdate anion salts, protons
efficiently neutralize charges and thus the ‘breaking-in’ potential occurs when conditions
of both a negative potential and a low proton concentration exist The reduction may
follow step III, with charge neutralization being achieved by protons because at least part

of the newly exposed bulk 1s similar to the surface

12



C+

H ™ Surface
Step 1 m Conduction
Electrode
ct
Step I 4 ‘2_ Breaking In
ct

Step III m Swelling

Figure 1 4 Schematic representation of the reduction processes of solid microcrystalline
particles mechanically attached to a graphite surface C* denotes cations such as Cs* or
Ba® and H' represent protons Altered from Reference (35) Step [ represents charge
propagation across the particle surface upon a surface charge transport reaction Step Il
tllustrates the ‘breaking-in’ process and Step II1 shows subsequent charge neutralization

by cations and protons

The observation of 'break-in' in solid-state voltammetry for ferrocene, cobaltocene and
mercurous chloride was first reported by Sholtz and co-workers and explained in terms
of dissolution of species from the electrode ** However, the description of ‘break-in’ in
the literature 1s the compound having to be converted into its equihibrium form during the

first cycle, 1 e, the form of the compound that has intercalated the equilibrium amount of

13



equilibrium 1s reached after several scans is usually taken as evidence of a ‘break i’
effect For example, a decrease in the anodic peak current during repetitive scanning was
observed for a solid deposit of osmium bis(bipyndyl)tetrazine chlornde,

[Os(bpy)z-4-tet-Cl]ClO4 and 1s 1llustrated in Figure 1 5 2

Figure 15 Effect of 1mtial scanning on the voltammetric responses of an
[Os(bpy),-4-tet-C1]ClO4 film that 1s mechanically attached to a 5 um radius platinum
microelectrode The supporting electrolyte 1s 1 0 M NaClQy at scan rate 1s 50 mV s
From Reference (25)

14 2 Polymers

Because of structural and compositional differences, the uptake of solvent/counterions in
polymer films 1s fast when compared to solid deposits and therefore ‘break in’ effects are
expected to be less pronounced Solvent transport 1n thin films of [Os(bpy)z (PVP)o
CIlICl (bpy = 2,2’-bipyndyl, PVP = poly-4-vinylpyridine) using a quartz crystal
microbalance reveals that water accompanies anton movement into or out of the film
during oxidation and reduction corresponding to a 30 % swelling due to water uptake at
1 mVs'?®  The chemical properties of the polymer backbone are mmportant on the
overall polymer properties as increasing the styrene content of the polymer backbone

seems to shightly increase the hydrophobicity of [Os(bpy), (PVPy)i¢ CI]Cl which 1s

14



reflected 1n a reduced 1on and solvent content *> With electrochemical quartz crystal
microbalance, ‘break-in’ effect 1s proposed to be the film resistance to counterion
transport’® and was 1dentified for [Os(bpy); PVPio ClJCl by the broadening of the
resonance and the change in resonant frequency below 001 mol dm’ HCIO,*' The
authors describe the ‘break-in’ effect as the mner polymer layer accomplishing
equilibrium levels of solvation, which can be facilitated only by the extensive counterion
and solvent transfer occurring during electrochemical cycling Conversely,
quatermzation of polymers can increase film swelling as scanming electron microscopy
imaging of quaternized redox polymers of poly(4-vinylpyridine) complexed with
Os[(bpy)ZCI]J’/2+ showed swelling when immersed 1n poly(ethylene glycol)diglycidyl
ether (PEGDGE) solution *

Figure 16 depicts the structure of [Os(II)}bpy)((2EH-PVP)Br)CI]Cl1 where EH 1s
ethythexyl The cyclic voltammogram of Figure 1 7 illustrates that in nitrophenyl-based
solvents this osmium-contamning redox polymer demonstrated poor solvation *
Although not called ‘break-in’ effect, voltammetric distortions are evident with repeated
potential cycling of the osmium-containing redox polymer 1n 3-nitro-o-xylene The nset
of Figure 17 shows the fifth voltammogram scan after an identical dry osmium-
containing polymer-coated electrode had been soaked in 3-mitro-o-xylene/0 1 M
tetrabutylammomum perchlorate for 2 hours The peak current of the voltammogram
waves 1n the nset 1s small Thus, the authors report that 1t 1s repeated potential cycling
and not the exposure to the supporting electrolyte that helped the solvation of the
polymer A large peak-to-peak separation, AE,, of 415 mV 1s evident mn Figure 1 7,
which may be due to ohmic effects anising from the macroelectrode Microelectrodes
exhibit higher resistances than macroelectrodes but because the current observed at
microelectrodes are typically of smaller magnitude, they often eliminate ohmic drop

effects

15
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Figure 16 Structure of the osmium-contaiming  redox  polymer
[Os(ID)(bpy)>((2EH-PVP)Br)Cl]Cl From Reference (43)
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Figure 17 Continuous potential cycling of an osmium-containing redox polymer,
[Os(ID)(bpy)2((2EH-PVP)Br)CI]Cl -coated glassy carbon electrode (3 mm diamter) in 3-
nitro-o-xylene The smallest wave corresponds to the third scan, and the largest wave
corresponds to the 45" scan The sweep rate was 100 mVs', and the supporting
electrolyte was 0 | M tetrabutylammonium perchlorate A silver wire was uscd as the
reference electrode The inset shows the fifth CV scan after the 1dentical dry electrode

being soaked in 3-nitro-o-xylene for 2 h From Reference (43)

16



The anodic peak height response did not change significantly when films of
tetracyanoquinodimethane (TCNQ) polymer-modified electrodes were repeatedly cycled,
which 1ndicated that they were rapidly swollen in the electrolyte ¢ Conversely, the
‘break-in’ effect observed for dilute blends of TCNQ with polyester material was
described as phase separation and composite formation since upon redox cycling of the
TCNQ sites as the cathodic peak current on the first potential sweep was considerably
less than on subsequent cycles Interchain interactions representing a crosslinking
process of the TCNQ radical polymer was also concluded by the authors Even though
not mentioned, the polymer crosslinking probably reduced the internal free volume thus

making the layer less permeable to counterions/solvent

17



1 5 Homogeneous Charge Transport

To maintain electroneutrality upon the application of an oxidative potential to a redox
film, electrolyte 1ons diffuse to the modified electrode surface and counteract the charge
Likewise, when a reductive charge 1s applied the counterions are no longer required and
are excluded from the film Electrochemical charge transport occurs by electron self-
exchange reactions between neighbouring oxidised and reduced sites The movement of
charge-compensating counterions that are mobile within the layers accompanies this
electron hopping process Provided that the depletion layer remains well within the
deposit, and ohmic and migration effects are absent, the voltammetric response 1s similar
to a solution-phase reactant The effective diffusion coefficient, Dc¢r, corresponding to
‘diffusion’ of either electrons or charge compensating counterions can be estimated

This process can be viewed schematically in Figure 1 3

151 Sohds

Steady state voltammograms of solid state osmium bis(bipyridyl)tetrazine chloride films,
[Os(bpy),-4-tet-Cl]", are shown m Figure 1 8 B A steady state plateau 1s observed which
1s independent of scan rate for 0 1 <v <5 mV s ' and the currents in the forward and in
the reverse scans are similar This steady state process 1s schematically represented 1n

Figure 1 2 where radial diffusion 1s dominant
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Figure 1 8 Steady state voltammograms at 1 mV s™' using a 2 um radius microelectrode
The supporting electrolyte 1s 1 M HCIOQ, and I M NaClOQ, for the smaller and larger

limiting currents, respectively From Reference (25)

The hmiting currents of [Os(bpy),-4-tet-Cl]" are larger in the NaClO,4 than in the HCIO,4
electrolyte, which suggests that the diffusion coefficients and/or fixed site concentrations
are not identical in the two circumstances Figure 19 depicts the peak shaped
voltammetry that 1s observed for [Os(bpy);-4-tet-Cl]* when the scan rate was increased
to 100 mVs' Figure 1 | shows a schematic 1llustration of this linear diffusion response
When ohmuc loss 1s less than 1 mV and the peak currents are proportional to square root
scan rate at short timescales, the peak currents can be described in terms of the Randles-

Seveik equation
1, =269 x 10°n24D,5, 2 Ceqro"? (8)

where n 15 the number of electrons involved 1n the oxidation/reduction reaction, A is the
area of the electrode, Dy, 15 the apparent charge transport coefficient and Cesr 15 the
effective fixed site concentration Concentrations of 18 + 005 and 16 + 006 M and

apparent diffusion coefficients of 64 = 03 x 10 "and 50+ 04 x 10" em®s! are



calculated for the NaClO4 and HCIO4 electrolytes, respectively, suggesting that the

current response 1s dominated by anion diffusion
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Figure 19 Voltammetric response of solid [Os(bpy),-4-tet-CI]CIO4 mechanically
attached to a platinum mucroelectrode The supporting electrolyte 1s (a) 1 M NaClOy4 and
(b) 1 M HCIO4 The scan rates are the same 1n both experiments From top to bottom the
scan rates are 1000, 500, 200 and 100 mV s ' The insets show 1p VS v" for films under

these conditions From Reference (25)
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152 Polymers

When redox centers are essentially immobile and separated by an insulating medium
(polymer backbone), electron tunneling between redox centers i1s an important pathway
for charge transport Electron transfer over large distances 1s governed by the ability of
the electron to quantum mechanically tunnel through energy barriers over which the
electron has insufficient energy to cross classically Saveant et al have provided the

theoretical framework for electron transfer between nonadjacent redox sites **

Redox polymer layers display finite or semi-infinite diffusional behaviour depending on
the scan rate Figure 1 10 1llustrates the structure of [Os(bpy)2(PVD),C1]" where bpy 1s
2,2 -dipynidyl and PVI 1s poly(N-vinylimidazole) Figure 1 11 shows the respective
cyclic voltammetry of the polymer where radial diffusion predominates The peak shape
1s independent of scan rate up to 50 mV/s, and the peak height scales linearly with scan
rate ** Under semi-infinite conditions for sweep rate between 100 and 2000 mV/s, the

peak current of [Os(bpy)2(PVI),Cl]" increases linearly with square root of scan rate

Figure 1 10 Schematic illustration of [Os(bpy)2(PVI),C1]" From Reference (45)
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Figure 111 Sweep rate dependence of the cychic voltammograms under finite
conditions for an [Os(bpy)2(PVI)1,CI]” film on a 3 mm glassy carbon electrode Sweep
rates (top to bottom) are 40, 20, 10 and 5 mV/s  Surface coverage I' 1s
18 x 10® mol cm? Supporting electrolyte 1s aqueous 0 1 M p-tolunesulfonic acid

From Reference (45)

1 6 Rate Determiming Step for Homogeneous Charge Transport

The following section describes the three processes that can control the rate of
homogenous charge transport through a redox active layer, 1¢ electron self-exchange
between the redox-active centers, 10n movement to maintain electroneutrality or the
polymer movement required to bring together redox-active centers so that electron self-
exchange can occur The measurement conditions involve studies on the dependence of
the charge transport rate on the coficentration of the electrolyte The fastest charge
transport rates are expected when the process s controlled by electron hopping In this
case, the counterions do not play a part in the charge transport and the self-exchange
between the redox centers 1s rate hmiting Sometimes, for redox polymers the nature of
the polymer film 1s rate limung Important factors such as the permeabihity of the
polymer matrix, the amount of swelling, and the distance between the redox centers are

considered
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161 Sohds

Upon 1nvestigation of the diffusion coefficient of co-crystals of Hydroquinone and
Bipyridyl Triazole, HQBpt, cycled in 0 1 M HCIO,, Dcr was insensitive to NaClO4 and
HCIOy electrolyte concentration 0 1 < [electrolyte] <10 M * This insensitivity infers
that counterion or proton motion does not himit the rate of charge transport through these
deposits and that 1on transport 1s facile Electron self-exchange between adjacent H,Q/Q
moities was calculated to be the rate-limiting step by means of the Dahms Ruff

expression ¢ 8

D¢ =D, + %kéﬂéchz(_) )
where Dpyys 15 the physical diffusion 1n the absence of electron hopping, Ciyq describes
the fixed site concentration of hydroquinone 1n a fully reduced co-crystal and & 1s the
inter-site separation between adjacent hydroquinone moieties  Dppys 1s assumed to be
zero as the hydroquinones are bound within a solid crystal & 1s determined from the x-
ray crystal structure  The very large electron self-exchange rate constant of
2 84x10° M's ' 1s two orders of magnitude larger when compared to benzoquinone 1n

9

aqueous media * The Q/H,Q moteties are linked through m-stacking and hydrogen

bonding interactions It has been demonstrated previously that w-stacked, H-bonded
network can efficiently facilitate electron transfer’’ thus, a large ksg for Q/H,Q supports

the assertion that electron self exchange represents the rate determining step

[Os(bpy), bpt Cl}" films exhibit a different dependence of D¢t on the concentration 1n
supporting electrolyte of varying concentration>' In both NaClOs and HClOs, Der
increases by more than an order of magmtude on going from 0 1 to 1 0 M electrolyte
This observation implies that counterion movement limits the rate of charge transport
The ksg constant was also much less than other osmium poly-pyridyl complexes in

%33 which supports this assertion The authors infer that

solution®® or within monolayers
the negative charge on the tniazole ligand, Figure 1 12, impedes 1on diffusion through the
sohd as the maximum D¢y value (8 320 5x10 ' cm?s') observed 1s an order of

magmtude smaller than that found for [Os(bpy), 4-tet Ci]* films®
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(Dcr =64 x 10" em®s ') However, there could also be closer packing of the material
on the electrode surface, which could affect Dcr Even though solid deposits can be
structurally simular, their charge transport properties can be different which could have

implications in development of electrochemical sensors and biosensors >

Figure 1 12 Schematic 1llustration of [Os(bpy), bpt C1]" From Reference (51)

To understand the electron self exchange mechanism of solid deposits, Bond et al
postulated a model for the mechanism of Dawson molybdate anion [SzMolgoaz]4 salts at

5

low pH electrolyte * Figure 1 13 illustrates the model that could also be used for other

solid deposits in low pH electrolyte
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Figure 1 13 Schematic representation of the postulated electron hopping mechanism in
the solid coupled to proton exchange with the aqueous solution phase From Reference
(35)

Figure 1 13 (A) shows a proton bound to the molecule balances the negative charge
created on the surface by reduction For this negative charge to become mobile either the
proton has to dissociate or a neighbouring molecule has to become protonated An
‘associative’ mechanism may be operative and a high proton concentration 1 solution
increases the rate of conduction To a first approximation the theory for conduction can

be formulated 1n an analogous manner to Fick’s first law of diffusion

7' =D (de’ 1 dx) (10)
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where j° and ¢® denote the surface current density and surface concentration, respectively
Thus, a surface concentration gradient drives the process, which 1s determined by an
apparent diffusion constant Dcr Der can be correlated with the jump length 6 and the

rate of electron hopping ke

D, =025k &8¢ (11)

where ¢ 1s the overall concentration of the redox species and 025 accounts for an
approximately 2-D transport problem The rate constant kex may include factors such as
the adsorption kinetics of counter-lons and 1s of importance 1in conduction processes 1n

which the chemical step competes with electron hopping 36

1 6 2 Polymers

Polymer chain motion can limit charge transport through bulk material as was reported
for [Os(bpy)2(PVD),CI]JCl where bpy 1s 2,2’bipyridyl, PVI 1s poly(N-vinylimidazole),
25 >n > 5% Depending on the distance separating the active sites, polymer chain
motion may be required to bridge the intersite separation in order to allow electron self-
exchange to occur The charge transport rate for [Os(bpy)(PVI),CI|Cl, Dcr, of
10" cm’s ' was lower than that for similar osmium containing polymer system with
rates of 10° — 10 % cm?s ' *® When the H,S04 concentration was increased from 0 1 M to
10 M, Dcr increased from 39 x 10 9 em’s' t0 45 x 10" ecm?s!  An increased
electrolyte concentration 1s likely to swell the immobilized layers, thus increasing the
osmium-osmium separation  If electron self exchange was rate lmiting, then an
increased intersite separation at high electrolyte concentration would be expected to
reduce, rather than increase, the charge transport rate Dct was also reported to be
independent of redox site loading 1n 0 1 M H,SOy despite the intersite separation being
changed from over 60 A to approximately 10 A suggesting that electron-self-exchange

was not rate limiting
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For tris (2,2’-bipynidine)ruthenium complexes 1 films of poly(styrenesulfonate) the
charge transport rate of was found to be limited by the insertion into, and diffusion of

counterions through the polymer matrix *’

1 7 Counterion Effects
171 Sohds

Frequently the effects of the counterion that diffuses through the redox active material
during electrochemical cycling can be observed through cyclic voltammetry and
scanning electron microscopy Figure 1 14 shows the effect of deposited N, N, N’, N’-
tetrahexylphenylene diamime, THPD, exposed to a number of different electrolyte salts >
In 0 1 M aqueous perchlorate, a well-defined and stable response 1s observed However,
in 01 M aqueous chloride, the voltammogram for the first one-electron oxidation of
THPD splits into several waves depending on the potential scan rate Even though anion

sensitivity 1s evident here, cation uptake by THPD was not considered
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E/V vs SCE

Figure 1 14 Cyclic voltammograms of the oxidation of THPD deposited on a basal
plane pyrolytic electrode and immersed in aqueous (a) 0 1 M NaClOy, (b) 0 1 M KPFy,
() 01 MKI, (d) 01 M NaOH, and (¢) 01 M NaCl Scan rate 1s 001 Vs' From
Reference (59)
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Counterion diffusion and solvent ingress/egress can cause physical changes to the solid
deposit during electrochemical cycling Changes in film morphology to the solid deposit
osmium bis(bipyridyl) tetrazine chloride were reported through scannming electron
microscopy 2> SEM revealed that the size and range of particle size changed with
evidence of microcrystalline plates on the electrode surface cycling in NaClO4 and was
due to cation effects Even though not mentioned by the authors, the shght increase 1n
Dcr for the solid i NaClO,4 compared to HCIO4 may arise from increased diffusion of

counterions upon layer structural changes The Dcr values are 6 4+0 3 x 10 ' cm’s ' and

50£04x 10" cm’s ' for 1 0 M NaClO, and HCIO, electrolytes, respectively

The perchlorate anion movement changed the morphology of hydroquinone and
bipyndyl Triazole (HQBpt) during cychng n 0 1 M HCIO4 *¢ Needle-like crystals about
50 pm long assembled 1n rosette formation developed and Figure 1 15 shows pronounced
differences between with this image to the deposit before voltammetric exposure 1n acid
and near neutral electrolyte Sigmificantly, the proton induced changes in the HQBpt
structure 1n acid electrolyte leads to increased D¢t 1n electrolyte concentrations between
electrolyte pH 07 and —02 whereas, D¢t 1s independent of the electrolyte pH for
1 1<pH<6 6 Furthermore, bulk eiectrolysis reveals no change in material morphology
and this suggests that 1on ingress and egress are responsible for the changes in deposit

morphology when cyclic voltammetry 1s performed
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Figure 115 SEM images of HQBpt deposits on a 3 mm radius carbon disk (A) As
deposited, prior to voltmmetric cycling (B) After exhaustive bulk electrolysis at 0 900 V
in 0 1 M LiCIO4 (C) After 30 voltammetric cycles between —0 500 and +0 900 V 1n 0 1
M NaClO, at scanrate 01 V's' (D) After 30 voltammetric cycles between —0 500 and
+0900 V 1n 01 M HCIO;4 at scan rate 01 V s' (E) After 30 voltammetric cycles
between —0 500 and +0900 V in 30 M HCIO4 at scanrate 0 1 V's' From Reference
(46)
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The mechanmism by which these electrocrystallisation reactions proceed has been
considered 1n the literature For example, Fletcher and co-workers represented the model
for the nucleation process 1n Figure 1 16 for the solid TCNQ crystal that could represent

the nucleation process of other solid deposits *

phase 3

phase 1
phase 2

phase 4

Figure 1 16 Schematic representation of nucleation in the four-phase system electrode

(phase 4)/ solids (phase 1 and phase 2)/ solution (phase 3) From Reference (60)

In this model a TCNQ crystal (phase 1) 1s treated as a hemispherical volume that does
not change on 1ts tranformation to 1ts cation salt (phase 2) Phase 3 and 4 represent the
electrolyte and electrode respectively The reversible work of formation of unit area of
interface between two phases p and ¢ 1s called the specific interfacial free energy v,,
This parameter plays a controlling role in the solid-solid transformation The first
nucleus of the new phase 2 arising from reduction of phase 1 could appear at four
different locations inside phase 1, at the two-phase boundaries (1,3) or (1,4), or at the
three-phase boundary (1,3,4) It 1s shown that nucleation 1s most likely to occur at the
(1,3,4) phase boundary since this 1s the location that minimizes the emergent area of the
high-energy (1,2) interface 1n the nucleus and the region in which electrochemical
reactions s most likely to occur Jiang and co-workers postulated a similar model for

solid-solid phase transformations of platinum phthalocyanine ©'
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Electrochemical evidence of crystal formation was first identified by Fletcher and co-
workers 1n the study of sohd state TCNQ (7,7,8,8-tetracyanoquinodimethane) ©  Figure
1 17 1llustrates an ‘inert zone’ in the cyclic voltammetry that was absent in the cyclic
voltammetry of dissolved TCNQ In this zone no faradaic reaction occurs and arises
because nucleation overpotentials are needed to trigger the solid-solid transformations,
1¢, to begin the phase transformation process on each subsequent scan SEM imaging

of the solid compound further proved the evidence for formation of crystals
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Figure 117 Voltammetric response of solid microcrystals of TCNQ (7,7,8.8-
tetracyanoquinodimethane) beneath a coating of Nafion on a RAM™ (specially prepared

carbon-fibre based random assemblies of microdisks) electrode immersed in 1 M KCl

The scan rate 1s 100mV s ' From Reference (62)

A similar ‘inert zone’ 1n voltammetry was observed for Cgo/NBuyCgo and associated with
the process of cation ingress and egress into/from the solid ® Along with the unusual
peak-to-peak potential difference, the presence of sharp peaks in voltammtery was
indication of a nucleation-growth controlled solid-sohd phase transformation “ F 1gure
1 18 depicts another tell-tale sign of nucleation and growth 1n the voltammetry of TCNQ

microcrystals 1 e , the emergence of peaks at lower scan rates from the rising portions of



the voltammograms at higher scan rates ® Indications of nucleation and crystal growth
kinetics can also be observed where the scan directions are reversed in the foot of each
voltammogram and current maxima occur on the reverse scans, Figure 1 19 Nafion 1s
utilised to stabilise the microcrystals on the electrode surface as some TCNQ salts have a
small solubility 1n water and would therefore dissolve in the electrolyte Nucleation at
high overpotentials results in an enhanced current at low overpotentials This 1s 1n
contrast to diffusion-controlled processes, which show lower currents on reverse scans
due to the depletion of reactant The authors also state that the absense of a tail 1n the

voltammograms means that diffusion also 1s not responsible for the patterns seen here
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Figure 118 Effect of scan rate on the reduction of TCNQ microcrystals on Nafion
coated RAM (carbon-fibre based random assemblies of microdisks) electrode 1n
solutions of 0 1 M NaCl, 0 1 M KCi, 01 M RbNO; and 0 1 M CsCl From Reference
(62)
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E/V ps. Ag(8)IAgC|(s)iKCl(ag),3 M

Figure 1.19. Cyclic voltammograms of TCNQ microcrystals on a Nafion coated RAM
electrode in ag. 0.01 M NaCl. Scan rate is 100 mV s'L The scan directions are reversed
at potentials corresponding to the foot of (a) the reduction and (b) the re-oxidation. From

Reference (62)

Chronoamperometric (double potential step) measurements of TCNQ microcrystals and
Cé60 exhibit characteristics for solid-state processes associated with nucleation-growth
kinetics.6263 The reduction and the reoxidation current-time profile exhibit ‘rising’
current transients which contrasts to monotonic current decay ususally observed with
diffusion or electron transfer controlled systems. Figure 1.20 illustrates the
chronoamperogram for the reduction and reoxidation of solid Cé6o in acetonitrile/0.1 M
NBU4PF6.63 The authors state that the existence of peaks in response to potential steps is
highly characteristic for solid-state processes associated with nucleation-growth kinetics.
Microscopic imaging of the Ceo subsequent to the voltammetric step further proved this

theory by the formation of a crystal product.
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Figure 120 Chronoamperogram for the reduction and reoxidation of solid Cg
mechanically attached to a basal plane pyrolytic graphite electrode From Reference

(63)

17 2 Polymers

Like redox active solid state material, counterions can also affect redox polymers
Faulkner et al have demonstrated the cyclic voltammetry effect of exposing
[((QPVP)Ru(bpy),Cl]Cl, where QPVP 1s quatermized poly(4-vinylpyridine) in three
different electrolytes and the voltammetry 1s 1llustrated 1n Figure 121 ® In 0 1 M KNO3,
the voltammogram 1s well developed, yet the peaks are almost invisible in 0 1 M
NaClO4 The well-developed voltammograms can be reproduced when the electrode 1s
moved back to KNOj; solution  This illustrates that the Ru(Il) complex 1s not
decomposed or leached out from the polymer film upon exposure to perchlorate The
anton dependence of electron diffusion arises from anion-induced changes 1n the film

structure
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Figure 121 Cyclic voltammograms of QPVP-Ru(bpy),CI*""* deposited on glassy
carbon electrodes 1n different background electrolytes  The concentration of
Ru(bpy).Cl'* moieties was ~ 5 x 10 * mol/cm® based on the dry film thickness (6500 A)

(A)m 01 MKNO;, (B)in01MKOTs, (C)in01MNaClO4 Scanrate =50 mV/s, T =
23 °C Reference electrode was Ag/AgCI/KCl (3 5 M) From Reference (65)

Anion effects were observed in the cyclic voltammetry for the osmium polymer complex
[Os(bpy)2(PVP)CI]* % The amons NO;, CI and SO.* were responsible for polymer
mass changes of 20%, 43% and 54%, respectively when the polymer was cycled 1n
supporting electrolytes of NaNOs3, NaCl and Na,SO; Replacing the cation K* for Na™ 1n
the nitrate form showed no polymer mass changes In another report on
[Os(bpy)2(PVP)CI]", the anions of the acid electrolytes, hydrochloric, perchloric,
trifluoroacetic and 4-toluenesulfonic, 1ndirectly effect the overall polymer transport

dynamics by modifying the film structure

QCM measurements of 10n and solvent populations n thin films of polyvinyl ferrocene,
PVF, revealed that during oxidation no solvent accompanied amon PF4 1nsertion into the
film whereas small amounts of water entered the film with ClO; ** The authors propose

that [arge anions such as PF¢, ClO4” and BF4 are weakly hydrated 1n aqueous solutions

37



because of relative insolubility of their salts with organic cations in water Nonetheless,
polymers already contain large amounts of water prior to any electrochemical cycling
and this 1s not addressed here When the anion s Cl, the situation 1s quite different
compared to the other two anions, as after Cl” insertion 1nto the film, there 1s dissolution
of the oxidised PVF from the electrode surface Figure 1 22 1llustrates the voltammetry
of the PVFin 0 1 M KPF4, 0 1 M NaClO4 and 1 0 M NaCl
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Figure 1 22 Cyclic voltammogram of PVF on a gold electrode 1n (A) 0 1 M KPF, at 10
mV/s, (B) 0 1 M NaClO, at 25 mV/s and (C) 1 0 M NaCl at 50 mV/s From Reference
(40)

It 1s interesting to point out that the scan rate varies in each of the voltammograms of

Figure 1 22 which can influence the type of diffusion, finite or semi infinite (section 1 2)



The authors suggest that the double peaks of PVF 1n 1 0 M NaCl in Figure 122 anse
from a large change in polymer film density, in concentration of the sites and distribution

of site to site differences

1 8 Heterogeneous Electron Transfer

Understanding the effects of distance, molecular structure and microenvironment on the
dynamics of heterogeneous electron transfer across the electrode / material interface
plays an important role in dictating the success of sohid deposits and polymeric chemstry

in the development of useful devices

Driving the working electrode to more negative potentials raises the energy of the
electrons within the electrode They can become sufficiently energetic to transfer into
vacant electronic states within molecules close to the interface In this case, a flow of
electrons from electrode to deposit occurs  Similarly, imposing a more positive potential
can lower the energy of the electrons, and at some point electrons within the film will
find a more favourable energy on the electrode and will transfer there Their flow, from

solution to electrode, 1s an oxidation current
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Figure 123 Representation of (a) 1eduction and (b) oxidation process of species, A,
immobihzed on the electrode The molecular orbitals (MO) of species A shown are the
highest occupied MO and the lowest vacant MO These correspond 1n an approximate

way to the E’s of the A/A and A*/A couples, respectively Altered from Reference (69)

The ability to resolve election transfer dynamics allows the reactivity of the redov
matenal to be determined Cyclic voltammetry can be used to estimate the heterogeneous
rate constant of the iImmobihised material’' ® by determining the separation between the

cathodic and anodic peak potentials as a function of the scan rate Sufficiently fast scan



rates must be apphed to make reversible, diffusion-controlled reactions show some
kinetic mreversibility Under these circumstances for an immobilised reactant on an
electrode, the peak-to-peak separation, AE,, will increase and the peak current no longer
increases proportionally to the square root scan rate  Such behaviour and 1s due to the
finite rates of electron transfer ~However, 1t 1s mmportant that the uncompensated
resistance (1R) be small enough to ensure that the peak-to-peak separation 1s due to
electron transfer and not to uncompensated resistance IR 1s an undesirable process that
distorts  voltammetric responses  Microelectrodes exhibit higher resistances than
macroelectrodes but because the current observed at microelectrodes are of smaller
magnitude, they often eliminate ohmic drop effects In most circumstances when
microelectrodes are utilised this IR drop 1s nearly neghgible accounting for approx 5%

of AE, at high scan rates

Butler Volmer Model

One of the oldest theories that describe heterogeneous electron transfer 1s the Butler-
Volmer model ® However, 1t does not address the individual steps in the electron-
transfer event, but 1t 1s one of the least complicated models Consider the following
reactton 1n which as oxidised species, Ox, 1s converted to the reduced form, Red by

adding a single electron

Ox+e” _ % yRed

The situation for a chemical, as opposed to an electrochemical reaction 1s considered
first The forward rate constant kg, according to simphfied activated complex theory

assumes an Arrhenius dependence on the chemical free energy of activation, AG™

k,T - AG”
k, =2 12
,==2 exp( - j (12)

where kg, h and R are the Boltzmann, Planck and gas constants, respectively, and T 1s
the absolute temperature Electrochemistry has significant advantage that the driving
force for the reaction can be controlled instrumentally For a heterogeneous electron

transfer reaction, the free energy of the reaction depends on the electrical driving force,
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1 ¢ the applied potential relative to the formal potential, E° , and AG” must be replaced by

the electrochemical free energy of activation, AG~  The electrochemical rate constant

for the forward reaction, 1 e reduction, 1s given by the following equation

kKT (-AG,*
k, =-—ex 13
1= p[ RT ] (13)
Figure 124 1llustrates both the ‘chemical’ and ‘electrical’ components where they
contribute to the electrochemical free energies of activation The dashed line shows that

a shift 1n the potential of the electrode to a value E, changes the energy of the electrons

within the electrode by —nFE

Free Enerov

v

Reaction Coordinate

Figure 124 lllustration of the effects of potential on the free energies of activation for

oxidation and reduction according to the Butler-Volmer formulation of electrode

kinetics From Reference (70)
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Under these circumstances, the barrier for the oxidation process, AGs™ , 1s now less than
AGy” by a fraction of the total energy change This fraction 1s designated as (1-o)) where
o 1s the transfer coefficient It takes on values between zero and unity depending on the
shape of the free energy curves in the intersection region Thus, the free energies of

activation can be separated as described by Equations 14 and 15

AG,” =AG,” +anFE (14)

AGy" =AG,” —(1 - )nFE (15)

Substitution into Equation 13 yields the following expressions describing the potential

dependence of the reduction and oxidation reactions, respectively

kT -AG,” ~anFE
ko= 16
f heXp[ RT }eXp( RT ] (16)
kT ~-AG,” (1-a)nFE
k. = -— b 17
’ hexP{ RT JCXP[ RT } (an

The first exponential terms 1n both equations are independent of the applied potential and
are designated as k¢ and k,’ for the forward and backward processes, respectively They
represent the rate constants for the reaction at equilibrium, 1€ , for a solution containing
equal concentrations of both oxidised and reduced forms However, the system 1s at
equilibrium at E° and the product of the rate constant and the bulk concentration are
equal for the forward and backward reactions, 1e kf must equal k," Therefore, the
standard heterogenous electron transfer rate constant 1s designated simply as k°

Substitution into Equations 16 and 17 yields the Butler Volmer equations

k, =k"exp(““”F§fT‘Eo)] (18)
k, = k° exp((l_a)nl;;;E_En)J (19)
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The dynamics of the system are described by k° and 1ts units are cms” and s' for
solution and adsorbed reactants, respectively A redox couple with a large k° will
establish the equilibrium concentrations given by the Nernst equation on a short
timescale Kinetically facile systems of this type require high speed electrochemical
techniques to successfully probe the electrode dynamics The Butler-Volmer
formulation 1s deficient 1n a number of respects First, the prediction that the rate
constants for simple outer sphere electron transfer reactions will increase exponentially
with increasing electrical dnving force agrees with experiment only over a limited range
of overpotentials The advent of microelectrodes allows heterogeneous electron transfer
rates to be measured over very wide ranges of overpotentials, 1 Experimentally, k
imtially depends exponentially on n but then becomes independent of the driving force
for sufficiently large values Second, the Butler-Volmer formulation fails to account for
the known distance dependence of heterogenous electron transfer rate constants Third,

it cannot predict how changes 1n the redox centre’s structure or the solvent affect k°

Electrodes modified with solid deposits and polymeric materials offer a facile means of
controlling the chemical composition and physical structure of a surface  These
materials are strongly influenced by external factors including contacting solvent and
ionic strength However, these materials are poorly ordered structurally on the electrode

surface and the differences 1n k° for solids and polymers are expected to be minimal
181 Solds

The apparent heterogeneous rate constant has been determined for solid state [Os(bpy)2
bpt C1]* °! k®ncreased with increasing concentrations of HC104 and NaClO,4 up to 0 S M
before becoming independent of the electrolyte concentration This result suggests that
at lmgh electrolyte concentration, heterogeneous electron transfer is not coupled to i1on
movement  Also, k° did not depend on the identity of the supporting electrolyte,
indicating that k° values obtained 1n 1 0 M electrolyte reflects the dynamics of the basic

electron transfer event
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1 8 2 Polymers

Previous investigations of the polymer film in p-tolunenesulfonic acid revealed a
dependence of the formal potemial on pTSA concentration indicating that 10n-pairing 1s
important for these systems and could be responsible for the larger Dct values observed
at lgher pTSA concentrations Alternatively, the authors report that when the reaction
site 1s located within the diffuse double-layer region, the measured apparent rate constant
may need to be corrected for double layer effects The heterogeneous electron transfer
rate depends exponentially on overpotential, and any difference between the applied
potential and that at the outer Helmholtz plane (OHP) will significantly affect the
observed electrode kinetics The authors corrected the observed standard rate constants

for double-layer effects according to the Frumkin equation

k° =k° exp(an—z)Fep,/ RT (20)

where k;° 1s the ‘true’ standard rate constant, o is the transfer coefficient, z 1s the charge
on the reactant, and @, 1s the potential at the outer Helmholtz plane (OHP) The potential
at the OHP decreased (calculated using the Gouy-Chapman-Stern model) as the
electrolyte concentration increased, and k° became similar to k° for the highest pTSA
concentrations 1nvestigated  The fact that this correction factor depends on the
electrolyte concentration means that k,’ 1s independent of the pTSA concentration For
example, where n = 25, k° apparently increases from 2 6 to 75 x 10 * cms 'as the pTSA
concentration 1s increased from 0 1 to 1 0 M In contrast, k,° remains constant at a value

of 21x02)x10 *ems ' over this electrolyte concentration range
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1 9 Comparisons between Redox Films and Solution Phase

Heterogeneous kinetics 1s atfected by the nature and structure of the reacting species, the
solvent system, the electrode material and adsorbed layers on the electrode The
approach taken n the following section 1s based on the Marcus Model ® In an ourer-
sphere electrode reaction, the reactant and product do not interact strongly with the
electrode surface, and they are generally at a distance of at least a solvent layer from the
electrode In an wmner-sphere electrode reaction, there 1s a strong interaction of the
reactant, intermediates, or products with the electrode, that 1s such reactions involve
specific adsorption of species involved n the electrode reaction In general,
solids/polymer materials and solution phase species involve outer-sphere electrode

reactions

191 Sohds

The cyclic voltammograms for Vanadium (IV) has been investigated in both sohd and
solution phase ' When the formal potential results for both immobilized and solution
phase were compared 1t was found that the dichloromethane solutions showed more
negative values by approximately 100 mV The authors gave no explanation for the
formal potential difference for the two phases but 1t 1s stated that the formal potentials
can be used as a cnterion of stability Further investigations of the Vanadium (IV)
complexes would need to be explored, as the microenvironment of the complex in the

two phases 1s dissimilar as indicated by the formal potential

Solution and microcrystalline solid phase voltammetry of [Co(mtas);](X)n (mtas=Bis(2-
(dimethylarsino)phenyl)methylarsine, X=BF;, n=3, X=ClO4, n=2, 3, X=BPhy, n=2)
have been compared > The structure of the ligand 1s 1llustrated in Figure 125 The
solution and the solid phase samples exhibit the same spectroscopic features and
suggests that the molecular structure of the primary coordination sphere that accompanys
the Co(III)/Co(Il) redox reaction 1s idistinguishable 1n both cases However, the shape
and scan rate dependence of the voltammetric responses are different for the solid and

dissolved complex  The authors propose that the stabilization of [Co(mtas)z]“ relative
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to [Co(mtas),;]*" in aqueous solution 1s sigmificantly greater than in the solid, due to the

effects of hydration and 10n-dipole interactions 1n the solution phase

Me

As

Me, As As Me,

Figure 125  Structure of bis(2-(dimethylarsino)phenyl)methylarsine), mtas  From
Reference (72)

19 2 Polymers

A similarity n formal potentials between solution phase
[Os(bpy)a(N-methylimidazole)Cl]" and the redox couple coordinatively bound within
polymer films suggested that the local microenvironment of the redox center 1s similar 1n
both cases ** The formal potential 1s sensitive to the effective dielectric constant” and

the similanty 1n formal potentials suggests that the water content of the films is high
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1.10 Nanoparticles

1.10.1 Enhanced Electron Transfer Pathways within Polymers

Studies of electron transport in conjugated metallopolymers in which metal sites are in
direct electronic communication with a conjugated backbone provide insight into long-
range electron-transfer mechanisms that will likely be important in the development of
viable molecular electronic devices74 and electrocatalytic polymers.7s Electron exchange
between redox active centres of polymers may be further enhanced with the introduction
of metal nanoparticles to the polymeric matrix and for this reason they are being applied

to technology for electrical and optical devices.7e

Previous conductivity experiments with monolayer protected nanoparticles have shown
that these materials do not possess metallic conductivity but resemble the behaviour

associated with electron hopping in discontinuous metal island films.77,78

The mechanism for redox conduction in polymers is represented in Figure 1.1 and
involves electron self-exchange reactions between adjacent oxidized (acceptor) and
reduced (donor) sites.7980 By the self-exchange reaction, the electron moves (hops) from
one physical site to another and is thereby moved toward or away from the electrode.
Conductivity occurs by charge carriers hopping from one nanoparticle to another through
the thin dielectric layer of polymer. The properties of the composite are mostly
dominated by the nature of the nanoparticle filler, whereas the polymer matrix
determines the environmental characteristics of the composite. The electrical properties
of polymer nanoparticle structures can be adjusted by changing the content of
nanoparticles in the composite.ss Therefore, the overall composite properties can be

tailored to fit the desired application through proper choice of filler and matrix.

The transition to composite conductivity is attributed to the percolation phenomenon,
which is based on the fact that the conductive filler loading is sufficiently high so that the
particles can come into contact with one another as the filler loading exceeds the
threshold concentration.The main question concerning mixtures of electrically

conducting particles incorporated in an insulating / conductive matrix is how the
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conductivity changes with the content of the conductive filler. Figure 1.26 illustrates a

A

typical conductivity / filler concentration curve.

O 00

0 ¢ » 8 24 D

Carbon biack content |W %)

Figure 1.26. Conductivity of a binary mixture, made of an insulating matrix
(polyethylene) and a conductive filler (carbon black); dependence of the conductivity of

the mixture on the filler content. From Reference (84).

In the region of low filler concentrations, the filler (carbon black), incorporated in the
form of small particles with a different shape, is distributed homogeneously in the
volume of the insulating host (polyethylene). There is no contact between adjacent filler
particles and with increasing filler concentration; agglomerates of the filler particles
begin to form. In these agglomerates the filler particles are in contact with each other.
At a certain filler content, the growing agglomerates reach a size which makes it possible
for them to touch each other; a compact one-, two-, or three-dimensional network of the
conducting phase within the insulating one is formed. As a consequence of the

appearance of the network, the conductivity of the mixture shows a dramatic increase.
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After the first conductive network 1s formed, the conductivity of the mixture again shows
a slow increase with growing filler content This can be explained as a slhightly improved
quality of the conductive network

The electrical conductivity of composites can be expressed by the equation

oc=0,+(0, -0 @-p)NF-p)] 2D

where o 1s the composite conductivity, . the conductivity at percolation threshold, o,
the maximum conductivity, ¢ the volume filler fraction and ¢, is the volume filler
fraction at the percolation threshold The value of F characterizes the filler phase
topology taking into account the particle shape, fractional size and spatial distributton of
particles and has a value smaller than 0 64 % {15 a critical exponent and les between 1 6
and 19%  However, this equation does not take particle shape, polymer-filler
interaction, and existence of contact phenomena on the particle-particle boundary,

influence of preparation conditions on the volume distribution of conductive particles

Polymer filled composites exhibit several interesting features Above room temperature
a sharp, reversible drop in conductivity 1s sometimes observed *® Thus effect depends on
the composition of the material (filling factor, polymer, filler nature) but the authors state
its origin 1s still not understood This drop 1n conductivity may be explained as the
composite becoming less stable due to break down of polymer nanoparticle bonds
Below room temperature, various behaviours may be observed and the temperature
dependence of the resistivity provides a good means for investigating the conduction
process 1n such heterogeneous materials Two approaches ‘local’ and ‘global’ have been
described to 1nterpret the experimental temperature dependences of the conductivites
The ‘local’ approach 1n which hopping of carriers 1s dominated by thermal fluctuations 1s

expressed by

T,
= p.ex 22
P = Py €Xp T+T, (22)

50



where po, T| and Ty are constants which depend on the characteristics of the tunnel
junctions, which are supposed to be functions of various parameters (filling factor,

particle size and shape) The ‘global’ approach 1s represented as follow

T
p=p expT—f, (23)

where pi, T; and a are constants, the latter being supposed to depend on the particle-size
distribution  Such behaviours are expected when conducting particles belonging to the
infimte conducting cluster of percolation theory remain separated by thin layers of
polymer Equations 23 and 24 have been utilised in three distinct series of carbon
polymer composites with the carbon black filler varying in nature, shape and size ¥ They
report that Equation 22 seems to be approprate to one of the series of materials, whereas
nerther of the proposed Equations 22 or 23 holds for the other two series Instead the
authors propose a new mechanism for the temperature dependence and demonstrate that
the observed differences in temperature dependence are correlated to differences in the
particle aggregation process In conclusion carbon particle-filled polymers may exhibit
two distinct conductivity temperature dependences The first due to tunnelling of
electrons among particles, 1s generally found in carbon-black-filled polymers The
second 1s found when carbon particles are large and comes from differential thermal
expansions of the matrix and the filler In the study undertaken on other carbon-
polymer, non-semiconducting materials the results were not consistent with tunnelling
conduction, but rather direct contact of particles This temperature study underlines the

mmportance of the processing conditions of the composites on their electrical properties
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1 10 2 Nanoparticle Polymer Composite Size Distribution

The formation of polymer nanoparticle assemblies 1s often accomplished by chemical
reduction of a metal salt with in the polymer *°' **®* Incorporating a metal particle in a
polymer matrix can change the properties of the polymer as the polymer concentration

94 95

influences the size and absorption spectra of the metal particles Polyethylene glycol

(PEG) acted as not only a protective agent but also a reducing agent for silver

% With increasing AgNOj3 concentration (decreasing PEG concentration),

nanoparticles
the mean diameters of the Ag nanoparticles were 3 8-9 0 nm Similarly, Walker and co-
workers  demonstrated  that  increasing the  amount of  stabilizing
poly(methylphenylphosphazine), PMPP, decreased the average size of the
nanoparticles °’ In the synthesis of cobalt disulfide nanoparticles, the polymer matrix
played an important role 1n shaping rod- or needle-like nanoparticles °° TEM images of
uncoated and polymer-coated gold nanoparticles with poly(methyl methylacrylate)
(PMMA) are shown mn Figure 127 The average sizes of the nanoparticles are mn the
range 50-70 nm A thin polymer layer surrounds the gold core, which 1s not imaged 1n
the TEM pictures because the polymer layer contains less electron density relative to the

gold nanoparticle cores However, FTIR characterization confirmed that the

nanoparticles were coated with polymer

() (b)

~it nnf% ;f) nm

Figure 1 27 Transmission electron mictographs of (a) uncoated, and (b) PMMA-coated

gold nanoparticles From Reference (99

52



1 10 3 Composite Electrochemical Properties

There have been few reports in the literature on the electrochemical properties of
nanoparticle polymer composites However, there are some reports of monolayer

protected clusters '%°'%!

Figure 128 shows the dependence of the electrochemical
response on the number of Au colloidal layers has been investigated for [Ru(NH3)6]3 "n

aqueous 0 1 M Na,SQj at colloidal Au working electrodes ranging from 3 to 15 layers '

urrent (nA)

C

| | [ |
-0 6 0.3 0.0 0.3
Potential (V vs. Ag/AgCh

Figure 128 Cyclic voltammograms of colloidal Au multilayers in 5SmM [Ru(NHg)(,]3+
with 0 1 M Na;SO4 supporting electrolyte recorded at 100 mVs ' as a function of number

of colloidal Au layers (number of colloidal layers indicated on graph) From Reference
(102)

The chronoamperometry transients of electrodes with greater than seven layers exhibit
hnear diffusion, characteristic of a planar macroelectrode  The electrode may be
modelted as either a continuous metal surface or a microelectrode array whose

component diffusion layers overlap over the time frame of the experiment due to the
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high density of gold on the electrode surface The 12-layer voltammogram yields a peak
potential difference (AEpea) at 100 mVs' of 92 mV using positive feedback IR
compersation, compared to 238 mV without IR compensation This observation leads to
two important conclusions (1) voltammetry at these electrodes can approach the nearly
reversible behaviour observed for [Ru(NH3)6]3+ at a bulk Au electrode (AEyck = 78 mV),
and (2) colloid multilayer electrodes are resistive enough that IR compensation is
required to achieve this approximate reversibility The fact that IR compensation 1s
successful 1n lowering AEpek indicated that intrinsic barriers to electron transfer are not
the major contributor to peak separations Two possible sources of the resistivity are
poor electrical contact to the Au surface and/or poor conductivity through the cross-
linker that binds the collowdal particles together  Estimated values of K° the
heterogeneous electron transfer rate constant, for Au colloid multilayer electrodes were
obtained and the resulting values were reasonably close to values obtained at bulk Au
electrodes1e 79 x 10> cms ' for [Fe(CN)]® at a bulk Au electrode and 7 6 x 10 % cms™

at a 10-layer colloidal Au film

The area of the modified electrodes was determined using the Cottrell equation and the
active electrochemical areas were typically 40-60% larger than the geometric areas The
magnitude of current was larger than the geometric area suggested The Cottrell model
assumes a planar macroscopic electrode and does not consider microscopic roughness or
the possibility of complex diffusion patteins that accompany the presence of passivated
and highly conducting regimes on the eleciode Colloid multilayers have been reported
to display fractal properties due to sutlace roughness or passivation The actual
electrode surface area being larger than the geometric area 1s consistent with supporting

AFM data, which shows a complex morphology



1.10.4 Optical Effects

When external electric fields are applied to a nanometre-size metal, electrons move so as
to screen perturbed charge distribution, further move beyond the neutral states, and again
return to the neutral states and so on. The collection motion of electrons is called a
‘plasma oscillation’. The surface plasmon resonance is a collective excitation mode of
the plasma localized near the surface and electrons confined in a nanoparticle conform
the surface plasmon mode. The surface plasmon band arises from oscillation of the
electron density where there are interband transitions between the highly polarizable Au
5d10 band and the unoccupied states of the conduction band. Figure 1.29 represents the

energy level diagram of a nanocrystal.1B8

atom nanocrysta]
molecule bulk

Figure 1.29. Size evolution of the density of electronic states in nanocrystals. From

Reference (103)

Figure 1.30 illustrates the visible spectra of a gold sol prepared with and without
dodecanethiol.77 The plasmon resonance absorption characteristic of the bulk metal is

evident at 520 nm in the solutions from the larger thiol-free preparations, but is almost
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totally absent when the thiol 1s present When the thiol 1s present the particles are
accordingly much smaller as observed in TEM 1mages and the surface plasmon
resonance 1s not evident The loss of the surface plasmon band has been interpreted as
an ndication of the loss of bulk character for the smallest gold nanoparticle core '**
However, the absorbance scales of the spectra are dissimilar and the surface plasmon

band may only be masked by the dodecanthiol spectra
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Figure 130 Visible absorption spectra of solutions of gold nanoparticles in toluene
solution (a) no thiol present during the preparation, (b) nanoparticles generated in the

presence of dodecanethiol From Reference (77)
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1 11 Photoinduced Processes

In this literature review so far it has been demonstrated that redox active solid deposits
and polymeric species have the ability under certain conditions to become modified in
order to enhance charge transport through the materials Redox active solid deposits and
polymer species have the potential to exhibit interesting examples of light and
electrically stimulated functions and may represent the precursors for molecular based
machines * To demonstrate real world applications of these materials as optical devices
1t 15 necessary to perform photoinduced processes for integration into circuitary or

devices

Fluorescence quenching refers to any process which decreases the fluorescence intensity
of a matenal, has been widely studied both as a fundamental phenomenon and as a
source of information about biochemical systems '® The biochemical applications of
quenching are due to the mtrinsic role of molecular interactions in quenching
phenomena '®  Fluorescence quenching has been incorporated nto the development of
an optical water sensor '’ The sensor contamns a fluorescent metal-ligand compound,
dipyridol[3,2-a 2”,3”-c]phenazine, difcis-1,2-bis(diphenylphosphino)-ethylene]
osmium(Il) hexafluorophosphate, [Os(dppz)(dppe)2](PFg), and 1s illustrated in Figure
131 The dppz ligand 1s not fluorescent 1n water and suggests that quenching occurs
when water interacts with the exposed heterocyclic nitrogen n the dppz ligand Figure
1 32 shows the change in emission spectra with the change in water content of an
acetone solution Though the emission peak at 610 nm remains constant, the peak
intensity drops dramatically with increasing water content, 1 e the fluorescence intensity
from the solution containing 45 % water was only 4 % of that from water-free solution
These results are an indication that the compound is a very good water-sensitive

indicator, and suitable for constructing a water sensor
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Figure 1.31. Structure of [Os(dppz)(dppe)2](PFs)2. From Reference (107)

Wavelenflth (nm)

Figure 1.32. Water-dependent emission spectra of 1.1 x 10'5M {Os(dppz)(dppe)2](PFs)2

in acetone with various amount of water. From Reference (107)

To describe the likely future developments in the area of fluorescence quenching, it is
important to outline the main photoinduced events that can occur in redox active systems
and how these photochemical processes may be influenced by the presence of solid state
and polymeric materials. Even though these materials tend to exhibit poorly defined

primary structures their secondary structure is strongly influenced by external factors
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such as photexcitation, 1onic strength etc  The possibility of controlling their secondary
structure to achieve a specific function 1s one of the most attractive features of these

materials

111 1 Excited State processes

Photoexcitation of a ground state molecule leads to the formation of an excited state
species whose lifeume will depend on the efficiency with which this species can
dissipate 1ts excess energy  The most common radiative decay pathways are
fluorescence and phosphorescence, which are distinguished on the basis of whether the
transition mvolves a change 1n spin multiplicity In fluorescence, the spin 1s conserved
and this allowed process tends to be short lived with lifetimes typically between 10 '
and 10¢s In phosphorescence, spin 1s not conserved and yields relatively weak
emissions that tend to be strongly Stokes shifted with respect to the associated exciting
absorbance Phosphorescence, as a result of 1ts forbidden nature, tends to be long-lived,

10810 1s

The fluorescence lifetme and quantum yield are perhaps the most important
characteristics of a fluorophore The quantum yield 1s the number of emitted photons
relative to the number of absorbed photons The lifeime determines the time available
for the fluorophore to interact with or diffuse 1n 1ts environment by way of emission
The Jabtonski diagram, Figure 1 33, represents best the meaning of the quantum yield
and hfetime In this diagram the individual relaxation processes leading to the relaxed S,

state are not 1llustrated but the processes responsible for return to the ground state
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Figure 1 33 A simplified Jabtonski diagram From Reference (110)

The fluorescence quantum yield 1s the ratio of the number of photons emitted to the
absorbed The processes governed by the rate constants ¥ and ky, both depopulate the
excited state The fraction of fluorophores which decay through emission, and hence the

quantum yield is given by

0=—" (24)

V+k,

The quantum yield can be close to unity if the radiationless decay rate 1s much smaller
than the rate of radiative decay, that 1s, ky<<¥ The energy yield of fluorescence 1s
always less than unity because of Stokes’ loss and all possible nonradiative decay

processes can be represented with the single rate constant ki,
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The hifetime of the excited state 1s defined by the average time the molecule spends in the
excited prior to return to the ground state Generally, fluorescence lhifetimes are near

10 ns For the flurophore 1llustrated i Figure 34 the hfetime 1s

1
T =
VY+k,

(25)

where 'V 1s the emissive rate of the fluorophore and ki, 1s the rate of nonradiative decay
The hifetime of the fluorophore 1n the absence of nonradiative processes 1s called the

mtrinsic or natural lifetime and 1s given by

r =1/¥ (26)

The natural lifetime t, can be calculated from the measured lifetime (t) and quantum

yield
7, =7/Q 27)

The quantum yield and the lifetime can be modified by factors, which affect either of the
rate constants (¥ or k,;) For example, a molecule may be nonfluorescent as a result of a

fast rate of internal conversion or a slow rate of emission

1 11 2 Quenching Process

Fluorescence quenching 1s a process, which decreases the intensity of the fluorescence
emission Quenching may occur by several mechanisms

e collisional or dynamic quenching

e static quenching

e quenching by energy transfer

e charge transfer reactions

In the case of redox active material such as Os(bpy)s’*, quenchers including Co(CN)g’
and Co(NH:)sBr®" have been reported ' '® In this section dynamic quenching resulting

from collisional encounters between the fluorophore and quencher 15 mainly discussed
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Both dynamic and static quenching require molecular contact between the fluorophore
and quencher In the case of collisional quenching, the quencher must diffuse to the
fluorophore during the lifetime of the excited state Upon contact, the flurophore returns
to the ground state, without emission of a photon In the case of static quenching, a
complex 1s formed between the fluorophore and the quencher, and this complex 1s
nonfluoroescent For either static or dynamic quenching to occur, the fluorophore and

quencher must be in contact

Depending upon the sample under investigation, it 1s frequently necessary to remove
dissolved oxygen to obtain reliable measurements of the intrinsic fluorescence yields or
lifetimes  The mechanmism by which oxygen quenches fluorescence occurs by the
paramagnetic oxygen causing the fluorophore to undergo intersystem crossing to the
triplet state  Since emission from the triplet state 1s slow, the triplet emission ts highly

quenched by processes of this kind

Collistonal quenching of fluorescence 1s the dependence of the emission mtensity, F on

quencher concentation [Q] and 1s given by the Stern-Volmer equation
F,[F=1,/t=1+k,1,[0] (28)

where T and T, 15 the hfetime 1 the presence and absence of quencher, respectively, kq 1s
the bimolecular rate constant for the dynamic reaction of the quencher with the
fluorophore  The product of kg1, 1s referred to as the Stern-Volmer constant or Kgy If
the quenching 1s known to be dynamic, the Stern-Volmer constant 1s represented by Kp
or dynamic constant Observation of a linear Stern-Volmer plot does not prove that
collisional quenching of fluorescence has occurred as static quenching also results in
linear Stern-Volmer plots Static and dynamic quenching can be distinguished by their
differing dependence on temperature and viscosity, or preferably by hifetime
measurements Higher temperatures result m faster diffusion and hence larger amounts
of collisional quenching Higher temperatures will typically result in the dissociation of
weakly bound complexes, and hence smaller amounts of static quenching Figure 1 34

Mlustrates the companson of dynamic and static quenching
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Figure 134 Comparnison of dynamic (collisional) and static quenching  From

Reference (110)

The bimolecular quenching constant (ky) reflects the efficiency of quenching or the
accessibility of the fluorophores to the quencher  Diffusion-controlled quenching
typically results m values of k, near 1 x 10'° M 's' Smaller values of kq can result from
steric shielding of the fluorophore, and larger values of k4 usually indicate some type of
binding interaction The sigmificance of the bimolecular quenching constant can be

understood 1n terms of the frequency of collisions between freely diffusing molecules

The measurement of fluorescence hifetimes 1s the most defimtive method to distinguish
static and dynamic quenching Static quenching removes a fraction of the fluorophores
from the observation The complexed fluorophores are nonfluorescent, and the only
observed fluorescence 1s from the uncomplexed fluorophores The uncomplexed fraction
1s unperturbed, and hence the hifetime 1s 1p Therefore, for static quenching o/t = 1
(Figure 134 above) In contrast, for dynamic quenching, 1o/t = Fo/F  Static and
dynamic quenching can often be distinguished on the basis of other considerations
Higher temperatures result in larger diffusion coefficients and the bimolecular quenching
constants are expected to increase with increasing temperature In contrast, increased

temperature 1s likely to result m decreased stability of complexes, and thus lower values
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of the steric quenching constants One additional method’ to distinguish static and
dynamic quenching 1s by careful examination of the absorption spectra of the
fluorophore  Collisional quenching only affects the excited states of the fluorophores,
and thus no changes 1n the absorption spectra are expected In contrast, ground-state
complex formation will frequently result in perturbation of the absorption spectra of the

fluorophore

111 3 Combined Dynamic and Static Quenching

In many 1nstances the fluorophore can be quenched both by collisions and by complex
formation with the same quencher Figure 1 35 shows the charactenstic feature of the
Stern-Volmer plots 1n such circumstances 1s an upward curvature, concave towards the y-

axis Hence,

% = 1+ K, [0 + K,[0)) 29)

This modified form of the Stern-Volmer equation 1s second-order 1n [Q], which accounts
for the upward curvature observed when both static and dynamic quenching occur for the

same fluorophore
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Figure 135 Dynamic and static quenching of the same population of fluorophores

From Reference (110)
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1 11 4 Quenching of [Os(bpy)s]*

One of the earliest reports on the quenching effects of Os(bpy)32+ by Cu?" have detailed
that the quenching proceeds by oxidation 1 e electron transfer of the complex rather than

the energy transfer '’

It was stated that static quenching was not present when
Os(bpy);>* was quenched with Fe(CN)s® ' Though the Stern-Volmer plots were not
presented, the authors ascertain that a non-linear Stern-Volmer plot was obtamned from
steady state emission intensity measurements but a linear plot was obtamned with hfetime
measurements with a bimolecular quenching constant, kg, of 94 x 10° M 's ! reported
However, according to Figure 134 linear dependences of intensity / hifetime versus
quencher concentration and are expected for dynamic quenching and a linear dependence
of hfetime with quencher concentration static quenching with hfetime measurements
bemng non dependent on quencher concentration It 1s seems likely that combined
dynamic and static quenching are present as the Stern-Volmer plots described for the
quenching effect of Fe(CN)s> on Os(bpy)s>" are analogous to the Stern-Volmer plots of
Figure 1 35

There has been considerable interest 1n elucidating the mechamsm of electron transfer in
biological molecules ' To gain more nsight into the nature of the protem/complex
interactions, excited Os(bpy);>* was used as an oxidant and the transfer rate was
determined by studying the luminescence quenching of the complex with cytochrome ¢

Cyt-c 14 The bimolecular uenching constant was reported as 54 x 10° M 's !
q p
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1 12 Voltammetry and Microelectrodes

For solid deposits and polymeric matenals immobilised on electrode surfaces, the rate of
charge transport influences the voltammetric response In cyclic voltammetry, a
tniangular wave potential 1s applied to the cell so that the working electrode potentral 1s
swept linearly through the voltammetric wave and the back again  On the forward scan,
the current response in just the linear potential sweep voltammogram as R (reduced
species) 1s oxidised to O (oxidised species) On the reverse scan, the O molecules near
the electrode are rereduced to R and a cathodic peak, E results and this 1s represented

mn Figure 1 36

If the mitial scan 1s carried far beyond the anodic peak, E,, so that the diffusion layer 1s
still very thick and the anodic current has decayed nearly to zero, then the concentration
of O at the electrode surface 1s equal to Cr~  Thus, the amount of O available for
reduction on the reverse scan 1s the same as the R available on the forward scan and the
current peak has the same shape and magnitude as on the forward scan, but reflected at E
= E, and changed mn sign The anodic-to-cathodic peak current 1s exactly 1 for a
reversible process uncomplicated by capacitive current and 1R drop i solution The
anodic peak occurs 28 5 / n mV more positive than the half wave potential and the
cathodic peak 1s 28 5/ n mV more negative (at 25 °C) Therefore, Ey; = ¥2(Ep, + Ep,) and
the anodic and cathodic peaks are separated 570/ n mV A peak separation of 57 O/n

mV 1s often used as a criterion for Nernstian behaviour
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Figure 1 36 Cyclic Voltammogram

Microelectrodes have small currents, steady-state responses, and short response times
and 1t 1s the reduced currents that are important for their successful application In a
voltammetric experiment microelectrodes can often eliminate the problem of 1R drop as
decreasing the electrode area decreases the size of the current Several different types of
microelectrode exist ncluding disc, cylinders, arrays, bands and rnngs Microdisk

electrodes predomnate because of their ease of construction, and because the sensing

surface of the electrode can be mechanically polished
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Charging Currents

When an electrode comes 1nto contact with an electrolytic solution, a double layer 1s
formed at the mterface, in which the charge present on the metal electrode 1s

compensated for by a layer of oppositely charged 10ns 1n solution, Figure 1 37
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Figure 137 The metal-solution nterface as a capacitor with a charge on the metal, g,

(a) negative and (b) positive From Reference (69)

This electrochemical double layer behaves like an electrolytic capacitor and when the
apphed potential 1s changed, a current flows to charge the double layer capacitance
However, unhke real capacitors, whose capacitances are independent of the voltage
across them, the double layer capacitance 1s often a function of potential The charging
process complicates the electrochemical measurement, as the mterface does not attain the
applied potential until the charging process 1s complete This charging current adds to
the Faradaic response and distorts the expennmental data Since the charging current may
be similar or even greater magnitude than the Faradaic current under certain conditions,
e g at short times or with low concentrations of electroactive species, 1t 1s desirable to
increase the ratio of the Faradaic to charging current and reduce this distortion

Microelectrodes facilitate this discnmination against charging currents
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Considering a spherical microelectrode under pseudo — steady state conditions, the
diffusion controlled or Faradaic current, 17 1s proportional to the radius of the sphere, r,,
whereas the charging current, 1., 1s an extensive property and 1s proportional to the area

Hence,

— o — o — (30)

Equation 30 shows that the ratio (iy / 1) 1improves as the electrode size decreases
whichexplains how microelectrodes discriminate against charging currents The same

conclusion can be drawn for microdisks

RC Cell Time Constants

The current required to charge the double layer of capacitance C, must flow through a
resistance R corresponding to the total cell resistance Electrochemical measurements
have a lower timescale limit that 1s imposed by the RC cell time constant, 1e, the
product of the solution resistance, R, and the double layer capacitance, C, of the working
electrode The RC cell time constant dictates the lower timescale limit for every
electrochemical measurement and determines the shortest time at which electrochemical
measurements are not distorted Electrochemical data can only be extracted at imescales
that are longer than the cell time constant, typically five to ten times the RC time
constant Obviously the RC cell time constant 1s of fundamental importance when

measuring fast electrochemical processes

The solution resistance for a disc-shaped microelectrode 1s mversely proportional to the

electrode radius,

R=— 31)

where k 1s the conductivity of the solution and r 1s the radius of the microdisk electrode
Accordingly, R increases as the electrode radius decreases The double layer capacitance
for a disc-shaped microelectrode 1s proportional to the area of the electrode surface and 1s

given by
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C =m?C, (32)

where Co 1s the specific double layer capacitance of the electrode The time constant for

this charging process 1s given by,

wrC,
dx

RC =

(33)

Decreasing the resistance of the solution (achieved by increasing 1its concentration),
through which the Faradaic and charging currents must flow, will decrease the cell time
constant The smaller RC cell time constants of microelectrodes mean that they respond
more rapidly to changes m the applied potential compared to theirr macroscopic
counterparts This ability to respond to changes in the applied potential at short
timescales makes microelectrodes very attractive for mvestigating high-speed electron-

transfer reactions

1R Dro

When faradaic and charging currents flow through a cell, they generate a potential that
acts to weaken the apphed by an amount 1R, where 1 1s the total current and R 1s the
resistance This 1s an undesirable process that leads to distorted voltammetric responses
Due to their smaller size, microelectrodes exhibit higher resistances than
macorelectrodes but because the current observed at microelectrodes are typically of
smaller magnitude, they often elimmate ohmic drop effects For microelectrodes, the 1R
drop 15 usually of the order of 5 to 10 mV  Under these circumstances, distorted current
responses and shifted peak potentials would be observed n the cyclic voltammetry At
short times, the dominant mass transport mechanism 1s linear diffusion and the current
decreases with decreasing electrode area Since the resistance increases with decreasing
electrode radius rather than electrode area, the product 1R decreases with decreasing
electrode 1n short timescales experiments In contrast, at long experimental timescales
the Faradaic current depends directly on the radius making the product 1R independent of

the electrode radius
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1 13 Conclusion

Charge transport studies have lead to some interesting aspects of solids, polymers and
nanoparticle composite materials being discussed 1n this chapter Mass transport of
counterions mto materials has major significance particularly 1n the area of ‘break in’
‘Break in’ has been found to more significant in solids than polymers This 1s expected
as sohids contamn less solvent than polymers and counterion ingress/egress dunng the
electrochemical cycling of solids also mnvolves solvent uptake ‘Break in’ effect has been
1dentified as voltammetric distortions 1n either the amdic/cathiodic region 1n the mitial
stages of cycling The rate at which counterions diffuse 1n solid state and polymeric
materials indicates how quickly and efficiently the redox centre 1s oxidised/reduced It
has been shown that several factors can influence the homogeneous charge transport
including electron self exchange between the redox centres, by countenion diffusion or

by chain movement 1n the case of polymenc species

The electro-inserted counterion can affect the voltammetric wave shape and size
depending how 1t mnteracts with the redox centre Ewidence of nucleation and crystal
growth induced by counterion movement has been 1dentified 1n solid state materials
through scanning electron microscopy and by particular features i voltammetry
Heterogeneous charge transfer investigations i both solid and polymeric materials have
been hmited which 1s surprising considering the information 1t can give regarding
electrode-reactant separation, the chemical composition, and the effective dielectric

constant of the film

Some 1nsight has been presented to the effects of introducing metal nanoparticles to
polymeric materials The electrochemistry regarding the homogenous and heterogeneous
studies of these composites have not been reported n the literature thus far and exploring
these 1ssues 1 Chapter 4 have been very inciteful Through conductivity investigations,
nanoparticles have been shown to enhance the electron transfer pathways of polymeric
materials Redox active matenals have the possibility to be applied in the areas of
optical and molecular device research  Performing photoinduced and quenching
experiments allows for a better understanding of the type of electron transfer quenching

dynamics

A



Stemmuing from this literature review, the experimental chapters of this thesis will make
use of, and investigate the charge transport effects presented here Chapter 2 details the
synthesis and charactensation of the redox-active solid state, metallopolymer and
nanoparticle metallopolymer materials In Chapter 3, the charge transport dynamics of
[Os(OMe-bpy)g]2+ 1s presented detailing enhanced electron transfer pathways leading to
increased charge transport Chapter 4 details the investigation on the effect of
mtroducing a gold nanoparticle core to the metallopolymer [Os(bpy)2(PVP);oCl]" and
how an enhance electron network can increase charge transport Finally, in Chapter 5 the

results of the experiments which probe the fluorescence quenchung of [Os(bpy)s]**
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Chapter 2

Synthesis and Characterisation of Osmium Polypyridyl and

Nanoparticle Complexes
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2 1 Introduction

Osmwum polypynidyl complexes have many attractive properties such as chemical
stability 1n a range of oxidation states and fast electron transfer dynamics ' 2 In this work,
two osmum polypyridyl complexes were characterisied, [Os(OMe-bpy):)](PFs), and
[Os(bpy)2(PVP);oCI]C1  [Os(OMe-bpy);)](PF¢)2, was produced elsewhere but the
chromatographic and spectroscopic studies were undertaken during this research
(OMe-bpy 1s 4,4’-dimethoxy and 2-2'-dipyridyl) The electrochemical properties of this
compound are considered as solid deposits in Chapter 3 In contrast to solution state
nvestigations, solid state studies have only been undertaken relatively recently > ¢ This
situation 1s surprising given the pivotal roles that solid-state redox active matenals play
m devices ranging from optical detectors,” battenes,” redox supercapacitors and

SENSoOrs 789

The metallopolymer, [Os(bpy){(PVP);,Cl]C], where PVP 1s poly(4-vinylpyridine) was
synthesised and characterised spectroscopically and voltammetncally The advantages
of preparning metallopolymers through covalent attachment to the metal centre have been
discussed previously and include synthetic flexibility and a high level of structural

110

contro This field has achieved a significant level of sophistication 1n terms of

polymer structural characterisation as well as their rational design for specific functions,

e g molecular electronics !

Another area that exploits the umque properties of polymers 1s polymer-protected
nanoparticles In this chapter [Os(bpy),(PVP)1oCI]" - nanoparticle assemblies have been
formed through chemical reduction and their electrochemical properties probed n
Chapter 4  Synthetic polymers have lead to considerable revelations of the detailed
mechanism of stabilisation of colloidal dispersions Metal nanoparticles encompass such
properties as the ability to be chemmcally manipulated, including their particle size,

1
molecular arrangement and surface activity '2 '

These protected nanoparticles open up
the possibility of size-function studies which exploit the chemical properties of these

structures
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Another approach explored where nanoparticles could act as charge compensators was
attempted through the formation of citrate based nanoparticles metallopolymer
composites An aqueous, citrate protected gold nanoparticle sol was synthesised and
characterised using spectroscopy, cyclic voltammetry and microscopy Though aqueous
based monolayer protected clusters have only been recently explored," thiol
Monolayer Protected Clusters (MPCs) have been extensively imvestigated since first
reported by Brust et al mn 1994 '® The conditions for hgand place exchange reaction
between the [Os(bpy)(PVP);oCl]C]1 and the citrate of the gold nanoparticles have been
explored 1in Chapter 4

To show the application of these sohd state and polymeric osmium polypyndyl
complexes as optical devices, 1t 1s necessary to understand therr photophysical properties
Chapter S details the quenching properties of excited state Os®* species by Os®" using
[Os(bpy)s](PFs), as a model
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2 2 Apparatus and Reagents

High Performance Liquid Chromatography

HPLC was performed using a Vanan Star #1 Instrument Elution of components was
detected using a UV detector at 280 nm  Preparation of the compound mvolved
dissolving 1-3 mg of the compound in 10 ml acetomtrile water, 80 20 v/v and 0 08 M
L1Cl04 employed as an 1on-pairing reagent  An injection of 20 ul of 1 mM of the sample
was made on to the column for a run time of 12 min A flow rate of 2 0 ml/min was

utilised

Spectroscopy

The H' NMR spectroscopy was carried out using a Bruker 400 NMR spectrometer The

sample for analysis was prepared 1n deuterated acetonitrile

UV-Vis Spectroscopy was performed using a Shimadzu UV-3100 diode array
spectrometer Spectroscopic grade acetonitrile was used as the solvent for all complexes

mvestigated Quartz cells of 1 cm path length were used and a slit width of 2 nm

IR Spectra were obtained using a Perkin Elmer System 2000 FT-IR with resolution of

4cm' The sample for analysis was prepared as a KBr disk

Luminescent lifetimes and emission spectra were measured using the third harmomic
(355 nm) of a Spectron Q-switched Nd-Y AG laser for excitation Emission was detected
in a right-angled configuration to the laser using an Oriel model IS520 gated intensified
CCD coupled to an Oriel model MS125 spectrograph With suitable signal averaging,
this configuration allows a complete emission spectrum (spectral range 250 nm) to be
obtamed within times as short as 10 ns The emussion spectra were typically recorded
using the average of twenty laser shots The gatewidth, 1 e, the exposure time of the

CCD, was never more than 5% of the excited state ifetime The step size, 1¢, the time
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between the acquisition of discrete spectra, was typically 5% of the excited state half-

life

For shorter lived species of lifetimes < 10 ns, the excited state hfetime was determined
using an Edinburgh Analytical Instruments Single Photon Counter in a T setting using
J — ya monochromators The light source mn this system 1s an nF 900 Nanosecond
Flashlamp filled with nitrogen, with a profile of 1 ns The detector 1s a Single Photon
Photomultiphier Detection system The program uses for the data correlation and
manipulation 1s an F900 program The excitation wavelength was 337 nm and the

lifetimes were collected and determined by analysing the emission decay at Amax

Electrochemistry

For short timescale expenments (< 250 ps), that were designed to probe the cell
resistance and the interfacial capacitance, a custom built programmable function
generator-potentiostat was used '’ This mstrument had a nise time of less than 10 ns and
was used to apply potential steps of variable pulsewidth and amplitude directly to a two-
electrode cell A large area Pt foil and an SSCE reference electrode were combined to
form a counter electrode The current to voltage converter was based on a Comlinear
CLC 203 AI operational amphfier with a 1500 Q feedback resistance and a response
time of less than 10 ns The chronoamperograms were recorded using a HP54201A
digatal oscilloscope 1n 64X time-average mode Cell time constants were extracted from

the slope of In 1(t) vs t plots using software routines written in Microsoft EXCEL

Cychc voltammetry was performed using a CH Instrument Model 660 Electrochemical
Workstation and a conventional three-electrode cell The platinum working electrodes
used 1 these experiments ranged m radn dimensions of 25 pm to 3 mm The working
electrodes were polished successively with 10, 03 and 0 05 pm aqueous alumina
slurmes and sonicated 1n distilled water and nnsed with acetone after each polishing step
After each mechanical polishing, electrochemical cleaning by cychng in 0 1 M H,SO,
was performed on the electrode Potentials were measured versus Ag/AgCl, or Ag wire

The counter electrode was a 1 cm? platinum flag  All electrochemical measurements
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were carried out at 22 + 3 °C  The solvents utiised for solution phase cyclic
voltammetry was HPLC grade acetonitnle All electrolyte solutions were thoroughly

deoxygenated under a blanket of mtrogen for 15 minutes prior to measurement

Fabrication of platinum disk and cylinder microelectrodes

A method similar to that described by ngh’tman18 was used m the construction of the
microelectrodes The glass used to accommodate the electrodes was cut into lengths of 8
cm and soaked overmight in dilute mitric acidd (HNQ;)  Acid cleaning removes any dirt
and grease, which may adhere to the mner surface of the glass After soaking, the glass
was removed and washed copiously with Milli-Q water, acetone and finally rinsed with

Milli-Q water before being dried 1n an oven

Copper wire of approximate length 4 cm was connected to a “hook up” wire by wrapping
the hook up wire around the copper wire and soldering the two together The hook up
wire, made from aluminium, was then bent 1 a zig-zag pattern 1n order to fit the internal
diameter of the insulator Bending of the transition wire gives ngidity to the overall
electrode and 1t reduces the rnisk of breakage while polishing  For cylinder
microelectrodes, the platinum micro wire of approximate length 4 cm and diameter
25 pm was carefully wound around the ‘free’ end of the hook up wire and soldered at the

joint for electrical connection Shorter lengths of wire were used for the disk electrodes

The copper wire assembly for the cylinder micorelectrode was then placed into the glass
length with 1 cm copper protruding from one open end and 2 cm of the platinum micro
wire protruding out the other end A butane flame was used to seal the glass tip around
the base of the platinum micro wire For the disk microelectrodes, 1 mm of the platinum
microwire was left protruding from the glass tip after sealing with the butane flame The
excess microwire was removed using emery paper followed by successive polishing with

5,1,03 and 0 05 um alumina
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A plastic cap was pierced so as to fit down over the protruding copper wire and to cover
the open electrode The cap was sealed 1nto place using a small volume of araldite epoxy
resin  Figure 1 depicts a schematic cross section through a platmum cylinder

microelectrode

Copper wire

¢ Plastic

cap

N Soft glass tubing

Hook up wire

. Soldered
\ // joint

¢ Platinum mucro
wire

Figure 1 Cross section of the structure of a 25 um platinum cylinder microelectrode

Electrode Modification

For solid state voltammetric measurements, two methods were used to transfer the solid
onto the surface of the working electrode '* In the first approach, the solid was

transferred from a filter paper onto the surface of the working electrode by mechanical
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abrasion This process caused some of the complex to adhere to the electrode surface as
a random array of particles In the second approach that was used to achieve surface
coverages greater than approximately 10 "mol cm?, a drop of Milli-Q water was first
added to the complex before transferring the material onto the electrode surface as a
paste Prior to electrochemical measurements, the coating was allowed to dry Beyond
mmor differences n the mmtial scans, films prepared by both methods give
indistinguishable voltammetric responses Films prepared using either approach show
comparable stability toward dissolution After use, the electrode surface was renewed by

polishing using aqueous slurry of 0 05 pm alumina

Electrochemical studies of the metallopolymer were performed using platinum cylinder
and disk microelectrodes A known length of cylinder electrode was dipped in 1 5 M
polymer ethanol solution to create a thick layer around the wire  Flaming with a butane
torch renewed the electrode wire and confirmed by electrochemical cycling in 0 1 M
HCIO,; The polymer was also applied as a paste to the surface of a 25 pm disk platinum
electrode by adding a drop of ethanol to the polymer The electrode surface was
renewed by polishing using aqueous slurry of 0 05 pm alumma All electrochemical
measurements were carried out in HC1O; after the layers were left to dry Voltammetric

responses of layers prepared by both methods showed minor differences

Electrical Conductivity

The specimens for measurements of electrical conductivity were prepared in the form of
disks with 10 mm diameter and 1 mm thickness For high resistive samples (¢ values
less than 102 — 10¥), the DC conductivity were measured using a Guideline
Programmable Digital Teraohmmeter 6500A  For more highly conducting samples,
specimens 1n the form of plates were used and, m order to reduce the complications
anising from the electrode-specimen contact resistance, the four-electrode method was

used
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Scanming Electron Microscopy

SEM was performed using a Hitachi S-3000N system A vacuum voltage of 20-30 kV
was utilised For the sohd state SEM investigations, films were formed on 3 mm radus
carbon disks To probe counterion effects of the matenals, the modified disks were
electrochemically cycled and then the layers were copiously washed 1n electrolyte free
Milli-Q water then dried m a vacuum dessicator for several hours Control experiments
consisted of exposing the samples to electrolyte or Milh-Q water without

electrochemical cycling

Transmission Electron Microscopy

TEM 1maging of the gold nanoparticles was performed by Goran Karlsson at Uppsala
University, Sweden and 1s greatly appreciated Transmission electron micrographs were
taken with a JEOL-100 CX II transmission electron microscope 1n order to obtain the
particle sizes, morphologies, and particle-size distributions of tl;e gold nanoparticles
Cryo-TEM was utilized for mmaging the citrate protected nanoparticles as 1t enabled
direct imaging of liquid specimens Preparation mvolved blotting 5 m! of the gold sol
into a holey-carbon gnd, which was subsequently immersed m liquid ethane (-183°C)
In the microscope the mmages were recorded under cryogemic conditions The more
traditional TEM procedure for sohd state samples was carrnied out for the nanoparticle-
polymer assemblies A drop of the colloid samples were placed on the carbon-coated
copper gnid and allowing solvent to evaporate The particle sizes of at least 200

individual particles were measured to obtain information about the size distribution
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2 3 Synthesis of Osmium and Nanoparticle Complexes
2 3 1 [Os(OMe-bpy):](PFs):

The complex [Os(OMe-bpy);](PFs);, was prepared from [Os(OMe-bpy), Cl,] which was
synthesized as described by Heller and co-workers”® 208 mg (03 mmol) of
[Os(OMe-bpy); Cl;] was placed m 40 cm® of methanol and refluxed for 10 minutes to
ensure complete dissolution A solution of 65 mg (0 3 mmol) of 4,4'-dimethoxy, 2-2'-
dipyndyl dissolved 1n 10 cm’ of methanol was added, and the solution was refluxed for
15 hr The progress of the reaction was monitored using HPLC and cyclic voltammetry
After the reaction was complete, the volume was reduced to 5 cm® by rotary evaporation
Ammonium hexafluorophosphate (95+%, Aldrich) was then added, and the dark green /
black product was collected by filtration and washed with diethylether The product was
recrystallised from aqueous methanol to give dark green-black crystals, yield 295 mg,
88%

Figure 2 2 Schematic representation of [Os(OMe-byp)s]**
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232 [Os(bpy)(PVP);,Cl"

The mono substituted metallopolymer was prepared by refluxing cis Os(bpy),;Cl, with a
ten fold molar excess of PVP (1e one osmium motety per ten pyndine umts) >' The
reflux was performed mn 80 20 ethanol H,O for 60 hours The reaction was monitored
constantly by UV-visible spectroscopy and cyclic voltammetry using the conditions 1n

the experimental section

7/
2/ N

Figure 2 3 Structural representation of [Os(bpy)CI(PVP),(]Cl
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2 3 3 Metallopymer Nanoparticle Assemblies

An aqueous solution of the reducing agent potassium borohydnde, KBH,4, was prepared
just before use It was then rapidly added to the stirred solutions containing the gold
precursor tetrachloroauric acid, HAuCls and either PVP or the metallopolymer in the
desired mole ratio of polymer gold

Figure 2 4 Schematic representation of the proposed gold nanoparticle loading within
the [Os(bpy), C1 (PVP)yg]" polymer
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2 3 4 Gold Sol

A citrate protected gold sol was prepared according to a method reported elsewhere
All glassware was mitially acid washed prior to any synthesis 1 cm’ solution of a 1% v/v
gold chlonde (HAuCly 3H,0) was added to 100 cm’ of distilled water The mixture was
brought to the boil and 2 5 cm’® of 1% sodwm citrate solution was added After a few

minutes a blue colour appeared followed shortly by a ruby-red gold sol

HO,C

HO,C

COM

COM

HO,C COH

HOC coH
HO,C

Figure 25 Schematic representation of a citrate protected gold nanoparticle

Arrangement of citrates around the gold particle are for 1llustration purposes only
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2 4 Characterisation and Results

Characterisation techniques mncluding HPLC, H' NMR, elemental analysis, UV-Vis and
IR spectroscopy have been performed on the osmium polypyridyl compounds to
determme punty H' NMR, UV-Vis and IR spectroscopy also aid n the structural

analysis of the materals

2 41 High Performance Liquud Chromatography
[0s(OMe)-bpy)s)**

Figure 2 6 (A) and (B) 1illustrate the high performance hiquid chromatograms of | mM
[Os(OMe-bpy)3]2+1n acetonitrile water, 80 20 v/v, 0 08 M LiClIO; The major peak at
2 2 minutes suggests that the synthesis predominately yields a single product The peaks
at 1 9 mimutes and 2 8 minutes may correspond to excess ligand and osmwum starting
maternial and account for less than 5% of the total yield No other visible peaks were

reported during the course of the 12 minutes run
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Figure 6 (A) & (B) High Performance Liquid Chromatograms of [0s(OMe-bpy);]*" n
Acetonitnile Water, 80 20 v/v, 0 08 M Li1C104 Flow rate 1s 2 0 ml/min and detector

wavelength 1s 280 nm
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2 42 NMR Analysis
[Os(OMe)-bpy)s]**

The H' NMR spectrum of [Os(OMe-bpy):]** mn d-Acetonitrile 1s shown mn Figure 2 7

Chemical shifts were assigned and the peaks with proton shifts at 74 ppm to 8 2 ppm
revealed a doublet of peaks at each The shift at 6 9 ppm corresponds to a doublet of
doublets These proton shifts were attributed to the protons of the pyndme rings The
peak at 4 05 ppm was assigned to the methoxy group The integration of protons on the

pyridme rings mndicated that the methoxy group was 1n the para position of each rning

2 4 3 Elemental Analysis
[0s(OMe)-bpy)s]**

The following results were calculated for C3gH360gNgOsP2F 2, C 38 29%, H 3 19%, N
7 44% The expenimental results were, C 38 7%, H 3 3%, N 72% The somewhat
higher carbon and hydrogen content m the actual results may suggest that the solid
produced dunng synthesis contains solvent of crystallisation, e g, diethyl ether or

methanol
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Figure 27 'H NMR of [Os(OMe-bpy);]*" in d-Acetonitrile
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2 4 4 UV-Vis Spectroscopy
[0s(OMe-bpy)s} ™

In Figure 2 8 the spectrum of [Os(OMe-bpy)s]** of the strong bands below 300 nm
correspond to ligand n-n transitions in the complex 2 The bands that occur at 340 nm
and 380 nm correspond to metal centre d-d transitions found in the osmum centre
Finally, the metal to ligand charge transfer (MLCT) produce the peaks at 465 mn and
500 nm In this case the transition involves transfer of charge from the osmium to the
polypynridyl ligands The absorptions are too intense and too low 1n energy to be of
higand field (LF or MC) type The band in the visible region of 700 nm corresponds to
the osmium centre The MLCT bands of Os(bpy);2+ are found at 430 nm and 480 nm 2
The spectrum of [Os(Me-bpy);]**, where Me-bpy is 4,4"-dimethyl, 2-2'-dipyridyl, has
similar MLCT bands compared to that of Os(bpy)32+ 2 The methyl substituent has
weaker electron donating ability compared to that of the methoxy substituent Therefore,
the MLCT shifts to longer wavelengths 1n [Os(OMe-bpy)3]2+ are due to the electron
donating properties of the methoxy moieties of the pyndine rings Charge transfer
energy 15 decreased m the transition between the osmium 5d state and the ligand n° due

to the increase 1n electron density on the metal center
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Figure 2 8 UV-Vis spectrum of [Os(OMe-bpy)3]2+ m acetonitrile Concentration is
4nM Extinction coefficient 1s approximately 100,000 cm® mol 'at 400 nm and

1 cm pathlength
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[Os(bpy)2(PVP)oCl]"

Figure 2 9 1llustrates the spectrum of [Os(bpy)2(PVP),oCl]" where the metal centre (MC)
transition 1s evident at 355 nm The broad peak on the shoulder of the MC transition 1n
all spectra at 474 nm, corresponds to the MLCT dn(Os)—n (bpy) transiion The band
n the visible region of 700 nm 1s characteristic of the osmium centre  Absorption 1n
osmium 1nvolves transitions between filled and unfilled d-orbitals with energies that
depend on the ligands bound to the metal 1on In this case osmium 1s bonded to a
chlonde hgand (strong electron donor) that increases the electron density on the osmium
centre The spectral detail 1s similar to that reported where 1t 1s also mentioned that the
energy of the absorption maxima 1s unaffected by metal loading and generally rather a
poor mdicator of the coordmation sphere > Consequently, 1f the bis-substituted polymer,
[Os(bpy)2(PVP);0]**, were synthesised with the displacement of the chlonide 1on, the
electron density around the central atom would decrease as PVP has poorer electron
donating properties This leads to a shift in the absorption bands to shorter wavelengths

(higher energy)
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Figure 29 UV-Vis spectrum of [Os(bpy)2(PVP);,C)]" mn ethano! Concentration 1s 7
nM  Extinction coefficent 1s approximately 100,000 cm” mol ' at 400 nm and 1 cm

pathlength

98



Gold sol

From the UV-Vis spectroscopy, information regarding the surface plasmon resonance
and the size of the gold nanoparticles can be revealed In Figure 2 10, the peak at 520
nm corresponds to the metal surface plasmon resonance (oscillation of the electron
density) *° Surface plasmon resonance 1s a phenomenon that occurs when the light 1s
reflected off the nanoparticles A fraction of the mncident light energy can interact with
the delocalised electrons 1 the metal plasmon thus reducing the reflected light intensity
The surface plasmon band arises from interband transitions between the highly

polanzable Au 5d'"° band and the unoccupied states of the conduction band *’

14 -

12 -

A/lAu

04

02+
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Figure 2 10 UV-Vis spectrum of citrate protected gold nanoparticles Concentration 1s
approx 3 17x 10% nanoparticles / 1000 cm®
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2 4 5 Infrared Spectroscopy
|Os(OMe-bpy)s]**

Figure 2 11 1llustrates the spectrum of [Os(OMe-bpy);]** The peaks are assigned
according to IR data m McMurry ® The —CH; groups of the methoxy substituents give
nse to a symmetric C-H deformation at about 1375 ¢m ', and an asymmetric deformation
at about 1489 cm' The broad band that occurs at approximately 3000 cm ' anses from
aromaticity m the compound The broad band at 3400 cm ' 1s suggestive of an —OH
motety From the elemental analysis (section 2 3 4), the -OH may stem from the
methanol duning recrystallisation The sharp peaks that occur between 1200 cm ' and
1000 cm' are due to —C-C-, -C-N- and —C-O- stretches that are associated with
vibrations within the polypyridyl rings of the compound This analysis may confirm the

presence of the methyl groups and methanol from the crytsallization of the product
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2 5 Conclusions

The osmum complexes [Os(OMe-bpy)s]** and [Os(bpy)(PVP);oC1]" were successfully
synthesised and characterised by chromatography and spectroscopy The purity of
[Os(OMe-bpy)3]2+ was confirmed from the HPLC and IR chromatograms and NMR
spectrum which allows for further analysis by voltammetry in chapter 3 Elemental
analysis of [Os(OMe-bpy)3]2+ was employed to confirm the % content of carbon,
nitrogen and hydrogen The UV-Vis spectra of both osmium complexes (section 2 4 4)
allow the coordination of the osmium redox center to be explored The spectra show
well-defined MLCT and MC transition peaks along with the charactenstic coordination
mode of osmum 1n the visible region The metallopolymer gold nanoparticle
composites were prepared and charactenised by UV-Vis spectroscopy Cyclic

voltammetry and transmission electron microscopy are performed n chapter 4
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Chapter 3

Dynamics of Charge Transport of [Os(OMe-bpy);]°” in the Solid
State
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3.1 Introduction

Chapter 1 reviewed the charge transport properties of many redox active solid state
materials and polymeric materials reported in the literature. From this review it is clear
that there have been few investigations into the dynamics of charge transport within solid
films12 which is surprising when considering the potential applications solid state
material could have in sensor3 and electronic devices.4 Osmium complexes are
particularly attractive in this regard because of their stability of numerous oxidation
states and very large self-exchange rate constants.56 Electrochemical cycling of a redox
active solid deposit causes it to become oxidised and reduced and to counteract this
charge, ions from solution diffuse in to and out of the film structure. Hence, the effect of

enhancing this counterion diffusional process is the main focus of the work presented.

In this chapter, the voltammetric properties of solid deposits of [Os(OMe-bpy)s](PFe),
where OMe-bpy is 4,4’-dimethoxy, 2-2’-dipyridyl (Figure 2.1) are reported. These solid
deposits have been formed on platinum microelectrodes by mechanical abrasion of the
solid onto the electrode surface. In the second approach, a drop of Milli-Q water was
first added to the complex before transferring the material onto the electrode surface as a
paste. Prior to electrochemical measurements, the coating was allowed to dry. Beyond
minor differences in the initial scans, films prepared by both methods give
indistinguishable voltammetric responses.  The electrochemistry was investigated in

aqueous electrolyte due to the lack of solubility of the film in this medium.

For electrocrytallised compounds in the solid state, there is probably close packing of the
complexes thus decreasing the free internal volume. ‘Break in’ effect or the degree of
solvatilz)n of [Os(OMe—bpy)s]2i has been probed and can be identified when a solid
deposit is initially electrochemically cycled in electrolyte.7 ‘Break in’ effect indicates the
slow uptake of counterions into the deposit. One approach to creating solids that
facilitate more rapid ion transport is to encourage a higher free volume in the solid

deposit by using complexes with bulkier side groups.

Electrochemically cycling the solid [Os(OMe-bpy)s]2+ can physically modify the solid
layer structure and can be identified using scanning electron microscopy. Modifying the

deposit structure can impact the rate of counterion movement within the layer thus
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affecting the homogeneous charge transport coefficient, Der  Der of a sohd phase redox
materials 1s an important parameter as 1t 1s an indication to the efficiency of the rate of
counterion movement to the layer to maintain electoneutrality during redox cycling For
technological purposes, 1t must be possible to quickly switch the redox composition of

the solid and an increased Dcr 1s an indication of this

Cyclic voltammetry under semi-infinite lmear diffusion conditions has been used to
measure the rate of homogeneous charge transport through the deposits ¥ Semi- infimte
linear conditions are described in Chapter 1 and this diffusion regime describes the peak
current where 1t varies linearly with square root scan rate The layer 1s subjected to a
series of scan rates and peak current increases with increasing scan rate By
systematically varying the concentration of the supporting electrolyte, an insight mto
whether electron transfer or counterion transport linmts the rate at which the redox
composition can be switched have been obtamed” In the case of electron hopping,
charge-compensating counterions are freely available within the structure Limitations
due to counterion diffusion would reveal a dependency of D¢t with counterion
concentration It has been demonstrated that for solid deposits of [Os(bpy); bpt Cl]
deposits where bpy 1s 2,2’-bipyridyl and bpt 1s 3,5-bls(pyr1d1n—4-yl)-l,2,4,-tr1azole]° that
the rate of charge compensating counterions rather than electron hopping between the
redox centres himits the overall rate of charge propagation This situation probably arises
because close packing of the complexes i the electrocrystallized deposit limits the

mternal free volume causing slow counterion diffusion

For technological applications ranging from molecular electronics to sensors, it 1s
mmportant to understand those factors that control the rate of electron transfer across the
interface between the metal substrate and molecular material Therefore, the rate of
heterogeneous electron transfer has been probed for this complex as both solid deposit
and as a solution phase reactant At high scan rates, the voltammetric peak-to-peak
separation increases significantly and using this peak separation the heterogeneous rate
constant can be measured A simlarity in the heterogeneous rate constant for both sohd
and solution phase would indicate that the solvation of the compound at the electrode n

both cases 1s simlar
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3 2 Electrochemistry of [Os(OMe—bpy)g]2+ in Sohd and Solution Phase

When attempting to understand the electrochemical response that arises from the
complex 1 the solid state, companisons were made between the [Os(OMe-bpy)s}*" m
solid and 1n solution phase Figure 3 1 illustrates cyclic voltammograms for the complex
dissolved 1n acetomtrile and for a sohd deposit that has been repeatedly cycled until an
equilibnum response 1s obtained It 1s clear that the electrochemical response of the
osmum bypyridyl complex 1s similar 1n both cases with the formal potentials, E*', 0 240
V and 0 230 V for the solid deposit and solution phase reactants, respectively Applying
the sohd depostt to the electrode does not change the electron density on the redox centre
as oxidation of the layer is thermodynamically unchanged when compared to the solution
phase Therefore the local microenvironment of the redox centre within the solid 1s
analogous to that found for the same species 1n solution For both cases, the electron
transfer reaction at the electrode can be described as an outer-sphere reaction'' and the
oxidised and reduced species are at a distance of at least a solvent layer from the
electrode The similanity in formal potential for both solid and solution phase suggest

that the local solvation and dielectric constants are comparable
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Figure 31 Cychc voltammograms for a 08 mM solution of [Os(OMe-bpy);]**

dissolved m acetomtrile (solid hine) and as a solid deposit (hashed line) In both cases

the supporting electrolyte 1s 0 1 M HCIO,, the working electrode 1s a 25 um platinum

electrode and the scanrate 15 0 1 Vs '
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3 3 ‘Break In’ Response

‘Break-1n’ can be described as the matenial having to be converted to 1ts equilibrium
form with the intercalation of the equilibrium amount of the electrolyte 1on '> Applying a
potential to the layer causes the ingress/egress of 1ons from the electrolyte into the layer
to counteract charge The counterions are solvated and counterion uptake by the layer
nvolves a sigmficant increase in layer solvation Initial repetittve cycling of the sohid
layer in 0 1 M HCIO4 shows significant changes n anodic peak current, 1,5, over time In
Figure 3 2, the anodic peak current 1s shown to decrease over the inttial 50 scans The
anodic peak decreases because the layer 1s equilibrating due to the close packing of the

crystals with the result of slow solvent and ClO4 uptake nto the layer

However, Figure 3 3 shows that with further cyching of the layer in ¢ 1 M HClOs the 1,
approximately doubles over the later 50 cycles before becoming constant Furthermore,
the anodic peak potential, Ep,, shifts in a positive potential direction by almost 75 mV
duning the first 25 cycles It becomes thermodynamically more difficult to oxidise the
layer as the counterion may have become 1on paired with the osmium centre In contrast,
the peak currents and potentials associated with the reductive process remain virtually

unchanged when the solid deposit 1s repeatedly cycled

Following the preliminary 100 cycles of the layer, the final cyclic voltammogram in
Figure 3 4 of the Os**/0s*" system 1s at equilibrium as there no further change 1n peak
current height The voltammetry 1s now electrochemically reversible with 1p/1c =10
but the peak-to-peak, AE,, of 100 mV, 1s larger than AE, of 57 mV expected for an 1deal
one electron oxidation/reduction reaction Such a deviation may arise from 1on pairing

and double-layer effects
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Figure 32 Imtal cyclic voltammograms (50 scans) for an [Os(OMe-bpy)ﬂ2+ solid
deposit 1mmobilized on a 25 pm platmum electrode The supporting electrolyte 1s
0 1 M HCIO, and the scan rate 1s 0 1 Vs' The imtial potential 1s —0 100 V, oxidation

currents are negative
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Figure 33 Cychc voltammograms for an [Os(OMe-bpy);]** solid deposit for the
subsequent 50 scans immobilized on a 25 pm platinum electrode The supporting

electrolyte 1s 0 1 M HCIO, and the scan rate 1s 0 1 Vs '
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Figure 34 Cyclic Voltammogram of [Os(OMe-bpy);]** on a 25 pm platinum electrode
after break 1n is complete The supporting electrolyte 1s 0 1 M HCIQ4 and the scan rate

150 1 Vs ' The mitial potential 15 —0 100 V, oxidation currents are negative
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3 4 Morphology Changes

Given that oxidation of the deposit i1s accompanied by the ingress of charge
compensating counterions, changes observed in the voltammetry when the deposit 1s first
cycled may be associated with structural or solvation changes B1415 T4 address this
1ssue, scanning electron microscopy was used to image the deposits before and after

voltammetric cycling 1n perchloric acid

Figure 3 5 shows the SEM image of the complex before cycling with no washing or
exposure to electrolyte and shows particles of between approximately 1 and 20 pum
Figure 3 6 shows the image of the control expeniment where the complex was not cycled
but exposed to the electrolyte There were no signs of crystal growth as the structural
morphology was similar to the dry layer Guven that crystallographic studies have been
successfully performed on this matenal by other investigators, 1t 1s likely that the

material 1s microcrystalline '®

Figure 3 7 1llustrates the 1mage of the solid deposit after cycling in 0 1 M perchloric acid
for 100 cycles The morphology and size of the particles changes and the crystal
structure formed 1s that of very thin platelets Figure 3 8 shows that electrochemical
cycling of the solid deposit in 0 1 M HCIO4 for 250 cycles also shows the formation of
crystals Figure 3 9 shows that increasing the electrolyte concentration to 1 0 M HCIO,

still induces crystal formation during electrochemical cycling
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Figure 3 5 Scanning electron microscopy mage of [Os(OMe-bpy);]** solid deposits as

deposited, before electrochemical cycling
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Figure 36 Scanmng electron microscopy image of [Os(OMe-bpy);]** solid deposits
exposed to 0 1 M HC1O4, with no electrochemical cycling
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Figure 37 Scanning electron microscopy mmage of [Os(OMe-bpy)s]*" sohd deposits as
deposited after 100 voltammetric cycles between -0 1 and 1 0 Vin 0 1 M HCIO4 at a

scanrate of 01 Vs '

Figure 3 8 Scanning electron microscopy mmage of [Os(OMe-bpy)s]** solid deposits as
deposited after 250 voltammetric cycles between -0 1 and 10 V in 0 1 M HCIO, at a

scan rate of 0 1 Vs
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Figure 39 Scanning electron microscopy image of [Os(OMe-bpy)s]** sohd deposits as
deposited after 250 voltammetric cycles between -0 1 and 1 0 V in 1 0 M HCIO;, at a

scan rate of 0 1 Vs !
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3 5 Bulk Electrolysis

Bulk electrolysis expermments on the solid layer confirms the possibility that redox
cycling of osmum and 1ts associated 1on ingress and egress encourages growth of
crystals Figures 3 10 (A) & (B) show that bulk electrolysis of the matenal where
+0 800 V bias 1s applied to one solid sample (osmium +3 state), and +0 250V bias 1s
applied to the other (the +2 state of osmmm) Bulk electrolysis does not tngger any
detectable changes 1in the macroscopic structure of the material  This implies the
possibility that 1t 1s electrochemically cycling that facilitates the nucleation and growth

of crystals and not oxidation and reduction of the layer alone
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Figure 310 SEM mmage of [Os(OMe-bpy)s)*" solid deposit after bulk electrolysis
(A)+0 800V, (B)+0250 V in 0 1 M HCIO4 for 15 minutes
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3 6 pH Effects of Solid Deposit

When the layer 1s exposed to a neutral electrolyte, 0 1 M NaClQOy4, the ‘break 1n’ effect
observed for the layer in 0 1 M HClO4 was not observed However, unlike the sohid
deposit in 0 1 M HCIOq, the layer 1s not as stable when exposed to 0 1 M NaClO; In
Figure 3 11 the anodic and cathodic peak currents, 1, decrease to zero over S0

voltammetric cycles

Scanning electron microscopy was performed on the layers to identify any structural
changes associated with 1on movement within the deposit during cyclic voltammetry
Figures 3 12 shows the image of the layer cycled in 0 1 M NaClO4 for 50 voltammetric

cycles There were no signs of crystal growth when compared to the dry layer in Figure
35
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Figure 3 11 Cyclic voltammograms of the solhd [Os(OMe-bpy);]2+ deposit n 0 1 M
NaClO; Scan rate 15 0 05 Vs '
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Figure 3 12 SEM 1mage of [Os(OMe-bpy);]** solid deposit after 50 voltammetric cycles
between —0 1 and 1 0 V 1 0 1 M NaClO, at a scan rate of 0 1 Vs™
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3 7 Protonated Crystal

Electrocrystallisation of the solid i perchlonc acid suggests that counterion
ingress/egress are possibly responsible for crystal growth Investigations on sohid state
osmium bis(bipyndyl)tetrazine chlonde reveal that cycling in sodium perchlorate
electrolyte actually induces crystallisation 1n the matenial whereas cycling in HCIO;4 does
not '’ Cycling 1n HCIO, probably causes the methoxy moteties of the bipyndyl higands
to become protonated This protonations may induce hydrogen-bonding interactions

between the complexes thus promoting the formation of crystals, Figure 3 13

Significantly, protonation of all six of the methoxy groups yields a highly polycatiomc
layer with the overall charge on the reduced and oxidized forms of the complex being be
8+ and 9+, respectively Under these circumstances, electroneutrality will be maintained
by the ingress of perchlorate anions that are lhikely to be mobile within the deposit
Amon 1ncorporation s signmficant from the perspective of rapid charge transport since 1t

will lead to a deposit that 1s porous on the molecular scale thus facilitating 1on transport
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Frgure 3 13 Proposed schematic representation of the protonated methoxy moieties that
mduce hydrogen-bonding interactions between complexes, promoting the formation of

crystals

124



3 8 Resistance and Interfacial Capacitance

When a polycationic deposit 1s placed m a dilute solution of a strong electrolyte, the
concentration of countenons (PF¢ in this case) within the deposit 1s typically
considerably larger than that found 1n the contacting solution For the films considered
here, the anion concentration mitially present in the depostt 1s expected to be of the order
of 3 M Thus, under the influence of the concentration gradient, counterions may diffuse
from the deposit into the solution until the concentrations become equal n the two
phases However, if diffusion of charged counterions occurs, then electroneutrality
within the film would be wviolated, and an electrical potential would develop at the
mterface This "Donnan potential” would then increase until equilibrium was reached
which 1t completely opposed the tendency of the counterions to move down the
concentration gradient Under these equilibrium conditions the net diffusion of
counterions across the interface would be zero, and co-1ons would be excluded from the

sold deposit !

The existence of such a permselective response for these solid deposits has been probed
by determining the contribution of the film resistance to the total cell resistance as the
supporting electrolyte concentration 1s changed In the case of an 1deally permselective
response, 1ons would be effectively excluded from the membrane, and the film resistance
would be independent of the supporting electrolyte concentration To determine the total
cell resistance, we have performed short timescale, small amphtude, and potential step
chronoamperometry, 1n a potential region where no Faradaic response 1s observed Ina
typical expenment, the potential was stepped from -50 mV to 0 mV at both bare and
modified microelectrodes, and the resulting current was recorded over the following 20

us This capacitive current vs time transient can be described by Equation (1) ®

1c(t) = (AE/ Ry) exp (-t / RuCd1) (1)

where AE 1s the pulse amplitude, R, 1s the total cell resistance, and C{] 1s the integral

double layer capacitance For both modified and bare electrodes, the current decays i

time according to a single exponential, which 1s consistent with double layer charging
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alone '' Figure 3 14 illustrates In 15(t) vs t plots for the solid deposits as the sodium

perchlorate concentration 1s changed from 0 to 0 4 to 1 0 M 1n a fixed pH background of
0 1 M HCIO4
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Figure 3 14 Current-time transients for a 25 pm radws platmum microelectrode
modified with an [Os(OMe-bpy);]2+ deposit following potential steps from —0 050 to
0000 V  From top to bottom, the data correspond to 00, 0 4 and 1 0 M NaClO4 1n a
fixed background of 0 1 M HCIO4 as supporting electrolyte The inset 1llustrates the

corresponding semi-log current vs time plots
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The absolute slope of these plots represents the reciprocal of the cell time constant
R.Cdl Table 1 presents R,Cd] values for an electrode before, and after modification
with [Os(OMe-bpy)s]** as a function of the perchlorate concentration This table shows
that both the bare and the modified electrode cell time constants decrease with increasing
electrolyte concentration as expected ! However, the response time 1s considerably more
sensitive to the supporting electrolyte concentration for the microelectrode coated with

the solid deposit
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Table 1 Resistance, R,, Double Layer Capacitance, Cq), and Electrode Response Times,
R,Cq, for 25 pm Radius Platinum Microelectrodes Before and After Modification with a
Solid Deposit of [Os(OMe-bpy);}*" as the Concentration of NaClO, 1s Systematically
Varied 1 a Background of 0 1 M HCIO4 *

Bare Modified

[NaClOs] R,/Q 10° Ca/F R,Ca/ps R,/Q 10°Cy/F R Cq/ps

™M

00 2400(192) 589%053) 141(025) 3200(256) 432(021) 138(018)
01 2200(188) 628(050) 138(023) 2900(203) 471(023) 136(0 16)
02 2056(132) 648(058) 133(021) 2620(209) 510(031) 133(019)
04 1877(140) 706(0 14) 132(012) 2268(181) 549(032) 124(0 18)
06 1700(119) 706(028) 120(013) 1955(195) S31(015) 103(013)
08 1550(155) 746(074) 115(0012) 1711(136) 589(058) 1 04(0 18)
10 1400(70)  824(049) 115(013) 1430(28) 6 28(037) 089(007)

* The numbers 1n parentheses represent errors obtained by standard deviation from at 3

independent experiments
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It 1s apparent from Equation (1) that R, can be extracted from the intercepts of the insets
shown m Figure 3 14 Figure 3 15 shows the total cell resistance for a bare and a coated

electrode as the perchlorate concentration 1s changed from 0 1to 1 0 M

It 1s clear that in both circumstances R, 1s reduced at high electrolyte concentrations
reflecting a reduced solution resistance Importantly, the cell resistance with the
modified electrode 1s never more than 33% larger than that observed with a bare
electrode over this range of electrolyte concentrations This observation suggests that the
solution resistance rather than the resistance of the deposit dominates the cell resistance
for the coated electrode These results suggest that these deposits do not contribute
significantly to the overall cell resistance probably because electrolyte can permeate mto

the individual particles that exist on the microelectrode surface
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Figure 3 15 Dependence of the total cell resistance, Ry, on the concentration of NaClO,4
1n a fixed background of 0 1 M HCIO;4 as supporting electrolyte Data for a bare 25 um
radus platinum microelectrode are shown on the lower curve (@) while the upper curves

are for the same microelectrode modified with an [Os(OMe-bpy);]** solid deposit (M)

Surface coverage 1s 7 x 10 ® mol cm?
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3 9 Charge Transport through the Deposit

To understand the dynamics of charge transport that occurs m osmium polypyndyl
compoundslg, the solid layer was exposed to a series of fast scan rates in order to
determine the homogeneous charge transfer coefficient " Figure 3 16 1llustrates the
effect of increasing the scan rate from 50 to 500 mVs "1 08 M HCIO, For fast scan
rates, only a small fraction of the total amount of matenal immobilized 1s electrolyzed
and the depletion zone remains well withi the deposit Under these conditions, linear
diffusion predominates with peak shaped voltammograms being observed In common

with solution phase reactants, the peak current varies as v'”?, Figure 17 #2° %!
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Figure 316 Cyclic voltammograms of [Os(OMe-bpy);]** sohd deposits on a 25 pm
platinum electrode 1n 0 1 M HCIO4 From bottom to top, the scan rates are 50, 100, 200,
300, 400 and 500 mVs
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Figure 317 The dependence of the peak current on square root of scan rate for

[Os(OMe-bpy);]2+ solid deposits on a 25 um platinum electrode m 0 1 M HCIO4
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Figure 3 17 shows that the peak current, 1, mcreases linearly with increasing v'?
mdicating that semi-infimte hnear diffusion dominates the observed response
Electrochemical charge transport occurs by electron self-exchange reactions between the
neighbouring oxidised and reduced sites This electron hopping process 1s accompanied
by the movement of charge-compensating counterions that are mobile within the layer
Under these circumstances, the peak current, 1, can be described 1n terms of the Randles-

Sevgik equation
1,=2 69x10° n** AD "2y Cerrv' (2)

where n 1s the number of electrons transferred, A is the area of the electrode, D¢t 1s the
apparent charge transport diffusion coefficient and Cer 1s the effective fixed site
concentration Previous investigations on related systems indicate that the fixed site
concentration 1n systems 1s of the order of 1 5 M '°?* and this concentration 1s consistent
with x-ray crystallographic studies on osmmum and ruthenium poly-pynidyl

complexes ***

Using this fixed site concentration, the data illustrated in Figure 3 17
yields a Der value of 1240 1x10° cm?s ! for both oxidation and reduction processes

Schematic representations of both fimite and semu-infinite diffusion response are covered

mn chapter 1
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3 10 Perchloric Acid Concentration Effect on Dery

The rate of homogeneous charge transport, D¢y, through these sohd state deposits could
be lmited either by electron hopping between the sites or by counterion diffusion
necessary to mamntamn electroneutrality > In the case of electron hopping, charge-
compensating counterions are freely available within the structure and Dcy 1s expected to
depend weakly on the electrolyte concentration In this case the electrolyte does not play
a part 1n the charge transport and the self-exchange between the redox centers 1s rate
lmiting  As 1illustrated in Figure 3 18, Dcr 1s approximately independent of the
perchloric acid concentration mamtammg a value of 15+04x10° cm’s' for
0 1<[HClO4]<0 6 M Above 0 6 M electrolyte, Dcr increases significantly reaching a
value of 13 1x10° cm’s ' n 1 0 M HCIO,
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Figure 3 18 Dependence of the homogeneous charge transport diffusion coefficient of

solid state [Os(OMe-bpy)3]2+ on the concentration of HC104 as supporting electrolyte

137



The Dahms-Ruff equation®® %°

can be used to calculate the electron self-exchange rate
constant from the maximum Dcr value assuming that electron hopping represents the

rate-determining step This equation 1s given by
Dcr = Dppys + 1/6 ksgd’C 3)

where Dprys descnibes physical diffusion 1n the absence of electron hopping, C is the
fixed site concentration of the osmium complex and § 1s the inter-site separation between
adjacent Os** and Os’* moweties Given that crystallme solid deposits are being
considered, Dpnys 15 assumed to be zero On the basis of crystallographic data for

[Os(OMe-bpy)3]2+, the mtersite separation was taken to be 9 6 A 16

The maximum D¢t value, 131 x 10° cm’s 1, yields a self-exchange rate constant of
57x10° M's'  This value 1s approximately an order of magnitude smaller than the
values typically reported for osmmum poly-pyridyl complexes m solution’’ or within
monolayers '’ 2*#’3° Given the assumptions made n the calculation of ks, the value
obtained does not allow an unambiguous determination of whether counterion motion or
electron transfer limts the overall rate of charge transport However, the data indicate
that the rate of charge transport 1s significantly higher than that found 1n structurally
related systems, € g, for solid deposits of [Os(bpy): 3,5-bis(pyridin-4-yl)-1,2,4,-triazole
Cl] where counterion movement himts the rate of charge transport '° The Der 1s
63x10 2 cm’s' m10M HClOy4, 1€, more than three orders of magnitude smaller than

those found here

The large ksg most likely anses because the redox centers are immobilized within an
ordered crystalline array 1n which mdividual sites are linked by hydrogen bonds between
protonated and deprotonated methoxy groups The ability to rapidly switch the redox
composition of these solid deposits 1n a highly reversible way makes them attractive for
electrochromic and supercapacitor applications The Dcr sensitivity most hkely anses
because the methoxy groups are deprotonated for [HCIO4] < 0 6 M but tend to become
protonated at higher concentrations This protonation reaction will create a hydrogen-

bonded network that supports more rapid electron transfer between the sites Sumilar
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findings for proton induced changes in Hydroquinone and Bipynidyl Triazole (HQBpt)

leading to increased Dcr m acid electrolyte have been reported 2
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311 Ion Pairing Effects

The formal potential of the complex 1s sensitive to the concentration of the supporting
electrolyte Shifts in formal potential with changes in electrolyte concentration 1s due to
movement of charge compensating counterions mto and out of the deposit as the redox
composition 1s switched Therefore, the electrolyte concentration dependence of E® was
examined for reactants in solution and 1n the sohd phase to obtamn an msight into the
effects of immobilization on the extent of 10n paining Figure 3 19 shows that E* for the
solid deposits shifts 1n a negative potential direction with increasing log [ClO4 ] where

the pH of the supporting electrolyte 1s fixed at 1 00 1
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Figure 319 Dependence of the formal potential on the concentration of HCIO4 as
supporting electrolyte for [Os(OMe—bpy)3]2+ solid deposits (m) and dissolved 1

acetonitrile (@) while (A) denotes the effect of increasing the NaClO4 concentration for

the solid deposit 1n a fixed background of 0 1 M HC1O4
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Consistent with 10n pairing, 1t becomes progressively easier to oxidize the deposits with
increasing perchlorate concentration This situation 1s summarnized m the following

reaction

[0s(0Me-bpy)3]*+ (X)g—¢ +n (X') > [0s(OMe-bpy)3 1" (X)gp

where both redox forms are considered to participate in both the 1on-pairing equilibria
The formal potential, B’ , can be related thermodynamically to the electrode potential, E,
through the Nemnst equation

E’ =E -(2 303RT/nF)log [ClO;4 | (4)

R 1s the gas constant, K the Kelvin temperature, n the number of electrons transferred
between the oxidised and reduced species and F the Faraday constant The equation can
be simplhified shghtly by combining constants At 25°C, the term 2 303RT/F 1s equal to
00591 V,so

E® =E -(0 0591/n)log [C104 ] (5)

From a plot of formal potential, E’, versus loganithmic ClO,4 concentration, the Nernst
equation predicts a slope of —59/p mV per decade change in [ClOs] The expenimentally
observed slope, -55+4 mV dec !'1s consistent with the Os** form becoming 10n-paired
with a single extra amon However, as shown in the following reaction, the complexes

used to form these deposits are also capable of undergoing acid/base reactions
[0s(0Me-bpy)3]** (X)g +H' +1(X) <> [Os(H OMe-bpy)31>* (X))

where both redox forms are considered to participate 1in both the ion pairng and
acid/base equilibria Therefore, if the oxidized form becomes 1on-paired with two extra
anions, one to compensate the charge on the electrochemically generated cation and a
second to compensate for the protonated form, the Nernst equation predicts a shift of

-118 mV per decade change n the perchloric acid concentration Figure 3 19 shows that
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the slope observed for the complex dissolved 1n solution 1s -139+5 mV/decade, which 1s
somewhat larger than that predicted by the Nernst equation for the situation where both
1on paring and protonation reactions occur In contrast, Figure 3 19 also shows that E*’
for the solid deposits remains constant as the perchloric acid concentration 1s increased
from01to10M This observation suggests that in the solid state, the complex does not

become protonated and that 1t exhibits httle tendency to 10n pair 1n erther oxidation state
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3 12 Heterogeneous Electron Transfer

The rate of heterogeneous electron transfer across the electrode/deposit interface
influences the voltammetric response causing the voltammetric peak-to-peak separation
to 1ncrease significantly *° Figure 3 20 1llustrates representative cyclic voltammograms
at scan rates of 5 and 30 Vs ' which show that the AE, values increase with increasing

scan rate
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Figure 3 20 Cychc voltammograms for a sohd deposit of [Os(OMe-bpy);]** on a 25 pm
radius platinum microdisk electrode From top to bottom the scan rates are 30 and
5Vs!, respectively Experimental data are denoted by the solid lines while the open
circles represent theoretical fits generated according to the Butler-Volmer formalism of
201

electrode kinetics where Der and k° are 1 1x10° cm? ! and 1 0x10™ cms |, respectively

The supporting electrolyte 1s 1 0 M HCIO4
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When measuring the heterogeneous electron transfer rate constant 1t 1s important to take
mnto account factors that can also result in increasing peak-to-peak separation Ohmic
effects represent a serious problem, not only because they will cause a significant AEp to
be observed even when heterogeneous electron transfer 1s fast, but also because the
magnitude of the ohmic effect depends on the experimental timescale In the
experiments reported here, microelectrodes and relatively high concentrations of
supporting electrolyte have been used to avoid 1R drop For example, as mdicated
Table 1, the total resistance i this solution even with the modified electrode 1s 1430 Q
Therefore, even for the highest scan rate investigated, 100 Vs 1, where the peak current 1s

approximately 2 pA, the 1R drop 1s less than 3 mV

Figure 320 illustrates theoretical fits to the experimental cyclic voltammograms

generated according to the Butler-Volmer formalism of electrode kinetics *'

However,
as a macroscopic model 1t does not consider a number of steps including mass transport,
thermal fluctuations mn electron donor and acceptor levels and timescale of electron
transfer > However, this model does provide an experimentally accessible description
of electrode kinetics The disadvantages of this formulation include the prediction that
the rate constants increase exponentially with electrical dnving force 1s only applicable
expernimentally over a limited range of overpotentials The Butler-Volmer model does

not account for the known distance dependence of electrode electron transfer rates and

the changes 1n either redox center structure or solvent that affect k°

In fitting these voltammograms, the residual sum of squares between the experimental
and theoretical oxidation currents were minimized and then the reduction branch of the
voltammogram was predicted The satisfactory agreement observed between theory and
expermment suggests that conventional solution phase models based on semi-infinite
hnear diffusion can adequately describe the voltammograms for the solid state films
Moreover, the satisfactory fits suggest that the films are solvated and that

electrochemical double layer sets up at the electrode/layer interface

This conclusion 1s consistent with the observation that the formal potentials of solution
phase and solid deposits are smmlar For 5<v<100 Vs', the best fit simulated

voltammogram 1s obtamned where Der 15 1 1x10° cm? ' and a standard heterogeneous
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' The diffusion coefficient

electron transfer rate constant, k°, i1s 100 05x10* cms
obtained by fitting the complete voltammogram 1s similar to that using the Randle-
Sevgik analysis, 13 1x10°405 cm®s' ~ Sigmficantly, the standard heterogeneous
electron transfer rate constant 1s independent of the scan rate indicating that the layers
are kinetically homogeneous The observation that the rate constants for all redox
centers capable of undergoing heterogeneous electron transfer are experimentally

indistinguishable suggests that the local microenvironments, electron transfer distances

and reorgamzation energies are 1dentical for individual redox centers

Immobilizing the complex as a solild layer on an electrode surface could alter the
microenvironment of the redox centers, € g, by changing the dielectric constant, or the
electron transfer distance An isight mto the importance of these effects for the
[Os(OMe-bpy)s]** system can be obtamed by comparmg k® values obtained for solid and
solution phase reactants Figure 3 21 1illustrates cyclic voltammograms for the complex
dissolved 1n acetomtrile where the scan rate 1s sufficiently large so as to influence the
voltammetry Fitting these solution phase voltammograms reveals diffusion coefficients,
Dsom, and standard heterogeneous electron transfer rate constants, ksoin°, of 5 00 3x10 6

cm’s ' and 6 120 2x10 ° cms 1, respectively

However, the k° values for the solid and solution phase reactants cannot be compared
directly because of the different double layer structures and reactant mobilities under the
two circumstances However, 1t 1s striking that the k° values obtained for solution and
solid phase reactants are very similar with Ksoi,® being only 30% smaller than that found
for the sohd layer This means that electron transfer from the electrode to the redox

active species 1s simlar m solid and solution phase
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Figure 321 Cychc voltammograms for a 5 mM solution of [Os(OMe-bpy);]*" m
acetomtrile The working electrode 1s a 25 pm radius platinum microdisk From top to
bottom the scan rates are 30 and 5 Vs ', respectively Experimental data are denoted by
the thick solid lines while thin lines are theoretical fits generated using to the Butler-
Volmer formahsm of electrode kinetics Dsom, and kson® are 50x10°% cm?s' and

6 140 2x10” cms ', respectively
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3 13 Conclusion

Mechanically attached, solid deposits of [Os(OMe-bpy);|(PFs) where OMe-bpy 1s 4, 4°-
dimethoxy, 2-2’-diptridy] have been formed on platinum microelectrodes Solid phase
voltammetry 1s another means for examining this compound as 1t has a similar formal
potential and cyclic voltammetry shape to that of its solution phase counterpart The
formal potential similanty indicates that the local solvation and the dielectric constants
are analagous Initial voltammograms of the layer in acidic electrolyte suggests that the
layer undergoes a ‘break in’ step This ‘break in’ step 1s observed in voltammetry mn the

anodic direction during the imitial 100 cycles

Counterion movement within the layer during electrochemical cycling brings about
changes 1n the morphology of the deposit Scanning Electron Microscopy reveals that
electrochemically cycling the deposits in HC1O4 trniggers electrocrystallization forming a
plate-like structure However, no noticeable changes were observed in the layer when
cycled 1n neutral electrolyte It 1s probable that protonation of the methoxy groups
encourages bonding between complexes thus promoting the formation of crystals The
hydrogen-bonded network that forms within the layer may contribute to its ncreased

stability 1n acidic electrolyte when compared to that of cycling in neutral electrolyte

For the sohid deposit in HCIO,, the diffusion coefficient 1s 150 1x10° cm’s' for
0 1<[HC104]<0 6 M and above 0 6 M HCIO; 1t mncreases to 13+1x10° cm’s ' m 1 0 M
HCIO4 Given that Der 1s independent of electrolyte for 0 1<[HCIO4]<0 6 M, and
dependent on electrolyte concentration above 0 6 M, kse value obtained does not allow
conclusions to be drawn on whether counterion motion or electron transfer limits the
overall rate of charge transport The heterogeneous electron transfer rate constants are
indistinguishable for solid and solution phase reactants bemg 1 0+0 05x10* cms ' and
6 1+02x10° cms' respectively For practical applications 1n areas such as
electrochromic devices or energy storage devices, the charge transport activities of this
matenal as a solid could have wide applicability It could also play a crucial role as a

mediator on biosensors for the analysis of biological molecules
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Chapter 4

Nanoparticle-Metallopolymer Assemblies Charge Percolation and

Redox Properties
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4 1 Introduction

The electrochemical properties of solid deposits of [Os(OMe-bpy);]** were discussed 1n
Chapter 3 The ngress/egress of counter 1ons to balance the charge created by the
charging of the osmium center duning electrochemical cycling changed the deposit
morphology The protonated OMe substituents possibly create a network between the
molecules thus promoting the formation of crystals when cycled in HCIOs The
protonation creates a hydrogen-bonded network that supports a rapid electron transfer
between the redox sites as a result of the large self-exchange rate constant, ksg, and

diffusion coefficient, Det

The charge transport properties of polymers are pivotal to battery and molecular
electromc research '> The charge transport properties can be modified with the
introduction of nanoparticles and can influence the research fields of catalytic synthesis
and sensor development 343 Nanoparticles have umquc;_optlcal,6 electric’ and magnetic
properties ® High reactivity and aggregation’ 1ssues have ncreased research of self-

assembled monolayers'o e

and functional polymers for controlling interparticle
nteractions It has been known for a very long time, empirically, that the addition of
certain natural biopolymers such as gelatine can stabilise colloidal dispersions The
formation of a protective sheath around the each colloid particle prevents aggregation 14

Polymers, such as poly-vinyl pyrrolidone, " '°

that mcorporate surface active functional
groups'’ have proven to have useful properties not only n the production of tightly
distributed nanoparticles of controlled size, but the resulting composite materials have
attractive electrical and optical properties '® However, the use of metallopolyers that
contan not only surface active functional groups but also redox active centers, such as
transition metal complexes, have not been widely explored in this context This situation
1s surpnsing given that the redox centers would be expected to influence nanoparticle
growth, e g by mediating the reduction of the precursor salt, and the combination of both
metal nanoparticles and complexes ought to lead to unique redox and conductivity
effects In particular, the ability to modulate the local microenvironment of the

nanoparticles and hence their reactivity by electrochemically switching the oxidation

state of the redox centers 1s especially attractive
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Charge transport through nanoparticle structures 1s of particular interest because of 1its
importance 1n possible future device technologies Nanoparticles are referred to as
artifical atoms because of their hydrogen like electronic structure due to the similarty 1n
reactions of colloidal particles and are composed of thousands of metal atoms These
tiny crystals range n size from 1 to 100 nanometers and confine electrons on the
nanometer scale As a result these nanoparticles display unusual properties  Single
electron properties of nanoparticles have been examined through scanning tunneling
miCroscopy measurements 1920 Schuffrin et al have demonstrated that through STM,
organic molecules contamning redox centres can be used to attach metal nanoparticles to

electrode surfaces and so control the electron transport between them 2

In this chapter, the voltammetnc properties of the redox active metallopolymer
[Os(bpy), (PVP);e CIT", bpy 1s 2,2’ bipyndyl and PVP 1s poly(4-vinly pyndine) are
reported, as a coating on platinum disk and cylinder microelectrodes and as
metallopolymer-nanoparticle composites The nigid nature of the metallopolymer were
explored through the ‘break i’ and counterion ion effects The voltammetry of the
metallopolymer on the platmum disk and cylinder microelectrode were compared
Different diffusion charge transport coefficients were calculated for the two electrode
types The similanty 1n the self exchange rate constants for the metallopolymer on the
cylinder and disk electrode indicated that the ter redox active sites separation n the

metallopolymer were indistinguishable on both electrode surfaces

Thin films of both the metallopolymer and composites exhibit nearly 1deal voltammetric
responses and cyclic voltammetry has been used to investigate their charge transport
properties when 1 contact with an aqueous electrolyte solution Scan rates of 100 mVs '
were utilized to determine the total surface area of the electrochemically active gold
nanoparticles within the composites Probing the electrolyte concentration dependence
on the formal potential of the metallopolymer-nanoparticle assembly can give msight to
1on-pairing effects and the permeability towards counterions Analogous to the solhd
state [Os(OMe-bpy)3]2+ analyzed in Chapter 3, evaluating the homogeneous charge
transport diffusion coefficient through the composites and metallopolymer was
performed under semi-mfimte linear diffusion conditions Polymer chains movement, 22

23,24 2526

counterion diffusion/migration, or electron hopping could limit homogenous

charge transport through the films and have been determined from observations of the
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charge transport diffusion coefficient To gain an msight mnto the role of the osmum
bipyridyl redox centers m electrical conduction, the dry state conductivity has been
determined as a function of the nanoparticle loading for both the metallopolymer and
PVP composite systems Both systems data can be described using the percolation
theory27 2 fora randomly dispersed electrically conducting filler, but the metallopolymer
system exhibits sigmficantly higher conductivity for all loadings investigated

Beyond probing the homogeneous charge transport diffusion coefficient as a function of

nanoparticle loading and electrolyte concentration, the standard heterogeneous electron

transfer rate, k° has also been determined These data are revealing of the differences
between electrode/metallopolymer film and electrode/composite  interfaces
Heterogeneous electron transfer across the electrode/film interface depends on the
electrode-reactant separation, the chemical composition, and the effective dielectric
constant of the film, which are also influenced by the presence of the gold

nanoparticles »°
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4 2 ‘Break In’ and Counterion Effects of [Os(bpy): (PVP) Cl]*

Solvent transport studies of [Os(bpy)z (PVP);o Cl]* have been undertaken previously *°
and Kelly et al have reported that the layers are ngid m HCIOq4 electrolyte due to the

' ‘Break-n’

chemical nature of both the electrolyte amon and the polymer backbone 3
effect 1s an mdication as to how solvated the material becomes when imtally
electrochemically cycled in supporting electrolyte and 1s a phenomena observed for the
solid state, [Os(OMe-bpy);]2+ in Chapter 3 Figure 4 1 1illustrates that solvation effects
are rmmmimal when the metallopolymer 1s electrochemically cycled in the electrolyte as

there 1s little or no voltammetric distortions evident

SEM 1maging was performed on the polymer film to identify any morphology changes
that may occur 1n the film after voltammetric cycling in perchlonc acid Figure 4 2 1s the
mage of the metallopolymer prior to cycling with no exposure to electrolyte and Figure
4 3 1llustrates the film after cycling in 0 1 M HClO4 for 200 cycles Unlike the SEM
images of the solid [Os(bpy-OMe)s]** in Chapter 3 there 1s no appreciable change 1n film
morphology pror to and following electrochemical cycling 1indicating that
counterion/solvent movement or protonation within the layer does not cause appreciable
structural changes to the metallopolymer The cracks evident in both mmages arise from
the rapid solvent drying of the polymer after application on the graphite disks In
conclusion, because of the chemical nature of both the electrolyte anion and polymer

backbone, the layers are nigid in HCIO; electrolyte
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Figure 41 Initial cychc voltammograms for [Os(bpy) (PVP)is CI]" metallopolymer
layer for 25 scans immobilized on a 25 um platinum disk electrode The supporting
electrolyte 1s 0 1 M HCIO, and the scan rate 1s 100 mVs' Surface coverage 1s

15+02x10%molcm?
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Figure 4 2 SEM 1mage of [Os(bpy)2 (PVP)io CI]” film as deposited as a paste tn ethanol,

before electrochemical cycling
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Figure 43 SEM image of [Os(bpy), (PVP);p CI]” film after 200 voltammetric cycles
between 0 and 0 8 V n 0 1 M HCIOq at a scan rate of 0 1 Vs !
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4 3 Metallopolymer and Metallopolymer Nanoparticle Redox Properties

Figure 4 4 1llustrates the overlays of the electrochemical responses of the cylinder and
disk electrodes modified with a layer of the metallopolymer [Os(bpy), Cl (PVP)10]" n
01 M HCIO4 As expected the cyclic voltammograms of both electrode types are very
similar with the formal potentials, E°, as given by the average of the anodic and cathodic
peak potentials, 0 265 V and 0 263 V for the cylinder and disk electrode, respectively
The peak-to-peak separation, AE,, between the anodic and cathodic waves 1s 87 mV and
107 mV for the cylinder and disk electrode respectively According to the Nemnst
equation, AE, of 59 mV 1s expected for an 1deal for a one electron oxidation/reduction
reaction The dewviations from the 1deal value are expected to be predominantly due to
stray capacitance and double layer charging On the other hand, the ratio of the anodic
peak current to the cathodic peak current 1n both cases, 1pa/1pc 15 close to umty, which 1s
expected for a chemically reversible, stable product Overall, because the cylinder
microelectrode has greater surface area, there 1s a greater current signal for the
immobihised metallopolymer The limits in the voltammograms are different but no

other redox activity was detected beyond the Os**/Os>* potentials

Figure 45 shows typical slow scan rate cychc voltammograms for an

[Os(bpy)2 (PVP)10 Cl]* metallopolymer film and for a nanoparticle metallopolymer
composite electrode in which the mole fraction of the metallopolymer 1s 0 84 The mole
fraction 1s defined ad the number of moles of a component of a solution divided by the
total number of moles of all components In Figure 4 5, the supporting electrolyte 1s
aqueous 0 1 M HCIOy and the surface coverage 1s 2 020 2x10® mol cm?  The surface

coverage (I') 1s calculated from the area under the voltammetric peak 2

_9
= nFA M

where Q 1s the total charge required to reduce or oxidise the electroactive species, n 1s
the number of electrons transferred, F 1s Faraday’s constant and A 1s the area of the
electrode For both the metallopolymer and the nanoparticle metallopolymer composite,

2+/3+

the voltammetric response associated with the Os couple centered at approximately
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03 V 1s close to that expected for an immobilized, electrochemically reversible couple
under fimte diffusion conditions **** For example, for the composite the peak shape 1s
mdependent of the scan rate, v, up to at least 25 mVs |, and the peak height scales
hinearly with scan rate from 1-25 mVs' The ratio of the anodic to cathodic peak
currents 1s 10005 Thus, beyond a persistent peak-to-peak separation, AE,, of
approximately 50 mV that 1s observed for both systems even at very slow scan rates, the
voltammetric response 1s nearly ideal Also, some diffusion like tailing 1s observed
especially for the pure metallopolymer which 1s attributed to spillover of the polymer

film onto the non-conducting glass shroud

In strongly acidic media, the composite electrode exhibits well defined responses at
positive potentials corresponding to the formation of gold oxide on the metal
nanoparticles and 1ts subsequent re-reduction For a polycrystalline gold surface, the
charge passed during the reduction of a monolayer of gold oxide® 1s 390 pF cm’
Therefore, the area under the oxide reduction peak, Figure 4 6, has been used to
determine the total surface area of the electrochemically active gold nanoparticles within
the composite For the nanoparticle metallopolymer composite where the mole fraction

of the metallopolymer 1s 0 84, the area obtamned 1s 62x105 cm?

This area 1s
indistinguishable from that expected, 6 8x10 S cm?, on the basis of the known quantity of
tetrachloroaurate reduced and the radius of the nanoparticle obtammed from TEM
(Section 45) This result suggests that even at low nanoparticle densities, an
interconnected array 1s formed perhaps involving the osmium redox centers mediating
electron transfer between the gold nanoparticles so that a gold oxide monolayer can be
formed on nearly all of the particles The gold surface area as determined from the gold

oxide reduction peak increases as the mole fraction of the metallopolymer 1s decreased,

e g, where x 1s 0 02, the area1s 1 2x10 > em?

160



4000 8

3000 + 6
2000 4
1000 + P
< =
£ o4 0 3
- >
-1000 + 2
-2000 + | 4
-3000 + - -6
-4000 . : , , ; -8
1 08 06 04 02 0 -02

E / Volts

Figure 44 Cyclic Voltammograms for [Os(bpy), Cl (PVP);]" film coated on a 25 um
diameter platinum electrode disk electrode (thin hne) and platinum cylinder
microelectrode (thick line) The areas of the electrodes are 49 x 10° cm’ and
94 x 10> cm? respectively where the cylinder length 1s 1 2 ¢cm Surface coverages are
85 x 10° mol cm? for the disk electrode and 99 x 10'® mol cm? for the cyhnder
electrode In both cases the supporting electrolyte 1s 0 1 M HCIO, and the scan rate 1s
100 mVs'
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Figure 45 Cyclic voltammograms under finite diffusion conditions for an
[Os(bpy)2 (PVP);o C1]" film (thick Iine) and a nanoparticle metallopolymer composite
film (thin hine) where the mole fraction of metallopolymer 1s 0 84 In both cases, the
supporting electrolyte 1s aqueous 01 M HCIO4 the surface coverage 1s
2 0+0 2x10 ® mo! cm ? and the working electrode 1s a 25 pm radius platinum microdisk
The scan rate 1s 1 mVs' Extending the potential window for the metallopolymer on the

disk electrode would reflect platinum oxidation / reduction activity
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Figure 46 Enlargement of gold oxide formation / reduction region for the

naoparticle metallopolymer composite from Figure 8 The supporting electrolyte 1s
aqueous 0 1 M HCIOs, the surface coverage 1s 2 00 2x10 ® mol cm? and the working

electrode 1s a 25 pm radws platinum microdisk The scan rate 1s 1 mVs |
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4 4 Film Resistance and Interfacial Capacitance

By examiming the film resistance as a function of the supporting electrolyte
concentration, 1t should be possible to probe the semi-permeable properties of the
membrane *®*7 When a polyelectrolyte film 1s placed m a dilute solution of a strong
electrolyte, the concentration of counterions within the film 1s typically considerably
larger than that found 1n the contacting solution For these materials one might expect a
high anmon concentration (= 0 8 M) to be mitially present 1n the film to compensate for
the cationic osmium redox centers of the metallopolymer Thus, under the influence of
the concentration gradient, counterions may diffuse from the film into the solution until
the concentrations become equal in the two phases However, if diffusion of charged
counterions occurs, then electroneutrality within the film would be violated, and an
electrical potential would develop at the nterface ***° This "Donnan potential" would
then increase until an equilibrium was reached m which 1t completely opposed the
tendency of the counterions to move down the concentration gradient Under these
equilibrium conditions the net diffusion of counterions across the mterface would be

zero, and co-1ons would be excluded from the polymer film *

The permselective response of the metallopolymer has been determined by measuring
the total cell resistance as the supporting electrolyte concentration 1s changed In the
case of an 1deally permselective response, 1ons would be effectively excluded from the
membrane, and the film resistance would be independent of the supporting electrolyte
concentration Short timescale, small amplitude, potential step chroncamperometry was
carried out to determine the total cell resistance of the metallopolymer film on the
cylinder microelectrode The experiment involved stepping the potential from —60 mV
to 0 mV at both bare and modified electrodes, and recording the resulting current over 40
ps, as shown m Figure 47 Figure 4 8 illustrates In 1(t) vs time plots for the
metallopolymer film as the HCIO4 concentration 1s adjusted from 01 to 06 to 10 M
This response 1s described by Equation (3) 40

1¢(t) = (AE / Ry) exp (-t / RuCdl) (2)
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where AE 1s the pulse amplitude, R, 1s the total cell resistance, 1e, 1t includes

contributions from both solution and film resistance, and Cj 1s the integral double layer

capacitance As shown n Figure 4 7 for the metallopolymer modified electrodes, the
current decays 1n time according to a single exponential, which 1s consistent with double
layer charging alone The absolute slope of these plots represents the reciprocal of the
cell time constant R,Cd] It 1s apparent from Equation (2) that Ry, can be extracted from

the intercepts of the insets of Figure 4 §

Table 1 presents R,Cdl values for a cylinder electrode before modification with the
metallopolymer as a function of wire length and perchlorate concentration Table 2
represents R,Cq values for a cylinder electrode after modification with the
metallopolymer Both tables show that both the bare and modified electrodes cell time

constants decrease with increasing electrolyte concentration

Figure 4 9 shows the total cell resistance for a bare and modified electrode as the
perchlorate concentration 1s systematically varied from 01 M to 10 M In both
circumstances R, 1s reduced at high electrolyte concentration reflecting a reduced
solution resistance The cell resistance with the modified electrode 1s larger than that
observed for the bare electrode over the range of electrolyte concentrations but the
response time 1s more sensitive to the supporting electrolyte concentration for the
microelectrode coated with the metallopolymer However, the cell resistance of the
modified electrode 15 never more than 30 % larger for that observed with the bare
electrode over the range of electrolyte concentrations This observation suggests that the
solution resistance dominates the cell resistance for the modified electrode, and that the

supporting electrolyte concentration within the film 1s relatively high

The dependence of the surface area of a bare and modified electrode at different
electrode lengths with R,Cq 1s 1llustrated in Figure 4 10 In both cases the electrode
surface area or the active electrode length 1s directly proportional to the cell time
constant The R,Cy 1s more sensitive for the modified electrode at smaller surface areas
The entire surface area of the electrode 1s active with the double layer capacitance

mcreasing with the electrode length

165



Time | [is

Figure 4.7. Current-time transients for a 25 jum diameter platinum microelectrode
modified with metallopolymer following potential steps from -60 to 0 mV. The surface
coverage is 1x 10'9mol cm-2 The data correspond to aqueous 1.0 (+), 0.6 (m) and 0.1

(A) M HC104as supporting electrolyte.
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Figure 4.8. Semi-log current vs. time plots for a 25 jam diameter platinum
microelectrode modified with metallopolymer following potential steps from -60 to o
mV. The data correspond to aqueous 1.0 (¢), 0.6 (w) and 0.1 ( ) M HCIO4 as

supporting electrolyte.
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Table 1 Resistance, Ry, Double Layer Capacitance, Cq;, and electrode Response Times,
R,Cq for 25 pm diameter platinum microelectrode before modification with film of

[Os(bpy)2 (PVP)yo C1]" as the concentration of HCIO;4 and cylinder length are vaned

Bare
[HCIO4 /M [ Wirelength/mm |R,/10°Q | Ca/10""F | R,Cal/ ps
01 3 66(031) |46 (025) [302(021)
6 43021) |90 (050) [387(019)
12 35(018) |[135(071) |471(015)
02 3 45(023) |48 (022) [216(021)
6 23(012) |145(083) |333(018)
12 18(010) |211(115) |379(016)
06 3 40(022) |50 (034) [199(019)
6 21(012) 112(068) |235(017)
12 17(009) 192(117) |326(015)
08 3 22(011) |59 (032) [131(016)
6 20(010) [100(061) |200(015)
12 17008 [180(113) [306(015)
10 3 20(009) |59 (031) [118(013)
6 19(009) |104(055) |198(012)
12 16(007) |176(098) |282(013)

* The numbers 1n parenthesis represent errors obtamned by standard dewiation from 3

mdependent experiments
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Table 2 Resistance, R,, Double Layer Capacitance, Cq, and Electrode Response Times,
RyCy for 25 pm diameter platinum cylinder microelectrode after modification with film

of [Os(bpy); (PVP);o Cl]" as the concentration of HC1O,4 and cylinder length are vaned

Modified
[HCIO,) /M | Wirelength/mm |[R,/10°Q [Ca/107F [ R,Ca/ps
01 3 938(05) 20 (01) [193(009)
6 78(04) 28 (02) [221(013)
12 45(03) 65 (03) |292(016)
02 3 88(05) 19 (01) |167(009)
6 54(03) 36 (02) |196(010)
12 35(02) 73 (04) |229(012)
06 3 43(03) 34 (02) |144(008)
6 31(02) 62 (03) |191(010)
12 26(01) 91 (05 [236(012)
08 3 45(02) 31 (02) [141(007)
6 30(02) 63 (03) |186(010)
12 25(01) 97 (04) |242(011)
10 3 34(02) 41 (02) [139(007)
6 25(01) 74 (04) |185(009)
12 23(01) 107(06) |246(012)

* The numbers i parenthesis represent errors obtained by standard deviation from 3

independent experiments
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Figure 4 9 Dependence of the total cell resistance, R,, on the concentration of HCIO4 as
supporting electrolyte Data for a bare 25 um diameter cylinder microelectrode are

shown as (m) while () represents the same microelectrode modified with an

[Os(bpy), (PVP)yo Cl]” film
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Figure 4.10. Dependence of the cell time constant RuCd on the surface area of the

electrode. Data for a bare 25 jam diameter electrode are ( ) in 0.2 M and (*) in 1.0 M
HCl04. (¢) and (m) represent the modified electrode in 0.2 M and 1.0 M HCI104,

respectively.
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Likewise the total cell resistance of the nanoparticle metallopolymer composite was
determined 1n a potential region where no Faradaic response 1s observed The potential
was stepped from -100 mV to 0 mV at both bare and modified disk electrodes, and the
resulting current was recorded over the following 5 us, Figure 4 11 The presence of gold
nanoparticles within the composite 1s likely to have a significant impact on the net
diffusion of counterions across the interface as the nanoparticles may have negatively

charged surfaces due to the borohydrnide reduction reaction used 1in their production

Figure 4 12 illustrates In 1¢(t) vs t plots for a composite electrode in which the mole
fraction of the metallopolymer 1s 0 02 as the HCIO,4 concentration 1s systematically
varied from 0 1 t0 20 M Figure 4 12 shows the total cell resistance for a bare 12 5 pm
radius microelectrode as well as a microelectrode coated with the metallopolymer and
composite as the HC1O4 concentration 1s changed from 0 1 to 20 M It 1s apparent that
m all circumstances Ry 1s reduced at high electrolyte concentrations reflecting a reduced
solution resistance Significantly, the cell resistance for the metallopolymer coated
electrode 1s consistently higher than that found for the bare or composite modified
electrodes over the entire concentration range investigated This result suggests that the

film resistance contributes to the overall cell resistance

However, in contrast to both the bare and composite modified electrodes, the
metallopolymer film exhibits a pronounced sigmoidal dependence of R on (HCIO,] The
inflection point, approximately 1 0 M, 1s consistent with the concentration of the osmium
redox centers within the film and suggests that Donnan excluston of co-1ons breaks down
in highly concentrated electrolytes The resistances observed for the composite are
indistinguishable from those found for the bare electrode indicating that the contribution

from film resistance 1s negligible for the metallopolymer nanoparticle material
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Figure 4 11 Current-ime transients for a 25 pm diameter platinum microelectrode
modified with a composite in which the mole fraction of metallopolymer 1s 0 2 following
the potential steps from —0 050 to 0 000 V The data correspond to aqueous 0 1 (m), 05
(e) and 2 0 (A) M HCIO, as supporting electrolyte
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Figure 412 Semi-log current vs time plots for a 25 pm diameter platinum
microelectrode modified with a composite m which the mole fraction of metallopolymer
1s 0 02 following the potential step from -0 050 to 0 000 V  The data correspond to
aqueous 0 1 (m), 0 5 (@) and 2 0 (A ) M HCIO4 as supporting electrolyte
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Figure 4 13 Dependence of the total cell resistance, Ry, on the concentration of HCIO4

as supporting electrolyte Data for a bare 25 pm diameter microelectrode are denoted by

® B denotes data for [Os(bpy), (PVP)o CI]Cl and A denotes data for a composite n

which the mole fraction of metallopolymer 0 02
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4 5 Enhanced Homogeneous Charge Transport

As 1llustrated 1n Figures 4 14 and 4 16, the cyclic voltammetry gives diffusion controlled
responses for 50<v<500 mVs' for the metallopolymer on the disk and cylinder
electrode, respectively Figures 4 15 and 4 17 show that the peak current of the
immobilised metallopolymer on the disk and cylinder electrode varnes linearly with
square root scan rate, v'?, up to 500 mVs : indicating that charge transport response 1s

by semi-infimte diffusion According to the Randles-Sevgik equation,®

the slope of
these plots provides the product Der'Cos, from which Der has been determined using
an osmium redox center concentration of 08 M Dcr for the disk electrode 1s
5342 x 10" cm? ' and 22 405 x 10" cm’s' for the cylinder electrode In another
investigation, the D¢t for the metallopolymer immobilised on a disk electrode m 0 1 M

H;SO3was2 5x 10 0 em?s ! 4

If 10n transport limits the rate of homogeneous charge transport through the films, the
difference n the polymer diffusional charge transport between the disk and cylinder
electrode can be attributed to electrode diffusional fields *° Diffusion occurs m two
dimensions when considering the disk electrode, radially and linearly to the plane of the
electrode  Whereas, the cylindncal electrode mvolves only a single dimension of
diffusion, the radial position normal to the axis of symmetry Since uniformity 1s
assumed along the length of the cylinder, diffusion to the plane of the electrode (along
the length) 1s omitted Therefore, Dcr 1s apparently greater for the metallopolymer film

on the disk electrode than 1t 1s immobilised on the cylinder electrode

However, Figure 4 18 1llustrates the mmdependence of Dcr on the HC1O, concentration for
both the disk and cylinder electrode immobilised with a film of the metallopolymer
From this, the rate of homogeneous charge transport could be affected by a combination
of factors including large-scale movement of polymer chams,?? counterion diffusion,” **
or electron hoppmg > ?® In the case of electron hopping, counterions are freely available
within the metallopolymer structure and Dcr 1s assumed to depend slightly upon the
electrolyte concentration The Dahms-Ruff equation can be used to determine the

electron self-exchange rate constant assuming that electron hopping represents the rate-
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determining step where the intersite separation 1s taken to be 5 nm 4

As expected, the
difference n the self-exchange rate constants of 19 x 10°M 's ' and 169 x 10° M 's ' for
the disk and cylinder electrode, respectively, was mimimal due to fixed inter-redox site

separation
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Figure 4 14 Scan rate dependence for an [Os(bpy), (PVP);p CI]" film on a 25 um
diameter platmum microelectrode Sweep rates (top to bottom) 500, 400, 300, 200, 100
and 50 mVs"' Surface coverage is 18 x 10°® mol cm? and the electrolyte 1s 0 1 M

HClO4
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Figure 415 The dependence of the peak current on square root scan rate for the

metallopolymer [Os(bpy)2(PVP)1oCl]" coated on a 25 pm disk microelectrode m 0 1 M

HC1O4 The surface coverage 1s 8 5 x 10 ® mol cm?
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Figure 4.16. Cyclic voltammograms of [Os(bpy)2 ClI (PVP)iQ]+ film coated on a 25 jim
platinum cylinder electrode of length 1.2 cm in 0.1 M Hcl104. From top to bottom, the

scan rates are 500, 400, 300, 200, 100 and 50 mVs'L The surface coverage is

9.9 x 10'10mol cm'2
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Figure 417 The dependence of the peak current on square root scan rate for the
metallopolymer [Os(bpy)2(PVP)10Cl]” coated on a 25 pm cylinder microelectrode of
length 1 2 cm 1n 0 1 M HCIO4
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Figure 4 18 Dependence of the homogeneous charge transport diffusion coefficient of

[Os(bpy), Cl (PVP)0]" film on a platmum disk () and cylinder electrode (m) on the
concentration of HC1Oy4 as supporting electrolyte  The error bars are obtained from 3

independent experiments
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Figure 4 19 1llustrates the diffusional responses for the metallopolymer nanoparticle
composite and Figure 4 20 shows the hinear dependence plot of the peak current vs the
square root of the scan rate Thus 1s also consistent with an electrochemically reversible
reaction under semi-infimte linear diffusion control as described by the Randle-Sevgik

equation The diffusion coefficient, Der, 15 5 8x10 ° cm’s !
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Figure 4.19. Scan rate dependence of cyclic voltammograms under semi-infinite
diffusion conditions for a composite film m which the mole fraction of the
metallopolymer 1s 0 02 on a 12 S pm radius platinum microelectrode Sweep rates (top

to bottom) 500, 400, 300, 200 and 100 mVs ' Surface coverage 1s 2 1 x 10-8 mol cm2
Supporting electrolyte 1s aqueous 0 1 M HCIO4
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Figure 4 20 Plot of 1, vs v"“ for the composite film 1 which the mole fraction of the

metallopolymer 1s 0 02 on a 12 5 pm radius platinum microelectrode
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Figure 4 21 1llustrates the dependence of Dcr on the HCIO4 concentration for both
metallopolymer and nanoparticle metallopolymer composite films i which the mole
fraction of the polymer 1s 0 02 As mentioned previously, there are three processes that
could limut the rate of homogeneous charge transport through these films namely, large

3 or electron

scale movement of polymer chamns,” counterion dlffusmn/mlgratlon,4
hopping 4445 The observation that Dcr 1s approximately independent of the supporting
electrolyte concentration, coupled with the low film resistance data which indicated that
the films contain a relatively high concentration of electrolyte, suggests that counterion
diffusion does not represent the rate determining step The Dahms-Ruff equation was
used to determine the electron self-exchange rate constant of 17 x 10’ M 's !, assuming

that electron hopping represents the rate determining step

Incorporating a relatively high loading of gold nanoparticles promotes a faster rate of
homogeneous charge transport through the film Thus, for high nanoparticle loadings 1t
appears that electron transfer between the osmium redox centers 1s mediated by the gold
nanoparticles causing Dcr to increase by approximately an order of magnitude on going

from the metallopolymer to the composite
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Figure 421 The effect of the concentration of HC1O4 as supporting electrolyte on the
rate of homogeneous charge transport, Dcr, through an [Os(bpy), (PVP)o CI]Cl
metallopolymer film (®) and through a composite film 1n which the mole fraction of the

metallopolymer 1s 0 02 (W)
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4 6 Metallopolymer Nanoparticle Composite Structure

The TEM images, Figures 4 22 and 4 23, show gold nanoparticles prepared mn the
presence of [Os(bpy). (PVP)io CIJC1 where the mole fraction of the metallopolymer 1s
0 84 and 0 02, respectively Both systems produce well defined nanoparticles with the
approximately spherical shape of the gold nanoparticles suggests that the particles are
not monocrystalline However, the most striking result of Figure 4 23 1s that decreasing
the amount of metallopolymer increases the average particle size from 1 6+0 3 to 5240 6
nm Ths result suggests that a greater availabihty of surface binding pyridine groups
mhibits growth and efficiently blocks particle aggregation This behavior 1s similar to

that reported previously for poly-vinylpyrrohdone where larger quantities of polymer

lead to the formation of smaller nanoparticles *°
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Figure 422 TEM of gold nanoparticles
[Os(bpy)z (PVP)0 ClICl1s 0 02 Magmfication 1s 1 25x10°

Figure 4 23 Transmission electron micrograph of gold nanoparticles in which the mole

fraction of [Os(bpy). (PVP)io CI]Cl1s 0 84 Magnification 1s 8 0x10°
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4.7 Metallopolymer:Nanoparticle Electrical Conductivity

The possibility of controlling the electrical characteristics of polymers by systematically
varying the loading of nanoparticles is important for a range of applications ranging from
molecular electronic devices to sensors. When nanoparticles of conductivity an are
blended with a polymer matrix to a loading <p having a conductivity ap, the conductivity
of the resulting composite, a, typically increases dramatically.27,28 Specifically, when the
percolation threshold, (pc, is reached an infinite conductive cluster is formed and the
composite may become highly conducting. As the filler concentration increases from qc
to the limiting value F, the conductivity of the composite increases rapidly over several
orders of magnitude, from the value acat the percolation threshold to the maximal value
am Below the percolation threshold, the conductivity change is negligible and the
conductivity of the composite is equal to the polymer conductivity ap or slightly higher.
While it does not consider the effects of particle shape, variable particle size, contact
phenomena, the distribution of particles within the polymer etc, the dependence of the

conductivity on the nanoparticle loading can be described by Equation 3 to a first order

of approximation:

& = crc + (<Tm- <re)[{g> - <) /(F - <) 3)

where t is the critical exponent47 and is typically between 1.6 and 1.9.

Figure 4.24 illustrates the dependence of the composite electrical conductivity on the
nanoparticle loading for both metallopolymer and poly-4-vinyl pyridine matrices. In
both cases, the solid curves represent the best fits of Equation 3 to the experimental data
and the data are given in Table 3. These percolation curves reveal that the conductivity
of the metallopolymer is approximately 1 x 10'3 S m'land for the unlabelled poly-4-
vinylpyridine is 3.16 x 105S m'L Both the pure PVP and metallopolymer composites
exhibit a sharp increase in conductivity for a critical loading of the gold nanoparticles.
However, the percolation threshold is dramatically lower for the metallopolymer based

composite, 0.07+0.01, compared to 0.31+£0.04 for the PVP matrix. The filling limit in

both cases is 0.7£0.1, which is indistinguishable from the value of 0.64 expected for a

1Q0



0 64 expected for a random distribution of conductive spheres i a non-electronically
conducting matnx “®  Assummg a random dispersion, the average mterparticle
separation, d, at the percolation threshold 1s estimated as 2 6+0 1 and 5 0+0 1 nm for the
PVP and metallopolymer composites, respectively The observation that the
metallopolymer system 1s highly conducting for a larger interparticle separation suggests
the osmium bisbipyrnidyl centers mediate electron transfer between adjacent metal
particles over much greater distances than the pure poly-4-vinylpyndine matenial This
conclusion 1s consistent with the observation that the maximum conductivity, om, differs
by only a factor of 4 for the two composites suggesting that particle-to-particle contact 1s
the limiting factor on conductivity at the highest loadings investigated While the value
of the cntical exponent, t, for PVP 1s close to the range typically found for random
dlspersmns,27 491 6-19, the value obtamed for the metallopolymer matrix 1s significantly
higher at 25 Large t values have been reported prev1ously50 and assumed to be
associated with contnibutions from tunneling conductivity or complicated conduction
pathways through the composite In the present case, 1t most likely arises because of
specific interactions between the cationic redox centers and the surface of the gold

nanoparticles
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Figure 4 24 Dependence of composite electrical conductivity on the loading of gold
nanoparticles m denotes composites where the polymer matrx 1s poly(4-vmylpyndine)
and ¢ denotes composites where the matrix 1s [Os(bpy): (PVP);p Cl]JC1 The sold

curves denote best fits to the percolation theory and the parameters are given in Table 3
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Table 3  Electnical Conductivity Parameters for Composites Based on Gold
Nanoparticle- Poly-4-vinylpyndine and Metallopolymer Matrices

Matrix Log (op / Log (oc / Log (Om / @ F t d/nm
Sm™) Sm™) Sm™)

Poly-4- -445007) -396(011) 355004) 031 07 19(02) 49(04)
vinylpyndine (004) (01)
[Os(bpy)2 -296(003) -202(003) 294(005) 007 07 25(02) 120(03)
(PVP)io (oo (O
CIICl

a Numbers 1n parentheses represent the standard deviations of three mdependent

composite samples
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4 8 Ion Pawring Effects

The formal potential of an mmmobihized electroactive group 1s sensitive to both the
solvation shell of the redox center and to the extent of 1on-pairmg >'**>® It 1s therefore a
sensitive probe of the local microenvironment within the polymer film Therefore, by
examiing the electrolyte concentration dependence of E°, information about the extent
of 1on-pairing and the film’s permeability towards anions can be obtained The plots of
E° vs the loganthm of the HCIO; and NaClO4 concentration for both the disk and
cylinder electrodes immobilised with the metallopolymer are represented in Figures 4 25
and 4 26, respectively The sensitivity of the formal potential to the concentration of
supporting electrolyte can be used to probe 1onic interactions and differences in the
relative stability between the two-redox states The plots show that the E° for the
metallopolymer on both the disk and cylinder electrodes shifts in a negative potential

direction with increasing electrolyte concentration

This negative shift indicates that oxidation of the redox center becomes
thermodynamically more facile at high electrolyte concentrations, and 1s consistent with

1on-pairing between the electrolyte anion and the redox centers

The situation 1s summanzed 1n the following Nermstian reaction

[Os(opy)2 (PVP)n CII* (X)), - ™+ p (X)) > [Os(bpy)2 (PVPIn CIF ¥ (X)
where both redox forms are considered to participate in the 1on-pairing equilibria The
slopes observed for the metallopolymer film 1n Figure 4 25 are 73 8£0 1 mV dec " and
71 4£0 2 mV dec ! for the modified disk and cylinder electrode 1n HCIO,, respectively,
are larger than that predicted by theory for the pairing of an additional anion n the
oxidized state, 59 mV dec ' These deviations most likely anise because of differences in
the 10nic strength of the solutions and hquid junction effects Likewise, the slopes of the
metallopolymer for the electrodes in NaClOj4 electrolyte, Figure 4 26, deviate from the
true Nernstian slope of 59 mV dec' with 61 140 3 mV dec ' and 46 3404 mV dec'

recorded for the disk and cylinder electrode, respectively This indicates that cation and

pH effects on the metallopolymer layer can be disregarded
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Figure 4 27 1llustrates a plot of E° vs the logarithm of the HCIO4 concentration for a
disk electrode modified with the metallopolymer and composite in which the mole
fraction of the metallopolymer 1s 0 02 The most sigmficant result 1s that E° os+/3+ for
the composite 1s completely nsensitive to the perchlorate concentration This result
suggests that additional perchlorate anions do not become paired with the Os’* centers
most likely because of strong mteractions with the gold nanoparticles, which may also

have an internal buffering role because of their surface charges
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Figure 425 Dependence of the formal potential of [Os(bpy), Cl (PVP);o]" on the
concentration of HClO4 as supporting electrolyte for films on a 25um diameter disk (#)

and 25um cylinder electrode (m) Cylinder lengthis 12 cm
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Figure 4 26 Dependence of the formal potential on the concentration of NaClO4 as
supporting electrolyte for [Os(bpy). Cl (PVP)y]" films on a 25 pm diameter disk (¢)
and cylinder electrode (w) Cylinder length1s 1 2 cm
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Figure 427 Dependence of the formal potential for the Os*"**
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fraction of metallopolymer 1s 0 02 m on the concentration of HCIO4 as supporting

electrolyte
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4 9 Heterogeneous Electron Transfer

Fast scan rate cychc voltammetry was used to determine the standard heterogeneous
electron transfer rate constant, k°, describing the dynamics of electron transfer across the
electrode/film interface  Electrochemically cycling the cylinder electrode with
metallopolymer film at fast scan rates to determine the heterogeneous electron transfer
did not cause sufficient peak-to-peak separation, AE,, for the rate constant calculation
Figure 4 28 1llustrates representative cychic voltammograms at scan rates of 10, 100 and
500 Vs ', which show mimmal AE, AE, 1s 98 mV at scan rate 10 Vs and 148 mV for
500 Vs' Taking the high resistance values of Table 3 into consideration for the
metallopolymer film on the cylinder microelectrode, the Ohmuc 1R drop 1s larger than 5-
10% relative to AE, This result 1s consistent with a large surface area of the cylinder

electrode where there 1s greater double layer charging

Figure 4 21 clearly demonstrates that the rate of homogeneous charge transport through
these metallopolymer based films can be significantly enhanced by incorporating gold
nanoparticles within the matnx Heterogeneous electron transfer across the
electrode/film 1nterface depends on the electrode-reactant separation, the chemical
composition, and the effective dielectnic constant of the film, which are also influenced

by the presence of the gold nanoparticles **

Figure 4 29 1llustrates cyclic voltammograms for a metallopolymer film and a composite
where the mole fraction of metallopolymer 1s 0 02 at scan rates of 10 and 100 Vs ',
respectively The supporting electrolyte 1s 1 0 M HCIO4 i which, as shown n Figure
4 13, the total cell resistance does not exceed 2000 Q even for the pure metallopolymer
Thus, even though these experiments employ a relatively high scan rate, the 1R drop 1s
less than 5 mV, which 1s negligible compared to the peak-to-peak separations, AE,
observed Despite the scan rate being an order of magnitude larger, the AE; value for the
composite 1s smaller (110 mV) than that found for the metallopolymer (250 mV) This
result indicates that the rate of heterogeneous electron transfer 1s significantly faster for

the composite than for the metallopolymer
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Figure 4 29 also illustrates theoretical fits to the expenimental cyclic voltammograms
generated according to the Butler-Volmer formalism of electrode kinetics “ In fitting
these voltammograms, the residual sum of squares between the experimental and
theoretical oxidation currents were minimized and then the reduction branch of the
voltammogram was predicted The satisfactory agreement observed between theory and
experiment suggests that the voltammograms for both metallopolymer and composite
films can be approxmmately described by conventional solution phase models based on

semi-infimte linear diffusion

Moreover, the satisfactory fits suggest that the films are solvated and that
electrochemical double layer sets up at the electrode/layer interface  For the
metallopolymer film for 5<v<30 Vs ', the best fit simulated voltammogram 1s obtamed
where Der 15 50x10'° cm’s! and a standard heterogeneous electron transfer rate
constant, k°, 1s 8 25+1 75x10° cms' The diffusion coefficient obtained by fitting the
complete voltammogram 1s 1dentical to that found using the Randle-Sev¢ik analysis to
within 5% Sigmificantly, the standard heterogeneous electron transfer rate constant for
the composite 15 almost two orders of magmtude higher at 4 0+0 2x10° cms' This
result most likely arises because the gold nanoparticles mediate electron transfer between

the underlying electrode surface and the osmium redox centers thus decreasing the

electron transfer distance
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Figure 4 28 Cychic voltammograms for a film of [Os(bpy); (PVP)ig C1]" on a 25 pm
diameter platinum cylinder microelectrode From top to bottom the scan rates are 500,

100 and 50 Vs ', respectively The supporting electrolyte 1s 1 0 M HC1O,4
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Figure 429 Cyclic voltammograms for an [Os(bpy), (PVP),o CI]Cl metallopolymer
film (:

metallopolymer 1s 0 02 The scan rates are 10 and 100 Vs g respectively Theoretical

) and a composite film (————) in which the mole fraction of the
voltammograms obtained generated according to the Butler-Volmer formalism of

electrode kinetics are denoted by the open symbols The supporting electrolyte 1s 1 0 M
HCI1O4
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4 10 Ligand Exchange Study

Another approach explored where nanoparticles act as charge compensators was the
formation of citrate based nanoparticles metallopolymer composites The nanoparticles
are aqueous based whereas the metallopolymer 1s 1nsoluble 1n aqueous media A study
was undertaken on the nanoparticles to find the most suitable solvent in which the

nanoparticles are stable towards aggregation and the metallopolymer 1s soluble

50 50 v/v sol and ethanol, acetomtrile and acetone as solvent were mixed for 15 minutes
and the resulting UV-Vis spectra are shown m Figure 4 30 The peak at 530 nm
corresponds to the distinctive surface plasmon band and the peaks that anse 1n the region

of 750 to 760 nm are due to aggregation of nanoparticles >

It 15 evident from the
spectra that both ethanol and acetonitrile cause aggregation whereas acetone does not
The citnc acid may react with ethanol to form an ester and with acetomtrile forming a
salt*®* These aggregates absorb at the longer wavelength >’ Acetone does not seem to
cause nanoparticle aggregation and 1s therefore the most suitable solvent The
metallopolymer 1s 1nsoluble in acetone and as a result of the solvent limitations, no

further expeniments were carried out
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Figure 4.30. UV-Vis spectra of citrate protected gold nanoparticles in a 50:50 v/v with
acetone (------ ), ethanol ( ) and acetonitrile ( . Concentration is 3.2 X 10"

nanoparticles / cm3
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4 11 Characteriation of Citrate Protected Gold Nanoparticles

TEM mmaging of the gold nanoparticles was performed by Goran Karlsson at Uppsala
Umniversity, Sweden and 1s greatly appreciated TEM 1mages only the core of the
nanoparticle *® Figure 4 31 shows that the nanoparticles have diameters of ca 25 nm
and an average ntersite distance of 2 nm Consistent with other findings, some particles
are nrregularly shaped which may be a consequence of the particles growing in the water

media '°

Figure 4 32 represents the scan rate dependence on the gold nanoparticles from 50 to 500
mV ' using a glassy carbon electrode as the working electrode With an average diameter
of 25 nm (from TEM data) the surface area of each nanoparticle core 1s approximately
1962 nm* The voltage 1s cycled from -0 1 Vto 14V Gold oxidation peak 1s obvious
at 1 115 V with the corresponding symmetrical reduction peak at 0 7V Upon the mitial
oxidation potential of -0 1 V, there 1s a reductive current recorded indicating that the
nanoparticles are partially oxidised m the sol Figure 4 33 1llustrates that the reductive
charge 1s dependent of scan rate indicating that even at the slowest scan rate of 50 mVs :
the nanoparticles are fully oxidised At 50 mV I 1, the timescale of the experiment 1s 4 8
x 10° s The number of nanoparticles oxidised 1s approx 8 x 107, on the basis of the

known area of the gold oxide reduced and the radius of the nanoparticle obtained from
TEM

Figure 434 represents the overlayed cyclic voltammograms of a bare gold
macroelectrode and gold sol It 1s thermodynamically easier to oxidise the gold
nanoparticles than the bulk gold and easier to reduce the oxidised bulk gold than the
oxidised gold nanoparticles In spite of this, the voltammetries are very similar and 1s
why nanoparticles are often referred to as microelectrodes The area of the gold
electrode 15 95 x 10° cm?® whereas the area from the TEM of a gold nanoparticle s
19 x 10" cm® The area of the gold electrode 1s eleven orders of magmtude larger
compared to the nanoparticle area However, when the charges of the gold reduction
peak are compared the gold electrode charge 1s only one order of magmitude larger than

the gold nanoparticle, the charges being 5 363 x 10° C and 6 879 x 107 C, respectively
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Figure 4 31 TEM image of gold nanoparticles
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Figure 432 Cyclic voltammograms of a 3 mm glassy carbon electrode in gold
nanoparticle sol From top to bottom, the scan rates are 500, 400, 300, 200, 100, 50

mVs' Concentration 1s approx 3 17 x 10% nanoparticles / 1000 cm®
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Figure 4 33 Dependence of the reductive gold nanoparticle charge on the scan rate at
07 V  The concentration 1s approx 317 x 10% nanoparticles / 1000 cm’ and the

working electrode 1s a 3 mm glassy carbon electrode

208



-8 T T T i T T T T
14 12 1 08 06 04 02 0 -02

E / Volts

Figure 4 34 Cyclic Voltammograms of a bare 1 1| mm diameter gold macroelectrode
cycled in 0 1 M H,SOj, (thin line) and gold nanoparticles with a 3 mm diameter glassy

carbon electrode as the working electrode (thick line) Scan rate 1s 100 mVs :
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4 12 Conclusion

‘Break In’ and counterion effects were not evident for the metallopolymer
[Os(bpy)2(PVP)oC1]" film mdicatmg that the polymer contains a high water content and
has a nigid structure  The voltammetry of the metallopolymer 15 similar when
mmmobihised on the disk and cylinder electrode an indication that the microenvironments
seem comparable Introducing gold nanoparticles to the metallopolymer forming
metallopolymer nanoparticle composites leads to nearly 1deal voltammetry with the gold

oxide reduction area close to that expected

The apparent homogeneous charge transport coefficients for the disk and cylinder
electrode are 53+2 x 10 ® cm’s 'and 22 20 5x 10 ' em®s !, respectively The apparent
difference 1n Der can be attributed to differences 1n electrode diffusional fields and the
difficulty 1n achieving true semi infimte linear diffusion conditions for both geometries
at accessible timescales An enhanced D¢y value for the metallopolymer nanoparticle
composites of 58 x 10° cm’s ' was obtaned mndicating that the rate of homogeneous
charge transport increases with increasing nanoparticle loading The corresponding self
exchange rate constant was 1 9 x 10° M 's ! for the metallopolymer and 17 x 10' M s’
for the composite on a disk electrode These enhanced charge and electron transport
values may indicate that, an interconnected network 1s formed possibly involving the

osmium redox centers mediating electron transfer between the gold nanoparticles

Decreasing the mole fraction of metallopolymer in the nanoparticle metallopolymer
composites increases the average particle size from 16+03 to 52206 nm  The
percolation curves reveal that both the pure PVP and metallopolymer composites exhibit
a sharp increase 1n conductivity for a cntical loading of gold nanoparticles However,
the percolation threshold 1s lower for the metallopolymer based composite, 0 07£0 01,
compared to 0 3140 04 for the PVP matrix The observation that the metallopolymer
system 1s highly conducting suggests the osmium bisbipyridyl centers mediate electron
transfer between adjacent metal particles over much greater distances than the pure poly-

4-vinylpyridine matenal
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Ion pamring 1n the metallopolymer film reveal nemstian slopes of 73 820 1 mV dec !and
71 420 2 mV dec ' for the disk and cylinder electrode, respectively, are larger than that
predicted by theory, 59 mV dec ' pH and cation effects for the metallopolymer layer
are neghgible as the slopes of the metallopolymer in NaClO4 electrolyte are
611403 mV dec' and 463+04 mV dec' for the disk and cylinder electrode,
respectively However, the metallopolymer nanoparticle composite 1s msensitive to the
perchlorate concentration and implies that additional perchlorate anions do not become
paired with the Os** centers most likely because of strong mteractions of the osmium

with the gold nanoparticles

However, k® 1s 8251 75x10° cms ' for the nanoparticle metallopolymer composite
compared to 4 010 2x10° cms ' for the metallopolymer on the disk electrode This
suggests that the gold nanoparticles probably mediate electron transfer between the

underlying electrode surface and the osmium redox centers thus decreasing the electron

transfer distance

The nanoparticle composites presented mn this chapter could have wide applicability
especially 1n the area of biological research Nanoparticles coated with fluorescent
polymers based on transition metal complexes that are size manipulated could be tagged
to sequences of DNA to produce specific coloured nanodots This kind of flexibihty
could lead to microarrays for genomics and proteomics and immunoassays for medical

diagnostics
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Chapter 5

Photoinduced Electron Transfer in Solution
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51 Introduction

The results presented in Chapters 3 and 4 demonstrate that the physical properties, e g,
crystalhmty or nanoparticle loading, of redox active solid deposits and polymeric species
can be changed so as to modulate the rate of homogeneous charge transport Materals
with enhanced charge transport have wide applicability especially i areas such as
battery,' sensor” and electronic device development > The studies of charge transport
and electron self-exchange reported i Chapters 3 and 4 all exploit a potential to create a
concentration gradient so as to drive charge transport However, light induced electron
transfer represents an attractive alternative to ground state, potential driven processes mn
that the dynamics of excited state electron transfer can be probed Prior work within our
group has demonstrated that even under 1dentical driving force conditions, the rates of
ground and excited state electron transfer for adsorbed monolayers can be markedly
different because of the different mediating orbitals involved **  Although not fully
realised, the objective in this section of the thesis 1s to measure the rate of electron
exchange between an excited state Os™" centre and an Os®" site for both sohd and
solution phase reactants and to compare these rates with those reported in Chapter 3
using electrochemical, ground state approaches Success 1n this area places particularly
stringent demands on the properties of the complexes For example, the excited state
lifetime of the Os**’ species has to be sufficiently long to allow sufficient time for
nteraction with the quenching Os®* umit  Moreover, the solid deposits must be

sufficiently insoluble and stable under pulsed laser 1llumination

Osmium polypyridyl complexes are well suited for probing redox processes n both the
ground and excited states and have long lived excited states ® Fluorescence quenching 1s
a process which decreases the mtensity of the fluorescence emission and investigations
mto the quenching mechamism of osmum complexes have been carried out previously * ¢
Fluorescence quenching reactions are of great importance n such areas of molecular

electronic systems® This mterest 1s driven n part by the pivotal role that quenching

101112

reactions play in diverse areas including sensors, optical devices'® and information

1415

storage Fluorescence quenching 1s also a valuable tool for the study of biological

molecules such as protemn/complex interactions 61718
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The quenching of emission by addition of substrates may proceed by an energy transfer
mechanism or by oxidation or reduction of the complex Both collisional and dynamc
quenching have been discussed previously in Chapter 1 and require molecular contact
between the fluorophore and quencher For collisional quenching the quencher must
diffuse to the fluorophore during the hifetime of the excited state Upon contact, the
fluorophore returns to the ground state , without emission of a photon In the case of
static quenching, a complex 1s formed between the fluorophore and the quencher, and
this complex 1s non-fluorescent For either static or dynamic quenching to occur, the

fluorophore and quencher must be 1n contact

If redox activity and fluorescence originate in the same moiety of a molecule, only one
member of the redox couple will usually be lumimescent Electronic excitation of any
species results n mcreased electron affinity and depends on the excitation energy The
excited state 1s both a better reductant and a better oxidant than its ground state
precursor, hence the electron exchange between the ground state redox form 1s always a

quenching channel for the excited redox form

This chapter presents an investigation mto the photoinduced and quenching processes of
the osmium complex, [Os(bpy)s]** where bpy 1s 2,2’-bipyridyl, 1n solution phase This
molecule was chosen over the methoxy denivative of Chapter 3 because of the increased
luminescent lifetime  Addition of ammonium cerium mtrate provides a convenient and
rapid way to produce controlled ratios of Os®* and Os’* within the same solution
[Os(bpy)s]* can luminesce whereas [Os(bpy):}* 1s non-luminescent but 1s capable of

quenching the emission of the Os** centre by energy or electron transfer
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5 2 Emission Spectroscopy of [Os(OMe-bpy)3]2+ and [Os(bpy);]2+

Figure 51 illustrates the UV-Vis spectra of [Os(bpy)s]*" and [Os(OMe-bpy);]*"
acetonitrile at 298 K Details of the band assignments are presented 1n section 2 4 4 of
Chapter 2 Both complexes exhibit intense bands representing ligand — based n — n*
transitions 1 the high-energy UV region of the spectrum and metal — to — ligand charge
transfer (MLCT) bands m the low — energy wvisible region  The bands of
[0s(OMe-bpy);]** are shifted to longer wavelengths when compared to [Os(bpy)s;]*" and

1s consistent with the electron donating properties of the methoxy substituent

Figure 5 2 1llustrates the emission spectra of [Os(OMe—bpy);]2+ and [Os(bpy)3]2+ at room
temperature m acetomirile  [Os(bpy);]*" 1s highly lummescent ansmg from the
photophysical properties of [Os(N)g)** complexes, where N represents a mitrogen
donating group such as bpy ¥ By companson the emission intensity from
[Os(OMe-bpy)s;]** 1s only approximately 3% of that found for [Os(bpy)s]”*  This
decrease 1n emission Intensity arises predominantly from a sigmficantly shorter
luminescent Lifetime for the methoxy derivative  For these reasons, the electron
quenching effects of [Os(bpy);]*" have only been mvestigated Both complexes have
different maximum emission wavelength and mdicates that even though the emission
both species 1s originating from the same chromophore, [Os(bpy)3]2+, the methoxy

substituents shifts [Os(OMe-bpy)3]2+ to longer wavelengths
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Wavelength I nm

Figure 5.1. UV-Vis Absorbance spectra of [Os(bpy)3]2+ (----------- ) and [Os(OMe-bpy)32+

(- -). The concentration of both is 0.2 mM in acetonitrile.
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Wavelength | nm

Figure 5.2. Emission spectra of [Os(OMe-bpy)3]2+ (------- ) and [Os(bpy)3]2+ ( ) in
acetonitrile at room temperature. The concentration of each complex is 10 jiM. The

excitation wavelength is 350 nm.
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S 3 Photoinduced Charge Transfer

The fluorescence Lifetime of a substance represents the average amount of time the
species remains n the excited state prior to 1ts return to the ground state Fluorescence 1s
typically a umimolecular process and therefore the excited state population established by
an 1mpulse of exciting light will generally decay exponentially over time according to
first order kinetics 2 The emussion obtamed for [Os(OMe-bpy)s]** using a 10 ns pulsed
YAG laser were very poorly resolved which compromuised the accuracy with which the
emission lifetime could be determined To overcome this problem, Time-Correlated
Single Photon Counting was used to determine the hifetime of [Os(OMe-bpy);]** in
deoxygenated acetonitrile This mstrument 1s capable of picosecond time resolution

enabling the short lifetime to be accurately measured

This techmque counts photons which are time-correlated to the excitation pulse
employed, building up a histogram of counts versus time channels, which represent the
intensity decay of the sample TCSPC uses the nising edge of a photoelectron pulse for
timing which allows phototubes of nanosecond width to provide sub-nanosecond
resolution and therefore allows lifetimes of nanosecond timescale to be accurately
determined As the method counts individual photons, rather than measuring the overall
fluorescence ntensity as a function of time as in transient laser spectroscopy, 1t can
determine the hfetime of samples with relatively low fluorescence 1nten51‘ry2I The
transient achieved 1s produced m Figure 53 A lifetime of 4 89 ns for [Os(OMe:—bpy)]2+
was obtained by this method

For [Os(bpy):]** the ifetime of the complex was estimated by monitoring the decay

emission as a function of tume and plotting the natural log of emission versus time The

lifetime (1) may be determined from the slope as follows

In(I/1,) = —kt 1)
k=1/zr
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The emussion hfetime of [Os(bpy);]”" was obtamed mn deoxygenated acetomtrile at
248 K using transient laser spectroscopy The lifetime of the emission 1s the inverse of
the slope of the semilog plot in the mset of Figure 4 and at 248 K 1s 470 ns In contrast,
the lifetime of the complex obtained at 298 K 1s approximately 20 ns* indicating that as

temperature increases, the ermssion hfetime decreases =
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Figure 53 Emission transient for [0s(OMe-bpy);]*" followng correction for the lamp
profile recorded using time correlated single photon counting (TCSPC) approaches The
concentration 1s 10 nM n deoxygenated acetomtrile The light source 1s an nF 900

Nanosecond Flashlamp filled with mtrogen, with a profile of 1 ns The excitation

wavelength 1s 337 nm %15 1 338
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Figure 54 Emission decay for 0 6 nM [Os(bpy)s]*" n deoxygenated acetonutrile at 248
K using transient emission spectroscopy The excitation wavelength 1s 400 nm (pulse

duration 10 ns) and the detection wavelength 1s 800 nm Inset semilog plot of the decay
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5 4 Electron Quenching Effects of [Os(bpy)s]*

Fluorescence quenching 1s a process which decreases the intensity of the fluorescence
emission by either an energy or electron transfer mechanism A wide variety of
substances act as quenchers of fluorescence It has been demonstrated previously that
adding ammonium cerium nitrate to solutions of [Os(bpy)s]* generates [Os(bpy)s]’" that
subsequently quench the excited state ¥ Figure 55 shows the emussion decay for the
excited state [Os(bpy)3]2+* and the decrease m ntensity with increasing concentration of
[Os(bpy)s)*” The Os™ state 1s non-emissive under expernmental conditions and

quenches the emissive Os** form upon contact

Both static and dynamic quenching require molecular contact between the fluorophore
and quencher In the case of collisional quenching, the quencher must diffuse to the
fluorophore during the hfetime of the excited state Upon contact, the fluorophore
returns to the ground state by vibrational relaxation without emitting a photon Figure
5 6 1llustrates the semilog plot of the decay of [OS(bpy)3]2+ with the addition of
ammonium certum mtrate For clarity only some of the quencher additions are shown
The 1intercept decreases with increasing concentration of the quencher, which 1s also
illustrated as an exponential decrease in Figure 57 Using Equation 1, the lifetime, 1, 1s

470 % 12 ns for each of the slopes

The fact that T 1s unchanged with increasing quencher concentration to the fluorophore
mdicates that static quenching 1s the dommnant process >’ Static quenching removes a
fraction of the fluorophores from observation The complexed fluorophores are non-
fluorescent, and the only observed fluorescence 1s from the uncomplexed fluorophore
The uncomplexed fraction 1s unperturbed, and hence the lhifetime 1s 19 Therefore, for
static quenching 1o/t = 1, where 1y 1s the lifetime m the absence of quencher and < the
Iifetime 1n the presence of quencher The observation that quenching i1s predominantly
static 1 nature contrasts sharply with previous investigations of this system where
dynamic quenching was reported to have occured > This difference in quenching regime
most hikely arise because of the higher concentrations of fluorophore and quencher used

here which will decrease the spatial separation of the fluorophore and quencher
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Figure 5 8 illustrates that the osmum inter redox site separation of [Os(bpy)3]2+
decreases exponentially with mcreasing quencher concentration and 1s due to compiex

formation between the excited state [Os(bpy)3]2+ and the ground state [Os(bpy);]3+
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Figure 5.5. Emission decay for [Os(bpy)3|2+ (-—-- ) obtained in deoxygenated
acetonitrile at 248 K using transient emission spectroscopy. The intensity of the decay
decreases with additions of [Os(bpy)s]3+ generated chemically by addition of known
quantities of 1 mM ammonium cerium nitrate; 10 jil ( ), 20 i\ (-----), 30 jul (- ).

The excitation wavelength is 400 nm and the detection wavelength is 800 nm.
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Figure 5.6. Semilog plot of the lifetime decay of [Os(bpy)3]2+(¢) with additions of the

qguencher [Os(bpy)3]3+ upon additions of known quantities of 1 mM ammonium cerium
nitrate; 10 jul (m); 20 [il ( ) and 30 jul (). The y intercept decreases with increasing

mole ratio of ammonium cerium nitrate.
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Figure 57 Decrease m emssion mtensity of [Os(bpy)s]*>" with [Q], quencher
concentration Q 18 [Os.(bpy);]yr and 1s generated upon addition of | mM ammonium

cerium nitrate
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Figure 58 Decrease n Os”" redox centre separation with mcreasing concentration of Q,

[Os(bpy):]’*, generated by the addition of 1 mM ammonium cerium nitrate
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5 5 Stern-Volmer Effects

For static quenching of fluorescence, the dependence of the emission intensity, F on

quencher concentration [Q] 1s given by the Stern-Volmer equation

F,/F=1+K[Q] (2)

where F, 1s the emission m the absence of quencher and Kg 1s the Stern-Volmer constant
Figure 5 9 1illustrates the Stern-Volmer plot for solution phase [Os(bpy)s]** The slope of
the plot reveals that Kg 15 0 57 pM !
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Figure 5.9. Stern-Volmer plot for quenching of [Os(bpy);]** by the quencher
[Os(bpy)s]*" The quencher (Q) was generated chemically by the addition of ammonium
cerium nitrate  The error bars were obtained by standard deviation from 3 independent

experiments
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5 6 Conclusion

Excited state (photomduced|) processes and fluorescence quenching are powerful
experimental methods by which to mvestigate the parameters, which govern electron
transfer Investigations into [Os(bpy);]** could be useful m understanding electron
transfer in redox active sohd deposits and polymeric materials Transient emission
spectroscopy and time-correlated single photon counting have been successfully used to
determine the emission hfetime of [Os(bpy);;]2+ and [Os(OMe-bpy)3]2+ m solution The
Iifetime of [Os(OMe-bpy)g]2+ 1s 49 ns 1s significantly shorter than 470 ns for
[Os(bpy)g]2+ For this reason, quenching experiments were only performed on
[Os(bpy)s]*"

The quenching effects of [Os(bpy)s]** have been probed The observation that the
hfetime of the complex, 7, 1s unchanged with mcreasing quencher concentration
indicating that static quenching 1s present According to the Stern-Volmer equation, the
Stern-Volmer constant, Kg, 1s 0 57 uM ! for the quenching of [Os(bpy)3]2+ Experiments
focused on elucidating the quenching mechamsm and Stern-Volmer constant for sohid
deposits of [Os(bpy);]*" provided unrehable and mconclusive results because of
dissolution especially 1n deposits of mixed redox composition and under laser irradiation
Attempts to stabilise the deposits by changing the identity and concentration of the
amon, or by applying a nafion overcoat, were not successful However, 1t 1s reasonable
to expect that solid deposits can be formed that show the excellent stability towards
dissolution of [Os(OMe-bpy)3]2+ and the long lived excited states of [Os(bpy)s]** Under
these circumstances, the importance of static vs dynamic quenching for sohid and

solution phase reactants, as well as the dynamics of electron transfer between Os**" and

0Os™* could be elucidated
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Chapter 6

Conclusions and Future Work

A



The focus of this thesis has been to investigate the charge transport properties 1n redox
active sohid state, metallopolymer and metallopolymer nanoparticles composite
matenals As discussed in Chapter 1, studying the charge transport properties 1s pivotal
in the development of materials for technological devices as 1t 1s a direct indication of the
efficiency of the material Even though charge transport properties of these materials
have been well reported 1n the literature, very few deal with ways of enhancing charge
transport and factors that affect 1t In particular, the development of
metallopolymer nanoparticle composites have revealed very exciting and novel results
detailing the increased charge transport rate by approximately an order of magnitude for
the metallopolymer with the addition of gold nanoparticles These findings could

certainly impact the development of maternals for catalytic and sensor development

Chapter 2 describes the synthesis and characterisation of the osmmum polypyridyl
complexes as solid deposits, metallopolymer and metallopolymer nanoparticle
composites Osmium polypyrnidyl complexes are excellent species for the study of
charge transport as they exhibit nearly 1deal electrochemical responses They could be
exammed 1n simple aqueous electrolytes and remamed stable throughout

experimentation

In Chapter 3, the voltammetric properties of sohid deposits of [Os(OMe-bpy);](PF)s were
reported These sohid deposits were formed on platinum microelectrodes by mechanical
abrasion ‘Break in’ effect or the degree of solvation was 1dentified in the voltammetry
when mitially electrochemically cycled 1n the electrolyte This effect may anse from the
close packing of the complex crystals resulting in a decreased nternal free volume

Electrochemically cycling the complex m low pH electrolyte resulted in more stable
deposits with a change 1n film morphology With scanming electron microscopy, crystals
with plate like structures were 1dentified No noticeable changes were observed 1n the
layer when cycled 1n neutral electrolyte It 1s probable that protonation of the methoxy
groups encourages bonding between the complexes thus promoting the formation of
crystals The rate of charge transport increased from 15x01 x 10 ® em’s! for
01 < [HCIOs <06 Mto 13£] x 10° cm’s ' 1n 10 M HCIOs However, conclusions

cannot be drawn on whether counterion motion or electron transfer limited the overall

rate of charge ftrangport, as the diffusion cocfficient was not totally
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dependent/independent on the electrolyte concentration The heterogeneous electron
transfer rate constants were calculated using a computer simulation based on the Butler-
Volmer Theory and were indistinguishable for solid and solution phase reactants, being
10£005 x 10* cms ' and 6 1+02 x 10° cms ', respectively This result indicates that

the electron transfer from the electrode to the redox species is similar in both cases

Future experiments 1n this area could focus on using solid deposits with bulkier side
groups to encourage a higher free volume within the deposit This could allow
comparisons to be made regarding side group size and any change 1n ‘break 1n’ effect as
well as charge transport through the deposit The degree of counterion and solvent
movement within the solid deposit could be monitored using electron probe microscopy
and electrochemical quartz crystal microbalance techmques
{

In Chapter 4 the metallopolymer [Os(bpy), PVP,¢ CI]JCl was drop cast on to the platinum
microelectrode surface and electrochemical properties probed As discussed in the
literature review, redox active polymeric matenals can have different structural and
electrochemical properties when compared to the solid state form The redox centres are
further apart with the result that the charge transport properties can differ signmificantly
‘Break i’ was not apparent and may have been due to 1ts high water content Polymeric
matenials are ngid and electrochemical cycling resulted in no morphological changes
Introducing gold nanoparticles to the complex forming metallopolymer nanoparticle
composites enhanced the charge transport rate The charge transport increased by
approximately an order of magmtude from 53+2 x 10 1 em’s! to 58 x 10° em’s’
corresponding to electron transfer rates between the redox centres of 1 9 x 10°M's " and
17x10’M's' These enhanced charge and electron transport values may indicate that,
an mterconnected network 1s formed possibly involving the gold nanoparticles mediating

electron tunnelling between the osmium redox centres

Some size control exists when synthesising these metallopolymer nanoparticie
composites as decreasing the mole fraction of metallopolymer increased the average
particle size from 16403 to 52406 nm The percolation curves reveal that both the
PVP and metallopolymer composites exhibit a sharp icrease in conductivity for a

critical loading of gold nanoparticles Conversely, the percolation threshold 1s lower for
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the metallopolymer based composite compared to the PVP matnx, the values being
0 0740 01 and 0 31£0 04, respectively The metallopolymer system seems to be highly
conducting which suggests that the osmium bypyndyl centres mediate electron transfer

’
between adjacent metal particles over much greater distances than the PVP matenal

The 10n paining properties of the metallopolymer were also affected with the introduction
of the gold nanoparticles Nemnstian type behaviour was observed for the pure
metallopolymer with increasing HC1O,4 concentration with a slope of 71 4+0 2 mV dec :
reported In contrast, the metallopolymer nanoparticle composites were nsensitive to
the HC1O4 concentration and implies that perchlorate anions do not become paired with
the Os>* centres, most likely because of strong interactions of the osmium with the gold
nanoparticles The heterogeneous rate constant for the metallopolymer increases from
825+175 x 10° cms' to 40102 x 10> cms' for the metallopolymer nanoparticle
composite suggesting that the gold nanoparticles may mediate electron transfer between
the electrode surface and the osmium redox centres thus decreasing the electron transfer
distance Experimental findings for the charge transport properties of
metallopolymer nanoparticle composites have not been cited i the literature previously
and could lead to some further exciting investigations with could influence research
fields of molecular electronic research The size of the metallopolymer nanoparticle
composites formed could be momtored usmg polymers of various backbone lengths in
conjunction with charge transport investigations Further work 1n this area could also
include explormg the optical properties and the conductivity of the

metallopolymer nanoparticle composites at various sizes

Chapter 5 descnibes the investigation of [Os(bpy)3]2+ as a test species to investigate the
rate of electron exchange between an excited state Os®" centre and an Os®* site n
solution phase which could be useful 1n understanding electron transfer 1n redox active
sohid deposits and polymenc matertals The previous chapters describing the sohd
deposits and polymeric materals all exploit a potential to create a concentration gradient
so as to drive charge transport However, light induced electron transfer represents an
attractive alternative to ground state, potential dnven processes where the dynamics of
excited state electron transfer can be probed The results in this chapter indicate that

certam demands on properties of redox compounds that have to be met before reliable
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results can be reported For example, the excited state lifetime of the Os*" species has to
be sufficiently long to allow sufficient time with the quenching Os®* umit  Also, both
solid deposits and polymeric species must be sufficiently nsoluble and stable under

pulse laser llumination

The quenching effects of [Os(bpy)s]** were probed The observation that the lifetime of
the complex, 1, was unchanged with increasing quencher concentration mdicating that
static quenching was present According to the Stern-Volmer equation, the Stern-
Volmer constant, Ks was 057 uM ' for the compound Elucidating the quenching
mechanism for solid depostts of [Os(bpy)s]** proved mconclusive because of dissolution
especially i deposits of mixed redox composition Future work m this area could
provide interesting electron transfer comparnsions with solution phase once stability of

the solid state and polymeric spectes has been obtained

In conclusion, this thesis has demonstrated the profound contribution that redox active
sohid state, metallopolymer and metallopolymer nanoparticle composites can make to
further understanding of charge transport Improving the factors affecting charge
transport provides the necessary ways to control 1t to our advantage Investigating these
factors 1s vital for the development of novel devices for chemical sensors, electrochromic
matenals, battery and molecular electronics :
b

240



Appendix A



lala31 DATE: November 12, 2001

SEE AUTHOR
QUERIES IN
MANUSCRIPT

Dynamics of Charge Transport through Osmium Tris
Dimethoxy Bipyridyl Solid Deposits

USER: ijb69  DIV: @xyv04/datal/CLS_pj/GRP_la/JOB_i01/D1VJa010927s

Lorraine Keane, Conor Hogan, and Robert J. Forster*

National Center for Sensor Research, School of Chemical Sciences,
Dublin City University, Dublin 9, Ireland

Received June 19, 2001. In Final Form: October 23, 2001

Solid deposits of [Os(OMe-bpy)3s](PFe)2have been formed on a platinum microelectrode, where OMe-bpy
is 4,4'-dimethoxy, 2-2'-dipyridyl. The voltammetry associated with the Os2+3+redox processes is nearly
ideal where the supporting electrolyte is 0.1 M HCIO4 and suggests that the redox centers within the
deposits are solvated. Scanning electron microscopy reveals that prior to voltammetric cycling, the deposits
exist as an array of microscopic particles. In contrast, after voltammetric cycling in perchloric acid the
deposit becomes microcrystalline in the form of thin plates. Electrocrystallization is not observed when
the deposits are cycled in neutral electrolyte suggesting that protonation ofthe methoxy groups plays an
important role in the process. Where the supporting electrolyte is HCIO4, voltammetry conducted under
semi-infinite linear diffusion conditions yields a homogeneous charge transport diffusion coefficient, b ct,
of 1.5+ 0.1 x 10-9 cm2s"1for 0.1 < [HCIO4] < 0.6 M. In contrast, above 0.6 M HCIO4 Dct increases
significantly reaching 13 £ 1 X 10-9 cm2s_1in 1.0 M HCIO4. Analysis of these data according to the
Dahms-Ruffequationyields a self-exchange rate constantof5.7 X 106M*“1s“1 High scan rate voltammetry,
5<v <100Vs-1,has been used to determine the standard heterogeneous electron transfer rate constant,

k°, as 1.0 £ 0.05 X 10-4 and 6.1 = 0.2 X 10-5 cm s“1for solid and solution phase, respectively.

Introduction

The local microenvironment of reactants can signifi-
cantly affectthe dynamics ofelectron transfer by changing
the electron transfer distance, the local dielectric constant,
or the rate-determining step in the overall process. In
contrastto solution phase investigations, electron transfer
processes within solids have only been investigated
relatively recently.12 This situation is surprising given
the pivotal roles that solid state redox active materials
play in devices ranging from optical detectors,3batteries,4
redox supercapacitors and sensors.5-7 However, to be
technologically useful, it mustbe possible to quickly switch
the redox composition of the solid. Osmium complexes
are particularly attractive in this regard because oftheir
stability ofnumerous oxidation states and very large self-
exchange rate constants.89 However, charge transport
through solids can be controlled either by the rate of
electron self-exchange between the redox sites or by the
movement of charge-compensating counterions.10 Re-
cently, we demonstrated that solid deposits of [Os-
(bpy)2bpt CI] deposits, where bpy is 2,2'-bipyridyl and
bptis 3,5-bis(pyridin-4-yl)-1,2,4,-triazole, exhibit nearly
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Chart 1
MeO

ideal reversible voltammetric responses.1lin this system,
the rate ofcharge-compensating counterion motion rather
than electron hopping between the redox centers limits
the overallrate ofcharge propagation. This situation arises
because close packing of the complexes in the electro-
crystallized deposit limits the free volume causing slow
counterion diffusion. One approach to creating solids that
facilitate more rapid iontransportistoencouragea higher
free volume in the solid deposit by using complexes with
bulkier side groups.

In this contribution, we consider the voltammetric
properties ofsolid deposits of [Os(OMe-bpy)3)](PF6)2,where
OMe-bpy is 4,4'-dimethoxy, 2-2'-dipyridyl (Chart 1)|To
facilitate dynamic measurements, these solid deposits
have been formed on platinum microelectrodes by me-
chanical abrasion ofthe solid onto the electrode surface.
The complex is insoluble in water allowing the electro-
chemistry to be investigated in aqueous electrolyte. The
methoxy oxygen groups are capable of undergoing pro-
tonation/deprotonation reactions that give rise to a
hydrogen-bonded structure in low pH media. There have
been surprisingly few studies on the impact ofhydrogen
bonding on the gtructure of solid state materials. This

|
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situation is striking because careful studies on biosystems
have proven that both the secondary structure and
hydrogen bonding play critical roles in dictating the
efficiency of long-range electron transfer.12 In the inves-
tigations reported here, we have used scanning electron
microscopy to probe the effect of voltammetric cycling on
the structure of the solid deposit in contact with both
neutral and acidic electrolytes.

Cyclicvoltammetry under semi-infinite linear diffusion
conditions has been used to measure the rate of homo-
geneous charge transport through the deposits.izs By
systematically varying the concentration ofthe supporting
electrolyte, we have obtained an insight into whether
electron transfer or counterion transport limits the rate
at which the redox composition can be switched.

For technological applications ranging from molecular
electronics to sensors, it is important to understand those
factors that control the rate of electron transfer across
the interface between a metal substrate and a molecular
material. Therefore, we have probed the rate of hetero-
geneous electron transfer for this complex as both a solid
deposit and as a solution phase reactant. These investi-
gations into homogeneous charge transport and hetero-
geneous electron transfer for solid deposits will underpin
developments ranging from electrocatalysis to redox
switchable nonlinear optical materials.

Experimental Section

Chemicals. All chemicals were of analytical grade and were
obtained from Sigma-Aldrich. All aqueous solutions were pre-
pared using Milli-Q water and were thoroughly deoxygenated
usingnitrogen for 15min priorto performing the electrochemical
experiments.

Preparation of [OsiOMe-bpy”KPFeh* The complex [Os-
(OMe-bpy)3](PFe)2was prepared from [Os(OMe-bpy)2 C1J which
was synthesized as described, by Heller and co-workers.14
[Os(OMe-bpy)2 Cl2] (208 mg, 0.3 mmol) was placed in 40 cm3of
methanol and refluxed for 10 min to ensure complete dissolution.
A solution of 65 mg (0.3 mmol) of 4,4'-dimethoxy, 2-2'-dipyridyl
dissolved in 10 cm3ofmethanol was added, and the solution was
refluxed for 15 h. The progress of the reaction was monitored
using HPLC and cyclic voltammetry. After the reaction was
complete, the volume was reduced to 5cm3sby rotary evaporation.
Ammonium hexafluorophosphate (95+%, Aldrich) was then
added, and the dark green/black productwas collected by filtration
and washed with diethyl ether. The product was recrystallized
from aqueous methanol to give dark purple-black crystals; yield:
295 mg, 88%. Elemental analysis calculated for C3sH3606NG-
OsP2F12 C, 38.29%; H, 3.19%; N, 7.44%. Found: C, 38.7%; H,
3.3%; N, 7.2%. The complex was further characterized using IR,
UV-vis, NMR, and cyclic voltammetry. tHnnr (CD3CN): H3,8.2
(d, 3H); H4, 6.9 (dd, 3H); H5, 7.4 (d, 3H); OMe, HI', H2\ H3',
4.05, (s, 3H).

Instrumentation. Cyclic voltammetry was performed using
a CH Instrument model 660 Electrochemical Workstation and
a conventional three-electrode cell. The platinum working
electrodes used in these experiments ranged in radii dimensions
from 25 fim to 3 mm. Microelectrodes were prepared using
platinum microwires of radii between 1 and 25 jumsealed in a
glass shroud as described previously.i5s The working electrodes
were polished successively with 1.0, 0.3, and 0.05 /im aqueous
aluminaslurries and sonicated in distilled water and rinsed with
acetone after each polishing step. The electrodes were then
electrochemically cleaned by cycling in deoxygenated 0.1 M H2SOs
from —0.3 to 1.5 V until a voltammogram characteristic of a
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clean platinum electrode was obtained.16 Before modification,
the electrodes were cycled in 0.1 M LiCi04 until hydrogen
desorption was complete. Potentials are quoted with respect to
a BAS Ag/AgCI gel-filled electrode, and all experiments were
performed at room temperature (22 = 3 °C).

Forshorttime scale experiments (<250/is), that were designed
to probe the cell resistance and the interfacial capacitance, a
custom-builtprogrammable function generator-potentiostat was
used.17 This instrument had a rise time of less than 10 ns and
was used to apply potential steps of variable pulse width and
amplitude directly to a two-electrode cell. A large area Pt foil
and an SSCE reference electrode were combined to form a counter
electrode. The foil lowered the resistance and provided a high-
frequency path. The current to voltage converter was based on
a Comlinear CLC 203 Al operational amplifier with a 1500 Q
feedback resistance and a response time ofless than 10 ns. The
chronoamperograms were recorded using a HP54201A digital
oscilloscope in 64X time-average mode. Cell time constants were
extracted from the slope of In i(t) versus t plots using software
routines written in Microsoft Excel.

Formation of Solid Deposits. For solid state voltammetric
measurements,18 two methods were used to transfer the solid
onto the surface ofthe working electrode. In the first approach,
the solid was transferred from a filter paper onto the surface of
the working electrode by mechanical abrasion. This process
caused some ofthe complex to adhere to the electrode surface as
a random array of particles. In the second approach that was
used to achieve surface coverages greater than approximately
10~7 mol cm-2, a drop of Milli-Q water was first added to the
complex before transferring the material onto the electrode
surface as a paste. Prior to electrochemical measurements, the
coatingwas allowed to dry. Beyond minor differences in the initial
scans, films prepared by both methods give indistinguishable
voltammetric responses. Films prepared using either approach
show comparable stability toward dissolution. After use, the
electrode surface was renewed by polishing using an aqueous
slurry of 0.05 jum. alumina.

Scanning Electron Microscopy. Scanning electron micros-
copy (SEM) was performed using a Hitachi S-3000N system. For
SEM investigations, films were formed on 3 mm radius carbon
disks. In electrochemical investigations, the modified disks were
electrochemically cycled and then the layers were copiously
washed in electrolyte-free Milli-Q water and then dried in a
vacuum desiccator for several hours. Control experiments
consisted ofexposing the samples to electrolyte or Milli-Q water
without electrochemical cycling.

Results and Discussion

Electrochemical Properties of [Os(OMe-bpy)3]2+
Solid Deposits. Figure 1 illustrates repetitive cyclic
voltammograms for an [Os(OMe-bpy)32+solid deposit on
a 25 /;m platinum electrode where the supporting elec-
trolyte iso.1 M HCI04 and the scan rate iso.1 Vs"1 The
voltammetry changes significantly during the initial scans
with the oxidation peak current approximately doubling
over the first 50 cycles before becoming constant. Also,
the anodic peak potential, J5m shifts in a positive potential
direction by approximately 75 mV during the first 25
cycles. In contrast, the peak currents and potentials
associated with the reduction process remain virtually
unchanged when the deposit is repeatedly cycled. Figure
2 illustrates cyclic voltammograms for the complex
dissolved in acetonitrile and for a solid deposit that has
been repeatedly cycled until an equilibrium response is
obtained. The voltammogram of the solution phase
reactant is electrochemically reversible with ¢ipc = 1.0
+ 0.05. However, the peak-to-peak separation, Aefp of
100 = 10 mV is larger than the 56 mV theoretically

(16) OHanlon, D. Ph.D. Thesis, Dublin City University, Dublin,
Ireland, 1999.

(17) Xu, C. Ph.D. Thesis, University of lllinois at Urbana-Champaign,
Champaign, IL, 1992.

(18) Bond, A. M.; Marken, F. J. Electroanal. Chem. 1994,372, 125.
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Figure 1. Repetitive cyclic voltammograms for an [Os(OMe-
bpy)ap +solid depositimmobilized on a 25pan.platinum electrode.
The supporting electrolyte is 0.1 M HC104, and the scan rate
is 0.1 V s_1 The initial potential is -0.100 V, and oxidation
currents are negative.

E/Volts

Figure 2. Cyclic voltammograms for a 0.8 mM solution of
[Os(OMe-bpy)3]2+dissolved in acetonitrile (solid line) and as a
solid deposit (dashed line). In both cases, the supporting
electrolyte is 0.1 M HC104, the working electrode is a 25 pim
platinum electrode, and the scan rate is 0.1 V s_1.

predicted for an ideally reversible reaction. The formal
potentials, E °\ as given by the average of the anodic and
cathodic peak potentials, are 0.340 and 0.312 V for the
solid deposit and solution phase reactants, respectively.
This similarity in formal potentials is important and
suggests that the local microenvironment of the redox
center within the solid is quite similar to that found in
acetonitrile.

Resistance and Interfacial Capacitance. When
attempting to extract quantitative data fromvoltammetric
data, for example, formal potential, charge transport
diffusion coefficients, or heterogeneous electron transfer
rate constants, it is important to consider the effects of
both the electrode response time and ohmic effects. Also,
by examining the resistance as afunction ofthe supporting
electrolyte concentration, it ought to be possible to obtain
alimited insight into the permeability ofthe deposit. When
a polycationic deposit is placed in a dilute solution of a
strong electrolyte, the concentration of counterions (PFs
in this case) within the deposit is typically considerably
larger than that found in the contacting solution. For the
films considered here, the anion concentration initially
present in the deposit is expected to be of the order of 3
M. Thus, under the influence ofthe concentration gradient,
counterions may diffuse fromthe deposit into the solution
until the concentrations become equal in the two phases.
However, if diffusion of charged counterions occurs, then
electroneutrality within the film would be violated, and
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Figure 3. Current-time transients for a 25 pan radius
platinum microelectrode modified with an [Os(OMe-bpy)3]2+
deposit following potential steps from —0.050 to 0.000 V. From
top to bottom, the data correspond to 0.0,0.4, and 1.0 M NaC104
in a fixed background of0.1M HC104as supporting electrolyte.
Theinsetillustrates the corresponding semilog currentvstime
plots.

an electrical potential would develop at the interface. This
“Donnan potential” would then increase until an equi-
librium was reached in which it completely opposes the
tendency of the counterions to move down the concentra-
tion gradient. Under these equilibrium conditions, the
net diffusion of counterions across the interface would be
zero, and co-ions would be excluded fromthe solid deposit.19

We have probed the existence of such a permselective
response for these solid deposits by determining the
contribution of the film resistance to the total cell
resistance as the supporting electrolyte concentration is
changed. In the case ofan ideally permselective response,
ions would be effectively excluded from the membrane,
and the film resistance would be independent of the
supporting electrolyte concentration. To determine the
total cell resistance, we have performed short time scale,
small amplitude, potential step chronoamperometry, in
apotential region where no Faradaic response is observed.
In a typical experiment, the potential was stepped from
-50 to o mV at both bare and modified microelectrodes,
and the resulting current was recorded over the following
20 pis. This capacitive current versus time transient can
be described by eq I :20

it) = (AE/R) exp<-t/RCa) (1)

where AE is the pulse amplitude, R is the total cell
resistance, and Cdiis the integral double-layer capacitance.
For both modified and bare electrodes, the current decays
in time according to a single exponential, which is
consistent with double-layer charging alone.1s Figure 3
illustrates iq(t) versus t and semilog current versus time
plots for the solid deposits as the sodium perchlorate
concentration is changed from0to 0.4 to 1.0 Min a fixed
background of 0.1 M HCI04. The absolute slope of the
semilog plots represents the reciprocal of the cell time
constantRC~. Table 1presents#” values foran electrode
before and after modification with [Os(OMe-bpy)s2] as a
function ofthe perchlorate concentration. This table shows

(19) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Funda-
mentals and Applications; Wiley: New York, 1980.

(20) Wightman, R. M.; Wipf, D. O. Electroanalytical Chemistry, Bard,
A. J., Ed.; Marcel Dekker: New York, 1989; Vol. 15.
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Table 1. Resistance, R, Double-Layer Capacitance, Ca, and Electrode Response Times, RC, for 25 fan Radius Platinum
Microelectrodes before and after Modification with a Solid Deposit of [Os(OMe-bpy>3]2+ as the Concentration of NaCICx
Is Systematically Varied in a Background of 0.1 M HC104

bare modified
[NaC104/M RIQ G RCIit/fiS R/Q Qi/hF RC&{is
0.0 2400(192) 5.89(0.53) 1.41(0.25) 3200(256) 4.32(0.21) 1.38(0.18)
0.1 2200(188) 6.28(0.50) 1.38(0.23) 2900(203) 4.71(0.23) 1.36(0.16)
0.2 2056(132) 6.48(0.58) 1.33(0.21) 2620(209) 5.10(0.31) 1.33(0.19)
0.4 1877(140) 7.06(0.14) 1.32(0.12) 2268(181) 5.49(0.32) 1.24(0.18)
0.6 1700(119) 7.06(0.28) 1.20(0.13) 1955(195) 5.31(0.15) 1.03(0.13)
0.8 1550(15.5) 7.46(0.74) 1.15(0.12) 1711(136) 5.89(0.58) 1.04(0.18)
1.0 1400(70) 8.24(0.49) 1.15(0.13) 1430(28) 6.28(0.37) 0.89(0.07)

The numbers in parentheses represent errors obtained from at least three independent experiments.

[Clo4L/ M

Figure 4. Dependence of the total cell resistance, R, on the
concentration 0f NaC104 in a fixed background of0.1 MHC104
is supportingelectrolyte. Datafora bare 25/maradius platinum
rnicroelectrode are shown on the lower curve (+), while the
ipper curves are for the same microelectrode modified with an
Os(OMe-bpy)s]2+ solid deposit (m).

:hat both the bare and the modified electrode cell time
constants decrease with increasing electrolyte concentra-
tion as expected.1s However, the response time is con-
siderably more sensitive to the supporting electrolyte
concentration for the microelectrode coated with the solid
leposit. It is apparent from eq : that R can be extracted
from the intercepts of the semilog plots shown in Figure

Figure 4 shows the total cell resistance for a bare and
i coated electrode as the perchlorate concentration is
changed from 0.1 to 1.0 M. It is apparent that in both
circumstances R is reduced at high electrolyte concentra-
ions reflecting a reduced solution resistance. Importantly,
he cell resistance with the modified electrode is never
nore than 33% larger than that observed with a bare
lectrode over this range ofelectrolyte concentrations. This
>hservation suggests that the cell resistance for the coated
ilectrode is dominated by the solution resistance rather
han the resistance of the deposit. These results suggest
hat these deposits do not contribute significantly to the
overall cell resistance probably because electrolyte can
jermeate between the individual particles that exist on
he microelectrode surface, vide infra.

Scanning Electron Microscopy. Given that oxidation
)fthe deposit will be accompanied by the ingress ofcharge-
ompensating counterions, it is possible that the changes
>hserved in the voltammetry illustrated in Figure 1when
he deposit is first cycled are associated with structural
> solvation changes.2i1-24 To address this issue, we have
ised scanning electron microscopy to image the deposits
jefore and after voltammetric cycling in both acidic and
iear-neutral electrolytes.

Parts A and B of Figure 5 illustrate SEM images of the
deposits before and after voltammetric cycling ino.1 M
HC104, respectively. The SEM image ofthe complex before
cycling reveals particles of between approximately 1 and
20 pim. Given that crystallographic studies have been
successfully performed on this material by other inves-
tigators, itis likely that the material is microcrystalline.s
After cycling, the morphology and size of the crystal
changes and they consist of very thin platelets. Signifi-
cantly, cycling and its associated ion ingress and egress
appear to play an important role in the electrocrystalli-
zation process. For example, bulk electrolysis at +0.800
V does not trigger any detectable change in the macroscopic
structure of the material. Moreover, as illustrated in
Figure 5C, electrocrystallization does not occur when the
films are cycled in 0.1 M NaC104. These observations
suggest that protonating the methoxy moieties induces
hydrogen-bonding interactiQns between the complexes
thus promoting the formation of crystals. Significantly,
the pH protonation ofall six ofthe methoxy groups would
yield a highly polycationic layer with the overall charge
on the reduced and oxidized forms of the complex being
g+ and 9+, respectively. Under these circumstances,
electroneutrality will be maintained by the ingress of
perchlorate anions that are likely to be mobile within the
deposit. Anion incorporation is significant from the
perspective of rapid charge transport since it will lead to
a deposit that is porous on the molecular scale thus
facilitating ion transport. In a later section, we use cyclic
voltammetry to measure the rate ofhomogeneous charge
transport and to probe the nature ofthe rate-determining
step.

lon Pairing Effects. The formal potential of the
complex is sensitive to the concentration ofthe supporting
electrolyte. Shifts in formal potential with changes in
electrolyte concentration reflect differences in the relative
stability between the two redox states and can be used to
probe ionic interactions. Therefore, we have examined
the electrolyte concentration dependence of E°' for reac-
tants in solution and in the solid phase to obtain an insight
into the effects of immobilization on the extent of ion
pairing. Figure s shows that E°' for the solid deposits
shifts in a negative potential direction with increasing
log[C104~] where the pH of the supporting electrolyte is
fixed at 1.0 £ o.1. Consistent with ion pairing, this
observation indicates that it becomes progressively easier
to oxidize the deposits with increasing perchlorate con-

(21) Bond, A. M.; Scholtz, F. Langmuir 1991, 7, 3197.

(22) Doatfll, A.; Moyer, H: Soholz, F : Schroder, U.; fiond, A. M..
Marken, F.; Shaw, S. J. Phys. Chem. 1995, 99, 2096.

(23) Hong, S. H.; Evans, D. H.; Nelsen, S. F.; Ismagilov, R. F. J.
Electroanal. Chem. 2000, 486, 75.

(24) Forster, R. J.; Keyes, T. E.; Bond, A. M. J. Phys. Chem. 8 2000,
104, 6389.

(25) Shklover, V.; Zakeerruddin, S. M.; Nesper, R.; Fraser, D.; Gratzel,
M. Inorg. Chim. Acta 1998, 274, 64.
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Figure 5. Scanning electron microscopy images of [Os(OMe-
bpy)al2+solid deposits: (A) as deposited, before electrochemical
cycling, (B) after 100 voltammetric cycles between -0.1 and
1.0Vin 0.1 M HCIO4at a scan rate of0,1 V s-1, and (C) after
100voltammetric cyclesbetween -0.1 and 1.0Vin 0.1M NaCICU
at a scan rate of 0.1 V s-1.

centration. This situation issummarized in the following
reaction;

[Os(OMe-bpy)32+ (X~)?- e~ + pOT) -
[Os(OMe-bpy)3|8+ (X )i+P

where both redox forms are considered to participate in
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Figure 6. Dependence ofthe formal potential on the concen-
tration ofHC104as supporting electrolyte for [Os(OMe-bpy)32+
solid deposits (m) and dissolved in acetonitrile (¢) while (a)
denotes the effect ofincreasing the NaClO« concentration in a
fixed background of 0.1 M HCIO4.

both the ion-pairing equilibria. The Nemst equation
predicts a slope 0f-59/p mV per decade change in [C104-].
The experimentally observed slope, -55 + 4 mV dec-1 is
consistent with the Os3t+form becoming ion-paired with
a single extra anion. However, as shown in the following
reaction, the complexes used to form these deposits are
also capable of undergoing acid/base reactions.

[Os(OMe-bpy)3|2+ (X*)_ + H++ r(X~)
[OS(H OMe-bpy)33+ (X-)g.r

where both redox forms participate in the acid/base
equilibrium. Therefore, if the oxidized form becomes ion-
pairedwith two extra anions, one to compensate the charge
on the electrochemically generated cation and a second to
compensate for the protonated form, then the Nemst
equation predicts a shift of -118 mV per decade change
in the perchloric acid concentration. Figure s shows that
the slope observed for the complex dissolved in solution
is -139 + 5 mV/decade which is somewhat larger than
that predicted by the Nemst equation for the situation
where both ion pairing and protonation reactions occur.
The larger slope may reflect differences in the ionization
constant for oxidized and reduced forms or several closely
spaced methoxy pKavalues. In contrast, Figure s shows
that E°* for the solid deposits remains constant as the
perchloric acid concentration is increased fromo.1 to 1.0
M.

Charge Transport through the Deposits. In con-
trast to other solid state films, this material exhibits
exceedingly well-defined metal-based oxidation processes
across a wide range of electrolyte compositions making
them attractive model systems for investigating the
dynamics of charge transport. It is well-known that
osmium polypyridyl complexes undergo fast electron self-
exchange reactions.2s However, the situation in solid films
can be complicated by the ion movement necessary to
maintain electroneutrality.

Toaddress this issue, we have used cyclic voltammetry
to measure the rate of homogeneous charge transport
though the film.Zi/®Fop fast eean rates, only a small
fraction of the total amount of material immobilized is

(26) Zakeeruddin, S. M.; Fraser, D. M.; Nazeeruddin, M.-K.; Gr&tzel,
M. J. Electroanal. Chem. 1992, 337, 253.

(27) Bond, A. M.; Marken, F. J. Electroanal. Chem. 1994,372, 125.

(28) Kuleszea, P. J.; Faulkner, L. R. J. Am. Chem. Soc. 1993, 115,
11878.
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i'igure 7. Cyclic voltammograms of [e s(OI\/I&lln_% 2+ solid
eposits on a 25/;mplatinum electrode ino.s M . From
op to bottom, the scan rates are 0.05,0.1,0.2,0.3,0.4, and 0.5
Js*“1 The inset shows the dependence of the peak current on
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lectrolyzed and the depletion zone remains well within
he deposit. Under these conditions, linear diffusion
>redominates and, in common with solution phase reac-
ants, the peak current varies as yV2132930 Figure 7
llustrates the effect of increasing the scan rate from 0.05
0 0.5V s-10nthe voltammetry of [Os(OMe-bpy)s] deposits
yhere the supporting electrolyte iso.s MHC104. The peak
urrent does not exceed 250 nA which, when taken in
onjunction with the data presented in Table 1, means
hat the ohmic drop is likely to be less than 1mV. Moreover,
‘able 1 confirms that the electrode response time is very
nuch shorter than the time constant for these experi-
nents. The voltammograms are peak shaped similar to
hose obtained when the complex is dissolved in solution,
lowever, modeling of the voltammetric response, vide
nfra, indicates that the experimental current beyond the
teak potential is lower than that predicted by classical
olution phase models based on semi-infinite linear
iffusion. This observation suggests that finite diffusion
lay contribute to the observed response. This behavior
3 not entirely unexpected since these deposits are not
lonolithic and the time scale at which finite diffusion
ecomes important depends on the particle size. However,
"igure 7 shows that the peak current, ¢, increases linearly
rith increasing vy2 indicating that semi-infinite linear
iffusion dominates the observed response. Under these
ircumstances, the peak current, ip, can be described in

(29) Forster, R. J. Chem. Soc. Rev. 1994, 289.
(30) Whitely, L. D.; Martin, C. R. J. Phys. Chem. 1989, 93, 4650.

DIV: @xyv04/datal/CLS_pj/GRPJa/JOBJO1/DIV_1a010927s

DATE: November 12, 2001

Keane et al.

[HCIOJ 1 M

Figure 8. Dependence of the homogeneous charge transport
diffusion coefticient of solid state_ OsﬁOM&bpy 3]2+ on the
concentration of HC104 as supporting electrolyte.

terms of the Randles—Sevgik equation:
ip= 2.69 x 10sn32AD CTWU2CeBv \2 2

where n is the number of electrons transferred, A is the
area ofthe electrode, D gt is the apparent charge transport
diffusion coefficient, and Cdff is the effective fixed site
concentration. Previous investigations on related systems
indicate that the fixed site concentration in systems is of
the order of 1.5 Mu>24 and this concentration is consistent
with X-ray crystallographic studies on osmium and
ruthenium poly-pyridyl complexes.2sa Using this fixed
site concentration, the data illustrated in Figure 7 yield
apct value of1.8 0.1 x 10-~10cm2s-1 for both oxidation
and reduction processes.

Effect of Perchloric Acid Concentration on Z>ct*
The rate ofhomogeneous charge transport through these
solid state deposits could be limited either by electron
hopping between the sites or by the counterion diffusion/
migration necessary to maintain electroneutrality.io In
the case of electron hopping, charge-compensating coun-
terions are freely available within the structure and Dct
is expected to depend weakly on the electrolyte concen-
tration. As illustrated in Figure 8, Dct is approximately
independent of the perchloric acid concentration main-
tainingavalue of1.5 £0.4 x 10_scmzs-1for0.1 < [HCIO4]
< 0.6 M. Above 0.6 M electrolyte, Dqt increases signifi-
cantly reaching a value of 13.1 x 10~-e cm2s-1 in 1.0 M
HC104.

The Dahms-Ruffequationszss can be used to calculate
the electron self-exchange rate constant from the maxi-
mume>ct value assuming that electron hopping represents
the rate-determining step. This equation is given by

DCT = DPbys+ VekSE62C 3)

where Zphys describes physical diffusion in the absence of
electron hopping, C is the fixed site concentration of the
osmium complex, and 6 is the intersite separation between
adjacent Os”™/Os3* moieties. Given that we are dealing

(31) Juris, F.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
von Zelewsky, A. Coord. Chem. Rev. 1988, 82, 85.

(32) Dahms, H. J. Phys. Chem. 1968, 72, 362.

(33) Ruff, I.; Friedrich, V. J.; Demeter, K,; Csillag, K. J. Phys. Chem.
1971, 75, 3303.
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Charge Transport through Solid Deposits

yith crystalline solid deposits, Dphysis assumed to be zero.
)n the basis ofcrystallographic data for [Os(OMe-bpy)sl 2+,
he intersite separation was taken to be 9.6 A .25
The maximum Dct value yields a self-exchange rate
onstant of5.7 x 106 M~ 1s_1.This value is approximately
n order of magnitude smaller than the values typically
eported for osmium poly-pyridyl complexes in solutionss
rwithin monolayers.2ass-37 Given the assumptions made
nthe calculation offcsk, the value obtained does not allow
n unambiguous determination of whether counterion
notion orelectron transfer limits the overall rate ofcharge
ransport. However, the data indicate that the rate of
harge transport is significantly higher than that found
n structurally related systems, for example, for solid
eposits of [Os(bpy)z 3,5-bis(pyridin-4-yl)-1,2,4,-triazole
JYDecris 6.3 X 10"12cm2s_lin 1.0 MHC104,that is, more
lan s orders of magnitude smaller than those found
ere.ultisperhapssignificantthatthe elemental analysis
ndicates a relatively higher carbon and hydrogen content
lan expected suggesting that the solid produced during
ynthesis contains solvent ofcrystallization, for example,
iethyl ether or methanol. This solvent is likely to be
lobile within the deposits leading to the facile ion
ransportbehavior observed. The relatively large ksE most
kely arises because the redox centers are immobilized
rithin an ordered crystalline array in which individual
ites are linked by hydrogen bonds between protonated
nd deprotonated methoxy groups. The ability to rapidly
witch the redox composition ofthese solid deposits in a
ighly reversible way makes them attractive for electro-
iromic and supercapacitor applications. It is important
3 consider the sensitivity of Dgt to the concentration of
he supporting electrolyte. While we do not know the pKa
f the methoxy groups within the solid layer, this
ensitivity most likely arises because the methoxy groups
re deprotonated for [HC104] < 0.6 M but tend to become
rotonated at higher concentrations. This protonation
action will create a hydrogen-bonded network that
upports more rapid electron transfer between the sites.
Heterogeneous Electron Transfer. As discussed
bove, the voltammograms illustrated in Figure 7 are
)ntrolled by homogeneous charge transport through the
eposit. At higher scan rates, the rate of heterogeneous
ectron transfer across the electrode/deposit interface
Ifluences the voltammetric response causing the peak-
)-peak separation to increase significantly.ss Figure 9
lustrates representative cyclic voltammograms in 0.8 M
C10+ at scan rates of 5 and 100 V s-1 which show that
le ne, values increase with increasing scan rate. In
ttempting to use cyclic voltammetry to measure het-
ogeneous electron transfer rate constants, it is essential
ensure that ohmic loss, given by the product ofthe total
irrent, i, and cell resistance, R, does notcompromise the
Dserved response. Ohmic effects represent a serious
roblem, not only because they will cause a significant
ep to be observed even when heterogeneous electron
ansfer is fast but also because the magnitude of the
imic effect depends on the experimental time scale. In
le experiments reported here, we have used microelec-
odes and relatively high concentrations of supporting
ectrolyte to avoid iR drop. For example, as indicated in

(34) Chan, M. S.; Wahl, A C. J. Phys. Chem. 1978, 82, 2542.
(35) Charych, D. H.; Majda, M. Thin Solid Films 1992, 210, 348.
(36) Charych, D. H.; Anvar, D. J.; Majda, M. Thin Solid Films 1994,

2,1.

(37) Lee, W.-Y.; Majda, M.; Brezesinski, G.; Wittek, M.; Mabius, D.
Phys. Chem. B 1999, 103, 6950.

(38) Montenegro, M. I. Applications of Microelectrodes in Kinetics.
search in Chemical Kinetics; Compton, R. G., Hancock, G., Eds.;
sevier: New York, 1994; Vol. 2, p 1
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Figure 9. Cyclic voltammograms for a solid deposit of [Os-
(OMe-bpy)sl2+on a 25/;mradius platinum microdisk electrode.
From top to bottom, the scan rates are 30 and 5 V s-1,
respectively. Experimental data are denoted by the solid lines
while the open circles represent theoretical fits generated
accordingto the Butler-Volmer formalism ofelectrode kinetics
where Dct and k°® are 1.1 x 10~9cmz s-1 and 1.0 x 10~4cm s-1,
respectively. The supporting electrolyte is 0.s M HC104.

Table 1,the total resistance in this solution even with the
modified electrode is 1430 Q. Therefore, even for the
highest scan rate investigated, 100 V s-1, where the peak
current is approximately 2 //A, the iR drop is less than 3
mV.

Figure 9illustrates theoretical fits to the experimental
cyclicvoltammograms generated according to the Butler-
Volmer formalism of electrode kinetics.ss In fitting these
voltammograms, the residual sum ofsquares between the
experimental and theoretical oxidation currents was
minimized and then the reduction branch ofthe voltam-
mogram was predicted. The satisfactory agreement ob-
served between theory and experiment suggests that the
voltammograms for the solid films be approximately
described by conventional solution phase models based
onsemi-infinite linear diffusion. Moreover, the satisfactory
fits suggest that the films are solvated and that an
electrochemical double layer sets up at the electrode/layer
interface. This conclusion is consistent with our observa-
tion that the formal potentials ofsolution phase and solid
deposits are similar. For 5 < v <100 V s“\ the best-fit
simulated voltammogram is obtained where Dctis 1.1 X
109 cmz2 s-1 and a standard heterogeneous electron
transfer rate constant, k°,is 1.0+ 0.05 X 10«4 cm s“1 The
diffusion coefficient obtained by fitting the complete
voltammogram is identical to that found using the
Randle—Sevgik analysis to within 5%. Significantly, the
standard heterogeneous electron transfer rate constant
isindependent ofthe scan rate indicating that the layers
are kinetically homogeneous. The observation that the
rate constants for all redox centers capable ofundergoing
heterogeneous electron transfer are experimentally in-
distinguishable suggests that the local microenviron-
ments, electron transfer distances, and reorganization
energies are identical for individual redox centers.

Immobilizing the complex as a solid layer on an electrode
surface could alter the microenvironment of the redox
centers, for example, by changing the dielectric constant
or the electron transfer distance. An insight into the
importance of these effects for the [Os"OMe-bpyr|2*
system can be obtained by comparing k° values ob-
tained for solid and solution phase reactants. Figure 10
illustrates cyclicvoltammograms for the complex dissolved

17 (39) Garay, F.; Solis, V.; Lovir6, M. J. Electroanal. Chem. 1999,478,
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1gure 10 Cyclic voltammograms for a 5 mM solution of
Ds(OMe-bpy)s]%* mn acetomitrile The working electrode 1s a 25
m radius platinum microdisk From top to bottom, the scan
ates are 30 and 5 V s7!, respectively Experimental data are
enoted by the thick sohid lines, while thin lines are theoretical
its generated using the Butler—Volmer formahism of electrode
anetics Dsop, and ksq,” are 50 x 108 cm?stand 61+ 02
¢ 1075 cm s7, respectively

n acetonitrile where the scan rate 1s sufficiently large so
1s to influence the voltammetry Fitting these solution
»hase voltammograms reveals diffusion coefficients, D,
ind standard heterogeneous electron transfer rate con-
tants, ksow®, 0f 50+ 03 x 10 cm?2s'and 61+ 02 x
.07% cm s71, respectively Our present data do not allow
18 to directly compare the k° values for the sohid and
iolution phase reactants because of the different double-
ayer structures and reactant mobilities under the two
ircumstances However, 1t 1s striking that the £° values
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obtained for solution and solid phase reactants are very
similar with ksew° being only 30% smaller than that found
for the sohd layer

Conclusions

Mechanically attached, sohid deposits of [Os(OMe-bpy)sl-
(PF;) where OMe-bpy 1s 4,4’ dimethoxy, 2-2"-dipyridyl
have been formed on platinum microelectrodes The
voltammetric response ansing from the Os?*3* redox
reaction 1s close to 1deally reversible for both solid and
solution phase reactants, and similar formal potentials
are observed Scanning electron microscopy reveals that
electrochemically cycling the deposits in HC1O, triggers
electrocrystallization mnto a microcrystalline platelike
structure In HClO4, the daffusion coefficient1s 15+ 01
x 102 cecm?s 1 for 01 < [HCIO4 < 0 6 M, and above 0 6
M HCIO4 1t increases to 13 £+ 1 x 10 cm?s'in10 M
HC1O4 A self-exchange rate constant of 57 x 108 M~1s™!
was sought for the deposit, a value that i1s approximately
an order of magmtude smaller than for related complexes
in solution The heterogeneous electron transfer rate
constants are indistinguishable for sohd and solution
phase reactants The charge transport activities of this
maternal as a sohid deposit could have wide apphicablity
as a mediator 1n biosensors for the analysis of biological
molecules
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Abstract

Stable gold nanoparticles have been prepared by the chemical reduction of tetrachloroaurate i the presence of PVP and the
metallopolymer [Os(bpy)2(PVP)oCl]* films, where bpy 1s 2 2 dipyridyl and PVP 1s poly(4 vinylpyridine) The maximum dry state
conductivity observed 1s 35403 x 10° and 8 74+01 % 10> S m™' where the polymer matrix 1s PVP and the metallopolymer,
respectively The percolation threshold is sigmificantly lower for the nanoparticle loaded metallopolymer, 0 07+0 01 compared with
PVP, 0 3140 04 This result suggests that the osmium centers provide an enhanced conductivity pathway i the dry state The redox
properties of thin films of the composites deposited on microdisk platinum electrodes 1n contact with aqueous electrolyte have been

mmvestigated The charge transport diffusion coefficient Dcr 1s approximately an order of magnitude larger for the composite

containing the highest nanoparticle loading 57404 x 1072 em? s

~! than that found for the pure metallopolymer, 57402 x

107" ¢m* s™' A nanoparticle loading above the percolation threshold also promotes faster heterogeneous electron transfer

mcreasmng from 82417 x107°>1040+02x 10~ em's

© 2003 Published by Elsevier Science BV

Keywords Gold nanoparticles Poly(4 vinylpyridine) Metallopolymer Heterogeneous electron transfer

1 Introduction

The umique optical, electiic and magnetic properties
of nanoparticles continues to drive intense research in
fields as diverse as catalytic synthesis and sensor
development [1-3] Driven by issues such as high
reactivity and aggregation [4], there 1S an increasmng
recogmition that self-assembled monolayers [5-7] and
functional polymets i1epresent important matiices for
controlling interparticle interactions [8] Polymers, such
as poly-vinyl pyrrolidone [9,10], that incorporate surface
active functional groups [11] has proven to have useful
properties not only n the production of tightly dis-
tributed nanoparticles of controlled size, but the result-
Ing composite materials have attractive electrical and
optical properties [I12] Combining redox active materi-
als with nanoparticles 1s attractive because the redox
centers would be expected to influence nanoparticle

* Corresponding author Tel <333 | 7045 943 fax -+353 1 7045
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E mel address oburt [oistei@deu i (R Totster)
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growth, e g by mediating ieduction of the precursor
salt, and the combination of both metal nanoparticles
and complexes ought to lead to umque redox and
electrical conductivity effects In particular, the ability
to modulate the local microenvironment of the nano-
particles and hence their reactivity by electrochemically
switching the oxidation state of the redox centers 1s
especially atiractive Thin redox-active composite films
with a layeted hybrid structure have been created using
palladium |13] and gold nanoparticles coated with
biferrocene-terminated thiolates [14 15] However, the
use of metallopolymers that contain not only surface
active functional groups but also redox active centers,
such as transition metal complexes, has not been widely
explored in this context [16]

This contribution 1eports on the preparation of
dispersed nanoparticle-metallopolymer composites in
which the gold nanoparticle loading within an
[Os(bpy)2(PVP),,Cl]™ polymer 1s systematically varied,
bpy 15 2,2"-bipyridyl and PVP 15 poly(4-vinyl pyridine)
Scheme 1 1llustrates a conceptual iepresentation that
emphasizes binding of the nmine free pyridine mozeties to
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Scheme [

the nanoparticle surface The ratio of redox centers to
pyridine monomer units 1s 1 10 The composites are
prepared by chemically reducing gold tetrachloroaurate
i the presence of various mole fractions, x, of the
metallopolymer or the unlabelled PVP The effect of
changing the mole fraction of the metallopolymer on the
size distribution of the nanoparticles has been mvest:-
gated and reveals that the average particle size depends
on the mole fraction of metallopolymer present i the
reaction solution with particle diameters 1anging from
16403 to 52406 nm as the mole fraction of
metallopolymer 1s systematically varied from 084 to
002 To gamn an msight into the role of the osmum
bipynidyl redox centers 1n electrical conduction, the dry
state conductivity has been determined as a function of
the nanoparticle loading for both the metallopolymer
and PVP systems The data of both systems data can be
descuibed using the percolation theory [17 18] for a
randomly dispersed electrically conducting filler, but the
metallopolymer system exhibits significantly higher
conductivity for all loadings mnvestigated Thin films of
both the metallopolymer and composites exhibit nearly
ideal voltammetric responses and cyclic voltammetry
has been used to investigate thewr chaige transport
properties when 1n contact with an aqueous electrolyte
solution The 1onic interactions have been probed by
monitoring the effect of the supporting electrolyte
concentration on the formal potential of the Os?*”+
redox reaction

Beyond probing the homogeneous charge transport
diffusion coefficient as a function of nanoparticle
loading and electrolyte concentration we have also
determined the standard heterogeneous election transfer
rate, k° These data are revealing of the differences

between the electrode | metallopolymer film and electro-
de | composite 1nterfaces

2 Expenmental

21 Materials

A detailed description of the synthesis and character-
1zation of the metallopolymer has been reported pre-
viously [19] The gold precursor tetrachloroauric acid,
HAuCly, and the reducing agent potassium borohy-
dride, KBH,, were obtamed from Aldrich An aqueous
solution of KBH,; was prepared just before use and
rapidly added to the stirred solutions containing
HAuCl, and either PVP or the metallopolymer To
avoid difficulties in defiming the polymer molar mass,
the mole fraction of the polymer 1s defined in terms of
the number of moles of pyridine groups and gold 10ns
prior to production of the gold nanoparticles UV-vis
spectra were taken before and after the reduction
reaction Milhipore water (18 MQ) was used to prepare
electrolytic solutions

22 Apparatus and procedures ;

Transnussion electron micrographs were taken with a
JEOL-100 CX II transmission electron microscope 1n
order to obtain the particle sizes, morphologies, and
particle-size distributions of the gold nanoparticles The
samples were prepared by placing a drop of the colloid
on a carbon-coated copper grid and allowing the solvent
to evaporate The particle sizes of at least 100 individual
particles were measuted to obtamn information about the
size distribution

23 Fim preparation

Adherent layers of the composites were obtained by
evaporation of the requued volume of a 1% solution of
the material in methanol on the electrode, which was
placed 1in a methanol saturated chamber, followed by air
diying for several hours For macroscopic electrodes,
the resulting films were visibly smooth and shiny, and
were free from any obvious aggiegates when viewed
under an optical microscope at magmﬁcauons up to
40 x In the case of the metallopolymer, the sohd was
dissolved 1n @ mmimum volume of ethanol and applied
to the electrode surface as a paste The adherent layer
was air dried for 30 min prior to measurement Beyond
minor differences in the imtial scans, the film prepara-
tion method had no impact on the formal potential,
diffusion coefficient or heterogeneous electron transfer
rate constant obtained
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2.4. Electrical conductivity

The specimens for measurements of electrical con-
ductivity were prepared by applying 11 500 kg cm-2 of
pressure to a finely ground (particle size <2 ~im)
composite within a 10 mm diameter die. Prior to
application of pressure the die assembly was evacuated
using a high vacuum pump for at least 5 min and
evacuation was continued during pressurization. Suffi-
cient material, typically 4 mg, was used to produce a
disk approximately 1 mm thick. For highly resistive
samples {a values less than 10_2-10~4 S m-1), the dc
conductivities were measured using a Guildline pro-
grammable digital teraohmmeter 6500A. For more
highly conducting samples, specimens in the form of
plates were used. Irrespective of the nature of the
sample, to reduce the complications arising from
electrode-specimen contact resistance, the four-electrode
method was used [20].

2.5. Electrochemical measurements

Cyclic voltammetry was performed using a CH
Instrument Model 660 electrochemical workstation
and a conventional three-electrode cell. The platinum
working electrodes used in these experiments ranged in
radii from 1to 3 mm. Microelectrodes were prepared
using platinum microwires of radii between land 25 *m
sealed in a glass shroud as described previously [21]. The
working electrodes were polished successively with 1.0,
0.3 and 0.05 (im aqueous alumina slurries and sonicated
in distilled water and rinsed with acetone after each
polishing step. The electrodes were then electrochemi-
cally cleaned by cycling in deoxygenated 0.1 M H2S04
from —0.3 to 1.5 V until a voltammogram characteristic
of a clean platinum electrode was obtained [22]. Before
modification, the electrodes were cycled in 0.1 M LiC104
until hydrogen desorption was complete. Potentials are
quoted with respect to a BAS Ag | AgCl | 3 M NacCl gel-
filled electrode and all experiments were performed at
room temperature (22+ 3 °C)

For short timescale experiments ( < 250 jis), that were
designed to probe the cell resistance and the interfacial
capacitance, a custom built programmable function
generator-potentiostat was used. This instrument had
a rise time of less than 10 ns and was used to apply
potential steps of variable pulsewidth and amplitude
directly to a two-electrode cell. A large area Pt foil and a
reference electrode were combined to form a counter
electrode. The foil lowered the resistance and provided a
high frequency path. The current to voltage converter
was based on a Comlinear CLC 203 Al operational
amplifier with a 1500 Q feedback resistance and a
response time of less than 10 ns. The chronoampero-
grams were recorded using a HP54201A digital oscillo-
scope in 64 x time-average mode. Cell time constants

were extracted from the slopeof In I{t) versus t plots
using software routines written inMicrosoft QuickBA-

SIC.

3. Results and discussion
3.1. Composite structure

Fig. 1AB show TEM images of gold nanoparticles
prepared in the presence of [Os(bpy)2 (PVP)i0 Cl]Cl
where the mole fractions of the metallopolymer are 0.84
and 0.02, respectively. Both systems produce well-
defined nanoparticles with the approximately spherical
shape of the gold nanoparticles suggesting that the
particles are not monocrystalline. However, the most
striking result of Fig. 1is that decreasing the amount of
metallopolymer increases the average particle size from
1.6+£0.3 to 5.2+0.6 nm. This result suggests that a
greater availability of surface binding pyridine groups
inhibits growth and efficiently blocks particle aggrega-
tion. This behavior is similar to that reported previously
for poly-vinylpyrrolidone where larger quantities of
polymer lead to the formation of smaller nanoparticles
[23]. '

3.2. Electrical conductivity

The possibility of controlling the electrical character-
istics of polymers by systematically varying the loading
of nanoparticles is important for a range of applications
ranging from molecular electronic devices to sensors.
When nanoparticles of conductivity em are blended with
a polymer matrix to a loading (p, having a conductivity
<jp, the conductivity of the resulting composite, @
typically increases dramatically [17,18]. Specifically,
when the percolation threshold, qx, is reached an infinite
conductive cluster is formed and the composite may
become highly conducting. As the nanoparticle loading
increases from <qx to the limiting value F, the conduc-
tivity of the metallopolymer-nanoparticle composite
increases rapidly by several orders of magnitude, from
the value <c at the percolation threshold to the maximal
value Zm. Below the percolation threshold, the conduc-
tivity change is negligible and the conductivity of the
composite is equal to the polymer conductivity oap or
slightly higher. While it does not consider the effects of
particle shape, variable particle size, contact phenom-
ena, the distribution of particles within the polymer, etc.
the dependence of the conductivity on the nanoparticle
loading can be described by Eq. (1) to a first order of
approximation:

a— (rc+ ((rm-a c)[(<P ~ <Pc)/(F - (pc)]1 o

where t is the critical exponent [24] and is typically
between 1.6 and 1.9.
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Fig. 1 Transmission electron micrographs of gold nanoparticles in which the mole fraction of [Os(bpy)2(PVP)|0oCI]CI is (A) 0.84 (magnification
1.25 x 106) and (B) 0.02 (magnification 8.0 x 105). The films were prepared by dissolving the composite in ethanol and drop casting onto a TEM

minigrid.

Fig. 2 illustrates the dependence of the composite
electrical conductivity on the volume fraction of the
nanoparticles for both metallopolymer and poly-4-vinyl
pyridine matrices. In this plot the volume fraction of the
gold nanoparticles is calculated from the known den-
sities of metallic gold, PVP [25] and the metallopolymer
[19] assuming that all of the tetrachloroaurate is reduced
to metallic gold during nanoparticle synthesis. In both
cases, the solid curves represent the best fits of Equation
1 to the experimental data and the data are given in
Table 1 These percolation curves reveal that the
conductivity of the metallopolymer is approximately
30 times greater than that found for the unlabelled poly-
4-vinylpyridine material. Both the pure PVP and
metallopolymer composites exhibit a sharp increase in
conductivity for a critical loading of the gold nanopar-
ticles. However, the percolation threshold is dramati-
cally lower for the metallopolymer based composite,
0.07 £0.01, compared to 0.31 +0.04 for the PVP matrix.
The filling limit in both cases is 0.7 0.1 which is
indistinguishable from the value of 0.64 expected for a
random distribution of conductive spheres in a non-
electronically conducting matrix [26], Assuming a ran-

0 0.2 0.4 0.6

Nanoparticle Volume Fraction

Fig. 2. Dependence of composite electrical conductivity on the loading
of gold nanoparticles m denotes composites where the polymer matrix
is poly(4-vinylpyndme) and + denote composites where the matrix is
[Os(bpy)2(PVP)IoCIICI. The solid curves denote best fits to the
percolation theory and the parameters are given in Tabic 1

dom dispersion, the average edge-to-edge interparticle
separation, d, at the percolation threshold is estimated
as 2.6+0.1 and 5.0+£0.1 nm for the PVP and metallo-
polymer matrices, respectively. The observation that the
metallopolymer system is highly conducting for a larger
interparticle separation suggests the osmium bishipyr-
idyl centers mediate electron transfer between adjacent
metal particles over much greater distances than the
pure poly-4-vinylpyridine material. This conclusion is
consistent with the observation that the maximum
conductivity, <m, differs by only a factor of 4 for the
two composites suggesting that particle-to-particle con-
tact is the limiting factor on conductivity at the highest
loadings investigated. While the value of the critical
exponent, /, for PVP is close to the range typically found
for random dispersions [17,27], 1.6-1.9, the wvalue
obtained for the metallopolymer matrix is significantly
higher at 25. Large t values have been reported
previously[28] and assumed to be associated with
contributions from tunneling conductivity or compli-
cated conduction pathways through the composite. In
the present case, it most likely arises because of specific
interactions between the cationic redox centers and the
surface of the gold nanoparticles.

3.3. Redox properties

Fig. 3 shows typical slow sweep cyclic voltammo-
grams for an [Os(bpy)2(PVP)i0CI]+ metallopolymer
film and for a composite electrode in which the mole
fraction of the metallopolymer is 0.84. In both cases, the
supporting electrolyte is aqueous 0.1 M HC104 and the
surface coverage is2.0+0.2 x 10 8mol cm 2 For both
the metallopolymer and the composite, the voltam-
metric response associated with the Os2+/3+ couple
centered at approximately 0.3 V is close to that expected
for an immobilized, electrochemically reversible couple
under finite diffusion conditions [29,30]. For example,
for the composite the peak shape is independent of the
scan rate, v, up to at least 25 mV s_|I, and the peak
height scales linearly with scan rate from 1to 25 mV
s_1|.The ratio of the anodic to cathodic peak currents is
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Table |

Electrical conductivity parameters for composites based on gold nanoparticle—poly 4 vinylpyndine or metallopolymer matrices

Matrix Log(ep/S m™") Log(sdS m™") Log(am/S m™ ") @c F ¢ dinm

Poly 4 vinylpyridine —445(007) =396 (011) 355 (0 04) 031(004) 0701 1902 49(04)

[Os(bpy)2(PVP),oCIICI —296 (003) —202(003) 294 (005) 007(01) 0701 25002 120(03)

Numbers in parentheses represent the standard deviations of at least three independent composite samples

061—

E 1V vaig|Agtt

06 — .
0 05 1 15

E IV vs Ag| AgCl

g 3 Cyclic voltammograms under finite diffusion conditions for—
an [Os(bpy)(PVP);4Cl]* film and—a composite film in which the
mole fraction of metallopolymer 1s 0 84 In both cases the supporting
clectrolyte ts aqueous 0 1 M HCIO, the surface coverages 20+0 2 x
107% mol cm™? For the metallopolymer and composite films the
working electrodes are 12 5 pym radius platinum and carbon micro
disks respectively The scan rate 1s | mV s~' The nset shows an
expanded view of the gold oxide formation/reduction region for the
composite

10+005 the FWHM 15 110410 mV A persistent
peak-to-peak separation, AE, of approximately 50 mV
1s observed for both systems even at very slow scan
rates Also, some diffusion like taihing 1s observed
especially for the pure metallopolymer which 1s attrib-
uted to spillover of the polymer film onto the non-
conducting glass shroud

As tllustrated m the inset of Fig 3, m strongly acidic
media the composite electrode exhibits well defined
1esponses at positive potentials corresponding to the
formation of gold oxide on the metal nanoparticles and
1ts subsequent re-reduction The charge under these
waves depends on the nanoparticle size and loading but
the peak potentials and shape are independent of
loading and particle size Under 1dentical conditions,
the potential at which gold oxide formation and re-
reduction are observed for polycrystalline gold, 1 36 and
090 V, respectively, compares favorably with the values
found for the gold nanoparticles, 127 and 088 V,
respectively This result suggests that the gold nanopar-
ticles are polycrystalline and have similar electrochemi-
cal properties to bulk gold Repetitive cycling through
the gold oxide formation region leads to significant loss
of the apparent surface area e g for the highest loading
mvestigated at 100 mV s~ ' the apparent surface area

decreases by 25% after 25 cycles This decrease in
surface area 1s consistent with TEM investigations
which reveal that the gold nanoparticles are not entirely
stable during gold oxide formation but coalesce to give
larger particles of smaller surface area It 1simportant to
note that cycling the composites through the Os?*+
process does not trigger coalescence of the nanoparticles
or a change 1n their surface areas

For a polycrystalline gold surface, the charge passed
during the reduction of a monolayer of gold oxide [31] 1s
390 WF cm~? Therefore, the area under the oxide
reduction peak (inset of Fig 3) has been used to
determine the total surface area of the electrochemically
active gold nanoparticles within the composite For the
composite where the mole fraction of the metallopoly-
mer 15 0 84, the area obtamed 15 62 x 1078 cm? This
area 1s indistinguishable from that expected, 6 8 x 1076
cm?, on the basis of the known quantity of tetrachlor-
oaurate reduced and the radius of the nanoparticle
obtamed from TEM This result suggests that even at
low nanoparticle densities, an interconnected atray s
formed perhaps mvolving the osmium redox centers
mediating electron transfer between the gold nanopar-
ticles so that a gold oxide monolayer can be formed on
nearly all of the particles The gold surface area as
determined from the gold oxide reduction peak increases
as the mole fraction of the metallopolymer 1s decreased,
eg where x 15002, thearea1s 1 2 x 10~

34 Fum resistance and interfacial capaciance

Previous investigations mto related metallopolymers
have revealed that 1on transport into the film typically
hmits the rate at which the redox composition of the
film can be switched [3233] Therefore the film
resistance 1s expected to be dominated by the 1onic
rather than electronic resistance By examining the film
resistance as a function of the supporting electrolyte
concentration, 1t should be possible to probe the semi-
permeable properties of the membrane [34 35] When a
polyelectrolyte film 1s placed in a dilute solution of a
strong electrolyte, the concentration of counterions
within the film 1s typically considerably larger than
that found in the contacting solution For these
materials one might expect a high anion concentration
(~08 M) to be mtially present i the film to
compensate for the cationic osmium redox centers

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
156
357
158
359
360

361

362
363
364
365
366
367
168
369
370
371
372
73
374
375
376
77



Y:/Elsevier Science/Amsterdam/JEC/articles/JEC 10065/Jec 10065.3d[x]

6 May 2003 8:39:36

R.J. Forster, L. Keane | Journal of Electroanalytical Chemistry 00 (2003) 1-10

Thus, under the influence of the concentration gradient,
counterions may diffuse from the film into the solution
until the concentrations become equal in the two phases.
However, if diffusion of charged counterions occurs,
then electroneutrality within the film would be violated,
and an electrical potential would develop at the interface
[36,37]. This ‘Donnan potential’ would then increase
until an equilibrium was reached in which it completely
opposes the tendency of the counterions to move down
the concentration gradient. Under these equilibrium
conditions the net diffusion of counterions across the
interface would be zero, and co-ions would be excluded
from the polymer film. The presence of gold nanopar-
ticles within the composite that may have negatively
charged surfaces due to the borohydride reduction is
likely to have a significant impact on this behavior.
Moreover, the resistance of the composite films would
be anticipated to change as the percolation threshold is
crossed and a significant electronic conductivity is
achieved.

The permselective response of the composites has
been determined by measuring the total cell resistance as
the supporting electrolyte concentration is changed. In
the case of an ideally permselective response, ions would
be effectively excluded from the membrane, and the film
resistance would be independent of the supporting
electrolyte concentration. To determine the total cell
resistance, we have performed short timescale, small
amplitude, potential step chronoamperometry, in a
potential region where no Faradaic response is ob-
served. In a typical experiment, the potential was
stepped from —100 to 0 mV at both bare and modified
electrodes, and the resulting current was recorded over
the following 5 }is. This capacitive current versus time
transient can be described by Eq. (2):

4(0 = (& E/RJ exp(—t/R uCd) 2

where AE is the pulse amplitude, Ru is the total cell
resistance, i.e. it includes contributions form both
solution and film resistance, and Cdi is the integral
double layer capacitance. As shown in Fig. 4 for the
composite modified electrodes, the current decays in
time according to a single exponential, which is con-
sistent with double layer charging of the underlying
electrode alone. Fig. 4 also illustrates In jc(t) versus t
plots for a composite electrode in which the mole
fraction of the metallopolymer is 0.02 as the HC104
concentration is systematically varied from 0.1 to 2.0 M.
The absolute slope of these plots represents the recipro-
cal of the cell time constant RuCu It is apparent from
Eq. (2) that Rucan be extracted from the intercepts of
the insets of Fig. 4. Fig. 5 shows the total cell resistance
for a bare 125 fim radius microelectrode as well as a
microelectrode coated with the metallopolymer and
composite as the HC104 concentration is changed
from 0.1 to 2.0 M. It is apparent that in all circum-

Time | |is

Fig. 4. Current-time transients for a 125 urn radius platinum
microelectrode modified with a composite in which the mole fraction
of the metallopolymer is 0.84 following potential steps from —0.050 to
0.000 V. From top to bottom, the data correspond to aqueous 0.1 (m),
0.5 (+) and 2.0 (a) M HC104 as supporting electrolyte. The inset
illustrates the corresponding semi-log current vs. time plots.

[HCI04 I M

Fig. 5. Dependence of the total cell resistance, Ru, on the concentra-
tion of HC104 as supporting electrolyte. Data for a bare 125 (im
radius platinum microelectrode are denoted by #, m denotes data for
[Os(bpy)2(PVP)[oCIICI and a denotes data for a composite in which
the mole fraction of metallopolymer is 0.02. The surface coverage of
the [Os(bpy)2PVPCI]+ centers was kept constant at 2.0+0.2 x 10* 10
mol cm-2 irrespective of the nanoparticle loading.

stances Ru is reduced at high electrolyte concentrations
reflecting a reduced solution resistance. Significantly,
the cell resistance for the metallopolymer coated elec-
trode is consistently higher than that found for the bare
or composite modified electrodes over the entire con-
centration range investigated. This result suggests that
the film resistance contributes to the overall cell
resistance. However, in contrast to both the bare and
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composite modified electrodes, the metallopolymer film
exhibits a pronounced sigmoidal dependence of R, on
[HCIO4] The inflection point, approximately 1 0 M, 1s
consistent with the concentration of the osmwum redox
centers within the film and suggests that Donnan
excluston of co-1ons breaks down 1n highly concentrated
electrolytes [22 38] The resistances observed for the
composite are indistinguishable from those found for
the bare electrode indicating that the contribution from
the film resistance 1s negligible for this material i which
the nanoparticle loading 1s above the percolation thresh-
old

The chronoamperometry data reveal that the absolute
double layer capacitance mncreases from 41 to 64 x
10~ '* F as the concentration of the supporting electro-
lyte 15 increased from 01 to 10 M Given that the
microscopic area of the 125 um radius mucrodisk 1s
78 x 10 ™% cm? (corresponding to a roughness factor of
1 6), these absolute capacitances yield area normalized
double layer capacitances of 52 and 81 pF ¢cm ™ for the
01 and 1 0 M electrolytes These values are consistent
with those expected for a modified electrode n contact
with a concentrated aqueous electrolyte [22] Sigmfi-
cantly, this analysts strongly suggests that the nanopar-
ticles do not undergo double layer charging presumably
because the compressed nature of the double layer
means that the majority of the approximately 1 pm
thick film does not experience the interfacial electric
field

35 lIon pairing effects

The formal potential of an immobilized electroactive
group is sensitive to both the solvation shell of the redox
center and to the extent of ion-pairing {39-41] It 1s
therefore a sensitive probe of the local microenviron-
ment within the polymer film Shifts in formal potential
with changes 1n electrolyte concentration reflect differ-
ences in the relative stability between the two redox
states, and can be used to probe ionic interactions
Therefore by examining the electrolyte concentration
dependence of E*', information about the extent of 10n-
pairing and the film’s permeability towards anions can
be obtained

Fig 6 dlustrates a plot of £ versus the logarithm of
the HCIO, concentration for an electrode modified with
the metallopolymer and composite in which the mole
fraction of the metallopolymer 1s 002 This figure
reveals that, for the metallopolymer coating, E° shifts
progressively 1n a negative potential direction with
increasing electrolyte concentration This negative shuft
indicates that oxidation of the redox center becomes
thermodynamically more facile at high electrolyte con-
centiations and 15 consistent with ron-pdiring between
the electrolyte anion and the redox centers

033
031 4
029 1
027 4
025 |
023 1
021
019
017 A

015 T T
12 Q7 02 03

Log ([HCIO] / M)

E°IV

y = 00036x + 02998

y =-00738x +0 1877

Fig 6 Dependence of the formal potential for the Os**”** process

within an [Os(bpy)a(PVP);oClCl metallopolymer film @ and within a
composite n which the mole fraction of the metallopolymer 1s 002 W
on the concentration of HCIO, as supporting electrolyte

This situation ts summarized 1n the following Nerns-
tian reaction

[Os(bpy),(PVP),CI " (X7), —e”
+p(X™)={Os(bpy),(PVP),CI** (X7), .,

where both redox forms are considered to participate in
the 10n-pairing equibibria While the slope observed for
the metallopolymer film, 73 8+0 | mV dec™ ! 1s rather
larger than that predicted by theory for the pairing of an
additional anion in the oxidized state, 59 mV dec™!,
these deviations most likely arise because of differences
in the 10ni1c strength of the solutions and liquid junction
effects The most significant result of Fig 6 1s that
E°, +n+ for the composite 1s completely insensitive to
the perchlorate concentration This result suggests that
additional perchlorate anions do not become paired
with the Os**, centers most likely because of strong
interactions with the gold nanoparticles which may also
have an internal buffering role because of surface
charges

36 Charge transport diffusion coefficients

In systems of this kind, for intermediate scan rates the
electrochemical response becomes dominated by semi-
mnfinite linear diffusion which can be identified by the
appearance of diffusional tails, a AE, value of 57 mV
and a hinear dependence of the peak current on v'/? As
lustrated in Fig 7, cyclic voltammetry gives diffusional
responses for 50 <v <500 mV s~ for the Os?' ™
couple within the metallopolymer For the composites,
the lower scan rate at which semi-infinite hinear diffusion
becomes dominant 15 always higher than that found for
the composites and depends on the nanoparticle load-
ing For example, tor the compoasite in which the mole
fraction of the metallopolymer 1s 084, semi-mfinite
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E/Vvs Ag|AgCI

Fig. 7. Scan rate dependence of cyclic voltammograms under semi-
infinite diffusion conditions for an [Os(bpy)2(PVP)ioCI]+ film on a
12.5 jim radius platinum microelectrode. Sweep rates (top to bottom)
500, 400, 300, 200, 100 and 50 mV s * Surface coverage is 1.8 x 10 8
mol c¢cm - 2. Supporting electrolyte is aqueous 0.1 M HC104. The inset
illustrates a plot of Ip vs. v1I2

diffusion is observed for v>25 mV s-1 whereas the
scan rate must be increased to 100 mV s_1 where the
mole fraction of the metallopolymer is reduced to 0.02.
This observation indicates that the rate of homogeneous
charge transport increases with increasing nanoparticle
loading. As illustrated in the insets of Figs. 7 and 8, plots
of the peak current versus the square-root of the scan
rate are linear, which is consistent with an electroche-
mically reversible reaction under semi-infinite linear
diffusion control as described by the Randles-Sevcik

E/Vvs AgjAgCl

Fig. 8. Scan rate dependence of cyclic voltammograms under semi-
infinite diffusion conditions for a composite film in which the mole
fraction of the metallopolymer is 0.02 on a 12.5 urn radius platinum
microelcctrode. Sweep rates (top to bottom) S00, 400, 300, 200 and 100
mV s Surface coverage is 21 x 10 8 mol cm 2 Supporting
electrolyte is aqueous 0.1 M HC104. The inset illustrates a plot of /p

equation [22]. The slope of these plots provides the
product DqjCos, from which Dct has been determined
using an osmium redox center concentration of 0.8 M.
The charge transport diffusion coefficients thus ob-
tained represent a lower limit since the effective osmium
concentration within the film may be reduced by
swelling when it is in contact with the aqueous electro-
lyte.

Fig. 9 illustrates the dependence of Dgt on the HC104
concentration for both metallopolymer and composite
films in which the mole fraction of the polymer is 0.02.
There are three processes that could limit the rate of
homogeneous charge transport through these films
namely, large scale movement of polymer chains,
counterion diffusion/migration, or electron hopping
[42,43]. The observation that Dqgt is approximately
independent of the supporting electrolyte concentration,
coupled with the low film resistance data which indi-
cated that the films contain a relatively high concentra-
tion of electrolyte, suggests that counterion diffusion
does not represent the rate determining step. What is
apparent from Fig. 9 is that incorporating a relatively
high loading of gold nanoparticles (in this composite the
edge to edge inter-particle separation will be of the order
of 2.6 nm compared to the average inter-redox site
separation of 5 nm in the pure metallopolymer) pro-
motes a faster rate of homogeneous charge transport
through the film. This result is consistent with the
percolation curve shown in Fig. 2 which demonstrates
that metal like conductivity through the dispersed
nanoparticles is achieved at high loadings. Thus, for
high nanoparticle loadings it appears that electron
transfer between the osmium redox centers is mediated
by the gold nanoparticles causing Z)CT to increase by
approximately an order of magnitude on going from the
metallopolymer to a composite with a nanoparticle
loading above the percolation threshold.

[HCI04 / M

Fig. 9. The effect of the concentration of HC104 as supporting
electrolyte on the rate of homogeneous charge transport, Z)CT, through
an [Os(bpyj2(PVP)faCI]CJ meiallopulymcr film (+) and through a
composite film in which the mole fraction of the metallopolymer is0.02
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37 Heterogeneous electron transfer kinetics

Fig 8 clearly demonstrates that the rate of homo-
geneous charge transport through these metallopolymer
based films can be significantly enhanced by ncorpor-
ating gold nanoparticles within the matrnix Heteroge-
neous electron transfer across the electrode | film
interface depends on the electrode-reactant separation,
the chemical composition, and the effective dielectric
constant of the film which are also influenced by the
presence of the gold nanoparticles [44] Therefore,
beyond evaluating Dct we have used high scan rate
cyclic voltammetry to determine the standard hetero-
geneous electron transfer rate constant, k°, describing
the dynamics of electron transfer across the electro-
de | film mterface Fig 10 illustrates cyclic voltammo-
grams for a2 metallopolymer film and a composite where
the mole fraction of metallopolymer 1s ¢ 02 at scan rates
of 10 and 100 V s~ !, respectively The supporting
electrolyte 1s 1 0 M HCIO, 1in which, as shown in Fig
4, the total cell resistance does not exceed 1000 £ even
for the pure metallopolymer Thus, even though these
experiments employ a relatively high scan rate, the /R
drop 15 less than 5 mV which 1s negligible compared to
the peak-to-peak separations, AE;, observed Under
these fast scan conditions, AE, exceeds the 57 mV
expected for an electrochemically reversible process
mdicating that the time constants for the experiment
and heterogeneous electron transfer are comparable
Despite the scan rate being an order of magnitude
larger, the AE], value for the composite 1s smaller (110
mV) than that found for the metallopolymer (250 mV)
This result indicates that the rate of heterogeneous

150 4

100

E IVvs Ag|AgCI

Fig 10 Cychc voltammograms for an [Os(bpy)y(PVP),,Cl]Cl metal
lopolymer film (—) and a composite film (—) in which the mole
fraction of the metallopolymer 1s 0 02 The scan rates are 10 and 100 V
s™' respectively  Theoretical voltammograms obtamed generated
dccording to the Butler—=Volmer formatism of ¢lecttode kineties are
denoted by the open symbols The supporting electrolyte 1s 10 M

HCIO,

electron transfer is significantly faster for the composite
than for the metallopolymer

Fig 10 also illustrates theoretical fits to the experi-
mental cyclic voltammograms generated according to
the Butler—Volmer formalism of electrode kinetics [22]
In fitting these voltammograms, the experumental diffu-
sion coefficient was used, the transfer coefficient was
taken as 05 and the standard heterogeneous electron
transfer rate constant was systematically varied so as to
minimize the residual sum of squares between the
experimental and theoretical oxidation currents Using
these best-fit parameters, the reduction branch of the
voltammogram was then simulated The satisfactory
agreement observed between theory and experiment
suggests that the voltammograms for both metallopoly-
mer and composite films can be approximately de-
scribed by conventional solution phase models based
on semi-infinite linear diffusion Moreover, the satisfac-
tory fits suggest that the films are solvated and that the
electrochemical double layer sets up at the electro-
de | layer interface For the metallopolymer film for
5<v <30 Vs~ the best fit simulated voltammogram
is obtained where Dy is 50x 1070 cm? s~ and a
standard heterogeneous electron transfer rate constant,
k° 15 825+175%107° cm s~—' The diffusion coeffi-
cient obtained by fitting the complete voltammogram s
identical to that found using the Randles-Sevc¢ik analysis
to within 5% Significantly, the standard heterogeneous
electron transfer rate constant for the composite 1s
significantly higher at 40402x107% ecm s™' This
increased rate most hikely arises because electron trans-
fer to redox centers located relatively far away from the
electrode surface, e g greater than 50 A, proceeds as a
two-stage process mvolving electron hopping to a gold
nanoparticle followed by transfer to the redox center In
this way, the presence of gold nanoparticles provides
stronger electronic coupling giving rise to fast electron
transfer rates The ability to modulate the dynamics of
interfacial electron transfer in this way while preserving
the physico-chemical properties of the immobilized
redox center 1s attractive for applications ranging {iom
energy storage to sensors and electrocatalysis

4 Conclusions

The electrochemical responses of composite films
based on poly(4-vinylpyridine) covalently labeled with
osmium bisbipyridyl complexes and loaded with gold
nanoparticles are nearly ideal The size and interpaiticle
separation can be systematically varied by changing the
mole fraction of metallopolymer in the mitial synthesis
Diy state conductivity measurements reveal that the
electrical conductivity depends markedly on the nano-
particle loading with a percolation threshold of app1ox)-
mately 7% by volume being observed This loading
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corresponds to an interparticle separation of approxi-
mately 2 6 nm These materials have been used to obtain
an nsight mto how the presence of metallic nanopart-
cles influences the dynamics of electron self-exchange
between the Os?* and Os’* sites within the 3-dimen-
sional structure When in contact with a solution
containing supporting electrolyte the composites appear
to exist as hydrogels on the electrode surface that
contain excess salt and water The rate of homogeneous
charge transport, D, through the materials depends
on the loading of the metal nanoparticles reaching a
maximum of 60+04 x 10~? cm? s ' when the mole
fraction of the metallopolymer 15 002, 1¢ when the
nanoparticle loading 1s above the percolation threshold
This Dt value 1s approximately an order of magnitude
larger than that found for the metallopolymer in the
absence of nanoparticles
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