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Abstract

Charge Transport and Mass Transfer Processes in Thin Films of Redox

Polymers based on Ruthenium and Osmium Poly( pyridy! ) Complexes

Chapter 1 of this thesis provides a bnief introduction to the electrochemucal techniques
used 1n the study of electrode modifying matenals A review of the synthesis,
charactenisation and application of redox polymers based on ruthenium and osmium
poly(pyridyl) complexes 1s presented

Chapter 2 describes the synthesis, characterisation and charge transport properties of
[M(N)g]2+/3+ moieties coordinatively attached to a poly(4-vinyl pyridine) backbone
(where M1s Ruor Os and Ni1s pyridine ) The effect of electrolyte type and
concentration on charge transport and heterogeneous electron transfer 1s studied using
cychc voltammetry, chronoamperometry and sampled current voltammetry For M=Ru,
the effect of redox site loading 1s also investigated Activation parameters are used to aid
the diagnosis of rate determining steps

In Chapters 3 to 6 the Electrochemucal Quartz Crystal Microbalance (EQCM) 1s used
to probe mass transfer within modifying polymer layers An introduction to the theory
and application of the EQCM 1s first presented This 1s followed 1n Chapters 3 and 4 by a
study of the effect of electrolyte type and concentration on the polymer morphology and
resident layer mass of [Os(bipy)2(PVP)1oCl}+ films Impedance analysis of the quartz
crystal \ polymer film \ electrolyte composite resonator 18 used to confirm the rigidity of
the polymer layers and also to provide an insight into electrolyte-dependent morphology
changes The importance of the electrolyte / polymer interaction and the subsequent
polymer solvation 1s stressed A membrane model describing the osmotic transfer of
solvent 1s considered

In Chapter 5, the kinetic aspects of redox-induced mass transfer through
[Os(bipy)2(PVP)1oCl]+ are studied using cyclic voltammetry (under semi-infinite
diffusion conditions) and potential step techniques A correlation between the rate of
charge transport and the facility for solvent transfer 1s established The onigins of the
previously reported dependency of charge transport rates on experimental time scale for
[Os(bipy)2(PVP)1oCl}+ 1s also explored

In Chapter 6, the pH dependency of mass transfer for redox processes in films of
[Ru(bipy)2(PVP)10(H20)])2+ 15 used to evaluate the mechamisms for coupled proton and

electron transfer Charge transport through this polymer 1s also considered
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CHAPTER 1

Introduction, Theory and Review of
Polymer Modified Electrodes
based on

Ruthenium and Osmium Poly(Pynidyl) Complexes




1.1. INTRODUCTION

Modified electrodes differ from conventional electrodes 1n that a thin film of materal
15 coated onto the electrode surface In doing so, greater control of the electrode
charactenistics and surface reactivity can be achieved, thus enabling either the selective
reaction of a particular analyte, or the mediation of redox reactions which are slow or not
possible at a bare, unmodified electrode

The range of modifying species 1s vast, encompassing metal deposits and metal oxide
layers, as well as organic compounds, enzymes and polymers [1-6]

The earliest method of attachment of the modifying layer to the electrode substrate
involved the adsorption of unsaturated monomers [7] Subsequent methods were
developed for direct covalent attachment and although multlayer coverages have been
attempted 1n this way [8], monolayers are generally only achieved

Mululayers offer many advantages over monolayer coverage since the surface
coverage can be greatly increased and a high concentration of electroactive centres can
be attained [1] In addition, multitayers combine the advantages of monolayer derivatised
electrodes with those of homogeneous catalytic systems Like monolayers, multilayers
offer a high localised concentration of catalytic sites with an easy separation of reaction
products from the catalyst However, because redox catalysis has been found to occur due
to physical as well as chemical reasons [9], and may be unable to occur at the 2-
dimensional monolayer denvatised electrode {10,11], a 3-dimensional dispersion of
catalytic centres may be advantageous [12]

Multilayer coverages are often achieved by modification of the electrode with a
polymenc layer For this reason polymer modified electrodes have received conmdcrabfe
attention [1-6] Polymer matenals offer synthetic flexibility and inherent stability as well

as ease of application to electrode substrates Methods that achieve this include

electrochemical polymerisation of the monomer {13], gas phase polymensation of the




monomer onto the electrode surface [1,3], electrochemical precipitation of the preformed
polymer [14], but most commonly, drop, dip or spin-coating of a solution of the polymer
[1,3]

In addition to their use 1n electrocatalysis, polymer modified electrodes have also
been developed in such diverse areas as photoelectrochemustry i15-18], macromolecular
electronics [19,20], corrosion protection [21], electrochromucs [22-24], energy storage
[25], and solar energy conversion [26-28]

Electrochemical communication between the underlying electrode maternal and the
electrolyte solution 1s generally achieved through the presence of an electroactive group
within the layer, as 1n the case of electrostatically incorporated or coordinatively attached
transition metal complexes [1-6] These are termed redox polymers Alternatively,
electronically conducting polymers, notably polypyrrole, polyaniline and
polybithiophene, can be used

It 1s clear that for the successful application of polymer modified electrodes, and for
the optimisation of their design and performance, the rate and mechanism of the charge
transport process should be evaluated by a systematic investigation into the factors
affecting 1t This thesis 1s concerned with such a study for redox polymers based on
ruthenium! and osmium! poly(pyridyl) complexes covalently attached to a preformed
poly(4-vinylpynidine) polymer backbone The effect of polymer morphology and 1ts
physicochemical characteristics 1s considered as a function of electrolyte type and
concentration, redox site loading and the coordination sphere of lthe covalently attached
redox centre The importance of the microenvironment of the redox centre, specifically
its solvation and the extent of electrostatic interaction between counter-ions, redox sites
and the polymer 1tself, 1s also addressed The study involves the evaluation of charge
ransport and activation parameters for electron transfer using electrochemical techniques,
while the Electrochemical Quartz Crystal Microbalance (EQCM) [29-31], 1s used to

probe nterfacial mass transfer during redox processes under a number of different kinetic




regimes, as well as to evaluate the resident layer mass

Much attention has been paid to polymer modified electrodes containing covalently
attached poly(pyridyl) complexes of Ruli and Os!! There 1s a well developed background
of synthetic chemustry for these metal complexes They have been found to exhibit high
chemucal stability 1n a series of oxidation states and have shown themselves to be useful
1n fundamental studies of ground- and excited-state electron transfer processes The
chemical diversity, the photochemical behaviour and reactions at the coordinated ligands
of the complexes result 1n them exhibiting some useful catalytic properties In this
introduction a review of the synthetic procedures, characterisation, electrochemical
properties and applications of redox polymers base on osmium and ruthenium
poly(pyndyl) complexes will be given Firstly, however, a brief description of charge
transport within modifying layers, and the techniques utilised n the evaluation of charge
transport rates, 1s presented Particular emphasis will be placed on previous studies of the
redox polymers which are the subject of this thesis, however reference to other modifying
materials will be made A description of the EQCM and 1ts application to the study of

electroactive polymer layers will be presented 1n Chapter 3




1.2. MODIFIED ELECTRODE PROCESSES.

The accepted mechanism for charge propagation through redox polymer films 1s
electron-hopping between neighbouning oxidised / reduced sites [32-36] This process
can be frequently described by Fickian diffusion-based models [37-39] Allowance for
pin-holes [40,41], structure within the film [42,43] and non-uniform film thickness [44]
can also be made The role of migration has also received considerable attention [45-50]
However, as will be discussed here and 1n later chapters, for redox polymers based on
osmium and ruthenium poly(pyridyl) complexes, the application of a diffusion model to

descnbe the charge transport process ts appropriate

1.2.1.  Evaluation of Charge Transport Rates.

1211 Theoryand use of Cyclic Voltammetry

Cyclic voltammetry has found routine application for the elucidation of
electrochemical reaction mechanisms and the evaluation of diffusion coefficients for
solution species In the area of modified electrodes, however, 1ts use was oniginally
restricted to the evaluation of surface coverages and the provision of qualitative data
regarding peak position, shape etc [51,52]

More recently, cychic voltammetry has been used for the quantitative evaluation of
charge transport parameters for modified electrodes [53-61] This requires the study of
the current response of the electroactive film obtained at hugh sweep rates Under these
conditions the depletion layer of the redox conversion does not extend to the film /
electrolyte interface and solution (1 € semi-1nfinite diffusion) conditions prevail

For a modified electrode undergoing a reversible electrode reaction under a semi-
infinite diffusion regime, the peak current 1s defined by the Randles-Sevcik equation

t62],




ip = 04463 (nF)3/2 A Dyl/2 C v1/2 (RT)-12 (12 1)

where 1p 15 the peak current, n 1s the number of electrons transferred, F 1s the Faraday
constant, A 1s the geometric electrode area, D¢ 1s the apparent charge transport diffusion
coefficient, C 1s the concentration of redox sites within the film, v 1s the scan rate, R 1s
the gas constant and T 1s the absolute temperature Other features of the cyclic

voltammogram are described by the equations,
Ep = Epa = Epc = 0 0592 / n V at 25 OC (1 2 2)
lpa/lpc =1 (123)

where Ep, and Epc, 1p3 and 1pc are the anodic and cathodic peak potentials and current,
respectively

The Randles-Sevcik equation has been successfully applied to the evaluation of charge
transport rates in the osmium and ruthenium redox polymers under consideration here
[56-61], as well as for other electrode-modifying matenals [53-55] The apparent
diffusion coefficient for the Os!' and Rul! poly(pynidyl) polymers, termed D¢ (CV), 1s
typically 10-11 to 10-10 cm2s-1, depending on the electrolyte type and concentration In

general, D¢(CV) increases with increasing electrolyte concentration [57-61] This is

taken as qualitative proof of the absence of a significant migrational contribution to the

charge transport process since migration 18 expected to result in a maximum value of D¢

at lower electrolyte concentrations [63] In addition, migration 1s anticipated to yield a

cubic dependency of D¢t on redox site loading when the mobulity of counter-ions 1s much

lower than the mobility of electrons [47] In all studies of redox lloadmg In these systems,

where D¢(CV) 1s found to increase with redox site concentration, 1t has never been
observed to exceed a proportional relationship [58,60,61]

For surface-immobuilised redox centres under certain circumstances the experimental




conditions may be such that all electroactive centres undergo redox transformation on the
time scale considered This may occur for slow cyclic voltammetric scan rates or for
films exhibiting fast electron-transfer kinetics The redox composition of the layer 1s thus
in thermodynamic equilibrium with the electrode potential (the Nernst condition) and

surface, or thin layer behaviour is observed This 1s described by the equations [64],

1ip = n2F2ATv/(4RT) (124
Epa = Epc (125)
FWHM = 906 /n mV at250C (126)

where FWHM denotes full peak width at half height and I't 1s the total surface coverage

of redox centres I'rcan be estimated from the integration of the anodic or the cathodic

branch of a cyclic voltammogram exhibiting thin layer behaviour, using the relationship,

I'r = Q/nFA 127

where Q 1s the background-corrected charge passed The features of surface waves are
typically observed for the ruthenium and osmium metallopolymers at scan rates less than
5 mVs-1[56,57,59,65]

Because 1n modified electrodes the cyclic voltammogram may not exhibit pure
diffusional or true surface wave characteristics, the diffusion equations within a finite
diffusion space have been considered [66,67] The theory has been developed for
modifying layers exhibiting Nernstian equilibrium processes {66] and for layers where
kinenc limitations exist [67] The approach 1s beyond the scope of this thesis but has been

observed to yield the same quantitative evaluation of D¢(CV) for these redox polymers

as those obtained using Randles-Sevcik analysis [57]




1212 Theoryand use of Potential Step Techniques

The evaluation of charge transport processes 1s most commonly performed using
potential step techniques (chronoamperometry and chronocoulometry)

Fig 1 2 1 1llustrates the concentration profile of an electroactive species within a
polymer film at various times, t, after application of a potential step For the evaluation of
charge transport rates the time scale of the expennment 1s gencrahy chosen so that the
depletion layer does not extend to the film / electrolyte interface This ensures semi-
infinite diffusion conditions and enables the apphication of the Cottrell equation to

describe the current decay [62],

1(t) = nFAD!/2 C (rnt)-112 (128)

where the symbols have their usual meaning

For polymers based on osmium and ruthenium poly(pyndyl) complexes, linear
Cottrell plots with zero intercepts are obtained for times up to 20 ms {83-88] Thus, 1n
conjunction with the absence of a peak in the 1t1/2 vs t1/2 plot [56,61], indicates the lack
of a migrational contribution to the observed response [47,68-70] The apparent diffusion
coefficient thus measured, designated D¢y(PS), 1s the same (within experimental error) for
anodic and cathodic processes [61] In addition, D¢((PS) has the same dependency on
electrolyte concentration and redox site loading as those observed for Do((CV)
[58,60,61] These features are consistent with a current response which 1s primarily
diffusional 1n character

The evaluation of D¢ through these redox polymers 1s often dependent on the
experimental time scale of the electrochemical measurement, with D¢(PS) greater than
Dci(CV) [56-61] It has been proposed that this 1s due to D¢(PS) reflecting different

equilibna processes than those observed on longer time scales [61] The difference

between Dc(PS) and D(CV) 15 determined by the redox site loading, the nature and




Fig121 Concentration profiles for electroactive species within a polymer film

after application of an oxidising potential step
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concentration of the electrolyte and the nature of the polymer backbone This suggests
that 1t 1s the physico-chemucal properties of the polymer layer which influences the
mobility and availability of mobile species and, consequently, the equilibna established at

different tume scales

1213, Theory and use of Sampled Current Voltammetry

D¢t(CV) and D¢(PS) values are indicative of homogeneous charge transport For the
evaluation of kinetic parameters associated with heterogeneous electron tranfer within
modifying layers, Sampled Current Voltammetry (SCV) 1s used [58-60,71-82] This
involves the application of a potential step waveform of increasing amplitude, covering a
potential window where 1nitially no redox reaction occurs, to one where the current
response 15 diffusion controlled The current decay 1s sampled at different umes, 1, and
for the limiting current a plot of 1, vs 1-1/2 obeys the Cottrell c]aquatlon (128) The
current-potential relationship for the SCV of modified electrodes 1s found to exhibit

typical Butler-Volmer kinetics and for oxidation processes 1s given by [83],

/2
e, AT 175+ 21+ ep(_0)]" |
E=E +a—+ﬁln{X 1—X[1+exp(_¢)] e
with
RT [ 4 kr
EX=E° o Fl| o= =
i n{ﬁ /55(1’5)} o

where E 15 the electrode potential, Eo the reversible half wave potential, o 1s the anodic
transter coefficient, ko 1s the standard rate constant for heterogeneous electron transfer, &
a dimensionless parameter expressed as {(nF/RT)(E-E0)}, 1 the sampling time and x 15
the rato of the current at potential E to the anodic hmiting diffusion controlled current

The other symbols have their usual meaning

10




A plot of the night hand side of Eqn 12 9 vs E 15 linear with a slope of (anF/RT) and
intercept E* Assuming D¢((PS) 1s the same for anodic and cathodic processes, and using
the value of the formal potential obtained from CV, ko and & can be evaluated

Due to the non-conducting nature of the polymer backbone, initial charge injection
can only take place at the immobilised metal centres [84,85] The rate of heterogeneous
electron transfer, therefore, 1s generally found to be considerably less for

metallopolymers than for solution phase species [58-60,76,82]

1214 Evaluation of Activation Parameters

For a more definitive evaluation of the processes involved in charge transport,
activation parameters are calculated [56-61,65,73,81,86-92)
Acuvation parameters for the homogeneous charge transport process can be

determined from the temperature dependence of D (CV) and D(PS) The mechanisms

involved in charge transport (1e electron hopping, polymer chain and counter-ion
motion) are activated processes and can be described by an Arrhenius-type relationship

(93],

D¢t = Det© exp(-E;/ RT) (1211)

where Ej, 1s the activation energy (Jmol-1), and D0 15 a pre-exponential factor for

physical diffusion The reaction enthalpy, AB#, 1s given by,

AH# = E,-RT (1212)

The entropy of activation, AS# (Jmol-1K-1), can be esumated via the Eyring equation

(941,

11



Dct© = e 02 (kpT/h) exp( AS#/R) (1213)

where e 1s the base of the natural log, d 1s intersite separation between redox centres, kp, 15
the Boltzmann constant and h 1s Planck's constant

Because the intersite separation can only be approximated, the absolute values of the
activation parameters are of limited accuracy Despite this, the rate limiting cases of 1on-
diffusion and polymer chain motion can be distinguished [56-61,95] The change 1n
intersite distance expected due to polymer swelling at higher temperatures does not
change the sign of the entropy term, and positive entropies can be assigned to disordering
polymer chain motion [88] Negative entropies are associated with either electron self-

exchange, or counter-ion motion rate determining steps [83-88,113]

12




1.3. REVIEW OF POLYMERS BASED ON OsI AND Rull
POLY(PYRIDYL) COMPLEXES

1.3.1. Synthetic Considerations.

For the successful application of Rult and Os! poly(pyridyl) complexes the
immobilization 1n a matrix has long been recognised as necessary [96] Metallopolymeric
matenals offer a convenient way of creating an interface by physical adsorption onto
electrodes or onto particles 1n solution [1-6] The extension of homogeneous solution
chemistry to polymeric matenials also provides a facility for the incorporation of both
catalytic and chromophoric sites, as well as the presence of multiple chromophoric sites,
n a fixed chemical matrix [17] In the case of solar energy conversion, immobilisation
may inhibit non-productive back reactions and thus promote more efficient energy
capture [97,98)

Attachment of these complexes to preformed polymer backbones can be achieved
through the electrostatic incorporation of the charged complexes into cationic / anionic
polymer films [33,81,99-105], or through the covalent attachment of the metal centre to
any polymer containing a pendant coordinating group [17,56,65,96,106-116]
Alternatively, the reductive polymensation of vinyl-containing metal complex monomers
can lead to the formation of films of varying thickness [117-127], although extensive
cross-linking 1s a feature of materials formed 1n this way An important feature of these
methods 1s that they enable the redox and excited state behaviour of the monomeric
analogues to be carried over to the polymernic matenials [107] Preparation through
covalent attachment, however, offers many advantages These include a higher level of
definition from charactenisation as well as greater synthetic control and reproducibility

The synthesis of metallopolymers containing poly(pyndyl) Ru and / or Os compounds

by covalent attachment of the metal complex to a polymer backbone 1s based on the labile

13
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chloride 10ns 1n the complex cis-M(bipy)2Clp, where M 1s either Ru or Os {128,129] The
removal of the first chloride occurs readily by refluxing in methanol or ethanol, while
removal of the second chloride requires aqueous-solvent mixtures [56,65,114,115]
Consequently, for the synthesis of the mono-substituted metallopolymers (1 €
[M(bipy)2(Pol)Cl}+ ), refluxing 1n ethanol 1s sufficient, whereas for the bis-substituted
matenals (1 e [M(bipy)2(Pol)2]2+), water 1s added to the reaction mixture Because of the
larger ligand-field splitting in osmium complexes they are much less reactive than their
ruthenium analogues, and longer reaction times are therefore generally required [65] The
coordination sphere for the bis- and mono-substituted polymers, based on poly(4-vinyl
pynidine), (PVP), 1s shownin Fig13 1

For the synthesis of the bis-substituted materials, the 1solated bis-aquo complex cis-
[M(bipy)2(H20)7]2+ [113,114,130] or [M(bipy)2CO3] [131,132] (which 1s converted to
the bis-aquo complex 1n solution) may be used as starting materials [108,115,116] This
1s generally found to reduce reflux times It has also been found that for the ruthenium
metallopolymers a high concentration of polymer in the reaction mixture (ca1 0 M) and/
or a high polymer to metal ratio, yields the bis matenal [96,133]

These synthetic procedures offer considerable flexibility, with matenals of different
metal loadings being prepared simply by varying the relative molar amounts of the
reactants [65,96,114,115] Loadings are expressed as the ratio, n, of the number of units
in the polymer backbone to the number of metal centres Thus, 1n the material
[Ru(bipy)2(PVP)sCI]Cl, n1s 5, with one redox centre coordinatively attached to one out
of every 5 monomer units For the bis-substituted materials, two monomer units are
coordinated per redox site, and n-2 will be free (see Fig 13 1) Routinely, metal loadings
ranging from 1 5 (matenals of the highest metal content) to 1 25 are only considered
[58,60,61,71] Although more dilute loadings have been synthesised [113,115], the
presence of both bis- and mono-substituted centres prevents a precise evaluation of the

metallopolymer composition This, coupled to the necessarily smaller electrochemucal
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Fig 131 Coordination sphere of the metal centre for (a) mono- and (b) bis-

substituted PVP-based redox polymers X varies from 5 to 25




response of these materials, makes them unsuitable for detailed investigations

The polymer backbone can be changed, provided 1t has a pendant coordinating group,
thus enabling matenals of differing physico-chemical characteristics to be prepared
Polymers that have been considered to date include include PVP {12,24,57-61,71,96,106-
114] , poly(N-vinyhmidazole) (PVI) [65,115,116] and a series of 4-vinylpyndine /
styrene copolymers (PVP / PS) [56] By reacting the metal complexes with preformed
polymer, cross-linking during synthesis 1s avoided and soluble polymers are obtained
The matenals can therefore be characterised both 1n solution and as thin films on
electrode surfaces

While the higands 1n the metal complexes used as starting maternals are almost
exclusively bipy, the use of 2,2',2"- terpyridine (trpy), has also been investigated in the
ruthenium polymer [Ru(trpy)(bipy)(PVP),]2+ [107] However, because of the
unfavorable bite angle of the trpy higand [134], the photolability of these complexes 1s
greater and ligand loss 1s facilitated Indeed, Os!! trpy complexes are known to be
photolabile [135] For this reason bis-bipyridyl complexes are preferred

The non-pyndyl ligand 1n the mono-substituted matenals 1s usually chloride Other

ligands can be introduced by the thermal substitution of the aquo group in the ruthenium

polymer [Ru(bipy)2(PVP)(H20)]2+ [108] In this way the corresponding polymers
[Ru(bipy)2(PVP),L]x+ have been prepared with L = N3-, NOj-, OH-, CN- (x=1), L =
CH3CN (x=2) and L = NO+ (x=3)
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1.3.2. Characterisation.

The preformed polymer backbone can be characterised by conventional methods,
such as spectroscopy and elemental analysis, while 1ts molecular weight and glass
transition temperature can also be determined Although there 1s no evidence that the
molecular weight has a strong influence on the electrochemical properties of the
electroactive coatings, 1t has been found that high molecular weight maternals adhere
much better to the electrode substrate and so enhance the lifeume of the electrode
Thermal analysis of osmium and ruthenium polymers based on PVP has shown that the
glass transition temperature of the metallopolymers 1s well above 100 oC [56,65] Thus
suggests that glass transitions do not have to be taken 1nto account when analysing the
electrochemical behaviour of these coatings Analysis of thin layers of the
metallopolymers can be carried out using normal surface analysis techniques Both
scanning tunnelling spectroscopy (STM) [136], and ESCA [107] have been used to
investigate the surface structure STM analysis has shown that the surface of the coatings
does change considerably after electrochemical processes, most likely as a result of
swelling of the metallopolymer film 1n the electrolyte used (H2SOy4)

In these modifying materials the nature of the coordination around the central metal
atom 1s of prime importance For both ruthenium and osmium polymers the coordination
sphere will greatly affect the redox potential of the metallopolymer obtained During the
synthesis of the matenals, therefore, the reaction 1s continuously monitored This 15 most
conveniently done using electronic spectroscopy

Both emission and absorption spectroscopy have proven useful 1n the
charactenisation of these metallopolymers [56,65,106-108,114-116,133] For the
ruthenium matenals especially, the visible absorption spectrum 1s charactenistic of a
particular ruthenium moiety Ruthenium compounds exhibit two bands 1n the visible

region of the spectrum These have been assigned to metal-to-ligand charge transfer
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(MLCT) transitions from Ru(dm) to bipy(n*) orbitals [137,138] The positions of the
absorption maxima are governed by the ¢-donor and m-acceptor properties of the ligands,
and through comparison of the spectrum with those of monomeric model compounds, the
coordination sphere of the ruthenium centre 1n the polymenc matenals can be venfied
[17,56,65,96,107,108,114-116,133]

The absorption spectra of the osmium metallopolymers, while comparable to the
monomeric models [65], are typically more complicated than those of the analogous
ruthenium compounds This 15 a consequence of the mixing of singlet and triplet excited
states 1n Os! complexes which enable formally forbidden transitions, which are not seen
for ruthemium complexes, to be observed for osmium [135] Because of the complicated
nature of the uv-vis absorption spectrum, definitive assignments to the coordination
sphere of the osmium centre are rarely made by this technique alone [65]

In general, the ratio of metal centres to repeating units of the polymer backbone 1s
based on the ratio of the starting matenals, assuming complete reaction However,
approximate extinction coefficients, based on the mononuclear compounds, have been
evaluated [17,65,107,133] and are useful 1n verifying the metal loading Due to
complications from the different levels of hydration 1n the homopolymer and the
subsequent metallated polymer, this can only give an indication of the loading In
addition, subtle differences in the m-acceptor and ¢-donor characteristics of the
monomeric and polymenic hgands will affect the extinction coefficient [139] Other
considerations include steric effects 1n the polymer matnix [140], as well as changes 1n the
mucroenvironment of the complex when confined to the polymer backbone [17]

The main features of the photophysical processes 1n poly(pyndyl) rutheniumt
complexes are illustrated in Fig 1 32 The absorption, as already mentioned, 1s due to a
IMLCT transition [137,138] Due to the mixing of singlet and triplet spin states [138],
fast intersystem crossing (ISC) occurs to a IMLCT state with an efficiency of ca 1 [141]

Emission from this triplet state to the ground state (k;) or, alternatvely, radiationless
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deactivation (kpr) can occur [137] Because of the strong similanties in the electronic
spectra of the metallopolymers with those of the monomeric analogues, emtssion 1n the
metallopolymers 1s also thought to originate from bipy-based 3MLCT states In general,
for osmuum complexes the SMLCT state 1s lower 1n energy [135] and, consequently, no
emission 1s observed for some osmium metallopolymers [65]

An alternative deactivation pathway from the 3MLCT state 1s the population of the
3MC state [142,143] In this state the electron occupies an antibonding, metal-based
orbital resulting 1n distortion of the metal-ligand axes as well as the weakening of the
Ru-N bonds Radiationless deactivation from this state may occur or, in some cases,
photo-decomposition of the complex [142,143] In the case of unidentate ligands this
results in ligand loss followed by coordination of a substitute ligand, often solvent [17]
For the mono-substituted ruthenium polymers, with varying polymer backbones, the non-
chromophoric, umidentate ligand 1s lost in aqueous acids and H2O 1s coordinated
[112,115,116] This can be observed for thin films of the metallopolymer by the change
1n the oxidation potential of the Ruti/ill couple due to the photochemically induced change
in the coordination sphere

The higand-exchange reactions for ruthenium redox polymers provide a useful
pathway to polymeric materials which are difficult to synthesise by normal means [112]
Upon photolysis of this polymer in acetonttrile based electrolytes CH3CN 1s the

substituting ligand, although 1n the presence of the perchlorate anion ClO4- also becomes

coordinated under certain conditions {110] For the analogous PVI polymer similar

reactions are observed, although 1n H2SOy4 electrolyte an equilibrium 1s established
between the aquo and sulphate complex [115]

For the bis-substituted materials the only unidentate higands present are the pyridine
moieties of the polymer backbone Because of their close proximity they are readily
available for coordination again and the facility of ligand recapture exists [17] However,

as with mono-substituted materials, solvent molecules become coordinated [109,112]
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Because the 3MC state for osmium 1s ca 30% higher in energy than in ruthenium
[135], and the 3MLCT state lower, the energy gap for population of the 3MC 1s much
greater Osmium complexes are thus rarely seen to undergo photosubstitution reactions
This 1s graphically illustrated in Fig 1 3 3 which shows the photolysts of the mixed-metal
polymer, [Os(bipy)2(PVP)9CI]+/ Ru(bipy)2(PVP)19Cl]+ The generation of the Ru aquo
complex results 1n a shift in the formal potential of the Ruti/in couple from ca 0 750 V to

ca 090 V (vs SCE), while the Ost/ill redox couple 1s unaffected

The most important charactenstic for these redox polymers 1s their electrochemical
behaviour The metallopolymers possess a metal based M/l oxidation The first
reduction of the MUl metallopolymers 1s thought to be bipy-based [128,137,138] The
potentials of these reductions can be empinically related to the potential of the M/
oxidation 1n that, the easier the metal oxidation 1s, the more difficult the reduction of the
ligand becomes [135] Because of the bonding interaction between the ligand t* orbitals
and the overlapping dr orbitals of the metal, the greater the electron density at the metal
the more difficult 1t 1s to put an extra electron onto the ligand This reduction occurs at
quite negative potentials and has not been investigated 1n any great detail

As observed for the electronic spectroscopy of these matenals, the formal potential of
the MW/t oxidation, coated as thin films on electrode surfaces, 1s sensitive to the nature of
the metal coordination sphere [17,56-61,65,106-116] The nature of the moiety can be
identified by comparison of the redox potential with those of analogous polymeric and
monomeric compounds Typically, the oxidation for Osi/il 15 easier, by 03 Vo 05 V,
compared to the analogous Rul/il oxidanon [129,135] The Os!t/IV oxidation 1s also at a
much lower potential and may be seen [65] For ruthenium complexes, however, the
separation n potential of the Ru/it and Rull/tv couples 1s greater, and the Rult/iv

oxidation 1s rarely observed [144]
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Fig133  Photochemically-induced ligand exchange reactions within a polymer
film of [Os(bipy)2(PVP)1oCl]+/ Ru(bipy)2(PVP)10Cl]+ Electrolyte 1s

1 0 M HCIOy4, scan rate 1s 100 mVs-1 The interval between scans 1s

30 s [taken from Ref 65]
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1.3.3. Applications.

The uvltimate goal of polymer modified electrodes 1s their use in practical
applications The rapid charge transfer rates, the chermical and physical robustness, and
the synthetc flexibility of the metallopolymers under review here, make them 1deally
suited for such purposes

The excited-state electron transfer reactions of the Ru polymer [Ru(bipy)2(PVP);]2+,
and the potental application of this materal as a photosensitiser, has been investigated
[17,18] In solution, both oxidative and reductive quenching of the metallopolymernc
excited states 1s observed However, 1n the polymer both the quenching process (which
converts the excited-state energy to stored redox energy) and the back electron transfer
recombination event, are slower than for the [Ru(bipy)3]2+ complex This 1s attributed to
the relatively more 1inaccessible redox sites 1n the polymeric matenal [17] When coated
as a thin film, using n-Ti0; as the semiconductor electrode substrate, films of this
ruthenum metallopolymer were found to yield sensitised anodic photocurrents [17] With
time a build up of Rulll centres occured which reduced the photocurrent By the addition
of hydroquinone (an electron donor) to the contacting electrolyte, these Rulll sites were re-
reduced resulting 1n more prolonged and greater photocurrents Simularly, using Pt as the
electrode substrate and [Co(C204)3]3- as the sacrificial oxidative quencher, large cathodic
photocurrents are observed with this polymer [18]

Mediated electrodeposition of metal particles onto films has been demonstrated for
both osmium and ruthenium metallopolymers [145,146] For [Ru(bipy)2(PVP),Cl]+ films
on n-MoSe2 and n-WSe; electrodes, the mediation of the charge transfer of a hole from
the crystal valence band of the semi-conductor substrate to certain 1ons 1n solution has
been shown [111]

However, it 1s the use and development of these metallopolymers as electroanalytical

sensors that has received the greatest attention [116,147-158] As mentioned previously,
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the use of surface modification can reduce, and even eliminate, the overpotential of a
kinetically slow redox reaction at a bare electrode In addition, modifying matenals can
increase the rate of the reaction For redox polymer modifying matenals, this 1s achieved
by mediation of the analyte redox reaction by the self-exchange reaction of the redox
centres of the modifying layer For the mediating process involving the oxidation of the

surface bound species RED, the reaction 1s,

RED ___  OX +e (131)

OX+Y —— __ » RED+2Z (132)

where RED and OX are the reduced and ox:idised forms of the redox polymer, and Y and
Z are the reduced and oxidised forms of the analyte

The characterisation of such mediation reactions has been carried out for both
osmium- {153] and ruthenmum- [12] containing polymers Both the approach of Albery et
al [159] and Saveant et af [12] allow for the diagnosis of the mediation kinetics in terms
of the relative rates of electron transfer, substrate diffusion and the rate of the catalytic
reaction 1tself

The mediated oxidation of the Fel/lll couple by [Ru(bipy)2(PVP),ClJ+ in HCI
electrolyte was found to be controlled, in thick coatings, by substrate diffusion from the
bulk electrolyte to the polymer layer [12] As the layer thickness 1s reduced, kinetic
limitations within the layer occur and the catalytic reaction becomes the rate determining
step

For the mediated reduction of Feul/it at [Os(bipy)2(PVP),Cl]+ modified electrodes in
sulphuric acid, for thinner layers the mediated reaction again occurs throughout the layer
and 1s controlled by the layer thickness With increasing coverages, total catalysis for the
Felll reduction 15 observed, 1 e the diffusion of the substrate from solution 1s rate

determining In contrast to this, in perchloric acid electrolyte, where compaction of the
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osmuum polymer 1s expected, the mediated reduction of Felll 1s at the film / electrolyte
interface for all surface coverages This indicates httle substrate permeation 1nto the layer
n this electrolyte The mediation kinetics are therefore seen to be controlled, not only by
electrode potential and film thickness, but also by the morphological changes imposed on
the polymer structure by the contacting electrolyte and its subsequent effect on charge
transport processes and substrate diffusion [153] Simular electrolyte effects have been
observed for the mediated oxidation of Fell by [Ru(bipy)2(PVI)sCIH+ polymer films
[116,148]

Because of the relative positions of formal potentials, Fell can only be oxidised at
[Ru(bipy)2(PVP),Cl]+ modified electrodes [12], while the Felll reduction can only
proceed at [Os(bipy)2(PVP),Cl]*+ modified surfaces [153] This allows for the use of
these matenals for the simultaneous, and highly selective, speciation of Felll and Fell
This has been achieved using a flow injection procedure, by the construction of a two-
electrode sensor, one modified with the osmium polymer, the other with the ruthenium
polymer [156]

[Ru(bipy)2(PVP)sCl]+ has also been used in the determination of nitrite and a number
of dithiocarbamate metal complexes 1n flow systems and an increase in sensitivity
compared to the bare electrode 1s observed [150] Nitrite determination using the osmium
polymer [Os(b1py)2(PVP)gCl]ClI has also been studied [155]

The diffusion of substrates within polymer films has been evaluated using double-
coated materials [12,160] With an underlying layer of polymeric 1-hydroxyphenazine,
which can reduce Fel/lt, the decrease 1n the himiting current observed at this layer, due to
the presence of an overlying [Ru(bipy)2(PVP),Cl]+ layer, 1s indicative of the substrate
diffusion through the ruthenium polymer For Felll 1ons, high diffusion rates were
observed within the ruthemum polymer matrix This was considered to be a result of the
swelling of the polymer 1n acidic media due to the electrostatic repulsion of the

protonated pyridine units of the polymer backbone
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The use of these metallopolymers 1n flowing systems can be restricted due to
instability of the polymer layer and 1ts gradual loss from the electrode surface A number
of stabilisation procedures have been investigated [151,157] Crosslinking of the polymer
using uv light, and the formation of bilayers using either a conducting or non-conducting
polymer layer over the ruthenium polymer, have been attempted [151] Although these
procedures reduce sensitivity, the lifetime in flowing solutions 1s very much enhanced
An alternative approach to the stabilisation of the ruthenium polymer layers 1s the
incorporation of hydrophobic styrene mozeties into the PVP backbone [56,157] For the
mediated oxidation of nitnite, 1t was found that a considerable improvement in stability 1s
seen 1n the styrene-containing copolymers, compared to the PVP matenals [157]
Stability may also be enhanced by use of modified carbon paste electrodes [152]

Recently, the use of redox hydrogels has been reported [161-163] In the osmium
polymer, [Os(bipy)2(PVP),Cl]+, the PVP backbone has been quaternised, and both
hydrophilic groups and groups capable of amide bond formation incorporated [161,162]
In the presence of glucose oxidase and a polyamine cross-linking agent, robust, cross-
linked, electroactive films are obtained The polymer gel 1s stable on the electrode
surface, and gives a highly active and selective response for the oxidation of glucose The
enzyme, however, 1s sensitive to oxidation by O7 [161] In an extension of this work, a
similar hydrogel was formed using the osmium polymer and was immobilised on a
mucroelectrode [162] Compared to macroelectrodes based on the same redox epoxy
hydrogel, the microelectrode yields a ten-fold increase 1n the current density, an
improved signal-to-noise ratio, lower limits of detection, reduced sensitivity to oxygen
and a more rapid response time to changes in glucose concentration Thus 1s attributed to
greater efficiency in the electrical communication, via the osmium centres, between the

active enzyme and the electrode surface
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1.4. CONCLUSIONS.

The above discussion clearly 1illustrates the many attractive features of
metallopolymers based on ruthenium and osmuum poly(pyridyl) complexes The ease of
synthesis and the wide range of redox potentials that can be obtained make these
polymers 1deal materials for the modification of electrode surfaces Their use as
electroanalytical sensors has been demonstrated and current investigations are concerned
with stabilisation procedures to enable the development of a physically robust, practical
sensor

This thesis, however, 1s concerned solely with a detailed investigation of the affects of
polymer morphology on charge transport and mass transfer mechanisms within these
electrode modifying matenals To date, from the results of electrochemical
measurements, it has been shown that the charge transport rate 1s very much dependent
on the physico-chemical properties of the film, as dictated by the metal loading,
electrolyte type and concentration and the nature of the polymer backbone In this study a
more direct tnsight into polymer structure 15 sought through a combination of existing

electrochemical data and EQCM analysis
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CHAPTER 2

Synthesis, Characterisation and
Charge Transport Properties of
Poly(4-vinylpyridine)} Polymers Containing

[M(N)g]2+/3+ Moieties




2.1. INTRODUCTION.

Charge transport within polymer modified electrodes based on the covalent
attachment of Os and Ru poly (pyridyl) complexes has been extensively studied (see
Section 12 1) However, 1t 1s the mono-substituted matenals, [M(N)sCl1]+/2+, that have
received most attention In a study of the bis-substituted polymer [Ru(bipy)2(PVP)p)2+,
consideration of the X-ray crystal structures of the complex, [Ru(bipy)3]2+, and the PVP
backbone, led to the conclusion that intra-chain coordination of each bis(bipyridyl)
ruthemum centre to adjacent pyndine units was most likely, with the tertiary structure
involving a helical arrangement of redox centres around the PVP polymer strand [1] The
formation of soluble polymers containing bis-substituted complexes also provides
evidence for this model of intra-chain coordination [1-6] The effect of the bis-
coordination of the metal complex to the polymer backbone thus results 1n a significant
change 1n polymer structure The +2 charge on each redox centre (compared to the +1
charge of the mono-substituted sites) 1s also expected to have an affect on polymer
morphology due to the increase 1n electrostatic repulsion betweer; adjacent fixed sites

It 15 the purpose of this chapter to investigate the effect of these structural changes on
the charge transport within the bis-coordinated material [Ru(bipy)2(PVP),]2+ This
metallopolymer has been shown to exhibit similar photochemical and photophysical
properties to [Ru(bipy)3]2+ [7,8], with particular interest in 1ts potential application to the
photodissociation of water by visible light The work presented here involves a
systemmatic study of the effect of redox site loading, electrolyte type and electrolyte
concentration on the homogeneous and heterogeneous electron transport through thin
films of this polymer Two experimental time scales are considered for homogeneous
charge transport, cychc voltammetry, which involves extensive redox switching
throughout the bulk of the polymer layer, and short time scale chronoamperometry,

t

which probes charge transport within a localised region at the electrode substrate /
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polymer film interface Activation paramaters are also calculatéd to enable the evaluation
of the rate determining step 1n the charge transport process Comparison with previous
studies of related Ru and Os polymers 1s made, and a preliminary study of the osmium
analogue, [Os(bipy)2(PVP)10]2+, 1s also presented

The electrochemucal techniques used for the evaluation of heterogeneous kinetics and
the apparent diffusion coefficient for homogeneous transport, D¢y, are as outlined 1n
Section 1 2 The general features of charge transport within redox polymers based on
poly(pyndyl) complexes of osmuum and ruthenium have also been briefly introduced 1n
Chapter 1 These will be addressed 1n greater detail 1n the course of the discussion of the

work undertaken here A general discussion of some of the observed effects of redox site

loading on D¢ and activation parameters 1s first presented

Where electron self-exchange makes a significant contribution to the observed charge
transport rate, an increase 1n the rate of charge transport with an increase in redox site
loading 15 anticipated (1 e Dahms-Ruff theory) [9,10] This has been found for a number
of modifying materials [11-18] However, because electron transfer within modifying
layers reflects the availability and mobility of 10ns and solvent, as well as the facility for
the electron self-exchange reaction 1tself , Dahms-Ruff behaviour 1s not always observed
While electron transfer 1s favoured by a reduction 1n intersite separation, ulumately a
trade off exists and 1on motion hmitations within the matrix may become significant [16-
18] For some electroactive polymers, D¢ remains insensitive to changes 1n redox site
loading [11,19,20] Of particular relevance to the present study, 1s the invariance of Dg;
to changes 1n the concentration of [Ru(bipy)3]2+/3+ electrostatically confined within
poly(styrene sulphonate) [20], and [Ru(bipy),Cl]2+/3+ 1n quaternised PVP (Q-PVP) [19]

For transition metal complexes electrostatically incorporated into polycationic films, Dey

1s commonly found to decrease with increasing metal content [21-31] This reflects the
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increased crosshinking of the polymer films by the metal redox centres as the loading
increases

The activation energy for the charge transport process, Ej,, has also been found to be
affected by the redox site loading [14-19,32] The results of such work are often couched
1in terms of the polymer morphology changes associated with changing metal content
However, for an electropolymensed osmium-containing polymer, bis(bipy) bis(N-4-
pyndyl cinnamamidejosmiuml! hexafluorophosphate, the variation in E; and D¢y with
changing intersite separation was evaluated with the polymer phase metal content
remaining:constant through the use of ruthenium diluant sites [15] As the osmium

intersite separation was decreased, a transition n the rate limiting process from polymer

motion (low Dgy), to electron hopping (high D), was found

For [Ru(bipy)2(PVP),Cl}+/2+, E, was observed to decrease with increasing redox site
loading [14], while for [Ru(bipy)2Cl1]2+/3+ 1n Q-PVP, E, was found to be independent of
the metal loading [19] However, increased crosslinking of the Q-PVP matrix, using
o,o-dibromo-m-xylene, resulted in an increase 1n the activation energy for charge
transport [19] Similarly, the increased crosslinking due to increased metal loading of
[Fe(CN)g]3-/4- 1n Q-PVP, was also found to increase E; [32]

The relationship between the physico-chemucal charactenstics of the polymer phase,

as determined by the polymer backbone, and the activation energy for charge transport

processes has been clearly demonstrated for the redox centre [Ru(bipy)2(Pol),Cl]+/2+,

where Pol 1s a PVP based co-polymer [14,19,20,33,34] In a senes of polymers of

increasing polystyrene content, E; was found to decrease 1n perchlorate based electrolyte
The perchlorate anion has been observed to crosslink these polymers through the pyridine
moieties of the polymer backbone [17,35] The decrease in E; observed was attributed to
the more facile 10on permeation within the less crosshinked polyf'ﬁer structure of higher
styrene content [33] The introduction of methyl methacrylate into the PVP backbone has
been found to result 1n a change 1n behaviour 1n certain electrolytes [34] At low
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temperatures counter-ton motion limitations exist, while at temperatures greater than 285
K, a shift to polymer chain motion limitations 1s found

The importance of the contacting electrolyte type and concentration in determining
the effects of redox site loading on D¢ and activation parameters has been extensively
studied for the osmium containing polymers [6,16-18,35] These will be discussed 1n
terms of the results obtained 1in this chapter

The role of electrolyte in determining charge transport processes 1s also significant,
and has been studied for many modifying matenals, including poly(vinyl ferrocene)
(PVF) [36], tetracyanoquinodimethane (TCNQ) [37], tetracyanoethylene (TCNE) (37],
tetrathiafulvalene (TTF) [38] and poly(methylviologen) [39] For both [Ru(bipy)3]2+/3+
confined within poly(styrenesulphonate) [20] and thionine [40], a decrease 1n D¢; with
counter-anion size was considered to represent anion transport limitations for the charge
transort process Despite early appreciation of the predominant role of polymer
morphology 1n determining the mobulity of 1ons within polymer layers [41], 1t1s only
relatively recently that explicit reference to the dependency of polymer structure on the
contacting electrolyte has been made [19,32] This will be discussed 1n greater detail in

Chapters 3 and 4
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2.2. EXPERIMENTAL.

2.2.1. Apparatus.

Uv-visible spectra were recorded using a Hewlett-Packard 342A diode array
spectrophotometer Emussion spectra were recorded on a Perkin-Elmer LS-5
luminescence spectrometer, equipped with a red-sensitive Hamamatsu R928 detector
Spectra were recorded with an emission slit width of 10 nm at room temperature and are
uncorrected for photomultiplier response

Photochemical experiments were performed using a 300 W projector lamp as a light
source Electrochemical measurements were performed using an EG&G 273 PAR
potentiostat / galvanostat Data capture and 1nterrogation for chronoamperometry was

achieved using a Philips 311 digital oscilloscope interfaced to a BBC microcomputer

2.2.2. Materials.

Poly_(4-vinylpyndine) ,

4-vinyl pyndine was distilled at 45 0C under reduced pressure Poly(4-vinylpyridine)
was prepared by bulk polymensation using 2,2'-azobisisobutyronitrile (500 1 w/w) as
miuator The reaction was carried out at 80 °C under an Ny atmosphere The polymer
was purified by repeated precipatation in diethyl ether from methanol, and was dried at 60
0C n vacuo overmght The molecular weight was estimated by viscometry in absolute
ethanol, utihsing the Mark-Houwink equation, [n] =25 xﬂ10-4 My068 [42], and was

found to be ca 250,000 gmol-!
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c1s-[M(bipy)2Clo)

cis-[Ru(bipy)2Clz] 2H20 and c1s-[Os(bipy)2Cly] were prepared as described 1n the
literature [43,44] The purty of the complexes was confirmed by high performance hquid
chromatography on a cation exchange resin, with uv-visible detection using a photodiode
array detector

Typical yield of cis-[Ru(bipy)2Clz] 2H20 from 3 9 g RuCl3 3H20, 70%

Typical yield of cis-[Os(bipy)2Cl2] from 1 1 g K,OsClg, 85%

c1s-[Ruupy)2(H20)21(ClO4)2

cis-[Ru(bipy)2(H20)72](Cl04)2 was prepared by heating cis-[Ru(bipy)2Clz] 2H20 1n a
mintmum volume of HO for 15 minutes The diaquo complex formed was precipitated
by addition of a 5-fold molar excess of LiClOy4, also dissolved in a minimum volume of
H;0O The solution was allowed to stand for one hour, under refridgeration cis-
[Ru(bipy)2(H20)2](ClO4); was 1solated and dried by suction Its 1dentity was confirmed

using uv-visible spectrophotometry

Typical yield from 100 mg cis-[Ru(bipy)2Clz] 2H20, 70-75%

[Ru(bipy)2(BVP)n](ClO4)2

The metallopolymers were prepared by refluxing cis-[Ru(bipy)2(H20)2](ClO4)2 with
an n-fold excess of PVP, where n = 5, 10, 15, 20 and 25 The reflux was performed in the
dark 1n 80 20 ethanol H7O, for up to 72 hours The reaction was continuously
monitored using uv-visible spectrophotometry and cyclic voltammetry The product was
solvent stripped into pure ethanol and used without purtfication Cyclic voltammetry
confirmed the presence of a single redox centre, while molar extinction coefficient data

confirmed the redox site loading
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[Os(bipy)2(PYP)10]Cl2

cis-[Os(bipy)>Cly] was dissolved 1n ethanol HyO was added and the solution was
boiled for ca 1 hour A ten fold excess of PVP, dissolved in a minimum volume of
ethanol, was added The final solvent composition was ca 80 20 HpO ethanol The
solution was allowed to reflux for at least 10 days and was continuously monitored using

cyclic voltammetry

2.2.3. Procedures.

Glassy carbon electrodes of 3 or 7 mm diameter, mounted in Teflon shrouds, were
used throughout The electrode surface was prepared by mechanical polishing to a murror
fimish using a 0 5 pm alumina slurry on a felt bed, followed by thorough washing with
Milli-Q H20 and methanol The electrodes were modified by applying a few microlitres
of a 0 2% (w/w) ethanolic solution of the metallopolymer and allowed to dry 1n a solvent
saturated chamber This ensured the formation of homogeneous films The electrodes
were then left to dry 1n air For the ruthentum polymers the modification procedure was
carrnied out 1n the dark

A conventional three-electrode electrochemical cell was used, thermostatted to +
10C and blacked-out throughout the course of all experimental measurements Potentials
are quoted versus a saturated calomel electrode (SCE), without correction for liquid
junction potentials

For the ruthenium polymers a detailed study of charge transport processes was
performed with the 1 5 and 1 10 loadings The total quantity of ruthenium centres
immobilised on the electrode was maintained constant for both loadings This required
layers of differing thickness Surface coverages were estimated by graphical integration
of the background corrected slow sweep rate cyclic voltammogram (1 to 2 mVs-1), and

were typically 1 to 5 x 10-8 molem 2 Wathin these limats, the surface coverage was found
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to have no significant effect on the evaluation of charge transport parameters

The concentration of redox centres within the polymer films was evaluated from the
individual densities of the dry metallopolymers measured by flotation in non-swelling
solvents, tetrachloromethane and n-hexane The concentrations determined for the
ruthenium metallopolymers were, for n=5, 1 06 M and for n=10, 0 80 M For
[Os(bipy)2(PVP)1p]Cl7 the concentration of centres was 0 70 M These values were used
for the calculation of D¢y from expenimentally determuned D¢¢1/2C

For the study of the affect of electrolyte type and concentration on charge transport
parameters, a fresh polymer coating was used 1n each new electrolyte, thus avoiding the
problem of memory-effects Prior to the evaluation of charge transport parameters, the
polymer layers were continuously scanned for 15 min using cyclic voltammetry, followed
by a determination of surface coverage at a scan rate of 1 or 2 mVs-1 Diffusion
coefficients for the M/l oxidation were obtained using linear sweep cyclic voltammetry
at scan rates of 100 to 500 mVs-1

Chronoamperometry, with signal averaging, was used to evaluate the charge transport
process over the time scale of 0 to 20 ms This was performed by applying a potential
step from 00 Vtoez 03-040 YV positive of the formal potential of the redox couple
Potential steps for background correction were made between 0 0 and 0 20 V, where no
redox processes occur, and were linearly extrapolated IR compensation using positive
feedback circuitry was employed, with 80-90% of cell resistance compensated for

Sampled current voltammetry was performed in an 1sothermal cell using the EG&G
Model 273 potentiostat / galvanostat interfaced to a BBC microcomputer A pulse width
of 200 ms and an nterval of 20 s between successive pulses was employed The current

was sampled at 1, 2, 4 and 10 ms after application of the potenual step
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2.3. RESULTS AND DISCUSSION.
2.3.1. Characterisation of Polymers.

2311 [Rubipy)2(PYP)n]2+

As discussed 1n Section 1 3, the synthesis of redox polymers based on ruthenium

poly(pyridyl) complexes 1s based on the lability of the chlonde ligand in Ru(bipy)2Clz

The reaction can be summarnsed by,

Rubipy)2Clz + HoO —_—__ [Ru(bipy)2(H20)Cl]+ + CI- 231)

[Ru(bipy)2(H20)CI1* + H20 —— [Ru(bipy)2(H20)2]2+ + CI- 232

[Ru(bipy)2(H20)2)2+ + PVP —_» [Ru(bipy)2(H20)(PVP)I2+ + H0  (233)

[Ru(bipy)2(H20)(PVP)]2+ + PVP —, [Ru(bipy)2(PVP) 12+ + H20 234

The 1dentity of the metallopolymer was confirmed from the electronic spectra of an
ethanol solution of the product Room temperature emission at 610 £ 5 nm, and
charactenistic IMLCT absorption maxima in the uv-visible region at 345 + 5 nm and 460
* 5 nm are indicative of the [Ru(N)g]2+ moety [1,7]

When applied as a coating on glassy carbon electrodes, the metallopolymers exhibt
single-electron redox behaviour for the Ruil/il oxidation 1n all electrolytes examined (see
Fig 23 1) The formal potential for the redox couple, Eo, determined from slow sweep
rate cyclic voltammetry, is around 1 0 V vs SCE (depending on electrolyte type and
concentration) and 1s characteristic of [Ru(bipy)2(PVP),]2+ [1]

The ongins of the spectroscopic and electrochemical behaviour of this, and other Rull

poly(pyndyl) compounds, have been discussed previously in Section 1 3
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Fig231 Cyclic voltammogram for an electrode modified with
[Ru(bipy)2(PVP)5])2+ at a scan rate of (a) 5 mVs-! and
{b) 100 mVs-! Surface coverage 1s 1 1 x 10-8 molcm-2
Supporting electrolyte 1s 1 0 M HCIO4
(a) 5mVsl (b) 100 mVs1
5 pA S0 pA
3
Ic
1 1 1 i . 3
Ob 0s 10 12 14 Ub 08 10 12 1d
V vs SCE YV vs SCE
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The metal loading, n, was based on the relative quantities of starting matenal and
assumed complete reaction This was confirmed through monitoring the reaction using
spectroscopic and electrochemical techniques For the highest loading synthesised (n=5),
a redox centre must be coordinatively attached to 40% of all available pyrnidine moieties
of the polymer backbone This constitutes a very high metal content for coordinative
attachment and a quantitative venfication of the loading was required This was achieved
by the evaluation of the molar extinction coefficient of the IMLCT absorption of the
[Ru(N)g]2+ moiety at 460 nm A typical determunation 1s 1llustrated in Fig 2 3 2, where
the absorption of 0 25 mgem-3 solutions of [Ru(blpy)z(PVP)n]2+ 15 ploted versus the
concentration of redox centres for n=10, 15, 20 and 25

The slope of the plot in Fig 2 3 2 yields a molar extinction coefficient of 7200 + 200
M-Icm-1, which 1s 1n agreement with that quoted by Krause (7900 M-i¢cm-1) for the
monomeric analogue [Ru(bipy)2(py)2]2+, where py 1s pynidine [45] The absorption for
the highest loading, Abs4gp = 1 593, represents a chromophore concentration of 2 21 x
104 M For a 0 25 mgem-3 solution, this yields a molecular weight for the
metallopolymer umit of 1132 gmol-1 This 1s indicative of [Ru(bipy)2(PVP)s](ClO4)2
predicted from reaction ratios

For reactions 1n which higher loadings were attempted (n=2 5), Absagg of the
metallopolymer solution was also representative of [Ru(bipy)2(PVP)5]2+, while the cyclic
voltammogram demonstrated the presence of both bis- and mono-substituted redox
centres This has been observed previously for the synthesis of this metallopolymer [1]
and 1t 1s considered that for bis-substituted materials of this type, n=5 represents the
saturation loading

Stable polymer layers coated as thin films on electrode surfaces could not be obtamned
for metallopolymers with metal loadings more dilute than n=10 Ths restricted an
mnvestigation of charge transport processes to films of higher metal content only
Assuming a ngid rod structure for the PVP backbone, in which adjacent pyndine groups
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Fig232  Absorbance at 460 nm versus redox site concentration for ethanolic

solutions of [Ru(bipy)2(PVP);}2+ The n = 10 to 25 loadings were

used as standards (solid line) Concentration of all polymeric

solutions was 0 25 mgcm-3

4] /

Absa60

0077771 T T T T T T
DO 0 40 0 80 120 1 60 2 00 240

Concentration of [Ru{N) 5]2+
Molar ( x 104)
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are 2 5 A apart [1,46], the inter-site separation for the 1 10 loading 1s estimated to be 25
A forthe 15 loading, 12 5 A These esumates will be used below 1n the evaluation of

activation parameters

2312 [Os(bipy)2(PVP)10l2+.

The synthesis of [Os(bipy)2(PVP)g]2+ can be described in the same way as the
ruthenium analogue (Eqn 2 3 1 to 2 3 4) The 1dentity of the metallopolymer was
confirmed from uv-visible spectrophotometry (IMLCT transitions at 445 £ 5 nm and 615
t 5 nm) and from room temperature emission (at 765 + 5 nm) The polymer, when cast
as a thin film on electrode surfaces, exhibits single-electron redox behaviour for the
Ost/i couple at around 0 60 V 1n aqueous acid electrolyte (depending on type and
concentration) This 1s illustrated in Fig 2 3 3 The spectroscopic and electrochemical
behaviour 1s consistent with the [Os(N)g]2+ moiety [5,6,47] The redox site loading was

based on reaction ratios and assumed complete reaction

S0



Fig233

Cyclic voltammogram for an electrode modified with

[Os(bipy)2(PVP)1g])2+ at a scan rate of (a) S mVs-! and

(b) 100 mVs-1 Surface coverage 1s 1 5 x 10-8 molcm-2

Supporting electrolyte 1s 0 1 M HaSO4

(a) 5 mVs-1 {b) 100 mVs-1
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2.3.2. Effect of Photosubstitution reactions on Charge Transport
[Ru(bipy)2(PVP), 12+,

Charge transport and activation parameters for ruthenium-based redox polymers have
been found to be subject to greater error than their osmium counter-parts [33] While
structural inhomogeneity may result in irreproducible results for the evalution of charge
transport parameters within modifying layers, 1t 1s considered that the most probable
cause of expenmental variation for ruthenium polymers 1s the photochemcally-induced
ligand-exchange reactions at the ruthenium redox centres (see Section 1 3 2)
[1,3,5,33,48,49]

The importance of the photosubstitution reaction lies 1n the dependency of the formal
potential of the liull/m couple on the coordination sphere Fig234and Fig235
illustrate the change 1n voltammetric response observed during photolysis of a
[Ru(bipy)2(PVP)10]2+ modified electrode 1n 10 M HCIO4 and 0 1 M HSOq4,
respectively For both figures the polymer surface coverage 15 2 x 10-8 molcm-2 and the
scan rate 15 100 mVs-1 The RulV/ill redox couple of the bis-substituted metallopolymer as
cast (at ca 1000 mV) 1s seen to decrease with increasing photolysis time This 1s
accompanied by the emergence of the redox couple of the photoproduct at less positive
potentials (ca 750 mV) In these aqueous acid electrolytes the ligand-exchange reaction at

the Ru centre 1s [48,49],
[Ru(bipy)2(PVP)n]2+ + HoO — by, [Ru(bipy)2(PVP)a(H20)12+ (235)

The electrochemucal behaviour of the photoproduct, the Ru-aquo metallopolymer, 1s the
subject of Chapter 6 and 1s not considered further here

Compared to H2SO4 and pTSA electrolyte, in HCIO4, wrradiation of the electrode for

a longer period 1s required for a stable cyclic voltammetric response for the
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Fig234
Photochemically induced higand exchange reaction 1n 1 0 M
HCIQq¢ for an electrode modified with (Ru(bipy)2(PVP)10]2+

Surface coverage is 2 x 10 8 molecm 2 scan rate 1s 100 mVs |
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Fig235

Photochemically induced ligand exchange reacion in 0 1 M

HaSO4  for an elecrode modified with (Ru(bipy)a(PVP);0]2+

Surface coverage 1s 2 x 10 8 molem 2 scan rate 1s 100 mVs !



photoproduct to be obtained In conjunction with Fig 2 3 4 and Fig 2 3 5, this clearly
demonstrates that the ligand-exchange process 1s electrolyte dependent

In HCIO4, the emergence of the Rul/l redox couple of the aquo species does not
occur until the bis-coordinated Rull/ill couple has almost completely disappeared
(Fig 2 3 4) In this electrolyte, the polymer layer 1s more compact and dehydrated
[6,17,33,35] and the Ru-aquo centres imtially generated are expected to be confined to
the polymer / electrolyte interfacial region Under semu-infinite diffusion conditions for
voltammetric measurements charge transfer between widely separated Ru-aquo sites can
not occur and they will remarn kinetically 1solated until photosubstitution has proceeded
to a considerable extent throughout the layer

In HpSO4 (and pTSA), the collapse of the bis-coordinated Rull/ll couple 15 more rapid
(see Fxg 2 3 5) and 15 closely paralleled to the immergence of redox couples for both the
aquo speciles (at ca 850 mV) and a Ru-sulphato complex (at ca 700 mV) [3,49] In these
electrolytes a more swollen polymer structure exists [3,6,16,17,35], which will facilitate
the photosubstitution reaction throughout the entire layer This results 1n reduced
electrochemical 1solation of the photoproduct(s) and the ability to detect the ligand-
exchange process more readily

The ligand-exchange reactions for [Ru(bipy)2(PVP)y12+ depicted 1n Fig 2 3 4 and
Fig 2 3 5 differ from those observed for the mono-substituted analogue,
[Ru(bipy)2(PVP),Cl]+ [5,48,49] Because of the relat‘lve positions of the formal
potentials of the chloride and aquo complexes, the [Ru-H20)] 2+/3+ couple can be
mediated by the [Ru-Cl]2+/3+ oxidation As a result, the electrochemical response of the
aquo complex increases at the same rate at which the response of the chloride complex

decreases, and an 1sosbestic point 1s obtained (see Fig 1 3 3, Chapter 1)

While all electrochemical measurements for the evaluation of charge transport

through [Ru(bipy)2(PVP)p]2+ were made 1n the dark, the generation of the Ru-aquo
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complex, even 1n small quantities, 1s anticipated to affect the accuracy of the results [33]
This will be of particular significance in HCIO4 electrolyte, where the presence of small
quantities of the Ru-aquo complex will not be detected electrochemically Although in
pTSA and HpSO4 the ligand-exchange 1s easily detected, because the Ru-aquo complex 1s
generated more rapidly the error introduced to charge transport parameters 1s found to be
of similar magnitude to that in HCIO4

Despite this, the errors 1n the charge transport and activation parameters calculated
for [Ru(bipy)2(PVP),]2+ are considerably less than those found for the mono-substituted
ruthenium polymer [Ru(bipy)2(Pol);9Cl}+, where Pol 1s a PVP-PS copolymer of varable
composition [33] In a study of the photophysical properties of the bis-coordinated
polymer, [Ru(bipy)2(PVP)20])2+, following solution phase phoiolysm in CH3CN the
facility for recapture of the lost ligand was found to exist due to the high concentration of
pynidine moieties 1n the immediate vicinity of the metal centre [7] It 1s considered that
while recapture of the Cl ligand of the mono-substituted polymers 1s unlikely, for the bis-
substituted Ru polymers studied here, the photosubstitution reaction may be retarded by
recapture of the PVP ligand

The error 1n the charge transport parameters quoted below are estimated as follows
For D¢y measured using linear sweep voltammetry, designated D¢(CV), the error s
15% between films and + 5% for repeat determinations on a single film For charge
transport rates determined using chronoamperometry, denoted D¢((PS), the error 1s
20% between films and * 5% on a given film For heterogeneous electron transfer, the
error 1n the standard rate constant, ko, 1s + 20% while the error 1n the anodic transfer
coefficient, o, 1s £ 0 05 All values are measured over repeat determinations on at least 4

separate polymer coatings
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2.3.3. The effect of electrolyte and redox site concentration on
Charge Transport through [Ru(bipy)2(PVP)y]2+.

233 1. General Layer behaviour

At slow cyclic voltammetric scan rates (1 to 10 mVs-1) the metallopolymer layers
exhibit thin layer behaviour, while at scan rates greater than 50 mVs-1 semi-infinite
diffusion behaviour 1s observed (Fig 2 3 1) The plot of 1pa vs v1/21s linear for scan rates
100 to 500 mVs-1, permitting the evaluation of the apparent d}foSlon coefficient,
D¢t(CV), using the Randles-Sevcik equation (Eqn 1 2 1) The calculation of De((CV)
using the Aok analysis for a finite diffusion space [50] yields the same result, within
expenimental error

For potential step experiments, the plot of 1(t) vs t-1/2 1s linear over the tumescale 0 to
20 ms and has a zero intercept This enables the evaluation of D¢((PS) using the Cottrell
equation (Eqn 12 8) Typical Cottrell plots for the n=5 and n=10 loadings in 0 1 M
HCIO4 are showninFig236

The heterogeneous kinetics of electron transfer at the glassy carbon / modifying layer
interface were examned using sampled current voltammetry Fig 2 3 7 illustrates a
typical sampled current voltammogram for an electrode modified with
[Ru(bipy)2(PVP)10]2+, obtained in 1 0 M HC1O4 With decreasing sampling time, the
diffusion-limated current for the Ru/it oxidation increases, while the half wave potentials
for the voltammograms shift to more positive potentials These sigmoid-shaped waves are
simular to those observed for solution phase reactants at an unmodified electrode and are
indicative of Butler-Volmer kinetics [S1] This allows for the conventional analysis of
SCV, described 1n Section 12 1 3 For the imiting anodic currents in Fig 2 3 7, the value
of D¢i(PS) calculated using the Cottrell equation 1s found to be simular to that obtained

from chronoamperometry
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Fig236  Typical chronoamperometric response for[Ru(bipy)2(PVP)]2+ films

presented as Cottrell plots (n=5, 10) Supporting electrolyte 1s0 1 M

HCIOq4 , surface coverage 1 8 x 10-8 molcm-2
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Fig237  Typical sampled current voltammogram for the Rul/ii couple within
[Ru(bipy)2(PVP),]2+ films (here n = 10) Supporting electrolyte 1s
1 0 M HCIOq4, surface coverage 1 5 x 10-8 molcm-2 Sampling times

are, from top to bottom, 1,2, 4 and 10 ms
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2332 HCIO4electrolyte

Table 2 3 1 summanses the homogeneous and heterogeneous charge transport

parameters obtained for films of [Ru(bipy)2(PVP),])2+ 1n HCIO4 electrolyte These
charge transport rates in HClOg4 are found to be the highest of all electrolytes studied

With an increase 1n redox site loading, Dci(PS) and D(CV) increase by a factor of
approximately 2 At low electrolyte concentrations this increase with loading becomes
more significant For the saturation loading of n=5, the rate of charge transport remains
insensitive to electrolyte concentration, with D¢(PS) having a value of 6 7 £ 0 5 x 10-10
cm2s-1 and D(CV) a value 0649 £ 0 5 x 10-10 cm2s-1 For the 1 1n 10 loading, D((CV)
and D¢y(PS) increase almost linearly with increasing HC1O4 concentration

The standard rate constant for heterogeneous electron transfer, ko, exhibits the same
trends with redox site loading and electrolyte concentration as D¢y For the n=5 loading,
ko 1s independent of electrolyte concentration and has a value of 24 £ 0 1 x 104 cms-1
For the 1 1n 10 loading, ko increases with HCIO4 concentration from 0 64 to 1 4 x 10-4
cms-l The anodic transfer coefficient, o, 1s insensitive to redox site loading and

electrolyte concentration and has a value of 0 36 £ 0 02
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Table231 Charge transport parameters for [Ru(bipy)2(PVP),]2+

modified electrodes in HC1O4 electrolyte

[HCI1O4] D¢y (PS) ko o D¢t (CV) Eo
(M) (x 1011 cm2g 1) (x 104 cms 1) (x 10l ¢cm2s 1) V vs SCE

n=
01 68 8 24 034 40 6 1045
02 66 3 24 036 518 1070
04 717 26 032 549 1 060
06 73 8 23 033 524 1040
08 634 23 034 501 1035
10 606 23 036 442 1010
n=10 \
01 270 06 036 114 1 060
02 320 07 036 140 1 040
04 29 8 08 035 16 1 1025
06 393 13 038 236 1020
08 46 4 14 039 220 1025
10 555 13 037 249 0990
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2333 HySOg4electrolyte

The charge transport parameters obtained 1n HaSO4 electrolyte are summarised in
Table 2 32 For the 1 1n 5 loading, D¢(PS) and D(CV) are insensitive to HSO4
concentration For the n=10 loading, while D¢(PS) 15 also independent of electrolyte
concentration, D (CV) 1s observed to increase 1n the concentration range 0 1 to 0 6 M
H2SOy4, but decreases at higher concentratons

An increase 1n metal loading increases D¢((PS) by a factor of 3, from a value of ca
49 x 10-11 cm2s-1 (n=10) to 14 1 x 10-11 cm2s-1 (n=3) However, the evaluation of
D¢(CV) 1s independent of redox site loading, with a value of ca 4 x 10-11 cm2s-1

For heterogeneous kinetics 1n HySOg4, ko exhibits the same varation with electrolyte
concentration and redox site loading as D¢(PS) and has a similar value to that found 1n
HClO4 electrolyte The evaluation of ¢ 1s also sumilar to that obtained in HCIO4 (0 34 £

0 02), and remains constant for both loadings and all H»SO4 concentrations

2334 pTSA electrolyte

The charge transport behaviour in pTSA electrolyte 1s presented in Table 23 3
Dci(CV) 15 insensitive to redox site loading and electrolyte concentration and has a value
of 35103 x 10-11 cm2s-1 D¢((PS) 1s of sirmlar magnitude and 1s also insensitive to
pTSA concentration However, with an increase 1n redox site loading, D¢((PS)
approximately doubles to a value of 7 6 £ 0 4 x 10-11 cm2s-1

ko exhibits the same trends with loading and electrolyte concentration as D¢(PS) and
1s stmular to the values obtained in HySO4 o 1s smaller than that observed 1n both HC1O4
and HyS04 electrolytes (0 22 + 0 02 versus 0 36) and 1s independent of redox site loading

and pTSA concentration
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Table 2 3.2 Charge transport parameters for [Ru(bipy)2(PVP),]2+

modified electrodes in H2SO4 electrolyte

[H2SO4] D (PS) ko o D¢t (CV) Eo
(M) (x10H cm2s1) (x104cms!) (x 1011 cm2s 1) V vs SCE

n=

01 134 15 032 23 1110
02 137 15 037 36 1 080
04 141 17 033 29 1070
06 135 16 032 31 1 065
08 154 17 031 23 1 055
10 14 6 18 030 27 1 050
n=10

01 43 07 036 417 1070
02 45 07 037 48 1 060
04 45 06 036 74 1050
06 49 07 032 95 1050
08 56 06 034 32 1035
10 54 06 032 39 1040
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Table 233 Charge transport parameters for [Ru(bipy)2(PVP),]2+

modified electrodes 1n pTSA electrolyte

&

[pTSA] D¢t (PS) ko o D¢t (CV) Eo

M) (x10llcm2st) (x104cmsl) (x 1011 cm2s 1) V vs SCE

n=

01 78 16 024 38 1175
02 80 17 023 41 1165
04 77 15 026 32 1150
06 70 15 025 37 1065
08 76 16 022 33 1155
10 73 15 02t 30 1155
n=10

01 45 05 022 35 1165
02 38 06 020 35 1155
04 26 06 021 34 1145
06 29 05 020 34 1145
08 27 05 018 34 1140
10 31 06 018 35 1145
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2.3.4. Activation parameters for [Ru(bipy)2(PVP)n]2+.

The activation parameters for homogeneous charge transport were evaluated n 0 1 M
and 1 0 M electrolyte 1n accordance with the methods described 1in Section 12 14 In
H2SO4, the gradual loss of the polymer film in 1 O M electrolyte prevented an accurate
calculation of activation energies An intermediary concentration of 0 4 M H2SO4 was
therefore used The temperature dependence of D¢(PS) and D¢(CV) was measured by
varying the temperature of the contacting electrolyte over the range 273 - 308 K A
typical Arrhenius plot, obtained for De((PS) in 0 4 M HpSO4 1s shownin Fig 23 8 The
activation parameters obtained using cyclic voltammetry and potential step methods are
summarised in Table 2 3 4 and Table 2 3 5, respectively, and have an estimated error of *
5% on a given polymer coating and + 20% for analysis on different films

For all electrolytes and loadings, the activation energies, Eq(CV) and E4(PS), are
coupled to a negative entropy term, with the free energy, AG#, remaining constant at 54
4 kJmol-1 In HCIO4, E;(CV) and E4(PS) are independent of redox site loading and
electrolyte concentration and have a common value of 23 + 3 kJmol-1 In HpSO4
electrolyte, a decrease 1in E3(CV) and E,(PS) with increasing electrolyte concentration 1s
generally observed E,(CV) and E,(PS) are once again similar, with a value of 36 + 2
kJmol-11n 0 1 M electrolyte and 25 £ 2 kJmol-1 1n 0 4 M H2SO4 For the 1 1n 5 loading
however, E,(PS) decreases, particularly in 0 4 M H2SO4

In pTSA, Ea(CV) 15 independent of electrolyte concentration and redox site loading
and has the highest values obtamned (cz 48 £ 5 kJmol-1), although still coupled to
negative entropy For the n=10 loading, E4(PS) 1s similar to E;(CV) However, as found
for the n=5 loading 1n HySO4, E4(PS) 1n pTSA also becomes significantly less than

Ea(CV), particularly at high electrolyte concentrations



Fig238 Temperature dependence of D¢y, measured by chronoamperometry,

for [Ru(bipy)2(PVP)10]2+ Supporting electrolyte 1s 0 4 M H2SOy4 ,

surface coverage 1s 1 x 10-8 molcm-2
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Table 234 Activation parameters for charge transport through

[Ru(bipy)2(PVP),12+ films , obtained using cyclic voltammetry

Electrolyte/ Ea(CV) AH(CV)# AS(CV)# AG(CV)#
Conc (M) kJmol-! kJmol-1 Jmol-1K-1 kJmol-1
=5

HClO4 01 230 205 - 890 471
10 209 184 - 996 48 1

HS04 01 . 341 317 - 797 554
04 261 236 - 935 515

pTSA 01 55 1 526 - 168 57 6
10 4773 44 8 ‘- 377 561

n=10

HCIO4 01 201 17 6 -128 4 559
10 233 20 8 -1130 545

H>SOq4 01 382 357 - 612 540
04 256 231 -1156 575

pTSA 01 472 447 - 397 565
10 413 389 - 554 554
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Table2 35 Activation parameters for charge transport through

[Ru(bipy)2(PVP),]2+ films, obtained using chronoamperometry

Electrolyte/ E4(PS) AH(PS)# AS(PS)# AG(PS)#
Conc (M) kJmol-1 kJmol-! Jmol-1K-! kJmot-1
n=
HCIO4 01 293 268 - 657 46 4
10 242 217 - 835 46 6
H3S04 01 242 218 -1056 533
04 121 97 -1289 43 1
pTSA 01 234 209 -1119 543
10 154 130 -1382 542
n=10
HCIO4 01 221 197 -1211 557
10 219 19 4 -109 8 521
H2S04 01 342 317 - 804 557
04 219 194 -1309 584
pTSA 01 435 410 - 548 573
10 340 315 - 803 554
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2.3.5. Charge Transport and Activation parameters for
[Os(bipy)2(PVP)10]2+

The general layer behaviour of [Os(bipy)2(PVP)10}2+ modified electrodes 1s as
descnibed for [Ru(bipy)2(PVP)y]2+ 1n Section 2 33 1 A preliminary study of
homogeneous charge transport parameters in 0 1 M and 1 0 M HClO4, HpSO4, and pTSA
electrolyte 1s summarised 1n Table 2 3 6 These data are averaged over repeat
determinations on two different polymer films and have an estimated error of £ 15% A
cyclic voltammogram under semu-infinite diffusion conditions and a typical Cottrell plot

are illustrated 1n Fig 2 3 3 and Fig 2 3 9, respectively

Electrolyte / Det (PS) D¢t (CV) Eo
Conc (M) x109 cm2s 1 x1010 cm2s-1 V vs SCE
HClOq4 01 85 05 0555
10 88 04 0520
HySO4 01 12 30 0 585
10 22 24 0580
pTSA 01 33 12 0635
10 35 16 0630

Table 236 Charge Transport parameters for [Os(bipy)2(PVP)10]2+ films
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Fig239  Typical chronoamperometric response for[Os(bipy)2(PVP) )2+
films presented as Cottrell plots Electrolyte 1s 1 0 M HCIO4 ,

surface coverage 2 2 x 10-8 molcm-2
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As found for the bis-coordinated ruthemum analogue, the rate of charge transport

through [Os(bipy)2(PVP)10]2+ films 1s insensitive to the electrolyte concentration
However, unlike the ruthenium polymer, the data presented 1n Table 2 3 6 for
[Os(bipy)2(PVP)10]2+ demonstrate that D¢y 1s very much dependent on the expernimental
time scale In HpSO4 and pTSA electrolyte, D¢(PS) 1s at least an order of magnitude
greater than D¢(CV), while 1n HCIO4, D((PS) exceeds D¢((CV) by a factor of over 200

The activation parameters for charge transport through [Os(bipy)2(PVP)0]2+ are
summansed 1n Table 2 3 7 and 2 3 8 for cyclic voltammetric and potential step
measurements, respectively These were calculated as described for the ruthenium
polymers tn Section 2 3 4

In HCIO4 electrolyte E;(CV) 1s large (>100 kJmol-1) and 1s coupled to positive
entropy However, for potential step measurements, E;(PS) in 1 0 M HCIOj4 1s reduced to
only 18 6 kJmol-! and has a negative entropy term In 0 1 M HCIO4 two regions of
behaviour exist, as seen in the Arrhenius plot in Fig 2 3 10 At temperatures less than 298
K, Ea(PS) 15 stmular to that in 1 0 M electrolyte (1e 13 8 kJmol-1) and has negative
entropy, while at temperatures greater than 298 K, E;(PS) increases to 57 kJmol-1 and the
entropy term becomes positive

In H2S04 electrolyte E3(CV) and Eo(PS) are similar and are coupled to negative
entropy This reflects the reduced difference 1n Det(CV) and D¢((PS) 1n this electrolyte
The activation energies are independent of HpSO4 concentration and have a value of 27
2 kJmol-1

In pTSA, sigmficant differences in E;(CV) and E»(PS) exist Eo(CV) 1s independent
of pTSA concentration (54 1 kJmol-1) and has associated entropy approaching zero
Jmol-1K-1 However, on the time scale of potential step measurements, Ea(PS), although
again 1insensitive to pTSA concentration, 1s reduced to a value of 11 + 2 kJmol-1, and has

negative entropy of -123 + 3 Jmol-1K-!
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Table 237 Activation parameters for charge transport through

[Os(bipy)2(PVP)0]2+ films, obtained using cyclic voltammetry

Electrolyte/ E4(CV) AH(CV)# AS(CV)# AG(CV)#
Conc (M) kJmol-1 kJmol-1 Jmol-1K-1 kJmol-1
HClO4 01 1151 1127 187 4 56 8
10 136 7 1342 2595 569
HySO4 01 267 243 -96 513
10 24 4 220 -102 9 526
pTSA 01 523 499 -143 541
10 549 524 -74 547

Table 2 38 Activation parameters for charge transport through

[Os(bipy)2(PVP} ]2+ films, obtained using potential step methods

Electrolyte/ Ea(PS) AH(PS)# AS(PS)# AG(PS)#
Conc (M) kJmol-! kJmol-} Jmol-1K-1 kJmol-!
HCIO4 01 T>298 570 546 346 4473
T<298 138 113 -108 0 43 6
10 18 6 161 -918 435
HSO4 01 276 251 - 807 492
10 295 271 - 654 46 6
pTSA 01 95 71 -1256 445
10 129 105 -120 1 46 3
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Fig23 10 Temperature dependence of D¢y, measured by chronoamperometry,

for [Os(bipy)2(PVP)10]2+ Supporung electrolyte 1s 0 1 M HCIO4 ,

surface coverage 15 1 9 x 10-8 molcm-2
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Compared with the ruthenium analogue, D¢((PS) for [Os(bipy)2(PVP)10]2+ 15 50 to
100 umes greater (ca 10-9 cm2s-1 versus 10-11 cm2s-1) The electrolyte dependence of
Dc((CV) for [Os(bipy)2(PVP)10]2+ shows significant differences to that found for
electrodes modified with [Ru(bipy)2(PVP)1¢]2+, with increased charge transport rates in
the swelling electrolytes and impeded charge transport 1n perchlorate In HSO4 and
pTSA electrolyte, D¢(CV) 1s greater for the osmuum polymer, by a factor of
approximately 5 In HClO4, however, D¢ (CV) for [Os(bipy)2(PVP)1g]2+ 15

approximately 5 times less than that seen for [Ru(bipy)2(PVP)1o]2+

2.3.6. General Discussion.

The accepted mechanism for homogeneous charge transfer through metallopolymer
films 1s electron-hopping between neighbouring reduced / oxidised redox centres [52-54]
The rate-determining step for charge percolation can be (1) the barrier to the electron self-
exchange reaction, (1) counter-ion motion into or out of the film required for the
maintenance of electroneutrality, or (111) segmental polymer chain motion required to
juxtapose the redox centres [55]

In order to evaluate the apparent diffusion coefficient for charge transport using the
Randles-Sevcik and Cottrell equations, the current response must be diffusional 1n
character, with migrational effects absent The cyclic voltammograms for the Rut/ill and
the OsWl couples under semu-infinite diffusion conditions, shown in Fig2 3 1 and
Fig 2 3 3, respectively, have an anodic to cathodic peak current ratio of umity The plot of
1pa vs V1/2 15 linear for scan rates 100 to 500 mVs-1, as predictéd for a diffusion-
controlled electrode process by the Randles-Sevcik equation

For potential step experiments, the Cottrell plots for the Rull/i and Os!/Ill couples are
linear over the 0 - 20 ms time scale and have zero intercepts (see Fig236and239) A

departure of the current decay from purely diffusional character may be evidenced by a
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non-zero intercept in the Cottrell plot [56] or by a peak 1n the 1t1/2 vs t1/2 plot [S7]
Neither are observed 1n this study

When electron mobility 1s greater than that of counter-1ons and migration makes a
significant contribution to the current response of a modifying layer, 1t has been shown
that D¢¢ may take on a cubic dependence on redox site loading [58] In the study of
[Ru(bipy)2(PVP);])2+ presented in this chapter, although only a limited range of loadings
are considered, the effect of doubling the metal content 1s typically to ncrease D¢t by a
factor of no more than 2 to 3, while for some electrolytes the predicted increase 1n 15ct
with increasing metal content 1s not observed This 1s 1n agreement with a previous study
of loading for the polymer [Os(bipy)2(PVP),Cl}+, where n was varied between 5 and 25
[16,17] For this osmium polymer it was demonstrated that when D¢ increases with
increased loading the increase never exceeds a proportional relationship, and, indeed, for
the highest loadings considered, D¢t was found to decrease

The features of the current response for redox processes within [M(bipy)2(PVP),]2+
(where M 15 either Os or Ru), coupled to the loading effects discussed above, indicate
that a diffusion model may be applied to charge transport through these metallopolymers
The use of the Randles-Sevcik and Cottrell equations to calculate diffusion coefficients,
therefore, 1s approprate

The following discussion 1s pnmarnly concerned with [Ru(bipy)2(PVP)a12+ The

results are then compared with charge transport through [Os(bipy)2(PVP)10}2+

The data presented in Table 2 3 1 to Table 2 3 3 demonstrate that although the rate of

homogeneou§ charge transport through [Ru(bipy)2(PVP),]12+ 1s dependent on the nature
of the charge-compensating counter-anion, D¢t remains insensitive to the electrolyte
concentration In addition, both D¢ i(CV) and D¢((PS) are found to be of similar
magnitude This suggests that the rate limiting step 1n the charge transport process 1s

unchanged over the concentration range studied and 1s the same on both experimental
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time scales The thermodynamic data presented 1n Table 2 3 4 and Table 2 3 5 supports
this interpretation, with the activation energies Ea(CV) and E,(PS) both coupled to
negative entropy terms for all electrolyte concentrations and loadings The free energy
change during charge transport, AG#, 1s the same for both cyclic voltammetry and
potential step measurements and 1s observed to remain constant for all electrolyte /
loading combinations These data indicate that the fundamental nature of the electron
transfer process does not change, and that a common rate limiting process exists for all
loadings, all electrolytes, all concentrations and all experimental time scales

Activation parameters have been used previously for diagnosing the rate determining
processes for charge transport through modifying materials (6,14-20,32-35,55] Negatve
entropy reflects an ordering of the microstructure in the vicinity of each metal centre
during redox switching and 1s associated with counter-ron motion or electron-hopping
rate hmiting steps [55] Positive entropy 1s indicative of disordering within the polymer
layer and reflects the disruption of the layer structure caused by polymer chain movement
[55]

The absolute values of entropy calculated 1n Table 2 3 4 and Table 2 3 5 are
acknowledged to be of limited accuracy since the intersite separation of the redox centres
(8 1n Eqn 12 13) 1s only approximated using a nigid rod model of the polymer structure
[46] However, even allowing for a large vanatton in polymer swelling, a significant
departure from the assumed values of 6 does not change the sign of the entropy terms

calculated and the observed trends should remain valid [59] The negative entropy terms

associated with homogeneous charge transport through [Ru(bipy)2(PVP),]2+ can
therefore be related to 10n motion or electron-hopping himitations

Using steady-state methods, the rate of electron self-exchange, Dg, for related osmium
[60] and ruthenium [61] poly;ners 15 found to be 10-6 to 10-8 cm2s-1 This 1s at least 3
orders of magnitude greater than the D¢ values measured in this work It1s therefore
considered that the negative entropies associated with charge transport represent 10n
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motion limitations The dependency of D¢t on counter-anion type supports this
interpretation

A common observation for osmium and ruthenium metallopolymers of the type
considered here, 1s the difference 1n the rate of charge transport measured on the different

experimental time scales of chronoamperometry and cyclic voltammetry [6, 16-

18,33,35] In previous studies, D¢i(PS) has been routinely observed to be greater than

D¢ (CV), often by 2 orders of magnitude This has been attributed to possible changes 1n
the nature of the equilibrium established within the layer on different time scales, an
interpretation that 1s supported by observed differences 1n activation parameters
[6,16,17,35] It has also been proposed that the evaluation of D¢ reflects the region of the
polymer layer through which charge transport 1s measured [16,17] Using potential step
methods over a 20 ms imescale, for a typical film of surface coverage 10-8 molcm-2 and
a D¢y(PS) value of 10-10 ¢cm2s-1, the depletion layer 1s ca 10% of the total layer thickness
[62] Hence, D¢y(PS) reflects charge transport processes within a thin region of the film at
the electrode / polymer film 1nterface, where localised movement of 10ns resident within
the layer may be sufficient to satisfy electroneutrality on short ime scales [16,17] In
contrast to this, cychic voltammetry involves redox switching throughout the bulk of the
polymer layer, requiring more extensive interfacial movement of solvent and 1ons across
the film These considerations have been evidenced in previous studies by the observation

that when the Cottrell equation 1s valid for a depletion layer constituting the bulk of film

thickness, the difference 1n D¢(CV) and D¢(PS) 1s significantly reduced [16]

However, for the [Ru(bipy)2(PVP),]2+ modified electrodes which are the subject of
this study, the difference between D¢(PS) and D¢(CV) 1s neghgible, typically a factor of
less than two and never more than a factor of 5 As discussed above, this 1s borne out 1n
the thermodynamic data which indicates that the rate determining step 1n the charge
transport process remains unchanged on both experimental time scales

The results for [Ru(bipy)2(PVP);]2+ indicate that an open polymer structure must
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exist This 1s 1n agreement with the considerations by Meyer et af of the changes 1n
polymer morphology caused by the bis-coordination of the metal centre to the polymer
backbone [1] The intra-chain coordination of the bis-substituted ruthenium centres
1imposes a structural ngidity upon the polymer matrix, resulting 1n a lack of redox centre
flexibility Adjacent redox sites must therefore maintain their fixed relative positions,
leading to a more open layer structure In the acid electrolytes considered here,
protonation of the uncoordinated pyridine moieties of the polymer backbone (pKj 3 3)
[63] 1s expected to swell the layer further In such a film, the partition of all mobuile
species across the polymer / electrolyte interface should be ummpeded This 1s seen in the
invanance of D¢t and activation parameters to changes in electrolyte concentration and
the general 1nsensitivity of the formal potential of the Ruil/ill couple to changing anion
activity 1n the bathing electrolyte solution The consequence of this 1s not only the
invaniance of D¢y with changing electrolyte concentration, but, 1n increasing ion
availability, the open structure will also suppress the contribution of migration to the

current response

The nature of the electrolyte / polymer interaction has been found to be of importance
in determining charge transport rates [6,16-19,32-41] The ClO4- anion interacts strongly
with polyelectrolytes [64], resulting 1n compact, highly crosslinked, dehydrated layers
[19,32,65] This 1s thought to impede the extensive interfacial movement of counter-ions

required dunng redox processes on the cychc voltammetric ime scale [17,35] Indeed,

D¢t(CV) has often been found to decrease as the HCIO4 electrolyte concentration
increases [17,33,35] In contrast, in pTSA and H2SOj electrolytes, the rate of charge
transport 1s generally found to increase due to the more facile 1on motion within the
swollen polymer layers that exist 1n these electrolytes [6,35] The onigins of these

electrolyte effects on polymer morphology will be considered in greater detail in

Chapters 3 and 4
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For [Ru(bipy)2(PVP),])2+ polymer layers, the electrolyte dependent effects on charge
transport rates are profoundly different to those seen previously in related polymers For
[Ru(bipy)2(PVP),]2+, the highest values of D (CV) are observed in HCIOg4, and for the 1
in 10 loading, D¢(CV) increases with increasing HClO4 electrolyte concentration In
H>SO04 and pTSA, D¢(CV) 1s reduced 1n magnitude, particularly in pTSA It 1s clear that
the change 1n polymer structure due to the bis-coordination of redox centres affects the
entire physico-chemical characteristics of the polymer layer

The extended configuration imposed by the bis-coordination results 1n a porous
polymerc matrix Because this imparts an enhanced facility for 1on partition and
movement within the layer, in HCIO4 electrolyte the crosslinking which occurs merely
results in a less open structure, with reduced inter-site separation In addition, the strong
interaction between the bis-coordinated Rull complex and the two ClO4- counter-ions wall
decrease the electrostatic repulsion of the 2+ redox centres and will 1increase the
configurational entropy of the polymer segments [66] These structural changes in HCIO4
account for the higher rates of charge transport which are observed

In pTSA and HSOy4, the electrolyte interaction with [Ru(bipy)2(PVP),]2+
exacerbates the porous structure of the film H2SOj4 electrolyte solubilises redox
polymers of this type [3,67], while in pTSA, from steric considerations alone, the
mcorporation of two pTS- counter-anions per Rull redox centre will cause an increased
strain on the polymer network More significantly, due to the longer distance of closest
approach [68] between the bulky pTS- anions and the fixed redox sites, there will be
more complete solvation of polymer phase 10ns, greater polymer swelling and more
widely separated redox centres

These swelling effects result in an increase 1n inter-site separation and, consequently,
a decrease m charge transport rates However, the activation parameters indicate that this
swelling does not occur to an extent where segmental polymer chain motion becomes rate

himiting
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The results in Tables 2 3 1 to Table 2 3 3 indicate that the nature of the polymer /
electrolyte interaction also determines the way in which an increase 1n redox site loading
influences charge transport rates For the more swollen layers in pTSA and H2SO4, an
increase 1n loading increases Dc(PS) yet has little affect on De(CV) In contrast, for
HCIO4 electrolyte both D(CV) and D¢(PS) are affected in a similar way by a change in
redox site loading These data can be reconciled 1n terms of the polymer layer structure
and the differing regions of the film through which D¢((CV) and D¢(PS) descnbe charge
transport

For metallopolymers of reduced loading, in pTSA and H3SOj4 electrolyte the lower
levels of metallation will result 1n a more swollen layer with a homogeneous structure
across the entire layer thickness Consequently, no difference between D¢((CV) and
D¢i(PS) 1s expected This 1s indeed observed for the 1 1n 10 loading of
[Ru(bipy)2(PVP)u]2+ 1n both pTSA and H2SO4 and 1s supported by the thermodynamic
data, where E;(CV) and E4(PS) are 1dentical, within experimental error

For the n=5 loading 1n H3SO4 and pTSA, the decreased solubility of the polymer
matrix due to the saturation of metal centres may result in a more compact base layer
morphology Because 1on partition and diffusion within the polymer has been shown to
be umimpeded, the charge transport rate 1n this base layer, as measured by D (PS), can
increase with increasing redox site concentration and decreasing inter-site separation
[8,9,17] However, because the polymer / electrolyte interfacial region of the layer in
H2S04 and pTSA 1s anticipated to remain swollen, an increase 1n redox site loading will
not have as profound an effect on inter-site separation and DC((CV) 1s observed to remain
msensitive to the increase 1n metal Joading

For the relatively more compact structures which exist in perchlorate electrolyte,

differential swelling of the layer i1s expected to become less significant Consequently, 1n

HCIO4 both D¢(CV) and D¢((PS) increase with an increase 1n redox site loading
While the evaluation of D¢y 1s generally insensitive to electrolyte concentration for
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[Ru(bipy)2(PVP),]2+, in HCIO4 for the 1 1n 10 loading, both D(CV) and Dy(PS)
increase as the electrolyte concentration increases For D¢(PS) this increase with
concentration results 1n a D¢; value 1n 1 0 M electrolyte simular to that found for the
saturation loading This strongly suggests that in the most compact state of
[Ru(bipy)2(PVP),]2+, and with 10n availabihity remaining facile, D¢ does not increase
with a reduction 1n inter-site separation This indicates that electron-hopping 1s not the

rate determning step for charge transport within this modifying matenal

The standard rate constant for heterogeneous electron transfer into

[Ru(bipy)2(PVP),)2+ layers 1s typically 10-4 to 10-5 cms-1 This 1s considerably greater
than the values of D¢t obtained for homogeneous charge transport and confirms the view
that charge injection into modifying layers 1s unlikely to be the rate limiting step 1n the
charge transport process

This value of ko, however, 1s at least an order of magnitude less than that commonly
obtained for electroactive species 1n solution [69] This has been observed previously for
modified electrodes {6,16,18,27,70-72] and can be attributed to the partial blocking of the
electrode surface by the modifying layer [73] The polymer backbone 1n
[Ru(brpy)2(PVP)u)2+ 1s non-conducting, hence interfacial electron transfer can only
occur at the ruthenmum redox centres An increase tn ko with increasing redox site loading
15 therefore to be expected, and 1s observed for all electrolytes

For [Ru(bipy)2(PVP)n]2+ polymer layers, k0 1s affected by electrolyte type and
concentration 1n a sutmilar way to D¢((PS) The largest values of ko are observed in HCIO4
electrolyte, with shightly reduced values in pTSA and HpSO4 Thus, the electrolyte
dependent factors discussed for homogeneous charge transport also determine the rate of
heterogeneous electron transfer This correlation between D¢i(PS) and ko has been noted
previously for related osmium polymers [6,16,18,70] It 1s thought that because electron
transfer 1s most likely to occur at the outer Helmholtz plane, the position of which 15
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determined by 10n availability within the layer, those factors which influence
homogeneous charge transfer will also determine ko [70] The insensitivity of ko to
changes 1n electrolyte concentration, therefore reflects the observation that in
[Ru(bipy)2(PVP),]2+ an open, porous structure exists with a similar polymer phase 1on
population at all concentrations studied

The anodic transfer coefficient also remains insensitive to electrolyte concentration,
and 1s found to be unaffected by redox site loading In HCIO4 and HpSO4, 0115 0 33 £
0 05, a value approaching the theoretical one of 0 50 Because the transfer coefficient
also reflects the position of the reaction site at which electron transfer takes place, the
invariance 1n @ with electrolyte concentration 1s 1n agreement with the considerations of
10n availability discussed previously for D¢ and ko

In pTSA, a1s 020 1 0 05, a value indicative of an asymmetric barrier to electron
exchange This 1s likely to be indicative of the bulky nature of the pTS- counter-10n and
the increased difficulty for the redox sites to adopt the correct orientation required for the

heterogeneous electron transfer process

The charge transport through [Os(bipy)2(PVP)9]2+ 1s now considered This polymer
provides a useful companson with the ruthenium polymer discussed above Because
osmium complexes to not undergo the photosubstitution reactions discussed in Section
23 2 (5,47}, this source of error 1s 1liminated In addition, the extensive body of
electrochemical data ammassed for related osmium polymers [5,6,16-18,70] enables a
more direct assessment of the effect of the bis-coordination on charge transport to be
made

The physico-chemical properties of the [Os(bipy)2(PVP)0]2+ layers are dramatically
different to those of [Ru(bipy)2(PVP)0]2+ For the osmium polymer, the 1 1n 10 loading
represents the maximum loading that could be synthesised Reaction times for the

metallopolymer were at least 10 days, while for ruthenium, the reaction 1s complete
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within 24 hours and for lower loadings have even been observed to go to completion with
2 5 hours [1] The stability of the polymers, cast as films and immersed 1n aqueous acid
electrolytes, 1s also different The ruthenium polymer 1s swollen in high H»SO4 and low
pTSA electrolytes and 1s gradually removed from the electrode surface The osmium
analogue 1s more stable, with the layer remaining unchanged over several hours It 1s thus
clear that the change in the central metal atom of the immobihsed redox site results in
profound differences 1n the properties of the metallopolymer layer

These differences are manifested in the fundamentally different nature of charge
transport through [Os(bipy)2(PVP))0]2+ compared to that observed for
[Ru(bipy)2(PVP)10]2+ However, the charge transport data presented for
[Os(blpy)z(PVP)lo]2+ in Table 2 3 6 demonstrate that D¢ remains insensitive to
electrolyte concentration This is supported by the thermodynamic data 1n Table 2 3 7 and
Table 2 3 8 and 1s 1n contrast wath the behaviour of the mono-substituted equivalent,
[Os(bipy)2(PVP)10Cli)+, where charge transport and activation parameters are influenced
strongly by changing electrolyte concentration The effect of the bis-coordination of the

osmium redox centres on the overall polymer structure 1s therefore 1n agreement with the

observations made above for [Ru(bipy)2(PVP),]2+

However, for [Os(bipy)2(PVP){g)2+ the difference in the evaluation of D¢ on the two
experimental time scales 1S large It 1s possible that due to differential swelling across the
film thickness the greater concentration of redox centres in the relatively more compact
base layer results in an enhanced evaluation of D¢(PS) In HpSO4 and pTSA the
difference 1n redox site concentration needed to equate De(CV) with D((PS) necessitates
differential swelling of ca 300% For these electrolytes 1t 15 possible that the outer regions
of the polymer may be sufficiently swollen to account for this change 1n redox site
concentration, with the equilibrium established on both time scales remaining unchanged

This interpretation 1s supported by the activation parameters in H2SO4 and
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pTSA, with E3(CV) and E;(PS) both representing 1on motion hmutations in high and low
electrolyte concentration

In HCIO4 electrolyte, however, for the observed difference between D¢(PS) and
D¢((CV) of two orders of magnitude, differential swelling of over 1500% 1s required For
the values of D¢(PS) evaluated in [Os(bipy)2(PVP)0]2+, for a film of surface coverage 2
x 10-8 molcm-2, the depletion layer will extend to 30 to 40% of the layer thickness [62]
This confirms that 1t 1s unlikely that changes 1n layer structure can adequately explain the
differences 1n D¢(PS) and D¢(CV)

It 1s therefore considered that the equilibrium established during charge transport on
the potential step time scale in [Os(bipy)2(PVP)19]2+ 1s different to that established
during cyclic voltammetry On longer time scales all mobule species, 10ns, electrons,
polymer chains and solvent, can attain equilibrium positions For potential step methods
1t 1s possible that within the dehydrated, compact layer which exists in perchlorate, only
redox equilibrium can be established for counter-1ons and electrons This 1s evidenced 1n
the activation parameters 1n Table 2 3 7 and Table 2 3 8 In HCIO4, Eo(CV) 1s large and
1s coupled to positive entropy, indicating that polymer chain motion 1s the rate hmiting
step This 1s thought to represent the crosslinking of the polymer network by the
perchlorate anion and the subsequent requirement for extensive polymer motion to enable
counter-anion diffusion However, for shorter time scales, the activation parameters
represent a change 1n the rate limiting step to one of counter-ion diffusion An unusual
dual slope behaviour 1s observed for De(PS) 1in 0 1 M HCIO4 (see Fig 2 3 10) This has
been observed previously for related metallopolymers 1n perchlorate media [34,35], and
suggests that at temperatures below 298 K 10n motion limuts charge transport, while at

higher temperatures polymer chain motion once again becomes the rate determining step
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It 1s seen that substitution of ruthenium with osmium 1n [M(bipy)2(PVP)10]2+ imparts
a significant increase 1n layer stability While the interaction of the contacting electrolyte
with the metallopolymer structure 1s the same for both metal centres, the subsequent

effect on charge transport rates are utterly different

For the osmium polymer, the perchlorate interaction impedes 1on diffusion and
Dci(CV) 1s reduced For the ruthenium polymer, the crosslinking of the layer gives it an
enhanced structural integrity, and charge transport rates are very much increased In

contrast, for pTSA and H2504 the swelling of the layer facilitates D¢i(CV) for the

osmium material, but merely exacerbates the open layer structure for

[Ru(bipy)2(PVP),]2+ causing reduced D¢ (CV)
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2.4. CONCLUSIONS.

The rate of charge transport 1s determined by the morphology of the polymer layer
This, 1n turn, 1s dependent upon the coordination sphere of the immobilised redox centre
and the specific interactions between the polymer and the contacting electrolyte It has
been demonstrated that the 1dentity of the metal atom of the redox centre 1s also of
fundamental importance 1n determining the overall physico-chemical properties of the
layer

The bis-coordination imposes a structural rigidity upon the polymer segments,
resulting 1n an open, porous structure This results in D¢¢ values which are insensitive to
changes 1n electrolyte concentration In the case of the ruthenium polymer, the porous
structure extends throughout the layer, resulting 1n the establishment of a common

equilibrium duning charge transport on all expenmental time scales For the osmium
metallopolymer, however, this 1s not seenand D¢i(PS) 1s greater than D¢ (CV), possibly
reflecting differential swelling in H,SO4 and pTSA, and the establishment of only

electronic equilibrium on faster time scales in HC1O4
For [Ru(bipy)2(PVP)y]2+ (where n = 5 or 10), the rate limuting step 1n the charge

transport process 1s the same 1n high and low electrolyte concentrations and 1s

independent of redox site loading and electrolyte type The activation parameters, the low

rates of homogeneous charge transport and the sensitivity of D¢ to counter-anion type
suggests that counter-1on motion 1s the rate limiting step Because the increase in D¢ with
increased redox site loading 1s small, 1t 1s thought that electron self exchange can not be
rate limiting 1n this system

For [Ru(bipy)2(PVP),]2+ the observation that ko exhibits a similar trend with
electrolyte and loading as D¢((PS) indicates that heterogeneous electron transfer and
homogeneous charge transport are affected by 1on availability and diffusion in the same
way
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CHAPTER 3

The effect of HCIO4 Electrolyte Concentration
and Redox Site Oxidation State
on the Resident Layer Mass of Thin Films

of [Os(bipy)2(PVP)1oCl]+



3.1. INTRODUCTION.

When a pressure 1s applied to the surface of some crystals a potential difference 1s
generated across them Conversely, the application of a potential across the crystal
produces a corresponding deformation First discovered 1n quartz in 1880 by Jacques and
Pierre Cune, this phenomenon 1s termed the piezoelectric effect and 1s found to occur 1n
crystals which do not have a centre of inversion 1n the 10nic crystalline solid [1]

When an oscillating potential 1s applied, the crystal vibrates at the frequency of the
exciting voltage This 1s the crystal resonator A typical crystal, with attached electrodes
1s shownn Fig 31 1 The amplitude of the mechanical vibration reaches a maximum
when the frequency of the driving voltage 1s close to one of the mechanical resonances of
the crystal The crystal resonator can be made to oscillate at one of the crystal's resonant
frequencies by incorporating the crystal unit into a circuit with suitable gain and
feedback This is the crystal oscillator circuit [1] The mode of vibration of the crystal 1s
dependent on many factors, but pnimarily on the crystallographic cut angle, the electrode
configuration of the crystal resonator, the supporting structures and the oscillator

crrcuitry employed [1]

Fig3 11 Laboratory monitor quartz crystal
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For a mechanical vibrational system, a change in the resonant frequency 1s often
observed when material 1s added or removed from the vibrating body In 1952, Sauerbrey
demonstrated that the shift in the resonant frequency of an oscillating quartz crystal could
be used to accurately determine the mass of ngidly attached matenal {2] Since then, the
Quartz Crystal Microbalance (QCM) has found routine use as a gas phase and vacuum
technique {1] However, 1n these early applications, the deleterious effects of liquid films
on the QCM performance were noted and 1t was thought that the viscous dampening of
the crystal oscillation would not only cause large frequency shifts, but also result 1n
mnstability and cessation of oscillation [3] It has only been 1n the last decade that 1t has
been demonstrated that the QCM can be made oscillate 1n the liqud phase [4-7],
monitoring not only changes 1n the mass attached to the electrode [8-10], but also
changes 1n bulk solution properties such as viscosity {4,7,11-13]

In 1985, Bruckenstein and Shay demonstrated the use of one of the electrodes of the
quartz crystal as the working electrode 1n a three-electrode electrochemical cell {14] The
Electrochemical Quartz Crystal Microbalance, (EQCM), has since found considerable

application for the iz situ electrogravimetric investigation of electrode processes [8-10]

Previous studies of the polymer [Os(bipy)2(PVP)19Cl]+ have indicated that the rate
of charge transport 1s strongly tnfluenced by electrolyte type and concentration [15-19],
while the EQCM has shown considerable differences in the levels of solvent transferred
during redox switching 1n different near-neutral pH electrolytes [20,21] These effects
have been attributed to changes 1n polymer morphology

It 1s the purpose of this, and following chapters, to investigate the redox-induced mass
changes within [Os(bipy)2(PVP)oCI]* films 1n electrolytes where significant differences
in polymer morphology are anticipated The electrolytes chosen are HC104, where
dehydrated, compact layers exist [15], and para-toluene sulphonic acid, where the more

facile movement of mobile species has been observed [15] The study will first consider
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the effect of electrolyte concentration on the resident layer mass and polymer
morphology, and will attempt to relate these data with redox processes

As viscoelastic dampening of the quartz crystal oscillation prevents the accurate
evaluation of mass from frequency data [21-24], 1n order to quantitatively assess the mass
changes occuring within the polymer the ngidity of the layers must be first established
This 1s achieved through the measurement of the crystal impedance [21-24] -1 ¢ the
admuttance (or conductance) response at a range of frequencies around the crystal
resonance A decrease in admittance and a broadening of the resonance (as characterised
by the peak width at half height), 1s a qualitative reflection of a decrease 1n the ngidity of

the film, which may be equated with morphology changes occuring within the polymer

In this chapter, the equilibrium (or "thermodynamic") mass changes within films of

[Os(bipy)2(PVP)10Cl]+, as a function of HCIO4 electrolyte concentration and polymer
redox state, are considered The theoretical background to the QCM will be presented

first, and a brief review of 1ts applications tn electrochemistry will then be given
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3.2. THEORETICAL BACKGROUND TO THE EQCM.

3.2.1. Piezoelectric Quartz Crystals.

oc-Quartz is the most commonly used piezoelectric material in routine applications
[1]. The quartz crystal has a number of fundamental modes of resonance, overtones of
each fundamental, as well as coupled resonances. However, the thickness-shear mode is
the most sensitive to attached mass. This mode is illustrated in Fig.3.2.1. In order to
suppress unwanted modes of crystal oscillation the quartz crystal slab must be cut (from a
single crystal) at a precise crystallographic angle. The thickness-shear mode for oc-quartz
is observed in the "AT" and "BT" cuts. The cut used for the EQCM is the AT, and is
illustrated in Fig.3.2.2. The cut angle also determines the temperature stability of the
oscillation resonant frequency and the response of the crystal to surface stress [1]. The
resonant frequency of the AT cut, which has an angle of 35 0 15, is insensitive to
temperature variations around room temperature, as shown in Fig.3.2.3. This is obviously

a desirable property.

Fig.3.2.1. Thickness-shear mode for quartz crystal oscillation.
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3.2.2. The Mass-Frequency Relationship.

The resonant frequency of the a-quartz crystal 1s such that a standing wave 1s set up

within the crystal Thus for a crystal of thickness t (cm), with a fundamental frequency

fo (Hz),
fo = Vq/ 2t (321)

where Vg (cmHz) 1s the acoustic wave velocity within the quartz The thickness of the

crystal slab may be defined by,
t = Mg/ A pq (322)

where pq (gcm-3) 1s the density of the quartz and Mg (g) 15 the mass of the quartz in the

piezoelectrically active region between the two electrodes of area A (cm2) Combining

Eqn321and 322,

Defining the areal mass of quartz by m=Mq /A,

f0=Vqu/2m (324)

This equation clearly 1llustrates that the frequency of oscillation of a blank quartz
crystal 1s dependent only the mass of the quartz between the two electrodes and that for a
uniform crystal thickness only the areal mass 1s relevant

The addition of a uniform, rigid film, of areal mass Am, to the one of the electrodes
of the crystal will result in a decrease 1n the resonant frequency (Af) Assumng that the

attached mass can be treated as an equivalent mass change of the quartz itself,
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fo+ Af = Vqpq/2(m+Am) (325)

Eqn 3 2 5 can be rewritten as,

Af = -(2£52/pgVq) { Am (1+Amym) } (326)

When the change 1n areal mass, Am (gem-2), 1s considerably less than m, and

substituting 1n for the constants pq=2 65 gcm-3 and Vg=3 34 x 105 cmHz [14]), the change

1n frequency of an oscillating crystal, Af (Hz), on addition of a small mass 1s given,

Af = -226 x 106 f32 Am 327)

This 1s the Sauerbrey equation [2], which was first formulated to describe vacuum

metal deposition

3.2.3. Crystal Oscillation Immersed in Liquid.

When an oscillating crystal 1s immersed 1n liquid an oscillating boundary layer 1s set
up due to the viscous coupling of the iquid medium It has been shown that the change 1n

frequency of the crystal, Af, can be expressed as,
Af = £632 (ML pu/ T pq g)!/2 (328)

where M 1s the hiquid viscosity, py. 1s the hquid density and pg 1s the shear modulus of
quartz For thin ngid films attached to the immersed side of the crystal, the overall
frequency change 1s simply the sum of of the frequency changes due to the attached film
(Eqn 3 2 7) and the liquid (Eqn 3 2 8)

A more ngorous denivation of the mass-frequency relationship and the effect of hiquid

on the crystal oscillation can be obtained in Reference 1, and References 10 to 12
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3.2.4. Secondary effects in mass-frequency relationship.

The frequency of the crystal oscillation is determined by the density, elastic stiffness
and dimensions of the quartz [1]. All these quantities are affected by the existence of
mechanical stress within the quartz resonator due to the attached electrodes and structural
mounts, and more significantly, by stresses arising from films deposited on the electrode
surface and from the liquid load of the contacting liquid phase [25],

The QCM has a radial mass-sensitivity function [26-28]. In air, the radial sensitivity
has been calculated from the local damage produced in thin films by ion-beam sputtering
[27], while in the liquid phase the sensitivity of the QCM has been investigated by the
comparison of homogeneous silver deposition over the entire electrode with localised
deposition in well-defined areas [28]. An investigation was also performed in the liquid
phase by provoking frequency changes by placing a tungsten wire probe in contact with
the quartz crystal [29,30].

In both liquid and air, for a crystal heavily stressed on one side it has been shown that
the differential radial sensitivity of the crystal changes. Despite this, the integrated mass
sensitivity of the crystal is found to remain constant [27,28]. This emphasises the
importance of the need for homogenous, uniform attachment of mass over the entire
electrode surface for the accurate application of Eqn.3.2.7. The centre of the crystal
becomes more sensitive to changes in the attached mass, while the crystal edges, which
are constrained in their movement, become less sensitive to mass [27]. This reflects the
observation that maximum deformation of the crystal under stress occurs in the centre
and that the resonant frequency is linearly related to the elastic energy stored within the
crystal [25].

Because of the reduced mass sensitivity at the crystal edges, the mechanical
dampening of the oscillation due to the electrical contacts to the quartz, becomes less

significant. Similarly, electric field fringing effects [14] become inconsequential.
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However, the fact that the radial mass sensitivity 1s stress-dependent results 1n quartz
resonators of smaller active areas exhibiting smaller average sensitivity across the whole
electrode [28]

The response of the crystal to surface stress depends on the crystallographic cut The
AT-cut responds 1n an almost-equal but opposite way to BT-cut crystals [1,26] This
property 1s utilised 1n the Double Resonator Technique, where both AT and BT cut
crystals are used simultaneously {1] This enables the subtraction of the contribution from
stress effects to the frequency changes measured

The height of the column of solution over the crystal has only a small effect on the
frequency of oscillation [14] Of more importance 1s the change 1n the viscosity of the
solution with increasing distance from the crystal surface [14,25] In deniving Eqn 32 8
the bulk viscosity of the hiquid phase 1s used Any change 1n the viscosity of the solution
within the boundary layer (which 1s ¢a 300 nm thick [31]), will be erroneously attributed
to mass changes These changes cannot be accurately accounted for and may become
significant 1n the diffuse double layer that exists at the coated-electrode / electrolyte
interface

Of even greater significance 1s the roughness of the electrode in the presence of a
viscous medium {10,32-34] The entrainment of the hquid within crevices on the
electrode surface will contribute to the coupled viscous load The effect has been studied
for the changes 1n the roughness of gold, silver and copper electrodes following oxidation
/ reduction cycles 1n various aqueous electrolytes [32,33] More recently a thorough
mvestigation of the electrode microstructure was performed 1n conjunction with
impedance analysis [34] This enabled "ngidly" attached solvent 1n the channels of the
roughened electrode surface to be distinguished from the viscously coupled solvent
within the boundary layer

In order to distinguish more clearly between mass changes occuring at the electrode

surface and changes 1n the resonant frequency due to the contacting liquid, equivalent
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electric circuits for the QCM have been considered [35-38] These circuits are based on
the coupling of the mechanical displacement and electric potential within the
piezoelectric quartz which results 1n mechanical interactions with the contacting liquid
The QCM electrical characterstics are measured by an impedance analyzer at frequencies
near resonance and have been sufficiently well defined in terms of equivalent circuit
parameters to allow differentiation between mass and liquid loading The models also
enable other mechanical effects, such as viscosity, elasticity, density, dielectric constant,
specific conductivity etc , to be evaluated 1n terms of their effect on the electrical
charactenstics of the QCM These developments are beyond the scope of this thesis and

the reader 1s referred to References 34 to 38

3.2.5. Framework for the Interpretation of EQCM data.

The use of the QCM with one of the electrodes as the working electrode of an
electrochemical cell enables the frequency changes due to an electrochemically driven
process to be monitored [14] This 1s particularly useful for the evaluation of the
interfacial movement of mobile species during charge transport processes within thin
films of electroactive maternals coated onto the crystal electrode surface [8-10] The
EQCM cannot differentiate between the interfacial movement of charged and neutral
species However, for a known electrochemical reaction, the simultaneous capture of
charge data will define the extent of the reaction and will provide information on the
electroneutrality requirements for the movement of mobile 1ons Thus, the combination
of charge and mass transfer data may yield additional insight into the redox processes
occuring within the polymer layer

Interpretation of EQCM data requires the mass and charge relationship to be defined
[31,39-41] The approach adopted 1n this work 1s that proposed by Hillman et af
[31,39,40], and will be briefly outlined
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The net total mass change per unit area of the electrode, occuring at the polymer /

electrolyte interface 1s given by,

where Al is the change in the molar population of species m within the polymer film,
and my, 1s the molar mass The change 1n mass of the polymer film 1s due to two

components, the movement of 1onic species and the movement of net neutrals Therefore,

where the subscripts 1 and n denote 10nic and neutral species,respectively The total mass
change 1s calculated from frequency measurements using the Sauerbrey equation The net

charge passed at the polymer / electrode interface 1s,

Q =fidt = -TzFAr, 3211)

where z;F 15 the charge carned per mole of the 10nic species 1 In this analysis the charge

1s defined as positive for film oxidation Combining Eqn 32 10 and 3 2 11, the total mass

change per mole of redox sites can be obtained

AMF/Q = { Zmp Al + Zm, AT, } / {2z, AT} 3212)

This describes the net mass change per mole of redox sites converted and has units of
gmol-1 For a film 1n a quasi-equilibrium state, Eqn 3 2 12 1s referred to in future

discussions as the normalised mass change

In order to evaluate the contribution of a particular 1on j, to the observed mass

change, an expression @ 1s used This 1s a linear combination of the mass change
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observed and the mass change that 1s associated with the movement of the 10n j if 1t alone

maintains electroneutrality for the charge passed @ 1s therefore the weighted difference

of the mass and charge responses, 1n units of gem-2, and 1s defined by,
d’] =AM +Q(mJ/ZJF) = Zmn Arn + X (ml‘ mJZ|/ZJ) Ar; (3 213 )

, represents the additional mass transfer (either posiave or negative), of all mobile
species to that anticipated for the motion of the chosen 10n )

For an evaluation of instantaneous mass fluxes, the differential forms of Eqn 3 2 10 to
32 13 can be used The charge density 1s replaced by the current density, 1, the areal mass
becomes the rate of areal mass change (AI\./I, gem-2s-1) and ) becomes (.I)J (the mass flux
of all species except the chosen 10n j) These ime-dependent parameters are useful for
investigating mass changes under more dynamic experimental conditions and, for

accurate comparisons, require normalisation to the time scale of the experiment
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3.2.6. Review of EQCM applications.

The under-potential deposition (UPD) of metal films has been monitored i sttu using
the EQCM [42-46] In acid electrolytes the UPD of lead onto gold electrodes was found
to proceed with an electrosorption valency of 2+ [43,44], as evidenced by the
combination of mass and charge data For the UPD of lead on silver electrodes, 1n
hydroxide [45] or borate buffer [46] solutions, the formation of Pb!' / anionic ligand
complexes was found to result in significantly different mechanisms which could be
clearly seen microgravimetrically at the EQCM

The deposition and dissolution of thin films has also been studied [47-53] The
electrodeposition of silver onto gold, which proceeds with a current efficiency of unity,
has been used for the calibration of the mass-sensitivity of the EQCM [14] For the
corrosion [47] and electroless deposition [48,49] of copper onto gold electrodes, the
EQCM has provided an 1nsight into the submonolayer surface reactions that occur The
copper phase formation and dissolution have also been investigated using combined ac-
impedance and ac-quartz electrogravimetry [S0] Corrosion kinetics have been
investigated with the combined use of QCM and XPS techniques [51] The anodic
dissolution of nickel [52] and nickel-phosphorous [53] films have been monitored using
the EQCM and have been both shown to exist in two distinct phases

Metal oxide layers have also received considerable attention [32,33,54-60]
Bruckenstein and Shay have demonstrated the formation of a monolayer of adsorbed
oxygen at a gold electrode [55] Oxide layers on titanium [56] and aluminium [57] have
also been investigated, as has the electrocatalysis of oxygen-transfer reactions at pure and
bismuth doped beta-lead dioxide film electrodes [58] The intercalation of lithium into
V6013 electrodes was investigated [59] and yielded mass changes at high Iithium
concentrations which reflected the formation of a second phase and / or morphology

changes at the electrode surface
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The importance of electrode morphology changes has also been evident during
oxidation / reduction cycles of metal electrodes 1n aqueous electrolytes [32-34] For
copper electrodes 1n acid electrolytes no mass changes occur dimng electrochemical
cyching [60] However, 1n neutral and alkaline electrolytes mass changes in excess of
those required for oxygen incorporation into the copper electrode su;'facc were observed
[33] In conjunction with SEM, the EQCM data were found to reflect an increase in the
electrode roughness and the entrainment of solution within the electrode crevices More
pronounced roughening of the electrode was found to occur with silver electrodes
[33,34], while for gold electrodes a relatively smaller change 1n electrode structure was
observed [32]

The EQCM has provided insight into a similar phenomenon during the absorption of
hydrogen (or deutertum) into palladium electrodes during electrolysis [61-63] The large
frequency shifts observed were attributed to stresses within the palladium due to Hp (D)
adsorption / desorption and absorption processes

The EQCM has been used to study the adsorption of hahides [64] as well as the
adsorption of metal 10ns from buffered solutions [65] The preparation of Langmuir-
Blodgett films [66-68], and the electrochemically mediated adsorption of redox
surfactants [69], have also been monitored The use of adsorbed proteins and
immunoglobulin G on the QCM have been used for gravimetric immunosensing devices
[70-72], while the selective adsorption of odorous substances at liptd multibilayers has
also been investigated [73] The use of the EQCM for recording adsorption 1sotherms has
also been explored [74,75]

The EQCM has been used to monitor mass changes occuring within electroactive
polymer layers As shown by a number of authors [21-24,76-79], the attachment of non-
metallic films to the EQCM electrode surface may present problems due to the
viscoelastic rather than ngid character of the films However, considering a theoretical

treatment of viscoelastic layers on an oscillator, 1t has been demonstrated that provided
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the layer thickness 1s much smaller compared to the thickness of the quartz slab,
viscoelastic films may be treated as rigid [54,80] This has been venfied for Langmuir-
Blodgett multilayers [66], Prussian Blue and 1ts analogues [82;83], partially dinitrited
poly(styrene) [24], the electropolymerised conducting polymers polyaniline [22],
polypyrrole [81] and polybithiophene [23], and for the redox polymer
[Os(bipy)2(PVP)oCl]+ [21] However, depending on the contacting electrolyte-polymer
nteraction and the subsequent level of polymer swelling, non-rigid behaviour may
become significant and the mass-frequency relationship invalidated {21,24,78,79]

The EQCM has been used to study the deposition of inorganic polymer films The
deposition of Prussian Blue [82], the deposition / dissolution of electrochromic films of
diheptylviologen bromide [41] and the electrocrystallisation of charge transfer salts
[84,85] have been studied Ion and solvent transport within Prussian Blue [82] and 1ts
nickel analogue [83] during electrochemical processes have been investigated, with
solvent movement unambiguously quantified by 1sotopic substitution of HoO with DO
[83] The selective intercalation of Na+ into Prussian Blue films, compared to Li+, was
also determined using the EQCM ([86]

The use of the EQCM 1n monitoring the electropolymensation and deposition, of
conducting polymers has been explored Ion and solvent movement during subsequent
electrochemical processes within the formed polymers has also been investigated

Polyaniline films have been prepared both at the bare electrode [22,87,88] and within
precast Nafion films [89] Simultaneous EQCM and ellipsometnic measurements enabled
differences 1n nucleation and growth of galvanostatically and potentiostatically
electropolymenised films to be elucidated [87] Mass changes accompanying oxidation /
reduction cycles 1n polyaniline have also been investigated [22‘] Anion 1nsertion, with
very little solvent movement, was observed during oxidation At more acidic pH proton
expulsion mechanisms during oxidation were also 1n evidence, thus indicating the partial

protonation of the amine groups of the polymer {22]
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The electrosynthesis of polypyrrole has also been studied [81,90-95]. The
simultaneous measurement of mass and charge enabled the efficiency of the
polymerisation / deposition process to be determined as a function of film thickness and
deposition rate [81,90]. Film formation, which was electrolyte dependent, was found to
be affected by oligomer solubility and exhibited second order reaction kinetics with
respect to monomer concentration [81,90]. The importance of the counter-anion size in
polypyrrole has been investigated [92-95]. During electrochemical processes, for
polypyrrole films grown with small anions, electroneutrality is maintained by anion
insertion / expulsion [92,93]. However, for polymer films formed with large or polymeric
anions, as in the case of polypyrrole / poly(styrene sulphonate) composites [95],
electroneutrality is maintained by cation motion [92,93,95]. Other conducting polymers
studied using the EQCM include poly(3-methylthiophene) [96], the self-doped polymer
poly [3,6-(carbaz-9-yl propane sulphonate] [97] and polybithiophene [31,40,98-101]. In
the latter, the kinetics of the doping / undoping process has been studied in great detail,
with the movement of solvent (CH3CN) and electrolyte salt in opposite directions being
the rate limiting processes [31,40]. This involved the formalism outlined in Section 3.2.5.

A number of redox polymers have been investigated using the EQCM. Poly(vinyl
ferrocene), (PVF), has received considerable attention [31,39,77-79,100-107]. Changes in
the ion and solvent population within films of PVF during redox processes have been
studied by a number of authors [31,39,78,80,100-104], while the ion-exchange of ferri
(ferro) cyanide [106] and open circuit bimolecular reactions [107] in PVF have also been
studied. From electrochemical data, Hillman eta/. [102] and Inzelt [78] have
demonstrated the permselectivity of PVF films in perchlorate electrolyte. The mass data
accompanying redox processes, obtained at slow cyclic voltammetric scan rates, indicated
that the mass transfer was due to the interfacial movement of a single perchlorate
counter-anion and 4 - 5 solvent molecules [78,100,102]. In an earlier investigation [79]

considerably less solvent movement with the perchlorate anion was observed. Co-ion
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participation in PVF redox processes in perchlorate was not in evidence, as demonstrated
by the invariance of the mass change with increasing cation molecular weight [102], At
higher concentrations, permselectivity fails and transfer of salt occurs during redox
switching [31,39,102].

The importance of counter-anion type in PVF has been addressed [78,80,102]. An
almost linear relationship between the observed mass change and anion molecular weight
has been observed [102], with slight deviations attributed to variations in polymer
structure affecting solvent movement. However, in a more recent study [78], more
pronounced changes in PVF morphology with changes in counter-anion type have been
observed. This has been graphically illustrated by the behaviour of PVF in PFs-and CI-
electrolytes [79]. In PFs-electrolyte no solvent movement was observed, while in Cl-
electrolyte extensive delamination of the polymer from the electrode during oxidation
occured due to the increased solvation of the polymer layer.

Similar counter-anion effects have been observed in the redox polymer,

[Os(bipy)2 (PVP)ioClI]+ [20,21]. In perchlorate no solvent transfer occurs, with the
polymer layers behaving permselectively [21]. In para-toluene sulphonate, NO3-, SO42-
and Cl- electrolytes, significant solvent transfer was observed. This was related to the
increased solvent content of the polymer layers in the initial state when converted to these

salt forms [22]. The large movement of solvent in pTS- electrolytes was confirmed from

isotopic substitution of H20 with D20 [21].

The importance of polymer swelling and solvation has been clearly demonstrated in
the "break-in" effects observed in many electroactive polymer systems. "Break-in" in
PVF [78,105], tetracyanoquinodimethane (TCNQ) [108,109], nitrated polystyrene [24],
poly(3-alkylthiophene) [110] and polyaniline [111] have been observed. Polymer
swelling during the electrochemical deposition of PVF in CH2Cl2 has also been
investigated [77]. For PVF transferred to aqueous electrolytes, where rigid layers exist

[77], the solvation of the polymer in the reduced and oxidised layer has also been studied
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by the combined use of EQCM and ellipsometric measurements [100] A polymer layer
comprising 55% polymer, 45% solution was found, with the polymer becoming more
inhomogeneous and diffuse in the outer regions during oxidation of the layer In mitrated
polystyrene films increased solvation of the polymer with increasing redox cycling, as
indicated by a decrease 1n the frequency of the working electrode, was observed [29]
This quickly lead to the loss of nigid layer behaviour

The effect of electrolyte concentration [78,108,109] and temperature [109] on
polymer swelling has also been studied at the EQCM In TCNQ films cation motion
maintains electroneutrality within the polymer during redox cycling and the mass changes
observed were found to be dominated by the concomitant movement of water of
hydration {108,109] At high electrolyte concentrations, where there 1s reduced levels of
hydration, the mass changes observed decreased The kinetic limitations observed 1n the
redox behaviour of TCNQ at high electrolyte concentrations were explamed 1n terms of
the decreased solvent activity and the compaction and restricted segmental polymer
motion within the polymer layer [108] In variable temperature experiments, facilitated
mass and charge transfer at higher temperatures was explained 1n terms of the increased
swelling of the polymer layer {109] At intermediary electrolyte concentrations (¢ca 2 5 M
LiCl), the increased swelling resulted 1n a loss of polymer rlgquty At higher
concentrations, however, layer compaction prevented swelling even at elevated
temperatures In contrast to this was the behaviour of [Os(bipy)2(PVP)1oCl]+ films in
high NapTS electrolyte concentrations [22] Here, the broadening of the conductance
spectrum and the cessation of crystal oscillation 1n the active mode was interpreted 1n
terms of excessive polymer swelling

The resident 10n and solvent population within the polymer layer has been found to
be of great importance in determining the mass chang;s observed at the EQCM {112]
For the thermodynamic mass changes in polythionine films, the mass change observed

were rationalised in terms of an 1on-aggregation model 1n which 10ns resident within the
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polymer layer provided a source of counter-anion {112] The transfer of large quantities
of solvent in response to activity gradients was also evoked [112] This model was an
extension of the approach outlined by Bruckenstein and Hillman, which describes the
general features of mass and charge transfer processes {113]

The kinetics of mobile species transfer has been addressed for nitrated polystyrene
[24], and has been systematicallty studied for PVF [31,39,103,104] and polythionine
[103,104,114] In PVF, under potential step conditions, counter-ion motion maintains
electroneutrality at short time scales [31,39] At low electrolyte concentrations solvent
movement was found to be slower than 10n motion At fast cyclic voltammetric scan rates
[103,104] this delineation of solvent transfer was termed "kinetic permselectivity”, in
which the mass change observed, due to the experimental time scale considered, was that
of counter-anion only At high electrolyte concentrations salt transfer also occurs, but at a
slightly faster rate than solvent movement [31,39] The kinetics of mass transfer has also
been studied for polythionine In this system at low pHs, three protons and one counter-
anion are transferred per redox site conversion [114], with solvent movement proceeding
in the opposite direction 1n response to activity gradients Here, the initial movement of
two protons proceeds quickly, followed by the slower movement of the coupled proton /
counter-anion and solvent [114] The conclusion 1n this system, and 1n others [24,103], 1s
that transient non-equilibrium states are utilised to maintain electroneutrality under more
dynamic conditions and that this may be achieved independently of the thermodynamic

requirements of the charge transport process 1tself
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3.3. EXPERIMENTAL.
3.3.1. Materials

[Os(bipy)2Cl2] was prepared as described by Buckingham et af [115] Its purity was
venfied using reverse phase chromatography, with a mobile phase of 80 20 acetonitrile
H20 (8% L1ClQ4), with photo diode array detection 1n the uv-visible

Poly(4-vinylpyndine) »\;as prepared as described previously (Section 2 2 2)

[Os(bipy)2(PVP)1oCl]Cl was prepared by refluxing a tenfold excess of PVP with
[Os(bipy)2Cl2] 1n ethanol for up to 36 hours The reaction was monitored by uv-visible
spectroscopy (using a Hewlett-Packard 342A diode array) and cyclic voltammetry (using
an EG&G PAR 273 potentiostat / galvanostat) Although no photochcmlcal reactions
were observed, the reactions were routinely carried out 1n the dark The metallopolymer
was 15olated by precipitation into diethyl ether and purified by repeated prectpitation (x
3) in diethyl ether from methanol The polymer was recovered by precipitation into
diethyl ether and vacuum dried The metal loading of the polymer was confirmed using
molar extinction coefficient data for the IMLCT transition of the uv-visible spectrum at

350 nm

Electrolyte solutions were prepared using H2O (punified using a Millipore Milh-Q

water purification system)

3.3.2. Quartz Crystals and electrode preparation.

The quartz crystals employed were 10 MHz AT-cut laboratory monitor crystals
(International Crystal Manufacturing Company Inc , Oklahoma City, USA) The crystals
were supplied as standard and were either polished or finished with a § pm abrasive The

crystals had a 90 nm thick layer of gold sputter coated onto each side, as shown in

110



Fig 3 1 1 One of the gold contacts to the quartz crystal served as the working electrode
1n a standard three electrode cell

The working electrode was coated with a visibly smooth, uniform layer of
[Os(bipy)2(PVP)10CI)Cl by drop evaporation from an ethanol solution of the polymer
The metallopolymer films were air dried for at least 24 hours The resonant frequency of
the crystal oscillation was checked before and after the electrode coating procedure This
enabled a gravimetric evaluation of the dry mass of the polymer

The polymer-coated crystals were fixed to the base of the electrochemical cell using
non-corrosive stlicone rubber sealant (RTV1000 Dow Corning), and allowed to cure for
several hours The resonant frequency of the mounted crystal was also measured and
compared with the dry mass evaluation of the unmounted coated crystal This was to
ensure that the presence of sealant in close proximuty to the circular mass-sensitive region
of the electrode did not have a significant effect on the crystal oscillation [14] The
geometric area of the exposed portion of the coated electrode was ca 0 23 to 0 24 cm2
All current and charge data were thus normalised by the individually measured polymer-
coated electrode areas

The active prezoelectric area of the electrodes was 0 21 cm2, with a calibrated mass-

sensitivity of 0 232 Hzcm2ng-1[14,116]

3.3.3. Instrumentation.

The oscillator circurt used for the measurement of the frequency difference between
the reference crystal and the working crystal was, with minor modification, that outlined
by Bruckenstein and Shay [14]

An Oxford Electrodes potentiostat was used for experiments carried out 1n
potentiostatic mode All potentials were measured with respect to an aqueous potassium

saturated calomel electrode (SCE), which was separated from the electrochemucal cell by
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a Luggin capillary The counter electrode was a plainum mesh which was flamed and
washed before use

The electrochemucal cell, the oscillator circuitry and its power supply were enclosed
in a faraday cage earthed to the potentiostat All measurements were made at ambient
temperature (20 + 2 0C) Although the electrochemucal cell was not thermostatted,
constant temperature could be assumed on the time scale of each experiment
Temperature effects, which may alter electrolyte viscosity and influence frequency
measurements [31], were therefore considered negligible

Frequency difference measurements were obtained using a Hewlett Packard 5334B
frequency counter, which was accurate to £ 0 1 Hz in 10 MHz For the mass changes
associated with the redox switching of the polymer films, the frequency difference, the
potential, current and charge were recorded on Bryans 6000 series xy-recorders or via a
Keithley Data Acquisition System 570 interfaced to an IBM ATX computer For
recording on xy-recorders, the frequency was read as a voltage output from a frequency-
voltage converter (with time constant of ¢z 5 ms) The computer-acquired data was
stored 1n a compact binary file and was converted into an ASCII file suitable for
importing into a Lotus 1-2-3 worksheet for analysis All interfacing and computer
programmes were written by M J Swann and D C Loveday of Bnistol University

The ngidity of the polymer layers was evaluated as a function of electrolyte
concentration and redox state from the shape of the admittance resonance of the polymer-
coated crystal Admuttance analysis was performed 1n collaboration with Dr A Glidle

The frequency response of the crystal as a passive element was determined on a
Hewlett-Packard 8753A network analyzer used in reflectance mode [23] The QCM was
connected to the network analyser via a 50 Q coaxial cable and a transmussion /
reflectance test unit (HP85044A) Scans were made over a 16 kHz bandwidth, with the

computer software centred on the peak admittance maximum The sweep tme was 400
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ms, with a sweep repetition rate of 29 s Measurements were made at 801 points centred
about the fundamental resonant frequency of the coated crystal giving a frequency

resolution of 20 Hz

3.3.4. Procedures.

The equilibrium solvent and 10n populations within the polymer layer, at open circut,
were measured as a function of electrolyte concentration (sic pH) The polymer films
were first exposed to H2O and the pH was adjusted by the dropwise addition of HCIO4
For all measurements the solution height above the electrode surface was maintained
constant Equilibration times of up to 1 5 hours were required for a stable frequency
reading to be obtained at each pH The experiment was performed under a number of
different experimental conditions These will be discussed 1n greater detail 1n the relevant
sections (Section 343 1and 343 2)

The mass changes occuring during redox switching were determined over a
concentration range of 10-4 M to 4 0 M HCIO4 Memory effects were mumirmused by
continuously scanmng over the Os!/ill redox couple for ca 30 munutes at 50 mVs-1 and
then several imes at 1 mVs-1 at each new electrolyte concentration The electrode was
then removed, rinsed with Milli-Q water, replaced 1n a fresh aliquot of the electrolyte and
continuously scanned for a further 10 minutes at 50 mVs-1 and once at 1 mVs-1 The
electrolytes were de-oxygenated with solvent-saturated argon prior to analysis During
data acquisition the Ar stream was directed over the electrolyte solution to ensure
quiescent conditions The normalised mass changes associated with redox conversion of
the film were found to be independent of the order of the electrolyte concentrations to

which the polymer layer had been previously exposed
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3.4. RESULTS AND DISCUSSION.

3.4.1. Surface coverage evaluation.

3411 Drymass

Table 3 4 1 Column A, summanses the gravimetnc evaluation of surface coverage for
a number of polymer coatings These were obtained from the shift in the resonant
frequency of the working crystal on applying a polymer film

In these calculations the mass of the polymer unit, [Os(bipy)2(PVP)(¢Cl]Cl], 1s taken
as 1741 gmol-1 This includes a contribution from the water content of the polymer in the
dry state, which contains two molecules of HyO per osmium moiety and one molecule of

H>O0 for every two uncoordinated pyridine units of the PVP backbone

3412 Electrochemical evaluation

Table 3 4 1, Column B, includes the electrochemical evaluation of surface coverage
using slow scan cychc voltammetry at 1 to 5 mVs-11n 0 1 M HCIO4 Thas 1s found to
beca 5 umes smaller than the gravimetric evaluation Fig3 4 1 shows a typical cyclic
voltammogram (and mass potential plot) for a [Os(bipy)2(PVP)1gCl]+ film obtained at 5
mVs-11n 01 M HCIO4 The cyclic voltammogram does not represent true surface
behaviour and an accurate evaluation of surface coverage cannot be obtained from the
integrated charge of the cyclic voltammogram (see Section 12 1 1) For complete
oxidation of the polymer layer in HCIQ4 electrolytes, controlled potential coulometry
must be used, with charge accumulation for up to 30 minutes {117] Although not
performed with the experiments here, the increase 1n surface coverage evaluated 1n this
way was confirmed later for a number of polymer films and was such to account for the

discrepancy observed in Table 3 4 1
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Table 341 Evaluation of [Os(bipy)2(PVP)10Cl]Cl surface coverage and

layer solvent sorption on immersion in HyO

Surface Coverage Solvent Imbibition (¢)  Solvent Content (d)
(molcm-2 x 108 ) (molcm-2x 108) ( mol pol equv -1)

A Gravimetric (@ B Coulometric (b)

148 028 606 41
196 036 742 38
200 042 1010 51
204 041 951 47

b)

c)

d)

Calculated from shift 1n resonant frequency following coating procedure

Calculated from background-corrected integrated anodic branch of cyclic

voltammogram at 1 to S mVs-11n 0 1 M HC1O4

Calculated from shift in resonant frequency on immersion of coated electrode

in HO (corrected for solution viscosity)

Calculated using gravimetnc evaluation of surface coverage
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Fig341  Cyclic voltammetric and mass-potential response for a crystal

modified with [Os(bipy)2(PVP)19CI]T Scan rate 1s S mVs-1,
supporting electrolyte 1s 0 1 M HCIOq4 , the coulometric surface

coverage 1s 1 x 10-8 molcm-2
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3.4.2. Solvent Imbibition on exposure of Layer to H20.

The coated electrodes were immersed 1n de-oxygenated Milli-Q H20 and the
frequency difference noted The increase in mass of the polymer layer, summansed tn
Table 3 4 1, represents the imbibition of 44 £ § molecules of H20 per
[Os(bipy)2(PVP)1oCIJCl umt Ths 1s calculated on the basis of the gravimetric evaluation
of the polymer surface coverage and represents 40 to 50% (w/w) of the polymer layer

In thas calculation the liquid modulation layer 1s corrected for by subtracting the
known mass change observed at a bare gold electrode 1n contact with HoO Due to the
increase 1n the surface roughness at the polymer / solution interface, the entrainment of
solvent within the polymer boundary layer 1s expected to be greater than at the bare gold
electrode [32-34] The correction for the coupled mass at the coated electrode, therefore,
may be incomplete and the amount of solvent actually resident within the polymer layer
15 possibly less than that calculated in Table 3 4 1 The value of 44 £ 5 molecules of H,O
per polymer unit can be viewed as an upper limit of solvent imbibition by the polymer
layer

As will be discussed 1n greater detail in Chapter 4, the swelling of the polymer on
exposure to H30 can be viewed as the tendency for the polymer segments and contacting
solvent to inter-diffuse Swelling 1s favoured by the electrostatic repulsion of the fixed-
charge sites of the polymer backbone and by the tendency for the high 10nic content of
the 1nternal pore hiquid to be diluted [118,119] The concentration of fixed-charge sites in
the 1 10 loading of this osmium redox polymer, from flotation measurements in non-
swelling solvents, 15 ca 0 7 M [15,16], which 1s low 1n terms of 1on-exchange resins, and
the nter-site separation, assuming a rod-hke structure for the PVP backbone, 1s 25 A
[120] These features indicate that extensive swelling wall not occur

The upper limut of 44 molecules of H20 per polymer unit, although suggesting the

need for substantial polymer expansion, 1s not, in fact, sigmficant in terms of solvent
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uptake by 10n-exchange resins, especially when one considers that the 44 molecules of
solvent are distributed over 9 pyridine moieties and one osmium redox centre Ion-
exchange resins containing up to 50% (w/w) solvent are known to remain hard and bnttle
[121] Ellipsometrnc studies of PVF [100] and polythionine [112] films have shown them
to contain up to 50% solution, while the osmium polymer 1tself has been found to contain
27% solvent 1n the chlonde salt form when stored at 97% relative hurmdity [21]
Appreciable swelling to form polymer gels, therefore, requires a considerably higher
solvent content

Fig 3 4 2 illustrates the admittance-frequency response of a coated crystal and a bare
crystal in contact with HyO As discussed 1n the Section 3 1, the broadening of the crystal
resonance I€presents an increase in viscoelasticity [21-24] In Fig 3 4 2 the presence of a
polymer film results 1n only a slight broadening of the crystal resonance, indicating the

absence of a significant departure from rigidity The polymer coating 1s thus seen to

remain ngid when exposed to HyO
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Fig342 Admuttance spectra for (a) uncoated and (b) coated crystal immersed

in H2O Gravimetric polymer surface coverage 1s 2 x 10-8 molem-2

118



3.4.3. HCIOg4 concentration effects on layer mass and rigidity.

For this osmium redox polymer, activation parameters and the rate of charge transport

have been found to be strongly influenced by the concentration of HCIO4 electrolyte
[15], and have been discussed 1n terms of changing polymer structure The resident layer
mass and structure are thus considered here for a range of HCIO4 concentrations As
mass changes occuring within the polymer can only be quantitatively evaluated when
layer ngidity has been established, the change 1n polymer morphology with changing
electrolyte concentration 1s considered first, using impedance analysis [23] This 1s
followed by a more quanutative interpretation of the mass changes which occur within

the polymer layer Finally, the mass data are used 1n calculating the apparent pKj of the

pyndine moieties of the PVP backbone

3431 HCIO4 concentration effects on Polymer ngidity

Fig 3 4 3 1llustrates the change 1n the admittance-frequency response for a polymer-
coated crystal, at open circuit, as the contacting solution concentration 1s 1ncreased from
pure solvent to 1 0 M HC1O4 The polymer surface coverage was 2 x 10-8 molcm-2, as
determined by gravimetry No voltammetry of the redox polymer was performed in the
course of acquiring this data Table 3 4 2 (Column A) summarises the admuttance
maximum, the peak width at half maximum and the shift in the resonant frequency at
each electrolyte concentration

Fig 3 4 4 1llustrates the corresponding senes of admittance measurements for the same
electrode, as the electrolyte concentration 1s decreased At each concentration the
polymer layer has been repeatedly scanned voltammetrically over the Osi/1li couple prior
to obtaining the open circuit spectrum The charactenstic features of the resonance shape

for these spectra are summarised in Column B of Table 3 4 2
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Table342 Admuttance spectra at open circuit for an [Os(bipy)2(PVP)1gCl}+ coated

crystal in HCIO4 Gravimetric surface coverage 1s 2 0 x 10-8 molcm-2

HCIO4 Conc Admuttance (a,b) PWHM (@) Af (a,c)
( Molar) (Q-1 x 102) (kHz) (Hz)
A B A B A B
H,0 0478 0 402 6 096 7 681 0 -518
1x10-5 0 468 0 402 6 096 7 681 - 52 - 518
1x 104 0456 0 406 6 304 7 681 - 104 -1036
4 x 104 0 460 0412 6 304 7526 - 466 -1192
1x10-3 0 460 0 420 6 304 7372 - 933 -1554
4x 103 0 464 0414 6 356 7 681 2435 -3057
001 0 444 0412 6 825 7 836 -4249  -4404
010 0 468 0470 6 304 6 444 4508  -4663
100 0 448 0 442 6721 6 908 -4663  -4560

Uncoated electrode (air) 10 011088 MHz Coated electrode (arr) 10 003180 MHz
Coated electrode (H2O) 9999150 MHz (zero value, Column A)

a) Data interpolated from points of 20 Hz resolution

b) Admuttance maximum (at resonant frequency)

c) Af s the shift in centre frequency with respect to value on mitial exposure to
HyO (Corrected for viscous load of electrolyte)

d) Column A 1s data for first exposure to electrolyte without electrochemical cycling

Column B 1s open circust data after electrochemucal cycling at each concentration
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Fig 3 4 3 and Table 3 4 2 show that as the concentration of HCIO4 15 increased, there
15 a large decrease 1n the resonant frequency of the coated crystal, indicating an increase
in the mass of the polymer layer All frequency data are corrected for solvent viscosity
changes and the decrease 1n frequency 1s considered to represent the protonation of the
pyndine moieties of the polymer backbone [122] and the influx of perchlorate counter-
anions required to maintain electroneutrality The mass increase occurs at open circuit,
thus 1llustrating that protonation 1s associated solely with the physico-chemical properties
of the metallopolymer and, as such, 1s a feature of all PVP-based redox polymers of this
type

In F1g 3 4 3, with the exception of 0 01 M HCIO4, the crystal resonance shape
becomes shghtly sharper as the electrolyte concentration 1s increased from 10-4 M to 0 1
M HCIO4 The sharpening of the crystal resonance shape for the polymer-coated crystal
suggests that, despite the increased viscous load of the contacting electrolyte, and despite

the increase 1n the number of fixed-charge sites of the polymer backbone and the

insertion of ClO4- counter-anions, the polymer layer becomes more ngid The broadening
of the admuttance spectrumin 1 0 M HCIO4 (Fig343-1)1s ﬁot thought to represent
polymer expansion, but can be attributed to the large increase in the electrolyte viscosity
at this concentration The effect of increasing HC1O4 electrolyte concentration on the
resonance shape of an uncoated crystal 1s illustrated 1n Fig 3 4 5 for HC1O4
concentrations ranging from 10-5M to 4 0 M

The increase 1n polymer rigidity represents the compaction of the film due to the
crosslinking of polymer segments by the perchlorate anion [123-129] In addition, the
disruption of hydrogen bonding between water molecules by Cl04- [130] can result in
dehydrated and deswollen polymer structures, as observed previously for quaternised
PVP [124,125] Deswelling of the polymer phase at high electrolyte concentrations, due
to the decreased activity of the solvent 1n the external solution [108,109,119] 1s also to be

expected
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In 0 01 M HCIOg4, however, a broadening of the coated crystal resonance 1s observed
(F1ig 34 3 - G) This cannot be attributed to the viscous liquid 1oad of the electrolyte and
must represent the expansion of the polymer layer As will be discussed below and 1n
Section 3 4 3 2, at this electrolyte concentration there 1s incomplete protonation of the
polymer backbone The 10nic content of the polymer film increases without the extensive
inter-chain crosshinking which occurs at higher HC1O4 concentrations, resulting 1n an

increased tendency for the polymer matrix to swell

The admuttance spectra obtained with decreasing electrolyte concentration (Fig 3 4 4)
do not retrace those obtained on initial exposure (Fig 3 4 3) Thus 1s clearly 1llustrated 1n
Fig 3 4 6, where the resonant frequency 1s plotted against the electrolyte pH Graph A
represents the frequency change as the electrolyte 1s initially increased, while Graph B
corresponds to the frequency changes as the electrolyte concentration 1s decreased The
frequency data have been converted to mass, and normalised to the dry mass estimation
of the polymer surface coverage These mass changes per polymer equivalent are also
illustrated 1n the ordinate 1n Fig 3 4 6, and represent the change 1n the 10n and solvent
content of the polymer phase relative to the initial level of imbibed solvent

The change 1n resonant frequency at concentrations more dilute than 0 01M HCIOg,
coupled with the broadening of the resonance shape, indicates that the polymer layer has
expanded and that a structural change (1 e a "break-in" effect) has occured
These data are considered to reflect the difficulty in attaining equilibrium levels of
solvation of the inner polymer layer [119] which 1s only facilitated by the extensive
interfacial counter-anion and solvent transfer that occurs during electrochemucal
cychng "Break-in" effects have been observed for many electroactive polymers, where
the 1nitial low polymer phase solvent and / or electrolyte content results 1n an
electrochemical response for the first redox cycles which differ from those subsequently

seen (78,105,108-111, 130]
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Fig345 The effect of HCIO, concentration on the uncoated crystal resonance
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At concentrations greater than 0 01 M HClOq4, the increase 1in ngidity afforded by the
crosslinking of the pyridine units of the fully protonated backbone by ClO4-, results 1n no
change 1n the polymer structure or layer mass before or after the break-in (see Fig 3 4 6)
However, on re-exposure to lower HCIO4 concentrations, the increased level of polymer
solvation established by electrochemical cycling, results 1n an increase 1n layer mass In
addition, the reduced crosslinking due to the lower ClO4- content, coupled to the
increased swelling pressures which exist in dilute electrolyte concentrations [119], results

1n further polymer solvation and expansion

Although there are changes 1n the morphology of this metallopolymer with changes in
HClO4 concentration, these changes are small and are insigmficant in companson with
the swelling of this polymer 1n contact with pTSA electrolyte (see Chapter 4) The
maintenance of rigid structures for polymer films which are only partially protonated,
suggests that crosslinking occurs at all concentrations and indicates that perchlorate must
exist 1n clusters within the polymer matrix when present 1in small quantities This 1s 1n
agreement with the observed behaviour of perchlorate in quaternary ammonium anion
exchangers [131] Having demonstrated the rigidity of this polymer at all HC1O4
electrolyte concentrations 1t 1s now possible to give a quantitative assessment of mass

changes occuring within the layer
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34 32 HCIQ4 concentration effects on polymer laver mass

For a quantitative evaluation of the layer mass dependency on HCIO4 electrolyte
concentration, the experiment was performed with the working crystal 1n the active
mode The "titration” was performed as before However, 1n order to ensure the expulsion
of chlonde from the polymer layer and the conversion of the polymer to the perchlorate
salt form, the film was scanned voltammetrically for several hours at 1 mVs-1 at pH 3 50
The electrode was then rinsed a number of times, stored in Milli-Q water and the
expeniment continued at this pH The increase 1n mass associated with the counter-anion
exchange of the polymer salt was corrected for 1n all subsequent mass calculations
Although the hydration numbers of the two anions differ [132], no change 1n the solvent
content of the film due to these differences was corrected for This 1s due to the lack of
detailed knowledge of the level of solvation of anions 1n polymeric membranes

At each pH below pH 3 50 the mass of the electrode was measured at open circuit
before and after continuous voltammetric scanning of the OsI/ill couple The mass
evaluated did not change significantly, indicating that the "break-in" effect was absent
This was attributed to the estabishment of equilibrium levels of solvation within the
polymer layer by electrochemical cycling at each preceding HCIO4 concentration

The effect of the changing viscous load of the electrolyte was corrected for by
subtraction of the frequency shift observed at each pH at an uncoated gold electrode This
correction assumes polymer layer ngidity, which has been established 1n Section 34 3 1,
and will be addressed further in Section 3 4 4 2a

Fig 3 47 (Graph A) and Table 3 4 3 summanse the mass data obtained at open circuit
as the electrolyte éonccntratlon 1s increased from pure solvent to ca 4 0 M HCIO4 All
masses quoted are 1n addition to the 1mitially imbibed solvent estimated in Section 34 2
and thus represent the further incorporation of 10ns and solvent within the polymer layer

The mass changes per polymer equivalent, based on the gravimetric esimate of surface
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Table343  Change 1n resident layer mass with increasing HC1O4

concentration for data 1llustrated 1n Fig 3 4 7 (A)

HCIO4 pH Af (3) AM (b) Mass per pol umt (€)  ClO4- content (d)
(sic Conc) (kHz) (pgem-2) (g pol equuv -1) (mol pol equiv -1)
A B
6 00 0 0 0 0 0
515 - 0429 1 849 21 02 01
400 - 2326 10 028 116 10 07
350 - 3749 16 161 184 16 11
300 - 6303 27 169 314 27 19
250 - 8759 37756 436 37 26
200 -14 393 62 040 716 61 43
150 -16234 69 975 808 68 49
100 -17 323 74 669 862 73 52
050 -17 411 75 048 867 74 53
000 -18 133 78 161 903 76 55

a) Decrease 1n resonant frequency, corrected for changing electrolyte viscosity

b) Calculated from calibrated mass sensitivity of 0 232 Hzcm2ng-1

¢) Calculated from gravimetnic surface coverage (8 7 x 10-8 molcm-2)

d) Column A assuming insertion of dehydrated C104- and H30+ per uncoordinated
pyndine moiety
Column B assuming insertion of hydrated ClO4- (hydration number 2 6)

and H30+ per uncoordinated pyridine motety

128



coverage, are in excellent agreement with those obtained in Fig 34 6 Fig 34 7 (Graph
B) represents the mass of the fully oxidised layer and will be discussed later in Section
344

Table 3 4 3 summanses the estimated number of perchlorate anions per
[Os(b1py)2(PVP)10CI](ClO4) unit at increasingly acidic pH Assurmuing the insertion of
H30+ with solvated perchlorate, using the solution hydration number of 2 6 [132], an
upper limit of ca 6 anions per polymer unit 1s obtained This suggests incomplete

protonation of the polymer backbone, which 1s considered unlikely at pH much more

acidic than the pKj of the PVP homopolymer (pK, 3 30) [122] For the incorporation of
H30+ with an unsolvated anion, an upper imit of ¢a 8 perchlorate anions per polymer
unit 1s obtained This almost corresponds to the electroneutrality requirement for the 9
protonated, uncoordinated pyridine moieties of each polymer unit

Since the EQCM can only detect the net interfacial mass transfer, the discussion thus

far has assumed that the initial solvent imbibition of ca 44 molecules of H2O per polymer
unit remains constant This may not be so The disruption of the H0 structure by ClOg4-
may result in a reduction of the polymer phase solvent content [123,124] This may be
evidenced by the layer compaction and increased polymer nigidity with increasing levels
of protonation, as observed 1n Fig 3 4 3 and Fig 3 4 4 It 1s also possible that, while the
overall level of polymer phase solvent content remains constant, the sorption of solvated
ClO4- and H30+ may occur at the expense of the forced expulsion of the initially imbibed
free solvent [126-128] The increased electrostriction of the same quantity of interstitial
solvent 1s also anticipated to result in deswelling of the polymer layer

However, there 1s no evidence for the transfer of solvent either into or out of the
polymer layer, 1f occuring at all Furthermore, 1t 15 clear that while some solvation of
perchlorate 10ns 1s expected within the polymer, solution values for anion hydration are
inappropriate Regardless of the level of protonation, 1t 1s seen that for a polymer

exhibiting a 6 to 10 fold increase 1n 10nic content, the extent of solvent movement 15
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considerably less than would be expected

In Fig 3 4 7 (Graph A), at pH less than 0 5 the resident mass wathin the polymer layer
begins to increase further This 1s attnibuted to a breakdown of permselectivity and the
influx of co- and counter- 10ns into the polymer layer The lowering of solvent activity at
increased concentrations, coupled with the increase in the perchlorate content within the

layer, 15 expected to result in a more compact, dehydrated polymer structure

34 3 3, The evaluation of the pK,app_of PVP

The plot of the change 1n polymer layer mass with increasing HC1O4 concentration 1n

Fig 3 4 7 (Graph A) can be viewed as the gravimetric titration of the free pyridine groups
of the PVP backbone of the polymer Assuming that the pH of the resin phase in the

equihibrated polymer layers 1s the same as that of the contacting electrolyte, the apparent
pKj of the protonated pyndine groups, pK,aPp, may be calculated using the Henderson-
Hasselbach equation [119,133],

pH = pKgapp + log {o/ (1-a) } 341)
where the pKa2pp 15 defined by,

PKa2PP = -logio { [PVP][H+]/[PVP H*] } (342)

o 1s the degree of dissociation of the protonated polymer backbone and 1s determined

by,

o = (AMiotal - AM) / AMyotal (343)
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where AM;qy1 s the total mass change observed on increasing the pH from ¢a 6 00 to pH

05, and AM 1s the mass change at a given pH Substituting into Eqn 34 1,
pH = pKaapp + logig { (AMiotal / AM) - 1} (344)

Fig 3 4 8 shows the plot of 10g10 { (AMotal / AM) - 1 } vs pH for the nsing portion of
the layer mass-pH profile Two areas of differing behaviour exist, with a transition
occuning at pH 2 54 (£ 0 10) At this pH logio { (AMiotal / AM) - 1 } 15 zero and,
according to Eqn 3 4 4, defines the pK,app of the PVP backbone Significantly, as
discussed 1n Section 3 4 3 1, 1t 15 at electrolyte concentrations corresponding to this pH
(ca 0 01 M HClOg4) that morphology changes within this polymer are also found to occur

At pH above pH 2 50, the slope of the plot n Fig3481s060+0 10 Eqn 344
predicts a slope of unity, thus the calculated slope indicates that there 1s a lesser
dependence of polymer protonation on the solution pH than expected In this region the
concentration of the contacting electrolyte 1s 10-5 M to 10-3 M, while the concentration of
the osmium fixed sites 1s ca 0 7 M [15,16] Consequently, there will be a significant
Donnan potential at the membrane / solution interface which will exclude electrolyte and
prevent protonation of the polymer backbone

At pH more acidic than pH 2 50, the slope of the plot1s 1 20 £ 0 07 This 1s in near-
agreement with the predicted protonation-pH behaviour in Eqn 3 4 4 and suggests that
electrolyte partinon 1nto the polymer layer 1s not retarded by membrane potentials In this
lower pH range there will be less efficient electrolyte exclusion and the increased 1on
association within the layer, as manifested by the increased polymer nigidity in Section
343 1, will serve to reduce the Donnan potential further [119] Protonation can thus
proceed as dictated by the pH of the external solution and the };Kaapp of PVP

While the development of membrane potentials and polymer morphology changes

undermine the assumptions for the application of the Henderson-Hasselbach equation, 1t
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15 clear that the pK,app for the PVP backbone of the metallopolymer 1s more acidic than
the pKj of the homopolymer 1n solution (2 54 versus 3 30 [122]) Thus reflects the
exclusion of electrolyte from the polymer layer Of greater significance, however, 1s the
increased difficulty in the protonation of the PVP due to the electroneutrality requirement
for counter-anion insertion within the finite void volume of the compact and rigid

polymer films
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3.4.4. Mass changes accompanying OsIVII couple.

3441 General description of the redox process

In Section 3 4 3 the affect of the electrolyte concentration 1n determuning the anion,
co-10n and solvent population within the polymer layer in the reduced Osli state was
examined The changes in layer mass due to the one-electron oxidation of Osl! to Os!ll 1n
a 1 1 acid electrolyte (H30+4)(Cl04-), 1s now considered The description of redox
switching 1n polymer films outlined here 15 one which requires the polymer phase and
solution phase spectes to be distinguished In this regard the EQCM 1s particularly suited
to an investigation of redox-1nduced transfer of mobile species

The reduced state of the polymer contains a counter-anion, A-, and an undetermined
amount of electrolyte, b, for each (Os!! )+ centre The total polymer population of anion 1s
thus (1+b) Ap-, and that of the hydronium 1o0n, (b) H3Op+, where the subscript p denotes
the polymer phase Due to the protonation of the polymer backbone, up to ca 8 counter-
anions may be required within the polymer film Hence, values for b at different
electrolyte pHs can be assumed to be those given in Table 3 4 3 The Osl! state of the
polymer also contains a quantity of solvent, (w) H2Op, which may be assumed to be the
initially imbibed solvent, as discussed 1n Section 3 4 2

On oxidation of the osmium centres electroneutrality 1s maintained by the influx of

counter-anion from the bathing solution,

{Osi)yr(A-) }p + Ay === [(Os!)2*(A)2}p + & (345)

The bathing solution 1s denoted by the subscript s The polymer phase population of

A- therefore increases to (2+b) Ap-, and that of the solution phase decreases by 1
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An alternative mechanism for maintaining electroneutrality within the layer 1s the

expulsion of hydronium 1ons,
(y) { (Ost *PVP H30+ (A)2 J p + (y) H2Os ———— (346)

(y) { (Osm)2+PVP (A2 +H2O }p + (y) H3Og* + e

1

In this way the hydromum 10n population within the film 1s decreased to (b-y)
H30Op*, while that of the solution phase 1s increased by y For every osmium centre
oxidation electroneutralised n this way, the requirement for anion ingress during
oxidation 1s negated Hence, the polymer phase population of anion on oxidation 1s

correspondingly reduced to (2+b-y) Ap- The overall solution phase condition for the
anion after oxidation 1s therefore (y-1) Ay Y

The change 1n the 10n1c concentration of the internal polymer pore liquid during
redox processes 15 expected to resuit in a change in the activaty of the interstitial solvent
[113] Solvent movement into or out of the layer, defined by the coefficient x, 15

therefore expected As can be seen from Eqn 3 4 6, cation loss during oxidation can result

in the generation of a solvent molecule within the film The polymer phase condition for

solvent on oxidation can be summarised by (w+x+y) H2Op, with the solution phase
necessanly changing by (-x-y) H2Oq
Combining Eqn 3 4 5 and 3 4 6, the half reaction for Os!! oxidation can be described

by,

{ (Ost)* + (1+b) A- + (b) H30+ + (w) H20 } p e — 3B47)

{ (Os)2+ + (2+b-y) A- + (b-y) H3O+ + (w+x+y) H2O } p + e
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There 1s no requirement for integral relationships between 'the number of electrons
transferred and any of the neutral mobile species entering or leaving the film {113]
However, because an integer number of electrons are transferred for each redox centre,
integer relatnonships will exist between the stoichiometnic coefficients for the charged
species [40] Thus, in Eqn 3 4 7, (b-y) will equal 1

It can be seen that movement of solvent on redox switching 1s expected The transport
of other net neutrals, such as 10n pairs and undissociated molecules, 1s also possible and
can be included 1n the overall equation All these mass transfer processes are driven by
therr associated electrochemical potentials For charged species the electrochemical
potential contains both an activity gradient and a potential gradient term Solvent
molecules and net neutrals are only transferred in response to activity considerations

[31,39,104]
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34 42, Effect of HC1O4 concentration on Redox-induced mass changes

Table 3 4 4 summarises the normalised mass changes associated with redox switching
1n a series of HC1O4 electrolytes at cyclic voltammetric time scales of 1 and S mVs-1
These data are averaged over analysis of at least two different polymer coatings and the
results obtained repeatedly on a given film

It 1s considered that the trends 1n the normalised mass change observed during redox
processes at different electrolyte concentrations reflect the changing composition of the
polymer layer and are not due to differences 1n the 10n1c strength of the contacting
electrolyte This 1s seen 1in Fig 3 4 7, which illustrates the layer mass as a function of
osmuum redox state and electrolyte concentration

Fig 3 4 1 shows a typical cyclic voltammetric response for the Osll/ll couple at 5 mVs-1
in 0 1 M HClO4 (see Section 34 12) This figure also includes the mass change within
the polymer layer associated with the maintenance of electroneutrality during the charge
transport process While true surface behaviour 1s not observed in HCIO4 electrolytes at
these cyclc voltammetric time scales, Fig 3 4 1 shows that the mass change within the
polymer has attained a steady state value The results in Table 3 4 4 indicate that for most
electrolyte concentrations there 1s little difference 1n the normalised mass changes
obtained at 1 and 5 mVs-1 These time scales are thus sufficiently long for all mobile
species to attain their quasi-equilibrium state, as dictated by the extent of oxidation of the
polymer layer

Table 3 4 5 summarnises the potential for the half-total-mass-change, Ejp(m), and the
half-total-charge-change, E1/2(q) [20,103] for the oxidation and reduction of the polymer
at 1 mVs-1 at each electrolyte concentration At all but the lowest and highest
concentrations, E12(m) and E|/2(q) coincide for both anodic and cathodic processes,

indicating concomitant mass and charge transfer [20,103]
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Table 34.4. Normalised mass for redox switching in [Os(bipy)2(PVP)1oCl}+

modified crystals at 1 & 5 mVs-11n a senies of HCIO4 electrolytes

HClO4 Conc Normalised Mass Change ( gmol-1)

( Molar) A 1mVs-1 (a) B S5mVs-1 (2)
0001 91 (20) 60 (12)
001 186 (5) -

003 - 155 (2)
010 143 (1) 142 (3)
030 147 (1) 143 ey
070 146 (1) 145 (1)
100 142 (1) 142 )
200 186 (3)* 183 (3)*
300 - 479 5)*
400 -304  (10)* -221 (40)

a) Normalised mass averaged on at least three repeat determuinations of each polymer
film and on at least two different polymer coatings (standard deviation from the
mean value 1s quoted 1n brackets)

* denotes three repeat determinations on a single film only
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Table 345 The formal potential of the Osi/ill couple and the half-mass and

half-charge potenuals for oxidative and reductive processes

HCIO4 Conc E'app (@.0) Oxidation (b) Reduction (b)

( Molar) (mV vs SCE) Eip(m)  Ejp(g) E1/2(m) E12(q)
0001 337 408 389 318 297
001 282 292 292 278 278
003 248 268 269 223 223
010 212 216 220 208 210
030 190 188 191 180 180
070 170 178 182 155 157
100 165 166 179 145 149
200 130 127 132 131 130
300 90 98 104 93 99
4 00 80 128 98 116 65

a) Taken as the average of the anodic and cathodic peak potentials
b) All potentials (mV vs SCE) measured at 1 mVs-1 at ambient temperature

(20 £ 2 0C)
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The change 1n the formal potential of the Osi/if couple, E'ypp, with electrolyte
concentration 1s also shown in Table 3 4 5 E'ypp 15 taken as the average of the anodic and
cathodic peak potentials of the cyclic voltammogram at 1 mVs-1 Fig 3 4 9 shows a plot
of E'app versus the logarithm of the bathing solution ClO4- activity, spanning 3 decades
of HCIO4 electrolyte concentration Activities at concentrations less than 0 03 M were
calculated using the Debye-Huckel equation [136], while at higher HCIO4 concentrations
activities were obtained from Reference 118

The vanation 1n E'app with electrolyte 1onic strength is due to the change in free
energy associated with the transfer of the anion from the bathing solution to the polymer

phase [134,135], and 1s given by the Nernstian expression [134],

E'app = Eo0- (RT/nF) In { (aa-5) / (aa-p) } (348)

where E0 1s the formal potential of the redox couple and aa-s and aA-p are the activities
of the counter-anion in the external solution and the polymer phase, respectively
Provided that as-p remains essentially constant as the electrolyte concentration 1s varied,
and that there 1s no significant change in polymer swelling, Eqn 3 4 8 has a predicted
slope of -59 mV decade-! of anion acuvity The slope of the plot in Fig 3 4 9 for the
concentration range 0 001 M to 1 0 M HCIO4, 1s -61 £ 3 mV decade-1, and has an
intercept at unit activity of 153 £ 5 mV vs SCE The near-Nernstian slope 1s indicative of
permselective behaviour for the osmium metallopolymer 1n this concentration range, with
little co-1on participation 1n the charge transport process Similar behavior has been
observed 1n near-neutral pH perchlorate electrolyte for this polymer [21] and for PVF

[78,102]
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Fig349  Nemst plot for [Os(bipy)2(PVP)19Cl)+ polymer films in HCIO4
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3442a Concentrationrange O 1 Mto 1 0 M HCIO4_

In the concentration range 0 1 M to 1 0 M HCIOy4, the layer mass 1n the reduced Ost!
state 15 essentially constant, and has been found to represent the complete protonation of
the uncoordinated pyndine moieties of the PVP backbone The incorporation of ClO4- 1n
the fully protonated polymer has been shown to cause an increase in ngidity and,
consequently, a lowening of the free volume of the polymer matrix Both the mechanical
forces involved 1n anion 1nsertion [126-128] and the movement of solvent 1n response to
actuvity gradients [113], indicate that significant changes in layer morphology may occur
during redox processes in this polymer Indeed, morphology changes have been observed
previously for this polymer 1n a highly swelling electrolyte, HySO4 using STM [137]

In order to determine whether significant polymer layer morphology changes occur
duning redox processes, the admittance-frequency response of the crystal was measured
durning redox switching The shape of the crystal resonance for the polymer layer in the
fully reduced and fully oxidised states, for a series of HCIO4 electrolytes, 1s summarised
in Table 3 46 Fig3410and Fig 3 4 11 show the change 1n the admittance spectrum
dunng polymer oxidation in 0 1 M and 1 0 M HCIOg4, respectively The monotonic
decrease / increase 1n the resonant frequency as redox switching occurs 1s indicative of
the anion and solvent insertion / expulsion, while the constant resonance shape (see Table
3 4 6) indicates that there 1s little change 1n the viscoelasticity of the polymer layer and
that no sigmficant redox-induced mrphology changes occur Therefore, 1n the
concentration range 0 1 M to 1 0 M HClIQy, the ngidity of the polymer layer s
maintained during redox switching and the frequency-mass relationship of Section 32 2
1S not compromused

Fig 3 4 12 shows the vanation of mass change with surface coverage of oxidised

centres (1 ¢ anodic charge), obtained in 0 1 M HCIOg4 at 5 mVs-1 for films of varying

thickness This plot 1s linear, with a zero intercept The result in 1 0 M HCIO4 1s stmular

141



Table34 6 The change 1n admuttance spectrum during redox switching for a

{Os(bipy)2(PVP)1oClL]+ coated crystal 1n a senies of HC1O4 electrolytes

Scan rate 5 mVs-1, gravimetnic surface coverage 1s 2 8 x 10-8 molcm-2

HCIO4 Conc Af (a,b) Admuttance Maximum PWHM (a)
(Molar) (Hz) (Q-1 x102) (kHz)
Osli Oslil Osll Oslil
0001 - 254 0 444 0444 6 669 6 669
0 004 - 351 0420 0414 7 086 7 346
001 - 897 0 424 0 406 7138 7763
010 - 780 0462 0456 6252 6 356
100 -741 0450 0450 6 460 6 460

(a) Data interpolated from points of 20 Hz resolution

(b)  Afis the shift in centre frequency during oxidation Negative values imply mass

gain during polymer oxidation
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Fig3410 Admuttance spectra for an [Os(bipy)2(PVP)10Cl}+ coated crystal duning

redox swiatching 1n 0 1 M HCIO4 at S mVs-1 Coulometric surface

coverage 2 x 10-8 molecm-2
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Fig3411  Admttance spectra for the same [Os(bipy)2(PVP)10Cl]+ coated crystal
in Fig 3 4 10, but for redox switchingin 1 0 M HClO4 at 5 mVs |
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MASS ( ngem -2 )

Fig3412 The end-to-end mass change accompanying polymer oxidation at
5mVs-lin 01 M HCIOg4 versus the surface coverage of oxidised
centres (1 ¢ the charge passed)
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A significant change 1n polymer structure 1n different oxidation states would result 1n a
change 1n the coupled visctous liquid load [32-34] and a non-zero intercept in Fig 3 4 12
would result Fig 3 4 12 and the data presented 1n Table 3 4 6 indicate that, 1n this
concentration range of HClO4, minimal structural changes océur

For non-ngid polymer layers, viscoelasticity becomes more pronounced as the surface
coverage 1s increased [23] The evaluation of mass from the dampened oscillation,
although not strictly related to the frequency changes measured due to the violation of the
Sauerbrey equation, 1s less than the true mass change occuring [23] The linear
relationship between the mass and charge data in Fig 3 4 12 confirms that the polymer
behaves as a rigid, thin layer for the range of film thickness employed 1n this study and
that mass changes are accurately evaluated from frequency measurements

Table 3 4 4 shows that in the concentration range 0 1 M to 1 0 M HCIO4 there 15 little
variation 1n the mass change associated with the oxidation of each osmium redox centre
The potentiometric data 1n Fig 3 4 9 indicate the exastence of a permselective film This
reflects the layer properties in the Os!! state The Os!l layer mass 1n this concentration
range also remains invariant (see Fig 3 4 7), with no change 1n polymer structure
occuring {Section 3 4 3 1) In addition, the layer mass 1s only sufficient to account for the
perchlorate required for electroneutrality within the protonated polymer (see Section
34 3 2), and no free electrolyte resides within the polymer at concentrations less than 1 0
M HClO4

Because of this permselecuvity of the layer, the normalised mass change of ca 144
gmol-1 can be equated to the movement of a single perchlorate counter-anion and 2 -3
solvent molecules per osmium centre oxidation This level of solvent transfer 1s close to
the hydration number of ClO4- of 2 6 {132] However, 1t has been shown that solution
values for anion hydration are not applicable to the 1on within polymer films Indeed, for

mass transfer within this polymer in NaClQy, no solvent transfer with the counter-anion

was observed [20,21] As will be discussed in Chapter S, under more dynamic
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expennmental conditions solvent movement and perchlorate anion movement are
resolved, indicating that the solvent 1s not specifically associated with the anion The
solvent transfer can thus be viewed as being 1n response to the activity gradient
established by the decrease 1n the interstitial solvent activity during oxidation of the

polymer layer [113]

The mechanism of co-10n expulsion, from either interstitial co-1on 1n the pore liquid or

from deprotonation of the polymer backbone, can be further discounted on inspection of

the d¢jp4- and mass-charge plots showninFig34 13and Fig3414for0 1 Mand 10
M HCIOg, respectively These were obtained at a 1 mVs-1 scan rate The slight
assymmetry in the charge in Fig 3 4 14, and the subsequent non-closure of the ¢ plotis a
feature of the behaviour of this metallopolymer in HC1O4 (21de infra), and has been
observed previously 1n a study of polybithiophene [40] Non-closure of the plot may arse
from trace oxygen 1n solution, or instrumental dnift in the integrator offset, which can
become significant during the slow scan rates used here However, 1t 1s thought that the

dnft in charge 1s most probably due to incomplete charge recovery from the compact

polymer structures which exist in HCIO4 electrolyte

The Pcio4- plot, as defined in Section 3 2 5, 1s indicative of the movement of all
mobile species, except the chosen 1on (1n this case, the counter-anion) In Fig 3 4 13 and
Fig 3 4 14, the monotonic change 1n ®cjp4- represents the concomitant movement of all
mobile species with the anion This, as well as the Ej2(m) and E/2(q) data 1n Table
3 4 5, indicates that the mass changes are due to a single mass:transfer mechanism and

are not the net result of several different processes
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Fig3413  ®cjo4- and mass-charge plot for [Os(bipy)2(PVP)10ClJ+1n 0 1 M
HClO4 at a scan rate of 1 mVs | The coulometric surface coverage

15 2 x 10-8 molecm-2
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Fig3414  ®cio4- and mass-charge plot for [Os(bipy)2(PVP)19Cl}* 1n 1 0 M
HC1O4 at a scan rate of 1 mVs-1 Polymer film as 1n Fig 34 13
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H
The stoichiometric coefficients for the Os!l oxidation, described 1n Section 3 4 4 1, for

the HCIO4 concentration range 0 1 M to 1 0 M, are thus determined from the charge and

mass changes, and the half reaction given by,

{ (Osy*A- ) p+ As- + 2 6 HaOq 24— { (Osu2+(A-)2+26 H0 }p + e (349)

Because co-i1on expulsion 1s not observed (1 € y=0) the polymer 10n content due to PVP

protonation (1e b=8 ) 1s not included in the above equation

3342b Concentration range 0 1 M to 0 001 M HClIO4__

From Section 3 4 3, 1t was seen that in the concentration range 0 001 Mto 0 1 M
HCIO4 there 1s considerable variation 1n the levels of protonation of the polymer
backbone It 1s clear from Table 3 4 4 that the subsequent effelct on film structure has a
profound influence on the normalised mass changes occuring during redox processes

The 1nter-relationship between polymer morphology and the extent of solvent transfer
1s evident 1n Fig 3 4 15, which shows the change 1n the admuttance-frequency response of

the coated crystal during redox switching in 0 01 M HCIO4 at S mVs-1 Table 34 6
shows that of all concentrations studied, 1t 15 only in 0 01 M HCIO4 that a significant
broadening of the crystal resonance occurs on polymer oxidation It has been found in
Section 3 4 3 1 that the decreased levels of protonation within the polymer matnix,
coupled with the increased swelling pressures which exist in more dilute electrolytes,
ulumately results in conditions which favour swelling at ca 0 01 M HCIO4 Fig 34 15
clearly illustrates how this change 1n morphology 1s exacerbated during oxidation of the
polymer layer, where the increase 1n the 10n1c content of the layer increases the tendency
to swell further The normalised mass change of 186 gmol-! thus represents the increased

level of solvent
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Fig3415 Admittance spectra for an [Os(bipy)2(PVP)10Cl]* coated crystal during
redox switching 1n 0 01 M HCIOg4 at S mVs-1 Coulometric surface
coverage 2 x 10-8 molecm2
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movement facilitated by the change 1n polymer structure and 15, In turn the cause of
further swelling '

The morphology change in 0 01 M HClO4 affects the evaluation of normalised mass
For thick layers, with surface coverage greater than 1 x 10-8 molcm-2, the value of 186
gmol-11s obtained For thin polymer films (less than 10-8 molcm-2), a mass change of
only 126 gmol-11s observed These observations are at vanance with what 1s expected
for films which exhibit sigmificant viscoelasticity, where an mf:rease in film thickness

would result 1n a reduction 1n the mass change observed [23]

Fig 3 4 16 (a) 1llustrates the Pclo4- and mass-charge plot obtained in 0 01 M HCIO4
at 1 mVs-1 for a thin film, wiath surface coverage 5 x 10-9 molcm-2 The dcjo4- plot
clearly shows that for the first 20% of redox conversion there 1s no net movement of

solvent across the polymer / electrolyte interface The corresponding plot for a thicker

film (wath surface coverage 2 x 10-8 molem-2), 1s shown 1n Fig 3 4 16 (b), where ®ci04-
1s indicative of the concomitant movement of solvent and anion throughout all stages of

oxidation It 1s thought that the morphology changes occuring during redox processes at

this HC1O4 concentration may result in an under-evaluation of mass changes occuring

imtally These effects will be more pronounced for thinner films and the apparent

normalised mass change subsequently reduced
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Fig3416. ®cio04- and mass-charge plot for (Os(bipy)2(PVP)1oCl}+1n 0 01 M
HCIlO4 at a scan rate of 1 mVs-1 The coulometnic surface coverages

are (A) 5 x 10-9 molem-2 and (B) 2 x 108 molecm2
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At electrolyte concentrations below 0 01 M HCIO4 the normalised mass change
decreases Fig 3 4 17 shows the mass-potential plot and the cyclic voltammogram at a
scan rate of 5 mVs-1, for a polymer of surface coverage 2 x 10-8 molcm-21n 0 001 M
HCIO4 The cyclic voltammogram exhibits slow kinetics, with large peak-to-peak
separation and broad, poorly defined waves This figure also shows that during both
oxidation and re-reduction of the polymer layer the net interfacial mass transfer lags
behind the passage of charge This is also seen in Table 3 4 5, where E12(m) and E/2(q)
do not coincide

The kinetic himitations evident in the cyclic voltammogram of Fig 3 4 17 indicate that
charge transport within the polymer 1s slow In Section 3 4 3 3 1t was seen that Donnan
exclusion of electrolyte operates at concentrations less than ca 0 01 M HCIO4 While this
has significant implications for electrolyte sorption, which requires co-1on transfer, 1t 1s
not anticipated to result in the kinetic imitations for anion transfer during redox

switching which are indicated from the cyclic voltammogram in Fig 34 17

Fig 3 4 18 1llustrates the corresponding ®cjo4- and mass-charge plots for the data in
Fig 34 17 The continued decrease in Qcjo4- with the passage of anodic charge indicates
that the mass gain observed at the electrode 1s insufficient to account for the interfacial
movement of a counter-anion per redox site conversion

If an1on 1nsertion does maintain electroneutrality, the ®cjo4- plot represents the net
movement of large quantities of solvent from the layer This cannot be 1n response to
activaity gradients The activity of solvent in the bathing electrolyte, which also defines

the activity of the solvent within the polymer layer at equilibrium, 1s not expected to

change significantly at concentrations less than 0 1 M HCIQO4 and the activity gradient
established by polymer oxidation should be similar [112,113]

In Table 3 4 6 there 15 no change 1n the admittance spectrum of the coated crystal

during redox switching 1n 0 001 M HCIO4 at 5 mVs-1 The constant shape of the crystal

resonance indicates that there 1s no contribution from changes 1n viscoelastic
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Fig 3417 Cyclic voltammogram and mass-potential plot for {Os(bipy)2(PVP)oCl]+

coated electrode in 0 001 M HCIO4 Scan rate 1s 5 mVs !, coulometnic

polymer surface coverage 1s 2 x 10-8 molcm2
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Fig3418  dcjp4- and mass-charge plot for [Os(bipy)2(PVP)1oCl]+ 1n 0 001 M
HClO4 at a scan rate of 5 mVs-1, for data in Fig 34 17
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charactenistics to the change 1n mass occuring during redox switching Changes in the
flux of solvent induced by redox-dependent structural changes, as observed for 0 01 M
electrolyte, therefore do not occur here

The end-to-end mass change of ca 90 gmol-11n 0 001 M electrolyte at 1 mV-1 (Table
3 3 4), 15 approximately the mass change observed at 0 01 M HClO4 minus the molar
mass of the perchlorate anion (1e 186 - 99 5 gmol-1) The mass change in 0 001 M
electrolyte may therefore represent the transfer of solvent due to the activity gradient
established on film oxidation, with the slow continued rise 1n mass after completion of
the oxidation of osmium centres in Fig 3 4 17 corresponding to the slow, continued 1nflux
of solvent This 1s in agreement with the theoretical considerations of Bruckenstein et af
[112], which predict that at infinite dilution the redox factors governing 1on transfer
vanish, and a mass change due only to solvent transfer will be seen

However, this suggests that electroneutrality may be maintained by rapid interfacial
proton exchange, while the slow rate of charge transport 1n 0 001 M HCIO4 (see Chapter
5), and the potentiometric data 1n Fig 3 4 9, indicate that 1t 1s anion activity which
determines the redox behaviour of the OsI/lll couple

In order to evaluate whether co-10n expulsion 1s likely to be responsible for the
maintenance of electroneutrality 1n dilute electrolytes, 1t 1s necessary to consider the time
required for the diffusion of a counter anion from the bulk electrolyte to the polymer

layer This 1s given by [139],

t=L2/(Dsm) (349)

where t 15 the time required for diffusion (s), D 1s the diffusion coefficient for solution
species (typically 5 x 10-6 cm2s-1 [139]) and L 1s the diffusion layer thickness L 1s
estimated 1n terms of the volume of solution needed to contain the number of counter-

anions required for electroneutrality within a polymer layer with a surface coverage of ca
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10-8 molcm-2 For 0 001 M solutions L 1s ca 10-2 cm, yielding a time required for
diffusion of 6 s Thus, on the experimental time scale (corresponding to voltammetric
scan rates of 1 to 5 mVs-1), there will be sufficient anion available from solution to
satisfy electroneutrality within the film Alternative, faster mechamisms for satisfying
electroneutrality may operate but are not necessary

However, 1t 1s clear from the cyclic voltammogram obtatned at 5 mVs-11n 0 001 M
electrolyte, that kinetic imitations do exist and that co-10n participation may be utlised
In dilute HCIO4 electrolytes the level of protonation of the polymer decreases, so acios p
(Eqn 3 4 8), can no longer be assumed to be much greater than the concentration of
osmium centres and may change significantly 1n the course of redox switching [133]
Thus, although the polymer film remains permselective, the potentiometric data are not
unambiguous proof of anion activity control It 1s thought, therefore, that the redox-
induced mass transfer behaviour in 0 001 M HC1Oj4 reflects both counter-anion insertion
and co-10n expulsion mechanisms

Irrespective of the contribution to the maintenance of electroneutrality from each 1on,

severe himitations on the interfacial movement of 10ns exist in 0 001 M HCIOQ4 This s

surpnising considenng the relatively more expanded polymer structure which exists at

HCIO4 concentrations below 0 01 M (see Section 3 4 3)
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344 2c Concentration range 1 0 Mto 4 0 M HCIO4_

As the electrolyte concentration 1s increased from 1 0M to 3 0 M HCIO4 the
normalised mass changes become greater (see Table 3 4 4) This 1s attributed to the
failure of permselectivity and the ingress of (H3O+)(ClO4-) into the polymer layer during
redox switching [31,39,102]

The loss of permselectivity at high concentrations 1s evidenced by the increase 1n
layer mass data (Section 3 4 3), and by the breakdown of the Nernstian relationship
between ClO4- activity and E'ypp (Fig 3 49) As has been observed throughout for the
redox-induced mass changes in HC10O4, and will be seen 1n Chapter 4 for the behaviour of
this metallopolymer 1n para-toluene sulphonic acid, any change in the properties of the
polymer 1n the reduced state are highlighted during redox switching

Assuming that the solvent transfer due to activity considerations 1s the same as for
lower concentrations (ca 2 - 3 solvent molecules per redox site conversion), the increase
in the normalised mass observed 1n Table 3 3 4 at higher concentrations 1s due to neutral
perchloric acid transfer Thus, at 3 0 M HC1O4, the transfer of acid 1s (479 - 99 5 - 45)
gmol-1, which 1s equivalent to 2 8 moles of (H30+)(ClO4-) per mole of osmium sites
The reaction for osmium oxidation, considering only the net changes of the species

within the polymer layer, 1s therefore now described by,

{ (Osmy+ A- ) p+ (14+b)s A- + (b)s H3O+ + 26 HyOy =———— (3410)

{(Osi)2+ (A2) +2 6 HoO +b (H30+A-) } p + e

where the value of b1s2 §
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In 4 0 M HCIO4 the mass transport process changes, and a large net mass loss 1s
observed for the overall oxidation, Fig 3 4 19 shows the cyclic voltammogram and the
mass-potential plot at S mVs-11n4 0 M HCIO4 Fig 3 4 20 1llustrates the corresponding
®c104- and mass-charge plots For the first 30 - 40% of redox conversion there 1s a mass
influx 1nto the polymer layer, equivalent toca. 594 gmol-1, yielding a value of 3 8 for the
stoichiometric coefficient b in Eqn 3 4 10 Thus large value of (H30+) (ClOg4-) transfer
into the film reflects the breakdown of permselectivity, as observed in both20 M and 3 0
M electrolyte concentrations However, during continued oxidation there 15 a mass
exodus from the polymer layer

The fixed site concentration of osmum centres 1s ca 0 7 M On complete protonation
of the PVP backbone the fixed site concentration will increase tenfold to ca 70 M Film
compaction 1n HCIO4 will increase this concentration further [131] Thus,at4 0 M
HClO4 the concentration of bathing electrolyte 1s a significant fraction of the polymer
phase fixed-site concentration In a model developed for 10n-exchange membranes by
Gregor [138], the partial exclusion of free electrolyte from the membrane, 1n contact with
bathing solution concentrations approaching the fixed site concentration, results in the
movement of solvent from the low free electrolyte concentration within the membrane to
the high concentration 1n the contacting solution This “counter-Donnan" osmotic flux not
only results 1n deswelling, but also serves to exclude electrolyte further and thus cause

further flux of material from the layer [138]

The 1mi1al mass increase 1n 4 0 M HCIO4 reflects the threshold level of charge density
within the polymer film that can be tolerated before the osmotic flux of solvent becomes
thermodynamucally favoured The establishment of this flux not only reduces the polymer
phase solvent content but may also include the movement of free electrolyte from the

polymer layer and the partial re-attainment of permselectivity
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Fig3419 Cyclic voltammogram and mass-potential plot for [Os(bipy)2(PVP)oCl}+

coated electrode in 4 0 M HCIO4 Scan rate 1s S mVs-1, coulometric

polymer surface coverage 1s 1 5 x 10-8 molem-2
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3.5. CONCLUSIONS.

Exposure of [Os(bipy)2(PVP)1oCl]+ films to increasing HCIO4 concentration, results
1n protonation of the PVP polymer backbone The change 1n polymer phase mass reflects
the electroneutrality requirement for counter-anion msertion, while the the change in
layer structure 1s indicative of the increased ngidity of the layer due to the crosslinking of
the polymer matrix by ClO4- The strong interaction of the counter-anion with the
polymer results 1n reduced levels of polymer solvation and ngid polymer structures at all
electrolyte concentrations

The more acidic value for the pK,aPP of the uncoordinated pyndine groups of the
metallopolymer compared to that of the homopolymer, reflects the reduction 1n volume
within the polymer layer and the difficulty for counter-anion insertion A change in
morphology of the layer with changing electrolyte concentration 1s manifested in two
distinct regions of diffening behaviour which exist duning the protonation process, and
indicates the exclusion of HClO4 from the layer at low electrolyte concentrations

A break-in of the polymer 1s in operation in which an equilibrium level of solvation
of the underlying base layer 1s only facilitated by the extensive interfacial movement of
counter-anion and solvent duning redox processes

Equilibnum mass changes during polymer oxidation show that 1on and solvent
transfer are greatly influenced by the contacting electrolyte concentration and,
consequently, by the polymer layer morphology The movement of solvent 1s determined
by two finely balanced opposing forces, the tendency for increased polymer solvation due
to the increase tn 10nic content during film oxidation, and the tendency for solvent
exclusion due to the increased polymer phase perchlorate content At HCIO4 electrolyte
concentrations below 0 1 M the reduced levels of polymer protonation allow solvation

requirements to dominate, while at higher concentrations 1t 1s the restraints imposed on

the polymer network by the crosshinking ClO4- anion that dictate the reduced solvent
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movement

The combination of potentiometric and EQCM data show that electroneutrality 1s
maintained by counter-anion motion 1n the concentration range 0 01 M to 1 0 M HCIO4
Solvent transfer, 1n response to the decrease 1n activity of the interstitial solvent in the
oxidised layer, also occurs At very low HCIO4 concentrations kinetic lumitations exist
for interfacial mass transfer and normalised mass changes are indicative of mixed

transport of co- and counter-ion during redox switching

At electrolyte concentrations greater than 1 0 M HClOy4, permselectivity fails At the
highest electrolyte concentration investigated, the mass loss during exhaustive oxidation
reflects a maximum level of charge density within the polymer layer that can be tolerated,

and the partial re-establishment of permselectivity

The ClO4--polymer interaction 1s strong This reduces the number of free 1ons within
the polymer layer and the requirement for solvation, 1¢ the osmotic activity of 1ons 1n

the interstitial pore liquid 1s low In Chapter 4, however, the behaviour of

[Os(bipy)2(PVP)oCl]* 1n para-toluene sulphonic acid 1s studied The counter-anion
polymer interaction 1s anticipated to be quite different, and 1t will be seen how the
development of osmotic pressure gradients across the polymer / electrolyte interface will

strongly affect solvent transfer and polymer structure
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CHAPTER 4

The effect of pTSA Electrolyte Concentration
and Redox Site Oxidation State
on the Resident Layer Mass of Thin Films

of [Os(bipy)2(PVP)19CI]+



4.1. INTRODUCTION.

With the development of synthetic organic 1on-exchange resins, tn which
crosslinking, capacity etc can be controlled, a systemmatic investigation into the effects
of membrane structure on 10n-exchange equilibna has been undertaken [1-4] The results
from this work have demonstrated the importance of the counter-1on interaction with the
fixed-charge sites of the polymer backbone and 1ts consequent effects on the selectivity
exhibited by the exchange sites and the level of solvent-swelling of the membrane [4]

From the earliest days of polymer modified electrodes, solvent transfer accompanying
counter-1on motion during charge transport processes has been known to occur [5] The
membrane properties of the polymer modifying layer have been recognised [6], and the
counter-ton dependency of polymer structure (7,8], and the effect of swelling [9]
investigated However, despite this, early thermodynamic models describing the
electrochemical processes failed to consider the solvent population within the polymer
layer [10-12] It has been through the increased use of the EQCM 1n probing mass
changes accompanying redox switching that the role of solvent has become increasingly
evident (see Section 3 2 6) Recent thermodynamic models [13,14] for equilibrium
solvent and 10n-aggregate populations within electroactive polymers have been developed
and have utilised earlier models for 1on-exchange membranes [10] and polyelectrolyte

systems [15]

Previous electrochemical studies of the redox polymer {Os(bipy)2(PVP)1oCl]+ have
indicated that the rate of charge transport 1s strongly influenced by the nature of the
contacting electrolyte [16-20] An EQCM study has shown considerable differences in
the levels of solvent involved in the mass transfer during redox switching in different
near-neutral pH electrolytes {21,22] These effects have been attributed to changes in

polymer morphology as dictated by the mctallopolymer-elcctfolyte interaction, and a
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correlation between the polymer phase solvent content and the rate of charge transport
has been proposed [22]

In Chapter 3, the equilibrium mass changes within the osmuum metallopolymer in
HCIO4 were investigated as a function of redox state and electrolyte concentration The
role of solvent was observed to be munimal, due to the dehydrating nature of the counter-
amon In this chapter a similar study 1s performed 1n a more swelling electrolyte, para-
toluene sulphonic acid (pTSA) It s the purpose of this work to investigate the ongin of
morphology changes within this metallopolymer as a function of electrolyte type and
concentration The approach adopted views the metallopolymer as an anion-exchange
membrane with the protonated pyridine moieties of the polymer backbone, as well as the
osmium redox centres themselves, being the fixed cationic sites The model considers
those factors which will affect the internal osmotic pressure within an ton-exchange
structure and thus influence the level of swelling and solvent transfer

This aBproach 15 used primarily to explain electrolyte dependent changes 1n polymer
morphology 1n the absence of redox processes However, the general features of the
treatment provide a basis for the understanding of the mass changes which occur during
charge transport through membranes In this regard, the behaviour of an 1on-exchange
membrane 1n an electric field will be considered

To understand the ongin of osmotic pressure within membranes 1t 1s useful to first
consider the nature of osmosis The importance of osmosis 1n 10n-exchange membranes

will be emphasised and a brief review of the early literature concerning membrane

swelling and 10n-association effects will be given
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4.1.1. Osmotic Transport of Solvent.

The osmotic transport of solvent 1s demonstrated by the classical experiment 1n which
two solutions of differing solute concentration are separated by a semi-permeable
membrane through which the solute cannot pass Solvent flows from the more dilute
solution (c1) to the more concentrated (c2) In an open system, the pressure gradient
generated by the solute concentration gradient 1s eventually counter-balanced by the
increase 1n hydrostatic pressure on the more concentrated solution side of the membrane,
and solvent flow ceases

From a thermodynamic point of view, osmotic flow proceeds from high solvent
activity, 1n the dilute solution, to lower activity in the more concentrated solution This 1s

stated 1n the Van't Hoff equation [1], which for dilute solutions 1s given by,

P2-P1= RT (c2-c1) “411)

R 15 the gas constant and T 1s the temperature P) and P; are the pressures at equilibrium
associated with solutions of concentration ¢y and c, respectively [1]

A molecular theory describing the osmotic flux has been proposed which considers
the intermolecular forces between solute and solvent molecules [23] A net force per unit
area acts upon the membrane pore liquid only when a solute molecule resides at the pore
mouth The osmotic flux of solvent is thus viewed as spurts of solvent lasting the length
of time that a solute molecule resides, on average, at the pore The ume-averaged force

per unit area 1s found to be given by the conventional osmotic pressure of the solution

(Eqn41 1)
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4.1.2. Osmotic Transport in Ion-exchange Membranes.

The osmotic movement of solvent as outlined 1n Section 4 1 1 pertains to membranes
which are non-tonic or which are completely impermeable to solute The osmotic
transport of solvent 1n such systems 1s termed "normal” osmosis [2]

For 10on-exchange membranes, the pressure gradient established, when 1n contact with
electrolyte solutions, 1s derived from the swelling pressure within the membrane Because
of the high 1onic concentration within 10n-exchange membranes there 1s a strong
tendency for the internal 1onic populations to become diluted, 1 ¢ a high internal osmotic
pressure exists When 1n contact with dilute electrolyte solutions or pure solvent, the
matrix expands as the polymer segments and solution inter-diffuse The swelling, as
defined by the osmotic pressure (which may be of the order of 1000 atm ), 1s opposed by
the swelling tension imposed on the polymer segments by the overall polymer structural
framework [1,2]

For the situation 1n Section 4 1 1 the swelling pressure 1s greater for the membrane
face 1n contact with the more dilute electrolyte A purely pressure gradient across the
membrane, therefore, always results 1n osmotic solvent transfer from low to high
electrolyte solutions, 1€ positive 0smosis

The nterstitial pore liquid of 10n-exchange membranes contains mobile counter-ions
and relatively few mobile co-1ons The pore liquid thus carnes a net electric charge The
osmotic movement of solvent in this case 1s not only 1n response to pressure gradients
across the membrane but 1s also profoundly affected by the presence of electric fields
Where this occurs the transfer of solvent 1s invariably against its chemical potential
gradient and the solvent flux 1s termed "anomalous” osmosis [1,2]

Due to differences in the mobilities of the counter- and co-10ns, strong diffusion
potentials may anse in the contacting solution These increase with increasingly dilute

solutions If the counter-1on diffuses faster, the space charge developed at the solution /
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membrane nterface results in an electric field which dnves the pore hiquid to the more
concentrated solution The greatly enhanced osmotic flux which results 1s termed
"anomalous positive osmosis” Conversely, 1f the co-1on diffuses faster, the electric field
established causes the pore liquid to be pulled back towards the more dilute solution,
giving rise to "negative anomolous osmosis”

The application of a potential field across an 10n-exchange membrane will simularly
result in solvent movement, with a net solvent flux in the direction in which the counter-
1ons within the membrane are transferred In such circumstances, the solvent transfer 1s
termed "electro-osmosis” [24]

The extent of both anomalous and electro-osmosis 1s determined by the flow
resistance of the 1on-exchange matenal, the fixed-site concentration, the extent of co-10n
exclusion from the membrane pores, the 10nic mobilities of the mobile 10ns and the extent
of specific interactions between the counter-tons within the membrane and the fixed

membrane sites and / or the polymer backbone [2]

4.1.3. Counter-ion effects in Ion-exchange Membranes.

Much of the Iiterature concerning the structure of 1on-exchange resins has been
motivated by the need to determine those factors which govern selectivity coefficients for
the exchanging 1ons [2,4,25-27] The results obtained, however, have yielded significant
insight 1nto the effect of the counter-10n fixed site interaction on the resin structure
[26,27]

The 1nteraction between counter-1ons and the fixed sites of the polymer matnx has
been visuahsed by Manning 1n an "1on-condensation” model for polyelectrolytes [28]
This model sees the counter-1ons condensed 1n a thin layer about the fixed sites of the
polymer backbone The mobale counter- 10ns are territorially bound within this layer as

long as the mean separation of fixed sites does not exceed a critical value For water at
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25 0 C the critical charge spacing along the polymer 1s z, (7 135 A), where z, 1s the
valence of the counter-i1on The nature of the two-phase properties of polyelectrolyte-salt
muxtures has also been investigated by Marinsky [15]

In a mechanical model for 1on-exchange membranes proposed by Gregor et af [29-
31], the membrane 1s viewed as a network of elastic springs, against which the interstitial
pore liquid exerts a force due to 1ts osmotic pressure These mechanical models have
shown the relationship between the activity of the mobile counter-1ons within the 10n-
exchange resin and the pressure-volume free energy changes involved in the swelling
process [30] The swollen resin volume 1s related to the solvent activity within the
membrane and 1s thus dependent on the size of the unhydrated counter-i0on, 10n-solvent
interactions and 1on-pair formation [32]

The size of the counter-1on 1s of obvious importance The mechanical model of 10n-
exchange resins anticipates that an increase 1n the molar volume of the counter-1on will
increase the volume of the resin phase shightly However, because there 1s a decrease in
the membrane interstitial volume which can be occupied by solvent, a sharp increase 1n
the osmotic pressure of the resin phase occurs [30] These pressure-volume
considerations are found to be most important in cation-exchange resins [33], and for a
10% crosshinked poly{styrenesulphonatre) cation-exchanger the level of swelling was
found to increase with increasing size of the hydrated cation [33)

Specific 10n interactions and the formation of 1on-pairs results 1n reduced
electrostriction of solvent and decreases the osmotic activity of the internal pore hquid A
reduction in swelling is thus predicted as 10n association proceeds [32,33] Van der Waals
forces may increase with increasing counter-1on size, and for a series of quaternary
ammonium cations, the level of swelling of 10% crosslinked poly (styrenesulphonate)
resin was observed to decrease for the larger counter-1ons due to the increased counter-
10n fixed site interaction [33] In anion-exchange resins, 1on-pair formation and anion-

specific interactions have been found to be the dominant factor in determining the level
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of swelling of the resin [26,32] In a quaternary-ammonium anion-exchanger a decrease
1n the resin volume was observed with increasing unhydrated halide 1onic size Similarly,
for a series of substituted acetate counter-1ons a decrease 1n resin volume with increasing
anion s1ze was seen {32]

The valency of the counter-1on has been found to be of importance 1n determuning
structure 1n polyelectrolytes and 10n-exchange membranes Counter-1ons of high valency
are generally observed to produce low levels of swelling due to their increased
associanon with the fixed sites [2,4] For highly cross-linked gels of poly(methacrylic
acid), muluvalent salts were found to result 1n marked deswelling, compared with the
H+ form of the gel [34] This was attributed to the contraction of the polymer chains due
to cross-linking of the polymer carboxyl groups by the polyvaient counter-1ons

The 1importance of these 1nteractions on 1on transport has been addressed n a series of
contributions from Boyd and Soldano [35-38], concerning the self-diffusion of counter-
1ons 1n cation and anion exchange resins Multivalent cations 1n sulphonated polystyrene
cation-exchangers were found to have negative entropies for their self-diffusion This was
rationalised in terms of these cations having to first dissociate from the resin 1n order to
form the activated complex of the molecular diffusion process [35] Such a dissociation
resulted 1n electrostriction of solvent molecules and a subsequent decrease 1n entropy
Univalent counter-1ons, however, were not considered to be associated and the entropy of
self-diffusion was positive, merely reflecting the disturbance in the micro-environment of
the diffusing ion [35] Significantly, for similar expeniments 1n various quaternary
ammonium type exchangers, neither the rate of self-diffusion nor the entropy of
activation for self diffusion of amons was found to be affected by valency [36} In all
cases, only the disordering of the anion environment was observed This was reconciled

in terms of the weak hydration of anions in comparison to cations
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Increasing the concentration of the electrolyte in contact wath the 1onic polymer may
result in a number of effects In general, however, as the electrolyte concentration
increases the reduction 1n the osmotic pressure gradient across the polymer / electrolyte
interface will reduce the dnving force for solvent uptake and deswelling will result [2,4]
Alternatively, the breakdown 1n permselectivity of the membrane at high electrolyte
concentrations will result in penetration of the electrolyte into the resin phase This may
serve to increase the osmotic effect of the resin and cause further swelling [2] In yet
another possibility, the partial exclusion of the electrolyte from the resin phase will result
1n a concentration gradient for electrolyte across the membrane interface A counter-
Donnan osmotic pressure 1s established which results in the transfer of solvent out of the
resin [30] This solvent flux further increases the exclusion of electrolyte from the

membrane, as well as causing deswelling

4.2. EXPERIMENTAL.

[Os(bipy)2(PVP)10ClCl was synthesised as described previously in Chapter 3
Electrode preparation and the experimental procedures for frequency measurement,

impedance analysis and voltammetry were also as described in Chapter 3
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4.3. RESULTS AND DISCUSSION.

4.3.1. pTSA concentration effects on the resident layer mass.

Before the pTSA concentration effects on the layer mass and layer ngidity were
studied, the metallopolymer was first converted to the para-toluene sulphonate salt form
This was achieved by repeated voltammetric cycling of the Osiili couple 1n 0 1 M pTSA
The polymer films were then stored tn Mill1i-Q HO for several days prior to further
analysis

The change 1n the resonant frequency of the polymer-coated working crystal in the
active mode, at open circuit, with increasing pTSA electrolyte concentration 1s shown 1n
Fig 4 3 1 (Graph A) The polymer surface coverage, by gravimetry, was 2 9 x 10-8
molcm-2 The mass change per polymer equivalent, assuming the frequency-mass
relationship (Eqn 3 1 7), 1s also presented on the ordinate of Fig 4 3 1, where the zero
value represents the pTS- salt form of the polymer plus initially imbibed water The
contribution of changing electrolyte viscosity was corrected for at each pH by subtraction
of the frequency shift observed at an uncoated crystal

Although no voltammetry was performed 1n the course of this experiment, Fig 4 3 1
also includes the frequency change observed dunng the oxidation of the polymer layer
(Graph B) This will be discussed later in Section 4 3 2

Graph A in Fig 4 3 115 retraced when increasing or decreasing the electrolyte pH,
thus indicating that no wrreversible changes 1n layer structure occur However, 1n order to
evaluate any change 1n polymer structure with changing electrolyte concentration,
impedance measurements were made These were obtained using a different polymer
film, with surface coverage 5 x 10-9 molcm-2, and are illustrated in Fig4 32 to Fig4 3 4

Table 4 3 1 summanses the crystal resonance shape and position
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Figd31 The effect of pTSA electrolyte concentration and osmium oxidation

state on the layer mass of a [Os(bipy)2(PVP)oCl}+ polymer film

The surface coverage 1s 2 9 x 10-8 molcm-2
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Figd32to434
The admuttance spectra at open circuit for a polymer-coated crystal (surface
coverage 5 x 10 9 molem-2) 1n a senes of pTSA electrolytes Fig432 Hz0 to

103MpTSA ,Figd433 103MwO01MpTSA andFigd434 0101 0M
pTSA Data are summansed 1n Table 4 3 1
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Tabled 31 The effect of pTSA electrolyte concentration on the adrttance

spectrum for [Os(bipy)2(PVP)1ogCl](pTS) coated crystals at open

circurt Gravimetric surface coverage 5 x 10-9 molcm-2

Electrolyte conc ~ Admuttance Maximum PWHM (@) Af (a.b)
(Molar) (Q-1x102) (kHz) (Hz)
Hy0 0374 8 958 00
1x10-5 0342 10 781 - 416
1x10-4 0336 10 833 - 521
4x10-4 0324 11615 - 755
1x10-3 0332 10573 +313
4 x 103 0290 14 375 - 573
1x10-2 0294 13750 - 833
4 x 10-2 0338 10 625 - 938
01 0392 8 281 -2135
04 0378 8 906 -2292
10 0336 10 469 -3229

(a) Interpolated from data points at 20 Hz resolution

(b) Shiftin resonant frequency with respect to value of [Os(bipy)2(PVP)10C1](pTS)

polymer-coated crystal in H)O Negative values imply layer becomes heavier
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The shift in the crystal resonance centre frequency with changing pTSA concentration
in Table 4 3 1 exhibits the same qualitative trends as the data depicted in Fig4 3 1
(Graph A) While layers of differing thickness may show a slight vanation 1n the exact
electrolyte pH at which there 1s a dramatic change 1n resonant frequency, the same layer
mass-pTSA pH profile 1s observed for all polymer films studied The following

discussion, therefore, 1s general

43.1.1, pHrange400to 275

The decrease 1n the resonant frequency of the coated crystal 1n the pH range 4 00 to
275 (Fig 4 3 1), 1s indicative of a large increase in mass of the polymer phase Fig4 32
and Table 4 3 1 1illustrate the change 1n the crystal resonance as the contacting liquid 1s
changed from pure HyO to 4 x 10-4 M pTSA The broadening of the resonance with
increasing pTSA concentration represents an increase 1n polymer film viscosity There 1s
no contribution to this broadening from the changing viscous liquid load of the contacting
electrolyte, as evidenced by the invanance of the admuttance-frequency response of an
uncoated crystal in contact with pTSA electrolytes in this pH range

While the increased viscoelasticity of the polymer layer may contribute to the
observed decrease 1n the resonant frequency of the working crystal starting at pH 4 00,
the changes 1n polymer morphology alone are suggestive of polymer swelling The
decrease 1n resonant frequency, therefore, must reflect an increase 1n the 10nic content of
the polymer phase and the subsequent increase 1n the level of solvation This 1s
considered to be due to the protonation of the pyridine moieties of the PVP backbone and
the influx of pTS- counter-anions required for electroneutrality

The decrease 1n the resonant frequency attains a near plateau level 1n this narrow pH
range Assuming that the fractional change 1n the resonant frequency can be related to the

level of protonation, the pK,app of PVP can be evaluated, as described previously 1n
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Section 3 4 33 The graph of }og { (Afioa1 / Af) -1 } vs pTSA electrolyte pH 1s shown 1n
Fig 4 3 5 Here, Afioa] 1s taken to be the frequency change at pH 0 5, while Af 1s the
frequency change at a given pH

The plot in Fig 4 3 5 exhibits two distinct regions As with HCIO4, this 1s thought to
indicate a change 1n polymer morphology as the protonation of the polymer proceeds
beyond a certain point However, in pTSA the transition occurs with less extensive
protonation This 1s 1n agreement with the immediate swelling of the polymer on
exposure to pTSA, evidenced by the broadening of the admuttance spectra in Fig 43 2

In the pH range 5 60 to 3 35 the slope of Fig4 3 515 1 70 £ 0 04 and yields a pK,app
of 284 + 0 15 At more acidic pH (pH range 3 35 to 2 75) the slope 1s 2 81 £ 0 07, giving
a value of pKyapp of 3 02 £ 0 02 The evaluation of pK;apP in pTSA 1s more basic than
those obtained 1n HC1O4 In addition, the slopes greater than unity indicate a much
stronger dependence of polymer protonation on electrolyte pH than that predicted by
Eqn 3 4 4 Both these features reflect the facile movement of counter-anions into the

polymer structure that exists in pTSA electrolyte

4312 pHrange275to175

On 1ncreasing the concentration of the pTSA electrolyte to pH below pH 2 75, the
resonant frequency of the coated crystal in Fig 4 3 1 shufts to a higher frequency,
indicating the loss of matenal from the electrode surface (see also the entry for 0 001 M
pTSA 1n Table 4 3 1) This cannot be due to the dissolution of the polymer layer, since
the mass of the electrode, once returned to pure solvent, retains its onginal value In
addition, the electrochemical evaluation of the polymer surface coverage remains
constant at all pHs (wde infra )

Table 4 3 1 and Fig 4 3 2 show that there 1s a sharpening of the crystal resonance at

0001 M pTSA This suggests that there 1s a decrease in the viscoelasticity of the medium
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Figd35 Plotof log { (Afioral/Af) -1 ) vs pTSA electrolyte pH for the nising

layer mass in the pHrange 6 0t0 2751n Fig4 3 1 (A)
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in the immedaate vicinity of the working crystal The observed frequency increase,
therefore, must represent a dramatic swelling of the polymer layer and 1ts delamination
from the electrode surface A similar QCM response has been observed during phase
transitions within lipid multubilayers [40], for the electrochemucal cycling of PVF 1n
chlonde electrolytes [41], as well as for the break-in of nitrated polystyrene films [42]

The polymer swelling can be explained in terms of the swelling of 10n-exchange
resins In accordance with the 10n-condensation effect for polyelectrolytes [28], the
concentration of counter-1ons within the protonated polymer phase will proceed
regardless of the 10nic strength of the contacting electrolyte At pH 3 00, the
concentration of pTS- within a fully protonated polymer layer 1s 4 - 7 M, depending on
the level of swelling, while that of the contacung electrolyte 1s only ca0 001 M A large
osmotic pressure gradient 1s thus established and the movement of solvent into the
polymer phase 1s expected

From steric considerations alone, the large molar volume of the pTS- anion (ca 120
cm3mol-1 [43]) will result in a greater "distance of closest approach” [44] to the fixed
protonated pyndine sites Consequently, a lower level of 1on-pair formation 1s expected
Incomplete shielding of the fixed-charge sites will also result, leading to electrostatic
repulsion and further stretching of the polymer segments [1,2] Specific interactions
between the aromatic anion and the hydrocarbon matrix of the PVP backbone, which can
become sigmficant [32], are considered to be of minor importance, since each polymer
unit bears a fixed-charge site The absence of 10n aggregates within the polymer layer
will lead to a greater osmotic activity, more complete solvation of all 1ons, and tncreased
swelling An increase 1n the swelling pressure of the interstitial pore liquid 1s also
anticipated due to the pressure-volume effect of the bulky pTS- counter-anion {30] It1s
clear, therefore, that extensive polymer swelling 1s expected in low pTSA electrolyte

concentrations
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4313 pHrangel75to 100

As the concentration of pTSA in the external solution is increased further, the
resonant frequency of the polymer coated crystal decreases sharply (Fig4 3 1),
representing an increase in the polymer layer mass The admuttance spectra in this pH
range are 1llustrated 1n Fig 4 3 3 and summarised in Table 4 3 1 Despite the increased
viscosity of the more concentrated electrolyte solutions the resonance of the coated
crystal becomes sharper, clearly indicating that the polymer layer 1n this pH range
becomes more ngid

The compaction of the polymer layer may be a consequence of the decreased activity
of solvent 1n the bathing solution and the subsequent lowering of the osmotic pressure
difference between the interstitial pore liquid and the contacting pTSA electrolyte
However, the solvent activity 1s not expected to change that significantly 1n this range of
electrolyte concentration The abrupt nature of the layer compaction in Fig 4 3 1 suggests
that other deswelling mechanisms must be in operation

Due to the mobility of the co-1on (H30+) compared to the larger counter-ion (pTS-),
the development of a positive space charge at the electrolyte / polymer interface 1s likely
While the polymer phase 1s unlikely to be permselective when so extensively swollen, the
pore hiquid will bear a net negative charge due to the greater number of mobile anions
The positive space charge will thus drive the pore liquid as a whole out of the polymer
phase This 1s negative anomolous osmosis (Section 4 1)

The extensive involvement of solvent 1n this metallopolymer 1n para-toluene
sulphonate based electrolytes [21,22] suggests that there 1s facile movement of solution
species and minimal flow resistance, while the presence of a protonated pyrnidine moiety
every 25 A (assuming a nngid rod structure [45]) results 1n an 10nic polymer film of high
capacity This, 1n addition to the high swelling pressures within the polymer due to the

influx of large quantities of pTS- counter-anion, and the absence of strong 10n-pairing
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interactions, results 1n a situation where negative anomolous osmosis 1s strongly favoured
(2]

Deswelling, due to the establishment of a counter-Donnan osmotic flux [30], as
discussed 1n Section 4 1 2, may also be 1n evidence here Because the concentration of
free electrolyte within the pore liquid is less than that in the external solution, the osmotic
movement of solvent from the layer, to the region of higher electrolyte concentration 1n
the external solution, may occur This will augment the deswelling process and, 1n turn,
will increase the exclusion of electrolyte from the polymer phase The process 1s self-
perpetuating, since this further electrolyte exclusion serves to exacerbate the counter-
Donnan osmotic solvent movement from the polymer In this way, 1t can be seen how
such a rapid deswelling process can occur and how permselective films may be re-

established

4314 pHlessthanpH 100

The change 1n the admuttance spectrum for the coated crystal 1n this concentration
range 1s shown 1n Fig 4 3 4 The broadening of the spectra 1s considered to represent the
increased viscous load of the electrolyte In Fig 4 3 1 the resonant frequency (corrected
for changing hiquid load), remains essentially constant, and represents the plateau value
being approached at higher pH (Section 4 3 1 1) This suggests that despite the increased
viscous liquid load at higher electrolyte concentrations, the same decrease 1s observed 1n
the crystal resonant frequency for an attached layer mass which 1s thought to represent a
fully protonated polymer film Because of this, 1t 1s thought that frequency measurements
may be related quantitatively to mass changes occuning within the layer

At pH less than 0 00 the frequency of the working crystaf increases abruptly and
indicates a mass loss from the electrode It 1s unlikely that polymer swelling 1s

responsible for this, as suggested 1n a previous study 1n NapTS [22] However, while
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mechanisms for swelling or deswelling may be invoked to account for this apparent mass
change, 1t 1s more likely that the combination of a highly viscous electrolyte solution and
the polymer film results in such a broadened crystal resonance that the crystal oscillator

circuit cannot accurately follow the centre resonant frequency

The swelling of the osmium polymer and the protonation of PVP 1n pTSA electrolyte
1s 1n sharp contrast with that observed for HCIO4 The anion-dependency of structure, as
observed previously for quaternised PVP {7,8], can be attributed to the differing
interaction of these anions with the polymer backbone The changes 1n structure in pTSA
indicate that when swollen, the layer morphology becomes more strongly dependent on

electrolyte concentration This has also been noted for PVF films [46]
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4.3.2. Mass changes accompanying OsIVIII couple in pTSA.

The effect of the changing layer structure on mass transfer dunng redox processes 1s
now considered The mass changes accompanying redox processes for the osmium
polymer were investigated at cyclic voltammetric scan rates of 1 and 5 mVs-1 The
requirements for solvent transfer and the maintenance of electroneutrality are as
described previously in Section 34 4 1 Additional considerations for solvent transfer in
10n-exchange membranes are as discussed 1n Section 4 1

Fig 4 3 6 shows a typical cyclic voltammogram of the Osi/ll couple 1n 0 1 M pTSA at
1 mVs-1 The anodic and cathodic peak potentials converge, and the peak current ratio 1s
one The plot of peak current versus sweep rate 1s linear, up to sweep rates of ca 20
mVs-1, and has a normalised slope of unity These features are indicative of a surface
wave [47], with all redox sites being oxidised on the experimental time scale This 1s
evidenced by the close agreement of the gravimetric and electrocherucal evaluations of
surface coverage

Fig 4 3 6 also includes the change 1n frequency, Af, during redox processes The
attainment of a steady-state resonant frequency during oxidation, representing a mass
gain, and the re-establishment of the baseline value following re-reduction, indicate that a
pseudo-equilibrium state for all mobile species 1s attained The frequency change 1s thus
representative of the thermodynamic mass transfer associated with the oxidation /
reduction of the layer [48]

Table 4 3 2 summanses the frequency change and the charge passed at 1 and 5 mVs-1
for a range of pTSA electrolytes Table 4 3 2 also includes the evaluation of the

normalised mass, assuming the validity of the Sauerbrey equation

Table 4 3 3 summarnises the potentials for the half-total-mass-change, E1/2(m), and the

half-total-charge-change, E1/2(q), for the oxidation and reduction of the polymer at
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Figd36 Cychc voltammogram and frequency-potential plot in 0 1 M pTSA for
[Os(bipy)2(PVP)10Cl)+ Scan rate 1s ] mVs-1, polymer surface coverage 1s

2 x 10-8 molcm-2 The data are presented to reflect the direction of mass
transfer, and not the shift in resonant frequency (1 e a decrease 1n frequency

1s shown as positive)
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Table432 Frequency shifts accompanying redox switching at 1 and 5 mVs-1
for a series of pTSA electrolytes Gravimetnic surface coverage

2 x 10-8 molcm-2

pTSA Conc (Molar) Charge (a) Af (b) Meq ©)
/ Scan Rate (pC) (Hz) ( gmol-1)
001 1 mvs! 399 1727 -414
5 mvs! 391 1880 - 460
002 1 mVs! 400 3049 -729
005 1 mVs:! 408 -1007 236
5 mVs! 402 - 962 229
010 1 mvs:! 365 -1816 476
5 mvs! 368 -1777 462
D20 1 mVs! 408 2030 476
S mVs! 402 -1988 473
040 1 mvs! 385 -1948 484
S mVs! 382 -1845 462
0 60 1 mVs! 375 -1975 504
Smvst 380 -1955 492
080 1 mVs! 350 1376 -376
5 mVs! 364 1001 -263
100 1 mVs! 358 2044 -546
S mVs! 391 1799 - 440

(a) From the anodic branch of the cyclic voltammogram
(b) The end-to-end frequency shift accompanying oxidation

(¢) Normalised mass calculated assuming the validity of the Sauerbrey equation
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Table4.33 The formal potential of the Osi/ill couple and the half-mass and

half-charge potentials for oxidative and reductive processes

pTSA Conc E'app (@.b) Oxidation (b) Reduction (b)

( Molar) (mV vs SCE) Eipm)  Ejp@ E1/2(m) E12(Q)
001 335 332 343 322 318
002 320 300 330 305 310
005 305 271 303 267 286
010 275 268 277 264 267
020 260 260 264 255 250
040 233 229 236 220 223
060 223 221 225 217 220
080 220 239 220 224 213
100 215 224 218 205 199

(a) Taken as the average of the anodic and cathodic peak potentials
(b) All potentials (mV vs SCE) measured at 1 mVs-1 at ambient temperature

(20 £ 2 oC)
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1 mVs-1 The formal potental of the Os/ill redox couple, E'ypp, 15 also included in Table
433 E'app 1s taken as the average of the anodic and cathodic peak potential of the cyclic
voltammogram at 1 mVs-1

Table 4 3 4 summarnises the change in the admuttance spectra due to redox switching,
obtained using a different polymer film It 1s evident from these data that there 1s a
broadening of the crystal resonance on oxidation of the polymer at all electrolyte
concentrattons While the correct evaluation of mass from frequency measurements 1n
Table 4 3 2 1s subject to this increased polymer viscoelasticity, it remains clear that
interfacial mass transfer 1s very much influenced by the pTSA electrolyte concentration
The data 1n Table 4 3 2 were generated with the film used for the determination of the
open circuit Jayer mass-pH profile in Section 4 3 1 Graph B 1n Fig 4 3 1 1llustrates the
layer mass-pH profile for the fully oxidised polymer layer This figure demonstrates that
the redox-1nduced mass transfer processes are directly related to the morphology of the
polymer layer, with mass loss occuring during oxidation 1n swollen polymer structures
and mass gain processes being observed in more compact layers

Although for polymer layers of differing thickness there 1s vanation in the exact
pTSA concentrations at which there is a transition from a mass gain process during
oxidation to one of mass loss, the trend 1n mass transfer as a function of polymer
morphology 1n the reduced state 1s observed for all polymer films The following
discussion, therefore, although based on the data 1n Table 4 3 2, applies to the general
behaviour of this osmium redox polymer in pTSA For quantitative analysis of the
normalised mass change the estimated error 1s * 2% for repeat analysis on a given film
and, for films of similar surface coverage (1e + 1 x 10-8 molcm-2) the between film

variation 1s £ 15%
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Table 434 The change in admuttance spectrum during redox switching for a
[Os(b1py)2(PVP)19Cl]+ coated crystal in a senes of pTSA
electrolytes Scan rate 5 mVs-1, surface coverage 5 x 10-9 molem-2
pTSA Conc Af (a,b) Admuttance Maximum PWHM (@)
( Molar) (Hz) (1 x102)
Osll OslII OslI OslII
H,O - 0370 - 8 808 -
4x10-4 - 100 0358 0350 9534 9 847
1x10-3 60 0318 0300 11931 13 859
4 x 10-3 0 0284 0270 15 005 16 672
001 254 0316 0294 12 608 14 431
004 - 98 0 402 0 400 8 128 8128
010 -273 0382 0376 8701 8 909
0 40 -273 0376 0372 9118 9170
100 -273 0336 0332 10 993 11410

(a) Data interpolated from points of 20 Hz resolution

(b) Af1s the shift in centre frequency dunng oxidation Negative values imply mass

gain during polymer oxidation
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4321 pISA concentrations less than 0 1 M

Fig 4 3 7 shows the cyclic voltammogram for the OsW/ill couple in 0 01 M pTSA at §
mVs-1 and also includes the frequency change observed during redox switching The
change in the admattance-frequency response, for a different film, at S mVs-1,1s
lustrated in Fig 4 3 8 The frequency shift during oxidation 1n these figures represents a
mass loss from the polymer layer

As discussed 1n Section 4 3 1, at concentrations below 0 1 M pTSA the polymer 1s
swollen On oxidation of the osmium redox centres the 1on population of the polymer
phase 1s increased In addition to ion solvation, the osmotic effect, discussed 1n Sections
4 1, will result 1n an 1ncrease 1n the solvent content within the polymer phase during
oxidation, and swelling of the polymer layer 1s anticipated This 1s evidenced by the
broadening of the crystal resonance in Fig 4 3 8

However, the mass loss cannot be attributed to the swelling of the polymer Where
delamination of the polymer from the electrode surface has been observed during redox
processes, the frequency decreases again during the reverse scan with a diffusion-like (1e
t1/2) dependency, indicative of the diffusion-controlled redeposition of the material
[41,42] It1s clear from the frequency (sic mass)-potential plot of Fig 4 3 7 that this 1s
not the case for the osmium redox polymer Despite the viscoelasticity of the swollen
polymer layer, the increase 1n frequency during oxidation 1s considered to be
representative of a redox-induced mass loss from the layer and not due to layer
morphology changes

As discussed 1n Chapter 3, the supply of counter-amons from the bulk solution 1s not
anticipated to be rate-limiting on the experimental time scale under investigation here In
addition, 1n 0 01 M pTSA the polymer layer 1s swollen and 1s not expected to provide any
barners to interfacial mass transport The mass loss, therefore, 15 not considered to

represent co-10n expulsion during polymer oxidation It 1s clear that the existence of
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Fig.4.3.7. Cyclic voltammogram and frequency-potential plot in 0.01 M pTSA
for [Os(bipy)2(PVP)ioCI]+. Scan rate is 5 mVs-1 and the polymer

surface coverage is 2 x 10-8 molcm-2.

V vs SCE

Fig.4.3.8. The change in the admittance spectrum for [Os(bipy)2(PVP)ioCl]+
during redox switching at 5 mVs-1 in 0.01 M pTSA. The polymer

surface coverage is 5 x 10*9 molcm-2.

FRBQUENCY (Hz x 10%)
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"pools" of electrolyte within the swollen polymer layer may provide a source of counter-
anion which will not contribute to the observed mass change [42] However, this can not
account for the net transfer of mobile species from the layer which 1s observed

In order to determune the 1dentity of the mobile species involved, the experiment was
repeated, using the same polymer film, with D20 as the solvent. Table 4 3 § summarises
the electrochemical and frequency data obtained in H2O and D70 at S mVs-1, while
Fig 4 3 9 (a) and Fig 4 3 9 (b) 1llustrate the &’PTS' versus potcﬁtlal plot for H,O and D70,
respectively This @ plot, as defined 1n Section 3 2 5, represents the flux of all mobile
species except pTS-, assuming that counter-anion motion 1s responsible for the
maintenance of electroneutrality [49,50] The cyclic voltammograms are also included 1n
these figures For presentation purposes, the mass loss flux during oxidation s
superimposed on the anodic branch of the cyclic voltammogram

During oxidation with H20 as solvent, the difference 1n E/2(m) and Ej/2(q) (Table
43 3 and 4 3 5) indicates that mass and charge transfer are delineated [21,51] Dunng re-
reduction, Ej2(m) and E/2(q) coincide, indicating concomutant charge and mass transfer
Thas 1s graphically illustrated in the ‘i)pTS- plot in Fig 4 3 9 (a) and can be attributed to
the observation that for electroactive polymer films solvent egress from the layer is more
rapid than solvent entry [52]

Following 1sotopic substitution of hydrogen with deuterium, a greater mass 1oss 1s
observed dunng oxidation However, the &)st— plot in Fig 4 3 9 (b) indicates that the
mass flux coincides more with the passage of current This 1s also seen from the
half-potential data for D20 1n Table 4 3 5 and 1s due to the slower rate of transport
for the higher molecular weight solvent species [53]

Assuming the mass-frequency relationship, the increase 1n the normalised mass loss
on 1sotopic substitution 15 ca 17% (see Table 4 3 5), compared to the predicted increase
of 11% if the mass change was due to solvent only However, if counter-anion motion

nto the layer 1s to be considered, with the normalised mass loss reflecting the net
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Table 4.3.5. Electrochemical and frequency data for isotopic substitution

of H20 with D20 in 0.01 M and 0.5 M pTSA at5 mVs-1.

0.01 M pTSA 0.5 M pTSA

H20 D20 H20 D20
E1/2 (m) ox.(a) 341 381 242 263
E]/2 (q) ox.(a) 363 386 260 271
E 1/2 (m) red. (a) 298 303 227 224
El/2 (q) RD 294 297 225 216
AQ (pC) (b) 375 371 350 352
Af (Hz) (c) 1842 2146 -929 -980
Meqg (gmoH) (d) -470 -553 254 266
Af (solvent) (e) 2512 2809 -303 -351
MOLES SOLVENT (f) -35.6 -36.2 4.6 4.8
ApTS- (max) (g) -380 -480 75 80

a) Potentials measured at 20 + 2 oC, (mV vs SCE).

b) From anodic branch of cyclic voltammogram.

c) Frequency shift accompanying polymer oxidation.

d) Normalised mass change, assuming validity of Sauerbrey equation.

e) Frequency shift due to solvent, assuming counter-ion motion IN during oxidation
f) Solvent transfer per redox site conversion, assuming counter-ion motion in.

g) Flux of solvent in ngcm-Vi, assuming counter-ion motion in.
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Fig439 &)pTS' vs potential plot and cyclic voltammogram in 0 01 M pTSA for

[Os(bipy)2(PVP)1gCl1+ with (a) H20 and (b) D70 as solvent Surface
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movement of solvent out, the mass loss 1n H2O represents the movement from the layer
of ca 35 moles per redox site conversion, while in D20 the mass loss represents ca 36
moles of D70 per redox site conversion The close agreement of these figures not only
suggests that 1t 1s solvent movement that 1s responsible for the frequency change, but that
despite the viscoelasticity of the polymer layer, mass changes may be evaluated from
frequency measurements

The domination of swelling effects during redox switching has been observed to
result 1n a delay in the observed mass transfer [46,42] However, in Fig 4 3 9, the flux of
both H70 and D0 from the layer commences as soon as redox processes begin This
suggests that the polymer swelling during oxidation does not adversely affect the
frequency response, and provides further evidence that frequency changes occur
primanly 1n response to mass transfer processes

Thermodynamic requirements for equilibrium levels of solvent cannot be predicted a
prort [ 13] It 1s possible that under the conditions prevailing in 0 01 M pTSA, oxidation
of the layer results 1in changes 1n solvent activity coefficients which require the loss of
solvent from the polymer film However, this 1s considered to be unlikely, and the
solvent loss 1n this 1nstance 1s thought to have kinetic rather than thermodynamic origins
This 1s evidenced by the difference in the position of the flux maxima (in relation to the
passage of current) in H»O and D70, and the observation that once the flux has been
established, 1t 1s rapid and ceases before complete oxidation of the polymer occurs This
1s manifested 1n the difference in E/2(m) and Ej/2(q) for the oxidation and reduction of
the layer in 0 01 M pTSA 1n Table 4 3 3 and indicates delineation of mass and charge
transfer

The swollen polymer layer are not expected to be permselective and will contain free
electrolyte In the presence of an electric field the electro-osmotic flux of solvent in the
direction of movement of the more mobile hydronium 1ons will be expected (see Section

4 1) Because electro-osmosis 1s more pronounced mn swollen membranes  at low
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electrolyte concentrations [1,2], 1t 1s considered to be a possible explanation for the rapid

flux of solvent from the polymer layer once anodic processes have begun

While 1t has been demonstrated that morphology changes during redox-switching in
0 01 M pTSA do not adversely affect frequency measurements, the admittance spectra in
Fig 4 3 10, obtained 1n 0 001 M pTSA at a scan rate of 5 mVs-1, using a different
polymer film, 1llustrate that subtle variations 1n polymer structure can occur tn swollen
films duning redox processes The mass loss, indicated by the shift of the resonant
frequency to higher values, has been discussed above However, the "saddle” effect for
the admittance peak maxima 1s indicative of changes 1n structure at different stages of
polymer oxidation These changes are dependent solely on the extent of redox

conversion, as they are retraced duning re-reduction
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Fig 43 10 Admuttance spectra for [Os(bipy)2(PVP)19Cl)+ during redox switching

in 0 001 M pTSA , polymer surface coverage 1s 5 x 10-9 molcm-2
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Fig 4 3 1 1llustrates how the mass changes during redox-switching are influenced by
the resident layer mass and polymer morphology Although not performed on the same
polymer film, 1t 1s seen 1n Table 4 3 4 that in 0 0004 M pTSA a mass gain accompanying
polymer oxidation 1s observed This electrolyte concentration falls into the pH range
where the 1mitial increase 1n layer mass due to polymer backbone protonation occurs (see
Fig 4 3 1 Graph A) As has been discussed 1n Section 4 3 1 1, 1n this pH range extensive
polymer swelling has not yet occured The mass gain on oxidation 1n 0 0004 M pTSA
thus confirms the general observation for this polymer in pTSA electrolyte that within
swollen structures, mass loss processes dominate while in more compact layers a mass

gain during oxidation s observed

The transition from a mass loss process during oxidation to one of mass gain 1s not a
sharp one, and the actual electrolyte concentration may vary for polymer layers of
differing thickness In all cases, however, the transition occurs when the layer becomes
deswollen (Section4 3 1 2)

Fig 4 3 11 (a) 1llustrates the cyclic voltammogram and the frequency (sic mass)-
potential trace obtained at 5 mVs-11n 0 05 M pTSA, for a polymer layer of surface
coverage 2 9 x 10-8 molcm-2 This figure 1s typical for all films at which the change over
1in mass transfer behaviour occurs At the pH corresponding to 0 05 M pTSA, the
polymer layer 1s deswollen (see Fig 4 3 1) and the mobile co-10n population within the
polymer 1s thus substantially reduced Electro-osmotic flux of solvent from the layer 1s
consequently expected to be less, while the reduced levels of interstitial pore electrolyte
will result 1n the requirement for interfacial counter-anion motion for electroneutrality
which will be detected by the EQCM Thus results in the mass increase in Fig 4 3 11 (a)
as oxidation proceeds

Fig 4 3 11 (b) 1llustrates the corresponding plot of &)st- versus potential The initial

value of zero for d>st— indicates that there 15 no net movement of solvent into or out of
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Fig 4311 (a)

for an [Os(bipy)2(PVP)19Cl]+ film of surface coverage 2 x 10-8

molcm-2, scan rate 1s 5 mVs-1

(b) The corresponding &Jst- vs potential plot
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the layer 1n the early stages of oxidation While this may represent polymer swelling
effects [42,46], 1t may also be indicative of the counter-balancing of the lower level of
electro-osmotic flux and the concomutant solvent movement with the counter-anion into
the layer

On more exhaustive oxidation, a frequency change, indicating a mass loss, 1s
observed and the attainment of a new plateau, "steady-state" layer mass 1n the Osll state
1s established (see Fig 4 3 11 a) It1s considered that this shift in frequency represents a
morphology change within the layer

In Fig 4 3 11 (b), during the 1n1tial stages of polymer re-reduction, &’st- increases,
indicating that the mass change observed 1s insufficient to account for the movement of
anion from the polymer layer This may represent layer viscoelasticity, which results 1n
an underestimation of the mass change from frequency measurements (54] Alternatively,
the positive value for &)pTS_ may reflect the increased levels of electro-osmotic
movement of solvent into the layer in the more swollen structure existing 1n the Osll!
state In either case, a more swollen (sic solvated) polymer la;'er 1n the Oslll state 1s
responsible

On complete re-reduction of the layer in Fig 4 3 11 (a), a new, highter baseline 1n the
Osti state 1s established After allowing the polymer layer sufficient time to equilibrate,
there 15 a return to the original layer mass This indicates that the swelling of the polymer
in the oxidised form 1s reversed on conversion to the reduced state on a time scale much
longer than that of the S mVs-1 scan rate

While no direct evidence for the substantial swelling of the polymer layer during
oxidation was obtained for the polymer film depicted in Fig 4 3 11, 1t has been observed
for other polymer layers that the change in the polymer structure in the concentration
range 0 01 M to 0 1 M pTSA may result in dramatic changes 1n layer morphology during
redox switching This 1s seen 1n Fag 4 3 12, which shows the change in the admuttance

spectra during redox processes for the sequence of electrolytes 0 04 M, 0 07 M and

204



005M pTSA In 004 M pTSA (Fig 4 3 12a), oxidation results in only mimimal changes
1n ngidity, while 1n 0 07 M (Fig 4 3 12b), significant swelling 1s observed However, for
this polymer film transferred to 0 05 M pTSA (Fig 4 3 12c¢), oxidation results in such
extensive swelling that delamination from the electrode surface occurs This 1s seen in the
flattening of the crystal resonance followed by a shift in resonant frequency to such
higher frequencies (due to loss of matenal) that the subsequent admuttance spectra are
off-scale

That this dramatic change can occur 1n such a narrow pTSA concentration range 1§
evidence of how important the electrolyte concentration 1s 1n determuning the layer

properties of [Os(bipy)2(PVP)10Cl}+, and how redox switching may result in the

combining of factors where swelling 1s greatly favoured
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Fig 4312 Adnuttance spectra accompanying redox switching at SmVs 11n (a) 0 04 M
pTSA, (b) 007 M pTSA and (c) 0 05 M pTSA Polymer surface coverage

15 2 5 x 10-8 molcm 2
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4322 pTSA concentrationrange 0 1 Mto 1.0 M,

Table 4 3 2 shows that the mass transfer accompanying redox switching in the
concentration range 0 1 M to 0 6 M remains constant There 1s httle vanation 1n the
normalised mass change evaluated at both 1 and 5 mVs-1, indicating that kinetic effects
are absent The E1/2(m) and E1/2(q) values 1n Table 4 3 3 are 1n close agreement for both
the oxidation and reduction processes, suggesting that there 1s concormitant mass and
charge transfer with only a single mass transfer process in operation This 1s 1llustrated 1n
Fig 4 3 13 where the cyclic voltammogram and the <i>p—rs- potential plotin 0 2 M pTSA
at 5 mVs-1 are shown It 1s of note that the flux of solvent under these conditions 1s ca
300 ngcm-2s-1, while the electro-osmotic flux of solvent from the layer at low electrolyte
concentrations 1s ca 400 ngcm-2s-1 (Fig 4 3 Sa) This clearly illustrates the additional
drniving force established for the latter solvent transport process

Table 4 3 4 shows that there 15 a broadening of the crystal resonance during oxidation
of the polymer, indicative of swelling, in this concentration range This 1s shown 1n
Fig 4 3 14 for a film of surface coverage 1 x 10-8 molcm-21n 0 1 M pTSA

This swelling, 1n conjunction with the large frequency (sic mass) changes, suggests
that there 1s a large movement of mobule species with the counter-anion To investigate
this, 1sotopic substitution of HoO with D>O was performed in 0 5 M pTSA Table 43 5
summarises the features of the mass change 1n D20 and H»O, obtained at cyclic
voltammetric scan rates of S mVs-!

Assumung that electroneutrality 1s maintained by counter-anion insertion, the
normalised mass change in HyO represents the concomitant movement of 4 8 moles of
H30 per counter-anion, while for D20, a value of 4 6 moles 1s obtained It should be
noted that this solvent transfer 15 almost five times less than that evaluated by Oyama et
al for this polymer 1n NapTS electrolytes [21] The mass changes evaluated here were

obtained using a polymer film of lower surface coverage than that used in Ref 21 As will
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Figd313 &>p13- vs potenual plot and cychic voltammogram in 0 2 M pTSA for

an [Os(bipy)2(PVP)oCl)+* film of surface coverage 2 x 10 8 molcm 2,

scan rate 1s 5 mVs |
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be discussed below, for thinner polymer films in pTSA a lower normalised mass change
1s obtained For polymer films of comparable thickness to those used 1n Ref 21, the
solvent transfer 1s of similar magmtude (see Table 43 6)

The result from the 1sotopic substitution experiment in 0 5 M pTSA 1s considered to
provide unambiguous proof of the role of solvent transfer dunng redox processes for all
polymer layers 1n the concentration range 0 1 M to 0 6 M pTSA The close quantitative
agreement also indicates that while the polymer layers are viscoelastic, the approximation
to ngidity may be valid [55] and that the evaluation of mass 1s an accurate reflection of
interfacial mass transfer processes Irrespective of the morphology changes during redox,

the conclusion that a large influx of solvent occurs duning oxidation remains vahd

At pTSA concentrations greater than 0 6 M there 1s a gradual transition to mass loss
processes predominating during redox switching Fig 4 3 15 (a) shows the mass-potential
plot and cyclic voltammogram in 0 8 M pTSA at 5 mVs-1 for a polymer of surface
coverage 2 x 10-8 molcm-2 The normahised mass change evaluated for the oxidaton 1s
lower due to the reduced level of mass transfer in the latter stages of oxidation (see Table
4 3 2) This s illustrated 1n the corresponding (i)pTS' plot in Fig 4 3 15 (b), where, after
ca 50% oxidation, the mass change 1s insufficient to account for the insertion of the pTS-
coumerj-amon and the frequency measurements suggest a net movement of solvent from
the polymer layer

Fig 4 3 16 (a) 1llustrates the mass-potential and cyclic voltammogram for the same
film, obtained in 1 0 M pTSA at 5 mVs-1 A mass loss 1s observed throughout film
oxidation However, at these high pTSA electrolyte concentrations there 1s a strong
viscoeleastic contribution to frequency measurements This 1s seen 1n Fig 4 3 16 (b),
which shows the admittance spectra obtained during redox switching at 5 mVs-1in 1 0 M

pTSA for a different film but of sitmilar surface coverage (ca 2 x 10-8 molcm-2) The

spectra are so broadened that the centre resonant frequency 1s not expected to be
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Figd4315 (a) Frequency vs potential plot and cyclic voltammogramn 0 8 M
pTSA for an [Os(bipy)2(PVP)19Cl]* film of surface coverage 2 x

10-8 molcm-2, scan rate 1s 5 mVs-1

(b)  The corresponding &>st- vs potential plot
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Figd316 (a) Cyclic voltammogram and frequency-potential plotin 1 0 M pTSA
for [Os(bipy)2(PVP)10Cl]+ Scan rate 1s S mVs-1 and the polymer
surface coverage 1s 2 x 10-8 molcm-2

(b) Adnuttance spectra dunng redox switching at SmVs-lin10M

pTSA for polymer of simular surface coverage
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accurately followed by the oscillator circuitry At this concentration a reduction 1n the
resident layer mass 1s also observed (see Fig 4 3 1) and 1t 1s considered that the
combunation of highly viscous electrolyte and heavy polymer loading results 1n frequency
changes which can not be accurately related to mass changes occuring within the layer

For thinner polymer layers a mass gain during oxidation 1s observed in( 8§ M and 1 0
M pTSA (see entry for film of surface coverage 5 x 10-9 molcm-2 1n Table 4 3 4 and data
for film of surface coverage 1 1 x 10-8 molcm-2 1n Chapter 5, Table 5 3 4) For these
films the resident layer mass retains a value representative of a fully protonated, solvated
film It 1s only at concentrations as high as 2 0 M pTSA that the transition to a mass loss
1s observed This suggests that a maximum crystal loading can be tolerated, beyond

which interpretation of frequency data cannot be made

4323 Surface coverage effects

Table 4 3 6 summarnises the frequency shift dunng redox switching in 0 1 M pTSA at
5 mVs-1 for polymer layers of differing thickness The evaluation of the normalised mass
1s also included Below ca 2 x 10-8 molcm-2 (1 ¢ 450 pC), the normalised mass ncreases
with increasing polymer layer surface coverages This 1s contrary to the expectation 1n
viscoelastic polymer layers, where increased film thickness 1s anticipated to exacerbate
the underevaluation of mass from frequency measurements [54]

The solvent interaction with the osmium metallopolymer 1s strong in pTSA
electrolyte Itis hikely that the outer regions of the films at the polymer / electrolyte
interface have attained an equilibrium level of solvation, which, for thinner polymer
layers, will constitute a greater proportion of the total layer Because concomitant mass
and charge transfer 1s observed for all polymer surface coverages, an increasing
viscoelastic contnbution to frequency measurements for thinner layers 1s not thought to

be responsible for the decrease in the normalised mass calculated Instead, the more
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Table43 6

The effect of [Os(bipy)2(PVP)oCl]+ surface coverage on the end-to-

end frequency changes accompanying redox switching at S mVs-lin

0 1MpTSA
Charge (@) Af Meq (b) Moles HyO (©)
(pC) (Hz) (gmol-1) (per redox site)
785 6889 - 839 -56 1
625 3511 - 537 -394
555 1168 - 201 -20 6
460 -3610 751 322
390 -2392 587 231
338 -1725 488 176
255 -1157 434 146
154 - 510 317 81
60 - 146 232 34
a) From the anodic branch of the cyclic voltammogram at 5 mVs-1
b) Normalised mass for Osll/ill couple assuming the Sauerbrey equation
c) Solvent transfer for Osil/ill couple assuming counter-anion motion IN for

electroneutrality
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complete solvation of thinner films reduces the requirement for solvent transfer
accompanying anion motion This dependency of interfacial solvent transfer on
morphology has also been seen 1n the surface coverage effects for this polymer in 0 01 M
HCIO4 (Section 3 4 4 2b)

For polymer films with surface coverages greater than 2 x 10-8 molcm-2, a mass loss
occurs during oxidation 1n 0 1 M pTSA A typical cyclic voltammogram and frequency-
potential plot at SmVs-1 for such a film (surface coverage 3 2 x 10-8 molcm-2) 1s shown
inFgd4317

Since the layer mass in 0 1M pTSA 1s representative of a more compact structure (see
plateau region in the pH range 1 00 to 0 00 1n Fig 4 3 1) the polymer 1s not anticipated to
contain large quantities of electrolye The mass loss therefore cannot represent the
electro-osmotc flux of solvent and electroneutrality 1s maintained by interfacial counter-
anion motion

In a senies of papers by Evans et al [55], dealing with the electro-mechanical
considerations for counter-1on 1nsertion during redox processes in PVF, 1t was observed
that the shear forces due to internal stress are expected to increase with film thickness
[55] Internal pressures during redox processes as great as ca 3000 atm may be exerted
It 1s possible that up to surface coverages of 2 x 10-8 molcm-2, the osmium
metallopolymer matrix can tolerate the increases in swelling pressure and maintain the
same level of 1nitial solvent sorption For thicker films, with more compact underlayers,
the mechanical strains may become too great and redox switching can only occur by the
ejection of large quantities of solvent from the polymer layer Unlike plasma polymerised
PVE, where thick films may be observed to burst [55], no such effect 1s 1n evidence here,
as seen 1n the by the minimal hysteresis 1n the mass-potential plot in Fig 4 3 17

This interpretation 1s evidenced by the mass transfer behaviour of all polymer layers,

urespective of thickness, when transferred from perchlorate to pTSA electrolyte
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Fig 43 17 Cyclic voltammogram and frequency-potential plot in 0 1 M pTSA
for an [Os(bipy)2(PVP)10Cl]+ film with surface coverage 1s 32 x 10-8

molcm-2 The scan rate 1s S mVs-1
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Fig 4 3 18 1llustrates the mass-potential traces for a film of surface coverage 2 x 10-8

molecm-21n 0 1 M pTSA, having previously been exposed to 1 0 M HCIO4 electrolyte
(and subsequently stored 1n H20 for several days) The scan rate 1s S0 mVs-1, with
continuous scanning over 4 hours

In this figure, 1t 1s seen that the imitial mass transfer accompanying oxidation (Scan
A) represents a mass loss During repeated cycling, mass gain processes gradually begin
to predominate, untl eventually a mass gain process during oxidation 1s observed (Scan
B) Throughout these repeated scans no change 1n the voltammetry of the OsiVill couple is
seen (F1g 4 3 18 inset) It 1s of note that the mass baseline in the Os!! state becomes
gradually lighter 1n the course of the electrochemical cycling, although for presentation
purposes this has been ommutted in Fig 4 3 18

Having been exposed to HC1O4 electrolyte, the polymer layer will be extensively
crosslinked (see Section 3 4 3 1) This imposes a ngid structure on the polymeric matrix
which will result 1n a finite void volume The 1nsertion of the bulky pTS- anion on
exposure to, and 1mtial redox cycling 1n pTSA can thus only proceed at the expense of
the existing interstitial solvent However, on equilibration of the layer in pTSA, all Cl04"
1on-pairs from the layer are removed, volume limitations within the layer no longer exist,
ar;d pTS- anion and solvent transfer can proceed unimpeded by steric constraints This
transition 1n mass transfer behaviour 1s directly analagous to the surface coverage effects

discussed above
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Fig 4 3 18 Frequency-potential plot at 50 mVs-1 for a [Os(bipy)2(PVP)1oCl]+
filmn 0 1 M pTSA, having previously exposed to HCIO4 The
surface coverage 1s 2 x 10-8 molcm-2 Inset 1s the corresponding

voltammetric response
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4.4. CONCLUSIONS.

It has been shown for the redox polymer, [Os(bipy)2(PVP)1oCl]}+ that the layer
morphology, when swollen, becomes more sensitive to electrolyte concentration These
structural changes have been verified using adnmuttance analysis and EQCM data, and
have been explained 1n terms of solvent transfer and swelling mechanisms developed for
10n-exchange membranes It has been demonstrated that the counter-anion molar volume
15 of only secondary importance 1n determining the level of swelling It 1s the osmotic
activity of the anion, as determined by specific 10nic interactions which 1s of primary
importance The increased swelling of the osmium metallopolymer in pTSA results 1n
easier protonation of the polymer backbone due to the ease with which counter-anions
can enter the more open polymer matrix

The flux of solvent into or out of the polymer during oxidation reflects the layer
morphology However, in all cases, increased polymer expansion accompanies oxidation
due to the increased osmotic effect of the Os!ll centres While the existence of solvated
polymer layers undermines the validity of the Sauerbrey equation 1n certain
circumstances, the results of the 1sotopic substitution experiments confirm the
predominance of solvent transport during redox switching When swollen at dilute
concentrations, electro-osmotic flux of solvent 1s observed As the pTSA concentration 1s
increased, compact layers are re-established, and solvent flux concomitant with counter-
anion motion occurs At the highest electrolyte concentrations studied the combined
viscosity of the electrolyte and the polymer layer prevents an accurate assessment of
mterfacial transport from being made

Because of the differences in the polymer structure that exists in pTSA and HCIOg4,
these electrolytes provide a useful comparison 1n studying the effect of polymer
morphology on redox and mass transfer processes These will now be considered in the

context of charge transport rates within this metallopolymer
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CHAPTER 5

The Effect of Electrolyte and Experimental Time Scale
on Mass Transfer and Charge Transport

through Thin Films of [Os(bipy)2(PVP)10Cl]+



S.1. INTRODUCTION.

The rate of charge transport through electrode modifying materials 1s of fundamental
importance to their successful application As discussed in previous chapters, for redox
polymers containing osmium bis(bipyridyl) complexes, an extensive study of the electron
transfer process has been undertaken What has emerged has been the primary
importance of the physico-chemucal properties of the polymer film 1n determining
electron transfer rates, with layer structure influenced by the contacting electrolyte type
and concentration, polymer backbone and redox site loading [1-3]

In Chapters 3 and 4, the effect of the contacting electrolyte on the structure of
[Os(bipy)2(PVP)10Cl}+ has been demonstrated through the combined use of the EQCM
and impedance analysis In both HCIO4 and pTSA, application of the Sauerbrey equation
was found to be permissable

It 1s the purpose of this chapter to 1nvestigate the effect of these structural changes on
mterfacial mass transfer under more dynamic conditions and to relate this to previously
determuned diffusion coefficients and activation parameters for the charge transport
process The dynamic aspects of mass transfer in HC104 and pTSA 15 first considered
using cyclic voltammetry under semi-infinite diffusion conditions Transient mass
transfer in response to a potential step 1s then investigated on the 100 ms to 10 s time
scale for both oxidation and reduction of the polymer film For [Os(bipy)2(PVP)1oCl]+
the apparent charge transport diffusion coefficient measured from potential step
techmques, D;(PS), has been observed to be significantly different from those obtained
using cychic voltammetry, De(CV) [1-3] This has been discussed previously 1n Chapter

2 It1s hoped that the study of mass transfer on these differing time scales will enable the

origin of the time scale dependence of D¢ to be better understood

223



5.2. EXPERIMENTAL.

[Os(bipy)2(PVP)1gCI}Cl was synthesised as described in Chapter 3 The electrode

preparation for the EQCM and the experimental procedures for mass measurement are
also as described 1in Chapter 3 For potential step techniques, the potential was controlled
via an IBM ATX computer The frequency was input as a voltage via a F/V converter,
which had a time constant of 5 ms

Apparent charge transport diffusion coefficients were evaluated as described 1n

Chapter 2

5.3. RESULTS AND DISCUSSION.

5.3.1.  Cyclic Voltammetry- General Layer behaviour.

In Chapters 3 and 4, the thermodynamic mass transfer during redox processes in HC1O4
and pTSA was considered for slow cyclic voltammetric scan rates Under more dynamic
conditions kinetic limitations for the interfacial transfer of one or more mobule species
may become evident A simple qualitative method for 1llustrating this 1s the scan rate
dependence of the potentials of half-mass-change, Ej/2(m), and half-charge-change,
E1/2(q) [4-7] This1s shown in Fig 5 3 1 and Fig 5 3 2 for oxidation and reduction of
[Os(bipy)2(PVP)19Cl]*+1n 0 1 M HCIO4 and 0 2 M pTSA, respectively The scan rate
was varied from 1 to 500 mVs-1 (log scan rate 1s used for presentation purposes) The
polymer surface coverage for both sets of data 1s 2 x 10-8 molem-2 0 2 M pTSA 1s
chosen for comparison as 1t has been demonstrated in Chapter 4 that mass transfer during
redox switching at this electrolyte concentration represents a simple counter-ion and
solvent transfer into / out of the layer during polymer oxidation / reduction, with no
complications to frequency measurements from polymer swelling effects, electro-osmosis

or redox-dependent morpholgy changes,
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Fig 5 3.1 Scan rate dependency of (O) Ej2(m) and (+) Ey2(q) 1n 01 M HCIO4
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The scan rate dependence of mass and charge transfer in Fig53 1 and Fig 53 2
exhibits the same trends 1n both electrolytes At slow scan rates, Ej/2(m) and E/2(q) tend
to the same Limuting value and, as discussed 1n previous chapters, represents the
attainment of global equilibnium of all mobile species (1 ¢ electrons, 1ons and solvent) In
HCIOy, at a scan rate of 1 mVs-1, Ej/2(m) and E/2(q) for polymer oxidation converge at
221 mV, while for reduction the common value is 193 mV In pTSA electrolyte, the half-
potentials for both the anodic and cathodic branches of the cyclic voltammogram at 1
mVs-1 converge to the same value of 259 + 4 mV Ths reflects the true surface wave
behaviour of [Os(bipy)2(PVP)9Cl]+ 1n pTSA electrolyte, which 1s not observed in
HC1O4

The "equilibrium” redox potentials are clearly dependent on electrolyte type The less
positive potential for redox processes in HCIO4 may be attributed to the 10n-association
between the perchlorate counter-1on and the fixed charge sites of the polymer layer {8,9]
In a recent study, 1t has been proposed that the more positive redox potential of
[Os(bipy)2(PVP)1oCl]+ 1n pTSA electrolyte reflects the increased requirement for
organisation of solvent during redox conversion [10]

For both electrolytes, at faster cyclic voltammetric scan rates, Ej/2(m) and E/2(q)
deviate from these "equilibrium” potentials, with E{/(m) deviating more strongly This
lustrates the introduction of kinetic limitations to mass and charge transfer, particularly
interfacial mass transfer [5,6] For the films depicted in Fig 5 3 1 and Fig 5 3 2, kinetic
limitations are evidenced at scan rates faster than 5 mVs-11n 0 1 M HCIO4 and 50 mVs-!
in 02 M pTSA This departure from equilibrium 1s therefore electrolyte dependent and,
although quahtatively similar for all films, 1s also found to be dependent on polymer

surface coverage
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5.3.2. Scan Rate dependency of Mass transfer.

5321 HCIO4 electrolyte

The half-potential data in Fig 5 3 1 demonstrate that global equiltbrium 1s only
attained duning redox processes at slow cyclic voltammetric scan rates The 1dentity of
the slowest of the mobile species 1s now addressed

Fig 5 3 3 1llustrates the current-potential, mass-potential and charge-potential plots

for the initial and repeat cyclic voltammetric scans at 200 mVs-11n 0 1 M HC1O4 The
coulometric polymer surface coverage 1s 2 x 10-8 molcm-2 The corresponding ®cio4-
and mass-charge plots for the first and second cycles are illustrated in Fig 5 3 4

Durning the first redox cycle, as soon as polymer oxidatton commences there 15 a mass
ingress This 1s seen 1n the mass-charge plot in Fig 5 3 4 and 1s observed for redox
switching at all HCIO4 concentrations (wude infra) Because counter-1ons within the layer
are anticipated to take temporal precedence over solution phase sources [7], this
immediate interfacial mass transfer illustrates that no polymer phase counter-anion source
1s readily available For concentrations less than 1 0 M HCIOg4, this 15 1n agreement with
the permselectivity of the layer in the Os!! state discussed 1n Chapter 3 For

concentrations greater than 1 0 M, where permselectivity fails, 1t suggests that counter-

an1on 1s not supplied from the dissociation of the polymer phase 10n-pair, (H30)*+(C104)-
[11]

The passage of anodic charge 1s almost complete during the forward scan of the
cyclic voltammogam (Point A, Fig 5 3 3¢} However, the mass continues to increase until
the onset of re-reduction of the Os!l! centres during the reverse sweep (Point B,

Fi1g 5 3 3b) This 1s clearly seen 1n the mass-charge plot in Fig 5 3 4, but 1s particularly
evident 1n the corresponding ®clo4- plot As discussed previously, @) represents the

movement of all mobile species except the 10n J, assuming 10n | 1s responsible for the

227



Fig533 (1) Cyclic voltammogram, (11) mass-potential and (11) charge

potential plots at a scan rate of 200 mVs-11n 0 1 M HCIO4

The polymer surface coverage 1s 2 x 10-8 molcm-2
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maintenance of electroneutrality {12-14] In Chapter 3, 1t was shown, that for
[Os(bipy)2(PVP)19Cl]+ 1n 0 1 M HCIO4, ®cio4-represents solvent movement

Due to the requirement for electroneutrality within the layer, an electrochemical
potential gradient for counter-ton motion 1s established during redox processes {12]
Consequently, 1on motion 1s anticipated to be coupled to the passage of charge with
solvent transfer occuring more slowly [12-15] The continued mass increase in Fig 5 3 3
and Fig 5 3 4, therefore, represents the slower transfer of solvent into the layer under the
activity gradient established by the OsiVill oxidation [16]

This 1nterpretation 1s confirmed from the features of the mass and charge transfer data
in Fig 5 3 3 and Fig 5 3 4 Neither the mass-potential nor charge-potential plots track (1 e
a given potential does not uniquely define a value for layer mass or charge) Simularly,
the mass-charge plot does not track, indicating that the transfer of mobile species 18 not 1n
equilibrium with the 1nstantaneous oxidation state of the layer Using a diagnostic scheme
proposed by Hillman et af [12-14] for the interpretation of EQCM data, these features of
mass and charge transfer tn HC104 1indicate that 1t 1s activity control by net neutrals
which 1s the rate determuning step It can therefore be concluded that it 1s retarded solvent
movement which causes the greater divergence of Ej2(m) with increasing scan rate 1n

Fig531

In Fig 5 3 3, duning the reverse scan neither mass nor charge re-attain therr initial zero
values (Points C) This 1s attributed to the kinetic 1solation of Os!!I centres on the time
scale of the 200 mVs-1 scan rate and the subsequent requirement for counter-anion and

solvent to be retained within the polymer For the redox sites that remain 1n the Osit!

oxidation state at Point C, the retained mass corresponds to a single ClO4- anion plus 2 7

moles of H2O per osmium centre Ths 1s the thermodynamic solvent requirement for
polymer oxidation discussed in Chapter 3

In Fag 5 3 3, following repeated cyclic voltammetric scanning, a "steady-state” value
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for mass and charge transfer 1s eventually reached on approximately the third or fourth
repeat scan While all other features of the data depicted in Fig 53 3 and Fig 5 3 4 are
found for all HCIO4 electrolytes, the attainment of this "steady-state" 1s very much

dependent on electrolyte concentration This will be discussed later in Section 5 3 3 1n

relation to the observed dependency of D¢(CV) on HCIO4 concentration

The normalised gnd-to-end mass for the forward scan {(corresponding to points A 1n

Fig 5 3 3) 1s summansed 1n Table 5 3 1 for different scan rates 1n a range of HCIO4

electrolytes This mass change occurs between the "end-to-end" potentials of the applied

potential ramp (1 ¢ the linear sweep), and 1s designated Megq(ETE) The normalised mass
for the fotal mass change accompanying the total anodic charge passed (corresponding to
points B 1n Fig 5 3 3), 1s designated Meq(TOT), and 1s also included in Table 53 1 These
data have been averaged over repeat analysis on a single coating and, with the exception
of 0 001 M and 4 0 M, for analyss on at least two different polymer films The values of
Meq(TOT) are independent of surface coverage for the range studied (0 5to 5 x 10-8
molcm-2) and have an estimated error of + 5% Meq(ETE) values are quoted for polymer
films of coulometric surface coverage greater than 1 x 10-8 molcm-2 and also have an
estimated error of + 5%

For films of gravimetnc surface coverage less than 1 x 10-8 molcm-2, Meg(TOT) and
Meq(ETE) are quantitatively similar and yield the value of Meg(TOT) quoted 1n Table
531 This indicates that the interfacial transfer of solvent occurs more readily within
thinner films and can accompany counter-anion motion throughout As discussed in
Chapter 3, the polymer 1n perchlorate media 1s extensively cross-linked and dehydrated
and 1t has been considered that 1t 1s only through extensive polymer chain motion that
counter-10n can enter the film [1,2] Because the relaxation rates for diffusional processes

and polymer morphology changes are expected to be dependent on film thickness
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Table 531 Scan rate dependency of normalised mass in HC1O4 electrolyte

The vanation 1n Dgi(CV) with HCIO4 concentration s also included

HCIO,4 Conc Dcr(CV) (2) v Meq(ETE) (b.d) Meg(TOT) (c.d)
( Molar) (x10llcm2g 1) (mVs1) (gmol 1) (gmol 1)
0001 047 5 42 60
50 42 46
200 39 46
001 125 1 185 *
50 143 176
200 99 150
003 4176 5 155 *
50 156 164
200 140 165
01 388 5 142 *
50 136 148
200 113 136
03 267 5 143 *
50 135 143
200 121 140
10 132 5 142 *
50 127 141
200 112 139
30 675 5 479
50 481
200 479
40 1130 5 -221
50 -522
200 -516

a) Evaluated from anodic peak current of cyclic voltammogram using the Randles-Sevcik equation
b) Evaluated from data obtained on completion of linear sweep of the cyclic voltammogram
¢) Evaluated from the maximum value of mass and charge attained before onset of re-reduction of

Ost to Os!  * denotes the same evaluation as obtained for M,4(ETE)

d) Averaged for two differcnt polymer coatings Error 1s + 2% for a given film, £ 10% between films
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[6,17,18], 1t 1s thought that for thinner films such processes will be less impeded and the

transfer of all mobile species correspondingly facilitated

The data in Table 5 3 1 indicate that Meq(ETE) 1s sigmficantly reduced at faster scan
rates, reflecting the reduced solvent transfer discussed above Intherange 0 01to 10M
HClOy4, with the exception of 0 03 M HClO4, M¢g(ETE) has a value approaching that of
the perchlorate anton and a single solvent molecule However, even on time scales
corresponding to 200 mVs-1, solvent transfer occurs before onset of re-reduction of the
layer, to yield Meq(TOT) values which are surular to the “thermodynamic” mass changes
obtained on the longer time scales of 5 mVs-1 scan rates The thermodynamic data have
been discussed previously in Chapter 3 and are also included in Table 5 3 1 for
comparson

For electrolyte concentrations greater than 1 0 M HCIO4, Meqg(ETE) and Meg(TOT)
values are similar, with all mass and charge transfer occuring during the end-to-end
anodic sweep As discussed in Chapter 3, at these electrolyte concentrations
permselectivity of the layer fails and transfer of the neutral acid, (H30)+(ClQO4)-, occurs
The transfer of perchlorate salt has been observed to be faster than solvent transfer in
PVF [13,14] Simularly, neutral acid transfer 1s expected to be faster than that of solvent
and for [Os(bipy)2(PVP)10Cl}+ films appears to occur concomutantly with the counter-
anion

For 4 0 M HCIOq4, the development of the counter-Donnan osmotic flux [19],
discussed 1n Section 3 4 4 2c, results 1n a net mass loss which 1s almost independent of
scan rate Consequently, because of the kinetic imitations for the passage of charge at
faster scan rates, the evaluation of the normalised mass 1s observed to increase with

1increasing scan rate
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5322 pISA electrolyte

Fig 5 3 5 1llustrates the cyclic voltammogram, mass-potential and charge-potential
plots obtained in 0 2 M pTSA for the first and subsequent scans at 200 mVs-1 The
corresponding ®pTs- and mass-charge plots are illustrated in Fig 53 6 The coulometric
polymer surface coverage 1s 2 x 10-8 molcm-2

Mass and charge transfer 1n all pTSA concentrations exhibit the same general features
as those in Fig 5 3 5 and Fig 5 3 6 On the time scale of the forward scan complete
transfer of solvent occurs as dictated by the extent of polymer oxidation The evaluation
of Meq(ETE) 1s therefore found to be equal to that of Meq(TOT) (calculated from Points
A and Bin Fig 5 3 5, respectively)

The immediate mass increase with the passage of charge in Fig 5 3 6, demonstrates
that an anion source does not exist within the polymer film This suggests that despite
being more swollen, the polymer layers in pTSA may remain permselective in the
concentration range 0 1 M to 1 0 M If this 1s so, then 1t 1s only the levels of solvation
dictated by the electrolyte / polymer interaction and the pTS- counter-anion requirement
for the protonated polymer backbone that contribute to the resrdent layer mass in the
pTSA concentration range corresponding to pH 0 0 to 1 0 (see Section 43 1 4 and
Figd37)

The mimimal hysteresis 1n both the @prs- and mass-charge plots in Fig 53 6,
confirms that all mobile species are transferred at a similar rate The facile mass transfer
in pTSA electrolyte and the concomitant transfer of large quantities of solvent with the
counter-anion may be attributed to the polymer morphology which results from the pTSA
/ polymer interaction discussed in Chapter 4 Using the diagnostic scheme for the analysis
of EQCM data, the mass and charge transfer in Fig 5 3 5 and Fig 5 3 6 indicate that the
charge transport process 1s under electroneutrality control [12-14] For a non-

permselective film this would represent electron self exchange as the rate imiting step

234



Fig535 (1) Cyclic voltammogram, (11) mass-potential and (111) charge
potential plots at a scan rate of 200 mVs-11n 0 2 M pTSA

The polymer surface coverage 1s 2 x 10-8 molcm-2
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F1ig536  ®prs- and mass-charge plot for data presented in F1ig 53 5
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Due to the loading effects that have been found for [Os(bipy)2(PVP),Cl]+, where n was
varied from 5 to 25 [2,3], this 1s considered unlikely For a permselective polymer film,
however, electroneutrality control represents counter-anion motion as the rate imiting
step This interpretation 1s evidenced by the absence of a counter-anion source within
[Os(bipy)2(PVP)19Cl]+ films and 1s 1n agreement with activation parameters for D¢(CV)

previously reported for this polymer in pTSA electrolyte [1]

Table 5 3 2 summarises the gnd-to-end frequency shift, anodic charge and the
normalised mass for scan rates ranging from 1 to 500 mVs-11n a series of pTSA
electrolyte concentrations The data presented are for a film of coulometric surface
coverage 2 x 10-8 molcm-2 and are averaged for repeat analysis on that film (error t 2%)

For films of simular surface coverage, the between film vanation 1s + 10%

5322a pTSA concentrations less than0 1 M

As discussed 1n Section 4 3 2 1, the swelling of the layer at pTSA concentrations
below 0 1 M results in different mass transfer behaviour At the transition concentration
of 0 05 M pTSA, redox-induced morphology changes on more exhaustive oxidation of
the polymer were found to result in such polymer swelling that an apparent mass loss 1s
observed (Fig 4 3 14, Chapter 4) From Table 5 3 2 1t can be seen that at faster scan rates
this morphology change 1s "frozen out” of the observed mass change, and consequently,
Meq(ETE) increases with increasing scan rate up to a scan rate of 200 mVs-1 This may
be attributed to the reduced levels of polymer oxidation under semi-infimite diffusion
conditions effecting reduced polymer swelling It also represents the liklihood that
polymer swelling processes are slower than the time scale of the electrochemical
transformation of the layer This was evidenced in Chapter 4 by the slow re-establishment

of the baseline layer mass following the complete redox-switching cycle (see Fig4 3 11
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Table 5§32 Scan rate dependency of frequency shift, charge and normalised mass 1n pTSA electrolyte
D(CV) evaluation at each concentration 1s also included

pTSA Conc D(CV) () v Af (b) AQox M, (ETE) (€)
(Molar) {(x 101l cm2s 1) {mVs!) (Hz) wC) {gmol 1)
001 380 (10) 1 1727 399 414
50 1899 330 -550
200 1369 220 -595
500 1041 170 -586
005 570 (07 1 -1007 408 236
50 -1068 365 280
200 -1214 285 407
500 - 758 193 377
010 1290 (0 6) 1 -2391 390 587
50 -2300 375 586
200 -1552 285 521
500 - 913 200 437
020 1260 (09) 1 -2030 408 476
50 -2027 405 479
200 -1515 315 460
500 -1004 235 409
040 12 50 (08) 1 -1926 340 541
50 -1862 368 484
200 -1515 328 442
500 -1041 252 395
060 1230 (07) 1 -1975 375 504
50 -1990 370 514
200 -1625 330 505
500 -1095 255 438
080 1390 (09) 1 1376 350 -376
50 1634 393 -398
200 1424 340 -401
500 849 210 -387
100 1410 (09) 1 2044 358 -546
50 1826 375 -466
200 1387 340 -390
500 895 260 -329

a) Calculated from anodic peak current of cyclic voltammogram using Randles-Sevcik equation
b) Change in resonant frequency on completion of linear sweep for oxidation

¢) Calculated assuming the validity of the Saverbrey equation
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and related text)

In 0 01 M pTSA the mass loss occuring throughout polymer oxidation was shown to
be due to the electro-osmotic flux of solvent from the extensively swollen polymer film
(see Section4 32 1) In Table 5 3 2, while the gbsolute mass (sic frequency) change 1s
smaller at faster scan rates, the normalised mass becomes greater This reflects the kinetic
aspects of the electro-osmotic flux and 1ts dependence on current density rather than the
total charge passed [20] Although this solvent flux has been demonstrated to be real,
using solvent 1sotopic substitution, 1ts quantification 1s recognised to be subject to the

viscoelasticity of the swollen polymer layer 1n dilute pTSA electrolyte

5322b pTSA concentrationrangeO0 1 Mtol1 OM

In the concentration range 0 1 M to 0 6 M pTSA, the mass change 1s due to counter-
anion motion and solvent transfer (Section 4 3 2 2) The normalised mass 1n Table 5 3 2
1s constant for scan rates ranging from 1 to 200 mVs-1, decreasing only shghtly at a scan
rate of 500 mVs-1 For polymer films exhibiting viscoeleastic behaviour, the evaluation
of normalised mass 1s expected to be greater at faster scan rates, with viscoelastic
dampening of frequency measurements more severe on longer time scales The
observation that Meq(ETE) 1s quantitatively simular at scan rates of 1 to 200 mVs-1
suggests that the frequency shifts associated with complete polymer oxidation in Chapter
4 are not subject to a sigmficant viscoelastic contribution and accurately represent the
mass changes associated with the attainment of global equilibrium

At the fastest scan rate of 500 mVs-1, the shight decrease 1n normalised mass indicates
that 1t 1s only under these dynamic conditions that the thermodynamic solvent
requirement for solvent transfer cannot occur However, 1n the concentration range 0 1 M

to 0 6 M, the M¢q(ETE) value at 500 mVs-115 420 + 18 gmol-! This represents the

concomitant transfer of ca 14 solvent molecules per redox site conversion, while 1n
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HClO4 electrolyte, the value of Meq(ETE) at 200 mVs-1 typically represents the transfer
of only 1 solvent molecule, nsing to a maximum value of 2 3 1n 0 03M HClO4 This
clearly 1illustrates the anion dependency of polymer structure and the subsequent
differences 1n the facility for the movement of solvent This will be 1llustrated more

clearly in Section 533

For the data presented 1n Table 5 3 2, at electrolyte concentrations greater than 0 6 M
pTSA, mass loss processes appear to be in operation However, as discussed in Chapter 4,
this mass loss 1s not considered to be real and no change in mass transfer mechanisms
actually exist It 1s thought that for all [Os(bipy)2(PVP)1gCl]* films, wrrespective of
thickness, a concentration of pTSA 1s ultimately reached where the coupled viscous load
of polymer film and viscous electrolyte results tn unpredictable crystal osciilations which
cannot be reliably related to mass changes Obviously, this will occur 1n more
concentrated pTSA electrolytes for thinner films This 1s confirmed for a film of lower
surface coverage (1 1 x 10-8 molcm-2), where the apparent mass loss processes only
become evident at concentrations greater than 1 0 M pTSA These data will be presented

later 1n Tables 53 4 and Table 53 5

The EQCM data presented thus far have demonstrated the effect of electrolyte type

and concentration on the mechanisms and nature of mass transfer in pTSA and HCIOs A

more detailed evaluation of the effect of mass transfer on charge transport rates under

potential sweep and potential step conditions 1s now undertaken

240



5.3.3. Cychic voltammetry - Mass transfer and D¢((CV).

5331, HCIO4electrolyte

The change 1n the apparent diffusion coefficient, Dt(CV), with changing HC1O4
concentration 1s summansed 1n Table 5 3 1 D¢ 1/2C(CV) was calculated from the slope

of the Randles-Sevcik plot for scan rates 100 to 500 mVs-1, as described 1n Section 12 1

D¢1(CV) was estimated using a concentration of redox sites of 0 7 M This concentration
was determined from the dry density of the polymer, measured by flotation in non-
swelling solvents [1-3] The error in Di(CV) 1s + 2% on a given film and * 10% between
films With the exception of 1 0 M HCIOy4, the values for D¢ (CV) are 1n agreement to
within = 20% with previously reported values [1] The effect of changing perchlorate
concentration on D¢ (CV) 1s 1llustrated in Fag 5 3 7, with log electrolyte concentration
used for presentation purposes

In Chapter 3 1t was found that, as the electrolyte concentration 1s increased, the
polymer phase mass increases due to protonation of the polymer backbone and the
insertion of perchlorate counter-ion Despite this, impedance measurements indicated that
no significant polymer morphology changes occur Consequently, no change 1n redox site
concentration 1s expected and the trends evident in D(CV) 1n Fig 5 3 7 are considered to
be real

The decrease 1n D (CV) over the concentration range 0 03 M to 1 0 M HCIO4 has
been observed previously for [Os(bipy)2(PVP)19Cl]+ [1,2] From the characteristics of
the current response for potential sweep and potential step techniques, as well as the
effect of redox site loading on D¢ [2,3], it has been demonstrated that the decrease 1n
D¢((CV) cannot be attributed to a migrational enhancement of the current at lower
concentrations (see Section 1 2 1 and Section 2 3 6) The reduced D((CV) 1n 0 01 M and
0 001 M HClO4 support this view
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Fig537  The effect of HCIO4 electrolyte concentration on D¢ (CV)
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The temperature-dependence of Dc(CV) within [Os(bipy)2(PVP)19Cl]+ has been
used to aid the diagnosis of the rate determining step 1n the charge transport process [1-

3] The large activation energies and positive entropy n the concentration range 0 01 M

to 2 0 M HCIO4 are indicative of segmental polymer chain motion limuting charge
percolation rates The decrease 1n Dgi(CV) has therefore been thought to represent the
increased crosslinking and dehydration of the polymer matrix by the increasing
concentration of perchlorate [1] In Chapter 3 1t was shown that the polymer phase
perchlorate content does not change 1n this concentration range Simularly, the activity of
solvent will not be significantly different in 0 03 and 1 0 M electrolyte [11] and the levels
of polymer solvation are expected to remain constant An alternative explanation for the
decrease 1n D¢i(CV) 1s therefore required

Fig 5 3 8 illustrates the cyclic voltammogram, the mass-potential and the charge-

potential plots obtained at 200 mVs-1 for a polymer of coulometric surface coverage 2 x

10-8 molecm-21n 0 01 M HCIO4 Fig 5 3 9 shows the corresponding plots for the same
film when transferred and equilibrated in 0 03 M HClOg4, while Fig 5 3 10 1llustrates the
behaviour in 1 0 M electrolyte The data in 0 1 M HClO4 has been shown previously in
Fig533andFig534

Fig 5 3 8 illustrates that in 0 01 M HCIO4 mass and charge transfer are very much
impeded, particularly mass It 1s only after 7 cycles that a "steady-state” mass response 1s
attained In contrast, in 0 03 M HCIO4 (F1g S 3 9) both mass and charge transfer 1s
relatively more facile, with the steady-state accomplished after the first scan The
behaviour in 0 1 M electrolyte (Fig 5 3 3) 1s similar However, in 1 0 M HCIQy4 there
appears to be a return to impeded mass transport (Fig 5 3 10)

The data are more clearly represented by the corresponding ®cj04- and mass-charge

plots These are illustrated nFig 53 11 (a)toFig53 11 (¢) for 001 M,003Mand 1 0

M HCIlOy4, respectively In 0 01 M electrolyte, during the forward anodic scan no transfer

243



Fig538 (1) Cyclic voltammogram, (11) mass-potential and (1) charge

potential plots at a scan rate of 200 mVs-11n 0 01 M HCIOg

The polymer surface coverage 1s 2 x 10-8 molcm-2
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Fig539 (1) Cychc voltammogram, (1r) mass-potential and (i) charge

potential plots at a scan rate of 200 mVs-1 1n 0 03 M HCIO4
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Fig 5310 (1) Cyclic voltammogram, (11) mass-potential and (111) charge

potential plots at a scan rate of 200 mVs-11n 1 0 M HCIO4
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Fig §311  dcjos- and mass-charge plot for data presented in Fig 53 8t0 53 10
(@)001 M, (b)003 M and (c) 1 0 M HCIO4
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of solvent occurs, with ®cj04- remaining near-zero throughout It s only on cessation of
the passage of anodic charge that solvent ingress 1s observed Simuilarly, in 1 0 M HCIOg4
(Fig 5 3 11 c) there appears to be retarded solvent transfer, with @cjo4- only becoming
positive after ca 60 pC (1€ 25% of the total redox conversion) In contrast,in 0 1 M and
0 03 M HCIO4, (Fig 5 34 and 5 3 11b, respectively), Dclo4- becomes positive almost
immediately with the passage of anodic charge, indicating that interfacial solvent transfer
occurs throughout the redox conversion

Whuile the origins of this change 1n the facility for solvent transfer remain unclear, 1t 1s
considered that they must also be responsible for the decrease 1n D¢((CV) with increasing

HCIO4 concentration 1n the range 003 Mto 1 0 M

At concentrations greater than 1 0 M HCIOy4, D¢ (CV) increases sharply (Fig 53 7)
The current response for the polymer films under semi-infinite diffusion conditions
exhibits a migrational enhancement of the anodic branch The measurement of charge
transport diffusion coefficients from Randles-Sevcik plots 1s therefore inapproprate
While the contribution from mugration to the current decay of electroactive films
following a potential step has been addressed [21-23], little has been proposed for the
current response for cyclic voltammetry No attempt to extract charge transport diffusion
rates at these concentrations was therefore attempted

Migration 1s normally found to become more significant at low supporting electrolyte
concentrations [24] That 1t 1s encountered at high concentrations of perchlorate 1s
thought to reflect the increased crosslinking and compaction of the layer due to the
presence of free electrolyte It 1s proposed that charge transfer becomes so impeded that a
potential gradient 1s established across the film, changing the nature of counter-1on

mouon from a predominantly diffusional one to one with migrational character

248



5332 pISA electrolyte

The effect of pTSA electrolyte concentration on Dei(CV) 1s shown 1n Table 53 2 For
concentrations greater than 0 1 M pTSA, D¢((CV) has a value of 13 £ 1 x 10-11 cm2s-!
At concentrations less than 0 1 M pTSA, D¢((CV) decreases to 5 £ 1 x 10-11 cm2s-1 Thus
reduction 1n the apparent charge transport diffusion coefficient may reflect the excessive
swelling of the layer in low pTSA concentrations and the subsequent reduction 1n redox
site concentration

For concentrations greater than 0 6 M pTSA, D¢(CV) 1s independent of both film
thickness and whether a mass "loss" or gain 1s observed to accompany polymer oxidation
This supports the contention that the mass loss indicated from frequency measurements 1s
an artefact of the excessive viscous load of thicker films at high pTSA electrolyte
concentrations

The 1invanance of D¢((CV) to pTSA concentrations greater than 0 1 M 15 not 1n
agreement with previously reported data, where a monotonic increase with concentration
was found [1] However, at all electrolyte concentrations, De((CV) 1n pTSA 1s greater
than that observed in HCIO4 by a factor of ca 5 Because the more solvated polymer

layer in pTSA 1s expected to result in a lower redox site concentration, this increase in

D¢t(CV) represents the lower hmut for the enhanced charge transport rates in pTSA

Despite the considerable variation 1n the levels and mechanisms for solvent transfer
within [Os(bipy)2(PVP)10Cl]+ when exposed to pTSA, 1t 1s clear that the movement of
solvent 1s more facile than 1n perchlorate electrolyte The inter-relationship between
polymer structure, solvent transfer and the rate of charge transport 1s graphically
lustrated 1n Fig 5 3 12 In part (a) of this figure a typical voltammetric response 1n
pTSA and HCIO4 electrolyte at SO0 mVs-11s shown The concentrations are 0 2 M pTSA
and 0 1 M HCIO4 and the polymer surface coverage 1s 2 x 10-8 molcm-2In Fig 53 12 (b)
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Fig §312 (a) Cychc voltammogram obtained for an [Os(bipy)2(PVP);oCl]+

film of surface coverage 2 0 x 10-8 molcm-2 1n 0 2 M pTSA and
01 M HCIO4 Scan rate is 50 mVs-1

(b) The corresponding d>J vs potential plots, representing the concomitant

solvent flux
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the corresponding <i)J plots are presented As 1t has been demonstrated the counter-anion )
1s responsible for the maintenance of electroneutrality, &)J represents the flux of solvent
occuring during redox switching

In perchlorate electrolyte charge transport kinetics are clearly slower than those 1n
pTSA The cyclic voltamogram has broader, more 1ll-defined waves, with reduced peak
current and wider peak-to-peak separation [25] This more impeded charge transport in
perchlorate media, 1s murrored 1n the minimal levels of solvent flux accompanying redox-
switching The electrolyte-dependence of polymer morphology and the subsequent
facility for solvent transfer, discussed 1n previous chapters, 1s therefore seen to determine
the relative charge transport rates This inter-relationship between solvent movement and

charge transport has also been demonstrated for this polymer by Oyama et af [10]
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5.3.4. Potential Step - Mass transfer and Dc(PS).

As discussed 1n Chapter 2, a common observation for [Os(bipy)2(PVP),Cl}+ and
related polymers 1s the dependence of D¢ on the experimental time scale D¢(CV) 1s
frequently 2 orders of magnitude less than the value of D¢(PS) evaluated within 20 ms of
pulse application In this study, the resolution of data points was only 5 ms, thus
precluding an accurate assessment of interfacial mass transfer on the sub-20 ms time

scale The EQCM study was limited to 100 ms, a time scale over which

chronocoulometry was found to yield a value for D¢¢ stmular to that obtained using cyclic
voltammetry Normally for [Os(bipy)2(PVP)19Cl]+ 1n HCIO4 D¢ (PS) 1s greater than
D¢i(CV) by a factor of over 100, while in pTSA the difference 1s a factor of ca 10 [1]
However, despite the inability to reproduce previously reported D¢ (PS) values for
[Os(bipy)2(PVP) 10Cl]+, a number of observations regarding mass transfer in response to

a potential step can be made

5341 HCIO4electrolyte

The normalised mass for both oxidation and reduction of [Os(bipy)2(PVP)9Cl]* on
the 100 ms and 10 s time scales following pulse apphcation 1s summarised for a range of

HCIO4 electrolyte concentrations in Table 5 3 3 The data were collected for two

different polymer films and have an error of £ 20% Repeat determinations on a given
film have an error of + 2% For HCIOq4, the features of mass transfer accompanying
polymer oxidation are simular (but opposite) to those for polymer reduction The mass
transfer accompanying oxidation 1s therefore only considered in the following discussion
Over the 100 ms time scale the normalised mass 1n the concentration range 0 03 M to
1 0 M HCIOq4 15 approximately that of the ClO4- anion Over 10 s, Meq(OX) increases to
a value approaching that of Meq(ETE) quoted 1n Table 5 3 1 for the 200 mVs-1 scan rate
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Table §33 Normalised mass for the Os!/ill couple on application of a

potential step 1n HCIO4 electrolyte

HCl104 Conc Meq(OXIDATION) (2) Meq(REDUCTION) (b)
( gmol-1) (gmol-1)

( Molar ) 100 ms 10 s 100 ms 10 s
0 001 - 25 27 13 - 20
001 0 78 66 - 90
003 76 162 - 124 - 166
0 10 76 123 - 65 - 120
030 117 123 - 110 - 118
070 102 119 -112 -114
100 112 114 - 111 - 120
200 162 142 - 138 - 161
300 597 425 - 651 -529
4 00 (¢ - 1940 - 892 1361 1358

a) Potential pulse from-025t0 0 8 V vs SCE
b) Potential pulse from 0 8 to -0 25 V vs SCE

¢) Mass influx for first 20 ms ca 350 gmol-!
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The exception, as before, 15 1n 0 03 M HCIOg4, where, even on the 10 s ime scale, global
equilibrium appears to be established and the "thermodynamic” mass change occurs This
15 1n agreement with the relatively more facile solvent transfer in [Os(bipy)2(PVP)19Cl}+
films 1n 0 03 M HCIO4 observed using cyclic voltammetry 1n Section 533 1

The features of solvent and (H30)+(Cl04-) transfer in [Os(bipy)2(PVP)19Cl]+ films
discussed 1n previous sections, also pertain to mass transfer on the potential step time
scales considered here However, a number of important features exist at low HCIO4
electrolyte concentrations

Fig 5 3 13 1llustrates a typical mass and charge response (vs time) for a 10 s oxidation

pulse from-025 V1o 08 Vin 0 1 M HCIO4 The ®cjos- and mass-charge plots are
depicted in Fig 5 3 14, where the value of ®cjo4- 1s negative for the first 30% of polymer
oxidanon This indicates that during the 1nitial stages of polymer oxidation insufficient

interfacial mass transfer occurs to account for the transfer of one perchlorate anion per

Ost/ut conversion The corresponding <i>c1o4- and &)H+ vs ime plots are shown 1n

Fig 53 15 (a) and 5 3 15 (b), respecuively As outlined previously, ‘i’CIO4- represents the
flux of all mobile species except that of ClOg-, assuming that ClO4- 1s responsible for the
maintenance of electroneutrality within the layer Ci)H+ 1s the corresponding plot assuming
proton movement 1s the charge compensating 1on In Fig 5 3 15 (a), the nitial mass flux
for the <i>C|04- plot 1s negative, while for the (i)H+ plot in Fig 5 3 15 (b), a net mass influx
1s seen It 1s through the minimisation of ® that the identification of the main charge

carnier during redox switching of electroactive films may be established [12-14]

However, as can be seen 1n Fig 5 3 15, both d’ClO4— and ‘i’H+ are of similar magnitude
(although opposite 1n sign)

While the contribution from double layer charging prevents accurate quantitation

(14}, 1t appears that in HCIO4 electrolyte partial co-10n expulsion must exist as a
mechamsm for the maintenance of electroneutrality within [Os(bipy)2(PVP)1oCl])+ on

short time scales
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Fig5315 (a) &’CIO4- vs ume plot for data presented 1n Fig 5 3 13

(b) &)H*' vs time plot for data presented in Fig 53 13
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In more dilute electrolytes, the reduced availability of counter-anion results in the co-
10n expulsion mechanism taking temporal precedence This is 1llustrated in Fig 53 16
which shows a typical mass-time transient obtained in 0 01 M HCIO4 on the 100 ms time
scale While no pet mass change 1s observed overall (see Table 5 3 3) this figure shows
that there 15 a mass lgss during the first 50 ms of oxidation, presumably due to the
domunation of H+ expulsion, with mass ingress due to anion insertion only occuring in
the latter stages of the pulse
For [Os(bipy)2(PVP)1oCl]+ 1n 0 1 M to 1 OM HClO4 electrolyte, the activation

parameters for charge transport on the time scale of potential step techniques have been
proposed to represent the localised movement of counter-1on which 1s available within
the layer [1-3i The fact that interfacial mass transfer 1s observed on all time scales
studied and that the polymer layers are permselective, makes this interpretation unlikely

At all HClOg4 electrolyte concentrations below 1 0 M, the interfacial mass transfer in the
20 ms following pulse application 1s insufficient to account fo:r counter-10n motion
While quantitative arguements cannot be made due to the difficulty in extracting the
contnibution from double layer charging and the limited resolution for data capture, 1t 1s
considered that co-10n expulsion mechanisms are utilised Where counter-anion supply
from the bulk electrolyte 1s slower (see Section 3 4 4 2b) co-10n expulsion occurs to a
greater extent Thus, 1t 1s probable that different equlibna processes do exist for
[Os(b:py)2(PVP)19Cl]+ in HC1O4 on different experimental time scales, and the enhanced

D¢(PS) values that have been reported may reflect the unique nature of proton exchange

mechanisms
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Fig $§316 Mass transient in response to a 100 ms oxidising potential step for a

[Os(bipy)2(PVP)oCl]+ film of surface coverage 2 x 10-8 molcm-2

The electrolyte 1s 0 01 M HCIO4
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5342 pISA electrolyte

Fig 5 3 17 illustrates the mass and charge (vs time) response 1n 0 2 M pTSA fora 10 s

oxidation pulse from -0 25 V to 0 8 V The coulometric polymer surface coverage 1s 2 x

10-8 molcm-2 The corresponding ®pTs- and mass-charge plots are shown in Fig 53 18
Both the mass and ®pts- remain positive throughout redox conversion, indicating that in
pTSA electrolyte co-1on expulsion mechanisms are not utilised, even on potential step
time scales

The &>st- and <i>H+ vs time plots for these data are 1llustrated 1n Fig 53 19 Both &)J
plots demonstrate an immediate influx of matenal during polymer oxidation following
apphication of the potential pulse However, the value of &)J 1s significantly reduced for |
= pTS-, confirming that 1n pTSA electrolyte the counter-anion 1s the major charge
compensating 1on

The data presented in Fig 5 3 17 to 5 3 19 show that there 1s immed:ate 1nterfacial

mass transfer following pulse application This indicates that an anion source does not

exist within the polymer layer and provides evidence that the enhanced values of Dy,
which have been observed previously fo [Os(bipy)2(PVP)19Cl}+ 1n pTSA on potential
step ime scales [1], 1s unhkely to be due to localised counter-anion motion resident
within the polymer layer

The ®prs- and mass-charge plots in Fig 5 3 18 exhibit no hysteresis Ths
demonstrates clearly the concomutant influx of solvent and anion on all time scales 1n

pTSA and s 1n sharp contrast to the behaviour of this polymer in HClO4 electrolyte (see

Fig 53 13 and 5 3 14) For the potential step time scales considered here, the charge

transport process through [Os(bipy)2(PVP)oCl}+ 1n pTSA 1s under electroneutrality
control and, as discussed for the cyclic voltammetric data in Section 532 2, 1t1s

considered that the rate limiting process remains counter-anion motion
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(a) Mass and (b) charge transients for
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following a 10 s oxidising pulse
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Fig5319 (a) &)st- vs time plot for data presented in Fig 5 3 17

(b) (i)H+ vs time plot for data presented 1n Fig 5 3 17
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Table 5 3 4 summarises the frequency shift, charge and normalised mass for polymer
oxidation on the 100 ms, 1 s and 10 s time scale in a series of pTSA electrolytes for a
{Os(bipy)2(PVP)19Cl]+ film of coulometric surface coverage 1 1 x 10-8 molcm-2 The
data are averaged for 3 repeat determunations at each time scale, with an error 1n the
normalised mass of £ 5% The corresponding data for reduction of the polymer layer are
given 1n Table 5 3 5, and have similar error The thermodynamic mass change
accompanying polymer oxidation for this film, obtained using cyclic voltammetry at 2
mVs-1, 15 also included 1n Table 5 3 4 1n order to aid comparison with the transient mass
data These thermodynamic data are in excellent agreement with those presented for a
thicker film 1n Chapter 4, Table 4 3 2

The data for polymer oxidation and reduction in pTSA are qualitatively similar
However, 1n the concentration range 0 1 to 1 OM pTSA, on the 100 ms time scale the
normalised mass for polymer oxidation is greater than that for reduction by ca 25%, on
the 1 s time scale this difference 1s narrowed to only ca 10%, while on the 10 s time scale
the normalised mass changes are 1dentical, within experimental error As discussed 1n
Chapter 4, for all {Os(bipy)2(PVP);0Cl]+ polymer films in pTSA, the layer 1s more
swollen 1n the fully oxidised state The increase in polymer viscoelasticity will therefore
result 1n a greater under-evaluation of mass from frequency measurements during
reduction of the Os!! centres, particularly on shorter time scales On more exhaustive
redox switching of the polymer the viscoelastic contribution to mass measurement 1S
expected to become similar for both oxidation and reduction of the layer, as observed for
a 10 s potential step

In the following discussion reference to polymer oxidation 1s only made However,
the general features for mass and charge transfer outlined are equally applicable to

polymer reduction
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Table534

Frequency, anodic charge and normalised mass for potential step from

-025t0 08 V vs SCE n pTSA Surface coverage 11 x 10-8 molcm-2

pTSA Conc  Time Scale Af AQox Meq(OX)
( Molar) (Hz) (pC) (gmol-1)
005 a) 100 ms +1060 84 -1204
b)1ls +1228 148 - 792
c)10s +1214 225 - 514
d) 2 mVs-1 +1103 170 - 620
010 a) 100 ms - 551 108 + 489
b)1s -1133 189 +574
¢)10s - 1169 230 + 486
d) 2 mVs-1 -1157 235 +471
020 a) 100 ms - 401 98 +393
b)1s - 854 178 + 459
c)10s - 951 208 + 437
d) 2 mVs-1 - 953 200 + 456
040 a) 100 ms - 357 96 + 357
b)1s - 782 175 + 428
c)10s - 891 210 + 406
d) 2 mVs-1 - 891 189 + 452
080 a) 100 ms - 399 100 + 382
b)1s - 858 183 +433
c)10s - 948 225 +403
d) 2 mVs-1 - 905 184 + 471
100 a) 100 ms - 345 96 + 343
b)1s - 696 177 + 375
¢)10s - 716 215 +319
d) 2 mVs-! - 694 180 + 369
150 a) 100 ms - 108 97 +108
b)1s + 359 176 - 194
c)10s + 632 206 - 293
d) 2 mVs-1 +2045 180 - 328
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Table 535 Frequency, cathodic charge and normalised mass for potential step

from 0 8 to -0 25 V vs SCE 1n pTSA for the film shown in Table 5 3 4

pTSA Conc  Time Scale Af AQRED Meq(RED)
(Molar) (Hz) (pC) (gmol-1)
005 a) 100 ms - 671 - 98 +544
b)1s - 1290 - 141 + 877
c)10s - 1232 - 213 +533
010 a) 100 ms + 451 - 124 - 349
b)1ls +1067 - 197 - 522
c)10s +1165 - 235 - 475
020 a) 100 ms + 380 - 119 - 305
b)1s + 849 - 193 - 423
¢c)10s + 951 - 218 - 418
040 a) 100 ms + 342 - 119 - 275
b)ls + 784 - 194 - 388
c)10s + 893 - 220 - 388
0 80 a) 100 ms + 341 - 126 - 260
b)1s + 835 - 209 - 384
c)10s + 945 - 225 - 401
100 a) 100 ms + 268 - 121 - 212
b)1s + 644 - 213 - 290
c)10s + 674 - 220 - 293
150 a) 100 ms + 15 - 121 - 13
b)1s - 435 - 202 + 206
c)10s - 683 - 210 +311
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5342a pTSA concentrations less than0 1 M

As discussed previously, at low pTSA concentrations, [Os(bipy)2(PVP)oCl]+
polymer films are extensively swollen and mass transfer during polymer oxidation
represents the electro-osmotic flux of solvent from the layer This 1s anticipated to be
greatest for high current densities [20] and, consequently, the largest mass losses are
observed on the shortest experimental time scales following potential step application
However, due to the swollen nature of the films at pTSA concentrations below 0 1 M, the
viscoelastic contribution to frequency measurements will be significant, and quantitative

Judgements regarding mass changes cannot be accurately made

The effect of layer thickness on polymer swelling at these low concentrations 1s also
illustrated by the data in Table 5 3 4 For this thinner film of surface coverage 1 1 x 10-8
molcm-2, the swelling of the layer occurs at 0 05 M pTSA For thicker
[Os(bipy)2(PVP)0CI]+ polymer films discussed previously (Table 5 3 2 and Table 4 3 2)
mass loss occurs only at 0 01 M pTSA This confirms the surface coverage effects
discussed 1n Section 4 3 2 3, where 1t was considered that swelling of the layer occurs

more readily in thinner films

53.42b pTSA concentrationrangeO Il Mo 10M

As discussed 1n Chapter 4, for pTSA concentrations at and above ca 0 1 M, mass
transfer reflects counter-anion motion and the concomitant movement of large quantities
of solvent Because of the rapid interfacial mass transfer in pTSA, 1t has been shown
how, on cyclic voltammetric time scales, global equilibrium can be established quickly

In the concentration range 0 1 M to 1 0 M pTSA, 1n Table 5 3 4 the normalised mass

on the 100 ms time scale 1s 388 + 50 gmol-1 This indicates that even on this time scale,
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the interfacial transfer of up to 12 moles of solvent per redox site conversion can take
place On the 1 s ime scale, the normalised mass increases to a value which 1s identical,
within experimental error, to the thermodynamuc data obtained at a cychic voltammetric
scan rate of 2mVs-! That global equilibrium can be established on an experimental time
scale of 1 s for [Os(bipy)2(PVP)10Cl]+ 1n pTSA electrolyte demonstrates the polymer
morphology that exists 1n this electrolyte and the enhanced facility for mass transfer
More importantly, however, the same evaluation of normalised mass on the 1 s time scale
and that corresponding to 1 to 5 mVs-1 scan rates, confirms the thermodynamic data
presented in Chapter 4 and demonstrates that the viscoelastic contribution to frequency
measurements does not prevent an accurate evaluation of redox-induced interfacial mass

changes

In Table 5 3 4, there 1s a reduction 1n the normalised mass evaluated for the 10 s
pulse For an [Os(bipy)2(PVP)1oCI)+ film of surface coverage 1 1 x 10-8 molcm-2, with a
redox site concentration of O 7 M, the layer thickness1s ca 1 6 x 10-5cm With a
diffusion coefficient for charge transport of ca 2 x 10-10 cm2s-1, the time required for
the depletion layer to extend to the electrolyte / film interface 1s ca 04 s (Eqn 3 4 9) [24]

The ®prs- and mass-charge plots for a 1 s and 10 s pulse in 0 2 M pTSA are shown
in Fig $ 320 On the 1 s ume scale (Plot A), the data 1s as described for the thicker film
depicted 1n Fig 5 3 18 However, for a 10 s pulse (Plot B), mass transfer 1s complete with
the passage of ca 170 pC and remarns constant thereafter The ®prs- plot decreases after
170 pC, representing the lower mass change per redox site conversion While a
viscoelastic contribution to mass measurement from the increased polymer swelling in
the Osll may be responsible for this, 1t 1s noted that the coulometric surface coverage

(from slow scan cychic voltammetry) 1s only approximately 180 pC The reduced Meq for

the 10 s pulse, therefore, 1s thought to reflect a dnift 1n charge after complete polymer
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Fig5320  &prs- and mass-charge plots obtained for a layer of surface coverage

11x 10-8 molcm-21n 0 2 M pTSA fora 1 s oxidation pulse (Plot A)

and a 10 s oxidation pulse (Plot B)

A 1 s Pulse MASS

1000 ngcm -2 ;éﬁégﬁjﬁﬁﬁﬂ
72

MASS
B 10 s Pulse

1000 ngcm -2
‘prS‘

MASS and (DPTS- ( ngcm -2 )

| I I | I
-20 20 60 100 140 180 220
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oxidation This 1s considered likely for a gold electrode potentiostatted at 0 8 V 1n high
concentration acid electrolyte [26] It 1s of note that this dnft in charge introduces
significant hysteresis into Fig 5 3 20 Plot B, and thus results 1n a mus-interpretation of
mass transfer data This illustrates how 1t 1s the measurement of charge, not mass, which

limuts the accuracy of the quantitative analysis of EQCM data

A number of important differences exist in the data presented in Table 5 3 4, compared
with data presented tn pTSA in Table 5 3 2 and Table 4 32 A mass gain accompanying
polymer oxidation 1s 1n evidence up to pTSA concentrations of 1 0 M In addition, in 15
M pTSA, although the thermodynamic mass change at 2 mVs-1 1s a mass loss for
polymer oxidation, on the 100 ms time scale a mass ingress 1s observed These features of
mass transfer for the thinner polymer coating confirm that no change in mass transfer
processes occur at higher pTSA electrolyte concentrations and, as discussed previously,
the lower viscous load of the thinner film merely allows for the crystal oscillation to be

related to mass 1n more viscous electrolytes
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5.4. CONCLUSIONS.

The differences 1n the extent and facility of solvent transfer in different electrolytes 1s
directly related to charge transport rates This 1s determined by the nature of the
electrolyte / polymer interaction, which, n turn, determines the nature of the rate
determuning step 1n the charge transport process

In HCIO4 the difficulty 1n solvent transfer results in the slow attainment of a steady-
state mass and charge response during repeat scanning There 1s evidence for 0 01 M and
1 0 M HCIOyq that this impeded solvent transfer reduces D((CV) In the intervening
electrolyte concentrations solvent transfer 1s marginally easier, resulting 1n an increase in
the charge transport diffusion coefficient This contrasts with the transfer of solvent in
pTSA, where concomitant movement with the counter-anion occurs on all time scales
and at all concentrations

The difference in Dg({CV) and D¢((PS) cannot be attributed to a difference 1n the
sources / sinks of charge compensating counter-anion, as no free electrolyte exists within
the polymer layer at concentrations less than 1 0 M However, in HCIO4, co-10n
expulsion 1s utilised as a mechanism for the maintenance of electroneutrality on short
time scales In pTSA the same equilibria appear to be established on all time scales

The EQCM has been demonstrated to provide a useful 1nsight into the origins of
electrolyte-dependent differences in electrochemical behaviour The results presented
here have shown how the evaluation of charge transport and mass transfer processes can
only be understood by a systematic nvestigation of the effects of electrolyte type,

concentration and experimental time scale
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CHAPTER 6

Redox and Mass Transfer Processes
through Thin Films of

[Ru(bipy)2(PVP)19(H20)]2+



6.1. INTRODUCTION.

i

As outlined 1n Chapter 1, the photophysical processes 1n poly(pyndyl) ruthenium!!
complexes may lead to the photo-decomposition of the complex by a ligand substitution
process The extension of such photo-induced hgand-exchange reactions to ruthenium-
based metallopolymers has long been recognised [1-5] and has been found to provide a
useful route to ruthenium polymers which may be otherwise difficult to synthesise
[2,3,5] As discussed in Chapter 2, this photo-sensitivity has important consequences for
the accurate evaluation of charge transport mechanisms within ruthenium polymer-
modified electrodes [6]

For polymers based on bis(bipyridyl) ruthemum complexes, 1n aqueous acid
electrolyte the main photo-substitution product 1s the aquo complex [1-5],
[Ru(bipy)2(Pol)n(H20)]2+, where Pol 1s the polymer backbone and n 1s the redox site
loading (see Section 2 3 2) Both the polymeric and monomeric [7-10] aquo complex
have received considerable attention This derives from the reversible, net two electron
oxidation to form a ruthenium-oxo complex at easily accessible potentials The
stabilisation of the 4+ ruthenium centre ts attnbuted to the proton loss from the aquo
ligand to form the ruthenyl complex [7,8], which for the polymer-bound species, has the
formula, [Rulv=0O(bipy)s(Pol),}2+

The importance of transition metal oxo complexes 1s seen 1n their use as strong
oxidising agents Ruthenium-oxo complexes have been shown to be active catalysts for
the oxidation of organic [11-14] and 1norganic [14-19] substrates, as well as for HyO
sphtting [20-22] As discussed in Chapter 1, the immobilisation of such catalytic sites
within a polymeric matrix may provide many advantages [12]

It 15 the purpose of this chapter to investigate the mechanism for redox processes
within polymer films of [Ru(bipy)2(PVP)19(H20)]2+ coated on electrode surfaces The

coupled proton and electron transfer of the Ru/ and Ru™/tV couples is investigated 1n
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acid electrolytes over the pH range 0 0 to 2 0 An EQCM study of the redox behaviour of
[Ru(bipy)2(PVP)9(H20)]2+ 1s first presented The kinetic aspects of polymer oxidation
will then be addressed Through the combination of EQCM data and charge transport and

activation parameters, the rate determining step for charge transport through

{Ru(bipy)2(PVP)10(H20))2+ under sermu-infinite diffusion conditions 1s discussed

6.2. EXPERIMENTAL.

{Ru(bipy)2(PVP)10(H20)]2+ was prepared in situ by the photolysis of electrodes
modified with either [Ru(bipy)2(PVP)10]2+ or [Ru(bipy)2(PVP)1oCl]+ The Ru-aquo
polymer was also synthesised from the diaquo monomer, [Ru(bipy)2(H20)7]2+, as
described 1n the literature [12] In all cases, the electrochemical behaviour of the resulting
[Ru(bipy)2(PVP)0(H20)]2+ metallopolymer was identical

For the evaluation of mass transfer accompanying redox switching, the electrode
preparation, mass measurement and data capture were as described in Chapter 3 Charge
transport and activation parameters for the Rull/it couple were determined using cychic
voltammetry and chronoamperometry, as described in Chapter 2 D¢((CV) was evaluated
using scan rates of 100 to 500 mVs-1 and D¢(PS) was determined over the 20 ms time
scale following pulse application D¢; values were estimated from experimentally
determined D¢(1/2C using a redox site concentration of 0 8 M, (the concentration of sites
determined for the mono-substituted material [Ru(bipy)2(PVP)1oCl]+ 1‘6])

Because of the difficulty in resolving the electrochemical response of the Rul/ill and
Rult/tv couples (vide infra), polymer surface coverages were determined from graphical
integration of the slow scan cyclic voltammogram obtained for the polymer layers before
photolysis In the study of mass transfer, in order to facilitate the resolution of the Rul/in
and Rulll/iv couples, polymer surface coverages were kept at ca 1 0 x 10-8 molem-2 For

[Ru(bipy)2(PVP)19(H20)]2+ polymer layers thicker than this, the oxidation to higher
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ruthenium oxidation states was not clearly seen

While the oxidation of [Ru(bipy)2(PVP)19(H20)12+ by O3 1s thermodynamucally
favourable, 1n an early study of the monomeric material [Ru(bipy)2(py)(H20)]2+ no
evidence for air oxidation was found [7] Simularly, in this study of the polymenc
analogue no precautions for the exclusion of air from the electrochemucal cell were
required However, for the EQCM study the electrolytes were routinely purged with Ar
and a steady stream of Ar directed over the electrolyte throughout the course of

electrochemical and mass measurements
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6.3. RESULTS AND DISCUSSION.

6.3.1. Redox and Mass Transfer Processes within Modifying
layers of [Ru(bipy)2(PVP)10(H20)]2+.

63 11 General layer behaviour

The Rutv=0 species 1s a strong catalytic agent for oxidation [11-22] and 1n
electrolytes of high acid concentration 1t 1s possible that HoO may be oxidised to O3 [7]
However, 1n this and earlier studies [7], no evidence for the oxidation of water has been
found In more recent work on Ru-oxo compounds tt has been established that it 1s the
oxo-bridged dimenc species, Ru-O-Ru, which 1s required for the active catalysis of water
[20-22] While the formation of p-oxo species has been found to occur for the
monomeric analogue, [Ru(bipy)2(py)(H20)]2+, if left standing for several days or if
heated [7], because the oxo-bridge formation 1s thermodynamically unfavourable [7], 1t 1s
not considered to be of any significance for the freshly generated metallopolymer films
used 1n this study

However, 1n this work, the oxidising properties of the Ru!v=0 group were observed
in pTSA electrolyte, where a catalytic current for the oxidation of the toluene sulphonate
anion was seen at [Ru(bipy)2(PVP)19(H20)]12+ modified electrodes at slow cyclic
voltammetric scan rates This, coupled to the photochemical generation of a sulphato-
complex 1n sulphate-based electrolytes [3,4,23], results in further complication of the
redox behaviour of [Ru(bipy)2(PVP)10(H20)]2+ 1n pTSA Furthermore, because of the
expected 1ncrease 1n viscoelasticity of polymer films of this type in pTSA electrolyte (see
Chapter 4), an EQCM study of mass transfer was restricted to perchlorate-based

electrolytes only

276



For these reasons, in the following discussion of the redox behaviour of

[Ru(bipy)2(PVP)19(H20)12+, specific reference 1s made only to HCIO4 However, 1t

should be noted that the cyclic voltammetric response for the electrochemucal processes

within [Ru(bipy)2(PVP)19(H20)]}2+ was found to be qualitatively similar 1n all acid
electrolytes studied (1 e pTSA, HCIO4 and H2SO4) and the following discussion of redox

processes should be generally applicable

63 1 2. General features of mass transfer

It 15 the purpose of this section to 1llustrate the mass transfer found in differing ClO4-

electrolytes and to explain 1t in terms of the pH dependency of the coupled proton and

electron transfer in [Ru(bipy)2(PVP)19(H20)]2+[5,7,8,12] A more quantitative

discussion of mass changes 1s considered 1n Section 6 3 3

Fig 6 3 1 (a) 1llustrates a typical mass-potential and cyclic voltammogram obtained

for a [Ru(bipy)2(PVP)(9(H20)]2+ polymer film at a scan rate of 5mVs-1 in1 0M
HClO4 The polymer layer was prepared iz sttu by photolysis and has a surface coverage
of 1 13 x 10-8 molcm-2 Fig 6 3 1 (b) shows the mass-potential and cyclic voltammogram
obtained at 5 mVs-1 for the same film when transferred to 0 1 M HCIOq4

The cyclic voltammogram 1n both HC1O4 electrolytes exhibits a voltammetric wave
at ca 800 mV for the Ru/il couple The formal potential of this couple shows a slight

dependency on the contacting electrolyte concentration (or more correctly, the electrolyte

pH), shifting to less positive potentials at lower HCIO4 concentrations
For [Ru(bipy)2(PVP)j9(H20)]2+ polymer films, a further oxidation to form the ruthenyl

complex, Ru!V=0, occurs [7] This net oxidation of Rullf to Rulv=0 1s clearly observed in

10 M HCIOq, and 1s centred at ca 940 mV in Fig 6 3 1 (a) The formal potential of the

Rulttiv couple exhibits a more marked dependency on pH than the Rull/ill couple and 1n

0 1 M HCIOg4, 1t 15 not resolved However, the existence of the Rull/Iv couple in 0 1 M
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Fig631 Cyclic voltammogram and mass-potential plot for an electrode
modified with [Ru(bipy)2(PVP)10(H20)]2+ 1n (a) 1 0 M HCIO4
and (b) 0 1 M HCIQ4 Polymer layer prepared mnsitu in 1 0 M
HCI1Q4 from photolysis of [Ru(bipy)2(PVP)10Cl]+ Polymer surface

coverage 1s 1 13 x 10 8 molcm-2, scan rate 1s 5 mVs-1

(a) 1 0 M HCIO4 (b) 0 1 M HCIO,

1 pA 1 uA

150 ngcm 2
35 Hz
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HCIO4 1s evidenced by the enhanced cathodic branch of the voltammetric wave in
Fig631(b)

From the data presented 1n Fig 6 3 1, 1t 1s seen that not only 1s the resolution of the
Rul/it and Ruli/1v couples influenced by the contacting electrolyte pH, but the
accompanying redox-induced mass transfer 1s profoundly differentin 10 Mand 0 1 M
HCIiO4 electrolyte For 1 0 M HCIO4 1n Fig 6 3 1 (a), a mass gain 1s seen for the Rul/ill
oxidation at 810 mV, but on commencement of the Rult/iv couple at ca 890 mV a mass
loss occurs In contrast, for 0 1 M HCIO4 1n Fig 6 3 1 (b), a mass loss accompanies all
anodic processes

The transition 1n mass transfer behaviour over the concentrationrange 0 1 Mto 1 0 M

HCIO4 15 not a sharp one This is shown 1n Fig 6 3 2 which 1illustrates the mass-charge

plots for the data presented in Fig 6 3 1, and also that for the film when transferred to 0 3
M HCIOg4 At this intermediary concentration of 0 3 M (Fig 6 3 2 (b) ), there 1s no net
nterfacial mass transfer throughout the entire Rul/itt couple and 1t 1s only during the net
oxidation of Rulll to Ru!V that a mass loss 1s observed

The transition 1n the mass transfer behaviour with changing HCIO4 electrolyte
concentration 1s further illustrated 1n Fig 6 3 3, where the normalised mass for both the
Rul/til and Rul/tv couples, obtained at 1 mVs-1, 1s plotted against minus log HCIO4
concentration These data are typical for all [Ru(bipy)2(PVP)19(H20)]12+ films studied
and were obtained for a film of surface coverage 1 13 x 10-8 molcm-2 The data are taken
from Table 6 3 1 which 1s presented 1n Section 6 3 3, below

In Fig 6 3 3, the normahised mass for Rul/tll couple decreases almost linearly with
increasing HCIO4 concentration, from a mass gain of ca 167 gmol-1i1n 1 0 M HCIO4 to a

mass loss of -55 gmol-11n 0 1 M HCIO4 For the Rull/Iv couple, a mass loss accompanies

oxidation at all concentrations, but the magnitude of this mass loss decreases from -136

gmol-11n 1 0 M electrolyte to -55 gmol-11n 0 1 M HCIO4
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Fig632
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Mass-charge plots for the data presented in Fig 6 3 1 and also that
obtained when the [Ru(bipy)2(PVP) 9(H0)]2+ film was transferred
to 0 3 M HCIO4 The plots are, from top to bottom, (a) 1 0 M, (b) 0 3
M and (¢) 0 1 M HClO4
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Fig633  The effect of HCIO4 concentration on the normalised mass for the
Ruw/mi and Ru/Iv couples for [Ru(bipy)2(PVP)10(H20)]2+ The
data are presented for polymer oxidation and are taken from Table

6 3 1 (Section 6 3 3) for a scan rate of 1 mVs-1
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The differing redox behaviour and the change 1n interfacial mass transfer over this
electrolyte concentration range derives from the coupled proton and electron transfer for
the Rul¥/lil and Rull/1v redox couples Each ruthenium couple will now be considered

separately

6313 The Rull'lll Couple

The redox chemustry of the monomeric anologue, [Ru(bipy)2(py)(H20)]2+, has been
extensively studied {7-10] The Ru! -H;0 monomernic complex is a weak base (pK; 10 2),
while Rulll -H>0 15 a strong acid (pK, 0 85) [7] The protonation of the aquo ligand of the
Rulll moiety will therefore be strongly influenced by the contacting acid electrolyte

concentration

6313a pH below the pKg of Rulll-H>0

At pH below the pK; of Rulll-H;O, the aquo ligand 1s protonated 1n both redox states

and the Rul/il couple may be described by,
[Rutl(bipy)2(PVP)10(H20)]2+ &~ [Rulli(bipy)2(PVP);10(H20)13+ 631)

Therefore, in 1 0 M HCIO4 (measured pH 0) the imitial mass gainin Fig6 3 1 (a)
represents counter-amon motion required for the maintenance of electroneutrality within
the layer The normalised mass for this mass gain 1s 167 gmol-1, representing the
concomitant transfer of ca 68 gmol-1 of net neutrals Because there 1s an increase in
charge of the Ru complex from [Rull]2+ to [Rull]3+, this additional transfer of net
neutrals most probably represents the transfer of solvent 1n response to the activity

gradient established during polymer oxidation [24]
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6312b pH above the pK; of Rulll-H>0

For the Rull/il couple at pH above the pKj, of Rulll -H>O, the aquo ligand will not be

protonated in the Ruill state, and the Rull/ll couple becomes,

[Rull(bipy)2(PVP)10(H20)12+ _—&» [Rull(bipy)2(PVP)10(OH)]2+ + H+  (632)

This equation predicts the expulsion of a proton per redox site conversion For 0 1 M

HClO4 (measured pH 1 05), the mass-charge plot in Fig 6 3 2 (c) shows that a mass loss

occurs on the immediate passage of anodic charge This suggests that Eqn 6 3 2 describes
the RulVill couple for [Ru(bipy)2(PVP)10(H20)]12+ 1n 0 1 M HCIO4 The mass loss,
corresponding to -55 g electron equiv -1, therefore represents the expulsion of a proton

and ca three solvent molecules per redox site conversion from [Rull-H70]2+ to [Rulll

OHJ2+

The decrease in the normalised mass for the Rull/it couple with decreasing electrolyte

HCIO4 concentration 1n Fig 6 3 3, therefore represents the change 1n the mass transfer
mechanisms required for the maintenance of electroneutrality within the layer InQ0 5 M
HClO4 the normalised mass gain accompanying Rull/ill oxidation 1s significantly reduced,
reflecting the existence of the Rulll redox centres as both [Rull-HyO]3+ and [Rull-OH]2+
and the partial utilisation of proton expulsion mechanisms during redox conversion The

behaviour 1n 0 3 M electrolyte represents the balancing of proton expulsion mechanisms

and counter-anion insertion duning the oxidation of [Rull-HyO}2+ to [Rutl-OH]2+ and
[Rul-H20]3+, respectively This figure clearly 1illustrates that for the Rull/llf oxidation

mass transfer mechanisms are dependent upon the pKj, of Rulll-H2O

That this gradual shift in the mechanism dominating mass transfer occurs in the

concentration range 1 0 M to 0 1 M HCIO4 1s surpnsing With a pKj for the Ruil-H,O
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complex of 0 85, 1n 0 1 M HClIO4 (measured pH 1 05), the ratio of Rull-H7O to Ruit-OH

will be ca 2 3 (using the Henderson-Hasselbach equation [25]) Consequently, in 0 1 M
HCIOy4, for the oxidation of Rull HO, both anion insertion (Eqn 6 3 1) and proton
expulsion mechanisms (Eqn 6 3 2) should be 1n operation, with anion insertion
domunating to yield an observed net mass ingress Indeed, for a pK; of 0 85, for proton
expulsion mechanisms to domunate the observed net mass transfer, the ratio of Rulli-HyO
to Rull-OH required will be at least 1 99 (assuming only 10on movement) This will
occur at a predicted pH of 2 85

That proton loss 1s observed at a pH of 1 05 demonstrates that the solution phase
value for the pKj, of Rulll-H7O 1s inappropriate for the polymeric analogue and that the
actual pK, value within the polymer film 1s likely to be more acidic This 1s in agreement
with the protonation behaviour of the PVP backbone of [Os(bipy)2(PVP)1Cl]+,
discussed 1n Chapter 3, where 1t was found that the pKj of the uncoordinated pynidine
moieties within the metallopolymer was significantly more acidic than that observed for
the homopolymer 1n solution

To gain a more unambiguous insight into the mass transfer associated solely with
proton expulsion, redox-induced mass transfer in [Ru(bipy)2(PVP)1o(H20)]2+ was
investigated in 1 0 M NaClOy4 electrolyte with pH adjusted to pH 1 and 2 Analysis at
higher pH was not performed due to the deterioration 1n the cyclic voltammetric
response

The data at pH 1 and 2 were obtained for the same film as that used in Fig 6 3 1 and
are summarnised for scan rates ranging from 1 to 100 mVs-1in Table 6 3 1 (see Section
6 3 3) The cyclic voltammograms and mass-potential plots at pH 1 and 2 at 5 mVs-1 are
illustrated tn Fig 6 3 4 (a) and Fig 6 3 4 (b), respectively As seen for 0 1 M HCIO4
above, 1n pH 1 and 2 electrolyte a mass loss 1s observed throughout the anodic scan

However, the magnitude of the mass loss increases at higher pH
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The value of the normalised mass loss in 1 0 M NaClO4 (pH 1) electrolyte 1s less than
that obtained 1n 0 1 M HCIO4 (1€ -21 gelectron equiv -1 vs -55 g electron equiv -1}
This 1s not surpnising considering the dehydrating effect of perchlorate on redox polymer
films of this type Indeed, for the polymer [Os(bipy)2(PVP)19Cl]+ 1n NaClOg, 1t has been
found that there 1s no concomitant solvent transfer during redox switching [26,27] Thus
the reduced value of -21 g electron equiv -1 for [Ru(bipy)2(PVP)10(H20)]12+ m 1 0 M
NaClOg4 (pH 1) most probably reflects a reduction 1n solvent transfer to ca a single H>O
molecule expelled per redox site conversion

Significantly, the mass loss in 1 0 M NaClOg4 (pH 2) increases to -58 g electron
equiv -1 This suggests that at this higher pH the proton expulsion mechanism 1s utilised
to a greater extent However, even at pH 2, with a pK; of 0 85 the ratio of Rulll-H7O to
Rull-QH will be ca 1 14 and there should be sufficient Rull! -H2O centres (requiring

anion 1nserion) to overshadow the proton expulsion required for Rulll -OH centres
Therefore, despite the greater mass loss at higher pH, all data confirm that the pK, of

Rulll -H70O must be far removed from pH 1 and significantly more acidic than that of the

monomeric analogue
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Fig634

Cyclic voltammogram and mass-potential plot for an electrode

modified wath [Ru(bipy)2(PVP)10(H20)])2+ 1n 1 0 M NaClO4 with

pH adjusted to (a) pH 1 and (b) pH 2 The scan rate 1s S mVs-1 The

polymer layer 1s that used in Fig 6 3 1 (surface coverage 1 13 x 10 8

molcm-2)

(a) 1 0 M NaClOg (pH 1 0)
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(b) 1 0 M NaClO4 (pH 2 0)
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6313 The RulllIV Couple,

As mentioned previously, for [Ru(bipy)2(PVP)10(H20)]2+ the stabilisation of the 4+
oxidation state of ruthenium through proton loss from the aquo higand results 1n the
generation of the ruthenyl complex, [Ruv=0(bipy)2(PVP)10}2+ [7,8]

Due to the distribution of protons in the products, 1t 1s thermodynamuically
unfavourable for the Rulll -H20 / Rulv=0 oxidation to proceed »a a simple electron
transfer [9] For the polymer-bound complex, the peak height of the anodic branch of the
Rull/iv couple 1s significantly reduced in comparison to that of the Rul/il couple (see
Fig 6 3 1 (a) ) and 1s only clearly seen at slow scan rates (< 20 mVs-1) These features
have been observed previously [2-5,12] and are indicative of slow kinetics typical of an
"EC" electrochemical process It has been proposed that Rulv=0 i1s generated = the
disproportionation of Rulll centres into Rul! and RulV, with the observed electrochemical
response due to the diffusion controlled oxidation of the Rul centres at the electrode
[7,9]

At pH below the pKj of Ru!ll -H2O, the disproportionation reaction 1s given by,

2 [Rulll(bipy)2(PVP)10(H20)]3+ ~ (633)

[Runi(bipy)2(PVP)19(H20)]12+ + [Rulv=0(bipy)2(PVP)10]2+ + 2H+

with the electrochemucal response due to the oxidation of the Rull-H20 to Ruti-H2O as
described by Eqn 6 3 1

For the maintenance of electroneutrality during the 1nitial disproportionation reaction
(Eqn 6 3 3), the expulsion of two counter-anions and two protons for each RulV redox
centre generated 1s required The diffusion controlled oxidation of the resulting Rull

centre necessitates the retention of one of these counter-anions Thus, considering only

electroneutrality, for the net oxidation of Ruil-H70 to Ruv=0, a net mass egress of a
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single counter-anion and two protons per redox site conversion 1s required Assuming the
Grotthus-type transfer of protons [28], the net mass loss predicted for the Rull/Iv couple
1s -101 gmol-1

In Fig 6 3 1 (a), the normalised mass loss for the RulVIV couple 1n 1 0 M HCIO4 15
-136 gmol-1 This reflects the predicted mass loss 1n Eqn 6 3 3 plus the additional transfer
of ca 2 solvent molecules For the Ruli/iv oxidation the overall charge of the polymer
phase decreases from a film containing two [Ruill]3+ redox centres to a film containing a
[Ruil]3+ and a [Rulv=0]2+ centre It1s therefore expected that the activity gradient
established for the tranfer of net neutrals will be in the opposite direction to that
established during the nitial Rul/it oxidation and the transfer of solvent from the layer
will occur [24]

Significantly, the mass-charge plot in 1 0 M HCIO4 1n Fig 6 3 2 (a) shows that, for
the Rulllv couple, the mass loss 1s almost uniquely defined by the instantaneous
oxidation state, (1 € the mass-charge plot almost tracks) This provides evidence that,
despite the differing shapes of the anodic and cathodic branches of the cyclic

voltammogram in Fig 6 3 1 (a), Eqn 6 3 3 1s reversible, with the net re-reduction of

Rutv=0 to Rull -HO following the comproportionation pathway

At pH above the pK; of Ru'll-H»0, disproportionation 1s similar to that in Eqn 6 3 3,

but will have differing proton requirements due to the existence of Rulll as Rull-OH,

2 [Rui(bipy)2(PVP)o(OH)]2+ ———
(634)

{Ruli(bipy)2(PVP) 1o(H20)]2+ + [Rutv=O(bipy)2(PVP)0)2+

Again, the observed electrode reaction 1s the oxidation of the Rull-H2O centres whch

are formed during the disproportionation step The subsequent oxidation to Rull-OH 15 as
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described by Eqn 6 3 2 For the disproportionation reaction in Eqn 6 3 4, there 1s no net
change 1n the mass requirements within the layer However, for the oxidation of the Ruli-
H;O centres generated, further proton loss 1s expected Consequently, the interfacial mass
transfer charactenistics seen for the net oxidation of [Rulll-OH]2+ to [Rufv=0]2+ are
1dentical to those for the Rul/ilt couple

Fig 6 3 2 (c) shows the mass-charge plot obtained 1n 0 1 M HCIO4 The linear
relationship between mass and charge throughout all redox processes provides evidence
for the existence of a single mass transfer mechanism throughout redox conversion and
confirms the mechanisms for redox switching outlined 1n Eqn 6 3 4 In addition, the
tracking of the mass-charge plot indicates that Eqn 6 3 4 1s reversible and that the
comproportionation pathway 1s utilised duning polymer reduction

That Eqn 6 3 4 adequately describes the mass transfer behaviour for the Rutii/iv
couple 1n an electrolyte with pH so close to the pK, of the Ruitl-H>O complex 1s once
agamn a surprising result However, the mass transfer behaviour for the Rultiv couple 1s
1n agreement with the observations concerning the pKj of the polymer-bound Ruit -H0

complex, discussed above

In Fig 6 3 3, the normalised mass for the Rull/IV oxidation 1s plotted as a function of
minus log HCIO4 concentration The observed decrease 1n the extent of mass loss with
decreasing HCIO4 concentration reflects the transition 1n the disproportionation reaction
from one requiring both counter-anion and proton expulsion at high HC1O4
concentrations (Eqn 6 3 3), to one which requires only proton expulsion at lower HCIO4

concentrations (Eqn 6 3 4)
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6.3.2. On the Wave Shape of the Rull'lV Couple.

In Fig 6 3 1, the Rul/il couple exhibats the predicted surface behaviour for a
reversible one-electron redox process [29] However, the RullViv couple clearly does not
While the anodic and cathodic charge passed for the Rull/IV couple 1s 1dentical, within
expenimental error, the cathodic wave, corresponding to the the reverse of Eqn 6 3 3 and
6 3 4 (the comproportionation reaction between Rull and RulV ), 1s sharp and has a pwhm
significantly less than that expected for a surface-i1mmobilised reversible one-electron
process [29]

For the coupled proton and electron transfer required for the interconversion between
higher oxidation states of ruthenium, the nature and pretreatment of the electrode has
been found to be sigmficant [13,23] For [Ru(bipy)2(PVP)19(H20)}2+ polymer films,
glassy carbon has been found to be a better electrode substrate for the resolution of the
Rul/in and RutV1v couples

Fig 6 3 5 (a) 1llustrates a typical cyclic voltammogram for a glassy carbon electrode
modified with [Ru(bipy)2(PVP)19(H20)]2+ The film was prepared nsituin 1 0 M
HCIO4 and the scan rate 1s S mVs-1 Fig 6 3 5 (b) shows a cyclic voltammogram under
the same conditions for a [Ru(bipy)2(PVP)19(H20)]2+ polymer layer prepared i situ in
0 1 M HCIO4 While the redox behaviour in Fig 6 3 51s qualitatively simular to that
observed 1n Fig 6 3 1 on gold electrodes, the Rull/IV couple 1s clearly better defined

The ongins of the dissymmetry of the anodic and cathodic peak shapes of the Ruili/1v
couple remain unclear Interaction models have been used to descrnibe the narrowing and
broadening of the wave shape of immobilised electroactive matenals [30-33], particularly
the reversible one-electron redox process in PVF [33] However, for
[Ru(bipy)2(PVP) 10(H20)]2+, where the redox site separation 1s ca 25 A (assuming a
ngid rod structure) [34], no significant 1nteraction 1s expected This 1s supported by the

absence of such interactions 1n all metallopolymers of this type, even 1in materials of
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Fig635

Cyclic voltammogram for a [Ru(bipy)2(PVP)19(H20))2+ modified
glassy carbon electrode 1n (a) 1 0 M HClO4 and (b) 0 1 M HCIO4

The polymer layers were prepared iz sitw  1n each electrolyte from

photolysis of a [Ru(bipy)2(PVP);0Cl}+ film The polymer surface

coverages are both ca 2 0 x 10-8 molcm-2, the scan rate 1s S mVs 1

(a) 1 0 M HCl1O4 )01 M HCIO4
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higher metal loading [35]

A possible explanation for the observed cathodic wave shape lies in the need for both
Rulv=0 and Rull -H7O centres for the comproportionation reaction True surface wave
behaviour for the Rullill couple ensures complete oxidation to Rufl! Consequently, the
net re-reduction of Ruv=0 to Rult H2O (or Rull-OH) cannot occur until a source of
Rull-H7O exists within the layer

Because the disproportionation reaction during polymer oxidation 1s slow, even
durning cyclic voltammetric scan rates of 1 to 5 mVs-1 complete oxidation of the layer to
Rulv=0 15 unlkely Some ruthenium centres are therefore expected to exist in the Rulll
oxidation state throughout Durnng the reverse sweep, 1t is only when these centres are re-
reduced that a source of Rull HyO will exist within the layer The Ruiv=0 centres are
forced to exist at potentials less positive than the formal potential of the Rull/v couple
and once the comproportionation can proceed 1t will do so rapidly In many respects, the

reduction of Ruv=0 1s "mediated” by the Rull/il couple
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6.3.3. Mass Transfer accompanying Redox processes.

6331 General Layer behaviour

Table 6 3 1 summarnses a set of data for the normalised mass for the Rul/iit and
Rulll/iv couples 1n a series of HCIO4 electrolytes for a [Ru(bipy)2(PVP)19(H20)]2+ film
of surface coverage 1 13 x 10-8 molcm-2 The pet mass change for the combined redox
processes (1¢ the "end-to-end” mass change), 1s also included and 1s calculated as the
mass per electron equivalent The data 1s presented for cyclic voltammetric scan rates
ranging from 1 to 200 mVs-1

The data for [Ru(bipy)2(PVP)0(H20)]2+ 1n Table 6 3 1 1s qualitauvely 1dentical for
all films studied The mass changes observed are independent of the electrolyte
concentration 1n which the photolysis was performed (either 0 1 M or 1 0 M HCIO4) The
normalised mass 1s independent of the sequence of previous exposure to different
electrolytes and 1s reproducible for a given film to within + 5% On changing the
electrolyte, redox and mass transfer mechanisms immediately revert to those predicted
from the electrolyte pH, with no "break-in" required This rapid transfer of electrolyte
properties to the layer has been observed previously for [Ru(bipy)2(PVP)19(H20)]2+ at
pH below the pK, of PVP [12]

The evaluation of mass from frequency measurements assumes the Sauerbrey
equation For [Ru(bipy)2(PVP)19(H20))2+ polymer films the ngidity of the layer was not
unambiguously established using impedance analysis However, as seen in Chapter 3, in
perchlorate media, metallopolymers of this type are dehydrated, compact structures, 1n
which the approximation to ngidity can be made Furthermore, in Table 6 3 1 the
normalised mass 1s similar at all scan rates It 1s generally considered that for non-rigid

layers the normalised mass will increase for measurements made on shorter time scales
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Table 6 3 1. Normalised mass data for [Ru(bipy)2(H20)(PVP)19)2+ 1n a series of

HCIlO4 electrolytes for a film of surface coverage 1 13 x 10-8 molcm-2

HClO4 ScanRate ~ Meq Rul/t Meq Runt/iv End-To-End (a)
( Molar) (mVs-1) (g mol-1) (g mol-1) | (g electron equiv -1)
10 1 167 -136 20
5 162 -122 32
S0 160 - 108
200 176 - 133
05 1 91 - 86 19
5 86 - 64 37
50 61 - 13 39
200 45 - 45
03 1 8 - 71 -32
5 13 - 60 -25
50 0 - 30 - 8
200 0 - 0
01 1 * * _55
5 * * -44
50 * * - 40
200 . * -36
pH 1 1 * * .21
5 * * - 26
50 * * -12
100 * * -0
pH 2 1 * * -58
5 % % - 39
50 * * -18
100 * * -0

a) Normalised mass for net mass change on completion of all anodic processes

* Denotes common mass transfer for both couples
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This suggests that the data presented in Table 6 3 1 1s an accurate evaluation of interfacial
mass transfer during redox switching

However, the normalised mass for [Ru(bipy)2(PVP)10(H20)]2+ 15 subject to greater
between film variation than that observed for [Os(bipy)2(PVP)19Cl1]+ 1n Chapter 3 For
the Rutl/i couple 1n 0 3 M and 0 1 M HClOg4 the between film varniation at slow scan
rates 15 £20% In10M and 0 5 M HCIO4 the normalised mass increases with
increasing surface coverage (0 8 to 2 x 10-8 molcm?-2), to give a between film vanation at
slow scan rates of £ 30 % Thus 1s contrary to what would be expected for a viscoelastic
film, where for thicker layers the under-evaluation of mass due to excessive dampening
of crystal oscillations will increase [36] Instead, the between film vanation in 0 5 M and
1 0 M HCIO4 reflects the fact that for thicker films of [Ru(bipy)2(PVP)19(H20)]2+ only
the Rull/ill couple 1s 1n evidence As a result, the mass loss associated with the Rutt/v
couple does not occur to the same extent as 1n thinner layers and only the mass gain
accompanying the Rul/lll couple 1s measured

Considening the complicated redox and mass transfer processes within
[Ru(bipy)2(PVP)10(H20)]2+, the dependence of the resolution of the two redox couples
on film thickness, as well as the possibility of between film vanation due to incomplete

photolysis, the errors here are considered to be acceptable

6332 Kinetic aspects of interfactal mass transfer

The disproportionation reaction 1s slow and 1t 1s generally found that at increasing
cyclic voltammetric scan rates the net oxidation of Rutll to Rurv=0 does not occur [1-5]
Fi1g 6 3 6 (a) and Fig 6 3 6 (b) 1llustrate the cyclic voltammogram and the mass-potential
plot obtained at 200 mVs-11n 1 0 M and 0 1 M HCIQyg, respectively The slow scan rate
data for this polymer film are depicted in Fig 6 3 1 The absence of a voltammetric

response for the Rull/1v couple in Fig 6 3 6 demonstrates the kinetic imitations of the
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bimolecular oxidation pathway The mass-potential plotin 1 0 M HCIO4 confirms thus,
with no mass loss occuning during the anodic sweep

For the data 1n 0 1 M HC1O4, mass transfer for the Rull/ill and Rull/iv couples 1s
identical (see Section 6 3 13), and 1t 1s not possible to monitor the 1solation of the Rul/v
couple using the EQCM However, considering the 1solation of the disproportionation
reaction 1n 1 0 M HCIO4 at 200 mVs-1, 1t 1s thought that the behaviour in 0 1 M HCIO4
will be similar

Significantly, mass transfer through [Ru(bipy)2(PVP)19(H20)]2+ shows no kinetic

Iimitations This 1s seen 1n Table 6 3 1, where the normalised mass at 200 mVs-1
represents the "thermodynamic” mass transfer requirement The absence of kinetic
limutations 1s also shown in Fig 6 3 7, which 1llustrates the corresponding mass-charge
plots for the 200 mVs-1 data shown in Fig 6 3 6 In 0 1 M HCIO4, even at 200 mVs-1, the
mass-charge plot exhibits no hysteresis This may reflect the quicker rates of transport for
protons For 1 0 M HClO4, apart from the introduction of hysteresis during the latter
stages of oxidation, due possibly to partial Rul/tv redox switching, the mass-charge plot
for the Rull/in couple also tracks

This facile mass transfer behaviour 1s 1n sharp contrast to that found in Chapter 5 for
[Os(bipy)2(PVP)1oCl]+ 1n HCIO4 electrolyte, where the transfer of net neutrals
(specifically solvent) was found to become increasingly difficult under more dynamic
regimes That the transfer of all mobuile species through [Ru(bipy)2(PVP)10(H20)]2+ 15
facile at all scan rates studied suggests that a more open polymer structure exists

In Chapter 2 1t was established that the physico-chemical characteristics of the

metallopolymer layers are profoudly different for ruthenium and osmium metal

complexes The differing facility for solvent transfer in HCIO4 electrolyte for

[Ru(bipy)2(PVP)10(H20)12+ and [Os(bipy)2(PVP)19Cll+ demonstrates this
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Fig636  Cyclic voltammogram and mass-potential plot at a scan rate of
200 mVs 1 for a [Ru(bipy)2(PVP)19(H20)]2+ modified electrode
i (a) 1 0 M HCIO4 and (b) 0 1 M HCIO4 The polymer surface

coverage 1s 1 13 x 10 8 molcm-2 and 15 that used for the slow scan

ratedatainFig63 1 andFig63 4

(a) 1 0 M HCI1O4 (b)0 1 M HCIO4
20 pA 20 pA
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Fig637

MASS ( ngcm -2 )

Mass-charge plots for the data presented at a 200 mVs-1 scan rate
in Fig 6 3 6 for a [Ru(bipy)2(PVP)10(H20)12+* film The plots are
(@) 1 0 M HCIO4 and (b) 0 1 M HCIO4
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The data presented 1n Table 6 3 1 clearly 1llustrate that in 1 0 M HCIO4 the
contrnibution of the mass loss associated with theRull/Iv couple decreases at faster scan
rates Fig 6 3 8 plots the normalised end-to-end mass and the normalised mass for the
Rut/in oxidation versus log scan rate At faster scan rates the end-to-end normalised mass
approaches the mass transfer requirements of the Rul/ilt couple only Therefore, under
semui-infinite diffusion conditions (1e at scan rates greater than 100 mVs-1), 1t may be

assumed that the voltammetric response 1s due only to the Rul/ll couple
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Fig 6 38  The effect of the cyclic voltammetric scan rate on the normalised

mass for the Rull/if couple and the net end-to-end mass change 1n

1 0 M HClO4 The data are taken from Table 6 3 1
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6.3.4. Charge Transport and Activation Parameters for the

Rull/IN couple (oxidation).

63.41. General Layer Behaviour

The EQCM study of redox-induced mass transfer 1n [Ru(bipy)2(PVP)19(H20)]2+
polymer films demonstrates that under semi-infinite diffusion conditions the
voltammetric response 1n HCIO4 represents the reversible one-electron Rui/it couple
The evaluation of the apparent charge transport diffusion coefficient and activation
parameters for this oxidation, using chronoamperometry and cyclic voltammetry, as
described 1n Chapter 2, 1s therefore appropriate

In this work, the charge transport parameters for [Ru(bipy)2(PVP)19(H20)]2+ films
under semi-infinite diffusion conditions 1s only considered for polymer oxidation The
effect of experimental time scale and electrolyte type 1s addressed and a comparison with
other ruthenium metallopolymers 1s made Preliminary work has shown that activation
and charge transport parameters for polymer reduction are similar to those presented
below for oxidation This 1s surprising, considering the requirement of Rull centres for
the comproportionation reaction 1n Eqn 6 3 3 and the absence of such Rul! centres in a

fully oxidised polymer film Cathodic processes within [Ru(bipy)2(PVP)19(H20)]2+

films therefore require further investigation

Table 6 3 2 summarises De(CV) and D¢(PS) for the Rull/ll gxidation obtained on
glassy carbon electrodes at 25 0C1n 0 1 M and 1 0 M concentrations of pTSA and HCIO4
electrolyte The [Ru(bipy)2(PVP)19(H20))2+ films were freshly prepared iz s:t 1n each
electrolyte The error in D¢ values 1s £ 20% and 1s independent of polymer surface
coverage 1n the range 0 5to 5 x 10-8 molcm-2 However, to ensure the kinetic 1solation of

the RullIv couple, surface coverages were routinely kept greater than 2 x 10-8 molcm 2
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Although the redox behaviour in pTSA 1s complicated by the presence of small
quantities of the toluene sulphonato-complex, the charge transport data for the Run/u -
H70O centres are of similar reproducibility to those in HCIO4 electrolyte

Table 6 3 3 summarises the acuvation parameters for the Rul/il couple 1n 0 1 M and
1 0 M concentrations of pTSA and HCIO4 The error 1n the activation energy, calculated
over the temperature range 278 to 313 K, 1s £ 5% for a given film and + 20% between
films While the Rull'v couple 1s 1solated at 25 oC, at higher temperatures the
disproportionation reaction becomes increasingly evident, urespective of film thickness
This 1s 1llustrated 1n Fig 6 3 9 (a) which shows the temperature dependence of the cyclic
voltammetric response at 100 mVs-! for the Ru-aquo polymer in 1 0 M HCIO4 The
polymer surface coverage i1s ca 2 0 x 10-8 molcm-2 Fig 6 3 9 (b) 1llustrates the data for a
different film prepared 1n 0 1 M HClOg4, under the same expenmental conditions

The slope of the Arrhenius plot for the temperature-dependence of D¢ (CV) and
D¢(PS) 1s linear across the entire temperature range, 1 € the activation parameters
calculated at lower temperatures, where the disproportionation reaction 1s kinetically
1solated, are 1dentical to those evaluated at higher temperature, where the
disproportionation reaction 1s seen to occur The activation parameters quoted in Table

6 3 3 are therefore considered to be representative of the Ruil/l couple

Because the EQCM study of redox-induced interfacial mass transfer was restricted to

HClO4 electrolyte, the following discussion of charge transport through
[Ru(bipy)2(PVP)0(H20)]2+ deals primarily with HCIO4 The effect of electrolyte type

on D¢ and activation parameters will then be addressed
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Table 6 3 2 Charge Transport parameters for [Ru(bipy)2(PVP)19(H20)]2+
films for a senes of electrolytes

Electrolyte/ D¢t (PS) D¢t (CV) Eo

Conc (M) (x 1010 cm2s-1) (x 1010 ¢cm2s-1) V vs SCE

HCIO4 01 131 04 0 800
10 142 06 0780

pTSA 01 48 15 0 880
10 45 14 0 835
Table 6 3 3 Activation parameters for charge transport through

[Ru(bipy)2(PVP)10(H20))2+

Electrolyte/ E, AH# AG#

Conc (M) kJmol-! kIJmol-1 Jmol-1K-1 kJmol-1

A Cyclic Voltammetry

HCIO4 01 208 206 484 62
10 172 170 382 56

pTSA 01 244 242 630 54
10 48 45 -35 56

B Chronocamperometry

HClIO4 01 20 18 - 106 49
10 55 52 14 48

pTSA 01 43 41 - 35 51
10 57 55 13 51
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Fig.6.3.9. Temperature dependence of the cyclic voltammetric response (at a

scan rate of 100 mVs-1) for [Ru(bipy)2(PVP)io(H20)]2+ modified
glassy carbon electrodes in (a) 1.0 M HCIO4 and (b) 0.1 M HCIOa4.

Each polymer layer was prepared insitu and has a surface coverage

of ca.2 x 10-8 molcm-2.

(@) 1.0 MHC104 (b) 0.1 MHC104
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6342 General Discussion of Charge Transport,

The charge transport for the Rul/ill couple on the cyclic voltammetric time scale 1s

first considered D¢(CV) 1s found to be relatively insensitive to HCIO4 electrolyte
concentration, increasing slightly from 4 0 to 6 0 x 10-11 cm2s-1 over the concentration
range 0 1to 1 0 M HCIO4 (Table 6 3 2) This 1s surprising since 1n Sections 6 3 1 1t was
found that the mechanisms for the maintenance of electroneutrality following polymer
oxidation are strongly dependent on the contacting electrolyte pH, changing from proton
expulsion in 0 1 M HCIO4 to anion nsertion in 1 0 M HCIO4 However, the insensitivity
of D¢(CV) to electrolyte concentration indicates that the rate determining step 1n the
charge transport remains invariant This 1s further evidenced by the activation parameters
in Table 6 3 3, where for both 0 1 M and 1 0 M HCIO4 AG# (CV) has a constant value of
59 £ 3 kJmol-! and E4(CV) and AS# (CV) are of stmilar magmitude

In Section 6 3 3, the mass data indicated the concomitant movement of all mobile
species, urespective of the mechanism required for the maintenance of electroneutrality
The minimal hysteresis in the mass-charge plot under semu-infinite diffusion conditions
(F1g 6 3 8) suggests that 1t 15 electroneutrality control which 1s the rate liiiting process
[37-39] According to the diagnostic scheme for the interpretation of EQCM data, for
non-permselective films the tracking of the mass-charge plot represents that electron-
hopping 1s the rate-limiting step, while for permselective films 1t 1s counter-1on motion
[37-39]

The magnitude of Di(CV) 1n Table 6 3 2 1s considerably less than the rate of electron
self-exchange, Dg, evaluated for related metallopolymers using steady state methods
(typically 10-6 to 10-8 cm2s-1) [40,41] It1s thus unlikely that electron-hopping between
adjacent redox centres 1s the rate imiting step for charge percolation through

[Ru(bipy)2(PVP)10(H20)]12+ The limiting of charge transport by counter-ion motion also

seems to be an inappropriate interpretation, since the counter-ion requirements have been
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shown to be different for the Rui/iif couple in 0 1 M and 1 0 M HCIO4

The activation energles obtained for the cyclic voltammetnc response 1n HCIO4
electrolyte are very large (greater than 150 kJmol-1), and are coupled to strongly positive
entropy terms (in excess of 350 Jmol-1K-1) It 1s therefore considered that the common
rate limiting step 1n 0 1 M and 1 0 M HClOj4 1s the segmental polymer chain motion
required to juxtapose adjacent redox centres [42] This identification of the rate imiting
step 15 supported by the facile transfer of all mobile species indicated from mass
measurements Such an observation reflects an open polymer structure 1n which 10n
motion limitations should not exist The high activation energy may also explain why the
disproportionation reaction at high temperatures does not adversely affect the evaluation
of D¢(CV) The bimolecular reaction between Rulll centres 1s also antictpated to have a
high activation energy associated with the requirement to juxtapose adjacent sites

Significantly, unlike the Rul/ill couple for the bis-coordinated polymer,
[Ru(bipy)2(PVP)j0}2+ 1n Chapter 2, where 1on motion remains rate limiting despite the
extended configuration imposed by the bis-coordination, for the mono-substituted Ru-
aquo polymer 1on motion limitations are apparently lifted The significance of the change

in coordination sphere on charge transport 1s further 1llustrated by the emergence of a

time scale dependence on the evaluation of D¢ 1n the mono-substituted
[Ru(bipy)2(PVP)19(H20)]2+ polymer (see Table 6 3 2)

In HC1O4, D¢((PS) for the Rul/in-HyO couple 1s ca 135+ 0 5 x 10-10 cm2s-1 and 1s
greater than D¢ (CV) by a factor of approximately 30 For the bis-substituted material in
Chapter 2, the difference in D¢(PS) and D(CV) 1s a factor of only 2

As discussed 1n previous chapters, the difference 1n the evaluation of D¢ on differing
time scales may reflect the establishment of different equilibria [43,44] It1s only over
the longer time scales of cyclic voltammetry that polymer chains can attain their
equilibrium positions On the time scale of potential step measurements only redox

equilibrium may be established [45] For [Ru(bipy)2(PVP)10(H20)12+ films in HCIO4,
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this 1s evidenced by the activation parameters in Table 6 33 On the time scale of

chronoamperometry, E;(PS) 1s significantly reduced 1n magnitude and AS#(PS) becomes

negative in 0 1 M HCIO4 and approaches zero in 1 0 M HClOg4, indicating a shift in the

rate limiting step to one of 10n motion

In Table 6 3 2 1t 1s seen that for [Ru(bipy)2(PVP)19(H20)]2+, Dct(CV) increases n
pTSA by a factor of ca 4 compared to the value in HC1IO4 As discussed in Chapter 5, the
increased solvation of the polymer layer in pTSA electrolyte 1s anticipated to result 1n the
more facile movement of all mobile species The increase in De(CV) reflects this

The more solvated polymer layer in pTSA electrolyte 1s further evidenced by the
absence of a ume scale dependence for the evaluation of D¢y For the Rultl/tit couple,
D¢t(PS) 1s greater than D(CV) by a factor of only ca 3 It 1s likely that this 1s due to
differential swelling resulting 1n a higher concentration of redox centres in a more
compact base layer morphology Consequently, in pTSA the equihibrium process
established on the differing time scales remains the same and D, 1s independent of the
experimental time scale This interpretation 1s supported by the activation parameters 1n
Table 6 3 3, where, with the exception of cyclic voltammertric measurements in 0 1 M
pTSA, E3(CV) and E4(PS) are simular with a value of ca 49 + 6 kJmol-! The entropy
term 1s approximately zero, tending towards a negative value These data represent a
cross-over between counter-ion and polymer chain motion limitations Irrespective of
what exactly the rate imiting step 1s, 1t 15 clear that the change 1n polymer solvation in
pTSA electrolyte results in different charge transport behaviour

The 1mportance of differential swelling as a consideration for the time scale
dependence of D¢t and activation parameters 1s further demonstrated by the data for
pTSAinTable 6 32 and 6 33 In1 0 M pTSA, although still solvated, the layers are
anticipated to become more compact due to the polyelectrolyte effect (see Section

4.3.1.4). The more homogeneous film throughout the entire thickness 1s evidenced by the
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simuilanity 1in E;(CV) and Ej(PS) However, 1n 0 1 M pTSA, where the polymer layers
may become extensively swollen (see Section 4 3 1 3), E;(CV) becomes large (244
kJmol-1) and 1s coupled to a very positive entropy term (630 Jmol-1K-1) This most
probably represents the dramatic swelling of the exterior of the layer and the subsequent
shift 1n the rate limiting process to one of segmental polymer chain motion required in
the juxtapositioning of adjacent redox sites For the base layer, however, the swelling 1s
less extensive, and no significant change in activation parameters for potential step

measurements 1s found

The data obtained 1n HC1O4 electrolyte in Table 6 3 2 and Table 6 3 3 for
[Ru(bipy)2(PVP)19(H20)]2+ are 1n near-quantitative agreement with that obtained for the
mono-substituted ruthenium metallopolymer, [Ru(bipy)2(PVP)oCl]+ [6] A comparison

of these data with those presented 1n Chapter 2 for the analogous bis-substituted

ruthenium polymer, [Ru(bipy)2(PVP)10]2+, clearly demonstrates the profound effect that

a change 1n the coordination sphere of the ruthentum moiety has on charge transport and

activation parameters In HCIO4 electrolyte, for the mono-substituted materials there 1s

evidence that a different equilbrium 1s established on differing experimental time scales

For the bis-substituted [Ru(bipy)2(PVP)0]2+ polymer films, this 1s not found
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6.4. CONCLUSIONS.

The coupling of proton and electron transfer for redox processes within
[Ru(bipy)2(PVP)10(H20)]2+ polymer modified electrodes has been demonstrated by the
pH dependency of the voltammetric response and interfacial mass transfer

The EQCM has provided unambiguous evidence of the disproportionation pathway
for the net oxidation of Ruill to Rulv=0 The EQCM has also demonstrated the
importance of the pK, of Rulll -HO 1n determining the mechanism for the maintenance
of electroneutrality within the polymer films during Rull/lllcredox switching Below the
pKa of Rulll -H70 counter-anion 1nsertion 1s required, above the pK, proton expulsion
mechanisms are utilised

The slow kinetics associated with the "EC" mechamism of the Rull/tv couple has been
shown by 1ts kinetic 1solation under semi-infinite diffusion conditions This allows for a
study of the oxidation for the Rul/ilt couple using a diffusion model for a one-electron
reversible process

The concomuitant transfer of all mobile species under dynamic conditions (either into
or out of the layer), coupled to theinsensitivity of activation parameters and D¢ to HCIO4
electrolyte concentration, indicates that an open polymer structure exists For cyclic
voltammetric measurements 1t 1s the segmental polymer chain motion required to
juxtapose redox sites which limuts the charge percolation rate In HCIOy4, on short time
scales a different equilibnum 1s established, with a subsequent increase 1n the charge
transport rate

In pTSA electrolyte the more solvated polymer layer results in an increase in D (CV)
and enables a common equilibrium to be established on all experimental time scales As a
result, the difference between D¢((CV) and D¢(PS) 1s neghigible 1n this electrolyte

The simulanty 1n charge transport behaviour for the mono-substituted polymers

[Ru(bipy)2(PVP)19(H20)]12+ and [Ru(bipy)2(PVP)(oCl]+ indicates that the overall charge
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of the ruthenium complex 1s of minimal significance in determining charge transport
rates and activation parameters Of primary importance 1s the coordination sphere and the
subsequent effects on polymer structure This 1s evidenced by the fundamental
differences exhibited 1n the behaviour of [Ru(bipy)2(PVP)19(H20)]2+ and the bis-
substituted polymer 1n Chapter 2

Although this work has provided further insight into the redox processes within
[Ru(bipy)2(PVP)19(H20)]2+ polymer modified electrodes, a more rigorous study of
cathodic processes 1s required While the Ru-aquo polymer does not undergo further
photolys:s reactions, 1t 1s considered that the inherently more stable and reproducible
behaviour of osmium complexes may provide a route to a more detailed understanding of

the redox chemustry of the aquo ligand This 1s currently under investigation
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CHAPTER 7

Concluding Remarks



7.1. CONCLUDING REMARKS.

Redox polymers based on ruthenium and osmium poly(pyndyl) complexes have
many desirable properties which make them 1deally suited for fundamental studies of
charge transport mechanisms within electrode-modifying layers In all cases (with the
exception of the ruthemium aquo complex 1n Chapter 6), the metallopolymers exhibit a
reversible, single electron redox reaction, indicative of a surface-bound species The
polymer layers are stable for long periods 1n high concentrations of acid electrolyte,
enabling small vanations 1n expennmentally determined parameters to be reproducibly
observed The redox polymers are easily prepared with a high degree of synthetic control
and can be rigorously charactenised to a high level of defimtion through companson with
the well documented chemistry of monomeric analogues Many structural parameters for
the polymers can be systemmatically and accurately varied, yielding materials of
differing redox site loading, coordination sphere, metal centre, etc

In this work, particular emphas:s 1s placed on the importance of the polymer layer
morphology 1n determining charge transport rates Surprisingly, the identity of the central
metal atom 1s of fundamental importance 1n determining the physico-chemical
characteristics of the entire layer This 1s seen 1n the quite differing charge transport
behaviour for the bis-substituted osmium polymer, [Os(bipy)2(PVP)10]2+, and the
analogous ruthenium matenal 1n Chapter 2 However, of greater importance, 1s the
coordination sphere of the metal centre For both osmium and ruthenium bis-substituted
polymers, the rate of charge transport 1s insensitive to the electrolyte concentration This
1s denved from the more open polymer structure due to the nigidity imposed on the

polymer segments by this coordination

For all redox polymers of this type, the dependence of the rate of charge transport on

the nature of the contacting electrolyte 1s profound The origins of this lie 1n the nature of
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the polymer / electrolyte interaction Through the measurement of the resident layer mass
using the EQCM, and the evaluation of film ngidity using impedance analysis, electrolyte
dependent morphology changes have been studied for [Os(bipy)2(PVP)10Cl]+ polymer
films

The polymer layer can be considered an anion-exchange membrane For counter-
anions which interact strongly with the fixed charged sites , eg ClO4-, there 1s a decrease
in the "free-10n" population of the polymer phase and, consequently, a decrease tn the
requirement for polymer solvation On the otherhand, for electrolytes which do not form
close 10n-pairs with the fixed sites of the polymer, eg pTSA, the levels of polymer
solvation increase The solvation of polymer layers 1s therefore determined by the activity
gradient established by the relative 10n populations across the polymer layer / electrolyte
interface

When polymers are solvated 1n a particular electrolyte they become more sensitive to
the electrolyte concentration For [Os(bipy)2(PVP)1gCl]+ polymer films in pTSA, this
gives rise to dramatic morphology changes in response to relatively small changes in the
PTSA concentration At concentrations greater than ca 0 1 M, the activity of solvent
within the system 1s reduced and the polymer layers are relatively compact However, at
pTSA concentrations less than ca 0 1 M, the osmotic transfer of solvent into the layer
occurs, resulting 1n such an increase 1n polymer swelling that there 1s delamination of the
polymer film from the electrode surface In contrast, in HC1O4 electrolyte, where the role
of solvent 1s mimimised, there 1s only a small expansion of the polymer matnx at low
HCIO4 concentrations

The evaluation of the resident layer mass of [Os(bipy)2(PVP)19Cl]+ polymer films as
a function of electrolyte concentration enables the protonation of the uncoordinated
pyridine moieties of the polymer backbone to be monitored The mass increase

accompanying protonation 1n both pTSA and HCIO4 accounts only for the counter-anion

requirement for the maintenance of electroneutrality plus the demands for 10n solvation
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The existence of polymer phase pools of electrolyte 1s unlikely and the layers may be
considered to be permselective However, at low pTSA concentrations, where extensive
polymer swelling occurs this may not remain the case

One of the major factors in determining swelling of redox polymer films 1s the
overall charge of the 1onic membrane This changes during redox switching, therefore
changing the solvent requirement within the layer In HCIO4, the mimimal role of solvent
1s reflected 1n the low solvent transfer accompanying the Osl/ill couple and the
maintenance of a constant polymer morphology 1n both oxidation states However, where
a slightly expanded layer exasts at low HCIO4 concentrations (0 01 M to 0 1 M), the
redox-induced solvent transfer increases This represents the conflicting forces which
determine the level of solvent transfer in HCIO4 On the one hand there 1s the tendency
for increased solvation of the oxidised layer Opposing this 1s the tendency for the
perchlorate anion to crosslink the polymer, thus restricting solvent movement and causing
dehydration It 1s only 1n the partially protonated layers at low HClO4
concentration,where the polymer phase percﬁlorate content 1s reduced, that the driving
force for increased polymer solvation predominates This occurs with dramatic results 1n
0 03 M HCIO4, where solvent transfer 1s not only higher than in most other HCIO4
electrolytes, but more significantly, 1t 1s much more facile

In pTSA, the increased levels of polymer solvation in the reduced state are reflected
1n the 1ncreased solvent requirement accompanying polymer oxidation However, because
no restrictions on polymer expansion exist 1n this electrolyte, at all pTSA concentrations,
the increased solvation of the layer in higher oxidation states results in further polymer

swelling

One of the most important aspects of this work 1s the investigation of the dynamics of
mass transfer on the time scales over which apparent charge transport diffusion

coefficients are measured In pTSA, using cyclic voltammetry, the greater solvation of
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the layer facilitates the transfer of all mobile species, allowing for the concomtant
transfer of the "thermodynamic” solvent requirement with the counter-anion However, 1n
HCIOyg4, although the requirement for solvent transfer 1s significantly smaller, because of
the more dehydrated polymer structure 1n this electrolyte, solvent 1s not transferred with
the counter-anion and the rate of charge transport 1s reduced This 1s evidenced by the
increased difficulty for solvent transfer and a corresponding decrease 1r D¢e(CV) as the
HCIO4 concentration increases from 003 Mto1 0 M

In previous studies of [Os(bipy)2(PVP)10Cl]+, for potential step experiments, the
apparent charge transport diffusion coefficient has been frequently observed to be greater
than that obtained using cychic voltammetry The study of mass transfer accompanying
redox switching provides a fresh insight into this observation Using chronoamperometry,
charge transport 1s measured 1n a region of the film close to the polymer layer / electrode
interface In this study, 1in both swelling and dehydrating electrolytes, a net transfer of
mass occurs within 5 ms of pulse application This demonstrates unequtvocally that a
source of counter-anmion localised within the layer does not exist in significant quantities
and that the high values of D¢(PS) which are observed, can not be attributed to such
localised 10n movement

Sigmficantly, i1n more swelling electrolytes, the difference in D¢((CV) and D(PS)
decreases In pTSA, the concomitant transfer of solvent with counter-anion occurs on all
time scales In such circumstances, the equilibrium established for all mobile species 1s
identical, and any difference between D¢ ((CV) and D((PS) may be attributed to !
differential polymer swelling, with a higher concentration of redox sites in the more

compact base layer morphology

In HC1Oy4, however, the difference between D (PS) and D¢(CV) has been found to

be much greater (1n excess of two orders of magnitude) The mass transfer in HC1O4 on

potenual step time scales 1s insufficient to account for counter-anion motion, while at low

HClO4 concentrations, a net mass loss occurs This represents the utilisation of co-10n
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expulsion mechanisms in HCIO4 on short time scales Therefore, 1t 1s considered that
when a significant difference 1n D¢ (CV) and D¢ ((PS) exists, this reflects the
establishment of different equilibria during redox switching on the differing time scales
Such a scenaro 1s only envisaged when there are restrictions to 10on motion, such as those
existing 1n materials of high redox site loading (as observed 1n previous studies), or those
due to the compaction and crosslinking of the polymer layer by specific electrolyte

interactions (as observed here 1n HC104)

This interpretation 1s confirmed for all redox polymers considered 1n this thesis For
[Ru(bipy)2(PVP),]2+ no difference in D¢y(PS) and D¢((CV) exists 1n any electrolyte,
activation parameters are similar and the polymer structure 1s considered to be open,
facilitating the transfer of all mobile species on all time scales For both
[Os(bipy)2{PVP)10}2+ and [Ru(bipy)2(PVP)10(H20)]2+, the difference 1n D¢((PS) and
D¢t(CV) in swelling electrolytes 1s small (typically a factor of ca 5 to 10), activation
parameters are similar on both time scales and the data indicate a common rate
determining step However, for these redox polymers in HCIO4 electrolyte, the difference
in D¢(PS) and D¢(CV) 15 a factor of ca 30 to 200 and activation parameters indicate a
shift in the rate determining step from one of segmental polymer chain motion for cyclic

voltammetric measurements, to one of counter-1on motion for chronoamperometry

In this thesis, the combined use of the EQCM, impedance analysis and conventional
electrochemical measurements, results 1n a more complete picture of the many processes
which may occur within electroactive polymer films The powerful combination of
simultaneous electrochemical and mass transfer measurements are most graphically

illustrated n the evaluation of the proposed mechanism for the coupled proton and

electron transfer within films of [Ru(bipy)2(PVP)o(H20)]2+
In conclusion, the use of purely electrochemical quantities, D¢, o and ko, in

conjunction with activation parameters, goes some way 1n elucidating the underlying
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factors which affect charge transport 1n these systems Indeed, such electrochemical
measurements may be considered a way for studying polymer structure through the use
of "redox probes” However, techmques which directly probe the physical structure of the
modifying layers are clearly advantageous In this regard the EQCM has been shown to
provide not only an evaluation of mass changes taking place, but, in conjunction with
impedance analysis, also provides a means of obtaining a direct insight into the type of

structure 1n which such mass changes would be expected to occur
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