
m m m

— ilp—

D ublin  C ity  
U n iv e r s it y

O llscoil C hathair B h aile  Á tha C liath

Charge Transport and Mass Transfer Processes

in Thin Films of Redox Polymers based on

Ruthenium and Osmium Poly(pyridyl) complexes.

Alan Peter Clarke B Sc (Hons)

A Thesis submitted for the degree of

Doctor of Philosophy

Supervisor Dr J G Vos 

School of Chemical Sciences 

Dublin City University

December 1992



Declaration

I hereby declare that the contents of this thesis, except where otherwise 

stated, are based entirely on my own work

Alan P Clarke 

Date



Abstract

Charge Transport and Mass Transfer Processes in Thin Films of Redox 

Polymers based on Ruthenium and Osmium Poly( pyndyl) Complexes

Chapter 1 of this thesis provides a bnef introduction to the electrochemical techniques 

used in the study of electrode modifying matenals A review of the synthesis, 

charactensation and application of redox polymers based on ruthenium and osmium 

poly(pyndyl) complexes is presented

Chapter 2 descnbes the synthesis, charactensation and charge transport properties of 
[M(N)6]2+/3+ moieties coordinatively attached to a poly(4-vinyl pyndine) backbone

(where M is Ru or Os and N is pyridine ) The effect of electrolyte type and 

concentration on charge transport and heterogeneous electron transfer is studied using 

cyclic voltammetry, chronoamperometry and sampled current voltammetry For M=Ru, 

the effect of redox site loading is also investigated Activation parameters are used to aid 

the diagnosis of rate determining steps

In Chapters 3 to 6 the Electrochemical Quartz Crystal Microbalance (EQCM) is used 

to probe mass transfer within modifying polymer layers An introduction to the theory 

and application of the EQCM is first presented This is followed in 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)ioCl]+ films Impedance analysis of the quartz 

crystal \  polymer film \  electrolyte composite resonator is 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 is stressed A membrane model describing the osmotic transfer of 
solvent is considered

In Chapter 5, the kinetic aspects of redox-induced mass transfer through 
[Os(bipy)2(PVP)ioCl]+ 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 is established The origins of the 

previously reported dependency of charge transport rates on experimental time scale for 
[Os(bipy)2(PVP)ioCl]+ is also explored

In Chapter 6 , the pH dependency of mass transfer for redox processes in films of 
[Ru(bipy)2(PVP)io(H2 0 )]2+ is used to evaluate the mechanisms for coupled proton and 

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

Introduction, Theory and Review of 

Polymer Modified Electrodes 

based on

Ruthenium and Osmium Poly(Pyndyl) Complexes



1.1. INTRODUCTION

Modified electrodes differ from conventional electrodes in that a thin film of matenal 

is coated onto the electrode surface In doing so, greater control of the electrode 

characteristics 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 is 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 multilayer coverages have been 

attempted in this way [8 ], monolayers are generally only achieved

Multilayers 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, multilayers combine the advantages of monolayer denvatised 

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-dimensionaI 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 considerable 

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
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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 in electrocatalysis, polymer modified electrodes have also
i

been developed in such diverse areas as photoelectrochemistry [15-18], macromolecular 

electronics [19,20], corrosion protection [21], electrochromics [22-24], energy storage 

[25], and solar energy conversion [26-28]

Electrochemical communication between the underlying electrode material and the 

electrolyte solution is generally achieved through the presence of an electroactive group 

within the layer, as in 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 is 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 it This thesis is concerned with such a study for redox polymers based on 

ruthenium” and osmium” poly(pyridyl) complexes covalently attached to a preformed 

poly(4-vinylpyndme) polymer backbone The effect of polymer morphology and its 

physicochemical characteristics is considered as a function of electrolyte type and
i

concentration, redox site loading and the coordination sphere of the 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 itself, is also addressed The study involves the evaluation of charge 

transport and activation parameters for electron transfer using electrochemical techniques, 

while the Electrochemical Quartz Crystal Microbalance (EQCM) [29-31], is used to 

probe interfacial mass transfer during redox processes under a number of different kinetic
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regimes, as well as to evaluate the resident layer mass

Much attention has been paid to polymer modified electrodes containing covalently 

attached poly(pyndyl) complexes of Ru” and Os11 There is a well developed background 

of synthetic chemistry for these metal complexes They have been found to exhibit high 

chemical stability in a series of oxidation states and have shown themselves to be useful 

in 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 in 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 bnef description of charge 

transport within modifying layers, and the techniques utilised in the evaluation of charge 

transport rates, is 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 descnption of the EQCM and its application to the study of 

electroactive polymer layers will be presented in Chapter 3
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1.2. MODIFIED ELECTRODE PROCESSES.

The accepted mechanism for charge propagation through redox polymer films is 

electron-hopping between neighbouring oxidised / reduced sites [32-36] This process 

can be frequently described by Fickian diffusion-based models [37-391 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 in later chapters, for redox polymers based on 

osmium and ruthenium poly(pyndyl) complexes, the application of a diffusion model to 

describe the charge transport process is appropriate

1.2.1. Evaluation of Charge Transport Rates.

1 2  11 Theory and use of Cyclic Voltamrnetrv

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, its use was originally 

restricted to the evaluation of surface coverages and the provision of qualitative data 

regarding peak position, shape etc [51,52]

More recently, cyclic 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 high sweep rates Under these 

conditions the depletion layer of the redox conversion does not extend to the film / 

electrolyte interface and solution (i e semi-infinite diffusion) conditions prevail 

For a modified electrode undergoing a reversible electrode reaction under a semi- 

mfinite diffusion regime, the peak current is defined by the Randles-Sevcik equation 

[62],
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lp = o 4463 (nF)3/2 A D ctl/2 C vl/2  (R T)-l/2 (12 1)

where ip is the peak current, n is the number of electrons transferred, F is the Faraday 

constant, A is the geometric electrode area, Dct is the apparent charge transport diffusion 

coefficient, C is the concentration of redox sites within the film, v is the scan rate, R is 

the gas constant and T is the absolute temperature Other features of the cyclic 

voltammogram are described by the equations,

Ep = Epa - Epc = 0 0592 / n V at 25 °C  (1 2  2)

*pa / ipc = 1 (1 2  3)

where Epa and Epc, ipa and ipc 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 Os11 and Ru11 poly(pyridyl) polymers, termed Dct(CV), is

typically 10-11 to 10’ 1° cm2s-l, depending on the electrolyte type and concentration In 

general, Dct(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 is expected to result in a maximum value of Dct

at lower electrolyte concentrations [63] In addition, migration is anticipated to yield a
i
ii

cubic dependency of Dct on redox site loading when the mobility of counter-ions is much
I

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

where Dct(CV) is found to increase with redox site concentration, it has never been 

observed to exceed a proportional relationship [58,60,61]

For surface-immobilised redox centres under certain circumstances the experimental
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conditions may be such that all electroactive centres undergo redox transformation on the 

time scale considered This may occur for slow cyclic voltammetnc scan rates or for 

films exhibiting fast electron-transfer kinetics The redox composition of the layer is thus 

in thermodynamic equilibrium with the electrode potential (the Nemst condition) and 

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

ip = n2 F2 A r T v / (4RT) (1 2  4)

Epa = Epc (1 2  5)

FWHM = 90 6 / n mV at 25oC (1 2 6 )

where FWHM denotes full peak width at half height and Tt is the total surface coverage 

of redox centres Tt can be estimated from the integration of the anodic or the cathodic 

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

Tt  = Q / nFA (1 2 7)

where Q is 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-l [56,57,59,65]

Because in 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 [6 6 ] and for layers where 

kinetic limitations exist [67] The approach is beyond the scope of this thesis but has been 

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

as those obtained using Randles-Sevcik analysis [57]
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1 2  1 2  Theory and use of Potential Step Techniques

The evaluation of charge transport processes is most commonly performed using 

potential step techniques (chronoamperometry and chronocoulometry)

Fig 1 2 1 illustrates the concentration profile of an electroactive species within a 

polymer film at vanous times, t, after application of a potential step For the evaluation of 

charge transport rates the time scale of the expenment is generally chosen so that the 

depletion layer does not extend to the film / electrolyte interface This ensures semi- 

infinite diffusion conditions and enables the application of the Cottrell equation to 

describe the current decay [62],

i(t) = nFADctl/2 C (7tt)-l/2 (1 2 8 )

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] This, in 

conjunction with the absence of a peak in the it1#  vs tl/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 Dct(PS), is the same (within expenmental error) for 

anodic and cathodic processes [61] In addition, Dct(PS) has the same dependency on 

electrolyte concentration and redox site loading as those observed for Dct(CV)

[58,60,61] These features are consistent with a current response which is primarily 

diffusional in character

The evaluation of Dct through these redox polymers is often dependent on the 

experimental time scale of the electrochemical measurement, with Dct(PS) greater than 

Dct(CV) [56-61] It has been proposed that this is due to Dct(PS) reflecting different 

equilibria processes than those observed on longer time scaies [61] The difference 

between Dct(PS) and Dct(CV) is determined by the redox site loading, the nature and



Fig 1 2  1 Concentration profiles for electroactive species within a polymer film 

after application of an oxidising potential step

MODIFYING SUPPORTING
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concentration of the electrolyte and the nature of the polymer backbone This suggests

that it is the physico-chemical properties of the polymer layer which influences the 

mobility and availability of mobile species and, consequently, the equilibria established at 

different time scales

1 2  13 . Theory and use of Sampled Current Voltammetrv

Dct(CV) and Dct(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) is used [58-60,71-82] This 

involves the application of a potential step waveform of increasing amplitude, covering a 

potential window where initially no redox reaction occurs, to one where the current 

response is diffusion controlled The current decay is sampled at different times, t , and
i

for the limiting current a plot of iiim vs x~l/2 obeys the Cottrell equation (1 2 8 ) The 

current-potential relationship for the SCV of modified electrodes is found to exhibit 

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

where E is the electrode potential, Eo the reversible half wave potential, a  is the anodic 

transfer coefficient, ko is the standard rate constant for heterogeneous electron transfer, Ç 

a dimensionless parameter expressed as { (nF/RT)(E-Eo)}, % the sampling time and x is 

the ratio of the current at potential E to the anodic limiting diffusion controlled current 

The other symbols have their usual meaning

1 75 +  X 2[l + e x p (_ g ) ]2 V /2 

1 -  * [ 1  +  exp(_£)] (1 2  9)

with

(1 2 10)
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A plot of the right hand side of Eqn 1 2 9 vs E is linear with a slope of (anF/RT) and 

intercept E * Assuming Dct(PS) is the same for anodic and cathodic processes, and using 

the value of the formal potential obtained from CV, k<> and a  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, is generally found to be considerably less for 

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

1 2  1 4  Evaluation o f 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]

Activation parameters for the homogeneous charge transport process can be 

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

involved m charge transport (i e electron hopping, polymer chain and counter-ion 

motion) are activated processes and can be described by an Arrhenius-type relationship

[93],

Dct = Dct°  exp(-Ea / RT) (1 2  11)

where Ea is the activation energy (JmoH), and Dcto is a pre-exponential factor for 

physical diffusion The reaction enthalpy, AH#, is given by,

AH# = Ea - RT (1 2  12)

The entropy of activation, AS# (JmoHK-1), can be estimated via the Eynng equation

[94],

11



D cto = e5 2 (k bT /h)exp(A S#/R ) (1 2 13)

where e is the base of the natural log, 5 is intersite separation between redox centres, kb is 

the Boltzmann constant and h is 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 lon- 

diffusion and polymer chain motion can be distinguished [56-61,95] The change in 

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 disordenng 

polymer chain motion [8 8 ] Negative entropies are associated with either electron self­

exchange, or counter-ion motion rate determining steps [83-88,113]
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1.3. REVIEW OF POLYMERS BASED ON OsH AND Run 

POLY(PYRIDYL) COMPLEXES

1.3.1. Synthetic Considerations.

For the successful application of Ru11 and Os” poly(pyndyl) complexes the 

immobilization in a matrix has long been recognised as necessary [96] Metallopolymenc 

materials offer a convenient way of creating an interface by physical adsorption onto 

electrodes or onto particles in solution [1-6 ] The extension of homogeneous solution 

chemistry to polymeric materials also provides a facility for the incorporation of both 

catalytic and chromophoric sites, as well as the presence of multiple chromophonc sites, 

in 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 polymerisation of vinyl-containing metal complex monomers 

can lead to the formation of films of varying thickness [117-127], although extensive 

cross-linking is a feature of materials formed in this way An important feature of these 

methods is that they enable the redox and excited state behaviour of the monomeric 

analogues to be carried over to the polymenc materials [107] Preparation through 

covalent attachment, however, offers many advantages These include a higher level of 

definition from characterisation 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 is based on the labile
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chloride ions in the complex cis-M(bipy)2Cl2 , where M is either Ru or Os [128,129] The 

removal of the first chlonde 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 e 

[M(bipy)2(Pol)Cl]+ ), refluxing in ethanol is sufficient, whereas for the bis-substituted 

materials (1 e [M(bipy)2(Pol)2]2+), water is 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 

pyridine), (PVP), is shown in Fig 13 1

For the synthesis of the bis-substituted materials, the isolated bis-aquo complex cis- 

[M(bipy)2(H20 ) 2]2+ [113,114,130] or [M(bipy)2C0 3] [131,132] (which is converted to 

the bis-aquo complex in solution) may be used as starting materials [108,115,116] This 

is 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 (ca 1 0 M) and / 

or a high polymer to metal ratio, yields the bis material [96,133]

These synthetic procedures offer considerable flexibility, with materials 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, in the material 

[Ru(bipy)2(PVP)5Cl]Cl, n is 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 (materials 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 electrochemical
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Fig 1 3 1 Coordination sphere of the metal centre for (a) mono- and (b) bis- 

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

B
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response of these materials, makes them unsuitable for detailed investigations

The polymer backbone can be changed, provided it has a pendant coordinating group, 

thus enabling materials 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-vinylimidazole) (PVI) [65,115,116] and a senes of 4-vinylpyndine / 

styrene copolymers (PVP / PS) [56] By reacting the metal complexes with preformed 

polymer, cross-linking during synthesis is avoided and soluble polymers are obtained 

The materials can therefore be characterised both in solution and as thin films on 

electrode surfaces

While the ligands in the metal complexes used as starting materials are almost 

exclusively bipy, the use of 2 ,2 ',2 "- terpyndine (trpy), has also been investigated in the 

ruthenium polymer [Ru(trpy)(bipy)(PVP)n]2+ [107] However, because of the

unfavorable bite angle of the trpy ligand [134], the photolability of these complexes is 

greater and ligand loss is facilitated Indeed, Os11 trpy complexes are known to be 

photolabile [135] For this reason bis-bipyndyl complexes are preferred

The non-pyridyl ligand in the mono-substituted matenals is usually chloride Other 

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

polymer [Ru(bipy)2(PVP)(H2 0 )]2+ [108] In this way the corresponding polymers 

[Ru(bipy)2(PVP)nL]*+ have been prepared with L = N3-, NO2 , OH-, CN- (x=l), 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 its molecular weight and glass 

transition temperature can also be determined Although there is no evidence that the 

molecular weight has a strong influence on the electrochemical properties of the 

electroactive coatings, it has been found that high molecular weight matenals adhere 

much better to the electrode substrate and so enhance the lifetime of the electrode 

Thermal analysis of osmium and ruthenium polymers based on PVP has shown that the 

glass transition temperature of the metallopolymers is well above 100 °C  [56,65] This 

suggests that glass transitions do not have to be taken into 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 in the electrolyte used (H2SO4)

In these modifying materials the nature of the coordination around the central metal 

atom is 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 is continuously monitored This is most 

conveniently done using electronic spectroscopy

Both emission and absorption spectroscopy have proven useful in the 

characterisation of these metallopolymers [56,65,106-108,114-116,133] For the 

ruthenium matenals especially, the visible absorption spectrum is charactenstic of a 

particular ruthenium moiety Ruthenium compounds exhibit two bands in the visible 

region of the spectrum These have been assigned to metal-to-ligand charge transfer
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(MLCT) transitions from Ru(drc) to bipy(7t*) orbitals [137,138] The positions of the 

absorption maxima are governed by the o-donor and 71-acceptor properties of the ligands, 

and through comparison of the spectrum with those of monomeric model compounds, the 

coordination sphere of the ruthenium centre in the polymeric materials 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 is a consequence of the mixing of singlet and triplet excited 

states in Os” complexes which enable formally forbidden transitions, which are not seen 

for ruthenium 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 is 

based on the ratio of the starting materials, assuming complete reaction However, 

approximate extinction coefficients, based on the mononuclear compounds, have been 

evaluated [17,65,107,133] and are useful m verifying the metal loading Due to 

complications from the different levels of hydration in the homopolymer and the 

subsequent metallated polymer, this can only give an indication of the loading In 

addition, subtle differences in the 71-acceptor and c-donor characteristics of the 

monomeric and polymeric ligands will affect the extinction coefficient [139] Other 

considerations include stenc effects in the polymer matrix [140], as well as changes in the 

microenvironment of the complex when confined to the polymer backbone [17]

The main features of the photophysical processes in poly(pyndyl) ruthenium” 

complexes are illustrated in Fig 13 2 The absorption, as already mentioned, is due to a 

1MLCT transition [137,138] Due to the mixing of singlet and triplet spin states [138], 

fast mtersystem crossing (ISC) occurs to a ^MLCT state with an efficiency of ca 1 [141] 

Emission from this triplet state to the ground state (kr) or, alternatively, radiationless

18



Fig 1 3 2 Photophysical processes in ruthenium poly(pyndyl) complexes
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deactivation (knr) can occur [137] Because of the strong similarities in the electronic 

spectra of the metallopolymers with those of the monomeric analogues, emission in the 

metallopolymers is also thought to originate from bipy-based 3MLCT states In general, 

for osmium complexes the 3MLCT state is lower in energy [135] and, consequently, no 

emission is observed for some osmium metallopolymers [65]

An alternative deactivation pathway from the 3MLCT state is the population of the 

3MC state [142,143] In this state the electron occupies an antibonding, metal-based 

orbital resulting in 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- 

chromophonc, unidentate ligand is lost in aqueous acids and H2O is coordinated

[112,115,116] This can be observed for thin films of the metallopolymer by the change 

in the oxidation potential of the Run/m couple due to the photochemically induced change 

in the coordination sphere

The ligand-exchange reactions for ruthenium redox polymers provide a useful 

pathway to polymeric materials which are difficult to synthesise by normal means [1 1 2 ] 

Upon photolysis of this polymer in acetonitrile based electrolytes CH3CN is the 

substituting ligand, although in the presence of the perchlorate anion CIO4- also becomes 

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

reactions are observed, although in H2SO4 electrolyte an equilibrium is established

between the aquo and sulphate complex [115]

For the bis-substituted materials the only unidentate ligands 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 is ca 30% higher in energy than in ruthenium 

[135], and the ^MLCT state lower, the energy gap for population of the 3MC i s  much 

greater Osmium complexes are thus rarely seen to undergo photosubstitution reactions 

This is graphically illustrated in Fig 13 3 which shows the photolysis of the mixed-metal 

polymer, [Os(bipy)2(PVP)ioCl]+/ Ru(bipy)2(PVP)ioCl]+ The generation of the Ru aquo 

complex results in a shift in the formal potential of the Ru11/™ couple from ca 0 750 V to 

ca 0 90 V (vs SCE), while the Os11/111 redox couple is unaffected

The most important characteristic for these redox polymers is their electrochemical 

behaviour The metallopolymers possess a metal based M^/111 oxidation The first 

reduction of the Mu metallopolymers is thought to be bipy-based [128,137,138] The 

potentials of these reductions can be empirically related to the potential of the Mii/m 

oxidation in that, the easier the metal oxidation is, the more difficult the reduction of the 

ligand becomes [135] Because of the bonding interaction between the ligand k *  orbitals 

and the overlapping drc orbitals of the metal, the greater the electron density at the metal 

the more difficult it is to put an extra electron onto the ligand This reduction occurs at 

quite negative potentials and has not been investigated in any great detail

As observed for the electronic spectroscopy of these materials, the formal potential of 

the Mu/in oxidation, coated as thin films on electrode surfaces, is 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 Os11/111 is easier, by 0 3 V to 0 5 V, 

compared to the analogous Ruu/ni oxidation [129,135] The Osni/IV oxidation is also at a 

much lower potential and may be seen [65] For ruthenium complexes, however, the 

separation m potential of the Ru11/111 and Ru™Av couples is greater, and the Ruiii/iv 

oxidation is rarely observed [144]



Photochemically-induced ligand exchange reactions within a polymer 

film of [Os(bipy)2(PVP)ioCl]+/Ru(bipy)2(PVP)ioCl]+ Electrolyte is 

1 0 M HCIO4 , scan rate is 100 mVs-l The interval between scans is 

30 s [taken from Ref 65]

- 0.2  0 0 2  0 4  0 6 08  1 0
V vs S.C.E.
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1.3.3. Applications.

The ultimate goal of polymer modified electrodes is their use in practical 

applications The rapid charge transfer rates, the chemical and physical robustness, and 

the synthetic flexibility of the metallopolymers under review here, make them ideally 

suited for such purposes

The excited-state electron transfer reactions of the Ru polymer [Ru(bipy)2(PVP)2]2+,

and the potential application of this material as a photosensitiser, has been investigated 

[17,18] In solution, both oxidative and reductive quenching of the metallopolymenc 

excited states is observed However, in 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 is attributed to

the relatively more inaccessible redox sites in the polymeric material [17] When coated 

as a thin film, using n-Ti0 2  as the semiconductor electrode substrate, films of this

ruthenium metallopolymer were found to yield sensitised anodic photocurrents [17] With 

time a build up of Ru^> centres occured which reduced the photocurrent By the addition 

of hydroquinone (an electron donor) to the contacting electrolyte, these Ru111 sites were re­

reduced resulting in more prolonged and greater photocurrents Similarly, using Pt as the 

electrode substrate and [Co(C2 0 4 )s]3- as the sacrificial oxidative quencher, large cathodic 

photocurrents are observed with this polymer [18]

Mediated electrodeposmon of metal particles onto films has been demonstrated for 

both osmium and ruthenium metallopolymers [145,146] For [Ru(bipy)2(PVP)nCl]+ films 

on n-MoSe2 and n-WSe2 electrodes, the mediation of the charge transfer of a hole from 

the crystal valence band of the semi-conductor substrate to certain ions in solution has 

been shown [1 1 1 ]

However, it is 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 materials can 

increase the rate of the reaction For redox polymer modifying materials, this is 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 is,

RED ___________»  OX + e- (13  1)

OX + Y ___________ ► RED + Z (13  2)

where RED and OX are the reduced and oxidised 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 earned out for both 

osmium- [153] and ruthenium- [12] containing polymers Both the approach of Albery it 

al [159] and Saveant etal [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 itself

The mediated oxidation of the Fe11/11* couple by [Ru(bipy)2 (PVP)nCl]+ in HC1 

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 is reduced, kinetic 

limitations within the layer occur and the catalytic reaction becomes the rate determining 

step

For the mediated reduction of Fe111/** at [Os(bipy)2(PVP)nCl]+ modified electrodes in 

sulphunc acid, for thinner layers the mediated reaction again occurs throughout the layer 

and is controlled by the layer thickness With increasing coverages, total catalysis for the 

Few reduction is observed, 1 e the diffusion of the substrate from solution is rate 

determining In contrast to this, in perchloric acid electrolyte, where compaction of the
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osmium polymer is expected, the mediated reduction of Fe™ is at the film / electrolyte 

interface for all surface coverages This indicates little substrate permeation into the layer 

in 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] Similar electrolyte effects have been 

observed for the mediated oxidation of Fe11 by [Ru(bipy)2(PVI)5Cl]+ polymer films 

[116,148]

Because of the relative positions of formal potentials, Fe11 can only be oxidised at 

[Ru(bipy)2(PVP)nCl]+ modified electrodes [12], while the Fe111 reduction can only 

proceed at [Os(bipy)2(PVP)nCl]+ modified surfaces [153] This allows for the use of 

these materials for the simultaneous, and highly selective, speciation of Fe111 and Fe”

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 in flow systems and an increase in sensitivity 

compared to the bare electrode is observed [150] Nitrite determination using the osmium 

polymer [Os(bipy)2(PVP)ioCl]Cl 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 polymenc 1-hydroxyphenazine, 

which can reduce Fe11/»1, the decrease in the limiting current observed at this layer, due to 

the presence of an overlying [Ru(bipy)2(PVP)nCl]+ layer, is indicative of the substrate

diffusion through the ruthenium polymer For Fe111 ions, high diffusion rates were 

observed within the ruthenium polymer matrix This was considered to be a result of the 

swelling of the polymer in 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 in flowing systems can be restricted due to 

instability of the polymer layer and its gradual loss from the electrode surface A number 

of stabilisation procedures have been investigated [151,157] Crosshnking 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 is very much enhanced 

An alternative approach to the stabilisation of the ruthenium polymer layers is the 

incorporation of hydrophobic styrene moieties into the PVP backbone [56,157] For the 

mediated oxidation of nitrite, it was found that a considerable improvement in stability is 

seen in the styrene-containing copolymers, compared to the PVP materials [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)nCl]+, the PVP backbone has been quatemised, 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- 

hnked, electroactive films are obtained The polymer gel is stable on the electrode 

surface, and gives a highly active and selective response for the oxidation of glucose The 

enzyme, however, is sensitive to oxidation by O2 [161] In an extension of this work, a 

similar hydrogel was formed using the osmium polymer and was immobilised on a 

microelectrode [162] Compared to macroelectrodes based on the same redox epoxy 

hydrogel, the microelectrode yields a ten-fold increase in 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 This is 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 illustrates the many attractive features of 

metallopolymers based on ruthenium and osmium poly(pyndyl) complexes The ease of 

synthesis and the wide range of redox potentials that can be obtained make these 

polymers ideal 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, is concerned solely with a detailed investigation of the affects of 

polymer morphology on charge transport and mass transfer mechanisms within these 

electrode modifying materials To date, from the results of electrochemical 

measurements, it has been shown that the charge transport rate is 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 insight into polymer structure is 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-vmylpyndine) Polymers Containing 

[M(N)6]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, it is the mono-substituted materials, [M(N)5Cl]+/2+, that have 

received most attention In a study of the bis-substituted polymer [Ru(bipy)2(PVP)n]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(bipyndyl) 

ruthenium 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 in a significant 

change in polymer structure The +2 charge on each redox centre (compared to the +1 

charge of the mono-substituted sites) is also expected to have an affect on polymer 

morphology due to the increase in electrostatic repulsion between adjacent fixed sites 

It is 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)n]2+ This 

metallopolymer has been shown to exhibit similar photochemical and photophysical 

properties to [Ru(bipy)3]2+ [7,8], with particular interest in its 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, cyclic 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 /

1 8  ■
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polymer film interface Activation paramaters are also calculated to enable the evaluation 

of the rate determining step in the charge transport process Comparison with previous 

studies of related Ru and Os polymers is made, and a preliminary study of the osmium 

analogue, [Os(bipy)2(PVP)io]2+> is also presented

The electrochemical techniques used for the evaluation of heterogeneous kinetics and 

the apparent diffusion coefficient for homogeneous transport, Dct, are as outlined in

Section 1 2 The general features of charge transport within redox polymers based on 

poly(pyndyl) complexes of osmium and ruthenium have also been briefly introduced in 

Chapter 1 These will be addressed in greater detail in the course of the discussion of the 

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

loading on Dct and activation parameters is first presented

Where electron self-exchange makes a significant contribution to the observed charge 

transport rate, an increase in the rate of charge transport with an increase in redox site 

loading is anticipated (l 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 ions and solvent, as well as the facility for 

the electron self-exchange reaction itself, Dahms-Ruff behaviour is not always observed 

While electron transfer is favoured by a reduction in intersite separation, ultimately a 

trade off exists and ion motion limitations within the matrix may become significant [16- 

18] For some electroactive polymers, Dct remains insensitive to changes in redox site 

loading [11,19,20] Of particular relevance to the present study, is the invariance of Dct 

to changes in the concentration of [Ru(bipy)3]2+/3+ electrostatically confined within 

poly(styrene sulphonate) [20], and [Ru(bipy)2Cl]2+/3+ in quatermsed PVP (Q-PVP) [19] 

For transition metal complexes electrostatically incorporated into polycationic films, Dct 

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

increases

The activation energy for the charge transport process, Ea, has also been found to be 

affected by the redox site loading [14-19,32] The results of such work are often couched 

in terms of the polymer morphology changes associated with changing metal content 

However, for an electropolymensed osmium-containing polymer, bis(bipy) bis(N-4- 

pyndyl cinnamamide)osmiumii hexafluorophosphate, the variation in Ea and Dct 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 in the rate limiting process from polymer 

motion (low Dct), to electron hopping (high Dct), was found

For [Ru(bipy)2(PVP)nCl]+/2+) Ea was observed to decrease with increasing redox site 

loading [14], while for [Ru(bipy)2Cl]2+/3+ in Q-PVP, Ea was found to be independent of 

the metal loading [19] However, increased crosslinking of the Q-PVP matrix, using 

a,a'-dibromo-m-xylene, resulted in an increase in the activation energy for charge 

transport [19] Similarly, the increased crosslinking due to increased metal loading of 

[Fe(CN)6p-/4- in Q-PVP, was also found to increase Ea [32]

The relationship between the physico-chemical characteristics 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)nCl]+/2+> 

where Pol is a PVP based co-polymer [14,19,20,33,34] In a series of polymers of 

increasing polystyrene content, Ea was found to decrease in perchlorate based electrolyte 

The perchlorate anion has been observed to crosslink these polymers through the pyndine 

moieties of the polymer backbone [17,35] The decrease in Ea observed was attributed to 

the more facile ion permeation within the less crosslinked polymer structure of higher 

styrene content [33] The introduction of methyl methacrylate into the PVP backbone has 

been found to result in a change in behaviour in certain electrolytes [34] At low
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temperatures counter-ion motion limitations exist, while at temperatures greater than 285 

K, a shift to polymer chain motion limitations is found

The importance of the contacting electrolyte type and concentration in determining 

the effects of redox site loading on Dct and activation parameters has been extensively

studied for the osmium containing polymers [6,16-18,35] These will be discussed in 

terms of the results obtained in this chapter

The role of electrolyte in determining charge transport processes is also significant, 

and has been studied for many modifying materials, 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 in Dct with 

counter-anion size was considered to represent arnon transport limitations for the charge 

transort process Despite early appreciation of the predominant role of polymer 

morphology in determining the mobility of ions within polymer layers [41], it is 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 in 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 Emission 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 interrogation for chronoamperometry was 

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

2.2.2. Materials.

Paly_(4-yinylpy,ndme)

4-vinyl pyndine was distilled at 45 °C  under reduced pressure Poly(4-vinylpyridine) 

was prepared by bulk polymerisation using 2 ,2 '-azobisisobutyromtnle (500 1 w/w) as 

initiator The reaction was earned out at 80 °C  under an N2 atmosphere The polymer 

was punfied by repeated precipitation in diethyl ether from methanol, and was dned at 60 

oC in vacuo overnight The molecular weight was estimated by viscometry in absolute 

ethanol, utilising the Mark-Houwink equation, [rj] = 2 5 x 10'4 Mv068 [42], and was 

found to be ca 250,000 gmoH
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cis-fM(bipybCb1

cis-[Ru(bipy)2Cl2] 2 H2O and cis-[Os(bipy)2Cl2] were prepared as descnbed in the 

literature [43,44] The purity of the complexes was confirmed by high performance liquid 

chromatography on a cation exchange resin, with uv-visible detection using a photodiode 

array detector

Typical yield of cis-[Ru(bipy)2Cl2] 2 H2O from 3 9 g RUCI3 3H20 , 70%

Typical yield of cis-[Os(bipy)2Cl2] from 1 1 g ^ O sC le , 85%

£lSi[R il(lnpy)2(H 2Q )2](aQ 4)2

cis-[Ru(bipy)2(H2 0 )2](C104)2  was prepared by heating cis-[Ru(bipy)2Cl2] 2 H2O in a 

minimum volume of H2O for 15 minutes The diaquo complex formed was precipitated 

by addition of a 5-fold molar excess of L1CIO4 , also dissolved in a minimum volume of 

H2O The solution was allowed to stand for one hour, under refndgeration cis- 

[Ru(bipy)2(H20)2](C104)2  was isolated and dried by suction Its identity was confirmed 

using uv-visible spectrophotometry

Typical yield from 100 mg cis-[Ru(bipy)2Cl2] 2 H2O, 70-75%

[Ru(bipy)2(PYP)n](OQ4)2

The metallopolymers were prepared by refluxing cis-[Ru(bipy)2 (H2 0 )2](C1 04)2  with 

an n-fold excess of PVP, where n = 5, 10, 15, 20 and 25 The reflux was performed in the 

dark in 80 20 ethanol H2O, 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 purification Cyclic voltammetry 

confirmed the presence of a single redox centre, while molar extinction coefficient data 

confirmed the redox site loading
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[Ûs(hipy)2Œ YP)io]02

cis-[Os(bipy)2Cl2] was dissolved in ethanol H2O 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 H2O 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 mirror 

finish using a 0 5 pm alumina slurry on a felt bed, followed by thorough washing with 

M1II1-Q H2O 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 in a solvent 

saturated chamber This ensured the formation of homogeneous films The electrodes 

were then left to dry in air For the ruthenium polymers the modification procedure was 

carried out in the dark

A conventional three-electrode electrochemical cell was used, thermostatted to ±

1°C 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  m Vs'1), and 

were typically 1 to 5 x 10-8 molcm 2 Within these limits, 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)io]Cl2 the concentration of centres was 0  70 M These values were used 

for the calculation of Dct from experimentally determined Dct!/2C

For the study of the affect of electrolyte type and concentration on charge transport 

parameters, a fresh polymer coating was used in 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 M11/™ 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 0 0 V to ca 0 3 - 0 40 V 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 isothermal cell using the EG&G 

Model 273 potentiostat / galvanostat interfaced to a BBC microcomputer A pulse width 

of 200 ms and an interval of 20 s between successive pulses was employed The current 

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

2.3.1. Characterisation of Polymers.

23 11 [Ru0apy)2(EYE)n]2+.

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

poly(pyndyl) complexes is based on the lability of the chloride ligand in Ru(bipy)2Cl2

The reaction can be summarised by,

Ru(bipy)2Cl2 + H20   ► [Ru(bipy)2(H20)Cl]+ + Cl- (2 3 1)

[Ru(bipy)2 (H20)Cl]+ + H20  ---------- ► [Ru(bipy)2 (H20 )2]2+ + Cl- (2  3 2)

[Ru(bipy)2(H20 )2)2+ + PVP ---------- ► [Ru(bipy)2(H20)(PVP)]2+ + H20  (2 3 3)

[Ru(bipy)2 (H20)(PVP)]2+ + PVP ----- > [Ru(bipy)2(PVP)n]2+ + H20  (2 3 4)

The identity of the metallopolymer was confirmed from the electronic spectra of an

ethanol solution of the product Room temperature emission at 610 ± 5 nm, and 

characteristic 1MLCT absorption maxima in the uv-visible region at 345 ± 5 nm and 460 

± 5 nm are indicative of the [R u (N )6 ]2+  moiety [1,7]

When applied as a coating on glassy carbon electrodes, the metallopolymers exhibit 

single-electron redox behaviour for the Ru11/111 oxidation in all electrolytes examined (see 

Fig 2 3 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 is characteristic of [Ru(bipy)2(PVP)n]2+ [l]

The origins of the spectroscopic and electrochemical behaviour of this, and other Ru11 

poly(pyndyl) compounds, have been discussed previously in Section 1 3
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Fig 2 3 1 Cyclic voltammogram for an electrode modified with 

[Ru(bipy)2(PVP)5]2+ at a scan rate of (a) 5 mVs-1 and

(b) 100 mVs-l Surface coverage is 1 1 x 10-8 molcm-2 

Supporting electrolyte is 1 0 M HCIO4

(a) 5 m V r 1 (b) 100 m W *

V vs SCE V vs SCE



The metal loading, n, was based on the relative quantities of starting material 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 coordmatively attached to 40% of all available pyndine moieties 

of the polymer backbone This constitutes a very high metal content for coordinative 

attachment and a quantitative verification of the loading was required This was achieved 

by the evaluation of the molar extinction coefficient of the !M LCT absorption of the 

[Ru(N)6]2+ moiety at 460 nm A typical determination is illustrated in Fig 2 3 2, where 

the absorption of 0 25 mgcnr^ solutions of [Ru(bipy)2(PVP)n]2+ is 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'lcm-i, which is in agreement with that quoted by Krause (7900 M-lcm-l) for the 

monomeric analogue [Ru(bipy)2(py)2]2+> where py is pyridine [45] The absorption for 

the highest loading, Abs460 = 1 593, represents a chromophore concentration of 2  21 x 

10-4 M For a 0 25 mgcm-^ solution, this yields a molecular weight for the 

metallopolymer unit of 1132 gmol-1 This is indicative of [Ru(bipy)2(PVP)5](ClC>4)2 

predicted from reaction ratios

For reactions in which higher loadings were attempted (n=2 5), Abs460 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 it is 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 obtained 

for metallopolymers with metal loadings more dilute than n=10 This restricted an 

investigation of charge transport processes to films of higher metal content only 

Assuming a rigid rod structure for the PVP backbone, in which adjacent pyndine groups
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46
0

used as standards (solid line) Concentration of all polymeric 

solutions was 0 25 mgcm-3

Fig 2 3 2 Absorbance at 460 nm versus redox site concentration for ethanolic

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

Concentration of [R u (N ) 6]2+  

Molar ( x  10 4 )
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are 2 5 À apart [1,46], the inter-site separation for the 1 10 loading is estimated to be 25 

Â, for the 1 5 loading, 12 5 Â These estimates will be used below m the evaluation of 

activation parameters

23-12 [Os(bipy)2(PYP)l0]2+.

The synthesis of [Os(bipy)2 (PVP)io]2+ can be described in the same way as the 

ruthenium analogue (Eqn 2 3 1 to 2 3 4) The identity of the metallopolymer was 

confirmed from uv-visible spectrophotometry (1MLCT transitions at 445 ± 5 nm and 615 

± 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 

Os11/111 couple at around 0 60 V in aqueous acid electrolyte (depending on type and 

concentration) This is illustrated in Fig 2 3 3 The spectroscopic and electrochemical 

behaviour is consistent with the [Os(N)6]2+ moiety [5,6,47] The redox site loading was 

based on reaction ratios and assumed complete reaction
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Fig 2 3 3 Cyclic voltammogram for an electrode modified with 

[Os(bipy)2(PVP)io]2+ at a scan rate of (a) 5 mVs-1 and

(b) 100 mVs-l Surface coverage is 1 5 x 10*8 molcm-2 

Supporting electrolyte is 0 1 M H2SO4

(a) 5 mVs" 1 (b) 100 m W 1

V vs SCE
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2.3.2. Effect of Photosubstitution reactions on Charge Transport 
[Ru(bipy)2(PVP)n]2+.

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, it is considered that the most probable 

cause of expenmental variation for ruthenium polymers is the photocherrucally-induced 

ligand-exchange reactions at the ruthenium redox centres (see Section 13 2) 

[1,3,5,33,48,49]

The importance of the photosubstitution reaction lies in the dependency of the formal 

potential of the ¿u 11/111 couple on the coordination sphere Fig 2 3 4 and Fig 2 3 5 

illustrate the change in voltammetnc response observed during photolysis of a 

[Ru(bipy)2(PVP)io]2+ modified electrode in 1 0 M HCIO4 and 0 1 M H2SO4, 

respectively For both figures the polymer surface coverage is 2 x 10-8 molcm-2 and the 

scan rate is 100 mVs-1 The Run/m redox couple of the bis-substituted metallopolymer as 

cast (at ca 1000 mV) is seen to decrease with increasing photolysis time This is 

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 is [48,49],

[Ru(bipy)2(PVP)nP+ + H20  ------------ [Ru(bipy)2(PVP)n(H20 )]2+ (2 3 5)

The electrochemical behaviour of the photoproduct, the Ru-aquo metallopolymer, is the 

subject of Chapter 6 and is not considered further here

Compared to H2SO4 and pTS A electrolyte, in HCIO4, irradiation of the electrode for 

a longer penod is required for a stable cyclic voltammetnc response for the
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1 0 M HCIO4 0 1 M H2 S 0 4

I
<a

'c
T

0 4  06  08 10 12
V  vs S C E

Fig 2 3  4

Photochemically induccd ligand exchange reaction in 1 0 M 

HCIO4 for an electrodc modified with [Ru(bipy)2 (PV P)io]2+ 

Surface coverage is 2 x 10 8 molcm 2 scan rate is 100 mVs 1

0.4 0.6 0.8 1.0 1.2
V  vs S C E

Fig 2  3  5

Photochemically induced ligand exchange reaction in 0 1 M 

H2SO 4 for an clectrode modified with [Ru(bipy)2(PV P)jo]2+ 

Surface coverage is 2 x 10 8 molcm 2 scan rate is 100 m Vs 1



occur until the bis-coordinated Run/in couple has almost completely disappeared 

(Fig 2 3 4) In this electrolyte, the polymer layer is more compact and dehydrated

[6,17,33,35] and the Ru-aquo centres initially generated are expected to be confined to 

the polymer / electrolyte interfacial region Under semi-infinite diffusion conditions for 

voltammetnc measurements charge transfer between widely separated Ru-aquo sites can 

not occur and they will remain kinetically isolated until photosubstitution has proceeded 

to a considerable extent throughout the layer

In H2SO4 (and pTSA), the collapse of the bis-coordinated Ru11/111 couple is more rapid 

(see Fig 2 3 5) and is closely paralleled to the immergence of redox couples for both the 

aquo species (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 in reduced 

electrochemical isolation of the photoproduct(s) and the ability to detect the ligand- 

exchange process more readily

The ligand-exchange reactions for [Ru(bipy)2(PVP)n]2+ depicted in Fig 2 3 4 and

Fig 2 3 5 differ from those observed for the mono-substituted analogue,
*

[Ru(bipy)2(PVP)nCl]+ [5,48,49] Because of the relative positions of the formal 

potentials of the chloride and aquo complexes, the [Ru -H2O] 2+/3+ couple can be 

mediated by the [Ru -Cl] W3+ 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 isosbestic point is obtained (see Fig 13 3, Chapter 1)

While all electrochemical measurements for the evaluation of charge transport 

through [Ru(bipy)2(PVP)n]2+ were made in the dark, the generation of the Ru-aquo

photoproduct to be obtained In conjunction with Fig 2 3 4 and Fig 2 3 5, this clearly

demonstrates that the ligand-exchange process is electrolyte dependent

In HCIO4, the emergence of the Ru11/111 redox couple of the aquo species does not
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complex, even in small quantities, is 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 

pTS A and H2SO4 the ligand-exchange is easily detected, because the Ru-aquo complex is 

generated more rapidly the error introduced to charge transport parameters is found to be 

of similar magnitude to that in HCIO4

Despite this, the errors in the charge transport and activation parameters calculated 

for [Ru(bipy)2(PVP)n]2+ are considerably less than those found for the mono-substituted 

ruthenium polymer [Ru(bipy)2(Pol)ioCl]+, where Pol is a PVP-PS copolymer of variable

composition [33] In a study of the photophysical properties of the bis-coordinated 

polymer, [Ru(bipy)2(PVP)2o]2+> following solution phase photolysis in CH3CN the 

facility for recapture of the lost ligand was found to exist due to the high concentration of 

pyridine moieties in the immediate vicinity of the metal centre [7] It is considered that 

while recapture of the Cl ligand of the mono-substituted polymers is unlikely, for the bis- 

substituted Ru polymers studied here, the photosubstitution reaction may be retarded by 

recapture of the PVP ligand

The error in the charge transport parameters quoted below are estimated as follows 

For Dct measured using linear sweep voltammetry, designated Dct(CV), the error is ±

15% between films and ± 5% for repeat determinations on a single film For charge 

transport rates determined using chronoamperometry, denoted Dct(PS), the error is ±

20% between films and ± 5% on a given film For heterogeneous electron transfer, the 

error in the standard rate constant, ko, is ± 2 0 % while the error in the anodic transfer 

coefficient, a , is ± 0 05 All values are measured over repeat determinations on at least 4 

separate polymer coatings



2.3.3. The effect of electrolyte and redox site concentration on 

Charge Transport through [Ru(bipy)2(PVP)n]2+.

2 3 3 1. General Laver behaviour

At slow cyclic voltammetnc 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 is observed (Fig 2 3 1) The plot of ipa vs v 1/2 is linear for scan rates

100 to 500 mVs-1, permitting the evaluation of the apparent diffusion coefficient, 

Dct(CV), using the Randles-Sevcik equation (Eqn 12  1) The calculation of Dct(CV)

using the Aoki analysis for a finite diffusion space [50] yields the same result, within 

experimental error

For potential step experiments, the plot of i(t) vs t‘ 1/2 is linear over the timescale 0 to 

20 ms and has a zero intercept This enables the evaluation of Dct(PS) using the Cottrell

equation (Eqn 1 2 8 ) Typical Cottrell plots for the n=5 and n=10 loadings in 0 1 M 

HCIO4 are shown in Fig 2 3 6

The heterogeneous kinetics of electron transfer at the glassy carbon / modifying layer 

interface were examined using sampled current voltammetry Fig 2 3 7 illustrates a 

typical sampled current voltammogram for an electrode modified with 

[Ru(bipy)2(PVP)io]2+, obtained in 1 0  M HCIO4 With decreasing sampling time, the

diffusion-limited current for the Ru^/in oxidation increases, while the half wave potentials 

for the voltammograms shift to more positive potentials These sigmoid-shaped waves are 

similar to those observed for solution phase reactants at an unmodified electrode and are 

indicative of Butler-Volmer kinetics [51] This allows for the conventional analysis of 

SCV, described m Section 12  13 For the limiting anodic currents in Fig 2 3 7, the value 

of Dct(PS) calculated using the Cottrell equation is found to be similar to that obtained 

from chronoamperometry
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Fig 2  3 6  Typical chronoamperometnc response for[Ru(bipy)2(PVP)n]2+ films

presented as Cottrell plots (n=5, 10) Supporting electrolyte is 0 1 M 

HCIO4 , surface coverage 18x10-8  molcm-2

t -l/2 ( s -l /2)
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Fig 2 3 7 Typical sampled current voltammogram for the Ruh/ni couple within 

[Ru(bipy)2(PVP)n]2+ films (here n = 10) Supporting electrolyte is 

1 0  M HCIO4 , surface coverage 1 5 x 10-8 molcm-2 Sampling times 

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

D 45 D bO 0 0 90 1 05 1 20 1 35

V vs SCE
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Table 2 3 1 summarises the homogeneous and heterogeneous charge transport 

parameters obtained for films of [Ru(bipy)2(PVP)n]2+ in HCIO4 electrolyte These 

charge transport rates in HCIO4 are found to be the highest of all electrolytes studied

With an increase in redox site loading, Dct(PS) and Dct(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 Dct(PS) having a value of 6  7 ± 0 5 x 10-10 

cm2s-l and Dct(CV) a value of 4 9 ± 0 5 x 10“10 cm2s-l For the 1 in 10 loading, Dct(CV) 

and Dct(PS) increase almost linearly with increasing HCIO4 concentration

The standard rate constant for heterogeneous electron transfer, k°, exhibits the same 

trends with redox site loading and electrolyte concentration as Dct For the n= 5  loading,

ko is independent of electrolyte concentration and has a value of 2 4 ±  0 1 x 10*4 cms* 1 

For the 1 in 10 loading, ko increases with HCIO4 concentration from 0 64 to 1 4 x 10-4 

cms-1 The anodic transfer coefficient, a , is insensitive to redox site loading and 

electrolyte concentration and has a value of 0 36 ±  0 02

2 3 3 2 HClOd electrolyte
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Table 2 3 1 Charge transport parameters for [Ru(bipy)2 (PVP)n]2+
modified electrodes in HCIO4 electrolyte

[HC1 0 4 ]

(M)

Dct(PS)

(x 1011 cm2s *)

ko

(x 10* cms 1)

a Dct (CV)

(x 1011 cm̂ s i)

Eo 

V vs SCE

n=5

01 68 8 24 0 34 40 6 1 045
02 66 3 2 4 0 36 51 8 1 070
04 71 7 26 0 32 54 9 1 060
06 73 8 23 0 33 52 4 1 040
08 63 4 23 0 34 50 1 1 035
1 0 60 6 23 0 36 442 1 010

n=10 

0 1 27 0 0 6 0 36 11 4 1 060
0 2 32 0 07 0 36 14 0 1 040
0 4 29 8 08 0 35 16 1 1 025
0 6 39 3 1 3 0 38 23 6 1 020
0 8 46 4 1 4 0 39 22 0 1 025
1 0 55 5 1 3 0 37 24 9 0 990
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2 3 3 3 H9 SO /1 electrolyte

The charge transport parameters obtained in H2SO4 electrolyte are summarised in 

Table 2 3 2 For the 1 in 5 loading, Dct(PS) and Dct(CV) are insensitive to H2SO4 

concentration For the n=10 loading, while Dct(PS) is also independent of electrolyte 

concentration, Dct(CV) is observed to increase in the concentration range 0 1 to 0 6 M 

H2SO4 , but decreases at higher concentrations

An increase in metal loading increases Dct(PS) by a factor of 3, from a value of ca 

4 9 x 10-H cm2s-l (n=10) to 14 1 x 10-11 cm^s-l (n=5) However, the evaluation of■1
Dct(CV) is independent of redox site loading, with a value of ca 4 x 10-11 cm2s-l

For heterogeneous kinetics in H2SO4 , ko exhibits the same variation with electrolyte 

concentration and redox site loading as Dct(PS) and has a similar value to that found in 

HCIO4 electrolyte The evaluation of a  is also similar to that obtained in HCIO4 (0 34 ±

0 02), and remains constant for both loadings and all H2SO4 concentrations

2 3 3 4 pTSA electrolyte

The charge transport behaviour in pTSA electrolyte is presented in Table 2 3 3 

Dct(CV) is insensitive to redox site loading and electrolyte concentration and has a value 

of 3 5 ± 0 3 x 10-11 cm2s-l Dct(PS) is of similar magnitude and is also insensitive to 

pTSA concentration However, with an increase in redox site loading, Dct(PS) 

approximately doubles to a value of 7 6 ± 0 4 x 10-11 cm2s-l

ko exhibits the same trends with loading and electrolyte concentration as Dct(PS) and 

is similar to the values obtained in H2SO4 a  is smaller than that observed in both HCIO4 

and H2SO4 electrolytes (0 22 ± 0 02 versus 0 36) and is independent of redox site loading 

and pTSA concentration
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T able 2 3.2 Charge transport parameters for [Ru(bipy)2(PVP)n]2+

modified electrodes in H2SO4 electrolyte

[H2S 0 4 ]

(M)

Dei (PS)

( x 1011 cm ŝ 1)

ko

( x 104 cms 1)

a Dct(CV)

( x 10> 1 cm2s 1)

Eo 

V vs SCE

n=5

0  1 13 4 1 5 0 32 2 3 1 110

0 2 13 7 1 5 0 37 36 1080
0 4 14 1 1 7 0 33 2 9 1 070
0 6 13 5 1 6 0 32 3 1 1 065
0 8 15 4 1 7 031 2 3 1 055
1 0 14 6 1 8 0 30 2 7 1 050

O1\G
0 1 4 3 0 7 0 36 4 7 1 070
0 2 4 5 0 7 0 37 4 8 1 060
0 4 4 5 0 6 0 36 7 4 1 050
0 6 4 9 0 7 0 32 95 1 050
0 8 5 6 0 6 0 34 3 2 1 035
1 0 5 4 0 6 0 32 39 1 040
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Table 2 3 3 Charge transport parameters for [Ru(bipy)2(PVP)n]2+

modified electrodes in pTSA electrolyte

[pTSA]

(M)

Dct(PS)

( x 1011 cm2s 1)

k°

( x 104 cms 1)

a Dct (CV)

( x 1011 cm2s 1)

Eo

V  vs S C E

n =5

0 1 7 8 1 6 0 24 3 8 1 175

0 2 8 0 1 7 0  23 4  1 1 165

0 4 7 7 1 5 0  26 3 2 1 150

0 6 7 0 1 5 0 25 3 7 1 065

0 8 7 6 1 6 0 22 3 3 1 155

1 0 7 3 1 5 0 21 3 0 1 155

n= 1 0

0  1 4 5 0 5 0 22 3 5 1 165

0 2 3 8 0 6 0 20 3 5 1 155

0 4 2 6  ■ 0 6 0 21 3 4 1 145

0 6 2 9 0 5 0 20 3 4 1 145

0 8 2 7 0 5 0 18 3 4 1 140

1 0 3 1 0 6 0  18 3 5 1 145
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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 in 0 1 M 

and 1 0 M electrolyte in accordance with the methods described m Section 1 2 1 4 In 

H2SO4 , the gradual loss of the polymer film in 1 0 M electrolyte prevented an accurate 

calculation of activation energies An intermediary concentration of 0 4 M H2SO4 was 

therefore used The temperature dependence of Dct(PS) and Dct(CV) was measured by 

varying the temperature of the contacting electrolyte over the range 273 - 308 K A 

typical Arrhenius plot, obtained for Dct(PS) in 0 4 M H2SO4 is shown in Fig 2 3 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, Ea(CV) and Ea(PS), are 

coupled to a negative entropy term, with the free energy, AG#, remaining constant at 54 ± 

4 kJmol-1 In HCIO4 , Ea(CV) and Ea(PS) are independent of redox site loading and 

electrolyte concentration and have a common value of 23 ± 3 kJmol-1 In H2SO4 

electrolyte, a decrease in Ea(CV) and Ea(PS) with increasing electrolyte concentration is 

generally observed Ea(CV) and Ea(PS) are once again similar, with a value of 36 ± 2 

kJmol-1 in 0 1 M electrolyte and 25 ± 2 kJmoH in 0 4 M H2SO4 For the 1 in 5 loading 

however, Ea(PS) decreases, particularly in 0 4 M H2SO4

In pTSA, Ea(CV) is independent of electrolyte concentration and redox site loading 

and has the highest values obtained (ca 48 ± 5 kJmol-1), although still coupled to 

negative entropy For the n=10 loading, Ea(PS) is similar to Ea(CV) However, as found 

for the n=5 loading in H2SO4 , Ea(PS) in pTSA also becomes significantly less than 

Ea(CV), particularly at high electrolyte concentrations
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Fig 2 3 8 Temperature dependence of Dct, measured by chronoamperometry,

for [Ru(bipy)2(PVP)io]2+ Supporting electrolyte is 0 4 M H2SO4 ,

surface coverage is 1 x 10-8 molcm-2
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Table 2 3 4 Activation parameters for charge transport through 

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

Electrolyte/ 
Cone (M)

Ea(CV)
kJmoH

AH(CV)#
kJmol-1

AS(CV)#
JmoHK-1

AG(CV)#
kJmol-1

n = 5

HCIO4 0 1 23 0 20 5 - 89 0 47 1

1 0 20 9 18 4 - 99 6 48 1

H2SO4 0  1 34 1 31 7 - 79 7 55 4

0 4 26 1 23 6 - 93 5 51 5

pTSA 0 1 55 1 52 6 - 16 8 57 6

1 0 47 3 44 8 ' - 3 7 7 56 1

n= 1 0

HCIO4 0 1 2 0  1 17 6 -128 4 55 9

1 0 23 3 2 0  8 -113 0 54 5

H2SO4 0  1 38 2 35 7 - 61 2 54 0

0 4 25 6 23 1 -115 6 57 5

pTSA 0  1 47 2 447 - 39 7 56 5

1 0 41 3 38 9 - 55 4 55 4
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Table 2 3 5 Activation parameters for charge transport through

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

Electrolyte/ 
Cone (M)

Ea(PS)
kJmol-1

AH(PS)#
kJmol-1

AS(PS)#
Jm oH K-i

AG(PS)#
kJmoH

n =5

HCIO4 0 1 29 3 26 8 - 65 7 46 4

1 0 24 2 21 7 - 83 5 46 6

H2SO4 0 1 24 2 21 8 -105 6 53 3

0 4 1 2 1 9 7 -128 9 48 1

pTSA 0 1 23 4 20 9 -111 9 54 3

1 0 15 4 13 0 -138 2 54 2

n = 1 0

HCIO4 0 1 2 2  1 19 7 -121  1 55 7

1 0 21 9 19 4 -109 8 52 1

H2SO4 0 1 34 2 31 7 - 80 4 55 7

0 4 21 9 19 4 -130 9 58 4

pTSA 0  1 43 5 41 0 - 54 8 57 3
1 0 34 0 31 5 - 80 3 55 4
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2.3.5. Charge Transport and Activation parameters for

[Os(bipy)2(PVP)io]2+

The general layer behaviour of [Os(bipy)2(PVP)io]2+ modified electrodes is as 

descnbed for [Ru(bipy)2(PVP)n]2+ in Section 2 3 3 1 A preliminary study of 

homogeneous charge transport parameters in 0 1 M and 1 0 M HCIO4 , H2SO4 , and pTS A 

electrolyte is summarised in 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 semi-infinite diffusion conditions-and a typical Cottrell plot 

are illustrated in Fig 2 3 3 and Fig 2 3 9, respectively

Electrolyte / 

Cone (M)

Dct (PS) 

xl09 cm2s 1

Dct(CV) 

xlOlO cm2s-l

Eo 

V vs SCE

HCIO4 0 1 85 0 5 0 555

1 0 8 8 0 4 0 520

H2SO4 0 1 1 2 3 0 0 585

1 0 2 2 2 4 0 580

pTSA 01 33 1 2 0 635
1 0 3 5 1 6 0 630

Table 2 3 6 Charge Transport parameters for [Os(bipy)2(PVP)io]2+ films
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Fig 2 3 9 Typical chronoamperometric response for[Os(bipy)2(PVP)io]2+

films presented as Cottrell plots Electrolyte is 1 0 M HCIO4 ,

surface coverage 2 2 x 10*8 molcnv2
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As found for the bis-coordinated ruthenium analogue, the rate of charge transport 

through [Os(bipy)2(PVP)io]2+ films is insensitive to the electrolyte concentration 

However, unlike the ruthenium polymer, the data presented in Table 2 3 6 for 

[Os(bipy)2(PVP)io]2+ demonstrate that Dct is very much dependent on the experimental 

time scale In H2SO4 and pTSA electrolyte, Dct(PS) is at least an order of magnitude 

greater than Dct(CV), while in HCIO4 , Dct(PS) exceeds Dct(CV) by a factor of over 200 

The activation parameters for charge transport through [Os(bipy)2(PVP)iol2+ are 

summarised in Table 2 3 7 and 2 3 8 for cyclic voltammetnc and potential step 

measurements, respectively These were calculated as descnbed for the ruthenium 

polymers in Section 2 3 4

In HCIO4 electrolyte Ea(CV) is large (>100 kJmoH) and is coupled to positive 

entropy However, for potential step measurements, Ea(PS) m 1 0 M HCIO4 is reduced to 

only 18 6  kJmol-1 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) is similar to that in 1 0 M electrolyte (1 e 13 8 kJmol-1) and has negative 

entropy, while at temperatures greater than 298 K, Ea(PS) increases to 57 kJmol-1 and the 

entropy term becomes positive

In H2SO4 electrolyte Ea(CV) and Ea(PS) are similar and are coupled to negative 

entropy This reflects the reduced difference in Dct(CV) and Dct(PS) in this electrolyte 

The activation energies are independent of H2SO4 concentration and have a value of 27 ± 

2 kJmoH

In pTSA, significant differences in Ea(CV) and Ea(PS) exist Ea(CV) is independent

of pTSA concentration (54 ± 1 kJmol-1) and has associated entropy approaching zero 

JmoHK-1 However, on the time scale of potential step measurements, Ea(PS), although

again insensitive to pTSA concentration, is reduced to a value of 11 ± 2 kJmol-1, and has 

negative entropy of -123 ± 3 JmoHK-1
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Table 2 3 7 Activation parameters for charge transport through 

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

Electrolyte/ 
Cone (M)

Ea(CV)
kJmol-1

AH(CV)#
kJmol-1

AS(CV)#
JmoHK-1

AG(CV)#
kJmol-1

HCIO4 0 1 115 1 1127 187 4 56 8

1 0 136 7 134 2 259 5 56 9

H2S 0 4 0 1 26 7 24 3 - 90 6 51 3
1 0 24 4 2 2  0 -102 9 52 6

pTSA 0 1 52 3 49 9 -1 4  3 54 1
1 0 54 9 52 4 - 7 4 54 7

Table 2 3 8 Activation parameters for charge transport through 

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

Electrolyte/ 
Cone (M)

Ea(PS)
kJmol-l

AH(PS)#
kJmol-1

AS(PS)#
Jmol-lK-l

AG(PS)#
kJmol-l

HCIO4 0 1  T>298 57 0 54 6 34 6 44 3
T<298 13 8 11 3 -108 0 43 6

1 0 18 6 16 1 - 91 8 43 5

H2SO4 0 1 27 6 25 1 - 80 7 49 2
1 0 29 5 27 1 - 65 4 46 6

pTSA 01 9 5 7 1 -125 6 44 5
1 0 12 9 10 5 -1 2 0  1 46 3
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Fig 2 3 10 Temperature dependence of Dct, measured by chronoamperometry,
for [Os(bipy)2 (PVP)io]2+ Supporting electrolyte is 0 1 M HCIO4  ,
surface coverage is 1 9 x 10-8 m olcm -2

T -l ( K -l x 103 )
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Compared with the ruthenium analogue, Dct(PS) for [Os(bipy)2(PVP)io]2+ is 50 to 

100 times greater (ca 10-9 cm2s-! versus 10-11 cm2s-l) The electrolyte dependence of 

Dct(CV) for [Os(bipy)2(PVP)io]2+ shows significant differences to that found for 

electrodes modified with [Ru(bipy)2(PVP)io]2+, with increased charge transport rates m 

the swelling electrolytes and impeded charge transport in perchlorate In H2SO4 and 

pTSA electrolyte, Dct(CV) is greater for the osmium polymer, by a factor of 

approximately 5 In HCIO4 , however, Dct(CV) for [Os(bipy)2(PVP)io]2+ is 

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

2.3.6. General Discussion.

The accepted mechanism for homogeneous charge transfer through metallopolymer 

films is 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, (11) 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 in 

character, with migrational effects absent The cyclic voltammograms for the Ru11/111 and 

the Osii/in couples under semi-infinite diffusion conditions, shown in Fig 2 3 1 and 

Fig 2 3 3, respectively, have an anodic to cathodic peak current ratio of unity The plot of 

ipa vs v m  is linear for scan rates 100 to 500 mVs-1, as predicted for a diffusion- 

controlled electrode process by the Randles-Sevcik equation

For potential step experiments, the Cottrell plots for the Ruii/ni and Os1*/111 couples are 

linear over the 0 - 20 ms time scale and have zero intercepts (see Fig 2 3 6  and 2 3 9) 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 in the itl/2 vs tl/2 plot [57] 

Neither are observed in this study

When electron mobility is greater than that of counter-ions and migration makes a 

significant contribution to the current response of a modifying layer, it has been shown 

that Dct may take on a cubic dependence on redox site loading [58] In the study of 

[Ru(bipy)2(PVP)n]2+ presented in this chapter, although only a limited range of loadings 

are considered, the effect of doubling the metal content is typically to increase Dct by a
t

factor of no more than 2 to 3, while for some electrolytes the predicted increase in Dct 

with increasing metal content is not observed This is in agreement with a previous study 

of loading for the polymer [Os(bipy)2(PVP)nCl]+, where n was vaned between 5 and 25

[16,17] For this osmium polymer it was demonstrated that when Dct increases with

increased loading the increase never exceeds a proportional relationship, and, indeed, for 

the highest loadings considered, Dct was found to decrease

The features of the current response for redox processes within [M(bipy)2(PVP)n]2+ 

(where M is 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, is appropriate

The following discussion is primarily concerned with [Ru(bipy)2(PVP)n]2+ The 

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

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

homogeneous charge transport through [Ru(bipy)2(PVP)n]2+ is dependent on the nature
*

of the charge-compensating counter-anion, Dct remains insensitive to the electrolyte 

concentration In addition, both Dct(CV) and Dct(PS) are found to be of similar 

magnitude This suggests that the rate limiting step m the charge transport process is 

unchanged over the concentration range studied and is the same on both experimental
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time scales The thermodynamic data presented in Table 2 3 4 and Table 2 3 5 supports 

this interpretation, with the activation energies Ea(CV) and Ea(PS) both coupled to 

negative entropy terms for all electrolyte concentrations and loadings The free energy 

change dunng charge transport, AG#, is the same for both cyclic voltammetry and 

potential step measurements and is 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] Negative 

entropy reflects an ordering of the microstructure in the vicinity of each metal centre 

dunng redox switching and is associated with counter-ion motion or electron-hopping 

rate limiting steps [55] Positive entropy is indicative of disordenng within the polymer 

layer and reflects the disruption of the layer structure caused by polymer chain movement 

[55]

The absolute values of entropy calculated in Table 2 3 4 and Table 2 3 5 are 

acknowledged to be of limited accuracy since the intersite separation of the redox centres 

(5 in Eqn 1 2 13) is only approximated using a ngid rod model of the polymer structure 

[46] However, even allowing for a large vanation m polymer swelling, a significant 

departure from the assumed values of 5 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)n]2+ can

therefore be related to ion motion or electron-hopping limitations 

Using steady-state methods, the rate of electron self-exchange, DE, for related osmium 

[60] and ruthenium [61] polymers is found to be 10-6 to 10-8 cm2s-l This is at least 3 

orders of magnitude greater than the Dct values measured in this work It is therefore 

considered that the negative entropies associated with charge transport represent ion
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A common observation for osmium and ruthenium metallopolymers of the type 

considered here, is the difference in 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, Dct(PS) has been routinely observed to be greater than 

Dct(CV), often by 2 orders of magnitude This has been attributed to possible changes in 

the nature of the equilibrium established within the layer on different time scales, an 

interpretation that is supported by observed differences in activation parameters

[6,16,17,35] It has also been proposed that the evaluation of Dct reflects the region of the

polymer layer through which charge transport is measured [16,17] Using potential step 

methods over a 2 0  ms timescale, for a typical film of surface coverage 10 '8  molcm-2 and 

a Dct(PS) value of 10-10 cm2s-l, the depletion layer is ca 10% of the total layer thickness

[62] Hence, Dct(PS) reflects charge transport processes within a thin region of the film at 

the electrode / polymer film interface, where localised movement of ions resident within 

the layer may be sufficient to satisfy electroneutrality on short time scales [16,17] In 

contrast to this, cyclic voltammetry involves redox switching throughout the bulk of the 

polymer layer, requiring more extensive interfacial movement of solvent and ions across 

the film These considerations have been evidenced in previous studies by the observation 

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

thickness, the difference in Dct(CV) and Dct(PS) is significantly reduced [16]

However, for the [Ru(bipy)2(PVP)n]2+ modified electrodes which are the subject of 

this study, the difference between Dct(PS) and Dct(CV) is negligible, typically a factor of 

less than two and never more than a factor of 5 As discussed above, this is borne out in 

the thermodynamic data which indicates that the rate determining step in the charge 

transport process remains unchanged on both experimental time scales

The results for [Ru(bipy)2(PVP)n]2+ indicate that an open polymer structure must

motion limitations The dependency of Dct on counter-anion type supports this

interpretation
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exist This is in agreement with the considerations by Meyer it aC of the changes in 

polymer moiphology caused by the bis-coordination of the metal centre to the polymer 

backbone [1] The intra-chain coordination of the bis-substituted ruthenium centres 

imposes a structural rigidity upon the polymer matrix, resulting in 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 (pKa 3 3)

[63] is expected to swell the layer further In such a film, the partition of all mobile 

species across the polymer / electrolyte interface should be unimpeded This is seen in the 

invariance of Dct and activation parameters to changes in electrolyte concentration and

the general insensitivity of the formal potential of the Ru11/111 couple to changing anion 

activity in the bathing electrolyte solution The consequence of this is not only the 

invariance of Dct with changing electrolyte concentration, but, in 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 CIO4- anion interacts strongly

with polyelectrolytes [64], resulting in compact, highly crosslinked, dehydrated layers 

[19,32,65] This is thought to impede the extensive interfacial movement of counter-ions 

required during redox processes on the cyclic voltammetric time scale [17,35] Indeed, 

Dct(CV) has often been found to decrease as the HCIO4 electrolyte concentration 

increases [17,33,35] In contrast, in pTSA and H2SO4 electrolytes, the rate of charge 

transport is generally found to increase due to the more facile ion motion within the 

swollen polymer layers that exist in these electrolytes [6,35] The ongins of these 

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

Chapters 3 and 4
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For [Ru(bipy)2(PVP)n]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)n]2+, the highest values of Dct(CV) are observed in HCIO4 , and for the 1 

in 10 loading, Dct(CV) increases with increasing HCIO4 electrolyte concentration In 

H2SO4 and pTSA, Dct(CV) is reduced in magnitude, particularly in pTSA It is clear that 

the change in 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 in a porous 

polymerc matrix Because this imparts an enhanced facility for ion partition and 

movement within the layer, in HCIO4 electrolyte the crosslmking which occurs merely

results in a less open structure, with reduced inter-site separation In addition, the strong 

interaction between the bis-coordinated Ru11 complex and the two CIO4- counter-ions will

decrease the electrostatic repulsion of the 2 + redox centres and will increase the 

configurational entropy of the polymer segments [6 6 ] These structural changes in HCIO4 

account for the higher rates of charge transport which are observed

In pTSA and H2SO4 , the electrolyte interaction with [Ru(bipy)2(PVP)n]2+ 

exacerbates the porous structure of the film H2SO4 electrolyte solubilises redox 

polymers of this type [3,67], while in pTSA, from stenc considerations alone, the 

incorporation of two pTS- counter-anions per Ru11 redox centre will cause an increased 

strain on the polymer network More significantly, due to the longer distance of closest 

approach [6 8 ] 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 in inter-site separation and, consequently, 

a decrease in charge transport rates However, the activation parameters indicate that this 

swelling does not occur to an extent where segmental polymer chain motion becomes rate 

limiting

1
1)
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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 in redox site loading 

influences charge transport rates For the more swollen layers in pTSA and H2SO4 , an 

increase in loading increases Dct(PS) yet has little affect on Dct(CV) In contrast, for 

HCIO4 electrolyte both Dct(CV) and Dct(PS) are affected in a similar way by a change in

redox site loading These data can be reconciled in terms of the polymer layer structure 

and the differing regions of the film through which Dct(CV) and Dct(PS) describe charge

transport

For metallopolymers of reduced loading, in pTSA and H2SO4 electrolyte the lower

levels of metallation will result in a more swollen layer with a homogeneous structure 

across the entire layer thickness Consequently, no difference between Dct(CV) and 

Dct(PS) is expected This is indeed observed for the 1 m 10 loading of 

[Ru(bipy)2(PVP)n]2+ in both pTSA and H2SO4 and is supported by the thermodynamic 

data, where Ha(CV) and Ea(PS) are identical, within expenmental enor

For the n=5 loading in H2SO4 and pTSA, the decreased solubility of the polymer 

matnx due to the saturation of metal centres may result in a more compact base layer 

morphology Because ion partition and diffusion within the polymer has been shown to 

be unimpeded, the charge transport rate in this base layer, as measured by Dct(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 

H2SO4 and pTSA is anticipated to remain swollen, an increase in redox site loading will 

not have as profound an effect on inter-site separation and Dct(CV) is observed to remain 

insensitive to the increase in metal loading

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

differential swelling of the layer is expected to become less significant Consequently, in 

HCIO4 both Dct(CV) and Dct(PS) increase with an increase in redox site loading 

While the evaluation of Dct is generally insensitive to electrolyte concentration for
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[Ru(bipy)2(PVP)n]2+, m HCIO4 for the 1 m 10 loading, both Dct(CV) and Dct(PS) 

increase as the electrolyte concentration increases For Dct(PS) this increase with 

concentration results in a Dct value in 1 0 M electrolyte similar to that found for the 

saturation loading This strongly suggests that in the most compact state of 

[Ru(bipy)2(PVP)n]2+, and with ion availability remaining facile, Dct does not increase 

with a reduction in inter-site separation This indicates that electron-hopping is not the 

rate determining step for charge transport within this modifying material

The standard rate constant for heterogeneous electron transfer into 

[Ru(bipy)2(PVP)n]2+ layers is typically 10-4 to 10-5 cms-1 This is considerably greater 

than the values of Dct obtained for homogeneous charge transport and confirms the view 

that charge injection into modifying layers is unlikely to be the rate limiting step in the 

charge transport process

This value of ko, however, is at least an order of magnitude less than that commonly 

obtained for electroactive species in 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 in 

[Ru(bipy)2(PVP)n]2+ is non-conducting, hence interfacial electron transfer can only

occur at the ruthenium redox centres An increase in ko with increasing redox site loading 

is therefore to be expected, and is observed for all electrolytes

For [Ru(bipy)2(PVP)n]2+ polymer layers, ko is affected by electrolyte type and 

concentration in a similar way to Dct(PS) The largest values of ko are observed m HCIO4 

electrolyte, with slightly reduced values in pTSA and H2SO4 Thus, the electrolyte

dependent factors discussed for homogeneous charge transport also determine the rate of 

heterogeneous electron transfer This correlation between Dct(PS) and ko has been noted

previously for related osmium polymers [6,16,18,70] It is thought that because electron 

transfer is most likely to occur at the outer Helmholtz plane, the position of which is



determined by ion availability within the layer, those factors which influence 

homogeneous charge transfer will also determine ko [70] The insensitivity of ko to 

changes in electrolyte concentration, therefore reflects the observation that in 

[Ru(bipy)2 (PVP)n]2+ an open, porous structure exists with a similar polymer phase ion

population at all concentrations studied

The anodic transfer coefficient also remains insensitive to electrolyte concentration, 

and is found to be unaffected by redox site loading In HCIO4  and H2SO4 , a  is 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 in a  with electrolyte concentration is in agreement with the considerations of 

ion availability discussed previously for Dct and ko

In pTSA, a  is 0 20 ± 0 05, a value indicative of an asymmetric barrier to electron 

exchange This is likely to be indicative of the bulky nature of the pTS- counter-ion 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)io]2+ is now considered This polymer 

provides a useful comparison with the ruthenium polymer discussed above Because 

osmium complexes to not undergo the photosubstitution reactions discussed in Section 

2 3 2 [5,47], this source of error is llliminated 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)io]2+ layers are dramatically 

different to those of [Ru(bipy)2 (PVP)io]2+ For the osmium polymer, the 1 in 10 loading 

represents the maximum loading that could be synthesised Reaction times for the 

metallopolymer were at least 1 0  days, while for ruthenium, the reaction is 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 in aqueous acid 

electrolytes, is also different The ruthenium polymer is swollen m high H2SO4 and low

pTSA electrolytes and is gradually removed from the electrode surface The osmium 

analogue is more stable, with the layer remaining unchanged over several hours It is thus 

clear that the change in the central metal atom of the immobilised redox site results in 

profound differences in the properties of the metallopolymer layer

These differences are manifested in the fundamentally different nature of charge 

transport through [Os(bipy)2 (PVP)io]2+ compared to that observed for 

[Ru(bipy)2 (PVP)io]2+ However, the charge transport data presented for 

[Os(bipy)2 (PVP)io]2+ m Table 2  3 6  demonstrate that Dct remains insensitive to 

electrolyte concentration This is supported by the thermodynamic data in Table 2 3 7 and 

Table 2 3 8  and is in contrast with the behaviour of the mono-substituted equivalent, 

[Os(bipy)2(PVP)ioCl]+, 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 is therefore in agreement with the 

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

However, for [Os(bipy)2 (PVP)io]2+ the difference in the evaluation of Dct on the two 

experimental time scales is large It is 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 Dct(PS) In H2 SO4 and pTSA the 

difference in redox site concentration needed to equate Dct(CV) with Dct(PS) necessitates 

differential swelling of ca 300% For these electrolytes it is possible that the outer regions 

of the polymer may be sufficiently swollen to account for this change in redox site 

concentration, with the equilibrium established on both time scales remaining unchanged 

This interpretation is supported by the activation parameters in H2SO4 and

f

1
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pTSA, with Ea(CV) and Ea(PS) both representing ion motion limitations in high and low

electrolyte concentration

In HCIO4 electrolyte, however, for the observed difference between Dct(PS) and 

Dct(CV) of two orders of magnitude, differential swelling of over 1500% is required For 

the values of Dct(PS) evaluated m [Os(bipy)2(PVP)io]2+, for a film of surface coverage 2  

x 1 0 ’ 8 molcm-2, the depletion layer will extend to 30 to 40% of the layer thickness [62] 

This confirms that it is unlikely that changes in layer structure can adequately explain the 

differences in Dct(PS) and Dct(CV)

It is therefore considered that the equilibrium established during charge transport on 

the potential step time scale in [Os(bipy)2 (PVP)io]2+ is different to that established

dunng cyclic voltammetry On longer time scales all mobile species, 10ns, electrons, 

polymer chains and solvent, can attain equilibrium positions For potential step methods 

it is possible that within the dehydrated, compact layer which exists in perchlorate, only 

redox equilibrium can be established for counter-ions and electrons This is evidenced in 

the activation parameters in Table 2 3 7 and Table 2 3 8 In HCIO4 , Ea(CV) is large and

is coupled to positive entropy, indicating that polymer chain motion is the rate limiting 

step This is thought to represent the crosslmking 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 in the rate limiting step to one of counter-ion diffusion An unusual 

dual slope behaviour is observed for Dct(PS) in 0 1 M HCIO4 (see Fig 2 3 10) This has

been observed previously for related metallopolymers in perchlorate media [34,35], and 

suggests that at temperatures below 298 K ion motion limits charge transport, while at 

higher temperatures polymer chain motion once again becomes the rate determining step
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It is seen that substitution of ruthenium with osmium in [M(bipy)2 (PVP)io]2+ imparts 

a significant increase in layer stability While the interaction of the contacting electrolyte 

with the metallopolymer structure is the same for both metal centres, the subsequent 

effect on charge transport rates are utterly different

For the osmium polymer, the perchlorate interaction impedes ion diffusion and 

Dct(CV) is 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 H2SO4 the swelling of the layer facilitates Dct(CV) for the 

osmium material, but merely exacerbates the open layer structure for 

[Ru(bipy)2(PVP)n]2+ causing reduced Dct(CV)
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2.4. CONCLUSIONS.

The rate of charge transport is determined by the morphology of the polymer layer 

This, in turn, is 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 identity of the metal atom of the redox centre is also of 

fundamental importance in determining the overall physico-chemical properties of the 

layer

The bis-coordination imposes a structural rigidity upon the polymer segments, 

resulting in an open, porous structure This results in Dct values which are insensitive to

changes in electrolyte concentration In the case of the ruthenium polymer, the porous 

structure extends throughout the layer, resulting in the establishment of a common 

equilibrium dunng charge transport on all experimental time scales For the osmium 

metallopolymer, however, this is not seen and Dct(PS) is greater than Dct(CV), possibly 

reflecting differential swelling in H2SO4 and pTSA, and the establishment of only 

electronic equilibrium on faster time scales in HCIO4

For [Ru(bipy)2 (PVP)n]2+ (where n = 5 or 10), the rate limiting step in the charge 

transport process is the same in high and low electrolyte concentrations and is 

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

rates of homogeneous charge transport and the sensitivity of Dct to counter-anion type 

suggests that counter-ion motion is the rate limiting step Because the increase in Dct with 

increased redox site loading is small, it is thought that electron self exchange can not be 

rate limiting in this system

For [Ru(bipy)2 (PVP)n]2+ the observation that ko exhibits a similar trend with 

electrolyte and loading as Dct(PS) indicates that heterogeneous electron transfer and

homogeneous charge transport are affected by ion availability and diffusion in the same 

way
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The effect o f HCIO4  Electrolyte Concentration 

and Redox Site Oxidation State 

on the Resident Layer M ass o f Thin Films 

of[O s(bipy)2 (PV P)i0 Cl]+

CHAPTER 3



3.1. IN T R O D U C T IO N .

When a pressure is applied to the surface of some crystals a potential difference is 

generated across them Conversely, the application of a potential across the crystal 

produces a corresponding deformation First discovered in quartz m 1880 by Jacques and 

Pierre Cune, this phenomenon is termed the piezoelectric effect and is found to occur in 

crystals which do not have a centre of inversion in the ionic crystalline solid [1]

When an oscillating potential is applied, the crystal vibrates at the frequency of the 

exciting voltage This is the crystal resonator A typical crystal, with attached electrodes 

is shown in Fig 3 1 1 The amplitude of the mechanical vibration reaches a maximum 

when the frequency of the driving voltage is 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 gam and 

feedback This is the crystal oscillator circuit [1] The mode of vibration of the crystal is 

dependent on many factors, but primarily on the crystallographic cut angle, the electrode 

configuration of the crystal resonator, the supporting structures and the oscillator 

circuitry employed [1]

u u
Fig 3 11 Laboratory monitor quartz crystal
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For a mechanical vibrational system, a change m the resonant frequency is often 

observed when material is 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 material [2] Since then, the 

Quartz Crystal Microbalance (QCM) has found routine use as a gas phase and vacuum 

technique [1] However, in these early applications, the deletenous effects of liquid films 

on the QCM performance were noted and it was thought that the viscous dampening of 

the crystal oscillation would not only cause large frequency shifts, but also result in 

instability and cessation of oscillation [3] It has only been in the last decade that it has 

been demonstrated that the QCM can be made oscillate in the liquid phase [4-7], 

monitoring not only changes in the mass attached to the electrode [8 -1 0 ], but also 

changes in 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 in a three-electrode electrochemical cell [14] The 

Electrochemical Quartz Crystal Microbalance, (EQCM), has since found considerable 

application for the m^itwelectrogravimetric investigation of electrode processes [8 -1 0 ]

Previous studies of the polymer [Os(bipy)2 (PVP)ioCl]+ have indicated that the rate 

of charge transport is strongly influenced by electrolyte type and concentration [15-19], 

while the EQCM has shown considerable differences in the levels of solvent transferred 

during redox switching in different near-neutral pH electrolytes [20,21] These effects 

have been attributed to changes in polymer morphology

It is the purpose of this, and following chapters, to investigate the redox-induced mass 

changes within [Os(bipy)2 (PVP)ioCl]+ films in electrolytes where significant differences 

in polymer morphology are anticipated The electrolytes chosen are HCIO4 , 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], in order to quantitatively assess the mass 

changes occunng within the polymer the rigidity of the layers must be first established 

This is achieved through the measurement of the crystal impedance [21-24] - 1  e the 

admittance (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), is a qualitative reflection of a decrease in the rigidity of 

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

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

[Os(bipy)2(PVP)ioCl]+, 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 its applications in electrochemistry will then be given
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3.2. T H E O R E T IC A L  B A C K G R O U N D  TO  T H E  E Q C M .

3.2.1. Piezoelectric Q uartz C rystals.

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 o 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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Fig 3 2 2 Assignment of axes to a quartz block and the angle of an 

AT-cut quartz crystal

T< C)

Fig 3 2  3 Temperature-dependence of oscillation resonant 

frequency for quartz crystals of various cut angles
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3.2.2. The Mass-Frequency Relationship.

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

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

fo (Hz),

f0  = Vq/2t (3 2 1 )

where Vq (cmHz) is the acoustic wave velocity within the quartz The thickness of the

crystal slab may be defined by,

t = Mq /A p q (3 2 2 )

where pq (gcm-3) is the density of the quartz and Mq (g) is the mass of the quartz in the 

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

Eqn 3 2 1 and 3 2 2,

fo = Vq A pq / 2Mq (3 2 3 )

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

fo = Vq pq / 2m (3 2 4 )

This equation clearly illustrates that the frequency of oscillation of a blank quartz

crystal is dependent only the mass of the quartz between the two electrodes and that for a 

uniform crystal thickness only the areal mass is 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 in the resonant frequency (Af) Assuming that the 

attached mass can be treated as an equivalent mass change of the quartz itself,
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f0+ A f = V q pq/2(m+Am) (3 2 5  )

Eqn 3 2 5 can be rewritten as,

Af = -{ 2  fo2 / pqVq ) ( Am (1 +Am/m) } (3 2 6 )

When the change in areal mass, Am (gem-2), is considerably less than m, and 

substituting in for the constants pq= 2  65 gcm-3 and Vq=3 34 x 105 cmHz [14], the change 

in frequency of an oscillating crystal, Af (Hz), on addition of a small mass is given,

This is the Sauerbrey equation [2 ], which was first formulated to descnbe vacuum 

metal deposition

3.2.3. C rystal Oscillation Im m ersed in L iquid.

When an oscillating crystal is immersed in liquid an oscillating boundary layer is set 

up due to the viscous coupling of the liquid medium It has been shown that the change in 

frequency of the crystal, Af, can be expressed as,

where r|L is the liquid viscosity, pL is the liquid density and is the shear modulus of 

quartz For thin ngid films attached to the immersed side of the crystal, the overall 

frequency change is 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 rigorous derivation of the mass-frequency relationship and the effect of liquid 

on the crystal oscillation can be obtained in Reference 1, and References 10 to 12

Af = -2 26 x 106 f0 2 Am (3 27 )

Af = f03/2 (lU  pL/n  pq Hq) 1/ 2 (3 28 )
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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 is stress-dependent results in 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 in an almost-equal but opposite way to BT-cut crystals [1,26] This 

property is utilised in 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 is the change in the viscosity of the 

solution with increasing distance from the crystal surface [14,25] In deriving Eqn 3 2 8 

the bulk viscosity of the liquid phase is used Any change in the viscosity of the solution 

within the boundary layer (which is ca 300 nm thick [31]), will be erroneously attributed 

to mass changes These changes cannot be accurately accounted for and may become 

significant in the diffuse double layer that exists at the coated-electrode / electrolyte 

interface

Of even greater significance is the roughness of the electrode m the presence of a 

viscous medium [10,32-34] The entrainment of the liquid within crevices on the 

electrode surface will contribute to the coupled viscous load The effect has been studied 

for the changes in the roughness of gold, silver and copper electrodes following oxidation 

/ reduction cycles in various aqueous electrolytes [32,33] More recently a thorough 

investigation of the electrode microstructure was performed in conjunction with 

impedance analysis [34] This enabled "rigidly" attached solvent in the channels of the 

roughened electrode surface to be disunguished from the viscously coupled solvent 

within the boundary layer

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

surface and changes in 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 in mechanical interactions with the contacting liquid 

The QCM electrical characteristics 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 in terms of their effect on the electrical 

characteristics of the QCM These developments are beyond the scope of this thesis and 

the reader is referred to References 34 to 38

3.2.5. Fram ew ork for the Interpretation of E Q C M  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 is particularly useful for the evaluation of the 

interfacial movement of mobile species during charge transport processes within thin 

films of electroactive materials 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 ions Thus, the combination 

of charge and mass transfer data may yield additional insight into the redox processes 

occunng within the polymer layer

Interpretation of EQCM data requires the mass and charge relationship to be defined 

[31,39-41] The approach adopted in this work is that proposed by Hillman et al 

[31,39,40], and will be briefly outlined
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The net total mass change per unit area of the electrode, occunng at the polymer / 

electrolyte interface is given by,

AM — Xmp̂ i Ar in (3 2 9)

where Arm is the change in the molar population of species m within the polymer film, 

and mm is the molar mass The change in mass of the polymer film is due to two 

components, the movement of ionic species and the movement of net neutrals Therefore,

where the subscripts 1 and n denote ionic and neutral species,respectively The total mass 

change is calculated from frequency measurements using the Sauerbrey equation The net 

charge passed at the polymer / electrode interface is,

where z,F is the charge earned per mole of the ionic species 1 In this analysis the charge 

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

change per mole of redox sites can be obtained

This describes the net mass change per mole of redox sites converted and has units of 

gmol-1 For a film in a quasi-equilibrium state, Eqn 3 2 12 is referred to in future 

discussions as the normalised mass change

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

change, an expression <I>j is used This is a linear combination of the mass change

AM = Im, Afj + £mn AT n (3 2 10)

Q = jidt = - Z z, F Af, (3 2 11)

AMF / Q = { Smn Arn + Im, Af, ) / {Iz, Ar, ) (3 2 12)
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observed and the mass change that is associated with the movement of the ion j if it alone 

maintains electro neutrality for the charge passed <I>j is therefore the weighted difference

of the mass and charge responses, in units of gcm-2 , and is defined by,

Oj = AM + Q(mj/ZjF) = XmnArn + £ (nri! - mjZj / Zj) AI  ̂ (3 2 13)

Oj represents the additional mass transfer (either positive or negative), of all mobile

species to that anticipated for the motion of the chosen ion j

For an evaluation of instantaneous mass fluxes, the differential forms of Eqn 3 2 10 to

3 2 13 can be used The charge density is replaced by the current density, i, the areal mass
• • 

becomes the rate of areal mass change (AM, gcnr2 s-l) and Oj becomes Oj (the mass flux

of all species except the chosen ion j) These time-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 in situ 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, in 

hydroxide [45] or borate buffer [46] solutions, the formation of Pbn / 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 insight 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 [50] 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 

V6 O13 electrodes was investigated [59] and yielded mass changes at high lithium

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 dunng 

oxidation / reduction cycles of metal electrodes in aqueous electrolytes [32-34] For 

copper electrodes in acid electrolytes no mass changes occur during electrochemical 

cycling [60] However, in neutral and alkaline electrolytes mass changes in excess of 

those required for oxygen incorporation into the copper electrode surface 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 in electrode structure was 

observed [32]

The EQCM has provided insight into a similar phenomenon dunng the absorption of 

hydrogen (or deutenum) into palladium electrodes during electrolysis [61-63] The large 

frequency shifts observed were attributed to stresses within the palladium due to H2 (D2)

adsorption / desorption and absorption processes

The EQCM has been used to study the adsoiption of halides [64] as well as the 

adsorption of metal 10ns from buffered solutions [65] The preparation of Langmuir- 

Blodgett films [6 6 -6 8 ], 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 lipid multibilayers has 

also been investigated [73] The use of the EQCM for recording adsorption isotherms has 

also been explored [74,75]

The EQCM has been used to monitor mass changes occunng 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 rigid character of the films However, considering a theoretical 

treatment of viscoelastic layers on an oscillator, it has been demonstrated that provided
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the layer thickness is much smaller compared to the thickness of the quartz slab, 

viscoelastic films may be treated as rigid [54,80] This has been verified for Langmuir- 

Blodgett multilayers [6 6 ], Prussian Blue and its analogues [82;83], partially dimtnted 

poly(styrene) [24], the electropolymensed conducting polymers polyaniline [22], 

polypyrrole [81] and polybithiophene [23], and for the redox polymer 

[Os(bipy)2 (PVP)ioCl]+ [21] However, depending on the contacting electrolyte-polymer

interaction and the subsequent level of polymer swelling, non-ngid 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 électrocrystallisation of charge transfer salts
it

[84,85] have been studied Ion and solvent transport within Prussian Blue [82] and its 

nickel analogue [83] during electrochemical processes have been investigated, with 

solvent movement unambiguously quantified by isotopic substitution of H2O with D2O

[83] The selective intercalation of Na+ into Prussian Blue films, compared to Li+, was 

also determined using the EQCM [8 6 ]

The use of the EQCM in 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 ellipsometnc measurements enabled 

differences in nucléation and growth of galvanostatically and potentiostatically 

electropolymensed films to be elucidated [87] Mass changes accompanying oxidation / 

reduction cycles in polyaniline have also been investigated [22] Anion insertion, with 

very little solvent movement, was observed during oxidation At more acidic pH proton 

expulsion mechanisms during oxidation were also in evidence, thus indicating the partial 

protonation of the amine groups of the polymer [2 2 ]
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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 [1 0 2 ], 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 PF6 - and Cl- 

electrolytes [79]. In PF6 - 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)ioCl]+ [20,21]. In perchlorate no solvent transfer occurs, with the 

polymer layers behaving permselectively [21]. In para-toluene sulphonate, NO3-, SO4 2- 

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 H2O with D2O [2 1 ].

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 poly aniline [111] have been observed. Polymer 

swelling during the electrochemical deposition of PVF in CH2CI2 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 ellipsometnc 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 nitrated 

polystyrene films increased solvation of the polymer with increasing redox cycling, as 

indicated by a decrease in the frequency of the working electrode, was observed [29]

This quickly lead to the loss of ngid 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 is reduced levels of 

hydration, the mass changes observed decreased The kinetic limitations observed in the 

redox behaviour of TCNQ at high electrolyte concentrations were explained in terms of 

the decreased solvent activity and the compaction and restricted segmental polymer 

motion within the polymer layer [108] In variable temperature expenments, facilitated 

mass and charge transfer at higher temperatures was explained in terms of the increased 

swelling of the polymer layer [109] At intermediary electrolyte concentrations (ca 2 5 M 

LiCl), the increased swelling resulted in a loss of polymer rigidity At higher
f

concentrations, however, layer compaction prevented swelling even at elevated 

temperatures In contrast to this was the behaviour of [Os(bipy)2 (PVP)ioCl]+ films in 

high NapTS electrolyte concentrations [22] Here, the broadening of the conductance 

spectrum and the cessation of crystal oscillation in the active mode was interpreted in 

terms of excessive polymer swelling

The resident ion and solvent population within the polymer layer has been found to 

be of great importance in determining the mass changes observed at the EQCM [1 12]

For the thermodynamic mass changes in polythiomne films, the mass change observed 

were rationalised in terms of an lon-aggregation model in which ions resident within the
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polymer layer provided a source of counter-anion [1 1 2 ] 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 descnbes 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 polythiomne 

[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 ion motion At fast cyclic voltammetnc scan rates

[103,104] this delineation of solvent transfer was termed "kinetic permselectivity", in 

which the mass change observed, due to the expenmental 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 polythiomne 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 in 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 in this system, and in others [24,103], is 

that transient non-equilibnum 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 itself
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I

3,3. EXPERIMENTAL.

3.3.1. Materials

[Os(bipy)2 Cl2] was prepared as described by Buckingham etal [115] Its purity was

verified using reverse phase chromatography, with a mobile phase of 80 2 0  acetomtnle 

H2O (8 % L1CIO4 ), with photo diode array detection in the uv-visible

Poly(4-vinylpyndine) was prepared as descnbed previously (Section 2 2 2) 

[Os(bipy)2 (PVP)ioCl]Cl was prepared by refluxing a tenfold excess of PVP with 

[Os(bipy)2Cl2] in 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 photochemical reactions 

were observed, the reactions were routinely earned out in the dark The metallopolymer 

was isolated by precipitation into diethyl ether and purified by repeated precipitation (x 

3) in diethyl ether from methanol The polymer was recovered by precipitation into 

diethyl ether and vacuum dned The metal loading of the polymer was confirmed using 

molar extinction coefficient data for the *MLCT transition of the uv-visible spectrum at 

350 nm

Electrolyte solutions were prepared using H2O (purified using a Millipore M1II1-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 5 pm abrasive The 

crystals had a 90 nm thick layer of gold sputter coated onto each side, as shown in
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Fig 3 1 1 One of the gold contacts to the quartz crystal served as the working electrode 

in a standard three electrode cell

The working electrode was coated with a visibly smooth, uniform layer of 

[Os(bipy)2 (PVP)ioCl]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 silicone rubber sealant (RTV1000 Dow Coming), 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 proximity 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 piezoelectric area of the electrodes was 0 21 cm 2, wlth a calibrated mass- 

sensitivity of 0 232 H zcm 2ng-1 [ 14,116] Y

3.3.3. Instrumentation.

The oscillator circuit 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 in 

potentiostatic mode All potentials were measured with respect to an aqueous potassium 

saturated calomel electrode (SCE), which was separated from the electrochemical cell by
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a Luggin capillary The counter electrode was a platinum mesh which was flamed and 

washed before use

The electrochemical cell, the oscillator circuitry and its power supply were enclosed 

m a faraday cage earthed to the potentiostat All measurements were made at ambient 

temperature (20 ± 2 oC) Although the electrochemical 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 senes 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 ca 5 ms) The computer-acquired data was 

stored in a compact binaiy 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 wntten by M J Swann and D C Loveday of Bnstol 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 Admittance analysis was performed in 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 transmission / 

reflectance test unit (HP85044A) Scans were made over a 16 kHz bandwidth, with the 

computer software centred on the peak admittance maximum The sweep time was 400
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ms, with a sweep repetition rate of 2 9 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 ion populations within the polymer layer, at open circuit, 

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 drop wise 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 in greater detail in the relevant 

sections (Section 3 4 3 1 and 3 4 3 2)

The mass changes occunng dunng redox switching were determined over a 

concentration range of 10-4 M to 4 0 M HCIO4  Memory effects were minimised by

continuously scanning over the Os11/ 111 redox couple for ca 30 minutes at 50 mVs- 1 and 

then several times at 1 mVs-1 at each new electrolyte concentration The electrode was 

then removed, nnsed with M1II1-Q water, replaced in a fresh aliquot of the electrolyte and 

continuously scanned for a further 10 minutes at 50 mVs- 1 and once at 1 mVs-* 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.

3 4 11 Dry mass

Table 3 4 1 Column A, summarises the gravimetric 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)ioCl]Cl, is taken

as 1741 gmoH This includes a contribution from the water content of the polymer in the 

dry state, which contains two molecules of H2O per osmium moiety and one molecule of 

H2O for every two uncoordinated pyridine units of the PVP backbone

3 4 1 2  Electrochemical evaluation

Table 3 4 1 , Column B, includes the electrochemical evaluation of surface coverage 

using slow scan cyclic voltammetry at 1 to 5 mVs-1 in 0 1 M HCIO4 This is found to

btea 5 times smaller than the gravimetric evaluation Fig 3  4 1 shows a typical cyclic 

voltammogram (and mass potential plot) for a [Os(bipy)2 (PVP)ioCl]+ film obtained at 5 

mVs-1 in 0 1 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 HCIO4 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 in surface coverage evaluated in 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 3 4 1 Evaluation of [Os(bipy)2 (PVP)ioCl]Cl surface coverage and 

layer solvent sorption on immersion in H2O

Surface Coverage Solvent Imbibition (c) Solvent Content (<W
( molcm-2 x 1 0 8 ) ( molcm-2 x 1 0 8  ) ( mol pol equiv -1 )

A Gravimetnc (a) B Coulometric (t>)

1 48 0 28 60 6 41

1 96 0 36 74 2 38

2 00 0 42 1 0 1 0 51

2 04 0 41 95 1 47

a) Calculated from shift in resonant frequency following coating procedure

b) Calculated from background-corrected integrated anodic branch of cyclic 

voltammogram at 1 to 5 mVs-1 in 0 1 M HCIO4

c) Calculated from shift in resonant frequency on immersion of coated electrode 

in H2O (corrected for solution viscosity)

d) Calculated using gravimetnc evaluation of surface coverage
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Fig 3 4 1 Cyclic voltammetric and mass-potential response for a crystal 

modified with [Os(bipy)2 (PVP)ioCl]+ Scan rate is 5 mVs-1, 

supporting electrolyte is 0 1 M HCIO4 > the coulometnc surface 

coverage is 1 x 10-8 molcm-2

V vs SCE
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3.4.2. Solvent Imbibition on exposure of Layer to H2O.

The coated electrodes were immersed in de-oxygenated M1II1-Q H2O and the

frequency difference noted The increase in mass of the polymer layer, summarised in 

Table 3 4 1, represents the imbibition of 44 ± 5 molecules of H2O per 

[Os(bipy)2(PVP)ioCl]Cl unit This is 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 this calculation the liquid modulation layer is corrected for by subtracting the 

known mass change observed at a bare gold electrode in contact with H2O Due to the

increase in the surface roughness at the polymer / solution interface, the entrainment of 

solvent within the polymer boundary layer is 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 

is possibly less than that calculated in Table 3 4 1 The value of 44 ± 5 molecules of H2O

per polymer unit can be viewed as an upper limit of solvent imbibition by the polymer 

layer

As will be discussed in greater detail in Chapter 4, the swelling of the polymer on 

exposure to H2O can be viewed as the tendency for the polymer segments and contacting

solvent to inter-diffuse Swelling is favoured by the electrostatic repulsion of the fixed- 

charge sites of the polymer backbone and by the tendency for the high ionic content of 

the internal pore liquid to be diluted [118,119] The concentration of fixed-charge sites in 

the 1 1 0  loading of this osmium redox polymer, from flotation measurements in non­

swelling solvents, is ca 0 7 M [15,16], which is low in terms of ion-exchange resins, and 

the inter-site separation, assuming a rod-like structure for the PVP backbone, is 25 A

[120] These features indicate that extensive swelling will not occur

The upper limit of 44 molecules of H2O per polymer unit, although suggesting the

need for substantial polymer expansion, is not, in fact, significant in terms of solvent
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uptake by ion-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 brittle

[121] Ellipsometnc studies of PVF [100] and polythiomne [112] films have shown them 

to contain up to 50% solution, while the osmium polymer itself has been found to contain 

27% solvent in the chlonde salt form when stored at 97% relative humidity [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 H2O As discussed in the Section 3 1, the broadening of the crystal 

resonance represents an increase in viscoelasticity [21-24] In Fig 3 4 2 the presence of a 

polymer film results in only a slight broadening of the crystal resonance, indicating the 

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

remain ngid when exposed to H2O

Fig 3 4 2 Admittance spectra for (a) uncoated and (b) coated crystal immersed 

in H2O Gravimetric polymer surface coverage is 2  x 10‘ 8 molcm-2
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3.4.3. HCIO4 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 in terms of changing polymer structure The resident layer 

mass and structure are thus considered here for a range of HCIO4  concentrations As 

mass changes occunng within the polymer can only be quantitatively evaluated when 

layer rigidity has been established, the change in polymer morphology with changing 

electrolyte concentration is considered first, using impedance analysis [23] This is 

followed by a more quantitative interpretation of the mass changes which occur within 

the polymer layer Finally, the mass data are used in calculating the apparent pKa of the

pyridine moieties of the PVP backbone 

3 4 3 1 HC10d concentration effects on Polymer rigidity

Fig 3 4 3 illustrates the change in the admittance-frequency response for a polymer- 

coated crystal, at open circuit, as the contacting solution concentration is increased from 

pure solvent to 1 0  M HCIO4 The polymer surface coverage was 2  x 10‘ 8 m olcm -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 admittance 

maximum, the peak width at half maximum and the shift in the resonant frequency at 

each electrolyte concentration

Fig 3 4 4 illustrates the corresponding series of admittance measurements for the same 

electrode, as the electrolyte concentration is decreased At each concentration the 

polymer layer has been repeatedly scanned voltammetncally over the Os11/ 111 couple pnor 

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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Fig 3 4 3 Admittance spectra for an [Os(bipy)2(PVP)ioCl]+ film on exposure to 

increasing HCIO4 concentration (in the absence of any voltammetry)

Gravimetric surface coverage 2 x 10’8 molcnr2

A H 20
B 1 x 10 $M
C 1 x 10 •IM
D 4 x  10
E 1 x 10
F 4 x 10
G 1 x 10
H 1 x 10
I 1 0 M

99 88 99 9 92 99 94 99 96 99 98 100 100 02 100 04 100 06
FREQUENCY ( Hz x 10 5 )

Fig 3 4 4 Admittance spectra for the [Os(bipy)2(PVP)ioCl]+ film in Fig 3 4 3 

on exposure to decreasing concentrations of HCIO4 electrolyte ( with

stabilisation via voltammetnc cycling at each electrolyte concentration)

99 9 99 92 99 94 99 96 99 98 100 100 02 100 04 100 06
FREQUBNCY ( H? x 10 S )
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Table 3 4 2 Admittance spectra at open circuit for an [Os(bipy)2(PVP)ioCl]+ coated

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

HCIO4 Cone Admittance (a>b) PWHM (a) Af (a,c)

( Molar ) (£2-1 x 1 0 2 ) (kH z) (H z)
A B A B A B

H20 0 478 0 402 6  096 7 681 0 - 518

1 x 10-5 0 468 0 402 6  096 7 681 - 52 - 518

1 X 10-4 0 456 0 406 6  304 7 681 - 104 -1036

4 x 10-4 0 460 0 412 6  304 7 526 - 466 -1192

1 x 10-3 0 460 0 420 6  304 7 372 - 933 -1554

4 x 10-3 0 464 0 414 6  356 7 681 -2435 -3057

0  0 1 0444 0 412 6  825 7 836 -4249 -4404

0  10 0 468 0 470 6  304 6  444 -4508 -4663

1 0 0 0 448 0 442 6  721 6  908 -4663 -4560

Uncoated electrode (air) 10 011088 MHz Coated electrode (air) 10 003180 MHz 

Coated electrode (H2O) 9 999150 MHz (zero value, Column A)

a) Data interpolated from points of 20 Hz resolution

b) Admittance maximum (at resonant frequency)

c) Af is the shift in centre frequency with respect to value on initial exposure to 

H2O (Corrected for viscous load of electrolyte)

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

Column B is open circuit data after electrochemical cycling at each concentration
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Fig 3 4 3 and Table 3 4 2 show that as the concentration of HCIO4 is increased, there 

is a large decrease in 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 in frequency is considered to represent the protonation of the 

pyndine moieties of the polymer backbone [1 2 2 ] and the influx of perchlorate counter­

anions required to maintain electroneutrality The mass increase occurs at open circuit, 

thus illustrating that protonation is associated solely with the physico-chemical properties 

of the metallopolymer and, as such, is a feature of all PVP-based redox polymers of this 

type

In Fig 3 4 3, with the exception of 0 01 M HCIO4 , the crystal resonance shape 

becomes slightly sharper as the electrolyte concentration is 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 in the number of fixed-charge sites of the polymer backbone and the 

insertion of CIO4 - counter-anions, the polymer layer becomes more ngid The broadening 

of the admittance spectrum in 1 0 M HCIO4 (Fig 3 4 3 - 1) is not thought to represent 

polymer expansion, but can be attributed to the large increase in the electrolyte viscosity 

at this concentration The effect of increasing HCIO4  electrolyte concentration on the 

resonance shape of an uncoated crystal is illustrated in Fig 3 4 5 for HCIO4 

concentrations ranging from 10-5 M to 4 0 M

The increase in 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 CIO4 - [130] can result in 

dehydrated and deswollen polymer structures, as observed previously for quatemised 

PVP [124,125] Deswelling of the polymer phase at high electrolyte concentrations, due 

to the decreased activity of the solvent in the external solution [108,109,119] is also to be 

expected
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In 0 01 M HCIO4 , however, a broadening of the coated crystal resonance is observed 

(Fig 3 4 3 - G) This cannot be attributed to the viscous liquid load of the electrolyte and 

must represent the expansion of the polymer layer As will be discussed below and in 

Section 3 4 3 2, at this electrolyte concentration there is incomplete protonation of the 

polymer backbone The ionic content of the polymer film increases without the extensive 

inter-chain crosslinking which occurs at higher HCIO4  concentrations, resulting in an 

increased tendency for the polymer matrix to swell

The admittance spectra obtained with decreasing electrolyte concentration (Fig 3 4 4) 

do not retrace those obtained on initial exposure (Fig 3 4 3) This is clearly illustrated in 

Fig 3 4 6 , where the resonant frequency is plotted against the electrolyte pH Graph A 

represents the frequency change as the electrolyte is initially increased, while Graph B 

corresponds to the frequency changes as the electrolyte concentration is 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 in the ordinate in Fig 3 4 6 , and represent the change in the ion and solvent 

content of the polymer phase relative to the initial level of imbibed solvent

The change in resonant frequency at concentrations more dilute than 0 01M HCIO4 ,

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 is only facilitated by the extensive 

interfacial counter-anion and solvent transfer that occurs during electrochemical 

cycling "Break-in" effects have been observed for many electroactive polymers, where 

the initial low polymer phase solvent and / or electrolyte content results in an 

electrochemical response for the first redox cycles which differ from those subsequently 

seen [78,105,108-111, 130]
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Fig 3 4 5 The effect of HC104 concentration on the uncoated crystal resonance
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Fig 3 4 6 The shift in resonant frequency for [Os(bipy)2(PVP)ioCl]+ coated 

crystal on (a) initial exposure to increasing HCIO4 concentration 

( without voltammetry) and (b) exposure to decreasing HCIO4 
concentration (with voltammetry) Data taken from Table 3 4  2
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At concentrations greater than 0 01 M HCIO4 , the increase in rigidity afforded by the 

crosslinking of the pyridine units of the fully protonated backbone by CIO4 -, results in no 

change in 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 in an increase in layer mass In 

addition, the reduced crosslmking due to the lower CIO4 - content, coupled to the

increased swelling pressures which exist in dilute electrolyte concentrations [119], results 

in further polymer solvation and expansion

Although there are changes in the morphology of this metallopolymer with changes in 

HCIO4  concentration, these changes are small and are insignificant in comparison with 

the swelling of this polymer in contact with pTSA electrolyte (see Chapter 4) The 

maintenance of rigid structures for polymer films which are only partially protonated, 

suggests that crosslmking occurs at all concentrations and indicates that perchlorate must 

exist in clusters within the polymer matrix when present in small quantities This is in 

agreement with the observed behaviour of perchlorate in quaternary ammonium anion 

exchangers [131] Having demonstrated the rigidity of this polymer at all HCIO4

electrolyte concentrations it is now possible to give a quantitative assessment of mass 

changes occunng within the layer
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3 4 3 2 HClOd 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 in the active 

mode The "titration" was performed as before However, m order to ensure the expulsion 

of chloride from the polymer layer and the conversion of the polymer to the perchlorate 

salt form, the film was scanned voltammetncally for several hours at 1 mVs-1 at pH 3 50 

The electrode was then nnsed a number of times, stored in M1II1-Q water and the 

experiment continued at this pH The increase in mass associated with the counter-anion 

exchange of the polymer salt was corrected for in all subsequent mass calculations 

Although the hydration numbers of the two anions differ [132], no change in the solvent 

content of the film due to these differences was corrected for This is due to the lack of 

detailed knowledge of the level of solvation of anions in polymeric membranes

At each pH below pH 3 50 the mass of the electrode was measured at open circuit 

before and after continuous voltammetnc scanning of the Os11/ 111 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 in Section 3 4 3 1, 

and will be addressed further m Section 3 4 4 2a

Fig 3 4 7 (Graph A) and Table 3 4 3 summarise the mass data obtained at open circuit
/

as the electrolyte concentration is increased from pure solvent to ca 4 0 M HCIO4 All 

masses quoted are in addition to the initially imbibed solvent estimated m Section 3 4 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 estimate of surface
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Fig 3 4 7 The change in resident layer mass of a [Os(bipy)2 (PVP)ioCl]+ coated 

crystal as a function of HCIO4 electrolyte concentration (sic pH), for

(A) Os11 and (B) Os111 oxidation states Gravimetric surface coverage is 

8  7 x 10' 8 molcm-2
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Table 3 4 3 Change in resident layer mass with increasing HCIO4 

concentration for data illustrated in Fig 3 4 7 (A)

HCIO4 pH 

(sic Cone )

Af (a) 

(kHz)

AM(b)

( pgcm-2 )
Mass per pol unit (c) 

(g pol equiv -1)

CIO4 - content (d) 

(mol pol equiv -1) 
A B

6  0 0 0 0 0 0 0

5 15 - 0 429 1 849 2 1 0 2 0  1

4 00 - 2 326 1 0  028 116 1 0 07

3 50 - 3 749 16 161 184 1 6 1 1

3 00 - 6  303 27 169 314 27 1 9

2 50 - 8  759 37 756 436 37 26

2  0 0 -14 393 62 040 716 6  1 43

1 50 -16 234 69 975 808 6 8 4 9

1 0 0 -17 323 74 669 862 73 52

0 50 -17 411 75 048 867 7 4 53

0  0 0 -18133 78 161 903 76 55

a) Decrease in resonant frequency, corrected for changing electrolyte viscosity

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

c) Calculated from gravimetric surface coverage (8  7 x 1 0-8  molcm-2)

d) Column A assuming insertion of dehydrated CIO4 - and H3O+ per uncoordinated 

pyndine moiety

Column B assuming insertion of hydrated CIO4 ' (hydration number 2 6 ) 

and H3O+ per uncoordinated pyridine moiety
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coverage, are in excellent agreement with those obtained in Fig 3 4 6  Fig 3 4 7 (Graph 

B) represents the mass of the fully oxidised layer and will be discussed later in Section 

3 4 4

Table 3 4 3 summarises the estimated number of perchlorate anions per 

[Os(bipy)2 (PVP)ioCl](C1 0 4 ) unit at increasingly acidic pH Assuming the insertion of 

H3O+ with solvated perchlorate, using the solution hydration number of 2 6  [132], an 

upper limit of ca 6 anions per polymer unit is obtained This suggests incomplete 

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

acidic than the pKa of the PVP homopolymer (pKa 3 30) [122] For the incorporation of 

H3O  with an unsolvated anion, an upper limit of ca 8  perchlorate anions per polymer 

unit is 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 nei 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 H2O structure by CIO4- 

may result in a reduction of the polymer phase solvent content [123,124] This may be 

evidenced by the layer compaction and increased polymer rigidity with increasing levels 

of protonation, as observed in Fig 3 4 3 and Fig 3 4 4 It is also possible that, while the 

overall level of polymer phase solvent content remains constant, the sorption of solvated 

CIO4- and H 3 O  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 is also anticipated to result in deswelling of the polymer layer

However, there is no evidence for the transfer of solvent either into or out of the 

polymer layer, if occunng at all Furthermore, it is clear that while some solvation of 

perchlorate 10ns is expected within the polymer, solution values for anion hydration are 

inappropriate Regardless of the level of protonation, it is seen that for a polymer 

exhibiting a 6  to 1 0  fold increase in ionic content, the extent of solvent movement is

129



In Fig 3 4 7 (Graph A), at pH less than 0 5 the resident mass within the polymer layer 

begins to increase further This is attributed to a breakdown of permselectivity and the 

influx of co- and counter- ions into the polymer layer The lowenng of solvent activity at 

increased concentrations, coupled with the increase in the perchlorate content within the 

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

3 4 3 3. The evaluation o f the p K ^ app of p y p .

The plot of the change in polymer layer mass with increasing HCIO4 concentration in 

Fig 3 4 7 (Graph A) can be viewed as the gravimetric titration of the free pyndine groups 

of the PVP backbone of the polymer Assuming that the pH of the resin phase in the 

equilibrated polymer layers is the same as that of the contacting electrolyte, the apparent 

pKa of the protonated pyndine groups, pKaaPP, may be calculated using the Henderson- 

Hasselbach equation [119,133],

pH = p K aapp + log ( a / ( l- a )  } (3 4 1)

where the p K aapp is defined by,

considerably less than would be expected

a  is the degree of dissociation of the protonated polymer backbone and is determined

pKaapp = - logio { [PVP][H+] / [PVP H+] } (3 4 2)

by,

(X — (AMjotal " AM) / AMtotal (3 4 3)
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where AMtotaI is the total mass change observed on increasing the pH from ca 6  0 0  to pH 

0 5, and AM is the mass change at a given pH Substituting into Eqn 3 4 1,

pH = pKaapp + logio { (AMtotal / AM) - 1 } (3 4 4)

Fig 3 4 8  shows the plot of logio { (AMtotal / AM) - 1 } vs pH for the rising portion of 

the layer mass-pH profile Two areas of differing behaviour exist, with a transition 

occunng at pH 2  54 (± 0  1 0 ) At this pH logio { (AMtotal / AM) - 1 } is zero and, 

according to Eqn 3 4 4, defines the pKaaPP of the PVP backbone Significantly, as 

discussed in Section 3 4 3 1, it is at electrolyte concentrations corresponding to this pH 

(ca 0 01 M HCIO4 ) that morphology changes within this polymer are also found to occur 

At pH above pH 2 50, the slope of the plot in Fig 3 4 8  is 0 60 ± 0 10 Eqn 3 4 4 

predicts a slope of unity, thus the calculated slope indicates that there is a lesser 

dependence of polymer protonation on the solution pH than expected In this region the 

concentration of the contacting electrolyte is 10-5 M to 10-3 M, while the concentration of 

the osmium fixed sites is 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 plot is 1 20 ± 0 07 This is in near­

agreement with the predicted protonation-pH behaviour in Eqn 3 4 4 and suggests that 

electrolyte partition into the polymer layer is not retarded by membrane potentials In this 

lower pH range there will be less efficient electrolyte exclusion and the increased ion 

association within the layer, as manifested by the increased polymer rigidity in Section 

3 4 3 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 pKaapp of PVP

While the development of membrane potentials and polymer morphology changes 

undermine the assumptions for the application of the Henderson-Hasselbach equation, it
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is clear that the pKaaPP for the PVP backbone of the metallopolymer is more acidic than 

the pKa of the homopolymer in solution (2  54 versus 3 30 [1 2 2 ]) This reflects the 

exclusion of electrolyte from the polymer layer Of greater significance, however, is 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 ngid 

polymer films

HCIO.J ELBCTRO LYTE pH

Fig 3 4 8  Graph of log io { (AMtotai / AM) - 1  } vs HCIO4 electrolyte pH 

for rising portion of resident layer mass data in Fig 3 4 7 (A)
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3.4.4. Mass changes accompanying Os11/111 couple.

3 44  1 General description o f the redox process

In Section 3 4 3 the affect of the electrolyte concentration in determining the anion, 

co-ion and solvent population within the polymer layer in the reduced Os11 state was 

examined The changes in layer mass due to the one-electron oxidation of Os11 to Osm in 

a l l  acid electrolyte (H3O+XCIO4 -), is now considered The description of redox 

switching m polymer films outlined here is one which requires the polymer phase and 

solution phase species to be distinguished In this regard the EQCM is particularly suited 

to an investigation of redox-induced transfer of mobile species

The reduced state of the polymer contains a counter-anion, A-, and an undetermined 

amount of electrolyte, b, for each (Os11)+ centre The total polymer population of anion is 

thus (1+b) Ap-, and that of the hydronium ion, (b) H3 0 p+, 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 Os11 state of the 

polymer also contains a quantity of solvent, (w) H2 0 p, which may be assumed to be the 

initially imbibed solvent, as discussed in Section 3 4 2

On oxidation of the osmium centres electroneutrality is maintained by the influx of 

counter-anion from the bathing solution,

{ (Os»)+ (A-) } p + As- { (Osin )2+ (A-)2 } p + e- (3 4 5 )

The bathing solution is 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 is the 

expulsion of hydromum ions,

(y) { (Os11 )+PVP H3O+ (A- )2 } p + (y)H2Os ^   r  (3 4 6 )

(y) { (Osin )2+PVP (A- )2 + H20  } p + (y) H3Os+ + e-
1

In this way the hydromum ion population within the film is decreased to (b-y)

H3 0 p+, while that of the solution phase is increased by y For every osmium centre

oxidation electroneutralised in this way, the requirement for anion ingress during 

oxidation is negated Hence, the polymer phase population of anion on oxidation is 

correspondingly reduced to (2+b-y) Ap- The overall solution phase condition for the 

anion after oxidation is therefore (y-1) As-

The change in the ionic concentration of the internal polymer pore liquid dunng 

redox processes is expected to result in a change in the activity of the interstitial solvent 

[113] Solvent movement into or out of the layer, defined by the coefficient x, is 

therefore expected As can be seen from Eqn 3 4 6 , cation loss dunng 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) H2 0 p, with the solution phase 

necessarily changing by (-x-y) H2 0 s

Combining Eqn 3 4 5 and 3 4 6 , the half reaction for Os11 oxidation can be descnbed

by,

{ (Os« )+ + (1 +b) A- + (b) HiO+ + (w) H20  } p ......  =  r  (3 4 7 )

{ (Os111 )2+ + (2+b-y) A- + (b-y) H3O+ + (w+x+y) H2O } p + e-
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There is 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 relationships will exist between the stoichiometric 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 is expected The transport 

of other net neutrals, such as ion pairs and undissociated molecules, is also possible and 

can be included in the overall equation All these mass transfer processes are driven by 

their 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]

r
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3 4 4 2. Effect o f HClQd concentration on Redox-induced m ass changes

Table 3 4 4 summarises the normalised mass changes associated with redox switching 

in a senes of HCIO4  electrolytes at cyclic voltammetnc time scales of 1 and 5 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 is considered that the trends in 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 in the ionic strength of the contacting 

electrolyte This is seen in Fig 3 4 7, which illustrates the layer mass as a function of 

osmium redox state and electrolyte concentration

Fig 3 4 1 shows a typical cyclic voltammetnc response for the Os« / 111 couple at 5 mVs-l 

in 0 1 M HCIO4 (see Section 3 4 12) This figure also includes the mass change within

the polymer layer associated with the maintenance of electroneutrality dunng the charge 

transport process While true surface behaviour is not observed in HCIO4  electrolytes at 

these cyclc voltammetnc time scales, Fig 3 4 1 shows that the mass change within the 

polymer has attained a steady state value The results m Table 3 4 4 indicate that for most 

electrolyte concentrations there is little difference in the normalised mass changes 

obtained at 1 and 5 mVs-l 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 summanses the potential for the half-total-mass-change, Ei/2 (m), and the 

half-total-charge-change, Ei/2 (q) [20,103] for the oxidation and reduction of the polymer 

at 1 mVs~l at each electrolyte concentration At all but the lowest and highest 

concentrations, E 1/2 (01) and Ej/2(q) coincide for both anodic and cathodic processes,

indicating concomitant mass and charge transfer [20,103]
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Table 3 4 .4. Normalised mass for redox switching in [Os(bipy)2(PVP)ioCl]+

modified crystals at 1 & 5 mVs-1 in a senes of HCIO4 electrolytes

HCIO4  Cone Normalised Mass Change ( gmoH )

( Molar) A 1 mVs-1 (a) B 5 mVs-1 (a)

0  0 0 1 91 (2 0 ) 60 (1 2 )

0  0 1 186 (5) -

0 03 - 155 (2 )

0 1 0 143 (1) 142 (3)

0 30 147 (1) 143 (1)

0 70 146 (1) 145 (1)

1 0 0 142 0 ) 142 (2 )

2  0 0 186 (3)* 183 (3)*

3 00 - 479 (5)*

4 00 -304 (1 0 )* - 2 2 1 (40)

a) Normalised mass averaged on at least three repeat determinations of each polymer 

film and on at least two different polymer coatings (standard deviation from the 

mean value is quoted in brackets)

* denotes three repeat determinations on a single film only
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Table 3 4 5 The formal potential of the Os11/ 111 couple and the half-mass and 

half-charge potentials for oxidative and reductive processes

HCIO4 Cone E'app (a’b) Oxidation (b) Reduction O’)

(Molar) ( mV vs SCE ) Ei/2 (m) Ei/2(q) Ei/2 (m) Ei/2 (q)

0  0 0 1 337 408 389 318 297

0  0 1 282 292 292 278 278

0 03 248 268 269 223 223

0 1 0 2 1 2 216 2 2 0 208 2 1 0

0 30 190 188 191 180 180

0 70 170 178 182 155 157

1 0 0 165 166 179 145 149

2  0 0 130 127 132 131 130

3 00 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 

( 2 0  ± 2  oQ
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The change in the formal potential of the Os” / » 1 couple, E'app, with electrolyte 

concentration is also shown in Table 3 4 5 E’app is 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 CIO4 - 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 variation in E app with electrolyte ionic strength is due to the change m free

energy associated with the transfer of the anion from the bathing solution to the polymer 

phase [134,135], and is given by the Nemstian expression [134],

E’app = Eo - (RT/nF) In { (aA-s) / (aA-p) } (3 48 )

where Eo is the formal potential of the redox couple and aA-s and aA-p are the activities

of the counter-anion m the external solution and the polymer phase, respectively 

Provided that aA-p remains essentially constant as the electrolyte concentration is varied, 

and that there is no significant change in polymer swelling, Eqn 3 4 8 has a predicted 

slope of -59 mV decade- 1 of anion activity The slope of the plot in Fig 3 4 9 for the 

concentration range 0 001 M to 1 0 M HCIO4 , is -61 ±3  mV decade-1, and has an

intercept at unit activity of 153 ± 5 mV vs SCE The near-Nemstian slope is indicative of 

permselective behaviour for the osmium metallopolymer in this concentration range, with 

little co-ion participation in the charge transport process Similar behavior has been 

observed in near-neutral pH perchlorate electrolyte for this polymer [21] and for PVF 

[78,102]
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Fig 3 4 9 Nemst plot for [Os(bipy)2 (PVP)ioCl]+ polymer films in HCIO4 
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3 4 4 2a Concentration range 0 1 M to 1 0 M HCICU

In the concentration range 0 1 M to 1 0 M HCIO4 , the layer mass in the reduced Os»

state is essentially constant, and has been found to represent the complete protonation of 

the uncoordinated pyndine moieties of the PVP backbone The incorporation of CIO4 - in

the fully protonated polymer has been shown to cause an increase in rigidity and, 

consequently, a lowenng of the free volume of the polymer matrix Both the mechanical 

forces involved in anion insertion [126*128] and the movement of solvent in response to 

activity gradients [113], indicate that significant changes in layer morphology may occur 

dunng redox processes in this polymer Indeed, morphology changes have been observed 

previously for this polymer in a highly swelling electrolyte, H2SO4 using STM [137]

In order to determine whether significant polymer layer morphology changes occur 

dunng redox processes, the admittance-frequency response of the crystal was measured 

dunng redox switching The shape of the crystal resonance for the polymer layer in the 

fully reduced and fully oxidised states, for a senes of HCIO4 electrolytes, is summarised 

in Table 3 4 6  Fig 3 4 10 and Fig 3 4 11 show the change in the admittance spectrum 

dunng polymer oxidation in 0 1 M and 1 0 M HCIO4 , respectively The monotonic

decrease / increase in the resonant frequency as redox switching occurs is indicative of 

the anion and solvent insertion / expulsion, while the constant resonance shape (see Table 

3 4 6 ) indicates that there is little change in the viscoelasticity of the polymer layer and 

that no significant redox-induced mrphology changes occur Therefore, in the 

concentration range 0 1 M to 1 0 M HCIO4 , the rigidity of the polymer layer is

maintained dunng redox switching and the frequency-mass relationship of Section 3 2 2 

is not compromised

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

centres (1 e anodic charge), obtained in 0 1 M HCIO4 at 5 mVs- 1 for films of varying 

thickness This plot is linear, with a zero intercept The result in 1 0 M HCIO4 is similar
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Table 3 4 6 The change in admittance spectrum during redox switching for a
[Os(bipy)2(PVP)ioCl]+ coated crystal in a series of HCIO4 electrolytes
Scan rate 5 mVs-1 , gravimetric surface coverage is 2 8 x 10-8 molcm-2

HCIO4 Cone 

( Molar)

Af(a,b)

(Hz)

Admittance Maximum 

( Ü-1 x 1 0 2)

PWHM (a) 
(kHz)

Osn Osni O s« Osni

0  0 0 1 -254 0444 0 444 6 669 6  669

0 004 -351 0 420 0 414 7 086 7 346

0  0 1 -897 0 424 0 406 7 138 7 763

0  1 0 -780 0 462 0 456 6  252 6  356

1 0 0 -741 0 450 0 450 6  460 6  460

(a) Data interpolated from points of 20 Hz resolution

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

gain during polymer oxidation
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redox switching in 0 1 M HCIO4 at 5 mVs-l Coulometnc surface

coverage 2 x 10'** molcm*2

Fig 3 4 10 Admittance spectra for an [Os(bipy)2(PVP)ioCl]+ coated crystal dunng

FREQUENCY ( Hz x 1(H )

Fig 3 4 11 Admittance spectra for the same [Os(bipy)2(PVP)ioCl]+ coated crystal 

in Fig 3 4 10, but for redox switching in 1 0 M HCIO4 at 5 mVs 1

FREQUENCY ( Hz x 10 1 )

143



M
A

SS
 

( 
ng

cm
 

-2 
)

Fig 3 4 12 The end-to-end mass change accompanying polymer oxidation at 

5 mVs-1 in 0 1 M HCIO4 versus the surface coverage of oxidised 

centres (1 e the charge passed)
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A significant change in polymer structure in different oxidation states would result in a 

change in the coupled viscious liquid load [32-34] and a non-zero intercept in Fig 3 4 12 

would result Fig 3 4 12 and the data presented in Table 3 4 6 indicate that, in this
i

concentration range of HCIO4 , minimal structural changes occur

For non-ngid polymer layers, viscoelasticity becomes more pronounced as the surface 

coverage is 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, is less than the true mass change occunng [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 in 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 is little

variation in the mass change associated with the oxidation of each osmium redox centre 

The potentiometnc data in Fig 3 4 9 indicate the existence of a permselective film This 

reflects the layer properties in the Os11 state The Os11 layer mass in this concentration 

range also remains invariant (see Fig 3 4 7), with no change in polymer structure 

occunng (Section 3 4 3 1) In addition, the layer mass is only sufficient to account for the 

perchlorate required for electroneutrahty within the protonated polymer (see Section 

3 4 3 2), and no free electrolyte resides within the polymer at concentrations less than 1 0 

M HCIO4

Because of this permselectivity 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 is close to 

the hydration number of CIO4- of 2 6 [132] However, it has been shown that solution 

values for anion hydration are not applicable to the ion within polymer films Indeed, for 

mass transfer within this polymer in NaClC>4 , no solvent transfer with the counter-anion

was observed [2 0 ,2 1 ] As will be discussed in Chapter 5, under more dynamic
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experimental conditions solvent movement and perchlorate anion movement are 

resolved, indicating that the solvent is not specifically associated with the amon The 

solvent transfer can thus be viewed as being in response to the activity gradient 

established by the decrease in the interstitial solvent activity during oxidation of the 

polymer layer [113]

The mechanism of co-ion expulsion, from either interstitial co-ion in the pore liquid or 

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

the <I>ci04- a°d  mass-charge plots shown in Fig 3 4 13 and Fig 3 4 14 for 0 1 M and 1 0 

M HCIO4 , 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 <J> plot is a 

feature of the behaviour of this metallopolymer in HCIO4 (vide infra), and has been 

observed previously in a study of polybithiophene [40] Non-closure of the plot may arise 

from trace oxygen in solution, or instrumental drift in the integrator offset, which can 

become significant during the slow scan rates used here However, it is thought that the 

drift in charge is most probably due to incomplete charge recovery from the compact 

polymer structures which exist in HCIO4 electrolyte

The <l>ci04- plot, as defined m Section 3 2 5, is indicative of the movement of all 

mobile species, except the chosen ion (in this case, the counter-anion) In Fig 3 4 13 and 

Fig 3 4 14, the monotonic change in <J>ci04- represents the concomitant movement of all 

mobile species with the anion This, as well as the E i/2(m) and Ei/2(q) data in 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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Fig 3 4 13 <E>C104- and mass-charge plot for [Os(bipy)2(PVP)ioCl]+ m O l M

HCIO4 at a scan rate of 1 mVs 1 The coulometnc surface coverage
is 2  x 1 0 '8 molcnrr2

CHARGE ( jiC )

Fig 3 4 14 $ao4- anc* niass-charge plot for [Os(bipy)2(PVP)ioCl]+ in 1 0 M

H C IO 4 at a scan rate of 1 mVs-1 Polymer film as in Fig 3 4 13

C H A R G E ( n C )
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The stoichiometric coefficients for the Os11 oxidation, described in 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,

{ (Os«)+A- } p + As- +  2 6  H2Os (OsM)2+(A-)2 + 2 6  H20  }p + e- ( 3 4 9 )

Because co-ion expulsion is not observed (1 e y=0) the polymer ion content due to PVP 

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

3 3 4 2b Concentration ranee 0 1 M to 0 001 M HClOd

From Section 3 4 3, it was seen that in the concentration range 0 001 M to 0 1 M 

HCIO4 there is considerable variation in the levels of protonation of the polymer 

backbone It is clear from Table 3 4 4 that the subsequent effect on film structure has a 

profound influence on the normalised mass changes occunng during redox processes 

The inter-relationship between polymer morphology and the extent of solvent transfer 

is evident in Fig 3 4 15, which shows the change in the admittance-frequency response of 

the coated crystal during redox switching in 0 01 M HCIO4 at 5 mVs-1 Table 3 4 6 

shows that of all concentrations studied, it is 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 matrix, 

coupled with the increased swelling pressures which exist in more dilute electrolytes, 

ultimately results in conditions which favour swelling at ca 0 01 M HCIO4 Fig 3 4 15

clearly illustrates how this change in morphology is exacerbated during oxidation of the 

polymer layer, where the increase in the ionic content of the layer increases the tendency 

to swell further The normalised mass change of 186 gmol-1 thus represents the increased 

level of solvent
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Fig 3 4 15 Admittance spectra for an [Os(bipy)2(PVP)ioCl]+ coated crystal during

redox switching in 0 01 M HCIO4 at 5 mVs-1 Coulometnc surface
coverage 2  x 10 ‘ 8 molcnv2
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movement facilitated by the change in polymer structure and is, in turn the cause of 

further swelling

The morphology change m 0 01 M HCIO4 affects the evaluation of normalised mass 

For thick layers, with surface coverage greater than 1 x 10-8 molcm-2, the value of 186 

gmoH is obtained For thin polymer films (less than 10' 8 molcm-2), a mass change of 

only 126 gmol-1 is observed These observations are at variance with what is expected 

for films which exhibit significant viscoelasticity, where an increase in film thickness
1

would result in a reduction in the mass change observed [23]

Fig 3 4 16 (a) illustrates the Oci04- and mass-charge plot obtained in 0 01 M HCIO4 

at 1 mVs-1 for a thin film, with surface coverage 5 x 10-9 molcm-2 The Oci04- plot 

clearly shows that for the first 2 0 % of redox conversion there is no net movement of 

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

film (with surface coverage 2 x 10-8 molcm-2), is shown in Fig 3 4 16 (b), where O cio4~ 

is  indicative of the concomitant movement of solvent and anion throughout all stages of 

oxidation It is thought that the morphology changes occunng dunng redox processes at 

this HCIO4 concentration may result in an under-evaluation of mass changes occunng

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

normalised mass change subsequently reduced
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Fig 3 4 16. <I>ci04- and mass-charge plot for [Os(bipy)2 (PVP)ioCl]+ in 0 01 M
HCIO4 at a scan rate of 1 mVs-1 The coulometnc surface coverages
are (A) 5 x 10-9 molcnv2 and (B) 2 x 10~8 molcm-2

151



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-l, for a polymer of surface coverage 2 x 10-8 molcnv2 m 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 mterfacial mass transfer lags 

behind the passage of charge This is also seen in Table 3 4 5, where Ei/2(m) and Ei/2(q) 

do not coincide

The kinetic limitations evident in the cyclic voltammogram of Fig 3 4 17 indicate that 

charge transport within the polymer is slow In Section 3 4 3 3 it 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-ion transfer, it is 

not anticipated to result in the kinetic limitations for anion transfer during redox 

switching which are indicated from the cyclic voltammogram in Fig 3 4 17

Fig 3 4 18 illustrates the corresponding $C104~ and mass-charge plots for the data in 

Fig 3 4 17 The continued decrease in 3>ci04- Wlth the passage of anodic charge indicates 

that the mass gain observed at the electrode is insufficient to account for the mterfacial 

movement of a counter-anion per redox site conversion

If anion insertion does maintain electroneutrahty, the ^ciCM- plot represents the net

movement of large quantities of solvent from the layer This cannot be in response to 

activity gradients The activity of solvent in the bathing electrolyte, which also defines 

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

change significantly at concentrations less than 0 1 M HCIO4 and the activity gradient 

established by polymer oxidation should be similar [112,113]

In Table 3 4 6 there is no change in the admittance spectrum of the coated crystal 

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

resonance indicates that there is no contribution from changes in viscoelastic
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Fig 3 4 17 Cyclic voltammogram and mass-potential plot for [Os(bipy)2(PVP)ioCl]+
coated electrode in 0 001 M HCIO4 Scan rate is 5 mVs 1, coulometnc
polymer surface coverage is 2  x 10-8 molcnr2

V vs SCE

Fig 3 4 18 <I>ci04- and mass-charge plot for [Os(bipy)2(PVP)ioCl]+ in 0 001 M

HCIO4 at a scan rate of 5 mVs-1, for data in Fig 3 4 17

CHARGE ( yiC )
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characteristics to the change in mass occuring dunng redox switching Changes m 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 gmoH in 0 001 M electrolyte at 1 mV-1 (Table 

3 3 4), is approximately the mass change observed at 0 01 M HCIO4 minus the molar 

mass of the perchlorate anion (1 e 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 in mass after completion of 

the oxidation of osmium centres in Fig 3 4 17 corresponding to the slow, continued influx 

of solvent This is in agreement with the theoretical considerations of Bruckenstein etaC 

[1 1 2 ], which predict that at infinite dilution the redox factors governing ion 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 in 0 001 M HCIO4 (see Chapter 

5), and the potentiometnc data in Fig 3 4 9, indicate that it is anion activity which 

determines the redox behaviour of the Os11/» 1 couple

In order to evaluate whether co-ion expulsion is likely to be responsible for the 

maintenance of electroneutrality in dilute electrolytes, it is necessary to consider the time 

required for the diffusion of a counter anion from the bulk electrolyte to the polymer 

layer This is given by [139],

t = L 2 /(D s 7T) ( 3 4 9 )

where t is the time required for diffusion (s), Ds is the diffusion coefficient for solution 

species (typically 5 x 10-6 cm^s-l [139]) and L is the diffusion layer thickness L is 

estimated in 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 is 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 mechanisms for satisfying 

electroneutrality may operate but are not necessary

However, it is clear from the cyclic voltammogram obtained at 5 mVs-1 in 0 001 M 

electrolyte, that kinetic limitations do exist and that co-ion participation may be utilised 

In dilute HCIO4 electrolytes the level of protonation of the polymer decreases, so acicw p 

(Eqn 3 4 8), can no longer be assumed to be much greater than the concentration of 

osmium centres and may change significantly in the course of redox switching [133] 

Thus, although the polymer film remains permselective, the potentiometnc data are not 

unambiguous proof of anion activity control It is thought, therefore, that the redox- 

mduced mass transfer behaviour in 0 001 M HCIO4 reflects both counter-anion insertion 

and co-ion expulsion mechanisms

Irrespective of the contribution to the maintenance of electroneutrality from each ion, 

severe limitations on the interfacial movement of 10ns exist in 0 001 M HCIO4 This is

surprising considering the relatively more expanded polymer structure which exists at 

HCIO4 concentrations below 0 01 M (see Section 3 4 3)
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3 4 4 2c Concentration ranee 1 0 M to 4 0 M HClOd.

As the electrolyte concentration is increased from 1 OM to 3 0 M HCIO4 the 

normalised mass changes become greater (see Table 3 4 4) This is attributed to the 

failure of permselectivity and the ingress of (H3O X C IO 4-) into the polymer layer during 

redox switching [31,39,102]

The loss of permselectivity at high concentrations is evidenced by the increase in 

layer mass data (Section 3 4 3), and by the breakdown of the Nemstian relationship 

between CIO4- activity and E'app (Fig 3 4 9) As has been observed throughout for the 

redox-induced mass changes in HCIO4 , and will be seen in Chapter 4 for the behaviour of 

this metallopolymer in para-toluene sulphonic acid, any change in the properties of the 

polymer in the reduced state are highlighted during redox switching

Assuming that the solvent transfer due to activity considerations is the same as for 

lower concentrations (ca 2 - 3  solvent molecules per redox site conversion), the increase 

in the normalised mass observed in Table 3 3 4 at higher concentrations is due to neutral 

perchlonc acid transfer Thus, at 3 0 M HCIO4 , the transfer of acid is (479 - 99 5 - 45) 

gmol-1, which is equivalent to 2 8 moles of (H^0 +)(C1 0 4 -) per mole of osmium sites 

The reaction for osmium oxidation, considering only the net changes of the species 

within the polymer layer, is therefore now described by,

{ (O sn )+  A - } p +  (l+b )s A- +  (b)s H 1 O +  + 2 6  H 2O s -  ■ = ?  ( 3 4 1 0 )

{ (Os»02+ (A2-) + 2 6 H20  + b (H30  A -) } p + e- 

where the value of b is 2  8
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In 4 0 M HCIO4 the mass transport process changes, and a large net mass loss is 

observed for the overall oxidation, Fig 3 4 19 shows the cyclic voltammogram and the 

mass-potential plot at 5 mVs-1 in 4 0 M HCIO4 Fig 3 4 20 illustrates the corresponding 

$0104- and mass-charge plots For the first 30 - 40% of redox conversion there is a mass 

influx into the polymer layer, equivalent toco. 594 gmol-1, yielding a value of 3 8 for the 

stoichiometric coefficient b in Eqn 3 4 10 This large value of (H3O+) (CIO4-) transfer 

into the film reflects the breakdown of permselectivity, as observed in both 2 0 M and 3 0 

M electrolyte concentrations However, dunng continued oxidation there is a mass 

exodus from the polymer layer

The fixed site concentration of osmium centres is ca 0 7 M On complete protonation 

of the PVP backbone the fixed site concentration will increase tenfold to ca 1 0 M Film 

compaction in HCIO4 will increase this concentration further [131] Thus, at 4 0 M 

HCIO4 the concentration of bathing electrolyte is a significant fraction of the polymer 

phase fixed-site concentration In a model developed for ion-exchange membranes by 

Gregor [138], the partial exclusion of free electrolyte from the membrane, in 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 in the contacting solution This "counter-Donnan" osmotic flux not 

only results in deswelling, but also serves to exclude electrolyte further and thus cause 

further flux of material from the layer [138]

The initial mass increase in 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 

thermodynamically 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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Fig 3 4 19 Cyclic voltammogram and mass-potential plot for [Os(bipy)2(PVP)ioCl]+
coated electrode in 4 0 M HCIO4 Scan rate is 5 mVs-1, coulometnc
polymer surface coverage is 1 5 x 10’ 8 molcm-2

V vs SCE

Fig 3 4 20 3>ci04- and mass-charge plot for [Os(bipy)2(PVP)ioCI]+ in 4 0 M 

HCIO4 at a scan rate of 5 mVs-1, for data in Fig 3 4 19

CHARGE ( jiC )
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3.5. CONCLUSIONS.

Exposure of [Os(bipy)2(PVP)ioCl]+ films to increasing HCIO4 concentration, results 

in protonation of the PVP polymer backbone The change in polymer phase mass reflects 

the electroneutrality requirement for counter-anion insertion, while the the change in 

layer structure is indicative of the increased rigidity of the layer due to the crosslinking of 

the polymer matrix by CIO4- The strong interaction of the counter-anion with the

polymer results in reduced levels of polymer solvation and ngid polymer structures at all 

electrolyte concentrations

The more acidic value for the pKaaPP of the uncoordinated pyndine groups of the

metallopolymer compared to that of the homopolymer, reflects the reduction in volume 

within the polymer layer and the difficulty for counter-anion insertion A change in 

morphology of the layer with changing electrolyte concentration is manifested in two 

distinct regions of diffenng behaviour which exist dunng the protonation process, and 

indicates the exclusion of HCIO4 from the layer at low electrolyte concentrations

A break-in of the polymer is in operation in which an equilibrium level of solvation 

of the underlying base layer is only facilitated by the extensive interfacial movement of 

counter-anion and solvent dunng redox processes

Equilibnum mass changes during polymer oxidation show that ion and solvent 

transfer are greatly influenced by the contacting electrolyte concentration and, 

consequently, by the polymer layer morphology The movement of solvent is determined 

by two finely balanced opposing forces, the tendency for increased polymer solvation due 

to the increase m ionic content dunng 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 it is the restraints imposed on 

the polymer network by the crosslinking C I O 4- anion that dictate the reduced solvent
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movement

The combination of potentiometric and EQCM data show that electroneutrality is 

maintained by counter-anion motion in the concentration range O O lM to lO M  HCIO4 

Solvent transfer, in response to the decrease in activity of the interstitial solvent in the 

oxidised layer, also occurs At very low HCIO4 concentrations kinetic limitations exist 

for interfacial mass transfer and normalised mass changes are indicative of mixed 

transport of co- and counter-ion dunng redox switching

At electrolyte concentrations greater than 1 0 M HCIO4 , permselectivity fails At the 

highest electrolyte concentration investigated, the mass loss dunng 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 CICV-polymer interaction is strong This reduces the number of free 10ns within 

the polymer layer and the requirement for solvation, 1 e the osmotic activity of 10ns in 

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

[Os(bipy)2(PVP)ioCl]+ in para-toluene sulphomc acid is studied The counter-anion 

polymer interaction is anticipated to be quite different, and it 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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The effect of pTSA Electrolyte Concentration 

and Redox Site Oxidation State 

on the Resident Layer Mass of Thm Films 

of[Os(bipy)2(PVP)ioCl]+

CHAPTER 4



4.1. INTRODUCTION.

With the development of synthetic organic ion-exchange resins, in which 

crosslinking, capacity etc can be controlled, a systemmatic investigation into the effects 

of membrane structure on ion-exchange equilibria has been undertaken [1-4] The results 

from this work have demonstrated the importance of the counter-ion interaction with the 

fixed-charge sites of the polymer backbone and its 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-ion 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-ion 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 in 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 ion-aggregate populations within electroactive polymers have been developed 

and have utilised earlier models for ion-exchange membranes [10 ] and polyelectrolyte 

systems [15]

Previous electrochemical studies of the redox polymer [Os(bipy)2(PVP)ioCl]+ have 

indicated that the rate of charge transport is 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 dunng redox switching in different 

near-neutral pH electrolytes [21,22] These effects have been attributed to changes in 

polymer morphology as dictated by the metallopolymer-electrolyte interaction, and a



correlation between the polymer phase solvent content and the rate of charge transport 

has been proposed [2 2 ]

In Chapter 3, the equilibrium mass changes within the osmium metallopolymer in 

HCIO4 were investigated as a function of redox state and electrolyte concentration The

role of solvent was observed to be minimal, due to the dehydrating nature of the counter­

anion In this chapter a similar study is performed in a more swelling electrolyte, para- 

toluene sulphonic acid (pTSA) It is the purpose of this work to investigate the origin 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 pyndine 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 ion-exchange 

structure and thus influence the level of swelling and solvent transfer

This approach is used primarily to explain electrolyte dependent changes in polymer 

morphology in 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 ion-exchange 

membrane in an electric field will be considered

To understand the origin of osmotic pressure within membranes it is useful to first 

consider the nature of osmosis The importance of osmosis in ion-exchange membranes 

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

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

The osmotic transport of solvent is demonstrated by the classical experiment in 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 (ci) to the more concentrated (c2) In an open system, the pressure gradient 

generated by the solute concentration gradient is eventually counter-balanced by the 

increase in 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, in the dilute solution, to lower activity in the more concentrated solution This is 

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

P2 - P i =  R T (c2 -c i)  ( 4 1 1 )

R is the gas constant and T is the temperature Pi and P2 are the pressures at equilibrium 

associated with solutions of concentration ci and c2, 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 time-averaged force 

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

(Eqn 4 1 1)
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4.1.2. Osmotic Transport in Ion-exchange Membranes.

The osmotic movement of solvent as outlined in Section 4 11 pertains to membranes 

which are non-iomc or which are completely impermeable to solute The osmotic 

transport of solvent in such systems is termed "normal" osmosis [2 ]

For ion-exchange membranes, the pressure gradient established, when in contact with 

electrolyte solutions, is denved from the swelling pressure within the membrane Because 

of the high ionic concentration within ion-exchange membranes there is a strong 

tendency for the internal ionic populations to become diluted, i e a high internal osmotic 

pressure exists When in contact with dilute electrolyte solutions or pure solvent, the 

matnx expands as the polymer segments and solution inter-diffuse The swelling, as 

defined by the osmotic pressure (which may be of the order of 1 0 0 0  atm ), is opposed by 

the swelling tension imposed on the polymer segments by the overall polymer structural 

framework [1 ,2 ]

For the situation in Section 4 1 1 the swelling pressure is greater for the membrane 

face in contact with the more dilute electrolyte A purely pressure gradient across the 

membrane, therefore, always results in osmotic solvent transfer from low to high 

electrolyte solutions, i e positive osmosis

The interstitial pore liquid of ion-exchange membranes contains mobile counter-ions 

and relatively few mobile co-ions The pore liquid thus carries a net electric charge The 

osmotic movement of solvent in this case is not only in response to pressure gradients 

across the membrane but is also profoundly affected by the presence of electric fields 

Where this occurs the transfer of solvent is invariably against its chemical potential 

gradient and the solvent flux is termed "anomalous" osmosis [1,2 ]

Due to differences in the mobilities of the counter- and co-ions, strong diffusion 

potentials may arise in the contacting solution These increase with increasingly dilute 

solutions If the counter-ion diffuses faster, the space charge developed at the solution /
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membrane interface results in an electric field which dnves the pore liquid to the more 

concentrated solution The greatly enhanced osmotic flux which results is termed 

"anomalous positive osmosis" Conversely, if the co-ion 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 ion-exchange membrane will similarly 

result in solvent movement, with a net solvent flux in the direction in which the counter­

ions within the membrane are transferred In such circumstances, the solvent transfer is 

termed "electro-osmosis" [24]

The extent of both anomalous and electro-osmosis is determined by the flow 

resistance of the ion-exchange material, the fixed-site concentration, the extent of co-ion 

exclusion from the membrane pores, the ionic mobilities of the mobile ions and the extent 

of specific interactions between the counter-ions within the membrane and the fixed 

membrane sites and /  or the polymer backbone [2 ]

4.1.3. Counter-ion effects m Ion-exchange Membranes.
i

Much of the literature concerning the structure of ion-exchange resins has been 

motivated by the need to determine those factors which govern selectivity coefficients for 

the exchanging ions [2,4,25-27] The results obtained, however, have yielded significant 

insight into the effect of the counter-ion fixed site interaction on the resin structure 

[26,27]

The interaction between counter-ions and the fixed sites of the polymer matnx has 

been visualised by Manning in an "lon-condensation" model for polyelectrolytes [28]

This model sees the counter-ions condensed in a thin layer about the fixed sites of the 

polymer backbone The mobile counter- ions 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 is z, (7 135 A), where zx is the 

valence of the counter-ion The nature of the two-phase properties of polyelectrolyte-salt 

mixtures has also been investigated by Marinsky [15]

In a mechanical model for ion-exchange membranes proposed by Gregor it al [29- 

31], the membrane is viewed as a network of elastic springs, against which the interstitial 

pore liquid exerts a force due to its osmotic pressure These mechanical models have 

shown the relationship between the activity of the mobile counter-ions within the lon- 

exchange resin and the pressure-volume free energy changes involved in the swelling 

process [30] The swollen resin volume is related to the solvent activity within the 

membrane and is thus dependent on the size of the unhydrated counter-ion, ion-solvent 

interactions and lon-pair formation [32]

The size of the counter-ion is of obvious importance The mechanical model of lon- 

exchange resins anticipates that an increase in the molar volume of the counter-ion will 

increase the volume of the resin phase slightly However, because there is a decrease in 

the membrane interstitial volume which can be occupied by solvent, a sharp increase in 

the osmotic pressure of the resin phase occurs [30] These pressure-volume 

considerations are found to be most important in cation-exchange resins [3 3 ], and for a 

1 0% crosslinked poly(styrenesulphonatre) cation-exchanger the level of swelling was 

found to increase with increasing size of the hydrated cation [33]

Specific ion interactions and the formation of lon-pairs results in reduced 

electrostnction of solvent and decreases the osmotic activity of the internal pore liquid A 

reduction m swelling is thus predicted as ion association proceeds [32,33] Van der Waals 

forces may increase with increasing counter-ion size, and for a series of quaternary 

ammonium cations, the level of swelling of 1 0% crosslinked poly (styrenesulphonate) 

resin was observed to decrease for the larger counter-ions due to the increased counter­

ion fixed site interaction [33] In anion-exchange resins, lon-pair formation and amon- 

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 quatemary-ammomum anion-exchanger a decrease 

in the resin volume was observed with increasing unhydrated halide ionic size Similarly, 

for a senes of substituted acetate counter-ions a decrease in resin volume with increasing 

anion size was seen [32]

The valency of the counter-ion has been found to be of importance in determining 

structure in polyelectrolytes and ion-exchange membranes Counter-ions of high valency 

are generally observed to produce low levels of swelling due to their increased 

association with the fixed sites [2,4] For highly cross-linked gels of poly(methacrylic 

acid), multi valent salts were found to result in marked deswelling, compared with the 

H+ form of the gel [34] This was attributed to the contraction of the polymer chains due
j

to cross-linking of the polymer carboxyl groups by the polyvalent counter-ions

The importance of these interactions on ion transport has been addressed in a senes of 

contnbutions from Boyd and Soldano [35-38], concerning the self-diffusion of counter­

ions in cation and anion exchange resins Multivalent cations in sulphonated polystyrene 

cation-exchangers were found to have negative entropies for their self-diffusion This was 

rationalised m terms of these cations having to first dissociate from the resin in order to 

form the activated complex of the molecular diffusion process [35] Such a dissociation 

resulted m electrostnction of solvent molecules and a subsequent decrease in entropy 

Univalent counter-ions, 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 expenments in vanous quaternary 

ammonium type exchangers, neither the rate of self-diffusion nor the entropy of 

activation for self diffusion of anions was found to be affected by valency [36] In all 

cases, only the disordenng 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 with the ionic polymer may 

result in a number of effects In general, however, as the electrolyte concentration 

increases the reduction in the osmotic pressure gradient across the polymer / electrolyte 

interface will reduce the driving force for solvent uptake and deswelling will result [2,41 

Alternatively, the breakdown in 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 

m a concentration gradient for electrolyte across the membrane interface A counter- 

Donnan osmotic pressure is 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)ioCl]Cl 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 pTS A 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 voltammetnc cycling of the Os11/1» couple in 0 1 M pTSA 

The polymer films were then stored in Milli-Q H2O for several days pnor to further

analysis

The change in the resonant frequency of the polymer-coated working crystal in the 

active mode, at open circuit, with increasing pTSA electrolyte concentration is shown in 

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), is 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 in the course of this expenment, 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 1 is retraced when increasing or decreasing the electrolyte pH, 

thus indicating that no irreversible changes in layer structure occur However, in order to 

evaluate any change in polymer structure with changing electrolyte concentration, 

impedance measurements were made These were obtained using a different polymer 

film, with surface coverage 5x10-9 molcm-2, and are illustrated in Fig 4 3 2 to Fig 4 3 4 

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

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

The surface coverage is 2 9 x 10-8 m o lcm -2

pTSA BLECTROLYTE pH
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The admittance spectra at open circuit for a polymer-coated crystal (surface 

coverage 5 x 10 9 molcm-2) in a senes of pTSA electrolytes Fig 4 3 2 H20  to 

10 3 M pTSA , Fig 4 3 3 10 3 M to 0 1 M pTSA and Fig 4 3 4 0 1 to 1 0 M 

pTSA Data are summarised in Table 4 3 1

Fig 4 3 2  to 4 3 4

FREQUENCY ( x 10 5 )

FREQUBNCY ( x 10 5 )

FREQ U EN C Y  ( x 10 5 )
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Table 4 3 1 The effect of pTSA electrolyte concentration on the admittance

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

circuit Gravimetric surface coverage 5 x 10-9 molcnr2

Electrolyte conc 

(Molar)

Admittance Maximum 

(£ 2-1 x 1 0 2 )

PWHM (a) 

(kHz)

Af(a.b)

(Hz)

H2O 0 374 8 958 0 0

1 x 10-5 0 342 10 781 - 416

1 X 10-4 0 336 10 833 - 521

4 x 10-4 0 324 11 615 - 755

1 x 10-3 0 332 10 573 + 313

4 x 10-3 0 290 14 375 - 573

1 x 10-2 0 294 13 750 - 833

4 x 10-2 0 338 10 625 - 938

0 1 0 392 8 281 -2135

0 4 0 378 8 906 -2292

1 0 0 336 10 469 -3229

(a) Interpolated from data points at 20 Hz resolution

(b) Shift in resonant frequency with respect to value of [Os(bipy)2(PVP)ioCl](pTS) 

polymer-coated crystal in H2O Negative values imply layer becomes heavier
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The shift in the crystal resonance centre frequency with changing pTS A concentration 

in Table 4 3 1 exhibits the same qualitative trends as the data depicted in Fig 4 3 1 

(Graph A) While layers of differing thickness may show a slight variation in the exact 

electrolyte pH at which there is a dramatic change in resonant frequency, the same layer 

mass-pTSA pH profile is observed for all polymer films studied The following 

discussion, therefore, is general

4 3.1.1. pH range 4 00 to 2 75

The decrease in the resonant frequency of the coated crystal in the pH range 4 00 to 

2 75 (Fig 4 3 1), is indicative of a large increase in mass of the polymer phase Fig 4 3 2 

and Table 4 3 1 illustrate the change in the crystal resonance as the contacting liquid is 

changed from pure H20  to 4 x 10-4 M pTSA The broadening of the resonance with

increasing pTSA concentration represents an increase in polymer film viscosity There is 

no contribution to this broadening from the changing viscous liquid load of the contacting 

electrolyte, as evidenced by the invariance of the admittance-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 in the resonant frequency of the working crystal starting at pH 4 00, 

the changes in polymer morphology alone are suggestive of polymer swelling The 

decrease in resonant frequency, therefore, must reflect an increase in the ionic content of 

the polymer phase and the subsequent increase in the level of solvation This is 

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 in the resonant frequency attains a near plateau level in this narrow pH 

range Assuming that the fractional change in the resonant frequency can be related to the 

level of protonation, the pKaapp of PVP can be evaluated, as descnbed previously in
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Section 3 4 3 3 The graph of log { (Aftomi / Af) -1 } vs pTSA electrolyte pH is shown in
v

Fig 4 3 5 Here, Aftotal ^  taken to be the frequency change at pH 0 5, while Af is the

frequency change at a given pH

The plot in Fig 4 3 5 exhibits two distinct regions As with HCIO4 , this is thought to

indicate a change in polymer morphology as the protonation of the polymer proceeds 

beyond a certain point However, in pTSA the transition occurs with less extensive 

protonation This is in agreement with the immediate swelling of the polymer on 

exposure to pTSA, evidenced by the broadening of the admittance spectra in Fig 4 3 2 

In the pH range 5 60 to 3 35 the slope of Fig 4 3 5 is 1 70 ± 0 04 and yields a pKaaPP

of 2 84 ± 0 15 At more acidic pH (pH range 3 35 to 2 75) the slope is 2 81 ± 0 07, giving 

a value of p K aapp of 3 02 ± 0 02 The evaluation of p K aapp in pTSA is more basic than 

those obtained in HCIO4 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

43 12 pH range 2 75 to 1 75

On increasing the concentration of the pTSA electrolyte to pH below pH 2 75, the 

resonant frequency of the coated crystal in Fig 4 3 1 shifts to a higher frequency, 

indicating the loss of matenal from the electrode surface (see also the entry for 0 001 M 

pTSA in 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 (vide infra )

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

0 001 M pTSA This suggests that there is a decrease in the viscoelasticity of the medium
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Fig 4 3 5 Plot of log { (Aftotai/Af) -1 ) vs pTSA electrolyte pH for the nsing 

layer mass in the pH range 6  0 to 2 75 in Fig 4 3 1 (A)
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in the immediate vicinity of the working crystal The observed frequency increase, 

therefore, must represent a dramatic swelling of the polymer layer and its delamination 

from the electrode surface A similar QCM response has been observed dunng phase 

transitions within lipid multibilayers [40], for the electrochemical cycling of PVF in 

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 ion-exchange 

resins In accordance with the lon-condensation effect for polyelectrolytes [28], the 

concentration of counter-ions within the protonated polymer phase will proceed 

regardless of the ionic strength of the contacting electrolyte At pH 3 00, the 

concentration of pTS- within a fully protonated polymer layer is 4 - 7 M, depending on 

the level of swelling, while that of the contacting electrolyte is only ca 0 001 M A large 

osmotic pressure gradient is thus established and the movement of solvent into the 

polymer phase is expected

From steric considerations alone, the large molar volume of the pTS- anion (ca 120 

cm3moI' 1 [43]) will result in a greater "distance of closest approach" [44] to the fixed 

protonated pyndine sites Consequently, a lower level of lon-pair formation is 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 matnx of the PVP backbone, which can 

become significant [32], are considered to be of minor importance, since each polymer 

unit bears a fixed-charge site The absence of ion aggregates within the polymer layer 

will lead to a greater osmotic activity, more complete solvation of all ions, and increased 

swelling An increase in the swelling pressure of the interstitial pore liquid is also 

anticipated due to the pressure-volume effect of the bulky pTS- counter-anion [30] It is 

clear, therefore, that extensive polymer swelling is expected in low pTSA electrolyte 

concentrations
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4 3  1 3  pH ranee 1 75 to 1 00

As the concentration of pTSA in the external solution is increased further, the 

resonant frequency of the polymer coated crystal decreases sharply (Fig 4 3 1), 

representing an increase in the polymer layer mass The admittance spectra in this pH 

range are illustrated in 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 in this pH range 

becomes more rigid

The compaction of the polymer layer may be a consequence of the decreased activity 

of solvent in 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 is not expected to change that significantly in 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-ion (H3O+) compared to the larger counter-ion (pTS-), 

the development of a positive space charge at the electrolyte / polymer interface is likely 

While the polymer phase is unlikely to be permselective when so extensively swollen, the 

pore liquid will bear a net negative charge due to the greater number of mobile anions 

The positive space charge will thus dnve the pore liquid as a whole out of the polymer 

phase This is negative anomolous osmosis (Section 4 1)

The extensive involvement of solvent in this metallopolymer in para-toluene 

sulphonate based electrolytes [2 1 ,2 2 ] suggests that there is facile movement of solution 

species and minimal flow resistance, while the presence of a protonated pyndine moiety 

every 2  5 A (assuming a rigid rod structure [45]) results in an ionic polymer film of high 

capacity This, in 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 ion-pairing
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interactions, results in a situation where negative anomolous osmosis is strongly favoured 

[2]

Deswelling, due to the establishment of a counter-Donnan osmotic flux [30], as 

discussed in Section 4 1 2 ,  may also be in 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 in 

the external solution, may occur This will augment the deswelling process and, in turn, 

will increase the exclusion of electrolyte from the polymer phase The process is self- 

perpetuating, since this further electrolyte exclusion serves to exacerbate the counter- 

Donnan osmotic solvent movement from the polymer In this way, it can be seen how 

such a rapid deswelling process can occur and how permselective films may be re­

established

4 3 14 pH less than pH 1 00

The change in the admittance spectrum for the coated crystal in this concentration 

range is shown in Fig 4 3 4 The broadening of the spectra is considered to represent the 

increased viscous load of the electrolyte In Fig 4 3 1 the resonant frequency (corrected 

for changing liquid load), remains essentially constant, and represents the plateau value 

being approached at higher pH (Section 4 3 11) This suggests that despite the increased 

viscous liquid load at higher electrolyte concentrations, the same decrease is observed in 

the crystal resonant frequency for an attached layer mass which is thought to represent a 

fully protonated polymer film Because of this, it is thought that frequency measurements 

may be related quantitatively to mass changes occunng within the layer
j

At pH less than 0 00 the frequency of the working crystal increases abruptly and 

indicates a mass loss from the electrode It is unlikely that polymer swelling is 

responsible for this, as suggested in a previous study in NapTS [22] However, while
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mechanisms for swelling or deswelling may be invoked to account for this apparent mass 

change, it is more likely that the combination of a highly viscous electrolyte solution and 

the polymer film results m 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 in pTSA electrolyte 

is in 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 in 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 OsD/HI couple in pTSA.

The effect of the changing layer structure on mass transfer dunng redox processes is 

now considered The mass changes accompanying redox processes for the osmium 

polymer were investigated at cyclic voltammetnc scan rates of 1 and 5 mVs-1 The 

requirements for solvent transfer and the maintenance of electroneutrality are as 

described previously in Section 3 4 4 1 Additional considerations for solvent transfer in 

ion-exchange membranes are as discussed in Section 4 1

Fig 4 3 6 shows a typical cyclic voltammogram of the Os11/111 couple in 0 1 M pTSA at 

1 mVs-1 The anodic and cathodic peak potentials converge, and the peak current ratio is 

one The plot of peak current versus sweep rate is 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 is 

evidenced by the close agreement of the gravimetric and electrochemical evaluations of 

surface coverage

Fig 4 3 6 also includes the change in frequency, Af, dunng 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-equilibnum state for all mobile species is attained The frequency change is 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 summanses the potentials for the half-total-mass-change, Ei/2(m), and the 

half-total-charge-change, Ei/2(q), for the oxidation and reduction of the polymer at
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2 x  10-8molcm-2 The data are presented to reflect the direction of mass 

transfer, and not the shift in resonant frequency (ì e a decrease in frequency 

is shown as positive)

Fig 4 3 6 Cyclic voltammogram and frequency-potential plot in 0 1 M pTSA for

[Os(bipy)2(PVP)ioCl]+ Scan rate is 1 mVs-1, polymer surface coverage is

V vs SCE
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Table 4 3 2 Frequency shifts accompanying redox switching at 1 and 5 mVs-1

for a series of pTSA electrolytes Gravimetric surface coverage

2 x 10-8 molcm-2

pTSA Cone (Molar) 

/ Scan Rate

Charge (a) 

( p C )

Af (b) 

(H z )

Meq(c) 

( gmol-l )

0  01 1 m V s 1 399 1727 -414
5 mVs ' 391 1880 -460

0  02 1 mVs 1 400 3049 -729

0 05 1 m V s 1 408 -1007 236
5 mVs 1 402 - 962 229

0  10 1 m V s 1 365 -1816 476
5 m V s 1 368 -1777 462

0  2 0 1 m V s 1 408 -2030 476
5 m V s 1 402 -1988 473

0 40 1 mVs 1 385 -1948 484
5 mVs 1 382 -1845 462

0  60 1 m V s 1 375 -1975 504
5 mVs ' 380 -1955 492

0 80 1 m V s 1 350 1376 -376
5 m V s 1 364 1001 -263

1 00 1 mVs 1 358 2044 -546
5 mVs 1 391 1799 -440

(a) From the anodic branch of the cyclic voltammogram

(b) The end-to-end frequency shift accompanying oxidation

(c) Normalised mass calculated assuming the validity of the Sauerbrey equation
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Table 4.3 3 The formal potential of the Os11/111 couple and the half-mass and 

half-charge potentials for oxidative and reductive processes

pTSA Cone E'app (a,b) Oxidation (b) Reduction (b)

( M olar) ( mV vs SCE ) Ei/2(m) Ei/2(q) Ei/2(m) E i/2(q)

0 01 335 332 343 322 318

0 02 320 300 330 305 310

0 05 305 271 303 267 286

010 275 268 277 264 267

0 20 260 260 264 255 250

0 40 233 229 236 220 223

0 60 223 221 225 217 220

0 80 220 239 220 224 213

1 00 215 224 218 205 199

(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 oQ
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1 mVs-l The formal potential of the Os11/111 redox couple, B'app, is also included in Table 

4 3 3 E'app is taken as the average of the anodic and cathodic peak potential of the cyclic 

voltammogram at 1 mVs-1

Table 4 3 4 summarises the change in the admittance spectra due to redox switching, 

obtained using a different polymer film It is evident from these data that there is a 

broadening of the crystal resonance on oxidation of the polymer at all electrolyte 

concentrations While the correct evaluation of mass from frequency measurements in 

Table 4 3 2 is subject to this increased polymer viscoelasticity, it remains clear that 

interfacial mass transfer is very much influenced by the pTSA electrolyte concentration 

The data in Table 4 3 2 were generated with the film used for the determination of the 

open circuit layer mass-pH profile in Section 4 3 1 Graph B in Fig 4 3 1 illustrates the 

layer mass-pH profile for the fully oxidised polymer layer This figure demonstrates that 

the redox-induced mass transfer processes are directly related to the morphology of the 

polymer layer, with mass loss occunng dunng oxidation in swollen polymer structures 

and mass gain processes being observed in more compact layers

Although for polymer layers of diffenng thickness there is variation in the exact 

pTSA concentrations at which there is a transition from a mass gain process dunng 

oxidation to one of mass loss, the trend in mass transfer as a function of polymer 

morphology in the reduced state is observed for all polymer films The following 

discussion, therefore, although based on the data in 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 is ± 2 % for repeat analysis on a given film 

and, for films of similar surface coverage (i e ± 1 x 10-8 molcm-2) the between film 

variation is ± 15%
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Table 4 3 4 The change in admittance spectrum during redox switching for a

[Os(bipy)2(PVP)ioCl]+ coated crystal in a series of pTSA

electrolytes Scan rate 5 mVs-1, surface coverage 5 x 10‘9 molcm-2

pTSA Cone 

( Molar )

Af(a,b)

(H z)

Admittance Maximum 

( £2-1 x 102)

PWHM (a) 

(kHz)

OsII OsIH OsII Osin

h 2o - 0 370 - 8 808 -

4 x 10-4 - 1 0 0 0 358 0 350 9 534 9 847

1 x 10-3 60 0318 0 300 11931 13 859

4 x 10-3 0 0 284 0 270 15 005 16 672

0  01 254 0 316 0 294 12  608 14 431

0 04 - 98 0 402 0 400 8 128 8 128

0 10 -273 0 382 0 376 8 701 8 909

0 40 -273 0 376 0 372 9 118 9 170

1 0 0 -273 0 336 0 332 10 993 11 410

(a) Data interpolated from points of 20 Hz resolution

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

gain dunng polymer oxidation
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4 3 2 1 pTSA  concentrations less than 0 1 M

Fig 4 3 7 shows the cyclic voltammogram for the Os^/w couple m 0 01 M pTS A at 5 

mVs-1 and also includes the frequency change observed dunng redox switching The 

change in the adrruttance-frequency response, for a different film, at 5 mVs-l, is 

illustrated in Fig 4 3 8 The frequency shift dunng oxidation in these figures represents a 

mass loss from the polymer layer

As discussed in Section 4 3 1, at concentrations below 0 1 M pTSA the polymer is 

swollen On oxidation of the osmium redox centres the ion population of the polymer 

phase is increased In addition to ion solvation, the osmotic effect, discussed in Sections 

4 1, will result in an increase in the solvent content within the polymer phase dunng 

oxidation, and swelling of the polymer layer is anticipated This is 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 dunng redox 

processes, the frequency decreases again dunng the reverse scan with a diffusion-like (1 e 

tl/2) dependency, indicative of the diffusion-controlled redeposition of the matenal 

[41,42] It is clear from the frequency (sic mass)-potential plot of Fig 4 3 7 that this is 

not the case for the osmium redox polymer Despite the viscoelasticity of the swollen 

polymer layer, the increase m frequency dunng oxidation is considered to be 

representative of a redox-induced mass loss from the layer and not due to layer 

morphology changes

As discussed in Chapter 3, the supply of counter-anions from the bulk solution is not 

anticipated to be rate-limiting on the expenmental time scale under investigation here In 

addition, in 0 01 M pTSA the polymer layer is swollen and is not expected to provide any 

bamers to interfacial mass transport The mass loss, therefore, is not considered to 

represent co-ion expulsion dunng polymer oxidation It is 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)ioCl]+. 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 is observed

In order to determine the identity of the mobile species involved, the expenment was 

repeated, using the same polymer film, with D20  as the solvent Table 4 3 5 summarises 

the electrochemical and frequency data obtained in H20  and D2O at 5 mVs-l, while
• 1

Fig 4 3 9 (a) and Fig 4 3 9 (b) illustrate the OpTS' versus potential plot for H2O and D2O, 

respectively This <l> plot, as defined in Section 3 2 5, represents the flux of all mobile 

species except pTS-, assuming that counter-anion motion is responsible for the 

maintenance of electroneutrality [49,50] The cyclic voltammograms are also included in 

these figures For presentation purposes, the mass loss flux dunng oxidation is 

superimposed on the anodic branch of the cyclic voltammogram

Dunng oxidation with H2O as solvent, the difference in E j/2(m) and Ei/2 (q) (Table 

4 3 3 and 4 3 5) indicates that mass and charge transfer are delineated [21,51] Dunng re- 

reduction, E j/2(m) and E j/2(q) coincide, indicating concomitant charge and mass transfer 

This is graphically illustrated in the 4>pt s - plot in Fig 4 3 9 (a) and can be attnbuted to 

the observation that for electroacnve polymer films solvent egress from the layer is more 

rapid than solvent entry [52]

Following isotopic substitution of hydrogen with deutenum, a greater mass loss is
*

observed dunng oxidation However, the Opjs -  plot in Fig 4 3 9 (b) indicates that the 

mass flux coincides more with the passage of current This is also seen from the 

half-potential data for D2O in Table 4 3 5 and is due to the slower rate of transport 

for the higher molecular weight solvent species [53]

Assuming the mass-frequency relationship, the increase in the normalised mass loss 

on isotopic substitution is 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 

into the layer is 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 H2O with D2O in 0.01 M and 0.5 M pTSA at 5 mVs-1.

0.01 M pTSA 0.5 M pTSA
H2O D2O H2O D2O

E 1/2 (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) RED. 294 297 225 216

AQ (pC) (b) 375 371 350 352

Af (Hz) (c) 1842 2146 -929 -980

Meq (gmoH) (d) -470 -553 254 266

Af (solvent) (e) 2512 2809 -303 -351

MOLES SOLVENT (f) -35.6 -36.2 4.6 4.8

•
^pTS- (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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Fig 4 3 9 <i>PTS- vs potential plot and cyclic voltammogram in 0 01 M pTSA for 

[Os(bipy)2(PVP) ioCl]+ with (a) H2O and (b) D2O as solvent Surface 

coverage 2 x 10-8 molcm-2, scan rate is 5 mVs-1

(a) H20 (b) D20

V vs SCE V vs SCE
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movement of solvent out, the mass loss in H20  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 D2O per redox site conversion The close agreement of these figures not only 

suggests that it is solvent movement that is 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 in a delay in the observed mass transfer [46,42] However, in Fig 4 3 9, the flux of 

both H2O and D2O 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 

primarily in response to mass transfer processes

Thermodynamic requirements for equilibrium levels of solvent cannot be predicted a 

priori [13] It is possible that under the conditions prevailing in 0 01 M pTSA, oxidation 

of the layer results in changes in solvent activity coefficients which require the loss of 

solvent from the polymer film However, this is considered to be unlikely, and the 

solvent loss in this instance is thought to have kinetic rather than thermodynamic origins 

This is evidenced by the difference m the position of the flux maxima (in relation to the 

passage of current) in H20  and D2O, and the observation that once the flux has been

established, it is rapid and ceases before complete oxidation of the polymer occurs This 

is manifested in the difference in Ei/2(m) and Ei/2(q) for the oxidation and reduction of 

the layer in 0 01 M pTSA in 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 hydronmm 10ns will be expected (see Section 

4 1) Because electro-osmosis is more pronounced in swollen membranes at low



electrolyte concentrations [1 ,2 ], it is considered to be a possible explanation for the rapid 

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

While it has been demonstrated that morphology changes dunng redox-switching in 

0 01 M pTSA do not adversely affect frequency measurements, the admittance spectra in 

Fig 4 3 10, obtained in 0 001 M pTSA at a scan rate of 5 mVs-1, using a different 

polymer film, illustrate that subtle variations in polymer structure can occur m swollen 

films dunng 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 is indicative of changes in structure at different stages of 

polymer oxidation These changes are dependent solely on the extent of redox 

conversion, as they are retraced dunng re-reduction

i

- 0 3L
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H
E-
5  0  15 
a  
<
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994 2 994 4 994 6 994 8 995 995 2 995 4 995 6
FREQ UENCY ( Hz x 10 1)

Fig 4 3 10 Admittance spectra for [Os(bipy)2(PVP)ioCl]+ dunng redox switching

in 0 001 M pTSA , polymer surface coverage is 5 x 10-9 molcm-2
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Fig 4 3 1 illustrates 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, it is seen in Table 4 3 4 that in 0 0004 M pTSA a mass gain accompanying 

polymer oxidation is observed This electrolyte concentration falls into the pH range 

where the initial increase in layer mass due to polymer backbone protonation occurs (see 

Fig 4 3 1 Graph A) As has been discussed in Section 4 3 1 1, in this pH range extensive 

polymer swelling has not yet occured The mass gain on oxidation in 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 is observed

The transition from a mass loss process dunng oxidation to one of mass gain is not a 

c sharp one, and the actual electrolyte concentration may vary for polymer layers of 

diffenng thickness In all cases, however, the transition occurs when the layer becomes 

deswollen (Section 4 3 12) 

i Fig 4 3 11 (a) illustrates the cyclic voltammogram and the frequency (sic mass)- 

potential trace obtained at 5 mVs-1 in 0 05 M pTSA, for a polymer layer of surface 

coverage 2 9 x 10-8 molcm-2 This figure is typical for all films at which the change over 

in mass transfer behaviour occurs At the pH corresponding to 0 05 M pTSA, the 

polymer layer is deswollen (see Fig 4 3 1) and the mobile co-ion population within the 

polymer is thus substantially reduced Electro-osmotic flux of solvent from the layer is 

consequently expected to be less, while the reduced levels of interstitial pore electrolyte 

will result in the requirement for interfacial counter-anion motion for electroneutrahty 

which will be detected by the EQCM This results in the mass increase in Fig 4 3 1 1 (a) 

as oxidation proceeds

Fig 4 3 11 (b) illustrates the corresponding plot of OpTS- versus potential The initial 

value of zero for <J>pt s -  indicates that there is no net movement of solvent into or out of
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Fig 4 3 11 (a) Frequency vs potential plot and cyclic voltammogram in 0 05 M pTS A 

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

molcm-2 , scan rate is 5 mVs-1

( b )  The corresponding O p t s - v s  potential plot

0 0 2 0 4  0 6  o 0 2  0 4  0 6
V vs SCO V V S  SCP

203



the layer in the early stages of oxidation While this may represent polymer swelling 

effects [42,46], it may also be indicative of the counter-balancing of the lower level of 

electro-osmotic flux and the concomitant solvent movement with the counter-anion into 

the layer

On more exhaustive oxidation, a frequency change, indicating a mass loss, is 

observed and the attainment of a new plateau, "steady-state" layer mass in the Os111 state 

is established (see Fig 4 3 11 a) It is considered that this shift in frequency represents a 

morphology change within the layer

In Fig 4 3 11 (b), during the initial stages of polymer re-reduction, increases,

indicating that the mass change observed is insufficient to account for the movement of 

anion from the polymer layer This may represent layer viscoelasticity, which results in 

an underestimation of the mass change from frequency measurements [54] Alternatively, 

the positive value for Opxs- may reflect the increased levels of electro-osmotic

movement of solvent into the layer in the more swollen structure existing in the Os111
*

state In either case, a more swollen (sic solvated) polymer layer in the Os111 state is 

responsible

On complete re-reduction of the layer in Fig 4 3 11 (a), a new, lighter baseline in the 

Os11 state is established After allowing the polymer layer sufficient time to equilibrate, 

there is a return to the onginal layer mass This indicates that the swelling of the polymer 

in the oxidised form is reversed on conversion to the reduced state on a time scale much 

longer than that of the 5 mVs-1 scan rate

While no direct evidence for the substantial swelling of the polymer layer dunng 

oxidation was obtained for the polymer film depicted in Fig 4 3 11, it 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 in layer morphology during 

redox switching This is seen in Fig 4 3 12, which shows the change in the admittance 

spectra dunng redox processes for the sequence of electrolytes 0 04 M, 0 07 M and
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0 05 M pTSA In 0 04 M pTSA (Fig 4 3 12a), oxidation results in only minimal changes 

in ngidity, while in 0 07 M (Fig 4 3 12b), significant swelling is observed However, for 

this polymer film transferred to 0 05 M pTSA (Fig 4 3 12c), oxidation results m such 

extensive swelling that delamination from the electrode surface occurs This is seen in the 

flattening of the crystal resonance followed by a shift m resonant frequency to such 

higher frequencies (due to loss of material) that the subsequent admittance spectra are 

off-scale

That this dramatic change can occur in such a narrow pTSA concentration range is 

evidence of how important the electrolyte concentration is in determining the layer 

properties of [Os(bipy)2 (PVP)ioCl]+, and how redox switching may result in the 

combining of factors where swelling is greatly favoured
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4 3 2 2 pTSA concentration range 0 1 M to 1.0 ML

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 is little vanation in the 

normalised mass change evaluated at both 1 and 5 mVs-l, indicating that kinetic effects 

are absent The Ei/2 (m) and Ei/2 (q) values in Table 4 3 3 are in close agreement for both

the oxidation and reduction processes, suggesting that there is concomitant mass and 

charge transfer with only a single mass transfer process in operation This is illustrated in 

Fig 4 3 13 where the cyclic voltammogram and the OpTS“ potential plot in 0 2 M pTSA 

at 5 mVs- 1 are shown It is of note that the flux of solvent under these conditions is ca 

300 ngcm-2 s-l, while the electro-osmotic flux of solvent from the layer at low electrolyte 

concentrations is ca 400ngcm-2s-l (Fig 4 3 9a) This clearly illustrates the additional 

dnving force established for the latter solvent transport process

Table 4 3 4 shows that there is a broadening of the crystal resonance dunng oxidation 

of the polymer, indicative of swelling, in this concentration range This is shown in 

Fig 4 3 14 for a film of surface coverage 1 x 1 0 - 8  molcm-2 in 0 1 M pTSA

This swelling, in conjunction with the large frequency (sic mass) changes, suggests 

that there is a large movement of mobile species with the counter-amon To investigate 

this, isotopic substitution of H2 O with D2 O was performed in 0 5 M pTSA Table 4 3 5 

summanses the features of the mass change in D2 O and H2 O, obtained at cyclic 

voltammetnc scan rates of 5 mVs-l

Assuming that electroneutrality is maintained by counter-anion insertion, the 

normalised mass change in H2 O represents the concomitant movement of 4 8  moles of 

H2 O per counter-anion, while for D2 O, a value of 4 6  moles is obtained It should be 

noted that this solvent transfer is almost five times less than that evaluated by Oyama it 

of for this polymer in NapTS electrolytes [2 1 ] 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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Fig 4 3 13 OpTs- vs potential plot and cyclic voltammogram in 0 2 M pTSA for

an [Os(bipy)2(PVP)ioCl]+ film of surface coverage 2 x 10 8 molcm \

scan rate is 5 mVs 1

F ig 4  3  14  The change in the admittance spectrum for [O s(bipy)2(t*VH>ioCl]" 

during redox switching at 5 m Vs l in 0  1 M pTSA The polym er 

surface coverage is 1 x 10 8 m olcm  2
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be discussed below, for thinner polymer films in pTSA a lower normalised mass change 

is obtained For polymer films of comparable thickness to those used in Ref 21, the 

solvent transfer is of similar magnitude (see Table 4 3 6 )

The result from the isotopic substitution expenment in 0 5 M pTSA is considered to 

provide unambiguous proof of the role of solvent transfer during redox processes for all 

polymer layers in 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 rigidity may be valid [55] and that the evaluation of mass is an accurate reflection of 

interfacial mass transfer processes Irrespective of the morphology changes dunng redox, 

the conclusion that a large influx of solvent occurs dunng oxidation remains valid

At pTSA concentrations greater than 0 6  M there is 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 1 0 - 8  molcm-2 The normalised mass change evaluated for the oxidation is

lower due to the reduced level of mass transfer in the latter stages of oxidation (see Table
*

4 3 2) This is illustrated in the corresponding <i>pTS- plQt in Fig 4 3 15 (b), where, after 

ca 50% oxidation, the mass change is insufficient to account for the insertion of the pTS- 

counter-anion and the frequency measurements suggest a net movement of solvent from 

the polymer layer

Fig 4 3 16 (a) illustrates the mass-potential and cyclic voltammogram for the same 

film, obtained in 1 0 M pTSA at 5 mVs* 1 A mass loss is observed throughout film 

oxidation However, at these high pTSA electrolyte concentrations there is a strong 

viscoeleastic contribution to frequency measurements This is seen in Fig 4 3 16 (b), 

which shows the admittance spectra obtained dunng redox switching at 5 mVs-1 in 1 0 M 

pTSA for a different film but of similar surface coverage (ca 2 x 1 0 - 8  molcm-2 ) The 

spectra are so broadened that the centre resonant frequency is not expected to be
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Fig 4 3 15 (a) Frequency vs potential plot and cyclic voltammogram in 0 8  M 

pTSA for an [Os(bipy)2 (PVP)ioCl]+ film of surface coverage 2 x 

1 0 - 8  molcm-2, scan rate is 5 mVs-1 

(b) The corresponding <t>PTS- vs potential plot
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Fig 4 3 16 (a) Cyclic voltammogram and frequency-potential plot m l O M pTSA 

for [Os(bipy)2 (PVP)ioCl]+ Scan rate is 5 mVs-1 and the polymer 

surface coverage is 2  x 1 0 - 8  molcm- 2  

(b) Admittance spectra during redox switching at 5 mVs-1 in 1 0 M 

pTSA for polymer of similar surface coverage
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accurately followed by the oscillator circuitry At this concentration a reduction in the 

resident layer mass is also observed (see Fig 4 3 1) and it is considered that the 

combination of highly viscous electrolyte and heavy polymer loading results in frequency 

changes which can not be accurately related to mass changes occunng within the layer

For thinner polymer layers a mass gain during oxidation is observed in 0 8  M and 1 0 

M pTSA (see entry for film of surface coverage 5 x 10-9 molcm-2 in Table 4 3 4 and data 

for film of surface coverage 1 1 x 1 0 - 8  molcm-2 in Chapter 5, Table 5 3 4) For these 

films the resident layer mass retains a value representative of a fully protonated, solvated 

film It is only at concentrations as high as 2 0 M pTSA that the transition to a mass loss 

is observed This suggests that a maximum crystal loading can be tolerated, beyond 

which interpretation of frequency data cannot be made

4 3 2 3 Surface coverage effects

Table 4 3 6  summarises the frequency shift dunng redox switching in 0 1 M pTSA at

5 mVs-l for polymer layers of differing thickness The evaluation of the normalised mass 

is also included Below ca 2 x 1 0 - 8  m olcm -2 (i e 450 pC), the normalised mass increases 

with increasing polymer layer surface coverages This is contrary to the expectation in 

viscoelastic polymer layers, where increased film thickness is anticipated to exacerbate 

the undervaluation of mass from frequency measurements [54]

The solvent interaction with the osmium metallopolymer is strong in pTSA 

electrolyte It is likely 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 is observed for all polymer surface coverages, an increasing 

viscoelastic contribution to frequency measurements for thinner layers is not thought to 

be responsible for the decrease in the normalised mass calculated Instead, the more
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Table 4 3 6  The effect of [Os(bipy)2 (PVP)ioCl]+ surface coverage on the end-to- 

end frequency changes accompanying redox switching at 5 mVs- 1  in 

0 1 M pTSA

Charge (a) 

(PC)

Af

(Hz)

Meq(b)

(gmol-l)

Moles H20  (c) 

(per redox site)

785 6889 -839 -56 1

625 3511 -537 -39 4

555 1168 - 2 0 1 - 2 0  6

460 -3610 751 32 2

390 -2392 587 23 1

338 -1725 488 17 6

255 -1157 434 14 6

154 - 510 317 8  1

60 - 146 232 34

a) From the anodic branch of the cyclic voltammogram at 5 mVs-l

b) Normalised mass for Os11/ 111 couple assuming the Sauerbrey equation

c) Solvent transfer for Os11/11! couple assuming counter-anion motion IN for 

electroneutrality



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 in the surface coverage effects for this polymer in 0 01 M 

HCIO4  (Section 3 4 42b)

For polymer films with surface coverages greater than 2 x 1 0 - 8  molcm-2, a mass loss 

occurs dunng oxidation in 0 1 M pTSA A typical cyclic voltammogram and frequency- 

potential plot at 5mVs-l for such a film (surface coverage 3 2 x 10-8 molcm-2) is shown 

in Fig 4 3 17

Since the layer mass in 0 1 M pTSA is representative of a more compact structure (see 

plateau region in the pH range 1 00 to 0 00 in Fig 4 3 1) the polymer is not anticipated to 

contain large quantities of electrolye The mass loss therefore cannot represent the 

electro-osmotic flux of solvent and electroneutrality is maintained by interfacial counter­

anion motion

In a series of papers by Evans etal [55], dealing with the electro-mechanical 

considerations for counter-ion insertion dunng redox processes in PVF, it 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 is possible that up to surface coverages of 2 x 1 0 - 8  molcm-2, the osmium 

metallopolymer matnx can tolerate the increases m swelling pressure and maintain the 

same level of initial 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 polymensed 

PVF, where thick films may be observed to burst [55], no such effect is in evidence here, 

as seen in the by the minimal hysteresis in the mass-potential plot in Fig 4 3 17

This interpretation is evidenced by the mass transfer behaviour of all polymer layers, 

irrespective of thickness, when transferred from perchlorate to pTSA electrolyte
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Fig 4 3 17 Cyclic voltammogram and frequency-potential plot in 0 1 M pTSA

for an [Os(bipy)2(PVP)ioCl]+ film with surface coverage is 3 2 x 10-8

molcm-2 The scan rate is 5 mVs-l

V vs SCE
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Fig 4 3 18 illustrates the mass-potential traces for a film of surface coverage 2 x 10-8 

m olcm -2 in 0 1 M pTSA, having previously been exposed to 1 0 M HCIO4  electrolyte 

(and subsequently stored in H2 O for several days) The scan rate is 50 mVs-1, with 

continuous scanning over 4 hours

In this figure, it is seen that the initial mass transfer accompanying oxidation (Scan

A) represents a mass loss Dunng repeated cycling, mass gain processes gradually begin 

to predominate, until eventually a mass gain process dunng oxidation is observed (Scan

B) Throughout these repeated scans no change in the voltammetry of the Os11/ 111 couple is 

seen (Fig 4 3 18 inset) It is of note that the mass baseline in the Os11 state becomes 

gradually lighter in the course of the electrochemical cycling, although for presentation 

purposes this has been ommitted in Fig 4 3 18

Having been exposed to HCIO4  electrolyte, the polymer layer will be extensively

crosslinked (see Section 3 4 3 1) This imposes a ngid structure on the polymenc matrix 

which will result in a finite void volume The insertion of the bulky pTS- anion on 

exposure to, and initial redox cycling in pTSA can thus only proceed at the expense of 

the existing interstitial solvent However, on equilibration of the layer in pTSA, all CIO4 *

ion-pairs from the layer are removed, volume limitations within the layer no longer exist,
i

and pTS- anion and solvent transfer can proceed unimpeded by stenc constraints This 

transition in mass transfer behaviour is 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)ioCl]+ 

film in 0 1 M pTSA, having previously exposed to HCIO4  The 

surface coverage is 2 x 1 0 - 8  molcm-2 Inset is the corresponding 

voltammetnc response

V vs SCE
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4.4. CONCLUSIONS.

It  has been sh o w n  fo r  the redox  po lym er, [O s (b ip y )2 ( P V P ) i o C l ] + that the laye r  

m o rp h o lo gy ,  w h en  sw o lle n , becom es m ore  sen sitive  to e lectro lyte  concentration  T h e se  

structural ch an ge s  have  been ve r if ie d  u s in g  adm ittance  a n a ly s is  and  E Q C M  data, and  

h ave  been e xp la in e d  in  term s o f  so lve n t transfer and  sw e ll in g  m e ch a n ism s d e ve lo p e d  fo r  

io n -e x ch an ge  m em branes It  has been dem onstrated  that the cou n te r-an io n  m o la r  vo lu m e  

is  o f  o n ly  se con d ary  im portance  in de te rm in in g  the le ve l o f  sw e ll in g  It  is  the o sm o tic  

activ ity  o f  the an ion, as determ ined  b y  sp e c ific  io n ic  in teractions w h ich  is  o f  p r im ary  

im portance  T h e  increased  sw e ll in g  o f  the o sm iu m  m e ta llo p o ly m e r in  p T S A  resu lts in 

easie r protonation  o f  the p o ly m e r backbon e  due to the ease  w ith  w h ic h  cou n te r-an io n s  

can  enter the m ore  open p o ly m e r  m atrix

T h e  f lu x  o f  so lve n t into  o r out o f  the p o ly m e r  d u r in g  o x id a tio n  reflects the laye r  

m o rp h o lo g y  H o w e v e r, in  a ll cases, increased  p o ly m e r  e x p an s io n  a cco m p an ie s  o x id a tion  

due to the increased  o sm o tic  e ffect o f  the O s 111 centres W h i le  the ex istence  o f  so lva ted  

p o ly m e r  laye rs underm ines the v a lid ity  o f  the Sau e rb re y  equation  in certain  

c ircum stan ces, the re su lts o f  the iso top ic  substitu tion  exp erim ents c o n firm  the 

p redo m in an ce  o f  so lve n t transport d u r in g  redox sw itc h in g  W h e n  sw o lle n  at d ilu te  

concentrations, e le c tro -o sm o tic  f lu x  o f  so lve n t is  o b se rved  A s  the p T S A  concentration  is 

increased, c o m p ac t layers are re -estab lished, and so lve n t f lu x  con co m itan t w ith  counte r­

an ion  m otion  occu rs A t  the h igh e st e lectrolyte  concentrations stud ied  the co m b in e d  

v isc o s ity  o f  the e lectro lyte  and the p o ly m e r  laye r prevents an accurate a sse ssm e n t o f  

in te rfac ia l transport fro m  b e in g  m ade

B e c a u se  o f  the d iffe ren ces in  the p o ly m e r  structure that ex ists in  p T S A  an d  H C I O 4 , 

these e lectro lytes p rov id e  a usefu l c o m p a r iso n  in s tu d y in g  the e ffect o f  p o ly m e r  

m o rp h o lo g y  on redox  and m ass  transfer processe s T h e se  w il l  n o w  be con side re d  in the 

context o f  ch arge  transport rates w ith in  this m e ta llo p o ly m e r
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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)ioCl]+



5.1. INTRODUCTION.

The rate of charge transport through electrode modifying materials is of fundamental 

importance to their successful application As discussed in previous chapters, for redox 

polymers containing osmium bis(bipyndyl) complexes, an extensive study of the electron 

transfer process has been undertaken What has emerged has been the primary 

importance of the physico-chemical properties of the polymer film in 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)ioCl]+ 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 is the purpose of this chapter to investigate the effect of these structural changes on 

interfacial mass transfer under more dynamic conditions and to relate this to previously 

determined diffusion coefficients and activation parameters for the charge transport 

process The dynamic aspects of mass transfer in HCIO4  and pTSA is first considered

using cyclic voltammetry under semi-infinite diffusion conditions Transient mass 

transfer in response to a potential step is then investigated on the 1 0 0  ms to 1 0  s time 

scale for both oxidation and reduction of the polymer film For [Os(bipy)2 (PVP)ioCl]+

the apparent charge transport diffusion coefficient measured from potential step 

techniques, Dct(PS), has been observed to be significantly different from those obtained 

using cyclic voltammetry, Dct(CV) [1*3] This has been discussed previously in Chapter

2 It is hoped that the study of mass transfer on these diffenng time scales will enable the 

origin of the time scale dependence of DC{ to be better understood
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5.2. EXPERIMENTAL.

[Os(bipy)2 (PVP)ioCl]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 in 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 in 

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 HCIO4  

and pTSA was considered for slow cyclic voltammetnc scan rates Under more dynamic 

conditions kinetic limitations for the mterfacial transfer of one or more mobile species 

may become evident A simple qualitative method for illustrating this is the scan rate 

dependence of the potentials of half-mass-change, Ei/2 (m), and half-charge-change, 

Ei/2 (q) [4-7] This is shown in Fig 5 3 1  and Fig 5 3 2 for oxidation and reduction of 

[Os(bipy)2 (PVP)ioCl]+ in 0 1  M HCIO4  and 0 2 M pTSA, respectively The scan rate 

was varied from 1 to 500 m W 1 (log scan rate is used for presentation purposes) The 

polymer surface coverage for both sets of data is 2 x 10-8 molcm-2 0 2 M pTSA is 

chosen for comparison as it 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 (0) Ei/2(m) and (+) Ei/2(q) in 0 1 M  HCIO4

log Scan Rate

Fig 5 3 2 Scan rate dependency of (□) Ei/2 (m) and (+) Ei/2 (q) in 0 2 M pTSA
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The scan rate dependence of mass and charge transfer in Fig 5 3 1 and Fig 5 3 2 

exhibits the same trends in both electrolytes At slow scan rates, Ei/2 (m) and Ei/2 (q) tend

to the same limiting value and, as discussed in previous chapters, represents the 

attainment of global equilibrium of all mobile species ( 1  e electrons, ions and solvent) In 

HCIO4 , at a scan rate of 1 mVs-1, Ei/2 (m) and Ej/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 This reflects the true surface wave 

behaviour of [Os(bipy)2 (PVP)ioCl]+ in pTSA electrolyte, which is not observed in 

HCIO4

The "equilibrium" redox potentials are clearly dependent on electrolyte type The less 

positive potential for redox processes in HCIO4  may be attributed to the ion-association 

between the perchlorate counter-ion and the fixed charge sites of the polymer layer [8,9] 

In a recent study, it has been proposed that the more positive redox potential of 

[Os(bipy)2 (PVP)ioCl]+ in pTSA electrolyte reflects the increased requirement for 

organisation of solvent during redox conversion [1 0 ]

For both electrolytes, at faster cyclic voltammetnc scan rates, Ei/2 (m) and Ej/2 (q) 

deviate from these "equilibrium" potentials, with Ei/2 (m) deviating more strongly This 

illustrates 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- 1 in 0 1 M HCIO4  and 50 mVs* 1

in 0 2 M pTSA This departure from equilibrium is therefore electrolyte dependent and, 

although qualitatively similar for all films, is also found to be dependent on polymer 

surface coverage
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5.3.2, Scan Rate dependency of Mass transfer.

5 3 2 1 HCIOd electrolyte

The half-potential data in Fig 5 3 1 demonstrate that global equilibrium is only 

attained during redox processes at slow cyclic voltammetnc scan rates The identity of 

the slowest of the mobile species is now addressed

Fig 5 3 3 illustrates the current-potential, mass-potential and charge-potential plots 

for the initial and repeat cyclic voltammetnc scans at 200 mVs- 1 in 0 1 M HCIO4  The 

coulometnc polymer surface coverage is 2 x 1 0 - 8  molcm-2 The corresponding Oci04_ 

and mass-charge plots for the first and second cycles are illustrated in Fig 5 3 4

Dunng the first redox cycle, as soon as polymer oxidation commences there is a mass 

ingress This is seen in the mass-charge plot in Fig 5 3 4 and is observed for redox 

switching at all HCIO4  concentrations (vide infra) Because counter-ions 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 

is readily available For concentrations less than 1 0 M HCIO4 , this is in agreement with

the permselectivity of the layer in the Os11 state discussed in Chapter 3 For 

concentrations greater than 1 0 M, where permselectivity fails, it suggests that counter­

anion is not supplied from the dissociation of the polymer phase lon-pair, (H3 0 )+(C1 0 4 )- 

[11]

The passage of anodic charge is almost complete dunng the forward scan of the 

cyclic voltammogam (Point A, Fig 5 3 3 c) However, the mass continues to increase until 

the onset of re-reduction of the Os111 centres during the reverse sweep (Point B,

Fig 5 3 3b) This is clearly seen in the mass-charge plot in Fig 5 3 4, but is particularly 

evident in the corresponding Oci04“ plot As discussed previously, represents the 

movement of all mobile species except the ion j, assuming ion j is responsible for the
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Fig 5 3 3 (i) Cyclic voltammogram, (n) mass-potential and (111) charge

potential plots at a scan rate of 200 mVs-1 in 0 1 M  HCIO4

The polymer surface coverage is 2 x 10-8 molcnr2

POTENTIAL ( V vs SCE ) 
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m ain ten ance  o f  e lectroneutrality  [12-14] In  C h ap te r  3, it w a s  show n, that fo r  

[O s (b ip y )2 ( P V P ) io C l ] +  in  0 1 M  H C I O 4 , <J>ci0 4 -represents so lve n t m o ve m e n t  

D u e  to the requ irem ent fo r  e lectroneutrality  w ith in  the layer, an e le ctroch em ica l 

potentia l grad ien t fo r  cou n te r-ion  m otio n  is  e stab lish ed  d u r in g  redox  p roce sse s [ 1 2 ] 

C on se q u e n tly , ion  m o tio n  is an tic ipated  to be c o u p le d  to the p a ssa g e  o f  ch arge  w ith  

so lve n t transfer o c c u n n g  m ore  s lo w ly  [12-15] T h e  co n tin u e d  m a ss  increase  in  F ig  5 3 3 

and  F ig  5 3 4, therefore, represents the s lo w e r  transfer o f  so lve n t into  the la y e r under the 

ac tiv ity  grad ien t e stab lished  b y  the O s 11/111 o x id a tio n  [16]

T h is  in terpretation is  co n firm e d  fro m  the features o f  the m a ss  and  ch arge  transfer data  

in  F ig  5 3 3 an d  F ig  5 3 4 N e ith e r the m ass-p o te n tia l nor ch arge -p o ten tia l p lo ts  track  (1 e 

a g iv e n  po ten tia l d oe s not u n iq u e ly  de fine  a va lu e  fo r  la y e r  m ass  or ch arge ) S im ila r ly ,

j
the m a ss-ch a rge  p lo t d oe s not track, in d ica tin g  that the transfer o f  m o b ile  spec ies is not in  

e q u ilib r iu m  w ith  the in stan taneous ox id ation  state o f  the laye r U s in g  a d ia gn o st ic  schem e  

p ro p o se d  b y  H i l lm a n  i t  a l  [12 -14] fo r  the interpretation o f  E Q C M  data, these features o f  

m ass  an d  charge  transfer in  H C I O 4 ind icate  that it is  a c t iv ity  con tro l b y  net neutrals

w h ic h  is  the rate d e te rm in in g  step It  can therefore be co n c lu d e d  that it is  retarded so lve n t  

m o ve m e n t w h ich  cau se s the greater d ive rge nce  o f  E i / 2 (m ) w ith  in c re a s in g  scan  rate in 

F ig  5 3 1

In  F ig  5 3 3, d u r in g  the reverse  scan  neither m ass  n o r ch arge  re-attam  their in it ia l zero  

va lu e s (P o in ts  C )  T h is  is attributed to the k inetic  iso la t io n  o f  O s 111 centres on the tim e  

sca le  o f  the 2 0 0  m V s -1 scan  rate and the subsequen t requ irem ent fo r  cou n te r-an io n  and  

so lve n t to be retained w ith in  the p o ly m e r  F o r  the redox  sites that rem a in  in  the O s 111 

o x id a tio n  state at P o in t C ,  the retained m ass  co rre sp o n d s to a s in g le  C IO 4 - an io n  p lu s  2 7 

m o le s  o f  H 2O  per o sm iu m  centre T h is  is the th e rm o d yn a m ic  so lve n t requ irem ent fo r  

p o ly m e r  o x id a tio n  d iscu sse d  in C h ap te r 3

In  F ig  5 3 3, f o l lo w in g  repeated c y c lic  v o lta m m e tn c  scan n in g , a "ste ad y -sta te " va lue

230



for mass and charge transfer is eventually reached on approximately the third or fourth 

repeat scan While all other features of the data depicted in Pjig 5 3 3 and Fig 5 3 4 are 

found for all HCIO4  electrolytes, the attainment of this "steady-state" is very much

dependent on electrolyte concentration This will be discussed later in Section 5 3 3 in 

relation to the observed dependency of Dct(CV) on HCIO4  concentration

The normalised end-to-end mass for the forward scan (corresponding to points A m 

Fig 5 3 3) is summarised in Table 5 3 1 for different scan rates in a range of H C I O 4 

electrolytes This mass change occurs between the "end-to-end" potentials of the applied 

potential ramp (1 e the linear sweep), and is designated M e q ( E T E )  The normalised mass 

for the total mass change accompanying the total anodic charge passed (corresponding to 

points B in Fig 5 3 3), is designated M e q ( T O T ) ,  and is also included in Table 5 3 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 analysis on at least two different polymer films The values of 

M e q ( T O T )  are independent of surface coverage for the range studied (0 5 to 5 x 10-8 

molcm-2) and have an estimated error of ± 5% M e q ( E T E )  values are quoted for polymer 

films of coulometnc surface coverage greater than 1 x 1 0 - 8  molcm- 2  and also have an 

estimated error of ± 5%

For films of gravimetric surface coverage less than 1 x 1 0 - 8  molcm-2, M e q ( T O T )  and 

M e q ( E T E )  are quantitatively similar and yield the value of M e q ( T O T )  quoted in Table 

5 3 1 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 in perchlorate media is extensively cross-linked and dehydrated 

and it has been considered that it is only through extensive polymer chain motion that 

counter-ion 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

231



T h e  va ria tio n  in D ct ( C V )  w ith  H C I O 4 concentration  is a lso  in c lu d ed

Table 5 3 1 Scan rate dependency of normalised mass in HCIO4 electrolyte

HCIO4 C one  

( M o la r)
Dct(CV) (a)

( x 1011 cm 2s 1)
v

( m V s 1)

Meq(ETE) (b,d) 
( gm o l *)

Meq(TOT) (c.d) 

( gm o l *)

0 001 0  4 7 5 4 2 6 0

5 0 4 2 4 6

200 3 9 4 6

0 01 1 2 5 1 1 8 5 *
5 0 1 4 3 1 7 6

200 9 9 1 5 0

0  0 3 4  7 6 5 155 *

5 0 1 5 6 1 6 4

200 1 4 0 165

0 1 3 88 5 1 4 2 *

5 0 1 3 6 1 4 8

200 1 13 1 3 6

0 3 2  6 7 5 1 43 *

5 0 1 3 5 14 3

200 121 1 4 0

10 1 3 2 5 1 4 2 *

5 0 127 141

200 112 1 3 9

3 0 6 7 5 5 4 7 9 *
5 0 4 8 1 *
200 4 7 9 *

4 0 11 3 0 5 -221 *
5 0 -52 2 *
200 - 5 1 6 *

a) E valuated from anodic peak current o f  cy c lic  voltam m ogram  using the R andles-Sevcik  equation

b )  E valuated from data obtained on com p letion  o f  linear sw eep  o f  the c y c lic  voltam m ogram

c )  E valuated from the m axim um  value o f  m ass and charge attained before onset o f  re-reduction o f  

O sm to O sn *  denotes the sam e evaluation as obtained for M cq(E T E )

d )  A veraged for tw o different polym er coatings Error is ± 2% for a g iven  film , ± 10% b etw een film s
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[6,17,18], it is  though t that fo r  th inner f i lm s  such  p rocesse s w il l  be le ss im p e d e d  and  the 

transfer o f  a ll m o b ile  spec ies c o rre sp o n d in g ly  fac ilita ted

T h e  data in  T a b le  5 3 1 ind icate  that M e q ( E T E )  is  s ig n if ic a n t ly  reduced  at faster scan  

rates, re fle ct in g  the reduced  so lve n t transfer d iscu sse d  ab o ve  In  the ran ge  0 01 to 1 0 M  

H C I O 4 , w ith  the exception  o f  0 03 M  H C I O 4 , M e q ( E T E )  has a  va lu e  a p p ro a c h in g  that o f

the perch lorate  an io n  an d  a  s in g le  so lve n t m o le cu le  H o w e v e r, even  on tim e sca le s  

c o rre sp o n d in g  to 200  m V s - l ,  so lve n t transfer occu rs before  onset o f  re -reduction  o f  the 

layer, to y ie ld  M e q ( T O T )  va lu e s w h ich  are s im ila r  to the "th e rm o d y n a m ic "  m ass  ch an ge s  

obta ined  on  the lo n g e r  tim e sca les o f  5 m V s - l  scan  rates T h e  th e rm o d yn a m ic  data  have  

been d iscu sse d  p re v io u s ly  in  C h ap te r 3 and are a lso  in c lu d e d  in  T a b le  5 3 1 fo r  

co m p ar iso n

F o r  e lectro lyte  concentrations greater than 1 0  M  H C I O 4 , M e q ( E T E )  and  M e q ( T O T )  

va lu e s are s im ila r, w ith  a ll m ass  and ch arge  transfer o c c u n n g  d u n n g  the end -to -end  

an od ic  sw eep  A s  d iscu sse d  in  C h ap te r 3, at these e lectro lyte  con centrations  

perm se le c tiv ity  o f  the laye r fa i ls  and transfer o f  the neutral ac id , ( H 3 0 )+ ( C 1 0 4 )-, o ccu rs  

T h e  transfer o f  perch lorate  salt has been ob served  to be faster than so lven t transfer in  

P V F  [13,14] S im ila r ly ,  neutral ac id  transfer is  expected  to be faster than that o f  so lve n t  

and  fo r  [O s (b ip y )2 ( P V P ) io C l ] +  f i lm s  appears to o ccu r c o n c o m ita n tly  w ith  the counter­

an ion

F o r  4  0 M  H C I O 4 , the d eve lo p m en t o f  the co u n te r-D o n n a n  o sm o tic  f lu x  [19], 

d iscu sse d  in  Se c tion  3 4 4  2c, resu lts in  a n£ i m ass  lo ss  w h ich  is  a lm o st  independent o f  

scan  rate C on se q u e n tly , because  o f  the k inetic  lim ita tio n s  fo r  the p a ssa g e  o f  ch arge  at 

faster scan  rates, the eva lu a tion  o f  the n o rm a lise d  m a ss  is  o b se rve d  to increase  w ith  

in c re a s in g  scan  rate
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5 3 2 2 pTSA  electrolyte

F ig  5 3 5 illu strates the c y c lic  v o lta m m o g ra m , m ass-p o te n tia l and  charge -p oten tia l 

p lo ts  ob ta ined  m  0 2 M  p T S A  fo r  the first and  subsequen t scan s  at 200  m V s-1  T h e  

c o rre sp o n d in g  O p t s - and  m a ss -c h a rge  p lo ts  are illu stra ted  in  F ig  5 3 6  T h e  c o u lo m e tn c

p o ly m e r  surface  co ve rage  is  2  x 10-8 m o lc m -2

M a s s  and  ch arge  transfer in  a ll p T S A  con centrations e x h ib it  the sam e gen era l features 

as those  in  F i g  5 3 5 and  F ig  5 3 6  O n  the tim e sca le  o f  the fo rw a rd  scan  com p le te  

transfer o f  so lve n t o ccu rs as d ictated b y  the extent o f  p o ly m e r  o x id a tio n  T h e  e va lu a tion  

o f  M e q ( E T E )  is therefore fo u n d  to be equa l to that o f  M e q ( T O T )  (ca lcu la ted  fro m  P o in ts  

A  and B  in  F ig  5 3 5, re spective ly )

T h e  im m ed ia te  m ass  increase  w ith  the p a ssa g e  o f  ch arge  in F ig  5 3 6 , dem onstrates  

that an an io n  source  does not e x ist w ith in  the p o ly m e r  f i lm  T h is  su gge sts  that desp ite  

b e in g  m ore  sw o lle n , the p o ly m e r  laye rs in  p T S A  m a y  rem ain  pe rm se lective  in the 

concentration  range  0 1 M  to 1 0 M  I f  this is so, then it is  o n ly  the le v e ls  o f  so lva t io n  

dictated b y  the e lectro lyte  /  p o ly m e r  interaction  and  the p T S -  cou n te r-an io n  requ irem ent  

fo r  the protonated  p o ly m e r  backbon e  that con tribu te  to the re sident la y e r  m a ss  in the 

p T S A  concentration  ran ge  c o rre sp o n d in g  to p H  0  0 to 1 0 (see Se c tio n  4  3 1 4  an d  

F ig  4 3 7)

T h e  m in im a l hysteresis in  both the O p t s -  and  m a ss -c h a rge  p lo ts  in  F ig  5 3 6 , 

co n firm s  that a ll m o b ile  spec ies are transferred at a s im ila r  rate T h e  fa c ile  m ass  transfer  

m  p T S A  e lectro lyte  and  the con co m itan t transfer o f  la rge  quan titie s o f  so lve n t w ith  the 

cou n te r-am on  m a y  be attributed to the p o ly m e r  m o rp h o lo g y  w h ich  resu lts fro m  the p T S A  

/ p o ly m e r  interaction d iscu sse d  in C h ap te r  4  U s in g  the d ia gn o st ic  schem e fo r the a n a ly sis  

o f  E Q C M  data, the m ass and charge  transfer in F ig  5 3 5 and  F ig  5 3 6  ind icate  that the 

ch arge  transport p roce ss is  under e lectroneutrahty con tro l [12 -14] F o r  a non - 

p erm se lective  f i lm  th is w o u ld  represent e lectron se lf  e x ch an ge  as the rate l im it in g  step
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Fig 5 3 5

t

(i) Cyclic voltammogram, (11) mass-potential and (111) charge

potential plots at a scan rate of 200 mVs-1 in 0 2 M  pTSA

The polymer surface coverage is 2 x 10-8 molcm-2
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Due to the loading effects that have been found for [Os(bipy)2 (PVP)nCl]+, where n was 

varied from 5 to 25 [2,3], this is considered unlikely For a permselective polymer film, 

however, electroneutrahty control represents counter-anion motion as the rate limiting 

step This interpretation is evidenced by the absence of a counter-anion source within 

[Os(bipy)2 (PVP)ioCl]+ films and is in agreement with activation parameters for Dct(CV) 

previously reported for this polymer in pTSA electrolyte [1]

Table 5 3 2 summarises the end-to-end frequency shift, anodic charge and the 

normalised mass for scan rates ranging from 1 to 500 mVs-* in a senes of pTSA 

electrolyte concentrations The data presented are for a film of coulometnc surface 

coverage 2  x 1 0 ~ 8  m olcm -2  and are averaged for repeat analysis on that film (error ± 2%) 

For films of similar surface coverage, the between film variation is ± 10%

5 3 2 2a pTSA concentrations less than 0 1 M

As discussed m 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 is 

observed (Fig 4 3 14, Chapter 4) From Table 5 3 2 it can be seen that at faster scan rates 

this morphology change is "frozen out" of the observed mass change, and consequently, 

M e q ( B T E )  increases with increasing scan rate up to a scan rate of 200 mVs- 1 This may

be attnbuted to the reduced levels of polymer oxidation under semi-infinite 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 Fig 4 3 11
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Tabl e 5  3  2  Scan rate dependency o f  frequency shift, charge and norm alised m ass in p T S A  electrolyte  

D ct(C V ) evaluation at each concentration is also  included

pT SA  C one  

(M olar)

D ct(C V ) (a)

( x 1011 cm 2s 1 )

V

( m V s 1 )

Af ( b)

( H z )

A Q ox

(pC>

M eq(ETE) (c)  

(g m o l *)

0 01 3 8 0  (1 0 ) 1 1 7 2 7 3 9 9 - 41 4

5 0 1 8 9 9 3 3 0 - 5 5 0

200 1 3 6 9 220 -595

5 0 0 1 0 4 1 1 7 0 - 5 8 6

0  0 5 5  7 0  ( 0 7 ) 1 - 1 0 0 7 4 0 8 2 3 6

5 0 - 1 0 6 8 3 6 5 2 8 0

200 - 1 2 1 4 2 8 5 4 0 7

5 0 0 - 7 5 8 193 3 7 7

0 10 12 9 0  (0  6) 1 -2391 3 9 0 5 8 7

5 0 - 2 3 0 0 3 7 5 5 8 6

200 - 1 5 5 2 2 8 5 5 2 1

5 0 0 - 9 1 3 200 4 3 7

0 20 12 6 0  (0  9 ) 1 - 2 0 3 0 4 0 8 4 7 6

5 0 - 2 0 2 7 4 0 5 4 7 9

200 - 1 5 1 5 3 1 5 4 6 0

5 0 0 - 1 0 0 4 2 3 5 4 0 9

0  4 0 12 5 0  (0  8) 1 - 1 9 2 6 3 4 0 5 4 1

5 0 - 1 8 6 2 3 6 8 4 8 4

200 - 1 5 1 5 3 2 8 4 4 2

5 0 0 -1041 2 5 2 3 9 5

0 6 0 12 3 0  (0  7 ) 1 - 1 9 7 5 3 7 5 5 0 4

5 0 - 1 9 9 0 3 7 0 5 1 4

200 - 1 6 2 5 3 3 0 5 0 5

5 0 0 - 1 0 9 5 2 5 5 4 3 8

0 8 0 13 9 0  (0  9 ) 1 1 3 7 6 3 5 0 - 3 7 6

5 0 1 6 3 4 3 9 3 -39 8

200 1 4 2 4 3 4 0 -401

5 0 0 8 4 9 210 -38 7

100 14 10  (0  9 ) 1 2 0 4 4 3 5 8 - 5 4 6

5 0 1 8 2 6 3 7 5 - 4 6 6

200 1 3 8 7 3 4 0 - 3 9 0

5 0 0 8 9 5 2 6 0 -32 9

a ) C alculated from anodic peak current o f  c y c lic  voltam m ogram  using R andles-Sevcik  equation

b )  C hange in resonant frequency on com pletion  o f  linear sw eep  for oxidation

c )  C alculated assum ing the validity o f  the Sauerbrey equation



In  0 01 M  p T S A  the m ass  lo ss  o c c u n n g  th rou gh ou t p o ly m e r  o x id a tio n  w a s sh o w n  to 

be due to the e le c tro -o sm o tic  f lu x  o f  so lve n t fro m  the e x te n s ive ly  sw o lle n  p o ly m e r  f i lm  

(see S e c tio n  4  3 2 1) In  T a b le  5 3 2, w h ile  the abso lu te  m ass  (s ic  freq uen cy) c h an ge  is 

sm a lle r  at faster scan  rates, the n o rm a lise d  m ass  be com e s greater T h is  reflects the k in e tic  

aspects o f  the e le c tro -o sm o tic  f lu x  and its dependence  on  current den sity  rather than the 

total ch arge  p asse d  [20] A lth o u g h  this so lven t f lu x  has been dem onstrated  to be real, 

u s in g  so lve n t iso to p ic  substitu tion , its qu an tifica tio n  is  re c o gn ise d  to be sub ject to the 

v isc o e la st ic ity  o f  the sw o lle n  p o ly m e r  laye r in  d ilute  p T S A  e lectro lyte

5 3 2 2b pTSA concentration range 0 1 M to 1 0 M

In  the concentration  range  0 1 M  to 0 6  M  p T S A ,  the m a ss  c h an ge  is due to counter­

an ion  m otio n  and so lve n t transfer (Se ct io n  4 3 2 2) T h e  n o rm a lise d  m ass  in  T a b le  5 3 2  

is con stan t fo r  scan  rates ra n g in g  fro m  1 to 200  m V s - 1, d e c re a s in g  o n ly  s lig h t ly  at a scan  

rate o f  500  m V s-1  F o r  p o ly m e r  f i lm s  e x h ib it in g  v isco e le a st ic  beh av iour, the eva lu a tion  

o f  n o rm a lise d  m ass  is  expected to be greater at faster scan  rates, w ith  v isco e la st ic  

d a m p e n in g  o f  frequen cy  m easurem ents m ore  severe on lo n g e r  tim e  sca le s T h e  

o bservation  that M e q ( E T E )  is  q u an tita tive ly  s im ila r  at scan  rates o f  1 to 200  m V s-1  

su gge sts  that the frequen cy  sh ifts associated  w ith  com p le te  p o ly m e r  o x id a tio n  in  C h ap te r  

4 are not subject to a s ign if ic a n t  v isc o e la st ic  con tribu tion  and  accu rate ly  represent the 

m ass ch an ge s  assoc ia ted  w ith  the attainm ent o f  g lo b a l e q u ilib n u m

A t  the fastest scan  rate o f  500  m V s-1 , the s lig h t  decrease  in  n o rm a lise d  m ass  ind icates  

that it is  o n ly  under these d y n a m ic  c o n d itio n s  that the th e rm o d yn a m ic  so lve n t  

requ irem ent fo r  so lve n t transfer can n o t o ccu r H o w e v e r, in  the concentration  ran ge  0 1 M  

to 0 6  M ,  the M e q ( E T E )  va lue  at 500  m V s-1  is  420  ± 1 8  gm o l-1  T h is  represents the 

co n co m itan t transfer o f  c a  14 so lven t m o lecu le s per redox  site co n ve rsio n , w h ile  in

and related text)
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HCIO4  electrolyte, the value of M e q ( H T E )  at 200 mVs-1 typically represents the transfer 

of only 1  solvent molecule, rising to a maximum value of 2 3 in 0 03M HCIO4  This 

clearly illustrates the anion dependency of polymer structure and the subsequent 

differences in the facility for the movement of solvent This will be illustrated more 

clearly in Section 5 3 3

For the data presented in 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 is not considered to be real and no change m mass transfer mechanisms 

actually exist It is thought that for all [Os(bipy)2 (PVP)ioCl]+ films, irrespective of

thickness, a concentration of pTSA is ultimately reached where the coupled viscous load 

of polymer film and viscous electrolyte results in unpredictable ciystal oscillations which 

cannot be reliably related to mass changes Obviously, this will occur in more 

concentrated pTSA electrolytes for thinner films This is confirmed for a film of lower 

surface coverage ( 1  1  x 1 0 - 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 in Tables 5 3 4 and Table 5 3 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 HCIO4  A

more detailed evaluation of the effect of mass transfer on charge transport rates under 

potential sweep and potential step conditions is now undertaken
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5.3.3, Cyclic voltammetry - Mass transfer and Dct(CV).

5 3 3 1. HClOd electrolyte

T h e  ch an ge  in the apparent d iffu s io n  coe ffic ient, D ct (C V ) ,  w ith  c h a n g in g  H C I O 4 

concentration  is su m m a n se d  in T a b le  5 3 1 D ct ! / 2 C (C V )  w a s ca lcu la ted  fro m  the slope

o f  the R a n d le s -S e v c ik  p lo t fo r  scan  rates 100 to 5 0 0  m V s-1 ,  as d e sc n b e d  in S e c tio n  1 2  1 

D ct ( C V )  w a s  e stim ated  u s in g  a concentration  o f  re d o x  sites o f  0 7 M  T h is  concentration

w as determ ined  fro m  the d ry  d en sity  o f  the p o lym e r, m easu red  b y  flo ta tion  m  n o n ­

sw e ll in g  so lve n ts  [1-3] T h e  error in  D cl( C V )  is ±  2 %  on  a g iv e n  f i lm  and  ± 1 0 %  betw een  

f i lm s  W ith  the exception  o f  1 0 M  H C I O 4 , the va lu e s  fo r  D ct ( C V )  are in  agreem ent to 

w ith in  ±  2 0 %  w ith  p re v io u s ly  reported va lu e s [1] T h e  e ffect o f  c h a n g in g  perch lo rate  

concentration  on D ct ( C V )  is illu stra ted  in F ig  5 3 7, w ith  lo g  e lectro lyte  con centration

used  fo r  presentation  p u rpo se s

In  C h ap te r 3 it w a s  fo u n d  that, as the e lectro lyte  concentration  is  increased, the 

p o ly m e r  phase  m a ss  increases due to p rotonation  o f  the p o ly m e r  b ackb on e  and  the 

in sertion  o f  perch lorate  coun ter-ion  D e sp ite  this, im p e d an ce  m easurem ents ind icated  that 

no  s ig n if ic a n t  p o ly m e r  m o rp h o lo g y  ch an ge s  occu r C o n se q u e n tly ,  no  c h an ge  in redox  site  

concentration  is expected and  the trends ev iden t in  D ct( C V )  in  F ig  5 3 7 are co n s id e re d  to 

be real

T h e  decrease  in  D ct ( C V )  o ve r the concentration  ran ge  0 03 M  to 1 0 M  H C I O 4 has  

been ob served  p re v io u s ly  fo r  [O s (b ip y )2 ( P V P ) io C l ] +  [1,2] F ro m  the characte ristics o f  

the current re sponse  fo r potentia l sw eep  and potentia l step techniques, as w e ll as the 

effect o f  redox  site lo a d in g  on D c t [2,3], it has been dem onstrated  that the decrease in  

D c t ( C V )  can n o t be attnbuted  to a m ig ra t io n a l enh an cem en t o f  the current at lo w e r  

con centrations (see Se c tion  1 2 1 and Se c tio n  2 3 6 ) T h e  reduced  D ct ( C V )  in  0 01 M  and  

0 001 M  H C I O 4 support th is v ie w
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T h e  tem perature-dependence o f  D ct( C V )  w ith in  [O s (b ip y )2 ( P V P ) io C l ] +  has been  

u sed  to a id  the d ia g n o s is  o f  the rate de te rm in in g  step in  the ch arge  transport p roce ss [ 1- 

3] T h e  la rge  activa tio n  energies and  p o s it ive  en tropy  in  the concentration  range  0 01 M  

to 2 0 M  H C I O 4  are in d ica tive  o f  se gm enta l p o ly m e r  ch a in  m o tio n  l im it in g  ch arge  

perco la t ion  rates T h e  decrease  in  D ct ( C V )  h a s therefore been th o u gh t to represent the 

increased  c ro s s lin k in g  an d  d e h yd ra tion  o f  the p o ly m e r  m atr ix  b y  the in c re a s in g  

concentration  o f  perch lorate  [1] In  C h ap te r 3 it w a s  sh o w n  that the p o ly m e r  phase  

perch lorate  content d oe s not c h an ge  in  this concentration  ra n ge  S im ila r ly ,  the a c tiv ity  o f  

so lve n t w i l l  not be s ig n if ic a n t ly  d iffe ren t in  0 03 an d  1 0 M  e lectro lyte  [11] an d  the le ve ls  

o f  p o ly m e r  so lva t io n  are expected to rem ain  con stan t A n  a lternative  e xp lan a tion  fo r  the 

decrease  in  D ct ( C V )  is therefore required

F ig  5 3 8 illu strates the c y c lic  v o lta m m o g ra m , the m ass-p o te n tia l and  the ch arge -  

potentia l p lo ts  ob ta ined  at 2 0 0  m V s -1 fo r  a p o ly m e r  o f  c o u lo m e tn c  su rface  co ve rage  2  x 

10-8  m o lc m -2  in  0 01 M  H C I O 4 F ig  5 3 9 sh o w s  the c o r re sp o n d in g  p lo ts  fo r  the sam e  

f i lm  w h en  transferred and  equ ilib rated  in 0 03 M  H C I O 4 , w h ile  F ig  5 3 10 illu stra tes the 

b e h av io u r in  1 0 M  e lectro lyte  T h e  data  in  0 1 M  H C I O 4 h a s been sh o w n  p re v io u s ly  in  

F ig  5 3 3 and  F ig  5 3 4

F ig  5 3 8 illu strates that in 0 01 M  H C I O 4 m a ss  and  ch arge  transfer are ve ry  m uch  

im peded , p a rticu la rly  m ass  It  is  o n ly  after 7 c y c le s  that a ‘'steady-state " m a ss  re sponse  is  

attained In  contrast, in  0 03 M  H C I O 4 (F ig  5 3 9 ) both  m a ss  and  charge  transfer is  

re la tive ly  m ore  fac ile , w ith  the steady-state  a c c o m p lish e d  after the first scan  T h e  

b e h av io u r in  0 1 M  e lectro lyte  (F ig  5 3 3) is  s im ila r  H o w e v e r, in  1 0 M  H C I O 4  there 

appears to be a return to im p ed ed  m a ss  transport (F ig  5 3 10)

T h e  data are m ore  c lear ly  represented b y  the c o rre sp o n d in g  <I>ci04- and  m ass-ch a rge

p lo ts  T h e se  are illu stra ted  in  F ig  5 3 11 (a) to F ig  5 3 11 (c ) fo r  0 01 M ,  0 03 M  and  1 0 

M  H C I O 4 , re sp e ctive ly  In  0 01 M  electrolyte, d u r in g  the fo rw a rd  an od ic  scan  no  transfer
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Fig 5 3 8 (i) Cyclic voltammogram, (n) mass-potential and (111) charge

potential plots at a scan rate of 20 0  mVs-l in 0 01 M HCIO4

The polymer surface coverage is 2 x 10-8 molcm-2
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F i g  5 3 9 (1) C y c l ic  v o lta m m o g ra m , (u ) m ass-p o te n tia l and (111) c h arge

potentia l p lo ts at a scan  rate o f  2 0 0  m V s ' 1 in  0 03 M  H C I O 4

POTENTIAL (  V vs SCE )
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Fig 5.3 10 (1) Cyclic voltammogram, (11) mass-potential and (111) charge

potential plots at a scan rate of 200 mVs-1 in 1 0 M  HCIO4
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Fig 5 3 11 <I>ao4- and mass-charge plot for data presented in Fig 5 3 8 to 5 3 10

(a) 0 01 M , (b) 0 03 M and (c) 1 0 M HCIO4
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o f  so lve n t occurs, w ith  O c i0 4 -  re m a in in g  near-zero th rou gh ou t I t  is  o n ly  o n  ce ssa tio n  o f  

the p a ssa g e  o f  an od ic  ch arge  that so lve n t in g re ss  is  o b se rved  S im ila r ly ,  in  1 0 M  H C I O 4 

( F ig  5 3 1 1 c )  there appears to be retarded so lve n t transfer, w ith  <J>ci04- o n ly  b e c o m in g  

p o s it ive  after c a  60  p C  (1 e 2 5 %  o f  the total redox  co n v e rs io n )  In  contrast, in  0 1 M  and  

0 03 M  H C I O 4 , ( F ig  5 3 4  an d  5 3 1 1 b , re spective ly ), <i>Q04- becom es p o s it iv e  a lm o st  

im m e d ia te ly  w ith  the p a ssa g e  o f  an od ic  charge, in d ic a tin g  that in te rfac ia l so lve n t transfer 

occu rs th rou ghou t the redox  co n ve rsio n

W h ile  the o r ig in s  o f  th is c h an ge  in the fa c ility  fo r  so lve n t transfer rem a in  unclear, it is 

con side re d  that they m u st a lso  be  re sp o n sib le  fo r  the decrease  in D ct( C V )  w ith  in c re a s in g  

H C I O 4 concentration  in  the ran ge  0 03 M  to 1 0 M

A t  con centrations greater than 1 0 M  H C I O 4 , D ct( C V )  in creases sh a rp ly  (F ig  5 3 7 )  

T h e  current re sponse  fo r  the p o ly m e r  f i lm s  under se m i-in fin ite  d if fu s io n  co n d itio n s  

exh ib its a m ig ra t io n a l enhancem ent o f  the an od ic  branch  T h e  m easu rem ent o f  ch arge  

transport d iffu s io n  coe ffic ien ts  fro m  R a n d le s -S e v c ik  p lo ts is therefore in ap p ro p n a te  

W h ile  the con tribu tion  fro m  m ig ra t io n  to the current d e cay  o f  e lectroactive  f i lm s  

fo l lo w in g  a po tentia l step has been ad d ressed  [21 -23], little  has been p ro p o se d  fo r  the 

current re sponse  fo r  c y c lic  vo ltam m e try  N o  attem pt to extract ch arge  transport d iffu s io n  

rates at these concentrations w a s therefore attem pted

M ig r a t io n  is n o rm a lly  fo u n d  to becom e  m ore  s ig n if ic a n t  at lo w  su p p o rtin g  e lectro lyte  

concentrations [24] T h a t it is encountered at h igh  con centrations o f  perch lorate  is 

th ough t to reflect the increased  cro ss  l in k in g  and  c o m p ac t io n  o f  the la y e r due to the 

presence  o f  free e lectro lyte  It  is p roposed  that ch arge  transfer becom es so  im p ed ed  that a 

potentia l grad ien t is  e stab lish ed  acro ss the film , c h a n g in g  the nature o f  counte r-ion  

m o tio n  fro m  a p re do m in an tly  d if fu s io n a l one  to one  w ith  m ig ra t io n a l character

248



5 3 3 2 pTSA  electrolyte

The effect of pTSA electrolyte concentration on Dct(CV) is shown in Table 5 3 2 For 

concentrations greater than 0 1  M pTSA, Dct(CV) has a value of 13 ± 1 x 10- ! 1 cm2s-l 

At concentrations less than 0 1 M pTSA, Dct(CV) decreases to 5 ± 1 x 10-11 cm2s-l This 

reduction in the apparent charge transport diffusion coefficient may reflect the excessive 

swelling of the layer in low pTSA concentrations and the subsequent reduction in redox 

site concentration

For concentrations greater than 0 6  M pTS A, Dct(CV) is independent of both film 

thickness and whether a mass "loss" or gain is observed to accompany polymer oxidation 

This supports the contention that the mass loss indicated from frequency measurements is 

an artefact of the excessive viscous load of thicker films at high pTSA electrolyte 

concentrations

The invariance of Dct(CV) to pTSA concentrations greater than 0 1 M is not in

agreement with previously reported data, where a monotonic increase with concentration 

was found [1] However, at all electrolyte concentrations, Dct(CV) in pTSA is greater 

than that observed in HCIO4  by a factor of ca 5 Because the more solvated polymer

layer in pTSA is expected to result in a lower redox site concentration, this increase in 

D c t ( C V )  represents the lower limit for the enhanced charge transport rates in pTSA

Despite the considerable variation in the levels and mechanisms for solvent transfer 

within [Os(bipy)2 (PVP)ioCl]+ when exposed to pTSA, it is clear that the movement of

solvent is more facile than in perchlorate electrolyte The inter-relationship between 

polymer structure, solvent transfer and the rate of charge transport is graphically 

illustrated in Fig 5 3 12 In part (a) of this figure a typical voltammetnc response in 

pTSA and HCIO4  electrolyte at 50 mVs-l is shown The concentrations are 0 2 M pTSA 

and 0 1 M HCIO4  and the polymer surface coverage is 2 x 1 0 - 8  molcm- 2  In Fig 5 3 12 (b)
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film  o f  surface coverage 2 0 x 10-8 m olcm -2  in 0 2 M  p T S A  and 

0 1 M  H C IO 4 Scan  rate is 50 m V s -1

(b) The  correspond ing <E>j vs potential plots, representing the concom itant 

solvent flux

Fig 5 3 12 (a) Cyclic voUammogram obtained for an [Os(bipy)2(PVP)ioCl]+

-0 3  -0  1 0 1  0 3  0 5  0 7  0 9

V vs SCE
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the corresponding Oj plots are presented As it has been demonstrated the counter-anion j 

is responsible for the maintenance of electroneutrality, O, represents the flux of solvent 

occunng dunng redox switching

In perchlorate electrolyte charge transport kinetics are clearly slower than those in 

pTSA The cyclic voltamogram has broader, more ill-defined waves, with reduced peak 

current and wider peak-to-peak separation [25] This more impeded charge transport in 

perchlorate media, is mirrored in the minimal levels of solvent flux accompanying redox- 

switching The electrolyte-dependence of polymer morphology and the subsequent 

facility for solvent transfer, discussed in previous chapters, is 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 at [10]

9
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5.3.4. Potential Step - Mass transfer and Dct(PS).

A s  d iscu sse d  in  C h ap te r  2, a c o m m o n  o b se rva tion  fo r  [O s (b ip y )2 ( P V P ) nC l]+  and  

related p o ly m e rs  is  the dependence  o f  D ct on the exp erim enta l tim e sca le  D ct ( C V )  is  

frequen tly  2  orders o f  m agn itu d e  le ss  than the va lu e  o f  D ct (P S )  e va luated  w ith in  20  m s o f  

p u lse  ap p lica tion  In  th is study, the re so lu tion  o f  data  p o in ts  w a s  o n ly  5 m s, thus  

p re c lu d in g  an accurate a sse ssm en t o f  in te rfac ia l m ass  transfer on  the su b -2 0  m s  tim e  

sca le  T h e  E Q C M  stu dy  w a s lim ite d  to 100 m s, a tim e  sca le  o ve r w h ich  

ch ro n o co u lo m e try  w a s fo u n d  to y ie ld  a va lu e  fo r  D ct s im ila r  to that ob ta ined  u s in g  c y c lic  

vo ltam m e try  N o r m a lly  fo r  [O s (b ip y )2( P V P ) io C l ] +  in  H C I O 4  D ct(P S )  is greater than  

D c t ( C V )  b y  a factor o f  o ve r 100, w h ile  in p T S A  the d iffe ren ce  is  a fa c to r  o f  c a  10 [1] 

H o w e v e r, despite  the in a b ility  to reproduce  p re v io u s ly  reported D ct(P S )  va lu e s  fo r  

[O s (b ip y )2( P V P ) io C l] + ,  a nu m ber o f  ob se rva tion s  re g a rd in g  m ass  transfer in  response  to 

a potentia l step can be m ade

5 3 4 1 HC1CU electrolyte

T h e  n o rm a lise d  m a ss  fo r  both o x id a tio n  and reduction  o f  [O s (b ip y )2 ( P V P ) io C l ] +  on  

the 1 0 0  m s  an d  1 0  s tim e  sca le s fo l lo w in g  p u lse  ap p lica tio n  is  su m m a rise d  fo r  a range  o f  

H C I O 4  e lectro lyte  con centrations in T a b le  5 3 3 T h e  data  w ere co llected  fo r  tw o

d ifferent p o ly m e r  f i lm s  and  h ave  an error o f  ±  2 0 %  R e p e a t de te rm ina tion s on a g iv e n  

f i lm  have  an error o f  ±  2 %  F o r  H C I O 4 , the features o f  m a ss  transfer a c c o m p a n y in g

p o ly m e r  ox id ation  are s im ila r  (but o pposite ) to those fo r  p o ly m e r  reduction  T h e  m ass  

transfer a c c o m p a n y in g  o x id a tio n  is  therefore o n ly  con side re d  in  the fo l lo w in g  d isc u ss io n  

O v e r  the 100 m s tim e sca le  the n o rm a lise d  m ass  in  the concentration  range  0 03 M  to 

1 0 M  H C I O 4 is a p p ro x im a te ly  that o f  the C IO 4 - an io n  O v e r  10 s, M e q ( O X )  increases to 

a va lu e  ap p ro a c h in g  that o f  M e q ( E T E )  quoted  in T a b le  5 3 1 fo r  the 200  m V s-1  scan  rate
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Table 5 3 3 Normalised mass for the Os11/111 couple on application of a

potential step in HCIO4 electrolyte

HCIO4  Cone M e q ( O X I D A T I O N )  (a) M e q ( R E D U C T I O N )  (b )

(gmol-1 ) (gmol-1 )
( Molar) 1 0 0  ms 1 0  s 1 0 0  ms 1 0  s

0 0 0 1 - 25 27 13 - 2 0

0  0 1 0 78 6 6 - 90

0 03 76 162 - 124 - 166

0  1 0 76 123 - 65 - 1 2 0

0  30 117 123 - 1 1 0 -118

0 70 1 0 2 119 - 1 1 2 - 114

1  0 0 1 1 2 114 - I l l - 1 2 0

2  0 0 162 142 -138 -161

3 00 597 425 -651 -529

4 00 (c) - 1940 -892 1361 1358

a) Potential pulse from -0 25 to 0 8  V vs SCE

b) Potential pulse from 0 8  to *0 25 V vs SCE

c) Mass influx for first 20 ms ca 350 gmoH
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T h e  exception , as before, is  in  0 03 M  H C I O 4 , w here, even on the 10 s tim e scale, g lo b a l  

e q u ilib r iu m  appears to be e stab lish ed  and  the "th e rm o d y n a m ic ” m ass  ch an ge  occu rs T h is  

is  in  agreem ent w ith  the re la tive ly  m ore  fac ile  so lve n t transfer in  [O s (b ip y )2 ( P V P ) io C l ] +  

f i lm s  in  0 03 M  H C I O 4 ob served  u s in g  c y c lic  v o ltam m e try  in  Se c tio n  5 3 3 1

T h e  features o f  so lve n t and  ( H 3 0 )+ ( C 1C>4 -) transfer in  [O s (b ip y )2 ( P V P ) io C l ] + f i lm s

d iscu sse d  in  p re v io u s  sections, a lso  pertain  to m ass  transfer on the po tentia l step tim e  

sca le s con side red  here H o w e v e r, a nu m ber o f  im portan t features e x is t  at lo w  H C I O 4

e lectro lyte  concentrations

F ig  5 3 13 illu strates a ty p ica l m ass  and ch arge  re sponse  (v s  tim e) fo r a  10 s o x id a tio n  

p u lse  fro m  -0  25 V  to 0 8 V  in  0 1 M  H C I O 4 T h e  <I>ci04- and  m a ss-ch a rge  p lo ts  are 

dep icted  in F ig  5 3 14, w here the va lue  o f  O c i0 4 -  n e ga tive  fo r  the first 3 0 %  o f  p o ly m e r  

o x id a tio n  T h is  ind icates that d u r in g  the in itia l stages o f  p o ly m e r  o x id a tio n  in su ffic ie n t

in terfac ia l m ass  transfer occu rs to accoun t fo r  the transfer o f  one  perch lorate  an ion  per
•  •

O s 11/111 co n ve rsio n  T h e  co rre sp o n d in g  $ 0 0 4 -  and  O h +  v s  tim e p lo ts  are sh o w n  in  

F ig  5 3 15 (a) and  5 3 15 (b), re spective ly  A s  o u tlin ed  p re v io u s ly ,  <J>ci04- represents the 

f lu x  o f  a ll m o b ile  spec ie s except that o f  C IO 4 ', a s su m in g  that C I C V  is re sp o n sib le  fo r  the 

m ain tenance  o f  e lectroneutrality  w ith in  the la y e r <&h+ i s  the c o rre sp o n d in g  p lo t a s su m in g

proton  m ove m e n t is the ch arge  co m p e n sa tin g  ion  In  F ig  5 3 15 (a), the in it ia l m ass  f lu x  

• ■ 
fo r  the O c i0 4 “ p lQt !S negative, w h ile  fo r the <I>h + p lo t  in  F ig  5 3 15 (b), a net m ass  in flu x

is  seen It  is  th rou gh  the m in im isa t io n  o f  <I> that the id e n tifica tio n  o f  the m a in  ch arge

earner d u r in g  redox  sw itc h in g  o f  e lectroactive  f i lm s  m a y  be e stab lish ed  [12-14]
•  •

H o w e v e r, as can  be seen in F ig  5 3 15, both C>c]04- and  O h + are o f  s im ila r  m agn itu d e  

(a lth o u gh  opposite  in  s ig n )

W h ile  the con tribu tion  fro m  d ou b le  laye r c h a rg in g  prevents accurate quan tita tion  

[14], it appears that in  H C I O 4 e lectro lyte  partia l c o - io n  e x p u ls io n  m u st e x ist as a 

m e c h a n ism  fo r the m ain tenance  o f  e lectroneutrality  w ith in  [O s (b ip y )2 ( P V P ) i o C l ] + on  

short tim e sca le s
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T IM E  ( s )
CHARGE ( jiC )

F ig  5  3  1 3  (a) M ass and (b) charge transients for F ig  5  3  1 4  O Ci04- and M ass-charge plot for 

[O s(b ip y )2(P V P )io C l]+ in 0  1M HCIO4, the data presented in F ig  5 3 13

fo llo w in g  a 10 s  o x id isin g  pulse
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Fig 5 3 15 (a) <J>ci04~ vs time plQt f °r data presented in Fig 5 3 13 

(b) Oh+ vs  time plot for data presented in Fig 5 3 13

TIM E ( s )
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In  m ore  d ilute  e lectrolytes, the reduced a v a ila b ility  o f  cou n te r-an io n  resu lts in  the c o ­

ion  e x p u ls io n  m e ch an ism  ta k in g  tem pora l precedence T h is  is  illu stra ted  in F ig  5 3 16 

w h ich  sh o w s a ty p ic a l m ass -t im e  transient ob ta ined  in 0 01 M  H C I O 4 on  the 100 m s tim e

sca le  W h i le  no  n £ l m ass  ch an ge  is ob served  o ve ra ll (see T a b le  5 3 3 ) th is figu re  sh o w s  

that there is  a  m a ss  lo s s  d u r in g  the first 50  m s o f  ox id a tion , p re su m a b ly  due  to the 

d o m in a t io n  o f  H +  exp u ls ion , w ith  m ass  in g re ss  due to an io n  in se rtion  o n ly  o c c u n n g  in  

the latter stages o f  the p u lse

F o r  [O s (b ip y )2( P V P ) io C l ] +  in  0 1 M  to 1 0 M  H C I O 4 e lectrolyte, the activa tion  

param eters fo r  ch arge  transport on the tim e sca le  o f  po tentia l step techn iques have  been

p rop o sed  to represent the lo c a lise d  m o ve m e n t o f  cou n te r-ion  w h ic h  is a v a ila b le  w ith in
/

the laye r [1-3] T h e  fact that in te rfac ia l m ass  transfer is  o b se rve d  on a ll tim e sca le s  

stud ied  and that the p o ly m e r  laye rs are perm se lective , m ake s th is interpretation u n lik e ly  

A t  a ll H C I O 4 e lectro lyte  concentrations b e lo w  1 0 M ,  the in terfac ia l m ass  transfer in  the

2 0  m s  fo l lo w in g  p u lse  app lica tion  is in su ffic ie n t to acco u n t fo r  cou n te r-ion  m o tio n  

W h ile  quantita tive  a rguem ents can no t be m ade  due  to the d iff ic u lty  in e x trac tin g  the 

con tr ibu tion  fro m  d o u b le  laye r c h a rg in g  and  the lim ite d  re so lu tion  fo r  data  capture, it i s  

con side re d  that c o - io n  e x p u ls io n  m e ch an ism s are u tilised  W h e re  cou n te r-an ion  su p p ly  

fro m  the b u lk  e lectro lyte  is  s lo w e r (see Se c tio n  3 4 4  2 b ) c o - io n  e x p u ls io n  o ccu rs to a 

greater extent T h u s, it is p robab le  that d iffe ren t e q u lib n a  p roce sse s d o  e x ist fo r  

[O s (b ip y )2 ( P V P ) io C l ] +  in  H C I O 4 on d ifferent e x p en m e n ta l tim e sca les, and  the enhanced  

D ct (P S )  va lu e s  that h ave  been reported m a y  reflect the u n iqu e  nature o f  p roton  e xch an ge  

m e ch an ism s
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Fig 5 3 16 Mass transient in response to a 100 ms oxidising potential step for a
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[Os(bipy)2 (PVP)ioCl]+ film of surface coverage 2 x 1 0 - 8  m olcm -2 

The electrolyte is 3 01 M HCIO4
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5 3 4 2 pTSA  electrolyte

F ig  5 3 17 illu stra tes the m ass  and  ch arge  (v s  tim e) re sponse  in  0 2 M  p T S A  fo r  a 10 s 

o x id a tio n  p u lse  fro m  -0  25 V  to 0 8  V  T h e  c o u lo m e tn c  p o ly m e r  surface  co ve rage  is 2 x 

10-8  m olcm -2 T h e  c o rre sp o n d in g  <&pt s -  and m a ss -c h a rge  p lo ts  are sh o w n  in F ig  5 3 18 

B o th  the m a ss  and  <I>pTS" rem a in  p o s it ive  th rou gh ou t re d o x  con ve rsio n , in d ic a t in g  that in  

p T S A  e lectro lyte  c o - io n  e x p u ls io n  m e ch a n ism s  are no t u tilised, even  on po ten tia l step  

tim e sca le s

• • •
T h e  <I>pTS_ and  $ h + v s  tim e  p lo ts fo r  these data are illu stra ted  in F ig  5 3 19 B o th  O j

p lo ts  dem onstrate  an im m ed ia te  in f lu x  o f  m ateria l d u r in g  p o ly m e r  o x id a tio n  fo l lo w in g  

ap p lica tion  o f  the po tentia l p u lse  H o w e v e r, the va lu e  o f  O j  is s ig n if ic a n t ly  reduced  fo r  j

=  p T S -,  c o n f irm in g  that in  p T S A  e lectro lyte  the cou n te r-am on  is  the m a jo r  ch arge  

c o m p e n sa tin g  ion

T h e  data presented m  F ig  5 3 17 to 5 3 19 sh o w  that there is im m ed ia te  in te rfac ia l 

m ass  transfer fo l lo w in g  p u lse  app lica tion  T h is  ind icate s that an  an io n  sou rce  d oe s not 

e x ist w ith in  the p o ly m e r  la y e r and p ro v id e s  ev idence  that the enhanced  va lu e s  o f  D ct, 

w h ic h  have been o b se rved  p re v io u s ly  fo  [O s (b ip y )2 ( P V P ) io C l ] +  in  p T S A  on potentia l 

step tim e sca le s [ 1], is  u n lik e ly  to be due to lo ca lise d  cou n te r-an io n  m otio n  resident  

w ith in  the p o ly m e r  layer

T h e  O p t s -  and m a ss-ch a rge  p lo ts in F ig  5 3 18 e x h ib it  no  hysteresis T h is

dem onstrates c le a r ly  the con com itan t in flu x  o f  so lve n t and an io n  on a ll tim e sca le s in  

p T S A  and  is  in  sharp  con trast to the b e h av io u r o f  th is p o ly m e r  in H C I O 4  e lectro lyte  (see

F ig  5 3 13 and  5 3 14) F o r  the potentia l step tim e sca le s con side re d  here, the ch arge  

transport p rocess th rou gh  [O s (b ip y )2 ( P V P ) io C l ] +  in  p T S A  is  under e lectroneutra lity  

con tro l and, as d iscu sse d  fo r  the c y c lic  v o lta m m e tn c  data in  Se c tio n  5 3 2 2, it is  

con sid e re d  that the rate l im it in g  p roce ss rem a in s cou n te r-an io n  m otio n
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CHARGE ( \iC )

F ig 5  3  17  (a) M ass and (b) charge transients for F ig  5  3  1 8  Op-ps- and M ass-charge plot for

[O s(b ip y )2(P V P )10C l]+ in 0  2  M  pT SA  the data presented in F ig  5 3 17

follo w in g  a 10  s o xid isin g  pulse
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Fig 5 3 19 (a) Opxs- vs time plot for data presented in Fig 5 3 17
m

(b) <I>h+ vs time plot for data presented in Fig 5 3 17

TIME ( 5 )
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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 m a series of pTSA electrolytes for a 

[Os(bipy)2 (PVP)ioCl]+ film of coulometnc surface coverage 1 1 x 10-8 molcm- 2  The
s

data are averaged for 3 repeat determinations at each time scale, with an error in the 

normalised mass of ± 5% The corresponding data for reduction of the polymer layer are 

given in 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-l, is also included in Table 5 3 4 in order to aid comparison with the transient mass 

data These thermodynamic data are in excellent agreement with those presented for a 

thicker film in Chapter 4, Table 4 3 2

The data for polymer oxidation and reduction in pTSA are qualitatively similar 

However, in the concentration range 0 1 to 1 0M 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 is narrowed to only ca 1 0 %, while on the 1 0  s time scale 

the normalised mass changes are identical, within experimental error As discussed in 

Chapter 4, for all [Os(bipy)2 (PVP)ioCl]+ polymer films in pTSA, the layer is more 

swollen in the fully oxidised state The increase in polymer viscoelasticity will therefore 

result in a greater under-evaluation of mass from frequency measurements during 

reduction of the Os111 centres, particularly on shorter time scales On more exhaustive 

redox switching of the polymer the viscoelastic contribution to mass measurement is 

expected to become similar for both oxidation and reduction of the layer, as observed for 

a 1 0  s potential step

In the following discussion reference to polymer oxidation is only made However, 

the general features for mass and charge transfer outlined are equally applicable to 

polymer reduction
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Table 5 3 4 Frequency, anodic charge and normalised mass for potential step from

-0 25 to 0 8 V  vs SCE in pTSA Surface coverage 1 1 x 10-8 molcm-2

pTSA Cone Time Scale Af AQox Meq(OX)
(Molar) (Hz) ( PC) ( gmol-1 )

0 05 a) 100 ms +1060 84 -1204
b) 1 s +1228 148 - 792
c) 10 s +1214 225 - 514
d) 2 mVs-l +1103 170 - 620

0 10 a) 100 ms - 551 108 + 489
b) 1 s - 1133 189 + 574
c) 10 s - 1169 230 + 486
d) 2 mVs'l -1157 235 + 471

0 20 a) 100 ms - 401 98 + 393
b) 1 s - 854 178 + 459
c) 10 s - 951 208 + 437
d) 2 mVs-l - 953 200 + 456

0 40 a) 100 ms - 357 96 + 357
b) 1 s - 782 175 + 428
c) 10 s - 891 210 + 406
d) 2 mVs"1 - 891 189 + 452

0 80 a) 100 ms - 399 100 + 382
b) 1 s - 858 183 + 433
c) 10 s - 948 225 + 403
d) 2 mVs-l - 905 184 + 471

1 00 a) 100 ms - 345 96 + 343
b) 1 s - 696 177 ' + 375
c) 10 s - 716 215 + 319
d) 2 mVs-J - 694 180 + 369

1 50 a) 100 ms - 108 91 + 108
b) 1 s + 359 176 - 194
c) 10 s + 632 206 - 293
d) 2 mVs-l +2045 180 - 328
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from 0 8 to -0 25 V vs SCE m pTSA for the film shown in Table 5 3 4

Table 5 3 5 Frequency, cathodic charge and normalised mass for potential step

pTSA Cone 
( Molar)

Time Scale Af
(Hz)

AQred
( PC)

Meq(RED)
( gmol-1)

0 05 a) 100 ms - 671 - 98 + 544
b) 1 s - 1290 - 141 + 877
c) 10 s - 1232 - 213 + 533

0 10 a) 100 ms + 451 - 124 - 349
b) 1 s +1067 - 197 - 522
c) 10 s +1165 - 235 - 475

0 20 a) 100 ms + 380 - 119 - 305
b) 1 s + 849 - 193 - 423
c) 10 s + 951 - 218 - 418

0 40 a) 100 ms + 342 - 119 - 275
b) 1 s + 784 - 194 - 388
c) 10 s + 893 - 220 - 388

0 80 a) 100 ms + 341 - 126 - 260
b) 1 s + 835 - 209 - 384
c) 10 s + 945 - 225 - 401

1 00 a) 100 ms + 268 - 121 - 212
b) 1 s + 644 - 213 - 290
c) 10 s + 674 - 220 - 293

1 50 a) 100 ms + 15 - 121 - 13
b) 1 s - 435 - 202 + 206
c) 10 s - 683 - 210 + 311
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5 3 4 2a pTSA concentrations less than 0 1 M

As discussed previously, at low pTSA concentrations, [Os(bipy)2 (PVP)ioCl]+ 

polymer films are extensively swollen and mass transfer during polymer oxidation 

represents the electro-osmotic flux of solvent from the layer This is anticipated to be 

greatest for high current densities [2 0 ] 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 is also 

illustrated by the data in Table 5 3 4 For this thinner film of surface coverage 1 1 x 1 0 - 8  

molcm-2, the swelling of the layer occurs at 0 05 M pTSA For thicker 

[Os(bipy)2 (PVP)ioCl]+ 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 in Section 4 3 2 3, where it was considered that swelling of the layer occurs 

more readily in thinner films

5 3.4 2b pTSA concentration ranee 0 1 M to 1 0 M

As discussed in 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, it 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, in Table 5 3 4 the normalised mass 

on the 100 ms time scale is 388 ± 50 gmol' 1 This indicates that even on this time scale,
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the interfacial transfer of up to 1 2  moles of solvent per redox site conversion can take 

place On the 1 s time scale, the normalised mass increases to a value which is identical, 

within experimental error, to the thermodynamic data obtained at a cyclic voltammetnc 

scan rate of 2 mVs-1 That global equilibrium can be established on an experimental time 

scale of 1 s for [Os(bipy)2 (PVP)ioCl]+ in pTSA electrolyte demonstrates the polymer

morphology that exists in 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-l 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 is a reduction in the normalised mass evaluated for the 10 s 

pulse For an [Os(bipy)2 (PVP)ioCl]+ film of surface coverage 1 1 x 1 0 - 8  molcm-2, with a 

redox site concentration of 0 7 M, the layer thickness is ca 1  6  x 10-5 cm With a 

diffusion coefficient for charge transport of ca 2  x 1 0 - 1 0  cm2 s-l, the time required for 

the depletion layer to extend to the electrolyte / film interface is ca 0 4 s (Eqn 3 4 9) [24]

The OpTS- and mass-charge plots for a 1 s and 10 s pulse in 0 2 M pTSA are shown 

in Fig 5 3 20 On the 1 s time scale (Plot A), the data is as descnbed for the thicker film 

depicted in Fig 5 3 18 However, for a 10 s pulse (Plot B), mass transfer is complete with 

the passage of ca 170 pC and remains constant thereafter The OpTS- 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 Os111 may be responsible for this, it is noted that the coulometnc surface coverage 

(from slow scan cyclic voltammetry) is only approximately 180 pC The reduced M e q  for

the 1 0  s pulse, therefore, is thought to reflect a drift in charge after complete polymer
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Fig 5 3 20 <&pTS- and mass-charge plots obtained for a layer of surface coverage 

1 1 x 10-8 molcm-2 in 0 2 M pTSA for a 1 s oxidation pulse (Plot A) 

and a 10 s oxidation pulse (Plot B)

C H A R G E  ( jiC )
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oxidation This is considered likely for a gold electrode potentiostatted at 0 8 V in high 

concentration acid electrolyte [26] It is of note that this dnft in charge introduces 

significant hysteresis into Fig 5 3 20 Plot B, and thus results in a mis-interpretation of 

mass transfer data This illustrates how it is the measurement of charge, not mass, which 

limits 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 in pTSA in Table 5 3 2 and Table 4 3 2 A mass gain accompanying 

polymer oxidation is in evidence up to pTSA concentrations of 1 0 M In addition, in 1 5 

M pTSA, although the thermodynamic mass change at 2 mVs-l is a mass loss for 

polymer oxidation, on the 100 ms time scale a mass ingress is 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 in more viscous electrolytes
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5.4. CONCLUSIONS.

The differences in the extent and facility of solvent transfer in different electrolytes is 

directly related to charge transport rates This is determined by the nature of the 

electrolyte / polymer interaction, which, in turn, determines the nature of the rate 

determining step in the charge transport process

In HClC>4 the difficulty in solvent transfer results in the slow attainment of a steady-

state mass and charge response dunng repeat scanning There is evidence for 0 01 M and 

1 0 M HCIO4 that this impeded solvent transfer reduces Dct(CV) In the intervening 

electrolyte concentrations solvent transfer is marginally easier, resulting in 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 Dct(CV) and Dct(PS) cannot be attributed to a difference in 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-ion

expulsion is utilised as a mechanism for the maintenance of electroneutrahty 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 insight into the ongins 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 investigation 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)io(H20)]2+



6.1. INTRODUCTION.

As outlined in Chapter 1, the photophysical processes in poly(pyndyl) ruthenium” 

complexes may lead to the photo-decomposition of the complex by a ligand substitution 

process The extension of such photo-induced ligand-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 m 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(bipyndyl) ruthenium complexes, in aqueous acid 

electrolyte the main photo-substitution product is the aquo complex [1-5], 

[Ru(bipy)2(Pol)n(H2 0 )]2+, where Pol is the polymer backbone and n is 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 ruthemum~oxo complex at easily accessible potentials The 

stabilisation of the 4+ ruthenium centre is attributed to the proton loss from the aquo 

ligand to form the ruthenyl complex [7,8], which for the polymer-bound species, has the 

formula, [RuIV=0 (bipy)2(Pol)n]2+

The importance of transition metal oxo complexes is seen in their use as strong 

oxidising agents Ruthenium-oxo complexes have been shown to be active catalysts for 

the oxidation of organic [11-14] and inorganic [14-19] substrates, as well as for H2O 

splitting [20-22] As discussed in Chapter 1, the immobilisation of such catalytic sites 

within a polymeric matrix may provide many advantages [12]

It is the purpose of this chapter to investigate the mechanism for redox processes 

within polymer films of [Ru(bipy)2(PVP)io(H2 0 )]2+ coated on electrode surfaces The

coupled proton and electron transfer of the Rurf/m and Rum//V couples is investigated in

1

273



acid electrolytes over the pH range 0 0 to 2 0 An EQCM study of the redox behaviour of 

[Ru(bipy)2(PVP)io(H2 0 )]2+ is 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)io(H2 0 )]2+ under semi-infinite diffusion conditions is discussed

6.2. EXPERIMENTAL.

[R u (b ip y )2 ( P V P ) i o ( H 2 0 )]2+ w a s prepared  in situ b y  the p h o to ly s is  o f  e lectrodes 

m o d if ie d  w ith  either [R u (b ip y )2( P V P ) io ] 2+ o r [ R u (b ip y )2( P V P ) io C l ] +  T h e  R u -a q u o  

p o ly m e r  w a s a lso  syn th e sised  fro m  the d iaq u o  m on om er, [R u (b ip y )2 (H 2 0 )2 ]2+, as

described in the literature [12] In all cases, the electrochemical behaviour of the resulting 

[Ru(bipy)2(PVP)io(H2 0 )]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 Ru11/111 couple were determined using cyclic 

voltammetry and chronoamperometry, as described in Chapter 2 Dct(CV) was evaluated 

using scan rates of 100 to 500 mVs-l and Dct(PS) was determined over the 20 ms time 

scale following pulse application Dct values were estimated from experimentally 

determined Dct^2C using a redox site concentration of 0 8 M, (the concentration of sites 

determined for the mono-substituted material [Ru(bipy)2(PVP)ioCl]+ h>])

Because of the difficulty in resolving the electrochemical response of the Ru”/11* and 

Ruhi/iv couples (vuk 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 Ru11/111 

and R u m/iv couples, polymer surface coverages were kept at ca 1 0 x 10-8 molcnr2 For 

[Ru(bipy)2(PVP)io(H2 0 )]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)io(H2 0 )]2+ by O2 is thermodynamically 

favourable, in an early study of the monomeric material [Ru(bipy)2(py)(H2 0 )]2+ no 

evidence for air oxidation was found [7] Similarly, in this study of the polymenc 

analogue no precautions for the exclusion of air from the electrochemical cell were 

required However, for the EQCM study the electrolytes were routinely purged with Al­

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)io(H20)]2+.

6 3  11 General laverbehaviour

The Ru*v= 0  species is a strong catalytic agent for oxidation [11-22] and in 

electrolytes of high acid concentration it is possible that H2O may be oxidised to O2 [7] 

However, in this and earlier studies [7], no evidence for the oxidation of water has been 

found In more recent work on Ru-oxo compounds it has been established that it is the 

oxo-bndged dimenc species, Ru-O-Ru, which is required for the active catalysis of water 

[20-22] While the formation of ¡u-oxo species has been found to occur for the 

monomeric analogue, [Ru(bipy)2(py)(H2 0 )]2+, if left standing for several days or if

heated [7], because the oxo-bndge formation is thermodynamically unfavourable [7], it is 

not considered to be of any significance for the freshly generated metallopolymer films 

used in this study

However, in this work, the oxidising properties of the RuIV= 0  group were observed 

in pTS A electrolyte, where a catalytic current for the oxidation of the toluene sulphonate 

anion was seen at [Ru(bipy)2(PVP)io(H2 0 )]2+ modified electrodes at slow cyclic 

voltammetnc scan rates This, coupled to the photochemical generation of a sulphato- 

complex in sulphate-based electrolytes [3,4,23], results in further complication of the 

redox behaviour of [Ru(bipy)2(PVP)io(H2 0 )]2+ in pTSA Furthermore, because of the

expected increase in 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
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For these reasons, in the following discussion of the redox behaviour of 

[Ru(bipy)2(PVP)io(H2 0 )]2+, specific reference is made only to HCIO4 However, it 

should be noted that the cyclic voltammetnc response for the electrochemical processes 

within [Ru(bipy)2(PVP)io(H2 0 )]2+ was found to be qualitatively similar m all acid 

electrolytes studied (1 e pTSA, HCIO4 and H2SO4) and the following discussion of redox 

processes should be generally applicable

6 3 12. General features of mass transfer

It  is  the pu rpose  o f  this section  to illu strate  the m a ss  transfer fo u n d  in d if fe r in g  C IO 4 - 

electro lytes and to e x p la in  it in  term s o f  the p H  depend en cy  o f  the co u p le d  p ro ton  and  

electron transfer in [R u (b ip y )2 ( P V P ) i o ( H 2 0 ) ]2+ [5 ,7 ,8 ,1 2 ] A  m ore  quan tita tive  

d isc u ss io n  o f  m ass  ch an ge s  is con sidered  in Se c tio n  6  3 3

Fig 6  3 1 (a) illustrates a typical mass-potential and cyclic voltammogram obtained 

for a [Ru(bipy)2(PVP)io(H2 0 )]2+ polymer film at a scan rate of 5 mVs-1 in 1 0 M 

HCIO4 The polymer layer was prepared in situ by photolysis and has a surface coverage 

of 1 13 x 10-8 molcnr2 Fig 6 3 1 (b) shows the mass-potential and cyclic voltammogram 

obtained at 5 mVs-l for the same film when transferred to 0 1 M HCIO4

The cyclic voltammogram in both HCIO4 electrolytes exhibits a voltammetnc wave 

at ca 800 mV for the Ruri/m 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)io(H2 0 )]2+ polymer films, a further oxidation to form the ruthenyl 

complex, RuIV= 0 , occurs [7] This n£i oxidation of Ruin to RuIV= 0  is clearly observed in 

1 0 M HCIO4 , and is centred at ca 940 mV in Fig 6 3 1 (a) The formal potential of the

Ruin/iv couple exhibits a more marked dependency on pH than the RuH/in couple and in 

0 1 M HCIO4 , it is not resolved However, the existence of the Rum/IV couple in 0 1 M
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F ig  6 3  1 C y clic  voltam m ogram  and m ass-potential p lot for an electrod e  

m od ified  w ith [R u (b ip y )2(P V P )i0(H 2O )]2+ in ( a ) 1 0 M  H C 1 04 
and (b ) 0  1 M  HCIO4 P oly m er layer prepared m situ in 1 0  M  

HCIO4 from  p h o to ly sis o f  [R u (b ip y )2(P V P )io C l]+  P oly m er surface  

co v era g e  is 1 13  x 10 8 m olcm -2 , scan rate is 5  m V s-l

( a )  1 0  M  H C IO 4 ( b ) 0  1 M  H C IO 4

V vs SCE V vs SCE
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HCIO4 is evidenced by the enhanced cathodic branch of the voltammetnc wave in 

Fig 6 3 1 (b)

From the data presented in Fig 6  3 1, it is seen that not only is the resolution of the 

Ru11/111 and Runi/IV couples influenced by the contacting electrolyte pH, but the 

accompanying redox-induced mass transfer is profoundly different in 1 0 M and 0 1 M 

HCIO4 electrolyte For 1 0 M HCIO4 in Fig 6 3 1 (a), a mass gain is seen for the Ru11/111 

oxidation at 810 mV, but on commencement of the Ruin/IV couple at ca 890 mV a mass 

loss occurs In contrast, for 0 1 M HCIO4 m Fig 6  3 1 (b), a mass loss accompanies all 

anodic processes

The transition in mass transfer behaviour over the concentration range 0 1 M to 1 0 M 

HCIO4 is not a sharp one This is shown in Fig 6 3 2 which illustrates 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 HCIO4 At this intermediary concentration of 0 3 M (Fig 6 3 2 (b )), there is no net

interfacial mass transfer throughout the entire Ru11/111 couple and it is only dunng the net 

oxidation of Rum to RuIV that a mass loss is observed

The transition in the mass transfer behaviour with changing HCIO4 electrolyte

concentration is further illustrated in Fig 6 3 3, where the normalised mass for both the 

Ru11/111 and Rum/IV couples, obtained at 1 mVs-1, is plotted against minus log HCIO4 

concentration These data are typical for all [Ru(bipy)2(PVP)io(H2 0 )]2+ 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 is presented in Section 6 3 3, below

In Fig 6  3 3, the normalised mass for Ru11/111 couple decreases almost linearly with 

increasing HCIO4 concentration, from a mass gain of ca 167 gmol-1 in 1 0 M HCIO4 to a 

mass loss of -55 gmol-1 in 0 1 M HCIO4 For the Ruiu/iv couple, a mass loss accompanies

oxidation at all concentrations, but the magnitude of this mass loss decreases from -136 

gmol' 1 in 1 0 M electrolyte to -55 gmol“1 in 0 1 M HCIO4
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Fig 6 3 2 Mass-charge plots for the data presented in Fig 6 3 1 and also that 
obtained when the [Ru(bipy)2(PVP)io(H2 0 )]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 (c) 0 1 M HCIO4
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Fig 6 3 3 The effect of HCIO4 concentration on the normalised mass for the 

Run/”! and Ru”i/iv couples for [Ru(bipy)2(PVP)io(H2 0 )]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

log HCIO4 Concentration
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The diffenng redox behaviour and the change in interfacial mass transfer over this 

electrolyte concentration range derives from the coupled proton and electron transfer for 

the Ru^/m and RuIn/IV redox couples Each ruthenium couple will now be considered 

separately

6 3  1 3  The RuII/in Counle

The redox chemistry of the monomeric anologue, [Ru(bipy)2(py)(H2 0 )]2+, has been 

extensively studied [7-10] The Ru11 -H2O monomeric complex is a weak base (pKa 10 2), 

while Rum -H2O is a strong acid (pKa 0 85) [7] The protonation of the aquo ligand of the 

Ruin moiety will therefore be strongly influenced by the contacting acid electrolyte 

concentration

6 3 1 3a pH below the pKa of RuIH-H^O

At pH below the pKa of Ru111 -H2O, the aquo ligand is protonated in both redox states 

and the Run/m couple may be described by,

[Run(bipy)2(PVP)io(H20 )]2+ -•-£ ^ [Rum(bipy)2(PVP)io(H20 )]3+ (6  3 1)

Therefore, in 1 0 M HCIO4 (measured pH 0) the initial mass gain in Fig 6 3 1 (a) 

represents counter-anion motion required for the maintenance of electroneutrahty within 

the layer The normalised mass for this mass gain is 167 gmol-1, representing the 

concomitant transfer of ca 68  gmol-1 of net neutrals Because there is an increase in 

charge of the Ru complex from [Ruii]2+ to [RuW]3+, this additional transfer of net 

neutrals most probably represents the transfer of solvent in response to the activity 

gradient established during polymer oxidation [24]
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6 3 1 2b pH above the pK a o f RuIII-HbO

For the Ruu/m couple at pH above the pKa of Ru^ -H2O, the aquo ligand will not be 

protonated in the Ru™ state, and the Ruii/w couple becomes,

[Ruii(bipy)2(PVP)io(H20)]2+ ^ [RuUi(bipy)2(PVP)io(OH)]2+ + H+ (6 3 2)

This equation predicts the expulsion of a proton per redox site conversion For 0 1 M 

HCIO4 (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 Ru11/111 couple for [Ru(bipy)2(PVP)io(H2 0 )]2+ in 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 [Ru”-H2 0 ]2+ to [Rum 

OH] 2+

The decrease in the normalised mass for the Run/m couple with decreasing electrolyte 

HCIO4 concentration in Fig 6  3 3, therefore represents the change in the mass transfer

mechanisms required for the maintenance of electroneutrality within the layer In 0 5 M 

HCIO4 the normalised mass gain accompanying Ru^/in oxidation is significantly reduced, 

reflecting the existence of the Ru111 redox centres as both [R u m-H 2 0 ]3 +  and [R u m-O H ]2+ 

and the partial utilisation of proton expulsion mechanisms dunng redox conversion The 

behaviour in 0 3 M electrolyte represents the balancing of proton expulsion mechanisms 

and counter-anion insertion dunng the oxidation of [R u n-H 2 0 ]2 +  to [R u in-O H ]2+ and 

[Ruiu-H2 0 ]3+, respectively This figure clearly illustrates that for the Ru^in oxidation 

mass transfer mechanisms are dependent upon the pKa of Rum-H2 0

That this gradual shift in the mechanism dominating mass transfer occurs in the 

concentration range 1 0 M to 0 1 M HCIO4 is surpnsing With a pKa for the Ruin-H20
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will be ca 2 3 (using the Henderson-Hasselbach equation [25]) Consequently, in 0 1 M 

HCIO4 , for the oxidation of Ru11 H2O, both anion insertion (Eqn 6 3 1) and proton

expulsion mechanisms (Eqn 6 3 2) should be in operation, with anion insertion 

dominating to yield an observed n£| mass ingress Indeed, for a pKa of 0 85, for proton 

expulsion mechanisms to dominate the observed net mass transfer, the ratio of Rum-H2 0  

to Ruin-OH required will be at least 1 99 (assuming only ion movement) This will 

occur at a predicted pH of 2 85

That proton loss is observed at a pH of 1 05 demonstrates that the solution phase 

value for the pKa of Runi-H2 0  is inappropriate for the polymeric analogue and that the 

actual pKa value within the polymer film is likely to be more acidic This is in agreement 

with the protonation behaviour of the PVP backbone of [Os(bipy)2(PVP)ioCl]+, 

discussed in Chapter 3, where it was found that the pKa of the uncoordinated pyridine 

moieties within the metallopolymer was significantly more acidic than that observed for 

the homopolymer in solution

To gam a more unambiguous insight into the mass transfer associated solely with 

proton expulsion, redox-induced mass transfer in [Ru(bipy)2(PVP)io(H2 0 )]2+ was 

investigated in 1 0 M NaC104  electrolyte with pH adjusted to pH 1 and 2 Analysis at 

higher pH was not performed due to the detenoration in the cyclic voltammetnc 

response

The data at pH 1 and 2 were obtained for the same film as that used in Fig 6 3 1 and 

are summarised for scan rates ranging from 1 to 100 mVs-l in Table 6 3 1 (see Section 

6  3 3) The cyclic voltammograms and mass-potential plots at pH 1 and 2 at 5 mVs-l are 

illustrated in Fig 6  3 4 (a) and Fig 6 3 4 (b), respectively As seen for 0 1 M HCIO4

above, in pH 1 and 2 electrolyte a mass loss is observed throughout the anodic scan 

However, the magnitude of the mass loss increases at higher pH

complex of 0 85, in 0 1 M  HCIO4 (measured pH 1 05), the ratio of RuM-^O to RuUI-OH
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The value of the normalised mass loss in 1 0 M NaClC>4 (pH 1) electrolyte is less than 

that obtained in 0 1 M HCIO4 (1 e -21 g electron equiv -1 vs -55 g electron equiv -1)

This is not surprising considering the dehydrating effect of perchlorate on redox polymer 

films of this type Indeed, for the polymer [Os(bipy)2(PVP)ioCl]+ in NaC1 0 4 , it has been 

found that there is no concomitant solvent transfer dunng redox switching [26,27] Thus 

the reduced value of -21 g electron equiv -1 for [Ru(bipy)2(PVP)io(H2 0 )]2+ in 1 0 M 

NaC104  (pH 1) most probably reflects a reduction in solvent transfer to ca a single H2O 

molecule expelled per redox site conversion

Significantly, the mass loss in 1 0 M NaClC>4 (pH 2) increases to -58 g electron

equiv -1 This suggests that at this higher pH the proton expulsion mechanism is utilised 

to a greater extent However, even at pH 2, with a pKa of 0 85 the ratio of Rum -H2O to 

Ru111 -OH will be ca 1 14 and there should be sufficient Ru111 -H2O centres (requiring 

anion insenon) to overshadow the proton expulsion required for Ru111 -OH centres 

Therefore, despite the greater mass loss at higher pH, all data confirm that the pKa of 

Rum 'H 2O must be far removed from pH 1 and significantly more acidic than that of the 

monomenc analogue
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Fig 6 3 4 Cyclic voltammogram and mass-potential plot for an electrode

modified with [Ru(bipy)2(PVP)io(H2 0 ))2+ in 1 0 M NaC104 with 

pH adjusted to (a) pH 1 and (b) pH 2 The scan rate is 5 mVs-1 The 

polymer layer is that used in Fig 6 31 (surface coverage 1 13 x 10 8 

molcm-2 )

(a) 1 0 M NaC104 (pH 10) (b )1 0 M  NaC104 (pH 2 0)

0 5  0 7  0 9  11 0 5  0 7  0 9  11
V vs SCE V vs SCE
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6 3 1 3  The RuHi/iv Couple.

As mentioned previously, for [Ru(bipy)2(PVP)io(H2 0 )]2+ the stabilisation of the 4+ 

oxidation state of ruthenium through proton loss from the aquo ligand results in the 

generation of the ruthenyl complex, [RuIV=0(bipy)2(PVP)io]2+ [7,8]

Due to the distribution of protons in the products, it is thermodynamically 

unfavourable for the Rum -H2O / RuIV= 0  oxidation to proceed zm a simple electron 

transfer [9] For the polymer-bound complex, the peak height of the anodic branch of the 

RuM/w couple is significantly reduced in comparison to that of the RuH/m couple (see 

Fig 6 3 1 (a ) ) and is 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 RuIV= 0  is generated vu1 the 

disproportionation of Ru1» centres into Ru” and RuIV, with the observed electrochemical 

response due to the diffusion controlled oxidation of the Run centres at the electrode 

[7,9]

At pH below the pKa of Ru111 -H2O, the disproportionation reaction is given by,

2 [Ruiii(bipy)2(PVP)i0(H2O)P+ V (6 3 3)

[Run(bipy)2(PVP)io(H20)]2+ + [Ruiv=O(bipy)2(PVP)i0]2+ + 2H+

with the electrochemical response due to the oxidation of the Run-H20  to Rulll-H20  as 

descnbed by Eqn 6 3 1

For the maintenance of electroneutrality during the initial disproportionation reaction 

(Eqn 6 3 3), the expulsion of two counter-anions and two protons for each RuIV redox 

centre generated is required The diffusion controlled oxidation of the resulting Ru11 

centre necessitates the retention of one of these counter-anions Thus, considering only 

electroneutrality, for the net oxidation of Rum-F^O to R u iv = 0 ,  a net mass egress of a
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single counter-amon and two protons per redox site conversion is required Assuming the 

Grotthus-type transfer of protons [28], the net mass loss predicted for the Ru^i/iv couple 

is -101  gmoH

In Fig 6  3 1 (a), the normalised mass loss for the Ruin/IV couple in 1 0 M HCIO4 is 

-136 gmoH This reflects the predicted mass loss in Eqn 6  3 3 plus the additional transfer 

of ca 2 solvent molecules For the Rum/iv oxidation the overall charge of the polymer 

phase decreases from a film containing two [Rum]3+ redox centres to a film containing a 

[Ruin]3+ and a [RuIV= 0 ]2+ centre It is therefore expected that the activity gradient 

established for the tranfer of net neutrals will be in the opposite direction to that 

established during the initial Ru» /111 oxidation and the transfer of solvent from the layer 

will occur [24]

Significantly, the mass-charge plot in 1 0 M HCIO4 in Fig 6 3 2 (a) shows that, for 

the Rum/iv couple, the mass loss is almost uniquely defined by the instantaneous 

oxidation state, (1 e the mass-charge plot almost tracks) This provides evidence that, 

despite the diffenng shapes of the anodic and cathodic branches of the cyclic 

voltammogram in Fig 6 3 1 (a), Eqn 6 3 3 is reversible, with the net re-reduction of 

r uiv = o  to Ru111 -H 2O  following the comproportionation pathway

At pH above the pKa of Ruin-H2 0 , disproportionation is similar to that in Eqn 6  3 3, 

but will have diffenng proton requirements due to the existence of Rum as Ruin-OH,

2 [Ruin(bipy)2(PVP)io(OH)]2+
(6  3 4)

[Run(bipy)2(PVP)io(H20 )]2+ + [Ruiv=O(bipy)2(PVP)10]2+

Again, the observed electrode reaction is the oxidation of the Run-H2 0  centres whch 

are formed dunng the disproportionation step The subsequent oxidation to Ru*”-OH is as
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described by Eqn 6 3 2 For the disproportionation reaction in Eqn 6 3 4, there is no net 

change in the mass requirements within the layer However, for the oxidation of the Ru11- 

H2O centres generated, further proton loss is expected Consequently, the interfacial mass

transfer characteristics seen for the net oxidation of [R uH i-O H ]2+ to [R u IV= 0 ]2 +  are 

identical to those for the Run/hi couple

Fig 6  3 2 (c) shows the mass-charge plot obtained in 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 in Eqn 6 3 4 In addition, the 

tracking of the mass-charge plot indicates that Eqn 6 3 4 is reversible and that the 

comproportionation pathway is utilised dunng polymer reduction

That Eqn 6 3 4 adequately describes the mass transfer behaviour for the RuII!/IV 

couple in an electrolyte with pH so close to the pKa of the Ru^i -H2O complex is once

again a surprising result However, the mass transfer behaviour for the Runi/iv couple is 

in agreement with the observations concerning the pKa of the polymer-bound Rum -H2O

complex, discussed above

In Fig 6  3 3, the normalised mass for the Ruin/IV oxidation is plotted as a function of 

minus log HCIO4 concentration The observed decrease in the extent of mass loss with 

decreasing HCIO4 concentration reflects the transition in the disproportionation reaction 

from one requiring both counter-anion and proton expulsion at high HCIO4 

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 Runi/iv Couple.

In Fig 6  3 1, the Ru11/111 couple exhibits the predicted surface behaviour for a 

reversible one-electron redox process [29] However, the Ru11*/™ couple clearly does not 

While the anodic and cathodic charge passed for the RuHI/IV couple is identical, within 

expenmental error, the cathodic wave, corresponding to the the reverse of Eqn 6 3 3 and 

6  3 4 (the comproportionation reaction between Run and Ru*v ), is sharp and has a pwhm 

significantly less than that expected for a surface-immobilised 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 significant [13,23] For [Ru(bipy)2(PVP)io(H2 0 )]2+ polymer films, 

glassy carbon has been found to be a better electrode substrate for the resolution of the 

RuN/m and Ru^/iv couples

Fig 6 3 5 (a) illustrates a typical cyclic voltammogram for a glassy carbon electrode 

modified with [Ru(bipy)2(PVP)io(H2 0 )]2+ The film was prepared m situin 1 0 M 

HCIO4 and the scan rate is 5 mVs-l Fig 6 3 5 (b) shows a cyclic voltammogram under 

the same conditions for a [Ru(bipy)2(PVP)io(H2 0 )]2+ polymer layer prepared msitu in 

0 1 M HCIO4 While the redox behaviour in Fig 6 3 5 is qualitatively similar to that 

observed in Fig 6 3 1 on gold electrodes, the Runi/IV couple is clearly better defined

The origins of the dissymmetry of the anodic and cathodic peak shapes of the Ruin/IV 

couple remain unclear Interaction models have been used to describe the narrowing and 

broadening of the wave shape of immobilised electroactive materials [30-33], particularly 

the reversible one-electron redox process in PVF [33] However, for 

[Ru(bipy)2(PVP)io(H2 0 )]2+, where the redox site separation is ca 25 A (assuming a

rigid rod structure) [34], no significant interaction is expected This is supported by the 

absence of such interactions in all metallopolymers of this type, even in materials of
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Fig 6 3 5 Cyclic voltammogram for a [Ru(bipy)2(PVP)io(H2 0 )]2+ modified 

glassy carbon electrode in (a) 1 0 M HCIO4 and (b) 0 1 M HCIO4 

The polymer layers were prepared in situ in each electrolyte from 

photolysis of a [Ru(bipy)2(PVP)ioCl]+ film The polymer surface

coverages are both ca 2 0

0 3 0 5  0 7 0 9  11
V  vs SCE

x 10-8 molcm-2 , the scan rate is 5 mVs 1

V  vs SCE
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higher metal loading [35]

A possible explanation for the observed cathodic wave shape lies in the need for both 

Ruiv= 0  and RuU -H2O centres for the comproportionation reaction True surface wave

behaviour for the Ru11/111 couple ensures complete oxidation to Rum Consequently, the 

net re-reduction of RuIV= 0  to Rum H2O (or Rum -OH) cannot occur until a source of 

RuH-H20  exists within the layer

Because the disproportionation reaction dunng polymer oxidation is slow, even 

during cyclic voltammetnc scan rates of 1 to 5 mVs-1 complete oxidation of the layer to 

RuIV= 0  is unlikely Some ruthenium centres are therefore expected to exist m the Ru111 

oxidation state throughout Dunng the reverse sweep, it is only when these centres are re­

reduced that a source of Ru11 H2O will exist within the layer The Rulv= 0  centres are 

forced to exist at potentials less positive than the formal potential of the R u m/iv couple 

and once the comproportionation can proceed it will do so rapidly In many respects, the 

reduction of RuIV= 0  is "mediated" by the Ruui/n couple
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6,3.3. Mass Transfer accompanying Redox processes.

6 3 3 1 General Laver behaviour

Table 6  3 1 summarises a set of data for the normalised mass for the RuIJ/ni and 

Ruin/iv couples in a series of HCIO4 electrolytes for a [Ru(bipy)2(PVP)io(H2 0 )]2+ film

of surface coverage 1 13 x 10-8 m olcm -2 The nei mass change for the combined redox 

processes (1 e the "end-to-end" mass change), is also included and is calculated as the 

mass per electron equivalent The data is presented for cyclic voltammetnc scan rates 

ranging from 1 to 2 0 0  mVs-1

The data for [Ru(bipy)2(PVP)io(H2 0 )]2+ in Table 6  3 1 is qualitatively identical for

all films studied The mass changes observed are independent of the electrolyte 

concentration in which the photolysis was performed (either 0 1 M or 1 0 M HCIO4 ) The

normalised mass is independent of the sequence of previous exposure to different 

electrolytes and is 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)io(H2 0 )]2+ at 

pH below the pKa of PVP [12]

The evaluation of mass from frequency measurements assumes the Sauerbrey 

equation For [Ru(bipy)2(PVP)io(H2 0 )]2+ polymer films the rigidity of the layer was not 

unambiguously established using impedance analysis However, as seen in Chapter 3, m 

perchlorate media, metallopolymers of this type are dehydrated, compact structures, in 

which the approximation to rigidity can be made Furthermore, in Table 6  3 1 the 

normalised mass is similar at all scan rates It is 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(H2 0 )(PVP)io]2+ in a series of

HCIO4 electrolytes for a film of surface coverage 1 13x10-8 molcm-2

HC104 Scan Rate Meq Run/m Meq Ruiii/iv End-To-End (a)

(Molar) ( mVs-1 ) ( g mol-1 )
*

( g mol-1 ) (g electron equiv -1 )

1 0 1 167 -136 20
5 162 -122 32
50 160 - 108
2 0 0 176 - 133

0 5 1 91 - 86 19
5 86 - 64 37
50 61 - 13 39
2 0 0 45 - 45

0 3 1 8 - 71 -32
5 13 - 60 -25
50 0 - 30 - 8
2 0 0 0 - 0

0 1 1 * * -55
5 * * -44
50 * * -40
2 0 0 * * -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 n£i 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 is an accurate evaluation of interfacial 

mass transfer during redox switching

However, the normalised mass for [Ru(bipy)2(PVP)io(H20 )]2+ is subject to greater 

between film variation than that observed for [Os(bipy)2(PVP)ioCl]+ in Chapter 3 For 

the Ruh/hi couple in 0 3 M and 0 1 M HCIO4 the between film variation at slow scan 

rates is ± 20% In 1 0 M 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 variation at 

slow scan rates of ± 30 % This is 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 variation in 0 5 M and 

1 0 M HCIO4 reflects the fact that for thicker films of [Ru(bipy)2(PVP)io(H2 0 )]2+ only 

the Ruii/m couple is in evidence As a result, the mass loss associated with the Rum/iv 

couple does not occur to the same extent as in thinner layers and only the mass gain 

accompanying the Ru^/m couple is measured

Considering the complicated redox and mass transfer processes within 

[Ru(bipy)2(PVP)io(H2 0 )]2+, the dependence of the resolution of the two redox couples

on film thickness, as well as the possibility of between film variation due to incomplete 

photolysis, the errors here are considered to be acceptable

6 3 3 2 Kinetic aspects of interfacial mass transfer

The disproportionation reaction is slow and it is generally found that at increasing 

cyclic voltammetnc scan rates the net oxidation of Runi to Ruiv=0 does not occur [1-5] 

Fig 6 3 6 (a) and Fig 6 3 6 (b) illustrate the cyclic voltammogram and the mass-potential 

plot obtained at 200 mVs-1 in 1 0 M and 0 1 M HCIO4 , respectively The slow scan rate

data for this polymer film are depicted in Fig 6 3 1 The absence of a voltammetnc 

response for the Rum/IV couple in Fig 6 3 6 demonstrates the kinetic limitations of the
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bimolecular oxidation pathway The mass-potential plot in 1 0 M HCIO4 confirms this, 

with no mass loss occunng during the anodic sweep

For the data in 0 1 M HCIO4 , mass transfer for the Ru11/111 and Ruin/*v couples is 

identical (see Section 6 3 13), and it is not possible to monitor the isolation of the Ru^/iv 

couple using the EQCM However, considenng the isolation of the disproportionation 

reaction in 1 0 M HCIO4 at 200 mVs-l, it is thought that the behaviour in 0 1 M HCIO4 

will be similar

Significantly, mass transfer through [Ru(bipy)2(PVP)io(H2 0 )]2+ shows no kinetic 

limitations This is seen in Table 6  3 1, where the normalised mass at 200 mVs-1 

represents the "thermodynamic" mass transfer requirement The absence of kinetic 

limitations is also shown in Fig 6 3 7, which illustrates the corresponding mass-charge 

plots for the 200 mVs-l data shown in Fig 6 3 6  In 0 1 M HCIO4 , even at 200 mVs-l, the

mass-charge plot exhibits no hysteresis This may reflect the quicker rates of transport for 

protons For 1 0 M HCIO4 , apart from the introduction of hysteresis dunng the latter 

stages of oxidation, due possibly to partial Runi/iv redox switching, the mass-charge plot 

for the Ru11/111 couple also tracks

This facile mass transfer behaviour is in sharp contrast to that found in Chapter 5 for 

[Os(bipy)2(PVP)ioCl]+ in 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 mobile species through [Ru(bipy)2(PVP)io(H2 0 )]2+ is 

facile at all scan rates studied suggests that a more open polymer structure exists 

In Chapter 2 it 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)io(H2 0 )]2+ and [Os(bipy)2(PVP)ioCl]+ demonstrates this

296



Fig 6 3 6 Cyclic voltammogram and mass-potential plot at a scan rate of 
200 mVs 1 for a lRu(bipy)2(PVP)io(H2 0 )l2+ modified electrode 
m (a) 1 0 M HCIO4 and (b) 0 1 M HCIO4 The polymer surface 
coverage is 1 13 x 10  8 molcm-2 and is that used for the slow scan 
rate data in Fig 6 3 1 and Fig 6 3 4

( a ) 1 0 M HCIO4 (b )0  1M HCIO4

V vs SCE V vs SCE
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Fig 6 3 7 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)io(H2 0 )]2+ film The plots are
(a) 1 0  M HCIO4 and (b) 0  1 M HCIO4

CHARGE ( |iC )
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The data presented in Table 6 3 1 clearly illustrate that in 1 0 M HCIO4 the 

contribution of the mass loss associated with theRum/IV couple decreases at faster scan 

rates Fig 6 3 8 plots the normalised end-to-end mass and the normalised mass for the 

Run/in oxidation versus log scan rate At faster scan rates the end-to-end normalised mass 

approaches the mass transfer requirements of the Run/w couple only Therefore, under 

semi-infinite diffusion conditions (1 e at scan rates greater than 100 mVs-l), it may be 

assumed that the voltammetnc response is due only to the Run/m couple

log Scan Rate
Fig 6 3 8  The effect of the cyclic voltammetnc scan rate on the normalised 

mass for the Ru”/1» couple and the net end-to-end mass change in 

1 0 M HCIO4 The data are taken from Table 6 3 1
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6 3.4 1. General Laver Behaviour

The EQCM study of redox-induced mass transfer in [Ru(bipy)2(PVP)io(H2 0 )]2+ 

polymer films demonstrates that under semi-infinite diffusion conditions the 

voltammetnc response in HCIO4 represents the reversible one-electron Ru11/111 couple 

The evaluation of the apparent charge transport diffusion coefficient and activation 

parameters for this oxidation, using chronoamperometry and cyclic voltammetry, as 

descnbed in Chapter 2, is therefore appropnate

In this work, the charge transport parameters for [Ru(bipy)2(PVP)io(H2 0 )]2+ films

under semi-infinite diffusion conditions is only considered for polymer oxidation The 

effect of experimental time scale and electrolyte type is addressed and a comparison with 

other ruthenium metallopolymers is made Preliminary work has shown that activation 

and charge transport parameters for polymer reduction are similar to those presented 

below for oxidation This is surprising, considering the requirement of Ru11 centres for 

the comproportionation reaction in Eqn 6 3 3 and the absence of such Ru11 centres in a 

fully oxidised polymer film Cathodic processes within [Ru(bipy)2(PVP)io(H20 ) ]2+

films therefore require further investigation

Table 6 3 2 summarises Dct(CV) and Dct(PS) for the Ru^/w oxidation obtained on 

glassy carbon electrodes at 25 °C  in 0 1 M and 1 0 M concentrations of pTSA and HCIO4 

electrolyte The [Ru(bipy)2(PVP)io(H20 )]2+ films were freshly prepared msitu in each 

electrolyte The error in Dct values is ± 20% and is independent of polymer surface 

coverage in the range 0 5 to 5 x 10-8 molcm-2 However, to ensure the kinetic isolation of 

the Rum/IV couple, surface coverages were routinely kept greater than 2 x 10-8 molcm 2

6.3,4, Charge Transport and Activation Parameters for the
Run/in couple (oxidation).
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Although the redox behaviour in pTSA is complicated by the presence of small 

quantities of the toluene sulphonato-complex, the charge transport data for the Ru^/m - 

H2O centres are of similar reproducibility to those m HCIO4 electrolyte

Table 6 3 3 summarises the activation parameters for the Ru11/111 couple in 0 1 M and 

1 0 M concentrations of pTSA and HCIO4 The error m the activation energy, calculated

over the temperature range 278 to 313 K, is ± 5% for a given film and ± 20% between 

films While the Ru!II/IV couple is isolated at 25 oC, at higher temperatures the 

disproportionation reaction becomes increasingly evident, irrespective of film thickness 

This is illustrated in Fig 6 3 9 (a) which shows the temperature dependence of the cyclic 

voltammetric response at 100 mVs* 1 for the Ru-aquo polymer in 1 0 M HCIO4 The

polymer surface coverage is ca 2  0 x 10-8 molcm-2 Fig 6 3 9 (b) illustrates the data for a 

different film prepared in 0 1 M HCIO4 , under the same experimental conditions

The slope of the Arrhenius plot for the temperature-dependence of Dct(CV) and 

Dct(PS) is linear across the entire temperature range, 1 e the activation parameters 

calculated at lower temperatures, where the disproportionation reaction is kinetically 

isolated, are identical to those evaluated at higher temperature, where the 

disproportionation reaction is seen to occur The activation parameters quoted in Table 

6 3 3 are therefore considered to be representative of the Ru11/™ couple

Because the EQCM study of redox-induced interfacial mass transfer was restricted to 

HCIO4 electrolyte, the following discussion of charge transport through 

[Ru(bipy)2(PVP)io(H2 0 )]2+ deals primarily with HCIO4 The effect of electrolyte type 

on Dct and activation parameters will then be addressed
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Table 6 3 2 Charge Transport parameters for [Ru(bipy)2(PVP)io(H2 0 )]2+

films for a series of electrolytes

Electrolyte/ 

Cone ( M )

Dct (PS)

( x 1 0 , o cm2s - i )

Dct(CV)

(x  1 0 1 0 cm2s - l )

Eo 

V vs SCE

HCIO4 0 1 13 1 0 4 0  800
1 0 14 2 0 6 0 780

pTSA 01 4 8 1 5 0 880
1 0 4 5 1 4 0 835

Table 6  3 3 Activation parameters for charge transport through 

[Ru(bipy)2(PVP)io(H20 )]2+

Electrolyte/ Ea 

Cone (M) kJmoH

AH#

kJmol-1

AS#

Jmol-lK-l

AG#

k Jm o l1

A Cyclic Voltammetry

HCIO4 0 1 208 206 484 62
1 0  172 170 382 56

pTSA 01 244 242 630 54
10  48 45 - 35 56

B Chronoamperometry

X n 9 0 to 0 18 -106 49
10  55 52 14 48

pTSA 0 1  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(H2 0 )]2+ modified 

glassy carbon electrodes in (a) 1.0 M HCIO4 and (b) 0.1 M HCIO4 . 

Each polymer layer was prepared in situ and has a surface coverage 

of ca. 2  x 10-8 molcm-2 .

(a) 1.0 M HC104 (b) 0.1 M HC104

0.5 0.7 0.9
V vs SCE

_ 1 _ J  L
0.9 1

V vs SCE

50 *iA



6 3 4 2 General Discussion of Charge Transport.

The charge transport for the Ruu/ni couple on the cyclic voltammetnc time scale is 

first considered Dct(CV) is found to be relatively insensitive to HCIO4 electrolyte 

concentration, increasing slightly from 4 0 to 6 0 x 10-H cm2s-l over the concentration 

range 0 1 to 1 0 M HCIO4 (Table 6  3 2 ) This is surprising since in Sections 6  3 1 it 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 insertion m l O M  HCIO4 However, the insensitivity 

of Dct(CV) to electrolyte concentration indicates that the rate determining step in the

charge transport remains invariant This is further evidenced by the activation parameters 

m 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-1 and Ea(CV) and AS# (CV) are of similar magnitude

In Section 6  3 3, the mass data indicated the concomitant movement of all mobile 

species, irrespective of the mechanism required for the maintenance of electroneutrality 

The minimal hysteresis in the mass-charge plot under semi-infinite diffusion conditions 

(Fig 6 3 8 ) suggests that it is electroneutrality control which is the rate limiting 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 is the rate-limiting step, while for permselective films it is counter-ion motion 

[37-39]

The magnitude of Dct(CV) in Table 6  3 2 is considerably less than the rate of electron 

self-exchange, De, evaluated for related metallopolymers using steady state methods 

(typically 10-6 to 10-8 cm2s-l) [40,41] It is thus unlikely that electron-hopping between 

adjacent redox centres is the rate limiting step for charge percolation through 

[Ru(bipy)2(PVP)io(H20)]2+ 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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The activation energies obtained for the cyclic voltammetnc response in HCIO4 

electrolyte are very large (greater than 150 kJmol-1), and are coupled to strongly positive 

entropy terms (in excess of 350 Jm oH K-l) It is therefore considered that the common 

rate limiting step in 0 1 M and 1 0 M HCIO4 is the segmental polymer chain motion 

required to juxtapose adjacent redox centres [42] This identification of the rate limiting 

step is supported by the facile transfer of all mobile species indicated from mass 

measurements Such an observation reflects an open polymer structure in which ion 

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 Dct(CV) The bimolecular reaction between Rum centres is also anticipated to have a

high activation energy associated with the requirement to juxtapose adjacent sites 

Significantly, unlike the Ru” /111 couple for the bis-coordinated polymer, 

[Ru(bipy)2(PVP)io]2+ in Chapter 2 , where ion motion remains rate limiting despite the 

extended configuration imposed by the bis-coordination, for the mono-substituted Ru- 

aquo polymer ion motion limitations are apparently lifted The significance of the change 

in coordination sphere on charge transport is further illustrated by the emergence of a 

time scale dependence on the evaluation of Dct in the mono-substituted 

[Ru(bipy)2(PVP)io(H2 0 )]2+ polymer (see Table 6  3 2)

In HCIO4 , Dct(PS) for the RuN/m-F^O couple is ca 13 5 ± 0 5 x 10-1° cm2s-l and is 

greater than Dcl(CV) by a factor of approximately 30 For the bis-substituted material in 

Chapter 2, the difference in Dct(PS) and Dct(CV) is a factor of only 2

As discussed in previous chapters, the difference in the evaluation of Dct on differing 

time scales may reflect the establishment of different equilibria [43,44] It is 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)io(H2 0 )]2+ films in HCIO4 ,

shown to be different for the Run/w couple in 0 1 M  and 1 0 M  HCIO4

305



this is evidenced by the activation parameters in Table 6  3 3 On the time scale of 

chronoamperometry, Ea(PS) is significantly reduced in magnitude and AS#(PS) becomes 

negative in 0 1 M HCIO4 and approaches zero in 1 0 M HCIO4 , indicating a shift in the 

rate limiting step to one of ion motion

In Table 6  3 2 it is seen that for [Ru(bipy)2(PVP)io(H2 0 )]2+, Dct(CV) increases in 

pTSA by a factor of ca 4 compared to the value in HCIO4 As discussed in Chapter 5, the

increased solvation of the polymer layer in pTSA electrolyte is anticipated to result in the 

more facile movement of all mobile species The increase in Dct(CV) reflects this

The more solvated polymer layer in pTSA electrolyte is further evidenced by the 

absence of a time scale dependence for the evaluation of Dct For the Ruii/m couple, 

Dct(PS) is greater than Dct(CV) by a factor of only ca 3 It is likely that this is due to 

differential swelling resulting in a higher concentration of redox centres in a more 

compact base layer morphology Consequently, in pTSA the equilibrium process 

established on the differing time scales remains the same and Dct is independent of the

experimental time scale This interpretation is supported by the activation parameters in 

Table 6 3 3, where, with the exception of cyclic voltammertnc measurements in 0 1 M 

pTSA, Ea(CV) and Ea(PS) are similar with a value of ca 49 ± 6 kJmoH The entropy

term is 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 limiting step is, it is clear that the change in polymer solvation in 

pTSA electrolyte results in different charge transport behaviour

The importance of differential swelling as a consideration for the time scale 

dependence of Dct and activation parameters is further demonstrated by the data for

pTSA in Table 6 3 2 and 6  3 3 In 1 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 is evidenced by the
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similarity in Ea(CV) and Ea(PS) However, in 0 1 M pTSA, where the polymer layers 

may become extensively swollen (see Section 4 3 13), Ea(CV) becomes large (244 

kJmoH) and is coupled to a very positive entropy term (630 Jm oH K-*) This most 

probably represents the dramatic swelling of the exterior of the layer and the subsequent 

shift in 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 is 

less extensive, and no significant change m activation parameters for potential step 

measurements is found

The data obtained in HCIO4 electrolyte in Table 6 3 2  and Table 6 3 3 for 

[Ru(bipy)2(PVP)io(H2 0 )]2+ are in near-quantitative agreement with that obtained for the 

mono-substituted ruthenium metallopolymer, [Ru(bipy)2(PVP)ioCl]+ [6 ] A comparison

of these data with those presented in Chapter 2 for the analogous bis-substituted 

ruthenium polymer, [Ru(bipy)2(PVP)io]2+, clearly demonstrates the profound effect that

a change in the coordination sphere of the ruthenium moiety has on charge transport and 

activation parameters In HCIO4 electrolyte, for the mono-substituted materials there is 

evidence that a different equilbrium is established on diffenng experimental time scales 

For the bis-substituted [Ru(bipy)2(PVP)io]2+ polymer films, this is not found
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6.4. CONCLUSIONS.

The coupling of proton and electron transfer for redox processes within 

[Ru(bipy)2(PVP)io(H2 0 )]2+ polymer modified electrodes has been demonstrated by the

pH dependency of the voltammetnc response and interfacial mass transfer

The EQCM has provided unambiguous evidence of the disproportionation pathway 

for the net oxidation of Ru111 to RuIV= 0  The EQCM has also demonstrated the 

importance of the pKa of Ru™ -H2O in determining the mechanism for the maintenance

of electroneutrality within the polymer films dunng Run/n̂ redox switching Below the 

pKa of Ru111 -H2O counter-anion insertion is required, above the pKa proton expulsion

mechanisms are utilised

The slow kinetics associated with the "EC” mechanism of the RuIIJAv couple has been 

shown by its kinetic isolation under semi-infinite diffusion conditions This allows for a 

study of the oxidation for the Ru11/*11 couple using a diffusion model for a one-electron 

reversible process

The concomitant transfer of all mobile species under dynamic conditions (either into 

or out of the layer), coupled to the insensitivity of activation parameters and Dct to HCIO4

electrolyte concentration, indicates that an open polymer structure exists For cyclic 

voltammetnc measurements it is the segmental polymer chain motion required to 

juxtapose redox sites which limits the charge percolation rate In HCIO4 , on short time

scales a different equihbnum is established, with a subsequent increase in the charge 

transport rate

In pTSA electrolyte the more solvated polymer layer results in an increase in DC((CV) 

and enables a common equilibrium to be established on all expenmental time scales A sa  

result, the difference between Dct(CV) and Dct(PS) is negligible in this electrolyte

The similanty in charge transport behaviour for the mono-substituted polymers 

[Ru(bipy)2(PVP)io(H2 0 )]2+ and [Ru(bipy)2(PVP)ioCl]+ indicates that the overall charge
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of the ruthenium complex is of minimal significance in determining charge transport 

rates and activation parameters Of primary importance is the coordination sphere and the 

subsequent effects on polymer structure This is evidenced by the fundamental 

differences exhibited in the behaviour of [Ru(bipy)2(PVP)io(H2 0 )]2+ and the bis- 

substituted polymer in Chapter 2

Although this work has provided further insight into the redox processes within 

[Ru(bipy)2(PVP)io(H2 0 )]2+ polymer modified electrodes, a more rigorous study of 

cathodic processes is required While the Ru-aquo polymer does not undergo further 

photolysis reactions, it is considered that the inherently more stable and reproducible 

behaviour of osmium complexes may provide a route to a more detailed understanding of 

the redox chemistry of the aquo ligand This is 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 ideally suited for fundamental studies of 

charge transport mechanisms within electrode-modifying layers In all cases (with the 

exception of the ruthenium aquo complex in Chapter 6 ), the metallopolymers exhibit a 

reversible, single electron redox reaction, indicative of a surface-bound species The 

polymer layers are stable for long penods in high concentrations of acid electrolyte, 

enabling small variations in experimentally determined parameters to be reproducibly 

observed The redox polymers are easily prepared with a high degree of synthetic control 

and can be rigorously characterised to a high level of definition through comparison 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 emphasis is placed on the importance of the polymer layer 

morphology in determining charge transport rates Surprisingly, the identity of the central 

metal atom is of fundamental importance in determining the physico-chemical 

characteristics of the entire layer This is seen in the quite differing charge transport 

behaviour for the bis-substituted osmium polymer, [Os(bipy)2(PVP)io]2+, and the

analogous ruthenium material in Chapter 2 However, of greater importance, is the 

coordination sphere of the metal centre For both osmium and ruthenium bis-substituted 

polymers, the rate of charge transport is insensitive to the electrolyte concentration This 

is denved from the more open polymer structure due to the rigidity 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 is profound The origins of this lie in 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 rigidity using impedance analysis, electrolyte 

dependent morphology changes have been studied for [Os(bipy)2(PVP)ioCl]+ polymer

films

The polymer layer can be considered an anion-exchange membrane For counter­

anions which interact strongly with the fixed charged site s, eg CIO4 ", there is a decrease 

in the "free-ion” population of the polymer phase and, consequently, a decrease in the 

requirement for polymer solvation On the otherhand, for electrolytes which do not form 

close lon-pairs with the fixed sites of the polymer, eg pTSA, the levels of polymer 

solvation increase The solvation of polymer layers is therefore determined by the activity 

gradient established by the relative ion populations across the polymer layer / electrolyte 

interface

When polymers are solvated in a particular electrolyte they become more sensitive to 

the electrolyte concentration For [Os(bipy)2(PVP)ioCl]+ polymer films in pTSA, this

gives nse 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 is 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 in such an increase in polymer swelling that there is delamination of the 

polymer film from the electrode surface In contrast, in HCIO4 electrolyte, where the role

of solvent is minimised, there is only a small expansion of the polymer matnx at low 

HCIO4 concentrations

The evaluation of the resident layer mass of [Os(bipy)2(PVP)ioCl]+ 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 in both pTSA and HCIO4 accounts only for the counter-anion

requirement for the maintenance of electroneutrahty plus the demands for ion solvation

315



The existence of polymer phase pools of electrolyte is 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 is the 

overall charge of the ionic membrane This changes dunng redox switching, therefore 

changing the solvent requirement within the layer In HCIO4 , the minimal role of solvent

is reflected in the low solvent transfer accompanying the Os11/111 couple and the 

maintenance of a constant polymer morphology in both oxidation states However, where 

a slightly expanded layer exists 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 is the tendency 

for increased solvation of the oxidised layer Opposing this is the tendency for the 

perchlorate anion to crosslink the polymer, thus restricting solvent movement and causing 

dehydration It is only in the partially protonated layers at low HCIO4

concentration,where the polymer phase perchlorate content is reduced, that the driving 

force for increased polymer solvation predominates This occurs with dramatic results in 

0 03 M HCIO4 , where solvent transfer is not only higher than in most other HCIO4 

electrolytes, but more significantly, it is much more facile

In pTSA, the increased levels of polymer solvation in the reduced state are reflected 

in the increased solvent requirement accompanying polymer oxidation However, because 

no restrictions on polymer expansion exist in 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 is 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 concomitant 

transfer of the "thermodynamic" solvent requirement with the counter-anion However, in 

HCIO4 , although the requirement for solvent transfer is significantly smaller, because of 

the more dehydrated polymer structure in this electrolyte, solvent is not transferred with 

the counter-anion and the rate of charge transport is reduced This is evidenced by the 

increased difficulty for solvent transfer and a corresponding decrease in Dct(CV) as the 

HCIO4 concentration increases from 0 03 M to 1 0 M

In previous studies of [Os(bipy)2(PVP)ioCl]+, for potential step experiments, the 

apparent charge transport diffusion coefficient has been frequently observed to be greater 

than that obtained using cyclic voltammetry The study of mass transfer accompanying 

redox switching provides a fresh insight into this observation Using chronoamperometry, 

charge transport is measured in a region of the film close to the polymer layer / electrode 

interface In this study, in both swelling and dehydrating electrolytes, a net transfer of 

mass occurs within 5 ms of pulse application This demonstrates unequivocally that a 

source of counter-anion localised within the layer does not exist in significant quantities 

and that the high values of Dct(PS) which are observed, can not be attributed to such 

localised ion movement

Significantly, in more swelling electrolytes, the difference in Dct(CV) and Dct(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 is
/

identical, and any difference between Dct(CV) and Dct(PS) may be attributed to '

differential polymer swelling, with a higher concentration of redox sites in the more 

compact base layer morphology

In HCIO4 , however, the difference between Dct(PS) and Dct(CV) has been found to 

be much greater (in excess of two orders of magnitude) The mass transfer in HCIO4 on

potential step time scales is insufficient to account for counter-anion motion, while at low 

HCIO4 concentrations, a net mass loss occurs This represents the utilisation of co-ion
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expulsion mechanisms in HCIO4 on short time scales Therefore, it is considered that 

when a significant difference in Dct(CV) and Dcl(PS) exists, this reflects the 

establishment of different equilibria dunng redox switching on the diffenng time scales 

Such a scenario is only envisaged when there are restrictions to ion motion, such as those 

existing in materials of high redox site loading (as observed in previous studies), or those 

due to the compaction and crosslinking of the polymer layer by specific electrolyte 

interactions (as observed here in HCIO4)

This interpretation is confirmed for all redox polymers considered in this thesis For 

[Ru(bipy)2(PVP)n]2+ no difference in Dct(PS) and Dct(CV) exists in any electrolyte,

activation parameters are similar and the polymer structure is considered to be open, 

facilitating the transfer of all mobile species on all time scales For both 

[Os(bipy)2(PVP)io]2+ and [Ru(bipy)2(PVP)io(H2 0 )]2+, the difference m Dct(PS) and 

D c t ( C V )  in swelling electrolytes is small (typically a factor of ca 5  to 1 0 ) ,  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 Dct(PS) and Dct(CV) is a factor of ca 3 0  to 2 0 0  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-ion motion for chronoamperometry

In this thesis, the combined use of the E Q C M ,  impedance analysis and conventional 

electrochemical measurements, results in 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 m the evaluation of the proposed mechanism for the coupled proton and 

electron transfer within films of [Ru(bipy)2(PVP)io(H2 0 )]2+

In conclusion, the use of purely electrochemical quantities, Dct, a  and ko, in 

conjunction with activation parameters, goes some way in elucidating the underlying
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factors which affect charge transport in these systems Indeed, such electrochemical 

measurements may be considered a way for studying polymer structure through the use 

of "redox probes” However, techniques 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 in which such mass changes would be expected to occur

319


