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[M(safe/f)]-Based Conducting Polymer Films

by

Joao Andre da Costa Tedim  

Abstract

This thesis reports the preparation and characterisation o f  poly[M (sa/ert)] (M =N i) 

conducting film s bearing crown ether receptors, which were prepared via oxidative 

polymerisation o f  the [Ni(stf/e«)] monomer. Electrochemical techniques showed that the 

resulting m odified electrodes are electroactive, and that the electrochem ical response is 

ligand-based. Moreover, this response was found to change irreversibly in the presence o f  

metal cations (Cs+, M g2+ and Ba2+), indicating the potential use o f  these film s as sensing  

system s.

The local structure around N i atoms was studied by X-ray absorption spectroscopy, 

and found to remain unchanged regardless o f  the sample physical state, occurrence o f  

polymerisation, and changes in the polym er doping state or ion uptake. For film s bearing a
94 -

small and ‘rigid’ pseudo-crown, data show  that Ba uptake occurs by allocation o f  the

cation within  the pseudo-crown. H owever, for film s bearing the large and flexible crown
2+

ether m acrocycles, Ba is coordinated to a very low  number o f  oxygen donor atoms, 

which is unexpected according to solution com plexation concepts. This allow s more Ba2+ 

to bind to the polymer at the cost o f  less selectivity towards analyte size.

A coustic wave sensor and m icroscopic techniques showed that the mechanical 

properties o f  film s bearing crown ether m acrocycles depends on the amount o f  deposited 

electroactive material. Thin film s {T  < 15 nmol cm' ) consist o f  a uniform layer o f  

polymer with monodisperse, small polym er islands on the top, whereas thick film s (T  >
'y

100 nmol cm' ) are rough, with an underlying uniform layer decorated with large 

heterogeneous islands o f  polymer. These large islands are m echanically quite different 

(more liquid-like) from the dense, inner layer.

Finally, the incorporation o f  m ulti-walled carbon nanotubes in the poly[N i(sa/e«)] 

matrix enhances the electronic/electrochem ical properties o f  the conducting polymer, 

opening a new  route towards the optim isation o f  these systems.
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Chapter 1

In t r o d u c t io n -C o n d u c t in g  P o l  y m e r s
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1.1 C o n d u c t in g  Po l y m e r s

Polymeric system s with the ability to conduct charge are generically termed 

conducting polym ers. This broad yet sim ple definition includes such a vast range o f  

system s that numbering all the groups and sub-groups o f  materials would be impracticable, 

risking an artificial compartmentalisation. H owever, some ‘figures o f  merit’ must be used 

in order to distinguish and rationalise the characteristics o f  these materials. For instance, 

electroactive materials can be classified depending on the type o f  charge carriers and 

conduction mechanisms. When the conductivity arises from ionic m obility only, the 

polymers are designated as ion conducting po lym ers  and may be regarded as ‘solutions o f  

ionic salts in polymeric m atrices'1. The m ost representative example is poly(ethylene 

oxide) (PEO), whose interaction with salts was first reported by Doscher and colleagues in 

1951. Cationic and anionic species are both m obile, but only the cation seem s to be 

responsible for conduction since it interacts with heteroatoms from the flexible network o f  

the polym eric matrix, whereas the anion is found as ion paired (non-conducting) units3’7 

(Figure 1.1a). Other systems, provided with redox active species (organic m olecules, 

organom etallic or coordination com plexes), may undergo redox reactions enabling the 

creation o f  m obile charge carriers. These polymers are designated as electrica lly
fi • • •

conducting polym ers  , and can be divided into two subcategories: (l) redox  and (ii) 

con jugated polym ers. Both contain electronic states that can be reversibly 

occupied/em ptied by doping, though processes by which conduction proceeds differ.

Redox polymers possess localised redox sites and the mechanism o f  electron transfer 

is by electron hopping9'13 (Figure 1.1b): the redox sites act as ‘traps’ that can be oxidised  

(occupied by a hole) or reduced (occupied by an electron), and the electronic m obility is a 

result o f  self-exchange reactions:

O + R++R + O (1.1)

This reaction is a bimolecular process, thus requiring the presence o f  both oxidised  

and reduced sites. In this sense, fully oxidised or reduced states are not conducting, 

whereas an oxidised:reduced sites ratio o f  1:1 results in maximum conductivity (the 

polymer must be ‘mixed valent’14). Polyvinylferrocene (PVF) is a well known exam ple o f  

a redox polymer, w hose oxidation process consists o f  removal o f  electrons from Fe sites 

(Equation 1.2). which are transported through the film by electron hopping15.

F e2+ + e  ” (1.2)
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Contrastingly, conjugated polymers comprise polymeric chains o f  extended 7r- 

conjugated systems. In this case, conduction is a result o f  charge carriers created upon 

doping with an ability to m ove within the delocalised 7t-systems (Figure 1.1c). Due to the 

intrinsic nature o f the conduction mechanism, conjugated polymers have higher electronic 

conductivity when compared to redox polymers. For example, the electronic conductivity
o n

o f  conjugated polymer polypyrrole (PPy) is up to 10 times higher than that o f  PVF .

a)

. C P '  / O✓ V z V ;

c

b) OxOx Ox

happing happing

Electrode

Electrolyte species 
(X=ions, solvent)

c)
7t corjugated system

Ox

Electrode

Electrolyte spedes 
(X=ions, solvent)

Figure 1.1: Conduction mechanisms in a) ion conducting, b) redox and c) conjugated polymers.

1.2 C o n j u g a t e d  P o l y m e r s :  a n  O v e r v i e w

Prior to the 1970s, organic polymers were generically regarded as non relevant 

materials in the context o f  electronic applications16. This assumption was based on the fact 

that saturated organic polymers are insulators. On the other hand, little attention was 

devoted to polyconjugated systems and both their molecular and electronic structures in
17

undoped states were not well understood .
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In 1977, Heeger, MacDiarmid, Shirakawa and co-workers showed that polyacetylene  

can be turned into a conductive polymer upon doping, over the full range from insulator to 

metal ’ . This discovery marked the beginning o f  a new generation o f  polymers , 

leading to more than 20 years o f  research which culminated with the award o f  the Nobel 

Prize o f  Chemistry in 2000 to Heeger, M acDiarmid and Shirakawa. More recently, Shon 

and co-workers showed that the conjugated polymer poly(3-hexylthiophene) used in a 

field-effect transistor configuration becom es a superconductor at 2.35 K21. This was the 

first case o f  superconductivity reported in organic polymers.

Polyacetylene can exist in two isom eric forms, cis and trans, with the latter being 

thermodynamically more stable (Figure 1.2a). Carbon atoms are sp2 hybridised, whereas 

the individual 2 pz orbitals overlap with those o f  neighbouring atoms establishing a n- 

conjugated system. In other conjugated polym ers consisting o f  heterocyclic conjugated
22 23polymers, such as polypyrrole and polythiophene (Figure 1.2 b. c). overlap o f  pz 

orbitals includes not only carbon atoms but also heteroatoms such as nitrogen or sulphur.

a) b) c)

F ig u re  1.2: Structures o f  a) /ra/w -polyacetylene, b) polypyrrole and c) polythiophene.

Conjugated polymers are usually semiconductors in their undoped states. In 

poly acetylene the band gap between 7c-bonding (or valence band) and n*-antibonding 

bands (or conduction band) is 1.5 eV 24, which is due to the non-equivalence o f  single vs. 

double bonds (so-called Peierls Instability). Since the band gap depends on the 

molecular/monomeric structure, it is possible to adjust the gap by careful design o f  the 

monomer. In this context, there are several studies reporting the narrowing o f  the band gap
25 27when donor/acceptor groups are introduced in the polymer backbone ' . Organic 

semiconductors offer the advantage o f  easier processing when compared to inorganic 

conductors, and can be used in the preparation o f  low-cost, large-area flexible electronic 

components. Their application in electronics as semiconductors has been extended over
28 29different areas: (i) light-emitting diodes (LE^Ds) , (ii) optically pumped conjugated
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based lasers30’32, (iii) plastic photovoltaic ce lls33’35 and (iv) polymer-based field effect 

transistors (FETs)36,37.

A s mentioned earlier, the conductivity o f  conjugated polymers can be dramatically 

increased by doping, in som e cases reaching the conductivity o f  m etals19,38,39. Since they 

show electronic, electrical, m agnetic and optical properties typical o f  metals together with 

processability, mechanical and other properties typical o f  polymeric materials, these 

polymers are commonly designated as in trinsically conducting polym ers  (ICPs) or 

synthetic m etals16'40.

Doping introduces m obile charge carriers into the electronic structure o f  polymers 

and it can be achieved in different ways: redox-doping, doping involving no dopant ions, 

and non-redox doping. Redox doping includes chemical (charge transfer reactions) 1 8 19 and
41electrochemical doping . It is classified as p-doping when there is partial removal o f  

electronic density from the 7i-backbone (oxidation) or ^-doping in the case o f  partial 

reduction. Redox doping is considered to induce ‘permanent’ electrical conductivity until 

the carriers are chemically compensated by insertion o f  counterions or removed by 

‘undoping’. Electrochemical doping additionally offers the advantage o f  being effective in 

controlling doping levels, especially in intermediate states17,41. Doping involving no ions 

includes (i) photodoping42, which corresponds to the excitation o f  electrons with photons 

o f  greater energy than the band gap to the conduction band, and (ii) charge injection at a 

metal-semiconductor polymer (M S) interface43. The longevity o f  redox doping contrasts 

with the transient character o f  photodoping and MS excitations: photoconductivity lasts 

only until the excitons are either trapped or decay back to the ground state, whereas in the 

case o f  MS excitations conductivity endures only as long as a bias is applied16. Doping by 

acid-base chemistry44 is a non-redox type o f  doping, which occurs in polymers possessing  

strong basic atoms within the 7r-backbone. In this case, the increase in conductivity is a 

result o f  protonation and not changes in the number o f  electrons. The most representative 

example o f  conduction by protonation is polyaniline, though it may also be doped by redox
45.46processes

Doped conjugated polymers have been applied in a wide range o f  scientific areas: 

(i) organic conductors in conductive layers47, (ii) fibres4849, (iii) heterogeneous 

catalysis50 51, (iv) membranes for gas and liquid separations52,53, (v) corrosion inhibition54, 

(vi) lithium batteries55, (vii) electrochromic devices56,57 and (vii) sensors58,59.
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1.3 E x c i t o n s  i n  C o n j u g a t e d  P o l y m e r s

Doping or charge injection results in the formation o f  charge carriers responsible for 

the electrical conductivity o f  conjugated polymers. These charge carriers consist o f  

localised structural distortions, corresponding to the occurrence o f  electronic states in the 

gap between valence and conduction bands60.

If the ground-state o f  the polymer is degenerate (e.g., /r<my-polyacetylene) doping 

results in structural relaxation o f  polymeric chains, which leads to a localisation o f  charge 

called a soliton. The soliton is a domain boundary between two degenerate ground-state 

configurations (Figure 1.3a). and is both topological and mobile due to translational 

symmetry o f  the chain16. Theoretical predictions60 and experimental data show, however, 

that structural relaxation in the vicinity o f  the domain boundary (as well as the spin and 

charge o f  the soliton) extends over approximately seven carbon atoms (Figure 1.3bT The 

localised electronic state associated with the soliton is a nonbonding state situated between 

71 and 7i* bands (Figure 1.3c). The soliton can be neutral and have spin (e.g., found as 

defects from the synthesis o f  undoped material), or can be negatively/positively charged 

and spinless (created by doping). Anti-soliton  is the designation given to the reverse 

boundary o f  a soliton.

a)
c)

C B CB

/ v w V w \ +

\
b)

>
V B V B

Negative Soliton Positive Soliton
s=0 , q=-|e| s=0 , q=|e|

Figure 1.3: a) Soliton in fraws-polyacetylene, b) structural relaxation o f the soliton, c) band diagrams 

for positive and negative solitons associated with electronic transitions16.

In the case o f  polymers such as polythiophene or poly(p-phenylene) the ground-state 

is nondegenerate, meaning that there are two energetically different bond alternation 

patterns and the charge carriers are called polarons  and bipolarons61,62. A polaron can be 

understood as a bound state consisting o f  a charged soliton and a neutral soliton whose
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electronic states hybridise, giving rise to bonding and antibonding levels (Figure 1.4 a. c f  

A positive (negative) polaron is a radical cation (anion) with a single positive (negative) 

charge and spin Vi. A  bipolaron can be envisaged as a bound state o f  two charged solitons 

o f  identical charge (or two polarons whose neutral solitons annihilate each other); it is a 

spinless dication (dianion) 16 (Figure 1.4 b. dV

C B

i

i

V B

C B

V B

C B

[
r

V B V B

C B

Negative Polaron Positive Polaron Negative Bipolaron Positive Bipolaron
s= l/2 , q=-|e| s= l/2, q=|e| s=0, q=-2|e| s=0, q=2|e|

Figure 1.4: Structures o f negative a) polaron and b) bipolaron in poly(p-phenylene). Band diagrams 

for positive and negative c) polarons and d) bipolarons associated with electronic transitions16.

1 .4  |M ( s > ir £ y v ) l  C o m p l e x e s  a s  P r e c u r s o r s  o f  

P o l y ( h e t e r o c y c l e s )

Poly(heterocycles) are characterised by the existence o f  nondegenerate ground states, 

which arise due to different energetics associated with their two mesomeric forms, 

aromatic and quinoid structures (Figure 1.5). Compared to polyacetylene, 

poly(heterocycles) are environmentally more stable and their structural versatility allows 

design at the molecular level for modulation o f  the polymer electronic properties63. The 

discovery in 1979 that heterocyclic conjugated polymers can be prepared electrochemically 

as highly conductive, homogeneous films by the oxidative polymerisation o f  monomer 

prompted a renewed interest in this class o f  materials for potential applications55,56. 

Electrochemical techniques provide easier routes for preparation o f  conjugated polymers



when compared to chemical/synthetic m ethods, particularly o f  materials required as a thin 

film deposited on a metal surface. This is obviously convenient for electrochemical 

applications.

b)

Figure 1.5: a) Aromatic and b) quinoid structures o f  poly(/?-phenylene).

The mechanism proposed for the polymerisation o f  heterocycles by oxidation o f  

monomer is shown in Figure 1.6. In the initiation step, oxidation o f  monomer leads to the 

formation o f  a radical cation. Then, som e authors suggest the occurrence o f  coupling o f  

two radical cations with removal o f  2  protons, with the dimer formed having an oxidation 

potential lower so the chain may propagate64 65; others suggest that the propagation occurs 

by electrophilic addition o f  a neutral m olecule to the radical cation66,67. Propagation 

proceeds until the formed oligom eric chains becom e insoluble, precipitating onto the 

electrode surface.

■e'

O-CkX H

// w +

Figure 1.6: M echanism o f  polym erisation o f  poly(heterocycles)63.

The model that describes charge transport in these conjugated polymers is the 

p o lar  on-hopping m odef* '10. When they are in their neutral form, the band gap between 

valence (full) and conduction (empty) bands is high and electrons are not free to move; the



structure o f  the polymer is aromatic. Nonetheless, when non-degenerate oxidation  

(p-doping) occurs, the polymer loses an electron (the valence band is no longer filled) and 

assumes a quinoid structure, which originates the formation o f  a new electronic state 

(polaron), becoming conductive. The removal o f  a second electron can lead to two 

different situations: formation o f  another polaron, or removal o f  the electron from the 

polaronic level (bipolaron). The electrons can also travel between different chains by an 

electron hopping mechanism.

The conductivity in organic-based polymers can be, nonetheless, limited by the 

existence o f  defects which may interrupt charge carrier mobility. One strategy to 

overcom e this limitation is the introduction o f  redox-active centres such as transition 

metals, either as functional groups along the polymer backbone or as units incorporated 

within the polymer backbone71. In the latter case, overlapping o f  metal orbitals with those 

o f  n conjugated system o f the polymer may occur and provide efficient charge transport 

pathways, which may result in enhancement o f  conductivity. The incorporation o f  metal 

centres in pre-formed polymeric networks is not an easy task since it is necessary to create
72reactive sites in the polymer in order to insert them . A  more straightforward way o f  

preparing polymeric films with metal centres is to use monomeric species containing the 

metal, such as metal com plexes or organometallic species, and then prepare the 

supramolecular structures.

Salen  ligands ('Figure 1.7a) are important structures in the context o f  coordination 

chemistry because they are chem ically robust, can accommodate a variety o f  different
71

metals and form coordinatively unsaturated metal com plexes . Transition metal 

com plexes based on salen  ligands are here designated [M (salen)] (Figure 1.7b). N ickel 

com plexes based on salen  ligands, [Ni(^a/e«)], are known for their application as catalysts
73 75in homogenous reduction o f  alkyl and aryl halides ’ .

The oxidation o f  [N in(stf/e/7)] is quite sensitive to the nature o f  the solvent: in 

strongly donating solvents such as N  \N  -dimethylformamide or (CH3)SO, the nickel centre 

is oxidised and the com plex becom es hexacoordinated [N iH1(.sfl/ert)L2]+, where L is a 

solvent m olecule76’81; in moderate/weak donor solvents such as CH3CN or C F fC f  the 

oxidation results in the formation o f  polymeric electroactive films deposited on the 

electrode surface82" .
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R, R,

N

OH HO

Figure 1.7 Structures o f  a) salen  ligands and b) [M(5 a/e«)] com plexes.

The first studies o f  [M {salen)] (M =N i, Cu) modified electrodes were reported by
82 84G oldsby and colleagues ' in the late 1980s. In these studies electroactive film s were 

deposited on different substrates (Pt and ITO electrodes) and characterised by cyclic  

voltammetry, electron spectroscopy and scanning electron m icroscopy. According to these 

authors, the polymerisation process may occur by linkage o f  phenyl groups at pa ra  

positions. This was confirmed by inhibition o f  the polymerisation process when methyl
• j  82 83 86groups were introduced in the referred positions o f  [M (salen)] ’ . Audberf s group also 

reached the same findings by analysis o f  products resulting from cleavage o f  the film s in
ft/i ftA ftft

acidic media. Based on these findings, Goldsby and Audbert ' proposed that 

polym erisation o f  these electroactive film s is ligand-based , via  a radical-radical coupling  

m echanism  similar to that occurring for oxidation o f  phenol. Moreover, Audbert noticed  

that the change o f  metal centre (N i or Cu) has little effect in the conductivity o f  the 

resulting polymers, and that they are conducting even in dry states. It was proposed that 

the electrochemical response associated with these system s is based on delocalisation o f  

charge towards the ligand. N onetheless, it was admitted that the metal centre might be
88 8Qoxidised to some extent ’ .

This view , however, was not uniformly accepted. Dahm and co-workers90"92 also 

studied electroactive films based on [Nifs'tf/e/r)] com plexes deposited on Pt, glassy carbon 

electrodes and optically transparent tin oxide electrodes, and characterised them by cyclic  

voltammetry, spectroelectrochemistry techniques and scanning electron microscopy. 

Regarding the polymerisation process, Dahm92 proposed that in a first stage the metal 

centre is oxidised, followed by irreversible establishment o f  bonds between phenyl rings; 

the electrochemical response o f  the m odified electrode is metal centred.

In 1997 Vilas-Boas and co-workers93 used in situ  FTIR and U V -V is spectroscopies 

to study the structure and electronic properties o f  electroactive [Ni(.v^//c«)] films as a
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function o f  doping state; ex situ  EPR was also used to analyse oxidised species during 

polymerisation and redox switching processes. Their findings showed that the 

polymerisation process is ligand-based, taking place at both ortho  and p a ra  positions o f  the 

phenyl rings. Furthermore, the chemical and physical properties o f  these electroactive 

film s are typical o f  polyphenylene compounds, with the metal centre acting solely as a 

bridge between biphenylene m oieties. At moderate doping levels, charge carriers were 

identified as being paramagnetic radicals with electronic states situated in the mid gap 

(polarons), whereas at higher doping states formation o f  diamagnetic bipolarons occurs. A
72similar idea was proposed by Mathis : film s based on palladium-pyrrole com plexes 

behave like polypyrrole, mainly because their HOMO orbitals are essentially a result o f  

pyrrole n orbital overlap. Nevertheless, and unlike organic polymers such as polypyrrole 

or polyphenylene, non-metallated salen  ligands cannot be used to prepare stable
QO

electroactive films , thereby revealing the key role o f  the metal centre in the preparation 

o f  these polymeric films.

In spite o f  these findings, there is still no general consensus regarding the ligand- 

based response o f  poly[M (salen)]. In particular, T im onov’s group100' 102 suggested that 

poly[M (sa/e«)] possesses redox conductivity in liquid media and polaron conductivity in 

the dry state. In solution, charge transport takes place via electron hopping between  

adjacent metal centres through the 7t-conjugated system.

The first applications o f  m odified electrodes based on [Ni(stf/e/i)] were reported by 

Dahm and co-workers90,91. These polymers were found to exhibit catalytic activity for
1 OT

reduction o f  alkyl halides. Losada and co-workers prepared electroactive film s based on 

[Ni(sa/eA7)] com plexes using the salen  ligand functionalised with a pyrrole unit, and found 

that they catalyse the reduction o f  carbon dioxide, and the oxidation o f  methanol and 

hydrazine. Momandre’s group104 reported catalytic properties o f  film s based on 

[Fe(salen)] for the electroreduction o f  hydrogen peroxide and oxygen. More recently, 

Voituriez and co-workers105 prepared [M (salen)] electroactive films (M =Ni, Cu, Cr and 

Co) based on chiral thiophene-containing ligands and studied them for applications in 

heterogeneous asymmetric catalysis. Other heterogeneous catalysts based on [M (salen)]

include Langmuir film s106’107, and [Co(salen)] com plexes supported on glassy carbon
108electrode m odified with a poly(estersulfonate) lonomer .
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In the context o f  chemical sensors, electropolym erised films based on [M (salen)] 

(M =N i, Fe. Co, Cu and Mn) and N afion were used for the detection o f  nitric oxide by Mao 

and co-workers109,110. The results showed that the characteristics o f  sensors did not change 

significantly with the metal centre, indicating that the electrochemical catalytic activity o f  

the polymer should not be ascribed to the metal centre. Other applications o f  [M (salen)] 

com plexes include luminescence phenom ena111'113.

There were two studies reported in 2003 worthy o f  mention, demonstrating the 

developm ent o f  poly[M (5tf/e«)] system s in new directions: (i) preparation o f  processible 

polym ers and (ii) preparation o f  nanostructured materials with improved conductivities. 

The first, by Sukwattanasinitt and co-w orkers114, reports the preparation o f  soluble 

poly[M(stf/e/?)] (M =Ni, Mn, V) by introduction o f  glycolic chains between chiral salen  

ligands. These polymers can be used in the preparation o f  m odified electrodes for 

electrochem ical sensing purposes. The second, by T im onov’s group102, reports the first 

work on template-based electrochemical methods for preparation o f  poly[M (salen)] with 

nanowire dimensions (diameters o f  20-200 nm). These nanostructures were found to have 

conductivities one order o f  magnitude greater than the bulk polymers.

1.5 In c o r p o r a t io n  o f  Io n  R e c o g n it io n  

F u n c t io n a l it ie s  in  C o n j u g a t e d  P o l y m e r s

Among the most important and widely studied applications o f  conjugated polymers 

is chemical sensing. In fact, chem ical sensing was the first reported application o f  

conjugated polymers, when free-standing polymer polyacetylene was used to detect and 

measure the presence o f  vapour dopants within the polymer, by changes in its 

conductivity18,19,115'117. Systems to be used as chemical sensors must fulfil two important 

requirements: (i) recognition o f  the analyte at the molecular level and (ii) transduction o f
58 117 118the chemical interaction into a detectable and measurable signal ’ ’ .

Due to their intrinsic electronic, electrochem ical and optical properties, conjugated 

polymers can be used in chemical and/or biological sensors as transducers: they are able to 

convert the chemical interaction into electrical, electrochemical, optical, 

gravimetric/viscoelastic or thermal signals. Additionally, the interaction with the analyte 

at molecular level causes changes in the collective properties o f  the supramolecular 

systems - recognition am plifiers119.
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There are several strategies to incorporate recognition sites within conjugated 

polymers: physical adsorption, physical occlusion during electropolymerisation, and
117covalent methods . Physical adsorption is a sim ple and quick method but the resulting 

systems lack stability due to the occurrence o f  desorption processes and consequent loss o f  

selectivity/specificity. The use o f  charged recognition species as ionic dopants 

(electrolyte) during the electropolym erisation process is not only a more efficient method 

o f  incorporation but also a ready way o f  preparing modified electrodes showing  

recognition properties, with the electrochem ical techniques allowing precise control o f  film  

thickness and morphology. Disadvantages o f  this methodology are associated with the 

ionic nature o f  polymer-recognition site interaction, namely the possible egress o f  

recognition sites, which is facilitated by the polymer doping/undoping process. This 

problem can be overcome when the recognition functionalities are covalently attached to 

the polymer backbone. Chemical m odification and derivatization o f  the pre-formed 

electrode is a possible route but it is costly, synthetically com plex, and usually 

functionalisation results in a decrease o f  polym er conductivity and poorer mechanical 

properties 111. In this regard, the attachment o f  functional groups to the primary repeat unit 

prior to polymerisation seems to be an easier route for this purpose.

Species that can be used as a recognition site or indicator include catalysts 

(inorganic, organic and enzymes), binding m olecules such as m acrocycles, antibodies, 

D N A /R N A  fragments, proteins or peptide chains. Polyether m acrocycles, also known as 

crow n ethers, are amongst the most studied m acrocycles in the context o f  ion complexation  

(Figure 1.8).

Figure 1.8 a) 15-crown-5, b) 18-crown-6 and c) benzo-15-crown-5.

In 1967, Pedersen reported the synthesis o f  several polyether cycles, as w ell as ion 

complexation studies o f  these m acrocycles with cations including alkali and alkaline earth
1 9(1 191

metals in solution ’ . The interactions between metal and m acrocycles were suggested
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to be ion-dipole in nature, and several factors that could influence the stability o f  a 

polyether-ion complex were highlighted: relative sizes o f  ion and hole in the m acrocycle 

ring, number, coplanarity, symmetrical placem ent and basicity o f  donor atoms, steric 

hindrance in the ring, ion solvation and cation charge. The stoichiometry o f  polyether 

ring-cation complex was suggested to be 1:1, regardless o f  the metal valence. Three years 

later Pedersen reported a more detailed (X-ray) analysis o f  the stoichiometry associated  

with the complexation o f  som e o f  these crown ethers with N a+, K+, Rb+, Cs+, N H /  and 

Ba2+ 122. In this work, salts o f  the com plexes were analysed and the results were 

interpreted considering the hole size-cation  diam eter relationship. When the ionic 

diameter o f  the cation fits into the diameter o f  the m acrocycle ring, the cation is found in a 

proportion o f  1 :1 ; when the cation is too large to fit within the ring, ‘sandwich structures’ 

in proportion 2:1 (m acrocyclexation) and in som e cases 3:2 were proposed. Frensdorff 

determined stability constants for 1:1  com plexes, by potentiometry in water and 

methanol The constants in methanol were found to be considerably higher than in 

water, im plying that ion solvation plays an important role and limits complexation. The 

same trend was found in terms o f  ion size and ring diameter as previously reported by 

Pedersen. Additionally, substitution o f  oxygen atoms by nitrogen and sulphur atoms 

resulted in a decrease in affinity o f  polyether cycles towards alkali ions. Since these early 

studies a lot o f  research has been done in this area and several reviews listing the 

successful synthesis o f  new m acrocycles, as well as the compilation o f  thermodynamic and 

kinetic data for ion-macrocycle com plexation, have been published124'128.

1.5.1 Poly(heterocycles) bearing polyether recognition functionalities

The incorporation o f  polyethers in a heterogeneous phase for recognition purposes 

has been reported for a wide range o f  self-assem bled m onolayers129'133, Langmuir-Blodgett 

film s134' 136 and conducting polym ers137,138. The first report on conjugated polymers 

functionalised with polyalkyl ethers was by Roncali and co-workers in 198 9 139,140 (Figure 

1.9, monomer 1), and the voltammetric response o f  this polymer was studied in the 

presence o f  tetrabutylammonium and Li+ electrolytes. In tetrabutylammonium electrolyte 

the system exhibited two redox processes around 0.5 V and 0.8 V v.v. SCE. The insertion 

o f  increasing amounts o f  Li+ resulted in the shift o f  potential associated with the redox 

processes to less positive potentials and narrowing o f  the redox features. This was

14



attributed to the complexation o f  Li+ cations with the polyalkylether substituent. Based on 

more detailed spectroscopic studies o f  p o ly l141,142, the same authors suggested that 

complexation o f  Li+ with the polyether substituent had two effects: to planarise the 

polymer backbone and increase its rigidity by pseudo-cross-linking between chains. 

Moreover, the effect associated with the extension o f  the ethylene oxide group towards the 

polythiophene group was also studied143. The peak current associated with the first redox 

feature (0.40 V vs. SCE) increased in the presence o f  Li+. This was suggested to result 

from an increase o f  ionic conductivity.

However, polyalkylether chains lack differentiation abilities towards ions and the use 

o f  crown ether macrocycles as pendant groups may result in ionoselective responses. 

Bartlett and co-workers prepared a polym er based on pyrrole and benzo-15-crown-5 by
144electrochemical routes (monomer 2) . Cyclic voltammetry carried out in the presence o f

different cations (Li+, Na+, K+ and tetraethylammonium) revealed no selective binding 

towards N a+. This was explained in terms o f  steric barriers arising due to the close  

packing o f  the crown ethers within the polymer, thereby preventing the com plexation o f  

the solvated ion.

F igu re  1.9 M onomers 1 and 2.

Since 1993, several works related to the preparation o f  ionoselective system s with 

conjugated polymers and crown ethers have been reported. Bauerle and co-workers 

studied the sensitivity o f  several polythiophene films bearing crown ethers towards Li+, 

Na+ and K+ cations (Figure 1.10. structures 3 to 7). Poly3 and poly4 bear 12-crown-4 

substituents, linked to the thiophene rings via alkyl chains. They were found to show a 

differentiated electrochemical response, with the highest sensitivity observed for Li+ and 

the lowest for K+ 145146. These results are consistent with the hole size-cation diameter 

relationship, since Li+ fits within the 12-crown-4 ring147. Upon metal cation addition, the 

voltammetric response was characterised by a decrease in current and displacement o f
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redox features towards higher potentials, an evidence o f  progressive difficulties in 

oxidising the polymers.

F ig u re  1.10: M onomers 3-7.

Polymers based on monomers 5, 6  and 7, showed selective response towards N a+ 148, 

as expected considering the match between the diameter o f  the ether derivative ring 

(similar to the benzo-15-crown-5) and the size o f  the cation. The changes in the 

voltammetric responses were qualitatively similar to those observed for poly3 and poly4 in 

the presence o f  metal cations. The greatest effects were observed for poly5 and poly6  in 

the presence o f  N a+, whereas for poly7 small variations were detected and attributed to the 

lower number o f  macrocycle rings per repeat unit. Another report by Bauerle’s group 

focused on the study o f  oligothiophenes with fused 15-crown-5, 18-crown-6, as w ell as 

pendant polyalkylether chains149. Analysis o f  the voltammetric response showed, again, 

correlation between macrocycle ring and cation relative sizes. The largest effects were 

observed for 18-crown-6 derived oligom ers in the presence o f  K+. A lso, polymers with 

polyalkylether pendant groups showed the best responses for Li+, which was attributed to 

the ability o f  these substituents to adapt easily and wrap around the ion. The addition o f

3 4

5
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Ba2+ resulted in the highest anodic displacem ents o f  redox features for all the oligom ers 

studied, even in the presence o f  m onovalent cations; some degree o f  selectivity towards 

Ba2+ was suggested. Similar system s based on bithiophene units bearing crown ethers and 

ethylene oxide groups have been studied130, and in the presence o f  alkali metal ions the 

observed loss in electroactivity was suggested to be associated with hindrance o f  the 

diffusion o f  anions inside the polymer films.

Sannicolo and colleagues synthesised cyclopentadithiophenes containing crown ether 

m oieties and studied the resulting polymers prepared by anodic polym erisation151. The 

monomers were designed in such a manner that crown ether m oieties (16- and 15-crown-5) 

were placed far from the coupling sites o f  bithiophene m oieties. Furthermore, the 

‘spacers’ introduced between crowns and bithiophene were rigid and short to m axim ise the 

cation-sensing interaction. The effect o f  crown ether orientation was also studied by 

preparing monomers with crown ethers both co-planar and perpendicular with respect to 

the bithiophene moiety (Figure 1.11). Poly8  was found to show a differentiated response 

in the presence o f  Li+ and Na+, with the latter cation imparting greater changes in the 

electrochem ical response in acetonitrile solution. For repeat units with parallel crown 

ethers (monomer 8 ) 7r-dimerization occurs upon oxidation, which favours ion coordination 

in sandwich mode and consequent loss o f  the cations in excess. In polymers with 

perpendicular crown ethers (monomer 9) dimerisation does not occur and no cations are 

released.

a M  o

Figure 1.11: Monomers 8 and 9.

Fabre and co-workers reported the preparation o f  polythiophenes in which the repeat
152unit consists o f  two thiophene units linked by a crown ether (Figure 1.12) . The polymer
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can be either / 7-doped or /7-doped, and in the presence o f  K+ the redox processes are 

displaced to more positive potentials. This change in the electrochemical response cannot 

be observed for Li+ or N a+ and was explained in terms o f  the relative size o f  metal cation 

and ring diameter o f  the crown.

10

Figure 1.12: Monomer 10.

More recently, Si and colleagues reported the synthesis o f  a monomer based on a 

thiophene unit and benzo-15-crown-5 (Figure 1.13). and studied its electrochemical
153polymerisation and self-assembly on Au (111) surfaces . The polymerisation was found 

to lead to the formation o f  nanoparticles or clusters spread all over the Au (111) electrode 

and the polymer was found to be attached to the surface by sulphur-gold interactions. The 

potentiometric response o f  the system  in presence o f  K+ was also investigated, with the 

polymer revealing a Nem stian dependence, both in aqueous and organic solutions, over 4 

orders o f  magnitude. Furthermore, the electrochem ical response o f  the polymer was 

studied in the presence o f  other cations, including Li+, N a+, NFLi+, M g2+ and Ca2+, and 

found to be K+-selective.

11

Figure 1.13: Monomer 11.
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Gamier and co-workers prepared and studied polypyrrole films bearing m onoaza-12- 

crown-4 and m onoaza-18-crown-6 groups (Figure 1.14V*4'156. In aqueous solution, the 

cyclic voltammogram did not change in the presence o f  Li+, N a+ or K+. Similar results 

were obtained for p o ly l2  in CH3CN solution, but for p o ly l3  the response changed when 

Na+ or K+-based electrolytes were added to a Li+-based electrolyte. More specifically, the 

anodic feature was shifted towards more positive potentials, whereas no changes in its 

cathodic counterpart were observed (irreversible process). The size o f  the crown in p o ly l2  

is too small to accommodate any o f  the three cations, which explains the absence o f  

alterations; on the other hand, p o ly l3  shows the ability to com plex N a+ and K+ in CH3CN 

but not Li+ because the latter is too small to be stabilised within the m onoaza-18-crown-6  

ring. In aqueous solution the undifferentiated response o f  p o ly l3  was assumed to result 

from the stronger solvation o f  cations and low  binding constant o f  the crown.

Pemaut and colleagues also prepared 14-crown-4 derived pyrrole film s by 

electropolym erisation157. The electrochem ical response o f  the polymer was found to be 

sensitive to both the nature (Li+ is favoured over N a+ and M g2+) and concentration o f  the 

cation.

/ “ A
12 13 ' 0  0

o  a
N N

Figure 1.14: M onomers 12 and 13.

Although extensive electrochemical studies have been reported in the context o f  ion 

recognition, other techniques with particular relevance to optical-based ones have been 

used. The factors associated with changes in the redox potential o f  electroactive polymers 

upon cation addition can be due either to electronic effects resulting from the presence o f  

those species or conformational changes imposed by their presence. While
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electrochemical-based techniques cannot provide a clear distinction between these factors, 

optical-based procedures can be applied to overcom e this difficulty, since optical changes
i ->o

depend only on conformational variations .

Marsella and Swager reported the preparation o f  conjugated polymers by chemical 

coupling reactions, with bithiophene units integrating part o f  the crown ether158"162 (Figure

1.15). These polymers exhibited ion-specific U V -V is responses, proving that the binding 

process regulates polymer conformation. As a result, intra- and interchain conductions are 

affected, by reduction o f  conjugation length and by decrease o f  polymer ability to pack, 

respectively. Additionally, the com plexation o f  electron deficient species by donor atoms 

from the crown, which are also part o f  the polymer tc system, raises the local redox
1 17

potential and increases the band gap by lowering the HOMO energy .

Z=1
z = 2

Figure 1.15: M onom ers 14-18.

Leclerc and colleagues have also focused their effort on the study o f  optical 

properties o f  regioregular polythiophene system s with polyalkylether and crown ether 

macrocycles, and the effect o f  alkali metal cations in them 163"167. Interestingly, the major 

changes detected by U V -V is and fluorescence spectroscopies were found for polymers
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whose pendant groups were too small to fit the cations, therefore forcing the polymer into

conformational changes; in som e cases formation o f  inter- and intramolecular sandwich

com plexes were suggested.

In another work, Swager and colleagues prepared poly(p-phenylene ethylene)s

bearing 15-crown-5 and explored the 1:2 sandwich complex between K+ and this crown

ether to impart aggregation between vicinal chains and use this process as a new
168transducing mechanism . Both U V -V is and fluorescence spectroscopy evidenced  

interpolymer 7t-stacking aggregation in the presence o f  K+, but not for N a+ or Li+.

Recently, selective and reversible responses were found for poly-(p-phenylene 

ethynylene) conjugated polymers containing pseudo-crowns attached to the backbone169. 

Changes in the optical properties o f  polymers in the presence o f  metal ions are due to 

induced conformational changes, and are sensitive to metal cation concentration. The 

small responses obtained in the presence o f  K+ were attributed to the larger size o f  this 

cation when compared to Li+ and N a+. Ion binding was found to be reversible and 

selectivity towards Li+ was obtained by manipulating the com position o f  polymer side- 

chains (introduction o f  ethylene oxide chains in phenyl rings next to the rings bearing 

pseudo-crowns).

1.5.2 Conjugated polymers incorporating metal derived substituents 

and recognition sites

The first report on conjugated polym er bearing polyalkylether substituents, as w ell as
170‘metal-derived’ substituents, was by Ion in 1997 . The system  consisted o f  a

electropolymerised polypyrrole film, functionalised with a ferrocene-crown ether receptor
y ,

(Figure 1.16). The addition o f  Ba resulted in a decrease o f  the redox feature associated 

with ferrocene/ferricinium couple at E / /2 = 0 .56 V, whilst a new redox wave occurred at 

Ei 2 = 0.68 V. The current associated with the latter feature eventually saturates and for 

excessive amounts o f  Ba the wave at Ej/2 = 0.56 V disappears. Similar behaviour was 

found in the presence o f  Ca2+, but the response o f  the system is about 10 times more 

sensitive to Ba2+ than Ca2+. Addition o f  M g2+, Li+, Na+ and K+ cations did not influence 

the electrochemical response o f  the polymer.
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Figure 1.16: Monomer 19.

In 1998, Reddinger and Reynolds reported the preparation and characterisation o f  

new  polythiophene-based film s able to bind both ionic and uncharged molecular
i n  i

analytes (Figure 1.17). The repeat unit consists o f  a poly(terthiophene)-Schiff base 

metal com plex monomer. Cyclic voltammetry was used to study its recognition properties 

for Li+, Na+, Mg2+, Ba2+, pyridine and triphenylphosphine. The addition o f  metal cations 

to background electrolyte resulted in positive displacements o f  Ej/2 in the order Li+ < N a+ < 

M g2+ < Ba2+. Additionally, in the presence o f  Li+ and N a+ the redox waves becom e 

narrowed, which was attributed to the higher m obility o f  these species with respect to 

divalent cations. The addition o f  divalent cations induced irreversible electrochem ical 

changes in the polymer.

20

Figure 1.17: Monomer 20.

Tarabek and co-workers designed and characterised new electroactive polymers
172based on salen  units (Figure 1.18). Polymers based on monomer 21 and its copolymer 

with pyrrole, were prepared by electrosynthesis and characterised using

/  \  

r

^ = N  N = '

M=Cu, Ni

O
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spectroelectrochemical techniques including in situ  ESR, E S R /U V -V is-N IR  and FTIR. 

Both the polymer and copolym er were dem etallised and then immersed in solutions 

containing N i2+. In the case o f  the polymer, the loss o f  N i2+ species results in loss o f  

electroactivity (insulating film); subsequent addition o f  N i2+ ions does not provoke any 

increase o f  conductivity. For the copolymer, addition o f  successive amounts o f  N i2+ to the 

demetallised but still partially conductive copolym er resulted in an increase o f  conductivity  

near the oxidation potentials o f  pyrrole and salen  groups. Potentiometric studies also 

showed the possibility o f  using these system s for N i2+ detection.

■ = N

Figure 1.18: Monomer 21.

1.5.3 Molecular design of po\y[M(salen)] electroactive films

Follow ing the work by V ilas-B oas and colleagues in 1997 , the group leaded by 

Freire in collaboration with Hillman has devoted the last 10 years o f  research to molecular 

design o f  [Ni(stf/e«)] com plexes, in order to tune the properties o f  the resulting 

poly[Ni(stf/e«)] film s94' 97 in a bottom -up  fashion. The strategy has consisted o f  keeping the 

backbone o f  the main structure intact in order to obtain the same type o f  materials with 

generic properties (i.e., conducting polymers, electrochem ical properties typical o f  ligand- 

based redox processes), whilst changing the substituents in the imine bridge (position Ri, 

recall Figure 1.7) and/or in the phenyl rings (position R2). In a first stage, different diimine 

bridges, were incorporated in the com plexes via synthetic routes and the corresponding 

films characterised94'97. The results showed that, among the films prepared, 

poly[Ni(saltM e)] was the most stable. The latter was extensively studied to provide an 

understanding o f  redox activity and charge transport94, electronic structure96 and 

ion/solvent motion95, and to assess the potentialities o f  these systems in charge transfer
07

mediation processes . Subsequently, m ethoxy groups were incorporated as substituents in 

the phenyl rings o f  the [Ni(saltM e)] com plex98 ([Ni(3-M eO saltM e)], Table 1.1). and the 

electrochemical properties o f  the resulting film were found to change dramatically when
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compared to those o f  poly[N i(saltM e)]. More recently, the influence o f  the metal centre in 

polymers with the same ligand network was reported173, with the spectroelectrochemical 

properties o f  poly[Cu(5a/c«)] film s being similar when compared to their nickel analogues. 

The long term goal o f  such efforts is to refine the properties o f  poly[M(stf/ert)] in two 

different yet complementary aspects: (i) improvement o f  properties related to general 

requirements for their application in nanotechnology such as stability, durability and 

reproducibility o f  the response and (ii) preparation o f  materials for specific purposes, 

namely ion recognition/sensing system s".

1.6 A im

The aim o f  the work presented in this thesis is the preparation and characterisation o f  

poly[M (salen)] films (Table 1.1), exploring their potential as sensing system s for alkali and 

alkaline earth metal electroinactive cations.

A ‘multi-dimensional’ approach was followed: in some studies different techniques 

were used to characterise the sam e p o lyfM (sa len )] f ilm , whereas in others different but 

structurally  rela tedpo lyfM (sa len )] film s  were investigated using the sam e technique. The 

purpose is to correlate electrochemical, electronic and optical properties with com position, 

structure and morphology, in order to establish patterns for a more comprehensive 

conception o f  these systems.

The next chapters are divided as follows:

Chapter 2: description and theory associated with the techniques used;

Chapter 3: description o f  experimental procedures;

Chapter 4: electrochemical characterisation o f  poly[N i(3-M esalophen-bl5-c5)] and 

ion recognition studies by cyclic voltammetry and U V -V is spectroscopy;

Chapter 5: compositional and structural studies o f  poly[M (salen)] film s by X-ray 

techniques (X-ray photoelectron and X-ray absorption spectroscopies);

Chapter 6 : study o f  interfacial and viscoelastic properties o f  poly[Ni(3-M esalophen- 

bl5-c5)] by quartz crystal impedance, atomic force and scanning electron microscopies;

Chapter 7: introductory studies o f  com posites based on poly[N i(3-M esalophen-bl5- 

c5)] and carbon nanotubes by cyclic voltammetry, electrochemical impedance and 

scanning electron microscopy;
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Table 1.1: Structures o f  the [M(5tf/£«)] com plexes studied.

[Ni(sfl/e/i)] complexes
Ri

Com plex R. r 2

[Ni(3-MeOsaltMe)]

c h 3  c h 3

H3c J _ U - C H 3 c h 3 o -

[Ni(3-Mesalophen)]

«

c h 3-

[N i(3-M esalophen-b 15-c5)]
/ A

r °  >  

° \  / °

c h 3-

n=1

[Ni(3-M eOsalophen-bl 5-c5)]
H

c h 3 o -

[Ni(3-M esalophen-bl8-c6)]

n \

r °  ° >  

-

c h 3-
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2.1 E l e c t r o c h e m ic a l  M e t h o d s

2.1.1 Cyclic voltammetry (CV)

The electrochemical behaviour o f  a system  can be fully described using three- 

dimensional i-t-E  surfaces1. One way to accom plish this is by using voltammetric 

techniques where the current i is recorded as a function o f  time t, as the applied potential E 

is controlled and linearly varied . The way in which E is varied defines the type o f  

voltammetry (Figure 2 .1): when E  is varied linearly the experiment is designated as linear 

sw eep  voltammetry (LSV); if  £  is a triangular, symmetrical waveform the experiment is 

termed cyclic voltammetry (CV). The plot o f  / v.v. £  is a voltammogram.

start

Timels

start

r
X

Time/s

Figure 2.1: Excitation signals for potential scan voltammetry: a) linear sweep and b) cyclic 

voltam m etries2.

In a cyclic voltammetric experiment the applied potential is swept from a starting 

potential Estart at a scan rate v= dE/dt until reaching the so-called ‘switching’ potential Ex. 

At this point the potential is swept in opposite direction (scan rate -v )  until either a second  

switching potential E \  or a potential value Eenj  corresponding to the end o f  the experiment 

is attained (Eend may or may not coincide with Eslar,).

Consider a system characterised by a reversible reaction involving the Ox/Re couple, 

whose voltammogram is depicted in Figure 2 .2 . The potential cycle starts from a value 

negative with respect to E ° . Here only nonfaradaic currents flow. When the potential 

reaches the vicinity o f  t f , oxidation begins and faradaic current starts to flow. As the 

potential continues to increase, the current increases exponentially until a point where 

concentration o f  Re decays nearly to zero; then, mass transfer o f  Re species from the bulk 

solution to the electrode surface starts to be slower than the rate o f  consumption, and the
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voltammetric response is governed by diffusion. Reversing the potential, similar 

behaviour can be observed with Ox species predominating near the surface electrode. This 

description is actually rather sim plistic, since several factors may affect the electrode 

reaction rate and current, such as: (i) mass transfer o f  species between the bulk solution 

and the electrode surface, (ii) rate o f  electron transfer at the electrode surface, (iii) 

chemical reactions (hom ogenous/heterogeneous) preceding or follow ing the electron 

transfer and (iv) other surface processes such as adsorption/desorption and 

electrodeposition.

'P,a
Re Ox + ne

i/A

Ox+ ne' Re

F igure  2.2: Typical cyclic voltam m ogram .

2.1.1.1 Mass-transfer-controlled reactions at planar electrodes

Mass transfer may occur as a result o f  differences in electrical or chemical potentials
■j

between two regions, or by movement o f  a volum e element o f  solution . The m odes o f  

mass transfer are m igration  (electrical potential gradient), diffusion (concentration 

gradient) and convection.

Mass transfer to an electrode is given by the Nernst-Planck equation, which for one- 

dimension (as for planar electrodes), is given by:



where J,(x) is the flux o f  species i (m ol s ' 1 cm'2) at distance x from the surface, D, is the
2  1diffusion coefficient (cm s' ), dC i(x)/dc is the concentration gradient at distance x, dftdx  is 

the potential gradient, z, and C, are the charge and concentration (mol cm'3) o f  species /', 

and v(x) is the velocity (cm s'1) with which a volum e element in solution m oves along the 

axis.

Diffusion controlled reactions

For a system without stirring and in the presence o f  supporting electrolyte, the effects 

o f  convection and migration are negligible and mass-transfer is restricted to diffusion. In 

these conditions, Fick’s laws o f  diffusion can be used to describe the flux o f  a substance 

and its concentration as a function o f  time and position. F ick ’s f ir s t law  states that the flux 

o f  a species / is proportional to the concentration gradient d C fd c:

=  (2.2)
ox

Taking the space derivative o f  Equation 2.2 yields F ick ’s second law:

8 J ,{x ,t)  _  d C ,(x ,i) = ( d 2C ,(x ,rp

dx2
(2.3)

dx dt

Consider an experiment involving an instantaneous change in potential from a value 

where no electrolysis occurs to a value in the mass-transfer controlled region, due to the 

application o f  a large-amplitude potential step. In a system  where only Ox species are 

initially present, the reaction Ox + ne' —» Re will occur, regardless o f  whether the kinetics 

o f  the process are facile or sluggish, so that the concentration o f  Ox at the electrode surface 

w ill become effectively zero. In these conditions the diffusion limited current id can be 

derived solving the linear diffusion equation (Equation 2 .3) together with the boundary 

conditions:

i) Initial condition: C ()x(x ,0) = C 0x * (2.4)

ii) Sem i-infinite condition: l im C ^ x , / )  = CQx * (2.5)
x ~>oo

iii) COx(0 ,t)  = 0  (for t> 0 )  (2 .6 )

The current-time response is given by Equation 2 .7 , known as the C ottrell equation :

m = i A 0 = nFAf ' ^ cr *  (2.7)
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where F  is the Faraday constant, A is the electrode area, and Cox* is the bulk concentration 

o f  Ox. This equation shows that the diffusion limited current is a function o f  tAI2.

2.1.1.2 Different contributions for the measured current

The measured current results from the combination o f  (i) fa rada ic  current if, 

associated with the system under the study (due to the electrode reaction occurring at the 

working electrode); (ii) residual currents , arising due to the presence o f  O2 not 

conveniently removed and/or the presence o f  impurities in the solvent/background 

electrolyte; (iii) non-faradaic current ic, capacitive contribution o f  the double layer 

charging at the electrode/solution interface.

For a system where no residual currents flow , the total current is given by:

where Cd is the capacitance associated with the double layer charging and v is the scan 

rate. Equation 2.8 shows that the contribution o f  double layer charging increases linearly 

with the scan rate.

Double layer charging and solution resistance

The electric response o f  a cell consisting o f  an ideal p o la rized  electrode  (IPE) and a 

reversible electrode (reference electrode) can be explained in terms o f  electrical 

components as a series RC  circuit, in which Rs is the solution resistance and C* the double 

layer capacitance. When a voltage ramp or linear potential sweep E  is applied to the RsCd 

circuit, the voltage o f  the system is given by:

where v is the scan rate, i=dQ /dt is the current passing through the system and Q/Cd the 

voltage associated with the capacitor Cd. The solution o f  this differential equation for Q= 0 

at t=0 is:

i = if  + i c = i f  +  C d —— = if  + v C d (2.8)

E = E.s ta rt (2.9)

start vCj exp( ~ t / R sCd)
/

(2.10)
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This expression contains two terms, the first constant over time and the second 

corresponding to a transient current which can be neglected after an interval o f  time

T=RsCd.

2.1.1.3 Cyclic voltammetry at planar electrodes

(i) Solution species

Potential E plays a decisive role in the response o f  the system: not only does it 

provide the driving force for the electrochem ical reactions to occur (z\G =-nF E ), but also 

the activation/kinetic parameters show  an Arrhenius-like dependence on E. Depending on 

the experimental timescales, thermodynamic or kinetic features may define the shape o f  

the i-E  curve. The characterisation o f  different types o f  electrochemical responses is 

presented below.

Nernstian (Reversible) system s

A reversible system is one in which the kinetics o f  the Ox/Re couple are rapid, so the 

|Co;c|/|C/fe| ratio is given by the N ernst equation  (Equation 2 .12) at all times/potentials 

(assum ing semi-infinite linear diffusion, Equations 2.13 and 2 .14) 1:

Ox + ne~ Re (2.11)

E  = E ° +  —  ln l f ^ - L  (2.12)
nF  I I

n d2c odx,t) acRe(x,<) 82c Rc(x,t)
dt °x dx2 dt Re dx2

These equations, together with the boundary conditions, enable the determination o f  

the current variation:

/ = nFAC()x * (tiDc)x<5f 2%((Tt) (2.15)

viFv
where a  =  . At any given point x (ot)  is a Pure number4’10, so that Equation 2.15 gives

RT

the functional relationship between the current and the other variables (xfot) is the

normalised current). The function 7iI/2%(ot), and consequently the current, reaches a
i n •

maximum at n x(at) = 0-4463. The resulting equation:
s. 1 /1

nF
/’ = 0 .4463nFAC(

I RT
d :;2v ''2 (2.16)

40



is known as the Randles-Sevcik equation 11 . According to this expression, the peak current
1/2 * 2  2 1 1 ip is proportional to v . A t  25 °C, for A in cm , Dox in cm s" , Cox* in mol cm" and v in V

s"1, the current peak ip in amperes is:

ip = (2 .69x10 5 )« 3/ 2A C 0x * D j  V  2 (2.17)

The potential at which ip occurs is independent o f  the scan rate and is given by:

E = E 0' In —— +1.109
nF { D Re)

r \ 1/2 
( D \^Ox (2.18)

Totally irreversible system s

When the reaction is kinetically slow  in one direction, it is described as “irreversible” 

and the N em st equation no longer applies. The boundary equation for a one-step, one- 

electron reaction Ox + e~ -»  Re [s given by:

where b = afv = a  — , a is the transfer coefficient, and x(bt) is a mathematical function 
RT

(different from x(at)) describing the normalised current for a totally irreversible system. 

Quasi-reversible system s

There are systems characterised by moderately fast kinetics, but insufficiently so to 

maintain the equilibrium. The treatment o f  these systems was described for the first time
n

by Matsuda and Ayabe . In this case the boundary condition is given by:

rate, with the system switching between Nem stian (slow  scan rates) and totally irreversible 

(high scan rates) behaviours.

(2.19)

In this case Ep changes with the scan rate and the current is given by:

i = FAC0x*(nD0xb)'l l Xm  (2.20)

Fv

where k° is the standard rate constant. This intermediate behaviour depends on the scan
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(ii) Surface immobilised species

M onolayers

The systems described in the previous section involve redox reactions between  

reactants and products that are both soluble in solution. When only the adsorbed forms o f  

Ox and/or Re are electroactive, and the reaction is Nem stian, the voltammetric peaks are 

sharp and symmetrical (Figure 2 .3 ). The current rises from zero to a maximum value, and 

falls again to zero; the difference o f  potential between the cathodic and anodic peaks is 

negligible. The values o f  ip, Ep and the peak width depend on the isotherms involved.

For a system (monolayer) w hose processes are described by the Langmuir isotherm, 

Epa~Epc and ipa=-iPc• The peak current is given by12:

In this case the peak current is linearly related to the scan rate (in the case o f  soluble 

species ip is proportional to v 1'2). r is the surface coverage, and is determined by measuring 

the area (°c0  under the peak:

(2.23)
nFA

▲

i/A

E/V

►

F igure  2.3: Voltammogram for a system characterised by the Langm uir Isotherm.
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M ulti-layer system s

In the case o f  multi-layer m odified electrodes more complex theoretical m odels have 

to be used. Kinetics and mass transport occurring within  the film must also be considered.

Consider a uniform film (both in com position and thickness) exhibiting diffusional 

charge transport. If the rate o f  charge transport is faster than the experimental tim escale, 

the film will be uniformly oxidised/reduced, and thus in thermodynamic equilibrium with 

the applied potential. In this case, the cyclic voltammograms will have a symmetrical 

shape. However, if  the rate o f  charge transport is slower than the experimental tim escale, 

there is no uniformity in oxidation/reduction current responses. A  diffusional-type 

response occurs, and the rate-limiting step is the flux o f  species in the film 13"15. The 

predominating regime can be determined by recording i-E  curves at different scan rates: 

for fast diffusion o f  electrolyte species within the film, the current changes linearly with 

the scan rate v (this trend is usually found for thin films - Equation 2 .22): if  mass transport 

along the film is the limiting step, the current changes linearly with v72, and according to 

the Randles-Sevcik equation11 the diffusion coefficient can be estimated.

2.1.1.4 Experimental

The electrochemical cell com m only used in voltammetric experiments consists o f  a 

sealed vessel to prevent contact between air and solution, and a tube connected to the cell 

that allows saturation o f  solution with an inert gas (N 2 or Ar)16. Inert gas bubbling 

removes O2 to prevent currents that may arise due to its reduction. The cell has a standard 

cell configuration (Figure 2 .4) with three electrodes immersed in electrolyte solution: the 

working electrode (WE) where the redox processes associated with the system  occur, the 

counter electrode (CE) that is important to the flow  o f  current in the system  and the 

reference electrode (RE). The WE potential is controlled with respect to RE via  a 

potentiostat. A waveform generator im poses the desired waveform at WE, and the current 

flowing between WE and CE is measured as the potential drop V across a resistor, which is 

connected in series with the two electrodes. The i vs. E  curve is then acquired; the system  

is controlled by a computer.

Application o f  voltammetric techniques to real system s is limited by several factors: 

oxidation or reduction o f  the electrolyte, working electrode or impurities present in the 

electrolyte . Together, these factors determine the poten tia l w indow , the potential range
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where only redox reactions associated with the analyte under study may occur. 

Additionally, the starting potential must be selected in a region where no current flows. 

This potential can be determined by measuring the potential o f  the open circuit ( /-0 ). The 

analyte must be homogeneously distributed in the electrolyte in order to ensure that 

distortion o f  voltammetric response does not occur due to diffusive phenomena. The 

choice o f  the switching potential influences the peaks occurring in the reverse half-scan, 

but there is no general trend to be followed.

In organic solvents and at high scan rates, iR drop and double layer effects have to be 

considered. The use o f  electrodes with small areas can be used to minimise the iR drop 

and background subtraction may be used to remove double layer effects from the 

voltammogram.

RE

W E

V C E f

F igure 2.4: Three electrode cell configuration.

2.1.2 Electrochemical Impedance Spectroscopy (EIS)

The techniques presented in previous sections involve a large perturbation that drives
17 18

the system far from equilibrium ’ . Another approach is the application o f  a very small 

perturbation (alternating voltage signals o f  small magnitude) and thus observation o f  the 

system near steady state conditions. This approach yields high-precision data since it is 

possible to average the response over long periods o f  time. It also allows measurement o f  

the system characteristics over a wide range o f  frequencies (timescales) - 1 O' 4 to 106 Hz. 

The small perturbation amplitude allows one to theoretically treat the response by
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linearized current-potential characteristics. Working in conditions close to equilibrium  

precludes the need for detailed know ledge o f  the i-E  curve over wide intervals o f  potential, 

thereby sim plifying issues associated with kinetics and diffusion.

2.1.2.1 Theory

In electrochemical impedance spectroscopy the cell impedance is measured as a 

function o f  frequency for a sinusoidal voltage E(t) :

E ( t) = E0 sin cot (2.24)

where Eg is the voltage amplitude and co the angular frequency 2nf, w it h /t h e  frequency. 

The current i(t) (response to the perturbation) is a sinusoidal signal with the same 

freq u en cy / amplitude io and displaced with respect to E(t) by a phase shift cp\

i( t) = / 0 sin(co/ + cp) (2.25)

These signals can be depicted as phasors (E  and 7) rotating at the same frequency and 

separated by a phase angle cp. Generically, the phasors may have real and imaginary 

com ponents, and the impedance Z is given by:

Z = ^  (2.26)
7

Z is a complex quantity o f  magnitude Zo=(Eo/io) and phase cp\

Z  = Z0 (cos cp + j  sin cp) = Z '+ jZ '' (2.27)

w ith /= V -7 , and Z ’ and Z ” the real and imaginary parts o f  impedance, respectively. The 

variation o f  impedance with frequency can be displayed in several ways, namely by 

plotting log|Z| and cp vs. log co {Bode p lo t) , or by plotting - Z ” vs. Z ’ {N yquistp lo t).

Impedance response o f  a pure resistor, R

Application o f  a sinusoidal voltage to a pure resistor o f  value R, results in an 

impedance with Zq= R and cp=0, i.e., Z = Z ’=R. In the Nyquist plot R is a point which 

intersects the Z ’ axis (Figure 2.5a).

Impedance o f  a pure capacitor, C

The impedance o f  a pure capacitor o f  capacitance C to which a sinusoidal voltage 

was applied is given by:
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z = -
coC

(2.28)

where Z 0 = —— and cp=-7i/2 . The impedance o f  a pure capacitor is a function o f  frequency 
ojL

and only has an imaginary term (Figure 2.5bV

G

NI

z'/n

G

NI

Z7Q

C)

G

N

A A /W — | |—
R " - V W V

L \
Figure 2.5: Nyquist plots for different equivalent circuits.

Impedance o f  R and C  in series

The impedance o f  a system com posed by R and C in series equals the sum o f  the 

impedance associated with the individual components:

jZ  = R -

with Z0 = f  1  ̂ f  2 1 and (p = arc tan(R 2 + 2/^2
V GfC

coC 

1 ^

RcoC

(2.29)

. In the Nyquist plot, it is depicted as

a vertical line intersecting the Z ’ axis at Z ’=R (Figure 2.5c).
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Impedance o f  R and C  in p ara lle l

For a system composed by R and C  in parallel, the inverse o f  the impedance equals 

the sum o f  the inverse o f  each individual component:

1 1 coC
or Z -

f l &>C V *
(2.30)

Z R j

and (p = arctan(-R co C ) . In the com plex plane diagram the 

impedance o f  this system shows the shape o f  a semicircle (Figure 2.5d)

w ith z<, ={ ^ + a C 2
v1'2
/

2.1.2.2 Equivalent circuit of a cell

The electrochemical cell can be represented by an impedance for small sinusoidal 

excitations. Consequently, its response may be represented in terms o f  equivalent circuits 

o f  capacitors and resistors that mimic the real cell. Figure 2.6 depicts an equivalent circuit 

often used, the Randles equivalent c ircu it19, which accounts for capacitive or charging 

current ic, and faradaic current if.

The double layer capacitance is nearly a pure capacitance, here represented by the 

elem ent C ol• The faradaic process is depicted by a general element Zp Rq represents the 

solution resistance through which all the current must pass.

a) b)
—W V v —| |—

DL

Figure 2.6: a) Randles equivalent circuit and b) approxim ations used for Zf.

The sim plification o f  the faradaic element Zj has been considered in different ways. 

In some cases, Zj is assumed as a series combination o f  a resistance Rs and a 

pseudocapacitance Cs (low  frequencies). The alternative is to separate Zf into a pure 

resistance R c t  in series with another general element Zw, called the W arburg elem ent20 

(high frequencies). R c t  is associated with charge-transfer resistance, whilst Zw accounts
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for resistance associated with mass transfer. Although C q l  and R q  are nearly ideal 

elements, the same is not true for Zf, which is a function o f  the frequency. Therefore, a 

given equivalent circuit that represents the system  at a specific frequency may not be the 

best choice for all the frequencies.

AC-impedance measurements performed at different frequencies can be used to 

identify different circuit components. For instance, at very high frequencies the impedance 

associated with double layer capacitance becom es very small and the impedance o f  the 

system is basically given by R q .  In the Nyquist diagram this corresponds to the 

intersection o f the semicircle with the real axis, as presented in Figure 2 .1 . The decrease o f  

frequency results in an increase o f  the impedance associated with C q l -  At sufficiently low  

frequencies, the impedance o f  C o l  becom es larger than R c t ,  and the impedance o f  the

system is given by the sum o f  R q  with R c t ,  R c t  is the diameter o f  the semicircle. The

frequency at the top o f the semicircle is given by:

= ~ r ~  (2-31)KcrL, Di

where r = RctC dl is the time constant for the faradaic process.

The Warburg impedance Zw  is associated with faradaic processes and related to mass 

transfer/diffusion phenomena. Consider a system where a simple charge-transfer reaction 

occurs (Equation 2 .1 1 ), and both species are present in solution with bulk concentrations 

Cox* and Cr *. Assuming sem i-infinite linear diffusion (Equations 2.13 and 2 .14T the
17 18

Warburg impedance is given by ’ :

Zw = xri ~ J ITT (2.32)
co co

Since the Z w ’= -Z w ”, the Warburg element
R T (  1 1 1

where a  = ——-— j=  ——--------+ ——--------
n2F 2A 4 2 { D f C 0s* Z>"2C Re*J

in a Nyquist plot is depicted by a straight line with phase angle o f  45°.

This simple approach can be used to estimate the double layer capacitance, as well as 

charge transfer resistance or even determine whether the response is diffusion controlled. 

On the other hand, the use o f  commercial software packages for fitting AC-impedance data 

is a more accurate method for determination o f  values for the equivalent circuit elem ents, 

but requires very good estimates o f  the initial parameters.
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45° slope

F igure  2.7: Nyquist plot for a sim ple electrochem ical cell.

2.1.2.3 Instrumentation

Impedance test equipment usually comprises an AC measurement unit and a 
18potentiostat or galvanostat . The potentiostat is important when the system under study 

possesses high impedance, due to its high-input impedance and good current sensitivity.

The techniques commonly used in AC measurements can be divided into two main 

groups: single-sine (measurement at fixed frequency) and m ultiple-sine techniques 

(measurement at different frequencies simultaneously). The latter are used to reduce the 

effects o f  systems changing during the measurement.

Frequency response analysis  is a single-sine technique widely used for impedance 

testing; it enables the extraction o f  small signals from a very high background o f  noise, 

rejecting DC and harmonic responses. The frequency response analyser (FRA) has a sine 

wave generator which outputs a voltage signal o f  small-amplitude to the system under 

study. The response signals are then fed into input channels, digitized and then integrated 

over several cycles in order to reject noise. These response signals are usually the voltage 

measured between two reference points in the electrochemical cell and a voltage signal 

proportional to the current flow ing through the cell.
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2.2 Sp e c t r o s c o p ic  M e t h o d s

U V -V is spectroelectrochemistry enables the establishment o f  a bridge between the 

intrinsic electronic properties o f  materials and how they are mirrored in the 

electrochemical features o f  the system.

Consider the system Ox/Re couple, involving the reaction Re Ox + ne~. If Ox is 

the only chromophore at the probing wavelength, absorbance Aox arising due to this 

species will be the sum o f  all the absorbances dAox over small distances dx in the optical 

path x. Therefore, Aox is:

00

A0x (A) = A, (A) = s(A)  |  I dx (2.33)
0

The integral represents the total amount o f  Ox present per unit o f  area at time /, i.e. r. 
Equation 2.33 can be written as:

A,W = eW r = e w A L  (2.34)
nr A

Experimentally, there are different m odes for collection o f  spectral data, the most

sim ple and widely employed being transmission mode. The radiation beam is passed

through the working electrode and changes in the beam intensity due to

depletion/generation o f  chromophores are measured directly. Transmission mode implies

the use o f  optically transparent electrodes  (OTE’s), which can be divided into three

classes: (i) metal minigrids, (ii) thin coatings o f  semiconductors or metal on glass and (iii)
21 *reticulated vitreous carbon . M inigrids are made o f  Pt, Au, A g and comprise several 

hundred wires per centimetre. These electrodes allow  transmittance o f  the incident light up 

to 80 % and can be used in both U V -V is and IR cells. A  disadvantage is the limitation in 

time to acquire spectral data: the diffusion layers around each wire must overlap for the 

minigrid to behave like a planar electrode. Thin layers o f  metals or carbon may result in 

planar surfaces. However, there is a trade-off between conductivity and transmittance. 

Thin layers o f  certain oxides, such as In/SnC>2 on glass (ITO), are metallic and transparent 

in the visible region: conductivity arises from extensive doping o f  the oxide whereas 

transparency results from the material band gap being situated in the UV.

Short-lived species can be measured when rapid-scanning spectrometers like diode- 

array instruments are employed. When the absorbance o f  electrogenerated species is very
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small, signal-averaging or phase-sensitive detection may be required to improve the signal- 

to-noise ratio.

2.3 A c o u s t ic  W a v e  M e t h o d s

The thickness-shear m ode  (TSM ) resonator consists o f  an AT-cut quartz crystal disc

crystalline orientation, the application o f  voltage between the electrodes results in shear 

deformation o f the crystal. When an alternating electric field is applied perpendicular to 

the crystal plane, the deformation will oscillate at the frequency o f  that electric field, and 

the amplitude o f the oscillation will be maximum at the mechanical resonant frequency o f  

the crystal. Resonance occurs when there is constructive interference from the wave fronts

propagating from the upper and lower surfaces o f  the resonator, a criterion satisfied when
22the crystal thickness corresponds to half o f  the acoustic wavelength . If the quartz crystal 

is placed in contact with any medium or material (air, liquid, polymer), there w ill be 

mechanical interaction, altering the electrical properties o f  the TSM resonator. Therefore, 

the measurement o f  the electrical properties o f  the loaded crystal can give information 

about the mechanical properties o f  the contacting medium.

When the TSM resonator is used as a gravimetric probe, it is com m only referred to 

as the quartz crystal m icrobalance  (QCM). In this case, only the frequency associated 

with the acoustic wave changes upon loading, and the Sauerbrey approximation23 is 

applicable. According to this, the variation o f  quartz resonant frequency A f  is proportional 

to the mass o f  deposited material per unit o f  area Am:

where p q, p q and f o  are the quartz shear modulus, density, and resonant frequency, 

respectively; /?/and hj are the film density and thickness. M echanically, this corresponds to 

the coupling o f  rigid material that oscillates synchronously with the quartz crystal (changes 

in the amplitude and phase are negligible). This behaviour is usually observed for thin 

films and solid/gas phase situations. At the other extreme, when a liquid is placed in 

contact with a TSM resonator, the acoustic wave propagates with considerable energy 

dissipation. Initially, it was com m only assumed that the extent o f  dissipation would be so 

great that the attenuation o f  the wave would damp the oscillation to such an extent that it

coated with metal electrodes on both sides. Due to the piezoelectric properties and

(2.35)
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would prevent the use o f  QCM in situ. In the early 1980s, Nomura and Iijima showed that 

the fluid damping is not so great as to prohibit the use o f  the QCM in situ24. The QCM and
25its electrochemical extension, the EQCM , have since been used in the characterisation o f  

solid/liquid interfaces and electroactive films.

Many systems, due to their intrinsic characteristics, are not rigidly coupled to the 

TSM resonator, and are termed ‘viscoelastic’. The loading o f  a quartz crystal with 

viscoelastic material results in the decrease o f  both the frequency and peak admittance, 

corresponding to a phase shift and damping in the amplitude o f  the acoustic wave launched 

from the quartz crystal. In this case, the gravimetric approximation can no longer be used, 

and more complex models are required to extract the rheological properties o f  the loading 

material.

Due to the piezoelectric properties o f  the quartz crystal, the coupling between the 

crystal and loading material can be equivalently described in terms o f  electrical or 

mechanical parameters. The former can be accomplished in a similar way to that o f  

electrochemical impedance. The electrical driving and response functions are related by 

the mechanical impedance o f  the loading. The system  response can then be represented by 

equivalent circuits where capacitors, resistors and inductors represent physical components 

o f  the system. The mechanical impedance o f  the loading Zs is given by the quotient o f  the 

surface stress 7^ and the particle velocity vx at the resonator surface:

T
Z  = —  

s v_
(2.36)

>■=0

Two o f  the most com m only used equivalent circuits are the transm ission-line m odel
    ' \ s  ■y*]

(TLM) and the lum ped-elem ent m odel (LEM) (also referred to as the Butterworth-van 

Dyke, BvD, model). The transmission-line model is more accurate, but the lumped- 

element model is easier to visualise and requires less effort to extract parameters .
28 29Bandey and colleagues ’ presented a method for the case o f  finite and semi-infinite 

viscoelastic films exposed to Newtonian fluids, describing a general transmission-line 

model for these cases, and showing that the simpler lumped-element model is in fact a low  

loading limiting case o f  the former. The lumped-element model was found to be a very 

good approximation (within 1 %) near the resonant frequency and when |Zs|/Zq < 0.2,
30where Zq is the impedance o f  the unloaded crystal . Generically, for most practical

52



loading conditions, the deviation between these two m odels does not exceed 3 % 31. 

Therefore, the scope o f  the follow ing section w ill be the description o f  the LEM model.

In the lumped-element model (Figure 2 .8 ). a static capacitance Co is attributed to the 

presence o f  the electrode thin film s on each side o f  the quartz disc (in practice there is also 

a parasitic capacitance that is included in the term Co* = Co+ Cp), and an additional 

motional contribution arises as a result o f  the electromechanical coupling (L/, C/, Ri). 

Here, C/ represents the mechanical elasticity o f  the system, Rj  the dissipation o f  energy 

and Li  the inertial mass. According to this model, Co* dominates the response for 

frequencies away from resonance whilst the motional contribution becom es dominant in 

the vicinity o f  resonance.

If there is any loading material in contact with one o f  the quartz faces, the impedance 

w ill increase. This corresponds to an extra contribution to the impedance Z e = R 2 + j o L 2,

where R2 and L2 are related to the real and imaginary part o f  the shear mechanical 

impedance o f  the device surface Zs, respectively.

Unperturbed

Resonator

Surface

Load

Co* -r-

L 1

Q

Rj

L 2

r 2

F igure 2.8: Lum ped-elem ent model.

2.3.1 Extraction of rheological parameters for real systems

2.3.1.1 General case

The most general case that can be found is a system in which the quartz resonator is 

in contact with an ideal mass layer, multiple viscoelastic layers o f  finite thickness and a 

semi-infinite Newtonian fluid. The mechanical impedance associated with a semi-infinite
28Newtonian fluid is given by :

Z , . = (| + y) (2.37)
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where p i  is the density and r\i the viscosity o f  the fluid.

An ideal mass is a layer o f  sufficiently thin and rigid material, for which no acoustic 

phase shift occurs across its thickness. The mechanical impedance is given by:

= j(0 p „  (2.38)

where p m is the mass per area o f  the layer. This component is o f  particular relevance when 

rough, unpolished crystals are used, since the material deposits in the interstices o f  the 

crystal. In this case, the material resonates synchronously with the crystal.

The surface mechanical impedance o f  a finite viscoelastic layer is given by:

Z 0 = ( Gp f )xl2 tanh(yhf ) (2 .3 9 )

where G = G '+jG "  is called the shear m odulus and is a measure o f  the rigidity o f  the 

material. The in phase component G  ’ is associated with energy storage and release during 

the deformation process and is called the storage modulus. The out o f  phase component 

G ” is related to the energy loss and is called the loss modulus, p j  is the film  density and 

y  = jc o (p f  /  G ) 1/2 (co=the angular frequency o f  the series resonance).

Although the impedance o f  an ideal m ass layer is additive due to the displacement 

across the film being constant, the combination o f  the impedances associated with all the

layers including the liquid and viscoelastic is, however, nonlinear due to the phase shift

occurring across those layers. For a system  consisting o f  a viscoelastic layer and a sem i

infinite Newtonian fluid, the surface mechanical impedance is given by26:

Z 7 cos\\{yhf  ) + Z 0 sinh(yhf )
(2.40)

Z 0 cosh(yhf  ) + Z L sinh(yhf )

where Zo is the characteristic mechanical impedance o f  the viscoelastic layer and Z i is the 

mechanical impedance o f  the Newtonian sem i-infinite fluid.

In the case o f  multiple viscoelastic layers, Equation 2.40 can be generalised26,32:

Z0(”+1) cosh(y(n)/z/.(")) + Z0(”) sinh(y(n)/z /”))7  (w)   7  (”)
~  0 (2.41)

Z 0{n) cosh(y(n)h / n)) + Z0(”+1) sinh(y(n)/7/ (")) 

where Zo(n) is the characteristic impedance o f  the nth viscoelastic layer and

z 0 -  { G  P f  )  ■

When the attenuation in the acoustic wave is sufficiently large, it w ill decay before 

reaching the outer film/solution interface; this is called the ‘sem i-infinite’ case. In these
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conditions the shear wave cannot distinguish between film and ‘bulk’ material. This

Due to the fact that the acoustic w ave does not sample all the film , the Sauerbrey 

approximation is inappropriate.

For viscoelastic films there is an additional phenomenon that may occur -  film  

resonance. As mentioned previously, as the thickness o f  a viscoelastic loading increases a

The acoustic wave is reflected at the film /solution interface with a phase shift k . 

When the phase shift o f  the launched wave is a quarter o f  the wavelength, q>=jc/2, the wave 

returns to the resonator with overall phase shift 2k, i. e. one wavelength. This causes a 

constructive interference between the returning and next outgoing wave. If the film  and 

solution impedances are very different, the reflectivity coefficient is close to unity and 

there will be a dramatic change in coupling o f  energy from the resonator into the film, 

resulting in increase o f  both resonant frequency and admittance. Further increase o f  the 

film  thickness results in a decrease o f  both parameters, and the system  response returns to 

the typical viscoelastic trend.

The general case is undoubtedly the most accurate as it considers the existence o f  

spatial variation composition, namely the variation o f  solvent content as a function o f  

depth z within a viscoelastic film  (in fact multiple viscoelastic layers) and consequently
35 36p /z ) .  Several studies ’ have shown that p / z )  is not constant, with outer layers o f  

polymer more opened and prone to solvent entry, approaching to the properties o f  the 

solution. The determination o f  p / z )  can be accomplished by using optical techniques such 

as ellipsometry, or neutron reflectivity. Nevertheless, for the vast majority o f  systems pj(z) 

is unknown, and then a more simplistic approach is required.

2.3.1.2 Particular case: viscoelastic layer

Usually, the use o f  the crystal impedance technique is intended to convert 

experimental data (Re(Zs) and Im(Zs) )  to film properties p j, hf, G ’ and G  ’ ’. Since there are

occurs when hf>  25, where the decay length 5 is given by33:

(2.42)

phase shift cp develops across the film , given by22’33,34:

(2.43)
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two input variables and four output parameters to be determined, som e sim plifications 

must be made. As mentioned before, for the majority o f  the system s under study the 

variation o f  the film density p / z )  is unknown. At most, only an average value o f  the 

density is available. As a result, the viscoelastic multilayer assumption must be replaced 

by a simpler approximation: the film  consists o f  one homogeneous, viscoelastic layer. In 

this section, a procedure published by Hillman and colleagues showing a possible route 

for the extraction o f  film properties is described.

In a first stage, crystal impedance measurements are performed in an acoustically  

thin film . This means that the film is sufficiently thin to be considered as rigid, with no 

acoustic deformation occurring along its thickness (and the acoustic phase shift <p—>0). 

The film can be considered in this regime when there are no changes in the admittance 

peak (the resistive element in the LEM model R2 ~̂ ►O) and A f  is proportional to the surface 

coverage {P). In these conditions the Sauerbrey equation can be applied to determine the 

product p f hf. For systems based on electroactive films, the charge Q  may be used as an 

independent measure o f  thickness.

The next step is to measure the impedance o f  films in the acoustically thick regim e , 

when the response is viscoelastically controlled. In this case, pf  is imported from the thin 

regime, hf is calculated coulometrically and the two remaining parameters G ’ and G ”  are 

obtained by fitting two measurands from the experimental data, Re(Zs) and Im(Zs).

The thickness o f  an unsolvated, electroactive film  h f  can be directly determined 

using the polymer coverage {Tp /m ol c m '), obtained by electrochemical (or other in situ )
T 1

techniques, in conjunction with the monomer molar volum e (Vm/cm m o f ):

K  = Tf Vm = A L ™  (2.44)
nFA p f

As long as the stoichiometry o f  the redox processes is known (n electrons transferred 

per mole), the value o f  //> can be calculated coulometrically from charge (Q)  data for 

electrodeposition or subsequent redox switching.

The film in contact with the solution contains some solvent, which affects the 

polymer viscoelastic properties; in the case o f  electroactive films this content is a function 

o f charge states.
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Considering the solvated film with the parameters pf and hf, the total areal mass 

density is given by a sum o f  areal mass densities o f  the unsolvated polymer and the 

solvent:

Am = hf p f = h ) p ) + ( h f - h ) ) p s (2.45)

Substituting hf by Equation 2 .44 . and rearranging and normalizing with respect to 

the solvent Equation 2.45 becomes:

P f
{  o

P l -
Ps

- 1
QM

n F A p ] } hr
+ 1 (2.46)

Acoustically thin regime

For a thin and rigid film, hf in Equation 2.46 can be replaced by the Sauerbrey 

approximation (Equation 2 .35 ):

El

Ps Ps
- 1

A

QM  
nFAp) j

- 3 -  +  1 
A/

(2.47)

where cj is C\ -
2 / o

i M
Rearranging Equation 2 .47 :

Pf
Ps Ps

V

p f

Q M  \  cx 
nFA )  A f

(2.48)

In Equation 2.48 ps and pf are known, Q  and A f  are determined by EQCM  

measurements and all the other parameters are known constants. Since one single value o f  

pf is obtained, combination with Equation 2.45 gives Equation 2 .49. and the determination 

o f  hf is possible. The parameters characterising the film  in the thin film regime are then 

obtained.

hf  =
A/ (.o _ f Q M  

\Pf  P f nFA (2.49)

Acoustically thick regime

Assum ing that the film is uniform, the value o f  p f  is the same as in the acoustically 

thin regime. The values o f  hf are obtained by extrapolation o f  the linear relationship 

between the thickness and the charge (Q=f(hf)) from the acoustically thin regime (Equation
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2.46). Shear moduli values are given by Equation 2 .40 . and calculated using iterative 

procedures.

Semi-infinite regime

When the thickness o f  the film  is larger than a few  decay lengths (h j>  25), the outer 

layers o f the film in contact with solution are not detected by the acoustic wave, and the 

film is infinitely thick. The surface mechanical impedance in this case is given by:

Z , = ( g P / Y 2 (2.50)

hf is no longer a fitted parameter, and now  three parameters have to be determined 

iteratively.

2.3.2 Rheological characteristics and the effect of frequency

The dependence o f  the viscoelastic properties o f  polymeric systems on frequency can 

be assessed a posteriori (once G values were extracted) by using different combinations o f
37 38springs and dashpots ’ . The sim plest approximations that consider both energy storage 

and loss are parallel and series combinations o f  a spring and a dashpot -  designated by 

Voigt and M axwell models, respectively .

According to the Voigt model, the strains S  are equal across the two elem ents, whilst 

the stresses T  are additive:

G = ?- = p f {\ + j a r )  (2.51)
u

where p j  is the stiffness o f  the material, r = rj f  / p  f  the relaxation time and rjf the 

viscosity.

The M axwell model considers the stress across the elements to be the same, and the 

strains additive:

\
G = fif

( c o t )  . C O T
+ J (2.52)

1 +  ( c o t )  1 +  ( c d t ) '

These two m odels predict different frequency dependences o f  shear modulus G 

(Figure 2 .9). According to the Voigt model, the storage modulus G ’ is independent o f  

frequency, whereas the loss modulus G ” is proportional to frequency. On the other hand, 

the M axwell model predicts a m onotonic increase o f  G ’ with the frequency until reaching a 

plateau at pj., whereas G ”  goes through a peak at c o t=1  (corresponding to p /2 ) .  At low
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frequencies G ’ changes quadratically and G ’ ’ changes linearly. In spite o f  being more 

complicated, the latter model is more realistic when considering the typical behaviour o f  

polymeric systems.
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F igu re  2.9: Frequency dependency o f  (— ) G ' and (— ) G ” predicted by a) the Voigt model and b) the 

M axwell model.

2.3.3 Experimental

From the wide range o f  techniques and equipment available nowadays, acoustic 

w ave (AW ) devices assume a vital importance for the study o f  heterogeneous system s due 

to their extreme sensitivity for the characterisation o f  thin films , low  cost, no restriction 

in terms o f  environment (vacuum is not necessary) and real time sampling40. Perhaps the 

two most important features are (i) high sensitivity for a variety o f  film properties such as 

mass density (ng/cm ), conductivity and viscoelasticity, and (ii) real time monitoring 

which allows the study o f  polymer dynamics in the experimental timescale, including 

deposition processes and diffusion o f  species. Am ong the AW  devices for chemical 

sensing purposes, thickness-shear mode (TSM ) resonators are perhaps the most widely  

used.

In crystal impedance an impedance analyser measures the impedance/admittance o f  

the TSM resonator in the vicinity o f  the frequency resonance. TSM resonators are one- 

port devices, with a single (coaxial) electrical connection41; the only output that can be 

measured is the reflected signal, which travels from the device along the same signal cable 

used to transmit the input signal (Figure 2 .10). In typical EQCM/crystal impedance 

measurements, the quartz crystal must be characterised as: (i) bare crystal in air; (ii) 

immersed in solution (only one o f  the crystal faces is in contact with solution) and (iii)
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loaded with the film/immersed in solution. The first will provide the electrical parameters 

associated with the crystal (R], Co, C j and Li in the LEM); the second gives the parameters 

associated with the liquid, namely tjL and p L; the third provides the parameters associated 

with the film 22.

Quartz Crystal

Electrodes
Admittance

Frequency

Network A nalyser

Figure 2.10: Schematic view o f  crystal im pedance m easurem ent set-up41.

2.4  X -r a y  T e c h n iq u e s

The interaction o f  X-ray beams with matter can result in different processes: 

scattering, refraction and absorption. When absorption occurs, the X-ray photon is 

absorbed by an atom, and its energy is transferred to a core electron with a specific binding 

energy. When the photon energy Ev is equal to or higher than the electron binding energy 

Eo, the electron is ejected with energy given by the difference between Ev-Eo, leaving the 

atom in an excited state with a core hole, which later is filled through relaxation processes, 

fluorescence or em ission o f  Auger electrons.

2.4.1 X-ray photoelectron spectroscopy (XPS)

In X-ray photoelectron spectroscopy a monochromatic beam o f  X-rays is focused 

onto the sample’s surface. The radiation interacts with electrons o f  inner shells (Is , 2s, 2p, 

etc.) causing their ejection. The ejected electrons possess kinetic energy Ek, which is 

given by the difference between the X-ray quantum energy Ev =hco and the electron 

binding energy Eq= 0 \

E K =hco-<& (2.53)
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Since the electronic levels are quantized, and the core orbitals o f  an atom are highly 

contracted, not overlapping significantly with neighbour atoms, the electron binding 

energy is characteristic o f  the element, and depends on the chemical environment 

surrounding the atom42. Generally the chemical shift varies in the range 0 up to 10 eV and 

arises due to the interaction between the core electrons with valence electrons and 

surrounding atoms43.

The photoelectron peak is proportional to the number o f  atoms present. XPS thus 

provides both qualitative and quantitative chemical information. When atoms o f  the same 

element are present in more than one oxidation state, the XPS peak may broaden and 

sometimes it shows a shoulder; in these cases, it is necessary to deconvolute the peaks to 

determine the oxidation states and the relative amount o f  each state within the compound. 

XPS data associated with carbon and oxygen must be handled carefully. These elements 

are omnipresent, thereby imposing difficulties to the deconvolution and quantification o f  

related species within the sample.

Valence electrons can also be sampled by using radiation o f  lower energy. 

Nevertheless, analysis o f  these electrons is not as straightforward as for core electrons. 

They participate in chemical bonding and their binding energies (30 eV or less) are 

characteristic o f  the molecular orbitals, from which they arise, and depend upon the degree 

o f  orbital mixing. Consequently, the photoelectron peak cannot be associated directly to 

the number o f  atoms, and m odels or reliable databases are required to interpret the 

spectrum43. When XPS is used for chemical analysis it is sometimes designated as ESC A,  

electron spectroscopy fo r  chem ical analysis.

2.4.1.1 Instrumentation

In this technique a X-ray beam is incident on a sample placed in ultra-high vacuum  

(UHV) conditions and the kinetic energy o f  photoejected electrons is analysed using a 

hemispherical (or cylindrical mirror) analyser. The photoelectrons are detected by a 

channel electron multiplier. The X-ray source consists o f  an X-ray tube containing an 

appropriate target; the latter is usually in the form o f  a dual anode with aluminum and 

magnesium anodes, which give photons with energies 1486.6 eV and 1253.6 eV, 

respectively. Two-dimensional images o f  the surface at a chosen photoelectron kinetic
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energy can be obtained by using the input lens system together with an additional exit lens 

between the analyser and the detector.

2.4.1.2 Accuracy of electron binding energies

The binding energy in solids is usually reported with respect to the Fermi level, 

which is separated from the vacuum level by the sample work function 

ysample = &Fermi ~ &vacuum• Additionally, there is a contact potential between the sample and 

the spectrometer given by the difference in the work function y /sampie -  Vspectrometer- The 

kinetic energy o f  the photoelectron is given by43:

Ek =  tlCO -  O F erm l sp e c tro m e ter  (2*54)

In the case o f  conducting solid samples iPspectrometer can be calculated and & Fermi 

obtained. However, in insulators the charge that accumulates on the sample due to the loss 

o f  photoelectrons is not compensated by the flow  o f  electrons into the sample. In fact, the 

charge is neutralised by secondary electrons produced by exposure o f  the sample chamber 

to X-rays and a constant charge S ’ is accumulated on the sample surface:

E k = hco-<t>Ferm, - v  spear„ eKr-S '  (2.55)

In addition, charge may not be able to delocalise throughout the surface and different 

regions may experience different degrees o f  charge. The result is the appearance o f  

multiple peaks in the XPS spectrum.

The value o f  S ’ can be reduced by exposing the sample surface to low-energy 

electrons by using a ‘flood gun’; this is particularly important in instruments with 

monochromatized X-ray sources where the X-ray flux is low. However, the uncertainty 

associated with the determination o f  binding energy values is always present. Strategies to 

overcome this problem include the use o f  calibrants o f  known binding energy within the 

sample or the use o f  binding energy differences between elements within the same sample 

instead o f  using the absolute values.

2.4.1.3 Surface sensitivity

In spite o f  X-rays being penetrating radiation (> 100 nm), XPS is a surface technique 

because the photoejected electrons can only penetrate short distances, and only a few  

layers near the surface are analysed (usually 1 to 1 0  nm from the top into the material).
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2.4.2 X-ray absorption spectroscopy (XAS)44*46

In practice, the absorption is described in terms o f  the linear absorption coefficient p

(cm-1) or the mass absorption coefficient pJp (cm 2 g '1). Consider a sample o f  total

thickness t (cm) and N  the number o f  atoms per cm 3. The incident X-ray beam intensity 

will change by -d l  due to the absorption processes occurring in an infinitesimal thickness 

dz at depth z from the surface, with -d l  given by:

- d l  -  IN<5adz  (2.56)

where oa is the absorption cross-section, the area  o f  absorption as seen by the incident 

beam. Integration o f Equation 2.56 gives:

/ ( 0  = V "  (2.57)

N a
with p = N oa = poa — -; Na is the A vogadro’s number, A w the atomic weight and p  the

mass density. The X-ray absorption spectrum consists o f  a plot o f  the absorption-cross

'2.71
section o f  the relevant atom against the photoelectron  momentum vector k = —  (energy).

X

The X-ray range o f interest, from a spectroscopic point o f  view , lies between 300 eV  and 

30 keV. Two different regions can be distinguished in X-ray absorption spectrum: (i) the 

X-ray absorption near edge structure (X A N ES) region and (ii) the extended X-ray 

absorption fine structure (EXAFS) region.

(N

EXAFSXANES

o

o
1600 1620 1640 1660 1680

Energy (eV)

Figure 2.11: Example o fX A S  spectrum.
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The XANES region includes the edge (em ission o f  the photoelectron) and pre-edge 

features (the energy range is from 10 eV  below  to 50 eV above the edge). These are 

functions o f  the valence and local coordination o f  the relevant atom, as w ell as its 

concentration in the sample. The position o f  the edge depends on the combination o f  the 

valency o f  the system and the ligand distances: a longer distance and lower valency usually 

shifts the position o f  the edge towards lower energies. The influence o f  valency results 

from the core-hole interaction with the electrons localised or quasi-localised on the excited  

atom. For instance, when the oxidation state o f  the relevant atom is increased, this 

interaction occurs to a lesser extent and the edge shifts to higher energy. The sensitivity o f  

the edge position also depends on the type o f  shell involved in the transition.

The EXAFS region extends from ca. 50 eV  above the absorption edge up to 1000 

eV, and results from interference effects causing oscillations in the absorption cross- 

section o f  the absorbing atom. The formalism used to explain EXAFS is based on the idea 

that the photoelectron is a low  energy particle, which is scattered during propagation by 

any abrupt change o f energy potential such as those associated with the atomic potentials 

o f  neighbouring atoms. In other words, the outgoing photoelectron wave interferes with 

the backscattered wavelets to generate the EXAFS oscillations.

2.4.2.1 EXAFS theory

The EXAFS model presented above is based on the plane wave theory. The brief 

description o f  the plane wave theory presented here is based on the work o f  Lee and 

colleagues47, and is also presented on the website o f  CCRLC Daresbury Laboratory48.

According to this theory, EXAFS is defined as the normalised oscillatory part o f  p  

(Equation 2.57) and given by:

M~ MoZ  = --------~ (2.58)
Mo

where po is the absorption coefficient o f  the free atom. The absorption spectra resulting 

from po and p  are depicted in Figures 2 .12a and 2 .12b. respectively.

In the energy range o f  EXAFS the dominant photoelectronic process is absorption. 

Therefore, EXAFS can be described directly in terms o f  the photoelectron momentum, 

which in A:-space is given by:
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k  =
2 m et

j
(2.59)

where me is the electron mass and E0 is approximated to the energy o f  the absorption edge.
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photo-electron X ~  (E-Eo)'
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Figure 2.12: Absorption spectra for a) free atom  (/v„) and b) atom within a sample (//)49.

The excitation o f  the core electron is treated in a semi-classical way, with the photon 

represented by an electromagnetic field (classical description) and the photoelectron 

described quantum mechanically. It is assumed that the electromagnetic field is uniform. 

This is called the dipole approxim ation  and is based on the assumption that the wavelength  

o f  the field is always large compared to the dim ensions o f  the excited core state. Within 

this approximation, the absorption associated with the transition o f  the electron from the 

initial |/> to the final </[ state, caused by the photon, is described by:

t* x  |< f  \ e -r  11 >\2 (2.60)

where e is the polarization vector o f  the electric field and r  is the electron coordinate. The 

EXAFS equation is then given by:

r 2RX(£) = - 2 X / „ ( * ,* ) !  exp(-2 a mV ) e x p
L(k)

s in [2 M „ + 2 S ,(* )  + e„(*)] (2 -6 1 )

where Nm is the number o f  neighbours in the m shell, R,„ is the interatomic distance and 

\fm(n, k)| is the elem ent-specific and energy-dependent electron scattering amplitude 

(backscattering factor), which is used for determination o f  Nm.

There are several terms that account for damping in the amplitude o f  the EXAFS 

function. The term S, (k) is an amplitude reduction factor for energy loss due to processes 

caused by multiple excitations at the central atom. Damping factors associated with 

inelastic scattering are: (i) exp(-2Rfr/ l m(k)), which depends on the ratio between the
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distance travelled 2Rm and the electron mean free path lm(k); (ii) 1 /(kRm2), a term that 

describes the loss o f  amplitude o f  a spherical w ave with the increase o f  distance. The term 

exp(-2om2k2)  contains the Debye-W aller factor om2, which arises from thermal disorder and 

uncertainty in finding atoms at fixed positions; the interatomic distance is considered to 

have a Gaussian distribution. N otice that am2 is the Debye-W aller factor, whilst oa 

(̂Equation 2.56) is the absorption cross-section.

EXAFS can be seen as a low  energy electron diffraction experiment o f  spherical 

symmetry (the photoelectron is a spherical electronic wave) in which the source o f  the 

electron is created inside the sample itself. It provides information on: (i) bond lengths, 

through the sin term in Equation 2 .61 , where Si is the phase shift with which the 

photoelectron wave leaves the absorbing atom, 0m the phase shift o f  the backscatter atom m 

and Rm the interatomic distance between the central atom and the backscatter m\ (ii) 

chem ical identification, since the energy dependence o f  the amplitude and the phase shift 

o f  the signal are specific to each elem ent (differentiation between two elements differing in 

the atomic number Z by more than a few  units is possible); (iii) the D ebye-W aller factor. 

The limited free path o f  the photoelectron restricts EXAFS to radial distances up to 0.5 nm. 

In this context, X-ray absorption spectroscopy (X A S) can provide structural information 

around the relevant atoms in soft and amorphous materials, irrespective o f  the physical 

state o f  the sample (crystal, amorphous solid, powder or solution).

The plane wave theory gives a physical picture o f  the EXAFS origin, showing that 

the structural information around the relevant atom is contained in the EXAFS function. In 

practice, computational methods use the more com plex and advanced rap id  curved wave  

theory50 to fit the EXAFS, in order to extract the structural parameters mentioned above.

2.4.2.2 Experimental

Different types o f  experimental configuration can be used to collect the data, 

depending on the sample characteristics.

Transmission mode

Transmission mode is the most w idely used method and consists o f  analysing the 

intensity o f  a monochromatic beam that passes through the sample. The beam is tuned 

using a double reflection from silicon crystals and its intensity is measured before and after
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the absorbing sample as a function o f  the photon energy, using two ion chambers. 

Application o f  Equation 2.57 is straightforward and the cross-section oa is obtained. For 

each point o f  the spectrum, a dead tim e allow s for mechanical m ovem ent and electronic 

stabilisation, and the time constant must also be long enough to increase the signal-to-noise 

ratio. In practice, the total time required for each point is about one second, half for the 

dead time and half for the effective data collection.

Energy dispersive mode

In this configuration, a triangular-shaped crystal is bent to change the Bragg angle 

along the footprint o f  the beam on the crystal. The result is a polychromatic X-ray beam, 

with correlation between the energy and the direction o f  propagation, which is transformed 

in an energy-position correlation at the detector. When the average incident angle is tuned 

to the Bragg angle o f  the energy o f  the edge, the data is collected at once using a silicon- 

based detector. The advantage in using the dispersive mode is the absence o f  mechanical 

m ovem ent and simultaneous acquisition o f  the data in all the energy range. This is 

particularly important to give extreme stability to the energy scale and consequently 

extreme sensitivity to small changes in series o f  similar samples. Additionally, the sample 

can be very small (less than 0.5 mm ), and the speed and simultaneity o f  the data 

acquisition allows measurement o f  kinetics on the 100 ms - 1 s timescale. However, in this 

mode is not possible to detect the X-ray absorption signal via decay o f  intensity and 

therefore it cannot be used for ultra-dilute samples.

Decay modes -  Auger and  Fluorescence

Auger and fluorescence processes are secondary processes resulting from the 

absorption o f photons and consequent relaxation o f  the core states. Since they are 

proportional to the absorption process, their use is particularly useful when the EXAFS 

signal is only a small fraction o f  the total absorption. W hile in transmission mode isolating 

EXAFS from the background requires subtraction o f  two nearly equal signals, in decay 

modes a detector able to discriminate EXAFS from the background is used. In the 

fluorescence mode the detector is energy-selective but generally covers a limited solid 

angle, and cannot collect photons emitted over An. The background consists o f  elastically
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and Compton scattered radiation, both o f  which occur at higher energies than the 

fluorescence radiation.

The energy o f  fluorescence radiation is characteristic o f  the absorbing element and 

independent o f  the photon energy. This mode gives better data than simple transmission 

whether the absorption from the element o f  interest is less than a few  percent o f  the total 

absorption in the sample. Furthermore, it is also useful for more concentrated samples 

which cannot be prepared thin enough in section to be measured in transmission mode, but 

in this case the fluorescent intensity is no longer directly proportional to the absorption 

coefficient. In fluorescence mode, the detector is placed at 90° to the incident radiation, in 

order to reduce the scattered signal (reflection o f  n polarization is 0 ).
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monochromator chamber chamber
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Figure 2.13: Experimental setup for EXAFS measurem ents in both transm ission and fluorescent
48

In the case o f Auger decay, the small mean free path o f  the electrons (0.5 to 50 nm) 

makes this process surface sensitive, which has been generally regarded as being possible 

only in UHV conditions. If the electron detector is tuned to the narrow energy window o f  

the Auger electrons, the surface EXAFS (SEXAFS) signal comes from the upper part o f  

the sample. In order to investigate deeper in the sample, the signal component from 

secondary electrons created by Auger electrons after collisions has to be considered.

There is also a mode called REFLEXAFS (reflection mode), which can be combined 

with fluorescence methods to study thin two dimensional samples, but its description is 

beyond the scope o f  this thesis.
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2.5 Im a g in g  t e c h n iq u e s

In this section two techniques o f  surface characterisation at high resolution are 

described, scanning electron m icroscopy  (SEM ) and atomic force  m icroscopy  (AFM). 

These techniques provide surface im ages by m oving a finely focused beam o f  electrons or 

a suitable probe onto the surface in a raster pattern: the beam (or probe) is swept across the 

surface in a straight line (x direction) after which it returns to the starting point; the beam is 

then shifted in the y  direction and swept again in the x direction. The process repeats until 

all the chosen surface has been scanned. As the beam m oves in the xy  plane, information 

received in the z direction is stored and converted into an image51.

2.5.1 Scanning electron microscopy (SEM)

Scanning electron microscopy sim ply consists o f  scanning the surface o f  a solid 

using a beam o f electrons. The electrons are then scattered and the solid excited. The 

electrons can be elastically or inelastically scattered, whether deflected without or with loss 

o f  energy, respectively. Some o f  these electrons lose significant energy and remain in the 

solid; however the majority undergo numerous collisions and exit the surface as 

backscattered electrons. The excited solid, in turn, may emit secondary electrons, which  

are produced as a result o f  the interaction between the energetic beam and weakly bound 

conduction electrons in the solid, leading to the ejection o f  the latter. Auger electrons and 

X-ray emission, as well as photons o f  varied energy, are other processes o f  decay that may 

occur in the solid. The mechanisms o f  formation are identical to those in XPS. A ll these 

signals are obtained from specific volum es within the samples enabling the study o f  

different characteristics namely topography, morphology, crystallography and 

composition. For instance, secondary electrons have energies o f  a few  eV, and escape 

from the outer layers o f  the solid, typically 1 or 2 nm depth; therefore, SEM images based
52on secondary electrons are surface sensitive .

The signals most used in surface studies are backscattered and secondary electrons 

(scanning electron microscopy), since they vary primarily due to topographic differences 

arising in the surface, and X-ray em ission (electron microprobe analysis), which allows
53both qualitative and quantitative elemental identification . The latter is also called energy 

dispersive analysis by X -rays  (EDA X) and routinely used in conjugation with SEM
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imaging. However, due to the penetrating nature o f  the X-rays ED AX is not as surface 

sensitive as SEM, sampling ca. 10 pm in depth.

The resolution depends upon several parameters: optical system, detectors, type o f  

radiation used for observation and sample characteristics. The main lim iting factor is the 

diameter o f  the incident electron beam. N ew  SEM instruments use a field-em ission gun to 

produce an electron beam o f  nanometer diameter, which gives a resolution o f  1 nm or 

better.

2.S.1.1 Instrumentation

The basic components o f  a combined scanning electron m icroscope and scanning 

electron microprobe are electron gun, electron focusing system, the visual photorecording 

cathode ray tubes and detector (electron and X-ray), Figure 2 .14 . The m odem  SEMs store 

images digitally, which can be observed on a computer screen.

The incident electron beam energy may vary between 1 and 100 keV, but 20 to 30 

keV is commonly used. For insulating system s lower voltages o f  1 to 2 keV are often 

used, in order to overcome the charging-up o f  the sample54. In the electron focusing  

system, the magnetic condenser and objective lens system  serves to reduce the image to a 

final spot size on the sample o f  5 to 200 nm. The scanning o f  the electron beam is 

accomplished by using electromagnetic coils located within the objective lens system  

which deflects the beam in the x and y  directions. Signals that are used to drive the 

electron beam in these directions also drive horizontal and vertical scans o f  a cathode-ray 

tube. The image is produced by using the output o f  a detector to control the intensity o f  

the spot in the cathode-ray tube. The sample chamber has large-capacity vacuum pumps, 

which allows the rapid decrease in pressure from ambient down to lO*4 torr or less, 

favouring the rapid changing o f  samples. The sample holder can be m oved in jc, y  and z 

directions and be rotated about each axis.

Samples must be stable under high vacuum conditions as well as physically and 

chemically stable when the electron beam is incident. Additionally, they should have 

superficial conductivity, since the flow  o f  electrons to ground m inim ises artefacts 

associated with the build-up o f  charge. The latter may cause stability problems and loss o f  

resolution. Frequently, when the sample is nonconducting a thin metallic coating is 

produced over it by sputtering or vacuum evaporation. This improves not only the
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conductivity, but also the quality o f  the acquired image, since it contributes to an 

enhancement o f  secondary electron em ission.

Electron gun

Magnetic objective 
lens

X-ray detector 7

Variable high-voltage 
power supply

Electron beam

Magnetic condenser 
lens

e' detector

Scan (magnification) 
coil controls

Specimen
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Sample chamber

4 1

Cathode-ray 
tube display

Figure 2.14: Schematic view o f a SEM instrument

2.5.2 Atomic force microscopy (AFM)

In this technique the surface o f  a sample is scanned in an x/y  raster pattern using a 

very sharp tip that m oves up and down along the z axis as surface topology changes, 

revealing details also on the z axis. Its resolution is com m only about 2 nm in the xy  plane, 

but for the best instruments and ideal samples it can reach down to 0 .1  nm; resolution in 

the z direction is generally better than 0.1 nm. Therefore, atomic force microscopy is a 

technique able to image surfaces down to the atomic size scale51.
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In the atomic force m icroscope, a very sharp tip attached to a flexible cantilever 

scans the surface (or the tip is scanned with respect to the sample). The force acting 

between the tip and the surface causes small deflections o f  the cantilever, which in turn is 

detected by optical means. The tip is m oved using a piezoelectric tube; during the scan, 

the force exerted on the tip is held constant by the up-and-down m ovem ent o f  this probe, 

providing topographic information. One com m on way o f  detecting the deflection o f  the 

cantilever is shown in Figure 2 .15 . A  laser beam is reflected o ff  a spot on the cantilever to 

a segmented photodiode which acts as a position sensitive detector. The output from the 

photodiode controls the force applied to the tip so that it remains constant5155.

Since there is no flow  o f  current and the type o f  force between the tip and the surface 

is quite general, atomic force m icroscopy has the advantage o f  being applicable to 

nonconducting samples. The force between tip and surface can arise from different type o f  

interactions, including van der Waals, electrostatic and capillary forces56. Additionally, it 

can be operated in a variety o f  environments without limiting conditions such as UHV, 

including solid-liquid interface and biological materials; besides, the use o f  an ‘inert’ tip 

(e.g., silicon, silicon oxide, silicon nitride) enables the application o f  this technique to 

electrochemical systems.

The tip can be employed in contact, intermittent (tapping) or noncontact modes. In 

the contact mode, the tip is in direct contact with the sample and the interactions between 

them are repulsive. This interaction causes the tip to be displaced as it is rastered over 

individual atoms on the surface. In the noncontact mode the tip and sample are farther 

apart and do not contact, with attractive interactions prevailing. Measurements in this 

attractive mode are, though, substantially harder to make .

jntrol]

Feedback

Holder
 Sample
Sample piezo [(xry.z) c

Force detection Sample control and 
data acquisition

Image

Figure 2.15: Typical setup o f an AFM51.
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In contact mode, the tip may damage the surface, which results in distortion o f  the 

image. This effect is particular important in soft materials, such as polymers or biological 

samples. This problem can be overcom e by em ploying the tip in tapping mode: it contacts 

with the surface only for small periods o f  time and then it is removed. In this operation the 

cantilever is oscillated at few  hundred kHz, with the oscillation being driven by a constant 

driving force and the amplitude monitored continuously. The cantilever is positioned in 

such way that the tip only touches the surface at the bottom o f  each oscillation cycle51.
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Chapter 3

E x p e r im e n t a l

11



3.1 C h e m ic a l s

The [M (salen)\ com plexes reported in this thesis were synthesised by colleagues in 

the Department o f  Chemistry, Faculty o f  Sciences from the University o f  Porto, Portugal. 

Complexes [Ni(3-M esalophen)], [N i(3-M esalophen-bl5-c5)], [N i(3-M eO salophen-bl5- 

c5)] and [N i(3-M esalophen-bl8-c6)] were prepared as described in the literature1,2 and
2 3[Ni(3-MeOsaltMe)] as described elsehwere ’ . The compounds were characterised by 

elemental analysis o f  carbon, nitrogen and hydrogen, low  resolution mass spectrometry, 

nuclear magnetic ressonance o f  proton (NM R *H) and spectroscopic techniques including 

FTIR and UV-Vis.

Multi-walled carbon nanotubes (M W CNTs) prepared by combustion chemical 

vapour deposition (CCVD) process were obtained from Nanocyl (reference NC 3100). 

According to the supplier specifications, M W CNTs have average diameter o f  9.5 nm, 

average length o f 1.5 pm and carbon purity >95%.

In electrochemical measurements, tetrabutylamonium perchlorate (TBAP) (Fluka, 

puriss. Electrochemical grade), dichloromethane (ROMIL, Ultra Purity Solvents-HPLC), 

and anhydrous acetonitrile (Aldrich, 99.8 %) were used as received. Anhydrous barium 

perchlorate and cesium perchlorate (Aldrich, 99.999 %), and magnesium perchlorate 

(Fluka, puriss. > 99.0 %) were used as received in ion recognition studies.

3.2 Pr e p a r a t io n  a n d  C h a r a c t e r is a t io n  o f  M o d if ie d  

E l e c t r o d e s  b y  C y c l ic  V o l t a m m e t r y

3.2.1 Instrumentation

Electrochemical studies were performed using an Autolab PGSTAT 20  

potentiostat/galvanostat, controlled by GPES software. A  closed standard three-electrode
'y

cell was used with a Pt disc working electrode (0.0314 cm ), a Pt wire counter electrode, 

and a Ag/AgCl (1 mol dm ' 3 NaCl) reference electrode (Metrohm ref. 60724140). Prior to 

use, the working electrode was polished with an aqueous suspension o f  0.3 pm alumina 

(Beuhler) on a Master-Tex (Beuhler) polishing pad, and then washed with deionised water 

and CH3CN. The reference and the auxiliary electrodes were washed with deionised water 

and solvent. All the solutions were deaerated by passing a flow  o f  nitrogen gas through 

them.
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3.2.2 Electropolymerisation

Poly[N i(3-M esalophen-bl5-c5)] film s were deposited by cycling the potential o f  the 

working electrode between -0 .3  and 1.3 V , in CH3CN solution containing 0.1 mmol dm ' 3 

o f  [Ni(3-M esalophen-B15-C5)] and 0.1 m ol dm' TBAP; the number o f  cycles was varied 

from 1 to 150. and the scan rate kept constant at 0.1 V s'1.

3.2.3 Cyclic voltammetry of modified electrodes

Following electropolymerisation, the film  was rinsed with dried CH3CN and then 

immersed in 0.1 mol dm' TBAP/CH 3CN; the modified electrode was cycled in the range 

-0 .3  V to 1.3 V, at different scan rates varying from 0.01 V s ' 1 up to 0.5 V s'1. Five 

potential cycles was determined as optimum for a reproducible electrochemical response.

3.2.4 Determination of oxidation degree and surface coverage

The oxidation degree n associated with the electroactive films was determined by 

comparing the polymerisation charge Qpoi associated with films prepared with 1 deposition 

cycle, with the redox charge Q redox o f  the resulting modified electrodes cycled in 

background electrolyte at 0.01 V s'1. The coulometric assay used to calculate this 

parameter is published in the literature4 and discussed in detail in Chapter 4 (Equation 4 .1 ).

Surface coverage r  was calculated for all the films by using Qredox (from the 

voltammogram acquired in background electrolyte) and consequent application o f  

Equation 2.23 (Chapter 2). To ensure com plete redox conversion o f  the film  on the 

voltammetric timescale, it was established that Qredox was determined in a scan rate- 

independent regime; v = 0.01 V s_1 was found to be optimum.

3.2.5 Ion recognition studies

After the electrochemical characterisation o f  poly[N i(3-M esalophen-bl5-c5)] films 

in background electrolyte, solutions o f  perchlorate salts X(ClC>4)y (X=Cs+, M g2+ or Ba2+, 

y= l or 2)/0.1 mol dm' TBAP/ CH3CN were added to the system in different concentration 

ranges:

(i) sm all additions’. 10 pL aliquots o f  2.5 mmol dm ' 3 X(ClO4)y/0 .1  mol dm ’3 TBAP/ 

CH3CN, were added to films prepared with 1, 5, and 10 deposition cycles (final 

concentrations 0.03, 0.08 and 0.1 mmol dm' , respectively);
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(ii) intermediate additions: 10 pL and 50 pL aliquots o f  0.05 mol dm ' 3 X (C 1 0 4 )2  (X=  

Mg2+ and Ba2+)/0.1 mol dm "3 TBAP/ CH3CN were added to films prepared with deposition 

cycles ranging from 10 to 150; the low  solubility o f  CsCKT* in CH3CN limited this study, 

with only 5 mmol dm ' 3 CSCIO4 /0.1 m ol dm ' 3 TBAP/ CH3CN being used (final
-3 2 d- 2 d- 3  ~b

concentrations 3 mmol dm' for M g and Ba and 0.05 mmol dm' for Cs );
3 94 -

(iii) large additions: a single 500 pL aliquot o f  1 mol dm' X (C 1 0 4 )2  (X = Mg and 

Ba2+) /0.1 mol dm ' 3 TBAP/ CH3CN was added to all the films (final concentrations 0.1 mol 

dm'3).

After each addition the system was left to equilibrate at 0.0 V for 15 minutes. The 

voltammetric response was then recorded at 0.1 V s'1. At the end o f  the additions the films 

were then cycled at different scan rates (0.01 V s ' 1 - 1 V s'1). The solution was replaced by 

fresh, metal cation-free supporting electrolyte and the potential cycled again at 0.1 V s'1.

3.3 UV-Vis T r a n s m i s s i o n  S p e c t r o s c o p y

3.3.1 Instrumentation

The instrument used was a Hewlett Packard H P8451A spectrophotometer. The 

measurements were made in situ  in transmission mode, with the electrode under potential 

control, using an Autolab PGSTAT 20 potentiostat/galvanostat. The electrochemical cell 

used was locally designed. Briefly, it consists o f  a main body made o f  Teflon, and two 

parallel optical windows which are placed in opposite positions within the cell. One o f  the 

windows is made o f  quartz and a Pt gauze is attached to it and used as counter electrode; 

the other is the working electrode which consists o f  indium tin oxide-coated conducting 

glass (ITO, Balzers) with its area (typically 2 .1cm 2) defined by a silicone sealant (D ow  

Coming 3145TV). Both the electrodes are electrically connected to the potentiostat 

through copper wires using a conducting silver resin (R. S. Components). The reference 

electrode was Ag/AgC l (3 mol dm ' 3 NaCl -  BA S ref. M F-2052). The spectrometer was 

programmed to acquire spectra at 0.5 s intervals in the range o f  280-1100 nm.
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3.3.2 Electropolymerisation

Prior to the polymerisation process, the spectra o f  0.1 mol dm ' 3 TBAP/CH 3CN 

solution and 0.1 mmol dm ' 3 o f  [N i(3-M esalophen-bl5-c5)]/0.1 mol dm ' 3 TBAP/CH 3CN 

solution were collected. Poly[N i(3-M esalophen-bl5-c5)] film was then deposited by 

cycling the potential o f  the working electrode in the presence o f  monomer solution 

between -0 .3  V and 1.3 V, at 0.02 V s ' 1 during 5 cycles.

3.3.3 Characterisation of modified electrodes

Following the deposition process, the m odified electrodes were washed with CH3CN 

and immersed in 0.1 mol dm' TBAP/CH 3CN. The spectra were acquired and recorded 

during the process o f  oxidation/reduction (redox switching) o f  the films in similar 

conditions to those used in the polymerisation (potential interval, number o f  cycles, scan 

rate, wavelength range and acquisition time).

3.3.4 Ion recognition studies

After the characterisation in background electrolyte a 200 pL aliquot o f  0.05 mol 

dm ' 3 X(C104)2 (X= Mg2+, Ba2+) /0.1 mol dm 3 TBA P/ CH3CN (or 5 mmol dm ' 3 CsClCVO.l 

mol dm' TBAP/ CH3CN) was added to the background electrolyte and the system was left 

to equilibrate at 0.0 V for 15 minutes. The potential was then cycled in the same 

conditions as in 3.3.2 and the spectra recorded, after which the film  was rinsed with dried 

CH3CN and the solution was replaced by fresh, metal cation-free supporting electrolyte. 

The films were then cycled as in 3.3.3 and the U V -V is spectra recorded again.

3.4 C o m p o s i t io n a l  C h a r a c t e r i s a t i o n  o f  

PoLY[M (s,/ii.£yv)] F i lm s  b y  X -r a y  P h o t o e l e c t r o n  

S p e c t r o s c o p y  (XPS)

3.4.1 Instrumentation

Some o f  the XPS measurements were performed using the Scienta ESCA300  

photoelectron spectrometer at NCESS (Daresbury Laboratory). The instrument employs a 

high power rotating anode and monochromatised A1 Ka / Cr Kp (hv = 1486.7 / 5946.7 eV) 

X-ray source with selectable aluminium or chromium targets. The remainder were
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performed at the ‘Centro de Materials da Universidade do Porto’ (Portugal), in a VG  

Scientific Escalab 200A  spectrometer using non-monochromated M g Ka radiation (1253.6  

eV). Deconvolution o f  the peaks was effectuated using the software X PSPEA K 41. Due to 

the experimental broadening effects, the peaks were adjusted using a combination o f  

gaussian (50%) and lorentzian (50%) functions. The parameters used in the fitting 

procedures were binding energy and area (FHW M values were kept constant, typically 1 

eV). Corrections for sample charge were made by referring all features to the C 1 s line at a 

nominal 285.0 eV (or the N Is line at 399.0 eV).

3.4.2 Preparation and characterisation of modified electrodes

Poly[Ni(3-M esalophen-bl5-c5)] film s were prepared by cycling the potential o f  the 

working electrode (ITO glass) in the range -0 .3  V to 1.3 V for 10 deposition cycles at scan 

rates o f  0.01, 0.05 and 0.1 V s"1. After the electropolymerisation, the modified electrode 

was rinsed with dried CH3CN, immersed in 0.1 m ol dm' TBAP/CH 3CN and cycled 

between -0 .3  V and 1.3 V , at 0.1 and 0.01 V s'1. For som e samples, 200 pL (500 pL) o f  

0 .1  mol dm' (1 mol dm' ) Ba(C1 0 4 )2  was added to the electrolyte and the system left to 

rest for 15 minutes, after which the potential was cycled within the same range at 0.1 V s'1.

3.5 St r u c t u r a l  C h a r a c t e r is a t io n  o f  P o l y [M(&4L£tv)]

FILMS BY X-RAY ABSORPTION SPECTROSCOPY (X A S)

3.5.1 Instrumentation

XAS measurements were carried out using stations 7.1 and 16.5 o f  the 2 GeV  

synchrotron radiation source at the CCLRC Daresbury Laboratory. Beam currents during 

data acquisition varied between 145 and 200 mA. Station 7.1 is a medium energy XAS  

station useable over the energy from 4 to 10.5 keV. The incident X-ray beam was 

monochromatised using a Si (111) double-crystal monochromator with harmonic rejection 

set at 80%. Before and after passing through the monochromator, the size o f  the beam was 

defined horizontally and vertically by two slits and both the monochromator and the slits 

were kept in evacuated chambers. Spectra were acquired near the Ni K-edge (8333 eV) in 

both transmission and fluorescence modes. For transmission data, two gas-filled ion 

chambers were used to detect the beam intensities before and after the sample. A third
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detector was placed behind a nickel foil to provide absolute energy calibration. The 

fluorescence detector was a compact nine-elem ent solid-state detector with fast count rate 

electronics useable up to 150 kHz per channel. Station 16.5 provides X A S measurements 

on ultra-dilute systems in the energy range 7-40 keV. A pre-mirror provides collimation  

and the incident X-ray beam is monochromatized by a double crystal monochromator with 

sagittal focus. Spectra were acquired above the Ba K-edge (3 7 4 4 leV ) in fluorescence 

mode. The detector used was a 30-elem ent Ge solid-state detector with high count-rate 

electronics linear up to 200 kHz per channel.

3.5.2 Design of electrochemical cell for XAS applications

The electrochemical cell used in the first studies (XAS measurements o f  poly[Ni(3- 

MeOsaltMe)] near Ni K-edge) was designed by a previous researcher in the group5. This 

cell showed some experimental limitations for study o f  the specific system s under the 

scope o f  this thesis, primarily the small volum e cell. The latter case limited the study o f  

com plexes with low solubility.

The in situ XAS electrochemical cell used for studies o f  poly[Ni(3-M eOsaltM e)] 

near the Ba K-edge as well as for poly[Ni(stf/e«)(crown ether)] films is depicted in Figure 

3.1 . It consists o f a main body o f  Teflon cell with two mylar windows, w hose position is 

adjustable by screw threads to define the cell volum e and solution path lengths (typically 3 

mm). The screws were designed in a manner to allow  the use o f  the cell at 45° in 

fluorescence mode. An adjustable container o f  60 mL volum e enables the production o f  

thick films from com plexes with low  solubility. The cell used in N i K-edge was similar to 

this one, except that it had only one entrance/screw, and the counter and working 

electrodes were separated by a silicon disc. Leakages were prevented by using silicon  

glue.

The working electrodes were Pt discs (G oodfellow), with (i) thickness 1.0 pm and
'y

area 1.77cm for poly[Ni(3-M eO saltM e)] in N i K-edge experiments and (ii) thickness 50.0 

pm and area 0.72 cm for the rest o f  experiments; there is no particular significance to the 

different cells and electrodes used. In both cases a Pt mesh electrode was used as the 

counter electrode while the reference electrode was Ag/AgCl (1.0 mol dm ' 3 NaCl -  BAS  

ref. M F-2052)).
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Figure 3.1: a) Electrochemical cell (machined from Teflon) for in situ  XAS experiments and b) with 

the adjustable container for film polymerisation.

3.5.3 XAS measurements

At the Ni K-edge, the runs/spectra were collected and averaged as follows: 3 runs for 

the powders and solutions, and 8 -1 0  for the films. In the case o f  Ba K-edge, 10 and 20 

runs were respectively averaged for Ba(C104)2  solution and film in background electrolyte. 

The film data were taken in clean electrolyte (Ba(C 104)2  absent), otherwise Ba in solution 

would have dominated the EXAFS signal completely. Each run took about 20 mins, with 

the run time per point increasing (as k3) from 2  to 1 0  seconds per point across the spectrum 

(standard procedure at the SRS Daresbury Laboratory facility).

3.5.3.1 Poly[Ni(3-M eOsaltM e)]

Ni K-edge X-ray absorption spectra o f  monomer [Ni(3-MeOsaltMe)J were obtained 

in powder form, 0.01-0.02 mol dm ' 3 complex in 0.1 mol dm ' 3 TBAP/CH3CN solution and

0.01-0.02 mol dm' 3 complex in 0.05 mol dm ' 3 Ba(C104) 2 /  0.1 mol dm ' 3 TBAP/CH3CN 

solution. The films for Ni K-edge XAS measurements were obtained by 

electropolymerisation o f  the Ni complex solutions referred before (20 to 30 polymerisation 

cycles, potential interval 0.0 V to 1.3 V at scan rate 0.02 Vs'1). Upon polymerisation, films 

were thoroughly rinsed with dry CH3CN and transferred to a 0.1 mol dm ' 3 TBAP/CH3CN 

solution and cycled between 0.0 V and 1.3 V (v = 0.1 V s l). The X-ray absorption spectra 

o f the films were obtained in situ  under potentiostatic conditions, at 0.0 V and 1.3 V; 

before the beginning o f  each XAS experiment the films were kept at 0.0 V  and 1.3 V, for 

approximately 900 s, to ensure that the films were fully reduced and oxidised, respectively. 

New films prepared in the same conditions were immersed in 0.05 mol dm ' 3 Ba(Cl6 4 )2/0 .1
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mol dm ' 3 TBAP/CH3CN solution for 15 minutes, and after being thoroughly rinsed with 

dry CH3CN and transferred to a 0.1 m ol dm ' 3 TBAP/CH3CN solution, the X-ray absorption 

spectra were collected under potentiostatic conditions at 0.0 V; prior to the beginning o f  

the XAS experiment, the film  was kept at 0.0 V for 900 s. The Ba K-edge spectra were 

obtained for 0.05 mol dm"3 Ba(ClC>4)2 in 0.1 mol dm ' 3 TBAP/CH3CN and for poly[N i(3- 

MeOsaltMe)], deposited and conditioned using the same experimental conditions as those 

prepared for Ni K-edge measurements. The film spectra were obtained in situ  under 

potentiostatic conditions, at 0.0 V; before the beginning o f  XA S experiment, the film was 

kept at 0.0 V for 900 s.

3.5.3.2 Poly[Ni(sa/e/i)(crown ether)]

The Ni K-edge XA S absorption spectra o f  the monomers and deposited films 

(absence and presence o f  barium solutions) were obtained, in powder and under 

potentiostatic conditions, respectively; the film s were obtained by electropolymerisation 

(typically 20 to 30 polymerisation cycles) by cycling the potential between -0 .3  V to

1.3 V, at a scan rate o f  0.02 V s'1. Follow ing the electropolymerisation, film s were 

thoroughly rinsed with dried CH3CN and transferred to a 0.1 m ol dm ’3 TBAP/CH3CN  

solution and cycled between -0.3 V and 1.3 V  at 0.02 V s-1. The X-ray absorption spectra 

o f  the films were then obtained in situ  under potentiostatic conditions at 0.0 V. The films 

were then immersed in 0.05 m ol dm ’3 Ba(C 1 0 4 )2/0 .1  mol dm ' 3 TBAP/CH 3CN solution for 

2 hours and after being thoroughly rinsed with dry CH3CN, they were transferred to a 0.1
-j

mol dm' TBAP/CH3CN solution and the X-ray absorption spectra collected at 0.0 V. At 

Ba K-edge, XAS spectra were obtained for a 0.05 mol dm ' 3 Ba(C1 0 4 )2  in 0.1 mol dm ' 3 

TBAP/CH3CN and for the films deposited using the same experimental conditions as those 

prepared for Ni K-edge.

3.5.5 EXAFS data analysis

The background EXAFS signal was subtracted as follows. The pre-edge was fitted 

by a first-order polynomial and the post-edge data was fitted by third-order polynomials to 

give a smoothly varying background absorption juo, which was then used to give the 

EXAFS function %(Energy) in the usual manner6.
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The data from EXBACK were processed by the program EX CU RV 98, which  

enabled extraction o f  the structural information from the data. This program is based on 

the fast curved wave theory , and works with the EXAFS function in photoelectron 

momentum space, %(k). Only single-scattering events were included in this analysis. 

Theoretical curves were fitted to the experimental data by means o f  non-linear least- 

squares fitting. In the process o f  fitting, several parameters were involved. The main 

fitting parameters are: Rm (the interatomic distances) and Eq (the energy offset which 

corresponds to the Fermi energy), correlated parameters which control the phase o f  the 

function x(k)\ and the pair Nm (the number o f  neighbours at a given distance) and <jm (the 

root mean square deviation in distance, usually referred to as the Debye-W aller factor) 

which control the amplitude o f  %(k). The type o f  neighbours Tm in the shells around the 

relevant atom was kept constant, being fixed by chemical considerations. The parameters 

were continuously refined by least-squares iteration until the best fit between the 

experimental and theoretical curves was obtained. The process o f  fitting was assisted by 

DFT calculations for the monomer and crystallographic data obtained for similar Nickel- 

salen complexes. The uncertainties in the parameters were obtained using EXCURV98: a 

95% confidence limit was always used. The theory o f  this statistical test is fully described 

elsewhere8.

The fitting range used for both N i and Ba K-edges ran from k= 1 to 13 A '1. 

Throughout the fitting by EXCURV98, the amplitude factor AFAC was fixed at 0.78 for 

Ni K-edge measurements and at 1.0 for Ba K-edge measurements.

3.6 R h e o l o g ic a l  C h a r a c t e r is a t io n  o f  

Po l y [M(&4Z,£tv)] F il m s  b y  E l e c t r o c h e m ic a l  Q u a r t z  

Cr y st a l  M ic r o b a l a n c e  (E Q C M )/C r y s t a l  Im p e d a n c e

3.6.1 Instrumentation

Crystal impedance spectra were recorded using a Hewlett-Packard HP8751A  

network analyser, connected via a 50 V coaxial cable to a H P87512A transmission/ 

reflection unit. The crystals used were 10 M Hz AT-cut quartz crystals, coated with Pt 

electrodes with piezoelectrically and electrochemically active areas, respectively, o f

0.21 cm2 and 0.23 cm2.
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The cells used previously for this purpose required the use o f  large volum es o f  

solution (> 5mL), which is an important issue when the compounds intended to be studied 

are expensive and/or difficult to synthesise. Additionally, the difficulty related to the 

handling o f  quartz crystals and their attachment to the cells was also a problem. The new  

cell (Figure 3.2) requires less than 3 mL o f  solution; its design is similar to that o f  cells 

used in cyclic voltammetry, which means that comparisons between electrochemical data 

obtained with both cells are straightforward. The Pt coating in the quartz crystal was used 

as working electrode, a Pt wire was used as the counter electrode, and a Ag/AgCl (1 mol 

d m 3 NaCl, Metrohm ref. 60724140) was used as reference electrode.

Reference electrode Counter electrode
Quartz Crystal

Figure 3.2: Electrochemical cell for crystal impedance measurements.

3.6.2 Electropolymerisation

Crystal impedance measurements were made in real time, monitoring the deposition 

process at the fundamental frequency (in the region o f  10 MHz). Prior to the deposition 

process, the admittance spectra o f  the bare crystal were acquired in air and in solution at 10  

MHz, as well as at the harmonic frequencies (30, 50, 70 and 90 MHz). A potentiodynamic 

program was used for the deposition, with the potential cycled between -0.3 V and 1.3 V at 

scan rates o f  0.01 and 0.02 V s'1. The films were prepared from CH3CN solutions 

containing 0.1 mmol dm 3 [Ni(3-M esalophen-bl5-c5)] and 0.1 mol dm 3 TBAP.

87



3.6.3 Characterisation of modified electrodes

Following deposition, the m odified electrode was transferred to background 

electrolyte solution (0.1 mol dm’ TBAP in CH3CN). Cyclic voltammetry (potential 

interval between -0.3 V and 1.3 V , scan rate 0.01/0.1 V s"1) and monitoring o f  admittance 

were performed for all the films at 10 M Hz. In the case o f  viscoelastic film s the 

admittance was also recorded for 30, 50, 70 and 90 MHz harmonics. Follow ing redox 

switching, 500 pL o f  0.05 mol dm ' 3 Ba(C 1 0 4 )2  / 0.1 mol dm ’3 TBAP/CH 3CN was added to 

background electrolyte and the system  was left to rest for 15 minutes. Afterwards, the 

redox switching procedure was repeated and the admittance spectra recorded.

3.7 Im a g in g  a n d  M o r p h o l o g y  C h a r a c t e r i s a t i o n  o f  

Poly[M (& 4L bv)] f i l m s  b y  A t o m ic  F o r c e  M ic r o s c o p y  

(AFM) a n d  S c a n n in g  E l e c t r o n  M i c r o s c o p y  (SEM)

3.7.1 Instrumentation

Film samples to be analysed by AFM  and SEM were prepared using an Autolab 

PGSTAT 20 potentiostat/galvanostat, controlled by GPES software. A  closed standard 

three-electrode cell was used with ITO glass as the working electrode, a Pt wire counter 

electrode, and a Ag/AgCl (1 mol dm’ NaCl) reference electrode (Metrohm ref. 60724140). 

AFM  images were acquired using a Digital Instruments (DI) Nanoscope IV, Dim ension  

3100 instrument, in resonant/tapping mode (software version 6.12). SEM was performed 

in high-vacuum conditions, using a high resolution (Schottky) environmental scanning 

electron microscope (ESEM) with X-ray microanalysis and backscattered electron 

diffraction pattern analysis (FEI Quanta 400FEG /  ED A X  Genesis X4M ).

3.7.2 Preparation of modified electrodes

Samples for SEM and AFM analysis were deposited on ITO conducting glass 

electrodes or Pt quartz crystals, and electrochem ically characterised as follows. The 

potential was cycled between -0.3 V and 1.3 V in the presence o f  a CH3CN solution 

containing 0.1 mmol dm -3 [N i(3-M esalophen-bl5-c5)] and 0.1 mol dm -3 TBAP. The 

potential scan rate (v) was varied between 0.005 V s ' 1 and 0.1 V s’1. The resulting
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modified electrodes were then rinsed with dried CH3CN and the electrochem ical response 

in background electrolyte (0.1 m ol dm -3  TBAP/CH 3CN) recorded at 0.01 and 0.1 V s'1.

Before SEM measurements a thin (10 nm) Au layer was deposited on the top o f  the 

samples to prevent charging problems. AFM  samples were cut with razor blades to provide 

an estimate o f  the film thickness.

3.8 Pr e p a r a t io n  a n d  C h a r a c t e r is a t io n  o f  

N a n o c o m p o sit e s  B a s e d  o n  P o l y [M (£4L£tv)] F il m s  a n d  

M u l t i-W a l l e d  C a r b o n  N a n o t u b e s  (M W C N T s )

3.8.1 Functionalisation of carbon nanotubes

Functionalisation o f  M W CNTs was performed by colleagues at the Department o f  

Chemical Engineering, Faculty o f  Engineering from the University o f  Porto, Portugal. It 

involved a range o f oxidising treatments, as follows: (i) used as received with no treatment,

i.e. the control sample, designated TO; (ii) oxidised under reflux with HNO3 7 M for 6  

hours, washed with distilled water until a neutral pH was reached and dried overnight in an 

oven at 100 °C, designated 77; (iii) oxidised with 5% O2 in N 2 at 500° C for 6  hours (bum  

o ff  o f  30 %), designated T2; (iv) sample T1 heat treated under inert atmosphere (He) at 400  

°C for 1 hour, designated T3.

Surface oxygen groups o f  M W CNT-TX (X  = 0, 1, 2, 3, defined above) were 

characterised by temperature programmed desorption (TPD)9,10. The analyses were 

performed in an AM I-200 (Altamira Instruments) apparatus. In a typical experiment, a 

100 mg sample was subjected to a 5°°C° min-1 linear temperature rise up to 1100ooC under
3 _  1helium flow o f  25 cm 0 min . A  mass spectrometer (Dym axion 200 amu, Ametek) was 

used to monitor the desorbed CO (m /z = 28) and CO2 (m /z =  44) signals.

BET surface areas ( S b e t )  were calculated from the N 2  equilibrium adsorption 

isotherms, determined at -196 °C with a Coulter Omnisorp 100 CX apparatus.

3.8.2 Instrumentation used in the preparation of composites

Electrochemical studies were performed using an Autolab PGSTAT 20 

potentiostat/galvanostat, controlled by GPES and FRA software. A closed standard three- 

electrode cell was used with a Pt disc working electrode (geometric area 0.0314 cm2), a Pt
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wire counter electrode, and a A g/A gC l (1 m ol dm ' 3 NaCl, Metrohm ref. 60724140) 

reference electrode.

3.8.3 Preparation of composites based on [M(saleri)\ and MWCNTs

The single component poly[N i(3-M esalophen-bl5-c5)] film  was deposited by 

immersing the working electrode in a CH3CN (or CH2CI2) solution containing 0.1 mmol 

dm nickel(salen) monomer and 0.1 m ol dm TBAP, then cycling the potential between  

-0.3 and 1.3 V at v = 0.005 V s -1. In the case o f  composites, the deposition solution 

contained also 0.02 % wt o f  M W CNTs-TX. Prior to use, the latter solutions were 

sonicated for 30 minutes to ensure complete suspension o f  the MWCNTs.

3.8.4 Electrochemical characterisation of composites

After film deposition, the polymer (or polym er composite) modified electrodes were 

thoroughly rinsed with dry solvent then immersed in 0.1 mol dm -3  TBAP/solvent; the 

solvent (CH3CN or CH2CI2) was the same used in deposition. The working electrode 

potential was then cycled between -0.3 V and 1.3 V  at v = 0.1 V s-1 and 0.01 V s ' 1 (the first 

for conditioning and the second for determination o f  / ) .  The conditioning treatment is 

performed so the system response becom es reproducible: five cycles were used, although 

reproducibility was generally achieved after the second cycle.

Following the polymerisation and redox switching-based assay, impedance spectra 

were acquired with the film s immersed in background electrolyte and held at DC potentials 

o f  -0.3, 0.2, 0.9 and 1.3 V. The frequency range explored was 10' 2 < / /  Hz <105, sampling 

15 points per decade. The amplitude o f  the sinusoidal signal was 0.005 V. Between  

measurements the films were cycled in background electrolyte to check that there was no 

significant loss in surface-immobilised electroactive material.

3.8.5 Morphology characterisation of composites by SEM

The instrumentation used is the same as in 3.7.1. Nanocomposite samples for SEM  

analysis were deposited on ITO conducting glass electrodes as described in 3.8.3 and 

characterised electrochemically as described in 3.8.4,
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Chapter 4

P r e p a r a  t i o n  a n d  C h a r a  c t e r i s a  t i o n  o f  

P o ly [N i(3 -M e s a lo p h e n -b 1  5 -c5)J  b y  C y c l i c  

V o l ta m m e tr y a n d  UV- Vis s p e c t r o s c o p y
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4.1 In t r o d u c t io n

This chapter describes the preparation and characterisation o f  

poly[Ni(3-M esalophen-bl5-c5)] films. C yclic voltammetry is employed to prepare films 

by oxidative polymerisation o f  monomer, as w ell as to study the electrochem ical properties 

o f  the resulting polymers (redox activity, charge transport). Additionally, U V -V is  

spectroelectrochemistry is used to investigate the electronic structure o f  the film s, with 

particular attention given to the type o f  charge carriers. The objective is to correlate the 

intrinsic electronic structure o f  poly[N i(3-M esalophen-bl5-c5)] with its electrochemical 

properties. Similar studies were performed for poly[Ni(s<j/eft)] analogues1'4 and will be 

mentioned here to contextualise the results obtained for this specific polymeric film.

In addition, film ion recognition properties were investigated using perchlorate salts 

o f  Cs+, Mg2+ and Ba2+. These are o f  paramount importance to assess, from an 

electrochemical/electronic point o f  view , the effectiveness o f  m acrocycle substituents 

towards ion binding.

4.2 P r e p a r a t io n  a n d  C h a r a c t e r i s a t i o n  o f  

P o ly [N i(3 -M e s a lo p h e n -b 1 5 -c 5 ) ]  b y  C y c l i c  V o l t a m m e t r y

4.2.1 Electropolymerisation

Figure 4.1 depicts the voltammetric response o f  0.1 mmol dm' [Ni(3-M esalophen- 

b l5-c5)] in 0.1 mol dm ’3 TBAP/CH3CN, as the potential was cycled between -0.3 V and

1.3 V. The current intensity increases in successive cycles, with the occurrence o f  new  

peaks corresponding to the irreversible formation o f  new species (insoluble, bound to the 

electrode).

In the first scan (panel a) the system shows two anodic waves at Epa=  0.89 V and

1.03 V, and two cathodic waves at Epc= 0.12 V and 0.75 V. In the second scan a new  

anodic wave appears at Epa=  0.21 V, which is attributed to the oxidation o f  the film  formed 

during the first cycle. The feature attributed to the monomer oxidation in the first cycle  

(Epa= 0.89 V), is overlapped in subsequent scans with an anodic wave occurring at lower 

potentials (£^ = 0 .88  V); the latter corresponds to the oxidation o f  deposited film. The 

lower oxidation potential o f  oligomers with respect to monomeric species is a premise for 

the occurrence o f  electropolymerisation5’6.
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Figure 4.1: Voltammograms obtained during the oxidative polymerisation o f  [N i(3-M esalophen-bl5- 

c5)] at 0.1 V s '1, by cycling the potential between -0 .3  V and 1.3 V. Num ber o f  deposition cycles a) 1, b) 5, 

c) 35 and d) 100. Arrows in panel a indicate the direction o f  potential cycling; in panels b, c and d arrows 

indicate the increase o f anodic/cathodic current intensity as a result o f  deposition o f  electroactive species. 

The peak potentials associated with the redox features a /a ’, b /b ’, c /c ’ and d  are shown in Table 4 .1: b* 

corresponds to the monomer oxidation.

The current intensity associated with the redox features increases with the number o f  

scans (panels b, c and d) up to 150 cycles, the largest number o f  deposition cycles used. 

Broadening and coalescence o f  redox features may occur; this makes the assignment o f  

peaks difficult. Additionally, positive displacement o f  peak potentials labelled as a/a  ’ and 

negative displacement o f  peak potentials b/b ’ and c/c ’ are detected. For the thickest films 

(Figure 4.1. panel d) a new anodic wave is formed at Epa= 0.58 V.
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Table 4.1: Peak potentials associated with redox features observed during oxidative polymerisation o f

[Ni(3-M esalophen-bl5-c5)] in 0.1 mol dm'3 TBAP/CH3CN.

Number o f
E/V vs. Ag/AgCI

deposition cycles Epa Epc

a b c d a’ b ’ c ’

1 - 0.89* 1.03 - 0.12 0.75 -

5 0.19 0.88 1.15 - 0.12 0.80 1.08

35 0.22 0.88 1.14 - 0.22 0.78 0.98

100 0.34 0.86 - 0.58 0.34 0.78 0.87

(*) monomer’s oxidation

4.2.2 Characterisation of the modified electrodes in background 

electrolyte

Following the polymerisation process, film s were rinsed with dried CH3CN and then 

immersed in monomer-free, background electrolyte. Figure 4.2 shows the voltammetric 

response o f  modified electrodes. For each film  the i-E  curve for the first anodic half-cycle 

differs from the subsequent ones. This effect, more pronounced for thinner films, was
n

reported by Dahm for similar poly[Ni(.stf/e«)] films and attributed to structural 

reorganisation. After the second scan, the electrochemical response becom es fairly 

reproducible. This initial stage, which includes the first few  scans, is designated as film  

conditioning. Unless otherwise specified, all the data presented refer to conditioned films.
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Figure 4.2: Voltammetric response o f  m odified electrodes poly[N i(3-M esalophen-bl5-c5)] prepared 

with a) 1, b) 5, c) 35 and d) 100 cycles, and acquired in 0.1 m ol dm ' 3 TBA P/CH 3CN at 0.1 V s ' 1 from -0 .3  to 

1.3 V. Arrows indicate the direction o f  potential cycling.

Table 4.2 shows the peak potentials o f  the redox features observed in Figure 4 .2 . For 

the film prepared with 5 deposition cycles (Figure 4.2b) three anodic processes occurring 

at £^7=0.15 V, EPaii=0.86 V and Epaiii= 1.08 V and three cathodic processes at £ ^ 7= 0 .1 1 V, 

Epcij=0.S2 V and Epcuf= 0.98 V are observed. Excluding the thickest films, all the others 

show three reversible processes. A  fourth process occurring at Epaiv= 0.55 V, is evident for 

films prepared with 1 0 0  and 150 deposition cycles as Epaui virtually disappears. These 

films also show a less reproducible electrochemical response when compared to thinner 

films.
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Table 4.2: Peak potentials associated with redox features o f poly[N i(3-M esalophen-bl5-c5)], by

cycling E between -0 .3  and 1.3 V at 0.1 V s'1, in 0.1 mol dm'3 TBAP/CH3CN (5th scan).

N um ber o f E /V  vs. (Ag/AgCI)

deposition cycles Epal Epall Epa,„ EpalV Epd Epdi Epdii

1 0.17 0.84 1.09 - 0 . 1 0 0.79 -

5 0.15 0 . 8 6 1.08 - 0 . 1 1 0.82 0.98

35 0.23 0.84 1 . 1 1 - 0.24 0.79 0.95

100 0.35 0.83 - 0.55 0.37 0.78 0.89

4.2.2.1 Determination of oxidation degree and electroactive surface coverage

The number o f  deposition cycles is not a reliable parameter to estimate either the 

thickness or the number o f  electroactive sites present in the m odified electrodes. Instead, 

surface coverage r  (Equation 2 .23 . Chapter 2) is used as the measure o f  the electroactive 

sites and is obtained using coulometric data (Q).

In order to estimate r, it is necessary to have knowledge about the extent o f  

oxidation/reduction per monomer unit. This parameter is called oxidation degree, n , and 

can be calculated by using a double-coulometric assay1,2,4. In this assay the anodic charge 

passed during polymerisation (Qpoi) and the anodic charge passed during redox switching 

(Qredox) are compared. It is assumed that polymerisation is 100% efficient and charge 

associated with film degradation is negligible. In the case o f  polymerisation, three 

processes involving charge consumption are considered: (i) polymerisation, (ii) redox 

processes associated with the metal centre and (iii) redox processes associated with the 

ligand. In the oxidation/reduction o f  the m odified electrode in background electrolyte only 

processes (ii) and (iii) may occur. Polymerisation is assumed to occur by removal o f  2 

electrons o f  each monomeric unit and linkage between the phenyl rings. Assigning y  as the 

number o f  electrons transferred per phenyl ring (2y  per monomer) and x as the number o f  

electrons transferred per metal centre, Qpof-Qredox ratio is given by:



For films prepared with 1 deposition cycle, Qpoi and Qredox were found to be in the 

range o f  4.93-5.77 pC and 0.881-1.21 pC, respectively, which gives an average Qpoi'.Qredox 

ratio o f 5.29. The only meaningful solution is obtained when x is an integer (either 0 or 1) 

andy positive. In the present case x cannot be 1, otherwise y<0; therefore, the solution o f  

Equation 4.1 is x=0 andy=0.237, which corresponds to n=2y+ x= 0A 7  (one positive charge 

delocalised over ca. two monomeric units). This indicates that redox processes occurring 

in the polymeric film are ligand-based. Similar results were found for poly[N i(sa/e«)] 

hom ologues1,2,4.

^quantifies the number o f  electroactive sites along the polymer. The deposition o f  

electroactive species is dependent on several experimental factors, including the number o f  

deposition cycles, potential interval, scan rate and monomer concentration.

All the experimental parameters except the number o f  deposition cycles were kept 

constant during polymerisation. Therefore, r  can be depicted directly as a function o f  

deposition cycles (Figure 4 .3). In this case, r was calculated using the anodic charge Qredox 

acquired in background electrolyte at 0.01 V s’1. The increase o f  polymeric material on the 

electrode surface may result in two distinct situations: all the deposited material remains 

electroactive or the film loses conductivity due to limitations in charge transport. In the 

present case r  was found to increase linearly with the number o f  deposition cycles (0.78  

nmol cm ' 2 cycle’1), so the first scenario is observed. The use o f  a relatively low  scan rate 

guarantees that all the sites are oxidised/reduced. Similar results were obtained for other 

poly[Ni(sfl/ew)] films2,4.
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Figure 4.3: Dependence o f electroactive surface coverage on the num ber o f deposition cycles.

■ Experimental data

Linear fitting (R^=0.9965)

slope= 0.78
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The modified electrodes prepared are classified according to the amount o f  material 

deposited:

(i) thin film s: r <  1 0  nmol cm' ;
2 2(ii) film s o f  intermediate thickness: 10 nmol cm" <r < 70 nmol cm' ;

(iii) thick f ilm s : r> 70 nmol cm'2;

4.2.2.2 Dynamics of charge transfer processes

To study the dependence o f  both i and E  on the scan rate v, the m odified electrodes 

were cycled in background electrolyte at different scan rates (0.01-0.5 V s'1). Redox 

processes whose peak potentials are labelled as Epan and Epcu (see section 4.2.2, Table 4 .2 ) 

were chosen for this purpose because the current intensity associated with them is the 

highest and can be detected at all scan rates. Figure 4.4 shows the electrochemical 

responses o f two modified electrodes prepared with different surface coverage. 

Qualitatively, when the scan rate increases the redox features become less resolved and the 

positions o f  peak potentials change. For thin film s, the degree o f  symmetry between the 

shapes o f anodic and cathodic waves remains relatively constant (Figure 4.5 panel aT 

whereas for thick films the symmetry is lost (Figure 4.5 panel b) and som e o f  the waves 

resolved at long timescales are not restored at shorter timescales.

The dependence o f  current intensity ipu upon the scan rate gives evidence regarding 

the nature o f  the limiting step associated with charge transport. If the rate o f  charge 

transport is faster than the experimental tim escale, current density changes linearly with

the scan rate. However, when the process o f  diffusion through the film  is slower than the
1/2experimental timescale, current density changes with v . In other words, when the slope 

o f  logip vs. logv plot is 1 the charge transport is said to be at equilibrium; when the slope is 

0.5 the regime is said to be controlled by diffusion.
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F igure 4.4: Voltammetric response o f  tw o poly[N i(3-M esalophen-bl5-c5)] m odified electrodes 

(r= 1 .7  nmol cm ' 2  panels a and b; F= 8 6  nmol cm ' 2  panels c and d), acquired at different scan rates: 0.01, 0.02 

and 0.05 V s ' 1 (panels a and c) and 0.1, 0.2 and 0.5 V s ' 1 (panels b and d). Arrows indicate the increase o f  

current intensity as a result o f  the scan rate increase.
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F igure 4.5: Dependence o f peak potential EpU on scan rate v o f  two poly[N i(3-M esalophen-bl5-c5)] 

modified electrodes, a) 7̂ = 1.7 nmol cm ' 2  and b) r=  8 6  nmol cm '2.
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Figure 4.6: Dependence o f  log|/p//| on logv for two poly[N i(3-M esalophen-bl5-c5)] modified 

electrodes, a) P = \.l nmol cm ' 2  and b) r=  8 6  nmol cm '2.

Figure 4.6 depicts the logarithmic dependence o f  current peak ipn  on the scan rate for 

the same films reported in Figure 4.4 and Figure 4 .5 . Both films show a linear dependence 

with slope values close to 1. Therefore, the charge transport rate is fast in the timescale 

studied. The same trend was found in all the range o f  prepared film s (Table 4 .3T with the 

system showing a diffusionless behaviour.

Table 4.3: Results obtained from  dynam ics studies o f  poly[N i(3-M esalophen-bl5-c5)].

T/ nmol cm'2
Num ber o f  

deposition cycles
A nodic slope Cathodic slope

R egim e o f  charge 

transport

0.71 1 0 . 8 6 0 . 8 8 Equilibrium

1.7 5 0.92 0.99 Equilibrium

4.3 1 0 0.99 1.07 Equilibrium

1 1 2 0 1.09 1 . 1 2 Equilibrium

26 35 1.15 1 . 1 2 Equilibrium

39 50 1.15 1.13 Equilibrium

8 6 1 0 0 1.15 1.08 Equilibrium

116 150 1.15 1.04 Equilibrium
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4.3 Io n  R e c o g n it io n  S t u d ie s  o f  P o l y [N i (3- 

M e s a l o p h e n -b 15-c 5)]

4.3.1 Qualitative analysis of the voltammetric response of poly[Ni(3- 

Mesalophen-bl5-c5)| in the presence of alkali and alkaline earth metal 

ions
Following the characterisation o f  poly[N i(3-M esalophen-bl5-c5)] modified  

electrodes in background electrolyte, ion recognition studies were performed in order to 

investigate the influence o f  alkali and akaline earth metal cations (Cs+, M g2+ and Ba2+) on 

the voltammetric response o f  the system. The effects o f  metal charge (Cs+ vs. Ba2+ ~  

Mg2+) and size (Mg2+ vs. Ba2+ ~  Cs+) were explored.

Figure 4.7 shows the evolution o f  the voltammetric response o f  poly[N i(3- 

M esalophen-bl5-c5)] 10 nmol cm' ) as successive amounts o f  metal cations are added 

to the electrolyte. Considering the volum e variation negligible after each addition (10 pL 

and 50 pL aliquots vs. 5 mL o f  solution), the metal concentration in background electrolyte 

increased by increments o f  5 pmol dm* for film s o f  panels a. c, and e (24 additions were 

performed). These increments are here designated as sm all additions. Comparatively, in 

panels b, d. and f  a smaller number o f  aliquots was added ( 1 0 ), but the concentration o f  

metal cations was higher (interm ediate additions). The concentration o f  Cs+ solution, 

limited by the low solubility in CH3CN, was increased by a factor o f  2 (final concentration
T 94- 94-

per increment 10 pmol d m '). In the case o f  M g and Ba additions, the concentration 

was increased by a factor o f  20 (final concentration per increment 100-500 pmol d m '). 

After each single addition, the films were kept under potentiostatic control at 0.0 V for 15 

minutes and then the potential cycled between -0 .3  and 1.3 V.

Comparisons between the first and last recorded voltammograms show that the 

evolution o f  electrochemical response is similar regardless the type o f  cation added. More 

specifically, the process occurring at EpailEpc/ is displaced toward more positive potentials, 

whereas EpaulEpcu and EpauilEpcni are displaced in the opposite direction. The decrease in 

the charge under the voltammogram is an indication o f  a decrease in film electroactivity, 

mainly associated with processes at EpaulEpcu and Epauj/Epciu. These findings suggest that 

in the presence o f  metal cations the oxidation o f  electroactive films becomes increasingly
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difficult. Similar results were found for conducting polymers derived from thiophene8' 14 

and pyrrole15' 17 repeat units bearing crown ether substituents.

Following small additions the film  response shows some specificity (panels a, c, and 

e). Comparing the response before any addition and at the end o f  the last addition, the film  

whose response changed more dramatically is that exposed to Cs+ (panel a). Films
2“F 2“bexposed to Mg and Ba (panels c and e ) show similar responses at the end o f  additions. 

However, there are small differences in the way the redox features evolve after the first 

few additions: in the case o f  M g additions, ipaii increases and then decreases, whilst for 

Ba2+ additions ipaii decreases during all the range. The increase o f  metal concentration per 

aliquot (panels b, d and f ) does not change significantly the trends observed previously, 

except for Ba2+ whose ipau feature increases after the first few  additions (panel f ).

In spite o f  the voltammetric response depending upon metal concentration, its 

evolution cannot be entirely attributed to the effect o f  concentration. The final response o f  

modified electrodes after small additions (final cation concentration 1 2 0  pmol dm' ) shows 

a greater loss in electroactivity and change o f  peak potentials than the response o f  modified  

electrodes at the end o f  intermediate additions (final cation concentration 3 mmol dm'3). 

Since in the former case the redox switching was performed on a higher number o f  

occasions, the decrease o f  electroactivity is also dependent on doping/undoping processes.
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F igure 4.7: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)], Z^IO  nmol cm '2, acquired in 

0.1 mol dm ' 3 TBAP/CH 3 CN: (— ) before, ( ) between successive metal cation additions and (— ) after the 

last addition. Responses in panels a, c and e were obtained following the addition o f  5 pmol dm ' 3 aliquots o f 

X(C104)y (X=Cs+, M g2+ and Ba2+) to the electrolyte solution; response in panel b was obtained after the 

addition o f  10 pmol dm ' 3 o f  CsC10 4  and in d and f  after the addition o f 100 and 500 pmol dm ' 3  o f  X (C 10 4 ) 2  

(X= Mg2+ and Ba2+). Arrows indicate the evolution o f  the electrochem ical features with metal addition and 

redox-switching.
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The voltammetric response o f  thicker film s was also assessed (Figure 4 .81. A s metal 

cation additions proceed, film s prepared with 7^20-35 nmol cm' (panels a, c and e) show  

the positive displacement o f  EpaIIEpci and negative displacement o f  EPaiulEpcui. 

Nonetheless, peak potentials and current intensity associated with process II do not change 

significantly upon addition. This indicates that thicker films are more resilient and 

electrochemically more stable in the presence o f  metal cations than thin films.

The responses o f  poly[N i(3-M esalophen-bl5-c5)] films prepared with electroactive 

surface coverage 7^80-100 nmol cm' are depicted in Figure 4.8b, d, and f . In spite o f  

being prepared under identical conditions, these films show different voltammetric 

responses in background electrolyte. This is an indication o f  the low  reproducibility 

mentioned in section 4.2.2. The coalescence o f  peaks makes it possible only to assign peak 

potentials Epai, Epaii and Epcu. Upon metal ion addition, Epai is displaced to more positive 

potentials and for Cs+ and Ba2+ additions it fuses completely with Epaii. An increase o f  

peak current at £ -0 .8 0  V is observed whilst the current associated with EpcII decreases for 

all the cations.

Addition o f  a X(C 1 0 4 )2  (X =M g2+ and Ba2+) aliquot with final concentration o f  100 

mmol dm ' 3 was also performed, designated here as large addition  (Figure 4 .97 The 

outcome is an extensive variation o f  the voltammetric response when compared to 

intermediate additions (concentration effect). Furthermore, films respond differently to

Mg2+ and Ba2+: for M g2+ large additions Epau and Epcu do not vary to a great extent, and
2 +

ipau and ipcu increase with T; in the case o f  Ba addition ipaii increases regardless o f  r  but 

ipcn is more sensitive to the amount o f  deposited material, increasing only for intermediate

films (7^20-35 nmol cm'2). Additionally, the effect o f  doping/undoping is more
2+pronounced for films in the presence o f  Ba .

In the next section a more detailed and quantitative analysis o f  the voltammetric 

response o f  poly[N i(3-M esalophen-bl5-c5)] is presented, based on the study o f  the 

variation o f  Epai and ipcu features, which change significantly with metal cation addition.
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Figure 4.8: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)], acquired in 0.1 mol dm " 3 

TBAP/CH 3 CN: (— ) before, ( ) between successive metal cation additions and (— ) after the last addition. 

Additions consisted o f  10 pmol dm " 3 aliquots o f  CsC10 4  (panels a and b) and 100 and 500 pmol dm "3  aliquots 

o f X(C104 ) 2  (X— M g2+ and Ba2+) (panels c to f). Films surface coverage: panels a, c, e /^ 2 0 -3 5  nmol cm"2; 

panels b, d, f  r  ~  80-100 nmol cm '2. Arrows indicate the evolution o f  the electrochem ical features with 

metal addition and redox-switching.
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F igure 4.9: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)], acquired in 0.1 mol dm ' 3 

TBAP/CH 3 CN: (— ) before and (— ) after an addition o f  100 mmol dm ' 3 o f  X(C10 4 ) 2  (X= M g2+ and Ba2+); 

( ) response acquired 15, 30 and 45 m inutes after the addition. Films surface coverage: panels a, b 10 

nmol cm '2; panels c, d r  ~ 20-35 nmol cm '2; panels e, f  r~  60-90 nmol cm '2. Arrows indicate the evolution 

o f the electrochem ical features with metal addition and redox-switching.
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4.3.2 Quantitative analysis of the voltammetric response of 

poly[Ni(3-Mesalophen-bl5-c5)] in the presence of alkali and alkaline 

earth metal ions

4.3.2.1 Dynamic studies

In this section, the dependence o f  Ep and ip on the scan rate v in the presence o f  metal 

cations is considered. Following the addition o f  the last metal cation aliquot, the potential 

was cycled at different scan rates (0.01 to 1 V s'1) and the voltammetric response o f  

poly[Ni(3-M esalophen-bl5-c5)] recorded. It is assumed that films are electrochem ically 

stable regardless o f  the potential sweep and the scan rate. This is verified for film s which 

did not undergo many potential sweeps, such as films after intermediate and large 

additions. Nonetheless, the large number o f  redox switching procedures performed in 

small additions studies precluded the analysis o f  the resulting films in this section. Also, 

dynamic studies performed after Cs+ addition studies (Figure 4.10) cannot be assessed due 

to the rapid loss o f  electroactivity. Hence, only dynamic studies follow ing M g2+ and Ba2+ 

additions are considered in detail.
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F igure 4.10: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)], /M 9 .3  nm ol cm '2, cycled at 

different scan rates following Cs+ additions: a) 0.01, 0.02, 0.05, 0.1 V s ' 1 and b) 0.1, 0.2, 0.5 and 1 V s '1. 

Arrows indicate the increase o f  current intensity as a result o f  the scan rate increase.

T 94-
In the presence o f  3 mmol dm' o f  Mg (intermediate additions), poly[N i(3- 

M esalophen-bl5-c5)] shows different responses depending on the amount o f  deposited, 

electroactive species r .  For films prepared with r  < 34 nmol cm' the response o f  the 

modified electrode is considered fast (Figure 4.1 la . \og\ipn\ vs. logv plots have slope o f  

unity). However, for f > 6 5  nmol cm’ the charge transport process is only at equilibrium
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for v < 0.1 V s’1 (Table 4 .4). For higher scan rates the slope o f  \og\ipn\ vs. log v decreases to 

values around 0.5, indicating that the response becomes diffusion controlled (Figure

4.1 lb T Similar trend was found for film s in the presence o f  Ba2+ (Table 4 .5T
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F igure 4.11: Dependence o f  logl^/l on logv for two poly[N i(3-M esalophen-bl5-c5)] modified 

electrodes in the presence o f  M g2+, a) F= 26 nm ol cm ' 2  and b) F= 99 nmol cm '2.

In the same way, dynamic studies performed on film s to which larger amounts o f  

Mg2+ were added (large additions, Table 4 .6) show  that the charge transport is fast for 

small r. For thick films and low  tim escales the response becom es diffusion controlled. 

Intermediate films (7^35-40 nmol c m ') show a different behaviour depending on the 

metal cation concentration: the response is diffusion controlled follow ing large additions.
2“FIn the case o f  Ba large additions, thin films show a response typical o f  fast charge 

transfer processes (Table 4 .7T It was not possible to study film s with / >  10 nmol cm ’2 due 

to the considerable loss o f  electroactivity as the film s were cycled at different scan rates.

In the diffusion controlled regime it is possible to make an estimate o f  the diffusion

coefficient by using the Randles-Sevcik equation2,18. Table 4.8 depicts the estimates o f
1/2CD , where C is the concentration o f  the electroactive species and D  the diffusion  

coefficient. These values increase with the increase o f  surface coverage, and for similar r
I O-l- 1 /o

the diffusion coefficient is larger for M g than for Ba . The values o f  CD  obtained for 

poly[Ni(3-M esalophen-bl5-c5)] films are about one order o f  magnitude smaller than those 

found for similar polyfNi^fl/cw)] com plexes in the presence o f  the same metal cations19.
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Table 4.4: Dynamic studies o f  poly[Ni(3-M esalophen-bl5-c5)] in the presence o f  M g(C104)2 -

intermediate additions.

T/ nmol cm'2
Anodic slope 

Low v High v

C athodic slope  

Low v High v

Break point 

(V s 1)
Regim e o f charge transport

1 2 1 . 0 1 1.09 - Equilibrium

2 0 1.03 1.07 - Equilibrium

26 1.05 1.09 - Equilibrium

34 1.03 1.04 - Equilibrium

67 1.06 0.55 1.00 0.36
Anodic: 0.16 

Cathodic: 0.11

Equilibrium  (low v) 

Diffusion controlled (high v)

99 1 . 1 2  0 . 6 6 1.06 0.45
Anodic: 0.18 

Cathodic: 0.14

Equilibrium  (low v) 

Diffusion controlled (high v)

Table 4.5: Dynamic studies o f  poly[N i(3-M esalophen-b!5-c5)] in the presence o f  Ba(C10 4 ) 2

intermediate additions.

17 nmol cm'2
Anodic slope 

Low v High v

Cathodic slope 

Low v High v

Break point 

( V s 1)
Regim e o f  charge transport

1 1 1 . 0 2 1.08 - Equilibrium

16 1.06 1 . 1 0 - Equilibrium

17 1.04 1.06 - Equilibrium

2 1 1.04 0.99 - Equilibrium

63 1 . 0 1 0.94 - Equilibrium

87 1.13 0.68 1.10 0.40
Anodic: 0.19 

Cathodic:0.15

Equilibrium  (low  v) 

Diffusion controlled (high v)
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Table 4.6: Dynamic studies o f  poly[Ni(3-M esalophen-bl5-c5)] in the presence o f  M g(C104)2 -  large

additions.

T/ nm ol cm ' 2

A nodic slope 

Low v H igh v

C a th o d ic  slope 

Low  v H igh  v

B reak in g  point

(V s '1)
R egim e o f  c h a rg e  t r a n s p o r t

1.4 0.92 1.07 - Equilibrium

6.5 1 . 0 1 1.13 - Equilibrium

1 2 1.07 1.17 - Equilibrium

18 1.05 1.06 - Equilibrium

31 1 . 0 0 0.94 - Equilibrium

37 1.06 0.49 1 . 1 2  0 . 2 1

Anodic: 0.20 

Cathodic: 0.14

Equilibrium  (low v) 

Diffusion controlled (high v)

6 8 1.06 0.51 1.07 0.28
Anodic: 0.19 

Cathodic: 0.15

Equilibrium  (low  v) 

Diffusion controlled (high v)

84 1.04 0.62 1 . 0 0  0.28
Anodic: 0.10 

Cathodic:0.12

Equilibrium  (low  v) 

Diffusion controlled (high v)

Table 4.7: Dynamic studies o f  poly[N i(3-M esalophen-bl5-c5)] in the presence o f  Ba(C10 4 ) 2  -  large 

additions.

T / nmol cm ' 2

A nodic slope 

Low v H igh v

C athod ic  slope 

Low v H igh  v

B rea k in g  po in t 

( V s '1)
R egim e o f  ch a rg e  tra n s p o r t

2.3 0.80 0.80 - Equilibrium

5.7 0.89 0 . 8 8 - Equilibrium

1 0 0.93 0.95 - Equilibrium

I l l



Table 4.8: Values o f  C D 112 and D  estim ated using voltammetric data and the Randles-Sevcik 

equation.

r/nm ol cm 2 C /)^  10 8/m ol s 0 5 cm 2 D 10 ,0/cm 2 s ’

Anodic Cathodic Anodic C athodic

37 2 . 1 2 - 1 . 1 -

Film +M g2+
67 3.07 - 2.4 -

81 4.86 - 5.9 -

99 6.81 5.11 1 2 6.5

Film+Ba2+ 87 3.64 2 . 6 6 3.3 1 . 8

Using the film density pf, it is possible to estimate the concentration o f  electroactive

species in the polymer. Assuming that the polymer molar volume is identical to that o f  the

monomeric species , C = p /M  =  2.0 m mol cm' , where /?/= 1.2 g cm' and M  is the

monomer molar mass (591.278 g m ol'1). The result is D  ~  10_1°-10 ' 9 cm 2 s'1, which is
2 1

within the range o f  reported (ionic) diffusion coefficients and is similar to permeation
22 23rates found in conjugated polymers ’ .

4.3.2.2 Analysis of Epaj

The variation o f  peak potential Epai with concentration o f  added metal cation was 

studied in detail. Figure 4.12 and Table 4.9 show the dependence o f  Epai on the 

logarithmic concentration o f  metal for both small and intermediate additions. This 

approach assumes that the system is characterised by fast charge transport in the 

experimental timescale. The cases in which the charge transport was found to be diffusion 

controlled occur for scan rates higher than 0 .1  V s'VTables 4 .4-4 .7). Since all the films 

were cycled at 0.1 V s'1, this precludes the possibility o f  responses limited by diffusion. If 

the response o f  the system showed a Nem stian dependence on the concentration o f  added 

metal cation, the expected slopes would have been 0.059 V for Cs+ additions and 0.030 V 

for both Mg2+ and Ba2+ (T=298.15 K). For small additions (Figure 4.12a, c, e )̂ there are 

clearly two (Cs+) or three (M g2+ and Ba2+) regions defined by the slopes depicted in the 

plots. These vary according to the sequence region I< region II< region III. Region I is 

characterised by a slope typical o f  Nem stian dependence (Table 4 .9). When the 

concentration o f  the aliquots increased (intermediate additions), a Nem stian relation was
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observed for thin films in the presence o f  Cs+ and Ba2+, whilst for M g2+ the same 

dependence was observed only in the range 35< r< 70  nmol cm'2. This may imply that the 

morphology o f  the system changes with the variation o f  r.
0.5
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F igure 4.12: Graphic representation o f  Epal vs. log|cation| for small (panels a, c and e) and 

intermediate additions (panels b, d and f)- Different sym bols correspond to different films,

prepared with different f .
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Table 4.9: Slopes o f EpaI vs. log|cation| plots.

T/nmol cm '2

Region I

Slope I 

Region II Region III

Small
6 . 2 - 0.147 0.809

Additions 11 0.079 1.422 -

Film+Cs+
8 . 1 0.094 - -

Intermediate 15 0.096 - -

additions 2 2 0.068 - -

2 0 0.062 - -

Small 5.6 0.060 0.165 0.276

Additions 9.8 0.030 0.140 0.446

1 2 0.178 0.086 -

Film+Mg2+ 2 0 0.117 - -

Intermediate 26 - 0.264 0.057

additions 36 0.049 0.462 0.093

67 0.028 0.541 -

99 0.015 0.116 -

Small 6.7 0.039 0.168 0.540

Additions 7.3 0.049 0.207 0.700

Film+Ba2+ 1 1 0.053 - -

Intermediate
16 0.104 0.067 -

additions
23 0.070 - -

63 0.176 - -

87 0.075 - -

The variation o f  Epai upon metal ion addition was also considered as a function o f  r. 
Figure 4.13 presents Epaj variation after a large addition (100 mmol dm' ) o f  X(C 104 )2

' y,  ' y,
(X=Mg , Ba ) being effectuated. AEpai varies in opposite ways with respect to the type

2“Fo f  metal cation. In the case o f  M g AEpai decreases with the increase o f  P, this is expected 

if  there are no limitations in terms o f  exchange o f  the metal cation at the film/solution  

interface, together with its movement across the film. Therefore, the system possesses 

more ability to sense larger amounts o f  metal cation with the increase o f  r. Contrastingly,
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for Ba2+ additions AEpa/ increases in thin and intermediate films until reaching a plateau. 

This may be associated with limitations in Ba movement across thicker film s. In fact, if  

this large cation blocks the flow  o f  species responsible for charge transport and restoration 

o f electroneutrality, there w ill be a positive displacement o f  potential peaks (overpotential) 

to dope/undope the films.

0.25

■ -M g
0.20

0.15

0.10

0.05

0.00-

0 20 40 60 80 100
/7nmol cm 2

F igure 4.13: Graphic representation o f  bJLpai vs. /" fo llow ing  the addition o f  a 100 mmol dm ' 3  aliquot 

o f X(C10 4 ) 2  (X=Mg2+, Ba2+).

4.3.2.3 Analysis of ipcn

Figure 4.14 depicts the variation o f  ip c u  with additions o f  Cs+, M g2+ and Ba2+. The 

major differences observed in the values o f  ip c i i  in panels a. c and e are removed, to a great 

extent, when the current peak is normalised with respect to the surface coverage r  (panels 

b. d and f ). This indicates that ip c u  is a function o f  the amount o f  electroactive material 

deposited.

The variation o f  ip c u  upon ion addition depends on the size o f  the metal cation. In the
j j ^

case o f the large cations (Cs and Ba ) ip c n  decreases in magnitude. The rate o f  this 

variation is not constant over the concentration range: for the first additions ip c u  varies to a 

higher extent than for subsequent additions. Contrastingly, for M g2+ ip c u  increases in 

magnitude after the first few  additions and then decreases at two different rates, as 

observed for the large cations.

The effect o f  surface coverage in Aipcu , following a large addition, was also 

considered (Figure 4.15). Aipcn was found to vary similarly for both M g2+ and Ba2+. For 

thin films it is roughly constant and positive, implying that after the addition ip c j j  decreases 

in magnitude and possibly the system response is saturated in this range o f  r. Oppositely,
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ipcn increases in magnitude (becom es negative) for intermediate film s up to r  ~  40 nmol 

cm’2. For higher r ,  Aip c u  is still negative, but a different profile is observed. This may be 

associated with morphological changes that may occur with the increase o f  deposited 

species.
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F igure 4.14: Graphic representation o f  ipcn vs. |cation| (panels a, c and e) and ipd! r 1 vs. |cation| 

(panels b, d and f). Different symbols O A A * )  correspond to different films (prepared with different

r)-
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Figure 4.15: Graphic representation o f  AipcU vs. r  follow ing the addition o f  a 100 mm ol dm ' 3  aliquot 

o f X(C104 ) 2  (X=Mg2+, Ba2+).
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4.3.2.4 Reversibility

After ion recognition studies, the solution containing metal cations was substituted 

by fresh background electrolyte 0.1 mol dm' TBAP/CH3CN and the voltammetric 

response recorded. In none o f  the cases was the electrochemical response found to be 

reversible (Figure 4.16), i.e. the ions were irreversibly trapped in the film.
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F igure 4.16: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)] recorded in metal cation-free 

0.1 mol dm ' 3 TBAP/CH 3 CN, before and after cation addition studies: F^25  nmol cm ' 2  (panels a, c and e) and 

p z  90 nmol cm ' 2  (panels b, d and f)-
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4.4 C h a r a c t e r i s a t i o n  o f  P o ly [N i(3 -M e s a lo p h e n -b 1 5 -  

c5)] b y  I n  S i t u  \ J V - \ i s  S p e c t r o s c o p y

4.4.1 Electropolymerisation of [Ni(3-Mesalophen-bl5-c5)]

At the end o f  the deposition processes, inspection o f  the working electrode surface 

revealed the presence o f  a reddish deposit, indicating the chromophoric nature o f  these 

films. UV-Vis spectra acquired during the polymerisation (Figure 4 .17) shows not only 

that the deposited film absorbs in this region o f  the electromagnetic spectrum but also that 

the absorbance changes with the applied potential. However, these spectra were acquired 

in the presence o f  monomer [N i(3-M esalophen-bl5-c5)], which impedes the correct 

assignment o f film bands.
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F igure 4.17: UV-Vis spectra collected and referenced to 0.1 mol dm ' 3  TBA P/CH 3CN solution during 

the 5th deposition cycle.

Figure 4.18 presents the U V -V is spectra o f  both monomer ([N i(3-M esalophen-bl5- 

c5)]) and film (poly[Ni(3-M esalophen-bl5-c5)]), obtained in background electrolyte. The 

spectrum o f  [Ni(3-M esalophen-bl5-c5)] is typical o f  square planar [N in(stf/e«)] 

complexes. These usually show a broad band o f  medium intensity (100 < s < 1000 m ol’1 

dm3 cm’1) occurring at A,= 400-550 nm, which corresponds to three (unresolved) allowed d- 

d  transitions (d^ <— (d^; (dxz, dyz) and dX2- d y2 }) o f  similar energies. For higher energies,
1 3  1several bands o f  high intensity (s > 1000 m ol’ dm cm" ) occur. The latter are associated 

with charge transfer and intra-ligand transitions24.
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Figure 4.18: UV-Vis spectra o f  [N i(3-M esalophen-bl5-c5)] and reduced poly[N i(3-M esalophen-bl5- 

c5)] referenced to 0.1 mol dm ' 3  TBA P/CH 3CN solution, a) 280-1100 nm and b) 600-1100 nm.

In the present case, the monomeric species and the reduced film show similar bands 

for X< 500 nm (panel a). The differences in intensity are due to the different amounts o f  

monomer (higher) and deposited polymer (lower) in the optical path. The most significant 

differences between the two spectra are observed for low  energies (panel bh where a band 

occurs in the case o f  the polymer but not the monomer. The detailed analysis o f  the 

polymer electronic properties is presented in the follow ing sections.

4.4.2 Spectroscopic characterisation of poly[Ni(3-Mesalophen-bl5-

c5)]

The UV-Vis spectra o f  the m odified electrode, acquired during redox switching in 

background electrolyte, are shown in Figure 4 .19 . Different colours (grey scale) are used 

for spectra corresponding to different potential intervals. These intervals were defined 

based on the voltammetric response o f  the m odified electrode (Figure 4.20V -0.3 to 0.3 V, 

0.3 to 0.9 V and 0.9 to 1.3 V. The spectra show five bands at XmaK = 3 1 5  nm, 382 nm, 435 

nm, 508 nm and 945 nm, whose responses are reversible with potential.

Differential spectra representing changes for the spectra presented above are shown 

in Figure 4 .21 . These highlight the variation o f  the absorbance with the applied potential. 

When the potential is cycled from -0 .3  to 0.3 V (panel a), the absorbance o f  the band 

occurring at Xmax = 315 nm decreases while for bands at Xmax = 382, X.max = 435 and Xmax 

945 nm it increases. During the oxidation, up to 0.9 V (panel b). similar variations are 

observed but occurring to a greater extent. For the most oxidising potentials (0.9 to 1.3 V,
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panel c) the absorbance o f  bands occurring at Xmax = 315nm and X,max = 382 nm decreases. 

In addition, a new band appears at Xmax =  508 nm, thereby masking the band at XmaK =  435 

nm. The band at A,max=: 945 nm shows a mixed profile, first increasing and then 

decreasing.
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2/no XI n m

Figure 4.19: UV-Vis spectra o f poly[N i(3-M esalophen-bl5-c5)] acquired in 0.1 mol dm ' 3  

TBAP/CH3CN from a) -0 .3  to 1.3 V and b) 1.3 to -0 .3  V. The spectra are referenced to 0.1 mol dm ' 3  

TBAP/CH 3 CN and different colours (grey scale) correspond to different intervals o f  potential (Figure 4 .20).
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Figure 4.20: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)] acquired in 0.1 mol dm ' 3  

TBAP/CH3CN by cycling the potential between -0 .3  and 1.3 V. Arrows indicate the direction o f  potential 

sweep.

Panel d summarises the variation o f  absorbance during a complete voltammetric 

cycle. The absorbance o f  bands associated with the modified electrode only varies 

between 0.2 and 1.3 V, which coincides with the electrochemical response o f  the 

electroactive film (Figure 4.20). In terms o f  absorbance variation there are three distinct 

profiles (anodic half-cycle): (i) decrease o f  absorbance between 0.2 and 1.3 V (band at
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-̂max = 315 nm); (ii) increase o f  absorbance between 0.2 and 0.9 V and subsequent decrease 

between 0.9 and 1.3 V for bands at A.max= 382nm, 435 nm and 945 nm; (iii) negligible 

variation o f absorbance between 0.2 and 0.9 V and increase o f  absorbance between 0.9 and

1 .3 V for the band at A,max = 508 nm. In the reverse (cathodic) half-cycle these profiles are 

reversed, but with some hysteresis.
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Figure 4.21: Differential o f  UV-Vis spectra depicted in Figure 4 .19 : a) spectra acquired from -0 .3  to 

0.3 V and referenced to poly[N i(3-M esalophen-bl5-c5)] at -0 .3  V; b) spectra acquired from 0.3 to 0.9 V 

referenced to poly[Ni(3-M esalophen-bl5-c5)] at 0.3 V and c) spectra acquired from 0.9 to 1.3 V referenced 

to poly[Ni(3-M esalophen-bl5-c5)] at 0.9 V; d) variation o f  absorbance with the applied potential for a 

complete voltammetric cycle (absorbance referenced to poly[N i(3-M esalophen-bl5-c5)] at -0 .3  V).

4.4.2.1 Determ ination o f extinction coefficients associated with the UV-Vis 

bands

Figure 4.22 shows the Abs vs. qredox plots at the wavelengths associated with 

electronic transitions. The relation between the charge consumed during redox switching 

(:Qredox) and the absorbance enables the estimation o f  extinction coefficients ex (Equation
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2.34, Chapter 2). The slopes o f  linear regions where the variation o f  absorbance is 

maximum were used for the determination o f  ex (Table 4.10T
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F igure 4.22: Dependence o f absorbance (referenced to the polym er at -0 .3  V) on qredox=Qredox/A at 

a) -̂max = 315 nm, b) ^ max = 382 nm, c) Xmax = 435 nm, d) >.max = 508 nm and e) ^ max =945 nm.

The values obtained for extinction coefficients show that the electronic transitions 

occurring during oxidation involve states with considerable contribution from ligand 

orbitals24. Since these bands are associated with the occurrence o f  oxidation/reduction
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processes within the polymer, these findings support the assumption o f  the electrochemical 

response being ligand-based. Similar results were found for analogous poly[Ni(sfl/eA7)] 

film s1’25.

Table 4.10: Extinction coefficients £x associated with the electronic transitions.

Peak wavelength X =315 nm X =382 nm X =435 nm X =508 nm X =945 nm

Sx/mol' 1 dm 3 cm ' 1 18120 6200 6210 13540 16010

4.4.2.2 Charge carriers and the polaron model

Spectroscopic studies carried out for similar poly[N i(sa/e«)] films by Vilas-Boas and 

co-workers1,25 showed that the occurrence o f  vibrational bands whose intensity varies with 

the applied potential are associated with the m ovem ent o f  charge carriers along the 

polymeric chains. Additionally, EPR studies identified these charge carriers as being 

radicals (paramagnetic) and U V -V is studies showed that some o f  the bands only appeared
9A 98

when the polymers were oxidised. Based on these results, the polaron model " was 

suggested to explain the conductive properties o f  these polymeric systems.

Similarly, poly[N i(3-M esalophen-bl5-c5)] film  shows electronic properties typical 

o f  conducting polymers and the assignment o f  the bands is then based on the polaron 

model (Figure 4.23). The band occurring at Xmax= 315 nm ( Wjotai’ 3.93 eV), which  

decreases throughout all the oxidation process, corresponds to the electronic transition 

between the valence band and the conduction band. The bands occurring at Xmax =382, 

^max —435 and A,max =945 nm show similar behaviour with the potential and are assigned to 

polarons formed during the polymer oxidation: Xmax =382 nm (W j: 3.24 eV) corresponds to 

a transition between valence band and the anti-bonding polaronic state, Xmax = 435 nm (W2 : 

2.85 eV) to the transition from the bonding polaronic state to the conduction band, and 

^max = 945 nm (W3 : 1.31 eV) to the transition between the valence band and the bonding 

polaronic state.

Considering a symmetrical distribution o f  energies, Wrotai = W2 +W 3 . The sum gives 

4.16 eV, only 6 % different to the observed Wjotai- Using the same logic, the energy 

corresponding to the transition between the bonding and anti-bonding polaronic states is
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given by Wj -W3 =W 4, which in this case is 1.93 eV (kmax = 642 nm). This transition 

possibly corresponds to the inflexion observed in Figure 4.21c at Xmax ~  740 nm. This 

band may be masked by the transition at Xmax =  945 nm during all the potential range 

except when the absorbance o f  the latter decreases.

The transition occurring at Xmax =508 nm shows a distinct behaviour, increasing only 

after the polaronic bands attain their m axim um  values. This band may be attributed to a 

charge transfer between the metal centre and the new electronic levels formed during the 

oxidation.

w2Total

(3.93 eV) (2.85 eV)
(3.24 eV)

(1.31 eV)

m m m m

Figure 4.23: Assignment o f  electronic transitions for poly[N i(3-M esalophen-bl5-c5)], based on the 

polaron model (VB = valence band; CB = conduction band).

4.4.3 UV-Vis properties of poly[Ni(3-Mesalophen-bl5-c5)] in the 

presence of metal cations - ion recognition studies

The UV-Vis spectra o f  poly[N i(3-M esalophen-bl5-c5)] films were also studied in 

the presence o f  cations. After polymerisation and redox-switching in background 

electrolyte, a 200 pL aliquot o f  0.05 mol dm ' 3 X (C 1 0 4 )2  (X= M g2+, Ba2+) (final
3 3 * 3concentration 2  mmol d m ') or 5 mmol dm' CsClCU (final concentration 0.2 mmol dm’ ) 

was added to the background electrolyte solution. The system was then left to equilibrate 

for 15 minutes at 0.0 V and then the potential cycled and the U V -V is spectra 

simultaneously acquired. The solution was then removed and the m odified electrode 

washed with dried CH3CN. The U V -V is spectra o f  the film were again acquired in 

background electrolyte.

Figure 4.24 shows the U V -V is spectra o f  the modified electrode acquired at 

E= -  0.3 V. The response o f  the film in the reduced state is similar in the presence o f  Cs+
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and Ba2+, but different in the presence o f  M g2+. After the addition o f  Cs+ or Ba2+, the

absorbance o f  bands occurring at X< 800 nm decreases, while the absorbance o f  band at
2+m̂ax=945 nm increases. In the presence o f  M g , the absorbance o f  all the bands increases, 

and the band at A^^SOS nm is displaced to lower wavelengths.

The U V -V is spectra o f  the m odified electrodes at 0.9 V are depicted in Figure 4.25 

(panels a, c and e). At this oxidising potential the bands vary in a similar way, regardless 

o f the nature o f  the cation: the absorbance o f  the band occurring at A.max= 315 nm increases 

in the presence o f metal cations, but the absorbance o f  bands at ^max= 382 nm, Xmax=435 nm 

and Amax=508 nm decreases. The band at A,max= 945 nm shows an interesting profile: in the 

presence o f metal cations the absorbance decreases and A,max is displaced to shorter 

wavelengths; when the film is cycled again in background electrolyte, the band is displaced
2"b 2“bback to higher wavelengths, and in the case o f  M g and Ba part o f  the absorbance is also 

restored. At 1.3 V (panels b, d and f ) similar trends are observed, except for the 

absorbance o f the band at >™ax= 382 nm, which increases in the presence o f  M g2+, and the
94- 94-

absorbance at 650 nm, which also increases in the presence o f  M g and Ba .
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Figure 4.24: UV-Vis spectra o f  poly[N i(3-M esalophen-bl5-c5)] acquired in 0.1 mol dm ' 3  

TBAP/CH3CN at -0 .3  V after the addition o f  200 pL o f  a) 5 mmol dm ' 3 CsClCVO.l mol dm ' 3  TBA P/CH 3CN 

and b), c) 0.05 mol dm ' 3 X(C10 4 ) 2  (X= M g2+, B a2+) / 0.1 mol dm *3  TBA P/CH 3 CN. The spectra are referenced 

to 0.1 mol dm ' 3 TBAP/CH 3 CN. A rrows indicate variation o f  absorbance (vertical) and wavelength 

(horizontal).

Table 4.11 depicts Â ax and £\ for each type o f  cation added. Overall, both these 

parameters decrease upon cation addition, but when cycled again in background electrolyte 

they are partially restored, indicating some degree o f  reversibility.

The band at >^ax=945 nm shows the highest displacement in the presence o f  metal 

cations. This band is associated with the transition between the valence band and the 

bonding polaronic state. Considering a symmetric distribution o f  energy, i f  the energy 

difference between these two electronic levels is increased, the electronic transition 

between bonding and antibonding polaronic states w ill occur at lower energies (recall 

Figure 4 .23). which may explain the increase in absorbance observed in 650 nm at 1.3 

V.
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Figure 4.25: UV-Vis spectra o f  poly[N i(3-M esalophen-bl5-c5)] acquired in 0.1 mol dm ' 3  

TBAP/CH3CN at 0.9 V (a, c and e) and at 1.3 V (b, d and f) after the addition o f  200 pL o f a) and b) 5 mmol 

dm ' 3 CsClCVO.l mol dm ' 3  TBAP/CH3CN and c) to f) 0.05 mol dm ' 3 X (C10 4 ) 2  (X= M g2+, B a2+) / 0.1 mol 

dm ' 3 TBAP/CH 3 CN. The spectra are referenced to 0.1 mol dm ' 3 TBA P/CH 3 CN. Arrows indicate variation o f 

absorbance (vertical) and wavelength (horizontal).
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Table 4.11: Response o f  extinction coefficients associated with the electronic transitions, to cation 

additions.

Before addition A fter addition
Film +cation cycled in 

background electrolyte

C s+ A dditions

X/nm £ /m ol'1 dm'3 cm X/nm £ / m ol'1 dm'3 cm X/nm £ / mol'1 dm'3 cm

315 17560 313 11060 315 14410

384 5500 381 5490 382 5700

431 5980 427 4180 427 4720

508 15390 497 14430 500 13740

945 14750 932 11820 926 12880

M g2+ Additions

X/nm £ /  mol'1 dm'3 cm X/nm £ / m ol'1 dm'3 cm X/nm £ /  mol'1 dm'3 cm

314 20900 308 12730 313 18310

381 6740 380 4990 380 5650

437 7430 429 4170 430 6540

504 15370 496 10720 506 14380

934 18960 887 11250 910 16570

Ba2+ Additions

X/nm el mol'1 dm'3 cm X/nm £ / m ol'1 dm'3 cm X/nm £ / mol'1 dm'3 cm

315 18120 312 15790 315 18700

382 6200 379 6240 380 6810

435 6210 429 5680 428 5910

508 13540 511 14500 506 15223

945 16010 906 15350 930 15540
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C o n c l u d in g  R e m a r k s

The oxidation o f  [N i(3-M esalophen-bl5-c5)] complex in acetonitrile leads to the 

formation o f  electroactive films on the surface o f  the working electrode. The oxidation 

degree n associated with poly[N i(3-M esalophen-bl5-c5)] was found to be a fractional 

number (0.47), indicating that the electrochem ical response is associated with the polymer 

backbone rather than the nickel metal centre. Moreover, surface coverage r  was found to 

increase linearly with the number o f  deposition cycles in all the range o f  film s prepared ( 1- 

150 deposition cycles) and the rate o f  charge transport considered fast in the experimental 

timescale investigated (0.01-0.5 V s'1).

Ion recognition studies were performed using perchlorate salts o f  Cs+, M g2+ and 

Ba2+. Cyclic voltammetry showed the displacem ent o f  redox features to positive potentials 

and decrease in the magnitude o f  current intensity, which was associated with the presence 

o f  metal cations within these conjugated polym ers. Dynamic studies showed that in the 

presence o f large amounts o f  metal cation, the rate o f  charge transport becom es diffusion 

controlled, particularly in thick films (T >  70 nmol cm'2).

The electrochemical response o f  m odified electrodes can be divided into two 

different stages: the first corresponds to the first few  additions ( l st-3rd addition), and the 

second to the subsequent additions (4th- n111 addition). In the first stage, Nem stian  

dependence o f  the peak potential Epai on the metal cation concentration was observed when 

the following conditions were simultaneously fulfilled: (i) films prepared with low  r  and 

(ii) aliquots o f  low cation concentration (5-20 pm ol dm' ) were added. For thicker films 

and higher cation concentration the size o f  cation becom es important, and only for M g2+ 

additions could Nem stian relations be observed. The magnitude o f  the peak current ipcn 

was also found to vary oppositely in the presence o f  M g2+ (increase) and Cs+ or Ba2+ 

(decrease). In the second stage the doping/undoping process, together with the presence o f  

metal cation, seems to play a detrimental role in the stability o f  film.

The reproducibility o f  the voltammetric response decreases for films prepared with 

r> 70 nmol cm' . Additionally, the variation o f  ion recognition properties was found to be 

non-monotonic with the increase o f  r .  These findings suggest the occurrence o f  

morphologic changes and increase o f  film heterogeneity with increase o f  77
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Analysis o f  UV -V is spectra o f  the m odified electrode showed that the deposited 

species are chromophores whose electronic structure varies reversibly with the doping 

state. In addition, the values o f  extinction coefficients suggest that the electronic 

transitions occurring during doping/undoping o f  these films involve states with 

considerable contribution from ligand orbitals. The U V -V is bands were assigned to the 

formation o f charge carriers, more specifically polarons, except for the band at Xmax=  508 

nm whose profile suggests it to be associated with charge transfer between the metal and 

fully oxidised polymer.

In the presence o f  metal cations there is a displacement o f  U V -V is bands towards 

higher energies. The extinction coefficients are o f  the same order o f  magnitude as prior to 

the additions, indicating that the conduction mechanism is kept in the presence o f  metal 

cations. After the removal o f  metal cations from the electrolyte partial reversibility was 

observed. Although the optical changes observed in the presence o f  metal cations are 

useful in fundamental/mechanistic studies, they are not large enough to use analytically. 

The electrochemical response seem s to be better suited for this purpose.
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Chapter 5

Co m p o s it io n a l  a n d  S t r u c t u r a l  S t u d ie s  o f  

P oly[M (sa l e n ) ]  F il m s  b y X -r a  y  Te c h n iq u e s :

XPSandXAS
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5.1 In t r o d u c t io n

In the previous chapter poly[N i(3-M esalophen-bl5-c5)] was shown to possess 

conducting properties typical o f  conjugated polymers. The coulometric assay suggested  

that the electrochemical response is ligand-based and the conducting properties were 

attributed to the formation o f  polarons; these are characteristics observed for all the range 

o f poly[M (salen)] electroactive film s studied so far1"4. In addition, spectroelectrochemical 

studies showed that the chemical and physical properties o f  these film s are typical o f  

polyphenylene compounds1,4. In spite o f  the extensive work involving the characterisation 

o f these systems, little is known about their structure. There are crystallographic data 

reporting the structure o f  [Ni(stf/e>?)] com plexes5 but not o f  poly[N i(sa/e«)] films. The 

latter are soft, amorphous materials, with a low  degree o f  long-range structural order, and 

therefore conventional X-ray diffraction techniques cannot be used.

Additionally, the electrochemical/spectroelectrochemical properties o f  poly[N i(3- 

Mesalophen-bl5-c5)] were investigated and found to change upon metal cation addition; 

these results suggest that this film  fulfils two indispensable requirements for sensing 

applications: selectivity towards the target species and a suitable detection method6. The 

first is inherent to the characteristics o f  crown ethers, which are known to bind selectively
n

to cations based on the macrocyclic effect ; the second results from the fact that this film  

possesses redox properties and the inclusion o f  guests at sites sensitive to changes in 

electronic environment offer the prospect o f  an electrochemical route for their detection6,8. 

Similar results were found by Cameiro9 for film s bearing pseudo-crown ethers, poly[M (3- 

MeOsaltMe)] (M=Ni, Cu). However, the location o f  the binding site and the mechanism  

by which the bound species perturbs the film  electronic structure (and thus redox 

characteristics) are unknown; acquiring this information is critical to the optimisation o f  

these systems for ion recognition purposes. Though not directly, electrogravimetric studies 

by Martins and co-workers10 showed that poly[N i(3-M eO salophen-bl5-c5)] films are able 

to detect electroinactive ions (such as Ba ) at micromolar levels; furthermore, the shapes 

o f the isotherms suggested two binding sites, the crown ether itself and a “pseudo-crown” 

involving the methoxy groups and the oxygens connected to the nickel metal centre.

In this chapter, compositional and structural studies o f  different poly[N i(sa/e/7)] films 

by XPS and XAS are presented. The aims o f  this work are two-fold: (i) determination o f  

the structure o f  poly[Ni(sa/e«)] films; (ii) rationalisation o f  ion recognition properties in
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terms o f  structural characteristics. The first objective is accomplished by the study o f

EXAFS near the Ni K-edge. The second is provided by using Ba2+ as the “probe” ion:

analysis o f  EXAFS near Ba K-edge w ill unambiguously identify the structure around Ba2+
• 1112and therefore the receptor site ’ .

There are few  works reporting X A S studies o f  [M (salen)\ com plexes. The majority 

o f them are associated with the application o f  [M (salen)] for catalytic purposes, either in 

solution13,14 or in heterogeneous system s15,16. There are two studies reporting [M (salen)] 

complexes in polymeric systems, one by N ishide et a l17 and the other by Youm et al18; 

neither, however, reports the study o f  these com plexes within conducting  polymer systems. 

In the former, a [Co(salen)] com plex is supported in poly(octyl methacrylate) and the 

formation o f a Co/dioxygen adduct results in the reversible stretching o f  the polymer. The 

work by Youm et al reports the preparation o f  a ID heterometallic coordination polymer 

containing [Mnm(salen)] and a [FeH(L)2] m oiety. XA S is used to confirm the reduction o f  

the iron centres when the [Fem(L)2]+ m oiety is incorporated into the polymer. A lso, only a 

relatively small number o f  EXAFS studies involving polymers with crown ethers can be 

found in the literature19'21.

This chapter is divided into two sections: in the first, compositional studies by XPS 

are presented for one o f  the electroactive film s also studied by X A S, poly[N i(3- 

Mesalophenbl5-c5)]; the second section presents the results o f  XA S studies performed in 

poly[Ni(sa/e«)] films and is divided into two subsections. In the first subsection, a film  

bearing only a pseudo crown receptor (poly[Ni(3-M eO saltM e)]) is studied in detail. The 

second subsection is devoted to X A S results obtained for poly[Ni(sa/eH)] films bearing 

benzo-crown ether macrocycles.
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5.2 C o m p o s i t io n a l  S t u d ie s  o f  P o ly [ N i ( 3 - M e s a lo p h e n -  

b15-c5)] b y  XPS
The results o f  XPS measurements for film s cycled in background electrolyte, both in 

the absence and presence o f  Ba(C 1 0 4 )2, are depicted in Figure 5 .1 . The spectra acquired

show that there are no significant changes in the N , O, C, N i and Cl spectral lines upon
2+ •metal addition, although Ba ingress into the film  is evident.

Table 5.1 presents the ratios o f  N :N i, 0 :N , Cl:Ba and Ni:Ba in each sample analysed. 

Comparing the expected ratios o f  the monomer with those o f  the film, the amount o f  N  in 

the film is higher than in the monomer structure. This may be due to the presence o f  

solvent molecules (CH3CN), thereby indicating the film permeation by solvent. 

Furthermore, the presence o f  Cl within the polymeric film also shows the ingress o f  ionic 

species from the electrolyte. To some extent, this also explains the excess o f  O content in 

the film. Addition o f  Ba(ClC>4)2 to background electrolyte results in the increase o f  N
2“b(more solvent goes inside the polymer) probably because Ba is solvated and the porosity 

o f the film allows its ingress in this arrangement.

If Ba2+ and CICV contents in the film  are influenced by its doping state, one would
2_j_

expect that, in the reducing state, the amount o f  Ba would be half as much as that o f
• 7-f-CICV (in fact, the proportion o f  CIO4' could be higher than 2:1 with respect to Ba if  

TBA+ is also entrapped). The Cl:Ba ratio was found to be considerably lower than 

expected, 0 .6 :1 .
1

The Ni:Ba ratio is 3.6:1, i.e. there is about one Ba for each 4 monomer units.
2_|_

Considering the classical cation diameter-hole size relationship, Ba would not fit the 

crown pocket because its ionic radius is 1.35 A  22,23 and the diameter o f  15-crown-5 is 1.7-

2 .2  A 24. In this case, the formation o f  sandwich com plexes (benzo-15-crown-5/Ba2+/ 

benzo-15-crown-5) would be expected25. However, i f  barium formed sandwich com plexes

with all these macrocycle rings, the Ni:Ba ratio would have been 2:1, which corresponds to
2 +

twice as much Ba .
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- 2Figure 5.1: XPS spectra o f  poly[N i(3-M esalophen-bl5-c5)] (/^=14 nmol cm ' , reduced state) with (—) 

and without (— ) Ba(C104)2, in the regions o f  a) C Is, b) O Is, c) N Is, d) Ni 2p, e) Cl 2p and f) Ba 3d.
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Table 5.1: Atomic proportions o f  the elem ents present in films prepared with r ~  14 nm ol cm ' 2  (scan 

rate of polymerisation v = 0.05 V s '1), in the absence and presence o f Ba(C10 4 ) 2  (0.002 mol dm '3). The 

precision is generally 0 . 1  atomic %.

Sample
C N

Atom ic % 

O Ni Cl Ba
N/Ni O/N Cl/Ba Ni/Ba

Monomer* 75.0 5.0 17.5 2.5 — — 2.0 3.5 --- ---

Film 71.7 3.3 23.5 1 . 1 0.4 — 2.9 7.2 --- ---

Film+Ba2+ 70.1 3.9 24.4 1 . 1 0 . 2 0.3 3.6 6.3 0.6 3.6

(*) estimated values based on the m onom er structure

Table 5.2 summarises the XPS results obtained for film s prepared in similar 

conditions to those presented in Table 5 .1 . except for the scan rate: the 

poly[Ni(3-M eslophen-bl5-c5)] films shown in Table 5.1 were prepared by cycling the 

potential at 0.05 V s'1, whereas the film s presented in Table 5.2 were prepared at 0.1 V s'1. 

Electrochemically, the former have twice as much electroactive deposited species as the 

latter, which is expected since at lower scan rates the system spends longer times at 

oxidising/polymerising potentials (higher amount o f  deposited species per cycle). 

Comparing the N:Ni and 0 :N  ratios o f  films in Table 5.1 and Table 5 .2 . film s prepared at 

lower scan rates show lower amounts o f  CH3CN; this may be explained by the fact that 

solvent molecules are uncharged species and therefore ‘respond’ slower to changes in 

doping states when compared to ionic species. This is particularly evident at shorter 

timescales.

The effect o f  Ba(C1 0 4 )2  concentration was also studied. When the concentration o f  

Ba(C104)2 in solution increased 25 times (from 0.002 mol dm’ to 0.05 mol d m ') the Cl:Ba 

proportion was found to remain the same, indicating that even when the concentration is 

increased, Ba2+ may be coordinated to donor atoms o f  the polymeric film  (oxygen atoms 

from the crown ethers and/or oxygen atoms bonded to Ni). However, the Ni:Ba proportion 

changed dramatically from 3.6:1 for 0.002 mol dm ' 3 o f  Ba(C104)2  in solution to 1:2.4 for
3 2~bBa(C104)2  0.05 mol dm’ . It seems that for low  concentrations Ba occupies sites within

2 +
the film which are more stable, whilst at more concentrated concentrations Ba occupies 

all the sites potentially available. This behaviour unambiguously identifies change in
2_j_

terms o f an ‘adsorption’ isotherm with the concentration o f  Ba in solution. Nonetheless,
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these changes cannot be considered to occur in all the film; XPS is a surface sensitive 

technique probing at most the first (outer) 1 0  nm o f  film, which excludes the inner layers. 

The films presented here have thickness ranging from 40 to 70 nm (estimated using r  and 

film density), implying that, at most, only the outer 25 % o f  the film was probed.

In the next section, the deconvolution o f  XPS spectra and chemical identification o f  

films in Table 5.1 are presented.

Table 5.2: Atomic proportions o f  the elem ents present in films prepared with 8  nmol cm ' 2  (scan 

rate o f polymerisation v = 0.1 V s '1), in the absence and presence o f  Ba(C10 4 ) 2  (0.05 mol dm '3). The 

precision is generally 0 . 1  atomic %.

Sample
C N

Atom ic % 

O Ni Cl Ba
N/Ni O/N CI/Ba Ni/Ba

Monomer* 75.0 5.0 17.5 2.5 — — 2.0 3.5 --- ---

Film 71.7 4.7 20.5 0 . 6 2 . 6 — 8.5 4.4 --- ---

Film+Ba2 6 6 . 0 4.3 26.1 0.7 1 . 2 1.7 6.1 6.0 0.7 0.4

(*) estimated values based on the m onom er structure

5.2.1 Deconvolution of XPS data

Deconvolution o f  the XPS spectra for C Is, N  Is and O Is allows one to obtain 

information related to the different chemical environments experienced by different atoms 

within the structure, which is depicted in Figure 5.2 (the results are summarised in 

Table 5.31.

The peak energies o f  the raw XPS spectra are displaced to more negative values than 

the typical energies found in XPS databases. This may be due to the flood gun effect 

(section 2.4.1.2, Chapter 2). Usually, to correct this energy shift, the binding energy for 

aliphatic C Is is considered to be at 285 eV. The difference between this value and the 

experimental peak energy is then adjusted to all the analysed elements (data used here as 

reference are reported elsewhere26). In the present case, the C Is spectrum is rather 

complex to assign. Using the N  Is spectra and considering from reference data that the 

spectral line should appear at 399 eV, the chemical shift was calculated and found to be ca. 

3 eV (see Figure 5.1).
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Figure 5.2: Deconvolution o f  raw XPS spectra for films in the absence (panels a, c and e) and 

presence (panels b, d and f) o f  Ba(C104)2. Numbers o f  the fitted peaks for the C Is spectral line (panels a 

and b) are assigned to the carbon atoms as shown in Figure 5.3 (see next page).
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The number o f  peaks used to fit the XPS spectra was chosen considering two 

aspects: the chemical environment and the presence o f  electrolyte species within the film. 

For the C Is spectral line, five peaks were used to fit the spectrum. This number 

corresponds to different chemical environments present in the monomeric structure (Figure 

5.3). As mentioned earlier, solvent m olecules are also expected to be found, but the 

addition o f extra peaks does not result in major improvements o f  the fitting. Then, it is 

plausible to assume that the peaks accounting for these extra sources are overlapped with 

the peaks corresponding to the polymer. If this is true, the proportion between the peak 

areas will not coincide with the ratio o f  carbon atoms in the monomer/polymer structure. 

In the case o f N Is, only one type o f  N  atoms would be observed considering the monomer 

structure, but the atomic percentages listed in Table 5.1 indicate the presence o f  solvent 

molecules; thus, two peaks were fitted. For O Is at least two distinct chemical 

environments can be detected, corresponding to the oxygen atoms bonded to nickel and the 

oxygen atoms in the crown ether. In addition, oxygen from perchlorate ions and the 

substrate (ITO) are also expected. The number o f  peaks found to give the best fitting in 

this case was four.

CH, 4  4  H,C

Figure 5.3: Different chemical environm ents o f  carbon in poly[N i(3-M esalophen-bl5-c5)].
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Table 5.3: Corrected binding energy values for XPS spectra presented in Figure 5 .2 .

Poly[N i(3-M esalophen-bl5-c5)]

Spectral line Binding Energy/eV

C Is 289.4 287 .8 286 .7  285 .6 284 .6

N Is 399.5 400 .9

O Is 534.3 533 .4 532.5 531.1

Cl 2p 2 0 7 -7[2p(3/2)]

Ni 2p 855.2[2p(3/2)] 872.4[2p(i/2)]

P oly[N i(3-M esaIophen-bl5-c5))+B a(C 104)2

Spectral line Binding Energy/eV

C Is 289.5 287 .8 286 .8  285 .6 284 .6

N Is 399.6 400 .9

O Is 534.4 533.4 532 .6  531.2

Cl 2p 207.8 [2p<3/2)]

Ni 2p 855.3[2p(3/2)] 872.5 (2p(i/2)]

Ba 3d 797.3[3d(3/2)] 781.1 [3d(5/2)]

For the C Is spectral line, the peak occurring at the highest energy (Figure 5.2. panel 

a) is attributed to the carbon atoms assigned with 1 in Figure 5.3 because they are bonded 

to the 0  atom, whose electronegative character is accentuated due to the bond established 

with the nickel metal centre. The area o f  peak 2 is similar to that o f  peak 1 (i.e. the number 

o f carbon atoms is identical) and is attributed to carbon atoms bonded to nitrogen atoms. 

Despite the binding energies being higher than expected for cyanides, it may be explained
* 2“Fby the increase o f  nitrogen electronegativity arising from its interaction with Ni . Peak 3 

corresponds to the carbon atoms bonded to the crown ether, since the relative area is one o f  

the largest and the peak energy is similar to the reference data (C Is for ethanol - 286.3 eV  

vs. 286.7 eV for peak 3). Peaks 4 and 5 are assigned to the electronically ‘shielded’ carbon 

atoms (occurring at lower energies). Comparison with the reference data allows the
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assignment o f  peak 4 to C atoms o f  methyl substituents (C Is for toluene is 284.7 eV vs. 

285.6 eV obtained for peak 4), whilst peak 5 is assigned to the aromatic carbons 5 (C Is for 

benzene is 284.4 eV vs. 284.6 eV observed).

Table 5.4 shows the areas o f  the C Is fitted peaks and their normalisation with 

respect to the smallest peak (in this case peak 2). There is good agreement between this 

parameter (column 3) and the proportion o f  C atoms (column 5), except for peaks 4 and 5. 

The area o f  peak 4 is higher than the expected whereas for peak 5 the opposite is observed. 

This may be related to the presence o f  solvent m olecules, an additional source o f  carbon
o I

atoms (CH3CN). In the presence o f  Ba (Figure 5.2. panel b) similar fittings were 

obtained for C Is. Notwithstanding some differences in the absolute values, the 

normalised areas still match the number o f  C Is atoms.

Table 5.4: Normalised areas and proportion o f  C atom s in poly[N i(3-M esalophen-bl5-c5)].

Peak Area

Poly[N i(3-M esalophen-bl5-c5)J  

Norm alised areas* N um ber o f C atoms Proportion o f C atom s

1 1837 1 . 2 2 1

2 1541 1 . 0 2 1

3 6622 4.3 8 4

4 5053 3.3 2 1

5 8202 5.3 16 8

Peak Area

Poly[N i(3-M esalophen-bl5-c5)]+B a(C 104)2 

Norm alised areas* Num ber o f  C atoms Proportion o f  C atoms

1 2015 1 . 0 2 1

2 1957 1 . 0 2 1

3 7048 3.6 8 4

4 5623 2.9 2 1

5 7898 4.0 16 8

(*) Peak areas normalised with respect to the smallest area (Peak 2).
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In the N  Is spectral line (Figure 5.2 panels c. dk the area o f  peak 2 is 4 to 5 times 

higher than peak 1 ; peak 2  is then assigned to nitrogen from the imine bridge, and peak 1 

to nitrogen from solvent m olecules. The area o f  peak 1 is about 20 %  o f  the total, which  

gives a measure o f  solvent entrapment within this system. The reference data show a very 

small difference in terms o f  energy between these two different sources o f  nitrogen (for 

instance, the spectral line N  Is for (C6H5)CN lies in the range 397.7-399.7 eV 26). In the 

presence o f Ba (panel d) the area o f  peak 1 corresponds to 30 % o f  the overall area, 

which is higher than observed for the film  with no Ba2+.

Four peaks were used to fit the O Is spectrum (panels e. f ). According to reference 

data, the spectral line associated with O 1 s in ethers occurs at higher energies for aliphatic 

than for aromatic compounds (538.5 vs. 533.0 eV, respectively26). To a first 

approximation, the XPS region including peaks 1, 2 and 3 would be assigned to the oxygen  

atoms o f the crown ether whilst peak 4 would be assigned to oxygen atoms bound to N i2+. 

Nonetheless, the proportion between these two is much higher than expected considering 

the monomeric structure (9:1 vs. 2.5:1). On the other hand, the ratio o f  (Peak 1+ Peak 

2):Peak 3 gives 2.4:1, closer to that expected. Hence, peaks 1 and 2 are assigned to the 

oxygen atoms o f  the crown ether, whilst peak 3 is attributed to the oxygen atoms bound to 

N i2+. The area o f  peak 4 has to be assigned to another source o f  oxygen. In principle it 

could be assigned to perchlorate, whose O Is spectral line may occur at lower energies
9 f\

than those o f the ether functionalities (532.7 eV  ). The area o f  peak 4 corresponds to 

about 10 % o f the overall area in the O Is region. The atomic percentage o f  O was found 

to be around 23 %  (Table 5 .IT so 2.3 % o f  oxygen may be attributed to the presence o f  

CIO4’. According to the atomic percentage o f  Cl (0.4 %) the percentage o f  oxygen  

associated with the perchlorate ion should be about 1 .6  %, which is considered in 

reasonable agreement. On the other hand, for the film  with Ba2+ the area o f  peak 4 still 

represents 10 % o f  the total O Is area (2.4 %). Since the atomic percentage o f  Cl in this 

case is only 0.2 % (and the oxygen atomic percentage in C lO f is 0.8 %), the assignment o f  

peak 4 cannot correspond to C1 0 4 ‘; the other possibilities include residual atmospheric 

contaminants and/or oxygen from the substrate (ITO). The former possibility is discarded 

because the samples were analysed in UHV conditions. The latter is more likely and 

would result in a fairly constant source o f  oxygen, which may be the reason why peak 4 

does not change from sample to sample. Oxygen from CIO4' has to be included in the area
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o f the peaks at higher binding energies. A  proof o f  this is the ratio (Peak 1+ Peak2):Peak 

3, which decreases to 2.3:1 in the presence o f  Ba .

For Ni 2 p(3/2) the position o f  the spectral line, both in the absence/presence o f  Ba2+, is 

typical o f  Ni in oxidised states (+2) (N i 2 ^ /2 )  in Ni(O H )2 occurs at 855.3-856.6 eV 26). 

For Ba 3 d(5/2), the value obtained is very similar to that obtained for Ba(C1 0 )4, but changes 

in the oxidation state or chemical environment cannot be confirmed because the energy o f  

this spectral line does not change significantly with barium oxidation state. However, the 

oxidation state o f  barium is considered to be +2  and to remain unchanged.

The deconvolution o f  XPS spectra was here used to provide insight into the different 

chemical environments experienced by atoms o f  the same element within the sample. 

Recognizing the uncertainties associated with the number and area o f  the fitted peaks, 

together with the characteristics o f  the fitting procedure, these insights are valid at the 

qualitative level.
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5.3 S t r u c t u r a l  S t u d ie s  o f  Poly[N i(& 4L£tv)] F i lm s  b y  

XAS

5.3.1 Poly[Ni(3-MeOsaItMe)]: polymeric films bearing pseudo crown 

receptors

The preparation and characterisation o f  poly[Ni(3-M eOsaltM e)] by cyclic  

voltammetry and analysis by XPS is beyond the scope o f  this thesis and was performed by 

other colleagues. Nonetheless, it is necessary to present here some information in order to 

interpret the data obtained by XA S (for further information see reference11).

5.3.1.1 Electrochemical Characterisation

Similar to other poly[M (stf/e«)] film s (Chapter 4), poly[Ni(3-M eOsaltM e)] was 

prepared by oxidative polymerisation o f  [Ni(3-M eOsaltM e)] in CH3CN. Figure 5.4a 

shows the voltammetric response acquired during the polymerisation process. In the first 

scan the current is characterised by a sharp increase in current at 0.71 V, followed by two 

incompletely resolved anodic waves at Epa= 0.84 and 0.92 V. On the reverse scan, four 

peaks occurring at £^=0.80, 0.72, 0.43, and 0.26 V  correspond to the reduction o f  prior 

deposited film. In the second anodic half-cycle two new anodic waves corresponding to 

the oxidation o f the previously deposited film  occur at Epa=0.26  and 0.56 V. A ll the 

observed features increase continuously with potential cycling, except for the broad peak 

occurring around 1.0 V in the first cycle, which is attributed to the monomer oxidation.

The voltammetric response o f  the m odified electrode was also analysed in 

background electrolyte (Figure 5.4bj. The voltammetric response evolves during the first 

few scans but then it stabilises, typically after 5 scans - ‘film  conditioning’. At this stage 

four chemically reversible processes occur at potential mean values <E(I)> = 0.19 V, 

<E(II)> = 0.40 V, <E(III)> = 0.80 V and <E (IV)> = 0.92 V. Similar coulometric assay to 

that presented in section 4.2.2.1 was used to determine the oxidation degree o f  poly[Ni(3- 

MeOsaltMe)]. The value o f  n (per monomeric unit) was found to be 0.52, indicating that 

the redox processes are ligand-based3.
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Figure 5.4: a) Oxidative polym erisation o f  1 mm ol dm ' 3 [N i(3-M eOsaltM e)] in 0.1 mol dm ' 3  

TBAP/CH 3 CN, between 0.0 and 1.3 V at 0.1 V s ' 1 (10 deposition cycles) and b) redox sw itching o f  the 

modified electrode poly[Ni(3-M eOsaltM e)] ( r= 4 6  nm ol cm '2) in 0.1 mol dm ' 3 TBA P/CH 3CN between 0.0 

and 1.3 V at 0.1 V s ' 1 11. Arrows indicate tim e sequence o f  cycles.

The voltammetric response o f  a poly[N i(3-M eO saltM e)] modified electrode ( r =  5.0
'j

nmol c m ') and its change upon successive additions o f  Ba(C1 0 4 )2  to the supporting 

electrolyte solution is shown in Figure 5 .5 . Upon Ba(C1 0 4 )2  additions, a new anodic 

feature appears at Epa=0.88 V, w hose peak intensity increases until reaching a plateau 

value. There is also a decrease in the current intensity associated with the anodic features 

previously observed in background electrolyte; the feature occurring at Epa =0.40 V  is 

positively shifted. In the reverse half-cycle changes are less significant: the peak at 

Epc =0.80 V increases in magnitude whereas the features at Epc =0.13 and 0.26 V decrease. 

These observations suggest barium uptake by poly[Ni(3-M eO saltM e)]; considering
'ji

the monomer structure (Table 1.1, Chapter 1) the most likely site for Ba allocation is the 

receptor site (pseudo-crown) formed by the two m ethoxy groups and the oxygen atoms 

bound to nickel. In solution, U V -V is spectroscopy revealed the formation o f  two Ba2+ 

adducts with [Ni(3-M eOsaltM e)]:Ba2+ stoichiometries o f  1:1 and 2:1 and association 

constants log Pn= 6.20±0.17 and log p2i=10.95±0.16, respectively27. The variation o f  the
9+

electrochemical response upon Ba addition is qualitatively similar for thicker films. 

Additionally, the saturation o f  Epa=0.88 V is a function o f  r ,  occurring at higher
2~bconcentrations o f  added Ba for thicker films. Since the electrochemical data suggest

2+ *Ba ion recognition is retained upon polymerisation, it is relevant to study this process 

with structural techniques.
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Figure 5.5: Voltammetric response o f  poly[N i(3-M eOsaltM e)] (r= 5 .0  nmol cm '2) acquired after 

successive additions o f 10 pL aliquots o f  2.5 mm ol dm ' 3  Ba(C10 4 )2 /0.1 mol dm ' 3  TBA P/CH 3CN to 0.1 mol 

dm ' 3 TBAP/CH 3 CN u .

5.3.1.2 Structural characterisation by XAS

XANES

In Figure 5.6 panel a N i-K  edge X A NES spectra o f  Ni(NC>3)2 solution, Ni metal foil 

and [Ni(3-MeOsaltMe)] powder are presented. The strong ‘white line’ (the absorption 

peak just above the edge) in N i(N O s)2 is characteristic o f  ionic N i2+; this implies that in 

aqueous solution the element is in its ionic form surrounded by solvent m olecules, 

interacting in a purely electrostatic manner. The similarity between the edge shapes o f  Ni 

metal and [Ni(3-MeOsaltMe)] suggest that N i in the salen  monomer is covalently bonded 

to the salen ligand. Chemically this is expected, since the charge o f  the metal centre is 

delocalised among the ligands [Ni(3-M eOsaltM e)] and N i is covalently bonded in the 

complex. Moreover, a pre-edge feature observed for [Ni(3-M eOsaltM e)] can be attributed 

to the transition Is—>3d (8330 eV), which is typical o f  nickel com plexes in a square-planar 

geometry28. These results support the assumption o f  N i being covalently bonded with a 

square planar geometry in [Ni(3-M eOsaltM e)]. Moreover, the edge shift o f  ca. 3 eV  

between the metal and complex spectra may be attributed to the LUMO-HOMO gap, 

which is consistent with features observed in the electronic spectra at X ~  400 nm9,29.

Figure 5.6 panel b depicts the raw spectra obtained for the complex 

[Ni(3-MeOsaltMe)] as a powder, dissolved in acetonitrile solution, in electroactive 

poly[Ni(3-MeOsaltMe)] films at different doping states in electrolyte solution, and in the 

presence o f  Ba(C1 0 4 )2. When the powder is dissolved in acetonitrile, no changes in the 

geometry around nickel occur; this is because Ni is bonded to a tetra-coordinate strong-
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field ligand, thereby preventing axial coordination by low-coordinating solvent such as 

CH3CN. In another words, the backscattered waves at Ni K-edge ‘see’ the same atoms in 

the proximity o f  the relevant atom, independent o f  the physical state o f  the sample.

Ni metal 
o 50 mmol dm3 Ni(N03)2 /H2C 

[Ni(3-MeOsaltMe)) powder
e
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F igure 5.6: XANES spectra in the region near Ni K-edge: a) Ni metal, 50 mmol dm ' 3  N i(N 0 3 )2 /H 2 0 ,  

and [Ni(3-MeOsaltMe)] powder; b) 1 [N i(3-M eO saltM e)] pow der; 2 20 mmol dm " 3  [Ni(3-M eOsaltM e)] 

/CH 3 CN; 3 20 mmol dm ' 3  [Ni(3-M eOsaltM e)]/20 m m ol dm ' 3  Ba(C10 4 )2 /C H 3 CN; 4 poly[N i(3-M eOsaltM e)] 

in 0.1 mol dm ' 3 TBAP/CH3CN at 0.0 V; 5 poly[N i(3-M eO saltM e)] in 0.1 mol dm ' 3  TBA P/CH 3CN at 1.3 V; 6  

poly[Ni(3-M eOsaltM e)]+Ba2+ in 0.1 mol dm ' 3 TB A P/C H 3CN at 0.0 V.

Proceeding towards electropolymerisation, the XA NES spectra o f  the electroactive 

films are almost identical to those o f  the monomers, regardless o f  the film  doping state. 

These findings show that (i) no changes in the bonding nature and geometry around the 

nickel atom take place when polymerisation occurs and (ii) the film  charge state does not 

affect the nickel XANES spectra, confirming that the redox processes are ligand-based, as 

expected from the electrochemical studies (section 5.3.1.1). With regard to ion recognition 

properties, the addition o f  barium perchlorate to both monomer and film  also does not 

affect the XANES spectrum, and by inference, the local environment o f  nickel.

Further structural information may be inferred from data collected at the Ba K-edge. 

For ion recognition purposes, a modified electrode was prepared and placed in contact with
'y

a 50 mmol dm' barium solution for 15 minutes. After rinsing the deposited film with 

solvent and immersing it in a barium-free electrolyte solution X-ray absorption spectra 

were acquired near the Ba-K edge (Figure 5 .7). The absorption signal p e r  se  proves the 

presence o f  Ba within the polymer. Furthermore, when comparing Ba in solution with 

that in the film, neither the pre-edge features nor the edge position (37441 eV) have 

changed (the metal oxidation state was unchanged). Although not shown in Figure 5.7 due
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to the normalisation o f  the edge steps, the main difference occurs in the peak heights. The 

Ba2+ concentration in solution is much lower than in the film. Nonetheless, the larger 

volume o f solution with respect to the film  means that the Ba2+ population accounted for in 

solution is thus larger than that in the film  (by a factor o f  1 0 0 , see the quantitative analysis 

in section 5.3.1.3),

e
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Figure 5.7: XANES spectra in the region o f  Ba K-edge for 1 0.05 mol dm " 3 B a(C 1 0 4 )2 /C H 3CN and 2 

poly[Ni(3-MeOsaltMe)]+Ba2+ at 0.0 V.

EXAFS at Ni K-edge

Analysis o f the EXAFS provides information on the N i neighbourhood in greater 

detail in terms o f coordination numbers, bond lengths and bonding nature. Due to the 

absence o f crystallographic data for [Ni(3-M eOsaltM e)] monomer, data obtained for 

similar compounds were used5 to estimate coordination numbers and distances o f  

neighbours around the relevant atom. The parameterisation is a fundamental step in order 

to get the best fit for the EXAFS data obtained.

Assuming in the first instance a nearly planar structure, the environment around 

nickel in the crystalline material (Figure 5.8) was approximated as a first shell around 

nickel composed o f  4 atoms (2  nitrogen and 2  oxygen) all at 1 .8  A from the nickel atom, a 

second shell with 2  carbon atoms at 2.7 A, a third shell with 1 carbon atom at 2 .8  A, a 

fourth shell composed o f  3 carbon at 2.9 A, and finally a fifth shell with 2  carbon atoms at

3.1 A. Since oxygen and nitrogen scatter in a similar way and also the data range is short, 

these atoms were grouped as follows: the environment assumed to fit the raw data is three 

shells around nickel, with the first one composed o f  four oxygen/nitrogen atoms at about 

1 .8  A, the second o f  6  carbon atoms at 2 .8  A and a third with 2  carbon atoms at 3 .1 A. The
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grouping o f  the second shell would give an extra static contribution to the Debye-W aller 

factor o f  about 80x10"4 A2.

1st coordination sphere (1.8 A)

2 nd coordination sphere (2.7-2.9 A)

3 rd coordination sphere (3.1 A)

Figure 5.8: Structural environment around the N i atom  - initial param eters for the fitting o f  EXAFS 

function.

The EXAFS fittings vs. experimental data, as well as the corresponding Fourier 

transform, are shown in Figure 5.9a and b , respectively. The first fitted peak is at 1.83 A 
(Figure 5.9b). and corresponds to 3.5±0.2 N /O  atoms; the second peak occurs at 2.82 A 
and corresponds to 4.2±1.0 C atoms; the third peak, superposed with the previous, occurs 

at 3.20 A and corresponds to 2 .2 ± 1 .6  C atoms. These findings are in agreement with the 

crystal molecular structure o f similar m onomers as regards distances, but the coordination 

number for the grouped/second shell is low. The Debye-W aller factors are all reasonable, 

although the extra static contribution to the second shell appears to be only about 

3 5x1 O' 4 A2. This suggests that the given rounded distances rather overestimate the 

splitting.
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Figure 5.9: a) EXAFS functions (— ) data and (o ) fitting, and b) Fourier transforms for 1 [Ni(3- 

MeOsaltMe)] powder; 2 20 mmol dm ' 3  [N i(3-M eO saltM e)]/CH 3 CN; 3 20 mmol dm ' 3  [Ni(3-MeOsaltMe)] / 

20 mmol dm ' 3  Ba(C104 )2 /CH 3 CN; 4 poly[N i(3-M eOsaltM e)] in 0.1 mol dm ' 3 TBAP/CH3CN at 0.0 V; 5 

poly[Ni(3-MeOsaltMe)] in 0.1 mol dm ' 3 TBA P/CH 3CN at 1.3 V; 6  poly[Ni(3-M eOsaltM e)]+Ba2+ in 0.1 mol 

dm ' 3  TBAP/CH3CN at 0.0 V.

The EXAFS fits for the rest o f  the samples are similar to those described above. The 

structural information is presented in detail in Table 5 .5. In the case o f  [Ni(3-MeOsaltMe)] 

monomer, no change in the EXAFS is observed when it is dissolved in acetonitrile 

solution. Then, not only the bonding state and geometry (inferred from XANES) but also 

the coordination spheres near the neighbourhood o f  the relevant atom (< 3.5 A) are 

maintained; this is a clear indication o f  conservation o f  both electronic and structural 

environment when dissolution occurs.

Moreover, the structural environment around the nickel atom is kept when 

polymerisation occurs. This is in agreement with the proposed model for polymerisation 

o f  [Ni(sa/e«)] complexes: coupling o f  monomeric units without significant structural 

change. In addition, the structural environment around N i was found to be invariant with 

respect to the film ’s doping state (reduced vs. oxidised state). This is striking evidence o f  a 

ligand-based redox process.

Effects arising from the insertion o f  a barium salt in the electrolyte solution and its 

incorporation into the electrochemical film  are not detected in terms o f  structural features 

around nickel atoms. Therefore, barium is likely to interact with the polyphenylene 

backbone rather than the nickel atom. In order to understand the process o f  ion uptake and 

to get additional information regarding to Ba2+ location inside the films, EXAFS analysis at 

the Ba K-edge data was performed.
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Table 5.5: Structural information obtained from EXAFS analysis near the Ni K-edge.

Sample
Coordination

num ber
r ± 0 .02 / A ct2/ 1 0 4 A2

3.5±0.2 1.83 (N/O) 15±5

[Ni(3-MeOsaltMe)] in powder 4.2±1.0 2.82 (C ) 15±15

2.2±1.6 3.20 (C ) 30 ±60

3.2±0.3 1.83 (N/O) 5±5

[Ni(3-MeOsaltMe)] in solution (20 mmol dm'3) 4.7±1.5 2.82 ( C ) 30 ±30

2.2±1.6 3.20 (C ) -10 ±45

3.7±0.2 1.83 (N/O) 30 ±5

[Ni(3-MeOsaltMe)] (20 mmol dm'3)/ Ba(C104)2 

(20 moldm'3)
4.0±0.8 2.83 (C ) 15 ±20

2 .1± 1.2 3 .1 7 (C ) 45 ±65

3.8±0.2 1.84 (N/O) 30 ±5

Poly[Ni(3-MeOsaltMe)l reduced state (0.0 V) 4.5±0.8 2.81 (C ) 25 ±15

2.0±1.0 3 .1 9 (C ) 0 ±30

3.8±0.2 1.84 (N/O) 35 ±5

Poly[Ni(3-MeOsaltMe)] oxidized state (1.3 V) 4.3±1.0 2.82 ( C ) 25 ±25

1.5±1.0 3.21 (C ) -30 ±45

3.8±0.2 1.84 (N/O) 25 ±5

Poly[Ni(3-MeOsaltMe)]+Ba2+ reduced state 

(0.0 V) 4.5±1.0 2.82 ( C ) 35 ±20

2.1 ±1.0 3.20 (C ) -15 ±35

EXAFS at Ba K-edge

Barium perchlorate solution (0.05 mol dm"3) was measured in the Ba K-edge region 

in order to determine both the electronic and chemical environment around the barium
2 “bcation. For the initial parameterisation step, it was not obvious whether Ba is solvated by 

solvent molecules or instead if  it forms ionic aggregates with CIO4'. It was assumed that 

Ba2+ would be surrounded by 4 N  atoms (from the solvent) at 2.91 A. The fitting o f
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EXAFS data showed that Ba2f is surrounded by 5 ±  1 N atoms at 2.91 A with a Debye- 

Waller factor o f  130 ±  30 xlO '4 A2. This suggests a coordination o f  either 6  CH3CN or 

CIO4’ (the scattering factors o f  C, N  and O are similar). The former is, however, more 

likely due to the low concentration o f  the perchlorate salt.

As suggested previously, the barium cation should be located in the receptor site with 

4 oxygen atoms, 2 o f  them covalently coordinated to nickel and the other 2 from the 

methoxy substituents in the phenyl rings. Therefore, the EXAFS spectra were fitted by 

considering a shell o f  4 oxygen atoms surrounding Ba2f at 2.76 A (Figure 5.10).

3.27 1.90
2 90.

3 66
2 60

3 65A

Ba

R

Figure 5.10: Structural environment around Ba2+ - initial parameters for the fitting o f  EXAFS 

function, a) Schematic view of Ba2+ coordinated to the pseudo-crown; b) result o f DFT calculations for the 

complex [Ni(3-MeOsaltMe)]+Ba2+ 11.

The results obtained for film+Ba2+ indeed show a different environment around Ba2+ 

when compared to the salt in solution (Figure 5.11): fourfold B a -0  coordination at the 

usual B a-0  distance o f  about 2.75 A (Table 5.6). Besides, the very large Debye-W aller 

factor o f ca. 2 0 0 x 1 O' 4 A2 shows that the environment is very distorted; comparing this 

value with that obtained for N i-0  near the N i-K  edge, it indicates that the nature o f  

interactions between the sampled atom and its neighbourhood is quite different; while 

nickel is coordinated to oxygen/nitrogen atoms with some degree o f  covalence, the
# *  ̂jinteractions between Ba and the oxygen atoms in the pseudo-crown are purely 

electrostatic, which explains the higher thermal vibrations/disorder. If the barium cation is 

located in the pseudo-crown then it will be about 4 A away from the nickel (from DFT 

calculations this is 3.66 A). A weak contribution at this distance is possible according to 

EXAFS data, but cannot be fitted.
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Figure 5.11: a) EXAFS functions (—■) data and (o ) fitting, and b) Fourier transforms for 1 50 mmol 

dm*3 Ba(C104)2; 2 poly[Ni(3-MeOsaltMe)]+Ba2+ in 0.1 mol dm'3 TBAP/CH3CN at 0.0 V.

Table 5.6: Structural information obtained from EXAFS analysis near the Ba K-edge.

C oord ina tion
r ±0 .02/ A a 2/ 10*4 A2Sample

nu m b er

Ba(C104)2 (0.05 mol dm'3) solution 5±1 2.91 (C/N) 130 ±30

Polymer +Ba2+ reduced state (0.0V) 5.0±1.2 2.75 (O) 230 ±60

5.3.1.3 XAS and XPS: bulk vs. surface probes

Quantitative analysis o f  XANES

The edge step in a transmission experiment can be used to measure the number o f  

atoms per square metre in the beam and, i f  the density is known, the film thickness. It is 

also possible to determine the atom content from the fluorescence intensity by comparison 

with that from a known sample: in this case it is important that neither the sample nor the 

detector are moved. The absorption equation is given by:

I  = 70 exp (5.1)

where oa is the atomic absorption cross-section, nd the atomic density, t the thickness and 

the sum is over all atomic types in the beam, including the sample, cell and substrates. /  

and Io are in arbitrary units due to the variability o f  the gas filling in the ion chambers.
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Thus, when ln(Io/I) is evaluated (which is the output from the station) an arbitrary constant 

is present:

In^o n ) =  ' Z ° a ,nJ ,  + C  (5.2)
/

If the edge step is measured in a transmission experiment, all the terms in the above 

equation will cancel except for that involving the edge we are measuring:

step = ndth<Ja

where Aoa is the change in the atomic absorption cross-section at the edge. For the N i K- 

edge Aca is 2.9 xlO4 bam atom ' 1 and for the Ba K-edge Aoa is 6  x 103 bam atom'1. The 

results for the Ni K-edge are presented in the Table 5 .7 .

Table 5.7: Quantitative analysis o f  XANES for [Ni(3-MeOsaltMe)J systems (Ni K-edge).

Sample Edge step
nd t /

1023 a tom .m 2

N i(N 03)2 (50 mmol dm'3) aqueous solution. 0.50 1.0

Monomer powder 0.15 0.5

Monomer (20 mmol dm'3) solution 0.17 0.6

Monomer (20 mmol dm'3) solution + Ba2+ 0.20 0.7

Film reduced state (0.0 V) 0.09 0.3

Film+Ba2+ reduced state (0.0 V) 0.10 0.4

Film oxidised state (1.3 V) 0.06 0.2

Film oxidised state (1.3 V) 0.03 0.1

The ridt values are obtained using the com plex molecular weight o f  441 and the film  

density o f about 1200 kg m' ’ ' . The N i concentration in the electrochemical films is 

therefore about rid (Ni)=T .8  xlO atoms m' . Thus the nickel atoms are separated by about 

1 nm on average. Combining this data with the measured nickel edge steps, thicknesses o f  

10 to 20 pm were derived for the various films studied. These films were deposited using 

between 20 and 30 electrochemical cycles, so the deposition rate is about 0.5 pm per cycle.
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The problems in using the fluorescence intensity are apparent: i f  the detector is 

moved, there is no proportionality with the absorption edge step. This is a particular 

problem on Station 7.1 at Daresbury where the fluorescence detector has a rather small 

angular acceptance. In the runs on Station 16.5 at Daresbury the detector was not moved  

significantly and has a larger angular acceptance. In all runs except the last, Ba2+ was 

present in both the film and the electrolyte. In these cases, the fluorescence intensity was 

always about 12. This corresponds to 5 or 6  mm o f  0.05 mol dm "3 electrolyte solution and
23 2a ridt value o f 0.5x10 atom m" , as calculated above from the single edge step value. The 

last run was o f  Ba2+ in a film exposed to background electrolyte solution. The 

fluorescence was about 0.12, i.e. only about 1% o f  the Ba2+ measured previously was in 

the film. Thus the film contained about 0.5 x 1021 atom m "2 Ba2+: an amount equivalent to
7 •

100 nmol cm" . This is in line with the electrochem ical determinations on much thinner 

films. Assuming a Ni:Ba ratio o f  1:1, so that nd is 1.8 x 1027 Ba atoms m"3, then the Ba2+
2 “bfilm thickness (depth o f  Ba into the film ) is about 0.5 pm. If this assumption is right then 

Ba2+ only penetrates the surface layer o f  our electroactive films, which are 10-20 pm thick, 

as determined above. However, X A S does not distinguish between bulk and surface 

contents and therefore it is uncertain whether barium is instead hom ogenously distributed 

in the film in a Ni:Ba ratio o f  20:1. A  surface sensitive technique such as XPS may give 

more information in this matter.

XPS information fo r  [N i(3-M eO saltM e)] system 11

XPS measurements were performed for poly[Ni(3-M eO saltM e)] reduced films in the 

absence and presence o f  Ba(C1 0 4 )2. The monomer and polymer show similar XPS spectra 

in the C Is, O Is, N i 2 p(3/2) and N  Is regions. Broad peaks in the C Is region have binding

energies o f  284.7 and 286.6 eV (monomer), 284.1 and 286.6 eV (film ), and 283.9 and
2 +

286.2 eV (film+Ba ), associated with aromatic and aliphatic carbons in the salen
i f  T7 7S T7

ligand ' . The intense N Is peak at 399.8-399.2 eV is assigned to the imine nitrogen 

and the broad low intensity feature at 403.5-402.0  eV to solvent. In the O l s  region there 

is a strong and intense peak at 533-532 eV, and a shoulder at lower energies that 

corresponds to the two unresolved types o f  oxygen atoms from the ligand and from the 

C lO f in the case o f  the films. The N i 2p^ri) Peak at 855.7-855.1 eV is typical o f  

diamagnetic nickel (Ni2+)35"37. Upon addition o f  Ba(C 1 0 4 )2, an additional peak at 780.5 eV
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is observed. This Ba 3d peak is typical o f  Ba2+ 36 and confirms ion uptake. A ll the other 

peaks are similar to those o f  the film  in the absence o f  barium, except the O l s  feature 

which becomes more symmetrical. This is caused by an increase o f  the binding energy o f  

the shoulder (by 0.7 eV), attributed to the presence o f  Ba2+ in the pseudo-crown.

The ratios obtained for the atomic percentages for monomer, film  and film +Ba2+ are 

highlighted in Table 5.8. The monomer and the polymer show similar C, N , O and Ni 

atomic % consistent with the proposed film  com position, i.e. monomeric units linked at the 

phenyl moieties. The atomic ratios in the monomer are N:Ni = 2.2:1 and 0 :N i = 4.7:1, 

which is in reasonable agreement with the m onomer composition. In the polymeric system
9-+-

at reducing states, Ba addition results in the increase o f  N:Ni and 0 :N i ratios from 2.1:1 

to 2.4:1 and from 6.3:1 to 9.2:1, respectively. These changes are attributed to the increase 

o f  solvent (CH3CN) and CIO4' populations inside the film , with the latter associated with 

the electroneutrality in the system.

Table 5.8: Atomic percentages and ratios o f  relevant elements for [Ni(3-MeOsaltMe)]9. The 

precision is generally 0.1 atomic %.

Sample
C N

Atom ic % 

O Ni Cl Ba
N/Ni O/N Cl/Ba Ni/Ba

Monomer 77.3 6.3 13.6 2.9 - - 2.2 2.2 - -

Film 72.3 6.0 17.6 2.8 1.4 - 2.1 2.9 - -

Film+Ba2+ 65.2 5.7 22.0 2.4 3.3 1.4 2.4 3.9 2.3 1.7

Upon addition o f  Ba(C1 0 4 )2, the XPS-derived Ni:Ba ratio is 1.7:1. This contrasts 

sharply with that obtained from the spatially integrated XA S data (Ni:Ba = 20:1). Since
94-

XPS is surface sensitive, this disparity excludes the possibility o f  Ba being 

homogeneously dispersed throughout the film: the key conclusion here is that barium is 

concentrated in the outer region o f  the film.
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5.3.2 Poly[Ni(sa/^«)(crown ether)]: polymeric films bearing crown 

ether receptors

The results obtained by X A S for poly[Ni(3-M eOsaltM e)] showed that the structure 

o f  the monomer is retained upon polymerisation and that Ba2+ uptake occurs by location o f  

the cation in the pseudo-crown receptor. These results suggest that the design o f  

electroactive films poly[M (salen)] for sensing purposes can be envisaged at the 

monomeric/molecular level, i.e. prior to polymerisation. In this section, the discussion is 

devoted to XAS studies o f  structurally related poly[Ni(stf/ett)] films bearing benzo-crown 

ether macrocycles; these studies are supported by DFT calculations published elsewhere12.

The monomers presented in Figure 5.12 and used to prepare electroactive films under 

the scope o f  this section, were chosen so Ba , the ‘probe’ ion used in these XAS studies, 

may be offered with different binding options.

Ri

■=N . . N =

/ A  / A

c  ° >  c °  c >

n=2 7} A n=2 n  A n=3

Ri: Rb R-î
R2:CH3- R2:CH3- R 2:CH30 -  R2:CH3-
[Ni(3-Mesalophen)] [Ni(3-Mesalophen-bl5-c5)] [N i(3-M eO salophen-bl5-c5)] [Ni(3-M esalophen-bl8-c6)]

Monomer 1 Monomer 2 Monomer 3 Monomer 4
F igure 5.12: Structures o f  the [Ni(.sa/e«)] com plexes studied by XAS.
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[Ni(3-Mesalophen)], monomer (1), does not possess any specific binding sites, only 

the two oxygen atoms linked to the nickel centre may be considered as a binding site o f  

non-specific nature; this can be regarded as the ‘control’ system since all the [Ni(sa/e«)] 

complexes by definition present this binding site in their structure. It defines the baseline 

electrochemistry with the expectation that, at best, only low  levels o f  Ba2+ binding may 

occur. [Ni(3-M esalophen-bl5-c5)], monomer (2), shows an additional binding site, 

consisting o f a benzo-crown with 5 oxygen atoms. The latter offers the prospect o f  

specific binding (recognition). Application o f  crystallographic data38,39 to the classical 

cation diameter -  hole size relationship suggests that Ba2+ (ionic radius 1.35 A)22,23 lies 

above the plane o f  15-c5 (diameter 1.7-2 .2  A )24. The small size o f  the crown when 

compared to the cation size implies that formation o f  ‘sandwich-like’ com plexes between 

the cation and two crowns on neighbouring chains is also a possibility39.

[Ni(3-M eOsalophen-bl5-c5)], monomer (3), is structurally related to monomer (2) 

and to [Ni(3-MeOsaltMe)] studied in section 5.3.1: in addition to the benzo-crown ether 

with 5 oxygen atoms in the diimine bridge, it also possesses a pseudo-crown site consisting 

o f  4 oxygen atoms in the proximity o f  nickel centre, proved to be effective in Ba2+ 

recognition. [Ni(3-M esalophen-bl8-c6)], monomer (4), offers the same option to Ba2+ as 

does complex 2 , but with the more relaxed geometry and potentially greater donor
• i

availability o f the larger six oxygen crown; in this case Ba will fit into the cavity o f  18-c6 

whose diameter is 2 .6-3 .2  A 24.

5.3.2.1 Electrochemical characterisation

The potentiodynamic responses during electrodeposition o f  all com plexes are typical 

o f  those for electropolymerisation systems: irreversible anodic features (associated with 

monomer consumption) and progressive growth o f  pairs o f  anodic/cathodic features 

attributable to surface-bound electroactive polym er (Figure 5.13 panels a, c). Moreover, 

the voltammetric responses o f  the resulting m odified electrodes (Figure 5.13 panels b. d) 

are qualitatively similar, except for some minor variations in the peak potentials (Table 

5.9). Since the detailed description o f  the poly[N i(3-M esalophen-bl5-c5)] (poly[2]) is 

presented in Chapter 4, further considerations in this matter would become repetitive.
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Figure 5.13: Voltammetric response acquired during a), c) polym erisation and b), d ) redox-switching 

processes for a), b) [Ni(3-Mesalophen)] and c), d ) [N i(3-M esalophen-bl8-c6)] at 0.1 V s" 1 l2. Arrows 

indicate time sequence o f cycles.

The addition o f  Ba(C104 )2  to the background electrolyte results in changes o f  the 

electrochemical response o f  the modified electrodes. The evolution o f  poly[2] response
9 +

upon Ba addition is also described in detail in Chapter 4. Succinctly, prior to any metal
'j

cation addition, a thin film (T= 5.4 nmol cm' ) shows anodic waves at Epai  = 0.15 V, Epaii =

0.86 V and Epam = 1.08 V, and cathodic features at Epci = 0.11 V and Epcn = 0.82 V (Figure 

5.14). When Ba(ClC>4)2 is added to the background electrolyte, the features at Epi are 

progressively displaced to more positive potentials whereas the Epu features are displaced 

to more negative potentials; ultimately, Epj and Epn overlap. A lso, there are shifts in peak 

amplitude (notably for the feature at Epcu), which result in a progressive decrease in total 

redox charge, Qredox• All the other modified electrodes are characterised qualitatively by 

similar evolution o f  electrochemical response in the presence o f  Ba2+. Nonetheless, for 

poly[l] these effects are less pronounced when compared to the rest o f  the films, an
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2+
indication that smaller amounts o f  Ba are taken up by the film without specific binding 

sites.

Table 5.9: Peak potentials associated w ith the redox features o f  modified electrodes in 0.1 mol dm ' 3 

T B A P/C H 3C N 12.

Film
Epai Epall

E /V  vs. Ag/AgCl

Epalll Epd Epdi Epdii

P oly lll 0.31 0.89 1.06 0 . 2 1 0.81 -

Poly[2] 0.15 0 . 8 6 1.08 0 . 1 1 0.82 -

Poly[3) 0.45 0.77 0.95 0 . 2 0 0.73 1.04

Poly[4] 0.23 0 . 8 6 1.09 0.16 0.79 -

<
9

- 2 -

■0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
EfW (vs. Ag/AgCI)

Figure 5.14: Voltammetric response o f  poly[N i(3-M esalophen-bl5-c5)] (T =  5.4 nmol cm '2) acquired 

in background electrolyte at 0.1 V s ' 1 (— ) before Ba2+ additions, (--) following each Ba2+ addition and 

(— ) at the end o f Ba2+ additions.
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S.3.2.2 Structural characterisation by XAS

Ni K-edge

The XANES data for N i in the polymer film s derived from com plexes 1, 2, 3 and 4 

(Figure 5.15) are relatively straightforward and basically the same as for [Ni(3- 

MeOsaltMe)] complex and the respective film  studied previously11 (section 5.3.1): Ni 

atoms are in a divalent state and covalently bonded with square planar geometry, 

regardless o f the complex, its physical state and the presence or absence o f  barium. These 

findings suggest that (i) the polymerisation process does not alter either the geometry or 

the oxidation state o f  the metal centre - film  electroactivity is associated with the polymer 

backbone (ligand-based response) and (ii) the distance between N i2+ and Ba2+ is such that 

the latter does not affect the XANES spectrum, and by inference, the local environment o f  

nickel.

complex 4*

poly 3

poly 2

poly 1

-20 0 20 40 SO60 100
E n e r g y l t V

F igure 5.15: XANES spectra in the region o f  Ni K-edge for films po ly [l], poly[2], poly[3] and 

complex [4]; (*) XAS spectra were not obtained for poly[4] due to experim ental problem s.

The lack o f  crystallographic data for these com plexes, structural information vital for 

parameterisation, would have impeded the EXAFS fitting. In order to overcome this 

problem, the fitting was based on a combination o f  DFT calculations and crystallographic 

data obtained for similar [Ni(.ra/e« ) ] 5 (recall section 5.3.1.2). The parameterisation based 

on crystallographic data is a reasonable starting point for the fitting o f  the EXAFS 

function, but DFT calculations made specifically for the com plexes under study accounts 

for the specificity o f  the system enabling the improvement o f  the initial input data.

The outcome o f  DFT calculations performed for com plexes 2 and 4 and respective 

barium adducts are summarised in Table 5 .10. and in Figure 5.16 the optimised geometries
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for [Ni(3-M esalophen-bl5-c5)]+Ba2+ and [Ni(3-M esalophen-bl8-c6)]+Ba2+ are shown

(NOTE: DFT calculations were not performed by the author o f  this thesis and are
12

published elsewhere ).

The predicted structures around the nickel atoms are identical for the two complexes: 

a first shell o f  O and N atoms (Ni nearest neighbours) covalently bonded at a distance o f

1 .8 6  A, a second shell o f  C atoms at a distance o f  2.80 A, and a third shell o f  C atoms at

3.26 A.

Figure 5.16: Optimised structures o f  [N i(3-M esalophen-bl5-c5)]+B a2+ and [N i(3-M esalophen-bl8- 

c6 )]+Ba2+ obtained by DFT calculations12.
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T able 5.10: Interatomic distances determ ined by DFT for [Ni(stf/e«)] com plexes in the absence and 

presence o f Ba2+ n .

Complex [N i(3-M esalophen-bl5-c5)| [N i(3-M esalophen-bl8-c6)]

Distance Com plex C om plex+B a2+ Com plex C om plex+B a2+

Elem ent: Ni

1 st coordination sphere 1 st coordination sphere

Ni-N 1.89(3) 1.88(9) 1.89(3) 1.89(0)

Ni-O 1.85(2) 1.84(6) 1.85(2) 1.84(6)

Average 1.87(2) 1.86(7) 1.87(2) 1.86(8)

2 nd coordination sphere 2 nd coordination sphere

Ni-C(N) 2.85(4) 2 .8 6 ( 1 ) 2.85(4) 2 .8 6 ( 1 )

Ni-C(O) 2.84(7) 2.84(2) 2.84(7) 2.84(2)

Ni-C(bridge) 2.76(1) 2.74(7) 2.76(1) 2.74(7)

Ni-C(bridge) 2.76(2) 2.74(8) 2.76(1) 2.74(8)

Average 2.80(6) 2.79(9) 2.80(5) 2.79(9)

3rd coordination sphere 3rd coordination sphere

Ni-C(aldehyde) 3.26(2) 3.26(2) 3.26(2) 3.26(2)

Ni-C(bridge) 4.13(8) 4.12(1) 4.13(7) 4.12(3)

Ni-Ba - 8.48 - 8.44

Elem ent: Ba

Ba-O l 2.71(5) 2.75(1)

B a-02 2.80(0) 2.81(8)

B a-03 2.73(7) 2.79(9)

B a -0 4 2.81(2) 2.81(5)

B a -0 5 2.70(9) 2.79(8)

B a -0 6 - 2.78(6)

Average 2.75(4) 2.79(4)

Ba-C(O) 3.60(4) 3.61(3)

Ba-C(bridge) 4.88(3) 4.86(7)

Ba-C(N) 5.91(9) 5.89(5)
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The EXAFS fitting and respective Fourier transforms for the monomer, film and 

film+Ba2+ are depicted in Figure 5.17 and the structural information extracted from 

EXAFS data summarised in Table 5 .11 . For the powder o f  complex 1, the first shell was 

found at 1.83 A (3.6±0.3 O/N atoms), the second at 2.85 A (5.5±3.2 C atoms) and the third 

at 3.23 A (3.9±2.3 C atoms). The low  and negative Debye-Waller factors found for the 

third shell signal the presence o f  additional atoms at greater distances from the nickel 

atom; nonetheless, any extra information is beyond the resolution o f  the data.

In spite o f some minor variations in the distances o f  the second and third shell being 

observed, the results evidence no significant alterations in the structure around Ni with the 

physical state, polymerisation and absence/presence o f  Ba2+. Moreover, the obtained 

structural information by EXAFS represents only small refinements on the DFT 

calculations. Identical results were obtained for com plexes 2, 3 and 4.

complex 2

complex 2r\
V/ ^ A /

Figure 5.17: (— ) Experimental data and (o ) fitting o f  a), c) EXAFS functions, and b), d) Fourier 

transforms; a), b) monomers as powders and c), d) monomer 2 (powder), poly[2] and poly[2]+ Ba2+.
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Table 5.11: Structural information obtained from EXAFS analysis near the N i K-edge.

Sam ple
C o o rd in a tio n

n u m b e r
r / A ct2/ 10'4 A2

3.6±0.3 (O/N) 1.84±0.01 35±10

1 powder 5 ±3 (C ) 2.87±0.06 140±80

4±2 (C ) 3.23±0.04 45±90

4.1±0.4 (O/N) 1.83±0.02 90±15

Poly[l] 5±2 (C ) 2.85±0.05 130±60

2.1±0.6 ( C ) 3.23±0.02 -60±20

4.2±0.4 (O/N) 1.83±0.02 1 1 0 ± 2 0

Poly[l]+B a2+ 5 ± 1 2 (C  ) 2.84±0.04 70±40

3 ±2 (C ) 3.18±0.04 20±90

3.8±0.4 (O/N) 1.83±0.01 50±10

2  powder 5±3 (C ) 2.81±0.06 110±70

2 ± 1  (C ) 3.17±0.02 -30±20

3.8±1.4 (O/N) 1.83±0.01 60±10

Poly[2] reduced state 5±2 (C ) 2.81±0.03 70±30

3±1 (C ) 3.17±0.02 110±30

3.8±0.3 (O/N) 1.84±0.01 70±10

Poly[2]+Ba2+ reduced state 5±2 ( C ) 2.86±0.05 180±70

2.0±0.6 (C ) 3.22±0.02 -40±30

3.5±0.3 (O/N) 1.84±0.01 50±10

3 powder 5±2 (C ) 2.84±0.04 100±40

3.1±1.3 (C ) 3.21±0.03 30±50

4.1 ±0.4 (O/N) 1.82±0.02 73±13

Poly[3] reduced state 9±6 ( C ) 2.88±0.08 300±240

2 . 1 ± 0 . 8  ( C ) 3.25±0.02 50±30

3.6±0.3 (O/N) 1.83±0.01 60±10

Poly[3]±Ba2+ reduced state 4.0±1.3 (C ) 2.80±0.03 80±30

2.5±1.4 (C ) 3.18±0.03 10±40

3.4±0.3 (O/N) 1.84±0.01 50±10

4 powder* 5±2 ( C ) 2.82±0.03 100±30

2.5±1.1 (C ) 3.15±0.03 20±40

(*) Experimental problems occurred during the preparation o f  poly[4] did not allow the acquisition o f  

XAS data near the Ni K-edge.
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The chemical outcomes o f  these results are (i) electropolymerisation o f

[Ni(5a/c«)(receptor)] complexes induces no significant structural changes around the

nickel atom, and (ii) the absence o f  any effect in the N i neighbourhood from Ba(C104 )2
2 + . .

insertion shows that Ba interaction with the electroactive film  must occur in regions 

away from the Ni metal centre such as the crown receptors.

Ba K-edge

Predictions based on the DFT calculations (Table 5.10 and Figure 5.16i 12 indicate 

that Ba2+ interacts with the crown, but it is not fully located inside the crown cavity. 

Moreover, this binding site is preferred when offered the choice between the crown and 

pseudo-crown sites. For all three crown system s, the variations in m etal-oxygen distance 

are small, indicating equitable involvem ent o f  all oxygen donor atoms o f  the crown. 

Comparatively, DFT calculations suggest that the benzo-15-crown-5 shows a higher 

degree o f  bending towards the cation than does the benzo-18-crown-6. The average 

predicted distances between Ba2+ and O are 2.75 A for com plex 2  and 2.79 A for complex 

4, implying that the lower number o f  donor oxygen atoms in the former case is to some 

extent compensated by their greater proximity to the guest cation.

The results obtained from fitting the experimental EXAFS data for films exposed to 

Ba(C104)2  solution are presented in Table 5 .12 . Based on the DFT predictions, it is 

perhaps unsurprising that outcomes are essentially identical for all three films. However, 

the striking outcome is that all the data could only be fitted to a m odel with a very low  

coordination number, namely a shell o f  2  (at most 3) oxygen atoms at a distance o f  about 

2.74 A, contradicting the DFT calculations. Besides, any attempt to fit the data to models 

with more ‘typical’ coordination environments (5 or 6  oxygen atoms) resulted in physically 

unreasonable parameters.

The large Debye-Waller factor o f  ca. 130x1 O'4 A 2, indicates a disordered 

environment around barium. Comparisons between these Debye-W aller factors and those 

obtained for N i-0  near the Ni K-edge indicates that the nature o f  interactions between the 

metal atoms and their neighbourhoods is different. Specifically, they suggest coordination 

with some degree o f covalence between nickel and oxygen/nitrogen atoms and electrostatic 

interactions between Ba and the oxygen atoms.
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Table 5.12: Structural information obtained from EXAFS analysis near the Ba K-edge.

C oordination
Sample r/ A a 2/1 0 '4 A2

num ber

Poly[l]+B a2+ reduced state 1.9±1.5 (O) 2.84±0.12 120±50

Poly[2]+Ba2+ reduced state 1 .6 ± 1 . 0  (0 ) 2.74±0.06 140±70

P o l y [ 3 ] + B a 2+  reduced state 1.5±0.7 ( 0 ) 2.72±0.05 110±60

Poly[4]+Ba2+ reduced state 2.0±1.1 (O) 2.74±0.05 160±90

5.3.2.3 XAS quantitative analysis

The purpose o f  this section is to establish the Ba:receptor stoichiometry. Since XAS  

‘sees’ the heavy elements in the system (here Ba and N i), this goal is approached via the 

Ba:Ni ratio on the basis that the Ni:receptor ratio is known from the monomer structure.

The simplest route to determination o f  metal content is based on absorbance in a 

transmission XAS measurement, as shown in section 5 .3 .I.3 . The Ba and N i spectra were 

necessarily acquired on different synchrotron beamlines (16.5 and 7.1 at Daresbury, 

respectively) in different experiments, i.e. using different samples. For the Ba analysis, 

acquisition o f  transmission spectra is possible due to the high energy o f  beamline used. 

However, experimental constraints in station 7.1 (Pt electrode opacity at the lower energy 

o f  the beamline) meant that the Ni spectra could not be obtained in transmission mode, 

only acquired in the fluorescence mode.

The intensity data are not required to obtain structure, so fluorescence mode is an 

extremely convenient mode for determining local environment. Nevertheless, instrumental 

factors imply that absolute fluorescence intensities are not directly usable for quantitative 

analytical purposes. In principle, i f  all the instrumental factors are constant, one could 

determine atom content from fluorescence intensity by comparison with that from a known 

sample. In practice, this is far from trivial, since it requires perfect alignment and 

reproducibility o f detector positioning; this is a particular problem on the instrument used, 

where the fluorescence detector has a rather small angular acceptance. In other words,
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careful sample and detector positioning m ay allow  a reasonable estimate o f  N i population 

from fluorescence intensity, but this should not be regarded as quantitative.

An alternative way for determination o f  N i content is using coulometric data, based 

on monomer structure and polymer electroactivity. This is also indirect since (i) for all 

poly[M (salen)] systems electroactivity is ligand-based and (ii) charge correlates differently 

to N i content for each system, i.e. the doping level varies substantially. There is also the 

issue o f  incomplete film electroactivity for the deliberately thick samples used for XAS. 

Nonetheless, somewhat like the fluorescence intensity data, it provides an order o f  

magnitude estimate o f Ni population. A nalysis o f  the coulometry o f  these electroactive 

films allows the estimate o f  the electroactive, surface coverage r. For the films under 

study, /"was found to be in the range 90-400 nmol cm'2. Assum ing a generic film density 

o f p j= \2  (±0.1) g cm' , this yields film  thicknesses between l-5pm .

The results obtained for the N i K -edge data are presented in Table 5 .13 . Although 

the data were acquired in the fluorescence m ode, comparisons with the results from the 

electrochemical measurements (mentioned in the above paragraph and shown in the table) 

show a reasonable agreement, with ca. 30% o f  deviation. In the Ba K-edge the strategy 

consisted o f  using the electrochemical data (Qredox) for quantification o f  N i atoms and the 

edge o f  Ba transmission spectra for determination o f  Ba atoms (Table 5 .14). For all the 

polymers, both the fluorescence intensity and (indirect) coulometric estimates o f  Ni 

populations were approaching an order o f  magnitude below  the XA S transmission 

estimates o f Ba population. Both estimates o f  N i population will be lower bounds: the 

fluorescence estimate because o f  incomplete capture o f  the emitted photons and the 

coulometric estimate because o f  incomplete redox conversion o f  the very thick films used 

for XAS. However, it is not expected that either o f  these estimates w ill be low  by a factor 

o f  10. Certainly, the Ba:Ni ratio is significantly above  the 1:1 value predicted by the 

simplistic application o f  solution complexation chemistry concepts; a ratio in the range 2 :1  

to 3:1 appears to be more realistic.

The possibility that there are large amounts o f  non-complexed barium ions in the film  

is readily eliminated, since the spectral signature (notably barium-nearest neighbour 

distance) would be very different. The results show a B a -0  bond length that is entirely 

consistent with that expected -  even though the coordination number is far from 

expectation.
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Table 5.13: Quantitative analysis based on N i K-edge steps (fluorescence spectra) and coulometry.

Sam ple
Edge
S tep

n t/ 1 0 2 2  atom
- 2m

n/ 1 0 2 5  

atom  m 3

Ni t(X A S) 
/pm

Nl t  (Q  red ox) / 
pm

N i(N 0 3 ) 2  0 . 0 2  mol dm ’ 3 

aqueous solution
1 . 2 1 . 0 1 . 2 1 .2 x l 0 3 -

poly[l] 0.15 0 . 1 180 0.7 0.9

poly[l] + Ba2+ 0 . 2 0 0.15 180 1 0.9

poly[2 ] 0.4 0.3 180 2 1.4

Poly[2] + Ba2+ 0.4 0.3 180 2 1.4

Data in columns 2 and 3 were obtained directly from experiment; data in columns 4-6 involve 

postulation o f  a model for spatial distribution o f  sites.

T ab le  5.14: Quantitative analysis based on Ba K-edge steps (transm ission spectra) and coulometry.

Sam ple
Edge
S tep

n t/ 1 0 2 2  a tom
- 2m

n / 1 0 2 5  

atom  m 3

Ba t(X AS) 
/pm

Ni t(Qredox) /  
pm

Ba(C10 4 ) 2  0.050 mol dm ' 3 

solution (CH 3 CN)
0.19 30 3.0 l.OxlO 4 -

poly[l] 0 . 0 1 2 2 180 1 1 1.3

poly[2 ] 0.018 3 180 17 1 . 2

p°iy[3] 0.018 3 180 17 0.5

poly[4] 0.017 2.7 180 15 0 . 6

Data in columns 2 and 3 were obtained directly from experiment; data in columns 4-6 involve 

postulation o f  a model for spatial distribution o f  sites.
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There are two precedents for this high Ba uptake. XPS analysis o f  thinner poly[2]
'y

films shown in section 5.2 (7~^8 nmol cm' ) gave greater than unity Ba:Ni ratios (2.4:1) 

when exposed to 0.05 mol dm ' 3 Ba(C 1 0 4 )2  solution for 15 minutes. Additionally, an 

EQCM gravimetric study for poly[3] by Martins and co-workers10 showed a more complex 

Ba uptake isotherm than would be associated with a single binding site. Accepting this 

higher Ba population, the issue here is to address whether there are additional binding sites 

-  and if  so o f  what nature -  or whether there is an excess o f  non-specifically incorporated 

Ba2+.

5.3.2.4 Rationalisation of Ba2+ binding process

The unequivocal outcome o f  the EXAFS data is the low  Ba-O coordination number, 

namely two rather than five or six, (or 10 to 12 for sandwich-like com plexes). The 

assumption made here is that this low  coordination in fact allows more barium to bind to 

the polymer: multiple binding to benzo-15-crown-5 (for com plexes 2 and 3), and benzo- 

18-crown-6 (complex 4), one at each pseudo-crown associated with the methoxy groups 

(for complex 3) and one at the two oxygen atoms coordinated to the N i (com plexes 1, 2 

and 4).

The twin criteria that any plausible m odel must satisfy are the facility to 

accommodate more Ba than N i and  accommodate the Ba ions in similar local 

environments. The latter feature suggests that binding to the pseudo-crowns formed by the 

methoxy groups in poly[3] is unlikely. In addition, the invariance o f  the N i local 

environment to the presence/absence o f  Ba also rules out binding to the oxygen atoms in 

the Ni coordination sphere. In the case o f  the oxygen also bound to the N i, the question as 

to whether N i should be ‘seen’ in the Ba coordination environment was addressed 

previously (see section 5.3.1.2): DFT calculations predict the Ni""Ba distance would be 

3.66 A, which would be out o f range o f  the EXAFS data. Although these notions provide
94- •

an attractive explanation for the high Ba population, they are inconsistent with the 

structural data.

The results point to multiple binding to the crown receptors; this is o f  course only  

relevant to the films derived from monomers 2, 3, and 4, for which the increased Ba 

population is observed (Table 5.14). Considering that steric factors play an important role 

in the multiple binding, Ba ions may bind on opposite sites o f  the crown ( ‘above’ and
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‘below ’); this might result in bridging between chains, although this w ould not necessarily 

be identified from EXAFS data.

It must be stressed that the above selection o f  binding site(s) is not absolute: the 

rejected sites (pseudo crowns) might com e into play under other conditions, but the 

structural data simply show which ones are (not) involved under the practically relevant 

conditions used here. Again, the use o f  the full range o f  options would mean that the 

poly[l] would bind least Ba2+ and poly[3] the most. The relative capacity o f  the polymers 

derived from complexes 2 and 4 would depend on which sites were more active; the 

structural data show that these are the crowns, though in a rather unusual manner. 

Quantification o f  the Ba:Ni ratio is difficult, but the experimental observations suggest 

Ba2+ film populations for: poly[l] < poly[2] < poly[3] «  poly[4] (Table 5.14T broadly 

consistent with this picture. The fact that p o ly [4] is comparable to poly[3] and more 

effective than poly[2] suggests that the 18-c6 group is more effective than the 15-c5 group 

in terms o f  cation binding.

A  key outcome o f  this work is that solution phase complexation properties can only 

be used as a rather simplistic guide to properties o f  the same species im m obilised in a 

surface-bound polymer film. In the specific cases studied here, the full power o f  the crown 

ether functionality does not seem to be realised {i.e. only some o f  the O-donors 

participate), but donor functionalities that might be considered ineffective in solution can 

play a significant role in the film. In this context, it seem s then reasonable to suggest that 

the lack o f  freedom to participate o f  some crown O-donors is a consequence o f  geometrical 

constraints. One example o f  this might be compression o f  the crowns in the restricted free 

volume available in the film, when compared to monomers in solution.

In support o f  the above hypothesis, there are reported flaws in the cation diameter- 

hole size assumption. Gokel and colleagues40 showed that this is the major factor ruling 

the ion/macrocycle complexation process only when the ligands are ‘relatively inflexible’; 

the polymer film environment might well violate this requirement. More recently, a gas- 

phase study by More and co-workers41 demonstrated that the extent o f  binding o f  alkali 

metal cations to crown ethers increases not only with the number o f  oxygen donors, but 

also higher flexibility o f  the crown. Thus, restriction o f  the degrees o f  freedom o f  the 

crown (as in the polymer films used here) would be expected to decrease crown flexibility 

and thereby the extent o f  binding.
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The restricted flexibility o f  the crowns has an equalising effect on the com plexing  

power o f  the different sites, which in turn has analytical implications. The decreased 

ability o f  the crowns to com plex the metal ion represents a decrease in selectivity: i f  only a 

part o f  the crown is utilised, any selectivity based on cavity size is lost. In recompense for 

this, there may be two possible advantages: greater capacity available at higher 

concentrations and greater lability o f  the com plexes. The former would result in a wider 

dynamic range. The latter would result in faster equilibration (faster response time), 

particularly when the ambient concentration is decreased, e.g., a metal-saturated film is 

exposed to a dilute metal ion solution. These possible practical implications would o f  

course require direct testing. These structural changes may result in changes in free 

volume within the film, which in turn affect the film  rheological properties, as has been 

noted via acoustic wave resonator impedance measurements (Chapter 6 ); although less 

well understood at this time, such changes offer an alternative response upon which a 

sensor might be based.
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C o n c l u d in g  R e m a r k s

XPS measurements performed on poly[N i(3-M esalophen-bl5-c5)] showed high 

amounts o f  C and N  compared to the m onomeric structure, and the presence o f  Cl. These 

results indicate the presence o f  electrolyte species within the film. Furthermore, the 

addition o f  Ba(C 1 0 4)2 to the electrolyte results in Ba2+ uptake by the electroactive film. 

The Ba:Ni ratio was found to be dependent upon the concentration o f  Ba(C 1 0 4 )2  added, 

which may indicate a change in the ‘adsorption’ isotherm. Moreover, the Ba:Cl ratio 

suggests that the Ba2+ is stabilised in great extent by donor atoms o f  the film  rather than its 

anionic counterpart CIO4'. XPS peaks obtained by deconvolution o f  C, N  and O spectral 

lines are in fair agreement with (i) the chem ical environment in the monomer and (ii) the 

presence o f  electrolyte species. Specifically, the binding energies associated with the 

spectral lines o f  N i and Ba confirm that these elem ents are in divalent states.

XA S measurements acquired near the N i K -edge revealed that the local structure 

around nickel in [Ni(3-M eOsaltM e)] and [Ni(sa/efl)(crown receptor)] is not influenced by 

polymerisation or by the ion uptake process. A nalysis o f  XANES indicated that nickel has 

formal +2 oxidation state and exists in a square-planar environment defined by the two N  

and two O donors; this is kept upon polymerisation, surface immobilisation, and variation 

o f  film oxidation state or Ba binding. These findings underline the fact that the film  

redox processes are ligand-based. EXAFS data o f  [Ni(3-M eOsaltM e)] showed that the 

nickel environment comprises a first shell o f  O and N  donors with coordination number 

3.5±0.2 located at a distance o f  1.83 A, a second shell o f  (4.2±1.0) C atoms at 2.82 A, and 

a third shell o f  (2 .2±1.6) C atoms at 3.20 A. In the case o f  [Ni(stf/e«)(crown receptor)] 

systems similar results were obtained, except for the low  and negative Debye-W aller 

factors found for the third shell, which indicates the presence o f  additional atoms at greater 

distances.

Ba K-edge EXAFS spectra show that the coordination sphere around Ba in solution 

is (5±1) N  atoms at a distance o f  2.91 A. In poly[Ni(3-M eO saltM e)], Ba2+ was found to be 

surrounded by (5.0±1.2) O atoms at a distance o f  2.75 A, meaning that it occupies the 

pseudo-crown site formed by the four O donors, two from the methoxy groups and two 

shared with the N i. For the thick films used in XA S experiments, the spatially integrated 

Ba:Ni ratio is typically 0.05:1; this contrasts with a Ba:Ni ratio 1:1 expected on the basis o f  

the pseudo-crown:Ni stoichiometry and found for thin films used in electrochemical
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studies; XPS showed that in the thick film s Ba is located preferentially in the outer region 

o f  the film, with a local Ba:Ni ratio close to unity.

In the case o f  poly[N i(sa/e«)(crow n receptor)] films XANES data acquired near the 

Ba K-edge provided the evidence o f  Ba2+ uptake for all the film s studied. Nevertheless,
2d"EXAFS data indicated that the Ba ions within the film are in an unusual coordination 

environment, which differs significantly from that for solution species: the barium nearest 

neighbour shell contains only two donor (oxygen) atoms, rather than the expected five or 

six. The low  coordination number means that the predicted cavity size-based selectivity o f  

the crown ether functionalities is not realised. Instead, there is a levelling o f  the 

coordinating ability o f  the crown ether and pseudo-crown functionalities present in the 

molecule.

For [Ni(3-M eO saltM e)], the molecular design approach was found to be successful:
■y,

the pseudo crown is effective for Ba binding and poly[Ni(3-M eOsaltM e)] 

electrochemical response changes in its presence. Conversely, for the 

poly[Ni(stf/e«)(crown receptor)] film s conventional concepts from m acrocycle chemistry 

are not effective predictors o f  ion recognition capability. The predicted analytical 

consequences o f  this behaviour include greater capacity (via more receptor sites), wider 

dynamic range and faster response to concentration decreases, at the cost o f  lesser 

selectivity towards analyte size.

The characteristics and roles o f  the two metals in the system are very different. 

While N i has a purely structural role, maintaining the structural m otif intact, with strong
2 *4"directional covalent bonds within a square planar ligation shell, Ba interactions with

poly[Ni(sa/e«)] film s are purely o f  electrostatic nature. The result o f  the latter is a larger
2+

Debye-W aller factor, which signals a much looser ‘fit’ o f  Ba into its location when 

compared to the N i2+ counterpart.
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Chapter 6

I n t e r f a c ia l  a n d  R h e o l o g ic a l  P r o p e r t ie s  

o f  P o l  y[N i (3 -M e s a l o p h e n -b 1 5 -c5)J
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6.1 In t r o d u c t io n

The studies presented in previous chapters consistently showed that 

poly[N i(3-M esalophen-bl5-c5)] film s are electroactive systems exhibiting properties 

typical o f  conducting polymers. There are, though, some points that remain unclear. In 

Chapter 4, the decrease in reproducibility o f  the voltammetric response and the 

non-m onotonic variation o f  the ion recognition properties with the increase o f  r  were 

attributed to m orphological changes, which may occur during the deposition o f  

electroactive material. Additionally, X A S results in Chapter 5 indicated that Ba2+ is not

located within  the monomer, instead surrounded by only a few  oxygen (donor) atoms1.
2 +

These findings open new  possibilities for Ba location within the polymer, namely 

interactions between atoms o f  different monomers or even different polymeric chains. 

Certainly, the presence o f  metal cation in those sites would change the mechanical 

properties o f  the system .

The characterisation methods presented so far were interpreted (i) without 

consideration o f  the role o f  the solvent, and (ii) on the basis o f  a hom ogeneous layer, i.e. 

assuming that all electroactive sites have identical solvation environments. In this 

chapter the results o f  TSM  resonator measurements are presented in conjunction with 

AFM and SEM analysis. The acoustic wave method provides information on the 

system rheological properties, which is then interpreted in the context o f  film  

morphology via the m icroscopic techniques.

The chapter is divided into two main sections. The first comprises the 

determination o f  the shear moduli o f  poly[N i(3-M esalophen-bl5-c5)] films during their 

potentiodynamic growth, and variation o f  film  morphology with surface coverage . The 

second presents the dependence o f  shear moduli values upon applied potential (doping 

state), absence/presence o f  Ba (ion recognition) and frequency.
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6.2  C h a r a c t e r is a t io n  o f  t h e  P o t e n t io d y n a m ic  

D e p o s it io n  o f  P o l y [N i(3 -M e s a l o p h e n -b 15-c 5)]

Figure 6.1a shows the voltammetric response o f  [N i(3-M esalophen-bl5-c5)] to a 

m ulti-cycle potentiodynamic procedure (film  A); this was characterised in detail in 

Chapter 4. Basically, the electrochem ical response is typical o f  an 

electropolym erisation system, with a chem ically irreversible component at very anodic 

potentials and a com plex set o f  chem ically reversible waves at less anodic potentials. 

The former is associated with the electropolymerisation process, while the latter is 

attributed to the resulting polymer film. Figure 6.1b shows the admittance spectra 

recorded at the end o f  each deposition cycle. A s the deposition o f  polymer film  

proceeds, there is a transition from an acoustically thin ( ‘rigid’) film  regime to an 

acoustically thick film  regime. According to the lumped-element model (Figure 2.8, 

Chapter 2T in the acoustically thin regime R2 = 0 and there is no change in the peak 

admittance with film  thickness. Conversely, in the acoustically thick regime R2 >  0; the 

result is a progressive decrease o f  the peak admittance with film  growth. In the present 

case, the spectra show  peak admittances that decrease by 17% (after the 1st deposition 

cycle) and 39% (after the 10th deposition cycle).
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F ig u re  6.1: Polym erisation o f  [N i(3-M esalophen-bl5-c5)] at 0.01 V s ' 1 (film  A), a) Cyclic 

voltam m ogram  (—  first deposition cycle; — subsequent cycles); b) adm ittance spectra (—  admittance 

spectrum  o f QCM  in solution and — adm ittance spectra acquired at the end o f  each deposition cycle). 

Arrows indicate a) the increase o f  current intensiy and b) the decrease o f  frequency and adm ittance with 

progressive cycling.

Figure 6.2a shows the admittance spectra acquired during the polymerisation 

process o f  another film (B), prepared in similar conditions to those o f  film A, except for
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the higher scan rate (v=0.02 V s'1). In this case, the admittance decreased by 5% to 10% 

over the same number o f  deposition cycles (Figure 6.2b).

8
1 st cycle10-

7 10 th  cycle

20-6 1 st cycle

5 30 -

4
4 0-

10 th cycle
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9.96 9.97 9.99 10.009.98 •4 •3■7 6 ■5 ■2 1
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Figure 6.2: a) A dm ittance spectra acquired during the polym erisation o f  [N i(3-M esalophen-bl5- 

c5)] at 0.02 V s ' 1 (film  B) (—  adm ittance spectrum  o f  QCM  in solution and — adm ittance spectra 

acquired at the end o f  each deposition cycle); b) variation o f  adm ittance vs. variation o f  resonant 

frequency for film  A (□ )  and film B ( A ). A rrows indicate the decrease o f  frequency and adm ittance.

For film  B, the decreased time at very positive potentials results in less monomer 

oxidation, as judged by the total deposition charge o f  0.575 mC at 0.02 V s ' 1 (film  B) vs.

1.18 mC at 0.01 V s ' 1 (film  A ) (Figure 6.31. The outcome is less polymer deposition at 

the faster scan rate. Therefore, the relatively small energy losses observed for film B 

mean that a gravimetric interpretation (via the Sauerbrey equation) is appropriate. In 

the case o f  film  A  sufficient polymer is deposited that viscoelastic effects are dominant, 

allowing extraction o f  shear moduli as described in section 2.3.1, Chapter 2.
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Figure 6.3: V ariation o f  the resonant frequency with respect to the bare electrode, as a function o f 

deposition charge Qdcp (□  film A: R 2 =0.9994; and A film B: R 2 =0.9945).
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6.2.1 Acoustically thin film

According to the Sauerbrey approximation (Equation 2.35, Chapter 2 ). i f  the film  

density p f  is constant, variations in Am  are attributed solely to changes in hf In the case 

o f  thin film s, the electrode surface roughness is also an aspect to be considered3. For 

the polished crystals used here, the scale o f  surface features is in the range 30-60 nm, 

which is similar to the (average) film  thickness during the early stages o f  deposition. 

N onetheless, the important physical feature is that surface entrapped polymer behaves 

as a rigid solid4, which is the assumption being made anyway.

The film  density and thickness were determined using Equations 2.48 and 2 .35. 

respectively. The solution density was approximated as that o f  the solvent,
■j

ps^p(CH3CN) = 0.786 g cm' , and the polymer as that o f  the monomer. In the absence 

o f  crystallographic data for [N i(3-M esalophen-bl5-c5)], the monomer molar volume 

was assumed to be the same as for similar [Ni(stf/e«)] com plexes5'7, yielding 

p ° f =  1.4 g cm'3. X A S data presented in Chapter 5 provide structural support for this 

notion. Qdep and A f  obtained at the end o f  the first deposition cycle (film  B) were 

inserted into Equation 2 .48 , giving the solvated film  density as p / =  1.2 ± 0.1 g cm'3. 

Ideally, the charge obtained in background electrolyte Qredox would have been used to 

provide the quantification o f  deposited species; since the film  was deposited in a 

potentiodynamic m ode, Qredox was not accessible and Qdep had to be used for this 

purpose. Insertion o f  pf'm  Equation 2.35 gives hf

Figure 6.4 show s the variation o f  hf during the deposition process. The nucleation 

o f  polymer on the surface is clearly seen at ca. 0.85 V during the first anodic scan, 

which is consistent with the sharp rise o f  anodic current in Figure 6.1a. The film  

continues to grow until reaching 0.7 V  in the reverse half-cycle. This potential 

coincides with appearance o f  the first cathodic peak (Figure 6.1aT Between 0.7 and 

-0.3 V there is no deposition o f  polymer, only reduction o f  that previously deposited. 

This process involves the ejection o f  counter anions and solvent, which explains the 

decrease in the film  thickness (mass). In subsequent cycles a similar pattern is seen, but 

each time com m encing from the higher baseline associated with the irreversible 

deposition o f  polymer during previous potential cycles. The decreasing amount o f  

polymer deposited during each successive cycle is attributed to diffusional limitations 

associated with the depletion o f  monomer in the solution adjacent to the electrode.
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Figure 6.4: Polym erisation o f  [N i(3-M esalophen-bl5-c5)] at 0.02 V s ' 1 (film  B): variation o f  film 

thickness (hj) w ith the applied potential (o 1st deposition cycle; ■ subsequent cycles). Arrows indicate 

the direction o f  potential sweep.

6.2.2 Acoustically thick film

In order to extract G ’ and G ’ ’ values from admittance spectra o f  film  A, both pf  

and hf values are required. The film  density was taken from the gravimetric 

interpretation o f  thin film  data, whereas hf values were estimated coulometrically by 

inserting Qdep into Equation 2 .46 . This is a minor variant on the previously used 

procedure , in w hich the thin film data were taken from the early stages o f  deposition o f  

the thick film. In the present study, the rapid deposition o f  polymer, evidenced by the 

sharp drop in peak admittance after a single deposition cycle (17% at 0.01 V s'1), 

prevents this ‘sam e film ’ approach. The assumption associated with the extrapolation 

o f  p f  from film  B to film  A  is that the film density is constant, regardless o f  the scan rate 

o f  deposition. N otice that the scan rates only differ by a factor o f  2, so the solvation, 

and then the density, should not vary to a great extent. In this sense, the scan rate only 

determines the amount o f  electroactive material deposited.

The polym erisation process for film A  was also performed in dynamic mode and 

Qredox was not accessible for the l 51- ^  deposition cycles; Qdep was used in the 

determination o f  G  values. At the end o f  the polymerisation (10th cycle) the film  was 

cycled in background electrolyte and Qredox was obtained, allowing an estimate o f  the 

error associated with the use o f  Qdep instead o f  Qredox- The area under the 

voltammogram gives a total deposition charge Qdep = 1 .1 8  mC, and the redox switching 

o f  the film  in background electrolyte gives Qredox = 0.981 mC. Hence, Qdep 

overestimates the amount o f  deposited species by 2 0  %.

.........
oo«we»*:tf*££:£M-B-B-e-e-"-e'ê  °‘0-o-0. ^ 0

0 -0 -0 -0 -0 -0 *0 -0 *0 -0 -0 '0 -0 *0 *0 *0 *0 *0-0 0
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A ll the films were cycled in background electrolyte following the polymerisation. 

Therefore, except for the G  values estimated during  the polymerisation process, all the 

(coulom etric) considerations involving film s after  polymerisation are based on Qredox-

Notwithstanding the visible participation o f  viscoelastic phenomena during the 

first few  deposition cycles as depicted in Figure 6 .1 . the departure from thin film  

( ‘rigid’) behaviour is sufficiently small that accurate shear moduli cannot be acquired.
Q

This is a consequence o f  a relatively small acoustic phase shift across the film  . When 

the phase shift becom es sufficiently large, the dominance o f  viscoelastic effects allows 

reliable shear m oduli to be determined. Figure 6.5 presents the obtained moduli values 

using coulometric hf values and the best estimate o f  film  density, /?/=1.2 g cm' . At the 

end o f  all deposition cycles the film  can be considered a viscoelastic material, but there 

are som e significant changes occurring during the polymerisation. In the early stages, 

G ’ is the dominant shear modulus component. A s the polymerisation proceeds, G ” 

increases w hile G  ’ decreases, reversing the position. The increase in G ” represents a 

shift from a solution-like layer to a more viscous medium, which may be associated 

with changes in chain packing.
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F ig u re  6.5: Shear moduli values vs. hf  fitted for the polymerisation process o f film A (pj= 1.2 g 

cm'3); ■ G  o G ” and A \G\ values.

The initial hf values were estimated by using Qdep- This yielded G ’ values that 

were negative, i.e. physically unreasonable. Knowing that Qdep overestimates the 

amount o f  deposited electroactive species (see above), new hf values were generated. 

This was accomplished by decreasing the initial hfQ dep) in 5% increments and re

calculating the shear moduli; this procedure was repeated until positive moduli were 

obtained. Once the interval o f  hf corresponding to positive shear moduli was found, hf 

was varied by steps o f  0.5 % within this same range, to obtain the highest shear moduli
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values. The reason for this is the dependence o f  G  values on the film thickness to have 

a m axim um  (turning point), which was here used as the criterion to get the acceptable G  

values.

The film  thickness for which G  values were fitted (Figure 6.5) is only 32.5 % o f  

hj{Qdep) • A lthough coulometric overestimation by using Qdep introduces an error o f  

20 % in hf, it alone does not explain this difference. Two different situations may have 

occurred: (i) the film  may be in the sem i-infinite regime or (ii) the outer regions o f  the 

film may be m echanically different (more ‘liquid-like’) to the inner layers and thus not 

‘seen’ by the acoustic wave. The first hypothesis can be discarded by looking into the 

decay length values (Table 6.11 - the condition 2hf < S is always verified. In addition, 

the phase shift cp is smaller than n il, so resonant effects are also not present. The 

second possibility seem s more likely, especially i f  the system is highly heterogeneous.

T ab le  6.1: F ilm  thickness (/*/), decay length (<S) and phase shift {(p) obtained from the fitting o f  the 

shear m oduli, for a film  density  o f p f=  1 . 2  g cm -3.

D eposition

cycle
h f / pm 5/ pm cp/rad

6 th 0.15 1 . 0 0 0.40

0.17 0.83 0.39

8 th 0.19 0.79 0.39
^th

0 . 2 1 0.79 0.40

1 0 th 0.23 0.80 0.40

6.2.3 Morphological Analysis

The film  hom ogeneity is an important feature o f  the model used to interpret the 

acoustic admittance data. Consequently, and aside from differences in hf, thin films 

provide a m odel for thicker films. This approximation is often made when interpreting 

other physical and chemical properties o f  electroactive films. In this section, the 

appropriateness o f  this assumption is considered.

Figure 6 .6  shows SEM images o f  poly[N i(3-M esalophen-bl5-5)] films prepared 

at different scan rates, which results in the generation o f  very different surface 

coverages. Based on the area under the voltammogram associated with chemically 

reversible redox switching (Qredox), the surface coverage o f  the film prepared at 0 .1  V s ' 1
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(film  C) is r =  9.76 nmol cm ' 2 (panels a and c f  whereas for the film prepared at 0.005  

V s ' 1 (film  D) r =  162 nmol cm ' 2 (panels b and d l.

F ig u re  6 .6 : SEM  im ages acquired for two films prepared on ITO electrodes at different scan rates: 

5 cycles at 0.1 V s ' 1 (film  C ,T =  9.76 nmol cm '2, panels a  and c), and 5 cycles at 0.005 V s ' 1 (film D, r= 
162 nmol cm '2, panels b  and d).

The m orphologies o f  these two films are quite different. Both o f  them have an 

underlying layer that is smooth and dense, decorated by a layer o f  grains. However, for 

the thin film  C these grains are small, o f  similar size and relatively closely packed, 

whilst for the thick film  D they are larger and more heterogeneous, to the extent o f  

forming large irregular interconnected domains ( ‘islands’). Therefore, in the context o f  

an acoustic model (see Equation 2.41) the films can be envisaged as bilayer, with an 

inner hom ogeneous layer and an outer heterogeneous layer. The inner layer is more 

dense (higher average polymer segment density) and the outer layer comprises islands 

o f  porous material that, when immersed, are perfused and surrounded by fluid.

Electrochemical and acoustic wave experiments are based upon entirely different 

phenomena. The coulometry accounts for those redox sites in good electrical contact

189



with the underlying electrode; the ‘sam pling depth’ is dictated by the diffusional 

distance for coupled electron/ion transport, and may include all or only part o f  the film  

according to the experimental tim escale. M ost importantly, the effective sensitivity 

factor, the Faraday, is insensitive to the loca l environm ent, i.e. to both film  morphology 

and solvation. Conversely, the acoustic w ave data reflect material that is mechanically 

coupled to the electrode, with a ‘sampling depth’ determined by the decay length o f  the 

acoustic w ave (Equation 2 .42); this is strongly sensitive to local environm ent via the 

dependence o f  shear modulus on solvation. From these considerations two important 

conclusions result: (i) the use o f  qualitative terms ‘thin’ and ‘thick’ to describe the 

amount o f  polym er within a film is ambiguous unless the probe/technique is specified; 

(ii) film s at the upper and lower ends o f  the acoustically thick (but not semi-infinite) 

regime m ay behave quite differently due to their diverse structures, compositions and 

dynamics. The latter issue has not been addressed previously in the context o f  

correlating the outputs from different techniques. In this regard, AFM  images ex situ  

were taken o f  film s o f  varying ‘thickness’, i.e. with different polymer coverage, to 

provide additional insight.

Figure 6.7 show s images for two film s that are essentially replicates (aside from 

the use o f  ITO as substrate) o f  those films in the acoustically thin and thick regimes; the
'j >j

surface coverage are 7 M 3 .1  nmol cm' (film  E) and /M 9 4  nmol cm ’ (film  F) for 

panels a and b , respectively. Quantitative evaluation o f  film thickness was made by 

using a sharp blade to cut through the sample, thereby exposing the underlying ITO 

substrate. The physical thicknesses o f  the uniform inner layers (hfmrmr) were found to be 

90.3 nm and 483 nm, respectively (Figure 6 .8 ) . Inserting Qredox for each one o f  these 

films in Equation 2 .4 6 , hfQ redox)= h p  =  92.3 nm for film  E and h p  =1.37 pm for film F. 

The results show  that for thin and uniform  film s h p  is a good estimate o f  film  thickness, 

whilst for the more heterogeneous and thicker film s  the uniform region o f  the film is 

only one part o f  the overall deposited material. In order to demonstrate that the 

conflicts listed above are indeed a consequence o f  film heterogeneity, Figure 6.9 shows 

the AFM  im age o f  a film  that is ‘thin’ as judged by all the three probes (film  G). From 

the coulom etry F=  55.7 nmol cm'2, which leads to h p  = 281 nm. This value is in 

excellent agreement with thickness estimate using A f  and the Saurbrey equation (h frav = 

261 nm), as w ell as AFM imaging hfinner = 258 nm (from a linescan identical to those 

shown in Figure 6 .8 ).
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50 pm

F ig u re  6.7: AFM  im ages o f  films prepared on ITO electrodes at 0.02 V s ' 1 with 3 cycles (film  E, 

7 -1 3 .1  nmol cm '2, panels a  and c) and 35 deposition cycles (film  F, f=  194 nmol cm '2, panels b and d).

• _yxwAu>yvV|_|_

I I
F ig u re  6 .8 : Estim ate o f  hf  at the cut edge o f a) film E and b) film F using AFM software.
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1: H eigh t

F ig u re  6.9: AFM  im ages of an acoustically thin film prepared on QCM  w ith 10 cycles at 0.02 

V s ' 1 (film  G ), F=  55.7 nm ol cm '2.

The AFM can also be used to estimate the thickness o f  film s’ outer regions 

{hf outer)- Together with coulometric data, it is possible to determine the concentration o f  

electroactive material in the outer regions (Table 6 .2V For the dense (relatively 

unsolvated) inner region, the molar mass and density data give a volume concentration
* 3 3o f  redox sites o f  1.4x10' mol cm' . The surface concentration  o f  redox sites within the 

inner layer (/"m„er), is the product o f  this volume concentration (which is here considered 

constant for all the film s) and the film thickness determined by AFM (/?/,,mer). The 

difference between IfQredox) and rin„er gives the surface concentration o f  redox sites in 

the outer diffuse region, r outer- The outcome is that thin films are dominated by the 

dense region and thick films by the diffuse region. In this sense, as the total amount o f  

immobilised redox sites is increased, one expects a progressive shift in properties from 

those o f  a dense film to those o f  a diffuse film.

Going backwards, the quotient between r outer and hf outer yields the volume 

concentration o f  redox sites in the outer region. As column 8  o f  Table 6.2 shows, the 

outer region concentration rises from ca. 10% to ca. 93%  o f  the inner region 

concentration. The latter value represents the actual concentration o f  sites in the outer 

polymer regime, when the islands are overlapped. However these are not the effective 

concentrations, since the islands do not cover the entire film dense layer. For instance, 

in the extreme case o f  film E, the islands (Figure 6.7. panels a. c) occupy only ca. 1% o f  

the surface, so estimating outer film thickness by joining their peaks overestimate the 

average thickness by a factor o f  1 0 0 . Similarly, for film G, the island coverage is ca. 

30%, so the effective concentration is only ca. 30% o f  0.38x1 O'3 mol cm'3, i.e. 0.11
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3 3xlO" m ol cm" . In the case o f  film  F, the islands occupy around 20% o f  the surface, 

which gives 0.26 xlO "3 mol cm'3.

T able 6.2: Estimate o f  film thickness and effective concentrations in the outer film region (Couter).

S am ple
T(Qredox)

/ nm o l cm ' 2

hf inner

/  nm

hf outer

/ nm

r  aA inner

/ nm ol cm ' 2

r outer

/  nm ol cm ' 2

Islands a re a l 

occupation

Effective
C outer X 1 0

r  y n v 3outer A 1  u
/ m ol cm ' 3

/  mol cm ' 3

E 13.1 90.3 39.2 1 2 . 6 0.5 1 % 0.13 0.0013

G 55.7 281 434 39.3 16.4 30% 0.38 0.11

F 194 483 965 67.6 126.4 2 0 % 1.30 0.26

—    —---  ■— 1 j j
aO btained as the p roduct o f  film  thickness and unsolvated volum e concentration, C = 1.4x10' mol cm* ;

W hile there are clearly som e approximations in this spatially variant model, it is 

relatively sim ple, physically reasonable, and able to rationalise the observed 

electrochem ical, acoustic and imaging data.

6.3  V a r ia t io n  o f  R h e o l o g ic a l  Pr o p e r t ie s  in  

B a c k g r o u n d  E l e c t r o l y t e

6.3.1 Effect of doping state

Figure 6.10 depicts the voltammetric response o f  film A  in background 

electrolyte. The electrochem ical response o f  poly[N i(3-M esalophen-bl5-c5)] films was 

described in detail in Chapter 4. Briefly, the film  shows three anodic (Epai =  0.29 V, 

Epaii = 0 .80 V and Epani = 1.12 V ) and three cathodic features (two waves at EpcI = 0.27 

V and Epcu =  0 .77 V  and one inflexion at EpcIII = 0.94 V). This is rather similar for all 

the film s, except for the increase o f  the current intensity and displacement o f  the peak 

potentials towards oxidising potentials with the increase o f  R
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F ig u re  6.10: V oltam m etric response o f  poly[N i(3-M esalophen-bl5-c5)] (film  A) acquired in 0.1 

mol dm ' 3 T B A P /C H 3CN betw een -0 .3  and 1.3 V.

6.3.1.1 EQCM studies -  acoustically thin films

The admittance spectra o f  a film  prepared with 3 deposition cycles at 0.02 V s’1 

(film  H , r=17.0 nm ol cm' ) is shown in Figure 6.1 la . The peak admittance decreases 

by 6  % during the process o f  polymerisation. Then, the film is considered to be within 

the acoustically thin regime. Figure 6.1 lb  shows the variation o f  peak admittance as a 

function o f  the applied potential in background electrolyte. The admittance decreases 

when the potential is scanned in the positive (oxidation) direction. Sweeping the 

potential negatively results in the restoration o f  the initial admittance. This minor 

variation in the admittance {ca. 2 %) indicates that the film loses some ‘rigidity’ at 

oxidising potentials, probably due to the ingress o f  electrolyte species.
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F ig u re  6.11: a) A dm ittance spectra acquired during the polymerisation o f [N i(3-M esalophen-bl5- 

c5)] at 0.02 V s ' 1 (film  H ) (—  adm ittance spectrum o f QCM  in solution and — adm ittance spectra 

acquired at the end o f  each deposition cycle); b) variation o f  the peak adm ittance (film H ) with the 

applied potential in background electrolyte (arrows indicate the direction o f potential sweep).
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Insertion o f  the film density pf= 1.2 g cm "3 and the experimental A f  in the 

Sauerbrey equation lead to the determination o f  hf as a function o f  the applied potential 

(Figure 6 . 1 2 ). The charge Qredox starts to increase at 0.2 V reaching a maximum at 1.3 

V (panel a). The cycling o f  potential in the opposite direction reverses this profile, but 

hysteresis is detected. When the electroactive film  is oxidised, the charge developed  

must be compensated via electrolyte species in order to restore the system  

electroneutrality. This can be accomplished in different ways: (i) ingress o f  anions in 

the film  to com pensate the positive charge resulting from the oxidation (film swelling, 

increase o f  hf), (ii) egress o f  cations from the film  to the solution (film  shrinking, 

decrease o f  hj) (iii) m ovem ent o f  cations/anions in opposite directions (small net 

variation in hj). Since the hf profile shows that the film  swells upon oxidation, the net 

m ovem ent o f  species at the film /solution interface must favour the ingress o f  species.

Additionally, information can be obtained by plotting the mass A M ’ against Qredox 

(panel b). The slope o f  this plot gives the molar mass o f  species involved in the charge 

compensation process. According to Faraday’s law9:

. zFAM '
m

Q
(6 .1 )

where m ’ is the molar mass, z is the charge associated with the species, and F  is the 

Faraday constant. Table 6.3 presents the molar mass estimated using the slopes from 

Figure 6 .12b .
0.19200
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F ig u re  6 . 1 2 : Plot o f  a) Q redox and hf vs. the applied potential and b) A M ’ vs. Q redox for film H, in 

0.1 mol dm ' 3 TB A P/C H 3 CN. ‘I ’ is the slope in the anodic half-cycle and ‘IF  for the cathodic counterpart

( - ) •
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Table 6.3: Determination o f molar mass associated with the slopes o f  Figure 6.12b.

Slope/jig C 1 m ’ /g m o l 1

1 2 2 2  (anodic) 117.9

790 (cathodic) 76.2

There are three species present in the electrolyte solution: TBA+ (242.00 g m ol'1), 

CIO4" (99.45 g m ol'1) and CH3CN (41.05 g m ol'1). Comparing the molar mass o f  these 

species with the values depicted in Table 6 .2 . CIO4' seems to play the main role in the 

charge com pensation processes. These findings can be rationalised in terms o f  the 

relative dim ensions o f  electrolyte species: the ionic radius o f TBA+ is 0.413 nm, 

considerable larger than that o f  CIO4' (0.240 nm )10. Therefore, it is expected that the 

m ovem ent o f  the cation at the film /solution interface w ill be considerably hindered with 

respect to the counterion.

The molar m ass obtained from the slope in the anodic half-cycle is higher than the 

molar m ass o f  CIO4'. Conversely, the molar mass obtained from the cathodic 

counterpart is lower than that o f  CIO4'. This may be explained in terms o f  the 

electrostatic nature o f  the driving force. The species prone to respond firstly to changes 

in the film  doping state are those charged (in this case CIO4'), whilst solvent m olecules 

are dragged. A s a result, the tim escale associated to the movement o f  C1(V is smaller 

than that o f  CH3CN. Accordingly, the m ovem ent o f  electrolyte species can be 

envisaged in the fo llow ing way: when the potential is cycled towards oxidising regions, 

CIO4" m oves firstly into the film , which is then followed by solvent m olecules (the 

m ovem ent o f  CIO4' and CH3CN in the same direction results in a steeper slope than 

expected for CIO4' only); when the potential is reversed, there are still solvent m olecules 

entering into the film  while the anions are already leaving (this cross movement results 

in a decrease o f  the cathodic slope).

6.3.1.2 Acoustically thick films and the ‘thin film’ approach

In section 6.2.3 it was shown that the model o f  an uniform film  used to describe 

the viscoelastic properties o f  poly[N i(3-M esalophen-bl5-c5)] films can only be used to 

probe the thin and uniform underlayer o f  the film. In these conditions neither Qredox nor 

A f  provide a good estimate o f  hf. In order to obtain the h/vs. E  profile, it is assumed that 

the underlayer o f  an acoustically thick film behaves similarly to the acoustically thin
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film. The strategy consists o f  normalisation o f  h /E )thm depicted in Figure 6 .1 2 a and 

adjustment o f  it to the viscoelastic film:

h (E )
hf { E) thlck = th" x h f  (p o l ) (6.2)

where h /E ) thiCk is the variation o f  thickness with potential o f  the thick film  (A), <hj>  is 

the average thickness o f  film  H in the reduced state (where hf variation is considered to 

be negligible), and h /p o l)  is the thickness o f  the viscoelastic film at the end o f  the 

polymerisation process, which for film  A  was found to be 228 nm. Using p / = 1.2 g cm ' 3 

and h /E ) thiCk, the determination o f  shear moduli values is then straightforward. The hf 

values for w hich G values were fitted corresponds to 95% o f  h /p o l)  (Figure 6.13, panel 

a). This small difference may be due to (i) monomeric/oligom eric species trapped in the 

polymer that were removed at the end o f  deposition by rinsing o f  the modified 

electrode, or (ii) egress o f  electrolyte species from the film  after the experiment was 

finished (i.e. solvent m olecules). Moreover, G  values could only be fitted for hf within a 

5% span, w hich show s the precision o f  this model.

The G  values obtained are depicted in Figure 6.13 b. The main outcome is that 

the loss com ponent G  ’ ’ dominates the mechanical response o f  the film, regardless o f  the 

doping state. The film  mechanical response is here divided into three potential 

intervals, according to the variations found in the G values: (i) -0 .3  to 0.3 V, (ii) 0.3 to

0.7 V and (iii) 0.7 to 1.3 V . In the first interval G  values are roughly constant, with G ” 

higher than G \  A t this stage the film electroactivity is reduced, so it is expected that the 

sweep o f  potential w ithin this interval w ill not provoke significant changes in terms o f  

film local environment/electrolyte content. In the second interval G ”  decreases 

whereas G ’ increases; at this point the shear components become comparable. For these 

intermediate potentials the film  becomes increasingly doped; the increase in the storage 

component indicates an increase in the intrachain rigidity, which structurally is 

associated with the formation o f  a quinoid-like structure (Figure 1.5. Chapter 1). In this 

structure the establishment o f  double bonds between monomeric units stiffens the 

polymeric chain. Similar poly[M (salen)] films were found to assume a polyphenylene- 

like structure for reducing states and a quinoid-like structure for oxidising states11. In 

the third interval (extreme oxidising potentials) both components increase, with G ” 

varying to a greater extent than G ’. At this stage, the positively charged film swells 

with the ingress o f  CIO4 /CH3CN. The small variation o f  G ' indicates the gradual 

oxidation o f  the film , whereas the dramatic changes o f  G ’ ’ show that the increase o f
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electrolyte content within the film  results in a rise o f  polymer viscosity, making it more 

resilient to the egress o f  additional electrolyte species.
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F ig u re  6.13: a ) Film  thickness profile h /E ) thick used in the fitting process and b) variation o f  shear 

moduli values w ith the applied potential (film A). A rrow s indicate the direction o f  potential sweep.

The hysteresis observed in G  values as a function o f  E  indicates that a global 

equilibrium was not attained on the tim escales used in these experiments (0.01 V s’1). 

This may be associated with either (i) slow  charge or (ii) slow  solvent transport. In 

order to determine which one is the limiting factor, Figure 6.14 depicts the plot o f  Q vs. 

E  (panel a) and the plot o f  G vs. Q  (panel b). respectively. The hysteresis associated 

with Q  profile (panel a) shows that the redox equilibrium is not fully established. 

However, this is not the only limiting factor, since the plot o f  G vs. Q  also reveals 

hysteresis (indication o f  slow  solvation process). Therefore, the G  values obtained at 

different doping states are not only dependent upon the charge injected in the film, but 

also they reflect the prior history o f  the film.
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F ig u re  6.14: Plots o f  a) Q vs. E  and b) shear moduli vs. Q, for film A.
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6.3.2 Effect of Ba2+ addition
^ I

Ba was used to study the ion recognition properties o f  poly[Ni(3-M esalophen- 

b l5 -c5 )] film s in the context o f  acoustic w ave sensors. The changes observed in the 

voltammetric response upon metal cation addition were already discussed in Chapter 4. 

Here, particular attention is given to the associated mechanical properties o f  the film.

6.3.2.1 Acoustically thin films

The dependence o f  /z/upon the applied potential was recorded for film  H after the 

addition o f  200 pL o f  a solution o f  0.05 mol dm ' 3 Ba(C1 0 4 )2  (final concentration 2 

mmol dm'3). Figure 6.15 shows the variation o f  hf before and after the addition. There 

are two major differences in the hf profile with the metal cation addition. First, the 

‘baseline’ was positively  displaced by ca. 30 nm follow ing the addition, implying that 

in the presence o f  Ba2+ the film  swelled by 18 %. This is evidence o f  uptake o f  species 

from the solution, m ost likely Ba2+ or barium derived species (Ba2++C 1 0 4 +CH3CN). 

XPS and X A S results confirm this assumption (Chapter 5). Second, the extent to which 

the film  sw ells upon oxidation is smaller after the cation addition. Possibly, the ingress 

o f  electrolyte+barium  species prior to the potential sweep restricts the increase o f  hf. In 

this sense, the charge compensation process becom es limited and may explain the 

decrease in the Qredox upon metal cation addition (Chapter 4).
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F ig u re  6.15: a) V ariation o f  hf(fiilm H ) before and after addition o f  Ba(C10 4 ) 2  (final concentration 

2 mm ol dm '3) to the background electrolyte; b) A M ’ vs. Q redox for film H  after Ba2+ addition. ‘I ’ is the 

slope in the anodic half-cycle and ‘I I ’ for the cathodic counterpart (— ). Arrows indicate the direction o f 

potential sweep.
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Table 6.4 presents the molar mass obtained from the A M ’ vs. Q  plot shown in 

Figure 6 .15b . The first inspection o f  the plot indicates that the mechanism o f  charge 

com pensation does not change to any extent in the presence o f  Ba2+. Then, barium 

derived species must be located in regions o f  the film  where the effects o f  applied 

potential are small. There is, though, a ‘space lim itation’. The slope o f  the anodic half

cycle is smaller than that found before the addition (Figure 6.12b). Since the film  has 

already sw elled  with Ba2+ addition, restrictions in additional swelling may impose some 

degree o f  exchange at the film /solution interface in order to allow CIO4" ingress.

T ab le  6.4: D eterm ination o f  m olar mass associated with the slopes o f  Figure 6 .15b.

S lope/pg  C ' 1 m  ’ /gm ol ' 1

583 (anodic) 56.2

771 (cathodic) 74.4

6.3.2.2 A cou stica lly  th ick  film s

The strategy follow ed  for extraction o f  G  values prior to Ba2+ addition (thin film  

extrapolation) was used again for determination o f  those parameters in the presence o f  

the metal cation. Equation to 6 .3 . which is similar to Equation 6 .2 , was used for this 

purpose:

1 /  r-- \ h f ( E } thinBa ^  h f  ^ B a
hf(.E ),UctBa = ,  . " —  x 95%hf  (p o l ) x — — —  (6.3)

n f  Ba " /

J 1
According to this equation, the hf profile o f  the thin film H  after Ba addition 

(hj(E)thinBa) is normalised with respect to its average thickness in the reduced state 

(</z/>Ba), and m ultiplied by both the film  thickness o f  film  A  (95% h /po l))  and the 

sw elling ratio o f  film  H. Using this equation it is assumed (i) the variation o f  hf in the 

presence o f  Ba2+ for the thick film  is the same as that o f  the thin film, and (ii) the thick 

film  sw ells to the same (relative) extent as the thin film. The shear moduli values 

obtained using the calculated hf values are depicted in Figure 6.16a. G  values could 

only be fitted for hf within a 5% span, which show p e r  se  the validity o f  the 

approximations used. Additionally, when a different profile o f  h /E )  is used for the 

extraction o f  G  values after  Ba addition (for instance, the profile before the addition, 

h/E)thm), the extracted G  values are in some cases negative. This shows that the interval 

in which G  values are physically reasonable is small.
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G ’ values are roughly comparable to those obtained before the addition, which  

indicates that there are no major changes in terms o f  intrachain rigidity upon metal 

cation addition (panel b ). Nevertheless, G ”  values are larger after the addition, 

indicating that the presence o f  Ba plays an important role in the film viscosity, namely 

influencing interchain  interactions (panel c ). The dependence o f  shear moduli values 

on the doping state seem s to be similar before and after Ba2+ addition.
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F ig u re  6.16: a) V ariation o f  shear moduli values with the applied potential (film  A). Comparisons 

between b) storage, c) loss and d) modulus moduli, before and after Ba2+ addition (final concentration 2 

mm ol dm '3).

These findings suggest that, following the addition o f  Ba(C104 )2  to the electrolyte, 

Ba2+ and/or derived species diffuse throughout the film. The cation occupies sites 

within the film  that are little sensitive to changes in the film doping states, and the result 

is its reduced migration upon variation o f  the film doping state (irreversibility).
2 _j_

Furthermore, the increase in viscosity indicates that Ba occupies sites somewhere in 

between different polymeric chains, probably establishing interactions with oxygen  

atoms from different crown ethers. This assumption is consistent with XAS findings 

(Chapter 5).
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6.3.3 Effect of the resonating frequency

G values were also fitted for harmonics o f  the fundamental frequency (30 MHz, 

50 M Hz, 70 M Hz and 90 M Hz). Figure 6.17 presents G ' and G ” values, before and 

after Ba(C 1 0 4 )2  addition.
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F ig u re  6.17: Storage (panels a, b) and loss (panels c, d ) m oduli before (panel a, c) and after (b, d) 

Ba2+ addition (final concentration  2 mm ol dm '3). Resonant frequency: 10 M Hz (A ) , 30 M Hz (o ) , 50 

M Hz (■), 70 M H z (O )  and 90 M H z (>K).

There are sim ilarities in the trends o f  G vs. E  with those observed for the 

fundamental frequency: G ” values are always higher than G \  and the addition o f  

barium leads to a considerable increase o f  G values. The hysteresis observed in the 

shear moduli values is due to the film spatial variations (in terms o f  oxidation state and 

solvation), which reflect the direction in which a given potential is approached (prior 

history). In addition, the rise in hysteresis with the frequency is associated with 

decrease o f  the decay length (Equation 2 .42. Chapter 2).

Although both G values increase with the frequency, the variation o f  G ’ ’ values is 

more significant, which indicates that the material is in the transition region12.
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Qualitatively, the variation o f  G’ excludes the V oigt model. Instead, the increase o f  

both G’ and G” with the frequency are consistent with the M axwell m odel in the 

rubbery regim e (c o t< 1 , Figure 2 .9 . Chapter 2 ) . Figure 6 .1 8  depicts the logarithmic 

dependence o f  G on the resonant frequency, at extreme doping states: fully reduced 

(-0.3 V ) and fully oxidised (1.3 V). Prior to addition G’ and G” oc co3/2, but in the
2"Fpresence o f  Ba the dependence o f  G  on the frequency seems to change (G  ’ and G ” oc 

co ). The M axw ell m odel, which predicts quadratic and linear dependencies o f  G ’ and 

G ” for c o x « l ,  is rather too simplistic to explain the frequency dependencies found for 

this system; more com plex (multi-element) spring and dashpot m odels are required.
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At all the frequencies observed the ratio o f  film  thickness prior to and follow ing  

the barium addition is similar (1 .23±0.05), which not only confirms the validity o f  the 

fitting but also allows one to estimate the content o f  barium inside the film. 

Considering the film  thickness hf — 216 nm, h /B a 2+)  = 256 nm and electrode area 0.23 

cm 2, for the sim plest case in which only Ba2+ diffuses into the film, the volume 

variation A V  corresponds to 0.23 x (0.256 - 0.216) xlO ’4 = 9.2 x 10"7 cm3. Using the
2+ 23 3

Ba ionic radius 0.137 nm and a spherical volum e o f  1.08 x 10' cm , the volume
1 7increase corresponds to 8.5 x 10 atoms or 1.4 x 10' mol. The amount o f  electroactive 

sites corresponding to 32.5 % o f  Qdep (0.32.5 x 1.18 mC) is 3.65 x 1 0 '8 mol cm'2. 

Assum ing the amount o f  N i atoms within the same range o f  the electroactive sites, this 

gives a N i:B a ratio o f  0.06:1 or 1:17. A  more realistic approximation is to consider the
74*

ingress o f  Ba accom panied by C lO f. According to XPS data (Chapter 5), the Ba:Cl 

ratio is about 1. U sing the CIO4' ionic radius 0.240 nm and considering the volume o f  

[Ba(C1 0 4 )]+ as the sum o f  the individual species (6.87 x 10' 23 cm3), it gives 2.2 x 10' 8 

mol. Consequently, the result is a N i:Ba ratio o f  1:3, which is more consistent with 

XA S studies (Chapter 5).
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Figure 6.19: Ratio o f  h/Ba2')/hf at different resonant frequencies (film  A).
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C o n c l u d in g  Re m a r k s

The way in which film  thickness and compositional/morphological changes are 

‘seen ’ by different techniques is dependent upon the physical nature o f  the interaction o f  

the relevant probe with the interface. Here, electrochemical, acoustic w ave and AFM  

im ages were used to determine film  thickness, based on coulometric, mechanical and 

surface force interactions, respectively. The first two o f  these are spatially integrated,

i.e. ‘averaged’, w hile the third is sensitive to spatial variations. The electrochemical 

assay reflects the population o f  redox sites in good electronic communication with the 

electrode on the observational timescale. The demarcation between ‘thin’ and ‘thick’ 

films -  representing com plete or partial assay - is diffusionally limited, according to the 

potential scan rate. The acoustic wave assay reflects the amount o f  material that is 

m echanically coupled to the underlying oscillator. In this case, the demarcation 

between ‘thin’ and ‘thick’ film s -  representing complete or partial assay - is determined 

by film  viscoelastic properties. Low solvation levels result in low  loss films that 

propagate the acoustic w ave over long distances such that all the film  may be observed, 

while high solvation levels plasticise the film  and cause rapid decay o f  the acoustic 

wave such that only a fraction o f  the film may be observed.

P oly[N i(3-M esalophen-bl5-c5)] film s have structures that depend on the amount 

o f  surface-im m obilised material. For sufficiently ‘electrochem ical’ thin films {T  < 15 

nmol cm'2), they are ‘thin’ by all measures and comprise a uniform layer o f  polymer 

with m onodisperse, small polymer islands on the top. Acoustic, coulometric and AFM  

estimates o f  hf are consistent. Films prepared with 15 < T I  nmol cm' < 60 are rougher 

and can be considered as an underlying uniform layer decorated with islands o f  

polymer. In this regim e, h p  overestimates the thickness o f  the uniform layer since the 

coulometric assay responds to all the electroactive species (in the uniform layer and the 

islands), but h f rav is still a good approximation to the thickness o f  the uniform layer. 

This corresponds to a transitional situation in which the uniform layer is the dominant 

component and can be considered acoustically thin, but the polymer islands are in a 

much more liquid-like environment that is not rigidly mechanically coupled to the 

underlying electrode. Films prepared with r  > 100 nmol cm' show a behaviour that is 

dominated by the large heterogeneous islands o f  polymer. As for the intermediate case, 

h p  overestim ates the thickness o f  the uniform layer (now to a greater extent) and, since 

the film  is no longer in the acoustically thick regime, h frav also overestimates the
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thickness o f  the uniform layer. Although the amount o f  polymer in the diffuse region 

increases with T, the effective concentration o f  polymer is considerable less than in the 

dense, inner region.

EQCM  studies performed in acoustically thin films showed that CIO4' plays the
'y 1

main role in the charge restoration process. Upon Ba addition the film  swells 

irreversibly, indicating the permanent ingress o f  solution species into the film. As a 

result, the film  capacity to accept additionally electrolyte species in the oxidised state 

decreases. This may explain the loss o f  electroactivity upon metal cation addition, 

discussed in Chapter 4.

K now ing that the acoustic methods only ‘see’ the inner/dense region o f  

poly[N i(3-M esalophen-bl5-c5)] viscoelastic film s, the study o f  the rheological 

properties in background electrolyte was performed assuming that the thickness profile 

o f  acoustically thick film s m im ics that o f  thin films. This model was found to be not 

only successful for the extraction o f  G values, but also quite precise. At reducing 

potentials G  values are roughly constant, with G ’ ’ higher than G ', consistent with the 

low  film  electroactivity; at intermediate potentials G ’ ’ decreases whereas G ’ increases, 

which may be interpreted as an increase o f  intrachain  rigidity, associated with the 

formation o f  a quinoid-like structure. At oxidising potentials, G ’' values increase to a 

greater extent than their G ’ counterparts, which may be associated with increase in the 

polymer viscosity  due to the ingress o f  C1047CH3CN. The addition o f  Ba2+ increases 

the G ” values, im plying that the presence o f  the metal cation plays an important role in 

the film  viscosity, nam ely influencing interchain interactions. This is consistent with 

EXAFS findings (Chapter 5).

Finally, the increase o f  G values with the resonant frequency is qualitatively 

consistent with the M axwell model in the rubbery regime. Moreover, the hysteresis 

observed in the shear moduli indicates that these are dependent not only upon the 

applied potential but also in the way that potential is attained (prior history).
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Chapter 7

I n t r o d u c t o r y  S tu d ie s  o f  C o m p o s ite s  B a s e d  

o n  P o l  y [N i(3 -M e s a lo p h e n -b 1  5-c5)J  a n d  

M u l t i - W a l l e d  C a r b o n  N a n o tu b e s
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7.1 C o m p o s it e s  B a s e d  o n  C o n d u c t in g  P o l y m e r s  a n d  

C a r b o n  N a n o t u b e s

A s m entioned in earlier chapters, the application o f  modified electrodes extends over 

a w ide range o f  areas including (bio)chem ical sensing, electronic devices, optical displays, 

surface protection, (electro)catalysis, energy storage and energy conversion1"4. The 

growing demand for better performances prompts not only the preparation o f  new  

materials but also the improvement o f  existing ones. The latter can be accomplished in 

several w ays, nam ely by exercising greater control over interfacial architecture via a range 

o f  tem plating m ethods5'8, or through assembly o f  the desired group o f  materials properties 

(electronic, m echanical, chemical, etc) by formation o f  a composite material.

The discovery o f  carbon nanotubes (CNTs) in 1991 9 has revolutionised the field o f  

materials science as a consequence o f  their remarkable combination o f  electrical, chemical 

and m echanical properties. They present the opportunity to exploit metallic and/or semi- 

metallic structures, facile adsorption, doping and charge transfer processes, and mechanical 

strength (Y ou n g’s modulus and tensile strength o f  over 100 GPa 10). More specifically  

within the field  o f  electrochemistry, CNTs have been employed in the fabrication o f  

electrodes for detection o f  biological m olecules11"13 and o f  trace metals in water14, and for 

double-layer capacitors 15"17.

Recently, there has been a growing interest in their combination with conducting 

polymers in nanocom posite materials. The general aspiration is to exploit synergistic 

interactions w hen the two components are combined: for example, the CNTs may 

introduce m echanical stability or enhance the electrical properties o f  the polymer18,19.
1 /  I Q  'J 'J

Am ong the m ost promising combinations are CNT/polypyrrole ’ " and 

C N T/polyaniline18,23 nanocomposites. These materials were found to have improved 

conducting properties with respect to those o f  the polymer -  notably in potential regimes in 

which the polymer is poorly conducting -  and to considerably increase the specific 

capacitance.

A  potentially convenient route to preparing composite films is the 

electropolym erisation o f  a suitable monomer and simultaneous entrapment o f  the CNTs 

within the depositing film. The main difficulty associated with the preparation o f  such 

com posites is the insolubility o f  carbon nanotubes in typical solvents24. There are several 

reports o f  functionalisation or chemical derivatization o f  carbon nanotubes " as a way to
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increase their dispersion/solubility. One such approach is treatment o f  the carbon 

nanotubes with oxidising acids prior to the polymerisation process16,17, in order to 

functionalise their walls with oxygenated groups, making them more readily dispersed in 

aqueous media. This method has the additional advantage o f  excluding the need for 

additional electrolyte, since the negatively charged CNTs are able to compensate the 

developm ent o f  positive charge within the growing film during electropolymerisation.

W hen chem ical constraints require the use o f  an organic solvent, the above strategy 

cannot be applied because the concentration o f  CNTs in the dispersion is considerably 

lower than in water. Consequently, for system s including a polymer such as poly(3- 

m ethylthiophene), the polymerisation cannot proceed without the presence o f  an additional 

supporting electrolyte . Although there are several reports o f  CNT/conducting polymer
9 0  33

com posites being used for detection o f  biom olecules in aqueous systems ' , similar 

performance in organic solvents is still elusive. In this context, crown ether macrocycles34 

are interesting in that they are at the boundary o f  these two distinct types o f  system: their 

ability to bind to alkali and alkaline earth metal cations has some similarity with biological 

system s but they can also function in organic media.

In this chapter the preparation o f  composites by the entrapment within crown ether- 

functionalised poly[N i(sa/e«)] films o f  multi-walled carbon nanotubes (MWCNTs) is 

reported. The aim o f  this study is to enhance the intrinsic characteristics o f  the single 

com ponent poly[N i(sa/e«)] films by the insertion o f  M W CNTs into the polymeric matrix.

The strategy for accomplishing this (Figure 7.11 is the prior dispersion o f  the carbon 

nanotubes in the electropolymerisation solution, with the expectation that they w ill become 

physically entrapped within the depositing polymeric matrix. Since adequate dispersion o f  

the carbon nanotubes is critical, two variables are explored: (i) functionalisation o f  the 

M W CNTs with different surface groups and (ii) variation o f  the organic solvent.

In previous chapters the correlation o f  performance with structure for single 

component poly[N i(3-M esalophen-bl5-c5)] film s was accomplished; here, the 

electrochem ical performance o f  the composite film is assessed via cyclic voltammetry and 

electrochem ical impedance, and rationalised in terms o f  structure (SEM analysis).
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solvents

CHjCN
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CTO-CH3CN

CT0-CH2C12

MWCNT-T1

CTI-CH3CN

CT1-CH2C12
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CT2 -CH3CN

CT2-CH2C12

MWCNT-T3

CT3-CH3CN

CT3-CH2C12

‘CTX-solvent” = composite of poly[Ni(sa/e«)] film+MWCNT-TX + solvent

F ig u re  7.1: Schem atic view  o f  entrapm ent o f  M W CN Ts3 5  w ithin the poly[N i(3-M esalophen-bl5-c5)] 

m atrix  during the po lym erisation  step and nom enclature used to describe com posite/solvent systems. The 

detailed descrip tion  o f  M W C N Ts functionalisation is presented in Chapter 3.
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7.2 Pr e p a r a t io n  a n d  C h a r a c t e r is a t io n  o f  

C o m p o s it e s  B a s e d  o n  P o l y [N i(3 -M e s a l o p h e n -b 15-c 5)] a n d  

M u l t i-W a l l e d  C a r b o n  N a n o t u b e s

7.2.1 Functionalisation of carbon nanotubes

The functionalisation o f  nanotubes was performed by colleagues at the Department 

o f  Chem ical Engineering, Faculty o f  Engineering, University o f  Porto, Portugal36.

The characterisation results o f  the M W CNTs are shown in Table 7 .1 . The MWCNTs 

tested present BET surface areas between 196 and 260 m2 g’1. The HNO3 oxidation 

treatment (T l)  has a small effect on the surface area o f  M W CNTs (an increase o f  9%), 

w hile O2 oxidation (T2) results in an increase o f  about 33%. The increase in the surface 

area o f  M W C N T-T2 can be explained by the opening o f  M W CNT tips by gasification with 

oxygen, w hich m akes the internal surface accessible37. The BET surface area o f  sample 

M W CNT-T3 w as not determined, but it is expected to be similar to the original sample 

M W CNT-T1.

T a b le  7.1: Textural properties o f  M W CNTs.

C < V  C O a SBEt  b
Sam ple C 0 /C 0 2

( p m o lg 1) ( p m o lg 1) (m2 g'1)

M W CNT-TO 25 113 4.5 196

M W CN T-T1 693 1106 1.6 215

M W C N T-T2 80 928 11.6 260

M W C N T-T3 150 892 6.0 n.d.

a D eterm ined by TPD-M S. b From N 2  adsorption at 77 K

The different surface oxygenated groups created on carbon materials upon oxidising 

treatments decom pose through heating, releasing CO and/or CO2 at characteristic 

temperatures ; in CNTs the oxygenated groups are formed at the edges/ends and defects 

o f  graphitic sheets . The total amounts o f  CO and CO2 evolved from the M W CNTs were
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obtained by integration o f  the TPD spectra and are also presented in Table 7 .1 . Comparing 

the TPD spectra (not shown here) and the amounts o f  CO and C 0 2 released by samples 

MWCNT-TO and M W CNT-T1, it is clear that the treatment with H NO 3 (T l)  produces a 

large amount o f  acidic oxygen groups (carboxylic acids, anhydrides and lactones), which 

decom pose to release C 0 2. The thermally treated sample M W CNT-T3 shows a different 

spectrum compared to the starting M W CNT-T1. The C 0 2 releasing groups at low  

temperatures (carboxylic acid groups) were almost com pletely eliminated while only a 

small am ount o f  the more stable CO releasing groups (phenol and carbonyl groups) were 

rem oved. The treatment with oxygen (M W CNT-T2) mainly increases the CO releasing 

groups. The ratio C 0 /C 0 2 increases significantly after the gas-phase treatments 

(M W C NT-T2 and M W CNT-T3), and decreases after the liquid-phase treatment 

(M W C N T-T1) indicating the higher acidity o f  this sample.

The presence o f  surface oxygenated groups in CNTs alters the 

hydrophobic/hydrophilic properties o f  the materials, allowing for a more facile 

solubilisation or dispersion in more hydrophilic media, at the cost o f  partial destruction o f  

the intrinsic nanotube structure and 7r-conjugation . In this context, it is expected that 

untreated M W C N Ts w ill be more easily dispersed in the more hydrophobic solvent, 

CH2C12, and w ill retain to a greater extent their intrinsic electronic structure. This is a 

significant feature, since an increase in the population o f  oxygenated groups (whose 

formation is associated with local disruption o f  the 71-conjugation) w ill lead to lower 

M W CN T conductivity.

7.2.2 Preparation and characterisation of composites by cyclic 

voltammetry

The single component poly[N i(3-M esalophen-bl5-c5)] film s were prepared using the 

conditions described in Chapter 4, except in these studies films were prepared using either 

CH3CN or CH2C12 as solvent and the scan rate was 0.005 V  s-1. In the preparation o f  

com posites, the deposition solution also contained 0.02 %  wt o f  M W CNTs-TX.

The polymerisation process o f  [N i(3-M esalophen-bl5-c5)] in 0.1 mol dm' 

TBAP/CH 3CN, at a scan rate o f  0.1 V s'1, was described in detail in Chapter 4. For a scan 

rate o f  0.005 V  s'1, there are some minor variations (Table 7 .2 ): the first deposition anodic 

half-cycle shows two anodic waves (at 0.89 V and 1.08 V) and the reverse half-cycle two
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w ell-resolved cathodic waves (at 0.81 V  and 0.10 V), o f  which the latter is attributed to the 

reduction o f  polymer deposited in the anodic half-cycle. Continued deposition generates 

tw o additional broad, anodic waves (at 0.19 V  and 0.42 V) corresponding to the oxidation 

o f  polym er deposited in the previous anodic half-scan. Subsequent cycles result in 

continued growth o f  the features assigned to deposited film  and a positive displacement o f  

the m onom er oxidation peak. In dichloromethane solution (Table 7.3k the general picture 

is very similar, although the most positive current peak occurs at less positive potentials 

than in acetonitrile. Additionally, the increase with potential cycling in the heights o f  the 

peaks in the regions o f  0.2 V and 0.4 V  (relative to those in the regions o f  0.9 V and 1.1 V) 

takes place faster in dichloromethane than in acetonitrile.

The voltam m etric responses acquired during the polymerisation process o f  the 

com posites (involving variously treated M W CNTs) are qualitatively very similar to that o f  

the single com ponent polym er film  in the same solvent (Figures 7.2 and Figure 7.3k The 

primary difference in i-E  response resulting from the inclusion o f  carbon nanotubes (for 

otherwise identical deposition conditions) is a decrease in film  redox charge, Qpoi. This 

could in principle be a consequence o f  (i) decreased deposition rate or (ii) incomplete 

electrochem ical addressing o f  the same population o f  surface-immobilised sites, i.e. a film  

charge transport limitation. It is unlikely that the conducting nanotubes inhibit film  

electron transport in any way. The implication is that they have a minor inhibitory effect 

on film  deposition; it is not possible to distinguish between a solution mass transport effect 

and a surface packing /  adhesion effect, but the latter seem s quite likely.

214



2.0

1. 6 -

1 . 2 -

Polymer0. 8 -<a.
0.4-

0 .0 -

-0.4-

- 0.8 -

0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

2.0

1. 6 -

1 . 2 -

CTO^  0.8 - 
a.

0.4-

0 . 0 -

-0.4-

- 0.8
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E / V  (vs. Ag/AgCI) E / V  (vs. Ag/AgCI)

2.0

1. 6 -

1 .2 -

CT1<  0 .8 - 
a.

0.4-

0.0 -

-0.4-

- 0.8
•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

2.0

1 . 6 -

1 . 2 -

CT2<  0.8 - 
a.

0.4-

0 .0 -

-0.4-

- 0.8
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E / V  (vs. Ag/AgCI) E / V  (vs. Ag/AgCI)

2.0

1.6 -

1.2 -

CT3^  0.8 -

0.4-

0.0 -

-0.4-

- 0.8
•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

E / V  (vs. Ag/AgCI)

Figure 7.2: Cyclic voltammogram s acquired during polym erisation o f  [Ni(3-M esalophen-bl5-c5)] in 

0.1 m ol dm '3 TB A P/C H 3CN at 0.005 V s '1. Arrows indicate the increase o f  current intensity with progressive 

cycling.
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Figure 7.3: Cyclic voltammograms o f  polym erisation o f  [N i(3-M esalophen-bl5-c5)] in 0.1 mol dm '3 

TB A P/C H 2C12 at 0.005 V s '1. Arrows indicate the increase o f  current intensity with progressive cycling.
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T able 7.2: Summary o f  voltammetric responses (peak potentials) in CH3CN during polymer /

com posite electrodeposition as a function o f  M W CNT pre-treatment.

E /V  vs. Ag/AgCI (0.1 m m ol dm'3 m onom er/0.1 mol dm'3 TB A P/C H 3CN)

Epa/EpC

Film
1st cycle 

5th cycle

-/0.10

0.19/0.12

-/-

0.42/0.32

0.89/0.81

0.90/0.83

1.08/-

1.25/-

CTO
1st cycle 

5th cycle

-/0.11

0.20/0.10

-/-

0.42/0.34

0.90/0.81

0.88/0.85

1.07/-

1.26/-

CT1
1st cycle 

5th cycle

-/0.09

0.19/0.10

-/-

0.43/0.33

0.89/0.79

0.88/0.83

1.06/-

1.25/-

CT2
1st cycle 

5th cycle

-/0.10

0.26/0.20

-/-

0.50/-

0.91/0.79

0.88/0.82

1.08/-

1.23/-

CT3
1st cycle 

5th cycle

-/0.12

0.18/0.10

-/-

0.42/0.32

0.89/0.81

0.89/0.84

1.06/-

1.25/-

T able 7.3: Sum m ary o f  voltam m etric responses (peak potentials) in CH2C12 

com posite electrodeposition  as a function o f  M W CN T pre-treatm ent.

during polymer

E /V  vs. Ag/AgCI (0.1 mmol dm'3 m onom er/0.1 mol dm'3 TBA P/CH 2C12)

Epa/Ep,

Film
1st cycle 

5th cycle

-/0.17

0.27/0.12

-/-

0.41/-

0.89/0.85

0.92/0.86

0.97/-

CTO
1st cycle 

5th cycle

-/0.01

0.30/-0.15

-/-

0.47/0.19

0.91/0.87

0.92/0.88

-/-

CT1
1st cycle 

5th cycle

-/0.12

0.39/0.15

-/-

-/-

0.91/0.84

0.93/0.88

CT2
1st cycle 

5th cycle

-/0.09

0.34/0.11

-/-

-/-

0.93/0.89

0.92/0.89

*/“

CT3 1st cycle -/0.14 -/- 0.94/0.84 -/-

5th cycle 0.36/0.14 -/- 0.94/0.89 -/-
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Follow ing deposition, the com posite-coated electrodes were transferred to monomer- 

and M W CNT-free background electrolyte for the study o f  the electrochemical response 

(Figure 7 .4 . Figure 7.5V The general pattern was o f  four chem ically reversible redox 

processes (summarised in Tables 7.4. 7 .5T although the most positive feature was not 

alw ays resolved in CH2CI2 solution.

1.0 - —  Polymer 
CTO

0.5-

<
•3- 0 .0 -

-0.5-

- 1.0 -

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Polymer
CT1

1. 0 -
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•«<
ds- o.o-

-0.5-

- 1. 0 -

•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/V (vs. Ag/AgCI) E/V (vs. Ag/AgCI)

Polymer 
 CT3

1.0-

0.5-

<* 0.0-

-0.5-

-1.0-

•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

™ Polymer1.0-

0.5-

<
-3- o.o-

-0.5-

-1.0 -

•0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/V (vs. Ag/AgCI) E/V (vs. Ag/AgCI)

F ig u re  7.4: R edox switching o f  the com posite-m odified electrodes o f  F igure 1.2 in 0.1 mol dm '3 

TB A P/C H 3CN at 0.01 V  s '1.

Turning to the effect o f  MWCNT pre-treatment (comparing com posites prepared in 

the same solvent), this has generally very little effect on the polymer redox processes. The 

exceptions to this were MWCNT-TO and M W CNT-T2 com posites in CH2CI2, for which 

the polym er redox peaks were more symmetrical and displaced to less positive potentials. 

This is attributed to the fact that composites containing M W CNTs with lower oxygen  

content w ill have greater n -conjugation. These M W CNTs can act synergistically with the 

polymer via n-n interactions, thereby facilitating oxidation, i.e. lowering the redox 

potential. This type o f  effect in polypyrrole/nanotube com posites exposed to aqueous
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m edium  has been attributed to the decrease in resistance (and then o f  ohmic potential) 

within the film  caused by the carbon nanotubes, with the result that oxidation o f  the 

reduced (insulating) polypyrrole is facilitated16,20. Data presented in the following sections 

suggest that the amounts o f  carbon nanotubes within the com posites prepared here are 

likely to be considerably lower than in the polypyrrole case.

2 .0 - 11 Polymer 
„ — CTO

1.5-

1.0 -
<

0.5-

0.0 -

-0.5-

-1.0 -

■0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

2.0- Polymer 
 CT1

1.5-

1.0-
<
*  0.5-

0.0 -

-0.5-

- 1. 0 -

■0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/V (vs. Ag/AgCI) E/V (vs. Ag/AgCI)

2 .0 - — Polymer 
 CT3

1.5-

1. 0 -

<
*  0.5-

0 .0 -

-0.5-

- 1. 0 -

■0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
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CT2

1.5-

1. 0 -

<
-3- 0.5-

0.0 -

-0.5-

- 1.0 -

■0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E/V (vs. Ag/AgCI) E/V (vs. Ag/AgCI)

F ig u re  7.5: R edox sw itching o f  the com posite-m odified electrodes o f  F igure 7.3 in 0.1 mol dm '3 

TB A P/C H 2C12 at 0.01 V s '1.

Inclusion o f  carbon nanotubes in the deposition medium decreases the amount o f  

poly[N i(sa/e«)] deposited on the working electrode: coulometric assay o f  the films in 

background electrolyte shows the surface coverage o f  electroactive sites (T) decreases by a 

factor o f  1.5 in CH3CN and o f  2.2 in CH2CI2 (Table 7 .6).
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Table 7.4: Summary o f  voltammetric responses (peak potentials) o f  modified electrodes in

background electrolyte shown in Figure 7 .4 : solvent system as for deposition (CH3CN, Figure 7.2V

E/V  vs. A g/A gCI (0.1 m ol d m ' 3 T B A P /C H 3 CN )

R ed o x  processes Epal/EpCi Epall/E pCn EpaIIl/EpCiii Epalv/EpcIV

P olym er 0.19/0.11 0.44/0.32 0.89/0.86 1.23/1.03

M W CNT-TO 0.20/0.09 0.42/0.31 0.89/0.88 1 .23 /-

M W C N T-T1 0.19/0.09 0.42/0.30 0 .8 8 / 0 . 8 6 1 .2 2 /-

M W C N T -T 2 0.23/0.11 0.48/0.33 0.89/0.87 1 .2 1 /-

M W C N T -T 3 0 .2 0 / 0 . 1 0 0.42/0.32 0.89/0.87 1 .2 2 / 1 . 0 0

T a b le  7.5: Sum m ary 

ground electro ly te show n

o f  voltam m etric responses (peak potentials) o f  m odified electrodes in 

in Figure 7.5; solvent svstem as for deposition fCFfCl?, Figure 7.3).

E /V  vs. Ag/AgCI (0.1 m ol d m ' 3 T B A P /C H 2 C12)

R ed o x  p ro cesses Epai/Epci Epall/Epdi Epalll/EpdH Epaiv/EpdV

Polym er 0.35/0.13 0.47/- 0.94/0.92 1.14/-

M W CNT-TO 0.27/0.12 - 0.91/0.94 -

M W C N T-T1 0.35/0.12 0.46/- 0.97/0.95 -

M W C N T -T 2 0.31/0.10 0.44/- 0.95/0.96 -

M W C N T-T3 0.34/0.12 0.46/- 0.9 6/0.94 1.14/-
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T able 7.6: Electroactive coverage o f  the composite-modified electrodes, expressed in terms o f  Ni-

com plex  m onom er units. Data in colum ns 3 and 4 refer to different film s prepared and characterised in a 

single solvent.

M aterial Sam ple r(C H 3CN)/nm ol cm 2 r (C H 2Cl2)/nm ol cm'2

A 45.9 51.6
Film

B 44.5 51.6

A 28.0 15.5
CTO

B 27.5 25.1

A 31.5 28.9
CT1

B 28.9 26.7

A 26.9 19.5
CT2

B 31.1 19.4

A 28.9 30.2
CT3

B 29.8 30.6

7.2.3 Characterisation of the composites by electrochemical

impedance spectroscopy

To evaluate the variations in electrical response with the presence and pre-treatment 

o f  carbon nanotubes and with solvent medium, impedance spectra were recorded for all 

com posites im m ersed in both solvents. These measurements were replicated with the 

polym er com ponent in different oxidation states (doping levels): fully reduced (.E = -0.3 

V ), fully oxidised (E  = 1.3 V) and at two partially oxidised states (E  = 0.2 V and E =  0.9 

V ). Figure 7.6 and Figure 7.7 show Nyquist diagrams for the single component film and 

com posites, M W CNT-TX, in each case immersed in 0.1 m ol dm ' 3 TBAP/CH3CN and in 

0.1 m ol dm ' 3 TBAP/CH 2CI2, respectively. A s these figures show, there are qualitative 

differences in impedance spectra according to the applied potential but qualitative 

sim ilarities as the solvent and composite constituents are varied. In the latter instances, the 

differences are at a quantitative level, the details o f  which are now  pursued. The 

qualitative shapes seen in the Z - Z ” plane are semi-circles, linear regimes o f  slope close to 

unity, and linear regimes o f  slope much greater than unity; where all three are seen, this 

progression represents increasing timescale (decreasing AC frequency).
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F ig u re  7.6: N yquist representations obtained for a) polymer, b) MW CNT-TO, c) M W CNT-T1, 

d) M W C N T-T2 and e) M W CNT-T3 in 0.1 mol dm '3 TBA P/CH 3CN. Lines o f  unit slope are provided as a 

guide to  the eye.
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guide to the eye.
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The impedance data were interpreted using a similar procedure to that developed by 

Ferloni and colleagues40 for polypyrrole and poly(3-methylthiophene) films. The electrical 

equivalent circuit model employed and the physical significance o f  the components are 

show n in F igure7,8. A s the imposed conditions (solvent, frequency, applied DC potential) 

are system atically varied, different processes control the response, which is here modelled 

by the dom inance o f  different components in the electrical equivalent circuit. This 

approach is diagnostically implemented by visual inspection o f  the characteristics o f  the 

N yquist plot, rationalised in terms o f  known changes in physical characteristics o f  the 

system.

General Model Limiting Cases

■

f \

Modified Randles Circuit
Cdl

A A / W  
Rn —A /V N /v—

R ct

ZD

Z D = Zw , h igh frequenc ies  

Z D = l/(j27i/Credox) + r l> frequencies  

Z w is the W arburg  im pedance and RL is a 

resistive elem ent w hich denotes the width 

o f  the linear 45° region.

-0. 3 V: Insulating states 

Cdl

A / V V V ----------------1
Rsolution

0.2 V: Low  conductivity states 

H igh Frequencies:

Cdl

A / W V —
Rn * - A W V -  z

Low  frequencies:

-Z” = l/(27i/Cred0,)

0.9 V: C onducting states 

Low Frequencies

- z ” = i/(27tycredox)

  ■■■■■■■■>■■■■■■■•

1.3 V :H ighly conducting states

A  A A A — zd
R so lu tio n

F ig u re  7.8: M odified Randles circuit and lim iting cases.
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At -0 .3  V  the film /com posite is fully reduced, behaving like an insulator. In this 

case, the system  is represented by a resistance (Rsoiutwn) in series with a parallel 

com bination o f  a capacitor (CDL) and the film  resistance (R/dm)- Rsoiution is the ohmic 

resistance o f  the solution and C d l  is associated with the com posite/solution interface. 

Since, at these potentials, the polymer is insulating, Rjnm is relatively large and this branch 

o f  the network is not active.

A t 0.2 V , redox processes start to occur and charge flow s through the film. The 

equivalent circuit for this doping state is the m odified Randles circuit41. In this case, Rjnm 

is attributed primarily to the charge transfer resistance (R ct)• An extra element ZD based 

on the Warburg elem ent42 represents film  mass transport, and is recognisable via a 

corresponding 45° slope in the Nyquist plot (Figures 7.6. 7.7V Additionally, at low  

frequencies it is possib le to estimate the faradaic (redox) pseudocapacitance, Cred0x, which 

is associated w ith the capacitive behaviour o f  a (dis)charging film. The physical origin o f  

C ^ox  m eans that its magnitude increases with the quantity o f  electroactive material 

deposited, r /  nm ol cm' .

At more positive potentials, the polymer component is in a conducting state with 

negligible charge transfer resistance. Here, current flow s primarily through the film branch 

o f  the network. Thus, at 0.9 V, only Credox can be determined. The major difference 

between the com posites in CH3CN and CH2CI2 occurs at 1.3 V. The electrical response in 

CH2CI2 is controlled by mass transport (45° slope in the Nyquist plot in Figure 7.7). 

whereas in CH3CN the conducting properties are controlled by charge carrier concentration 

inside the film  (only a near-vertical line is observed in the Nyquist plot in Figure 7.6 panel

a). In CH 3CN, the m ass transport is faster than in CH2CI2 and the impedance becomes 

purely capacitive in the low  frequency range.

Follow ing the assignment o f  dominant element circuits at different potentials, 

quantification o f  equivalent circuit element values is presented. Three parameters were 

chosen for this purpose: the charge-transfer resistance R c t  (a significant element at E  = 0 .2  

V ), the double-layer capacitance C dl  (a significant element at E =  -0 .3  V  and E  = 0.2 V) 

and the faradaic capacitance Credox (a significant element at E  =  0.2 V  and E  = 0.9 V).

Figure 7.9 summarises the Rct values (at E  = 0.2 V). For all composites prepared in 

CH3CN, the charge transfer resistance values are decreased by the inclusion o f  nanotubes, 

although the effect is really only significant for M W CNT-T3. In CH2CI2, the charge
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transfer resistance varies significantly; although there is no obvious pattern with MWCNTs 

pre-treatment, the decrease by 50% on inclusion o f  untreated CNTs (MWCNT-TO) is quite 

dramatic. V iew ed as a whole, the data show that, with the single exception o f  MWCNT- 

T3 in CH2CI2, the incorporation o f  carbon nanotubes within the polymeric matrix improves 

performance by decreasing Rct. A  similar conclusion was reached for the somewhat 

different case o f  polypyrrole / M W CNT composites in water16.

2000 

1600 

1200

%
08 800

400 

0

F ig u re  7.9: Estim ate o f  charge transfer resistance (Rct) at 0.2 V (average o f  duplicate 

determ inations). A nnotated percentage figures indicate variation o f  value for com posite from corresponding 

pure po lym er value.

The double layer capacitance C d l , was calculated from the responses at -0.3 V and 

0 .2  V , where m ost o f  the electroactive polymer sites are reduced (Figure 7.10). Since C d l  

depends on the area o f  the polymer/solution interface, which is in turn the consequence o f  

com posite m orphology, the idea is to explore the validity o f  this concept by direct SEM  

observation o f  morphology (next sections). In CH3CN (panel a), the inclusion o f  

M W CNTs (with or without pre-treatment) increases C d l  marginally at both potentials. 

H owever, this effect is secondary to the difference in C d l  with potential. In CH2CI2 (panel

b) the picture is essentially the same as at E  =  0.2 V. The striking result in CH2CI2 is that 

at E  =  -0.3 V , where C d l  for CTO is ca. 4 times higher than for the other composites in 

CH2CI2 and all composites (including MWCNT-TO) in CH3CN; the extent o f  increase was 

variable, but at least a factor o f 2. It is also worth noting that the high value cannot be the 

result o f  a redox-based contribution, since the latter would be larger at 0.2 V than at -0.3 V, 

which is not the observed fact.

c h 3cn

ch2ci2

^ —I—' I —I— —I— —I—
Film CTO CT1 CT2 CT3
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F ig u re  7.10: D ouble layer capacitance (CDL) at -0 .3  V and 0.2 V for polymers and composites in 

a ) 0.1 m ol dm*3 TB A P/C H 3CN and b) 0.1 mol dm*3 TBAP/CH2C12.

The faradaic capacitance Credox, was calculated (using Z" -»  l/coCredox, as co -»  0 ) at

0.2 and 0.9 V. The raw data reveal significant increases in Credox upon the inclusion o f  

nanotubes, regardless o f  the mode o f  pre-treatment and solvent. Nonetheless, since this 

parameter reflects the ability o f  the polymer redox sites to store charge, it is only 

m eaningful to compare values that are normalised for the amount o f  polymer deposited on 

the working electrode, as represented by the electroactive surface coverage, r. The 

outcom es o f  this normalisation, Credox/ E, are presented in Figure 7 .11.

A s an order o f  magnitude check, the data o f  Figure 7.11 (which result from fitting a 

set o f  frequency-dependent responses) are compared with the single-point estimate 

resulting from a voltammetric i-E curve (Figure 7.4). Functionally, the time derivative o f  

the definition Q  = CE  is /=  CredoxV (where v = dE/dt). For a representative voltammogram 

(Figure 7.4T i ~  0.4 pA at v = 0.01 V s'1, so Credox ~  40 pF {i.e. 1.3 mF cm ' 2 for an 

electrode area o f  0.0314 cm2). Given that T =  30 nmol cm'2, Cr̂ j / r ~  42 kF mol*1, which 

is broadly consistent with Figure 7.11, giving confidence in the interpretational model. 

The enhanced capacitance observed for the composites may be a consequence o f  the 

increased interfacial area, rather than the intrinsic capacitance o f  the nanotubes 19,4°.
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Polymer CTO CT1 CT2 CT3 Polymer CTO CT1 CT2 CT3

F ig u re  7.11: Faradaic capacitance (Credox) estim ated at 0.2 V and 0.9 V for polymers and composites 

in a) 0.1 mol dm '3 TBA P/CH 3CN and b) 0.1 mol dm '3 TBAP/CH2C12. Values are normalised by the polymer 

coverage, r, and geom etric area o f  the electrode.

As the frequency is progressively decreased, the response o f  the system will 

ultimately switch from one characteristic o f  a diffusionally controlled response to one 

characteristic o f  com plete charging/discharging o f  the film charge sites. The former is 

represented as a 45° line in the Nyquist plot ( Z d )  and the latter as a vertical line ( C redox )• 

The transition point between these two regions is referred to by some authors as a ‘knee’ in 

the Nyquist plot. The frequency associated with this transition is a measure o f the 

electrical and ionic conductivities19 and can thus be used to assess changes in these 

parameters, here as a consequence o f  the inclusion o f  nanotubes into the system. 

Specifically, a higher value o f  the ‘knee’ frequency is a consequence o f  the system being 

able to accomplish complete (dis)charge o f  the redox sites on a shorter timescale, i.e. 

charge transport is faster.

Inspection o f  the responses o f  Figure 7.6. 7.7 shows that the inclusion o f  the carbon 

nanotubes -  irrespective o f  pre-treatment - increases the ‘knee’ frequency, signalling an 

increase in the overall charge transport rate (Table 7 .7). In CH3CN at an applied potential 

o f  0.2 V, the increase is ca. 60%, with relatively little variation with nanotube pre

treatment. In CH2CI2 at an applied potential o f  0.2 V, the increase varies significantly with 

M W CNT pre-treatment, from a rather modest 25% (CT3) to a factor o f  ca. 5 (CTO); the 

latter case is the one identified above as the best performance in terms o f  composite 

resistance. The data obtained in CH2CI2 at E  = 1.3 V, and in particular the ‘knee’, are also 

interpreted using a Warburg element to describe slow  ion migration. At a semi- 

quantitative level, we can equate the reciprocal o f  the knee frequency, 1 /co*, with the
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diffusional time constant o f  the system, h //D , where hf is the film  thickness. For the 

com posite film s studied here, where h f~  0.15 pm, the outcome is D  ~  10' 9 cm2 s'1. This is 

at the upper end o f  values com m only reported for diffusional transport o f  ions in 

electroactive polym er films, so nanotube inclusion appears to have a beneficial effect on 

film  m ass transport.

T a b le  7.7. ‘K nee’ frequency estim ated from  N yquist representations.

M a te r ia l
C H 3C N  

E=0.2 V E=0.2 V

C H 2C12

E=1.3 V

P o ly m e r 5.8 H z 4.6 Hz 7.8 Hz

CTO 9.6 Hz 23 Hz 27 Hz

C T1 7.8 Hz 6.8 Hz 22 Hz

C T 2 9.3 Hz 15 Hz 43 Hz

C T 3 9.9 Hz 5.8 Hz 22 Hz

7.2.4 Structural/morphologic characterisation of composites by 

scanning electron microscopy

In pursuit o f  a rational explanation for the diverse electronic and electrochemical 

properties o f  these system s, SEM images were acquired to establish differences in film  

structure and morphology. As the starting point (Figure 7 .12). films o f  the single 

component poly[N i(3-M esalophen-bl5-c5)] were prepared in CH3CN and analysed. They 

are clearly heterogeneous, with m esoscopically ‘uniform’ regions (annotated with I) o f  fine 

grains interspersed by distinctly rougher islands (annotated with II in panel a and 

m agnified in panel b j.
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F ig u re  7.12: SEM  im ages o f  poly[N i(3-M esalophen-bl5-c5)] (pure polym er) prepared in CH3CN. 

a) The film  shows distinctive uniform  vs. heterogeneous regions ( /  and I I , respectively); b) is a magnification 

o f  a heterogeneous region.

SEM im ages o f  com posite MWCNT-TO, prepared and characterised in the two 

different solvents, are shown in Figure 7 .13. Even in these low-resolution images it is 

quite clear that the MWCNT-TO morphology is different when produced using different 

solvents. The im plication o f  the more complex and heterogeneous structures in CH2CI2 

(Figure 7.13b) is the presence o f  a larger amount o f  entrapped MWCNTs than in 

MWCNT-TO com posite produced from CH3CN solution. Support for this is found in 

higher resolution im ages (Figure 7.14). where the presence o f  CNTs is revealed above the 

primary surface (panel a) and strongly indicated below  the surface by large mounds o f  

com posite (panel b ). Moreover, the CNTs ‘seen’ in these images are not bare MWCNTs 

(which are much smaller than the observed features), but polymer-wrapped MWCNTs. 

This is not surprising: i f  their interactions with the polymer component were so 

unfavourable that they were not coated, then they would be unlikely to be incorporated into 

a stable composite. In other words, formation o f  a composite has polymer-wrapping o f  the 

carbon nanotubes as a pre-requisite, so they will not be observed ‘bare’. This polymer 

‘wrapping’ is a recognised phenomenon in CNT chemistry and its origins can be n-n or 

hydrophobic type interactions.
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F igure 7.13: SEM  images o f  M W CNT-TO prepared in a) 0.1 mol dm '3 TBAP/CH3CN and b) 0.1 mol 

dm '3 TBAP/CH2C12. Solid circles correspond to regions o f  superficial M W CNT; dashed circles correspond 

to regions o f  lower am ounts o f  M W CN T in the surface.

F igu re  7.14: SEM  images o f  MWCNT-TO prepared in 0.1 mol dm '3 TBAP/CH2C12. a) Carbon 

nanotubes individually covered are inserted in the polym eric matrix; b) solid squares highlight regions where 

the presence o f  nanotubes can be inferred beneath a uniform  layer o f  polymer.

Figure 7.15 shows all the other com posites studied, at the same magnification as in 

Figure 7.14a. The nanotubes seem to be covered with a thinner coating o f  polymer than in 

CTO-CH2CI2. This effect is more pronounced in composites prepared in CH3CN (panels a. 

b. c. d) than in CH2CI2 (panels e. f. g). Additionally, in CH3CN the regions o f  surface 

where the carbon nanotubes are found are noticeably more heterogenous, with large islands 

o f  carbon nanotubes being trapped within islands o f  rough polymer (Figure 7.15 panels c.

d).
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The extent to which the types o f  structure highlighted in Figure 7.15a were seen was, 

amongst the com posites prepared, by far the greatest for MWCNT-TO in CH2C12. Thus, 

this material appears to have quite different com position (higher M W CNT content), 

morphology and electronic/electrochem ical properties.

7.3 C o r r e l a t i o n  o f  C o m p o s it e  E l e c t r o c h e m i c a l  

P r o p e r t i e s  a n d  M o r p h o l o g y

As a prelude to understanding the role o f  the carbon nanotubes in modulating 

composite structure and properties, it is worthwhile considering the driving force(s) for 

their incorporation in the polym er matrix, which is the control sample. The key factors are 

the solubility o f  the m onomer in the deposition solution and the interactions o f  the carbon 

nanotubes with active entities in the solution environment, i.e. electrolyte ions and 

monomer species. The majority o f  reports o f  electroactive polym er /  carbon nanotube 

composites involve polypyrrole as the polym er component, which offers the option o f  high 

monomer concentration (typically 0.5 m ol dm'3) 16’19,20,28. Here, the solubility o f  

monomeric [N i(3-M esalophen-bl5-c5)] is lim ited to 0.25x1 O' 3 m ol dm'3, i.e. a factor o f  

2000 lower than in previous studies involving polypyrrole com posites. A s a further 

constraint, the low  quantity o f  dispersed carbon nanotubes in the deposition solution means 

that their contribution to the ionic strength is small, so there is still a requirement for 

additional inert electrolyte . This is significant because, i f  no additional electrolyte were 

present, the negatively charged carbon nanotubes would be the only available dopant and 

electroneutrality would be a strong driving force for their incorporation in the depositing 

polymer. Despite these challenges, it is clear from the various SEM images that the carbon 

nanotube incorporation strategy illustrated by Figure 7.1 is successful. In addition, the 

apparent problems associated with added electrolyte may be alleviated by the fact that both 

CH3CN and CH2C12 are aprotic solvents, so the conjugate base groups - present naturally 

or introduced by the pre-treatments -  are not protonated, but remain as negatively charged 

oxygen-containing functionalities that are electrostatically attracted to the cationic polymer 

chains.
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F igu re  7.15: SEM images o f  the composites a) MWCNT-TO, b) M W CNT-T1, c) M W CNT-T2 and 

d) M W CNT-T3 prepared in 0.1 mol dm'3 TBAP/CH3CN and e) M W CNT-T1, f) M W CNT-T2, g) MW CNT- 

T3 prepared in 0.1 mol dm '3 TBAP/CH2C12.
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Although quantitative determination o f  carbon nanotube volum e fraction in the 

com posites is not possible, an estimate for the upper limit is given. The SEM images show  

fibrillar structures w hose diameter is a factor o f  two (or more) greater than the diameters o f  

the M W CNTs. I f  all the com posite film  were composed o f  such structures, then the 

M W CNTs them selves would constitute no more than 25% v/v. Nonetheless, inspection o f  

the images shows that the com posites consist o f  fibrils (polymer-coated MWCNTs) 

embedded in a polym eric matrix, so the M W CNTs constitute significantly less than 25% 

v/v o f  the com posite. The outcom e o f  this estimate is that the effect on composite 

electrical properties exerted by the M W CNTs is disproportionate to their population.

The value o f  Cdl, w hich is intimately associated with the structure o f  the 

composite/solution interface, increases with the amount o f  M W CNTs as observed directly 

on the surface by SEM. This is particularly evident in the case o f  MWCNT-CTO in 

CH2CI2 (Figure 7.13bV In spite o f  SEM  being primarily a surface imaging technique, it is 

possible to infer indirectly the presence beneath the surface o f  nanotubes via protrusions 

seen at the surface o f  the film. This is seen in Figure 7.14b and is related to the decrease in 

Rct and increase in Credox in the presence o f  M W CNTs within the bulk composite.

In spite o f  som e general trends found for m ost o f  the com posites, it is interesting to 

notice some specificity in terms o f  interactions between the polym eric material and carbon 

nanotubes. W hile all the composites in CH2CI2 show  the nanotubes as individually 

covered by polymer, keeping their cylindrical shape com posites, in CH3CN there seem to 

be different types o f  coverage depending on the nature o f  surface groups on the walls o f  

the carbon nanotubes: M W CNTs with carboxylic acids and anhydride groups (MWCNT- 

T l) tend to be covered by a sheet-like layer o f  uniform and smoother electroactive material 

(Figure 7.15 panel b), whereas M W CNTs with carbonyl/hydroxyl surface groups 

(MWCNT-T2 and M W CNT-T3) are covered individually (Figure 7.13 panels c, d).

Small variations in the way the nanotubes are covered by electroactive material may 

also explain some o f  the differences found in Credox• The w ay the M W CNTs are covered 

by the polymeric film  influences the capacitance o f  the latter in terms o f  more accessibility  

to electrolyte19. This is the result o f  the diverse interactions between different surface 

groups, electrolyte and polymeric species.

From a purely operational perspective, the most promising formulation is CTO /  

CH2CI2 . The voltammetric response shows polymer redox chemistry ( ‘doping’) at the least
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positive potentials as a consequence o f  the significant decrease in Rct', the nanotubes 

introduce a conductivity path at potentials where the polymer doping level is low. The 

m orphological changes caused by the nanotubes result in an increase in interfacial 

capacitive charge storage capability.

C o n c l u d in g  R e m a r k s

By dispersion o f  M W CNTs in the deposition solution, it is possible to incorporate 

them within electropolym erised poly[N i(3-M esalophen-bl5-c5)] film s, to generate 

MWCNT / poly[N i(3-M esalophen-bl5-c5)] nanocom posites on Pt or ITO electrode 

surfaces. Variants o f  this basic procedure were explored, in which the polymer / nanotube 

interaction was manipulated by oxygen  functionalisation o f  the nanotubes and the use o f  

different solvent media.

Electrochemical impedance spectra for pure polymer and com posites were fitted to a 

modified Randles electrical equivalent circuit. The charge transfer resistance was 

decreased by the presence o f  the M W CNTs -  an enhancement o f  polymer properties 

within the composite. At relatively low  frequencies, the charge transport properties were 

manifested by a Warburg type element. A t the low est frequencies the response was 

dominated by the ability o f  the polymer redox sites to store charge (redox capacitance), 

which is enhanced by the presence o f  the M W CNTs. When normalised by the polymer 

coverage, the redox capacitance Cred0x / r  is on the order o f  40 kF m ol'1, consistent with the 

estimate o f  capacitance determined from the voltammetric response. The interesting 

feature is that these two values are acquired on somewhat different tim escales, so the 

implication is that all the redox functionality o f  the polymer is accessible; again, this is an 

indication o f  performance enhancement as a consequence o f  the presence o f  MWCNTs.

SEM images o f  the composites reveal a wide range o f  m orphologies, dependent on 

the deposition medium and MWCNT pre-treatment. Features seen within the SEM images 

include relatively smooth polymer, fibrillar structures and heterogeneous regions o f  

variable porosity. The fibrillar structures are consistent with polymer-wrapped MWCNTs; 

either on or just beneath the surface. Generically, correlation o f  impedance parameters 

with SEM images provides a morphological rationale for composite electrical properties.
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F in a l  C o n c l u s io n s  a n d  F u t u r e  D ir e c t io n s :

Poly[Ni(3-M esalophen-bl5-c5)] film s were prepared by oxidative polymerisation o f  

the [Ni(3-M esalophen-bl5-c5)] monomer. These films exhibit properties o f  conjugated 

rather than redox polymers: (i) a coulometric assay showed that the oxidation degree is not 

an integer and the electrochemical response is ligand-based, (ii) the U V -V is band profile is 

consistent with the creation o f  charge carriers (polarons) upon doping, (iii) analysis o f  

X A N E S in the Ni K-edge for a similar film , (poly[Ni(3-M eOsaltM e)]), showed that Ni has 

a formal +2 oxidation state that is kept upon variation o f  film oxidation state. Furthermore, 

EXAFS near the Ni K-edge showed that the local structure around N i remains unchanged 

with the occurrence o f polymerisation, independent o f  the substituents in Ri and R2 

positions, which is consistent with the formation o f  the polymer by linkage o f  the 

monomeric units via phenyl rings.

The electrochemical properties o f  poly[N i(3-M esalophen-bl5-c5)] films were found 

to change non-monotonically with increasing C; this is associated with the occurrence o f  

morphological changes. M icroscopic techniques showed that thin film s (T  < 15 nmol 

cm'2) comprise a uniform layer o f  polym er with small polymer islands on the top. 

Intermediate films (15 < T  /  nmol cm' < 60) are rougher, and in this case the underlying 

uniform layer is decorated with larger islands o f  polymer. For thicker films (r> 100 nmol 

cm'2) the islands become even larger. Acoustic wave measurements, supported by AFM  

images, showed that the uniform layer is denser whilst the outer and heterogeneous layer is 

more liquid-like.

The addition o f  alkali and alkaline earth metal cations to the background electrolyte 

solution (Cs+, Mg2+ and Ba2+) resulted in a change in the film  electrochemical response, as 

well as its spectroscopic properties. These findings are attributed to ion uptake, as proved 

by (ii) XPS, (ii) XAS near the Ba K-edge and (iii) EQCM studies. Additionally, XAS  

studies showed that, for polymers bearing small and relatively ‘rigid’ receptors (poly[Ni(3-
-jt #

MeOsaltMe)]), Ba is located within the receptor. For film s bearing large and flexible
■j,

crown ether macrocycles Ba is coordinated to a very low  number o f  donor atoms, which 

is unexpected considering solution complexation concepts. This low  coordination number 

allows multiple binding to the same or different crowns at the expense o f  less selectivity, 

and is expected to affect the polymer mechanical properties. Consequently, poly[Ni(3-
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M esalophen-bl5-c5)] film s were studied by crystal impedance and the results showed an 

increase o f  the loss modulus, G ”, w ith Ba2+ uptake, suggesting a rise in the polymer 

viscosity.

The simple m ethodology used here for the incorporation o f  multi-walled carbon 

nanotubes in the polymeric matrix was proved to be successful. The resulting 

nanocomposites were found to have differentiated electrical properties with respect to the 

polymer itself, namely smaller charge transfer resistance and higher redox capacitance

Credox/T.

There are two aspects that must be highlighted in this work: the molecular design and 

the system heterogeneity. Firstly, the concept o f  molecular design must be considered 

carefully when one tries to impart or predict the properties o f  supramolecular systems. 

Secondly, the heterogeneity is quite often neglected and film s are regarded as uniform  

layers o f  material, which is not always the case.

Finally, the use o f  such a wide range o f  techniques provided different perspectives on 

the same problem and enabled the elaboration o f  consistent m odels, correlating the 

properties o f the poly[N i(sa/e«)] film s with their structure, com position and morphology.
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