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Abstract 

Biosensors based on conducting polymers appear particularly well suited to the 

requirements of modem biological analysis. Electrodeposited conducting polymers 
have found widespread use in the development of sensing membranes. For 

biosensing applications it is often desirable to immobilise biornolecules securely on 

the electrode surface. 

The research described here was performed to develop and characterise modified 

conducting polymers suitable for use in the development of biosensor arrays. The 

research pursued centred around a post polymer-deposition modification strategy 
based on nucleophilic substitution of the pentafluorophenol group of the polymerised 
pyrrole derivative, pentafluorophenyl 3-(pyrrol-1-yl) propanoate (PFP). The 

activated ester present within this derivative is as an ideal reaction site for amine 
terminated species. 

Initially, electrochemical polymerisation growth conditions were determined and 

controlled to produce hornopolymer and copolymer films with different structural 

and electrochemical characteristics. These polymer films were subsequently 

modified through various chemical reactions (e. g. with biotinylated species) to 

produce templates that could be used in biosensor developments. Furthermore, an 
important aspect in the development of a biosensing interface is the minimisation of 
non-specific adsorption and to that end a strategy was developed that involved 

modifying poly(PFP) films with poly(propyleneglycol) motifs. Usefully, an XPS 
based technique was developed to determine the extent of adsorption of labelled 

biological macromolecules on the modified poly(PFP) surfaces. 

Significantly, towards the development of a multianalyte biosensing substrate, a 
method was developed to control the reaction of solution based amine terminated 
species with the homopolymer poly(PFP). This involved electrochemically doping 
the polymer film to inhibit/ promote nucleophilic reaction with amine containing 
species. Preliminary examples are given of the application of this technique was to 
micropattern species on multi-digitated electrodes. 
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Chapter 1 

Preparation of Conducting Polymersfor 

Biosensor Technology 

1.1 Introduction 

1.1.1 Biosensors 

A biosensor is an analytical device that incorporates/ detects biological species, 

which are either immobilised or retained in functional contact with a transducer 

surface in order to monitor the local environment. 1 The fundamental characteristic of 

such a device is that the biological material should be able to produce a quantitative 

signal in response to an interaction with a specific analyte. There are a wide variety 

of biological materials, transducer types and sensing mechanisms that can be 

incorporated into a biosensor. For example, enzymes, antibodies and nucleic acids 

are all suitable as biologically-sensitive materials, capable of producing a specific 

recognition reaction for a particular analyte. 2-10 The types of sensing strategy and 
transducer that are presently being developed to convert the biological reaction into a 

measurable response include electrochemical (potentiometry, amperometry, 

conductimetry and voltammetry)", optical (fluorescence, chemiluminescence and 
bio luminescence) 12, piezo-electric, acoustic and immunological techniques! , 6,13-21 

However, irrespective of the sensing method, the biologically functionalised 

transducer should be able to fulfil the following criteria: high specificity for the 

analyte of interest, fast response times, quantitative response, stable over the 

concentration and temperature ranges required and, in some instances, be adaptable 
to a miniaturised format. 
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Biosensors based on conducting polymers appear particularly well suited to the 

requirements of modem biological analysiS. 22 Such polymers are attractive materials 

with which to spatially deftne sensitive layers on the surface of an electrode (or 

indeed other sensors). This is due to the ease of electrodeposition on the electrode 

surface and possibility of functionalisation or entrapment with biological 

components. 

4 Analyte 

Measurable Signal 

Figure 1.1: Schematic Diagram of a typical biosensor. 

One strategy used in the construction of electrochemical biosensor is based on the 

entrapment of biomolecules in polymer films during the electropolymerisation 
process on the electrode surface. 23-" This method involves the application of an 
appropriate potential to the working electrode whilst immersed in an aqueous 
solution of the appropriate monomer, electrolyte, solvent and enzyme. Enzymes 

present in the immediate vicinity of the electrode surface are thus incorporated in the 
growing polymer. 
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The advantage of the electrochemical polymerisation is that films can be prepared 

easily in a rapid one-step procedure. Furthermore, this method enables exact control 

of the thickness (ranging from nm to many microns) of the polymer layer based on 

the measurement of the electrical charge passed during the electrochemical 

polymerisation. 

Most of the electrochemically deposited polymer films used for the biomolecule 

immobilisation are conducting polymers for example, polythiophene, polyaniline, 

polyindole and polypyrrole. Owing to their conductivity, the thickness of the 

polymer film can be easily varied (and is not restricted, as is the case for very thin 

films of non-conducting organic polymers). Nevertheless, a number of biosensors 

based on insulating electropolymerised films like polyphenols, poly (ortho- 

phenylenediamine) and over oxidised polypyrrole have been investigated. In those 

systems, the growth of the polymer films is self-limiting and therefore the resulting 
biosensor may exhibit fast response time. Nevertheless, the conducting polymers, 

primarily polypyrrole and its derivatives, play a predominant role due to their 

versatile applicability and the wide variety of molecular species covalently attached 
to pyrrole. 

An alternative to simple biomolecule entrapment within a electrodepo sited film is the 
binding of a biornolecule to polymer films, bearing reactive groups, 26-28 a strategy 

which involves electropolymerisation followed by covalent attachment. The 

advantage of using this procedure lies in the possibility to use optimal conditions for 

each step. In particular, the initial formation of polymer films can be performed 

under ideal conditions (e. g. suitable organic solvents and high potential values for 

polymerisation) which are generally incompatible with biomolecules. Furthermore, 

the covalent binding of the biomolecule to the polymer can be carried out in aqueous 

solutions containing additives and stabilisers, which preserve the catalytic activity 
and/ or the recognition properties of the biomolecule. 

In addition to the direct functionalisation of conducting polymers by covalent 
binding of biomolecules to polymer films, the attachment of biornolecules by both 

adsorption affimity binding have also been utilised in biosensor research. An example 
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is the attachment of biornolecules to sensor surfaces via the formation of avidin- 
biotin bridge using biotinylated biomolecules or avidin or streptavidin- conjugated 

biornolecules. Due to the high affinity of the interaction, this coupling method has 

been extensively used for biornolecule immobilisation. 29 

Furthermore, research has been carried out into the modification of electrodeposited 

polymers by incorporating suitable metal ions in the electrode matrix where 
immobilisation of biomolecules involves both ionic and ligand binding interactions. 

For example, a method has been developed to immobilise proteins within conducting 
polymers through the specific interaction of polymer-localised metal ions, an 

example of which is the Ni chelation to a polymer resin that has the ability to bind 
his-tagged modified proteins (proteins with 6 histadine residues). " 

1.1.2 Conducting Polymers for Preparation of Biosensors 

Since the early development of enzyme electrodes a great deal of attention has been 

paid to developing chemically modified electrodes. Those of interest in this study are 
electrodes, which are coated with conducting polymers for preparation of biosensors. 

In general these polymers possess the con ugated 71 electron systems, and, j 

characteristically, they are both easily reduced and oxidised reversibly, and can be 
grown to different thickness'. 

Due to these characteristics, the conducting polymer component of a polymer-based 
biosensor can be used for two purposes. Firstly, since they are electronically 
conductive in certain situations, they can, via an appropriate electron transfer 

mechanism, transduce chemical reactions to electrical signals. The second use, which 
is utilised during this research, is that they can be prepared with functionally to 
provide "soft" matrices for the biornolecule immobilisation. 

1.1.2.1 Preparation of Conducting Polymers 

The conducting polymers used for chemical and biological sensors are generally 
formed from films of an electroconductive polymer grown on metal or 
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semiconductor electrodes. Usually, oxidative polymerisation is the method used to 

produce polymers used in biosensor preparations 31-34 (see Figure 1.2 for an 

example). Unlike simple physisorbed monolayers, which are not particularly stable 

and can only hold a limited amount of surface bound species, polymer growth can be 

used to fabricate films on an electrode surface of arbitrary thickness. This method of 

preparation is easy to perform, is controllable and leads to the formation of insoluble 

cross-linked conducting polymers in very intimate contact with the electrode. 
Usefully, conventional spectroscopic and microscopy tools can be employed to 

characterise the polymer developed in polymer biosensor research. For example 
infrared spectroscopy, UV-Vis, X-ray photoelectron spectroscopy and the various 

scanned probe microscopies are widely used. 

The morphology and composition of homopolymers and copolymers produced by 

electrochemical polymerisation can be varied using potentiostatic (potential step 

chronoamperometry), galvanostatic or potentiodynamic methods (cyclic 

voltammetry). When using the galvanostatic method of formation, an amount of 
current is passed through the solution containing the monomer and the polymer film 
is formed on a working electrode. In the potentiostatic method the working electrode 
is kept at a potential at which polymerisation takes place on the electrode. In 

addition, cyclic voltammetry is often used, in which the potential is scanned across a 
range of voltages determined by consideration of the oxidation potential of the 
relevant monomer species. In this latter case alteration of the rate at which the 
potential is scanned has a critical dependence on the flux, and the rate at which the 

monomers reach the electrode. 

Potentiostatic and cyclic voltammctry formation of polymer films have a wider 
application in biosensor fabrication than the galvanostatic methods, and, therefore, 
both of these methods are used to develop the pyrrole-based hornopolymers and 
copolymers used in this research (discussed in greater detail in Chapter 2). 11 

Poly(pyrrole) has been known for over 50 years and is one of the most studied 
electroactive polymers and was first synthesised by electrochemical polymerisation 
in 1968. The mechanism of its synthesis (Figure 1.2) has also been studied 

5 



extensively. 35 The first step of the mechanism involves the oxidation of the pyrrole 

monomer (1) to give a radical cation (2). This radical cation can either react with a 

second radical cation to give the dimeric species (3) or react with the neutral 

monomer molecule, followed by further oxidation of the dimer to give (3). Further 

oxidation and coupling reactions of this type lead to oligorners and eventually to the 

deposition of the polymer at the electrode since the solubility of the oligomers 
decreased with increasing chain length and entanglement. Due to its hydrophilic 

properties (compatible with the outer shells of proteins, for example), it has often 
been used in constructing biosensors. 1 In early studies a variety of functionalised 

poly(pyrrole) films were also used for biosensor preparation, providing a method of 

tailoring the local polymeric environment, and hence controlling protein-polymer 
interaction. The methods used to prepare these functionalised polymers are discussed 

in Section 1.1.3. 

electrode 

-er N+ 
O%NN; 

/efther 

H 

(3) \-2H+ 

H N+ 

+N H 
/ 

electrode 
-e- 

-2HIý+ 

N 

Ný-6 

etc 

4F 
Insoluble polymer 

Figure 1.2: Mechanism of electrochemical polymerisation of pyrrole. 
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1.1.3 Functionalisation. of Conducting Polymers 

1.1.3.1 Chemical Modification of a Preformed Polymer 

Chemical modifications of a formed functionalised polymer backbone are possible 

using covalent linking methods to specifically attach the desired molecules. 
Depending on the system, this attachment site is either at the polymer membrane 

surface or the polymer chains in the bulk. These chemical reactions performed on the 

polymer lead to the introduction of reactive groups within the polymer, which can 

then be reacted with appropriate biornolecules, such as enzymes, to produce the 

desired polymer surface. Examples have been reported which use chemically 

modified polymer filins with a facile leaving group to achieve covalent attachment of 

redox enzymes and DNA. 36-39 

1.1.3.2 Polymerisation of Monomer Derivatised with the Biomolecules 

A further method of biopolymer preparation is the polymerisation of biomolecule 

modified electroconductive monomers. Whilst using this strategy, it is important to 

assess whether polymerisation is likely to be prohibited or compron-dsed by the bulky 

structure of the modified monomer species. 44 Notably, utilising this technique, 

pyrrole films containing covalently iminobilised glucose oxidase have been 

produced . 
40,41 During the synthesis of the monomer species, specific chemistry was 

carried out to conjugate a pyrrole derivative with the primary amine sites of the 
lysine residues of the enzyme. It was not possible to produce homopolymer films 

using this single monomeric species, due to the steric interactions, during 

polymerisation of the bulky, fanctionalised monomer units. However, it was possible 
to copolymerise the monomer-modified enzyme with free pyrrole (non- 
functionalised) to produce a copolymer film (see Figures 1.3 and 1.4). Consequently, 

this reduced interactions between adjacent functional groups of the polymer chain. In 

addition, the covalently immobilised enzyme film showed both higher enzyme 
activities and larger amperometric response to glucose compared to physically 
entrapped enzyme films. 42 
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Similarly biotinylated pyrrole derivatives have been formed by reaction of 3-(pyrrol- 

1-yl) propanoic acid to the free primary amine of pentylamine of 5-(biotinamido) 

pentylamine. 43 Copolymerisation of pyrrole with the biotin derivative produced a 

copolymer with available biotin sites. These sites then served as the point of 

attachment of streptavidin or avidin in the subsequent performance of biotin/ 

streptavidin/ biotin type. 

Various problems can be encountered using this technique, which include difficulties 

encountered during the chemical synthesis of the fiinctionalised monomers (i. e. 

purification) and the use of costly chemicals. Furthermore, it is important for the 
biomolecules to retain their activity after polymerisation has occurred. It is also 
possible that the polymerisation process may render the attached biomolecules 
inactive and, therefore, unsuitable for the use in biosensor technology. 

HOMOPOLYIVIER 

Functional)( Functional)( Functionq( Functional 
group 

_., 
/\. Group 

_, 
/\, Group \ Group 

_, 

Pyrrole k-I Pyrrole ýý Pyrrole ýý Pyrrole 

Proup 

Pyrrole 

COPOLYMER 

Functional 
Group 

Pyrrole 

TPyrrole 

Pyrrole 

Figure 1.3: Diagram illustrating functionalised homopolymer and copolymer films, showing: - (a) a 
homopolymer (above); and (b) a copolymer arrangement (below). 
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Biomolecule Biomolecule 

H 
N1 -2ne- 

"NI 

N 0/ C\)/ 
-2nH+ 

Figure 1.4: Polymerisation of a functionalised pyrrole monomer with non-fimctionalised pyrrole 

monomer to form a functional copolymer film, forming a copolymeric form, similar to Figure 1.3 (b). 

1.1.3.3 Polymerisation of Monomers with Activated Leaving Groups 

The fmal approach, which is an extension to the method used in section 1.1.3.1, is to 

synthesise electroactive, electropolymerisable monomers that can retain high 

electrical conductivity while possessing pendant leaving groups suitable for 

subsequent specific immobilisation. The formation an electroactive polymer, which 

contains activating leaving groups, may serve as the basis for the subsequent 

chemical reactions producing a bioniolecule containing membrane. 43,45-46 

Leaving Group Functional Group 

HH 
II 

NNNN 
+I Functional Group I- 

--ý - + rLe 7mng Group 

Figure 1.5: Schematic diagram illustrating the reaction of a functional group with a preformed 
polymer film. This protocol represents the underlying technique used extensively within this thesis. 

Previous work has illustrated the use of a substitution reaction for the immobilisation 
of functional groups. An example of which involves a precursor copolymer, poly[(3- 
acetic acid pyrrole)/(3-N-hydroxyphthalimide)], as seen in Figure 1.6. This precursor 
polymer allows a direct chemical substitution of this labile ester group with a group 
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bearing a terminal amino function. The biornolecules were "grafted on7' by a 

chemical substitution of leaving group N-hydroxypthalamide. 

0 

OH 0N 
]0 

0 
H2N-Biomolecule 

N 

H 

0 
OH 

0. 
N-Biomolecule 

NN 

Figure 1.6: Reaction scheme of an amine terminated biomolecule with an activated ester present 

within a copolymer film. 

The polymers used in the research presented in this thesis are hornopolymers and 

copolymers developed using a pyrrole derivative, which contains an organic moiety 

that can be used for biornolecule immobilisation. The pyrrole derivative used, 

pentafluorophenyl 3-(pyrrol-I-) propanoate (PFP), bears an ester moiety activated by 

a "good" leaving group. This group is readily susceptible to nucleophilic attack (e. g. 
by amine groups often found on the outer surface of proteins, or on terminal 

groupings of strands of DNA) and thus the polymer provides reactive sites for the 
immobilisation of a desired species by covalent bond formation. 47 

Previous work had resulted in successftil. modification of PFP polymers of the 

activated ester. These modifications have involved substitution of the 

pentafluorophenolate ester with methanol to produce methyl ester and ferrocene 

methanol to produce a redox active ferrocenyl-modified polymer. 
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Figure 1.7: Schematic of the reaction of poly(PFP) with an amine terminated reactive group. The 

brackets seen show the activated ester. 

1.1.4 Patterning of Electrodes with Polymeric Adducts 

Among the desirable attributes of using these of conducting polymers is the ability to 

place the polymer matrix in specific, electronically addressed, regions of a substrate 

such as a metallic micro-array. Since these electrodeposited conducting polymers can 
be used for the inimobilisation. matrix for various biospecies, the airn of this work is 

to attempt to immobilise different species in different locations on the same 

substrate. 48 By electrically controlling the nature of the polymerisation conditions, it 

is possible to precisely control the thickness of film, modifying the electrode. 

Two methods used to pattern different species on the same substrate have been 
described. The first method reported involves sequentially depositing the polymer 
matrix in different locations must be carried out with intervening coupling to the 

appropriate species . 
49 The second method that has been used involves polymer 

50 activation by light passing through spatially discrete locations in an optical mask. 

As with many techniques, both of these approaches have advantages and limitations: 

with the former (sequential polymer) deposition, the required deposition solution 
conditions may cause damage to the previously deposited species. Also the reactions 
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between reactive monomer units and the immobilised species can lead to a loss in 

effectiveness of the array sensor. With the latter, light activation of the polymer, the 

continual need for realigning of the optical mask (often within a solution), and the 

short-lived nature of the reactive species likewise limits the applicability of this 

approach. When the aim is to couple several different species to different locations 

on the same device, it is necessary to, develop a technique to allow micropatterning 

of different species of electrodes of the same device. 

A new method is developed in this research, which utilises the simple use of 

electrochemical potential modulation to promote, or inhibit the coupling between a 

polymer bound activated ester group, of PFP homopolymer, and solution species 

containing nucleophilic amine groups. Examples are illustrating the control of the 

substitution reactions with various nucleophilic species are discussed further in 

Chapters 3,4 and 5. 

1.2 Strategy ofBio-Polymeric Functionalisation 

Various strategies to allow the immobilisation of functional groups within the 

polymer film have been described. One technique, which involves direct reaction of 
the functional groups, present within the already prepared polymer film is utilised 
during this research. This involves immersing the polymer-modified electrodes into a 
solution containing the desired nucleophilic species. Optimisation of this route of 
attachment requires careful study of both the polymerisation conditions and the 

chemical conditions necessary for the substitution of the functional group to take 

place. This is achieved by analysing the samples, using a variety of analytical 
techniques, to determine whether the immobilisation reactions have been successful. 
From these results both polymer preparation and modification condition can be 

altered to achieve optimum substitution reaction. 

This thesis concentrates on the development of a polymer system that has ultimately 
been used for biornolecule immobilisation and, moreover, could be adapted for 
incorporation to into a miniaturised multi-analytical biosensor system. 
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1.3 Outline of Thesis Structure 

The work presented in this thesis has been separated into seven further chapters: 

Chapter 2 introduces the main techniques used for the polymerisation and analysis of 

unreacted and modified polymers, during this research. These techniques include 

electrochemical methods: i. e. cyclic voltammetry; potential step chronoamperometry 

and electrochemical quartz crystal microgravimetry. The chapter illustrates how 

these techniques are used for the synthesis and analysis of unmodified PFP 

homopolymer and PFP/Py copolymer films. 

Chapter 3 describes the spectroscopic methods: X-ray photoelectron spectroscopy 

(XPS), XPS imaging and reflectance-adsorption infrared spectroscopy, which were 

used to analyse the polymers produced using the methods described in Chapter 2. It 

also describes the differences in polymer composition and morphology of individual 

films polymerised using these electrochemical techniques. The chapter also 

introduces the methods used to analyse poly(PFP) films after reaction with 

nucleophilic species. 

Chapter 4 presents the results of the simple nucleophilic substitution reaction of 

polymer films with synthetic amine-containing species. The kinetics for each of the 

reactions with different homopolymer and copolymer films was investigated and the 

results are discussed. 

Chapter 5 introduces a technique to inhibit the substitution reactions of the activated 

esters of the polymer films, with amines is also introduced. This technique is then 

used for the micropatterning of the amines on interdigitated electrodes and images 

obtained from the XPS image facility to illustrate this are presented. 

Chapter 6 presents results of reactions, which modify the PFP homopolymer 

matrices, to produce a multicomponent system. This involves nucleophilic reaction 
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with a biological amine, cystamine, which is used to interact with a platinum 

complex. Examples are then illustrated of further immobilisation of amines with this 

complex, thus developing a system that could be potentially used for biomolecule 

immobilisation. 

Chapter 7 exploits the use of biotinylated polymer films interaction with streptavidin 

and streptavidin-enzyme conjugates. It describes two methods of attaching biotin to 

the PFP homopolymer. The first involves a reaction with 5-(biotinamido) 

pentylamine solution then the subsequent reaction with streptavidin. The second 
involves the reaction of cystamine modified film with a biotin derivative then 

streptavidin. The latter method is useful as it allows the possible patterning of 

cystamine and, consequently, streptavidin species. 

Chapter 8 describes a method to inhibit non-specific binding on a polymer surface. 
These preliminary investigations involve grafting poly (ethylene glycol) (of different 

molecular weights) onto the PFP honiopolymer backbone. These modified polymers 

are then immersed in solutions containing labelled proteins to determine whether the 

prevention of non-specific binding is successful. 

Chapter 9 provides the overall conclusion of the work performed and describes 

finther work that is being carried out in the department, which relates to the research 
described in this thesis. 
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Chapter 2 

Electrochemical Methods usedfor the 

Development and Characterisation of a 

Polymer System 

ZO Introduction 

In this chapter a brief description is given of the techniques used in the 

characterisation and development of the modified polymer electrodes used in this 

thesis. These techniques are illustrated using examples of measurements obtained 
from the polymerisation and analysis of the polymers, used during this research. An 

in depth discussion of the application of different modifications and characterisation 

of these polymers is given in later chapters. 

The various functionalised polymers developed were synthesised using pyrrole 

and/or pyrrole derivatives. The substrate bound polymer films were prepared by 

electrochemical oxidation (or electropolymerisation) of an appropriate monomer at 

metal electrodes. This can be achieved either through scanning (cyclic voltammetry) 

or stepping (potential step chronoamperometry) the potential of the "Working" 

electrode whilst immersed in the monomer containing deposition solution. In both 

cases the electrode potential must be sufficient to oxidise the monomer species, 

although it was noted that, the use of a scanned potential program offers greater 

control over polymer deposition rates, internal microstructure and final film 

thickness. 
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In these investigations, the majority of functionalised conducting clectropolymerised 

thin films were based on the pyrrole derivative, pentafluorophenyl 3- (pyrrol-1-yl) 

propionate (PFP) moiety (Figure 2.1). This provides a model system in which the 

electron withdrawing properties of the pentafluorophenyl group activates the ester 

moiety and, therefore, enables a suitable reactive site for the coupling of a 

nucleophilic species (e. g. primary or secondary amine groups). 

C3 Pyrrole Unit 

N 

Activated --- OF 
Ester 0 

F 
PFP leaving 

F group 
F 

Figure 2.11: Illustration of PFP monomer unit indicating the important features; pyrrole unit, activated 
ester and pentafluorophenyl (PFP) leaving group. 

A fiu-ther advantage of the use of this system is that it contains strong spectroscopic 
features, the pentafluorophenol group, which can be quantitatively analysed using 
XPS, and the ester group, which can be identified in the bulk polymeric structure, 
using FTIP, 

2.1 Materials 

Solvents: Dichloromethane (99.9%, HPLC grade), acetonitrile (MeCN, 99.5+%, 
ACS reagent, CH3CN), dimethylsulphoxide (DMSO, methyl sulphoxide, 99+%, 
anhydrous, (CHASO), acetone (99.5+%, ACS spectroscopic grade, CI-13COCHA 
dioxane (1,4-Dioxane, 99+%, spectrophotometric grade) , iso-propyl alcohol (IPA, 
2-Propanol, 99.5+%, ACS spectrophotornetric grade, (CH3)2CHOH) and diethyl 
ether (99+%, ACS reagent) were obtained from Aldrich. 
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Other materials were used to prepare the following: 

Synthesis of 3-(pyrrol-1-yl) propanoic acid (PyCOOH)': 

12g of 3-(pyrrol-1-YI) propiononitrile (obtained from Sigma-Aldrich) was added to 

100 ml of 50% sodium hydroxide (pellets, 97+1/o, ACS reagent, obtained from 

Aldrich) and refluxed until no ammonia was released. 50 % H2SO4 (95-98 % 

obtained from Aldrich) was added until the solution was pH 2. The mixture was then 

extracted using ether (Aldrich). The extracts were combined and evaporated to 

produce 3-(pyrrol- I -yl) propanoic acid with yield of 87%. 

A widely used method to esterify a carboxylic acid is to treat it with an alcohol in the 

presence of a dehydrating agent. One such dehydrating agent is 

dicyclohexylcarbodiimide (DCC), which is subsequently converted to 

dicyclohexylurea (DHU). Using this method PyCOOH is converted to a compound 

with a better leaving group, which allows reaction with pentafluorophenol, and 

which can be probed in the polymeric form spectroscopically. 

Synthesis of Pentafluorophenyl 3-(pyrrol-1-yl) propanoate (PFP): 

6g of (Pyrrol-1-yl) propanoic acid (PyCOOH) was added to 100 ml of dioxane and 

stirred. 8g pentafluorophenol (99+0/o obtained from Aldrich) was then added along 

with 9.06g dicyclohexylcarbodfimide (1,3-Dicyclohexylcarbodiin-Me, 99% obtained 
from Aldrich)). A precipitate developed after stirring overnight, which was filtered 

off using a vacuum pump. The solvent was removed under vacuum to produce a 

crude oil. The crude oil was run down a silica (Aldrich) column using 20% 

dichloromethane and 80% petrol to yield PFP. 
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Figure 2.2: Reaction scheme of the synthesis of PFP from (Pyrrol- I -yl) Propanoic Acid. 

Preparation of Tetraethylammonium Perchlorate Electrolyte (TEAP): 

50 ml of 20% w/w Tetraethylammonium hydroxide (1.3 M, Aldrich) was poured into 

a 250ml conical flask (approximately 0.067 moles). This was then placed in a 

cooling bath (ice/water) and was stirred with a magnetic stirrer. 6 ml of 70% w/w 

perchloric acid (I I M, Aldrich) was placed in a 25ml conical flask and was similarly 

cooled (0.067 moles). Once both solutions were cooled, perchloric acid was added 
dropwise to the hydroxide solution. During the addition a white precipitate was 
formed. This was recrystalised from water several times to produce 

tetraethylammonium perchlorate. This was dried and stored in a desiccator until 
further use. 

Pyrrole purification: 
Pyrrole (98%, Aldrich) was purified by neutral alumina column (neutral aluminiurn 

oxide powder, Aldrich) chromatography before using it in the deposition solution for 

polymerisation. This involved running the crude liquid down a short column (3 cm x 
0.5 crr? ) filled with neutral aluminium oxide to remove oligomers (dark brown 

material), present in the pyrrole solution. 

Protocol for Electrode Fabrication 2: 

The protocol of electrode fabrication is shown in Figure 2.3 from (A) to (F). First, 

microscope glass slides were cleaned by sonicating using Decon and were 
thoroughly washed with copious amounts of water. They were then chemically 
modified by silanisation to generate a surface with free S-H groups (using a thiol 

1F% 
,N 10' 
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solution of 3-mercaptopropyl trimethoxy silane C'silane), obtained from Aldrich). 

The protocol involved refluxing the slides (in a round bottom flask with condenser 

attached) in a 20 mM solution of silane for approximately I hour (solution was made 

up of l2g silane and 12g water in 400 ml of IPA). This was repeated to ensure that 

there is an even molecular layer with sulphur functionalities, which will bind to the 

evaporated gold via strong thiol bonds. The slides were then loaded into the gold 

metal evaporator. Once a pressure of 4xI0-6 Torr had been reached in the evaporation 

chamber, 100 nm of gold was deposited using the Balzers PKR 250 thin film 

deposition system. The thickness of Au was controlled by an Intellemetrics IL 150 

programmable interface (the thickness was determined by difference of frequencies 

of quartz crystals). 

To produce patterned electrodes that were used for research described in future 

chapters, the thiolated slides were coated with S1818 photoresist (Shipley Ltd, UK) 

by spinning at 4000 rpm for 30 seconds and baking at 900C for 30 minutes, giving a 

resist thickness of 1.8 gra. The resist coated slides were exposed to UV light through 

a chrome mask for 12 seconds on a mask aligner and developed with AZ developer 

(Shipley Ltd, UK) for 90 seconds. After gold deposition, and as before, the pattern of 

the electrodes was developed by "lift-off' by immersing the slides in acetone. Once 

the unnecessary gold was removed the slides were examined under a microscope to 

ensure the patterning was successful (Figure 2.3 (F)). 

2.2 Electrochemical Methods 

In using cyclic voltammetry and potential step chromoamperometry methods, it is 

possible to measure the electrode current as a function potential and/or time and 
thereby control the rate and extent of polymer depositioný. These techniques were 
mainly employed to polymerise homopolymer and copolymer modified electrodes. 
Another electrochemical method used in these investigations was quartz crystal 
microgravimetry, which provides a technique that can determine the mass changes of 
the working electrode during polymerisation and during immobilisation reactions. 
This section provides an overview of the principles of each of these methods. 
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(A) clean glass slide 

1II 

(B) chemical modification 
of slide surface 

(C) coat with S 1818 
photoresist 

(D) expose and develop the 
electrode pattern 

(E) evaporate 100 nm gold 

"lift-off' in acetone 

Figure 2.3: Protocol for the development electrodes subsequently used for the polymerisation of 
homopolymer and copolymers. A variety of different methods exist to produce the patterned 

electrodes, based upon photolithography of either positive or negative photoresists, lift-off and/or 

etching. 

2.2.1 Cyclic Voltammetry 

2.2.1.1 Background 

Cyclic voltammetry is a commonly used technique, which is particularly powerful 
for the initial studies of a new system. Many experiments can be carried out within a 
few minutes. Moreover, the data are presented in a form, which allows rapid, 
qualitative interpretation without recourse to detailed calculation. 
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Cyclic voltarnmetry (CV) consists of scanning the potential of an electrode which is 

immersed in an electrolyte containing solution and measuring the resulting current. It 

is assumed that the electrolyte containing solution contains an electroactive species R 

(or in the case of polymer deposition the monomer species), which can undergo 

oxidation to form 0 (oxidised monomer) as seen in equation 2.1 below: 

R-> 0+ ne (Equation 2.1) 

In this case, the magnitude of the forward and reverse current peaks are of the same 

size (where the current baselines are defined as in Figure 5 (b)) and are separated by 

a potential of approximately 59 mV (under diffusion limited conditionS)4, which is 
independent of scan rate. This only occurs if both forms are soluble and the electron 
transfer rates are to/from the electrode fast. As the potential is scanned positively, 
when a value is reached such that the electrode is highly oxidising, the current 
increases as the amount of R (monomer), which is present at the electrode surface, is 

oxidised. The current will continue to increase with increasing potential until the 
diffusion layer is depleted of material causing the current to peak. At this point the 
current starts to decay as the thickness of the diffusion layer for R increases. Then, 

when the potential is scanned in a negative direction, the current slowly increases 
(negatively) until the potential is sufficiently reducing for the layer of 0, which is 

produced on the forward scan and has accumulateq at the surface. This continues 
with decreasing potential until the diffusion layer has been reduced, At this time a 
peak in the reduction current is observed, during this time a proportion of 0 diffuses 
into the bulk solution and is never reduced. Once again as the diffusion layer for 0 
thickens with a build-up of R again, the current falls until the initial potential is 

reached and the scanning stops. The surface concentration of 0 will change 
according to the Nernst Equation: 

[01/[RI=exp [nF/RT (E- E)l (Equation 2.2) 

where E' is the standard redox potential, E is the equilibrium potential, R is the molar 
gas constant (8.314 Jmor'K71), F is the Faraday constant, n is the number of electrons 
transferred in the electrode reaction, [0] and [R] is the concentration of oxidised and 
reduced species respectively. 
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2.2.1.2 Instrumentation 

The experimental set-up used can be seen in Figure 2.4, and involves using a three- 

electrode system held in a cell containing the electroactive solution. The potential of 

the working electrode is controlled using a reference electrode (in these studies a 

silver/ silver chloride electrode (AgJAgCl)/3M KCI). For the potential of the cell as a 

whole to reflect the potential of interest, it is necessary to keep the other half-cell (i. e. 

reference electrode) constant. The porous division forming the boundaries at the 

liquid junction provides good electrical contact between the KCI solution and the 

deposition solution, but also prevents a major interchange of the two liquids. 

The reference electrode provides a stable fixed potential so that when a voltage is 

applied between the two electrodes the change in potential is precisely defined. The 

technique of cyclic voltarnmetry is related to Linear Sweep Voltanimetry where the 

potential is only scanned in one direction. 4-6. In contrast, in CV, the potential of the 

working electrode is scanned between two values, firstly in the positive direction and 

then in the direction of the sweep is reversed and the electrode potential is scanned 
back to the original value. Single or multiple cycles can be used which at a constant 

scan rate are represented by a triangular potential cycle. This is illustrated in Figure 

2.5 along with the typical cyclic voltammogram for a reversible couple one electron 
transfer. 
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Figure 2.4: Schematic diagram of the electrochemical cell set-up used for the polymerisation of the 

conducting polymers used in this research. The set-up includes a platinum counter electrode, gold 

working electrode and AgjAgCI reference electrode. 
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Figure 2.5: (a) shows the variation of the applied potential as a function of time during a CV 

experiment, and (b) shows a cyclic voltammograrn for a reversible electron transfer reaction7. 

29 

Auxiliary Working Reference 
Electrode Electrode (AgAgCl) 
(Pt wire (An) 



By observing Figure 2.5 (b), it can be noticed that at a resting potential, no current 

flows and the concentration profile is homogeneous across the electrode-solution 

interface (point A). As the potential is swept past the standard reduction potential, 

electrolysis at the interface coverts R to 0 at a fast rate and the current continues to 

rise (from points A to B). At a potential several millivolts past this potential, the 

surface concentration of R becomes virtually zero (point B) and a further increase in 

potential causes a current decay as the diffusion layer begins to grow (B to C). The 

appearance of the peak can be accounted for by the thickening of the diffusion layer, 

providing a barrier to mass transfer from the bulk solution and resulting in a limiting 

current. 

Cyclic Voltammetry can be applied to electrochemical polymerisation of particular 

monomer species, an example of which is pyrrole and pyrrole derivatives, such as 

PFp3,8. In the majority of the work'in this thesis, the oxidation is carried out starting 

with reduced PFP monomer species (R) only and no oxidised species (0) initially 

present (see Figure 2-6). 

2.2.1.3 Potential Control of Post Deposition Functionalisation 

Since the reaction between poly(PFP) films and amine groups or macromolecules is 

the desired route for immobilisation (as discussed in Chapter 1), an investigation was 

undertaken into whether electrochemical methods could be used to control the 

coupling reaction. If successful this would provide a method for selective reactions 

with various reactive species. 

Electrochemical doping and undoping of PFP in TEAP and acetonitrile solution 

occurs at 0.76V and it was established that dopant state of the conducting polymer 

could influence the reactivity of the activated ester. Although, these reactions are 
discussed in detail in Chapter 4, the methods used to produce the doped film are 

outlined below. 
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Figure 2.6: Mechanism of electrochemical polymerisation of PFP monomer (using the 

electrochemical set-up detailed in Figure 2.4). As the voltage is increased oxidation of the monomers 

occurs at the electrode surface and these react to produce oligomers. Ibis is followed by nucleation on 

the electrode surface. As the voltage is decreased the monomers are then reduced. 

A homopolymer-modified Au electrode was placed in an acetonitrile solution 
containing 0.1 M TEAP as the supporting electrolyte. The electrode was cycled to an 
oxidising potential of approximately 0.77V and was held at this potential whilst 
being removed from the TEAP solution and then placed in an electrolyte solution 
containing a solution of the desired amine. The 0.77 V potential control was 
subsequently restored immediately on re-immersion. After a specified time, the 
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electrodes were again placed in an electrolyte solution that has no amine present, and 

the potential sweep was reversed to reduce the film at OV. For direct comparison, 

another polymer- modified electrode was held at a potential of OV in the particular 

amine solution for the same time interval. In addition, the hornopolymer-modified 

electrode was also held in an amine free solution at 0.77V to determine whether there 

was any resultant change in the polymer film arising from the potential control 

above. 

Further investigations were also carried out to establish whether nucleophilic 

reactions were inhibited if there was no potential control applied to the doped 

polymer during immersion in the amine solution. In these experiments the polymer 

was doped at 0.77V then the polymer electrode was left at open circuit during 

immersion in the designated amine solution. The results of the electrochemical and 

spectroscopic analysis performed to determine whether the reaction had taken place 

and are presented in Chapter 4. 

2.2.2 Potential Step Chronoamperometry 

2.2.2.1 Background 

The potential of the working electrode is stepped between El and E2 as seen in 

Figure 2.7. The initial potential should be such that the species of interest is not 

oxidised/reduced so that when the potential is stepped to a value where 

oxidation/reduction is known to occur, a current transient is recorded that reflects the 

electron transfer reaction at the electrode surface. Immediately following the step, a 
large current is detected which falls steadily with time. This arises since the 

magnitude of the current is controlled by the rate of diffusion of R to the electrode. 
The concentration gradients shortly after the step are extremely large since there has 

been little time for any depletion of electroactive material. Consequently, the currents 
flowing are very large initially. Gradually depletion occurs as the diffusion layer 

thickness increases and the current decreases, ultimately to zero as shown in Figure 

2.8. The Cottrell equation, Equation 2.3, describes the current response as a function 

of time (and electrode area)'. 
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Potential Step Chronoamperometry was used for the polymerisation of homo- and 

co-polymer modified electrodes as previously mentioned. In Chapter 3 these 

polymers are compared to those developed using cyclic voltammetry, using X-ray 

Photoelectron Spectroscopy (XPS). 

nFD112CR / nll2tl/2 (Equation 2.3) 

(where j is the experimental current density at potential E, D is the diffilsion 

coefficient, n is the number of electrons transferred, F is the Faraday constant and t is 
time from the commencement of the experiment) 

2.2.2.2 Polymerisation of Polymer Films 

Hornopolyrner and copolymer films can also be electropolymerised using potential 
step techniques, although a slight variation on the standard electrochemical set up 
was required. In this case the I cn? working electrodes were scanned (at a scan rate 
of 20 mVs") up to 1.1 5V and held at this potential for 60 seconds in the appropriate 

solution. Deposition solutions with varying ratios of PFP and Py were also used in 

these experiments to control the polymer composition. After being held at 1.15V a 
reduction step then followed. Figure 2.9 shows the typical deposition curve for 

polymer films that were produced using this method. The deposition solution 
contains only the reduced species, % When the electrode potential is suddenly 

changed from its starting value the anodic process R->O + n6' occurs, where 0 is the 

oxidised species. 
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Figure 2.7: A graph illustrating the variation of the applied potential as a fimction of time in a 

potential step experiment. Using this method the potential is changed rapidly, usually from a current 

passes to one where the electrode reaction of interest takes place. 

-i/A 

Figure 2.8: Graph illustrating the current response versus time in a potential step experiment. When 

the potential is increases this would initiate the very rapid oxidation of the monomer at the electrode 

surface. As the diflusion of the oxidised monomer decreases with time the current also decreases with 

time. 
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Figure 2.9: A typical polymerisation deposition graph showing the relationship between 

polymerisation current and the time a step potential is applied. As the potential is increased there is a 

rapid increase in rate of diffusion of the oxidised monomer to the electrode surface, therefore, a rapid 
increase in current. 

In Chapter 4, Section 4.2.1.1, a comparison is made between the reaction rates of 

polymers grown by this potential step method and that of those grown by cyclic 

voltarnmetry. Underlying this investigation was the observation that when the 

potential step method was used to produce polymer films, it was observed that less 

smooth films were produced compared to those formed during cyclic voltarnmetry. 
Thus it was hypothesised that altering the polymerisation method for the deposition 

of the polymers on the gold electrodes caused changes in the surface morphology and 
the internal microstructure of the films. In addition, in the case of copolymer films, 

the composition may be dependent on the deposition potential scheme used. 
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2.2.3 Electrochemical Quartz Crystal Microgravimetryl-11 

2.2.3.1 Background 

Many electrochemical processes, including electrodeposition, are accompanied by a 

change in mass at the working electrode solution interface. In these cases it is 

obviously beneficial to combine an electrochemical measurement with a mass 

measurement. The use of a quartz resonator permits in situ and real time probes of 

mass changes and various other processes, including monitoring the progress of any 

subsequent immobilisation reactions with deposited polymers. In these 
investigations, a combination of EQCM with coulometry is also a sensitive probe to 

estimate the efficiency of polymer deposition. 

The relationship between the frequency change of the quartz resonator, Af, and the 

mass change, Am, is demonstrated by the Saucrbrey equation: 

f2q -IJAM Af =-12 0 (A [t2P) (Equation 2.4) 

Af is the change in frequency, Am is the change in mass, L is the fundamental crystal 

resonance frequency of the crystal in Hz (and was 10 MHz in this study), A is the 

electrode area, ýt is the sheer wave velocity and p is the density. Note the negative 
sign, which indicates that an increase of mass causes a decrease of the frequency 
from its original resonance condition. The frequency was measured as a difference 
between the working electrode crystal and a reference crystal. 

It has previously been found that although the Sauerbrey equation holds for rigid (or 
acoustically thin) films". Deviations in the linear relationship between mass and 
frequency are found if these films are rubbery, fluid or rough (i. e. acoustically thick). 
This technique is ideal in monitoring the mass of dry material deposited on the quartz 
crystal for the investigations described below. However the following caveat should 
be considered, when quantitatively interpreting the measurements: problems may 
arise from changes in viscoelastic properties due to the fact that changes in polymer 
morphology are dependent on the polymer deposition process, solvent and film 
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history. To circumvent these difficulties, measurements were also carried out on dry 

hims in an evacuated desiccator (note, the use of the desiccator removes any 

influence on the measurements due to sorbed water vapour). 

2.2.3.2 Instrumentation 

The typical set up of an EQCM is seen in Figure 2.10. A Faraday cage was also 

present to stabilise the cell and circuitry (protecting the circuitry from changes in 

temperature). 
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Figure 2.10: Schematic Diagram ol'EQCM set-up. lbe key components are the electrochemical cell 

and oscillator circuit within a faraday cage. The frequency counter and the ftequency voltage 

converter are connected to a computer that records the data. 

The cell, oscillator circuit board and the batteries to power it were all enclosed in a 
Faraday cage, earthed to the potentiostat. The oscillator circuit board comprises two 

oscillator circuits, one for the working crystal and one for a reference crystal. A 

typical quartz crystal microbalance electrode is shown in Figure 2.11 and the 

polymer is deposited onto the central disc on one side of the crystal. 
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Figure 2.11: Schematic diagram of the quartz crystal microbalance (QCM) electrode. The area of the 

QCM electrodes used in these studies were 0.229 CM2. 

As stated, the quartz crystal microbalance electrodes used in this study were 10 MHz, 

unpolished AT-cut piezoelectric crystals with gold electrodes, which were purchased 
from ICM (Oklahoma City, USA). The diameter of the gold electrode was 5 mm and 

connectors from the two electrodes were modified, by attaching a connector, to fit 

the measurement system. The crystals were mounted onto the base of the 

electrochemical cell using non-corrosive silicone rubber (RTV 3145, Dow Caring). 

Care was taken that no glue approached the circular mass sensitive portion of the 

electrode, as this has a significant effect on the crystal oscillation. 

2.2.3.3 The Use of EQCM Gravimetry for Subsequent Immobilisation Reactions 

EQCM gravimetry can be applied to functionalised, reactive polymers to follow 

subsequent in situ immobilisation reactions. The measured frequency change of the 

quartz resonator allows the calculation of the mass changes caused by the tethering 
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or iminobilisation of the desired species. To allow successful measurement of the 

attachment of reactive species it is important that there is a significant difference in 

molecular weight compared to that of the PFP leaving group. For example, if the 

mass of the substituted groups was higher than that of the leaving groups, the 

frequency of the quartz crystal resonator would decrease as can be seen in Figure 

2.12. The reaction is assumed to be complete when there is no finiher significant 
frequency changes. 

Alternatively, from Figure 2.13, it can be seen that the frequency will increase if the 

mass of the tethered group is lower than the PFP leaving group. During this reaction 
solvent movement occurs to fill the void left by leaving groups. If the mass of the 

reactant is similar to that of the PFP, it is difficult to determine whether a successful 
reaction has occurred, and consequently, spectroscopic methods, using 
macroelectrodes, were employed to confirm that immobilisation has taken place. 
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Figure 2.12: Graph illustrating frequency decrease when hornopolymer of PFP is reacted with a 
species (platinum containing solution) with a higher molecular weight than the pentafluorophenyl 
leaving group. 
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Figure 2.13: Graph illustrating frequency increase when homopolymer of PFP is reacted with a 

species (cystamine (see Chapter 5)) with a lower molecular weight than the pentafluorophenyl leaving 

12 group 

2.3 Illustrative Results from the Application of the 

Electrochemical Techniques 

2.3.1 Cyclic Voltammetry to Polymerise Poly(PFP) 

Typically, homopolymer films of PFP were electrodeposited (Figure 2.14) by 
immersing aI cn? gold electrode in an electrochemical cell containing a solution of 
20mM PFP monomer and OAM tetraethylammonium perchlorate in acetonitrile. 
During the polymerisation process, using cyclic voltammetry, simultaneous doping 
(influx of perchlorate ions during oxidation) then undoping (efflux of perchlorate 
ions during reduction) and efflux of perchlorate ions of the polymer occurs 
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accompanied by the influx and efflux of perchlorate ions during the redox cycle. For 

polymer nucleation: 5 to occur, the working electrode must be scanned to a maximum 

voltage of between 1.0 and 1.1 V. To obtain films of different thicknesses the 

electrode was then scanned to a specified potential limit, in the deposition solution, 

for different numbers of cycles. 
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Figure 2.14: Reaction scheme illustrating the electrochemical polymerisation of a hornopolymer of 

PFP. AS the potential increases the PFP monomer species oxidises and polymerises to form poly(PFP) 

on the electrode surface. The polymer is reduced as the potential decreases. 

Attempts to control the polymers internal microstructure involved scanning the 

working electrode to two different potential limits, thereby, varying the rate of 

polymer deposition. For simplicity, these will be referred to as 11slow" grown and 
"fast" grown poly(PFP) films. The slow grown poly(PFP) film was 

electropolymerised by potentially cycling the electrode from 0.2 V to 1.02V at a scan 

rate of 20 mVs" (Figure 2.15). 

The fast grown film was polymerised by scanning the potential to a slightly higher 
limit of approximately 1.05 V. Due to this slight increase in potential, the polymer 
reaches the desired anodic peak height (the same as the slow grown film), by cycling 
across the potential range fewer times. This can be seen in Figure 2.16 and this 
technique (of varying the upper potential limit) can also be used to control the rate of 
deposition of the hornopolymer. 
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Figure 2.15: Cyclic voltammograrn of the electrochemical polymerisation of the slow grown 
homopolymer of PFP by scanning the potential to 1.02 V in a deposition solution of 20 mM PFP 
monomer, 0.1 M TEAP and acetonitrile. Electrode area--I cm. 2 and reference electrode AgjAgCI and 
scan rate of 20 mVs" 
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Figure 2.16: Cyclic voltammograin of the electrochemical polymerisation of the fast grown hornopolymer of PFP by scanning the potential to 1.05 V in a deposition solution of 20 mM PFP 
monomer, 0.1 M TEAP and acetonitrile. Electrode area--I CM2 and reference electrode AgjAgCI and 
scan rate 20 mVs-'. 
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Cyclic voltammetry in background (monomer free) electrolyte was also used to 

indicate whether there might be any differences in microstructure between the fast 

and slow grown homopolymer, as a consequence of using different polymerisation 

parameters. This is illustrated by the observed change in the electrochemical 

oxidation potentials of both films when scanned in a background 0.1 M 

TEAP/MeCN solution (from 0 to 0.8 V). When the cyclic voltammograms of both 

films are compared, it can be observed (Figure 2.17) that there is a shift in oxidation 

peak potentials of approximately 0.03 V. This observable difference suggests that 

there was a change in the microstructure (the form and structure of the polymer 

beneath the surface of the film taking into account the space within the film that can 
be occupied by solvent or air) of both films as a consequence of increasing the 

potential limits during polymerisation. This difference could be accounted for either 
by differences of accessibility (ionic and/or electronic) of the "redox" sites or 
differences in the ease with which oxidation state induced conformational changes in 

the polymer can occur. 
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Figure 2.17: Cyclic voltammograms of the homopolymers of PFP after growth by scanning potential 
to 1.02V (red line) and by scanning potential to 1.05 V (black line). Polymer coated electrodes were I 
cm 2, potential scanned from 0.2 V to 0.8 V in 0.1 M TEAP and acetonitrile sollition vs. AgjAgCl 
reference electrode at a scan rate of 20 mVs-'. Note the shift in oxidation peak ofO. 03 V. 
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Cyclic voltammetry in background (monomer free) electrolyte was also used to 

indicate whether there might be any differences in microstructure between the fast 

and slow grown homopolymer, as a consequence of using different polymerisation 

parameters. This is illustrated by the observed change in the electrochemical 

oxidation potentials of both films when scanned in a background 0.1 M 

TEAP/MeCN solution (from 0 to 0.8 V). When the cyclic voltammograms of both 

films are compared, it can be observed (Figure 2.17) that there is a shift in oxidation 

peak potentials of approximately 0.03 V. This observable difference suggests that 

there was a change in the microstructure (the form and structure of the polymer 
beneath the surface of the film taking into account the space within the film that can 
be occupied by solvent or air) of both films as a consequence of increasing the 

potential limits during polymerisation. This difference could be accounted for either 
by differences of accessibility (ionic and/or electronic) of the "redox" sites or 
differences in the ease with which oxidation state induced conformational changes in 

the polymer can occur. 
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Figure 2.17: Cyclic voltammograms of the homopolymers of PFP after growth by scanning potential 
to 1.02V (red line) and by scanning potential to 1.05 V (black line). Polymer coated electrodes were I 
cm 2, potential scanned from 0.2 V to 0.8 V in 0.1 M TEAP and acetonitrile solution vs. AgjAgCl 
reference electrode at a scan rate of 20 mVs-'. Note the shift in oxidation peak of 0.03 V. 
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2.3.2 Use of CV to the Polymerise Poly(Py/PFP) Copolymer Films 

Copolymer films were also electropolymerised using cyclic voltarnmetry (Figure 

2.18). To produce the copolymer films of PFP and pyrrole, the same experimental 

set-up for homopolymer electrosynthesis was used and the deposition solution 

contained the desired molar ratios of PFP and Py monomers in dry acetonitrile and 
OAM TEAP solution. The scan rate was 20 mVs-1 versus AgjAgCI reference. In 

general, copolymer films were prepared from deposition solutions containing ratios 

of 98: 2,95: 5,85: 15,75: 25 or 50: 50 PFP: Py monomer (these ratios were guided by 

the XPS compositional analysis, described in Chapter 3, section 3.4.2.1). 
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Figure 2.18: Reaction scheme illustrating the electrochemical polymerisation of a copolymer film of 
PFP and Pyrrole. The deposition solution contains both PFP and Pyrrole and as the potential increases 
both monomers oxidise and react to form copolymer modified electrode. 

The deposition solution was prepared by adding a small volume of IM pyrrole and 
acetonitrile solution to the electrolyte-containing PFP solution. I cm: 2 gold working 
electrode was immersed in the solutions and scanned to a potential of approximately 
1.0 V. As the mole fraction of pyrrole increases, the potential required for polymer 
nucleation and growth to occur reduces. It was thus relatively easy to produce 
copolymers of PFP with pyrrole, although, due to the observation that a deposition 
solution containing ca. 5% pyrrole monomer was required to give a copolymer with 
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50% pyrrole, care was taken to accurately prepare the copolymer solutions. The 

specific ratios of monomer units incorporated in the polymer film are discussed in 

Chapter 3, Section 3.4.2.1. The difference between the deposition solution and 

resultant copolymer composition occurs due to the difference in monomer oxidation 

potential of pyrrole and PFP. Comparison of oxidation potential from cyclic 

voltammetry shows that PFP has a higher value of approximately 1.1 V compared to 

Py, which has a value of 0.8 V. This change in monomer oxidation potential is due to 

the substitution at the N position of the pyrrole ring. It has previously been 

established that N-alkyl substitution (for short chain alkyl groups) is expected to 

cause little effect on the potential of monomer oxidation 14 
. However, when the 

substituents are larger, they can both influence the redox potential of the monomer, 

as well as cause steric hindrance during the coupling of other monomer units. This 

leads to a non-linear relationship between deposition solution monomer compositions 

and that found in the resultant copolymer. 

The cyclic voltammograms of the polymerisation of the copolymers can be seen in 

Figure 2.19. There is an observed shift in oxidation potential (reaching the same 

oxidation value of pyrrole) as the pyrrole content of the deposition solution increases. 

This indicates that there is an increase of pyrrole units incorporated within the 

polymer films as the molar concentration of pyrrole monomer increases in the 
deposition solution. The hornopolymer and copolymer films described above can be 

modified ftirther using various nucleophilic substitution reactions. This will be 

discussed further in the Chapters 4,5 and 6. 
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Figure 2.19: Cyclic Voltammograms of the polymerisation of homopolymer of poly(PFP) from a 

deposition solution of 20 mM PFP, 0.1 M TEAP/acetonitrile (100: 0) and copolymers from a 

deposition solution containing 98: 2,95: 5 and 85: 15 ratio of PFP: Py in 0.1 M TEAP and 

acetonitrile. Electrode area I CM2 , AgjAgCl reference electrode at 20 mWl. Note the decrease in 

oxidation potential (as indicated on the graph) as the amount of pyrrole incorporated in the film 

increases. 

2.3.3 EQCM Measurements During the Polymerisation of Poly(PFP) 

As indicated earlier, electrochemical polymerisation of the PFP monomer units by 

electrochemical methods is successful in forming polymer modified electrodes. 
During the polymerisation process, simultaneous doping then undoping of 

perchlorate ions occurs. This can be followed using EQCM measurements and 
plotting the frequency (mass) changes against the electrochemical charge passed as 
in Figure 2.20. 
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Figure 2.20: QCM frequency changes (mass increase) for the polymerisation of poly(PFP). Quartz 

crystal working electrode was scanned in 20 mM PFP, 0.1 M TEAP and acetonitrile vs. AgjAgCl 

reference electrode. Electrode area=0.229 cm 2 and scan rate of 20 mVs71. 

The efficiency of the polymerisation process can be calculated, using a value for the 
Faraday constant of 96,500 Cmorl and assuming 2 moles of electrons are involved 

per monomer (I mole) addition (see explanation for the assumption in Figure 2.21). 

By dividing the estimated gradient from the graph (Figure 2.20) by the charge 

needed for a 100% efficient process, the efficiency for the deposition condition used 

can be calculated. The efficiency of polymerisation in this example was 

approximately 50% (the absolute value of this will be dependant upon the counter 
ion used, the deposition potential and the purity of the monomer, particularly with 

respect to the presence of oligomers). 

During the oxidation cycle, the polymeric film is doped before additional oxidised 
monomer adheres to the deposited polymer. It can be noticed that after the first 

nucleation cycle, the mass of the polymer film increases constantly during the 
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oxidation cycle. At low potential this increase in mass is a consequence of the influx 

of ions and solvation changes associated with the oxidative doping of the conducting 

polymer film. At higher potentials, the increase in mass corresponds to the deposition 

of new polymer material and further ion movement. To determine at what stage in 

the process that deposition of the polymer onto the electrode and the oxidative 
doping of this polymer occurs, EQCM measurements were obtained for the doping 

and undoping of the polymer film in, monomer free, electrolyte containing solution. 
These measurements show that the increase in mass of the polymer film in deposition 

solution and those in background electrolyte diverges at approximately 0.96 V 

(Figure 2.22 A). Above this potential, new polymer material starts to adhere to the 

polymer-modified electrode. Furthermore, the polymer mass continues to increase 

for the first 50 mV of the reduction cycle. The mass changes that occur at low 

potentials are due to the influx of ions and solvation changes associated with the 

oxidation of the polymer. At higher potentials the increase in mass is a consequence 

of the deposition of new polymer, and of continued ion and solvent movement. The 

potential required for monomer oxidation in a polymer surface is approximately 
0.87V, although, polymer material does not adhere to the film until 0.96 V. This 
difference in potential is due to the need for the oxidised monomers to produce 
oligomers that adhere to the polymer surface. It was also established that during the 
first deposition cycle, where the polymer is initially deposited on the gold electrode, 
the potential at which monomer oxidation occurs is significantly higher than that 

required when oxidation takes place on a pre-existing polymer surface. 

In addition, EQCM measurements were used to assay the amount of polymeric 
material deposited on the electrode. By changing the upper potential limit during the 
polymerisation process there is a direct affect on the deposition rate. It is possible to 
assess the rate of deposition of the polymer on the working electrode by the change 
in the mass of material that has been deposited on the working electrode. From 
Figures 2.23 and 2.24 it can be seen that when the potential limit is increased, the 
rate of deposition of polymer is also increased and consequently there is a more rapid 
decrease in frequency (as mass increases). 
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Using the method outlined previously, the coulometric efficiency of the 

polymerisation process for the fast and slow grown films is calculated as 77% and 

50% respectively. 
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Figure 2.21: Mechanism showing the oxidative polymerisation of pyrrole. The same mechanism is 
followed for the polymerisation of PFP. Note that approximately 2.33 electrons are needed for the 
addition of each ring. 
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2.3.4 EQCM Meaurements of Solvated Polymer Films 

In addition, EQCM was used to establish whether there was any internal structural 
difference in both the slow and fast grown polymer films. This technique provides a 

method to allow estimations in solvent that can be entrapped within the deposited 

films. As previously stated, any changes in film morphology could, consequently, 

affect the volume of solvent that may penetrate through or adsorb onto the polymer 

matrix. These estimations were made using electrochemically reduced polymers both 

immediately after deposition in MeCN and in the dry state after subsequent removal 

of the solvent. The volume of solvent within the polymer film can be estimated from 

its density and the difference between QCM measurements of the electrode 
immersed in MeCN before and after polymer deposition, therefore, giving the 

solvent volume fraction of the as deposited polymer. The slow grown and fast grown 
films were electrodeposited on individual quartz crystals. These were then immersed 

in the solvent and the changes in frequency (mass) were measured. A larger increase 

in mass indicated a higher solvent content within the film. When the frequency 

change was measured for both the slow and fast grown films after immersion in 

acetonitrile it is noticed that there is a greater mass change for the fast grown 

polymer. This again indicated that there is a change in surface morphology as a 
consequence of increasing the potential limits during polymerisation. 

In addition, EQCM was used to make estimations of the volume of aqueous solvent 

penetration of the copolymers. The incorporation of pyrrole within the polymeric 

matrix increased the resultant hydrophilicity of the copolymer films. A decrease in 

the number of hydrophilic PFP units within the film lead to the possibility of an 
increase in aqueous (water) penetration. To illustrate this copolymer films were 
deposited on individual quartz crystals. These were then immersed in solvent and the 
frequency changes of the films were recorded. These results show that as the amount 

of pyrrole incorporated in the copolymer film increased the amount of solvent 
15 penetration also increases 
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Further investigations were performed to establish if the increase in hydrophilicity of 

the copolymer films could have an effect on the degree of reaction/immobilisation of 

reactive species and are discussed in Chapter 5, Section 5.2.1.2. 

In fight of these findings, which showed a dependence of solvation and copolymer 

composition on the electrochemical deposition conditions when experiments were 

performed involving the modification of the unreacted polymer, care was taken to 

ensure that the same deposition rate and film thickness was always used. 
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Figure 2.23: CV and corresponding QCM crystal frequency changes (mass increase) ot 

the polymerisation of poly(PFP) for quartz crystal electrode immersed in 20 mm ITP, 

0.1 M TEAP and acetonitrile vs. AgjAgCl reference electrode. The voltage was scanned 
from 0.2 V to 1.05 V using a scan rate of 20 m Vs-' and electrode area of 0.229 CM2. 
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PFP: Py ratio Solvent volume fraction in 

as deposited polymer % 

100: 0 (fast grown) 64.7 (MeCN) 

100: 0 (slow grown) 47.2 (MeCN) 

100: 0 3.4 (water) 

98: 2 14.1 (water) 

95: 5 20.3 (water) 

85: 15 26.7 (water) 

Table 2.1: Estimation of the solvent volume fraction for hornopolymer films immersed in MeCN and 

copolymers immersed in water (experimental results). Solvent volume fraction was calculated by 

comparing the QCM determined mass of the dry undoped film with the mass of the undoped film 

when immersed in either pure MeCN or water. 

Z4 Summaty 

The results described in this Chapter illustrates how electrochemical techniques were 

used to prepare poly(PFP) homopolymers and poly(Py/PFP) copolymers used for the 

research described in the following chapters. It is important that the same growth 

parameters are used when preparing these polymers, as any major variances can lead 

to a change in polymer microstructure and film thickness. 

In addition, these results show a brief overview of how EQCM techniques can be 

usq4 as a wal time probe for any mass changes that occur on a quartz crystal 
electrodes are included. The examples mentioned within this Chapter demonstrate 

that mass changes may occur as a result of the deposition of polymer on the 
electrode, further modification of the polymer and any changes of solvation 
properties of copolymer films. 
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Chapter 3 

Spectroscopic Methods usedfor the 

Development and Characterisation of a 

Polymer System 

3.0 Introduction 

A distinct advantage when characterising the PFP polymer matrix is the presence of 

strong spectroscopic signatures that allow for the ready determination of species' 

immobilisation using XPS and RAIRS methods (as described in Results section 3.4). 

Whilst XPS only probes the surface of the polymer, infrared methods can be used to 

assay the bulk of the film. These complementary analyses have been used to 

characterise both the unreacted and modified polymer films. This section provides 

the theory behind both techniques and presents some specific example of how they 

are used to characterise unmodified and modified PFP based polymers. 

Although the homopolymer of PFP is highly reactive in non-aqueous solvents, its 

hydrophobicity inhibits the reaction with species contained in aqueous solutions. 

Copolymerisation of PFP with pyrrole was therefore explored and characterised in 

order to alter the solvation and reactivity of thin poly(PFP) films. It was found that 

the hydrophilicity of the polymer membrane could be increased by copolymerisation 

with pyrrole monomers. 1-2 This facilitates penetration of aqueous solvated species 

throughout the polymer matrix. Preliminary investigations involving reactions with 

various amine species are presented later (Chapter 5). 
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In addition the incorporation of Py within the polymer matrix will spatially separate 

the potential immobilisation sites to allow the attachment of large biomolecules and 

will possibly minimise steric interactions. One other reason for the production of 

copolymers was to increase the possible amount of solvent penetration within the 

film. In Sections 3.4, it is described how XPS and RAIRS measurements can be used 

to determine the proportion of PFP and Py monomers in the prepared copolymer 

films. 

3.1 Materials 
The materials described in Chapter 2, Section 2.1 were used to prepare the 
homopolymers and copolymers for XPS measurements. The following materials 

were also used for XPS imaging experiments: 

Solvents DMSO (99+%, anhydrous, (CH3)2SO) and MeCN (99.5+%, ACS reagent, 
CH3CN) were obtained from Aldrich. 

Microperoxidase-11 obtained from Sigma/Aldricl-L 

Ferrocene Ethylamine synthesis and structure is described in Chapter 4 (Materials 

Section 4.1). 

TEAPq PFP, Pyrrole and electrodcs were prepared as described in Chapter 2 
(Materials Section 2.1) 

3.2 Spectroscopic Methods 

3.2.1 X-ray Photoelectron Spectroscopy (XPS) 

3.2.1.1 Background 

A widely used spectroscopic technique for surface characterisation is X- ray 
Photoelectron Spectroscopy (XPS) also known as Electron Spectroscopy for Surface 
Analysis (ESCA). This technique employs x-rays to detach electrons from the 
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surface under investigation. The difference in energy between the incident x-rays 

(h v) and the kinetic energy of the emitted electrons (EK) is equivalent to the binding 

energy of the electron. When the sample to be examined is placed in a high vacuum 

and irradiated with photons of sufficiently high energy (in the x-ray energy range), 

the atoms on the surface emit photoelectrons after direct transfer of energy from the 

photon to the core-level electron. The emitted electrons are subsequently detected by 

an electron spectrometer, which separates them according to their kinetic energy and 
displays them on a digital screen as element-specific spectra. The basic concept and a 

schematic diagram of the XPS apparatus are shown in Figure 3.1 and Figure 3.2. 

The analyser system used in XPS consists of three components: the collection lens, 

the energy analyser and the detector. The lens system can collect photoelectrons 

over a 300 angle. The higher the collection angles the higher the number of 

photoelectrons collected per incident x-ray. 

In addition to collecting the photoelectrons, the lens system on most spectrometers 

retards their kinetic energy. The entire XPS spectrum is acquired by ramping 
appropriate voltages on the different lens elements. The lens system also projects the 

analysed area a distance away from the energy analyser, which allows the sample to 
be positioned so that it is more readily accessible to the X-ray source and other 
components in the vacuum system. 

The most common energy analyser used in XPS experiments is the electrostatic 
hemispherical analyser. It consists of two concentric hemispheres. A potential is 

placed across the hemispheres such that the outer hemisphere is negative and the 
inner hemisphere is positive with respect to the potential at the centre line. The 

potential at the centre line is called the pass energy. 

Most XPS experiments are done with a constant pass energy. This will maintain a 
constant absolute resolution, AE, for all photoelectron peaks. Since the analyser 
resolution is defined as AE/E, where E is the energy of the electron as it passes 
through the analyser. The ratio is a constant for any given analyser, so if E is fixed 
(constant pass energy), AE will also be constant. 
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Hemispherical analysers are classified as dispersive analysers, that is the electrons 

are deflected by an electrostatic field. There is a range of electron energies that can 

successfully travel from the entrance to the exit of the analyser without undergoing a 

collision with one of the hemispheres. The magnitude of this electron energy range 
depends on quantities such as the pass energy, the size of entrance slits and the angle 

with which the electrons enter the analyser. 

The electrons are counted once they have passed through the energy analyser. Since 

electrons arrive at the analyser exit with a range of energies, the most efficient means 

of detection is the multi-channel array to count the number of electrons leaving the 

analyser at each energy. One method of accomplishing this is to use a channel plate 
to magnify the electron current and a resistive strip anode to monitor the position, 

and therefore, the energy of the electrons. 

The measured kinetic energy with which the photoelectrons are emitted from the 

surface region can be described by Equation: 

EKýhv-EB-ý (Equation 3.1) 

Where ý is the spectrometer work function (a constant for a given analyser). The 

ability to accurately measure the kinetic energies of the photoelectrons permits the 
determination of their binding energies, EB, which thereby provides valuable 
chemical information on the surface configuration. The detector counts the number 

of photoelectrons at the individual set of binding energies, which allows discrete 
differentiation of the components on the surface of the sample. 

Two types of electrons are emitted; inner core and the more loosely held valence 
electrons. When the photon ejects the inner-core electron (photoionization), the 
effective increase in nuclear charge causes a reorganisation of the valence electrons 
from an occupied to an unoccupied level (a process called shake-up). 
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Figure 3.1: A schematic diagram of an XPS spectrometer. The key components (a X-ray anode, 

monochromator crystal, collection lens, hemispherical analyser and a large area detector) are shown. 
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Figure 3.2: Diagrarnatic illustration showing that the X-ray photon can transfer its energy to a core- 

level electron and imparting enough energy for the electron to leave the atom. 

Covalent and ionic bonds between atoms in the sample will effect the charge 
distribution within the atom, which causes the elemental binding energies to shift in 

relation to the free neutral atom. The size of this shift is dependent upon the 
functional group bound to the atom, allowing identification of specific bond typeS. 3-6 

This will be described in more detail later in this Chapter. These chemical shifts can 
be observed for every element in the periodic table, with the exception of hydrogen, 

but it is the applicability to the second row elements including carbon, nitrogen and 

oxygen that makes XPS such an important tool for bio-organic interfaces. 

The XPS spectra obtained from the experiments provide information only on the 

atomic species that are present within approximately 10 nm of the sample surface. 
Although the incident X-rays can penetrate through the sample to extensive depths, 

the escape length is determined by the kinetic energy of the emitted photoelectron. 
only those electrons in close proximity to the surface will be able to sustain 
sufficient energy to escape. Within this distance it is possible to change the depth of 
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the sample being analysed by altering the angle of the emitted photoelectrons, known 

as the take-off angle (TOA). This function of the XPS analysis, which is based upon 

a variation in sampled depth (d or d'), according to a sine function, is termed depth 

profiling and is shown in Figure 3.3.3,5 

By changing the TOA, it is possible to obtain information on the surface composition 

as a function of depth. At a shallow TOA, e. g. 10', information is acquired from the 

outermost layers of the sample, whilst at steeper TOA e. g. 900, the composition 

below the surface can be analysed. In this research a TOA of 90' is preferred so as to 

minimise the contribution of signal from adventitious surface contamination and to 

maximise the signal from the bulk of the modified polymer. 

4</O 
d'=dsinO 

IT 
V1 /1% d 

Figure 3.3: Schematic diagram showing the effect of varying the take-off angle of photoelectrons on 

the depth of penetration into the sample and, hence, the information about sample composition. 

When examining samples using XPS it is usual to initially take a spectrum over a 

wide range of energies (a survey spectrum) before performing detailed analyses on 

the particular areas of interest for the individual sample. To allow proper 

measurement of the EB, a calibrated and suitably referenced ESCA spectrometer is 

required. For conducting samples (such as metals) the sample can be placed in 

electrical contact with the spectrometer and calibrated so that EB values can be 

obtained. 18 However, some materials do not have sufficient electrical conductivity or 

cannot be mounted in electrical contact with the ESCA spectrometer. These samples 

require an additional source of electrons to compensate for the positive charge built 

up by the emission of the photoelectrons. This is accomplished by flooding the 
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sample with a monoenergetic source of low-energy (<20 eV) electrons. Furthermore, 

an internal reference is used for calibration. Typically for polymers and organic 

samples the hydrocarbon component of a C(Is) peak is set at 285 eV. A flood gun 

was used in this research while analysing the samples as the underlying electrode 

was gold evaporated on glass (insulated). All spectra illustrated in this thesis have 

been referenced to C (Is) peak at 285 eV. 

3.2.1.2 XPS lmagingý"lo 

XPS systems can also be used to image chemical features with spatial detail. The 

application of XPS can be used to analyse the distribution of chemical features at 
surfaces. Through improvement of the spatial resolution achieved by XPS it is 

possible to construct elemental maps of the surface of polymer modified electrodes. 

The method used to obtain spatial resolution involves focussing the X-ray source on 
the sample to be analysed. After calibrating the X-ray position with a microscope, the 

sample is moved to the appropriate position and the analysis can start. A position 

sensitive detector is then used to obtain the image. 

3.2.2 Reflectance-Adsorption Infra. Red Spectroscopy (RAIRS) 

3.2.1.1 Background 

RAIRS is an analytical method, which can be used in conjunction with XPS to obtain 

complimentary and/or corroborative information regarding the composition of the 
bulk of the sample. This section describes the theory behind RAIRS spectroscopy 
and why it is a useful probe for polymer characterisation. 

RAIRS involves light from an infrared source being passed through a sample of an 
organic compound. Some wavelengths will then be absorbed, whilst others are 
transmitted without absorption. Particular functional groups in the sample absorb 
light of known wavelengths (or energy) to produce characteristic infrared spectrum 
When describing the appearance of different absorption bands in the spectra it is 
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important to consider the fundamental molecular movements associated with 

chemical bonds. Chemical bonds are able to undergo a variety of movements such as 

stretching, bending, twisting and rotating. The first two of these vibrational changes 

within the molecules absorb energy within the infrared region of the electromagnetic 

spectrum. 

Each bond within a continuously vibrating organic molecule has its own 

characteristic frequency arising from both stretching and bending vibrations. The 

stretching frequencies are due to vibrational changes in bond length, whilst the 
bending frequencies involve vibrational changes in bond angle. A greater amount of 

energy is required to stretch the bond between two atoms than to bend it, and, as a 
consequence, the stretching absorptions for the same bond increases. In addition, the 

vibrational frequency of a bond increases when the bond strength increases and the 

mass of either of the atoms involved in the bond decreases. For example, the 
frequency associated with an alkene (C=C) and a carbonyl (C=O) group stretches are 
higher than those for an alkane (C-C) and an alcohol (C-0) group stretches 
respectively. " 

The RAIRS technique that is used in this research is reflectance-absorption infra-red 

spectroscopy (RAIRS or FT-RAIRS). This has been demonstrated to be a powerful 
technique for the characterisation of adsorbates and conducting films on metallic 
surface 12 

. The radiation is split into s and p components, where p refers to parallel 
polarised radiation and s to perpendicular polarised radiation. It has been 

demonstrated in reflectance measurements that the absorption of IR radiation 
involves only the p polarised IR beam. In this case, p -polarised radiation (parallel) 

possesses the ability to interact with the sample 13 
- Furthermore, the only active 

vibrations that may be observed using RAIRS are those that have a component of the 
dipole polarised in the direction normal to the surface plane. This is called the 
('surface selection rule' for reflectance IR spectroscopy. 

The intensity of the absorption bands is dependent upon the magnitude of the dipole 
change during the vibration 14 : the larger the change, the stronger the absorption band. 
The band intensity of a particular functional group also depends on the number of 
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groups present in the sample being studied. For example groups such as C=O, C-F 

have stronger bands than C-C groups. 

3.3 Results and Discussion 

3.3.1 XPS Analysis of PFP Homopolymers 

The polymers that were used for spectroscopic analysis were deposited on a1 cm2 

Au macroelectrode and the samples were used for both XPS and IR analysis. Since 

the electrode area was lcm2, this made them sufficiently large enough to obtain 

relevant information on the surface composition. To keep the surface contamination 

to a minimum, all samples were stored in a desiccator immediately after preparation. 
XPS analysis of each sample was performed by firstly taking a survey scan spectrum 

covering a range between approximately 0 eV and 100 eV. High-resolution spectra 

were collected F (I s), C (I s), N (I s) and 0 (1 s) regions (as illustrated in Figure 3.4). 

The binding energy of peaks seen in the C (Is) and 0 (Is) spectra depend on the 
initial state of the element. The initial state is the ground state of the atom prior to 

photoemission. By formation of chemical bonds with other atoms the EB (Equation 

3.1) of the electrons in that atom will change. The change in EB is called the chemical 

shift. As the formal oxidation states of an element increases or the local electron 
density increases, the EB of the photoelectrons ejected from that element will 
increase. When taking into consideration the C (Is) spectra of the PFP polymer 
system, the carbons present have various chemical environments. These include C-11 

< C-C < C=C < C-F < O=C-0. The EB of these carbons increase in the indicated 

order and are consistent with the initial state effect. In addition, the oxygen EB values 

also depend on the chemical environment where functional group may be present. 

Furthermore, the areas under the peaks associated with various elements are related 
to the amount of each element present. By measuring the peak areas and correcting 
them for the appropriate instrumental factors and sensitivity, the percentage of each 
element on the surface can be determined and used to calculate elemental ratios. For 
the PFP homopolymer the calculated elemental ratios of C :NT :0 were 13: 1: 5 :2 
which would be expected when considering the chemical structure of the PFP 
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monomer unit. The energy scales of the spectra presented were corrected to the 

major C-H (Is) peak at 285 eV (or the N (Is) peak at 400 eV when it was difficult to 
isolate the major C-H peak). 

When probing the extent of poly(PFP) with selected nucleophiles each sample was 

analysed by both XPS and RAIRS spectroscopy before and after reaction to measure 

the extent of reaction. 
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Figure 3.4: High resolution 0 (1 s), C (I s), F (I s) and N (I s) spectra and survey XPS spectra (black) 
of homopolymer of PFP JOA 90 '). The homopolymer modified I CM2 electrode was prepared by 
scanning the potential to 1.02 V in a deposition solution containing 20 mM PFP, 0.1 M TEAP and 
MeCN. 
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3.3.1.1 Comparison of Homopolymers Prepared Using Different 

Electrochemical Techniques 

A series of XPS spectra were obtained for PFP polymer films prepared by repeatedly 

scanning the electrode to a high potential (0.2 V to 1.15V), or to a low potential (0.2 

V to I. IIV). Hornopolymer films were also prepared by single potential step (to 

1.15V). The surface compositions of the polymer-modified electrodes were then 

analysed using XPS. From the F (Is) XPS spectra, seen in Figure 3.5, indicating that 

there is an decrease in fluorine signal for the film grown using a lower maximum 

potential during the cycling process. This can be attributed to the fact that, due to an 
increased surface area, there is a greater number of PFP units found on the surface of 
the polymer matrix. An observed decrease in C-F signal in the C (Is) XPS spectrum 
(data not shown) is a further indication of a decrease in the amount of surface 

measured. As with the slow and fast grown polymer films, there is an increase in C 

(Is) and F (Is) XPS signal corresponding to the pentafluorophenol groups present on 
the surface of the polymer produced by potential step. 

3.3.2 XPS Analysis of PFP/Py Copolymers 

XPS was also used to analyse and quantify the surface composition of the Py/PFP 

copolymers, by investigating the F (Is), N (Is) and C (Is) regions. For a range of 
copolymers with differing monomer concentrations in the deposition solution, the 
XPS spectra of the resulting polymers shows the decrease in C-F peak of the C (1ý) 

and the F (Is) peak (Figure 3.6) as the pyrrole content of the copolymer film 
increases. Previous studies have shown that the monomer subunits within copolymer 
films differ significantly with that in deposition solution. 15,16 It was also observed 
during these studies that the copolymer films have a larger mole fraction of pyrrole 
incorporated in the film compared to the amount of pyrrole in the deposition 

solution. The deposition solutions were prepared by the addition of a small volume 
of pyrrole and acetonitrile solution to the PFP monomer, acetonitrile and TEAP 

solution (as described in Chapter 2, Section 2.3.2). 
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Figure 3.5: F (Is) XPS spectra JOA 90 degrees) unreacted homopolymer of PFP grown by scanning 

potential to 1.11 V (black line), grown by scanning potential to 1.1 5V (red line) and by potential step 

to 1.15 V for 60 seconds (green line). Both films grown on I cm 2 electrode by scanning the potential 

to 1.02 V in a deposition solution of 20 mM PFP, 0.1 M TEAP and acetonitrile vs. AgjAgCI reference 

electrode at a scan rate of 20 mVs-1. 

3.3.2.1 Methods Used to Establish Copolymer Compositions 17 

XPS analysis was used to determine the composition of the copolymers prepared 
from solutions containing different ratios of Py and PFP. This was carried out using 

two different methods. The first method utilised the different line shapes of the C 

(Is) spectra for polymers deposited from solutions containing the single monomer 

solutions of Py and PFP respectively. 

The difference between the C (Is) envelope of the two library spectra was used to 

evaluate the composition of the surface of the copolymer films. Spectral 

deconvolution of the C (Is) XPS signal can provide the mole fraction of the two 

monomer containing species (PFP and pyrrole) in a given copolymer film. 

71 



In addition since fluorine is only found in the PFP group whereas nitrogen is in both 

the PFP and Py monomer units, assessment of the film composition can also be made 

using the ratio of the F (Is): N (Is) signals. Application of this method corroborated 

the composition of the copolymer films, estimated using spectral deconvolution. 
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Figure 3.6: C (Is) and F (Is) XPS spectra JOA 90 degrees) of unreacted copolymers prepared from 

potential cycling electropolymerisation from solutions containing PFP and Py monomers with a PFP 

monomer mole fractions of 1 . 
00 (black), 0.98 (red), 0.95 (green), 0.85 (yellow) and 0.75 (blue). 
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Figure 3.8 shows that there is a rapid decrease in PFP monomer composition 
following the initial addition of the small quantity of pyrrole monomer to the 

deposition solution. For example, to prepare a copolymer film with 50: 50 ratio of 

PFP and Py incorporated, the deposition solution requires a mole fraction of 0.96 

PFP. 
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Figure 3.7: Graph showing the variation of mole fraction of copolymers as a function of deposition 

solutions with mole fraction of PFP of 1.0,0.98,0.95,0.85,0.75 and 0. Data was obtained by 

calculating the ratio of F (is) to N (is) counts. Values determined for the copolymer films produced 
by CV (black circles) and potential step (red triangles). 

3.3.2.2 Comparison of Copolymers Prepared Using Different Electrochemical 

Techniques 

Experiments to investigate the influence of electrodeposition conditions on the 

composition of the resultant copolymer were carried out and, a series of XPS spectra 
were obtained for Py/PFP copolymer films prepared by repeatedly scanning the 

electrode potential between 0V and 1.15V (at 20 mV/s). For deposition solutions 
with identical compositions, copolymers prepared by potential scanning had a lower 
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PFP composition when compared to those prepared by single potential step (to 1.15 

V) (Figure 3.7). This is a consequence of the proportion of time the electrode 

potential is above that required for the electrodeposition of Py but below that 

required for PFP polymerisation. For a given solution, the difference in composition 
between films prepared using step or scan methods is largest for deposition solutions 

containing small amounts of pyrrole. 

3.3.3 Use of XPS for the Analysis of Immobilisation Reactions 

It is possible to use XPS to analyse, the surface of the polymer after reaction with the 
immobilisation species. Initially, from Figure 3.8, it is Possible to observe that a 

substitution reaction has occurred by the decrease of the C-F peak in the C (Is) 

spectra. 

Another indication of the occurrence of a substitution reaction is the decrease of F 
(Is) signal. The decrease of C-F and F (Is) peaks are characteristic of either a 
successful nucleophilic reaction or a hydrolysis side reaction, both of which lead to 
the removal of the PFP leaving group. 

To confirm that an immobilised species is present on the surface of the polymer it is 

useful for it to have a distinctive XPS spectroscopic probe. In further Chapters the 

majority of the compounds used have such a probe, for example, Fe (2p), in 
ferrocene ethylamine, and S (2p), in microperoxidase. The biological species used in 

Chapters 6 do not have naturally occurring probe, therefore, to uniquely identify 

these biomolecules were labelled with iodine or bromine moieties to make it possible 
to determine their presence. This labelling technique is discussed in the appropriate 
chapters. 

XPS only measures the interfacial composition of the polymer films (e. g. polymer- 
solution interface), however, the polymer-electrode interface was exposed by using 
adhesive tape (sellotape) to peel off the film from the electrode (the tape was 
analysed by XPS to confirm that only the carbon and oxygen are present; nitrogen, 
sulphur, halogens etc. are absent). This measurement enables the determination of 
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immobilisation in regions of the polymer most distant from the solution interface. As 

may be expected the extent of this immobilisation depends on diffusion through the 

polymer film. This technique is also used in Chapter 4 (Section 4.2.1.1) to investigate 

the diffusion of a redox species throughout the polymeric matrix. 
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Figure 3.8: C (Is) and F (Is) spectra (TOA 90 degrees) of homopolymer of PFP unreacted (red line) 

and after reaction with an am ine species (black line). Note the decrease in peak at 287 eV in the C (Is) 

spectra, which indicates a decrease in C-F due to the removal of the pentafluorophenyl leaving group. 
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3.3.3.1 XPS to Analyse Immobilisation of Copolymer Interfaces 

Experiments to determine whether the immobilisation of a larger biomolecule was 

possible were carried out. The immobilisation of the microenzyme, MP-1 1, via a 

nucleophilic reaction of the terminal amines of the lysine residues with the activated 

ester sites was attempted (Figure 3.9 shows the sequence of the II amino acids). 

Since it had been established (using XPS measurements) that the homopolymer PFP 

of PFP had a low reactivity with species dissolved in aqueous solutions, PFP/Py 

copolymer interfaces were used. 
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Figure 3.9: Schematic diagram of Microperoxidase- II (with II amino acids). Note the presence of 
the Fe centre of the heme group and the presence of sulphur of cystam ine amino acids. 

Using XPS, the presence of MP- II can be determined by measurements in the S (2p) 

region (arising from the cystamine residues). In addition MP- II has a Fe (2p) XPS 

signal due to the presence of the heme bound Fe centre, which presents a further 

means of identification of microenzyme immobilisation. S (2p) XPS measurements 
for the poly(PFP) and PFP/Py copolymers after the polymer coated electrodes were 
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immersed in an aqueous solution of MP- II and showed that the optimum amount of 
MP-1 I immobilisation occur-red with the copolymer film deposited from a solution 

containing a ratio of 85: 15 PFP: Py (Figure 3.10). Furthermore, the control 

experiments, which involved immersing poly(PFP) and poly(pyrrole) electrodes in 

the aqueous solution of MP-1 I showed that there was no immobilisation of MP-1 I 

on the interface of the homopolymer of PFP. Also, there was a significantly smaller 

signal on the poly(pyrrole) interface relative to the optimum copolymer signal. The 

appearance of this small S (2p) signal on a poly(pyrrole) surface is due to non- 

specific adsorption of MP-1 I on the surface of the film. The ratio of the two signals 

could, in principle be used to determine the relative rates of reaction of the specific, 

covalent attachment, versus the non-specific adsorption of the biomolecule, and 

could ultimately lead to absolute determination of the relative amounts of the two 
forms of MP- II present. 
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Figure 3.10: S (2p) XPS spectra (TOA 90 degrees) of PFP/Py copolymer, polymerised from solution 
containing PFP and Py monomers with PFP monomer mole fraction of 0.85, after reaction with 
aqueous solution of MP-1 I and pH 8.8 phosphate buffer (pH 8.8 buffer is needed to ensure that the 
free amine NI-12 is available to react with the ester). 
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3.3.4 Application of RAIRS Spectroscopy to Homopolymer Analysis 

RAIRS was used extensively to characterise of the electrodeposited polymers studied 
in this work. The use of this technique was facilitated by the high reflectivity of the 

underlying gold electrodes on which the polymer films were grown (at a RAIRS 

angle of approximately 760). Instrumental limitations (including the detector cut-off 

and ZnSe polariser) restricted the measurement range to ca 4000 cm-' to 1000 crrf'. 
A typical example of a poly(PFP) spectrum is shown in Figure 3.11. 

The data collected was subjected to a degree of data processing, which involved the 

conversion from reflectivity into absorbance and subsequent normalisation for 

variations in reference and sample area by shifting the spectra so that the non- 

adsorbing region between 2000 cm-1 and 2700 cm-' lay on the absorbance axis at 

zero. Once the data was in this form, it was possible to compare the peaks on the 

spectra with other samples. 
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Figure 3.11: RAIRS absorbance spectra of unreacted homopolymer of PFP prepared by 

electrochemical polymerisation and scanning the potential to 1.02 V using a solution containing 20 
mM PFP, 0.1 M TEAP and MeCN. Note the peaks at 1790 cm-' and 1517 cm-1 corresponding to ester 
stretch and aryl ring stretch respectively. 
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The spectra collected for hornopolymer of PFP show distinct signals corresponding 

to the activated ester and pentafluorophenyl groups of the PFP species. These are 

shown in Figure 3.11 where the activated ester can be identified as the C=O stretch 

can be seen at 1790 cm -' and aryl ring of the pentafluorophenyl leaving group at 
1517 cm-1. 

Experiments were performed to compare the peak heights detected using IR analysis 

as the number of potential cycles (using cyclic voltammetry) increase during the 

polymerisation of homopolymer of PFP (Figure 3.12). As the number of potential 

cycles increase, the peak height increases, which is due to the fact that the polymer 
films are getting thicker. If quantitative analysis had been necessary, it could have 

been possible to establish the molar ratios of each polymer film by depositing a 

series of homopolymers on quartz crystal microbalance crystals and collecting 

reference spectra of these film using RAIRS. 
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Figure 3.12: RAIR spectroscopy absorbance spectra of unreacted homopoiYmer films grown to 
different thickness using cyclic voltammetry. The polymer films were prepared by scanning the 
potential to 1.02 V in a solution containing 20 mM PFP, 0.1 M TEAP and MeCN. Electrode area= 
I CM2 and scan rate was 20 mVs-. To obtain different thickness each film was grown using a different 

number of cycles. 
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3.3.5 Application of RAIR Spectroscopy to Copolymer Analysis 

Using RAIRS measurements, distinct signals corresponding to the activated ester and 
the pentafluorophenol groups of the PFP species, together with the N-H stretch of the 

unfunctionalised pyrrole ring were used to demonstrate that a copolymer film has 

been electrodeposited, Figure 3.13. This series of spectra show that there is a 
decrease in the ratio of ester stretch band to the N-H band as the amount of PFP 

within the copolymer film decreases. In addition the aryl ring stretch from the 

pentafluorophenyl leaving group also decreases as the incorporation of pyrrole 
increases. 

The difficulty in determining the molar coefficients for these vibrations hampers the 

quantification of the amount of each monomer within the copolymer films using this 
data and thus the XPS spectra described in section 3.4.2 were used for quantification 

purposes. 
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Figure 3.13: RAIRS absorbance spectra of (a) homopolymer of PFP and Py/PFP copolymer 

polymerised. by scanning die potential in deposition solution containing 100: 0 (black), 95: 5 (red), 

85: 15 (green), 75: 25 (yellow), 50: 50 (blue) PFP: Py monomer ratio (0.1 M TEAP and McCN). 

Electrode area= I CM2 and using a scan rate of 20 mVs-1. 

3.3.6 Application of RAIR Spectroscopy for Analysis of Polymer 

Reactions 

RAIRS was also used to analyse modified polymeric films after a given 
immobilisation reaction. If the desired nucleophilic reaction of the amine with the 

ester groups present within the PFP homopolymer and PFP/Py copolymer films is 

successful then amide bond formation will occur. 

IR analysis presents an ideal method to detect the presence of amide bonds within the 

polymer matrix. As previously mentioned this technique looks at the bulk 

composition of the polymer before and after reaction with the desired species. The 

amide bonds formed during immobilisation enables the progress of the coupling 
reaction throughout the bulk film to be investigated. This can be easily detected 
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using reflectance RAIRS spectroscopy to measure the decrease carbonyl vibrational 

stretch at 1790 cm-' due to the subsequent removal of the PFP leaving group. 

Moreover the strong C=C aryl stretch, visible in the RAIRS spectrum at 1517cm-1 

can be used to determine the loss of the pentafluorophenyl group following a 

nucleophilic substition reaction, as seen in Figure 3.14. In addition, the formation of 

an amide bond will result in two distinct bands at 1640 and 1560 cm-1, which are 
known as the amide I and 11 bands. This spectroscopic signature makes it possible to 

confirm that the attachment of the immobilised species via the desired reaction 

mechanism has been successful. In some instances this can be easier to interpret than 

a complex C (I s) XPS spectrum. 
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Figure 3.14: RAIRS spectrum of PFP homopolymer after substitution reaction with amine species, 
which leads to the formation of amide I and 11 bands. 

It should be noted that as a consequence of using a pyrrole, derivative containing an 
activated ester group the polymer could be susceptible to irreversible reaction with 
water molecules or hydroxyl ions causing hydrolysis to form the parent (Pyrrol- I -yl) 
propanoic acid (see reaction scheme in Figure 3.15). 
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This hydrolysis reaction could be a consequence of the water molecules being 

present in the amine containing solvent and in the atmosphere. This unwanted side 

reaction can be stopped or kept to a minimum by using dried solvents and by 

carefully storing the polymeric films in vacuum desiccator. 

The occurrence of this hydrolysis can be determined using both XPS and RAIRS 

measurements. For example Figure 3.16 shows the RAIRS spectrum of PFP after 
hydrolysis reaction. Washing the sample in NaOH solution (OAM) provides 

confirmation that the band at 1720 cm-1 corresponds to a C02H group. The spectra of 
the washed film shows that the 1720 cm-1 peak has moved to 1590 crn-1, 

characteristic of the transform of a C02H group to C02-. This phenomenon was 
ftirther investigated in Section 4.2.1.1. 
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Figure 3.15: Reaction scheme for the hydrolysis of PFP. This leads to the production of Py(COOH) 

and pentafluorophenol. 
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Figure 3.16: RAIRS absorbance spectra of (a) unreacted hornopolyrner of PFP (black) (b) 

homopolymer of PFP after reaction with semi-aqueous solution of NaOH (5% aqueous NaOH and 
95% DMSO). The graph indicates the presence of COO- stretch at 1590 cm-1 (red) or COOH stretch at 

1720 cm-1 (green) after hydrolysis of the activated ester present in the polymer has occurred. 

3.4 Summary 

Both XPS and RAIRS were utilised to analyse the polymer films before and after 

modifications were performed. XPS gives information on the interface of each 

reacted polymer, indicating any changes in polymer composition. RAIRS was mainly 

used to ensure the desired aminolysis reaction has occurred and also to establish if 

there was any unwanted side reactions (e. g. hydrolysis). 

In addition, it has been illustrated that spectral decomposition of C (is) XpS signals 
from electrodeposited polymer interfaces can be used to determine the composition 

of various Py/PFP copolymer films. 
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Chapter 4 

Detailed Characterisation of the 

Reaction Between Poly(PFP) Electrodes 

and Simple Amines 

4.0 Introduction 

This chapter describes both the reaction kinetics together with the influence of 

polymer composition and solution conditions of the nucleophilic substitution by 

simple amines with the activated ester groups present in the poly(PFP) system. As 

previously mentioned, this reaction results in the formation of an amide bond and can 

be used as the basis of attachment of various reactive species to the polymer film. 

Two main advantages of using this method of immobilisation are that it has minimal 

side reactions and produces high reaction yields. 

As outlined in Chapter 3, the loss of the fluorine containing pentafluorophenol group 
is readily detected using RAIRS and XPS methods. Subsequent chapters build on the 

methods described here and detail the modification of PFP with other motifs used to 

provide films with functionalities appropriate to biosensing type systems. Thus these 

measurements provide a ready means to assess the efficacy of a designed 

modification procedure, particularly aminolysis. The investigations described in this 
Chapter examine the reaction between poly(PFP) films and the amines, hexylamine 

and the electrochemical probe, ferrocene ethylamine' -4 . Ferrocene ethylamine and 
hexylamine are representative of an electron transfer mediating species and an 
electro-inactive, non-polar species respectively. 
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Figure 4.4: Schematic diagram showing the reaction of an arnine-containing solution with the 

polymer-modified electrode, illustrating that the first area of contact is the polymer-solution interface. 

As seen in Figure 4.4, the first area of contact for the amine containing solution is the 

polymer-solution interface. Thus it would be expected that the initial reaction is in 

the interfacial region and the extent of the subsequent modification of the polymer 
film depends on the rate of transport of the nucleophilic species within the polymer 

matrix. It is also likely that the porosity and the thickness of the polymer films will 
determine the rate of the subsequent immobilisation reaction occurring. 

4.1 Materials 

Solvents: DMSO (99+%, anhydrous, (CI-1300), MeCN (99.5+%, ACS reagent, 

CH3CN), methanol (99.9%, HPLC grade, CH30H), toluene (99.8 %, HPLC grade, 
C6H5CHA dichloromethane (99.9%, HPLC grade) and diethylether (99+%, ACS 

reagent) were obtained from Aldrich. 

Synthesis of ferrocene acetonitrile: 5 

50% sodium hydroxide solution (pellets, 97+%, ACS reagent, obtained from 

Aldrich) was added to (at 0 OC) 2g of ferrocene aldehyde (cyclopentadienyl(formyl- 

cyclopentadienyl)iron, 98%, obtained from Aldrich) and 5g nitromethane (96+%, 
ACS reagent, obtained from Aldrich) in 30 ml of methanol. This was stirred until a 
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yellow precipitate formed. Adding a further 10ml of methanol and sodium hydroxide 

dropwise for 30 minutes followed this and was then stirred for another 30 minutes. 

After this time, ice was added to reaction mixture and then poured into cooled acetic 

acid (99.8% ACS reagent obtained from Aldrich) for neutralisation. This produced a 

purple precipitate, which was then washed with water and extracted with toluene and 

then dried using MgS04 (magnesium sulphate, 97%, obtained from Aldrich). The 

crude product was purified using column chromatography producing 69% yield of 
ferrocenc acetonitrile (silica column Rf 0.9 using dichloromethane). 

The purified product is then used as the starting material for the synthesis of 
feffocene ethylamine. 

Synthesis of ferrocene ethylamine: 5 

Ig of Ferrocene acetonitrile was added to a solution of IM Lithium aluminium 

hydride (1.0 M solution in diethyl ether was obtained from Aldrich) and refluxed for 

2 hours. After this time the mixture was left to stir overnight at room temperature. 

The reaction mixture was cooled in ice and 20 ml of water, 15 n-d of 20% aqueous 

sodium hydroxide and 90 ml water was added consecutively. The mixture was then 

washed with ether and the ethereal layer was then removed by separation. The 

combined extracts were then saturated with 0.1 M HCI (37% solution in water was 

obtained from Aldrich). The resulting salt was separated by decantation and was then 

added to NaOH solution and the mixture was extracted with ether. The ethereal layer 

was then dried over magnesium sulphate and then evaporated to produce orange oil. 
This was recrystallised using methanol to produce orange crystals to produce a 70% 

yield of ferrocene ethylamine. 

Hexylamine and MP-11 were obtained from Sigma 

Interdigitated Electrodes were prepared using protocol in Chapter 2, Section 2.1. 
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4.2 Results and Discussion 

4.2.1 Reaction of Polymer with Ferrocene Ethylamine 

Preliminary investigations into the coupling reaction of arnines with PFP containing 

polymer films involved the use of ferrocene ethylamine. The reaction scheme of 

poly(PFP) with FcCH2CH2NH2 is shown in Figure 4.2 and highlighted is the amide 

bond, which is formed during the nucleophilic reaction. The ferrocene acts as a 

suitable probe for the nucleophilic coupling reaction with the polymer matrix due to 

its characteristic one electron electrochemical response and Fe (2p) spectroscopic 
label for XPS analysis. Whereas as before, XPS measurements quantify the amount 

of ferrocene on the surface, the magnitude of the current response gives an indication 

of the quantity of the immobilised species present in the polymer. 
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F 

F 

-n 
Poly(PFP) Fcrrocene Ethylamine 

FcCH2CH2NH2 

Fe 

Figure 4.2: Reaction scheme involving poly(PFP) with redox mediator ferrocene ethylamine. The 

amine group reacts with the activated ester. Iligblighted is the amide bond formed during the 
inunobilisation reaction. 

To explore the polymer reaction with ferrocene ethylamine, experiments involving 
different reaction times and film thickness were performed to investigate the 

penetration of the amine throughout the polymer film. In addition, ferrocene 

ethylamine reactions with copolymer films were also carried out to determine 
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whether a change in polymer composition would lead to change of degree of 

immobilisation of the redox mediator. 

4.2.1.1 Reaction of PoIy(PFP) Modified Electrodes with Ferrocene Ethylamine 

As stated in Section 3.4.6, one problem that may be encountered as a consequence of 

using a pyrrole derivative containing an activated ester group to immobilise amine 

species, is that the activated ester is susceptible to irreversible hydrolysis. To 

determine whether aminolysis of the PFP polymer occurs with minimum or no side 

reaction a film was immersed in a ferrocene ethylamine/DMSO solution until 

complete reaction has occurred (as indicated by RAIRS). The presence of an-Me 
bands in the region between 1500 and 1700 cm7l, in Figure 4.3, show that the 
intended reaction is successful. The absence of peaks at 1720 cnf 1 K02H) and 1590 

CM7 I K02) indicate that no hydrolysis (<51/o) has occurred. 

Investigations of this amine reaction, mainly the time taken for the amine to 

penetrate throughout the polymer film and the efficiency of the amine reaction are 
important for optimising protocols used for future studies with biomolecules. 
Estimations from solution measurements showed that the intrinsic reaction rate 
between PFP and amine solutions is fast. This was determined by reacting solutions 
of PFP monomer films, with I mM amine solutions (ferrocene ethylamine and 
hexylamine) and determining the extent of reaction using infrared measurements 
through a thin layer solution cell. RAIRS measurements (as described in Chapter 3) 

were also used to monitor the extent of reaction of poly(PFP) films. 
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Figure 4.3: RAIRS absorbance spectra of (a) unreacted homopoiymer of PFP (black) (b) 

homopolymer after reaction with I mM ferrocene ethylamine solution for 15 minutes (red). Note that 

the peak at 1790 cm-1 corresponding to the ester group of the unreacted polymer disappears and there 

is an appearance of distinct peaks around 1400-1750 cm-' corresponding to amide groups. Also the 

presence of C-H stretches around 3000 cm-1 can be seen after reaction with ferrocene ethylamine. 
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4.2.1.2 General Model for the Reaction of Polymer Film with Solution Species 

Experiments were carried out to determine how long it takes the amine species to 

penetrate throughout the polymer matrix. XPS probes the polymer-solution 

interfacial region of a polymer film, therefore, it was decided to use adhesive tape to 

remove the film. from the electrode, thus enabling measurements of the polymer- 

electrode interface to be taken. 

Figure 4.5 shows the XPS spectra of the solution interface corresponding to a 

poly(PFP) fihn after reaction with a ImM FcCH2CH2NH2 solution for 3 minutes. 

Clearly there is complete loss of F (Is) signal (687 eV) and the appearance of a 

strong Fe (2p) doublet signal (between 705 and 720 eV) indicating a complete 

reaction within this time interval. However, on looking at the polymer-electrode 

interface it can be seen that only ca 40% (Figure 4.5 (b)) of the polymer film has 

reacted (approximately 60 % decrease in F (Is) signal and 40 % increase in Fe (2p) 

signal with respect to the completely reacted hornopolymer layer). These results 

suggest that there is a minimum time requirement for the amine to diffuse through 

the polymer layer (approximate film thickness of 100 nm). The film thickness was 

measured using the Dektak surface profiler, this involves the use of a needle to scan 

the electrode surface and a laser measures the deflections (resolution depends on the 

surface and is to 10-15 nm). These results also demonstrate that for partially reacted 
films the extent of reaction is not homogeneous throughout the film thickness. In 

addition RAIRS measurements (Figure 4.8) can be used to estimate the time taken 

for penetration and complete reaction throughout the film as discussed below. As 

may be expected, the reaction time of the film with the amine is reactant 

concentration dependent. Solutions containing a high amine concentration react more 

rapidly than a lower amine concentration. However, since lower concentrations are 

only obtainable when using some biornolecules, the low concentration studies 

outlined below mimic reaction conditions that may be used in future experiments. 

From examination of the Fe (2p) and F (Is) region in the XPS spectra collected, it is 

possible to observe that by altering the reaction time between PFP and the 

nucleophilic species there is a progressive decrease in F (Is) and increase in Fe (2p) 
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peaks (Figure 4.6). The attractive feature of the XPS technique that is of significance 

is the ability to identify particular functional groups on the sample being analysed. In 

this case it can be seen in the C (Is) spectra, in Figure 4.7, that there is a decrease in 

C-F peak at 287 eV. This is due to the removal of pentafluorophenyl group after 

substitution with FcCH2CH2NH2 and there is also an increase in C-N group as a 

result of formation of amide bond. 

Figures 4.6 and 4.7 details the time dependant experiments performed to follow the 

reaction of the homopolymer and FcCH2CH2NH2- Clearly soaking the polymer 

coated electrode in the solution for the required time can control the degree of 

polymer reaction. Although XPS shows Fe present on the film surface (depth of 

approximately 8 mn), it does not show the degree of immobilisation of the redox 

species throughout the bulk of the polymer matrix (formation of the amide bond). By 

using RAIRS (Figure 4.8) it is possible to measure the absorbance of the amide 

stretches present at 1540 and 1680 cm7l, corresponds to bonds formed during the 

course of the reaction. 

As the reaction time increases there is a progressive decrease in ester stretch at 1790 

cm7 1. This change is used in Figure 4.9 to assess the degree of reaction of the 

polymer with the reactant. Concomitant with this decrease in ester bond stretching, 

the aryl stretch (approximately 1520 cnf 1) decreases due to the removal of the 

pentafluorophenyl leaving group during the nucleophilic reaction. The peak at 

approximately 1000 cm7 1 can be attributed to the C-F stretching vibrations of the 

pentafluorophenyl groups. Thus, Figure 4.9 shows the % decrease in absorbance at 
1790 cm7' and the measured absorbance at 1670 crrf 1 corresponding to the ester 

stretch and amide bands respectively. 
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Figure 4.5: Fe (2p) and F (Is) XPS spectra (TOA 90 degrees) of (a) the polymer-solution interface of 
the homopolymer of PFP reacted with ferrocene ethylamine and DMSO solution for 3 minutes (b) the 

polymer-electrode interface after 3 minute reaction with ferrocene ethylamine and DMSO solution. 
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Figure 4.6: F 0s) and Fe (2p) XPS spectra JOA 90 degrees) of homopolymer reacted with ferrocene 

ethylamine and DMSO solution (0.1 mM) at various time intervals of 30 seconds (yellow), 4 minutes 

(green), 6 minutes (blue), 8 minutes (black) and 30 minutes (red). There is a decrease in F (Is) signal 

as Fe (2p) signal increases with time. 

Clearly it takes a significant period of time for the reactant to completely penetrate 

the film and, consequently, for the reaction to occur throughout the film. Therefore, 

the time necessary for complete reaction of polymeric films of varying thicknesses 

will increase as the thickness increases. This is illustrated in Figure 4.10 for films of 

approximate thicknesses between 25 and 100 nm (measured using the Dektak surface 

profiler). These results are summarised in Figure 4.11 as it shows the percentage 
decrease of the ester stretch for films of thickness: 25,50,75 and 100 nm. 
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Figure 4.7: C (Is) XPS spectra (TOA 90 degrees) of homopolymer of PFP reacted with ferrocene 

ethylamine and DMSO solution (0.1 mM) at various times during the course of reaction; 30 seconds 
(yellow), 4 minutes (blue), 6 minutes (green), 8 minutes (black) and 30 minutes (red). Note the 

decrease in C-F peak at 287 eV and signal at 284 eV, corresponding to C-H groups, increases with 

time. 

Further investigations were carried out examining how the internal microstructural 
differences of the polymer can affect the rate of reaction of the PFP with the amine 

solution. The polymers were grown to different potential limits using the same 

method outlined in Chapter 2 and, therefore, producing fast and slow 

electrodeposited polymer films. It was anticipated that changing the growth 

conditions of electrodeposition would cause a change in the polymer microstructure. 

RAIRS measurements to monitor the rate of reaction of fast and slow grown films, 

Figure 4.12, have shown that there was a change in the rate of nucleophilic reaction. 
These results show that the percentage decrease in ester stretch at 1790 cnf' for both 

the fast and slow grown film undergoes an initial rapid decrease when immerscd into 

the solution followed by a slower decrease that is dependent on film growth 
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conditions. This may be explained by the fact that when both films are immersed into 

the solution, diffusion into the top layers will occur at the same rate as the solution 

will penetrate this region of the matrix with ease. If the underlying structure is 

different for both films, for example, the slow grown film has a more compact 

structure than the fast grown film it, would be expected that it would be more 
difficult for the solution to penetrate the slow grown polymeric matrix. At the outset 

of this investigation it is postulated that the microstructure of the fast grown polymer 

will allow easier penetration of amine solution into the film and, therefore, a faster 

reaction. This is demonstrated by observing the results of Figure 4.12. Furthermore, 

Figure 4.13 indicates, from measuring the extent of increase of the amide bond, that 

the fast grown polymer has undergone complete reaction within 1440 minutes as 

compared to the slow grown film that requires 4320 minutes for complete reaction. 
The similarity in magnitude of the amide adsorption bands for both films indicates 

that comparable amounts of polymer are undergoing reaction in both cases and 

validate reaction time. 
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Figure 4.8: RAIRS absorbance spectra of PFP polymer (film thickness of 50 nm) after reaction with 
0.1 mM ferrocene ethylamine and DMSO solution for the following times; 0 minutes (black), 2 
minutes (red), 40 minutes (green), 120 minutes (yellow), 360 minutes (blue) and 1440 minutes (pink). 
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There is a decrease in C-F stretch and increase in arnide bond stretches during the course of the 

reaction. 
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Figure 4.9: Graph of the % decrease in absorbance at 1790 cm-' (black), characteristic of the ester 

region, with time (left axis). Also (right axis) the increase in absorbance at 1670 cm-1 (red), indicating 

the formation of the amide bond. 

In connection with these findings the electrochemical response of the electrodes was 

measured at each time interval of the duration of the reaction with the redox species. 
At the scan rate of 20 mVs-' the voltammograms obtained for each of the samples 

show a classic symmetrical shape, showing reversible oxidation and reduction of the 

bound species occurring at 0.4 V vs. AgjAgCI reference as seen in Figure 4.14. It 

was confirmed that this was reversible reduction system as the peak potential is 

constant and independent of scan rates as seen in Figure 4.15. 
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Figure 4.10: Graph of the decrease in absorbance at 1790 cm-1 (black) (characteristic of the ester 

region) and the increase in absorbance at 1670 cm-' (red) (indicating the formation of the amide bond) 

for poly(PFP) films of different thickness (25,50,75 and 100 nm) during reaction with ferrocene 

ethylamine and DMSO 
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Figure 4.11: Fr-RAIRS comparison of the rate of decrease in C=O absorbance at 1790 cm-' of 

poly(PFP) films of different thickness: 25 nm (black), 50 nm (red), 75 nm (green) and 100 nm 
(yellow), during the course of reaction with 0.1 mM ferrocene ethylamine and DMSO. 

The cathodic current maximum was measured for each of the samples for both the 
fast and slow grown polymers and plotted against time in Figure 4.16. It is obvious 
from the results that current response of the fast grown polymer reaches a higher 

maximum than that of the slow grown film. This is also a consequence of the 
difference in microstructure of the films leading to a change in the influx of ions into 

the polymers. Although slow diffusion in both films results in minutes/hours being 

necessary for complete reaction, the migration driving force behind e lectro neutrality 

requirements means that redox cycling occurs on a timescale of seconds. Due to the 

porosity of the fast grown homopolymer it is able to allow the ions required for 

electroneutrality to migrate more readily through the film thereby causing an 
increased electrochemical response. The increase in electrochemical current for the 
fully reacted, fast grown films is very large. This may relate to the extent of diffusion 

on the timescale of voltammetry. 
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Figure 4.12: FT-RAIRS comparison of the rate of decrease in C=O absorbance of (a) fast (black) and 
(b) slow grown (red) poly(PFP) during the course of reaction with 0.1 mM ferrocene ethylam ine and 
DMSO. It can be observed that the initial stage of reaction, both films react at the same rate. The 

reaction rate then slows down with fast grown reaching completion first. 

103 

-1000 0 1000 2000 3000 4000 5" 



0.07 

0.06 

005 

0.04 

OM 

0.02 

0.01 

OM 

0 1000 2000 3000 4000 5000 

time / minutes 

Figure 4.13: MRAIRS graph indicating the increase in absorbance at 1670 cm" (formation of amide 

bond) for a fast (black) and slow (red) grown poly(PFP) film during the course of reaction with 

ferrocene ethylamine / DMSO solution. 
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Figure 4.14: Cyclic voltammogram of poly(PFP) after complete reaction with ferrocene ethylamine 

and DMSO solution. Potential was scanned between 0 and 0.8V verses AgjAgCI reference electrode; 

electrode area I CM2, supporting electrolyte 0.1 M solution of TEAP in acetonitrile and scan rate of 20 

mVs-'. Redox peaks can be seen at 0.42V. 
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Figure 4.15: 'Me variation of current with voltage scan rate for a reversible electron transfer reaction. 

The graph illustrates the oxidation sweep of a ferrocene ethylamine modified poly(PFP) film at scan 

rates; 5 mVs-'(solid line), 20 mVs-' (long dash line) and 50 mVs-'(short dash line) when scanned in 

background solution of 0.1 M TEAP and MeCN. Electrode area =I CM2. 
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Figure 4.16: Comparison of the cathodic current response of (a) fast grown (black) and (b) slow 
grown (red) poly(PFP) reacted with ferrocene ethylamine and DMSO solution for different intervals 
until complete reaction has occurred. 
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4.2.1.3 Reaction of PFP/Py Copolymer Films with Ferrocene Ethylamine 

As seen in the previous section, variations in reaction time can control the amount of 

material immobilisation within the polymer matrix. Another method of control the 

degree of immobilisation is by incorporating an unreactive species such as pyrrole, 

within the polymer matrix to make a copolymer film. The incorporation of pyrrole, 
into the polymeric matrix effectively dilutes the number of the activated ester groups 

present within the species and thereby decreases and dilutes the number of available 

sites for the amine to react. This enabled the coupled species to be more dispersed 

throughout the polymer matrix as may be desirable when immobilising large species 
(i. e. so as to improve less structural strain on a polymer matrix of limited elasticity). 

From the XPS spectra of ferrocene ethylamine immobilisation on copolymer films 

(Figure 4.17) the amount of Fe (2p) detected by XPS decreases as the amount of PFP 
incorporated within the film is reduced (for case copolymer compositions are 
referred to by the ratio of monomers within the deposition solution). 

To assess the amount of electrochemically accessible FcNH2 for the different 

copolymer films, the height of the Ferrocene oxidation peak of ca. 0.4 V was 
measured. Figure 4.18 shows the magnitude of the current response plotted against 
the % PFP monomer in the deposition solution used to prepare the copolymer films. 
It is notable that repetitive potential cycling from OV to 0.8V does not lead to a 
decrease in the magnitude of the redox peak. This confirms that the ferrocene moiety 
is immobilised via amide bond formation, as opposed to by adsorption. To further 

confirm that physisorption did not occur, pyrrole-modified electrodes (no activated 
ester present) were characterised after similar treatment with the FcCH2CI12NH2 

solution. There is no sign of a doublet for Fe (2p) in spectroscopic or redox peaks in 

electrochemical measurements, proving that physisorption did not occur. 
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Figure 4.17: Fe (2p) XPS spectra (TOA 90 degrees) of homopolymer and PFP/ Py copolymers after 

reaction with Ferrocene Ethylamine and DMSO solution: % PFP: % Py in deposition solution used for 

electrosynthesis of polymers; (a) 100: 0 (black), (b) 98: 2 (red), (c) 95: 5 (green), (d) 85: 15 (yellow) 

(also containing 0.1 M TEAP and MeCN, electrode area I CM2 and scan rate 20 mVs-). The inset 

shows the region from 705 to 707 eV. 

Significantly, it was observed from the cyclic voltammograms of the reacted 

copolymers that there was a shift in the positions of the redox peaks for certain 

copolymers. Figure 4.19 illustrates the ferrocene redox switching for a sequence of 

copolymers and show that the incorporation of pyrrole initially enhances the electron 

transport rate (smaller peak-peak separation). However, large amounts of pyrrole 
lead to both decreases in electron transport rate and the amount of immobilised 

species. This may be a consequence of ion transport limitations since the small 

numbers of redox sites are sparsely dispersed throughout the positively charged 

polymer and so the ionic capacity of the polymer is partially filled by perchlorate 
ions acting as the dopant for poly(pyrrole). 
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Figure 4.18: Graph showing the variation of current response of copolymers of PFP and pyrrole with 

PFP mote fraction of 1.0,0.98,0.95,0.85 0.75 and 0 after reaction with I mM ferrocene ethylamine 

and DIVISO solution. 
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Figure 4.19: Cyclic Voltammograms of copolymer modified electrodes after reaction with ferrocene 

ethylamine, scanned in 0.1 M TEAP and MeCN solution. Copolymers were polymerised from 

deposition solution containing PFP: Pyrrole ratio of-, (a) 100: 0, (b) 98: 2, (c) 95: 5, (d) 85: 15 and (e) 

75: 25. The approximate peak separations are; (a) 50 mV, (b) 30 mV, (c) 24 mV, (d) 30 mV and (e) 34 

rnV. Electrode areas =I CM2 and a scan rate of 20 mVs-' was used. 
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4.2.2 Reaction with Hexylarnine 

Hexylamine is an easily obtainable free arnine and was, therefore, used for further 

investigations into the reactions with the activated ester present in the 

electrosynthesised polymers. Due to the presence of the hydrocarbon chain, it's C-H 

groups can easily be detected using RAIRS, as stretches are visible in the region of 
3000 cm-1. Unfortunately, unlike ferrocene ethylamine, hexylamine has not got a 

unique XPS label although an increase in C-H groups in the C (Is) spectrum was 

used indicated its presence. The amine was also ideal for EQCM frequency 

measurements because, unlike FcCH2CH2NH2. it has a lower molecular weight than 

pentafluorophenyl group, and therefore, there would be a measurable frequency 

change during the substitution reaction. 

Figure 4.20 below shows an outline of the reaction of the homopolymer of PFP with 
hexylamine. Again the measurement of the an-ýide bond stretches in an IR spectrum is 

a good indication of successful immobilisation. 
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Figure 4.20: Scheme illustrating the reaction of poly(PFP) with hexylamine. The amine reacts with 
the activated ester of the polymer to produce arnide bonds. 
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4.2.2.1 Poly(PFP) Homopolymer Reaction with Hexylamine 

RAIRS analysis is collected as reflectance data and consequently converted into 

absorbance spectra as described in Chapter 2. The data obtained, as seen in Figure 

4.21, again, show the specific peaks attributed to the attachment of the amine to the 

polymer film. This confirms that amide bond formation is the route of attachment of 
the hexylamine. The RAIRS spectra include that of the reference unreacted 

poly(PFP) and also the presence of the amide bond after reaction (again no 
hydrolysis reaction is apparent). Also obvious is the presence of the C-H stretches at 
2850 cm-1, in the RAIRS spectrum, which is due to the presence of the alkyl chain 

of the hexylamine. As with ferrocene ethylamine, the reaction of hexylamine with 
the activated ester is limited by the rate of penetration throughout the film. Although 

in this case hexylamine molecule has a lower molecular weight and, therefore, can 
diffuse through the matrix at a faster rate and moreover can reach complete reaction 

within a shorter time limit, as was confirmed by EQCM results described below. 
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Figure 4.21: RAIRS absorbance spectra of unreacted PFP hornopolymer before (black) and after (red) 

reaction with I mM hexylamine/ DMSO solution. The poly(PFP) is produced by scanning the 
potential to 1.02 V in a deposition solution containing 20 mM PFP, 0.1 M TEAP and MeCN. The 
electrode area was I CM2 and a scan rate of 20 mVs-1 was used. 
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As indicated hexylamine does not provide a good source to allow easy detection 

using XPS. However, the immobilisation of alkyl chains to the activated ester of the 

polymeric film causes an increase in C-H and C-N groups present in the polymer. It 

is not possible to quantify the amount of hexylamine incorporated in the polymer due 

to the presence of C-H and C-N groups already within the unreacted homopolymer. 

However by comparing the change in the number of counts detected in the specific 

regions it is possible to determine whether immobilisation has occurred. From Figure 

4.22 it is possible to observe that there is an increase in the groups of interest 

compared to the unreacted reference polymer. 
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Figure 4.22: C (is) XPS spectra (TOA 90 degrees) of poly(PFP) homopolymer film before (black) 

and after (red) reaction with I mM hexylamine/ DMSO solution. The poly(PFP) is produced by 

scanning the potential to 1.02 V in a deposition solution containing 20 mM PFP, 0.1 M TEAP and 
MeCN. The electrode area was I CM2 and a scan rate of 20 rnVs-' was used. 

When considering the reaction of hexylamine with the PFP polymer it is possible to 
follow the course of reaction using EQCM. This technique can measure the change 
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in mass of the polymer over the reaction period. Due to a significant difference in 

molecular weight of the nucleophilic hexylarnine group and the leaving, 

pentafluorophenyl group of the original polymer, it is possible to measure the 

resultant mass changes due to the nucleophilic reaction. As previously, experiments 

were carried out using fast and slowly grown polymers to confirm whether changing 
the electrodeposition conditions did indeed affect the reaction rate with the unreacted 

polymers and explore an in situ method of monitoring the progress of the 

iminobilisation reaction. 

When preparing the fast and slow grown polymers, care was taken to produce 

polymer modified quartz crystals with the same quantity of poly(PFP) 

electrodeposited on them. Confirmation of this is possible by calculating the dry 

mass of polymer from the frequency change produced after the growth process. 
Notably, the solvated frequency change, when both samples were placed in amine 
free DMSO indicates that there is more solvent present in the fast grown film. The 

average decrease of 3601 Hz (fast grown) was comparable to an average of 988.2 Hz 
(slow grown) for a given film. This suggests that the fast grown film is more porous 
and allows a greater amount of (potentially reactant containing) solvent to soak into 

the polymer and, therefore, accounts for the increase in rate of frequency change 
from one film to another i. e. increased rate of reaction. 

The time course of the QCM frequency changes of the slow grown and fast grown 
PFP during reaction with ImM hexylamine and DMSO solution can be seen in 
Figure 4.23. It can be noticed that the frequency change of the faster grown 
poly(PFP) is more rapid at the initial stages of the reaction compared to that of the 
slower grown poly(PFP). Furthermore, validating previous results, the fast grown 
poly(PFP) reaches complete reaction before the slow grown polymer (completion of 
reaction was confirmed by using FTIR to detect the disappearance of ester stretch 
and formation of the amide bond stretches). Amide bond absorbance bands are the 
same for both films showing that both polymers were of similar thickness. 
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Figure 4.23: QCM frequency change (mass decrease) for fast grown (black) and slow grown (red) 

poly(PFP) coated electrodes immersed in I mM hexylamine and DMSO solution where (a) is reactant 

solution addition and (b) is background solution addition. Note that polymer films grown on quartz 

crystal electrodes (area 0.229 CM2) using the same deposition conditions to compare the thickness of 

each film before the experiments was carried out. It was seen that both films were approximately 120 

nm using dektak measurements. 

For the hexylamine (HA) reaction (poly(PFP) + HA -). Py-HA (303 gmol-' to 221 

gmol-1)) the overall change in mass of the unsolvated polymer film following 

complete reaction would correspond to a decrease of 27 %. For the fast grown 

polymer film it took, approximately 180 minutes to reach complete reaction and for 

the slow grown film approximately 480 minutes. Furthermore hexylamine modified 

polymer films immersed in reactant free DMSO show no significant change in 

solvated polymer frequency. This measurement therefore provides the indication that 

DMSO does not cause any changes in the polymer composition (e. g. hydrolysis). 

This can be confirmed by measuring the FTIR spectrum of the polymer after soaking 

with DMSO (no significant changes are observed in the spectrum). As previously 

mentioned the change in rate of reaction suggests that there is a change in 
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morphology/ porosity when different rates of growth of polymers are used for 

electrosynthesis, of the films. 

4.3 Summary 

This chapter describes the reaction of homopolymer and copolymer films with 
ferrocene ethylamine and hexylamine. For the immobilisation reaction to occur the 

amine tenninus of the reactive species reacts with the activated ester contained 

within the polymers. RAIRS is subsequently used to detect the resulting amide bonds 

as amide bands at 1540 and 1680 cm7 1 are apparent in the spectra. 

The reaction kinetics was also described and as ferrocene ethylamine has an XPS 

probe it was used for the experiments performed. Using low concentration of 
ferrocene, ethylamine, results show that it takes approximately 30 minutes for the 

polymer surface to completely react. By using RAIRS to monitor the amide bond 
formation it was noted that for complete reaction to occur throughout the bulk of the 
film it takes approximately 1440 minutes (time needed for diffusion throughout 
film). Moreover, as the film thickness increases from 25 nm to 100 run the reaction 
time increases from 60 minutes to 4320 minutes. It was also noted that slow grown 
and fast grown homopolymer films react with ferrocene ethylamine at different rates. 
The slow grown film is completely reacted in 4320 minutes and the fast grown film 

takes approximately 1440 minutes. This emphasises the importance in using the 

same growth conditions to produce polymer-modified electrodes for further 

experiments. 

A second method used to assay the immobilisation reaction was to use the 
electrochemical response detectable due to the ferrocene centre. It was shown that 
completely reacted fast grown films have a higher current response than the slow 
grown film. Again this is a result of a difference in microstructure between the two 
films leading to a change in the influx of perchlorate ion into the film. 

115 



Furthermore, using Py/PFP copolymer films can also control the amount of ferrocene 

immobilised within the film. As would be expected, as the amount of pyrrole 
incorporated within the film increases the amount of ferrocene immobilised 

decreases. This was illustrated using both XPS and electrochemical results. 

As ferrocene ethylamine was not suitable for EQCM experiments, hexylamine was 

used to monitor the immobilisation reaction using EQCM. These experiments show 
that when hexylamine reacts with poly(PFP) the frequency measurements increase as 
the leaving PFP group has a higher molecular weight than hexylamine. Again it was 

noted that there was a change in reaction rates between fast and slow grown 

poly(PFP) film. 
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Chapter 5 

Development of a Method to Control the 

Modification of Poly(PFP) Electrodes 

5.0 Introduction 

Previous methods have been described illustrating that it is possible to selectively 

attach different biological species in precise areas of a surface by using a 

combination of self-assembly and photo-activation". Significantly, a new 

electrochemical method to inhibit/ promote the reaction of simple amines with the 
homopolymer of PFP is described in this thesis, and is illustrated in Figure 5.14 . It 

was found that there was reduced reaction of the simple amines with the oxidised 
homopolymer of PFP. This method is used in a series of experiments to micropattern 

various species on a multiple electrode device and an interdigitated electrode. The 

experiments involved using material, such as ferrocene ethylamine and MP- 11, each 
with distinct spectroscopic probes to enable easy detection of their presence within 
the polymer modified electrodes using the XPS imaging facility. 

Nu: 
-KI 

3ýn 
40+ 

0 Nu 

F- F No Reaction 

FF 

Figure 5.1: Reaction scheme showing that doping the poly(PFP) film stops reaction with nucleophilic 
species (Nu: ) and successful reaction with undoped polymer films. 
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Underpinning the proposal scheme was the hypothesis that by maintaining the 

polymer in the oxidised (doped) state, the electronic distribution in the activated ester 

group would be polarised towards the polymer backbone, rather than the 

pentafluorophenol leaving group. This polarisation would reduce the effectiveness of 

the leaving group and thus lower the reactivity towards nucleophilic substitution. It 

was also noticed (see Chapter 5, section 5.2.3) from experiments, using amine 

solutions containing 0 M, 0.1 M and 0.2 M TEAP that the rate of substitution 

reaction decreases when the electrolyte concentration increases (for example, when 

using the 0.2 M TEAP solution the reaction rate decreases dramatically, and 

therefore, only a limited substitution occurred). This concentration mimics the doped 

state of the poly(PFP) backbone, therefore, this suggests that the presence of salt 

effects the reaction rates of poly(PFP) with the nucleophile 5 (see Section 6.2.3 in 

Chapter 6). 

e 

Figure 5.2: Schematic diagram indicating suggested direction of the flow of electrons (red arrows) 
when poly(PFP) is in an oxidised (doped) state. R represents the remaining part of the PFP leaving 

group. 

To investigate this effect, electropolymerised films of poly(PFP) were immersed in 

either dry, or semi-aqueous dimethyl sulphoxide or acetonitrile based solutions 

containing both supporting electrolyte (TEAP) and an amine containing nucleophilic 

species. 
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5.1 Materials 

Solvents: DMSO (99+%, anhydrous) and MeCN (99.5+%, ACS reagent) were 

obtained from Aldrich. 

PFP and TEAP were prepared as described in Chapter 2 (Materials Section 2.1) 

Ferrocene Ethylamine: prepared using method described in Chapter 4 

Hexylamine and MP-11 were obtained from Sigma-Aldrich. 

Interdigitated Electrodes: prepared using protocol in Chapter 2. 

5.2 Results and Discussion 

5.2.1 Control of Reaction of Ferrocene Ethylamine with PoIY(PFP). 

To facilitate the evaluation of the extent of coupling, the reactive nucleophilic 

species, ferrocene ethylamine, was used for initial investigations. Since this species 

contains a redox moeity, this enabled a ready evaluation of the extent of coupling 

under various conditions of solution and electrochemical control using XPS, RAIRS 

and electrochemical methods. The cyclic voltammograms in Figure 5.3 illustrate the 

degree of coupling which occurs on poising a poly(PFP) electrode in aI mM 

FcCH2CH2NH2 solution at either OV, or 0.77 V for 3 minutes. In addition, the 

voltammogram arising from the electrode previously held at 0.77 V in a 
FcCH2CH2NH2 solution, after re-immersion in the FcCH2CH2NII2 for a further 3 

minutes at OV. These results clearly show the incorporation of ferrocene species into 

the membrane is inhibited by maintaining the polymer in a doped state as there is no 

visible redox response for the polymer. Furthermore, this inhibition is removed 
following the undoping of the same polymer. 
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Taken by themselves, the results of Figure 5.3 do not necessarily indicate that the 

ferrocene species has become covalently attached to the polymer as a result of 

nucleophilic substitution. However, Figure 5.4 shows the RAIRS absorbance spectra 

for the as deposited poly(PFP) film together with poly(PFP) electrodes which have 

been held in FcCH2CH2NH2 solutions at either 0 V, or 0.77 V for 3 minutes. The 

spectra of the film held in the FcCH2CH2NH2 solution at 0V show the loss of the 

fluorophenol ester peak at 1790 cm7l and with the appearance of amide I and amide 

11 peaks, at 1540 and 1680 cm7l. Moreover there was little change between the 

unreacted PFP spectrum and the spectrum of the polymer held in the solution at 

0.77V. Thus, it was concluded that the ferrocene present in the film after the 

appropriate electrochemical reaction conditions has been immobilised via the 

anticipated nucleophilic substitution. 
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Figure 5.3: Cyclic Voltammagrams of poly(PFP) films after immersion in solution of I mM 
FcCH2CH2NH2 and DMSO for 3 minutes in the following conditions of electrochemical control; (a) 

electrode held at 0V (solid line), (b) electrode held at 0.77 V (dashed line) and (c) electrode held at 
0.77 V in the amine solution then held at 0V in the same solution (dotted line). CVs were obtained in 

solution containing 0.1 M TEAP and acctonitrile, the electrode areas were I CM2 and the scan rate 20 

mvs-1. 
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In addition, the Fe (2p) and F (Is) XPS spectra of Figure 5.5 show that the amount of 

ferrocene in the surface layers of the film following immersion of an electrode poised 

at 0.77 V in the ferrocene solution is negligible. This low level could not directly be 

inferred from the lack of signal in the corresponding CV since physisorbed ferrocene 

ethylamine, which could have been present, may have exhibited poor electronic 

communication with the poly(PFP) matrix. 
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Figure 5.4: RAIRS absorbance spectra for poly(PFP) films unreacted and after immersion in I mM 

FcCH2CH2NH2 and DMSO solution at specified electrochemical conditions: (a) unreacted poly(PFP) 

film (black), (b) oxidatively doped (at 0.77 V) poly(PFP) (red), (c) undoped poly(PFP) (green). The 

poly(PFP) was produced by scanning the potential to 1.02 V in a deposition solution containing 20 

mM PFP, 0.1 M TEAP and MeCN. The electrode area was I CM2 and a scan rate of 20 mVs-' was 

used. 

Since ferrocene ethylamine is in the positively charged, oxidised state at 0.77 V, 

investigations into whether this coupling inhibition was a consequence of membrane 
permselectivity to positive charged species were performed. In the previous example 

the polymer-modified electrodes were held at the oxidation potential when immersed 
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in the nucleophilic solution. Similar coupling experiments were performed but, in 

this second case, the homopolymer was doped and the electrode was not held at the 

potential during reaction (ferrocene ethylamine would therefore not be oxidised). 

Again, it was noticed that the reaction was inhibited when using the doped polymer, 

therefore, suggesting that permselectivity does not occur. 
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Figure 5.5: F (Is) and Fe (2p) XPS spectra JOA 90 degrees) of poly(PFP) films after immersion in I 

mM FcCH2CH2NH2, DMSO and 0.1 M TEAP solution for 5 minutes; polymer modified electrode 
(red) held (doped) at 0.77 V; undoped polymer modified electrode (black). The poly(PFP) was 

produced by scanning the potential to 1.02 V in a deposition solution containing 20 mM PFP, 0.1 M 

TEAP and MeCN. ne electrode area was I CM2 and a scan rate of 20 mVs-' was used. 

As well as inhibiting arninolysis reaction, it was also found that the competing 
hydrolysis reaction was inhibited by application of an electrochemical potential. 
When the poly(PFP) modified electrode was immersed in basic semi-aqueous 

acetonitrile, DMF or DMSO solutions hydrolysis can be inhibited by electrode 
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polarisation at 0.77 V for approximately 30 minutes. When the undoped polymer 

electrode was immersed in the given solution it took less than 5 minutes for complete 
hydrolysis. 

5.2.2 Control of Reaction of Hexylamine, with Poly(PFP). 

It was shown in Chapter 4 that stronger nucleophiles, e. g. aliphatic amines, show 

greater reactivity towards the poly(PFP). It was decided, therefore, to use hexylamine 

for ftirther investigations of potential dependent coupling. Again results show that 
the reaction between the amine with the activated ester was reduced when the 

polymer was doped at a potential of 0.77V, although the extent of reaction remained 
the same for undoped poly(PFP) electrodes. 

Although hexylamine has not got a suitable label for detection in XPS, both the C 
(Is) and F (Is) spectra of the samples can still be used to determine whether a 
reaction has occurred on the surface of the undoped polymer modified electrodes. 
For example, the loss of C-F peak at 287 eV in the C (Is) spectrum indicates that 

reaction has occurred on the surface of the undoped polymer. Also the increase in 

peak at 284 eV shows that there is an increase in C-H groups due to the attachment 
of hexylamine to the polymer (Figure 5.6). 

By reducing the concentration of hexylamine in the solutions from 0.5mM to O. ImM, 
the ratio of the coupling reaction at OV to that at the inhibiting potential at 0.77V 
increases from approximately 5: 1 to 10: 1. This suggests that the electrochemical 
inhibition of the reaction with the polymer-modified electrodes can be optimised by 

using lower concentrations of amine in solution. 

Figure 5.7 show the RAIRS spectra for the poly(PFP) held at OV and 0.77V in 
O. ImM hexylamine solution for 5 minutes. Again the spectrum indicates a limited 

reaction for electrodes held at 0.77V and complete reaction when poly(PFP) held at 
OV. This conclusion is corroborated by the appearance of amide bands and C-11 
stretches at 2850cm7 1, arising from the alkyl chain of hexylamine. Again it was found 
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that following removal of the potential after doping at 0.77 V, significant inhibition 

of the aminolysis reaction is maintained. 
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Figure 5.6: C (Is) XPS spectrum (TOA 90') of poly(PFP) films after immersion in DMSO solution 

containing 0.5 mM hexylamine for 5 minutes; undoped polymer (red) and doped (at 0.77 V) polymer 

(black). The poly(PFP) is produced by scanning the potential to 1.02 V in a deposition solution 

containing 20 mM PFP, 0.1 M TEAP and MeCN. ne electrode area was I CM2 and a scan rate of 20 

mVs-' was used. 

5.2.3 Selective Patterning of Ferrocene Ethylamine on Poly(PFP) 

Modified Electrodes 

To demonstrate how the method described in Section 5.3.1 could be used for 

selective patterning on addressable electrodes on the same device poly(PFP) was 
deposited onto the fingers of interdigitated electrodes. By controlling the thickness of 
the electrodepo sited film it is possible to prevent the growing polymer bridging 

neighbouring electrodes (this was confirmed by visual observation under a 

microscope and by checking with a conductivity meter). 
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Figure 5.7: RAIRS absorbance spectra for poly(PFP) films unreacted and after immersion in 0.5 mM 

hexylamine and DMSO solution at specified electrochemical conditions: (a) unreacted poly(PFP) film 

(black), (b) oxidatively doped (at 0.77 V) poly(PFP) (red), (c) undoped poly(PFP) (green). The 

poly(PFP) is produced by scanning the potential to 1.02 V in a deposition solution containing 20 mM 

PFP, 0.1 M TEAP and MeCN. The electrode area was I CM2 and a scan rate of 20 mVs-' was used. 

By performing XPS imaging experiments it was possible to demonstrate selective 

patterning of ferrocene ethylarnine on one set of specific electrodes of a device. The 

F (Is) and Fe (2p) regions of the image are characteristic of the unreacted and reacted 

polymer respectively. It can be seen from Figure 5.9 that for the set of interdigitated 

electrodes (Figure 5.8) that FcCH2CH2NH2 has been immobilised there is a Fe (2p) 

signal on each alternate electrode. For the set of electrodes, which were doped, there 

was still an F (Is) signal apparent. 
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Elcclrodc I 

Elcctrodc 2 

Figure 5.8: Schematic diagram of interdigitated electrodes. The both sets of electrodes are labelled 

and the black lines indicate the gap between each set of electrodes. 
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Figure 5.9: XPS Imaging of (a) F (is) region and (b) Fe (2p) region of the interdigitated electrode 
device after being immersed in I mM ferrocene ethylamine and DMSO solution. Note that Fe (2p) 

signal is only present on the set of electrode, which were undoped and that F (is) signal is still 

apparent from the doped polymeric electrodes. The colour coding on the left of the image indicates the 

colour relating to the different intensity of signal, where red is high intensity. Distance is 0-500 ýM. 
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Further to the F(I s) and Fe(2p) images, the C(I s) image of Figure 5.10 shows there 

has been a loss of signal corresponding to C-F groups and an increase in aromatic C- 

H and amide regions, characteristic of the attachment of FcCH2CH2NH2- 
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Figure 5.10: XPS Imaging of C (Is) region of the interdigitated electrode device after being immersed 

in I mM ferrocene ethylamine and DMSO solution. Note the loss of C-F region and increase in C-H 

region for the polymer-modified electrode that was undoped while immersed in solution. The colour 

coding on the left of the image indicates the colour relating to the different intensity of signal, where 

red is high intensity. 

5.2.4 Patterning of Biological and Electron Transfer Motifs on 
Poly(PFP) 

It would be of interest within the field of analytical biotechnology to show that a 
biological species, with a distinct spectroscopic probe, could be immobilised on 

poly(PFP), and accordingly the microenzyme MP- II was used during these 

investigations. The advantage of using this enzyme is that it has aS (2p) label 

present (due to cystamine units in the amino chain) which therefore, makes it "easy" 

to detect. Due to the weaker signal of MP- II modified electrodes (see Section 

3.4.3.1), a large area two-digit electrode was fabricated (50011M wide) and was used 

to immobilise two nucleophilic species, FcCH2CH2NH2 and MP-I 1, on the different 

electrodes. 
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Since MP- II immobilisation had been found to occur at a much slower rate than that 

of FcCH2CH2NH2, the PFP substrate was first immersed in a ferrocene ethylamine, 

solution, whilst one set of the electrode fingers was held in the oxidatively doped 

state. After reduction of the doped electrode the substrate was then immersed in a 

semi-aqueous solution of MP- II and DMSO. 

As before, the devices were then analysed using the XPS Imaging facility to measure 

the Fe (2p), F (1s) and S (2p) regions. Figure 5.11 shows that a strong Fe (2p) signal 

can be observed on one electrode. After further reaction with MP-1 I solution aS 

(2p) signal is apparent on the adjacent electrode, however, due to the weak signal 

from S (2p) of MP- II it was difficult to observe on the image obtained. An 

integration of the signals over the two halves of the image (Figure 5.10 (b)) 

corresponding to the areas of the electrode subjected to different electrode potential 

regimes shows that aS (2p) signal is apparent only on one electrode. 

To investigate whether it was possible to pattern a second biological species on 

poly(PFP) modified interdigitated electrodes, experiments were carried out using 

cystamine (discussed finiher in Chapter 7). Initially the whole device was immersed 

in an electrolyte containing acetonitrile solution. One electrode was left undoped (0 

V), whilst the second polymer modified electrode was oxidised (0.77 V) to allow 
doping to occur. The device was then placed in aI mM cystamine/DMSO solution 
for 15 minutes. After this period of time the device was placed in the cystan-ýine free 

electrochemical solution and the oxidised polymer was then reduced to 0V (results 

can be seen in Figure 7.18 in Chapter 7). 
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Figure 5.10: XPS image of (a) the Fe (2p) region and XPS spectra of one electrode and (b) the Fe(2p) 

(black) and S (2p) (red) region of the alternative electrode on the same device. 1"he presence of Fe 

(2p) is apparent on the electrode that was undoped, whilst immersed in ferrocene ethylamine and 

DMSO solution but not on the doped polymer. A weak S (2p) signal is apparent on the alternative 

electrode after the polymer was reduced and then immersed in a semi-aqueous DIVISO solution of MP_ 

11. 
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5.3 Summary 

These results confirm that the oxidative doping inhibits the reaction of one electrode, 

while immersed in the amine solution. Moreover, the substitution reaction still occurs 

on a doped electrode after it has been undoped i. e. the inhibition is not permanent. 
This method of reactivity control could be useful for the patterning of various species 

on micro-fabricated arrays and reports the initial investigations of preparation of the 

polymer that could possibly be used as a matrix for the production of a multi- 

analytical biosensor. 

Results to date do not establish a mechanism for the inhibition of these reactions, 
however mechanistic possibilities may include: either changes in bond strength of the 

activated ester; or conformation changes of the conducting polymer backbone 
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Chapter 6 

Reaction of Cystamine Modified 

Poly(PFP) Polymers 

6.0 Introduction 

In earlier chapters, the simple synthetic amines, ferrocene ethylamine and 
hexylamine, were used to illustrate aspects of the nucleophilic substitution reaction 

with the activated ester groups of poly(PFP). This chapter now investigates the 

reaction (and subsequent uses) of poly(PFP) with the bifunctional amine cystamine. 
As can be seen from the modification scheme of poly(PFP) below (Figure 6.1), the 

resulting polymer bears thiol groups. 

0F+ 
HS 

ýNH2 

------ DOW 

N0 

H-N, *Z 

SH 

n 

Figure 6.1: Reaction of poly(PFP) with cystamine. The amine group of the cystan-dn C react iýith the 

activated ester of the polymer to form an amidc bond. 
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Research involving the incorporation of metals within polymer interfaces have been 

reported" and as a result of generating a polymer interface, with available thiol 

groups, the poly(PFP) electrode can be transformed into a template for the 

subsequent specific immobilisation of the desired molecules/ biomolecules through 

metal ion chelation or covalent bond forming reactions4-7. An example could 

possibly be the immobilisation of nucleoside bases, which have amine groups 

present, available to react with metal centre. Significantly a number of 
immobilisation schemes are available with a thiolated interface that employ 

chemistries complementary to the nucleophilic substitution of the parent PFP 

polymer (e. g. the reaction between cystamine and malimide or iodoacetyl groups 
(described in Chapter 6) and co-ordination complex formation described here). 

To develop a multicomponent system that could ultimately be used in biosensor 

technology it was important to characterise the surface modifications occurring at 

each stage of the process. The opening of this chapter concentrates on the 

nucleophilic reaction of cystamine with the homo and copolymer systems. The 

modified homopolymer template was then used for subsequent reaction with a 
platinum complex. XPS was used to investigate the surface co-ordination of the 

platinum complex, whereas, QCM was used to establish the incorporation of the 

material into the bulk of the polymer membrane. Preliminary investigations were 
also performed to determine whether further immobilisation could occur around the 
Pt template via the formation of co-ordination bonds around the chelated Pt centre 
and various miscellaneous species. 

The experimental strategy employed to fabricate a multicomponent system is 

discussed in greater detail in later sections. However, these (successful) 

investigations were built on the electrochemical control technique described in 
Chapter 5 to control the cystamine immobilisation reaction. Thus, a suitable 
sequence of controlled cystamine reaction followed by further specific 
immobilisations offer the opportunity for multi-patterning of various species on 
individually addressable electrodes. 
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6.1 Materials 

Solvents: DMSO (99+%, anhydrous) and MeCN (99.5+0/o, ACS reagent) were 

obtained from Aldrich. 

PFP, TEAP and Pyrrole: were prepared as described in Chapter 2 Section 2.1. 

Cystamine obtained form Sigma 

K2]PtC14 (Potassium tetrachloroplatinate(II), 99.99%) was obtained from Aldrich. 

Ligands: Ethanolamine (2-aminoethanol, 99+1/0), iodobenzylamine (3- 

iodobenzylamine, 96%) and fluorothiophenol (4-fluorobenzenethiol, 99%) were 

obtained from Aldrich. Ferrocene ethylamine was prepared as described in Chapter 4 

section 4.1. 

6.2 Results and Discussion 

6.2.1 Production of Cystamine, Modified Polymer 

6.2.1.1 Characterising the Bonding in Homopolymer Reaction with Cystarnine 

Due to the low reactivity of poly(PFP) electrodes in aqueous solutions (Section 

6.2.1.2), cystamine modification was accomplished by immersion in cystamine/ 

dimethylsulphoxide (DMSO) solutions. The resultant polymer films were analysed 

using XPS and RAIRS. The XPS spectrum collected for the poly(PFP) after reaction 

with cystamine has the appearance of the S (2p) doublet and thus indicated the 

presence of cystamine on the surface layers on the polymer-modified electrode, as 
seen in Figure 6.2. It was shown from XPS analysis that the ratio of S: N: O is 1: 2: 1 as 

would be expected if poly(PFP) has completely reacted with cystamine. 
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Figure 6.2: S (2p) XPS spectrum (rOA 90 degrees) of modified poly(PFP) film (on 1=2 gold 

electrode) after reaction with I mM cystamine and DMSO solution for 15 minutes. The poly(PFP) is 

produced by scanning the potential to 1.02 V in a deposition solution containing 20 mM PFP, 0.1 M 

TEAP and McCN. The electrode area was I cn? and a scan rate of 20 mVs-1 was used. 

The C (Is) spectrum (Figure 6.3) shows there is an absence of C-F groups at 288 eV 

and the lack of fluorine species is confirmed by the F (Is) spectrum (Figure 6.3). The 

presence of the C=O peak at 287.5 eV and the C-N shoulder at approximately 286 

eV in the C (Is) spectrum are characteristic of amide formation. 
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Figure 6.3: C (Is) and F (is) XPS spectra (TOA 90 degrees) of cystamine modified pol%I(PFP) film 

(red) and unreacted poly(PFP) film (black). The poly(PFP) is produced by scanning the potential to 

1.02 V in a deposition solution containing 20 rnM PFR 0.1 M TEAP and MeCN. The electrode area 

was I cm2 and a scan rate of 20 mVs-1 was used. The cystamine modified poly(PFP) was prepared bN 

reacting the polymer with I mM cystamine/ DMSO solution. 
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RAIRS was used to determine whether the reaction of the activated ester with 

cystamine involved the formation of an amide or thioester bond as the thiol group of 

cystamine can also act as a nucleophile. As would be expected from the relative 

nucleophilicitiess of the two terminal groups in cystamine, the substitution reaction 
leads to the formation of an amide group, as proposed (providing the pH was not too 

alkaline, as this will generate RS- species), see Figure 6.4, 
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Figure 6.4: RAIRS spectra of unreacted poly(PFP) before (red) and aftcr (black) reaction %% ith I IIIM 
cystaminc/ DMSO solution for 30 minutes. The polv(PFP) is produced form a deposition solution 

containing 20 mM PFP, 0.1 M TEAP and McCN. The electrode area was I cm: and a scan rate of 20 

mVs-' was used. The cystamine modified poly(PFP) was prepared by reacting the polymer with I 111M 

c, vstamine/ DMSO solution. 

6.2.1.2 Characterising the Kinetics of the Cystamine-Horno Poly(PFP) Reaction 

As previously discussed XPS only investigates the polymer-solution interface so the 
EQCM method was used to determine both when a polymer reaction has taken place 
and to determine the length of time for complete substitution of the 

pentafluorophenyl group with cystamine. The changes in the crystal resonance 
frequency are linearly related to mass changes in the polymer layer. Figure 6.5 shows 
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the time course of the QCM frequency changes when poly(PFP) coated quartz crystal 

electrode was immersed in ImM cystamine and DMSO solution. From reported 

work it was shown that there was an absence of frequency changes i. e. no reaction 

when the film was immersed in an aqueous cystan-ýine solution due to the 
hydrophobicity of the poly(PFP) film4- In the case of the film being placed in a 

cystamine/ DMSO solution a large frequency increase was measured. The frequency 

increase occurred due to the fact that the leaving pentafluorophenyl group has a 
larger mass than the entering cystamine species thus a nucleophilic substitution by 

cystamine leads to an overall reduction in films mass (assuming the fluorophenol 

group diffuses into the bulk solution). 
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Figure 6.5: QCM frequency change (mass decreases) for a po]yCPFP) coated electrode immcrscd in a 
ImM solution of cystan-dne and DMSO. The poly(PFP) is produced form a deposition solution 
containing 20 mM PFP, 0.1 M TEAP and MeCN. The electrode area was 0.229 cm2 and a scan rate of 
20 mWl was used. 

For this reaction with cystamine and poly(PFP) the overall change in mass of an 
unsolvated polymer film after complete reaction would correspond to a loss Of 35% 

of the original polymer mass. The measured frequency change on drying was 
approximately 1.75 kHz, indicating that the reaction has gone to completion (a dry 
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mass corresponding to a frequency difference of 1.729 kHz for the film used). 

Further, the similarity with solvated, frequency measurements suggests that little 

extra solvent incorporated following substitution with cystamine. 

6.2.1.2 Copolymer Reaction with Aqueous Cystamine 

Whilst the solubility of cystamine in organic solvents such as DMSO is sufficiently 

high to allow the nucleophilic reaction with the homopolymer, poly(PFP), the 

smallness and solubility in water of this nucleophile also suggests its use as a probe 

of the reaction of Py/PFP copolymers in aqueous solution. Thus, the reactions of 

copolymer films, prepared as described in Chapter 2, with cystamine (aqueous) were 
investigated. As before measurements of the F (Is) XPS signal can be readily used to 

determine whether a reaction at the Py/PFP copolymer interface has occurred. XPS 

analysis of the F (Is) and S (2p) signal from a series of Py/PFP copolymer films 

immersed in an aqueous solution of cystamine was carried out. The results showed 

that the amount of cystamine immobilised at the polymer-solution interface gradually 
increased by 50% on changing the polymer composition from the homopolymer to a 

copolymer formed from a Py/PFP solution in which the solution mole fraction of 
PFP was 0.85. This is illustrated by the S (2p) XPS spectra of Figure 6.6. 

Using the spectral deconvolution methods described in Chapter 4, it can be estimated 

that the 85: 15 copolymer contained approximately 75% fewer potential surface 
immobilisation sites (the activated ester sites) than the homopolymer. Thus the 

difference in extent of reaction estimated by comparing the number of PFP groups 

remaining. Figure 6.7 shows that for the homopolymer, poly(PFP), approximately 

45% of the surface PFP units do not react. In contrast, for the poly(Py/PFP) 

copolymer film (made from 0.85 solution mole fraction) greater than 90% of the 

groups react. The absolute number of F (Is) counts lost from the homopolyrner is 

greater than in the copolymer and the amount of S (2p) counts is much smaller than 

expected, therefore, significant hydrolysis of the homopolymer has occurred. 
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Figure 6.6: S (2p) XPS spectra (TOA 90 degrees) of (a) homopolymer (black line) and N 85: Is 

copolymer (red line) after reaction with aI mM aqueous cystamine solution. The hornopolNiner 

modified electrode (area I cm was prepared from a deposition solution containing 20 mM PFP and 

the copolymer modified electrode (area I cm) from solution containing a ratio of 85: 15 PFP: PN'rTOle 

(both solution containing 0.1 M TEAP and MeCN and using a scan rate of 20 mVs-1). 

RAIRS measurements of the bulk of the polymers showed that, for the 

homopolymer, the signal from the activated ester group (at 1790 cm-1) decreased 

slightly, to 90% of that found in the unreacted polymer. In contrast, for copolymers, 

this signal decreased to a greater extent, and for the 0.85 mole fraction poly(PFP/Py) 

copolymer it was less than 10% of the unreacted value. In addition, along with the 

decrease in activated ester signal, an increasing band at 1670 cm-1 was observed, 

which is characteristic of an amide group seen in Figure 6.8. The presence of the 

peak at 1720 cm-1 in the black and as a shoulder in the blue spectrum is due to the 

presence of COOH peak as a consequence of hydrolysis occurring on the surface of 

the homopolymer and within the copolymer. 
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Figure 6.7: F (Is) XPS spectra (TOA 90 degrees) of homopolymer and 85: 15 copolýnier before 

(black) and after (red) reaction with aqueous cystamine solution. The lionlopolynicr modified 

electrode (area I cm I) was prepared from a deposition solution containing 20 niM PFP and the 

copolvmer modified electrode (area I cm) from solution containing .1 ratio of 85: 15 PFP-, PNrroic 

(both solution containing 0.1 M TEAP and McCN and using a scan rate of 20 niVs-'). 
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Figure 6.8: RAIRS spectra of unreacted poly(PFP) film (red), poly(PFP) after reaction with I mM 

aqueous cystaininc solution (black), unreacted copolymer of pyrrole and PFP (from deposition 

solution with ratio 85: 15 PFP: pyrrole) (green) and the same copolymer after reaction %0h I mM 

aqueous cystarnine solution (blue). The poly(PFP) is produced form a deposition solution containing 

20 rn-M PFP. 0- 1M TEAP and MeCN. The electrode area was I cm2 and a scan rate of 20 mVs " was 

used. The cystamine modified poly(PFP) was prepared by reacting the polymer with I niM c)-staminc/ 
DMSO solution. 

Comparison of XPS and RAIRS results indicated that when these films are immersed 

in aqueous solution of cystamine, the copolymer undergoes a more significant 

reaction throughout the matrix, whereas the reaction of the homopolymer is smaller 

and confined to the solution interfacial region. This was the result of the hydrophobic 

nature of the poly(PFP) film, making it difficult for aqueous based solutions to 

penetrate the bulk of the polymer matrix. Thus, for improved immobilisation of 

aqueous solvated biomolecules using this polymer system it would be desirable to 

use a copolymer system, which would increase the hydrophilicity of the bulk of the 

polymer or, additionally, semi-aqueous solutions (e. g. DMSO with small aqueous 

content) could also be employed. 
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6.2.2 Production of Cystamine-Platinum Template 

As described in the previous section, the modification of poly(PFP) films with 

cystamine resulted in a polymer film functionalised with thiol moieties. Building up 

on this, the subsequent immobilisation of transition metals ions via the formation of 

co-ordination complex was investigated. 

To this end, Figure 6.9 shows two possible mechanisms for the substitution reaction 

at a square planar site (such as PtCV), especially, if the reaction was carried out in a 

solvent that could act as a nucleophile. If the reaction solvent was water, this species 

can also possibly act as a nucleophile and complex with the Pt centre in a side 

reaction. Thus an investigation was undertaken into the simple co-ordination of the 

platinum species with a cystamine-modified electrode. This can occur by substitution 

reaction between the thiol group of the cystarnine with the chlorine present within the 

square planar complex. This reaction is thermodynamically feasible due to the fact 

that the platinum centre is a 'soft' metal ion and, therefore, can co-ordinate to soft 
donor species, such as the sulphur of the thiol from cystamine. In addition, the 

remaining ligands attached to the platinum centre, can be used for further 
immobilisation. 
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Figure 6.9: Scheme of the basic substitution reaction of a square Planar site, Where M=mctal ccritre, 
L=leaving group and Y=rcactive species. 9 

142 



In addition to probing of the reaction of cystamine modified polymers with the PtCl47 

complex, the selective immobilisation of the platinum complex is investigated via the 

electrode potential controlled reaction of cystamine with poly(PFP). 

6.2.2.1 Cystamine Modified Polymer Reaction with Platinum 

For YPS measurements lcrný cystamine modified poly(PFP) electrodes were 

prepared as described in a previous section. This electrode was immersed in a 10 mM 
K2PtCl4 aqueous solution for 90 minutes. Afler reaction the sample was thoroughly 

washed and dried using N2 gas. The sample was analysed using the typical XPS 

conditions. The survey-scan spectrum and high resolution spectra of Pt (40, CI (Is), 

N (Is), 0 (Is) and S (2p) regions were collected. As discussed below, these XPS 

measurements were used to confirm that the proposed chelation and not 

physisorption of Pt to cystamine has occurred. Firstly, the presence of platinum is 

confirmed by the presence of a 4f doublet (Figure 6.10). 
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Figurc 6.10: Pt (4f) XPS spectra (TOA 90 dcUccs) or cystaminc modified pol)(PFP) film Act 
reaction mith 10 mM aqueous K2PIC14 solution. 711C cystamine modirted pol)-(PFP) filin was 
produced by rcacting the homopolyncr film wifli I m%I c)-staminc and DMSO. 

143 



The presence of two S (2p) doublets in the XPS spectrum of Figure 6.11 are due to 

sulphur centres that are either co-ordinated (165 eV) to Pt or remains uncoordinated 

(164 eV) by comparison with S (2p) energy from the unreacted film. This indicated 

that maximal Pt loading of the polymer has not been achieved. Deconvolution of the 

doublets show that 35% of the sulphur species was strongly coordinated to the Pt 

centre, with the remainder either being weakly coordinated or uncoordinated to the Pt 

centre (Figure 6.10). Importantly quantification of the Cl (2p) peak indicated that 

approximately one chlorine atom remains attached to the platinum centre and was, 

therefore, available for further substitution. 
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Fligure 6.11: S (2p) YPS spectra of a cystamine modiflod poly(PFP) film (a) before (solid linc, offset by 

1000 counts for clarity) and (b) after (dottcd line) immersion in an aVwus 10 nL%t K,. NC14 solution for 

90 minutes. Solid and duhcd lines of spectrum (b) correspond to the cn%-clopc and indhidual component 
fits of S (2p) doublets (dic separation or components in a doublet is constrained to 1.18 cV, uith relative 
intcnsity2: 1). Binding energy corrected to C (Is) at 295.0 W, tak-c-off angle Wý 

Complete quantification of the XPS measurements of CI (2p), Pt (40, S (2p) and 0 

(Is) regions suggested the surface Pt: Cl: S: 0 ratio of the complex is 1- 1: 3: 3. This 
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indicated that for every Pt centre there were three sulphur centres, from the 

cystamine functionalised polymer. As mentioned before, two of the three S centrcs 
were weakly co-ordinated to the platinum. The oxygen present within the surface 
ratio was from the amide group present before Pt immobilisation. The lack of 
increase of oxygen content, which was indicated after analysis of the 0 (1 s) spectrum 
suggests that no water was incorporated within the co-ordination complex, a 

possibility due to the nucleophilic properties of the water molecules. 

For QCM measurements to determine the kinetics of Pt immobilisation, cystamine, 
functionalised PFP polymer coated quartz crystals were used. The polymer-coated 
quartz crystals were reacted with 10 mXI aqueous K2PtCI4 and the resultant 
frequency changes were measured. QCNI measurements performed with the system 
showed that the increase in mass of the cystamine modifled polymer film following 
immersion in K2PtCl4 solution (Figure 6.12). The large frequency change occurred 
within minutes after immersion of Pt containing solution. Dry QCXI measurements 
performed on the cystamine modified poly(PFP) films treated with the PIC14 2- 

showed that an overall decrease in mass of the polymer compared to the unrcactcd 
poly(PFP) (approximately 5-10% or 0.45 kItz for this film). This decrease was 
consistent with the XPS derived ratio suggesting that the Pt complex is chelated by 
three sulphur species from the polymer backbone is: [Py-cys]3PtCl has a molecular 
weight of 818gmol-1 in comparison to 303gmol*l for one poly(PFP) unit (= 909 for 3 
PFP units). Therefore, the ratio obtained from the XPS measurement was an 
indication of the ratio throughout the bulk composition. 
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Figure 6.12 QCM frequency changes (mass increase) for cystaminc modified pol)-(PFP) film on 
inuncrsion in 10 mM K2PtCI4 in water. Poly(PFP) was produced from solution containing 20 mM 
PFP, 0.1 M TEAP and McCN at a scan rate of 20 mVO and with electrode area or 0.229 cm2. Mlis 

was then reacted with I mM cystamine and DMSO solution to produce the cystaminc modified 
poly(PFP) film. 

6.2.2.2 Subsequent Immobilisation Forming Platinum Complex 

To initially investigate the strength of chclation of the platinum complex to the 
cystamine modified poly(PFP) polymer a series of potential reactions with solution 
based thiol and ainine ligands were carried out to determine whether there is any 
tendency for the removal ('plucking') of platinum complex from the thiol sites 
within the polymer. Samples were soaked in acid, alkali and dc-ionised water to 
establish if they have the ability to remove the platinum complex from the polymer. 
This latter point is an important feature to investigate, as it is desirable for a template 
for biomolecule immobilisation to be physically and chemically stable over a wide 
pH range independent, therefore, allowing the use of arbitrary solution pI I's for the 
immobilisation of biological species. Ligands chosen to probe either the secondary 
immobilisation or "plucking' reactions were ethanolaminc, iodobenzylaminc, 
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fluorothiophenol, ferrocene ethylamine and cystamine. These ligands were readily 
detected using XPS through the presence of either halogen, metal, nitrogen or 

sulphur centres. In addition, another indication of chelation to the Pt site would be a 
decrease in chlorine species from the platinum centres on the modified membrane. 

To establish whether the surface composition of the Pt-cystamine modified 

electrodes was susceptible to reaction with acidic (pH 2.0), neutral (pil 7.4) and 

alkaline (pH 10) solutions, the samples were soaked in a specified solution. XPS 

analysis of the Pt (40 and CI (2p) regions, show that the amount of Pt and Cl present 

stays constant before and after immersion in the various solutions. This establishes 

that the system was not affected by pH conditions and, therefore, presented a 

potential template for the immobilisation of various biological species, which need to 
be reacted at a particular pH. 

It was also important to determine if ligating solutions have the ability to remove 
platinum from its complex with polymeric cystamine. The first reaction performed 
was with the modified electrode and ethanolamine solution. Ethanolamine does not 
have a significant label to allow simple detection of its presence but XPS analysis of 
the sample afler being immersed in the ethanolaminc solution for significant period 
of time, showed that there is no decrease in platinum content on the sample interface. 
This indicated that the platinum-thiol complex was suitably robust to withstand the 
affect of other ligating material. In addition there was a significant decrease in 
chlorine content suggesting that substitution reaction has occurred to allow the 
attachment of the amine to the platinum ccntre (Figure 6.13). 

147 



1400 

1200 

1000 

800 

600 

400 

200 

0 

-200 1 
2G4 202 200 198 196 194 192 190 188 186 

Binding Energy / eV 

Figure 6.13: CI XPS spectra (TOA 90 degrees) of cystamine-platimun modified polynicr film before 

(black) and after (red) reaction with I mM c1hanolamine solution. Polyffl? ) was produced from 

solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate of 20 mVs-' and %vith 

electrode area of 0.229 Cm2. Tjjis was then reacted with I mM cystamine and DMSO solution to 

produce the cystamine modified polv(PFP) film. 

As a suitable Fe (2p) spectroscopic label was present in ferrocene ethylamine, this 

was the next amine used in the studies of the nucleophific reaction with this system. 
The success of this reaction was indicated by the presence of the Fe (2p) doublet, 

shown in Figure 6.14, which suggested the success of the reaction. Again there was a 

significant decrease in chlorine content on the poiymer surface, therefore, suggesting 

that during the nucleophilic reaction with ferrocene ethylamine, it complexes with 

the platinum centre and the chlorine acts as a leaving group for the reaction. 
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Figure 6.14: Fe (2p) XPS spectra (TOA 90 degrees) of cystamine-platimun modified polymer film 

after reaction with ImM fcrrocene cthylamine/ DMSO solution. The cystaminc-platinum modified 
film was produced by reacting the poly(PFP) with I mM cystamine and DMSO solution folloNved by 

reaction with aqueous 10 mM K, PtCI4 solution. 

Moreover, on analysis of the Pt (4f) spectrum, there was a small shift of 
approximately 0.5 eV in the position of the doublet, giving evidence that there has 

been a change in the ligands attached to the platinum centre, Figure 6.15. 

In addition, cystamine was also reacted with the cystamine-platinum complex. The 

detection of cystamine was possible due to the S (2p) signal in XPS, therefore, if 

cystamine successfully co-ordinates to the platinum then this would result in an 
increase in signal. This increase was apparent in Figure 6.16. As seen previously 
there was also the typical decrease in chlorine content and also a shift in position of 
the platinum peak, confirming that a reaction with the polymer has taken place. 
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Figure 6.15: Pt (4f) XPS spectra (TOA 90 degrees) of cystaminc-platinum modified poly(PFP) 

polymer before (black) and after (red) reaction with nucleophilic solution. The cystaminc-platinuin 

modified film was produced by reacting the poly(PFP) with I mM cystarnine and DMSO solution 

followed by reaction with aqueous 10 mM K2PtCI4 solution. 

Finally, the reaction the platinum containing polymer layer was with the halogen- 

labelled species, lodobenzylamine and fluorothiophenol. The I (3d) label and F (Is) 

can act as a distinct probe for the reaction. Again, there is a decrease in chlorine 

content and also a shift in the position of the Pt doublet, compared to the unreacted 

sample. In Figure 6.17, the presence of Iodine is indicated by the appearance of the I 

(3d) doublet after immersion in the iodobenzylamine solution. A F(Is) signal was 

also observed after reaction with fluorothiophenol (Figure 6.18). 

Ultimately, the complex formation with the square planar platinum centre has proved 

successful and could, therefore, in the future be used as a template for immobilisation 

of biological species, which are amine terminated or possibly with a thiol reactive 

group. 
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Figure 6.16: S (2p) XPS spectra (TOA 90 degrees) of cystamine-platinum modified polyffp) filly, 

before (red) and after (black) reaction with I mM cystamine/ MeCN solution. The cystamine-platinurn 

modified film was produced by reacting the poly(PFP) with I mM cystamine and DMSO solution 

followed by reaction with aqueous 10 mM K2PtCl. j solution. 

Quantification of the XPS measurements for Pt (40, S (2p) and the labels from the 

newly attached figands, Fe (2p), I (-')d) and F (Is), show surface ratios of 1: 3: 1 for 

each sample. In addition, analysis of the XPS spectra shows that there was no 
chlorine present in each sample. The derived ratio suggests that for each of the 

chelated platinum centres there is one ligand attached by substitution of the 

remaining chlorine atom, 
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Figure 6.17: 1 (3d) XPS spectra (TOA 90 degrees) of cystamine-platinurn modified poly(PFP) film 

after reaction Nvith I niM lodobcnzvlamine and btiffer solution. The cystamine-platinurn modified film 

Nvas produced by reacting the poly(PFP) with 1 mM cystamine and DMSO solution followed by 

reaction with aqueous 10 mM K2PtCl., solution. 

6.2.3 Potential Control of Poly(PFP) Reaction with Cystamine 

To determine whether electrode potential control can be used to successfully inhibit 

cystamine immobilisation, electropolymerised films of poly(PFP) were immersed in 

acetonitrile based solutions containing supporting electrolyte (TEAP) and oxidatively 
doped prior to immersion in a cystamine solution. The XPS results shown in Figure 

6.19 clearly shows that the incorporation of cystamine species at the polymer- 

solution interface was inhibited by maintaining the polymer in a doped state. In 

Figure 6.18, comparison of the S (2p) XPS spectra (a) and (b) showed that the 

amount of cystamine in the surface layers of the film following immersion of a 
doped electrode in the cystamine solution was negligible comparable to that 

immobilisation on an undoped polymer. Importantly, this inhibition is removed 
following the undoping of the same polymer. 
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Figure 6.18: F (Is) XPS spectra JOA 90 degrees) of cystaminc-platinum modified poly(PFP) film 

after rcaction with fluorthiophenol solution. The cystaminc-plafinum modified film was produccd bý 

reacting the polv(PFP) with I mM cystarninc: and DMSO solution followed by reaction with aqueous 

10 mM K, PICLI solution. 

It was observed that the extent of nucleophilic reaction was also reduced when an 

undoped poly(PFP) film was immersed in cystarnme solutions containing 0.1 M or 

0.2 M TEAP electrolyte (Figure 6.19 (b) and (c)). Since the oxidation of the polymer 

also involved the increase in C104- (electrolyte) concentration within the film, it was 

postulated that this high salt solution concentration environment may partially mimic 

the oxidised state of the doped polymer film as a consequence of salt partitioning 

into the polymer. 
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Figure 6.19: S (2p) XPS spectra JOA 90 degrees) of undoped (black) and doped (blue) polý(PFP) 

films after immersion in I tnM cystamine. DMSO solution for 5 minutes. The S (2p) XPS spectra of 

poly(PFP) after immersion in I mM cystamine and DMSO solution for 5 minutes, containing 0.1 M 

TEAP (red) and 0.2 M TEAP (green) respectively are shown. The polv(PFP) films were from solution 

containing 20 niM PFP. 0.1 M TE AP and MeCN using a scan rate of 21) rnVs- 1 with electrode area of 

I cm-:. 

Taken by themselves, the results in Figure 6.19 do not distinguish between cystamine 

species have become covalently attached to the polymer as a result of nucleophilic 

substitution or simply adsorbed onto the surface. However, Figure 6.20 shows the 

RAIRS absorbance spectra for a deposited poly(PFP) film and a doped poly(PFP) 

film after immersion in cystamine. The spectra of the undoped film after immersion 

shows a partial loss of the fluorophenol ester peak at 1790 cm-land with the 

appearance of amide I and amide 11 peaks, at 1680 cm-' and 1540 cm" (although 

difficult to see due to the remaining aryl stretch). Significantly, there was little 

change between the unreacted PFP spectrum and the spectrum of the doped polymer 

after solution immersion. Thus, it was concluded that the cystamine present in the 
film after the appropriate electrochemical reaction conditions has been immobillsed 

via amide bond formation as a result of nucleophilic substitution. 

(a) 

(b) 
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Figure 6.20: RAIRS absorbance spectra for unreacted pol%I(PFP) films after immersion in I nIM 

cystaininc and DMSO solution at specified electrochemical conditions: (a) oxidativelv doped 

polv(PFP) (black) and (b) undoped poly(PFP) (red). 

6.2.4 Control of Formation of Cystamine and Platinum Complex 

Due to the success of being able to control the reactivity of the activated ester in 

poly(PFP) with cystamine, further experiments were carried out to attempt to 

selectively immobilise the platinum complex (PtC14-)- An aim of these experiments is 

to determine whether this system could possibly be used as a template for the 

micropatterning of biomolecules after reaction with the available transition metal 

sites. As described in the previous section, the reaction of poly(PFP) with cystamine 

was inhibited by oxidatively doping the polymer backbone. Figure 6.21 shows the Pt 

(4f) and C1 (2p) XPS regions of a PFP electrode that had been previously immersed 

in a cystamine solution whilst being held in the oxidised state. Pt (4f) region indicate 

that there is no platinum present on the surface layers of the modified polymer 

membrane. The Cl (Is) spectrum also reveals that there is a lack of chlorine present 
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within the film, therefore, suggesting that there was no complex formed. Clearly, by 

comparison with the spectra of cystamine-modified electrode after reaction in the 

platinum containing solution (Figure 6.21), where Pt (4f) and Cl (Is) peaks are 

visible. 

To demonstrate that platinum immobilisation can occur on an electrode that has 

previously been doped, the polymer film was reduced and then immersed in the 

cystamine containing solution. This film was then placed in the platinum containing 

aqueous solution. Spectral analysis confirms both the immobilisation of cystamine 
and subsequent platinum complexing on a previously doped sample. 

These results indicate that the thiol group of the attached cystamine must be present 

within the polymer to allow immobilisation of the platinum complex. On the 

unreacted homopolymer there was no significant signs of non-specific adsorption 

occumng. 

6.3 Summary 

XPS measurements have been used to determine an appropriate solvent, which 
allowed an organic coupling reaction between poly(PFP) and solution species 
(cystamine) to proceed. Subsequently, the cystamine-modified polymer was used as 
a template for metal ion chelation. A combination of YPS and QCNI measurements 
has enabled to show that the binding of a "soft" metal species, Pt, from aqueous 

solution to thiol groups within the polymer is possible. The resulting complex retains 

chloride ligands, which allow further nucleophilic substitution with a variety of 

species. This was investigated using species, which have an easily detectable XPS 

probe, and results show substitution of the chloride with amine and thiol terminated 

species is possible. 

Control of cystatnine reaction is possible using the doping process described, which 
makes it possible to produce a patterned surface that could be used to immobilise 

specific species. 
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Figure 6.21: Pt (4f) and Cl (Is) XPS spectra (TOA 90 degrees) after reaction of 10 mM K, PtCi,, / H, O 

with doped (red) and undoped (black) poly(PFP) filins that have been reacted with I inM cystamine/ 
DMSO solution. 
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Chapter 7 

Interaction of Biotin Modified Poly(PFP) 

Films with Streptavidin and Streptavidin- 

Enzyme Conjugates 

Z0 Introduction 

Due to the fact that avidin and streptavidin bind to biotin selectively with an 

extremely high affinity, this interaction has previously been used in a wide range of 
systems e. g. pre-targeting of malignant turnours, immunohistochernistry, enzyme- 
linked immunoassays and molecular biology". The high binding strength and 
specificity is a consequence of aromatic and hydrogen bonding between biotin and a 
pocket in the tertiary structure of streptavidin (or avidin). The shape of this pocket is 

such that it specifically accommodates biotin motifs. This high affinity and 
selectivity has prompted research to develop this system for biosensor technologY`-9, 
The research detailed within this chapter concerns the development of 
immobilisation schemes for the attachment of biological motifs to polymeric matrix. 

Two schemes of biotin attachment to poly(PFP) were developed in this chapter. 
Firstly an amine derivative of biotin was directly reacted with the activated ester 
present in poly(PFP). Secondly, the Poly(PFP) film was reacted first with cystamine 
and then with I-PEO-acetylbiotin. This latter method offers the possibility of 
patterning using a similar strategy outlined in the previous chapter to develop a Pt 
template. 
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In this investigation, to facilitate the NPS identification of biological species such as 

streptavidin and conjugated enzymes, brominated or iodinated. derivatives were 

prepared, as described in Section 7.2. 

7.1 Materials 

Solvents: DMSO, MeCN and dichloromethane were obtained from Aldrich. 

PFP and TEAP were prepared as described in Chapter 2. 

5-(Biotinamido) pentylamine (Pentylamine Biotin) was obtained from Amphotech 

Ltd., Beverly, MA 01915, USA. 

EZ-Link PEO-lodoacetyl Biotin ((+)-Biotinyl-iodoacetamidyl-3,6- 

dioxaoctanediamine) (I-PEO-acetylbiotin) was obtained from Pierce, Rockford, IL 

61105, USA. 

Biomolecules: Streptavidin (St), streptavidin-alkaline phosphatase (St-AP) and 
streptavidin- hydrogen peroxidase, (St-HRP) were obtained from Sigma. 

Labelled streptavidin and streptavidin conjugates: 
Iodination using 1,3,4,6-tetrachloro-3a, 6a diphenyl glycouril (lodogen obtained 
from Sigma) was performed using established procedures'. This involved dissolving 
Iodogen in dichloromethane and placing into a suitable container. The 
dichloromethane was allowed to evaporate and then 0.1 ml" streptavidin and KI 

solution was added to the container. The mixture was left for 2 hours and then the 

solution was decanted from the container. This was then carefully placed in a 10,000 
MW dialysis cassette (cassettes were obtained form Pierce, Rockford, IL 611051, 
USA) and placed in a beaker containing buffer solution to remove the excess 
labelling reagents. 

Bromonation was also performed by adding aI mM aqueous solution of NaBr and I 
mM N-Bromosuccinamide (obtained from Sigma) to the biomolecule solution (I ml 
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bromide solution was added to I ml-1 biomolecule solution). A reaction time of ca. 
Ihour was used with these methods and importantly, in all cases, excess labelling 

reagents were removed by dialysis, using 10,000 MW dialysis cassettes. 

7.2 Results and Discussion 

7.2.1 Reaction of Biotin Modified Poly(PFP) Film with Streptavidin 

These investigations initially involved the immobilisation of a biotinylated species 

on the homopolymer of PFP. This reaction was confirmed using RAIRS (used to 
detect amide bonds and carbonyls present in biotin derivative) and XPS (detection of 
S (2p) signal from biotin). Subsequently, the specific interaction of the biotinylated 

polymer with streptavidin species was investigated, using NPS analysis, to establish 

whether a multicomponent system can be developed to immobilise enzymes. 

4- Strcptavidin 

'4- Biotin 

- 
Spacer 

ý\ 
/) -4 Polymer 

2-// 
Gold Electrode 

Figure 7.1: Schematic diagram illustrating the immobilisation of biotin on p)TrolC polymcr and tile 
subsequent interaction with streptavidin molecules. 
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7.2.1.1 Reaction of Homopolymer with Pentylamine Biotin 

The structural formula of pentylamine biotin, in Figure 7.2, shows the presence of 

sulphur within the structure. Thus when performing NPS measurements, this sulphur 

centre can be used as a characteristic label to determine whether immobilisation was 

successful. The biotinylated polymer was formed by reaction of an amine terminated 

biotin derivative with the activated ester present within the poly(PFP) film (Figure 

7.3). The experimental elemental ratio after reaction is close to C: N: S: O 22: 3: 1: 4, 

which is the theoretical ratio for fully reacted poly(PFP) film. The tethering of the 

biotin to the polymer is also characterised using RAIRS to detect both amide bond 

formations within the bulk composition and characteristic peak corresponding to the 
imide and ester carbonyls present in the biotin motif. 

0 

HN 

)ý 

NH 
0 

244 2z 6'NH 

dS 

-+CH --It""0--j CH 

Figure 7.2: Structural formula of pentylandne biotin. 

Figure 7.3 shows the reaction scheme of pentylamine biotin with poly(PFP). Again 
the amine reacts with the activated ester within the polymer. As a result amide bonds 

are formed and are detected by RAIRS. Figure 7.4, shows peaks between 1670 and 
1540 cm-1 confirming the formation of amide bonds. The peak present at 1700 cin", 
is a result of the characteristic stretch of a HN-CO-NH group within the biotin 

structure. 

From the XPS spectrum collected after reaction of poly(PFP) with pentylamine 
terminated biotin species there was an indication of biotin immobilisation due to the 
appearance of S (2p) doublet, as seen in Figure 7.5. An indication that the 
nucleophilic reaction of the amine-terminated biotin with the activated ester has 
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occurred is the decrease in C-F content and increase in C-H content within the film 

composition as seen in the C (Is) spectra of Figure 7.5. 

0F 

In 

0 

HN lk NH 

44 
[L-0-JCH 

tS 0 

2+5 N H, 
-ý4CH2 

Pentylamine Biotin 

-0- N 

<ýo 

H-N�.. 
Pentylamine Biotin 

n 

Poly(PFP) 
Figure 7.3: Reaction Scheme of poly(PFP) with pcntylamine biotin. 

7.2.1.2 Reaction of Biotin Modified Polymer with Streptavidin 

In order to evaluate the molecular recognition characteristics of the biotinylated 

polymer toward streptavidin species, a study using XPS was carried out. After 

immersion of the biotinylated polymer in an iodinated streptavidin solution, the XPS 

analysis shows an I (3d) doublet at 615 and 630 eV indicating the presence of iodine 

within the surface of the film (Figure 7.5). Control measurements of biotinylated 

polymer films after immersion in KI solutions showed that 1* does not bind to the 

polymer surface. Thus the signal of Figure 7.5 shows that the iodinated streptavidin 
is present on the surface of the polymer. 
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Figure 7.4: RAIRS spectra of unreacted poly(PFP) (black) and polv(PFP) after reaction with I jum 

pentylarninc biotin and DMSO solution (red). Poly(PFP) was produced from solution containing 20 

mM PFP. 0.1 M TEAP and McCN at a scan rate of 20 mVs-' and with electrode area of I cm2. Note 

the presence of the amide bands at 1540 and 1690 cm-1. Also visible is a peak at 1700 cul-1. N%-Ilicll 

corresponds to N-CO-N group incorporated within a5 ring system. in addition C-H stretches are 

visible at 3000 cm-1. 

To confirm that the immobilisation was a consequence of the specific interaction of 
streptavidin with the biotinylated polymer, the blot, n-streptavld In modified films 

were immersed in biotin solution. By doing so the solution based biotin was able to 
interact with the docking sites of streptavidin and slowly, through the nature of 
equilibrium processes, displace the bound streptavidin molecules from the polymer 

surface. This removal was apparent from analysis of the XPS data (Figure 7.5) as 
there was a reduction of iodine signal after immersion in biotin reduces. From XpS 

measurements it was noted that the reduction varied from 100% in some samples to 

and approximately 50 % in other samples. 

165 



800 

600 

400 

u 
200 

0 

-200 
170 

8000 - 

6000 

4000 

C 

u 
2000 

0 

168 166 164 162 160 158 156 

Binding Energy / eV 

-2000 1 -- -1 
298 296 294 292 290 288 286 284 282 280 278 

Binding Energy / eV 

Fiý,, ure 7.5: S (2p) XPS spectra (TOA 90 degrees) of poly(PFP) after reaction with pcntylamine biolin 

and DMSO for 15 minutes and C (is) XPS spectra of poly(PFP) before (black) and after (red) reaction 

with pentylamine/ DMSO. Poly(PFP) was produced from solution containing 20 IIIM PFP, 0.1 M 

TEAP and McCN at a scan rate of 20 mVs-1 and with electrode area of I CM2. 
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Figure 7.5: 1 (3d) XPS spectra (TOA 90 degrees) of pentylamine modified polyffl? ) after reaction 

Avith 0.1 ing/nil Iodine labelled Sircptavidin and buffer solution (red) and subsequent reaction Nvith 

biotin solution (black). Poly(PFP) was produced from solution containing 20 mM PFP, 0.1 M TEAP 

and MeCN at a scan rate of 20 mVs-' and with electrode area of I CM2 this was then reacted with 

pentylaminc and DMSO solution. 

7.2.1.3 Reaction of Biotin Modified Polymer with Streptavidin Conjugates 

The next stage of the development was to immobilise a streptavidin-enzyme 

conjugate on the biotin based polymers. For these experiments, it was decided to use 

streptavidin conjugated to hydrogen peroxidase (StURP) and alkaline phosphatase 

(StAP) as both were commercially available (Figure 7,6). 

The enzyme- streptavidi n conjugates were also iodinated to allow easy detection 

using XPS. Figure 7.7 shows the XPS spectrum obtained after measurements were 

performed on the samples that were reacted with the streptavidin containing species. 
Iodine is present on the samples analysed, suggesting that immobillsation has 

occurred. 
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Figure 7.6: Schematic diagram illustmting the immobilisation of biolin on pyrrole polyincr and Ilic 

subsequent intemction with streptavidin-enzymc coqjugate biomolccules. 

To evaluate the extent of non-specific adsorption arising from the HRP (hydrogen 

peroxidase) or AP (alkaline phosphatase) moiety, competitive binding experiments 

using brominated HRP or AP were performed. For example, Figure 7.8 (a) shows the 

Br (3d) signal arising from the non-specific adsorption of brominated HRP on a 

biotinylated polymer film. When a similar film is immersed in a 50: 50 solution of 
lodo-streptavidin HRP and Br-HRP the size of the Br signal is reduced by 90%. 

The lack of Br (3d) signal and the presence of I (3d) signal, both detected using XPS 

analysis, again showed that there was successful immobillsation of streptavidin-HRP 

conjugate. The biotin-streptavidin complex strategy, therefore, provides the basis of a 

useful system for the immobilisation of an enzyme at the biotin-modified poly(PFP) 
interface. 

The control of nucleophilic reaction of the poly(PFP) film with pentylamine biotin 

proved difficult using the electrochemical method described, so it was decided to use 
an alternative approach for the immobilisation of biotin using a cystamine modified 

polymer, which can lead to the possibility of controlling the immobilisation of the 

streptavidin conjugated enzymes. This strategy is outlined in the following section. 
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Figure 7.7: 1 (3d) XPS spectra (TOA 90 degrees) of pentylamine modified poly(PFP) after reaction 

with 0.1 mg/mI Iodine labelled Streptavidin-HRP and buffer solution. Poly(PFP) was produced from 

solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate of 20 mVs-' and Nvith 

electrode area of I CM2 this was then reacted with pentylamine and DMSO solution. 

7.2.2 Reaction of Cystarnine Modified Poly(PFP) with Biotin 

Derivative Followed by Immobilisation of Streptavidin and 
Streptavidin Conjugates 

This technique involves the reaction of cystamine-modified poly(PFP) with an 
iodoacetyl biotin derivative and streptavidin respectively. As previously described, 

(Chapter 5) the reaction of the ester of poly(PFP) and cystamine produces a polymer, 

which has thiol groups available for nucleophilic reaction with another species. In the 

context of this study, the reaction investigated is with PEO-lodoacetyl Biotin. PEO- 

lodoacetyl Biotin, is a long chain, water-soluble compound that possesses a 

polyethylene glycol spacer arm. The PEO spacer arm imparts high water solubility to 

the reagent. The iodoacetyl functional group of the species reacts with free SH 
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groups at pH 7.5-8-5. The reaction occurs by nucleophilic substitution of iodine with 

a thiol group, resulting in a stable thioether bond. The reaction of PEO-Iodoacetyl 

Biotin with -SH groups present is rapid (if the reaction is carried out at a pH between 

7.5-&5). 
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Figure 7.8: Br (3d) XPS spectra of poly(PFP) (black) and Ixtuylainine biotin modified polN-(PFP) 

(red) after reaction with 0.1 ing/ml bromine labelled HRP for I hour. Pol), (PFP) was produced from 

solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate of 20 MVS-' and with 

electrode area of 1 CM2 , To produce the modified film poly(PFP) was reacted with pentylamine and 
DMSO solution. 

An important advantage of using this system for the immobilisation of streptavidin- 

enzyme conjugate is that cystamine reaction with poly(PFP) can be 

electrochemically controlled (see Chapter 5, Section 5.2.3). This can allow the 

possibility of the patterning of different enzymes on electrodes of the same device. 
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7.2.2.1 Reaction of Cystamine Modified Poly(PFP) Film with I-PEO-acetylbiotin 

Cystamine modified polymers were prepared as discussed earlier in Chapter 5. The 

next stage of the formation of the polymeric multicomponent polymer is the 

immobilisation of biotin containing species. An indication of the subsequent 

immobilisation of I-PEO acetyl biotin is the change in the 0 (Is) spectrum of Figure 

7.10. Comparison of these spectra show that after reaction, not only is there a small 

increase in the total amount of oxygen present, but that two distinct oxygen 

environments are present in the reacted film. This increase in oxygen was quantified 

by the stoichiometry of the surface C-N-O: S changing from 9-2: 1-1 to 27-6-6-2 (as 

would be expected for biotinylation). Furthermore, the 0 (Is) peak at approximately 

531 eV is indicative of ether type oxygen groups in the PEO spacerarm. 
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Figure 7.10: 0 (Is) XPS spectra (TOA 90 degrees) of cystamine modified poly(PFP) film before 
(red) and after reaction (black) with I PEO Biotin/ buffer solution. Pol%'(PFP) %Nas produced from 

solution containing 20 mM PFP, 0.1 M TEAP and McCN at a scan rate of 20 mVs" and with 
electrode area of I CM2 -This was then reacted with I MM cystamine and DMSO solution to produce 
the cystamme modified poly(PFP) film. 
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7.2.2.2 Reaction of Modified Film with Streptavidin Conjugates 

The attachment of this streptavidin functionality allows reaction of the available 

biotin with streptavidin and streptavidin-enzyme conjugates. Using the same labelled 

streptavidin molecules as those used in the previous section, experiments were 

performed to investigate the immobilisation of streptavidin on the cystamine-biotin 

modified films. The presence of I (3d) in the spectra seen in Figure 7.11, show that 

the immobilisation of reactive species with streptavidin present was successful. 

Again, in competitive adsorption experiments in which brominated enzymes were 

not conjugated to streptavidin were used there was no Br (3d) signal (Figure 7.12) 

detected using XPS and, therefore, unsuccessful immobilisation. This demonstrated 

that HRP immobilisation is via the streptavidin moiety. 
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Figure 7.11: 1 (3d) XPS spectra of cystamine modified poly(PFP) aller reaction with aqueous I-PEO 
Biotin (black) and then subsequent reaction with iodinatcd streptavidin HRP (red). Pol%-(PFP) was 
produced from solution containing 20 mM PFP, 0.1 M TEAP and McCN at a scan rate of 20 mVs' 
and with electrode area of I CM2 Xhis was then reacted with I m-M cystamine and DMSO solution to 
produce the cystamine modified poly(PFP) film, 
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Comparisons were also made of the two different immobilisation strategies that lead 

to the formation of biotin-streptavidin complexes. Both the biotin-modified polymer 

and cystamine-biotin modified polymers were reacted with 0.1 ml" iodinated 

streptavidin for one hour. The results obtained from these investigations suggested 
that there was an increase in the amount of streptavidin immobilised on the 

cystamine-modified polymer as there was an increase in iodine content seen after 
YPS analysis (Figure 7.13). The cause for this increase may have been due to the 

spatial arrangement of the biotin as a consequence of the PEO spacer arm present 

within the cystamine-biotin modified polymer compared to the more densely packed 
biotin of the biotin modified polymer. 
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Figure 7.12: Br (3d) XPS spectra of cystamine modified poly(PFP) after reaction uith bromimited 
BRP. Poly(PFP) was produced from solution containing 20 mm PFP, 0.1 M TEAP and McCN at a 
scan rate of 20 niVs-1 and with electrode area of I cmý. This was then reacted with I MM cystamine 
and DMSO solution to produce the cystamine modified poly(PFP) film. 
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7.2.3 Reaction Control of Poly(PFP) with Cystamine Prior to Biotin- 

Streptavidin Modification 

The method of forming a cystamine-biotin-streptavidin template and utilising the 

possibility of inhibition of immobilisation of cystamine provides the basis for the 

selective patterning of streptavidin-enzyme conjugates on different electrodes of the 

same device, Initial investigations were undertaken to ascertain if the 

functional isation of the PFP polymer using Iodo-PEO acetylbiotin could be 

controlled by the presence of cystamine on the surface of the polymer film. To this 

end, it was important to determine that the presence of thiol groups on the polymer 
film was necessary for the nucleophilic reaction with Iodo-PEO acetylbiotin (as 
described in section 7.2.2.1). In addition, it was important to ensure that 
immobilisation of streptavidin does not occur when the biotin derivative was not 
present on the surface of the polymer film. 

XPS examination of the S (2p), 0 (Is) and I (3d) regions was used to probe whether 
iodo acetyl activated biotin either non specifically adsorbed or reacted with a 
poly(PFP) film that had been previously oxidised. The absence of S (2p) and I (3d) 

signal (Figure 7.14 and 7.15). Furthermore, Figure 7.16 shows the 0 (Is) spectra of 
doped poly(PFP) after reaction with cystamine and Iodo-PEO acetylbiotin and 
indicates that there was no significant increase in oxygen content after this reaction 
indicating there was an absence of the biotin derivative on the polymer surface. 
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Figure 7.13: 1 (3d) XPS spectra of poly(PFP) (black). biotin modified poly(PFP) (blue) and 

cystaminc-biotin modified poly(PFP) (red) after reaction with iodinated streptavidin HRP. Poly(131713) 

was produced from solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate of 20 

mVs-' and with electrode area of 1 CM2 . 
The poly(PFP) was then reacted with I rnM cystamine and 

DMSO solution followed by reaction with aqueous I-PEO Biotin solution to produce the cystamine- 

biotin modified polv(PFP) film. To produce the biotin modified film. polv(PFP) was reacted with 

pentylamine and DMSO solution. 

Further investigations show that there was adsorption of iodinated streptavidin on 

poly(PFP) as there was an appearance of a significant doublet seen between 615 and 

630 eV. It was found that non-specific adsorption of streptavidin on poly(PFP) 

decreased significantly as the immersion time was reduced as seen in Figure 7.17. 

However, when the reaction time of streptavidin with a cystamine/biotin-modified 

polymer was reduced from I hour to 0.5 hours the amount of streptavidin 
immobilisation was not significantly affected. Thus if a protocol for sequential 

immobilisation is to be developed, the kinetics of the non-specific and specific 
immobilisation should be studied further. 
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Figure 7.14: S (2p) XPS spectra of polv(PFP) after reaction with lodo-PEO acetylbiotin/ buffer 

solution for 15 minutes. Poly(PFP) was produced from solution containing 20 mM PFP, 0.1 M TEAP 

and MeCN at a scan rate of 20 mVs-' and with electrode area of I cm2. 

7.2 4 Selective Patterning of Biotin-Streptavidin Modified 

Poly(PFP) 

To investigate the applicability of this method for the selective patterning of 

streptavidin-enzyme conjugates on a device, poly(PFP) was electrodeposited onto the 

electrodes of a two-electrode device. As before the thickness of the poly(PFP) was 

controlled to prevent bridging of polymer between the two electrodes. 

Following is an explanation of each individual step for the preparation of the device, 

which is used to demonstrate the selective patterning of streptavidin-enzyme 

conjugate. In each section the XPS images, which were obtained during the 

experiment will be shown. After each stage of the experiment the device was washed 

with the suitable solution, dried and prepared for analysis using the XPS Imaging 

facility. The main regions of interest were S (2p) and I (3d). 
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Figure 7.15: 1 (3d) XPS spectra of polv(PFP) after reaction with Iodo-PEO acetylbiotin/ buffer 

solution for 15 minutes. PoIN, (PFP) was produced from solution containing 20 mM PFP, 0.1 M TEAP 

and MeCN at a scan rate of 20 mVs-' and with electrode area of I cm2. 
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Figure 7.16: 0 (Is) XPS spectra of unreacted poly(PFP) (red) and doped poly(PFP) after reaction 

with cystamine solution followed by immersion in lodo-PEO acetyl biotin solution (black). Poly(PFP) 

was produced from solution containing 20 mM PFP. 0.1 M TEAP and MeCN at scan rate of 20 mVs-' 

and Mth electrode arm of I CM2. 
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A cystamine modified device was immersed in a 10 mM Iodo-PEO acetylbiotin and 

pH 8 phosphate buffer solution for I hour. The immobilisation of cystamine on one 

electrode provides the necessary thiol groups needed to react with the PEO- 

iodoacetyl biotin. The device was then immersed in lodo-streptavidin-HRP and pH 

7.4 phosphate buffer solution for 0.5 hours. The iodine signal is now apparent due to 

the successful immobilisation of the conjugated enzyme on the modified film. 

To establish whether immobilisation of a bromine labelled streptavidin-enzyme 

conjugate would be possible, the whole device was again immersed in the ImM 

cystamine and DMSO solution for 15 minutes, followed by an hour reaction with 10 

mM I-PEO acetyl biotin solution. Unfortunately, non-specific binding was apparent 
in these initial studies as the bromine signal was seen on both electrodes. 
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Figure 7.17: 1 (3d) spectra of cystamine modified polv(PFP) after reaction with lodo-PEO 

acetylbiotin and buffer solution then 0.1 mg/ml lodo streplavidin for I hour (black). polN, (PFP) film 

afler reaction with lodo streptavidin for I hour (green) and after 0.5 hours (blue) and cystainine 
modified poINI(PFP) after reaction with lodo-PEO acetylbiotin for 15 minutes (red). Poly(PFP) N%as 
produced from solution containing 20 mM PFP, 0.1 M TE AP and MeCN at a scan rate Of 20 mVs- 
and with electrode area of I cm:. This was then reacted with I mM cystamine and DMSO solution to 
produce the cystamine modified poly(PFP) film. 

178 

635 630 625 620 515 610 
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Figure 7.18: (a) Schematic diagram of the structure of the device used in these selective patterning 

studies. Electrode one and electrode two are poly(HP) modified and further modification is carried 

out on electrode 1. Results demonstrated on figures 7.18 (b). 7.19 and 7.20 are of subsequent reactions 

on the same device. (b) XPS Imaging of S (2p) region of two digit poly(PFP) modified device after 

reaction with I niM cystamine and DMSO solution. Poly(PFP) was produced from solution containing 

20 mM PFP. 0.1 M TEAP and MeCN at a scan rate of 20 mVs-' and electrode two was doped before 

inunersing into the cystamine solution. It is apparent that the electrode one has cystainine present due 

to the strong signal in the sulphur region. The signal that can bee seen in the middle of the device is 

due to the underlying glass. 
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Figure 7.19: S (2p) XPS spectrum (TOA 90') of poIN, (PFP) modified electrode one after reaction Nvitli 

I niNA cý maniineand DMSO solution 
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Figure 7.20: XPS Imaging of I (3d) region of two digit electrode device after reaction with aqueous I- 

PEO acetylbiotin and then subsequent reaction Aith iodinated streplavidin HRP. Poly(PFP) was 

produced fTorn solution containing 20 mM PFP. 0.1 M TEAP and McCN at a scan rate of 20 mVs-' 

and one electrode was reacted with I mM cystan-tinc and DMSO solution. It is apparent that the 

electrode one (see Figure 7.18) has been inodified due to the strong signal in the iodine region. 'nic 

signal that can bee seen in the middle of the device is due to the underlying glass. 
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7.3 Summaty 

Poly(PFP) films were modified using two different methods that leads to the 

inii-nobilisation of enzymes (HRP and AP) on the film by utilising the biotin- 

streptavidin interaction. The method of labelling the proteins with unique XPS labels, 

which have a high sensitivity, has shown to be of value in evaluating whether 

successful immobilisation on the polymer interface has occurred. 

The first method involved reacting the activated ester present within poly(PFP) with 

anime terminated biotin species and then reacting with streptavidin conjugates. The 

binding of the streptavidin conjugates on the biotinylated polymers was then probed 

using XPS. These studies have indicated that when using conjugated enzymes the 

entire bound enzyme is present through the streptavidin interaction with the 

substrate. When non-conjugated enzymes were used there was visible XPS signal 

detected, thus suggesting that non specific adsorption does not occur. 

The second method involves reacting the cystamine modified poly(PFP) film with a 
biotin species then streptavidin-enzyme conjugate. This technique appeared to lead to 

a greater amount of enzyme immobilised on the surface compared with the previous 

method. This technique also provides the opportunity to selectively pattern enzymes 

on electrodes however initial experiments were unsuccessful as non-specific binding 

occurred on the electrodes. 
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Chapter 8 

Non-specific Binding of Modified 

Poly(PFP) Films 

8.0 Introduction 

Non-specific binding (NSB) is the undesirable immobilisation/ adsorption of 

biomolecules on the surface of the polymer-modified electrode. In the context of this 

study, this may include an unwanted side reactions with the activated ester of the 

poly(PFP) film or, alternatively, adsorption onto the polymer surface. By changing 

the functional groups present within the polymer backbone the degree of unwanted 

adsorption of biomolecules onto the polymer interface may alter. 

investigations exploring polyethylene glycol (PEG) as a fouling-resistant material 

have been performed by others". Investigations have found that bacteria and 

biomaterial do not adsorb well to surfaces composed of PEG-modified polymers. 7.9 

The basis of the results described in this chapter has led to the formation of a 

technique to prevent non-specific binding onto polymer based interfaces. This 

involves modifying the polymer with polypropylene glycol (PPG) and determining 

whether NSB can be prevented on the modified polymer. 

Covalent attachment of PPG to poly(PFP) involved reaction of the terminal group of 

a PPG derivative to the surface of the polymer. Again the aminolysis reaction was 

utilised and involved a poly(PFP) film reacting with amine terminated PPG species. 

As part of this investigation, PPG of varying molecular weights were used to 

determine whether a change in molecular weight has an affect on the degree of NSB. 
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Section 8.2.1 describes the reaction of poly(PFP) with PPG derivatives, and is 

followed by results achieved from NSB investigations using the modified polymer. 

These investigations compare the NSB at three types of polymer interface: 

poly(PFP), hydrolysed poly(PFP) and PPG modified poly(PFP). The XPS facility 

was used as a suitable method to detect the presence of these labelled biomolecules 

on the polymer-solution interface. In these studies fluorescence is not a suitable form 

of detection as the polymer film have background fluorescence and the gold substrate 

causes high reflectivity. 

8.1 Materials 
, nIvents: DMSO and MeCN were obtained from Aldrich. I 

TEAP was prepared as described in Chapter 2. 

Bis-(2-aminopropyl) propylene glycol (PPG) with formula weight of 130 gmol" 
(PPG-130), PPG with formula weight of 800 gmol" (PPG-800) and PPG with 
formula weight of 1900 gmol-1 (PPG-1900) were obtained from Pierce. 

Labelled Biomolecules prepared as described in Chapter 7. 

8.2 Results and Discussion 

8.2.1 Immobilisation of PPG on Poly(PFP) Film 

The reaction of the amine terminated PPG chains with the activated ester again 
involves the nucleophilic substitution of the pentafluorophenyl leaving group 
producing amide bonds. The poly(PFP) film was reacted with the three different 
formula weights; PPG-130, PPG-800 and PPG-1900, all in DMSO. 

PPG has a high oxygen and CH2 group content, therefore, detection was made 
possible by using XPS C (Is) and 0 (Is) spectra. As seen in Figure 8.1 a change in 
oxygen signal was apparent corresponding to the modification of the poly(PFP) with 

184 



PPG. There were two oxygen species present within a PPG modified poly(PFP) film. 

The first comes from the oxygen of the carbonyl present within the amide group and 

the second from the ether linkages of the PPG itself 

In addition, there was an increase in C-H peak in C (Is) spectra due to increased 

presence of C-0 from the attached PPG chain (Figure 8.2). 

Again the formation of the amide band during immobilisation was detected using 

FTIR (Figure 8.3), where the presence of amide I and 11 bands are seen at 1540 and 

1680 cm-1. 
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Figure 8.1: 0 (Is) XPS spectm (TOA 90 degrees) of poly(PFP) films before (red) and aller reaction 
%vith I mM PPG-800 and DMSO solution (black). Poly(PFP) was produced from solution containing 
20 mM PFP. 0.1 M TEAP and McCN at a scan rate of 20 mVs-' and with electrode arca of I cm:. 
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8.2.2 Non-specific Binding Studies 

PPG chains tethered on a surface exhibit the ability to sterically exclude 

macromolecules and particles (steric stabilisation). These characteristics are 

particularly useful for preventing the adsorption of proteins. ' 
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Figure 8.2: C (is) XPS spectra (TOA 90 degrees) of poly(PFP) films (black) afier reaction with PPG- 

800 and DMSO solution (red). Poly(PFP) was produced from solution containing 20 mM PFP, 0.1 M 

TEAP and MeCN at a scan rate of 20 mVs-' and with electrode area of I cm2. 

To determine the degree of NSB that occurs on poly(PFP) films, the unreacted 

polymer coated electrodes were immersed in various solutions containing iodine 

labelled biomolecules and were subsequently analysed using XPS to detect the 

presence of iodine doublet. To illustrate NSB the unreacted poly(PFP) films were 
immersed in Iodo- HRP, lodo-BSA, lodo-cytochrome c and lodo-streptavidin 

solutions. Figures 8.4,8.5 and 8.6 illustrate XIPS spectra of polymers after incubation 

with these biomolecules and show iodine signals were visible due to the adsorption 
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of these biomolecules on the polymer-solution interface of the poly(PFP) films. It 

was observed that changing incubation conditions could affect the degree of NSB of 

the biomaterial on the polymer surface. For example, an increase in time the polymer 

was immersed in the solution can cause an increase in signal detected, therefore, it 

was important to keep the incubation time constant for each experiment. In addition, 

an increase in the concentration of biomolecule within the buffer solution can 

increase the amount of biomolecule, which adsorbs on the polymer surface thus 

solution concentrations were kept constant for the different experiments performed. 
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Figure 8.3: FRR spectra of unreacted poly(PFP) film (black) and homopolymer film after reaction 

with aminc terminated PPG-800 and DMSO solution (red). Poly(PFP) was produced from solution 

containing 20 mM PFP, 0.1 M TEAP and McCN at a scan rate of 20 mVs-' and with electrode area of 
cm . 

To establish whether the prevention or decrease in adsorption would occur by simply 
using hydrolysed poly(PFP) films, similar experiments were performed. Immersing 

the films in a semi-aqueous sodium hydroxide solution produced these hydrolysed 

polymers. Hydrolysis was confirmed by detecting the COO- stretch at 1580 crn" 
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using RAIRS. The samples were then immersed in the lodo-HRP, lodo-BSA, Iodo- 

cytochrome c and lodo-streptavidin solutions and were analysed using XPS (Figures 

8.4,8.5 and 8.6). 
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Figure 8.4: 1 (3d) XPS spectra of polv(PFP) (black line), hydrolysed poIN, (PFP) bN reacting with 

semi-aqueous NaOH solution (red line) and PPG-800 modified polv(PFP) (green line) after reaction 
for I hour with 0.1 mg/ml lodo-HRP and buffer solution. Poly(PFP) was produced from solution 

containing 20 mM PFR 0.1 M TEAP and McCN at a scan rate of 20 mVs-' and with electrode area of 
I cm2. PPG-900 modified polv(PFP) was produced by reacting the polymer with I mM PPG-800 and 
DMSO solution. 

It was observed whilst comparing )CPS spectra obtained after reaction of hydrolysed 

poly(PFP) film and poly(PFP) film that there was a change in the amount of material 

absorbed on the surface. The hydrolysis of the PFP group changes the chemical 

structure of the polymeric matrix and may, consequently, affect the interaction with 
biomolecules. It can be seen that there was a decrease in iodine signal when the 
hydrolysed films were used, therefore, suggesting a decrease in adsorption. 
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Figure 8.5: 1 (3d) XPS spectra of poly(PFP) (black line), hydrolysed poly(PFP) (red line) and PPG- 
goo modified poly(PFP) (green line) after reaction for I hour in (A) 0.8 mg/ml lodo-BSA and buffcr 
solution and (B) 0.1 mg/n-d lodo-cytochrome c and buffer solution. PPG-800 modified poly(PFP) NN as 
produced b, 

*v 
reacting the polymer with I mM PPG-800 and DMSO solution. Note the presence of the 

additional peak (*) as indicated in (B), this is due to the presence of F species occasionall) formed 
after extended x-ray exposure. 
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Figure 8.6: 1 (3d) XPS spectra of poly(PFP) (black line), hydrolysed poly(PFP) (red line) and PPCj- 

800 modified poly(PFP) (green line) after reaction for I hour with 0.1 mg/ml lodo-streptavidin and 

buffer solution. Poly(PFP) was produced from solution containing 20 mM PFP, 0,1 M TEAP and 
MeCN at a scan rate of 20 mVs-' and with electrode area of I CM2. PPG-800 modified poly(PFP) was 

produced by reacting the polymer with I mM PPG-900 and DMSO solution. 

To investigate whether adsorption can be further reduced poly(PFP) films were 

modified with medium-chain PPG for the initial studies. For comparison, both the 

poly(PFP) and the PPG modified films were immersed in a buffer solution 

containing brominated cytochrome c. From Figure 8.7 a decrease in Br (3d) signal 

can be observed for the PPG modified poly(PFP) film. This suggests that the 

attachment of this group onto the polymer backbone directly Influence the ability of 

species to absorb onto the surface. Further data was collected for these PPG modified 
film after reaction with lodo-HRP, lodo-BSA, lodo-cytochrome c and lodo- 

streptavidin solutions and can be seen in Figures 8.4,8.5 and 8.6. 
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Figure 8.7: Br (3d) XPS spectra of polv(PFP) (black line) and PPG-8(X) modified poIN-(PFP) (red line) 

after reaction with 0.1 ml-1 buffer solution of brominatcd cytochrome c. Poly(PFP) was produced from 

solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate of 20 mVs-' and with 

electrode area of I cm2. PPG-8(X) modified poly(PFP) was produced by reacting the polymer %vith I 

mM PPG-800 and DMSO solution. 

It was reported that the inhibition of protein adsorption was achieved on modified 
1.6 

surfaces depending on the PPG molecular weight or chain density 
, therefore, 

experiments were carried out to establish whether the prevention of NSB could be 

optimised by changing the molecular weight of the PPG polymers used. The three 

examples of PPG modified films were, therefore, immersed into buffer solutions 

containing the labelled biomolecules. It was established that increasing the PPG 

chain length would decrease the amount of NSB that would occur. Figure 8.8 shows 

the I (3d) spectra after the PPG modified polymers were reacted with iodinated 

species for I hour. There is a decrease in iodine signal as the molecular weight of the 
PPG polymer increases. There was approximately 75 % more Iodine signal present in 
the spectra of the short-PPG polymer than that of the medium-PPG polymer. There is 

no iodine signal present when the long PPG chain is used. 
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Figure 8.8: 1 (3d) XPS spectra of PPG-130 (red line). PPG-800 (black line) and PPG-1900 (green 

line)- modified poly(PFP) films after reaction with 0.1 ml-' lodo-sti-cptavidin and buffer solution. 

Poly(PFP) was produced from solution containing 20 mM PFP, 0.1 M TEAP and MeCN at a scan rate 

of 20 niVs-1 and with electrode area of I CM2 . 
Each PPG modified poly(PFP) was produced by 

reacting the polymerwith the appropriate I mM PPG and DMSO solution. 

8.3 Summary 

It was possible to modify poly(PFP) with amine terminated PPG species and 

consequently amide bond detection was possible using RAIRS. The results of 

adsorption experiments on polymer films modified with different chain lengths of 
PPG molecules have shown that the PPG of molecular weight of 1900 are required to 

reduce non specific binding to negligible level. 

It was noted that by hydrolysing the poly(PFP) film, non specific binding reduces 

significantly. Changing the chemical structure of the polymer backbone can change 
the degree of interaction with biomolecules. 
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Chapter 9 

Conclusion and Further Work 

9.1 Conclusion 
The main objective of the research described in this thesis is to develop a generic 

system, which enables the systematic modification of conducting polymers, such that 

they can be used in analytical biotechnology. The development of a multi analytical 
device would be of advantage, which encouraged research into a method to control the 

reaction of the conducting polymer with reactive species. 

Initial results involve determining characteristics of the polymer to be used for the 

research. Electrochemical techniques were used to prepare poly(PFP) homopolymers 

and poly(Py/PFP) copolymers. 

Both XPS and RAIRS were used to analyse the polymer films before and after 

modifications were performed. XPS gives information on the interface of each reacted 

polymer, indicating any changes in polymer composition. RAIRS was mainly used to 

ensure the desired aminolysis reaction has occurred and also to establish if there was any 

unwanted side reactions (e. g. hydrolysis). 

In addition, it has been illustrated that spectral decomposition of C (Is) XPS signals 
from electrodeposited polymer interfaces can be used to determine the composition of 
various Py/PFP copolymer films. 

The initial reactions performed involve the homopolymer and copolymer films with 
ferrocene ethylamine and hexylamine. For the immobilisation. reaction to occur the 
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amine terminus of the reactive species reacts with the activated ester contained within 

the polymers. RAIRS was subsequently used to detect the resulting amide bonds, as 

amide bands at 1540 and 1680 cm71 are apparent in the spectra. By using Py/PFP 

copolymer films the amount of ferrocene immobilised within the film can be controlled. 
This was obvious from both XPS and electrochemical results. 

The reaction kinetics was also described and as ferrocene ethylamine has an XPS probe 

it was used for the experiments performed. It was important that the same growth 

parameters were used when preparing these polymers as any major variances can lead to 

a change in reaction rates, polymer microstructure and film thickness, therefore, it was 
important that the same growth conditions to produce polymer-modified electrodes were 

used. 

As ferrocene ethylamine was not suitable for EQCM experiments, hexylamine was used 
to monitor the immobilisation reaction using EQCM. These experiments show that when 
hexylamine reacts with poly(PFP) the frequency measurements increase as the leaving 
PFP group has a higher molecular weight than hexylamine. It was noted that there was a 
change in reaction rates for samples of poly(PFP) film grown using different 

electrochemical growth parameters. 

In addition the reaction of poly(PFP) with ferrocene ethylamine and hexylamine could 
be controlled by oxidatively doping the polymer. Moreover, the substitution reaction can 
still occur on a polymer that has previously been doped i. e. the inhibition is not 

permanent. This method of reactivity control could be useful for the patteming of 
various species on microfabricated arrays and reports the initial investigations of 
preparation of the polymer that could possibly be used as a matrix for the production of 
a multianalytical biosensor. 

Results to date do not establish a mechanism for the inhibition of these reactions, 
however mechanistic possibilities may include: changes in bond strength of the activated 
ester; conformation changes of the conducting polymer backbone. 
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The same control could be used for the reaction of cystamine and poly(PFP) and, 
furthermore, it was possible to use the cystamine modified polymer as a template for 

further modification. Initially, XPS measurements was used to determine an appropriate 

solvent, which allows an organic coupling reaction between poly(PFP) and solution 

species (cystamine) to proceed. The cystamine-modified polymer was then used as a 

template for metal ion chelation. A combination of XPS and QCM measurements has 

enabled to show that the binding of a "soft" metal species, Pt, from aqueous solution to 

thiol groups within the polymer is possible. The resulting complex retains chloride 
ligands, which allow further nucleophilic substitution with a variety of species. This was 
investigated using species, which have an easily detectable XPS probe, and results show 

substitution of the chloride with amine and thiol terminated species is possible. 

The cystamine-modified film was also reacted with I-PEO-acetylbiotin and then with 

streptavidin-enzyme conjugate. This was possible as the nucleophilic substitution of the 
iodo group with thiol group, present in the polymer, occurred. This technique also 

provides the opportunity to selectively pattern enzymes on electrodes however initial 

experiments were unsuccessful as non specific binding occurred on the electrodes. The 

method of labelling the proteins with unique NPS labels, which have a high sensitivity, 
has shown to be of value in evaluating whether successful immobilisation on the 
polymer interface has occurred. 

Labelled proteins were also used in experiments that involved the reaction of activated 
ester present within poly(PFP) with amine terminated biotin species and then, 
subsequent reaction with streptavidin-enzyme conjugates. The binding of the 
streptavidin conjugates on the biotinylated polymers was then probed using XPS. These 

studies have indicated that when using conjugated enzymes the entire bound enzyme is 

present through the streptavidin interaction with the substrate. When non-conjugated 
enzymes were used there was visible XPS signal detected thus suggesting that non 
specific adsorption does not occur. 
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Furthermore, whilst investigating a technique to reduce non specific binding poly(PFP) 

was modified with amine, terminated PPG species. The results of adsorption experiments 

on polymer films modified with different chain lengths of PPG molecules have shown 

that the PPG of molecular weight of 1900 are required to reduce non specific binding to 

negligible level. 

It was noted that by hydrolysing the poly(PFP) film, non specific binding reduces 

significantly. Changing the chemical structure of the polymer backbone can change the 

degree of interaction with biomolecules. 

9.2 Further Work 

The basis of this research was to develop a polymer system that could be used in the 

development of a biosensor. Some of the techniques used to modify the poly(PFP) film 

have been developed further by members of the Bioelectronics Department in Glasgow. 

For example, poly(PFP) was deposited on an interdigitated electrode array and 

subsequently modified with biotin and then streptavidin-BRP conjugate. Consequently it 

was possible to detect hydrogen peroxide using ferrocene as a redox mediator for the 
IIRP catalysed reaction. To date research is being performed to develop some of the 

modification techniques used in this research to produce a multi analytical device. 
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