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Abstract 
 

Novel DNA-based conductive polymer nanowires formed from thienyl-pyrrole 

derivatives have been synthesized and characterised by high-resolution ES-MS, 
1H and 13C NMR spectroscopy. Bulk DNA-templating of these materials is 

demonstrated by FTIR, while relative control over nanowire dimensions and 

deposition is shown by AFM.  

The electronic properties of these materials were investigated by Scanned 

Conductance Microscopy (SCM) and two-point I-V measurements. The resistance 

of the DNA/polymer nanowires, determined from variable temperature I-V 

measurements, was found to be in the range of 1012-1014Ω. Nanowire conductivity 

values were calculated to be in the range of 1.9x10-7-3.75x10-4 S cm-1 at 303K.  

FTIR data demonstrates the availability of the alkyne group in bulk DNA-

templated materials for subsequent nanowire functionalisation using ‘click’ 

chemistry. Efforts to couple 3-azido propanol and ssDNA probe DNA is also 

presented. 
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1.1 Introduction 

1.1.1 Label-Free Biosensors 

Current technologies for complex molecular diagnostics require large, multiple and 

expensive bench top devices, operated by highly-trained and high salaried 

scientists.1-3  Due to the limitations of these devices, vital results can take days and 

in some cases weeks, impacting on the spread of disease and accurate cost effective 

treatment. In order to allow medical clinicians to deliver tailored medicine at the 

point of care within minutes, the most sort after attributes for diagnostic 

devices/biosensors are high sensitivity, portability, low cost and a quick turnaround 

time.4, 5 

The basic mechanism of a biological sensor makes use of a highly selective and 

specific capture probe linked to a transduction pathway which produces a signal 

relative to the quantity measured (Figure 1.1).6-8 Transduction mechanisms can be 

broadly classified as electrochemical, optical, mass or thermal.  

 

Figure 1.1. An illustration of the basic mechanism of a biological sensor 
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Sensors can be roughly grouped into two major categories: those that identify 

molecules spectroscopically9, 10 or those that use a direct or indirect means of 

sensing a specific molecule.8, 11, 12 The detection of small molecules is readily 

achieved with the first category, many of which are now being scaled down in 

efforts to meet many of the desired attributes listed earlier. This has resulted in in 

development of a number of new spectroscopic approaches such as miniaturized 

Fourier transform infrared spectrometers.10 However, many of these techniques face 

lower limits of size due to scaling limitations and lower limits on power dissipation 

because of fundamental physical phenomenon by which they operate.13 

Furthermore, they are incapable of sensing large molecular species such as proteins 

and viruses.5, 7, 14  

In contrast, the macromolecular sensing required for biological research and clinical 

applications is predominately achieved by specific molecule detection methods 

because these molecules are often too complex for spectroscopic recognition.3, 5, 13-15 

Many existing specific molecule detection techniques require the capture probes or 

their target biomolecules to ‘labeled’, typically through the attachment of a 

fluorescent dye.16 Indirect detection methods of this nature, while useful, have a 

number of drawbacks. For example, attaching the dyes is not a trivial exercise and 

detection of fluorescence often requires expensive lab-based equipment.15  

Label-free detection of molecular interactions presents an attractive alternative to 

traditional techniques such as fluorescence, largely through a desire to avoid the 

necessity of molecular labels, especially where labels can compromise the nature of 

the interaction under investigation.17-21  

Electrochemical detection methods offer an ideal route to providing real-time 

monitoring of interactions between an immobilized ligand (such as a receptor) to an 

analyte in solution without the need for complex preparation.22, 23 Electrochemical 

sensors are devices that extract information about a sample by measurement of an 

electrical parameter.24 Changes to the electronic structure of the chosen transduction 

element induced through the presence of charged species, such as DNA, result in 

altered electrical properties.20, 25 When measured, these permutations can provide a 

signal for the presence of a target analyte molecule and can be quantified as a 

change in current at a fixed applied potential (amperometry), a change in 

conductivity (conductometry), impedance (impedimetry) or potential 
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(potentiometry).22, 26, 27 While useful for small molecule and ion detection, few of 

the approaches presently employed are particularly sensitive, with detection limits 

are generally in parts per million.28, 29  

Surface Plasmon Resonance (SPR) overcomes the sensitivity barrier and currently 

serves as the standard for label-free sensing.30, 31 In this approach, an antibody of the 

protein is attached to a gold film (Figure 1.2). The angular reflection of the laser 

beam off the back-side of the gold is dependent on the local di-electric constant; 

binding the protein changes the dielectric constant and thus modulates the deflection 

of the laser beam. However, this technique has not met with success outside 

research environments due to its price, size and mechanical alignment issues.  

 

Figure 1.2. SPR imaging. A light source projects light onto a gold surface, on which a biomolecular 

interaction is occurring, and the reflected light is imaged onto a CCD detector. This process is 

performed over a period of time and a collection of images obtained. Reproduced from reference31 

As a result, a number of label-free detection strategies are presently under 

development. Cantilever sensors, which sense the binding of the desired molecule to 

a thin cantilever by measuring the deflection of the beam with a laser on piezo 

resistive elements;32 fiber optic sensors, which sense the binding if nanoparticles 

linker antibodies to a protein after binding to a fiber-optic strand;33 and waveguide 

sensors, which sense the presence of a specifically bound protein to an antibody film 

on a chip between two waveguides.34 While each of these technologies have shown 

promise, none meet the needs of sensitivity, versatility and power consumption 

required to take biosensing from the bench to the bedside. 

Due to these shortcomings, much research is focused around solid state conductance 

sensors, with a drive to increase sensitivity and versatility by reducing the 

dimensions of the devices in order to maximize the effect of surface charge on 

charge transport. Progress in the development of nanoscale materials is fundamental 

to this approach in order to achieve the level sensitivity required for quantitative 

analysis of samples containing a minimal amount of matter.35, 36 Consequently, one-
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dimensional (1-D) nanostructures, or nanowires (NW), have attracted great interest 

in biological sensing research.24, 25, 37, 38 When functionalized with appropriate 

‘capture probes’ and integrated into electronic devices, these materials can act as 

transducers for label-free electrical detection of chemical and biological species.27, 39 

Moreover, and perhaps the dominant driving force towards miniaturization, is that 

the high surface-to-volume ratio of these structures has been proposed to increase 

sensitivity due to the higher free energy or reduced conformational entropy of 

surface atoms.40, 41  

The most commonly supplied rationale is that as the cross sectional area of a device 

decreases, the ratio of surface to volume increases. the geometry of the NW restricts 

current flow to a much thinner region than in the bulk and thus the absorbed 

molecules impose a stronger influence on charge-carrier transport.42 The 

explanation usually proceeds as follows:43 

A cylindrical NW of diameter, d, with uniform doping density, ND, and length, L, 

has conductance, 𝐺!: 

𝐺! = 𝑞𝜇𝑁!𝜋𝑑!/4𝐿 

Where, q, is the elementary charge and µ, is charge carrier mobility (assumed to be 

uniformed). 

Introduction of surface charge density, σ, to approximate the charge due to 

molecular conjugation, the NW will be accumulated or depleted by an equal amount 

of charge,  Δ𝑄: 

Δ𝑄 = 𝜎𝜋𝑑𝐿 

Therefore, change in conductance, Δ𝐺, is given by: 

Δ𝐺 = 𝜋𝑑𝜇𝜎/𝐿 

Where, d, is the diameter of the nanowire. 

Therefore sensitivity, S, 

𝑆 =
Δ𝐺
𝐺!

=
4𝜎
𝑞𝑑𝑁!
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Sensitivity is inversely proportional to diameter, d, and doping density, ND. 

The one-dimensional geometries of these structures have also been shown to 

enhance response times by virtue of their two-dimensional mass transfer profile.44 

Furthermore, continued device miniaturization facilitates the construction of sensor 

arrays, enabling duplicate elements to reduce false positives/negatives and provide a 

fingerprint type response that increases sensitivity and selectivity. 

In a practical sense, the use of nanowires in sensing applications allows a single 

architecture to act as both the capture layer and transducer to directly convert 

chemical information into an electronic signal, as such these materials can act as 

transducers for label-free electrical detection of chemical and biological species as 

illustrated in Scheme 1.1.27, 39  

 

Scheme 1.1. When functionalized with appropriate ‘capture probes’ (left), nanowires can act as 

transducers for label-free electrical detection of chemical and biological species (right). Reproduced 

from reference45 

In light of the benefits afforded by one-dimensional (1-D) nanostructures, recent 

research has been devoted to the development of 1-D metallic and semiconductor 

based nanomaterials for sensor applications.46-48 The synthesis, assembly and device 

integration of these materials have progressed at an impressive rate typically using 

what is known as the ‘top down approach’, with silicon a well-established material 

of choice.  

At the same time, 1-D nanostructures of organic semi-conductors such as 

conducting polymers (CPs) have attracted growing interest due to the potential 

advantages of combining these materials with low dimensionality.49-52 CPs possess 

highly desirable characteristics such as an readily tunable conductivity, high 

mechanical flexibility and greater biocompatibility than many inorganic materials. 

As a special subclass of conducting polymers, conducting polymer nanostructures 

not only retain their unique properties but also have the characteristics of 
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nanomaterials e.g. large surface area, miniaturized dimensions, which further 

increases the merit of conducting polymers in designing and making novel sensors.  

1.1.2 Conducting Polymers  

Conducting polymers (CPs) are polymers that possess electrical and optical 

properties similar to those of metals and inorganic semiconductors.53, 54  

Significantly, these materials also possess the attractive properties associated with 

conventional polymers, such as ease of synthesis, functionalisation and flexibility in 

processing.  

The potential for organic materials to pass a current was demonstrated as early as 

the 1950s, when polycyclic aromatic compounds were shown to form charge-

transfer complex salts with halogens which exhibited resistivities as low as 8 ohms 

cm-1.55 Largely influenced by the prediction of superconductivity,56 research into 

organic polymer compounds intensified in the early 1960s, with multiple reports 

since of conductivity observed in oxidised polyacetylene (Figure 1.3).57-59  

 

Figure 1.3. The chemical structure of trans-polyacetylene 

Significantly, in 1977, Shirakawa et.al. made the observation of remarkably high 

electrical conductivity of halogen-treated polyacetyene.60 The group found that 

partial oxidation of acetylene with chlorine, bromine or iodine vapour produced a 

‘doped’ polymeric material 108 times more conductive than originally reported,61 

with conductivity levels similar to that of silver observed (105 S cm-1 compared to 

108 S cm-1 for silver). In the context of CPs ‘doping’ refers to the introduction of 

charge carriers by partial oxidation and this discovery transformed many insulating 

polymers into highly conductive materials, making such materials the focus of much 

research ever since. Table 1.1 lists the repeat units and conductivities for some 

commonly studied conducting polymers.62  
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Table 1.1. A list of the most commonly studied conducting polymers and their conductivities. 
Reproduced from reference62  

Although polyacetylene is one of the most studied polymers, limitations in its use 

due to instability in air and poor processability has led to particular emphasis being 

placed upon more stable aromatic compounds.54 In particular, pyrrole and 

thiophene-based materials have attracted significant interest as these compounds 

find an agreeable balance between stability, ease of functionalisation and high 

conductivity when polymerized (10-12-105 S cm-1).54, 63-70  

Polythiophene (Figure 1.4) is an aromatic-based polymer that has shown to exhibit 

high electrical conductivity (up to 103 S cm-1), good environmental stability and 

structural versatility.54 First discovered in 1882 by Victor Meyers,71 the polymeric 

form of thiophene has attracted considerable attention largely due to its especially 

wide range of unique electronic and optical applications.67, 68 

 

Figure 1.4. The chemical structure of thiophene (left) and the repeating unit of polythiophene (right) 
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Bolto et. al in 1963, were the first to report low levels of resistance in partially 

iodine oxidized polypyrrole (1 ohm cm-1, Figure 1.5), another heterocyclic 

material.72-74 Since then, research examining a range of preparation methods and 

dopants has been performed, with a varying levels of conductivity observed.75-81 For 

example, in 1981 Kanazawa et. al. reported conductivities up to 100 S cm-1,82 while 

conductivity of over 1000 S cm-1 has also been reported for 2-D films of 

polypyrrole.83 

 

Figure 1.5. The chemical structure of pyrrole (left) and the repeating unit of polypyrrole (right) 
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1.1.3 Synthesis of Polypyrrole 

The formation of polypyrrole is typically achieved via the one electron oxidation of 

the corresponding monomer unit to the radical cation using one of two approaches: 

(i) electrochemical or (ii) chemical oxidation. In each case, the resulting 

polymerisation has been shown to proceed predominantly through the α-positions 

(2- and 5-positions) of the heterocyclic ring (Figure 1.6) to form a conjugated 

polymer chain.84 

 

Figure 1.6. Polymerisation of pyrrole can proceed through the α-position forming a conjugated 

polymer. Where n represents the number of repeating units and M+ indicates the cationic nature of 

the material produced 

In the case of electrochemical polymerisation,85, 86 polymer formation is achieved by 

subjecting the monomer unit to an oxidizing voltage (+0.8 V) in an electrochemical 

cell. Chemical polymerisation requires the addition of a chemical oxidant, such as 

FeCl3.85 87 In both cases, a cationic polymer is formed with charge neutrality 

maintained by incorporation of the counter ion from the electrolyte solution or 

oxidizing agent respectively.  

The mechanism of polymer formation by either method is very similar and is 

illustrated in Scheme 1.2. The process is initiated via the one electron oxidation of 

the pyrrole monomer unit to a radical cation (i). The combination of two radical 

cation monomers through the formation of a carbon-carbon linkage at the 2- 

position of each pyrrole ring produces a 2,2’-bipyrrole dimer (after the loss of two 

protons, (ii)). The dimer has a lower oxidation potential so is preferentially oxidised; 

as such the polymer chain continues to grow through the re-oxidation of the 

bipyrrole and further addition of radical cation monomers (iii). Termination only 

occurs when no more monomer is present.  
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Scheme 1.2. The mechanism for the polymerisation of pyrrole. (i) the one electron oxidation of the 

respective monomer unit to a radical cation; (ii) the combination of two radical cation monomers to 

produce a 2,2’-bipyrrole dimer; (iii) the polymer chain continues to grow through the re-oxidation of 

the bipyrrole and further addition of radical cation monomers 

Many similar materials such as thiophene and poly(3,4-ethylenedioxythiophene) 

(PEDOT) are formed by an analogous mechanism. 
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1.1.4 Conduction Mechanism IN PRESS 

All the main conducting polymers (CPs) have conjugated π-systems. While 

conjugation is not enough to make the polymer material conductive it is however 

key to the formation of the principal charge carriers in conducting polymers. As 

discussed earlier, CPs are required to be doped in order to reach levels of high 

conductivity. Doping is the process of oxidizing (p-doping) or reducing (n-doping) a 

neutral polymer and providing a counter anion or cation (i.e. dopant). In 1984, 

Brédes et. al.88 researched the conduction mechanisms of polypyrrole and found 

conduction took the form of a p-type semiconductor.54 

The π-electrons in conjugated polymers such as polypyrrole are delocalized along 

the polymer chain making the system essentially electronically one dimensional and 

the elastic energy required to distort the polymer chain is small. As a result, the 

electrons are strongly coupled to vibrations of the polymer chain and the removal of 

electrons during oxidation (oxidative doping) has a significant effect on the 

electronic properties of the system. The resulting half-filled π system gives rise to 

symmetry distortion of the polymer chain (known as Peierls distortion) causing the 

formation of self-localized electronic states known as polarons and bipolarons 

which underpin the electrical conduction in CPs. 

A polaron (Figure 1.7) is essentially a free radical and a positive charge. The charge 

is typically localised over ~3-4 pyrrole units with charge neutrality maintained 

through incorporation of the counter ion (A-) from the electrolyte solution or 

oxidizing agent.  

 

Figure 1.7. A positively charged polaron in polypyrrole  

Removal of a second electron results in bipolaron formation (defined as a pair of 

like charges associated with a strong local lattice distortion (Figure 1.8)).  This is 

due to the localised nature of the polaron states. One bipolaron is 

thermodynamically more stable than two polarons.  
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Figure 1.8. Removal of a second electron leads to bipolaron formation in polypyrrole 

Stabilization of Peierls distortion and an increase in elastic energy from the 

polymer’s newly formed partially oxidised state results in the molecule adopting a 

new equilibrium geometry. This is brought about by an upward shift of the highest 

occupied molecular orbital (HOMO) and a downward shift of the lowest unoccupied 

molecular orbital (LUMO), creating an energy gap, known as the band gap (Eg, <3 

eV), thus making the system a semiconductor.  

Polaron and bipolaron formation introduces two localised electronic levels within 

the band gap. It is the location of polarons/bipolarons within the band gap which 

allows them to act as charge carriers. The polaron state of polypyrrole is 

symmetrically located at 0.5 eV from the band edges (Figure 1.9, b)), with 

bipolarons found at 0.75 eV (Figure 1.9, c)).  

 

Figure 1.9. Polarons and bipolarons produced upon oxidation are the principle charge carriers in 

conducting polymers. Neutral polymer, (a), polarons, (b), and bipolarons, (c), are symmetrically 

located within the band gap of polypyrrole  

In contrast to conventional semiconductors where the conduction mechanism is 

largely dependent on the size of the band gap and promotion of electrons into the 

conduction band, conductivity in conducting polymers, such as polypyrrole, is 

dependent on the number, density and mobility of polaron/bipolarons in the 

material. The attraction of electrons in one repeat-unit to the nuclei in neighboring 



Chapter 1 Introduction 

14 
 

units yields charge mobility along the conjugated chain (Scheme 1.3, a)), between 

chains (Scheme 1.3, b)) and between particles (Scheme 1.3, c)) which is often 

referred to as ‘electron hopping’. Polarons and bipolarons normally have low 

mobility largely due to Columbic attraction to the relative counter-ion and do not 

delocalize along a polymer chain completely. The introduction of a high 

concentration of counter-ions (‘doping’) is required so that the polaron/bipolarons 

can move freely between the localised sites in the electric field created. Bulk 

conductivity in the polymer material is limited by the need for electrons to jump 

from one chain to the next i.e. charge transfer. The rate of hops depends on the 

electric field, contacts between different domains in the material, temperature and 

the product of concentrations of neighbouring empty and filled sites. 

 

Scheme 1.3. Schematic of the conduction pathways in a conducting polymer a) intra-chain; b) 

interchain and c) inter-particle where the blues lines represent polymer chains and the red circles 

represent particles 
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1.1.5 Derivatisation of Pyrrole Compounds  

The organic nature of materials such as pyrrole offers the opportunity to tailor the 

electronic and optical properties in conjunction with functionality, using relatively 

straightforward molecular chemistry. As a result, conducting polymers continue to 

be the focus of much research for a variety of applications such as solar cells89, 

organic light emitting diodes90, 91, transistors92 and bio/chemical sensors.37, 93, 94 The 

synthetic flexibility, ease of preparation and stability of polypyrrole in particular, 

make it an attractive starting point for the design of new materials.  

Synthetic modifications can be made on the ring system or through the central 

nitrogen (Figure 1.10) to introduce new functionality and/or tune the electronic 

properties.  

 

Figure 1.10. Structure of N-substituted -pyrrole and β-substituted pyrrole, illustrating the alternative 

sites for coupling functional groups 

Pyrrole readily undergoes electrophilic aromatic substitution predominantly at the 2- 

and 5- positions. This preferential reactivity can be explained by the considering the 

resonance forms of each, shown in Scheme 1.4.95 

 

Scheme 1.4. The reaction scheme for A) reaction with electrophiles in the 2-position of pyrrole; B) 

reaction with electrophiles in the 3-position of pyrrole 



Chapter 1 Introduction 

16 
 

In both intermediates shown (better illustrated in Figure 1.11), the two double bonds 

are conjugated with each other but only in the intermediate formed from attack at 

the 2-position (Scheme 1.4, A)) are both double bonds conjugated with N+ making it 

a more stable linear conjugated system.  

 

Figure 1.11. Attack at the 2-position forms a linear conjugated system which is more slightly more 

stable than the ‘cross conjugated’ intermediate formed by upon attack at the 3-position 

However, modification of the 2-position as a route to introducing new functionality 

forces polymerisation to proceed through the 3- or 4-posiiton of the pyrrole ring; 

resulting in unfavourable effects the conductive properties of the material produced 

(Chapter 3) and is therefore not viable route for this project. 

Despite the preferential reactivity of the 2-position, pyrrole also readily undergoes 

electrophilic aromatic substitution at each ring position, often producing a mixture 

of products. One method of controlling regioselectivity is to block a desired position 

prior to adding substituents to the ring system (Scheme 1.5).  

 

Scheme 1.5. A common method to avoiding the chemical ambiguity associated with 3-derived 

compounds is to block the desired site with a preferential leaving group 

An alternative strategy is to make synthetic modifications through the central 

nitrogen. Significant benefits of this approach are that it avoids the chemical 

ambiguity that can arise with the asymmetric 3-derived compounds and such 

compounds can be made through relatively straightforward synthetic chemistry. 

Materials modified in this manner still retain conductive nature and are particularly 

useful due to the relatively straightforward means of introducing new functionality.  
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The NH proton in pyrrole is moderately acidic with a pKa of 16.5.95 Pyrrole can be 

deprotonated with strong bases such as butyl lithium and sodium hydride (Scheme 

1.6). The resulting alkali pyrrolide is nucleophilic. Treating this conjugate base with 

an alkylhalide such as methyl iodide gives N-methylpyrrole in an SN2 reaction. 

 

Scheme 1.6. N-alkylation of pyrrole is commonly achieved using a strong base such as butyl lithium 

or sodium hydride and an alkylhalide, where X can be I, Br or Cl 

Utilizing the chemistry described above, a wide range of substituted pyrrole 

compounds have been prepared for a variety of applications.50, 54, 93 Figure 1.12 

illustrates some substituted pyrrole compounds that have been prepared as 

conducting polymers.96-98 

 

Figure 1.12. Substituted pyrrole derivatives that have been prepared as conducting polymers   



Chapter 1 Introduction 

18 
 

1.1.6 Bio-functionalisation of Conducting Polymers 

Functionalisation of conducting polymers for biomedical applications is an area 

where conducting polymers have shown significant potential. The simple means of 

fabrication, high sensitivity to changes in their surrounding environment and 

biological compatibility of these materials has meant conducting polymers have 

found application in tissue-engineering scaffolds, neural probes, drug-delivery 

devices, bio-actuators and in particular, biosensors.99, 100  

A CP by itself lacks the specificity/selectivity necessary to function as a biosensor. 

Biological recognition molecules, such as antibodies, enzymes or oligonucleotides, 

impart the desired selectivity and specificity to conducting polymers in order for 

these materials to be used in this manner. As such, the polymer is not only used as 

an immobilization matrix but also provides the electrical component of these two 

elements.  

In this regard, the opportunity offered by the organic nature and bio-compatibility of 

conducting polymers to readily tune the electrical, chemical, physical properties to 

better suit the nature of the specific application is attractive. To this end, the 

immobilization of bioactive macromolecules in or on electrically conductive 

polymers has been explored and can be achieved through a number of techniques 

which are broadly classified as physical adsorption, entrapment, affinity and 

covalent attachment. Critical factors to be considered in biomolecule immobilization 

are the stability, accessibility and retention of biological activity of any immobilised 

molecules, it is these fundamental considerations that largely govern the route taken 

to achieve probe immobilization.93 

Physical adsorption is the simplest method of immobilization and one of the first 

approaches used for conducting polymer based biosensors. A number of pyrrole 

based biosensors have been realized utilizing this method which essentially makes 

electrostatic interactions for the immobilization of biomolecules. For example, the 

direct electrochemical detection of a DNA hybridization event has been 

demonstrated utilizing electrostatic modulation of ion-exchange kinetics of 

polypyrrole (PPy) film.101 This approach takes advantage of the reversible 

electrochemical behavior of PPy after its surface has been modified with a layer of 

electrochemically grafted poly(2,5-dithienylpyrrole) modified with a phosphonic 
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acid group (Scheme 1.7). An oligonucleotide was linked to the modified conducting 

polymer via Mg2+ by forming a bidentate complex between an alkyl phosphonic 

acid group at the N-position of the polymer and the phosphate group of the DNA. 

Ion exchange was controlled by the reaction of a surface immobilized, unlabeled, 

single-stranded DNA oligomer molecule, ssDNA, with its complementary DNA. 

 

Scheme 1.7. Key steps in the preparation of the DNA hybridization sensor probe: (1) MgCl2 

aqueous, 5 mM, 10 min; (2) aqueous ssDNA(a), 10 min, then rinsed with TRIS buffer. Reproduced 

from reference101 

The modified Pt electrode was placed in a solution of the non-complementary 

oligonucleotide and complementary oligonucleotide with the cyclic voltammogram 

(CV) recorded in each instance. In the case of the complementary oligonucleotide 

sequence there was a marked change of the shape of CV while the recognition layer 

showed no effect on CV when it was exposed to the solution containing a non-

complementary oligonucleotide ssDNA. 

Although physical adsorption is a relatively simple approach to probe 

immobilization, controlling the concentration of the immobilized compound is 

difficult and immobilization is not always stable due to the weak non-covalent 

forces involved. An alternative approach to physical adsorption is electrochemical 

entrapment. Now one of the most extensively used techniques for probe 

immobilisation, this method originates from work on enzyme sensors by Umana and 

Waller102 when investigating electrode immobilization of glucose oxidase through 

electropolymerization of pyrrole in the presence of the enzyme. The group 

demonstrated that polypyrrole-modified electrodes are relatively stable and 

applicable for the indirect determination of electrochemically active products of 

glucose oxidase catalyzed reactions that occur in a solution contacting the 

electrode.102  

The technique requires a monomer, dopant and capture probes to be mixed in a 

single solution used for electrochemical polymerization, resulting in the formation 
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hybrid polymer-probe material (Figure 1.13). This process is usually performed 

under mild conditions as to prevent any alteration to the activity of capture probes 

with a significant advantage of this technique being that only a single step for both 

polymerization and biomolecule immobilization required.  

 

Figure 1.13. An illustration of the electrochemical entrapment of an enzyme with a polymer (yellow) 

immobilized on an electrode surface. Entrapment of biomolecules in polymer films during their 

electrogeneration on an electrode surface is easily applicable to a wide variety of biological 

macromolecules and the monomers are often commercially available. Reproduced from reference103 

CPs such as PPy, are frequently used in the entrapment of biomolecules, with the 

entrapment of glucose oxidase (GOx) in PPy films found historically to be the most 

common application.104 Wang et. al.105 were first to demonstrate the entrapment of 

oligonucelotides during the growth of polypyrrole films while maintaining their 

hybridization activity. Here, ssDNA probes were effectively doped within 

electropolymerized polypyrrole (PPy) films using an upside-down two-electrode 

electrolytic cell. Subsequent monitoring of current changes induced by a 

hybridization event demonstrated that the oligonucleotide probes can serve as the 

sole counter anion during the growth of conducting PPy films and still maintain 

their hybridization activity within the host polymer network.  

Subsequently, entrapment of biomolecules in CP films has been used to construct 

biosensors using DNA and a wide range of enzymes such as horseradish peroxidase, 

cholesterol oxidase/esterase and dopamine.37, 106 While entrapment is a popular 

immobilization technique, it has some important limitations. The high potentials 

employed during polymerization and poor target accessibility to the incorporated 

probe in the bulk films afforded are significant drawbacks to this approach. 

An alternative method for capture probe immobilization is high affinity binding. 

Here, the extremely specific, high-affinity, strong non-covalent interactions are 

utilized for the immobilization of biomolecules onto the surface of CPs. As the 
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strongest known non-covalent interaction, biotin-avidin complexes find particular 

use in this category of immobilization (KD ~10-15 M, Figure 1.14).107  

 

Figure 1.14. Avidin (a) is a tetrameric glycoprotein (4 biotin molecules may bind) produced in the 

oviducts of birds, reptiles and amphibians, the monomeric version is shown; (b) biotin, also known as 

vitamin H or coenzyme R has a well-known, high-affinity for avidin. Reproduced from reference103 

The binding between biotin and avidin is rapid and once formed, is unaffected by 

extremes of pH, temperature, organic solvents and other denaturing agents.  

Interestingly, using this avidin-biotin linkage, the sensor can be regenerated by 

treatment with a detergent solution at high temperature (ca. 70 ͦC) that breaks the 

avidin-biotin bridge but does not affect the support matrix. This principle was first 

demonstrated by Dupont-Filliard et. al.108 to reversibly immobilize oligonucleotide 

probes. Here, a biotinylated polypyrrole film was synthesized (Scheme 1.8, 0), 

followed by immobilization of avidin units through the highly specific biotin-avidin 

interaction (Scheme 1.8, 1 and 2), the film was subsequently exposed to biotinylated 

oligonucleotide probes for immobilization to take place (Scheme 1.8, 3). 

Reversibility was achieved by treatment in aqueous solution of sodium 

dodecylsulfate to cleave the avidin-biotin connection. 
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    Scheme 1.8. Schematic of a sensor design based on electrocopolymerization of biotinylated 

pyrrole and the use of biotin–avidin interactions. Reproduced from reference108 

Conducting polymers containing covalently substituted monomers have also been 

synthesized as a means to facilitate the immobilization of biomolecules. Generally, 

capture probes functionalised with -NH2, -COOH are covalently attached to either a 

functionalised monomer or functionalised polymer. Pyrrole has been extensively 

investigated in this regard, largely owing to its synthetic flexibility, stability, ease 

and variety of preparation. 

Livarche et. al. developed a process that utilizes pyrrole bearing oligonucleotides 

(ODN) for the direct immobilization of multiple probes on electrode arrays through 

co-polymerisation with unmodified pyrrole.109-111 The group used this approach to 

prepare an oligonucleotide array consisting of a matrix of 48 addressable 50 µm 

microelectrodes that was applied to detect hepatitis C virus in blood samples.111  

Here, the synthesis of the pyrrole bearing oligonucleotides involved the preparation 

of a phosphoramidite building block (Scheme 1.9) from 5'-O-(4,4'-dimethoxytrityl)-

4-N-(6-aminohexyl)-5-methyl-2'-deoxycytidine (1) and 1-N-aminoethylpyrrole. A 

series of modified oligonucleotides were subsequently prepared using 

phosphoramidite building block in a standard DNA synthesizer.   
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Scheme 1.9. Synthesis of the phosphoramidite building block through modification of pyrrole at the 

N-position. Reproduced from reference111 

Oligonucleotide modified PPy films were synthesized on each working micro 

electrode by electro-co-polymerization by a cyclic voltamperometric method. Each 

electrode was covered by a conducting co-polymer comprising of covalently 

modified pyrrole (Py-ODN) and un-substituted pyrrole. A series of capture probes 

were immobilized on alternative electrodes by depositing different solutions of 

pyrrole modified with ssDNA and selectively switching on the working electrodes 

located to initiate polymerisation (Scheme 1.10). 
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Scheme 1.10. Alternative capture probe addressing by electrodirected co-polymerization: Py-ODN 1 

is first copolymerized on the electrode 1; following washing of the cell, copolymerization of the Py-

ODN 2 is carried out by activation of electrode 2. Reproduced from reference111 

A more common approach for covalent biomolecule attachment is for modifications 

to be made post-polymerization. Here, typically, a CP film is first polymerized from 

a solution containing functionalized monomer units followed by covalent 

attachment of the desired capture probe onto the surface of the functional CP. A 

significant advantage to this method is that the conducting polymer films can be 

prepared under conditions that are potentially incompatible with the capture probe, 

such as organic solvents or high electropolymerization potentials; while probe 

attachment can be performed under mild conditions to ensure probe integrity.  

Glutaraldehyde crosslinking techniques have been extensively used in this regard, 

particularly in the immobilization of enzymes such as glucose oxidase and 

chloramphericol onto PPy films (Figure 1.15, a).112-114 Here, the conducting polymer 

is functionalized with a linker molecule (gluteraldehyde) to present an aldehyde 

functional group on the surface of the polymer which can be subsequently used for 

covalent attachment. Glutaraldehyde is a bi-functional linker molecule with 

aldehyde groups at both ends. One aldehyde group can be used to attach primary or 

secondary amine group of the polymer (Figure 1.15, b) while the other can be 

attached to the amine group of the recognition molecule i.e. an enzyme (Figure 1.15, 

c). 
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Figure 1.15. Conducting polymers such as polypyrrole can be surface functionalised with a bi-

functional linker molecule such as glutaraldehyde   (a) electrosynthesis of polypyrrole, (b) activation 

by glutaraldehyde, and (c) covalent binding of a DNA/enzyme. Redrawn from reference114  

The immobilization of DNA has also been demonstrated post-polymerisation. For 

example, Peng et. al.97 reported the acid functionalized polypyrrole, poly(pyrrole-

co-4-(3-pyrrolyl) butanoic acid) to enable covalent attachment of amino-

functionalized oligonucleotides via amide coupling (Scheme 1.11).  

 

Scheme 1.11. Schematic of the preparation of a electrochemical DNA sensor based on a 

poly(pyrrole-co-4-(3-pyrrolyl) butanoic acid) conducting polymer. Redrawn from reference97 

Here, the precursor monomer, pyrrole-4-(3-pyrrolyl) butanoic acid, was synthesised 

by Friedel-Crafts acylation of pyrrole using succinic anhydride in the presence of 

AlCl3, followed by Clemmensen reduction and deprotection. After electro-co-

polymerisation with pyrrole to form a co-polymer at the electrode surface, an 

amino-substituted oligonucleotide (ODN) probe was coupled to the polymer (using 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a coupling agent) in a 
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one-step procedure and tested for hybridization with complementary ODN 

segments.  

Using a similar approach, Garnier et. al.98 prepared a co-polymer film consisting of 

functionalized polypyrrole, poly(3-acetic acid pyrrole-co-3-N-hydroxyphthalimide 

pyrrole) (Scheme 1.12.). Here, pyrrole was first substituted at the 3-position with 

NHS and further electrochemically co-polymerized into a film of poly [3-NHS 

pyrrole] and 3-acetic acid pyrrole. The N-hydroxyphthalimide termination provides 

a good leaving group for amide coupling with amino substituted oligonucleotides. 

 

Scheme 1.12. Electropolymerization to form a co-polymer film consisting of functionalized 

polypyrrole, poly(3-acetic acid pyrrole-co-3-N-hydroxyphthalimide pyrrole). Redrawn from 

reference98 

Significantly, the examples described above cite the necessity for probe attachment 

at the 3-position, using relatively long side chains and co-polymerisation with the 

principle monomer unit i.e. pyrrole in order to achieve a working DNA sensor by 

which hybridization of a complementary ODN can be detected electrochemically.  
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1.1.7 1-D Conducting Polymer |Nanostructures 

1-D nanostructures of organic semi-conductors such as conducting polymers have 

attracted growing interest due to the potential advantages of combining these 

materials with low dimensionality.49-52 As described earlier, CPs possess highly 

desirable characteristics such as an readily tunable band gap, high mechanical 

flexibility and greater biocompatibility than many inorganic materials.  

Nanoscale materials by definition are when one dimension is between 1 – 100 nm 

(Figure 1.16) and provide an ideal platform for the marriage of electronics and 

biology to produce nano-scale sensors. 

 

Figure 1.16. The three alternative dimensions of nano-scale materials115  

When bulk polymer is used to construct a sensor, the response time is relatively 

long due to slow penetration of the target molecules into the conducting polymer, a 

process which is often accompanied by a hysteretic effect.116 In contrast, for a 

sensor constructed of conducting polymer nanostructures, the response time is 

expected to be significantly faster due to the smaller more porous structure. For 

example, a nano-fiber film of polyaniline has been shown to respond more rapidly 

than conventional polyaniline films.117 Conducting polymer nanostructures with 

large specific surface area and porous structure are therefore predicted to be 

excellent sensing materials.118 As such, the field of nano-scale electrochemical 

sensors has continued to mature with a large number of studies demonstrating the 

superior device performance of 1-D conducting polymer nanostructures over that of 

conventional bulk conducting polymers.40, 117, 119  

Despite recent progress, the search for simple and efficient synthetic methods to 

prepare conducting polymers on a large scale with deliberate control of 

morphologies and sizes is still a major challenge. 

Template-directed growth is the most frequently used approach for preparing such 

1-D nanostructured materials with several different methods shown to be effective. 
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Here, an external ‘membrane’ is used to direct the growth of the polymer into the 

desired architecture. A variety of alternative materials have been used to facilitate 

this process which can be broadly split into two categories; ‘hard’ or ‘soft’ 

templates.  

The use of ‘hard’ templates was pioneered by Martin et. al.. This method entails 

using nanoscopic pores as a host membrane (Figure 1.17) and follows a rather 

simplistic 3-step approach, 1) fill the nanoscale pores of a membrane with a 

monomer, 2) polymerize the monomer inside the pores, and 3) remove the template 

in order to obtain the pure polymer. The diameter and morphology of the structures 

created are determined by the pores or channels of the template employed. In recent 

years, the most commonly used hard-templates have been an alumina film 

containing anodically etched pores. These membranes can be prepared from 

aluminium metal with pores arranged in a regular hexagonal lattice of relatively 

high densities. A range of pore sizes have been synthesized and some as small as 5 

nm have been reported.120-122  

 

Figure 1.17. Scanning electron micrograph of the surface of a nanopore alumina template membrane 

prepared in the Martin lab 

Using this approach, the Martin group in particular have synthesised a number of 

nanostructures of polyaniline (PAni), polypyrrole (PPy), poly(pyrrolepropylic 

acid)123, polyaniline and polythiophene (PTh)124 using anodized aluminium oxide 

(AAO) and track-etched polycarbonate (PC) membranes as templates. The only 

prerequisite for creating nanostructures of conducting polymers in this fashion is to 

be able to load the pores with the precursor materials. 

This can vary in difficulty depending on the monomer of interest and the membrane 

used. The different methods used to load the pores include negative pressure, liquid 
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phase injection, vapour phase deposition or submerging the template into a solution 

of the monomer. The latter method allows good control over the length of the 

structure produced by controlling the amount of monomer passed through the pores. 

Polymerization of monomer-filled pores can be achieved by the addition of a 

chemical oxidizing agent or, more commonly, through electrochemical 

polymerization.  

The soft-template method is another relatively simple, cheap and powerful approach 

for fabricating conducting polymer nanostructures. This method is based on 

selective control of non-covalent interactions, such as hydrogen bonds, van der 

waals forces, π-π stacking, co-ordination and dispersive forces to direct the self-

assembly of nanoscale polymeric materials. To date, colloidal particles, oligomers, 

soap bubbles and colloids have all been implemented as soft templates to prepare 

wire, ribbons and sphere like nanostructures.125-128 For example, PPy nanotubes 

(~94 nm in diameter and ~2 mm in length) have been synthesized using sodium 

bis(2-ethylhexyl) sulfosuccinate (AOT) reverse cylindrical micelles as a soft-

templates.127 

A common drawback to many ‘hard’ and ‘soft’ templates is the need remove the 

template post polymerisation, which can vary greatly with difficulty depending on 

the template used. In some cases, template removal can be quite straightforward e.g. 

bulky dopant acids and certain types of surfactants can usually be washed away with 

an appropriate solvent. However, template removal can be quite cumbersome for 

other types of hard-templates such as anodic aluminum oxide (AAO) that typically 

requires harsh conditions for template dissolution. 

Pre-existing 1-D nanostructures such as naturally occurring biopolymers can also 

serve as useful soft-templates or seeds in order to direct the growth of conducting 

polymer nanowires.129  Conducting polymer nanostructures produced in this manner 

are often composite core-sheath materials consisting of a biopolymer core and a 

conducting polymer sheath, eliminating the need to remove the template post-

synthesis. In contrast to templating in porous media, this approach yields hybrid 

supramolecular polymers,130, 131, 132, 133,134 a relatively recent class of material. 

Largely owing to their ability to self-assemble and form highly complex 

supramolecular structures, biological molecules provide an impressive arsenal for 



Chapter 1 Introduction 

30 
 

use in the construction of supramolecular nanoscale structures with a number of 

strategies explored. 

For example, Niu et. al.135 developed a procedure for producing conducting polymer 

nanowires using the tobacco mosaic virus (TMV). Native TMV particles possess a 

tube like structure that measures 300 nm in length and 18 nm in diameter with a 4 

nm cylindrical cavity along the central core. The negatively charged surface 

residues of TMV can ‘bind’ monomers such as pyrrole through electrostatic 

interactions or hydrogen-bonding. When pyrrole is mixed with TMV, the monomers 

accumulate on the surface of the TMV. Subsequent polymerization of the adsorbed 

monomers produces a thin layer of polymer on the surface of the TMV to produce a 

TMV core and a conducting polymer sheath. Moreover, the TMV particles can also 

be stitched together by a head-to-tail ordered assembly which allows for the 

production of conducting polymer nanowires that exceed the length of individual 

TMV particles.  

In addition to TMV, a variety of other biological templates136
 have also been used to 

produce 1-D nanostructures, such as amino acid residues137 and proteins.138 Most 

applicable to this project is the use of DNA as a soft template to direct the formation 

of 1-D conducting polymer nanostructures.130-133, 139-146  
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1.1.8 Deoxyribonucleic Acid (DNA) 

DNA is a long anionic polymer consisting of subunits called nucleotides, which 

together form molecules called nucleic acids.  DNA was first identified and isolated 

by Friedrich Miescher in 1871.147 The double helix structure of DNA was deduced 

by James Watson and Francis Crick 1953.148 

 

Figure 1.18. The four bases that make up DNA 

Natural nucleobases can be one of four subunits adenine (A), cytosine (C), guanine 

(G) & thymine (T) (Figure 1.18). Double stranded DNA (dsDNA) comprises two 

long chains of nucleotides comprising the different nucleotide bases (e.g. 

AGTCATCGTAGCT) with a backbone of alternating phosphate and sugar residues 

joined by phosphodiester bonds (Figure 1.19). The nucleobases are classified into 

two types: the purines, A and G, being fused five- and six-membered heterocyclic 

compounds and the pyrimidines, the six-membered rings C and T. 

 

Figure 1.19. The chemical structure of dsDNA 
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In a DNA double helix, each type of nucleobase on one strand hydrogen bonds with 

just one type of nucleobase on the other strand. This is called complementary base 

pairing. Here, purines form hydrogen bonds to pyrimidines, with adenine 

preferentially bonding only to thymine via two hydrogen bonds and cytosine 

bonding to guanine by three hydrogen bonds. This double stranded antiparallel 

structure (dsDNA) is maintained largely by the intra-strand base stacking 

interactions, which are strongest for G,C sequences. The stability of the dsDNA 

form depends not only on the GC-content (% G,C base pairs) but also on sequence 

(since stacking is sequence specific) and also length (longer molecules are more 

stable). The stability can be measured in various ways; a common way is the 

‘melting temperature’, which is the temperature at which 50% of the double 

stranded molecules are converted to single stranded molecules. Melting temperature 

is dependent on ionic strength and the concentration of DNA. As a result, it is both 

the percentage of GC base pairs and the overall length of a DNA double helix that 

determines the strength of the association between the two strands of DNA. Long 

DNA helices with a high GC-content have stronger-interacting strands, while short 

helices with high AT content have weaker-interacting strands. This reversible and 

specific interaction between complementary base pairs is critical for all the 

functions of DNA in living organisms.   
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Figure 1.20. Hydrogen bonding between the base-pairs of DNA 

The two strands of a DNA double helix run in opposite directions to each other 

(anti-parallel), one backbone being 3′ (three prime) and the other 5′ (five prime) 

with the 5′ end having a terminal phosphate group and the 3′ end a terminal 

hydroxyl group (Figure 1.19). It is the sequence of these four nucleobases along the 

backbone that encodes genetic information which specifies the sequence of the 

amino acids within proteins. 

The structure of DNA of all species comprises two helical chains each coiled round 

the same axis, each with a pitch of 34 ångströms (3.4 nanometres) and a radius of 

22 ångströms (2.2 nanometres). 
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As the strands are not symmetrically located with respect to each other, two grooves 

of unequal size can be found in the structure. One groove, the major groove, is 22 Å 

wide and the other, the minor groove, is 12 Å wide. The narrowness of the minor 

groove means that the edges of the bases are more accessible in the major groove. 

As a result, proteins like transcription factors that can bind to specific sequences in 

double-stranded DNA usually make contacts to the sides of the bases exposed in the 

major groove. 
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1.1.9 DNA as a Construction Tool 

The unique molecular recognition properties, chemical stability, ease of 

manipulation and ‘wire-like’ structure of DNA (ca. 2 nm in diameter) allow it to be 

incorporated into nanostructured materials via covalent, non-covalent and co-

ordinate binding methods which has resulted in an increasing number of DNA based 

nanomaterials presented in the literature.63, 139, 141, 144, 149-152 Pioneering research by 

Seeman and co-workers151, 153 to characterize four-arm branched DNA molecules, 

known as Holliday junctions, laid the foundation for construction of nanoscale 

structures from DNA, an area of research known as DNA nanotechnology. 

The invention of scaffolded DNA origami was a milestone in the advancement of 

nucleic acid nanotechnology. Developed by Paul Rothemund154, DNA origami is the 

use of DNA to construct 2-D nanoscale lattices by folding of singular stranded 

DNA. Two or more nonadjacent segments of the scaffold strand are brought 

together and held in place by hybridization to different portions of the same staple 

oligonucleotide in aggregate, enabling the creation of arbitrary shapes based solely 

on the staple sequences (Figure 1.21). The staples may be extended at their 5’ ends 

to make them addressable for patterning with a resolution of 6 nm on the assembled 

origami, imposed by the interstaple distance on the assembled DNA duplexes of the 

origami. 

 

Figure 1.21. Top row, folding paths. a, square; b, rectangle; c, star; d, disk with three holes; e, 

triangle with rectangular domains; f, sharp triangle with trapezoidal domains and bridges between 

them (red lines in inset). Second row, diagrams showing the bend of helices at crossovers (where 

helices touch). Colour indicates the base-pair index along the folding path; red is the 1st base, purple 

the 7,000th. Bottom rows, AFM images. Scale bars: b, 1µm; c–f, 100 nm. Reproduced from 

reference154 
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The DNA origami method has so far provided a scaffold for many applications 

including forming the track for molecular nanorobots,155
 constructing ordered 

molecular assembly lines156
 and assembling components for nanoelectronic 

circuits.157
  

An alternative approach to using DNA as a construction tool is the scaffold 

approach which involves the covalent modification of nucleotides to enable specific 

binding of metals and organic molecules in the form of artificial ligand-like 

nucleobases.158, 159 By substituting the nucleobases of natural nucleotides with 

analogues capable of metal binding, DNA-like double helices containing precise 

numbers of metal ions have been prepared.  

For example, work by Schuster et. al.160 employed DNA as a scaffold to prepare 

polymer chains of polyaniline by modifying the cytosine nucleoside. In this work 

the exocyclic N4-amino group of cytidine was modified with a tethered aniline 

group (Figure 1.22). 22-mer oligonucleotide strands with central contiguous regions 

of 5-6 aniline-modified nucleosides formed duplexes that show UV absorption 

bands characteristic of oligoaniline after treatment with H2O2 and horseradish 

peroxidase.  

 

Figure 1.22. Aniline modified nucleoside, X, represented in a structural model of a hexameric 

aniline oligomer conjoined to a DNA strand. Adapted from reference160 

DNA has also been used to prepare semiconducting nanomaterials, including wires 

and particle arrays, through templating reactions. Here, DNA is used as a ‘soft’ 

template to direct the growth of the given material into the desired architecture.  

The feasibility of this approach was first demonstrated by Braun et. al.139 through 

the DNA-templated self-assembly of conductive silver nanowires. Here, a two-step 

5’-T A G C A C A X X X  X X X G T C G A A C 
T-3’ 3’-A T C G T G T G G G G G G C A G C T T G 
A-5’ 

X =  
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procedure was used which involved the hybridization of DNA molecules with 

surface bound nucleotides stretched between two gold electrodes (Scheme 1.13. a) 

and b)). Positively charged silver was absorbed onto the negatively charged DNA 

molecules and reduced to form silver coated DNA nanowire with the width of 

ca.100 nm and length on the order of micrometer. Importantly, the current-voltage 

(I-V) characteristic of the silver nanowire showed the silver nanowire became 

conductive at a very high bias voltage. 

 

Scheme. 1.13. A schematic diagram for a DNA-templated self-assembly of a conductive silver wire 

connecting two electrodes. Reproduced from reference139 

In the same work, this method was extended to the self-assembly of an ultrathin 

poly(p-phenylene vinylene), PPV (Figure 1.23), to afford a highly luminescent 

polymer wire along the DNA molecule. Significantly, this indicated the use of DNA 

templates for the assembly of electronically active materials was not limited to 

metallic species. Since, DNA-templating methods have been used to prepare 

nanowires from a number of materials such as silver161, copper162, 163, palladium164, 

cadmium145, polyaniline150, polypyrrole63, 66 and polyindole.64 
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Figure 1.23. The chemical structure of poly(p-phenylene vinylene) 

In case of binary materials, the intrinsic metal ion binding capabilities of DNA 

allows the template strands to be seeded with the metal component of the binary 

material (Scheme 1.14). Subsequent treatment of the metal-ion seeded DNA with 

the appropriate chalcogenide anion allows the desired material to nucleate and grow 

along the template. Different modes of growth can be achieved depending on 

whether stoichiometric quantities of metal are used (particles),165 or if a small 

concentration of metal and chalcogenide is present in the bulk solution (wires).145  

 

Scheme 1.14. Generalized reaction sequence for the growth of nanoscale binary materials and 

conducting polymers at a DNA-template. Reproduced from reference145 

The most widely studied binary compound with regards to DNA-templating 

reactions is CdS. Reports by Coffer165 first illustrated the ability of DNA to stabilize 

nanocrystalline CdS. Calf thymus DNA was shown to give nanocrystals with a 

range of diameter 2.3-12 nm with a zinc blende lattice structure. At these 

dimensions the material is quantum-confined and exhibits the expected blue-shifted 

luminescence.  

Houlton et. al.145 demonstrated that by carefully optimizing the reaction conditions 

CdS can be prepared as either 1-D nanoparticle arrays or as continuous nanowires. 

In the former case, templating reactions were performed at immobilized λ-DNA. On 

mica, DNA molecules can be effectively anchored via interactions between the 

metal ions, the surface oxygen functionalities and the phosphate groups of the DNA. 

Stepwise templating reactions were performed on DNA-modified surfaces where, 
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after an initial addition of Cd(NO3)2, the substrates are treated with Na2S solution. 

Nanoparticles are seen along individual DNA strands resulting in a beads-on-a-

string appearance (Figure 1.24, a and b). The particles are highly mono-disperse, 

(~10-15 nm in width and ~3 nm height as measured by AFM) and show notable 

registry along some of the DNA strands.  

 

Figure 1.24. AFM height images of DNA-templated growth of CdS on mica. (a) Large area image of 

DNA-templated CdS nanoparticles; height scale is 3 nm, and the white bar indicates 200 nm. (b) 

enlargement of a region indicated by the white arrow in the left figure; height scale is 5 nm, (white 

bar indicates 25 nm). Reproduced from reference145 

The formation of conducting polymers as nanowires on DNA templates has also 

been reported by several groups.129, 153, 161, 166, 167 As discussed earlier, CPs are 

interesting materials for new types of ultra-miniature electronic applications as they 

are flexible, their conductivity can be chemically controlled and they are readily 

functionalised. The resulting materials considered as supramolecular polymers, as 

they comprise of anionic DNA and cationic conducting polymer strands held 

together via supramolecular interactions.  

The ability of DNA to act as a template for CP growth arises for a combination of 

two principal factors. Firstly, the high anionic charge from the negatively charged 

phosphodiester backbone and hydrogen bonding sites from the aromatic 

nucleobases. Secondly, the general class of CP derived from aromatic heterocyclic 

systems, such as pyrrole, are formed in their cationically charged, conducting, form 

through oxidative polymerization. Hence electrostatic attraction between the 

growing, cationic, CP and the anionic DNA template, allied with additional 

supramolecular interactions provide an effective means by which the CP growth is 

affected. 

Horseradish peroxidase (HRP) was employed as an oxidant in the first DNA 

template guided synthesis of DNA-PAni complexes in 2001 by Samuleson et. al.168, 

 
a b 
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169 Here, polyaniline was synthesized enzymatically in order to preserve the integrity 

of the DNA template. Polyaniline is typically synthesized by oxidizing aniline 

monomer either electrochemically or chemically in a strong acid environment which 

precludes the use of delicate biological based materials as templates such as DNA.  

The mild reaction conditions involved and the relatively inert nature of the HRP 

allowed Ma et. al.142 to apply a similar method in the fabrication of the first DNA-

templated conducting polymer nanowires using aniline. Here, DNA was aligned 

onto a silicon substrate via ‘molecule combing’. Subsequent incubation and 

polymerisation (H2O2, pH 4) with a protonated aniline solution formed the 

polyaniline nanowires (Scheme 1.15). 

 

Scheme 1.15. Fabrication of a polyaniline nanowire immobilized on a Si surface with stretched 

double-stranded DNA as a guiding template. Reproduced from reference150 

Since the pKa of aniline monomer is 4.6, a pH of 4 was sufficient to protonate the 

aniline monomers for the electrostatic interaction between the positively charged 

aniline monomers and the negatively charged phosphate groups in the DNA. 

In 2004, Simmel et. al.170 demonstrated the formation of polyaniline (PAni) 

nanowires in solution. Here, three different methods were employed to synthesize 

polyaniline on DNA. A mild oxidative method using horseradish peroxidase (HRP) 

and hydrogen peroxide, a photo-oxidation method using ruthenium 

tris(bipyridinium) (Ru(bpy)2+) complexes and a harsh method using ammonium 

persulfate (APS) as an oxidizing agent.  The resulting DNA/PAni hybrids were 

stretched on mica/silicon substrates and characterized using atomic force 

microscopy (AFM). DC transport measurements performed on un-doped DNA/PAni 

wires yield conductance values of 40 x 10-7 S cm-1 which are consistent with those 

obtained for weakly conducting polyaniline films. This poor level of conductivity is 

thought to be due to the lack of continuity (a ‘beads-on-a-string’ morphology) of the 
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polyaniline wire, doping and the influence of contact resistance on between the gold 

electrodes and the hybrid material (Figure 1.25).  

 

Figure 1.25. An AFM image of DNA/PAni synthesized by the HRP/H2O2 method in solution and 

stretched on a mica substrate. Reproduced from reference170 

The Houlton group have also demonstrated the utility of this solution based 

approach for the formation of hybrid supramolecular DNA/polymer nanowires from 

various monomers such as pyrrole,130, 131 (alkyne)thiophene-pyrrole,132, 133 and 

indole134 using FeCl3 as a chemical oxidant. 

Similar to previous work described, initial studies focused on using DNA strands 

immobilized on solid support (mica) and showed the surface bound DNA to be an 

effective template for pyrrole, with clear evidence of preferential growth along 

individual biopolymer strands. However, the resulting DNA/PPy hybrid material 

exhibited a ‘beads-on-a-string’ morphology. 

Templating reactions carried out in solution were shown to cause a significant effect 

on the morphology of the nanowires. Here, polymerization is initiated by oxidation 

of the monomer unit using Fe3+, forming cationic oligomers throughout the solution 

(Scheme 1.16). The oligomers bind to the DNA helix through both electrostatics and 

groove binding interactions which in turn seed polymer growth along the template.63 

Additionally, a significant advantage of pyrrole in this regard and in contrast to 

aniline, oxidation to initiate polymer formation can be performed at neutral pH, 

negating concerns of depurination. 
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Scheme 1.16. Cartoon scheme highlighting the templating effect of DNA in directing the growth 

of the polymers towards forming 1-D nano structures. The red species represent monomers and 

subsequent cationic oligomer formation in solution. Reproduced from reference171 

Nanowires produced using this approach were of a continuous coverage and 

typically 5 nm in height compared to ~1.5 nm for bare DNA, as measured by AFM. 

Some height variation along individual nanowires was observed. However, 

compared to DNA-templated metallic wires, nanowires produced in this fashion are 

highly regular and smooth.  

In some cases, confirmation that the resulting structures were in fact nanowires i.e. 

electrically conducting, was been made by fabricating 2-terminal nanowire devices. 

Successful alignment of DNA/PPy nanowires between two bespoke microelectrodes 

facilitated the construction of a two-terminal electrical device (Figure 1.26). Upon 

assessing the electrical conductance the electrically conducting nature of the 

DNA/PPy nanowires was confirmed and found to be ~4 Scm-1 at room temperature 

which is of the same order as the conductivity of bulk polypyrrole powder (1.7 Scm-

1) prepared in the same manner (FeCl3).63 
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Figure 1.26. An AFM image of part of an actual two-terminal electrical measurement device 

indicates one DNA/PPy nanowire (black arrow) ~5 nm diameter, bridging the 7 µm gap. Reproduced 

from reference63 

An extension of this work has demonstrated that DNA-templated polypyrrole 

(DNA/PPy) nanowires spontaneously assemble to form rope-like structures (Figure 

1.27).66 Microscopy studies suggest that the assembly process involves braiding of 

individual strands (where strands are 1–3 nm nanowires) and is quite regular.  

 

Figure 1.27. AFM image of DNA/PPy nanoropes after 48 hours on SiO2/Si surface. Scale bar, 500 

nm, height scale is 8 nm. Reproduced from reference66 
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The driving force for this process is considered to be similar to the condensation of 

DNA by multivalent cations and cationic polymers. Two-terminal I-V measurements 

and conducting AFM (cAFM) demonstrated the nanoropes were conducting. 
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1.2 Project Overview  

Lieber et. al. amongst others, has extensively demonstrated the use of silicon 

nanowire based FETs for label-free, electrical detection of a variety of species, such 

as antibodies, DNA and cancer markers.25, 172-175 Conducting polymers have also 

shown significant promise for such applications.99, 100  

Largely due to difficulties in nanowire fabrication, conducting polymers have 

typically found application as electrochemical sensors in their 2-D form, with many 

examples of polypyrrole based sensors in particular found in the literature.50, 93, 176, 

177  

Nevertheless, polypyrrole based nanowires synthesized by electrochemical 

polymerization have been used to make a single-nanowire chemoresistive sensor for 

CA 125 biomarker detection and rapid detection of human serum albumin.178 123 

While direct formation of biologically functionalized polypyrrole has been 

demonstrated through electropolymerization of pyrrole and avidin- or streptavidin-

conjugated ZnSe/CdSe quantum dots with sensitivity to biotin−DNA reported to be 

as low as 1 nM.179 Polyaniline nanowire-modified electrodes have also been used in 

the detection of DNA hybridization events.180  

The formation of nanowires using a variety of materials is now becoming relatively 

common; the functionalisation of these types of materials beyond their conductive 

nature is not. In order to realize the huge potential of conducting polymers in 

biosensing applications, it is necessary to impart the desired functionality and 

specificity to these materials. As discussed, one approach is the introduction of 

functional groups directly into the monomer units prior to polymerisation to 

facilitate further chemistries after the formation of the desired architecture.  

Moreover, developing reliable and scalable strategies for the controlled synthesis of 

1-D conductive polymer nanostructures in order to further unlock the potential of 

further miniaturization is the principal challenge facing the next generation of nano 

device development. Promising approaches have been advanced that exploit the 

properties of certain biomolecules. DNA-templating is a proven reproducible and 

facile route to such architectures and has been shown to be compatible with a 

number of conducting polymers. Furthermore, this approach also lends itself well to 
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the synthesis of highly desired single nanowire arrays for application in multiplexed 

detection presently being employed using silicon nanowires. As such, to achieve 

single nanowire-based device configuration, very precise control of the alignment, 

placement and number of nanostructures between two metal contacts is highly 

desirable. 

In an effort to further explore these challenges and the application of conducting 

polymer nanowires in biological sensing, this project investigates the DNA-

templating of functional pyrrole and thiophene oligomers to prepare supramolecular 

polymer nanowires for potential application in biological sensing. The main goal of 

this project was to construct such a system consisting of a DNA-templated 

conducting polymer nanowire aligned between two gold micro-electrodes, the 

surface of which is functional (Scheme 1.17, A). The functionality of the nanowire 

facilitates the binding of specific capture probes, in this case ssDNA (Scheme 1.17, 

B, the probe). As the target molecules (probe complement) diffuse through the 

solution (Scheme 1.17, C) they bind to their complement close to the surface 

(Scheme 1.17, D). The electrostatic charge of DNA results in a columbic interaction 

effecting a change in conductivity of the nanowire. These binding events are 

recorded as an analogue electrical measurement that may be digitized and processed 

accordingly to give an immediate diagnosis according to the sequence of the probe 

attached.  
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Scheme 1.17. An illustration representing the key stages towards device construction within this 

project. A) functional conducting polymer nanowire alignment between two gold micro-electrodes; 

B) modified ssDNA probe attachment; C) Introduction of the probe complement; D) detection of a 

binding event through a measured change in conductance115   
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1.3 Thesis Outline 

The structure of this thesis is as follows; Chapter 1, the introduction, presents the 

motivation and background for the work presented. Chapter 2 outlines the main 

techniques used in this research project while Chapter 3 describes the motivation, 

synthesis and polymerisation of the functionalised monomer units for application in 

DNA-based nanowire formation. Chapter 4 discusses the suitability of each system 

for DNA-templating through comparison of FTIR spectra of bulk polymeric and 

DNA-templated materials. Also presented in this chapter is Si/SiO2 surface 

chemistry studies and the characterisation of DNA templated polymer nanowires by 

atomic force microscopy (AFM). Chapter 5 describes the electrical properties of 

DNA polymer nanowires of each system using scanned conductance microscopy 

(SCM) and two-terminal I-V measurements. Chapter 6 presents bulk conductivity 

studies of the relevant alkylated and none alkylated monomer units in addition to 

co-polymers with pyrrole. The seventh and the final results chapter of this thesis is 

concerned with DNA probe attachment to each DNA/polymer system via ‘click’ 

chemistry. Studies using UV-Vis, conductive AFM and fluorescence microscopy 

are also presented. Chapter 8 summarises the findings of this project, presents the 

conclusions and suggests future work.  
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2.1 Overview 
The chemical composition of DNA-templated polymer hybrid materials was 

investigated by means of Fourier transform infrared (FTIR) spectroscopy and UV-

Vis absorption spectroscopy. The morphology of DNA-templated polymer 

nanowires were investigated by atomic force microscopy (AFM); while electrical 

properties were investigated using scanned conductance microscopy (SCM) and 

two-terminal current-voltage (I-V) measurements using a probe station.  

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar and used 

as received unless otherwise stated. Where applicable, all the solutions were 

prepared in Ultrapure water supplied from a NANOpure® DIamondTM Life 

Science ultrapure water system equipped with a DIamondTM RO Reverse 

Osmosis System (Barnstead International); nominal resistivity 18.2 MΩ cm.  

For FTIR, AFM and SCM studies Si<p-100> ca. 1 cm2 chips (cut from 3 inch 

diameter wafers, boron doped, 525±50 µm thickness, single side polished, 1-10 

Ωcm resistance) and Si<n-100> ca. 1 cm2 chips (cut from 3 inch diameter wafers, 

arsenic doped, 525±25µm thickness, double side polished, 0.005 Ωcm resistance, 

coated with a thermally grown SiO2 layer, 200 nm±10% thick) were used and 

purchased from Compart Technology Ltd, Peterborough, Cambridgeshire, U.K.  

Microelectrodes used to facilitate electrical testing of the nanowires using two-

probe current voltage measurements were fabricated by the School of Electrical 

and Electronic Engineering, Newcastle University (dimensions given in the 

Appendix). 
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2.1.1 Atomic Force Microscopy (AFM)  

Atomic Force Microscopy (AFM) is a form of Scanning Probe Microscopy (SPM) 

invented by Binnig, Gerber and Quate in 1986.1 AFM has resolution near the 

atomic scale and produces high-resolution, 3-D images by scanning a sharp tip 

over the sample surface.  

AFM operates by measuring attractive or repulsive forces between a tip and the 

sample. In its repulsive ‘contact’ mode, the instrument lightly touches a tip at the 

end of a leaf spring or ‘cantilever’ to the sample. As a raster-scan drags the tip 

over the sample, some sort of detection apparatus measures the vertical deflection 

of the cantilever, which indicates the local sample height. Thus, in contact mode 

the AFM measures hard-sphere repulsion forces between the tip and sample. In 

noncontact mode, the AFM derives topographic images from measurements of 

attractive forces; the tip does not touch the sample (Figure 2.1).  

 

Figure 2.1. A basic illustration showing the method of function of an atomic force microscope 

(AFM). a) The tip attached to a flexible cantilever driven by piezoelectric motor; b) the tip 

oscillates at its resonant frequency across the surface2 

AFMs can generally measure the vertical deflection of the cantilever with 

picometer resolution. The tip is attached to a flexible support known as the 

cantilever mounted on one end of a cylindrical piezoelectric tube mounted near 

the top of the microscope. 

Unlike traditional microscopes, scanned-probe systems do not use lenses, so the 

size of the probe rather than diffraction effects generally limit. AFM cantilevers 

generally have spring constants of about 0.1 N/m and should have a high resonant 

frequency. 
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𝑓0 =
1
2𝜋

𝑠𝑝𝑟𝑖𝑛𝑔  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑚𝑎𝑠𝑠  

This equation shows that a cantilever can have both low spring constant and high 

resonant frequency if it has a small mass. Therefore AFM cantilevers tend to be 

very small. Commercial vendors manufacture almost all AFM cantilevers by 

microlithography processes similar to those used to make computer chips. 

The piezo crystal attached to the cantilever is used to excite the tip vertically 

causing the cantilever itself to oscillate (Figure 2.2). The laser beam reflects from 

its back surface causing an electronic signal when patterned over the photodiode 

array consisting of two side-by-side photodiodes. Angular deflection of the 

cantilever causes a two-fold larger angular deflection of the laser beam. The 

difference between the two photodiode signals indicates the position of the laser 

spot on the detector and thus the angular deflection of the cantilever which 

combined reveals information (electrical and topographical information) about the 

sample surface under investigation. 

 

Figure 2.2. AFM schematic representation. Reproduced from Di Dimension Instruction manual, Veeco 
Instruments Inc. 2004 manual 
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The AFM not only measures the force on the sample but also regulates it through 

the feedback loop, allowing acquisition of images at very low forces. The 

feedback loop circuit attempts to keep the cantilever deflection constant by 

adjusting the voltage applied to the scanner. The faster the feedback loop can 

correct deviations of the cantilever deflection, the faster the AFM can acquire 

images.  

In this work, surface topography images were obtained by TappingMode™ AFM 

performed in air AFM using a Dimension Nanoscope V system (Veeco Inc., 

Metrology group) using TESP7 probes (n-doped Si cantilevers, Veeco 

Instruments Inc., Metrology Group) with a resonant frequency of 234–287 kHz, 

and a spring constant of 20–80 Nm-1. Tap300Al-G (Budget Sensors, Monolithic 

silicon cantilevers) with a resonance frequency of 100-400 kHz, and a spring 

constant of 20-75 Nm-1
 (Windsor Scientific, Sloughm Berks., U.K.). Data 

acquisition was carried out using Nanoscope version 7.00b19 software (Veeco 

Instruments Inc., Digital Instruments). Vibrational noise was reduced with an 

isolation table/acoustic enclosure (Veeco Inc., Metrology Group). 
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2.1.2 Scanned Conductance Microscopy (SCM) 

SCM provides a method for probing the electronic properties of one-dimensional 

nanomaterials in qualitative manner. The experiment set-up has a conductive tip 

and a nanowire sitting on an insulating oxide dielectric of about ~200 nm 

thickness, which in turn is grown on a conductive Si substrate. The electrical 

connection is between the tip and the substrate and this voltage (V) is held fixed at 

a value typically between -10V and +10V. The height of the tip above the 

nanowire is about 50 -70 nm; too far for any tunneling current to pass so the tip 

and substrate behave like two metal plates separated by an insulating gap, i.e., a 

capacitor. 

Figure 2.3 illustrates the principles of the method. The technique involves a ‘two-

pass’ method in which the first pass of a metal-coated AFM probe over the sample 

surface is used to record the topography. In the second pass over the same scan 

line, the tip is then raised to a certain scan height (ca. 50–70 nm) and a bias is 

applied above the sample. 

 

Figure 2.3. A basic representation outlining the principles of SCM operation, used to evaluate the 

electronic properties of one-dimensional nanostructures2 

In general, SCM maps the attractive and repulsive forces between the tip and the 

sample, as shown in Figure 2.4. The tip-sample interaction changes the AFM 

cantilever resonance frequency. The resonant frequency is sensitive to any force 
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gradient. Attractive forces make the cantilever softer reducing its resonant 

frequency, while repulsive forces make it stiffer increasing its resonant frequency. 

 

Figure 2.4. Schematic diagram of the attractive and repulsive forces in the SCM experiment 

SCM Theory 

The charge on the tip (Q) is balanced by an equal and opposite charge (-Q) on the 

substrate. The relation between the applied voltage and the amount of charge is: 

𝑄 = 𝐶𝑉 

C is the capacitance of the tip/substrate arrangement. Because there is an electric 

field between the tip and substrate, there is electrical energy (E) stored in the 

capacitor: 

𝐸 =
1
2𝐶𝑉

! 

As discussed in Section 2.1.1, AFM works by monitoring the deflection of the tip 

(x) and uses Hooke's law to relate the deflection to a force, via the spring constant 

k: 

𝐹 = 𝑘𝑥 

There is mechanical energy stored in the tip when it is deflected: 
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𝐸 =
1
2 𝑘𝑥

! 

This energy exists independently of any applied voltage, however when a voltage 

is applied they are added together: 

𝐸 =
1
2 𝑘𝑥

! +
1
2𝐶𝑉

! 

It costs energy either to change x or to change C. In fact, the capacitance of two 

parallel plates is: 

𝐶 =
𝐴𝜖
𝑥  

Where, x is the distance between them. As far as the oscillation of the tip is 

concerned, anything that requires a supply of energy shifts the phase regardless of 

the source; electrical or mechanical. 

As such, the spring constant of the cantilever is altered by an amount δk, it mimics 

the effect of the way the electrical energy changes with x: 

∆𝐸   =
1
2 δ𝑘𝑥

! 

As long as the change in the spring constant is chosen so as to match the original 

electrical energy contribution: 

δ𝑘 =
1
2
𝜕!𝐶
𝜕𝑥! 𝑉

! =
1
2𝐶

!!𝑉! 

Where, C’’ is just a convenient shorthand for the second derivative with respect to 

x. You can see this by writing the capacitance in terms of the value near the point 

of no deflection: 

𝐶 = 𝐶!!! +
1
2𝐶

!!𝑥! 

The effect of the tip/substrate capacitance is equivalent to a change in the spring 

constant of the cantilever. The capacitance acts just like an increase in the 
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stiffness of the cantilever. Changing the spring constant puts the tip out of 

resonance exhibiting a phase shift. 

Phase shifts 

The shift is known as the “phase lag” of the probe and is defined as the difference 

between the phase angle of the oscillating cantilever and the drive signal voltage 

used to generate the cantilever motion.  

If we consider the cantilever as a harmonic oscillator, driven with frequency ω 

(damping coefficient γ) and resonant frequency, ω  ! 𝑘 𝑚, then the phase shift, 

φ, between the driving force and the cantilever resonance frequency ω0 is given 

by: 

tan∅ = −
𝛾𝜔

𝜔!! − 𝜔! 

The phase shift is negative when ω<ω0. Whereas, it is positive when ω>ω0), as 

can be seen in Figure 2.5. 

 

Figure 2.5. Resonance curve. The resonance frequency shifted Δω from ω0 to ω=ω0+Δω , and 

phase shift Δφ occurs at the frequency ω0. Reproduced from reference3 
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At resonance, the phase shift, ∅ = −𝜋 2. But, under usual SCM conventions, the 

bare substrate exhibits zero phase shift. This is because  𝜋 2 is subtracted from all 

measured phase shifts: 

𝛷 = ∅− −
𝜋
2 = ∅+ 𝜋 2 

Since the total energy, as a function of h: 

𝐸!"! = 1 2   𝑘  ℎ! + 1 2𝐶(ℎ)𝑉! 

Where C(h) is the tip-substrate capacitance, k, is the spring constant of the 

cantilever, and V is the bias voltage applied between the tip and the substrate. 

Therefore, 

1 2𝐶(ℎ)𝑉! 

 is equivalent to a change in k; Δk. For small forces, F' (h) << k, the frequency 

shift Δω and the phase shift ΔΦ are proportional to the force gradient F' (h). 

The Effect of the Nanowire 

The sign of the phase shift (Δφ, Figure 2.5) associated with the object under 

investigation, relative to the substrate background, indicates whether the wire is 

electrically conducting or insulating through the generation of a phase image. 

Figure 2.6 is a typical cross-sectional plot of a nanowire imaged by SCM. The 

negative-positive-negative phase shifts is characteristic of semi-conducting 

materials.4-6 
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Figure 2.6. A typical cross-section of a conducting DNA/polymer nanowire, illustrating the 

negative-positive-negative phase shifts is characteristic of semi-conducting materials 

The phase of the tip motion with respect to the driving force depends on the DC 

voltage applied and the capacitance between the tip and the underlying substrate. 

Negative phase shifts are only observed for conductive materials, whilst insulating 

materials exhibit positive phase shifts.7-9 

The presence of the nanowire changes the tip/substrate capacitance because the 

electrons in the nanowire move in the electric field in the tip/substrate gap and 

affect the charge stored. There are two ways this happens; either the electrons are 

free to move along the whole length of the wire (it's conductive and is really a 

wire) or the electrons are just disturbed a bit from their equilibrium (it's a 

polarisable insulator and not a wire). Polarisation of the nanowire happens only 

directly beneath the tip because the electrons are not free to wander away in an 

insulator; a long boring calculation showed that the phase shift is either positive or 

tends to zero as the polarisability (responsiveness of electrons to the field) tends to 

infinity. Conduction has a bigger effect because electrons not tied to their nuclei 

can wander along the length of the whole wire - the whole wire not just the 

portion beneath the tip now affects the capacitance.  
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SCM studies were carried out upon DNA/polymer nanowires immobilized upon 

Si<n-100> substrates with a 200 nm thick, SiO2 layer, modified with a TMS self-

assembled monolayer, as described in Chapter 4. All experiments were performed 

in air with a Dimension Nanoscope V system (Veeco Instruments Inc., Metrology 

Group), using MESP probes (n-doped Si cantilevers, with a Co/Cr coating, Veeco 

Instruments Inc., Metrology Group) with a resonant frequency of ca. 70 kHz, a 

quality factor of 200–260, and a spring constant of 1–5 Nm-1. Acquisition and 

processing of SCM data was carried out using Nanoscope version 7.00b19 

software (Veeco Instruments Inc., Digital Instruments). During SCM experiments, 

an independently controlled bias, typically set between -7 V and +7 V, was 

applied to the sample whilst the tip was kept grounded and lift heights of 50–

70nm were typically employed. 
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2.1.3 Conductive Atomic Force Microscopy (cAFM) 

c-AFM techniques can provide direct electrical characterization, as well as the 

surface topography of individual nanowires through the use of a metal coated tip 

to contact the nanowire.  

cAFM involves applying droplet of templating solution onto the Si/SiO2 substrate 

with subsequent solvent evaporation leaving a dense network of nanowires on the 

surface, at the periphery of which individual nanowires can be found to extend 

out. The dense nanowire network can effectively be used as a macroscopic 

electrical contact to the nanowire under study. Electrical contact of the network to 

the metallic sample chuck can be made using a drop of Ga/In eutectic. The second 

electrical contact to the nanowire is made using the conductive metal-coated AFM 

probe itself. The main technical difficulty lies in making a second connection 

between the nanowire and the external circuit. 

 

Figure 2.7 Experimental set-up for cAFM measurements carried out upon DNA-based polymer 

nanowires. Measurements are recorded upon individual nanowires located at the periphery of a 

dense network of nanowires2 

c-AFM images are recorded with different biases applied between the cantilever 

and the metallic chuck. Essentially zero current is observed when the tip is above 

bare Si/SiO2, but currents are observed when the tip was in contact with the 

nanowire.  
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After collecting an image, the closed loop positioning system of the NanoscopeV 

is used to touch the nanowire at defined points and an I-V curve is recorded over a 

range of bias voltages. We interpret the data in terms of a simple series circuit 

comprising three resistances; Rtip, Rext and Rwire. Where Rtip, is the tip/nanowire 

contact resistance, Rext is the resistance between the nanowire and the external 

circuit and Rwire is the resistance of the portion of the nanowire between the tip 

and the main drop deposit. The measured circuit resistance is clearly the sum of 

these, and we are assuming all the distance dependence lies in Rwire. 

c-AFM studies were carried out upon DNA/polymer nanowires supported upon 

Si<n-100> wafers bearing a 200 nm thick, SiO2 layer, modified with TMS self-

assembled monolayer, as described in Chapter 4. All experiments were performed 

in air with a Dimension Nanoscope V system (Veeco Instruments Inc., Metrology 

Group), using MESP probes (n-doped Si cantilevers, with a Co/Cr coating, Veeco 

Instruments Inc., Metrology Group) with a spring constant of 1–5 Nm-1, and 

SCM-PIC probes (n-doped Si cantilevers, with a PtIr/Cr coating, Veeco 

Instruments Inc., Metrology Group) with a spring constant of 0.2 Nm-1. 

Acquisition and processing of SCM data was carried out using Nanoscope version 

7.00b19 software (Veeco Instruments Inc., Digital Instruments). Ga/In eutectic 

was used to make an electrical contact between the DNA/ polyTPT material and 

the sample chuck. 
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2.1.4 Two-Probe I-V Measurements  

Quantitative data on the electrical properties of individual DNA-based nanowire 

structures was gathered through two probe current-voltage (I-V) measurements; 

this required the fabrication of bespoke two-terminal devices (Figure 2.8 and 

Appendix). These devices were used as an interface between the nanowire and the 

probe station and were constructed using Au electrode pairs, micro-fabricated 

using photolithography, embedded in a thermally grown insulating SiO2 layer, on 

a silicon substrate. The Au electrodes were typically separated by a gap of 2–8 

µm, across which a DNA-based nanowire was be aligned using molecular 

combing.  

 

Figure 2.8. Optical images of Au electrode pairs, micro-fabricated using photolithography, 

embedded in a thermally grown insulating SiO2 layer, on a silicon substrate. The Au electrodes 

were typically separated by a gap of 2–8 µm 

Two-point probe current-voltage measurements were made using a Probe Station 

(Cascade Microtech, Inc., Oregon, USA) and B1500A Semiconductor analyzer 

(Agilent Technologies UK Ltd., Edinburgh, United Kingdom), equipped with 

Agilent EasyEXPERT software. Prior to electrical testing, the two-terminal 

devices underwent a heating/cooling cycle between 293-373K, using a 

heating/cooling chuck (Model ETC-200L, ESPEC Corp., Osaka, Japan), under a 

N2 atmosphere, to drive off any water bound to the nanowire/bulk polymer. 

Subsequent I-V measurements were conducted under a N2 atmosphere, in the dark 

and using a voltage range of -5 V to +5 V in steps of 0.05V. Variable temperature 

I-V measurements were carried out between a temperature range of 293–373K, at 

increments of 10K. 
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2.1.5 Contact Angle Measurements10 

Surface hydrophobicity is estimated by measuring the angle a surface makes with 

the tangent of a drop of water at the contact point, known as the contact angle 

(Figure 2.9). The more hydrophilic a surface, the smaller the contact angle, as the 

solution maximizes its interaction with the surface. Larger contact angles indicate 

repulsion, as a result of an increasing hydrophobic surface.  

 

Figure 2.9. A screen shot taken from the CAM 101 used for contact angle measurements in this 

study. A droplet of water is deposited onto the appropriately functionalized surface and the static 

contact angle is measured by the camera 

The theoretical description of contact arises from the consideration of a 

thermodynamic equilibrium between the three phases: the liquid phase (L), the 

solid phase (S), and the gas/vapor phase (G). If the solid–vapor interfacial energy 

is denoted by γSG, the solid–liquid interfacial energy by γSl, and the liquid–vapor 

interfacial energy (i.e. the surface tension) by γLG, then the equilibrium contact 

angle θC is determined from these quantities by Young's Equation: 

0 = 𝛾𝑆𝐺 − 𝛾𝑆𝐿 − 𝛾𝐿𝐺 cos𝜃!  
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The contact angle can also be related to the work of adhesion via the Young-

Dupré equation: 

𝛾(1+ cos𝜃!) = ∆𝑊!"# 

Where, ΔWSLV is the solid - liquid adhesion energy per unit area when in the 

medium, V. Figure 2.10 summarizes the theoretical description of contact angles. 

 

Figure 2.10. The theoretical description of contact arises from the consideration of a 

thermodynamic equilibrium between the three phases: the liquid phase (L), the solid phase (S), and 

the gas/vapor phase (G) 

Where, 

θ is the contact angle 

γsl is the solid/liquid interfacial free energy 

γsv is the solid surface free energy 

γlv is the liquid surface free energy 
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2.1.6 Nanowire Alignment 

A fundamental requirement for the characterization nanowires is reproducible 

methods for nanowire deposition/alignment. One approach is to essentially make 

use of the fluid and surface tension forces of the solution to elongate nanowires or 

DNA onto a surface.  

Methods most applicable to this work are molecular combing and spin-coating, 

largely due to the simplicity and cost effectiveness. Molecular combing involves 

the direct manipulation of a drop of solution, with the alignment of the 

DNA/nanowires perpendicular to the receding meniscus of the solution through 

movement of the droplet (Scheme 2.1).11  

 

Scheme 2.1. An illustration of DNA alignment across Si/SiO2 surfaces using molecular combing2 

Spin-coating12, 13 involves the treatment of the surface with a liquid containing 

the desired material. Subsequent spinning of the sample provides an elongation 

force in the form of fluid flow, stretching, in this project the DNA/polymer 

nanowires across the surface.  

In this work, molecular combing was the primary method for immobilization of 

DNA and DNA/polymer nanowires onto Si/SiO2 surfaces, with spin-coating 

employed only when molecular combing proved unsuccessful.  

In the case of molecular combing, 5µL of template reaction mixture was 

deposited applied to a modified Si/SiO2 surface cut into 1 cm2 portions (Chapter 

4, Section 4.4.1). Using a micropipette tip, the templating solution was combed 

back and forth 20 times, using a wicking action by hand, at 1 second intervals 

(Figure 2.11), returning to the original point of deposition counting as 2 

movements and taking 2 seconds to perform. All AFM images were taken from 

the alignment pathway. 
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Figure 2.11. An illustration of showing the procedure by which molecular combing was carried 

out during this project 

In the case of spin-coating, 5µL of template reaction mixture was deposited 

applied to the centre of a modified Si/SiO2 surface cut into 1 cm2 portions 

(Chapter 4, Section 4.4.1). Using centrifuge with a rotor radius of ~10 cm, the 

sample was spun for 30 seconds at 300 rpm with the droplet removed using a 

micropipette.  All AFM images were taken from the periphery of a visible 

network of nanowires on the surface of which individual nanowires can be found 

to extend out.  
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3.1 Chapter Overview 

Overall Goal 

To synthesis appropriate monomer units that when polymerized have the potential 

to both conduct and undergo further chemistries compatible with biomolecules. 

Hypothesis 

By synthesizing pyrrole-thiophene co-monomer units, a route to the formation of 

polymers with well-defined chemical structure with similar properties will be 

attained. 

The introduction of functional groups directly into the monomer units prior to 

polymerisation will have little effect on the stability of these materials to 

polymerisation. 

Objectives  

To synthesis analogues of pyrrole and thiophene bearing functionality suitable for 

further chemistry with biomaterials.  

To determine the redox potentials and assess the stability of each system as formed 

polymer. 

  



Chapter 3 Synthesis and Characterisation 

84 
 

3.2 Introduction 

Organic polymers hold a great deal of potential for label-free detection of a variety 

of biological species.1-3 In such applications, the polymer is not only used as a 

transduction element but also as an immobilization matrix for biological recognition 

molecules.4 One approach to achieving probe immobilization is through the 

synthetic modification of the chosen monomer unit i.e. pyrrole, to introduce further 

functionality; functionality that may be exploited post polymerisation for the 

introduction of a desired capture probe.5, 6 The role of the physical and chemical 

structure of these functional groups and the effect such modifications have on 

disorder, conformation and electronic characteristics are essential considerations to 

sensor design and performance.  

In Chapter 1, pyrrole and thiophene were highlighted as compounds of significant 

interest due to the agreeable balance between stability, low cost and high 

conductivity when polymerized. Functionalisation of pyrrole is relatively 

straightforward in that synthetic modifications can be made on the ring system or 

through the central nitrogen. 

Polymerisation of pyrrole proceeds predominantly through the α-positions of the 

heterocyclic ring. However, β-substituted (3- and 4- positions) polypyrrole 

formation is also possible (Figure 3.1). This has been shown to cause a loss of 

planarity to the polymer backbone by out of plane twisting of the ring system and 

has been observed to cause a reduction in conductivity; a process thought to be 

promoted by such synthetic modifications.7 For example, N-methylation of pyrrole 

has shown to result in a reduction in conductivity in comparison with unmodified 

polypyrrole, with N-methyl-polypyrrole reported to exhibit conductivities of ~10-3 S 

cm-1.8 
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Figure 3.1. Polymerisation of pyrrole can proceed through the β-position  

As such, two of the more fundamental goals in this field have been to optimize 

conductivity and maximize electrical performance and stability. Garnier et. al.5, 

amongst others8, 9, noted that 3-substituion of pyrrole is more favourable than N-

substitution with regard to maintaining the high intrinsic conductivity of the 

polymer. While studies have shown, by blocking the 3 and 4- positions on the 

pyrrole ring, unwanted β-substituted polypyrrole formation may be eliminated, with 

a higher levels of conductivity observed.9-11 

Despite the effect of reduced conductivity N-substitution has on polypyrrole, 

materials modified in this manner still retain a conductive nature and are particularly 

useful due to the relatively straightforward means of introducing new functionality. 

A significant benefit to this approach is that it avoids the stereo chemical ambiguity 

that can arise with the asymmetric 3-derived compounds and the necessity to block 

reactive sites in order to control regioselectivity (Chapter 1). The ease of 

modification and hence functionalisation via this chemistry, gives justification to 

pursue this route in the development of conducting polymers for sensory 

applications. Moreover, the organic nature of these materials allows for even further 

synthetic modifications to be made in order to attain an agreeable balance between 

ease of functionality and conductivity. 

In this regard, a way of countering the adverse effect functionalisation at the N-

position may have on conductivity is through the introduction of a second ring 

system covalently linked at the α-position of pyrrole, thus allowing for any 

functional groups attached to be spaced out; minimizing steric interactions which 

promote polymerization through the β-position. A suitable candidate for this second 

ring system is thiophene. As previously discussed, the high electrical conductivity, 

good environmental stability and structural versatility have made polythiophene the 
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focus of much research. These properties are also expected to be observed in a 

pyrrole-thiophene co-polymer material, making this class of compounds an 

attractive target.12, 13 

Co-polymerization of the corresponding mixtures of monomers to produce poly(2-

(2-thienyl)-pyrrole) (polyTP, Figure 3.2) has previously been achieved through a 

variety of routes and the electronic properties of this polymer have subsequently 

been established.14-19 Conductivities up to 1 S cm-1 have been reported, in addition 

to good stability at ambient conditions. It was anticipated that by synthesizing a 

pyrrole-thiophene co-monomer unit, a route to the formation of polymers with well-

defined chemical structure will be attained, which may not otherwise be easily 

synthesized through the equivalent co-polymerization of corresponding monomer 

mixtures.  

 

Figure 3.2. Structure of poly 2-(2-thienyl)-pyrrole, polyTP 

Whilst this approach overcomes the random nature of monomer insertion afforded 

by co-polymerization, control over the orientation of each unit is still not 

straightforward. TP’s chemical structure gives rise to three different configurations, 

“head-to-tail”, “tail-to-tail”, or “head-to-head” arrangement (Figure 3.3, a), b) and c) 

respectively) which could potentially result in a loss of planarity and reduced 

conductive properties.  
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Figure 3.3. The three possible configurations of poly-TP formation, a) ‘head-to-tail’, b) ‘tail-to-tail’, 

c) ‘head-to-head’  

A way to circumvent this concern is through the introduction of a second thiophene 

moiety adjacent to the pyrrole, affording a thiophene-pyrrole-thiophene structure, 

2,5-(di-2-thienyl)-pyrrole (polyTPT, Figure 3.4). Previously reported in the 

literature, 25, 27, 28 TPT provides the third monomer unit from this class of 

compounds and has been shown to possess similar properties to TP. It is anticipated 

that the symmetric nature of such an ‘oligomeric’ monomer unit will help ensure the 

formation of a well-defined, regular polymer structure. In this work it was decided 

to base the conducting polymers on P, TP and TPT. 

 

Figure 3.4. Structure of 2,5-(di-2-thienyl)-pyrrole, polyTPT 

Introducing Further Functionality 

As discussed in Chapter 1, the covalent modification of polymeric materials post 

polymerisation as a means to bio-probe attachment is well established route to 

functionalized conducting polymers.5, 6, 20 As discussed, N-substitution of pyrrole is 

a relatively straightforward means of introducing new functionality. A fundamental 

requirement in the covalent immobilisation of specific capture probes is the 

biological compatibility of the reaction and conditions. Mild, aqueous, conditions 
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and highly specific orthogonal bond formation to the groups present in the 

biomolecule are required in order to retain the functionality and specificity of the 

probe itself, post immobilisation. One such method it through the introduction of 

terminal alkyne group for 1,3-cyclo-addition. 

The mechanism of 1,3-cyclo-addition of azides to terminal alkynes to form a 

triazole was pioneered by Rolf Husigen,21 with copper catalyzed 1,3-dipolar 

cycloaddition (‘click’ chemistry, Scheme 3.1) introduced by Sharpless in 2001.22 

The highly specific nature, stability to a range of conditions, compatible with 

biological, aqueous conditions and tolerance of functional groups makes ‘click’ 

chemistry an ideal route to achieving the functionality envisaged.23  

Attachment of an alkyne group to each monomer unit described previously allows 

the use of ‘click’ chemistry to form a triazole linkage between an azide terminated 

capture probe and the CP nanowire of choice. By coupling 5-chloro-1-pentyne via 

the N-position of pyrrole the moiety for each of the three monomers units (P, TP 

and TPT); functionality is introduced to the polymer systems. 

 

Scheme 3.1. A general scheme for the formation of 1,4-triazoles via ‘click’ chemistry 

This approach gives rise to a range compounds for application as functional 

conducting polymer nanowires (Figure 3.5), which will be referred to as C5-P, C5-

TP and C5-TPT. 

 

Figure 3.5. Structures of N-alkylated alkynyl units 
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Chapter Outline: This chapter describes the initial synthesis characterization of TP 

and TPT monomer units. The alkylation of the relevant monomer units to afford C5-

P, C5-TP and C5-TPT is also described. Polymerisation (chemically and 

electrochemically) and subsequent characterisation of polyC5-P, polyC5-TP and 

polyC5-TPT is also presented. 
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3.3 Results and Discussion 

3.3.1 Monomer Synthesis 

Goal: To synthesize pyrrole-thiophene co-monomer units.  

Monomer units, C5-P, C5-TP and C5-TPT were synthesised by using modified 

literature procedures.14, 15, 24-26 Characterisation was by high-resolution ES-MS, 1H 

and 13C NMR spectroscopy to ascertain the reactions had yielded the desired 

products.  

C5-P was synthesized directly in 89% yield by a one-step alkylation of pyrrole 

(sodium hydride, 5-bromo-1-pentyne in DMF, Scheme 3.2). TP and TPT analogues 

both involved a multi-step approaches in which the formation of the relevant ring 

system was required prior to alkylation of the pyrrole units. 

 

Scheme 3.2. Synthetic route for the N-alkylation of pyrrole derivatives. a) NaH, b) 5-chloro-1-

pentyne, DMF. R1 and R2 = H (P), R1 = H, R2 = thiophene (TP), R1 and R2 = thiophene (TPT)  

TP synthesis began with thiophene carbonyl chloride; an addition-elimination 

reaction affords the amide, N-allylcarboxamide (Scheme 3.3 A)). This was a very 

clean reaction with no purification required and yields up to 87% were consistently 

observed. Conversion to imidoyl chloride (Scheme 3.3 B)) was achieved using 

thionyl chloride and subsequent elimination/ring-closing via the addition of strong 

base, potassium tert-butoxide affords 2-(2-thienyl)-pyrrole, TP (Scheme 3.3 C)). 

Typically yields of 61%, after purification by column chromatography, were 

obtained. Unequivocal confirmation of the compound synthesis was obtained by 

single crystal single X-ray diffraction; Figure 3.6 shows the molecular structure.  
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Scheme 3.3. Reaction scheme for 2-(2-thienyl)-pyrrole, TP. i) allylamine, pyridine ii) thionyl chloride, 
toluene/DMF iii) KOtBu, DMF 

 

Figure 3.6. Molecular structure of 2-(2-thienyl)-pyrrole, TP, recrystallized from dichloromethane and 
obtained by a single crystal X-ray study. The data of which can be found in the Appendix, Section 9.1 

The two step synthesis of TPT involves the formation of the central pyrrole moiety 

through ring closure of 1,4-bis(2thienyl)-1,4-butadione using the Paal-Knorr 

synthesis. The di-ketone precursor (Scheme 3.4 A)) was produced by Friedel-Crafts 

acylation of thiophene using succinyl chloride. The highly favoured 5-membered 

pyrollyl ring unit was formed by cyclisation of an enamine intermediate produced 

by treatment with ammonium acetate and acetic anhydride. The final product, 2, 5-

di (2-thienyl)-pyrrole, TPT (Scheme 3.4 B)), was formed typically in 70% yield. 
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Scheme 3.4. Reaction scheme for 2, 5-di (2-thienyl)-pyrrole, TPT. i) succinyl chloride, AlCl3, dry 
CH2Cl2 ii) acetic anhydride, HOAc. NH4OAc 

3.3.2 Alkylation of N-pyrollyl Units 

Goal: Modify pyrrole-thiophene co-monomer units produced in 3.3.1 to introduce 

chemical functionality suitable for reactions with biomaterials such as DNA.  

5-chloro-1-pentyne was covalently attached at the N-position of each monomer unit 

via deprotonation of the NH group using a sodium hydride (Scheme 3.2). In each 

case, sodium hydride was suitable to deprotonate the relatively acidic proton to give 

a pyrrole anion. This facilitates nucleophilic attack of the alkylhalide and alkylation 

occurs via a concerted, SN2, mechanism.  

Again, these reactions were found to proceed relatively cleanly with purification of 

C5-TP and C5-TPT and C5-P achieved routinely by flash column chromatography. 

Yields of 89% were consistently observed for all monomer units.  

3.3.3 Electrochemical Characterisation  

Goal: To determine the redox potentials of C5-TP and C5-TPT and C5-P and their 

assess stability as formed polymer via electrochemical polymerization. 

Each of the monomers was studied by cyclic voltammetry to determine the redox 

potentials and assess the stability of the formed polymer. Interpretation of the 

electrochemical data was aided by literature references.7, 16, 17, 27-31 Table 3.1 

presents the redox potentials for the compounds.  
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Monomer E/V (peak) 

C5-P >1.50 

C5-TP 1.04 

C5-TPT 0.99 

Table 3.1. CV oxidation peaks of C5-P, C5-TP and C5-TPT. 10 mM of sample, 100 mM LiClO4, 

acetonitrile, working electrode Pt, counter electrode Au and Ag quasi-reference electrode. Scan rate 

0.2 V/s.32 The accuracy of these values is ±10 mV based on the stability of the reference electrode 

As shown in Table 3.1, decreasing oxidation potentials are observed in the sequence 

C5-P>C5-TP>C5-TPT which is in line with the increasing size of the ring system 

for each monomer unit. This is the net effect of continued stabilisation of the radical 

polymer system and a reduction in the band gap through formation of longer 

conjugated chains.31 

Figure 3.7 shows the cyclic voltammogram for C5-P. The initial oxidation occurs at 

~1.54 V with film deposited on the electrode, reduction of this film occurred at 

~0.45 V upon reversal to a negative potential. Repeated cycles gave rise to the 

formation of oxidation peaks at lower potentials, this is in agreement with the 

expected stabilisation of the radical polymer system (Chapter 1) and a reduction in 

the band gap upon the formation of an extended conjugated system i.e. increased 

polymer chain length. Moreover, there was no evidence of monomer reduction on 

the return sweep, indicating irreversible polymerisation was taking place. 
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Figure 3.7. CV of C5-P. 10 mM of sample, 100 mM LiClO4 in MeCN, working electrode Pt, counter 

electrode Au and quasi-reference electrode Ag. Scan rate 0.2 V/s32 

The behaviour of C5-TP (Figure 3.8) was similar to C5-P, though here oxidation 

took place at ~1.17 V and reduction observed at ~0.43 V. As with C5-P, repeated 

cycles gave rise to the formation of oxidation peaks at lower potentials, indicating 

polymer formation. This was found to be more pronounced in C5-TP than C5-P, 

where the oxidation potential of the polymer (~0.60 V) was considerably lower to 

that of the monomer (~1.19 V). Again, there was no evidence of monomer reduction 

on the return sweep, indicating irreversible polymerisation is taking place. 
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Figure 3.8. CV of C5-TP. 10 mM of sample, 100 mM LiClO4 in MeCN, working electrode Pt, 

counter electrode Au and quasi-reference electrode Ag. Scan rate 0.2 V/s32 

In the case of C5-TPT, oxidation took place at ~1.17 V with a reduction peak 

observed at ~0.43 V (Figure 3.9). As expected, there was no evidence of monomer 

reduction on the return sweep. As with C5-P and C5-TP, the formation of oxidation 

peaks at lower potentials upon repeated cycles was observed. The oxidation 

potential of the polymer (~0.65 V) was considerably shifted to lower potential 

compared to that of the monomer (~1.17 V). It should be noted that in this work the 

Ep (anodic peak potential) is referred to as the oxidation potential of a given species. 
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Figure 3.9. CV of C5-TPT. 10 mM of sample, 100 mM LiClO4 in MeCN, working electrode Pt, 

counter electrode Au and quasi-reference electrode Ag. Scan rate 0.2 V/s32 

3.3.4 Chemical Polymerisation  

Goal: To determine if C5-TP and C5-TPT and C5-P can be chemically 

polymerisation using FeCl3. 

For each new monomer system, bulk polymerisation was achieved by adding FeCl3 

(in excess) to a water/DMF solution containing the monomer unit. The resulting 

precipitate was isolated from solution using a centrifuge, rinsed and dried prior to 

examination by FTIR. Evidence of the chemical polymerisation of each monomer 

unit was primarily observed through precipitate formation, which was in line with 

the electrochemical data presented in Section 3.3.3. This analysis was subsequently 

supported by key changes in the FTIR spectra. In particular, the retention of the 

alkynyl group was critically important for later conjugation of the probe sites. 

In the case of polyC5-P, precipitate formation was slow (several hours) with no 

significant colour change in solution observed; any change may have been masked 

by the excess of FeCl3 in solution. The isolated precipitate was found to be both 

brittle and foam-like. It is possible that polyC5-P forms a less densely packed 

structure and that slow precipitation was a result of the steric influence of the 
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pentynyl chain, perhaps inhibiting long polymer chain formation. When considering 

observations made in Section 3.3.3, precipitate formation alone indicates polymer 

formation via oxidative polymerisation using FeCl3. This visual observation was 

subsequently supported by FTIR analysis of the isolated precipitate. The following 

discussion is focused on bands observed in the FTIR spectra which indicate ring 

coupling and hence polymerisation, complete assignments can be found in the 

Appendix.  

Figure 3.10 shows spectra of polyC5-P (3500 – 2000 cm-1 region). The restrictive 

effect that polymer formation has on vibration and therefore the vibrational modes 

of functional groups was evident in the spectra and resulted in a number of bands 

attributed to C-H vibrations shifting to lower wavenumbers.33 For example, the 

alkyne C-H vibration observed 3309 cm-1 in the monomer, was shifted to 3263 cm-1 

in the polymeric material. The aromatic C-H vibration was also observed to have 

shifted from 3066 cm-1 to 3028 cm-1 in conjunction with the appearance of weak 

bands at 3155 cm-1 and 3101 cm-1, this was attributed to the formation of oligomers 

of different lengths.34 The intensity of the polymer spectra was noted to be 

significantly reduced when compared to the monomer unit; this is a known issue 

with highly conductive materials which are inherently reflective. 

 

Figure 3.10. FTIR spectra (3500 – 2000 cm-1 region) of C5-P (blue) and polyC5-P (red). For clarity, 

0.5 has been added to the absorbance values of C5-P 
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Importantly, the continued presence of the alkyne stretch (2152 cm-1, Figure 3.10, 

dashed lines) indicates that this functional group remains intact throughout the 

polymerisation.  

Inspection of spectral bands below 1300 cm-1 (Figure 3.11) gave further evidence of 

polymerisation. Narrow plane vibration bands of C-H deformation in the C5-P 

monomer unit are noted at 956 cm-1, 968 cm-1 and 995 cm-1. However, after 

incubation with FeCl3, these bands were no longer present and new weak 

absorbance bands were observed (1246, 1122 cm-1 and 1056 cm-1), these were 

attributed to C-H bending, ring breathing and ring deformation of shorter polymer 

chains, respectively.35, 36   

 

Figure 3.11. FTIR spectra (1300 – 900 cm-1 region) of C5-P (blue) and polyC5-P (red) showing the 

disappearance of narrow plane vibrations bands of C-H deformation and appearance of weak bands 

attributed to C-H bending, ring breathing and ring deformation from polymer formation. For clarity, 

0.2 has been added to the absorbance values of C5-P  

The effect of the increasingly reflective nature of the polymer, often associated with 

mobile electrons or charge carriers in conductive materials, was clearly evident 

(broad band ca. 2000 cm-1). The absorbance intensity of a number of bands clearly 

varies, with baseline response observed to be significantly less than when compared 

to the initial background spectra. Furthermore, after 24 hours incubation with FeCl3, 
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no absorbance/bands related to the materials groups were observed, indicating the 

reflective polymer was the main constituent of the sample. This data supports 

electrochemical/visual observations that polymerisation of each monomer can be 

achieved both chemically and electrochemically.  

In the case of polyC5-TP, precipitate formation was immediate, with a significant 

colour change from the ruby red of the C5-TP monomer to a very dark black/green 

solution observed. The isolated precipitate was found to be fairly robust and 

metallic-like in appearance. Furthermore, immediate precipitation upon the addition 

of FeCl3 implies that the additional thiophene moiety present in C5-TP has the 

desired effect of reducing the steric hindrance posed by the pentynyl chain, thus 

allowing the formation of longer polymer chains more readily than poly-C5-P, 

mirrored by the lower observed oxidation potential. As with C5-P, precipitate 

formation from incubation with ferric chloride indicated polymer formation by 

oxidative polymerisation. 

Further evidence supporting polyC5-TP formation was provided by FTIR analysis. 

Observed shifts in band positions, changes in relative intensities as well as an 

overall reduction in absorbance of a number of bands were again observed. Fewer 

new bands are observed to arise as polymerisation of the monomer takes place. The 

shifting and sharpening of bands is also more pronounced than observed in the 

monomer unit, specifically in the 1800 – 800 cm-1 region (Figure 3.12), with bands 

attributed to the ring system significantly affected. A new band was observed at 

1014 cm-1, which can be assigned to the inter-ring C-C bond of longer poly-C5-TP 

oligomers, whilst the band arising from inter-ring bonding in the monomer unit is 

shifted to higher wavenumber (1649 cm-1 to 1668 cm-1) indicating the presence of 

short polymer chains, again signaling polymer formation had taken place.17, 35  
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Figure 3.12. FTIR spectra (1800 – 800 cm-1 region) of C5-TP (blue) and polyC5-TP (red). Bands 

attributed to the monomer species are shown to diminish and shift in conjunction with the appearance 

of new bands. For clarity, 0.3 has been added to the absorbance values of C5-TP 

The increase in intensity of the band at 1552 cm-1 indicates coupling of ring 

vibrations to the motion of charge carriers, providing further confirmation of 

polymerisation taking place.17 This data supports electrochemical/visual 

observations that conversion of each monomer unit to the corresponding polymer 

can be achieved either chemically and electrochemically. 

For C5-TPT, the formation of precipitate upon addition of FeCl3 to C5-TPT 

solution was immediate. However, a less obvious colour change than with the 

formation of polyC5-TP was observed. The isolated precipitate was found to be 

robust in nature and more metallic-like than polyC5-TP. As with C5-TP, precipitate 

formation from incubation with ferric chloride indicated polymer formation by 

oxidative polymerisation, in support of the observations made in Section 3.3.3 based 

on electrochemical data. 

Polymerisation of C5-TPT was less evident by FTIR (Figure 3.13, 1800 – 600 cm-1 

region) than C5-P and C5-TP. The ring breathing mode at 1105 cm-1 was shown to 

be reduced in intensity in conjunction with a sharpening of the ring breathing mode 

at 1089 cm-1.17, 34, 35 This was thought to be due to the constriction of the ring system 
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from polymerisation, preventing ring breathing. A new band at 663 cm-1 was also 

found, likely as a result of the formation of polymer chains formed through the 3-

position of the thiophene ring.37  

 

Figure 3.13. FTIR spectra (1800 – 600 cm-1 region) of C5-TPT (blue) and polyC5-TPT (red). Bands 

attributed to the monomer species are shown to recede in conjunction with the appearance of new 

bands attributed to polymer formation. For clarity, 0.3 has been added to the absorbance values of 

C5-TPT 

As with C5-P, and C5-TP, the most obvious indication of polymerisation is the 

overall reduction of absorbance with time due to the reflective nature of the 

conductive polymer.  

The differences between the monomer units upon polymerisation may also be 

rationalised through other experimental observations. Upon treatment of C5-TP or 

C5-TPT with FeCl3, precipitate was formed immediately and fewer new bands were 

observed in the spectra than compared to C5-P, where precipitate formation took 

place over a longer period of time. It is considered that any steric influence 

exhibited by the pendant pentynyl chain is reduced by the addition of the thiophene 

moiety in both systems, which effectively acts as a ‘spacer’ unit facilitating 

enhanced access to the C2 carbons on the thiophene by reducing steric hindrance 

posed by the alkyne terminated carbon chain and promoting consistent formation of 
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longer oligomers, resulting in immediate precipitation. Polymerisation will also be 

influenced by the increase in energy of the HOMO and decrease in the LUMO as a 

result of the extended ring system, resulting a smaller band gap.31 
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3.4 Conclusions 

The alkylated monomers of C5-P, C5-TP and C5-TPT were synthesized and 

characterized by 1H NMR, 13C NMR, FTIR and mass spectroscopy. A crystal 

structure of TPT was also obtained.  

Characterisation of the polymer formed both chemically and electrochemically was 

also performed. No evidence of polymer degradation was observed by either 

method, indicating the stability of these materials as formed polymer. Importantly, 

polymerisation of all three monomers units using FeCl3 was demonstrated; as it is 

the standard method for polymerisation in templating reactions.  
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3.5 Experimental 

All chemicals were purchased from Aldrich and/or Alfa Aesar and used as received 

unless otherwise stated. All 1H and 13C NMR spectroscopy was performed on a 300 

or 400 MHz Bruker Spectrospin. Infrared spectra were recorded on a Varian 800 

FT-IR; high resolution mass spectra with electrospray ionization (HRMS-ESI) 

were measured on a Waters Micromass LCT Premier mass spectrometer.  

3.5.1 Thiophene N-allylcarboxamide31  

Thiophene carbonyl chloride (5.0 g, 34 mmol) was added to allylamine (2.5 mL, 34 

mmol) in anhydrous pyridine (30 mL) under N2. The mixture was stirred vigorously 

for 24 hours. The pyridine was removed in vacuo with the aid of toluene affording a 

yellow/orange oil which was subsequently dissolved in CH2Cl2 and washed with 

water. The orange organic layer produced was dried with magnesium sulfate and the 

solvent removed in vacuo to give an orange crystalline solid (5.76 g, 34 mmol, 

100%). 1H NMR (300 MHz, CDCl3): δ 4.08 (2H, CH2), 5.29 (2H, m; CH2), 5.96 

(1H, quint; CH), 6.33 (1H, s; NH), 7.10 (1H, m; CH), 7.49 (1H, d; CH), 7.56 (1H, d; 

CH). 

3.5.2 Imidoyl Chloride31  

N-allylcarboxamide (6.93 g, 41 mmol), thionyl chloride (9 mL in 35 mL toluene) 

and DMF (1 mL) were combined giving a red/orange solution. The mixture was 

stirred vigorously for 18 hours in a closed round bottomed flask affording a red 

solution. The solvent was removed in vacuo producing an oil of yield 6.30 g, 34 

mmol, 83%. 1H NMR (300 MHz, CDCl3): δ 4.11 (2H, t; CH2), 5.31 (2H, m; CH2), 

5.96 (1H, m, CH2), 7.10 (apparent t, 2H), 7.50 (d, 1H), 7.53 (d, 1H). 

3.5.3 2-(2-Thienyl)-pyrrole from Imidoyl Chloride31 

KOtBu (4.5 g, 40.2 mmol) was added to anhydrous DMF (25 mL) under nitrogen at 

0 °C. A solution of imidoyl chloride (2.5 g, 13.5 mmol) in THF (15 mL) was added 

dropwise to the reaction mixture and left to stir for 18 hours in the dark. The 

brown/black solution produced was poured into iced water (500 mL) and extracted 

using ether. The organic solution was dried using magnesium sulphate and 
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concentrated to afford a dark brown solid with a black/brown oil. The crude product 

was purified using column chromatography (SiO2, 80:20 hexane-EtOAc). Yielding 

an oil which was dried in vacuo (1.53 g, 10 mmol, 74%). 1H NMR (CDCl3): δ 6.29 

(dd, 1H, CHpy), 6.44 (s, 1H, CHpy) 6.83 (s, 1H, CHpy), 7.03 (t, 2H, 2 CHth), 7.18 (dd, 

CHth), 8.33 (broad s, 1H, NH). 

3.5.4 Preparation of 1, 4-Bis(2-thienyl)-1, 4-butanedione14 

A solution of thiophene (96.1 mL, 1.20 mol) and succinyl chloride (40 mL, 0.3 mol) 

in dry CH2Cl2 (100 mL) was added to a suspension of powdered anhydrous AlCl3 

(160 g, 1.2 mol) in dry CH2Cl2 (150 mL) over a period of 2 hours under N2. The 

temperature was maintained within 16-22 ºC by cooling in ice-water and the 

mixture stirred vigorously for 3 hours. A green solution containing large solid 

pellets formed. The mixture was hydrolyzed with ice (2 kg) and conc. HCl (50 mL). 

The organic phase was extracted using DCM and washed with 2 M HCl, H2O and 

NaHCO3 and dried using MgSO4. The solvent was removed in vacuo affording a 

solid which was then washed in cold EtOH (150 mL). (85.30 g, 0.34 mol, 94%). 1H 

NMR (CDCl3): δ 3.38 (s, 2H, CH), 7.13 (t, 1H, CHth), 7.62 (d, 1H, CHth), 7.80 (d, 

1H, CHth).  

3.5.5 Preparation of 2,5-Di(thiophen-2-yl)-pyrrole14 

1, 4-bis(2-thienyl)-1, 4-butanedione (5 g, 20 mmol) was dissolved in excess hot 

HOAc. NH4OAc (38.54 g, 0.5 mol) and acetic anhydride (15.1 mL, 0.16 mol) were 

added and the reaction left to stir under reflux for 16 hours. After cooling to room 

temperature the solvent was evaporated to dryness. The green solution was 

neutralized using 2 M NaOH (200 mL) and the organic product extracted using 

CH2Cl2. The mixture was washed with sodium bicarbonate (excess 2x), brine 

(excess 1x) and dried with MgSO4. The green solution was concentrated in vacuo 

affording a solid/oil, TPT, (2.46 g, 10 mmol, 53%) 1H NMR (CDCl3): δ 6.40 (s, 2H, 

CHpy), 7.02 (t, 2H, CHth), 7.06 (apparent s, 2H, CHth), 7.24 (d, 2H, CHth), 8.40 

(broad s, 1H, NH). 
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3.5.6 General procedure for Alkylation of Monomer Units 
using 5-Chloro-1-pentyne  

A typical procedure for alkylation is given. TP (1.00 g, 6.80 mmol) was added to 

anhydrous DMF (100 mL) under nitrogen and left to stir for 20 minutes. Sodium 

hydride (0.55 g, 13.6 mmol) was added and the reaction mixture which was left to 

stir for a further 40 minutes. 5-chloro-1-pentyne (1.42 mL, 13.6 mmol) was added 

and the reaction mixture allowed to stir overnight. The dark brown/black solution 

was produced which was filtered using celite, dissolved in CH2Cl2 and washed with 

water then dried over magnesium sulphate. The product was concentrated in vacuo 

and purified by column chromatography (SiO2, 80:20 hexane-EtOAc), to yield an 

oil, C5-TP (0.78 g, 61%). 1H NMR (CDCl3): δ = 1.92 (m, 2H, CH2), 2.03 (t,1H, 

CH), 2.19 (m, 2H, CH2), 4.19 (t, 2H, CH2), 6.23 (m,1H, CHpy), 6.36 (m, 1H, CHpy), 

6.84 (s,1H, CHpy), 7.08 (m, 2H, CHth), 7.31 (m,1H, CHth). 13C-NMR (CDCl3): δ = 

135.33, 127.51, 126.73, 125.93, 125.21, 123.37, 111.19, 108.49, 83.26, 69.62, 

46.43, 30.36, 16.08. HRMS (ESI): m/z: calc. for C13H13NS [M+H]+: 216.0843; 

found: 216.0847. 

C5-P: Yield: 89% as an oil. 1H NMR (CDCl3): δ = 1.96 (m, 2H, CH2), 2.03 (t, 1H, 

CH), 2.16 (m, 2H, CH2), 4.05 (t, 2H, CH2), 6.16 (t, 2H, CHpy), 6.68 (t, 2H, CHpy). 
13C-NMR (CDCl3): δ = 120.70, 108.45, 83.10, 69.68, 47.92, 30.38, 15.75. HRMS 

(ESI): m/z: calc. for C9H11N [M+H]+: 134.0958; found: 134.0970. 

C5-TPT: Yield: 44% as a solid, mp 36-40 ⁰C. 1H NMR (CDCl3): δ = 1.78 (m, 2H, 

CH2), 1.86 (t, 1H, CH), 2.03 (m, 2H, CH2), 4.28 (m, 2H, CH2), 6.36 (s, 2H, CHpy), 

7.11 (m, 4H, CHth), 7.33 (m, 2H, CHth). 13C-NMR (CDCl3): δ = 135.30, 128.84, 

127.58, 126.51, 125.65, 111.53, 83.05, 69.22, 44.61, 30.12, 16.12. HRMS (ESI): 

m/z: calc. for C17H15NS2 [M+H]+: 298.0724; found: 298.0718. 

3.5.7 General Procedure for Electrochemical 
Polymerisation 

Cyclic voltammograms of dissolved monomers were collected on a CH Instrument 

Inc. electrochemical workstation 760B (using CHI Version 5.21 software). A 

platinum working electrode, gold counter electrode and silver quasi-reference 

electrode were used. All data were collected at room temperature using acetonitrile 
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as solvent, with 10 mM of the compound under investigation and 100 mM LiClO4 

as electrolyte. 

3.5.8 General Procedure for Chemical Polymerisation 

FeCl3 (2 ml, 0.3 M) was added to a DMF/water solution (1:4) of the appropriate 

monomer (2 ml, 0.1 M) and left to stand until precipitate formation occurred. After 

which the reaction mixture was centrifuged for 10 minutes (10,000 rpm) and the 

remaining FeCl3 removed. The precipitate produced was rinsed 3 times with excess 

nanopure water via the same method. The sample was subsequently dried in a 

vacuum oven (60°C) overnight.  

3.5.9 Preparation of Si/SiO2 Wafers for FTIR 

N doped Si <111> wafers were sequentially cleaned using a cotton bud soaked in 

acetone, propanol and finally water. The wafers were then soaked in a solution of 

sodium dodecyl sulphate and water (0.01 g in 100 mL) and heated to 50 ºC for 20 

minutes after which, the wafers were sonicated in nanopure water for 10 minutes. 

Following a further rinse they were dried using a nitrogen stream and the wafer was 

placed in ‘piranha solution’ (4:1, H2SO4:H2O2) for 1 hour, rinsed again with nanopure 

water and then dried in an oven for 15 minutes. 

3.5.10 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra (in the range 600–4000 cm-1) were recorded in transmission mode 

with a Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc., Palo Alto, CA, USA) 

equipped with a liquid nitrogen cooled deuterated triglycine sulfate (DTGS) 

detector, and were collected at 128 scans with 4cm-1 resolution. All samples were 

prepared through drop casting of polymer solutions described in 3.4.8 onto 

chemically oxidized Si<n-100> substrates. Data acquisition and analysis were 

carried out using Digilab Merlin version 3.1 software (Varian Inc.). 
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4.1 Chapter Overview 

Overall Goal 

To use DNA-templating as a route to the formation of hybrid DNA/polymer 

nanowires. 

Hypothesis 

DNA-templating will serve as a route to the formation of 1-D hybrid DNA/polymer 

nanostructures based on C5-P, C5-TP and C5-TPT. 

Manipulating the surface chemistries, deposition procedure and templating 

conditions will enable a degree of control over nanowire size and surface coverage. 

Objectives  

To assess the suitability of each system (C5-P, C5-TP and C5-TPT) for DNA-

templating through comparison of FTIR spectra of bulk polymeric and DNA-

templated materials.  

To establish a fixed protocol for DNA/polymer nanowire immobilization via brief 

study of Si/SiO2 surface chemistries. 

Elucidate the appropriate conditions for consistent deposition of DNA-templated 

polymer nanowires of C5-P, C5-TP and C5-TPT onto Si/SiO2 substrates. 
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4.2 Introduction 

1-D nanostructures of conducting polymer nanowires have attracted significant 

interest due to the potential advantages of combining an organic semi-conductor 

with low dimensionality.1-4 Efforts to exploit CPs include the development of new 

generations of solar cells,5, 6 rechargeable batteries,7 transistors,8 capacitors9 and 

bio/chemical sensors.10, 11  

With the current drive towards small-scale technologies, recent years have seen a 

growing emphasis placed upon the fabrication of materials with nanoscale 

dimensions. In particular, attention has focused on devising methods for producing 

highly anisotropic forms such as nanowires, nanoropes, and nanotubes.4, 12, 13 

Nanowires are of interest as they represent the smallest structure for effective 

electrical charge transport and are promising for use in nanoscale electronics. 

However, the search for simple and efficient synthetic methods to prepare 

conducting polymers with deliberate control of morphologies and sizes on a large 

scale is still a major challenge. 

Template-directed growth is the most frequently used approach for preparing such 

1-D nanostructures and several different methods have been shown to be 

effective.14-16 Here, an external ‘membrane’ is used to direct the growth of the 

polymer into the desired architecture. As discussed in Chapter 1, a variety of 

alternative materials have been used to facilitate this process which can be broadly 

split into two categories; ‘hard’ or ‘soft’ templates. One approach is the use of 

naturally occurring biopolymers, such as duplex DNA, as a template. 

DNA-templating has been shown to provide a practical and reproducible route to 

single CP nanowire formation for materials such as polyaniline,17 polypyrrole13, 18 

and polyindole;19 with the resulting materials considered supramolecular polymers, 

comprising of anionic DNA and cationic conducting polymer strands.  

The ability of DNA to act as a template for CPs principally arises from the 

complementary nature of the DNA duplex and the CP chains. DNA contains a high 

anionic charge, due to the phosphodiester backbone, a wealth of hydrogen bonding 

sites and numerous van der Waals surfaces in the grooves of the duplex. The general 

class of CPs derived from aromatic heterocyclic systems, such as pyrrole, are 
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formed in their conducting cationically charged form through oxidative 

polymerization and also tend to have a significant capacity for hydrogen bonding. 

Such molecules interact with the different proton donors and proton acceptors of the 

base-pairs that are exposed to solution at the major and minor groves (Figure 4.1). 

 

Figure 4.1. Recognition groups in the major and minor grooves of dsDNA. Redrawn from 

reference20 
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Hence electrostatic attraction between the growing cationic CP and the anionic 

DNA template, allied with additional non-covalent interactions, provide an effective 

means by which the CP growth is affected. 

The use of DNA to direct the growth of polyC5-P, polyC5-TP and polyC5-TPT 

into 1-D nanostructures presents an interesting challenge. While each of these CP 

systems can interact with the DNA-template electrostatically, the number and 

strength of hydrogen bonding interactions that can be envisaged between DNA and 

each of these systems is reduced compared to materials such as polypyrrole (Figure 

4.2, a)).   

Figure 4.2 shows the chemical structure of each system under investigation. In the 

case of polyC5-TP (Figure 4.2, c)) and polyC5-TPT (Figure 4.2, d)), strong 

hydrogen-bond donor sites (NH) are replaced by relatively weak acceptor sites (-S-), 

as a result of alkylation at the N-position. With polyC5-P (Figure 4.2, b)), no 

hydrogen bonding sites remain. This could be expected to have a detrimental effect 

on DNA-templating; as such these novel polymer systems may less well-suited 

materials for nanowire formation by this method. 

 

Figure 4.2. Hydrogen bonding sites available in a) polypyrrole; b) polyC5-P; c) polyC5-TP and d) 

polyC5-TPT. These have quite different hydrogen bonding capabilities, the red circle indicates 

strong (NH) hydrogen-bond donor sites while blue circle denotes relatively weak acceptor sites (-S-) 

Silicon/Silicon Dioxide (Si/SiO2) Substrates 

In order to gather topographical and electrical data (Chapter 5) pertaining to DNA-

templated polymer nanowires of polyC5-P, polyC5-TP and polyC5-TPT by 

scanning probe microscopy (SPM), it was necessary to first immobilize the samples 

onto a suitable substrate. As a high-quality electrical insulator, silicon dioxide is 

used extensively as a barrier for electrical isolation of semiconductor devices. 

Moreover, the silicon dioxide layer produced from thermal oxidation is relatively 

flat. These two characteristics, combined with the ability to tune the surface 
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properties have made Si/SiO2 the preferred substrate on which to examine 

DNA/polymer nanowires.18, 21, 22 

Si/SiO2 wafers are typically produced through the thermal oxidation of silicon with 

a native oxide layer at ~1200 °C. At this temperature, oxygen combines with silicon 

at the surface to form a thicker oxide layer. Subsequent exposure to moisture in the 

air produces a partial hydroxyl terminated surface (Scheme 4.1). 

Three different types of Si substrates were used during this project according to the 

purpose of the sample. Si<111> was employed for gathering topographical 

information while substrates with thicker oxide layers (ca. 200 nm), which screen 

electronic charge more effectively were used for electrical characterization 

(Chapter 5).  

Substrate Surface Modification 

The formation of siloxane bonds with appropriately functionalised chlorosilane (-

SiCl3) head groups enables the tuning of surface hydrophobicity and the coupling 

of a wide range of desired entities to Si/SiO2 surfaces.23 The quality of the 

monolayer produced is highly dependent upon the temperature and moisture 

content of the reagents used.24-26 However, the broad surface modification afforded 

provides the level of control required for this work. Furthermore, unlike Langmuir–

Blodgett films,27 the robust nature of the Si-O-Si-C bound layers make the 

monolayers significantly stable.  

The effective deposition and alignment of DNA-based nanowires onto Si/SiO2 

surfaces is highly dependent upon the hydrophobicity of the substrate surface; 

hydrophilic surfaces such as freshly cleaved mica and silicon dioxide have been 

shown to cause nanowires to coil up or align in random directions.13 In the case of 

silicon dioxide, treatment with chlorotrimethylsilane (TMS, Scheme 4.1) modifies 

the surface with methyl groups, producing a hydrophobic surface which reduces 

surface interactions with the hydrophilic nanowires. A fine balance must be found 

in order to enable an appropriate surface density to allow inspection of individual 

nanowires. 
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Scheme 4.1. Surface modification of Si/SiO2 surfaces with TMS in order to facilitate molecular 

combing28  

As such, Si/SiO2 surface modification with chlorotrimethylsilane served two 

purposes in this project; firstly, allowing for nanowire alignment and secondly to 

enable an appropriate surface density to allow inspection of individual nanowires. 

DNA and Nanowire Alignment 

A fundamental requirement for the characterization and eventual integration of 

nanowires into the circuitry of many applications is the development of cost 

effective and reproducible methods for nanowire deposition/alignment. One 

approach is to essentially make use of the fluid and surface tension forces of the 

solution to elongate nanowires or DNA onto a surface. This approach forms the 

basis of methods such as continuous flow or spin coating29-32, molecular combing 
33, 34 and electronic field alignment35, which have previously been shown to 

facilitate reproducible alignment of nanowires or DNA onto silicon oxide and mica. 

Methods most applicable to this work are molecular combing and spin coating, 

largely due to the simplicity and cost effectiveness. First developed by Bensimon 

et. al.34, molecular combing involves the direct manipulation of a drop of solution, 

with the alignment of the DNA/nanowires perpendicular to the receding meniscus 

of the solution through movement of the droplet (Scheme 4.2).  

 

Scheme 4.2. An illustration of DNA alignment across Si/SiO2 surfaces using molecular combing28 
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Spin-coating of DNA was first demonstrated by Ye et. al.30 onto mica. Treatment 

of the surface with a cationic dye molecule induced a strong adhesion force 

between DNA and the substrate. Subsequent spinning of the sample provided an 

elongation force in the form of fluid flow, stretching the DNA across the mica 

surface. This method was extended to silicon oxide surfaces pre-treated with 

cationic polyelectrolyte by Yokota et. al.31 when examining the surface morphology 

of cellulose films.  

In this Chapter, as with previous related work,13, 18, 36 molecular combing was the 

primary method for immobilization of DNA and DNA/polymer nanowires onto 

Si/SiO2 surfaces, with spin-coating employed only when molecular combing 

proved unsuccessful.  

Chapter Outline: In an effort to explore DNA-templating as a route to the 

formation of 1-D nanostructures using the novel polymeric materials described, 

this chapter presents studies assessing the suitability of each system, C5-P, C5-TP 

and C5-TPT, for DNA-templating through comparison of FTIR spectra of bulk 

polymeric and DNA-templated materials. Also presented in this chapter is 

characterization of DNA-templated polymer nanowires of polyC5-P, polyC5-TP 

and polyC5-TPT by atomic force microscopy (AFM). 
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4.3 Results and Discussion 

4.3.1 Large Scale DNA-Templating 

Hypothesis: Interaction between DNA and polymeric materials (DNA-templating) 

will be evident by the appearance of new bands and shifts in the Fourier Transform 

Infra-Red spectra of DNA-templated materials when compared to spectra of bulk 

polymeric material and DNA respectively. 

In order to establish the feasibility of polymer nanowire formation by DNA-

templating of the monomer units described, large scale reactions were first 

attempted. This was useful as it enables the use of Fourier Transform Infra-Red 

spectroscopy (FTIR) to characterize the hybrid materials produced. Typically, a 0.1 

M solution of monomer in DMF (1 mL) was added to an aqueous mixture of calf 

thymus DNA (CT-DNA), 40 µg mL-1(1 mL) and 0.5 M MgCl2 (1 mL). 0.1 M 

aqueous FeCl3 (1 mL) as an oxidant was added to begin polymerisation. A silicon 

chip, cut to ca. 1 cm2, was deposited in the reaction mixture and left for 8 hours. 

Subsequently, the chip was removed, dried in a vacuum oven (25 ºC) rinsed with 

nanopure water and dried again.  

Spectra of the isolated DNA/polyC5-P material provided evidence of the formation 

of a supramolecular polymer structure containing both DNA and polyC5-P (Figure 

4.3, green). The presence of the polyC5-P in the material was evident from the 

bands attributed to the alkane C-H asymmetric and symmetric vibrations (2924 cm-

1, 2854 cm-1) and the weak alkyne stretch at 2086 cm-1.37 The position of these 

bands were observed to be shifted to lower wavenumbers relative to the 

corresponding stretches in the spectrum of polyC5-P (2958 cm-1, 2868 cm-1 and 

2156 cm-1 respectively, Figure 4.3, red), suggesting that interaction with the CT-

DNA was taking place.18 Unfortunately, bands pertaining to alkyne and aromatic C-

H vibrations were masked by the broad O-H stretch of water trapped in the DNA. 
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 Figure 4.3. FTIR spectra of (blue) C5-P, (red) polyC5-P and (green) polyC5-P/DNA. For clarity, 

absorbance values have been altered to stack plot the spectra 

Similar effects were observed throughout the spectrum, with the majority of the 

bands shifted to a lower wavenumbers (Appendix). Comparison with the spectra of 

free DNA (Figure 4.4) also provided evidence that the hybrid material was not a 

simple mixture of DNA and polyC5-P, but that an intimate interaction between the 

two polymer types existed. For example, bands at 1496 cm-1 and 995 cm-1 

corresponding to ring vibration of cytosine/guanine and the C-O deoxyribose stretch 

in CT-DNA were observed and shifted to lower wavenumbers (normally 1487 cm-1 

and 962 cm-1 respectively).38, 39 Bands corresponding to phosphate groups (1077 cm-

1 and 1253 cm-1) were not visible; consequently any interaction could not be directly 

elucidated. 
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Figure 4.4. FTIR spectra of CT-DNA 

Similar observations were made for the isolated DNA/polyC5-TP material (Figure 

4.5, green). As with DNA/polyC5-P, templated material showed that the majority of 

bands were shifted to higher wavenumbers; with the presence of the polyC5-TP in 

the hybrid material evident from absorptions in the 3500 – 2800 cm-1 region 

(Appendix). Bands attributed to the alkyne, aromatic C-H stretches/vibrations (3302 

cm-1, 3107 cm-1 and 2955 cm-1 respectively) of the C5-TP monomer units were 

observed to be shifted to higher wavenumber relative to the corresponding stretches 

in the spectrum of polyC5-TP (3283 cm-1, 3097 cm-1 and 2929 cm-1 (Figure 4.5, 

blue and red respectively, Chapter 3).  
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Figure 4.5. FTIR spectra of C5-TP (blue), polyC5-TP (red) and DNA/polyC5-TP (green). For 

clarity, absorbance values have been altered to stack plot the spectra 

Unlike the DNA/polyC5-P hybrid material, the broad band centred at ca. 3300 cm-1 

in DNA due to O-H stretching vibrations from bound to water molecules was 

markedly reduced in intensity in the DNA/polyC5-TP sample; likely as a result of 

displacement of the DNA bound water by the hydrophobic polymer chains. Whilst 

the bands corresponding to phosphate groups (1077 cm-1 and 1253 cm-1) were not 

visible, the characteristic bands at 1723 cm-1 and 1674 cm-1 corresponding to C=O 

stretching of nucleobases in CT-DNA were observed and were shown to have 

shifted to a higher wavenumber (normally 1705 cm-1 and 1658 cm-1 respectively).39, 

40 

In the case of DNA/polyC5-TPT, the most notable effect on the spectra upon 

templating was an increase in absorbance and sharpening of the alkyne stretch at 

2117 cm-1 (Figure 4.6, green).37 Both polyC5-TP and polyC5-TPT possess 

unsymmetrical alkynes, however only exhibit weak absorbance at ca. 2100 cm-1. 

The significant increase in the dipole required to cause such a change in intensity, as 

seen with polyC5-TPT, suggests a stronger electrostatic interaction between 

polyC5-TPT and DNA taking place. 
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Figure 4.6. FTIR spectra of C5-TPT (blue), polyC5-TPT (red) and DNA/polyC5-TPT (green). For 
clarity, absorbance values have been altered to stack plot the spectra 

As with DNA/polyC5-P and DNA/polyC5-TP, isolated DNA/polyC5-TPT material 

provided evidence of supramolecular polymer formation through the majority of 

bands being shifted to higher wavenumbers (Appendix). The presence of polyC5-

TPT was again confirmed through bands attributed to the alkyne, aromatic and 

alkene C-H (3282 cm-1, 3101 cm-1, 3070 cm-1 and 2939 cm-1 respectively, Chapter 

3). Notable shifting of bands attributed to C=O stretch of cytosine/thymine, PO2
- 

asymmetric stretch and C-O deoxyribose stretch were also observed (1653 cm-1 to 

1658 cm-1, 1102 cm-1 to 1110 cm-1 and 962 cm-1 to 975 cm-1 respectively).39  

These studies confirm that despite the reduction in strong hydrogen-bond donor 

sites (NH), as a result of alkylation at the N-position, polymeric C5-P, C5-TP and 

C5-TPT are suited to nanowire formation via DNA-templating.  

4.3.2 Si/SiO2 Surface Modification  

Hypothesis: By standardizing cleaning and surface modification protocols for 

Si/SiO2 chips, a reproducible level of surface wettability will be attained. 

As described earlier, effective deposition and alignment of DNA-based nanowires 

onto Si/SiO2 surfaces is highly dependent upon the hydrophobicity of the substrate 
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surface.13 Treatment of silicon dioxide with chlorotrimethylsilane (TMS, Scheme 

4.1) modifies the oxide surface to produce a surface layer presenting methyl groups 

to afford a hydrophobic surface. This reduces the surface interactions with the 

hydrophilic nanowires.  

Previous work with DNA-templated polypyrrole nanowires13 has shown exposure to 

TMS for 20 minutes affords a contact angle of 60-70° which facilities molecular 

combing and the desired level of surface adhesion of DNA/PPy nanowires. Contact 

angles greater than 70° were shown to prevent both DNA and nanowire adhesion, 

while values below 60° result in wholesale deposition of material. 

In order to gain relative control over the density of nanowires on the surface, initial 

work focused upon determining the contact angle and therefore hydrophobicity of 

the silicon surface after exposure to chlorotrimethylsilane vapour. Figure 4.7 shows 

the change in contact angle for a droplet of nanopure water deposited onto Si<111> 

substrates with varied TMS exposure time (averaged over three data sets with four 

values in each).  

Figure 4.7. Contact angle variation with exposure of Si/SiO2 surfaces to TMS vapour 

Clearly, the contact angle significantly increases initially and then plateaus after ~20 

seconds exposure. The data shows that at these shorter exposure times (20-60 

seconds), it is considered that only a fraction of the surface is modified and the 
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optimum contact angle falls (60-70°) well within the error range.13 With longer 

exposure times (>60 seconds), it would seem the entire surface is modified, 

promoting discrimination against DNA/nanowire adhesion. The longer exposure 

times employed by comparison to results shown here are thought to be due to the 

alternative surface cleaning method employed.  

4.3.3 Nanowire Formation and Deposition 

Hypothesis: DNA-templating will serve as a route to the formation of 1-D hybrid 

DNA/polymer nanostructures based on C5-P, C5-TP and C5-TPT. 

When implementing consistent deposition and surface modification procedures, a 

degree of reproducibility over the size and morphologies of nanowires immobilized 

from solution can be attained through tuning the incubation time and 

monomer/DNA concentrations of templating reactions. 

Preparation of DNA/polymer nanowires of C5-P, C5-TP and C5-TPT was broadly 

similar to those previously reported for comparable systems.13, 18 However, as the 

monomers for C5-TP and C5-TPT are not water soluble, modification of the 

procedure was required whereby the reaction medium was a solvent mixture 

(H2O:DMF) rather than pure water. In the case of each system, the monomer unit 

was introduced into the aqueous DNA solution containing MgCl2 (0.5 mM), giving 

a 5:1 H2O/DMF final ratio. Polymerisation was induced using an aqueous solution 

of FeCl3 as previously described (Chapters 1 and 3).  

Atomic force microscopy (AFM) was used to probe the size and morphology of the 

polymer/DNA structures immobilized on TMS-modified Si/SiO2 <111> substrates 

using deposition techniques described earlier (Chapter 2). TMS incubation times 

elucidated in Section 4.3.2, were used throughout.  

DNA/polyC5-P Nanowires 

During studies to elucidate the appropriate conditions to obtain the single 

DNA/polyC5-P nanowires, the importance of tuning the incubation time with 

monomer unit and DNA concentrations to find an agreeable balance between non-

specific deposition, rope formation and nanowire coverage was clearly evident. It 

would seem that when high concentrations of monomer (500 µM), DNA and/or 
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extended incubation times are employed, polymerisation is no longer directed along 

the duplex in a linear fashion but instead DNA/polymer simply aggregates in an 

uncontrolled manner, similar to condensation of DNA by multivalent cations and 

cationic polymers.41 Giving rise to a greater degree of height variation in addition to 

difficulties during nanowire deposition.  

For example, when 500 µM of C5-P monomer unit was employed (~80 µg mL-1, 1.5 

hour incubation, 0.5 mM MgCl2, 1 mM FeCl3), significant deposition of non-

templated material was observed (Figure 4.8). These large features were considered 

to be aggregates or bundles of polymer/DNA or non-templated polymer, the 

formation of both promoted by the high C5-P concentration. 

 

Figure 4.8. DNA/polyC5-P on silanised silicon <111> surface, scale bar = 4 µm, z-scale range 0- 20 

nm dark to bright contrast, (0.5 mM C5-P, DNA ~80 µg mL-1, 0.5 mM MgCl2, 1 mM FeCl3, 

incubated for 1.5 hours 

At incubation times beyond 1.5 hour while implementing a lower concentrations of 

C5-P (300 µM), rope formation was clearly evident (Figure 4.9). In each case, 

typically thicker wires (>10 nm) were produced with greater height variations along 

the length of individual structures (for example, up to 5.0–15.0 nm, Figure 4.11, 

black arrow 60.0 nm, green arrow 29 nm and white arrow 48.0 nm).  
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Figure 4.9. DNA/polyC5-P nanowires aligned on silanised silicon <111> surface, scale bar = 3 µm, 

z-scale range 0- 20 nm dark to bright contrast, DNA ~80 µg mL-1, 0.5 mM MgCl2, 1 mM FeCl3, 

incubated for 2 hours 

Significantly increasing DNA concentration above ~80 µg mL-1 to 500 µg mL-1, had 

a similar effect, with larger wires/ropes being consistently observed (Figure 4.10). 

Successful deposition in this case was only achieved when the spin-coating method 

of nanowire immobilization was employed.  
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Figure 4.10. An AFM image of DNA/polyC5-P drop cast onto Si/SiO2, height average 65.2 nm, the 

scale bar = 2 µm, z-scale range 0- 10 nm dark to bright contrast, 500 µg ml-1, 1.5 hour incubation, 0.5 

mM MgCl2, 1 mM FeCl3. Demonstrating the ability of this approach to deposit large wires/ropes and 

the effect of DNA concentration on rope formation 

Samples isolated after 1.5 hour reaction time revealed successful templating of well-

aligned, individual wires with regular coverage (Figure 4.11) extended across the 

substrate. The material isolated from the reactions was also shown to contain both a 

small number of bare CT-DNA strands (white arrow), indicating that not all of the 

CT-DNA in the reaction is involved in templating. The nanowire also appears 

continuous and quite smooth in comparison to DNA-templated metal-based 

materials (black arrow).42 The inset illustrates a surface plot, highlighting the height 

variation along the DNA/CP nanowire. This was quantified further by calculating 

the standard deviation of the mean nanowire diameters which was found to 

consistently fall within a range of 2.7–5.5 nm.  
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Figure 4.11. DNA/polyC5-P stretched on silanised silicon <111> surface, scale bar = 1 µm, z-scale 

range 0- 10 nm dark to bright contrast. 300 µM C5-P, DNA ~80 µg mL-1, 1.5 hour incubation, 0.5 

mM MgCl2, 1 mM FeCl3 

Further statistical treatment carried out on 100 DNA/polyC5-P nanowires over 5 

samples reveals the distribution of the mean diameters, with a modal diameter of 

4.0–5.0 nm when employing the specified conditions (Figure 4.12). A small number 

of larger structures were also observed with diameters >10 nm. These structures are 

attributed to the ‘bundling’ of DNA/polyC5-P structures into larger rope-like 

assemblies formed in the solution. Bare DNA was omitted from this study by 

ignoring structures which heights fell below 2.0 nm.  

 

Figure 4.12. A histogram displaying the mean diameters of 100 DNA/polyC5-P nanowires. The 

standard deviation for each data set is displayed above the relevant column 
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In summary, these findings demonstrate that despite the removal of hydrogen 

bonding interactions between DNA and polyC5-P, thought to be a key requirement 

of DNA-templating (Section 4.2), this approach remains a viable route to nanowire 

formation.  

Moreover, in order to successfully form and align single nanowires on the substrate 

an agreeable balance between concentrations and incubation time must be reached. 

Several parameters have been shown to significantly affect both nanowire 

dimensions and the ability to deposit such wires on the surface. As a consequence, 

the ability exhibit a degree of control over the size and number of nanowires 

immobilized on the surface through appropriate tuning of the conditions seems 

possible. However, it is noted, that such observations are also a function of the 

specific surface chemistries, deposition procedure and imaging in relatively the 

same area of the deposition pathway in each experiment (Chapter 2). It is unlikely 

that the remaining nanowires in the templating solution are all of the same 

dimensions. What has been observed is the preferential adhesion of nanowires of a 

particular size due to the hydrodynamic sheer forces at different locations within the 

droplet as it is being combed. Tuning the templating conditions merely provides the 

point at which the templating reaction is compatible with the surface 

chemistries/deposition procedure. As such, complete reproducibility and control 

over nanowire dimensions remains difficult. 

DNA/polyC5-TP Nanowires 

Successful synthesis and deposition of well-aligned, individual wires was also 

achieved with polyC5-TP. Figure 4.13 is a typical AFM image of polyC5-TP 

nanowires prepared using similar conditions to those employed for polyC5-P (~80 

µg mL-1 CT-DNA, 1.5 hour incubation, 0.5 mM MgCl2 and 1 mM FeCl3) however 

using a much lower monomer concentration (C5-P 300 µM and C5-TP 30 µM). The 

inset illustrates a surface plot, highlighting the height variation along the DNA/ 

polyC5-TP nanowire. This was quantified further by calculating the standard 

deviation of the mean nanowire diameters which in this case was found to 

consistently lie within a range of 3.1 –7.6 nm. The material isolated from the 

templating reactions was also shown to contain both a small number of bare DNA 

strands (white arrow), again indicating that not all the DNA in the reaction is 
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involved in templating, while the beginnings of rope formation were also evident, 

idicated by the frayed strands protruding from the nanowires shown. 

 

Figure 4.13. DNA/C5-TP stretched on silanised silicon <111> surface, scale bar = 3 µm, z-scale 

range 0- 10 nm dark to bright contrast. 30 µM C5-TP, ~80 µg mL-1 CT-DNA, 2 hour incubation, 0.5 

mM MgCl2 and 1 mM FeCl3 

In the synthesis of DNA/polyC5-TP nanowire a lower concentration of monomer 

unit was employed than in the synthesis of DNA/polyC5-P nanowire (30 µM 

compared to 300 µM) with a longer incubation period implemented (2 hours 

compared to 1.5 hour). These alternative conditions were used in order to mitigate 

against aggregation of polyC5-TP impeding both nanowire synthesis and 

deposition. 

This strategy was effective in that, over longer incubation times (Figure 4.14, right, 

3 hours) nanowires could still be observed on the surface unlike with DNA/polyC5-

P. However, aggregation in the templating solution was still evident and rope 

formation at these time-frames was also observed in addition to significant height 

variation along the wires (Figure 4.14., right, 2.1-15.4 nm of image shown).  
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Figure 4.14. DNA/C5-TP stretched on silanised silicon <111> surface, scale bar = 4 µm, z-scale 

range 0- 20 nm dark to bright contrast, left, 0-10 nm, right. Left; demonstrates the effect of 

increasing monomer concentration (500 µM C5-TP, DNA ~80 µg mL-1, 2 hour incubation). Right; 

indicates the formation of ropes at incubation times of 3 hours with reduced monomer concentrations 

(30 µM C5-TP, DNA ~80 µg mL-1, 3 hour incubation) 

This greater degree of height variation was reflected in the statistical treatment 

carried out on DNA/polyC5-TP nanowires. Nanowires prepared using the 

conditions described in Figure 4.14 revealed a modal diameter of 8.0–14.0 nm; far 

greater than that observed in DNA/polyC5-P. This was considered to be due to the 

greater degree of aggregation and non-specific deposition as described previously. 

As described in Chapter 3, the addition of the thiophene moiety in the C5-TP 

monomer unit is considered to promote polymerisation by reducing the steric 

influence of the alkynyl chain, this is further supported by the successive reduction 

in oxidation potential of each monomer unit. These characteristics are thought to 

promote the aggregation of DNA/polymer in the templating solution in the respect 

that more polyC5-TP will be produced over a shorter space of time by comparison 

to polyC5-P and hence lower monomer concentrations were employed in order 

minimize these effects.  

DNA/polyC5-TPT Nanowires 

DNA-templated nanowires of C5-TPT were prepared in an optimized fashion 

similar to both DNA/polyC5-P and DNA/polyC5-TP. However, in order to achieve 

similar architectures, the concentration of the monomer unit was required to be 
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significantly reduced by comparison (10 µM). Figure 4.15 is a typical AFM image 

of nanowires (black arrow) prepared over an incubation time of 1.5 hour.  

As with DNA/polyC5-P and DNA/polyC5-TP, the material isolated from the 

templated reactions was also shown to contain bare DNA strands (white arrow), 

indicating that not all the DNA in the reaction is involved in templating. One of the 

significant features of the wires produced was the uniform coverage of the DNA 

with polymer with only a small height deviation typically found along each wire, 

illustrated by the 3-D plot (inset). This is useful when considering electrical 

characterization, as the absence of breaks in the conductance pathway removes the 

need to consider significant contact resistance between sections of wire. The inset 

illustrates a surface plot, highlighting the height variation along the DNA/polyC5-

TP nanowire; the nanowire appears continuous and quite smooth. This was 

quantified further by calculating the standard deviation of the mean nanowire 

diameters which was found to consistently fall within a range of 2.7 – 4.4 nm.  

 

Figure 4.15. DNA/polyC5-TPT stretched on silanised silicon <111> surface, scale bar = 1 µm, z-

scale range 0- 20 nm dark to bright contrast 

As observed with C5-TP, significantly lower concentrations of monomer unit 

(compared to C5-P, 30 µM) and DNA concentrations were required in conjunction 

with tailored incubation times to avoid the effects of aggregation in solution. Of the 

three systems studied, C5-TPT seems to exhibit the greatest degree on aggregation, 
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which is in agreement with other experimental observations (Chapter 6). C5-TPT 

consists of two thiophene rings which act as spacer molecules to reduce the steric 

interaction of the alkynyl moiety while also increasing the hydrophobicity of the 

molecule. Unfortunately, as deposition was inconsistent, statistical treatment of 

DNA/polyC5-TPT nanowires could not be carried out. The spin-coating method of 

deposition was seemingly the only route to consistent deposition of DNA/polyC5-

TPT nanowires (Figure 4.16), which was deemed an unsuitable approach for sensor 

device applications due to the lack of control over alignment and size of wires 

deposited. 

 

Figure 4.16. DNA/polyC5-TPT drop cast on silanised silicon (111) surface, scale bar = 3 µm z-scale 

range 0- 20 nm dark to bright contrast. 10 nm. 300 µM ~80 µg mL-1, 1.5 hour incubation, 0.5 mM 

MgCl2 and 1 mM FeCl3. Typical height ~30-40 nm 

In summary, these findings demonstrate that despite the apparent reduction in the 

number and strength of hydrogen bonding interactions that can be envisaged 

between DNA and polyC5-P, polyC5-TP or polyC5-TPT, DNA-templating remains 

a viable route to nanowire formation using this material. Moreover, in order to 

successfully form and align single nanowires on the substrate an agreeable balance 

between surface chemistries, deposition procedure, concentrations and incubation 

time must be reached.  
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4.3.4 Iron-free DNA Catalysed Nanowire Formation 

Goal: To asses iron-free DNA catalysed polymerisation as a route to conducting 

polymer nanowire formation. 

An interesting observation that came from the optimized approach to DNA-

templating of C5-P, C5-TP and C5-TPT described in Section 4.3.3, was the lack of 

evident nanowires from preparation at higher concentrations. Aggregation of 

polymer/DNA was thought to be a common occurrence when higher concentrations 

of DNA, monomer unit and/or longer incubation times were employed. In 

consideration of this obstacle, and the necessity to control a number of parameters 

(incubation time, DNA/monomer concentration), a milder manner of polymerization 

was explored in an attempt to consistently obtain samples containing single wires of 

a uniformed height. 

Acidic conditions have previously been employed to polymerize monomer units 

such as pyrrole in the absence of a chemical oxidant.43, 44 Therefore iron-free 

templating reactions in acidic conditions potentially offered an alternative route to 

DNA based nanowires. Using short reaction times (1 hour), relatively mild acidic 

conditions (pH 5, Tris-HCl in order to preserve the DNA-template) and CT-DNA, 

DNA/polyC5-P nanowire formation was achieved, as demonstrated by AFM 

(Figure 4.17). To the top right of the image bare DNA is evident while running 

north-south down the center of the image is DNA/polyC5-P nanowire while to the 

left of this wire is a thinner partially polymer covered DNA strand. 
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Figure 4.17. A typical AFM image of DNA/polyC5-P ~9.08 nm in height aligned on Si/SiO2 using 

molecular combing, the scale bar = 2 µm and the z-scale range 0- 10 nm dark to bright contrast. (200 

µg ml-1 CT-DNA, 0.5 mM C5-P, pH 5, 1 h incubation 

The larger structures produced were uniform in height (4.55 nm, +/- = 1.05 nm, 343 

data points). Additionally, there was little non-specific polymer deposition shown 

on the surfaces. Possibly indicating DNA-templating influences the oxidation 

process or that low concentrations of polymer formed binds to the DNA in a more 

elegant charge driven process with only a thin layer of polymer produced to 

encapsulate the DNA.  

Given the indications that polymerization and templating occurs by simply lowering 

the pH of the monomer/DNA solution, it became apparent that the DNA itself could 

act as a localized region of low pH. Washizu et. al.45 have reported that a relatively 

high H+ concentration resides along the duplex in the proximity of the phosphate 

backbone, with a calculated drop in pH of 3.5 relative to the bulk solution.  

UV-Vis studies of the addition of C5-P to CT-DNA indicate that molecular oxygen 

dissolved in the solvent acts as an initiator for the polymerisation process, with 

DNA acting as a catalyst with the lower pH helping drive the reaction. Figure 4.18 

illustrates the change in UV-Vis absorbance (400-500 nm) when polymerisation is 

initiated by FeCl3. As expected, an increase in absorbance is observed over time 

which is as expected with the extension of the conjugated π-system. 
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Figure 4.18. UV-Vis spectrum (400-500 nm) of C5-P incubated with FeCl3 over 0-2 hours  

Figure 4.19 shows the control experiment in which C5-P was dissolved in an 

aqueous solution (pH 5, Tris-HCl). A very small increase in absorbance was 

observed after incubation for 2 hours. This was considered to be due to very low 

levels of polymerisation initiated by the presence of molecular oxygen with the 

acidic nature of the solution increasing the rate of the reaction. 
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Figure 4.19. UV-Vis spectrum (400-500 nm) of C5-P in pH 5 media over 0-2 hours 

Figure 4.20 illustrates the catalytic effect DNA has on this polymerisation process. 

When CT-DNA was added to a solution of C5-P dissolved in pH 5 media a 

significant increase in absorbance was observed in comparison to the control shown 

in Figure 4.21 where all solutions were degassed (flowed through with N2 for 1 

hour) prior to mixing. 
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Figure 4.20. UV-Vis studies of the addition of C5-P to CT-DNA at pH 5, the increase in absorbance 

indicates polymer systems through an extended conjugated system 

The final control experiment is shown in Figure 4.21. Here, DNA was added to 

solution of C5-P dissolved in pH 5 media as before, however all solvents were 

degassed prior to use. Clearly, very little change in absorbance was observed, with 

the small change likely due to the acidic nature of the solution or brief exposure to 

light when setting up the experiment. As a result of these findings it is proposed that 

molecular oxygen dissolved in the solvent acts as the primary initiator for the 

polymerisation process with the localized pH of the DNA driving the reaction.45  
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Figure 4.21. UV-Vis studies of the addition of C5-P to CT-DNA at pH 5 when all solutions were 

degassed prior to mixing 

Furthermore, wires formed using this method have exhibited extremely interesting 

electrical properties; further discussion can be found in Chapter 5. 
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4.4 Conclusions 

Bulk DNA/polymeric hybrid materials of C5-P, C5-TP and C5-TPT were 

successfully synthesized and characterized by FTIR spectroscopy. The use of FTIR 

demonstrated the materials to be supramolecular polymers rather than simple 

mixture, as evident by shifts in band positions compared to the parent compounds.  

C5-P, C5-TP and C5-TPT monomer units have been successfully utilized in the 

preparation of DNA-templated polymer nanowires. The use of these monomer units 

in particular, provides a route to preparing co-polymer materials which offer 

improved structural regularity compared to alternative approaches whereby 

polymerization of mixtures of pyrrole and thiophene is carried out to form the 

polymer material. 

Similar to previous examples of DNA/CP hybrid materials, DNA is demonstrated to 

be an effective template for directing polymer formation despite the reduced 

hydrogen bonding capacity of these compounds. Statistical analysis of 

DNA/polyC5-P and DNA/polyC5-TP nanowires revealed a modal diameter of 4.0–

5.0 nm and 8.0–14.0 nm respectively. The resulting 1-D DNA/polymer structures 

formed appear to consist of a continuous polymer coating encapsulating the DNA 

template, based on height comparisons to bare DNA. However, in the absence of 

compositional data, it remains unknown if the structures are indeed polymer 

encapsulating the DNA or intertwined ropes of DNA and polymer.  

Additionally, it has also been shown that DNA-templating of C5-P under very mild 

acidic conditions is possible. It is postulated that the low local pH of the DNA may 

promote a more elegant polymerization process. Polymerization has been shown to 

be initiated by molecular oxygen present in solution. This novel method may be 

applied to a variety of different monomer units, facilitating further modification in 

device construction whilst also allowing for the formation of smaller DNA 

templated structures than those achievable by chemical oxidation. 
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4.5 Experimental 

4.5.1 Preparation of SiO2 wafers for AFM/FTIR 

N doped Si <111> wafers were sequentially cleaned using cotton buds soaked in 

acetone, propanol and finally water. The wafers were then soaked in a solution of 

sodium dodecyl sulphate and water (0.01 g in 100 mL) and heated to 50 ºC for 20 

minutes after which, the wafers were sonicated in nanopure water for 10 minutes. 

Following a further rinse they were dried using a nitrogen stream and the wafer was 

placed in ‘piranha solution’ (4:1, H2SO4:H2O2) for 1 hour, rinsed again with 

nanopure water and then dried in an oven for 15 minutes.  

For AFM studies only; following these cleaning procedures, the surface of the 

cleaned Si substrates was subsequently modified through the formation of a 

trimethylsilane (TMS) self-assembled monolayer at the substrate surface. The Si 

substrate was positioned on top of specimen bottle containing 200 µL of 

chlorotrimethylsilane (Me3SiCl) (polished side of the wafer facing upwards) and 

sealed inside a larger specimen bottle. The Si wafer was exposed to the vapour of 

the chlorotrimethylsilane in the specimen bottle for 30 seconds at room temperature. 

4.5.2 Fourier Transform Infrared (FTIR) 

FTIR spectra (in the range 600–4000cm-1) were recorded in transmission mode with 

a Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc., Palo Alto, CA, USA) 

equipped with a liquid nitrogen cooled deuterated triglycine sulfate (DTGS) 

detector, and were collected at 128 scans with 4 cm-1 resolution. The DNA used was 

calf thymus DNA and all samples were prepared through drop casting of solutions 

of the DNA (0.5mg mL-1) or DNA/polymer upon chemically oxidized Si<n-111> 

substrates. Data acquisition and analysis were carried out using Digilab Merlin 

version 3.1 software (Varian Inc.). 
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4.5.3 General Procedure for DNA-templated Synthesis 

for FTIR Studies 

Typically, a 0.1 M solution of monomer in DMF (1 mL) was added to an aqueous 

mixture of CT-DNA, 40 µg mL-1(1 mL) and 0.5 M MgCl2 (1 mL). 0.1 M aqueous 

FeCl3 (1 mL) as an oxidant was added. The solution was stirred for 30 minutes at 

room temperature in darkness. A silicon chip, prepared as above, was deposited in 

the reaction mixture and left for 8 hours. The chip was removed, dried in a vacuum 

oven (25 ºC) rinsed with nanopure water and dried again.  

4.4.4 General Procedure for DNA-templated Synthesis 
for SPM Studies 

5 µL of aqueous MgCl2 solution (0.5 mM) was added to 10 µL of an aqueous 

solution of CT-DNA (~81.1 µg mL-1), followed by 5 µL of appropriate monomer in 

DMF (typically, C5-P = 500 µM, C5-TP = 30 µM and C5-TPT = 10 µM). 5 µL of 

a freshly prepared aqueous solution of FeCl3 (1 mM) was then added to the 

DNA/monomer solution, and incubated for the specified period ((typically, C5-P = 

1.5 h, C5-TP = 2 h and C5-TPT = 1.5 h) at room temperature to form the final 

DNA-templated polymer structures. 

Following templating, the DNA/polymer nanowires were aligned upon the TMS-

modified Si substrate using molecular combing techniques. 5µL of the 

DNA/polymer/FeCl3 solution was applied to the substrate surface and combed back 

and forth 20 times using a micropipette. This typically left a small residual amount 

of solution on the substrate surface (ca. <1mm diameter), within which individually 

aligned DNA/polymer nanowires could be located. 

4.5.5 Atomic Force Microscopy (AFM) 

Surface topography images were obtained by TappingMode™ AFM performed in 

air on both Multimode Nanoscope IIIa and Dimension Nanoscope V systems 

(Veeco Instruments Inc., Metrology Group, Santa Barbara, CA, USA), using TESP7 

probes (n-doped Si cantilevers, Veeco Instruments Inc., Metrology Group) with a 

resonant frequency of 234–287kHz, and a spring constant of 20–80 Nm-1. 

Tap300Al-G (Budget Sensors, Monolithic silicon cantilevers) with a resonance 



Chapter 4 DNA Based Nanowires 

143 
 

frequency of 100-400 kHz, and a spring constant of 20-75 Nm-1 (Windsor Scientific, 

Sloughm Berks., U.K.). Data acquisition was carried out using Nanoscope version 

5.12b36 software on the Multimode Nanoscope IIIa and Nanoscope version 7.00b19 

software (Veeco Instruments Inc., Digital Instruments) on the Nanoscope 

Dimension V. For both AFM systems, vibrational noise was reduced with an 

isolation table/acoustic enclosure (Veeco Inc., Metrology Group) 

4.5.5 General Procedure for DNA-Catalyzed Nanowire 
Formation  

5 µL of aqueous MgCl2 solution (pH 5 (Tris-HCl)) (0.5 mM) was added to 10 µL of 

an aqueous solution (pH 5 (Tris-HCl)) of CT-DNA (~81.1 µg mL-1), followed by 

5µL of C5-P in DMF (500 µM). The DNA/C5-P solution was then incubated for 1 

hour at room temperature. 

4.5.6 General Procedure for UV-Vis Studies 

UV-Vis absorption spectra were recorded on a Thermo-Spectronic GENESYS 6 

spectrophotometer using a Quartz cuvette. 200µL of C5-P in DMF (500 µM) was 

added to 400 µL of an aqueous solution (pH 5 (Tris-HCl)) of CT-DNA (~81.10 µg 

mL-1) and diluted accordingly. The DNA/C5-P solution was then incubated for 1 

hour at room temperature while flowing through with N2 prior to analysis by UV-

vis. All manipulations where performed in darkness where possible. 
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5.1 Chapter Overview 

Overall Goal 

To investigate the electrical properties of hybrid DNA/polymer nanowires based on 

C5-P, C5-TP and C5-TPT formed by DNA-templating. 

Hypothesis 

Hybrid DNA/polymer nanowires based on C5-P, C5-TP and C5-TPT will exhibit 

low levels of conductivity with DNA/poly C5-TPT proving to be the most conductive 

system. 

Electron hopping will be the dominant mechanism for electron transport in all 

systems investigated. 

Objectives  

To study the electrical properties of DNA/polymer nanowires of C5-P, C5-TP and 

C5-TPT using scanned conductance microscopy (SCM). 

Apply surface chemistries and templating conditions described in Chapter 4 to align 

DNA/polymer nanowires of C5-P, C5-TP and C5-TPT between two bespoke micro-

fabricated Au electrodes embedded in SiO2.  

To explore the basic conduction mechanism of these hybrid materials and to 

investigate the thermal stability of the polymer nanowires using two-terminal 

current-voltage (I-V) measurements. 
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5.2 Introduction 
The field of electrically conducting polymers has grown rapidly since the discovery 

of a sharp increase in conductivity when intrinsically insulating organic conjugated 

polymers are doped with oxidizing or reducing agents.1 Combining the attractive 

properties of conducting polymers with the advantages of down-scaling devices to 

the nano-scale, presents challenges not only in the controlled synthesis of desired 

architectures but also in the characterization of these new materials.  

Characterization of the electronic properties of 1-D nano-materials such as DNA-

templated conducting polymer nanowires is difficult for two primary reasons. 

Firstly, the diameter and length of these nano-sized structures prohibits the 

application of well-established testing techniques. Secondly, the small size of the 

nanostructure makes their manipulation rather difficult with specialized techniques 

needed for installing individual nanostructures.  

The pursuit of new methods of characterization for detailed examination and 

prediction of the properties of nanomaterials constitutes a significant field within 

nanotechnology. Techniques such as Transmission Electron microscopy (TEM), 

Surface Plasmon Resonance (SPR), X-ray photoemission spectroscopy (XPS), 

Scanning Tunneling Microscopy (STM), Scanning Electron Microscopy (SEM), 

four-probe Field Emission Scanning Electron Microscopy (FE-SEM) Atomic Force 

Microscopy (AFM, Chapter 2), Conductive Atomic Force Microscopy (c-AFM, 

Chapter 2) and Scanned Conductance Microscopy (SCM, Chapter 2) have all been 

developed to meet these needs.  

Many of the applications envisage for CPs are based around their electronic 

properties. As such, the necessity to appropriately characterize these materials is 

paramount to their development and a number of techniques have been used to 

achieve such goals. For example, Scanning Tunneling Spectroscopy (STS), a form 

of STM, has been used provide a useful insight onto conduction and charge 

transport mechanisms in semiconducting poly(phenylenevinylene) (PPV).2-4 

However, STM is only able to probe semi-conductive surfaces, since a current 

between the tip and sample is used to keep a constant tip–sample distance and to 
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probe the topography. This means that in STM measurements topography and 

electrical information are linked and especially for electrically heterogeneous 

samples like bulk hetero-junctions separation of electrical data from topography is 

difficult. 

The most conventional technique for analyzing electrical properties in 

semiconductor materials is current-voltage measurements. The electrical properties 

of a number of conducting polymers such as polythiophene,5, 6 polyaniline7, 8 and 

poly(3,4-ethylenedioxythiophene) (PEDOT)9 have been characterized using this 

technique which may be performed using a four or two terminal sensing set-up.  

Four-terminal sensing is an electrical impedance measuring technique that uses 

separate pairs of current-carrying and voltage-sensing electrodes to make more 

accurate measurements than traditional two-terminal (two-terminal) sensing. The 

key advantage of four-terminal sensing is that the separation of current and voltage 

electrodes eliminates the impedance contribution of the wiring and contact 

resistances as there is no current flow in the voltage sensing circuit. However, the 

diameter and length of the nano-sized structures such as nanowires, prohibits 

conventional application of this technique due to the size of the materials under 

investigation and difficulties in orientating the probes required for the measurement. 

In an effort to circumvent the difficulties, a method utilizing a combination of SEM 

in-conjunction with four probe current-voltage measurements has been developed; 

this has led to the inception of the UHV NANOPROBE system also referred to as 

four-probe Field Emission Scanning Electron Microscope (FE-SEM). Specifically 

designed for local and non-destructive 4-point contact measurements and function 

testing of nano devices, the UHV NANOPROBE is equipped with four SEM’s 

capable of <4 nm resolution (Figure 5.1). The SEMs remove the barrier posed by 

the size of nano-scale samples and facilitates application of a conventional 4-probe 

technique by accurate probe positioning and safe approach of the probe tips with 

diameters in the range of a few tens of nanometers. 
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Figure 5.1. A UHV NANOPROBE equipped with four SEM’s capable of <4 nm resolution 

A common draw-back of this technique for materials such as conducting polymers 

is that organic materials disintegrate as a result of low pressures employed and 

electron bombardment of the four SEMs, making such materials unsuitable for 

examination in conventional SEMs. Low vacuum and environmental SEMs exist 

meaning many of these types of samples can be successfully examined in these 

specialized instruments.  

An alternative approach, and the most common, for examining 1-D conducting 

polymer nanowires is to employ a two-probe I-V technique (Chapter 2). Here, the 

material is either grown/immobilized between the two probes or between two-

terminal electrodes to provide an interface between the nanowire and the probe 

station.9-14 

In this project, quantitative data on the electrical properties of individual DNA-

based nanowire structures was gathered through two-probe I-V measurements; this 

required the fabrication of bespoke two-terminal devices (Figure 5.2). These devices 

were used as an interface between the nanowire and the probe station and were 

constructed using Au electrode pairs, micro-fabricated using photolithography, 

embedded in a thermally grown insulating SiO2 layer, on a silicon substrate. The Au 
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electrodes were typically separated by a gap of 2–8 µm, across which a DNA-based 

nanowire was be aligned using molecular combing as described in Chapter 4.  

 

Figure 5.2. Optical images of Au electrode pairs, micro-fabricated using photolithography, 

embedded in a thermally grown insulating SiO2 layer, on a silicon substrate. The Au electrodes were 

typically separated by a gap of 2–8 µm 

Scanned Conductance Microscopy (SCM) was first developed by Bockrath et. al.15 

in 2001 and is a technique based on EFM which enables imaging of a sample’s 

conductivity on a microscopic scale. The group demonstrated the usefulness of this 

approach by probing the electrical properties of single-walled carbon nano-tubes 

(SWNTs) on length scales as small as 0.4 µm (Figure 5.3). 

 

Figure 5.3. (a) Colorized topographic image of SWNT bundles and single tubes, colored red, and λ-

DNA molecules, colored green. (c) Scanned conductance image of the region shown in part (a). 

Reproduced from reference15 

As described in Chapter 2, SCM provides a non-contact method for probing the 

electronic properties of one-dimensional nanomaterials in qualitative manner. The 
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technique involves a ‘two-pass’ method in which the first pass of a metal-coated 

AFM probe over the sample surface is used to record the topography while in the 

second pass over the same scan line a bias is applied above the sample.  

The sign of the phase shift (Δφ) of the cantilever associated with the nanowire under 

investigation, relative to the substrate background, indicates whether the wire is 

electrically conducting or insulating through the generation of a phase image. 

Negative phase shifts (black features, negative phase) are only observed for 

conductive materials, whilst insulating materials exhibit positive phase shifts (white 

or positive phase).15-17 

SCM provides a simple method to rapidly screen materials to find potential 

conductors which may otherwise be difficult through the necessity to attach 

electrical leads/contacts. As such, the electrical properties of a number of materials 

have been investigated using this technique.12, 15-21 

In the case of conducting polymers, Staii et. al.16 investigated the electrical 

properties of doped polyaniline/PEO nanofibers to develop a quantitative model for 

phase shifts. By using simple approximate geometries, the group determined the 

dielectric constant of the PEO nanofibres to be between 2.28-2.32, which was in 

agreement with tabulated values. 

Recently, McGrath et. al.22 used SCM to confirm the conductance of colloidal 

dispersions of emeraldine salt state polyaniline (ES-PAni) nanofibres (Figure 5.4). 

The fibres were prepared through the template-directed synthesis of PAni using 

monodisperse, solution-self-assembled, cylindrical, block copolymer micelles as 

nanoscale templates, affording controlled lengths of 200 nm–1.1 µm.  
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Figure 5.4. ES-state PAni nanofibres. Left; tapping mode AFM height image of the structures, right; 

the corresponding SCM phase image. The negative-positive-negative phase shifts in the scanned 

conductance image is characteristic of semi-conducting materials; this corresponds to a negative 

phase shift as the tip crosses the nanowire and demonstrates the existence of charge conduction in the 

wire. Reproduced from reference22 

Houlton et. al.11, 12, 20, 23 have also used SCM to aid the characterization of a number 

of DNA-templated conducting polymer nanowires such as polyindole (PIn)20 and 

polypyrrole (PPy).11 Figure 5.5 shows an AFM image and a scanned conductance 

images of PIn/DNA nanowire. The nanowire appears as a dark line in the scanned 

conductance image; this corresponds to a negative phase shift as the tip crosses the 

nanowire and demonstrates the existence of charge conduction in the wire.	
  	
  

 

Figure 5.5. AFM and scanned conductance (SCM phase) images of PIn/DNA nanowires on SiO2/Si 

surface with a SiO2 thickness of 220 nm. (a) AFM image of a nanowire with a diameter of 5 nm 

(grayscale 10 nm). (b) Phase image of the same nanowire. Reproduced from reference20 
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Chapter Outline: In this chapter, studies into the electrical properties of 

DNA/polymer nanowires of C5-P, C5-TP and C5-TPT are presented. Initial studies 

made use of scanned conductance microscopy (SCM) as a qualitative approach. 

Subsequent studies using two-terminal current-voltage (I-V) measurements as a 

function of temperature were used to explore the basic conduction mechanism of 

these hybrid materials and to investigate the thermal stability of the polymer 

nanowires. Temperature-dependent measurements were performed on a single 

DNA/polymer nanowires aligned between two bespoke micro-fabricated Au 

electrodes embedded in SiO2 (Appendix). 
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5.3 Results and Discussion 

5.3.1 SCM Studies of Conductive Polymer Nanowires 

Goal: To investigate the electrical properties of nanowires formed in Chapter 4 by 

SCM. 

Nanowires for SCM studies were prepared and deposited using protocols developed 

in Chapter 4. In each case, a 1 cm2 Si/SiO2 chip with an oxide thickness of ca. 200 

nm was used in as a substrate. Figure 5.6 is a typical cross-sectional plot of a 

nanowire imaged by SCM. The negative-positive-negative phase shifts is 

characteristic of semi-conducting materials.11, 20, 23 

 

Figure 5.6. A typical cross-section of a conducting DNA/C5-P nanowire, illustrating the negative-

positive-negative phase shifts is characteristic of semi-conducting materials 

SCM phase images of DNA hybrid C5-P, C5-TP and C5-TPT nanowires prove 

consistent with the predicted observations for conductive objects (Figure 5.7). The 

features running left-right (Figure 5.7, a) and top-bottom (Figure 5.7, b and c) are 

SCM phase images of DNA hybrid C5-P, C5-TP and C5-TPT nanowires. The 
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material isolated from the templated reactions was also shown to contain both a 

small number of bare DNA strands located non-specifically around the main 

features of each image; exhibiting a positive phase shift due to their insulating 

nature.  

 

 
 

Figure 5.7. SCM phase images of a) DNA/polyC5-P; b) DNA/polyC5-TP; c) DNA/polyC5-TPT 
nanowires stretched on silanised silicon <111> surface, scale bar = 3 µm, z-scale range 0- 10 nm dark to 

bright contrast when a -7 V bias was applied. The negative-positive-negative phase shifts characteristic of 
semi-conducting materials was observed in each case (Figure 5.2 and Appendix)  

Typically at lower bias (±1 V) no phase image was observed. However, upon 

gradually increasing the bias to ±7 V a negative phase shift was observed, indicating 

a very weak electric field gradient in the sample.  

Figure 5.8 shows the effect of different tip/sample biases on the same DNA/polyC5-

TPT nanowires displayed in Figure 5.7, c. SCM studies of extended conducting 

objects can be influenced by electrostatic forces generated from trapped charges, 

Van der Waal's forces or capacitive effects.16 The proportional relationship of the 

phase shift to the square of the applied bias shows the interaction of the conducting 

AFM probe with the electric field gradient above the samples is dominated by 

capacitance effects; meaning changes in the cantilever resonance frequency are a 

result of the attractive or repulsive forces of the electrically conducting wire not as a 

result of electrostatic forces on the substrate surface. 
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Figure 5.8. DNA/polyC5-TPT nanowires stretched on silanised silicon <111> surface, scale bar = 3 µm, 
z-scale range 0- 10 nm dark to bright contrast when different tip/sample biases. a) 0 bias; b) -2 V; c) -3 V  

This behaviour is more clearly illustrated by the parabolic relationship shown when 

plotting the (tangent) phase shift against the DC bias applied to the substrate. Figure 

5.9 shows a typical plot for DNA/polyC5-P.  

 

Figure 5.9. A plot of the (tangent) phase shift against the dc bias applied to the substrate for 

DNA/polyC5-P (10.80 nm in diameter). Error bars produced by taking the standard deviation of ten 

points along the wire at each bias 

The significance of plotting the (tangent) phase shift against the DC bias applied 

was demonstrated by Bockrath et. al.15 when investigating force gradients of carbon 

nanotubes and λ-DNA using Electronic Force Microscopy (EFM). This can be 
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rationalised by considering the capacitive coupling to an insulting substrate i.e. 

Si/SiO2 and conductive materials i.e. NWs, respectively.  

At resonance, the bare substrate exhibits zero phase shift. This is because   is 

subtracted from all measured phase shifts: 

 

Since the total energy stored in the tip is, 

 

Where, C(h) is the tip-substrate capacitance, k, is the spring constant of the 

cantilever and V is the bias voltage applied between the tip and the substrate. 

Therefore, 

 

is equivalent to a change in spring constant of the tip, k. The frequency shift, Δω, 

and the phase shift, ΔΦ are proportional to the force gradient F' (h) or degree of 

capacitive coupling between the tip and the substrate. The presence of the nanowire 

changes the tip/substrate capacitance because the electrons in the nanowire move in 

the electric field in the tip/substrate gap and affect the charge stored. Since the bare 

substrate exhibits zero phase shift, plotting the change in phase against the applied 

voltage shows the effect of capacitive coupling from the NW on the tip independent 

of the applied voltage, which alters the resonance frequency of the tip.  

Should a linear plot be obtained then the phase shift is a result of electrostatic forces 

generated from trapped charges, Van der Waal's forces or capacitive effects (i.e. 

changes in tip oscillation are proportional to the applied bias). Further data 

pertaining to DNA/polyC5-TP and DNA/polyC5-TPT can be found in the 

Appendix. 
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In summary, SCM phase images of DNA hybrid C5-P, C5-TP and C5-TPT 

nanowires prove consistent with the predicted observations for conductive objects 

with the proportional relationship of the phase shift to the applied bias showing the 

interaction of the conducting AFM probe with the electric field gradient above the 

samples is dominated by capacitance effects.  

5.3.2 Nanowire Two-Probe I-V Measurements 
 

Goal: To explore the electrical properties of DNA hybrid C5-P, C5-TP and C5-

TPT nanowires quantitatively and elucidate the basic conduction mechanism of 

charge transport using two-terminal current-voltage (I-V) measurements. 

In order to obtain further insight into the electrical properties of DNA hybrid C5-P, 

C5-TP and C5-TPT nanowires, direct two-terminal I-V characterization of DNA/CP 

nanowires was performed using the micro-fabricated Au electrodes (Figure 5.10). 

These devices were used as an interface between the nanowire and the probe station 

and were constructed using Au electrode pairs, micro-fabricated using 

photolithography, embedded in a thermally grown insulating SiO2 layer, on a silicon 

substrate. The Au electrodes were typically separated by a gap of 2–8 µm. Whilst 

extremely useful, this technique relies heavily on the ability to align a nanowire 

across the electrode gap using molecular combing and is therefore less 

straightforward to implement than SCM.  

 

Figure 5.10. Left, a representation of a polymer nanowire with a terminal alkyne group aligned 

between two gold micro-electrodes using molecular combing; right, bespoke micro-fabricated Au 

electrodes for I-V measurements. The Au electrodes were typically separated by a gap of 2–8 µm 

while the chip was ~1 cm2 24 
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Unfortunately, due to this experimental difficulty (aligning single nanowires across 

the Au microelectrode gap), no I-V data for DNA/C5-P or DNA/C5-TPT nanowires 

was obtained, despite extensive efforts to do so. It was possible to obtain data for 

DNA/polyC5-TP and DNA/polyC5-TPT prepared by chemical oxidation and 

DNA/polyC5-P prepared in acidic conditions. 

In each case, the surface of the devices was treated with chlorotrimethylsilane 

(TMS) to afford a hydrophobic surface. As discussed in Chapter 4, treatment with 

TMS reduces the density of nanowires adhering to the surface and therefore 

increases the chance of immobilising single nanowires. In order to align a single 

nanowire across the microelectrode gap a droplet of template solution was combed 

across the chip 10 times. Consistently, no deposition of any kind was observed, 

likely due to the hydrophobic nature of the surface. When treatment of TMS was not 

performed, significant levels of aggregates or bundles of polymer/DNA or non-

templated polymer were observed due to the increasing hydrophilic nature of the 

surface. While tuning of the templating conditions in conjunction with the surface 

chemistry allowed alignment of single nanowires in Chapter 4, application of the 

same approach here proved unsuccessful. 

Unfortunately, treatment of the Au micro electrodes with the same cleaning method 

employed with Si/SiO2 chips used for AFM and SCM resulted in degradation of the 

adhesion layer connecting the Au microelectrode pads to the silicon. Surface 

cleaning was therefore conducted by wiping the surface sequentially with acetone, 

propanol and water using a cotton bud. As result of this less aggressive cleaning, the 

surface was considered to be less reactive towards TMS than surfaces prepared by 

‘piranha’ solution, resulting in the need for longer incubation times to enable 

molecular combing. Furthermore, due to the limited number of Au micro electrodes, 

chips were re-used despite regeneration of the Si/SiO2 not being possible (removal 

of TMS layer). Consequently, a reproducible surface was difficult to obtain; as such 

true control over the surface properties for nanowire adhesion/alignment was 

impossible. The hydrophobicity of the surface was likely to be significant higher 

than in previous work due to the longer exposure times and continued surface 

modification.  
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Furthermore, it was also considered that the difficulties encountered in Chapter 4 

with respect to polymer aggregation, were also a significant factor to being unable 

to immobilise single DNA/polymer nanowires onto the surface; difficulties found 

with DNA/polyC5-TPT in nanowire alignment for AFM studies were mirrored 

here. This complication in addition to the inherent technical difficulties of obtaining 

single nanowires aligned across the micro electrode gap made obtaining electrical 

data from two-probe I-V measurements extremely difficult. Despite these obstacles, 

successful alignment of single DNA/polyC5-TP, DNA/polyTPT and DNA/polyC5-

P (prepared in the absence of FeCl3) was achieved. 

Two-Probe I-V studies of DNA/polyC5-TP Nanowires 

Unlike DNA/polyC5-P and DNA/polyC5-TPT, a single DNA/polyC5-TP wire was 

successfully aligned across an electrode gap, possibly due in part to the greater 

degree of sulphur content and its high affinity for gold. Figure 5.11 shows an AFM 

image of a DNA/polyC5-TP nanowire (8 nm in diameter) located across a 6 µm 

electrode gap. 

 

Figure 5.11. An AFM image of DNA/polyC5-TP 8 nm in height stretched between two Au micro-

electrodes, the scale bar = 2 µm and the z-scale range 0- 20 nm dark to bright contrast. The Au 

electrodes are embedded in a thermally grown, 200 nm thick insulating SiO2 layer on a Si substrate  
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Figure 5.12 shows a 3-D image of the same device, DNA/polyC5-TP illustrating the 

connection between the electrodes to the nanowire in addition to the relatively 

regular morphology of the wire. 

 

Figure 5.12. A 3-D image of the same wire illustrating the connection between the Au electrodes and 

the DNA/polyC5-TP nanowire  

Using two probe current-voltage sweeps, typically over a range of -5 to +5 V, 

quantitative electrical data was obtained for this wire. A typical I-V plot obtained for 

the DNA/polyC5-TP nanowire (Figure 5.11) is shown in Figure 5.13. The I-V 

curves are nonlinear, as previously reported for similar measurements on 

polypyrrole/DNA and polyindole/DNA nanowires.10, 11, 20 The reason for this 

behaviour is most likely to be a small tunneling barrier at the Au/polymer contacts.  
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Figure 5.13. A typical current-voltage plot for a DNA/polyC5-TP nanowire obtained from the 

Agilent B1500 probe station  

In order to calculate a conductivity value from the current–voltage (I-V) data, 

conductance values must be first extrapolated from the gradient of the I-V plots 

around zero bias; giving conductance (G) which is the reciprocal of resistance (R). 

     

Conductivity (σ, S cm-1) can then be calculated from the resistance, R, of a material 

of given cross sectional area, A, and length, l, using equation: 

 

The cross-sectional area of the nanowire under investigation can be calculated by 

evaluating the dimensions of the nanowire aligned across the Au electrodes using 

AFM. Assuming the nanowire is a cylinder, with an average diameter, then the cross 

sectional area of the nanowire is equal to: 

 

A significant contribution to resistance from electrical contact made between the CP 

nanowire and the Au electrodes is possible, known as contact resistance. The term 
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contact resistance refers to the contribution to the total resistance of a material 

which comes from the electrical leads and connections as opposed to the intrinsic 

resistance of the wire, which is an inherent property, independent of the 

measurement method.25 The term ‘contact resistance’ is traditionally applied for the 

consideration of the metal to semi-conductor interface as a main contribution to this 

phenomenon.  

However, if the contact resistance is ignored, an estimate (lower bound) of the wire 

conductivity can be made. Based on the dimensions of the single DNA/polyC5-TP 

nanowire shown in Figure 5.11, a conductivity value was calculated to be 2.9x10-5 S 

cm-1 at 303K. Unfortunately, reports detailing conductivity values for bulk polyTP 

are absent from the literature (this data is presented in Chapter 6). However, some 

comparison may be made to pyrrole nanowires prepared in a similar fashion; in this 

instance this value is significantly lower than expected. For example, Bocharova et. 

al. measured the conductivity of a single polypyrrole nanowire (50-60 nm in 

diameter) grown onto a device comprising Au microelectrodes (1 µm apart) and 

found it to be in the range 1-3 S cm-1.26 Houlton et. al.10 reported similar levels of 

conductivity for DNA-templated nanowires of polypyrrole. Using FeCl3 as an 

oxidant, conductivity was determined to be in the range of 4 S cm-1, the same order 

as the conductivity of bulk polypyrrole powder (1.7 S cm-1) prepared chemically by 

FeCl3.  

As discussed in Chapter 1, the conduction pathway and therefore level of 

conductance in this class of polymers (CPs) is dependent upon, (i) planarity and 

anisotropy ratio (i.e. the interchain conductivity is much larger than inter-chain 

conductivity, (ii) the doping percentage, (iii) the alignment of the polymer chains, 

(iv) the conjugation length, and (v) the purity of the sample. Given the uniformed 

structure and morphology of the nanowire under investigation, it is unlikely 

conductance is significantly affected by breaks in the current pathway. Instead, this 

low level of conductance may be a consequence of modification at the N-position of 

the pyrrole moiety or an influence of the three possible configurations of polyC5-

TP, “head-to-tail”, “tail-to-tail”, or “head-to-head” (Chapter 3) resulting in a loss of 

planarity/conjugation length; these consideration are investigated further in Chapter 

6.  
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Most conducting polymers show an increase in conductivity with temperature 

typical of hopping conductors; the charge carriers are considered to be substantially 

localized and make thermally-assisted tunneling transitions or hops, between sites. 

As such the precise nature of the temperature dependence might be affected by 

many factors such as the polymer structure, degree of crystallinity and 

dimensionality. In general, several hops may be possible from a given site, which 

differ with respect to the energy barrier or hopping distance. This situation is called 

variable range hopping because the thermal average over the different hops leads to 

a hopping range that is temperature-dependent.  

Characterisation of this temperature dependence therefore provides valuable insight 

into the conduction mechanism of the DNA/CP nanowires. Variable-temperature I-

V studies of the two-terminal device were performed over a temperature range of 

293 to 373 K in order to elucidate details of the conduction mechanism. The 

temperature dependence of the nanowire conductivity is shown in Figure 5.14, with 

the conductivity values calculated from the gradient of the I-V plots around zero 

bias. The data confirms semi-conducting behaviour with the nanowire whilst also 

demonstrating the thermal stability of the DNA/polyC5-TP nanowire. The expected 

increase in conductivity is a result of the low levels of doping and disorder order 

within the material. This behaviour is typical of disordered semiconductors, where 

conduction occurs by hopping between localized states.27 A small degree of 

hysteresis was evident between the heating and cooling phases of the cycle, possibly 

due to the loss of residual water bound to the polymer during the heating of the 

sample. The resistance of the nanowire, determined from variable temperature I-V 

measurements, was found to be in the order of 1013Ω. 
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Figure 5.14. Variable temperature I-V measurements carried out upon a DNA/polyC5-TP nanowire 

aligned across two Au electrodes. Error bars were plotted using the standard deviation of each 

conductivity value  

Analysis of the temperature dependence of conductance in conjugated polymers 

gives a more in-depth of the conduction mechanism and is typically carried out 

through fitting conductance (G) values to the following equation: 

lnG = lnG0 – (T0/T)β 

This expression is used when describing the conductance behaviour of a conjugated 

polymer system through a variable range hopping (VRH) model (Chapter 1). This in 

turn describes the low temperature conductance behaviour in strongly disordered 

systems where electronic states are localized. In this approach, the outcome is 

dependent upon the dimensionality of the system which is described by the 

parameter β=1/(1+D), where ‘D’ is the dimensionality of the system. Following the 

VRH approach for a 1-D system such as our DNA/CP nanowires, predicts that β=½. 

However, this model breaks down for one-dimensional systems as the conduction is 

dictated by large barriers to charge carrier transport which cannot be avoided. As a 

consequence, such one-dimensional systems tend to follow Arrhenius behaviour, 
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where β=1, as previously reported for CP nanowires.20 Figure 5.15 shows the 

corresponding Arrhenius plot of the conductance of the DNA/polyC5-TP nanowire, 

confirming the nanowire to follow this behaviour. The plot illustrates the 

temperature dependence of the rate constant and suggests electron hopping is the 

dominant mechanism for electron transport, shown through the exponential 

behaviour of the conductance upon increasing the temperature.  

 

Figure 5.15. Arrhenius plot for the conductance of a DNA/polyC5-TP nanowire 

Two-Probe I-V studies of DNA/polyC5-TPT aligned across Au micro-

Electrodes 

While quantitative information about the electrical behaviour of individual 

DNA/polyC5-TPT nanowires was not obtained, data pertaining to DNA/polyTPT 

was. Figure 5.16 shows an AFM height image of a DNA/polyTPT nanowire aligned 

across a 2.5 µm electrode gap. The resistance of the nanowire, determined from 

variable temperature I-V measurements, was found to be in the order of 1014
 Ω. By 

evaluating the dimensions of the nanowire a conductivity value was extracted and 

calculated to be 1.9x10-7
 S cm-1

 at 303K.  
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Figure 5.16. An AFM image of DNA/polyTPT nanowire (25 nm diameter) aligned across a 2.5 µm 

gap between two Au micro-electrodes, the scale bar = 2 µm and the z-scale range 0- 20 nm dark to 

bright contrast12 

The temperature dependence of the nanowire conductivity is shown in Figure 5.17 

with the conductivity values again calculated from the gradient of the I-V plots 

around zero bias while Figure 5.18 shows the corresponding Arrhenius plot. As with 

DNA/polyC5-TP, the plot illustrates the temperature dependence of the rate 

constant and suggests electron hopping is the dominant mechanism for electron 

transport, shown through the exponential behaviour of the conductance upon 

increasing the temperature. This data also confirms semi-conducting behaviour and 

thermal stability of the DNA/polyC5-TPT nanowire. Over the temperature range 

specified, as with DNA/C5-TP, a small degree of hysteresis was also evident 

between the heating and cooling phases of the cycle, which is again likely due to the 

loss of residual water bound to the nanowire during the heating of the sample.  
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Figure 5.17.  Variable temperature I-V measurements carried out upon a DNA/polyTPT nanowire 

aligned across two Au electrodes. Error bars were plotted using the standard deviation of each 

conductivity value 

As with polyC5-TP, this value is significantly lower than anticipated. As this 

system remains unmodified at the N-position of pyrrole and that the DNA/CP 

material produced is structurally well-defined, these results would suggest the low 

conductivity values observed are an inherent characteristic of the pyrrole-thiophene 

monomer units. Unfortunately, reports detailing conductivity values for bulk 

polyTPT are absent from the literature. 
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Figure 5.18. Arrhenius plot for the conductance of a DNA/polyTPT nanowire  

Two-point probe I-V studies of DNA/C5-P aligned across Au micro-Electrodes 

Figure 5.19 shows an AFM image of a single DNA/polyC5-P nanowire ~9.1 nm in 

diameter prepared in the absence of a chemical oxidant, stretched between two 

micro-electrodes (2.5 µm gap).  
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Figure 5.19. An AFM image of DNA/polyC5-P ~9 nm in diameter stretched between two Au micro-

electrodes, the scale bar = 5 µm and the z-scale range 0- 40 nm dark to bright contrast. The Au 

electrodes are embedded in a thermally grown, 200nm thick insulating SiO2 layer on a Si substrate 

Figure 5.20 is a 3-D image shows the connection between the nanowire and the gold 

electrodes and the good uniformity of the wire morphology.  

 

Figure 5.20. A 3-D image of DNA/polyC5-P ~9 nm in diameter stretched between two gold 

microelectrodes indicating the connection between the gold electrodes and the nanowire 
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The resistance of the nanowire determined from variable temperature I-V 

measurements found to be in the order of 1012 Ω. Again, by evaluating the 

dimensions of the nanowire (~9 nm) a conductivity value was calculated to be 

3.8x10-4 S cm-1 at 303K. Unfortunately, comparison to pyrrole nanowires prepared 

in a similar fashion this value is significantly lower. As discussed earlier, Houlton 

et. al.10 reported levels of conductivity for DNA-templated nanowires of polypyrrole 

to be in the range of 4 S cm-1 using FeCl3 as an oxidant. Given the uniform structure 

and morphology of the nanowire under investigation, it is unlikely conductance is 

significantly affected by breaks in the current pathway. Instead, this low level of 

conductance may be a consequence of modification at the N-position of the pyrrole 

moiety or as a result of low levels of doping within the material through the absence 

of FeCl3
 during the templating reaction. 

Variable-temperature I-V studies over a temperature range of 293 to 373 K yielded 

some interesting behaviour. Figure 5.21 shows the conductivity calculated from the 

gradient of the I-V plots around zero bias plotted against temperature.  

 

Figure 5.21.  Variable temperature I-V measurements carried out upon a DNA/polyC5-P nanowire 

prepared in the absence of a chemical oxidant, aligned across two Au micro-electrodes. Error bars 

were plotted using the standard deviation of each conductivity value 
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Figure 5.21 shows that by elevating the temperature above 333 K a net reduction in 

conductivity was observed; with a final value of 3.83x10-5 S cm-1 recorded at 373 K 

compared to 2.27x10-4 S cm-1 at 293 K. Upon cooling from 373 K, this process was 

reversed over the same temperature range (~333 K), with a return to similar levels 

conductivity to those observed during the heating process (2.45x10-4 S cm-1 at 293 

K). This is unlike the behaviour of the other materials studied here or elsewhere.10, 

12, 20 

This data confirms the DNA/C5-P nanowires prepared without a chemical oxidant 

are indeed conductive, whilst also suggesting heating may induce a molecular 

switch type process. The return of the conductivity upon cooling to similar levels 

observed prior to heating indicates that these observations were not a result of 

trapped water in the sample but may in fact a property of the wire.  

As discussed in Chapter 4, it is considered that nanowires prepared in this manner 

(pH 5, in the absence of a chemical oxidant) may have a thinner polymer coating 

encapsulating the DNA and/or a more homogenous structure rather than aggregated 

polymer. Upon heating the sample above 333 K this is thought to provide more 

freedom to the template and thus allowing for denaturing of the DNA. Denaturing 

disrupts the polymer chains in such a way as to make charge transport less efficient 

between the electron holes and donors of the polymeric material is increased, 

resulting in a reduction in the degree of electron hopping and lower observed 

conductivity values. It is postulated, the polymer coating remains in the proximity of 

the denatured DNA strands and hence upon cooling hybridization occurs, restoring 

the nanowire to the original state. Efforts to examine DNA denaturing on Si surfaces 

by AFM were un-successful due to the AFM heating stage not having the necessary 

temperature range. 

It was also considered that this switch type process may have alternatively been the 

result of short, poorly crystalline polymer chains or the significant presence of 

monomer units in the sample, due to the absence of a chemical oxidant. This 

explanation was examined by depositing FeCl3 (1 mM, 5 µL) over the wire in 

question for a period of 1 minute in an effort to oxidize any remaining monomer 

units and provide a more tightly packed structure. No change to conductivity was 
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observed and consequently this anomaly is clearly based in the interior formation of 

the wire, not due to monomeric material.  
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5.4 Conclusions 

The electrical properties of DNA-templated polymer nanowires of C5-P, C5-TP and 

C5-TPT were investigated using scanned conductance microscopy (SCM) and in 

some cases two-terminal I-V measurements using bespoke Au micro electrodes. 

SCM phase images of DNA hybrid C5-P, C5-TP and C5-TPT nanowires prove 

consistent with the predicted observations for conductive objects, with the negative-

positive-negative phase shifts characteristic of semi-conducting materials observed.  

The resistance of the DNA/polyC5-TP nanowire, determined from variable 

temperature I-V measurements, was found to be in the order of 1013Ω. By evaluating 

the dimensions of the nanowire a conductivity value was calculated to be 2.9x10-5 S 

cm-1 at 303K  

The resistance of the DNA/polyTPT nanowire, determined from variable 

temperature I-V measurements, was found to be in the order of 1014
 Ω. A 

conductivity value was calculated to be 1.9x10-7
 S cm-1

 at 303K. In both cases, 

electron hopping was determined to be the dominant mechanism for electron 

transport shown through the exponential behaviour of the conductance upon 

increasing the temperature. 

A DNA/polyC5-P prepared in the absence of a strong oxidant was shown to exhibit 

a resistance in the order of 1012Ω. Again, by evaluating the dimensions of the 

nanowire, a conductivity value was calculated to be 3.75x10-4 S cm-1 at 303K. 

DNA/C5-P nanowires prepared without a chemical oxidant are shown to be 

conductive, while the temperature dependence of this was unusual. 

Whilst the DNA/CP nanowires produced are structurally well-defined, electrical 

measurements show the polymer material to exhibit significantly lower 

conductivities in comparison to polypyrrole and polythiophene nanowires. This low 

level of conductance may be a consequence of modification at the N-position of the 

pyrrole moiety in some cases, or an inherent characteristic of the materials being 
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investigated as opposed to any significant effects from breaks in the current 

pathway.  

In order for progress to be made towards application of these materials in sensory 

devices, methods for improving the intrinsic electrical conductivity of each material 

would, realistically, be required. Routes to achieving this include alternative 

approaches within the chemical polymerization strategies currently used, such as 

changing the oxidant/dopant used which may have a notable impact upon the CPs 

intrinsic properties.  
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5.5 Experimental 

5.5.1 Scanned Conductance Microscopy (SCM) 

SCM studies were carried out upon DNA/polymer nanowires immobilised upon 

Si<n-111> substrates with a 200 nm thick, SiO2 layer, modified with a TMS self-

assembled monolayer, as in Chapter 3. All experiments were performed in air with a 

Dimension Nanoscope V system (Veeco Instruments Inc., Metrology Group), using 

MESP probes (n-doped Si cantilevers, with a Co/Cr coating, Veeco Instruments 

Inc., Metrology Group) with a resonant frequency of ca. 70kHz, a quality factor of 

200–260, and a spring constant of 1–5Nm-1. Acquisition and processing of SCM data 

was carried out using Nanoscope version 7.00b19 software (Veeco Instruments Inc., 

Digital Instruments). During SCM experiments, an independently controlled bias, 

typically set between -7 V and +7 V, was applied to the sample whilst the tip was 

kept grounded, and lift heights of 50–70nm were typically employed. 

5.5.2 Two-Point probe Current-Voltage Measurements 

I-V measurements were carried out upon individual DNA/polymer nanowires 

through the fabrication of tailor-made two-terminal nanowire devices, comprised of 

Au microelectrodes embedded in a thermally grown SiO2 layer, supported on a Si 

substrate. Electrical measurements were made using a Probe Station (Cascade 

Microtech, Inc., Oregon, USA) and B1500A Semiconductor analyzer (Agilent 

Technologies UK Ltd., Edinburgh, United Kingdom), equipped with Agilent 

EasyEXPERT software. Prior to electrical testing, the two-terminal devices 

underwent a heating/cooling cycle between 293-373K, using a heating/cooling 

chuck (Model ETC-200L, ESPEC Corp., Osaka, Japan), under a N2 atmosphere, to 

drive off any water bound to the nanowire. Subsequent I-V measurements were 

conducted under a N2 atmosphere, without light illumination, and using a voltage 

range of -3 to +3 V in steps of 0.05 V. Variable temperature I-V measurements were 

carried out between a temperature range of 293–373K, at increments of 10 K.  
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6.1 Chapter Overview 

Overall Goal 

To improve the intrinsic electrical conductivity of each polymer system (polyC5-P, 

polyC5-TP and polyC5-TPT) by first elucidating sources of poor conductivity and 

optimizing polymer preparation accordingly. 

Hypothesis 

Low level of conductance observed in each system is a consequence of modification 

at the N-position of the pyrrole moiety. Introduction of pyrrole as a co-monomer 

unit will increase the conductivity of each system.  

Objectives  

Perform and compare bulk conductivity measurements of polyC5-P, polyC5-TP and 

polyC5-TPT and the relevant non-alkylated monomer units, polyP, polyTP and 

polyTPT. 

Establish reaction conditions which afford the highest level of conductivity in 

polypyrrole. 

Prepare and electrically characterize bulk polymer systems of polyC5-P, polyC5-TP 

and polyC5-TPT co-polymerized with polypyrrole from the corresponding monomer 

mixtures. 
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6.2 Introduction 

The use of semiconductor materials in sensor devices involves the measuring of 

small currents, with the limit to sensitivity in any measurement determined by the 

noise generated from the resistance in the circuit, current leakage, dielectric quality 

and the conducting compounds electrical properties. A fundamental requirement for 

future diagnostic (biosensor) technologies is the removal for the necessity of 

cumbersome and expensive instrumentation to facilitate such measurements, with 

ideally, a move toward portable device manufacture.  

Unfortunately, electrical characterization (Chapter 5) of DNA/polyC5-P and 

DNA/polyC5-TP nanowires showed levels of conductivity that make these 

materials currently unsuitable for such application. The low level of conductance 

observed was considered to be a consequence of modification at the N-position of 

the pyrrole moiety or an influence of the three possible configurations of polyC5-

TP, “head-to-tail”, “tail-to-tail”, or “head-to-head” (Chapter 3) resulting in a loss of 

planarity/conjugation length. Therefore efforts for improving the intrinsic electrical 

conductivity were made by introducing pyrrole, to produce a co-polymer (Scheme 

6.1). Co-polymers can have tailor-made properties depending upon the choice of the 

two semi-conducting components, their relative amounts and their arrangement in 

the polymer chain. By increasing the proportion of highly conductive components 

(i.e. pyrrole) improves the overall conductivity of the co-polymer chain yet retaining 

functionality afforded by modified, less conductive components. 

 

Scheme 6.1. Chemical co-polymerization of pyrrole and C5-P. The resulting product retains the 

alkyne functionality with the improved conductivity afforded by the additional un-modified pyrrole 

moieties 



Chapter 6  Bulk Conductivity Measurements 
 

186 
 
 

Here, C5-P, C5-TP and C5-TPT are used to retain the functionality afforded by the 

alkyne moiety but with increased level of conductivity provided by the addition of 

the large band-gap component, pyrrole. This approach is similar to that 

implemented by Livarche et. al.1, 2 amongst others,3, 4  using pyrrole bearing 

oligonucleotides (ODN) and unmodified pyrrole to construct DNA sensor arrays.  

The conductivity of polypyrrole has been reported to vary according the final form 

and the preparation technique employed (10-12-105 S cm-1).5-10 Therefore, in order to 

effectively improve the intrinsic electrical conductivity of the DNA-templated 

nanowires by implementation a co-polymer system, it was useful to investigate the 

effect how the preparation technique employed thus far may be optimised to 

produce the highest level of conductivity feasible from the polypyrrole component. 

Defects and degradation during the formation of polypyrrole can take several forms, 

with the method of preparation shown to significantly affect the electronic 

properties of polymer produced.11-14 In addition to the adverse effect polymerisation 

through the β-position has on conductivity, over-oxidation of pyrrole has been 

observed to cause a reduction in conductivity during both electrochemical15 and 

chemical preparation.11 The presence of water and in particular –OH ions is 

instrumental in this process through hydroxylation of the polymer and subsequent 

carbonyl formation (Figure 6.1).  

 

  

Figure 6.1. The chemical structure of maleimide, formed through over oxidation of pyrrole 

Of particular importance to retaining the conductive nature of the polypyrrole 

produced is the role of acidic conditions upon pyrrolidine formation (Figure 6.2). 

There have been reports where acidic conditions have been employed to polymerize 

monomer units such as pyrrole.14, 16 In this approach low conductivity (in the order 

of 10-6 S cm-1 in some cases), attributed to structural to defects, such as the 

formation of pyrrolidine units (Figure 6.2), are known to occur during extended 
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polymerisation of pyrrole at low pH (7.5 M HCl).14 An alternative study has shown 

that when milder acidic conditions and lower concentrations are used an increased 

conductivity was observed.17  

 

Figure 6.2. The structure of pyrrolidine units implicated in the acid initiated polymerisation of 

pyrrole 

Given the pH of the DNA-templating solution drops during polymerisation (~pH 3, 

after 1 hour) as a result HCl formation (Figure 6.3). It was envisaged to be useful to 

investigate the effect of varying oxidant to monomer ratio, incubation times and pH 

of bulk polymerisation reactions upon the conductivity of polypyrrole prior to 

implementation a co-polymer system. 

  

Figure 6.3. The chemical hydrolysis of ferric chloride yielding HCl  

Chapter Outline: In this chapter, initial studies focused upon bulk conductivity 

measurements of polyC5-P, polyC5-TP and polyC5-TPT and the relevant non-

alkylated monomer units, polyP, polyTP and polyTPT, in order to compare values 

to those gathered in Chapter 5 and elucidate sources of poor conductivity. 

Subsequent studies investigating the effect of varying oxidant to monomer ratio, 

incubation times and pH of bulk polymerisation reactions upon the conductivity of 

polypyrrole are also presented. Finally, in an effort to prepare CP systems with 

functionality and high conductivity, bulk of polyC5-P, polyC5-TP and polyC5-TPT 

co-polymerized with polypyrrole samples were prepared from the corresponding 

monomer mixtures and the conductive properties of these materials investigated. 
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6.3 Results and Discussion 

6.3.1 Bulk Conductivity Measurements 

Hypothesis: Low level of conductance observed in each system is a consequence of 

modification at the N-position of the pyrrole moiety evident by comparative bulk 

conductivity studies.  

Bulk polymer samples of polyC5-P, polyC5-TP and polyC5-TPT were prepared by 

chemical polymerisation of the corresponding monomer units, with the precipitate 

formed isolated from solution as described in Chapter 3. The appearance and 

morphology of the precipitate formed was similar to that observed in Chapter 3, 

with isolated precipitate of polyC5-P again found to be both brittle and foam like. 

PolyC5-TP and polyC5-TP were both found to be robust and metallic-like.  

As in Chapter 5, two probe current-voltage sweeps typically over a range of -5 to +5 

V were used to gain quantitative electrical data for all samples. A typical I-V plot 

obtained is shown in Figure 6.4 and has the classic shape expected for hopping 

polymers in the case of fixed counter anions.18 
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Figure 6.4. A typical current-voltage plot for bulk polypyrrole samples obtained from the Agilent 

B1500 Agilant probe station 

The dimensions used for calculating the conductivity of each material were based on 

electrons taking shortest route between two points, i.e. the distance between the two 

probes. In this study, the diameter (D) of the probes used was 3.8 µm. The cross-

sectional area can be calculated using the equation:  

 

Assuming the electron path is direct, the length (l) is estimated distance between the 

two probes. This can then be used to calculate conductivity as described in Chapter 

5. A significant contribution to resistance from electrical contact made between the 

CP and the electrical probes is possible. However, if the contact resistance is 

ignored, an estimate (lower bound) of the sample conductivity can be made. 

Despite the likely dispersion of the electron path around the entire sample it was 

hoped conductivity values accurate within an order of magnitude could be obtained 

using this approach. Table 6.1 shows conductivity values calculated from the 

gradient of the I-V plots around zero bias (303 K and averaged over 5 values taken 

from different 5 samples) for the three alkynyl derivatized polymers.  
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Polymer σ (S cm-1) 
polyp 2.22x102 ± 40.10 
polyTP 1.05x10-2 ± 2.75x10-5 

polyTPT 1.9x10-2 ± 6.10x10-3 

polyC5-P 1.13 ± 0.016x10-6 

polyC5–TP 6.04 ± 3.28x10-10 
polyC5-TPT 1.98 ± 0.17x10-6 

Table 6.1. Bulk conductivity values of polyP, polyTP, polyTPT and polyC5-P, polyC5-TP and 

polyC5-TPT 

Overall, the conductivity values observed for each system are significantly low. 

PolyC5-P and polyC5-TPT exhibit comparable levels of conductivity (1.13x10-6 S 

cm-1 and 1.98x10-6 S cm-1 respectively), whereas polyC5-TP showing conductive 

properties several orders of magnitude lower (6.04x10-10 S cm-1). 

By comparison to measurements taken for non-alkylated polymers (polyP,  and 

polyTPT, Table 6.1) it appears that alkylation of the central pyrrole ring at the N-

position has a major impact on the poor conductivity, as higher conductivity levels 

were observed across all three non-alkylated systems analysed (polyP = 2.22x102 S 

cm-1, polyTP = 1.05x10-2 S cm-1 and polyTPT = 1.90x10-2 S cm-1).  

As described in Chapter 1, alkylation at the N-position of pyrrole has been shown to 

adversely affect the electrical properties of the polymer and this has been 

rationalised as being due to disruption of the conjugated system. N-methyl-

polypyrrole for instance, is reported to exhibit conductivities of ~10-3 S cm-1.19 It is 

likely the increased size of the moiety attached at the N-position may cause similar 

disruption to the co-planar arrangement of the ring system, accounting for such a 

significant reduction in conductivity.  

Furthermore, the fact that the TP based materials (polyTP, polyTPT, polyC5-TP 

and polyC5-TPT) show the lowest conductivity values of the systems studies may 

be due to additional irregularities in the polymer chain structure arising from the 

different possible configurations for lining the TP units. These are ‘head-to-tail’, 

‘tail-to-tail’, or ‘head-to-head’ of polyC5-TP (Chapter 3) which may reduce the 

planarity and hence the significant reduction conductive properties observed in 

polyC5-TP by comparison to polyC5-TP and polyC5-TP. 
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It is also noted that the conductivity of the bulk polyTP and polyTPT materials 

exhibit conductivity values which are 4 – 5 orders of magnitude lower in 

conductivity than that of polypyrrole and polythiophene (102 – 103 S cm-1) materials. 

Indicating that tailoring of the monomer units to incorporate thiophene ring system 

to N-alkylated polymer systems with high intrinsic conductivity actually has the 

opposite effect.  

Interestingly, DNA/polyC5-P nanowires prepared in the absence of a chemical 

oxidant exhibit conductivity values higher than that of the corresponding bulk 

material prepared using FeCl3. Similar observations have been made elsewhere20 

and may be a result of structural regularity afforded by the templated directed 

growth.  However, this is not the case with polyC5-TPT where the conductivity the 

bulk sample was shown to lie in the range 1.0x10-2 to 2.3x10-2 S cm-1; an increase 

by several orders of magnitude compared to the nanowire. 

Interestingly, the dependence of the conductivity on the polymer form and size was 

clear when comparing these values to those gained from two-probe I-V 

measurements i.e. bulk vs. nanowire, of DNA templated nanowires of polyC5-P, 

polyC5-TP and poly-TPT (Chapter 5). While it is difficult to make precise 

comparisons given the absence of the DNA-template and the uncertainties in the 

geometry of current path in the bulk material, comparison of the quantitative two-

probe I-V studies for DNA/polyC5-P, DNA/polyC5-TP show the conductivity of 

the nanowire structure (3.75x10-4 S cm-1 and 2.9x10-5 S cm-1 at 303K respectively) 

to be several orders of magnitude higher than that of the bulk material (1.13x10-6 S 

cm-1 and 6.04x10-10 S cm-1 respectively). The difference between these values was 

so large that this cannot be attributed on the uncertainties in the measurements.  

6.3.2 Optimised Preparation of Polypyrrole 

Goal: Elucidate the appropriate conditions to provide the highest level of 

conductivity from polypyrrole. 

Prior to attempts to prepare co-polymer based systems of polyPy/polyC5-P/polyC5-

TP/polyC5-TPT, studies were conducted to establish suitable reaction conditions 
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for obtaining polypyrrole with good conductivity levels. Specifically the ratio of 

oxidant to monomer and reaction time were considered.  

Figure 6.5 is a plot of conductivity measurements against varied oxidant ratio (1:1 to 

3:1) after 1 hour incubation (H2O:DMF, 4:1). As expected, as the ratio of oxidant 

employed is increased (0.25-2, increasing the level of doping enhances 

conductivity) the conductivity of the bulk material also generally increases (15.5–

222 S cm-1); this is thought to be due substantial polymerisation and the subsequent 

formation of a more homogeneous structure. Interestingly, as the oxidant to 

monomer ratio is extended to 3:1, a reduction in conductivity is observed (2:1=222 

S cm-1, 3:1=109 S cm-1). Initially this was considered to be due to over oxidation of 

the pyrrole ring however inspection of the FTIR spectra (Chapter 3) reveals little 

evidence of such degradation taking place (typically observed through C=O band at 

ca. 1720 cm-1).  

 

Figure 6.5. Conductivity measurements of polypyrrole against varied oxidant ratio (1:1 to 3:1) after 

1 hour incubation 

A possible explanation of the observed trend in conductivity can be found by 

considering the role of HCl and iron chloride concentration. With increased FeCl3, a 

greater degree of HCl is produced which is likely to cause minor defects in the 

polymer through pyrrolidine formation, as described in Section 6.2. While these 

defects remained untraceable by FTIR this may be due to the reflective nature of the 

conductive polymer produced and the density of defects in the samples.  
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Furthermore, work elsewhere21, 22 has shown maleimide formation from over-

oxidation of pyrrole is strongly enhanced at the early stages of the polymerisation 

reaction, as degradation occurs more readily in shorter polymer chains with larger, 

more conductive material produced later in the reaction.  

It was considered from data presented here, that over an extended time period 

continued degradation may also take place, resulting in the observed peak in 

conductivity and subsequent reduction in observed conductivity at later longer time 

periods. 

 

Figure 6.6 Conductivity measurements of polypyrrole against varied oxidant ratio (1:1 to 3:1) after 3 

hour incubation  

In order to examine the role longer reaction times in the degradation of polypyrrole, 

the effect of extended incubation times upon conductivity were also investigated (3 

and 24 hours (Figure 6.6 and 6.7). It is clear that by extending the reaction time the 

overall conductivity was significantly reduced in each case (for 2:1 1 hour, 222 S 

cm-1 compared to 24 S cm-1 after 3 hours and 13.6 S cm-1 after 24 hours). It is likely, 

extended incubation times give rise to more degeneration in the polymer and hence 

the observed reduction in conductivity.  
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Figure 6.7. Conductivity measurements of polypyrrole against varied oxidant ratio (1:1 to 3:1) after 

24 hour incubation 

It is considered that beyond 1 hour reaction time the majority of the monomer unit 

has been used to form polymer. After which, HCl formation (rapidly) becomes the 

dominant process and polymer degradation begins, reducing the overall 

conductivity. When excess FeCl3 was employed (2:1 or 3:1), a peak in conductivity 

was observed followed by a reduction, likely due to the increasing level of HCl in 

the reaction mixture over-time, with a 2:1 ratio of oxidant to monomer seeming to 

provide the highest level of conductivity in each set of experiments.  

To investigate the effect of pH further, bulk polymerisation experiments in which 

the pH was deliberately lowered were carried out. Table 6.2 shows conductivity data 

for oxidant-to-Py ratios of 1:1, 2:1, 3:1, 1 hour incubation, at pH=5 (Tris-HCl). 

Despite the initial pH 5, levels of conductivity similar to those observed in a where 

the pH was not initially lowered were observed. However, the drop in conductivity 

at a 3:1 oxidant to monomer ratio was much more pronounced.  

Ratio σ (S cm-1) 
1:1 29.70 (±19.69) 
2:1 217.79 (±79.34) 
3:1 6.97 (±7.20) 

Table 6.2. Oxidant to Py ratio 1:1, 2:1, 3:1, 1 hour incubation, pH 5 (Tris-HCl) 
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Table 6.3 shows conductivity values with the pH=7 maintained (Tris-HCl buffer). A 

continued increase in conductivity is observed regardless of the oxidant to monomer 

ratio. Furthermore, polymerisation conducted at pH 7 produces materials with 

highest conductivity. Therefore it is considered that the acidic conditions of the 

system reduce the conductivity of the polymer produced. However, by maintaining 

an oxidant ratio below 3:1 or maintaining pH 7, pH is controlled, therefore reducing 

the overall degradation of the polymer.  

Ratio σ (S cm-1) 
1:1 38.8 (±18.68) 
2:1 105.9 (±56.08) 
3:1 254.2 (±89.42) 

Table 6.3. Oxidant to Py ratio 1:1, 2:1, 3:1, 1 hour incubation, pH 7 (Tris-HCl buffer) 

6.3.3 Co-Polymer Systems 

Goal: To prepare and electrically characterize bulk polymer systems of polyC5-P, 

polyC5-TP and polyC5-TPT co-polymerized with polypyrrole from the 

corresponding monomer mixtures. 

In an effort to prepare CP systems with functionality and high conductivity, bulk of 

polyC5-P, polyC5-TP and polyC5-TPT co-polymerized with polypyrrole, samples 

were prepared from the corresponding monomer mixtures using the optimised 

conditions described in Section 6.3.2. Here, each sample was prepared in a 2:1 

oxidant to monomer ratio with 1 hour incubation time at pH=7. Unfortunately, 

efforts to elucidate the proportion of each unit present in the final co-polymeric 

mixture by FTIR were unsuccessful. In each instance isolation of the precipitate 

formed showed no absorbance bands at all. This was believed to be due to the 

reflective nature inherent of highly conductive materials. The intention of this study 

was to observe a gradual reduction in the alkyne stretch (ca. 2100 cm-1) associated 

with each modified polymer unit (Chapter 3) and a gradual appearance of an N-H 

stretch (ca. 2600-3500 cm-1) associated with polypyrrole. 

Table 6.4 shows bulk conductivity values calculated from the gradient of the I-V 

plots around zero bias of bulk polypyrrole/polyC5-P, polypyrrole/polyC5-TP and 
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polypyrrole/polyC5-TPT (303 K and averaged over 5 values taken from different 5 

samples). The dimensions were based on electrons taking shortest route between 

two points, the distance between the two probes.  

Polymer/Ratio 1:1 (S cm-1) 2:1 (S cm-1) 3:1 (S cm-1) 
Py/C5-P 5.71 x 10-5 

(±7.24 x 10-8) 
0.30 

(±0.21) 
1.84 

(±1.01) 
Py/C5–TP 2.10 x 10-5 

(±1.90 x 10-6) 
7.65 x 10-6 

(±2.14 x 10-6) 
1.18 x 10-5 

(±9.53 x 10-7) 
Py/C5-TPT 2.13 x 10-6 

(±3.06 x 10-7) 
0.11 

(±0.015) 
7.94 

(±5.85) 
 

Table 6.4. Bulk conductivity data for co-polymer systems of Py/polyC5-P, polyC5-TP and polyC5-
TPT prepared 

As expected as the degree of pyrrole monomer introduced into the system was 

increased, the conductivity was shown to increase significantly in each case. A 3:1 

ratio of pyrrole with an alkylated monomer unit of either polyC5-P or polyC5-TPT, 

incubated over 1 hour in a 2:1 ratio of oxidant to monomer was shown to provide 

the co-polymer with the highest level of conductivity. While efforts to elucidate the 

proportion of each unit present in the final co-polymeric mixture by FTIR were 

unsuccessful, the I-V data indicates that the alkynyl-monomer is incorporated by the 

expected reduction in conductivity observed compared to polypyrrole alone 

prepared under similar conditions;10 this is useful evidence that co-polymer 

formation was achieved. 
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6.4 Conclusions 

Samples of polyC5-P, polyC5-TP and polyC5-TPT were prepared by chemical 

polymerisation and the electrical properties probed by two-point I-V measurements. 

Conductivity values for each material were calculated; polyC5-P and C5-TPT 

exhibit comparable levels of conductivity (1.13x10-6 S cm-1 and 1.98x10-6 S cm-1 

respectively), while polyC5-TP showed disappointing conductive properties 

(6.04x10-10 S cm-1). Studies to optimise the preparation of polypyrrole prior to 

incorporation into a co-polymer system were also carried out. It seems the 

increasing presence of HCl in the polymerisation reaction through extended 

incubation times or high oxidant ration showed a detrimental effect of conductivity. 

Incubation for 1 hour at a 2:1 ratio of oxidant to monomer was shown to produce 

polypyrrole with highly conductive properties. Subsequent co-polymerisation with 

polyC5-P, polyC5-TP and polyC5-TPT under these conditions yield co-polymeric 

materials with higher levels of conductivity than the homopolymer systems. 

In summary, as expected increased ‘doping’ enhances conductivity. However, 

clearly a balance is required between ensuring sufficient oxidation in order to 

achieve a sufficient ‘doping level’ while not promoting polymer degradation. 
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6.5 Experimental 

6.5.1 General Procedure for Bulk Polymerisation and 
Conductivity Measurements 

FeCl3 (2 ml, 0.3 M) was added to a DMF/water solution (1:4) of pyrrole (2 mL, 0.1 

M) and left to stand for 1 hour. After which the solution/precipitate was placed in a 

centrifuge for 10 minutes (10,000 rpm, rotor size 10 cm) and the remaining FeCl3 

removed. The black solid produced was rinsed 3 times with excess nanopure water 

via the same method. The sample was subsequently dried in a vacuum oven (60°C) 

overnight. This procedure was followed for all bulk polymer preparation and 

subsequent conductivity measurements unless otherwise stated. Variations of the 

procedure include incubation time (typically 3 hours and 24 hours), oxidant ratio 

(0.3, 0.5, 1, 1.5, 2, and 3) and co-polymer systems as stated. 

6.5.2 General Procedure for Bulk Two-Prove I-V 
Measurements 

Electrical measurements of the bulk polymer were recorded with the sample, 

supported on a Si<n-111>/200nm SiO2 substrate, placed in the probe station 

chamber and purged with N2 for 3 hours, prior to measurements being made. 

Measurements were repeated 4 times with the probes positioned at different 

locations on the bulk polymer material each time (though the distance between the 

probes was kept constant), from which an average conductivity was calculated. All 

measurements were taken at 303K, with an applied voltage range of -1 to +1V in 

steps of 0.05V. 
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7.1 Chapter Overview 

Overall Goal  

To covalently immobilize probe DNA onto a hybrid DNA/polymer nanowire using 

‘click’ chemistry. 

Hypothesis 

The terminal alkyne group present in each polymer will facilitate coupling of both 

chemical and biological azide terminated molecules. 

Successful coupling of azido terminated DNA to an alkyne terminated DNA/polymer 

nanowire will result in a reduced level in conductance of the wire when compared 

to the unmodified state.  

 Objectives  

Establish the appropriate reaction conditions for ‘click’ chemistry by the coupling 

3-azido propan-1-ol to C5-P, C5-TP and C5-TPT monomer units and the respective 

DNA/polymer hybrid materials. 

Synthesis azido-modified probe DNA and its compliment via solid-phase 

phosphoramidite oligonucleotide synthesis and perform hybridization studies to 

assess the stability of the formed duplex.  

Covalently immobilize azido-modified probe DNA onto a hybrid DNA/polymer 

nanowire and confirm attachment by C-AFM. 

Hybridize complement DNA to the modified nanowire and stain with YOYO-1to 

optically validate probe immobilization and hybridzation to nanowire bound DNA.  

  



Chapter 7 Nanowire Modification 
 

203 
 

7.2 Introduction 

Nanowires based on conducting polymers or silicon lack the specificity/selectivity 

necessary to function as electrochemical biosensors. Biological recognition 

molecules (or capture probes), such as antibodies, enzymes or oligonucleotides, 

impart the desired selectivity and specificity in order for these materials to be used 

in this manner. The most conventional approach to achieving such function beyond 

their conductive nature is through the formation of covalent bonds between the 

biological recognition molecules and the nanowire. It is therefore necessary to 

introduce complementary functionalisation to both the nanowire and the desired 

recognition molecule. 

The functionalisation of silicon nanowires is typically achieved via the formation of 

siloxane bonds to the native Si/SiO2 surfaces. The appropriately functionalized 

silane head groups enables the coupling of a wide range of desired entities to the 

surface (Figure 7.1).1, 2 A stable, densely packed organic monolayer covalently 

bound directly to surface is produced and allows the detection of charge transfer 

across the Si/SiO2/organic-electrolyte interface.  

 

Figure 7.1. A range of silane compounds have been used in the modification on SiO2-coated NWs: 

3-aminopropyltriethoxysilane (APTES, 1a), (3-aminopropyl)-dimethyl-ethoxysilane (APDMES, 1b), 

N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS, 2), 3-aldehydepropyltrimethoxysilane 

(APMS, 3), mercaptopropyltrimethoxysilane (MPTMS, 4a), mercaptopropyltriethoxysilane (MPTES, 

4b), biotin 4-nitrophenyl ester (BNPE, 5) and 11-hydroxyundecyl-phosphonate (HUP, 6)2 

Silicon NW’s constructed and modified in this way have been shown to be highly 

sensitive and selective sensors for direct and label-free detection of metal-ions,3 
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nucleic acids,4 proteins,5-7 virus8 and cells.9 Lieber et. al.5, 10-12 amongst others,13-16 

has extensively demonstrated the use of silicon nanowire based field effect 

transistors (FETs) for label-free, electrical detection of a variety of species, such as 

antibodies, DNA and cancer markers.5, 11, 12, 17, 18 Notably the group demonstrated 

the capability for multiplexed real-time monitoring of analytes present in 

femtomolar concentrations.5 This was achieved by firstly developing an integrated 

nanowire array of distinct nanowires so surface bound capture probes could be 

incorporated as individual device elements. The nanowire array was subsequently 

modified with aldehyde propyltrimethoxysilane (APTMS, Figure 7.1) to afford 

terminal aldehyde groups at the nanowire surface (Scheme 7.1, (1)). Coupling of 

monoclonal antibodies (mAbs) via reductive amination provided individual device 

elements for the detection of prostate specific antigen (PSA), PSA-a1-

antichymotrypsin, carcinoembryonic antigen and mucin-1 (Scheme 7.1., (2) and 

(4)). 

 

Scheme 7.1. The Lieber group demonstrated the capability for multiplexed real-time monitoring of 

analytes present in femtomolar concentrations by firstly developing an integrated nanowire array of 

distinct nanowires so surface bound capture probes. The nanowire array was subsequently modified 

with aldehyde propyltrimethoxysilane5  
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As discussed in Chapter 1, the immobilization of bioactive macromolecules in or on 

electrically conductive polymers can be achieved through a number of techniques, 

one of which is covalent attachment. The most common approach for covalent 

biomolecule attachment is for modifications to be made post-polymerization. Here, 

functionalized monomer units are first polymerized followed by covalent 

attachment of the desired capture probe onto the surface of the functional 

conducting polymer. A significant advantage to this method is that the conducting 

polymer can be prepared under conditions that are potentially incompatible with the 

capture probe, such as organic solvents or high electropolymerization potentials; 

while probe attachment can be performed under mild conditions to ensure probe 

integrity.  

Generally, capture probes functionalised with an amine, alkyne, or thiol are 

covalently attached to the functionalised surfaces.3, 11, 13, 15, 19 The synthesis of 

modified oligonucleotides for such applications is now common practice with a 

number of commercial companies in existence offering a wide range of 

modifications. Figure 7.2 illustrates some commercially available oligonucleotide 

modifications.  

 

Figure 7.2. Some commercially available oligonucleotide modifications  
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The required functionality may be introduced either through the terminal phosphate 

group or through modified nucleotides. In the latter approach, modified nucleosides 

containing the desired functional group are first synthesized and subsequently 

introduced into a standard solid-phase oligonucleotide synthesis cycle at the desired 

position (Section 7.2.3). The development of such nucleotides constitutes a 

significant research area of synthetic chemistry. Briefly, nucleoside modification 

has been demonstrated at various sites,20-23 the most advantageous site is to modify 

the C5 position of pyrimidines as it does not disturb the supramolecular bonding 

between the nucleobases or interfere with the phosphodiester backbone (Figure 7.3). 

Numerous laboratory groups have reported the C5 modification of thymidine with 

the subsequent incorporation into DNA.24, 25 

O

OH

HO N

NH

O

O
Hydrogen bonding sites

Modification 
site

Triphosphate
chemistry

Phosphoramidite
chemistry  

Figure 7.3 Possible modification sites at C-5, 3’-OH and 5’-OH prevents disruption of possible 
hydrogen bonding 

Solid-phase Oligonucleotide Synthesis 

Solid-phase chemical synthesis of peptides was invented in the 1960s by Bruce 

Merrifield for which he was awarded the Nobel Prize for Chemistry in 1984.26 The 

methodology of which has since been extended to oligonucleotide synthesis. 

Here, solid supports (also called resins) are insoluble particles, typically 50-200 µm 

in diameter, to which the oligonucleotide is bound during synthesis. Many types of 

solid support have been used on solid-phase oligonucleotide synthesis, but 

controlled pore glass (CPG) and polystyrene have proved to be the most useful. 

The standard method for oligonucleotide synthesis is solid-phase phosphoramidite 

oligonucleotide synthesis, which proceeds in the 3′- to 5′-direction (opposite to the 
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5′- to 3′-direction of DNA biosynthesis in DNA replication). The phosphoramidite 

DNA synthesis cycle consists of a series of steps outlined in Figure 7.4. 

 

Figure 7.4. The phosphoramidite oligonucleotide synthesis cycle. Reproduced from reference27 

At the beginning of oligonucleotide synthesis the first protected nucleoside is pre-

attached to the resin and the operator selects an A, G, C or T synthesis column 

depending on the nucleoside at the 3′-end of the desired oligonucleotide. The 

support-bound nucleoside has a 5′ protecting group, 4,4′-dimethoxytrityl (DMT), the 

role of which is to prevent polymerization during resin functionalization. This 
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protecting group must be removed (detritylation) from the support-bound nucleoside 

before oligonucleotide synthesis can proceed. 

Following detritylation, the support-bound nucleoside is ready to react with the next 

base, which is added in the form of a nucleoside phosphoramidite monomer. It is not 

unreasonable to expect a yield of 99.5% during each coupling step. This still means 

that there will be some unreacted 5′-hydroxyl groups on the resin-bound nucleotide; 

if left unchecked, these 5′-hydroxyl groups would be available to react with the 

incoming phosphoramidite. The resulting oligonucleotide would lack one base, and 

would correspond to a deletion mutation of the desired oligonucleotide. Deletion 

mutations are avoided by introducing a ‘capping’ step after the coupling reaction, to 

block the unreacted 5′-hydroxyl groups. (Figure 7.4, Step 2). 

The phosphite-triester (P(III)) formed in the coupling step is unstable to acid and 

must be converted to a stable (P(v)) species prior to the next detritylation step. This 

is achieved by iodine oxidation in the presence of water and pyridine (Figure 7.4, 

Step 3). The resultant phosphotriester is effectively a DNA backbone protected with 

a 2-cyanoethyl group. The cyanoethyl group prevents undesirable reactions at 

phosphorus during subsequent synthesis cycles. 

After phosphoramidite coupling, capping and oxidation, the DMT protecting group 

at the 5′-end of the resin-bound DNA chain must be removed so that the primary 

hydroxyl group can react with the next nucleotide phosphoramidite (Figure 7.4, Step 

4). The cycle is repeated, once for each base, to produce the required 

oligonucleotide.  

As discussed earlier, a fundamental requirement in the covalent immobilisation of 

specific capture probes is the biological compatibility of the reaction and conditions. 

Mild, aqueous, conditions and highly specific orthogonal bond formation to the 

groups present in the biomolecule are required in order to retain the functionality 

and specificity of the probe itself, post immobilisation.  

As described in Chapter 3, copper catalyzed 1,3-dipolar cycloaddition (‘click’ 

chemistry, Scheme 7.2) is a highly specific reaction compatible with biological, 

aqueous conditions.28  
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Scheme 7.2. A general scheme for the formation of 1,4-triazoles via ‘click’ chemistry 

The synthesis of alkyne terminated monomers of C5-P, C5-TP and C5-TPT was 

also described in this chapter (Figure 7.5). Attachment of an alkyne group to each 

monomer unit allows the use of ‘click’ chemistry to form a triazole linkage between 

azide-terminated DNA and the DNA-based conducting polymer nanowires 

described in Chapters 4 and 5.  

 

 

Figure 7.5. Structures of N-alkylated alkynyl units 

Chapter Outline: This final results chapter describes functionalisation of C5-P, C5-

TP and C5-TPT. Initial studies focused upon the use of bulk hybrid materials to 

demonstrate the feasibility of ‘click’ chemistry as a route to probe attachment. 

Synthesis and characterisation of an azido-modified oligonucleotide is also 

presented in addition to efforts made to achieve probe attachment to DNA/polyC5-P 

nanowires.  
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7.3 Results and Discussion 

7.3.1 Functionalization of Bulk DNA/Polymer Hybrid 
Materials 

Goal: To establish the appropriate reaction conditions for ‘click’ chemistry by the 

coupling 3-azido propan-1-ol to C5-P, C5-TP and C5-TPT monomer units and the 

respective bulk DNA/polymer hybrid materials. 

In order to establish the appropriate reaction conditions for ‘click’ chemistry, the 

coupling 3-azido propan-1-ol (Figure 7.6) to C5-P, C5-TP and C5-TPT monomer 

units and the respective DNA/polymer hybrid materials was performed. This work 

was also useful in investigating alternative strategies in the synthesis DNA modified 

conducting polymer nanowires. As discussed earlier, modification of nanowires 

with ssDNA probes is typically achieved via covalent attachment of appropriately 

functionalised oligonucleotides, in this project azido-modified oligonucleotides. An 

alternative route is to synthesize the desired oligonucleotides directly at the CP 

surface, akin to conventional solid phase synthesis however using a nanowire as a 

solid support. Successful coupling 3-azido propan-1-ol to the C5-P, C5-TP and C5-

TPT monomer units and the respective DNA/polymer hybrid materials provides an 

alternative route to ssDNA probe immobilization through the terminal OH moiety 

afforded post modification. While it is not the intention to do so in this project, 

direct DNA synthesis using phosphoramidite chemistry could potentially be 

performed at the CP surface as a means to synthesizing DNA modified conducting 

polymer nanowires in future work. 

 

Figure 7.6. The chemical structure of 3-azido propan-1-ol 

In order to establish the appropriate reaction conditions for ‘click’ chemistry, initial 

experiments involved coupling 3-azido propan-1-ol to each monomer unit. 

Characterization was performed using LC-MS, 1H and 13C NMR spectroscopy to 

ascertain the reactions had yielded the desired products. 
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The coupling of the azido group to the alkylynyl monomers C5-P, C5-TP and C5-

TPT was achieved in solution (Scheme 7.3) without need to significantly vary the 

conditions between systems. Yields in the region of 80% after 8 hours incubation 

were typical. 

NR1

R
N

R1

R

3-azido-propan-1-ol
CuSO4 . 5H2O, 3 mol%
sodium ascorbate, 10 mol%

H2O . tBuOH (2:1), RT, 8 hours

N N
N

OH
 

Scheme 7.3. Reaction scheme for coupling 3-azido propanol, C5-P, when R1 and R are H, C5-TP, 

when R1 is H and R is thiophene, and C5-TPT when R1 and R are thiophene 

Having identified suitable reaction conditions for the coupling reaction, it was 

important to establish that when in nanowire form the same reaction was still 

accessible and that the alkyne group was still available for reaction. To ensure the 

terminal alkyne group was still available/active for further chemistry upon 

templating and polymerization, this method was extended to the DNA-templated 

materials. Experiments here involved the suspension of bulk DNA-templated 

material, dried onto a silicon wafer in a similar manner to that in Chapter 4 in a 

‘click’ solution with gentle agitation. Typically, the silicon wafer was suspended in 

a solution of water:tert-butyl alcohol (2:1, 20 mL) containing sodium ascorbate 

(0.03g, 0.15 mmol), copper(II) sulphate (4.72 mg, 0.03 mmol) and 3-azido propanol 

(0.3 g, 2.95 mmol). The mixture was stirred gently in darkness for 8 hours prior to 

being washed with excess of nanopure water and dried in a vacuum oven (60 ºC). 

Analysis by FTIR allowed comparison between DNA-templated materials and 

‘clicked’ products. 3-azido propan-1-ol was extremely useful in this aspect, as there 

were no additional functional groups to which were already present in the hybrid 

material i.e. O-H stretches, alkane C-H stretches, preventing further complication of 

the spectra from its presence or upon attachment. Significantly, the region attributed 

to alkyne moiety also remained clear, allowing for relatively straightforward 

monitoring of the coupling reaction. 

As discussed in Chapter 4, spectra of the isolated DNA/polyC5-P material provided 

evidence of the formation of a supramolecular polymer structure containing both 
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DNA and polyC5-P (Figure 7.7., blue). The presence of the polyC5-P in the 

material was evident from the three bands attributed to the characteristic aromatic, 

alkene and alkane C-H stretches (2924 cm-1, 2854 cm-1 and 2812 cm-1 respectively, 

alkyne C-H masked by O-H stretch of water) and importantly the weak alkyne 

stretch at 2071 cm-1 (Chapter 3).29  

Figure 7.7. FTIR spectra (3500-500 cm-1) of DNA/polyC5-P (blue) and DNA/ polyC5-P ‘clicked’ 

(red). For clarity, absorbance values have been altered to stack plot the spectra 

Subsequent clicking of 3-azido propan-1ol to the DNA/polyC5-P hybrid material 

was evident primarily through the disappearance of the alkyne carbon-carbon bond 

(Figure 7.7, ca. 2100 cm-1). Closer inspection of the spectra (Figure 7.8, red) 

revealed characteristic absorptions bands at 1597 cm-1 (triazole ring vibration), 1215 

cm-1 (triazole breathing) and 829 cm-1 (triazole nucleus) showing the formation of 

the 1,2,3-traiazole ring.29, 30 
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Figure 7.8. FTIR spectra (1800-500 cm-1) of DNA/polyC5-P (blue) and DNA/ polyC5-P ‘clicked’ 

(red). For clarity, absorbance values have been altered to stack plot the spectra 

Similar observations were made for the DNA/polyC5-TP material (Figure 7.9). 

Again, as described in Chapter 4, templating resulted in the majority of the bands 

being shifted to higher wavenumbers upon templating with the presence of the 

polyC5-TP in the hybrid material, evident from absorptions in the 3500–2800 cm-1 

region. Bands attributed to the alkyne, aromatic and alkene C-H’s (3302cm-1, 

3107cm-1 and 2955 cm-1 respectively) of the C5-TP monomer units were observed 

to be shifted to lower wavenumbers relative to the corresponding stretches in the 

spectrum of polyC5-TP itself (3283 cm-1, 3097 cm-1 and 2929 cm-1, Chapter 3), 

again, thought to be as a result of interaction with the DNA.  
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Figure 7.9. FTIR spectra of polyC5-TP, blue; DNA/polyC5-TP ‘clicked’, red and the subtraction of 
polyC5-TP ‘clicked’ from DNA/polyC5-TP, green. For clarity, absorbance values have been altered to 

stack plot the spectra 
 

As with DNA/polyC5-P, subsequent clicking of 3-azido propan-1ol to the polyC5-

TP hybrid was evident through the disappearance of the alkyne carbon-carbon bond 

(ca. 2100 cm-1) and the appearance of characteristic triazole absorptions at 1100-

1150 cm-1 (triazole breathing mode) and 965-945 cm-1 (C-N).29 In addition to the 

disappearance of the alkyne C-H band (ca. 3300 cm-1) visible due to the 

displacement of DNA bound water molecules. This is shown more clearly in the 

subtraction spectra (green).31 

Isolated DNA/polyC5-TPT material provided evidence of supramolecular polymer 

formation through a number of bands being shifted to higher wavenumbers (Figure 

7.10, blue). The presence of polyC5-TPT was again confirmed through bands 

attributed to the alkyne, aromatic and alkene C-H’s (3282cm-1, 3101cm-1, 3070cm-1 

and 2939cm-1 respectively, Chapter 3). Notable shifting of bands attributed to C=O 

stretch of cytosine/thymine, PO2
- asymmetric stretch and C-O deoxyribose stretch 

were also observed (1653cm-1 to 1658cm-1, 1102cm-1 to 1110cm-1 and 962cm-1 to 

975cm-1 respectively).32  
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Figure 7.10. FTIR spectra of DNA/polyC5-TPT (blue) and ‘clicked’ result (red). For clarity, absorbance 
values have been altered to stack plot the spectra 

Evidence of ‘clicking’ of 3-azido propan-1ol to the polyC5-TPT hybrid could not 

be elucidated by FTIR, despite several attempts. Figure 7.10, red, shows polyC5-

TPT hybrid following the attempted ‘click’ reaction.  

The continued presence of the alkyne stretch at 2117 cm-1 is clear evidence that the 

‘click’ reaction was not successful. However, the increase in intensity and 

broadening of the band indicates the formation of a nitrile group (usually ca. 2200 

cm-1). It was not clear why this should be possible but may relate to the accessibility 

of the alkyne group or degeneration of the material, perhaps during the drying step 

(60 °C). While the stability of triazole linkages is well known,28 the polyC5-TPT 

hybrid may cause destabilization of the triazole linker, making it susceptible to 

degradation. Importantly, this degradation would only be possible if a triazole was 

formed in the first instance, as a nitrile group could only be derived from the linker. 

Thermal degradation of pyrrole results in imine formation indicated by a new 

absorbance band ca. 1670 cm-1, this band is absent from the spectra.29  

In summary, the synthesis and coupling of 3-azido propanol to monomer units of 

C5-P, C5-TP and C5-TPT was achieved in solution with high yield. ‘clicking’ of 3-

azido propanol to bulk DNA/polymeric hybrid materials of C5-P, C5-TP was 
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shown through FTIR spectroscopy. Sample degradation during preparation of 

‘clicked’ DNA/polyC5-TPT was also observed.  

7.3.2 Modified Oligonucleotide Synthesis  

Goal: Synthesis azido-modified probe DNA and its compliment via solid-phase 

phosphoramidite oligonucleotide synthesis. 

 

Figure 7.11. An illustration of ssDNA probe attachment to an alkyne terminated DNA-templated CP. 

The azide terminated DNA reacts with the alkyne group to form a highly stable triazole linkage33 

In order to synthesize azido-terminated oligonucleotides suitable for nanowire 

modification via ‘click’ chemistry (Figure 7.11 and Chapter 3), an amino-modifier 

C2 dT was introduced at the 5’ end of the DNA synthesis cycle to facilitate 

modification to an azide, post-synthesis (Scheme 7.5).34 Here, an additional T is 

added to the complementary sequence in the form of an amino-modifier C2 dT. This 

modified nucleotide can be readily converted to possess an azide terminated side 

chain through treatment with azidobutryrate NHS ester, after removal from the solid 

support. 
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Scheme 7.4. The synthetic pathway to 5’azido-modified oligonucleotides. Reproduced from 

reference34 

Using solid phase DNA synthesis and the methods outlined above, the following 

azide modified 25mer and the appropriate complement were prepared:  

azido-hexyl-25mer (T*= the additional azido-modified T to the complementary 

sequence) 

5’ azido-hexyl-T*TG CAG GCC TTG AAT CCG TAA CGG C 3’ 

Complement 

5’ GCC GTT ACG GAT TCA AGG CCT GCA A 3’ 

Purification and initial indication of the successful conversion to the modified 

oligonucleotide was performed by HPLC (Appendix). Subsequent analysis by 

MALDI-TOF MS confirmed successful synthesis of the azido-modified 

oligonucleotide (negative mode for azido modified 25mer 4109.42, Appendix). The 

sequence of the modified oligonucleotide was chosen specifically to contain a G-C 

content between 40-60% in order to ensure stable binding. G-C interactions 

contribute more to stability than A-T due to the greater number of hydrogen bonds. 

In this study, the 25mer duplex has a GC content of 53.8%.  
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Unfortunately, the synthesis of the azido-modified oligonucleotide was low 

yielding, with the concentrations of the final solutions of the 25mer found to be 3.94 

x10-7 mol L-1 (260 nm, extinction coefficient = 231677.6 L mol-1 cm-1, using 

Cavaluzzi-Borer correction)  

The importance of a high average stepwise yield is significantly important in order 

to avoid the ‘arithmetic demon’ associated with linear synthesis. In practice, yields 

in the region of 98.5% are readily attainable with carefully dried anhydrous 

solvents. The cumulative effect of a series of poor couplings is two-fold, resulting in 

a poor overall yield of the desired oligonucleotide, a product that is extremely 

difficult to purify. The bulky amino-modifier C2 dT is also likely to have 

contributed to the number of poor couplings.   

The synthesis of the desired complement was performed using standard DNA 

synthesis protocol described earlier. As expected this reaction was significantly 

higher yielding by comparison to the modified oligonucleotide. The 25mer 

complement final solution concentration was found to be 2.58 x 10-6 mol L-1 (260 

nm, extinction coefficient = 237901.0 L mol-1 cm-1, using Cavaluzzi-Borer 

correction). 

7.3.3 Hybridization Studies 

Goal: To perform hybridization studies assessing the stability of the formed duplex 

from the modified oligonucleotides synthesized in 7.3.2. 

Hybridization studies using the azido-modified oligonucleotide and its complement 

were performed in order to assess the stability of the formed duplex. The hexyl 

azide modified 25 mer and its complement were diluted (~0.72 µM) using buffer 

(25 mM HEPES, pH 7, 1 M NaCl) and combined. The mixture was heated to 

suspended 80 °C for 20 minutes then allowed to cool to room temperature. Using 

UV-Vis spectrometry, absorption spectra (200-500 nm, 20-85 °C) was recorded 

over a temperature range of 20-40°C.  

Figure 7.12 shows the UV-Vis spectra for the melting of the modified 25mer 

duplex. As expected, denaturing was indicated by an increase in absorbance. The 

ability of DNA to absorb light (260 nm) increases as denaturation progresses, this is 
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because absorbance is primarily a property of the nitrogenous bases. An increase in 

absorbance is observed upon denaturation since the bases contained within the DNA 

duplex are in too close proximity to absorb as much light as when they are exposed 

(known as Hyperchromicity).  

 

Figure 7.12. Denaturation of 5’azido-hexyl-25mer duplex with increased temperature shown by an 

increase in absorbance in the UV-Vis spectra (260 nm) 

The Tm of a DNA duplex is defined as the temperature in degrees Celsius, at which 

50% of all molecules of a given DNA sequence are hybridized into a double strand 

and 50% are present as single strands. The theoretical Tm for the unmodified 25mer 

duplex was calculated to be 61°C, while the actual Tm for the modified duplex was 

found to be significantly low by comparison, ~29°C.  

While discrepancies between predicted and actual Tm’s are common, the low actual 

Tm value is interesting. This was considered to be largely due to instability caused 

by the 5’ azido-modification weakening the binding between the two strands of 

DNA. Additionally, HEPES buffer is similar water in that its dissociation decreases 

as the temperature decreases. Good et. al.35 reported the PKa of HEPES to be 7.55 

at 20 ͦC with a change in PKa of approximately -0.14 per 10  ͦC upon increasing 

temperature. It is possible that the heating procedures before and during the UV-Vis 

studies may have resulted in a reduction in pH to more acidic conditions. Acidic 

solutions are well known to denature DNA. While it is likely that this change in pH 

is not large and therefore not wholly the source of the low Tm value observed, it may 
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have contributed to the overall instability of the duplex. Furthermore, Lepe-Zuniga 

et. al.36 reported a phototoxicity of HEPES when exposed to ambient light by the 

production of hydrogen peroxide. Reactive oxygen species such as hydrogen 

peroxide have been shown to produce oxidized bases.37 Again, this may be a 

contributing factor to the low Tm, as no effort was made to perform this study in the 

dark.  

7.3.4 Nanowire Modification  

Goal: Covalently immobilize azido-modified probe DNA onto a hybrid 

DNA/polymer nanowire and confirm attachment by C-AFM. 

Using protocols developed in Section 7.3.1, ssDNA probe attachment to 

DNA/polyC5-P wires formed in an ‘iron-free’ templating solution was attempted 

and intended to be confirmed by cAFM I-V measurements (Chapter 2) due to the 

difficulties associated with the two-probe technique outlined in Chapter 5.  

cAFM involves applying a droplet of templating solution onto the Si/SiO2 substrate 

with subsequent solvent evaporation leaving a dense network of nanowires on the 

surface, at the periphery of which individual nanowires can be found to extend out. 

The dense nanowire network can effectively be used as a macroscopic electrical 

contact to the nanowire under study. Electrical contact of the network to the metallic 

sample chuck can be made using a drop of Ga/In eutectic. The second electrical 

contact to the nanowire is made using the conductive metal-coated AFM probe itself 

It was anticipated that the introduction of ssDNA probes to the nanowire surface 

would modulate the conductivity of the wire through a charge accumulation of 

polarons or bipolarons in conducting polymer backbone. Upon the introduction of a 

second ssDNA, it was hoped the detection of label-free DNA hybridization using a 

conducting polymer nanowire could be demonstrated.  

As discussed in Chapter 5, DNA/polyC5-P nanowires displayed the highest level of 

conductivity (3.75x10-4 S cm-1 at 303K) when formed as a homopolymer. In this 

instance, ropes were deliberately formed by implementing high DNA concentrations 

(~500 µg ml-1) in the templating solutions as described previously (Chapter 4). This 

approach provided several advantages; by increasing the size of the wire the level of 
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current passed will be greater, offsetting the low sensitivity of the instrument 

(nAmps) and the relatively poor conductive properties of DNA/polyC5-P. It was 

also envisaged that many of the practical problems associated with cAFM could be 

avoided by making wires in the >100 nm range. cAFM operates in contact mode, as 

a result a common drawback of this technique is that the high vertical forces exerted 

by the tip on the sample can destroy smaller, less robust wires when scanning.  

Figure 7.13 shows an example of a contact mode AFM height image of a 

DNA/polyC5-P nanowire (left) approximately 170 nm in height and a zoomed 

cAFM current image (right) of the same wire recorded with a dc bias of +10 V 

applied between the cantilever and the metallic chuck. Essentially, zero current was 

observed when the tip was above Si/SiO2 but currents on the order of magnitude of 

100’s of nA were observed when the tip was in contact with the nanowire, thus 

confirming the electrical conductivity.  

 

Figure 7.13. Left; contact mode AFM height image of a DNA/polyC5-P nanowire, 25 µm scan size, 

z-scale 0-100 nm dark to bright contrast. Right; a zoomed cAFM current image of the same wire 

acquired at a dc bias of +10 mV, 5 µm scan size 

Unfortunately, efforts to retain a level of measurable current response by cAFM in 

order to elucidate any change in the conductance of the nanowire upon ssDNA 

immobilisation proved unsuccessful. This was largely due to time constraints and 

the difficulty in making and maintaining a good eutectic connection between the 

nanowire and the metallic sample chuck. 
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Despite this drawback, efforts to ‘click’ a 25mer duplex to DNA/polyC5-P 

nanowires were made. The azide modified 25mer and its complement were 

hybridized in solution (30 µM) using protocols described in Section 7.3.3 and 

introduced, in a ‘click’ solution, to nanowires spin coated onto a Si/SiO2 surface. 

After washing with buffer, YOYO-1 dye was introduced (0.1 mM in DMSO) and 

incubated for 2 hours.  

YOYO-dyes consist of two chromophores connected with a bis-cationic linker 

which is capable if bis intercalating into dsDNA. YOYO-1 exhibits a high 

fluorescence quantum yield when bound to dsDNA and zero fluorescence when 

unbound in solution. The ability of these dyes to interact with DNA has been well 

investigated and hence YOYO-1 staining provided a simple and fast way of 

confirming if attachment of the azido-modified duplex was successful.38, 39  

Unfortunately in these experiments, no florescence could be observed, indicating 

one of three possible outcomes had taken place: duplex coupling was unsuccessful, 

YOYO-1 binding was unsuccessful or the nanowire had some-how quenched the 

YOYO-1. Given the extensive application of YOYO-1 in similar experiments, it 

was considered likely that coupling or quenching were the main sources of failure, 

with the former the favoured explanation. This experiment was repeated with a 

higher duplex concentration (67 µM compared to 30 µM), a higher copper catalyst 

loading (6.25 mM compared to 2.6 mM) and a longer incubation time (24 hours 

compared to 2 hours) in addition to agitation, however the same result was obtained. 

It was considered that the very low diffusion mobility of DNA fragments and 

relatively low DNA concentrations were impacting significantly on successful 

surface duplex coupling. Unfortunately, due to time constraints and limited 

availability of the modified oligonucleotides further efforts to overcome these 

problems were not possible. 

However, other studies using C5-TP have demonstrated DNA/polyC5-TP 

nanowires may be functionalised via click reaction with 3-azido-1-N-

dansylpropylamine for example.31 The DNA/polyC5-TP nanowires were 

immobilized on a silicon chip and then incubated for 16 hours with a ‘click’ solution 

containing dansyl azide.  
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Figure 7.14, B, shows a typical AFM image of a DNA/polyC5-TP nanowire after 

treatment of DNA/polyC5-TP with the azido-dansyl fluorophore under ‘click’ 

conditions similar to those employed in Section 7.3.1, indicating that the 1-D wire-

like structure remains intact. Fluorescence microscopy indicated the successful 

labeling of the wires with the dansyl derivative by excitation at 365 nm (Figure 

7.14, D). The fluorescence from the nanowire is clearly evident, thus confirming the 

modification was successful. Furthermore, Figure 7.14, C, indicates that the 

conductive nature of the nanowire remains intact, despite the modification. 

 

Figure 7.14. AFM images of DNA/polyC5-TP nanowires before (A, 4 µm scan size, 15 nm height 

scale) and after modification with dansyl azide (B, 7 µm scan size, 50 nm height scale). EFM image 

of the DNA/polyC5-TP nanowire (C, 4 µm scan size, grey scale corresponds to negative-positive-

negative phase shift). Fluorescence image of a DNA/polyC5-TP nanowire after click reaction with 

dansyl azide. Reproduced from reference31 
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7.4 Conclusions 

Synthesis and coupling of 3-azido propanol to monomer units of C5-P, C5-TP and 

C5-TPT was achieved in high yield. ‘Clicking’ of 3-azido propanol to bulk 

DNA/polymeric hybrid materials of C5-P and C5-TP was also shown through FTIR 

spectroscopy. Unfortunately, similar coupling using DNA/polyC5-TPT was deemed 

unsuccessful.  

A 25mer azido modified ssDNA probe oligonucleotide and the relative complement, 

was synthesized for nanowire modification using solid phase phosphoramadite 

chemistry. The Tm for the modified duplex was found to be relatively lower than 

that of the theoretical value. This was considered to be largely due to instability 

caused by the 5’ azido-modification weakening the binding between the two strands 

of DNA. 

Using protocols developed on bulk and solution based ‘click’ reactions, azido 

modified duplex attachment to DNA/polyC5-P wires formed in ‘iron-free’ 

templating solutions was attempted. Unfortunately, duplex coupling was deemed 

unsuccessful. 
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7.5 Experimental 

7.5.1 Preparation of 3-Azido Propanol from 3-Bromo 
Propanol 

Sodium azide (1.30g, 20 mmol) was added to an aqueous solution of 3-

bromopropanol (1.36g, 9.78 mmol in 30 mL). The reaction was fitted with a reflux 

condenser and heated to 80 ºC for 18 hours. The product was extracted from the 

aqueous solution using ethyl acetate (5 x 40 mL). The organic layer was washed 

with brine (30 mL) and dried using MgSO4. The product was concentrated in vacuo 

affording a colourless oil (0.82g, 8 mmol, 83%). 1H NMR spectrum (300 MHz, 

CDCl3): δ 1.73 (m, 2H, CH2), 2.59 (broad s, 1H, OH), 3.43 (t,t, 2H, CH2), 4.02 (m, 

2H, CH2) 13C NMR spectrum (400 MHz, CDCl3): δ 31 (CH2), 48 ppm (CH2), 60 

(CH2). 

7.5.2 General Procedure for ‘Click’ Chemistry of 3-
Azido Propanol with Monomer Units 

Typically, 3-azido-propanol (48.5mg, 480 µmol) and C5-TP (63.8mg, 480 µmol) 

were suspended in 1:1 mixture of tert-butyl alcohol and water (2 mL). Freshly 

prepared aqueous 1M sodium ascorbate solution (50 µL, 50 µmol) was added, 

followed by copper(II) sulphate pent-hydrate (1.70mg, 7.00 µmol). The mixture was 

stirred vigorously in a small capped vile overnight in darkness. The organic phase 

was dissolved in CH2Cl2 and washed with nanopure water (3 x 2 mL). The solvent 

was removed in vacuo affording a pale yellow oil (0.09 g, 0.38 mmol, 80%) 1H 

NMR spectrum (400 MHz, CDCl3): δ 2.0 (m, 4H), 2.63 (t, 2H), 4.0 (t, 2H), 4.41 (t, 

2H), 6.15 (d, 1H), 6.26 (d, 1H), 6.75 (d, 1H), 6.94 (d, 1H), 7.0 (t, 1H), 7.10 (d, 1H), 

7.24 (d, 1H). 13C NMR spectrum (400 MHz, CDCl3): δ 22.58, 30.85, 32.54, 46.51, 

46.73, 58.8. 108.0, 110.5, 121.2, 122.8, 124.8, 125.5, 126.3, 127.3. LCMS (ESI): 

m/z: calc. for C16H21N4OS [M+H]+: 317.1445; found: 317.1436.  

‘Clicked N-(pent-4-ynyl)pyrrole: Yield: 78% as an oil. (400 MHz, CDCl3): δ 2.0 

(m, 4H), 2.65 (t, 2H), 3.62 (t, 2H), 3.98 (t, 2H), 4.46 (d, 1H) 5.29 (d, 1H), 6.13 (t, 

2H), 6.65 (d, 2H), 7.29 (d, 1H). 13C NMR spectrum (400 MHz, CDCl3): δ 22.50, 
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30.83, 32.86, 46.79, 46.59, 58.4. 107.92, 120.4, 121.36, LCMS (ESI): m/z: calc. for 

C12H18N4ONa [M+H]+:257.14 found: 257.13. 

‘Clicked’ N-(pent-4-ynyl)-2,5-bis(2-thienyl)pyrrole: Yield: 83% as an oil(400 MHz, 

CDCl3): δ 1.83 (m, 4H), 2.0 (t, 2H), 3.4 (t, 2H), 3.7 (t, 2H), 4.26 (t, 1H), 6.3 (d, 1H), 

7.08 (d, 1H), 7.22 (d, 1H) 13C NMR spectrum (400 MHz, CDCl3): δ 15.7 29.61, 

31.40, 32.54, 44.09, 48.46, 59.9. 68.9, 82.65, 110.84, 110.98, 125.32, 126.06, 

127.29, 128.33. 

7.5.3 General Procedure for ‘Click’ Chemistry of DNA 
Hybrid Polymers on Si/SiO2 

Typically, the sample prepared in 2.2.1 was suspended in a solution of water:tert-

butyl alcohol (2:1, 20 mL) containing sodium ascorbate (0.03g, 0.15 mmol), 

copper(II) sulphate (4.72 mg, 0.03 mmol) and 3-azido propanol (0.3 g, 2.95 mmol). 

The mixture was stirred gently in darkness for 8 hours. The chip was washed with 

excess of nanopure water, dried in a vacuum oven (60 ºC) and analysed by FTIR  

7.5.4 Oligonucleotide Synthesis 

All oligonucleotides were synthesized using a standard elongation cycle. An amino 

modifier C2 dT was introduced at the 5’ end to facilitate modification to an azide 

post-synthesis. After cleavage, purification by HPLC, deprotection and desalting the 

amino terminated oligo was re-dissolved in sodium bicarbonate (200 µL, 0.2 M, pH 

8.5). An azido group was subsequently introduced through the addition of 

azidobutyrate ester (60 µL, 0.17 M) in acetonitrile and incubated at room 

temperature for 3 hours. Monitoring of the reaction and purification was performed 

by HPLC. Desalting of the product afforded the desired product. MALDI-TOF MS 

negative mode for azido modified 24mer 4109.42. 

7.5.5 UV-Vis Oligonucleotide Hybridisation Studies 

The hexyl azide modified 25 mer and its complement was diluted (~0.72 µM) using 

buffer (25 mM Hepes, pH 7, 1 M NaCl) and combined. The mixture was suspended 

in a beaker of nanopure water (80 °C) for 20 minutes then allowed to cool to room 
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temperature. UV-vis absorption spectra (200-500 nm, 20-85 °C) was recorded on a 

Thermo-Spectronic GENESYS 6 spectrophotometer using a Quartz cuvette.   

7.5.6 Electrical Characterisation by c-AFM General 
Procedure 

For c-AFM measurements, MESP probes (n-doped Si cantilevers, with Co/Cr 

coating, Veeco Inc.). These probes are 200-250 µm long, with a resonant frequency 

of about 79 KHz, a quality factor (Q) between 200 and 260 and a spring constant 

between 1 and 5 N m-1. A constant bias was also applied between the tip and the 

sample (the tip was grounded). Electrical contact was made by applying a drop of 

In/Ga eutectic to one corner of the chip and to the metallic chuck. c-AFM imaging 

was performed in contact mode, with an applied bias of 10 V. The imaged area was 

approximately 1 mm away from the In/Ga contact unless otherwise stated. The 

closed loop system of the Dimension V instrument makes it possible to reproducibly 

position the tip at a point of interest identified in the image of the nanowire and to 

record I-V measurements at that point. The resistance was measured was estimated 

from the reciprocal of the slope of the I-V curve at zero bias. Samples were prepared 

as in Chapter 4. 2-3 µL of template solution was deposited onto 1 cm-3 SiO2/Si 

substrates at room temperature and allowed to dry for 1 h.  

7.5.7 Azide Modified Duplex Coupling Method 1 

A stock solution of copper(II) sulfate pentahydrate (2.6 mM), sodium ascorbate (2.6 

mM) and TBTA (2.6 mM) was made up in DMSO (1.5 mL). Azido 25mer duplex 

(30 µM, 8.5 µL) in HEPES buffer (0.6mM), was added to 1.5 µL of stock solution. 

5 µL of the ‘click-azide solution’ was deposited on the wire and incubated for 2 h. 

After which, the droplet was removed and the area washed 3 times with nanopure 

water.  

7.5.8 Azide Modified Oligonucleotide Coupling Method 2 

A Si/SiO2 substrate with DNA/C5-polyP wires deposited on the surface was cut into 

~2 mm2 and placed in a mass spec vile. Azido 25mer duplex (67 µM, 50 µL) in 

HEPES buffer (0.6mM), sodium ascorbate (6.25 mM in buffer, 4 µL) and a solution 

of Cu-TBTA (6.25 mM in 1:1, buffer: DMSO, 4 µL) were added, submerging the 
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substrate. The reaction mixture was mixed using a vortex. Upon completion the 

substrate was rinsed with buffer (3x).  

7.5.9 Fluorescence Microscopy 

Fluorescence images were collected on an Axioplan 2 microscope (Zeiss) using 

Axiovision Viewer software (Zeiss). The fluorescence was excited using the light 

from a Hg lamp passed through a 500-800 nm band-pass filter with a maximum 

transmission of 65% at λ = 365 nm. The emitted light was separated from scattered 

light using a long pass filter with a cutoff at 420 nm.  
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8.1 Achievements 

Novel DNA-based conductive polymer nanowires formed from pyrrole and 

thiophene co-monomer units have been synthesized. Relative control over 

nanowire dimensions and deposition through tailoring of silicon surfaces and 

DNA-templating conditions has been demonstrated. The electronic properties of 

these materials have also been investigated. While undesirable levels of 

conductivity were observed the potential to tailor these systems further through 

co-polymerisation has been shown.  

In Chapter 3, the alkylated monomers of C5-P, C5-TP and C5-TPT were 

synthesized with polymer formation demonstrated both chemically and 

electrochemically.  Chapter 4 demonstrated how DNA-templating can be used to 

direct the growth of these materials into 1-D nanostructures despite the lack of 

available strong hydrogen bonding sites. Tuning of templating and surface 

conditions to facilitate relative control over nanowire dimensions was also shown. 

Interestingly, the low local pH of the DNA seems to promote a more elegant 

polymerisation process than when initiated by chemical oxidant, with 

polymerisation been shown to be initiated by molecular oxygen present in 

solution and catalyzed by DNA in solution.  

In Chapter 5, the electrical properties of DNA polymer nanowires of C5-P, C5-TP 

and C5-TPT were investigated. The resistance of the DNA/polymer nanowires, 

determined from variable temperature I-V measurements, was found to be in the 

range of 1012-1014Ω. Nanowire conductivity values were calculated to be in the 

range of 1.9x10-7-3.75x10-4 S cm-1 at 303K. In both cases, electron hopping was 

determined to be the dominant mechanism for electron transport shown through 

the exponential behaviour of the conductance upon increasing the temperature 

While DNA/C5-P nanowires prepared without a chemical oxidant were shown to 

be conductive and when heated exhibit a molecular switch type process. 
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Studies to optimise the preparation of polypyrrole prior to incorporation into a co-

polymer system were presented in Chapter 6. Optimisation of polymerisation 

conditions for polypyrrole formation was shown to produce polymer with highly 

conductive properties. Subsequent co-polymerisation with polyC5-P, polyC5-TP 

and polyC5-TPT under these conditions yield co-polymeric materials with higher 

levels of conductivity than homopolymer systems. 

In the final chapter, Chapter 7, synthesis and coupling of 3-azido propanol to 

monomer units of C5-P, C5-TP and C5-TPT was achieved in high yield, in 

addition to ‘clicking’ of 3-azido propanol to bulk DNA/polymeric hybrid 

materials of C5-P, C5-TP. Synthesis and characterisation of an azido-modified 

oligonucleotide was also presented in addition to efforts made to achieve probe 

attachment to DNA/polyC5-P nanowires. 

8.2 Further Work 

Several areas for further investigation on the systems studied have been identified; 

the most important of which relates to the controlled deposition of nanowires 

across micro-electrode gaps. By mechanising this procedure with current 

technologies such as an a NanoInk DPN 2000; consistent nanowire deposition and 

device construction could be achieved. These printing platforms operate in a 

lateral position, travelling continuously across a chosen substrate, essentially 

combing.  Small droplets of liquid (sample) are ejected from the print head 

nozzles and land on the substrate. The DPN 2000 can fabricate multiplexed, 

customized patterns with feature sizes as small as 50 nm or as big as 10 µm on a 

variety of substrates. This technology allow device construction to become routine 

which in-turn would allow for effective monitoring of nanowire modification by 

two-terminal I-V measurements allowing for optimisation of the chemistries 

involved. An alternative approach facilitated by such devices would be to print the 

polymer directly onto the substrate of choice; contact pads for the electrodes could 

also be formed by this method, removing any contact resistance between the pads 

and the nanowire. Interestingly, more straightforward routes to device 

construction would allow for the development and introduction of a micro-fluidic 
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flow system. This would improve the efficiency of the nanowire modification and 

potentially hybridization process by increasing mixing efficiency.  

Furthermore, work in Chapter 5 demonstrated the potential to tune the electronic 

properties of these materials the co-polymer formation of pyrrole. An interesting 

study would be to further investigate the level of functionality afforded in such 

materials and produce wires accordingly. This could be achieved by FTIR studies 

by integrating under the alkyne C-H band and the N-H band produced from the 

alkyne moiety and non-alkylated pyrrole moiety respectively. Such data could be 

further validated by fluorescence microscopy through coupling of fluorescently 

labeled probes of a known quantum yield. This would allow estimation of the 

number of probes present on the surface based on the fluorescence intensity. An 

extension of this work would be then to examine different probes and linker 

lengths and the effect on coupling.  

As discussed in Chapter 7, modification of nanowires with ssDNA probes is 

typically achieved via covalent attachment of appropriately functionalised 

oligonucleotides, in this project azido-modified oligonucleotides. An alternative 

route is to synthesize the desired oligonucleotides directly at the CP surface, akin 

to conventional solid phase synthesis however using a nanowire as a solid 

support. Successful coupling 3-azido propan-1-ol to the C5-P, C5-TP and C5-

TPT monomer units and the respective DNA/polymer hybrid materials has been 

demonstrated. Direct DNA synthesis using phosphoramidite chemistry could 

potentially be performed at the CP surface as a means to synthesizing DNA 

modified conducting polymer nanowires in future work 

 



9 Appendix 

9.1 Molecular structure of 2-(2-thienyl)-pyrrole, TP 
 

 
Figure 9.1.1 Molecular structure of 2-(2-thienyl)-pyrrole, TP, recrystallized from 
dichloromethane and obtained by a single crystal X-ray study 



Table 9.1.  Crystal data and structure refinement for ah156. 
 
Identification code  ah156 
Chemical formula (moiety) C8H7NS 
Chemical formula (total) C8H7NS 
Formula weight  149.21 
Temperature  150(2) K 
Radiation, wavelength  MoKα, 0.71073 Å 
Crystal system, space group  monoclinic, P1211 
Unit cell parameters a = 5.3335(2) Å α = 90° 
 b = 7.0736(3) Å β = 103.896(4)° 
 c = 9.7363(5) Å γ = 90° 
Cell volume 356.57(3) Å3 
Z 2 
Calculated density  1.390 g/cm3 
Absorption coefficient µ 0.363 mm−

1 
F(000) 156 
Crystal colour and size colourless, 0.20 × 0.18 × 0.18 mm3 
Reflections for cell refinement 3141 (θ range 2.9 to 29.4°) 
Data collection method Oxford Diffraction Gemini A Ultra diffractometer 
 thin-slice ω scans 
θ range for data collection 3.6 to 29.5° 
Index ranges h −7 to 6, k −7 to 9, l −12 to 13 
Completeness to θ = 26.0° 99.9 %  
Reflections collected 4009 
Independent reflections 1558 (Rint = 0.0191) 
Reflections with F2>2σ 1453 
Absorption correction semi-empirical from equivalents 
Min. and max. transmission 0.9309 and 0.9375 
Structure solution direct methods 
Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0584, 0.0202 
Data / restraints / parameters 1558 / 1 / 96 
Final R indices [F2>2σ] R1 = 0.0317, wR2 = 0.0862 
R indices (all data) R1 = 0.0339, wR2 = 0.0872 
Goodness-of-fit on F2 1.099 
Absolute structure parameter  −0.01(9) 
Largest and mean shift/su 0.000 and 0.000 
Largest diff. peak and hole 0.36 and −0.31 e Å−

3 



Table 9.2.  Atomic coordinates and equivalent isotropic displacement parameters (Å2) 
for ah156.  Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 
      x      y      z      Ueq 
 
S(1) 0.54692(19) 0.35899(16) 0.15648(10) 0.0350(4) 
S(1A) 0.95525(11) 0.11561(8) 0.18558(6) 0.0284(2) 
N(1) 0.5589(3) 0.2600(2) 0.47184(15) 0.0204(3) 
C(1) 0.6255(3) 0.2199(2) 0.61272(18) 0.0236(4) 
C(2) 0.8481(3) 0.1137(3) 0.63960(17) 0.0228(3) 
C(3) 0.9183(3) 0.0889(2) 0.50909(17) 0.0206(3) 
C(4) 0.7361(3) 0.1824(2) 0.40610(18) 0.0183(3) 
C(5) 0.7314(3) 0.2156(2) 0.25861(17) 0.0185(3) 
C(6) 0.95525(11) 0.11561(8) 0.18558(6) 0.0284(2) 
C(6A) 0.54692(19) 0.35899(16) 0.15648(10) 0.0350(4) 
C(7) 0.8542(4) 0.2256(3) 0.0337(2) 0.0327(4) 
C(8) 0.6515(4) 0.3412(3) 0.0260(2) 0.0328(4) 
 
Table 9.3.   Bond lengths [Å] and angles [°] for ah156. 
 
S(1)–C(5)  1.5863(19) S(1)–C(8)  1.510(2) 
S(1A)–C(5)  1.6849(16) S(1A)–C(7)  1.643(2) 
N(1)–H(1)  0.90(3) N(1)–C(1)  1.362(2) 
N(1)–C(4)  1.377(2) C(1)–H(1A)  0.950 
C(1)–C(2)  1.376(2) C(2)–H(2A)  0.950 
C(2)–C(3)  1.419(2) C(3)–H(3A)  0.950 
C(3)–C(4)  1.385(2) C(4)–C(5)  1.449(2) 
C(7)–H(7)  0.950 C(7)–C(8)  1.343(3) 
C(8)–H(8)  0.950  
 
C(5)–S(1)–C(8) 100.09(11) C(5)–S(1A)–C(7) 93.93(9) 
H(1)–N(1)–C(1) 125(2) H(1)–N(1)–C(4) 125(2) 
C(1)–N(1)–C(4) 110.08(14) N(1)–C(1)–H(1A) 126.0 
N(1)–C(1)–C(2) 108.03(14) H(1A)–C(1)–C(2) 126.0 
C(1)–C(2)–H(2A) 126.3 C(1)–C(2)–C(3) 107.37(14) 
H(2A)–C(2)–C(3) 126.3 C(2)–C(3)–H(3A) 126.3 
C(2)–C(3)–C(4) 107.39(15) H(3A)–C(3)–C(4) 126.3 
N(1)–C(4)–C(3) 107.13(14) N(1)–C(4)–C(5) 123.07(14) 
C(3)–C(4)–C(5) 129.54(15) S(1)–C(5)–S(1A) 113.55(10) 
S(1)–C(5)–C(4) 125.82(13) S(1A)–C(5)–C(4) 120.32(12) 
S(1A)–C(7)–H(7) 122.4 S(1A)–C(7)–C(8) 115.11(15) 
H(7)–C(7)–C(8) 122.4 S(1)–C(8)–C(7) 117.30(16) 
S(1)–C(8)–H(8) 121.4 C(7)–C(8)–H(8) 121.4 
 



Table 9.4.   Anisotropic displacement parameters (Å2) for ah156.  The anisotropic 
displacement factor exponent takes the form: −2π2[h2a*2U11 + ...+ 2hka*b*U12] 
 
      U11      U22      U33      U23      U13      U12 
 
S(1) 0.0328(6)  0.0488(7) 0.0243(6)   −0.0025(4) 0.0085(4)   −0.0085(5) 
S(1A) 0.0292(3)  0.0325(3) 0.0252(3)   −0.0003(3) 0.0104(2)  0.0039(3) 
N(1) 0.0182(7)  0.0198(7) 0.0228(7)  0.0002(6) 0.0040(5)  0.0016(6) 
C(1) 0.0263(9)  0.0219(9) 0.0247(9)   −0.0016(7) 0.0105(7)   −0.0027(7) 
C(2) 0.0238(7)  0.0202(7) 0.0223(8)  0.0036(7) 0.0017(6)   −0.0024(7) 
C(3) 0.0190(8)  0.0169(8) 0.0254(8)  0.0021(6) 0.0044(6)   −0.0010(6) 
C(4) 0.0179(7)  0.0140(7) 0.0235(9)   −0.0020(6) 0.0057(6)   −0.0034(5) 
C(5) 0.0169(7)  0.0173(8) 0.0214(8)   −0.0032(6) 0.0048(6)   −0.0027(6) 
C(6) 0.0292(3)  0.0325(3) 0.0252(3)   −0.0003(3) 0.0104(2)  0.0039(3) 
C(6A) 0.0328(6)  0.0488(7) 0.0243(6)   −0.0025(4) 0.0085(4)   −0.0085(5) 
C(7) 0.0360(10)  0.0385(11) 0.0275(10)   −0.0066(9) 0.0151(8)   −0.0053(9) 
C(8) 0.0383(10)  0.0284(10) 0.0269(10)  0.0019(8)  −0.0014(8)   −0.0010(8) 
 
Table 9.5.   Hydrogen coordinates and isotropic displacement parameters (Å2) 
for ah156. 
 
      x       y       z       U 
 
H(1) 0.418(6) 0.326(5) 0.428(3) 0.080(12) 
H(1A) 0.5342 0.2585 0.6806 0.028 
H(2A) 0.9382 0.0659 0.7290 0.027 
H(3A) 1.0636 0.0208 0.4950 0.025 
H(6) 1.0905 0.0277 0.2197 0.034 
H(6A) 0.4097 0.4346 0.1728 0.042 
H(7) 0.9334 0.2088  −0.0430 0.039 
H(8) 0.5770 0.4090  −0.0581 0.039 
 
Table 9.6.  Torsion angles [°] for ah156. 
 
C(4)–N(1)–C(1)–C(2)  −0.36(18) N(1)–C(1)–C(2)–C(3)  −0.01(19) 
C(1)–C(2)–C(3)–C(4) 0.37(19) C(1)–N(1)–C(4)–C(3) 0.59(18) 
C(1)–N(1)–C(4)–C(5)  −174.01(15) C(2)–C(3)–C(4)–N(1)  −0.58(18) 
C(2)–C(3)–C(4)–C(5) 173.55(16) N(1)–C(4)–C(5)–S(1) 6.8(2) 
N(1)–C(4)–C(5)–S(1A) 179.94(12) C(3)–C(4)–C(5)–S(1)  −166.52(14) 
C(3)–C(4)–C(5)–S(1A) 6.6(2) C(8)–S(1)–C(5)–S(1A) 1.49(14) 
C(8)–S(1)–C(5)–C(4) 175.05(15) C(7)–S(1A)–C(5)–S(1)  −0.85(12) 
C(7)–S(1A)–C(5)–C(4)  −174.80(14) C(5)–S(1A)–C(7)–C(8)  −0.23(16) 
S(1A)–C(7)–C(8)–S(1) 1.3(2) C(5)–S(1)–C(8)–C(7)  −1.72(19) 
 

 

 

 



9.2 Fourier Transform Infrared Spectroscopy (FTIR) 
 

DNA  
Wavenumber (cm-1) Assignment 
ca 3300 OH stretch or NH stretch of nucleobases 
1690 C=O stretch of Guanine/thymine; N-H thymine 
1653 C=O stretch of cytosine/thymine 
1487 ring vibration of cytosine/guanine 
1420 CH, NH deformation; CN stretch of Guanine and 

cytosine 
1365 CN stretch of cytosine and guanine 
1241 PO2- asymmetric stretch 
1102 PO2- asymmetric stretch 
1060 C-O deoxyribose stretch 
ca 1022 (as a 
shoulder) 

C-O deoxyribose stretch 

962 C-C deoxyribose stretch 
 

Table 9.2.1 Assignment of FTIR spectra (500-4000 cm-1) of CT-DNA 

N-(pent-4-ynyl)pyrrole (C5-P)  

Monomer  
Wavenumber (cm-1) Assignment 
3309 (w) Alkyne CH 
2951 (s, br) Aromatic CH 
2920 (s, br) Alkene CH 
2854 (s, br) Alkane CH 
2117 (vw) Alkyne C=C 
1531 (w) C=C str. (ar) 
1500 (m) C=C, C-N str. 
1458 (s) C=C, C-N asym. 
1377 (m) C=C, C-N sym. 
1342 (vw) C-C str. in plane 
1284 (m) C-N & ring str. 
1087 (m) C-CH, sym NCH 
1053 (vw) Ring breathing 
991 (vw) Ring deformation 
960 (w) Ring deformation 
945 (w) Ring deformation 
833 (w) CH in plane 
806 (w) Ring deformation 
775 (w) CH out of plane 
721 (s) Alkene CH bending 



 

Table 9.2.2. Assignment of FTIR spectra (500-4000 cm-1) of N-(pent-4-ynyl)pyrrole (C5-P)  

 

PolyC5-P 

 
Wavenumber Assignment  
3263 (w) alkyne CH 
3113 (br) Aromatic CH 
2924 (s) Asym CH2 
2854 (m) Sym CH2 
1978 (w) alkyne  
1643 (m) inter-ring C-C bond of longer 

oligomers 
1446 (w) C=C str. (ar) 
1408 (w) C=C, C-N str. 
1357 (m) C=C, C-N asym. 
1238 (m) C=C, C-N sym. 
1122 (m) C-C str. in plane 
1049 (m) C-N & ring str. 
983 (w) CH oop ring def. 
837 (m) C=C 
682 (m) CH oop ring def. 
  

Table 9.2.3. Assignment of FTIR spectra (500-4000 cm-1) of polyC5-P  

DNA/polyC5-P 

Wavenumber (cm-1) Assignment 
ca 3300 O-H of water 

2924 Aromatic CH 
2854 appears as 
shoulder Alkene CH 

2812 Alkane CH 
2086 Alkyne 

1658 C-C inter ring, sym. with alkene C=C, 
str. 

1496 ring vibration of cytosine/guanine 
1419 C=C str. (ar) 
1396 C=C, C-N str. 
1381 C=C, C-N asym. 
1249 C=C, C-N sym. 
1134 C-C str. in plane 
1107 C-N & ring str. 
1060 CH oop ring def. 

995 C-O deoxyribose stretch 



864 C=C 
678 CH oop ring def. 

    
 

Table 9.2.4. Assignment of FTIR spectra (500-4000 cm-1) of DNA/polyC5-P 

Bulk ‘Clicked’ DNA/polyC5-P 

  
Wavenumber (cm-1) Assignment 
ca 3300 O-H of water/terminal OH 
2939 (m, shoulder) Aromatic CH 
2920 (s) Alkene CH 
2854 (m) Alkane CH 
1639 (s) C-C inter ring, sym. with 

alkene C=C, str. 
1600 (w, shoulder) triazole ring vibration 
1516 (w) C-H, C-N & C=C (Ar) 
1458 (m) C=C, C-N asym. 
1388 (w) C-H, C-N & C=C (Ar) 
1373 (m) C=C, C-N sym. 
1269 (w, shoulder) C-C str. in plane 
1215 (s) triazole breathing 
1056 (s) C-O deoxyribose stretch 
1014 (w, shoulder) C-N & ring str. 
960 (m)  CH oop ring def./C-O 

deoxyribose stretch 
902 (w) C-O deoxyribose stretch 
860 (w) triazole nucleus 
810 (w) out of plane def. of H CH2 
771 (w) planar def. of triazole ring 
698 (w) CH oop ring def. 
613 (w) Ring, sugar, phosphate 

deformations 
Table 9.2.5. Assignment of FTIR spectra (500-4000 cm-1) of ‘Clicked’ DNA/polyC5-P 

N-(pent-4-ynyl)-2-(2-thienyl)pyrrole (C5-TP) 

Wavenumber (cm-1) Assignment 

3302 Alkyne C-H 

2107 Aromatic C-H 

2955 Alkene C-H 

2889 Alkane C-H 

2120 Alkyne C=C 

1801 Oxidised Py 



1694 Alkene str. 

1654 C=C, str. (Ar) 

1571 Alkene C-H 

1509 C=C, C-N str. 

1475 C=C, C-N asym. 

1410 C=C, C-N sym. 
(Py) 

1373 C=C, C-N sym. 
(Py, T) 

1346 C=C sym. (T) 

1330 C-N-C str. 

1300 C-C stretch in 
plane 

1243 C-N and ring str. 

1202 CCH, CNH 
bending 

1149 Ring breathing 
(Py) 

1084 Ring breathing 
(Py) 

1059 C-CH, sym, NCH 

1024 Ring deformation 

942 Ring deformation 

881 C-H in plane 
bending 

845 Ring def., sym, 
C-S str. 

790 C-H out of plane 
(2, 5 dist.) 

715 Alkene C-H 
bending 

647 Substitution of 
the ring 

543 Substitution of 
the ring 

518 Substitution of 
the ring 

Table 9.2.6. Assignment of FTIR spectra (500-4000 cm-1) of C5-TP 

 

 

 

 

 



polyC5-TP 

Wavenumber (cm-1) Assignment 
518 Substitution of the ring 
543 Substitution of the ring 
647 Substitution of the ring 
715 Alkene CH bending? 
790 C-H out of plane (2, 5 dist?) 
845 Ring def., sym, C-S str. 
881 C-H in plane bending 
942 Ring deformation 

1024 Ring deformation 
1059 C-CH, sym, NCH 
1084 Ring breathing (Py) 
1149 Ring breathing (Py) 
1202 CCH,CNH bending 
1243 C-N and ring str. 
1300 C-C stretch in plane 
1330 C-N-C str. 
1346 C=C sym. (T) 
1373 C=C, C-N sym. (Py, T) 
1410 C=C, C-N sym. (Py) 
1475 C=C, C-N asym. 
1509 C=C, C-N str. 
1571 Alkene CH 
1654 C=C str. (Ar) 
1694 Alkene Str. 
1801 Oxidised Py 
2120 Alkyne 
2889 Alkane C-H 
2955 Alkene C-H 
3107 Aromatic CH 
3302 Alkyne CH 

Table 9.2.7. Assignment of FTIR spectra (500-4000 cm-1) of polyC5-TP 

DNA/ polyC5-TP 

Wavenumber (cm-1) Assignment 
500-900 Ring, sugar, phosphate deformations 

975 O-P-O Antisymmetric 
1020 C-O deoxyribose 
1077 PO2- sym 
1253 PO2- asym 

1380-1538 C-H, C-N & C=C (Ar) 
1610 C=C, C=N stretching 
1658 C=O stretching  
1705 C=O stretching  

Table 9.2.8. Assignment of FTIR spectra (500-4000 cm-1) DNA/polyC5-TP 



Bulk DNA/polyC5-TP ‘clicked’ to 3-azido propan-1-ol 

Wavenumber (cm-1) Assignment 
500-900 Ring, sugar, phosphate deformations 

975 O-P-O Antisymmetric 
1020 C-O deoxyribose 
1077 PO2- sym 
1253 PO2- asym 

1380-1538 C-H, C-N & C=C (Ar) 
1610 C=C, C=N stretching 
1658 C=O stretching  
1705 C=O stretching  

Table 9.2.9. Assignment of FTIR spectra (500-4000 cm-1) bulk DNA/polyC5-TP ‘clicked’ to 3-azido 

propan-1-ol 

N-(pent-4-ynyl)-2,5-(di-2-thienyl)-pyrrole (C5-TPT) 

Wavenumber (cm-1) Assignment 
3290 Alkyne CH 
3101 Aromatic CH 
3070 Alkene C-H 
2947 Alkane CH  
2117 Alkyne  
1778 Oxidised Py 
1651 C=C str. (ar)  
1566 Alken CH 
1462 C=C, C-N asym. (Py, T) 
1400 C-N and C=C stretches of pyrrolyl 

rong of poly TPT 
1404 C-H, N-H deformation 
1354 C=C, C-N sym. (Py, T) 
1342 C=C sym. (T) 
1303 C-C stretch in plane 
1207 CCH, CNH bending 
1195 Ring breathing (Py) 
1080 Ring breathing (Py) 
1049 Ring Deformation 
1037 Ring deformation 

864 C-H in plane bending 
844 C-H out of plane bending of 

thiophene 
767 C-H out of plane bending of pyrrolyl 

ring 
  

Table 9.2.10. Assignment of FTIR spectra (500-4000 cm-1) C5-TPT 

 

 



polyC5-TPT 

  
Wavenumber (cm-
1) 

Assignment 

3381 NH 
3290 alkyne CH 
3099 aromatic CH 
2926 alkene C-H 
2852 alkane CH 
2115 (w) alkyne  
1672 C=C str. (ar) of DMF C=O 
1570 alkene CH 
1494 C=C, C-N str. 
1456 C=C, C-N asym. (Py, T) 
1402 C-N and C=C stretches of pyrrolyl 

ring  
1417 C-H, N-H deformation 
1384 C=C, C-N sym. (Py, T) 
1342 C=C sym. (T) 
1301 C-C stretch in plane 
1251 CCH, CNH bending 
1219 C-N and ring str. 
1195 Ring breathing (Py) 
1089 Ring breathing (Py) 
1049 Ring Deformation 
1034 Ring deformation 
887 C-H in plane bending 
842 C-H out of plane bending of 

thiophene 
765 C-H out of plane bending of pyrrolyl 

ring 
692 2,5 Ring Substitution 
657 2,5 Ring Substitution 

 

Table 9.2.11. Assignment of FTIR spectra (500-4000 cm-1) 

bulk polyC5-TPT 

 
 
DNA/polyC5-TPT 
 

   
Wavenumber (cm-1) Assignment  
ca3300 (br) OH of water  
3282 (s) alkyne CH   



3101 (s) aromatic CH  
3070 (m) alkene C-H  
2939 (s) alkane CH  
2117 (m) alkyne   
1789 (m) over oxidation? 
1658 (m) C=C str. (ar) of DMF 

C=O/C=O stretch of 
cytosine/thymine  

1570 (w) alkene 
CH 

 

1504 (w) C=C, C-N str. 
1477 (w) C=C, C-N asym. (Py, 

T) 
1458 (m) C-N and C=C 

stretches of pyrrolyl 
ring  

1400 (m) C-H, N-H 
deformation 

1354 (w) C=C sym. 
(T) 

 

1342 (m) C-C stretch in plane 
1303 (m) CCH, CNH bending 
1203 (m) C-N and ring str. 
1195 (m) ring breathing (Py) 
1110 (w) PO2- asymmetric 

stretch 
1056 (w) ring Deformation 
1033(m) ring deformation 
975 (w) C-C deoxyribose 

stretch 
829 (m) C-H out of plane 

bending of thiophene 
759 (m) C-H out of plane 

bending of pyrrolyl 
ring 

675 (m) 2,5 Ring Substitution 
628 (m) 2,5 Ring Substitution 

 

  

Table 9.2.12. Assignment of FTIR spectra (500-4000 cm-1) 

bulk DNA/polyC5-TPT ‘clicked’ to 3-azido propan-1-ol 

 

 



9.3 Scanned Conductance Microscopy (SCM) 

 

Figure 9.3.1. A plot of the (tangent) phase shift against the dc bias applied to the substrate for 

DNA/polyC5-P (10.80 nm in diameter)   

 

Figure 9.3.2. Parabolic dependence of phase shift on bias for voltages between -7 and +7 V for 

DNA/polyC5-TP nanowires 
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Figure 7.3.3. Parabolic dependence of phase shift on bias for voltages between -7 and +7 V for 

DNA/polyC5-TPT nanowires 

9.4 Two-Probe I-V Measurements 
 

The microelectrodes were prepared using an appropriate mask and reverse 

photolithography process to initially pattern the Si/SiO2 substrate. A reactive ion etch 

was used to generate ca. 100 nm deep trenches in the patterned regions of the 100nm 

SiO2 layer. Electron beam evaporation was used to fill the trenches with a ca. 10nm 

Cr adhesion layer, followed by a ca. 100nm Au layer to give the microelectrodes 

embedded in the SiO2 layer. A lift-off process was finally applied to remove an 

unwanted Cr/Au from the substrate. The photolithography masks employed in this 

process directed the patterning of a series of microelectrode pairs upon the Si/SiO2 

substrate, where the gaps between the electrodes in each pair typically ranges from 2-

8µm. The electrodes themselves each consist of a macroscale gold ‘pad’ (0.5mm wide 

and 1.0mm in length) which acts as an electrical contact, from which a smaller Au 

finger is connected (2.5µm wide and 16 µm in length) (Figure 9.3.1). These fingers 

provide the contacts to the DNA-templated polymer nanowires, when they are aligned 

across the inter-electrode gap of the electrode pairs. 
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Figure 9.4.1. Design and dimensions of Au electrodes prepared upon Si/SiO2 

substrate, for use in two-terminal I-V measurements 

9.5 DNA Synthesis 
a) HPLC profile of 5’ modified 25mer 
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Modification of DNA-templated conductive polymer nanowires via click
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DNA templated nanowires of a pentynyl-modified poly2-

(2-thienyl)-pyrrole undergo functionalisation via ‘‘click chemistry’’

and retain their 1D-nanostructure and conductive properties.

There is considerable interest in the control of material growth

so as to produce specifically sized, and topologically defined,

nanostructures.1,2 Conductive 1D structures, so-called nanowires,

are particularly important due to their potential use in photo-

detectors,3,4 waveguides5,6 and chemical sensors.7 In the last of

these devices advantage is taken of the highly sensitive nature

of the electrical conduction to external perturbations, making

them ideal as transducing elements. A variety of methods for

preparing such structures have been developed, including the

use of double helical DNA as a template.8,9 This approach has

proved quite general and has enabled the preparation of

conducting 1D nanostructures of metals, binary inorganics

as well as molecular-based materials.9–11 This is possible

because as individual molecules, the strands exhibit extensive

non-covalent interactions with a wide variety of precursors,

e.g. metal ions, small molecules, oligomers etc.9–12 This ability

to ‘‘dope’’ the biopolymer with these precursors controls the

resulting material formation. However, for use as sensing

elements it is not sufficient to produce conducting structures;

these must also be capable of functionalisation with appropriate

receptors so as to prime them for capture of a target. Here

we report the preparation of a conducting DNA-based

nanowire system that can be readily functionalised.13,14 The

approach uses individual strands of DNA15 to template the

growth of a conducting polymer, poly-2, from monomers of

N-pentynyl-2-(2-thienyl)-pyrrole, 2. The resulting supramolecular

poly-2/DNA material is formed as nanowires which can

undergo functionalisation using ‘‘click’’ chemistry, demonstrated

here with a variety of molecular groups. We also confirm that

the poly-2/DNA nanowires are electrically conducting and

importantly that they remain conductive after functionalisation

via the ‘‘click’’ reaction and therefore offer potential as

versatile sensing elements.

Scheme 1 illustrates the approach for the preparation of

poly-2/DNA hybrid nanostructures and the functionalisation

of the terminal alkyne via ‘‘click chemistry’’.16 2-(2-Thienyl)-

pyrrole, 1, was synthesised in three steps according to the route

developed by Cava et al.17 N-alkylation of 1 with 5-chloro-1-

pentyne gave the target co-monomer, 2. Hybrid polymer/DNA

nanowires based on poly-2 were formed in situ by reacting

monomer 2 (30 mM), DNA (B80 mg mL�1) as a template and

FeCl3 (1 mM) as oxidant in water/DMF. After incubation for

2 hours nanowire formation was confirmed using atomic force

microscopy (AFM) by deposition and molecular combing of

Scheme 1 Synthetic route to the formation of alkyne bearing

DNA–polymer hybrids and their subsequent ‘‘click’’ modification

with an azide (R = 3-azido propan-1-ol or azido-dansyl sulfonamide).
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droplets of these solutions across an nh111i-Si wafer.18 Tapping
modet AFM of the poly-2/DNA hybrid material indicated the

formation of wire-like structures aligned on the surface.

Fig. 1A shows a typical single poly-2/DNA nanowire, height

9 nm, aligned across the surface with several smaller bare

DNA strands in the background. The resulting nanowires

exhibit diameters in the range 5–40 nm, which is comparable to

our previous reports on polypyrrole/DNA hybrid nanowires.19

FTIR studies of poly-2, DNA and poly-2/DNA hybrids

were used to illustrate the interaction of poly-2 and DNA.

Poly-2 was prepared by the oxidative polymerisation of 2 as

for poly-2/DNA (minus the DNA template) and samples of

both polymeric materials were dried onto silicon wafers with

native oxide. Fig. 2 shows transmission FTIR spectra of these

samples. In poly-2/DNA hybrids the characteristic bands

corresponding to the CQO stretching in the pyrimidine bases

of DNA (1723 cm�1 and 1674 cm�1) are shifted to a higher

wavenumber than in natural DNA, 1705 cm�1 and 1658 cm�1.20

The reason for this shift is the electrostatic interaction of the

cationic poly-2 with the anionic DNA phosphate backbone.21

Analysis of the FTIR spectra was also used to establish that

the terminal alkyne group of 2 does not react during the

polymerisation step in the formation of poly-2 and poly-2/DNA.

The expected bands due to the CRC bond (2124 cm�1),

alkyne C–H (3308 cm�1) and alkane C–H (2879 cm�1)

stretches are observed in the spectra of the monomer 2

(Fig. 2A) and poly-2/DNA hybrids (Fig. 2C), and correlate

well with that of poly-2 (see ESIw, Fig. S4). Therefore upon

polymerisation, the alkynyl group of 2 remains intact within

the poly-2/DNA nanowires observed by AFM in Fig. 1A and

is present for further reaction. To demonstrate that this

alkynyl group is not buried in the polymeric material but

can undergo functionalisation the copper catalysed azide–alkyne

Huisgen cycloaddition reaction (‘‘click’’), was performed using

3-azido propan-1-ol.16

FTIR characterisation of the product of the click reaction of

2 with 3-azido propan-1-ol (Fig. 2B) was used as a basis for

assessing the feasibility of performing the same reaction using

poly-2/DNA hybrid nanowires. The standard click procedure

involved the treatment of 2 or poly-2/DNA with a ‘‘click’’

solution of water/tert-butyl alcohol (2 : 1) containing sodium

ascorbate, copper(II) sulfate and 3-azido propanol (details in

ESIw). FTIR spectra of poly-2/DNA hybrid wires, before

and after treatment showed that the alkynyl-hybrid material

undergoes molecular modification (Fig. 2C and 2D). This is

evident primarily through the disappearance of the CRC

(2124 cm�1) and the alkyne C–H (3308 cm�1) bands. In

addition the terminal hydroxyl group of the propanol moiety

appears in the spectra as a typically broad O–H stretching

band at 3100–3600 cm�1. The CQO stretching in the pyrimidine

bases of DNA (1723 cm�1 and 1674 cm�1) remain unaffected

after the click reaction. These FTIR studies demonstrate that

the ‘‘click’’ reaction can be successfully performed at alkynyl

groups exposed along the poly-2/DNA nanowires.

Further demonstration that the nanowires could be

functionalised was obtained by using the click reaction with

3-azido-1-N-dansylpropylamine (see ESIw for synthesis).

Figure 1B shows a typical AFM image of a click-poly-2/DNA

nanowire after treatment of poly-2/DNA with the azido-dansyl

fluorophore under standard ‘‘click’’ conditions, indicating

that the 1D wire-like structure remains intact. Fluorescence

microscopy indicated the successful labelling of the wires with

the dansyl derivative. Fluorescence micrographs of the silicon

chip before modification were essentially dark (image is available

in ESIw, Fig. S7) but after ‘‘click’’ modification with the dansyl

azide the click-poly-2/DNA nanowires (Fig. 1D) were clearly

visible under excitation at 365 nm. The functionalised nanowire

shown (Fig. 1D) is approximately 17 mm in length, comparing

well with the known length of l-DNA.

Having confirmed that poly-2/DNA hybrids undergo

modification via ‘‘click chemistry’’, the electronic conductance

Fig. 1 AFM images of poly-2/DNA nanowires before (A, 4 mm scan

size, 15 nm height scale) and after modification with dansyl azide

(B, 7 mm scan size, 50 nm height scale). EFM image of the poly-2/DNA

nanowire (C, 4 mm scan size, grey scale corresponds to 101 phase shift).

Fluorescence image of a poly-2/DNA nanowire after click reaction

with dansyl azide (D, 20 � 20 mm image size).

Fig. 2 FTIR spectra of (A) 2, (B) 2 after click reaction with 3-azido

propanol (C) poly-2/DNA and (D) poly-2/DNA after click reaction

with 3-azido propanol.
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of the nanowires was characterised by EFM phase imaging

(‘‘scanned conductance microscopy’’). Poly-2/DNA nanowires

were combed onto a silanised silicon oxide chip and then

imaged via the same procedure as previously described.14,22 In

EFM an extended conductive object shows a negative phase

shift in relation to the background and appears as a darker

region in the image (Fig. 1C). The EFM image of the poly-2/DNA

nanowire shows the negative–positive–negative phase variation

as the tip crosses the wire; this is typical of conducting

polymers.23 We observed a parabolic dependence of phase

shift on bias for voltages between �7 and +7 V expected for

a conductive nanowire, see Fig. 3. This observation, seen

previously with polypyrrole/DNA hybrids confirms that the

negative phase shift is due to the ‘‘scanned conductance effect’’

rather than trapped charge which produces phase shifts that

depend linearly on bias voltage.22 The poly-2/l-DNA nanowires

were immobilised on a silicon chip and then incubated for

16 hours with a ‘‘click’’ solution containing dansyl azide.

AFM images of the click-poly-2/DNA nanowires, i.e. after

reaction with the dansyl azide, again showed individual wires

similar in height (5–40 nm) to polypyrrole/DNA hybrid

materials previously reported.18

We conclude that the coupling reaction has no discernible

detrimental effect on the 1D structure of the polymer/DNA

hybrid material and so here have demonstrated the potential

to incorporate new functionalities or sensing groups into

a conductive nanowire via this method. In addition the

click-poly-2/DNA hybrid nanowires were examined by EFM

and the parabolic dependence of the negative phase was

retained (see Fig. 3), confirming that the nanowires remain

not only structurally intact but are also conductive after

modification with the triazole-coupled fluorophore.

This work illustrates that poly-2/DNA nanowires are

conductive and can be readily modified via ‘‘click chemistry’’.

This methodology has potential for the development of

conductive nanowires as sensing elements over a wide range of

applications; the azido derivative of a receptor group is simply

‘‘clicked’’ onto the nanowire sensor/transducer. Conducting

polymer nanowires bring the advantage of significantly

enhanced sensitivity over an electrode/polymer-film system

due to the massively increased surface/volume ratio. Therefore

changes in the conductivity of the polymer/DNA nanowire

hybrid system described here may hold potential for use in

molecular electronics or even single molecule detection.

ONe, EPSRC, BBSRC, Marie Curie EU-FP7 and Newcastle

University are thanked for funding.
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Synthesis, characterization and electrical properties of supramolecular DNA-
templated polymer nanowires of 2,5-(di-2-thienyl)-pyrrole 
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[a]

  S. A. F. Al-Said,
[a]

  N. G. Wright,
[b]

  B. A. 
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[c]
  B. R. Horrocks,

[a]
  A. Houlton*
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Abstract: Supramolecular polymer 
nanowires have been prepared using 
DNA-templating of 2,5-(di-2-thienyl)-
pyrrole (TPT) by oxidation with FeCl3 
in a mixed aqueous/organic solvent 
system. Despite the reduced capacity 
for strong hydrogen bonding in 
poly(TPT) compared to other systems, 
such as polypyrrole, the templating 
proceeds well. FTIR spectroscopic 
studies confirm that the resulting 
material is not a simple mixture and 
that the two types of polymer interact. 
This is indicated by shifts in bands 
associated with both the phosphodiester 

backbone and the nucleobases. XPS 
studies further confirm the presence of 
DNA and TPT, as well as dopant Cl

-
 

ions. Molecular dynamics simulations 
on a [{dA24:dT24}/{TPT}4] model 
support these finding and indicate a non 
co-planar conformation for oligo-TPT 
over much of the trajectory. AFM 
studies show the resulting nanowires 
typically lie in the 6-8 nm diameter 
range and exhibit a smooth, continuous, 
morphology. Studies on the electrical 
properties of the prepared nanowires, 
using a combination of scanned 
conductance microscopy, conductive 

AFM and variable temperature two-
terminal I-V measurements show, that 
in contrast to similar DNA/polymer 
systems, the conductivity is markedly 
reduced compared to bulk material. The 
temperature dependence of the 
conductivity shows a simple Arrhenius 
behaviour consistent with the hopping 
models developed for redox polymers.  

Keywords: DNA · supramolecular 
polymer · nanowire · conducting 
polymer · templating

 

Introduction 

Organic conducting polymers (CPs) have attracted much interest 

over the past 40 years due to their unique behaviour; exhibiting 

electronic and optical properties akin to metals and semiconductors, 

whilst maintaining the mechanical qualities, and ease of 

functionalisation, associated with organic materials.[1] [2] [3] [4] [5] 

Efforts to exploit CPs include the development of new generations 

of solar cells,[6] [7] [8] rechargeable batteries,[9] electrochromic 

devices,[10] transistors,[11] [12] capacitors[13] and bio/chemical 

sensors.[14] [15] With the current drive towards small-scale 

technologies, recent years has seen a growing emphasis placed upon 

the fabrication of such materials with nanoscale dimensions. In 

particular, attention has focussed on devising methods for producing 

highly anisotropic forms such as nanowires, nanoropes, and 

nanotubes.[16] [17] [18] [19] [20] Nanowires are of interest as they 

represent the smallest structure for effective electrical charge 

transport, and are promising for use in nanoscale electronics.  

Template-directed growth is the most frequently used 

approach for preparing such 1D nanostructures, and several different 

methods have been shown to be effective. These include the use of 

an external, porous, templates like anodically etched aluminium 

oxide (AAO)[21] [22] [23] or mesoporous silica,[24] [25] [26] as well as 

“soft” templates such as surfactants which self-assembled in 

solution to provide the appropriately structured reaction space.[27] [28] 

[29] [30]  
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Scheme 1. Scheme highlighting the templating by the DNA molecules in directing the 

growth of polyTPT towards 1D structures. Oxidatively induced polymerisation of TPT 

forms cationic oligo(TPT) which bind to DNA molecules through supramolecular 

interactions. Further growth produces the final hydrid DNA/polymer nanowire. 

 

An alternative approach is the use of naturally occurring 

biopolymers, such as duplex DNA, as a template (Scheme 1).[31] [32] 

[33] [17] [34] [35] [36] For DNA, the duplex structure is just 2nm wide but 

is available over microns lengths and has a large persistence length, 

making it highly suited for 1D material growth.[20] The ability of 

DNA to act as a template for CPs principally arises from the 

complementarity of the DNA duplex and the growing CP chains. 

DNA contains a high anionic charge, due to the phosphodiester 

backbone, a wealth of hydrogen bonding sites and numerous van der 

Waals surfaces in the grooves of the duplex. The general class of 

CPs derived from aromatic heterocyclic systems, such as pyrrole, 

indole etc. are formed in their conducting cationically charged form 

through oxidative polymerization and also tend to have a significant 

capacity for hydrogen bonding. Hence electrostatic attraction 

between the growing cationic CP and the anionic DNA template, 

allied with additional non-covalent interactions, provide an effective 

means by which the CP growth is affected. In contrast to templating 

in porous media etc. this approach yields supramolecular polymers, 

comprising both the template and the conducting strands, which are 

a relatively new class of materials.[37] [38] [39] [40] 

Previous reports demonstrate the formation of such 

supramolecular DNA/polymer nanowires for aniline,[31] [32] 

pyrrole,[33] [17] and indole,[36] for example. In an effort to further 

explore the scope of this method we have investigated the DNA-

templating of 2,5-(di-2-thienyl)-pyrrole (TPT). This compound has a 

quite different hydrogen bonding capacity compared to previously 

prepared materials and is also not water soluble therefore requiring 

changes to the solvent system. Here we report our findings. 

Results and Discussion 

DNA-templating reaction. As can be seen from Scheme 2, despite 

the similarity in structure, both the number and strength of potential 

hydrogen bonding interactions formed between DNA and poly(TPT) 

is reduced compared to poly(Py); two-thirds of the strong hydrogen-

bond donor sites (NH) are replaced by relatively weak acceptor sites 

(-S-). This could be expected to have a detrimental effect on DNA-

templating and that poly(TPT) is a less well-suited material for 

nanowire formation by this method.  

 

 

 

Scheme 2. Oxidative polymerisation of (a) 2,5-(bis(di-2-thienyl)-pyrrole (TPT) and (b) 

pyrrole with FeCl3  forms the corresponding conducting polymer. These have quite 

different hydrogen bonding capabilities with poly(TPT) having 1/3 of the strong H-bond 

donor sites as polyPy and a capacity for self-association through NH…S interactions.  

The attempted preparation of DNA/polyTPT nanowires was 

broadly similar to those previously reported for similar systems 

(Scheme 1).[33] [17] [36] However, as the monomer for polyTPT, 2,5-

(di-2-thienyl)-pyrrole, is not water soluble modification of the 

procedure is required whereby the reaction medium is a solvent 

mixture (H2O:MeCN) rather than pure water. The source of the 

DNA was either calf thymus (CT), used for experiments requiring 

larger quantities of material, e.g. FTIR spectroscopy or λ-DNA 

which, at ca. 16μm long, is of sufficient length to facilitate single 

molecule measurements and fabrication of electrical devices. The 

TPT unit was introduced into the aqueous DNA-containing solution 

as a solution in acetonitrile giving a 6:1 H2O/MeCN final ratio. The 

polymerisation was induced by oxidation using an aqueous solution 

of FeCl3. The reaction was allowed to proceed for 24 hours. 
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Fourier Transform Infrared Spectroscopy.  

FTIR spectra of the isolated DNA/polyTPT material reveals 

evidence of the formation of a supramolecular hybrid polymer 

containing both DNA and polyTPT (Fig. 1). The presence of the 

polyTPT in the material is evident from the N-H stretch at 3432cm-1, 

attributed to the pyrrolyl ring of the TPT units.[41] The position of 

this band is observed to be shifted relative to the corresponding N-H 

stretch in the spectrum of TPT (3429cm-1), suggesting that hydrogen 

bonding with the acceptor groups on the DNA, e.g. phosphate 

groups or nitrogen or oxygen atoms of the nucleobases, is taking 

place. The broad band centred at ca. 3300cm-1 in DNA due to O-H 

stretching vibrations from groove-bound water molecules, as well as 

a contribution from N-H stretches in the DNA nucleobases, is also 

noted to be reduced in intensity in the DNA/polyTPT spectrum. This 

loss of intensity is proposed to be the result of displacement of water 

molecules which were bound to the DNA. Bands observed in the 

900–1800cm-1 region of the spectrum further confirm the presence 

of DNA in the hybrid material. These features can to be assigned to 

nucleobase vibrations, as well as stretches associated with the 

phosphate backbone.[42] [43] [44] Several small shifts in the peak 

positions can be identified in this region of the DNA/polyTPT 

spectrum when compared to the corresponding bands in the 

spectrum of free DNA (see Supporting Information). The vibrational 

modes associated with the PO2
- symmetric stretching (ca. 1102cm-1) 

and C-O deoxyribose stretching (1060cm-1) for example, show a 

change in intensity relative to one another when comparing the 

DNA and DNA/polyTPT spectra, whilst the PO2
- asymmetric 

stretching vibration (1241cm-1) is found to be shifted to lower 

frequency in the hybrid material (1233cm-1). In addition, C-N 

stretches of the cytosine and guanine bases (1365cm-1), along with 

the a cytosine or guanine ring vibration (1487cm-1), are also shifted 

to lower frequency (1357cm-1 and 1474cm-1, respectively). Similarly, 

changes in other spectral bands assigned to stretches and vibrations 

in the TPT units are also observed, with the peak at 1411cm-1 in the 

DNA/polyTPT spectrum, attributed to the C-N and C=C stretches of 

the pyrrolyl unit,[41] showing a slight shift to higher frequency when 

compared to the corresponding band in the sprectrum of polyTPT. 

In summary, these data provide strong evidence that the hybrid 

material is not a simple mixture of DNA and polyTPT, but instead 

the materials is a supramolecular polymer are intimate interactions 

between the two strand types. 

 

 
Figure 1. FTIR spectrum of DNA/polyTPT hybrid polymer along with spectra of 

control samples of DNA, and polyTPT. 
 

X-Ray Photoelectron Spectroscopy.  

Further chemical characterization of DNA/polyTPT was provided 

by XPS which confirmed the presence of C (C1s), O (O1s), N (N1s), 

S(2p), P(2p), and Cl (Cl2p) in the sample, Fig 2a. Observation of the 

N1s peak provided evidence of the presence of DNA and polyTPT 

in the sample material. Curve fitting of high resolution XPS spectra 

of the N1s region revealed two distinct peaks in the N1s envelope 

with binding energies at 399.5eV and 401.4eV, respectively (Fig. 

2b). Contributions to both of these peaks can be assigned to the 

presence of the DNA and polyTPT. Previous XPS studies of both 

free DNA[45] [46] [47] and polyPy[48] [49] [50] have reported that spectra 

of the N1s core level of these materials can be fitted to at least two 

separate components. The N1s core level of DNA for example has 

been reported to comprise of a lower binding energy peak (398.6–

399.0eV) arising from the contributions of sp2-bonded N atoms in 

the nucleobase base rings, and a higher binding energy peak (400.1–

401.4eV) attributed to the sp3-bonded N atoms in the nucleobase 

rings and –NH2 groups. [45] [46] [47] Similarly, polyPy is also known 

to give at least two distinguishable peaks of the N1s core level.[48] 

[49] [50] Here, a lower binding energy peak (399.5–399.9eV) tends to 

dominate, arising from the N-H groups present in the constituent 

pyrrolyl rings of the polymer. The higher binding energy species 

(400.6–402.3eV) arise from the presence of inequivalent nitrogen 

atoms in the polyPy structure which occur as a result of their 

electrostatic interaction with the dopant anions present in the 

polymer structure.  
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Figure 2 XPS spectra recorded from a sample of DNA/polyTPT nanowire structures 

deposited upon a gold substrate: (a) XPS survey scan spectrum, (b) High resolution 

XPS spectrum of N1s region, with curve fitting of the N1s envelope.  

Clear evidence for the presence of DNA in the sample material is 

obtained from the P2p signal at 133.2eV, arising from the 

phosphorus in the phosphodiester backbone in the DNA. The 

presence of polyTPT is also confirmed by the observed S2p band, 

with the S2p3/2 peak centred at 163.8eV, consistent with the 

thiophene sulphur.[51] The Cl2p peak in the survey spectrum reveals 

the presence of the Cl in the sample, suggesting that the anionic 

charge of the DNA is not sufficient to compensate the cationic 

charge of the bound polyTPT, and that Cl- anions are also present as 

dopants in the material. 

 

Scanning probe microscopy  studies  

Atomic force microscopy (AFM) was used to probe the size 

and morphology of the DNA/polyTPT structures. These were 

immobilised on trimethylsilane-modified (TMS) Si/SiO2 substrates 

using molecular combing techniques.[52] [53] [33] Samples isolated 

after 24 hours reaction revealed individual DNA/polyTPT 

nanowires which have a regular appearance with complete coverage 

of the DNA template molecules by the polymer (Fig 3a). The 

uniformity of the polymeric coatings on single nanowires was 

quantified by calculating the standard deviation of the mean 

nanowire diameters. This was found to consistently fall within a 

range of ca. 0.5–1.3nm. As noted previously for other conducting 

polymers templated at DNA,[33] [17] [36] the resulting structures have 

remarkably smooth, regular morphologies. This is in contrast to 

typical metal-based structures.[54] [55] [34]  

 

 

Figure 3. (a) Tapping mode AFM image of a DNA/polyTPT nanowire immobilised 

upon a Si/SiO2 substrate modified with a TMS SAM. (b) Histogram showing the 

distribution of the mean DNA/polyTPT nanowire diameters for 150 nanowire structures. 

Mean diameter of structures were determined from AFM data.  

Statistical treatment carried out on 150 DNA/polyTPT nanowires 

reveals the distribution of the mean diameters, with a modal 

diameter of 7.0–8.0nm, (Fig 3b). A small number of larger 

structures were also observed, with diameters ca. 17nm and even 

larger in a few instances. These structures are attributed to the 

“bundling” of DNA/polyTPT structures into larger ropelike 

assemblies formed in the solution, as previously described for 

DNA/polyPy (see Supporting Information).[17] It is also apparent 

from inspection of the histogram (Fig. 3b) that not all the DNA in 

the reaction is involved in templating. This is evident from the large 



 5 

peak value observed at 2.0–3.0nm, which represents some bare 

DNA present for the entire reaction.  

 

MD simulations  

In an effort to gain further insight into the details of the 

supramolecular interactions between the two polymer types a 

molecular dynamics (MD) calculation was performed. We simulated 

the interaction of a tetramer of TPT with a typical doping level of 

one charge per three aromatic rings, [{TPT}4]
4+, with a (dA)24-

(dT)24 oligonucleotide duplex in aqueous solution for 100 

picoseconds. Sodium cations were included to exactly balance the 

charge of the complex.  Analysis of the results reveals the close 

association of the duplex and {TPT} oligomer over the whole 

trajectory. The {TPT}4 remains located in the major groove of the 

duplex and many molecular contacts (2.5-3.5Å) are evident between 

the two. At points in the trajectory the {TPT}4 can be seen to 

interact with both the upper and lower edges of the groove 

simultaneously, as shown in Fig. 4a. Despite the four pyrrolyl NH 

sites with the capacity for strong hydrogen bonding with acceptor 

sites on the DNA, few are observed. The strongest of these is 

formed by a pyrrolyl unit in a more terminal position (second 5-

membered ring in the [{TPT}4 ] oligomer) as either NHPyr-

....N6H2adenine or NHPyr....O4thymine interactions. Rather weaker 

interactions are also noted between the central pyrrolyl unit and the 

N7 position of adenine groups. Overall, however, such 

NHTPT...AcceptorDNA interactions do not appear to be dominant and 

structures with multiple such interactions are rare. A range of close 

contacts are evident between less polar sites on the {TPT}4 oligomer 

and sites on the DNA that are largely maintained or shift between 

comparable sites throughout the simulation. Details are provided in 

the Supporting Information. These findings are consistent with the 

FTIR data, indicating the intimate interaction of the oligo-TPT 

primarily with the phosphate backbone and the bases of the DNA. A 

final point of interest is the fact that the {TPT}4 molecule does not 

adopt a co-planar conformation over much of the trajectory (Figure 

4b). Such a conformation is not optimal for effective charge 

transport. 

 

 

 

Figure 4. Selected structures from the 100 ps MD simulation of a 24-mer poly(dA)-

poly(dT) duplex DNA with [{TPT}4]
4+ (shown in yellow for clarity). (Top) Structure 

highlighting the interaction of the {TPT}4 strand with both the upper and lower edges of 

the major groove of the duplex. (Bottom) Structure highlighting the lack of co-planarity 

of the {TPT}4 as is observed over much of the trajectory. Atom colour code on DNA: O 

= red; P = orange; C = grey; H = white; N = purple; atom colour code on {TPT} C = 

yellow; S = yellow; N = purple; H = white. 

It is worth pointing out however that this model, with a 1:1 

DNA:{poly(TPT)}n ratio,  contains many fewer polyTPT strands 

than the prepared nanowires. An estimate of the number of 

poly(TPT) strands contained in an ~8 nm diameter structure can be 

made by assuming that the nanowire is cylindrical with a 2nm DNA 

duplex core. Filling the remainder of the cylinder volume with 

poly(TPT) as linear chains gives an estimate of ca. 240 strands. 

Incidentally, this is very many more strands than is required to 

charge balance the DNA which, based on a typical oxidation level of 

+1 per {TPT} unit, requires only ca. 6 strands. Incorporation of 

additional anions, e.g. Cl-, would then be expected, so as to balance 

the cationic charge; this is consistent with the XPS data.  

 

DNA/polyTPT nanowire electrical properties 

Initial, qualitative evaluation of the electronic properties of 

individual DNA/polyTPT nanowires was carried out using scanned 

conductance microscopy (SCM). This scanning probe microscopy 

(SPM) technique provides a convenient and rapid non-contact 

means of establishing the electrical behaviour of such 1D structures. 

In brief, samples are probed through monitoring changes in the 

phase angle of a vibrating AFM probe as it is scanned at a fixed 

height above the sample, whilst a direct current (dc) potential bias is 

simultaneously applied to it (Fig. 5a). The sign (+/-) of the resulting 

phase shifts associated with the nanostructures (relative to the 

substrate background) are known to be highly dependent upon the 

intrinsic electronic properties of the nanostructures themselves.[56] 

[57] Specifically, it has been shown that negative phase shifts can 

only be observed to be associated with such 1D structures if they are 

electrically conducting. Both the technical aspects and theory behind 

this SPM technique have previously been discussed at great length, 

and can be found in several earlier publications.[56] [57] [58] [17] 
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Fig 5. (a) Schematic representation outlining the principles of SCM operation, used to 

evaluate the electronic properties of one-dimensional nanostructures. (b) SCM phase 

image of a DNA/polyTPT nanowire supported upon a Si/200 nm SiO2 substrate, 

modified with a TMS SAM. The dark line running diagonally across the image 

represents the negative phase shift which correlates to the position of the nanowire on 

the substrate surface. The inset shows a plot of the magnitude phase shifts as a function 

of the dc bias applied to the substrate during data acquisition. 

SCM phase images of DNA/polyTPT nanowires supported on 

Si/200nm SiO2 substrates show negative phase shifts consistent with 

the predicted observations for conductive objects (Fig. 5b). The 

magnitude of the phase shift associated with the DNA/polyTPT 

structures is found to be approximately proportional to the square of 

the applied bias (i.e.   V2), as is expected when the interaction of 

the conducting AFM probe with the electric field gradient above the 

sample is dominated by capacitance effects. This behaviour is 

clearly illustrated by the parabolic relationship shown when plotting 

the (tangent) phase shift against the dc bias applied to the substrate, 

(Fig. 5b, inset). 

Conductive AFM (cAFM) was used to further probe the 

electrical properties of the DNA/polyTPT nanowires. For this, an 

experimental set-up we previously devised[36] was used which 

allows for the required electrical contacts for probing an individual 

nanowire to be made in a relatively straightforward manner. Briefly, 

this method involves applying a small volume of solution containing 

the nanowires onto the substrate support, to cover a region of ca. 

5mm in diameter (Scheme 3). Subsequent evaporation of the solvent 

generally leaves a dense network of nanowires on the substrate, at 

the periphery of which individual nanowires can be found to extend 

out. The dense nanowire network can effectively be used as a 

macroscopic electrical contact to the nanowire under study. 

Electrical contact of the network to the metallic sample chuck can 

be made using a drop of Ga/In eutectic. The second electrical 

contact to the nanowire is made using the conductive metal-coated 

AFM probe itself. 

 

 

  

Scheme 3 Experimental set-up for cAFM measurements carried out upon 

DNA/polyTPT nanowires. Measurements are recorded upon individual nanowires 

located at the periphery of a dense network of the nanowires deposited upon the 

substrate support. 

Using this type of set-up, cAFM was performed to record the sample 

topography at the periphery of the dense nanowire network where 

individual DNA/polyTPT nanowires could be located. Whilst 

collecting the topographical data, detection of electrical currents 

passing through the sample was simultaneously carried out as a dc 

bias was applied to the sample. Fig. 6 shows an example of a contact 

mode AFM height image of a DNA/polyTPT nanowire, ca. 40nm in 

diameter, and the corresponding cAFM current image 

simultaneously recorded with a dc bias of +5V applied to the sample. 

It should be noted that the 40nm diameter of the DNA/polyTPT 

nanowire is significantly larger than the 7.0-8.0 nm modal size range 

revealed by the statistical study discussed previously. This is most 

likely due to the dense volume of material deposited on the substrate, 

leading to increased ropelike assemblies of nanowires.[17] The bright 

contrast in the current image, which corresponds to the position of 

the nanowire on the substrate, indicates an electrical current in the 

order of nanoamps passing through the nanowire, thus confirming 
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its electrical conductivity. However, further studies of 

DNA/polyTPT nanowires of various sizes revealed that 40nm 

diameter represented the approximate lower limit of structure size 

from which electrical currents could be detected by the cAFM 

equipment. Though this findings appears to contradict the SCM 

studies, in which smaller nanowires (<10nm diameter) were shown 

to be electrically conductive, this simply highlights the extreme 

sensitivity of the SCM technique. SCM has been shown to allow for 

1D structures (>400nm in length) with conductivities down to ca. 

10-16Scm-1 to be identified as conducting/semi-conducting 

materials,[56] which far exceeds the sensitivity limits (nA) of the 

cAFM equipment.  

  

Fig 6. (a) Contact mode AFM height image of DNA/polyTPT nanowire. (b) 

Corresponding cross-section, showing nanowire height (ca. 40nm). (c) Corresponding 

cAFM current image of nanowire, acquired at a dc bias of +5V.  

Quantitative information about the electrical behaviour of individual 

DNA/polyTPT nanowire structures was also gathered through 

fabrication of a bespoke two-terminal device. This device was 

constructed using Au electrode pairs, microfabricated using 

photolithography, embedded in a thermally grown insulating SiO2 

layer, on a silicon substrate. The Au electrodes were typically 

separated by a gap of 2–8μm, across which a DNA/polyTPT 

nanowire was aligned by molecular combing,[52] [53] Fig. 7 shows a 

TappingMode™ mode AFM height image of the actual 

DNA/polyTPT nanowire device with a single nanowire, height 

25nm, aligned across a ~2.5μm electrode gap.  

 

 

 

Fig. 7 (a) TappingMode™ AFM image of DNA/polyTPT nanowire aligned across a 

2.5μm gap between two Au microelectrodes. The Au electrodes are embedded in a 

thermally grown, 200nm thick insulating SiO2 layer on a Si substrate.  

The resistance of the nanowire, determined from i-V measurements 

was found to be in the order of 1014Ω. By evaluating the dimensions 

of the nanowire (see Supporting Information), a conductivity value 

was calculated to be 1.9x10-7S cm-1 at 303K. For comparison, we 

determined the conductivity of a bulk sample of polyTPT as lying in 

the range 1.0x10-2–2.3x10-2 S cm-1; an increase by several orders of 

magnitude compared to the nanowire. 

 

Variable-temperature i-V studies over a temperature range of 293K–

373K of the two-terminal nanowire device were also performed in 

order to elucidate details of the conduction mechanism. The 

conductivity of conjugated polymers is usually described by 

hopping models; the charge carriers are considered to be 

substantially localized and make thermally-assisted tunneling 

transitions, or hops, between sites. In general, several hops may be 

possible from a given site which differ with respect to the energy 

barrier or hopping distance. This situation is called variable range 

hopping because the thermal average over the different hops leads to 

a hopping range that is temperature-dependent. The typical 

functional form of the conductance-temperature relation is a 

stretched exponential: 
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where the exponent β depends on the dimensionality of the system. 

Other hopping models lead to similar stretched exponential forms, 
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e.g., the Efros-Shklovskii model[59] which describes disordered 

materials with strong coulomb interactions. Experimental data on 

conjugated polymers typically shows behavior consistent with β = ¼ 

for bulk samples[50] [60] and, for thin films, β = ½ at low 

temperatures and β = 1 at higher temperatures.[61] 

 

 

 

Fig. 8 (a) Variable temperature i-V measurements carried out upon a DNA/polyTPT 

nanowire aligned across two Au electrodes. (b) Arrhenius plot for the conductivity of a 

DNA/polyTPT nanowire.  

The temperature dependence of the nanowire conductivity is shown 

in Fig. 8a with the conductivity values calculated from the gradient 

of the i-V plots around zero bias. The nanowire conductivity 

increases with increasing temperature. A small degree of hysteresis 

is also evident between the heating and cooling phases of the cycle, 

possibly due to the loss of residual water bound to the polymer 

during the heating of the sample. Figure 8b shows an Arrhenius plot 

of the conductance of DNA/polyTPT nanowires. The nanowires 

show a simple Arrhenius behavior, i.e., β ~ 1 over a temperature 

range 293-373K. Such behavior has also been reported by us in 

polyindole nanowires.[36] The natural interpretation is that the 

hopping process in the nanowires is best described by a simple 

nearest-neighbour hopping model. This is consistent with hopping 

transport in one dimension where a given charge has only one 

possible hop. The activation energy for the hopping process 

obtained from the Arrhenus plot of Fig. 8b is 31.2 +/- 1.4 kJ mol-1 

which is similar to that for nanowires prepared from polyindole 

(33.5 +/- 0.2 kJ mol-1).[36] 

Figure 9 shows a typical current-voltage curve for the 

DNA/polyTPT device in Figure 7; the conductance discussed above 

was determined from the slope of the linear region around zero bias. 

The current-voltage curve shows significant non-linearity at large 

bias voltages. In principle, the metal/polymer nanowire/metal 

system can behave in a similar manner to a 

metal/semiconductor/metal system, although the nature of the 

charge transport in conductive polymers is very different compared 

to crystalline semiconductors. A metal/semiconductor junction 

typically has the IV characteristic of a diode: 
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where I is the current flowing through the system and V is the 

applied potential. In our metal/polymer/metal system, one of the 

contacts would always be reverse-biased and ought to limit the 

current at sufficiently high potentials, resulting in a sigmoidal IV 

characteristic. Field-induced breakdown can give rise to positive 

curvature in the i-V characteristics at large positive potentials, but 

this would only be consistent with a system in which the resistance 

along the length of the polymer does not dominate the contact 

(interfacial barrier) resistance.  

 

Another way to view the metal/polymer nanowire/metal system is to 

consider the charge transport process in the same framework as that 

proposed for thin films of redox polymers.[62] [63] [64] [65] [66] Redox 

polymers behave very differently to inorganic semiconductors 

because the 'doping level' is typically so high that one must account 

for the chemical potential of both occupied and unoccupied sites and 

therefore the transport is not described by the usual Nernst Planck 

equation.[62] [63] The countercharge (anions in the case of a 

polycationic polymer) may also be mobile and their transport is 

coupled to that of the electrons. If the anions are mobile on the 

timescale of the experiment, they will collect near the positive 
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terminal and most of the applied potential will be dropped across the 

space charge layers at each electrode/polymer interface. In this case 

a sigmoidal i-V characteristic is obtained with a linear region around 

zero bias whose conductance is proportional to the electron self-

exchange rate constant and the product of the occupied and 

unoccupied site densities.[64] If the anions are immobile on the 

experimental timescale (typically the case for dry polymer films at 

low temperature), then the i-V characteristic shows positive 

curvature at high positive potentials. This case is typically described 

by an equation of the form: 
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where n and np are the densities of sites that are respectively empty 

or occupied by positive charges,  is the site-site hopping distance, L 

is the length of the nanowire and kex is the electron self-exchange 

rate constant for site-site hopping at zero bias. D is the 

dimensionality of the system,  is a symmetry factor (about 0.5 in 

Marcus theory) and  is a non-ideality factor whose significance is 

explained below. F is the Faraday constant and A is the area of the 

cross-section of the wire. 

 

 

Figure 9.  I/V curves for DNA/polyTPT nanowires at 323K and 373K. The black 

squares show the current in the absence of a nanowire where the noise floor is ~10 fA. 

Solid curves are fits of Eqn. (3) to the experimental data. 

At low potentials a linear IV characteristic is still obtained, but the 

exponential terms give rise to an increasing differential conductance 

as the magnitude of the applied potential increases owing to non-

linear aspects of the electron transfer rate process. The deviation 

from equation (3) observed in Fig. 9 at large negative potentials is 

likely to be due to some counteranion motion.[65] The current offset 

at zero bias is a result of a combination of the presence of static 

charges on the substrate owing to the dry nitrogen atmosphere used 

to avoid parasitic currents due to humidity and the low overall 

current levels. However, the fit of equation (3) to the data is 

satisfactory and allows us to estimate the effective site-site hopping 

distance,  as about 20 nm. This is clearly much larger than the 

expected hopping distance; in a conjugated polymer, the site-site 

distance  might be expected to be the interchain distance or the 

distance between localised charges along the chain. However such 

effects (large values of ) are also commonly observed in redox 

polymers and have been explained in terms of clustering of the 

redox sites.[65-66] Finally, it is worth noting that the redox hopping 

model also predicts an Arrhenius temperature dependence, whether 

the coupled ion motion occurs or not.[64-66] 

Conclusion 

We have demonstrated that DNA-templating of the conducting 

polymer poly-(2,5-di(2-thienyl)-pyrrole) is effective in preparing 

nanowires despite the expected reduction in supramolecular 

interactions. The use of this monomer not only highlights the broad 

scope of the method but provides a route to pyrrole/thiophene-based 

copolymer materials with improved structural regularity compared 

to the alternative approach involving mixtures of the individual 

monomers. The resulting 1D DNA/poly(TPT) structures are shown 

to exhibit uniform, smooth morphologies, with a continuous 

polymer coating of the DNA template, whilst statistical analysis 

reveals a modal value of 7.0–8.0 nm for the nanowire diameters for 

the reaction conditions used. The use of FTIR and MD simulations 

provides some insight into the interactions between the CP and 

DNA template molecules, highlighting the nature of the 

supramolecular binding. Assessment of the electrical properties 

confirmed the DNA/polyTPT structures to be true nanowires, i.e. 

electrically conducting; however the conductivity was low. The 

dependence of the conductivity on the nanowire size was evident 

with cAFM experiments establishing a significant drop in 

conductivity as the diameter of the DNA/polyTPT structures is 

reduced <40nm. This was further supported by quantitative two-

probe i-V studies carried out upon a DNA/polyTPT nanowire and 

bulk polyTPT material, in which the conductivity of the nanowire 

structure (10-7 S cm-1) was determined to be several orders of  

magnitude lower than that of the bulk polyTPT material (10-2 S cm-

1).  

Experimental Section 

Materials. Lambda () DNA (48502 base pairs in length, 500µg mL-1, 10mM Tris-HCl, 

1mM EDTA, pH8 at 25C) was purchased from New England Biolabs (cat no. N3011S, 

New England Biolabs UK Ltd. Hitchin, United Kingdom). DNA sodium salt from calf 
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thymus (Type I, highly polymerized, fibrous preparation, 16.7 A260 units mg-1, 6% 

sodium), MgCl2.6H2O (99.0%), FeCl3 (>97%), acetone (99.8%), HF (48% in H20), and 

dodecyl sulfate sodium salt (99+%) were purchased from Sigma-Aldrich (Sigma-

Aldrich Company Ltd., Dorset, United Kingdom). CH3CN (99.6%) was purchased from 

Fisher Scientific (Fisher Scientific UK Ltd., Loughborough, United Kingdom). Si<p-

100> wafers (3 inch diameter, boron doped, 525±50μm thickness, single side polished, 

1-10cm resistance) and Si<n-100> wafers (3 inch diameter, arsenic doped, 525±25μm 

thickness, double side polished, 0.005cm resistance, coated with a thermally grown 

SiO2 layer, 200 nm±10% thick) from Compart Technology Ltd, Peterborough, 

Cambridgeshire, U.K. NANOpure® deioinized water (18MΩ-cm resistivity) was 

supplied from a NANOpure® DIamondTM Life Science ultrapure water system 

equipped with a DIamondTM RO Reverse Osmosis System (Barnstead International). 

The 2,5-di(2-thienyl)-pyrrole (TPT) was prepared according to literature methods.[67]  

 

Formation of -DNA-templated polyTPT nanowires. 5L of aqueous MgCl2 solution 

(0.5mM) was added to 20 µL of an aqueous solution of -DNA (500µg mL-1), followed 

by 5µL of TPT solution in CH3CN (3mM). 5L of a freshly prepared aqueous solution 

of FeCl3 (3mM) was then added to the DNA/TPT solution, and incubated for a period of 

24 hours at room temperature to form the final DNA-templated polyTPT structures. 

 

Formation of calf thymus DNA-templated polyTPT nanowires. Calf thymus DNA-

templated polyTPT nanowires were prepared for use in FTIR studies. A solution of calf 

thymus DNA in NANOpure® water (0.5mg mL-1) was freshly prepared and left 

overnight to ensure the DNA is fully dissolved before use. 125µL of Nanopure water 

and 125µL of TPT solution in CH3CN (3mM) were successively added to 500µL of the 

calf thymus DNA solution. 125L of a freshly prepared solution of FeCl3 (3mM) was 

then added to the DNA/TPT solution and incubated for a period of 24 hours at room 

temperature in order to form the final DNA-templated polyTPT structures. 

 

Formation of bulk polyTPT. 2mL of fresh FeCl3 solution (0.3M) was added to 2mL of 

a DMF/water solution (1:4) of TPT (0.1M) and left to stand for 24 hours, during which 

a black oil/precipitate formed in solution. After this period, the solution was centrifuged 

for 10 minutes (10,000rpm) and the supernatant removed. The black oil/precipitate was 

rinsed 3 times with excess NANOpure® water with the sample centrifuged and the 

supernatant removed after each wash. The sample was subsequently dried in a vacuum 

oven (60°C) overnight. 

 

Surface immobilization of -DNA-templated polyTPT nanowires for atomic force 

microscopy studies.   Si<p-100> wafers were cut into ca. 1x1cm2 pieces with a 

diamond tip pen, swabbed with a cotton bud soaked in acetone (99.8%) and washed in 

NANOpure® water. The wafers were then washed in a 0.1% (m/v) dodecyl sulfate 

sodium salt solution at ca. 70C for 20 minutes, followed by thoroughly rinsing with 

NANOpure® water, and then sonicating (Transsonic T310, Camlab, Cambridge, United 

Kingdom) in NANOpure® water for 10 minutes. The wafers were cleaned further in 

‘piranha’ solution (4:1 H2SO4/H2O2) at ca. 80C for 45 minutes (Caution! Piranha 

solution should be handled with extreme care; it is a strong oxidant and reacts violently 

with many organic materials. It also presents an explosion danger), followed by rinsing 

thoroughly with NANOpure® water. Immediately before use, the wafers were blown 

dry in a stream of N2, and dried further in a clean oven for 10 minutes. Following these 

cleaning procedures, the Si substrates are highly “wetting”, with static contact angles 

measured to typically be <20 (CAM 101, KSV Instruments Ltd., Helsinki, Finland), 

using 2µL volumes of NANOpure® water as the probe liquid. The surface wetting of 

the cleaned Si substrates was subsequently modified through the formation of a 

trimethylsilane (TMS) self-assembled monolayer at the substrate surface. The Si 

substrate was positioned on top of specimen bottle containing 200μL of 

chlorotrimethylsilane (Me3SiCl) (polished side of the wafer facing upwards) and sealed 

inside a larger specimen bottle. The Si wafer was exposed to the vapour of the 

chlorotrimethylsilane in the specimen bottle for 10 minutes at room temperature. Static 

contact angle measurements carried out upon the substrates following TMS 

modification were typically 71±1.  

Following incubation of the DNA/TPT/FeCl3 solution for 24 hours, the -

DNA/polyTPT nanowires were aligned upon the TMS-modified Si substrate using 

molecular combing techniques.[52] [53] [33] 5µL of the DNA/TPT/FeCl3 solution was 

applied to the substrate surface and left for ca. 10 seconds before being withdrawn by 

micropipette. This procedure was repeated several times across the Si wafers’ surface. 

This typically left a small residual amount of solution on the substrate surface (ca. 

<1mm diameter), around which individually aligned DNA/polyTPT nanowires could be 

found. 

 

Surface immobilization of -DNA-templated polyTPT nanowires for scanned 

conductance microscopy studies.  Si<n-100> wafers, coated with a 200nm SiO2 layer, 

were cut into ca. 1x1cm2 pieces with a diamond tip pen, swabbed with a cotton bud 

soaked in acetone (99.8%) and washed in NANOpure® water. The wafers were then 

washed in a 0.1% (m/v) dodecyl sulfate sodium salt solution at ca. 70C for 20 minutes, 

followed by thoroughly rinsing with NANOpure® water, and then sonicating 

(Transsonic T310, Camlab, Cambridge, United Kingdom) in NANOpure® water for 10 

minutes. The wafers were cleaned further in ‘piranha’ solution (4:1 H2SO4/H2O2), at ca. 

80C for 45 minutes, followed by thorough rinsing with NANOpure® water (Caution! 

Piranha solution should be handled with extreme care; it is a strong oxidant and reacts 

violently with many organic materials. It also presents an explosion danger). The SiO2 

layer was removed from one side of the wafer by applying a single drop of HF solution 

(48% in H2O) onto the wafer surface. The HF solution was left on wafer for ca. 10–20 

seconds until the surface wetting was observed to change from hydrophilic to 

hydrophobic, as evidenced by sudden beading of the HF solution. The HF solution was 

removed from the substrate surface and the wafer rinsed thoroughly with NANOpure® 

water. Complete removal of the SiO2 layer was verified using a digital multimeter 

(Agilent Digit Multimeter, Agilent Technologies UK Ltd., Wokingham, United 

Kingdom).  The wafers were subsequently cleaned for a second time in ‘piranha’ 

solution (4:1 H2SO4/H2O2), at ca. 80C for 45 minutes, and thoroughly rinsed with 

NANOpure® water. Immediately prior to use the wafers were blown dry in a stream of 

N2, dried further in a clean oven for 10 minutes, and finally, modified with a TMS self-

assembled monolayer at the substrate surface, as previously described. Alignment of the 

DNA/polyTPT nanowires upon the TMS-modified substrate surface was carried out 

through molecular combing, as described earlier. 

 

Fourier transform infra-red spectroscopy. FTIR spectra (in the range 600–4000cm-1) 

were recorded in transmission mode with a Bio-Rad Excalibur FTS-40 spectrometer 

(Varian Inc., Palo Alto, CA, USA) equipped with a liquid nitrogen cooled deuterated 

triglycine sulfate (DTGS) detector, and were collected at 128 scans with 4cm-1 

resolution. The DNA used was calf thymus DNA and all samples were prepared 

through drop casting of solutions of the DNA (0.5mg mL-1) or DNA/polyTPT upon 

chemically oxidized Si<p-100> substrates. Data acquisition and analysis were carried 

out using Digilab Merlin version 3.1 software (Varian Inc.). 

 

X-Ray Photoelectron Spectroscopy. XPS was carried out upon samples of -

DNA/polyTPT nanowires, dropcast onto Au substrates. XPS measurements were 

carried out using a Thermo VG Escalab 250 instrument at Leeds EPSRC Nanoscience 

and Nanotechnology Research Equipment Facility (LENNF, Leeds Unviersity, Leeds, 

U.K). A monochromated Al Kα X-ray source (1486.6 eV) was used, with pass energies 

of 150eV and 20eV employed for acquisition of survey and high resolution region 

scans, respectively. Measurements were recorded at a take-off angle of 90°, and all 

peaks were referenced to the bulk Au4f7/2 peak at 84.0eV. Data analysis was carried out 

using Winspec 2.06 software, with curve-fittings and carried out employing a Shirley-

type background subtraction and fitted using Guassian-Lorentzian functions. 

 

Atomic force microscopy. Surface topography images were obtained by 

TappingMode™ AFM performed in air on both Multimode Nanoscope IIIa and 
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Dimension Nanoscope V systems (Veeco Instruments Inc., Metrology Group, Santa 

Barbara, CA, USA), using TESP7 probes (n-doped Si cantilevers, Veeco Instruments 

Inc., Metrology Group) with a resonant frequency of 234–287kHz, and a spring 

constant of 20–80Nm-1. Tap300Al-G (Budget Sensors, Monolithic silicon cantilevers) 

with a resonance frequency of 100-400 kHz, and a spring constant of 20-75 Nm-1 

(Windsor Scientific, Sloughm Berks., U.K.). Data acquisition was carried out using 

Nanoscope version 5.12b36 software on the Multimode Nanoscope IIIa and Nanoscope 

version 7.00b19 software (Veeco Instruments Inc., Digital Instruments) on the 

Nanoscope Dimension V. For both AFM systems, vibrational noise was reduced with 

an isolation table/acoustic enclosure (Veeco Inc., Metrology Group). 

 

Scanned conductance microscopy. SCM studies were carried out upon -

DNA/polyTPT nanowires immobilised upon Si<n-100> substrates with a 200nm thick, 

SiO2 layer, modified with a TMS self-assembled monolayer, as described above. All 

experiments were performed in air with a Dimension Nanoscope V system (Veeco 

Instruments Inc., Metrology Group), using MESP probes (n-doped Si cantilevers, with a 

Co/Cr coating, Veeco Instruments Inc., Metrology Group) with a resonant frequency of 

ca. 70kHz, a quality factor of 200–260, and a spring constant of 1–5Nm-1.  Acquisition 

and processing of SCM data was carried out using Nanoscope version 7.00b19 software 

(Veeco Instruments Inc., Digital Instruments). During SCM experiments, an 

independently controlled bias, typically set between -7V and +7V, was applied to the 

sample whilst the tip was kept grounded, and lift heights of 50–70nm were typically 

employed. 

 

Conductive atomic force microscopy. cAFM studies were carried out upon -

DNA/polyTPT nanowires supported upon Si<n-100> wafers bearing a 200nm thick, 

SiO2 layer, modified with TMS self-assembled monolayer, as described above. All 

experiments were performed in air with a Dimension Nanoscope V system (Veeco 

Instruments Inc., Metrology Group), using MESP probes (n-doped Si cantilevers, with a 

Co/Cr coating, Veeco Instruments Inc., Metrology Group) with a spring constant of 1–

5Nm-1, and SCM-PIC probes (n-doped Si cantilevers, with a PtIr/Cr coating, Veeco 

Instruments Inc., Metrology Group) with a spring constant of 0.2Nm-1. Acquisition and 

processing of SCM data was carried out using Nanoscope version 7.00b19 software 

(Veeco Instruments Inc., Digital Instruments). Ga/In eutectic was used to make an 

electrical contact between the DNA/ polyTPT material and the sample chuck. 

 

Two-point probe current-voltage measurements. i-V measurements were carried out 

upon individual -DNA/polyTPT nanowires through the fabrication of tailor-made two-

terminal nanowire devices, comprised of Au microelectrodes embedded in a thermally 

grown SiO2 layer, supported on a Si substrate. Electrical measurements were made 

using a Probe Station (Cascade Microtech, Inc., Oregon, USA) and B1500A 

Semiconductor analyzer (Agilent Technologies UK Ltd., Edinburgh, United Kingdom), 

equipped with Agilent EasyEXPERT software. Prior to electrical testing, the two-

terminal devices underwent a heating/cooling cycle between 293-373K, using a 

heating/cooling chuck (Model ETC-200L, ESPEC Corp., Osaka, Japan), under a N2 

atmosphere, to drive off any water bound to the nanowire. Subsequent i-V 

measurements were conducted under a N2 atmosphere, without light illumination, and 

using a voltage range of -3 to +3V in steps of 0.05V. Variable temperature i-V 

measurements were carried out between a temperature range of 293–373K, at 

increments of 10K. 

Electrical measurements of the bulk polyTPT were also recorded using the probe 

station, with the sample, supported on a Si<n-100>/200nm SiO2 substrate, placed in the 

probe station chamber and purged with N2 for 3 hours, prior to measurements being 

made. Measurements were repeated 4 times with the probes positioned at different 

locations on the bulk polyTPT material each time (though the distance between the 

probes was kept constant), from which an average conductivity was calculated. All 

measurements were taken at 303K, with an applied voltage range of -1 to +1V in steps 

of 0.05V.  

Computational modelling. All starting geometries were built using the Spartan ’04 

programme.[68] A B-form DNA 24-mer oligonucleotide duplex, {dA24:dT24} was built 

using the supplied oligonucleotide-builder complete with Na+ counter ions and this 

underwent equilibrium geometry calculations using MMFF with all the DNA atoms 

frozen to allow orientation of the sodium ions. The {TPT}4 oligomer structure was 

geometry optimised similarly. Files for the {TPT}4 and DNA duplex structures were 

exported to Accerlys Materials Studio and individually subjected to charge 

equilibrium calculations using Qeq with a convergence limit of 5.0x10-4e. Subsequent 

Forcite geometry optimization calculations were performed using Dreiding force field 

and the Smart algorithm with the tolerance for energy set at 2x10-5 Kcal/mol with 

both force and displacement disabled. These individual starting geometries were 

combined to form the Na:DNA:TPT complex with the {TPT}4 placed in the major 

groove of the duplex and assigned a charge of +4; the overall charge of the complex 

was balanced by removal of sodium ions. This initial complex structure was 

geometry optimized prior to being placed in a box of water (1g cm-3). An initial 0.5 

ps dynamic calculation was performed at medium quality using an NVE ensemble 

with a time step 0.1fs, energy deviation 5x106 Kcal/mol and the temperature fixed at 

298K. Finally, upon completion of this short dynamic calculation the time step was 

altered to 1.0fs and a final 100ps calculation was performed. Data was then extracted 

from the output files using the tools supplied within the program. 
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Deoxyribonucleic acid (DNA)-templated growth of Bi/Bi2O3 nanowires attached to the Si surface was
obtained by electrochemical reduction of Bi(III) at an n-type Si electrode in aqueous Bi(NO3)3/HNO3 at pH
2.5 with calf thymus DNA. The nanowires had a mean diameter of 5 nm and a range of lengths from
1.4 μm to 6.1 μm. The composition and structure of the wires were determined by atomic force microscopy,
Fourier transform infrared spectroscopy, Raman spectroscopy and X-ray photoemission spectroscopy. The
dominant component of the material is Bi2O3 owing to the rapid re-oxidation of nanoscale Bi in the presence
of air and water. Our method has the potential to construct complex architectures of Bi/Bi2O3 nanostrucures
on high quality Si substrates.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Thin films of Bi2O3 exhibit many useful solid-state properties, in-
cluding high refractive index, a large energy band gap, a high dielectric
permittivity, a high oxygen conductivity andmarked photoconductivity
and photoluminescence [1]. Bi2O3 is therefore used for optical coatings,
microelectronics and ceramic glass manufacturing [2]. Other applica-
tions can include photovoltaic cells, fuel cells, supercapacitors and
photocatalysts [3–5].

Nanowires are potentially interesting as building blocks of nano-
scale electronics and optoelectronics due to their unusual electron
and exciton transport properties [6]. Although Bi nanowires readily
oxidise when exposed to air at atmospheric pressure [7] recently it
has been reported that when bismuth oxide nanowires are produced
by co-sputtering of Al/Bi on SiO2/Si substrate and post-annealing
method, they become good gas sensors for detection of NO [8].

Bi nanostructures have been fabricated so far by pressure-injection of
molten Bi into nano-sized pores of an alumina template [9], pulsed laser
vaporization, [10], an oxidative metal vapour transport deposition
technique [11] and by chemical reduction methods such as reduction
of sodium bismuthate with ethylene glycol in the presence of
poly(vinyl pyrrolidone) [12] and by a modified polyol process [13].

Electrochemical deposition is cost-effective, simple to operate and
suited to substrates with complex geometry [14]. Electrochemically
prepared Bi nanowires can be fabricated with different crystallinities,
sizes and textures in a controlled way by properly choosing the
rights reserved.

hin Solid Films (2012), http
deposition parameters and the ability to fabricate multi-layered
structures within nanowires has been demonstrated [15,16]. A com-
prehensive review of preparation techniques of bismuth nanostruc-
tures can be found elsewhere [17].

In the present paper, we report an electrochemical procedure for pre-
paring Bi2O3 nanowires on Si surface utilizing the deoxyribonucleic acid
(DNA) molecules as templates: this approach builds on previous work
for metal- and polymer-templated DNA nanowires [18–20]. The use of
DNA templates offers the potential to construct complex architectures
by taking advantage of the self-assembly properties of DNA and pro-
gramming the base sequence [21,22]. Our electrodeposition method
not only allows the fabrication of high aspect ratio nanostructures,
but also the process naturally leads to the adhesion of these struc-
tures at a high quality Si surface where they can be immediately
examined by probe microscopy and photoemission spectroscopy
or could be processed further.

2. Experimental details

All general reagents were obtained from Sigma-Aldrich at an analyt-
ical grade or equivalent. Calf thymus DNA was obtained from Sigma as
type 1, highly polymerised, sodium salt. Bismuth nitrate pentahydrate
was obtained as the ACS reagent from Sigma-Aldrich. All aqueous solu-
tions were prepared with water from a Barnstead NANOPure water pu-
rification system with nominal resistivity of 18.2 MΩ cm.

Bi/Bi2O3/DNA nanowires were made by electrochemical reduction
of Bi(III). Since Bi(III) is unstable at high pH and DNA is unstable at
low pH, a compromise pH of 2.5 was obtained by the addition of
1 M NaOH to a solution of 0.5 mM Bi(NO3)3 in 1 M HNO3 (aq). The
://dx.doi.org/10.1016/j.tsf.2012.07.083
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solution was still slightly cloudy at this pH due to the presence of bis-
muth oxyhydroxides, therefore the solution was filtered and the fil-
trate was mixed with 2 parts calf thymus (sodium salt, Sigma) DNA
solution (500 ng μL−1) to give 1.5 cm3 of solution in total. The final
DNA concentration was 1.6×10−3 mold m−3 (by phosphate) as de-
termined by optical absorbance at 260 nm. Although DNA may be
subject to depurination at a pH of 2.5, it is only necessary that the
DNA retain its overall linear structure for the duration of the
templating reaction reported. The electrochemical cell comprised a
polytetrafluoroethylene body, a n-Si(111) working electrode, a tungsten
wire counter electrode and a silver wire quasi reference electrode. The
Bi(III) was reduced by constant potential electrolysis at −1.4 V vs
AgQRE for 20 s. Cyclic voltammetric characterisation of the electrode re-
action was carried out in the same cell and the potentiostat was a CH In-
struments model 760B (Austin, TX, USA) in both types of experiment.
After the electrolysis, the substrate was dried by blowing with dry N2.

TappingMode™ atomic force microscopy (AFM) imaging of sur-
face topography was performed in air on a Multimode Nanoscope
IIIa (Veeco Instruments Inc., Metrology Group, Santa Barbara, CA, USA)
using TESP7 probes (n-doped Si cantilevers, Veeco Instruments Inc., Me-
trology Group).

X-ray photoemission spectroscopy (XPS) measurements were
performed with a Kratos (Axis Ultra 165) XPS machine, using
an ESCA 300 spectrometer and monochromatic Al Kα radiation
(hv=1486.6 eV). The measurements were carried out with an overall
energy resolution of 0.35 eV at room temperature under a vacuumbetter
than 2.7×10−7 Pa. Gold foil was placed in electrical contact with each
sample and the core level Au 4f spectrumwas measured in order to cal-
ibrate the energy scale. A charge neutraliser was used to compensate for
any charging effects.

Raman spectra were recorded with a confocal microscope (CRM200,
Witec GmbH, Ulm, Germany) using the 488 nm line of anArgon ion laser
for the excitation light. Three gratings were employed (1800, 600 and
150 lines/mm) to obtain high resolution spectra and also a broad spectra
range.

3. Results and discussion

3.1. Electrochemical control of DNA adhesion at Si

Probe microscopic studies of DNA and DNA-templated materials
require a means to immobilise the molecules on a high quality surface
and this is usually achieved by adsorption of DNA onmica in the pres-
ence of Mg2+ [23]. The Mg2+ anchors DNA to the substrate because
of the strong interaction of divalent cations with both the anionic
Fig. 1. AFM images of Si(100) surfaces after application of various potentials (with respect to A
0.5 mmol dm−3 MgCl2. Only (b) shows significant DNA deposits (white areas). (a) DNA with
scale bar=3 μm, height scale is 10 nm and the common grayscale for (a)–(c) is shown on the
(−0.5 V) for 3 s. The scale bar=3 μm and the height scale is 10 nm. (c) DNA without MgCl2 o
bar=3 μm and the height scale is 10 nm.
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phosphate groups of DNA and the Si–O functionalities on the mica
surface. The nature of this interaction is thought to be similar to a
salt bridge in which a multivalent cation bridges two anions and is
bound by mainly electrostatic forces.

It has also been shown that Si/SiO2 wafers and Au-thiolate mono-
layers can serve as suitable substrates if negative charges can be in-
troduced at the surface. In the case of p-Si wafers, the excitation
with UV/visible light produces a negative surface photocharge and
enhances the deposition of DNA [24]. In the case of metal electrodes
(Au/thiolate self-assembled monolayers), the interface was charged
simply by application of an external potential [25]. In this work, we
have taken advantage of these observations to demonstrate the si-
multaneous templating and adhesion of DNA by Bi. Bi(III) acts both
as the multivalent cation to enable DNA adhesion at a negatively
polarised Si/SiO2 electrode and as the source of Bi for the electrolytic
templating. First, we demonstrate the adhesion of DNA to Si/SiO2 sur-
faces using Mg2+, which is not electrochemically active at these po-
tentials and then we discuss the results obtained using Bi(III).

Fig. 1 shows 3 AFM images that illustrate the adhesion phenomenon
and the role of multivalent cations. Image 1(a) is an n-Si(100) surface
with native oxide that has been polarised at a potential of +0.5 V for
3 s in an aqueous solution of 0.5 mmol dm−3 MgCl2/ calf thymus-DNA,
emersed from solution, rinsed with water and imaged after drying by
N2. The surface shows some evidence of adsorbed material, but no clear
evidence of DNA molecules. Our interpretation is that there are
not enough negatively charged functionalities at the surface for
Mg2+ to bind. Image 1(b) shows the corresponding result after
polarisation at −0.5 V for 3 s; extensive adsorption of DNA has oc-
curred as shown by the large deposits and the clear observation of
long strands. Finally, image 1(c) shows the control for image 1(b)
in the absence of Mg2+: the surface is essentially clean. We note
that in all cases, the solution in which the DNA is prepared con-
tains Na+ because calf-thymus DNA is supplied as the sodium
salt, but, as expected, a monovalent cation alone is not capable of
forming a salt bridge of the type required to adhere DNA to the
surface. Next we describe the results of an experiment in which
no Mg2+ is present, but the role of the multivalent cation is
taken by Bi(III), which is also reduced to Bi metal at the electrode
surface.

3.2. Simultaneous adhesion and templating of bismuth on DNA

Bi(III) is not conveniently reduced by simple chemical agents in
aqueous solution, because of the low pH required to aid solubility
and therefore electroless deposition of Bi on DNA was found to be
g/AgCl/KCl (3 M)) in solutions of calf thymus DNA (44 μg mL−1 in H2O) with and without
MgCl2 on an n-Si(100) surface after application of a positive potential (0.5 V) for 3 s. The
right. (b) DNA with MgCl2 on an n-Si(100) surface after application of a negative potential
n an n-Si(100) surface after application of a negative potential (−0.5 V) for 3 s. The scale
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Fig. 2. (a) Cyclic voltammogram of 5 mM Bi(NO3)3 in 1 M HNO3 at a 2 mm diameter
Au disc electrode. Potentials are measured against an Ag quasi reference electrode
and the scan rate was 0.5 V s−1. (b) Cyclic voltammograms at an n-Si(111) electrode
in 0.5 mM Bi(NO3)3 at pH 2.5 in HNO3/NaOH after filtration and in the presence and
absence of calf thymus DNA (1.6×10−3 mol dm−3 by phosphate). The wetted area
of the Si was 0.79 cm2 and the scan rate was 0.1 V s−1. In both (a) and (b) the arrows
denote forward and reverse scan directions.
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difficult because the precipitated metal was rapidly dissolved. How-
ever Bi(III) can be reduced electrochemically. Fig. 2(a) shows a cyclic
voltammogram of 5 mM Bi(NO3)3 in 1 M HNO3 at a 2 mm diameter
Au disc electrode. The reduction of Bi(III) to Bi metal is clearly evident
in the cathodic peak at −0.05 V vs Ag Quasi-Reference electrode
(QRE). It should be noted that the electrochemistry of bismuth is
complex and dependent on halide ion concentrations as well as pH,
Fig. 3. An AFM image taken in air of the Bi/Bi2O3 nanowires on the n-Si(111) electrode after
line profiles across Bi/Bi2O3 nanowires obtained at positions marked A, B and C on the ima
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but the anodic peak is typical of the stripping of an electroplated
metal and appears at +0.1 V in rough agreement with previous reports
on Bi electrochemistry [26,27]. In order to deposit Bi/Bi2O3 on a suitable
substrate for AFM and XPS characterisation, we employed n-Si(111)
electrodes cut from phosphorus-doped wafer (Compart Technology,
Cambridge, UK, miscut angle b0.1°, resistivity 1–12 Ω cm). Owing to
the rectifying nature of the Si/electrolyte contact, Fig. 2(b) shows only
the reduction wave for deposition of Bi on the electrode. There is a
large apparent overpotential for the electrodeposition primarily deter-
mined by the flatband potential of the Si, which is substantially negative
as expected for n-type material. Nucleation loops in which the reverse
(anodic) scan crosses over the forward scan are visible at −0.56 V and
−0.73 V in the absence and the presence of DNA. This feature indicates
that there is also a substantial contribution to the overpotential arising
from an unfavourable surface energy term for deposition of Bi(0) on
Si. A comparison of the two curves in the presence and absence of calf
thymus DNA shows that the cathodic electrodeposition current is de-
creased and the overpotential is increased slightly in the presence of
DNA. The diminution of the current is caused by the relatively low diffu-
sion coefficient of DNA compared to small inorganic molecules and
therefore Bi(III) ions bound to the DNA produce a smaller transport-
limited peak current. These effects demonstrate the strong binding of
Bi(III) ions to the DNA, as expected for a trication. Finally, there is
some anodic current at potentials >0 V, but the Bi deposited in the for-
ward scan is not completely stripped because of the rectifying nature of
the Si/liquid interface.
3.3. Atomic force microscopy

Fig. 3 shows an atomic forcemicroscopy image (AFM) of the Bi/Bi2O3

nanowires on the silicon electrode. Their lengths range from 1.4 μm to
greater than 6.1 μm. Thewires are also thin, having an apparentmeandi-
ameter of 5 nm as determined by the height of the AFM images (see line
profiles in Fig. 3). There was a significant variation in the diameter of the
wires, with a range of 3–11 nmand a standard deviation of+/− 1.3 nm.
The image also shows numerous particulates. The ratio of the volume of
wires to the volume of particulates is 4:1 — on the assumption of cylin-
drical wires and spherical particulates. We also observe some clumping
of particulates along the wires.

From Fig. 3 we see that the Bi/Bi2O3 is deposited mainly, though not
exclusively on the DNA as evidenced by the presence of thick strands,
thicker than bare DNA. However, there are a few small particles which
are likely to be Bi/Bi2O3 deposited directly on the substrate.
emersion from the electrolyte (0.5 mM Bi(NO3)3 at pH 2.5) and drying. On the right are
ge.
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Fig. 4. Transmission FTIR spectrum of Bi/Bi2O3 nanowire sample formed by electro-
chemical templating from a λ-DNA solution. 32 scans were co-added and averaged.
The resolution was 1 cm−1.

Fig. 5. Confocal Raman spectra of a film of Bi/Bi2O3 nanowires on n-Si(111). The exci-
tation light was the 488 nm line of an argon ion laser and the integration time was
0.1 s. 30 scans were co-added and averaged for (a, b) and 100 scans for (c). The
three spectra were obtained with successively higher resolution setting corresponding
to (a) 150 lines/mm; (b) 600 lines/mm and (c) 1800 lines/mm diffraction gratings. The
spectral resolution is about 0.07 cm−1 for the highest resolution grating (c).

Table 2
Raman spectral assignments for bismuth oxide/DNA nanowires.

Raman shift/ cm-1 Assignment Reference

210, 226 210 cm−1 α-Bi2O3 [34,35]
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3.4. FTIR and Raman spectroscopy

Fig. 4 shows a transmission FTIR spectrum of the Bi/Bi2O3 nanowires
formed by templating on an n-Si(111) electrode. n-Si is a convenient
substrate because it is transparent to mid-IR light and therefore can
be used directly for spectroscopic characterisation with a bare n-Si
chip as the background. Table 1 represents FTIR spectral assignments
for bismuth oxide/DNA nanowires. A comparison of the FTIR spectrum
with literature precedents for bismuth nitrate solutions [28], solid ni-
trates [29], DNA [30–32] and α-Bi2O3 [33] shows that there are no
peaks which can be attributed to bismuth, however the spectrum
shows clearly the presence of DNA and some nitrate remaining from
the electrolyte (assignments given in Table 1). The expected positions
of the Bi2O3 bands (b544 cm−1 [33]) are at wavenumbers too low for
us to obtain good quality transmission FTIR data given the absorption
of light by the substrate at low wavenumber. We have therefore
employed Raman spectroscopy to demonstrate the presence of Bi2O3.

In order to obtain Raman spectra, we increased the time of elec-
trolysis to 60 s in order to coat the substrate with a film of Bi/Bi2O3

nanowires and obtain a stronger signal-to-noise ratio as well as to re-
duce the contribution of the Raman spectrum from the underlying Si
substrate. Each spectrum shown in Fig. 5 Comprises 30 individual
spectra (100 for Fig. 5c) co-added and averaged and an integration
time of 0.1 s. Fig. 5 shows that there is a substantial luminescence
background, this is not observed for DNA alone, which does not ab-
sorb light at wavelengths longer than about 300 nm; the observation
of PL is therefore consistent with the presence of a semiconducting
metal oxide such as Bi2O3. Although the spectrum is complex and
not all the bands can be assigned, see Table 2, there are clear features
due to α-Bi2O3, notably the Bi\O stretch at 444 cm−1, which con-
firms the presence of the oxide [34–36]. We cannot rule out the pres-
ence of elemental bismuth on the basis of the Raman spectra because
Table 1
FTIR spectral assignments for bismuth oxide/DNA nanowires.

Wavenumber/cm−1 Assignment Reference

780 DNA
1056 Nitrate ν1. Close to and

overlaps with DNA backbone
and P\O symmetric str

[28,29]
[30–32]

1205 –

1356 Nitrate ν3 antisymmetric stretch [28,29]
1587 DNA bases [30,32]
1635 Nitrate 2ν2 overtone

(out-of-plane deformation),
also dT (C_O str)

[28,29]
[30–32]

3300 (broad) OHstr bound water/–OH
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it shows no bands >100 cm−1 and our Raman filters block light shifted
b200 cm−1 from the laser line. However the photoemission work
(see below) does show that the Bi is not present as the element.
Finally, the Raman spectra show the major bands for DNA, as perturbed
by boundmetal ions, at 789 cm−1 and 1587 cm−1 [37–39]. Bands due to
nitrate are also present, originating from the electrolyte.

In conclusion, the FTIR and Raman spectral data demonstrate the
presence of Bi2O3, DNA and nitrate. The DNA bands are substantially
perturbed in the manner expected upon interaction with a heavy
metal ion and indicate a strong Bi–DNA interaction rather than a sim-
ple mixture.

3.5. X-ray photoemission spectroscopy

Fig. 6 shows an X-ray photoemission spectrum of the Bi 4f electron
energy level of the Bi/Bi2O3 nanowires formed by templating on an
n-Si(111) electrode. The data is fitted with one doublet, 3 Lorentzian
singlets, experimental broadening and a Shirley background. The
main peak position of the doublet is found at 158.7 eV with doublet
separation of 5.24 eV. It has been reported that the Bi 4f 7/2 in Bi2O3

with doublet separation of 5.2 eV is placed at 158.62 eV [14] and
350 Broad. Band at 313 expected for α-Bi2O3 [34,35]
444 Bi\O str [34,35]
600 –

704 Nitrate ν4 [28,29]
726 –

789 DNA backbone stretch. [37–39]
870 –

890 –

930 Possible 2nd order Si band
1337 dA dG intensity decrease upon transition metal

binding
[37,38]

1407 Nitrate ν3 antisymmetric stretch [28,29]
1524 DNA band expected at 1490. Strongly suppressed

by transition metals.
[38]

1587 DNA bases [37–39]
1630 Bands in this region are an unresolved mixture of:

nitrate 2ν2 overtone (out-of-plane deformation),
also dT (C_O str) and water bending modes.

[29,34]
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Fig. 6. X-ray photoemission spectrum of the Bi 4f and Si 2s energy levels of the Bi/Bi2O3

nanowires on the silicon electrode of Fig. 3. The bold curve is the fit to the experimental
spectrumand the various components discussed in the text are shown as thinner grey lines.
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158. 7 eV [15]. The reported binding energy of Bi 4f 7/2 in pure Bi
metal is at 156.8 eV [16] which is ~1.9 eV lower than the observed
peaks in this work; this rules out the presence of pure Bi nanowires.

It is likely that upon reaction of bismuth ions in an electrolytic so-
lution with DNA, Bi nanowires are deposited on the slightly oxidised
Si substrate (as seen from AFM images, see Fig. 3). When the electro-
lytic solution is evaporated in air, it is thought that the Bi nanowires
reoxidise in air creating Bi2O3. Indeed, it has been observed that
pure metallic Bi wires of 65 nm diameter gradually oxidise when ex-
posed to air. Metallic Bi wires typically have an oxide layer ~1 nm
thick after 4 h exposure to air. After 48 h exposure, the thickness of
the oxide layer is ~4 nm [40]. High temperature hydrogen and am-
monia environments were found to reduce the oxide without damag-
ing the Bi metal after a sufficient amount of time, but the oxide was
found to reform in less than 1 min of exposure to air [7]. Since the
wires in our work are very thin (~5 nm), nearly complete oxidation
across the wires is to be expected; we therefore assign the peaks at
158.7 and 163.9 eV to the Bi 4f 7/2 and Bi 4f 5/2 levels of Bi2O3

respectively.
Singlet peaks were used to account for the presence of the Si 2s

peaks at 150.3 eV and 153.2 eV and the bulk plasmon loss at 167.3 eV
as a satellite of the main Si 2s line (at 150.3 eV). Measurements of
bulk plasmon dispersion in single crystal silicon at q=0 show a feature
at 16.6 eVwith awidth of 3.3 eV [41], this is close to themeasurements
in this work (the plasmon loss peak is 167.3 eV−150.3 eV=17 eV and
the width is ~3.6 eV) (Fig. 6). The observed peak at 153.2 eV is
likely to originate from SiOx or/and Bi and SiOx bonding (possibly
forming BiSiO3). For example it has been observed for CaSiO3 that
the binding energy is 153.3 eV, for (Mg/Fe)SiO3 it is 153.6 eV and
for (Mg/Fe)2SiO4 it is 153 eV [42].

4. Conclusion

DNA-templated growth of Bi/Bi2O3 nanowires was obtained by
electrochemical reduction of Bi(III) at an n-type Si electrode. The
morphological characteristics as well as the electronic structure of
the wires were determined by FTIR, Raman, AFM and XPS analysis;
Please cite this article as: M.G. Hale, et al., Thin Solid Films (2012), http
the dominant component of the material is Bi2O3. This method has
the potential to construct complex architectures.
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