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Abstract

This thesis describes the preparation and characterization of conductive nanowires. The
synthesis of the nanowires was achieved using a DNA-templating strategy. The
chemical identity of the nanowires was characterized using FTIR, XPS and XRD, while
the structural character, electronic properties and magnetic behavior were probed using
AFM, EFM and MFM, respectively.

The formation of Fes04 nanowires involved initial association of Fe?* and Fe** ions to
the DNA, and subsequent co-precipitation of the Fe3;O, material, upon addition of
NaOH. Chemical characterization confirmed the formation of Fe;O,4 within the product
material. AFM data revealed one-dimensional (1-D) nanostructures with diameters up to
30 nm, whilst EFM and MFM showed that the nanowire structures are electrically

conducting and exhibit magnetic behaviour.

The preparation of Fe and Rh nanowires, respectively, was achieved by DNA-
templating approach in conjunction with either chemical or electrochemical reduction.
Chemical characterization confirmed a metal/oxide core/shell structure. AFM data
showed 1-D nanostructures with granular character, and diameters up to 26 nm for Fe
and 31 and 23 nm for Rh, respectively. The structures were confirmed to be electrically
conducting and to display magnetic behaviour as indicated by EFM and MFM,
respectively.

Finally, DNA-templating of 2,6-diaminopurine-propyl-2,5 bis-dithenyl pyrrole and
thymine-propyl-pyrrole by chemical oxidation using FeCl; yielded supramolecular
polymers. FTIR and XPS studies confirmed the presence and interaction of the
component polymer chains. The DNA/CPs nanowires showed smooth and uniform
structures with diameters up to 25 and 35 nm, and they were found to be electrically
conducting. The attempted formation of larger structures based on the base pair
hydrogen bonding between the two types of nanowires was investigated by AFM
studies. However, reliable evidence for larger structures formation based on this specific

interaction was not found.
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1. Chapter 1: Introduction
1.1 Nanoscience and nanomaterials

The word “Nano” refers to one billionth (10 ) and it originates from the word Greek
“nanos” (or Latin “nanus”), meaning “Dwarf”.[1] Nanoscience is concerned with the
study of materials whose size is in the 1 — 100 nm range. Nanotechnology seeks to
manipulate, and exploit the properties of materials with structural features bridge the
gap between atoms and bulk materials, and have at least one dimension in this size
range.[2, 3] The field of nanoscience started in 1959 when Richard Feynman, later to be
awarded the Nobel Prize for Physics, gave his now popular talk entitled “there is plenty
of room at the bottom”. In that lecture, Feynman pointed out the challenges of
manipulating and controlling objects on the small scale. He estimated it should be
possible to shrink devices down to the atomic level and speculated about moving

individual atoms around.[1, 2]

In 1981, Binning and Rohrer developed scanning tunnelling microscopy (STM) with
which one can visualise atoms and molecules. The STM is the first instrument used to
accurately position atoms.[1] The physicist Don Eligler and Erhard Schweizer have
used STM technique to arranged 35 xenon (Xe) atoms on an nickel (Ni) surface as
“IBM” letters, see figure 1.1.[4]

Figure 1-1: Scanning tunnelling microscopy (STM) image of 35 Xe atoms on Ni (110) surface.
Grey scale is attributed to the slop of the surface. Each letter is 50 A from top to bottom.[4]

Nanometer-sized materials can display unique physical, chemical and magnetic

properties which may be distinctively different from those exhibited by bulk forms.

Appropriate control of the properties of nanostructures can lead to dramatic
1



technological progress, e.g. as in electronic devices.[5, 6] Alternatively, smaller
components can enable further miniaturization of electronic devices. The development
of nanotechnology is also driven by decreasing the size of devices in the semiconductor
industry and reinforced by the availability of new instruments for characterisation and
manipulation of nanostructured materials. The sustained shrinkage in the device sizes
has followed the Moore’s law.[6] This law predicted by Intel co-founder, Gordon E.
Moore, in his 1965 paper, and illustrated in figure 1.2. Gordon Moore predicted that the
size of a device shrinks by roughly half every 18 months and by 2020 the size of a

transistor will fall in the nanoscale range.[2, 6]
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Figure 1-2: A plot of the well-known Moore’s law.[6]

With the availability of new instruments for characterisation such small objects, as well
as the development of new methods for the preparation of nanomaterials, nanoscale
science and technology has become a large field and shown explosive growth during the

recent years.[2]

1.2 Size effects

As mentioned earlier, at the nanometere scale, materials can exhibit different properties
than the corresponding bulk form. For example, gold in the bulk is yellowish, shiny
metal, non-magnetic and melts at 1336 K. However, a nanometre sized pieces of this
noble metal is quite different as at 10 nm particles appear red, as well as its melting
temperature reducing markedly.[7] Surface effects and quantum effects represent the
main factors that make nanomaterials exhibit distinctive properties from the

corresponding bulk form. The former one is related to the fraction of atoms at the

2



surface and the latter one includes the appearance of new features in the electronic

structure.[7]

The surface-to-volume ratio increases with decreasing the size, and as a result numerous
properties can obey the same scaling law. For example, the melting temperature scales
with the inverse size as mentioned for gold.[7] It is found that the melting temperature
of a range of materials including metals, semiconductors and insulators decreases with
decreasing nanocrystal size. An example of such behaviour is represented by
experiments performed on cadmium sulphide (CdS), see figure 1.3. For CdS
nanocrystals with sufficient small size, depressions of over 50% in the melting

temperature were noticed.[8]
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Figure 1-3: Melting temperature of CdS nanocrystals as a function of its size.[8]

Quantum size effects also play an important role in determining the properties of
nanomaterials. For example, it is found that by adjusting their size, the fluorescence of
CdSe-CdS core-shell nanoparticles can be changed between blue and red for
nanoparticles with diameter 1.7 and 6 nm, respectively, see figure 1.4a.[7] Additionally,
the quantum confinement in small nanocrystals leads to change in the electronic
structure qualitatively which in turn give unique catalytic properties of these systems
distinctive from those of bulk metal.[9] An example of this is the absorption of carbon
monoxide by copper (Cu) nanoparticles. A bulk Cu surface desorbs CO at temperature

> 250 K, while Cu particles binds CO up to higher temperatures, see figure 1.4b. It is
3



clear from figure 1.4b that, on the surface of bulk Cu, the feature at 268 eV in the C(1s)
spectra has disappeared completely at around 250 K, though on the smaller Cu
coverage, this feature remains up to ~ 300 K, indicating a dramatic increase in the CO

desorption temperature.[9, 10]
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Figure 1-4: (a) Fluorescence of CdSe—CdS core—shell nanoparticles [7], and (b) Change in the
C(1s) spectra of CO adsorbed on cupper (Cu).[9, 10]

1.3 Classification of nanomaterials

The number of the nanoscale dimensions of a material plays an important factor in
determining their electrical, optical and magnetic properties, hence their potential uses.
In order to understand and appreciate the variety of nanomaterials, it is helpful to
categorise them.[11] The most typical way of classifying nanomaterials is to identify
them according to their dimensions. Nanomaterials can be classified as zero-
dimensional (0-D), one-dimensional (1-D), two-dimensional (2-D) and three-
dimensional (3-D) [11], see figure 1.5.

0-D 1-D 2D 3D

Nanoparticles Nanowires, nanotubes Nanofilms and Nanocrystalline and
“Quantum dots™ and nanorods nanolayers nanocomposite

Figure 1-5: Illustration showing classification of nanomaterials according to zero-dimension,
one-dimension, two-dimensions and three dimensions.

The first class (0-D) exhibits three-dimensional confinement and represents materials in
which all their dimensions are less than 100 nm. Nanoparticles are the most common

example of zero-dimensional nanomaterials.[5, 11] 1-D nanomaterials are systems

4



confined in two dimensions. Therefore, they have one dimension outside the nanoscale.
Examples of such nanomaterials include nanowires, nanotubes and nanorods.[5, 11] The
third class of nanomaterials which is confined in only one dimensions, are called 2-D
systems represents materials with two dimensions outside the nanoscale. These
nanomaterials show platelike shapes and include nanofilms and nanolayers.[5, 11]
Three-dimensional which also known as bulk materials are materials that do not have
any dimension at the nanoscale. However, these systems may have a nanocrystalline
structures or comprise of structures at the nanoscale, making them classified as a

nanomaterials, e.g. nanoparticle assembly.[11]

In general, nanomaterials have received much attention owing to their unique and
important properties. These properties make them attractive for use in a variety of
applications and much of modern science and technology relies on the ability for
generating nanosized objects. An example of the realization of new prospects by
fabrication of nanostructured materials is provided by microelectronics, where
miniaturization can improve their performance (e.g., saving energy and cost, and

increasing processing speed).[12]

Among the nanostructure materials, conducting one-dimensional (1D) nanostructures,
so-called nanowires, have become the focus of intensive studies as they are ideal
candidate for use as both interconnects and functional units in fabricating a variety of

nanodevices and have potential use in a range of nanotechnology applications.[12-16]

1.4 Nanowires

Nanowires represent the smallest structure for efficient transport of electrons and thus
are anticipated for use as critical components, such as interconnect, in nanoscale
devices.[14, 16] Nanowires are one-dimensional (1D) structures with two dimensions in
the 1 — 100 nm regime.[6, 12] Nanowires of metals and semiconductors possess unique
magnetic, electrical, optical, chemical, mechanical and thermoelectric properties which
typically differ from those associated with the corresponding bulk material, due to their
high aspect (length-to-width) ratio, large surface-to-volume ratio, diameter-dependent

bandgap and distinctive density of electronic states.[12, 13]

For instance, semiconductor and metallic nanowires have been demonstrated their
potential use in a range of nanoscale devices such as diode logic gates [17-19],

nanoscale transistor [20], field effect transistors.[19, 21] Additionally, magnetic
5



nanowires have also been proposed as important nanostructured material for recording
media applications.[13, 19] Nanowires are also ideal candidates for use in future sensor
technology, for the detection of trace amounts of biomolecules and chemicals.[19, 22,
23]

In recent years, nanowires have been used as building blocks in the construction of
nanodevices via so-called “bottom-up” methods. Semiconductor nanowires for
example, have already been demonstrated to be integrated in complex nanosystems to

create functioning devices.[24]

1.5 Preparation of nanowires

In comparison with 0-D and 2-D nanostructures, the preparation of 1-D nanostructures

with well-controlled dimensions, structure, high purity provides considerable challenges
and a variety of methods have been developed to address these challenges.[12] 1-D
nanostructures can be prepared using “top-down” or “bottom-up” nanofabrication
methods. The advanced top-down high-vacuum based techniques, e.g. X-ray, or
extreme-UV lithography, electron-beam (e-beam) or focused-ion beam (FIB) writing, is
concerned with the formation of a nanometer-sized materials through macroscale
manufacturing operations. However, this method is very costly, slow process, and
suffers low throughput.[6, 12]

By contrast, chemical, or bottom-up, approaches like template-based synthesis, is
concerned with the preparation of nanometre-sized structures and nanodevices through
the self-assembly of atoms and molecules.[25, 26] In this instance, the nanometer-
dimension units (atoms or molecules) self-assemble into larger structures through
physical and chemical interactions. This method offers an alternative and fascinating
approach for fabricating nanomaterials with 1-D form at low cost, high yield and varied

materials can be manipulated.[6, 12]

Among the bottom-up fabrication methods, template-directed synthesis is the most
common and straightforward route. Templates works as a support within, or around,
which various nanomaterials are formed with a morphology complementary to the
template.[12] Several template types have demonstrated their use in nanowire
fabrication including channels within a porous material and biological molecules, such
as DNA.



1.6 Template-directed synthesis

1.6.1 Channels in Porous materials

The use of channels in porous materials as a template in the fabrication of 1-D

nanostructures (figure 1.6) was pioneered by Martin and others.[12, 27-29]

nanowires
complete filling
e >
i l nanotubes

| _f‘i__'- : A incomplete filling

v

Figure 1-6: Schematic illustrations the formation of nanowires and nanotubes by filling or
partial filling the nanochannels of a membrane with the material of interest. [12, 27-29]

The most common porous membranes used in template-directed synthesis are track-
etched membranes and anodic-etched alumina films (AAO — anodic aluminium oxide).
For the former type, a 6-20 um thick polymer sheet is bombarded with nuclear fission
fragments to generate damage tracks in its surface. Chemical etching of the resulting
spots is then carried out to create a membrane with randomly distributed uniform and
cylindrical-shaped pores. The orientation of these pores may be as much as 34° from the
surface normal.[12, 27] On the other hand, electrochemical oxidation of aluminium
metal in an acidic medium is used to prepare porous alumina membranes with uniform
and parallel oriented pores which are arranged in hexagonal array in the membrane
surface. In comparison with the track-etch membrane, the porous alumina membranes
contain highly oriented pores with slight or no angle with respect to the surface normal
and high pore density.[12, 27]

The preparation of nanowires using the membrane-based synthesis method produces
1-D nanostructures of the target material complementary to the template, i.e.
cylindrical-shaped wires of uniform diameter. [27-29] This type of template-directed
synthesis can be used to prepare nanowires composed of metals and polymers.[12, 27-
29] The fabrication of nanowires inside the nanochannels of membranes can be

achieved through a range of methods such as electrochemical deposition, chemical



polymerisation, electroless deposition, chemical vapour deposition and sol-gel
deposition.[13, 27]

Metals with low melting temperature such as bismuth (Bi) can be injected directly into

AAO as a liquid and afterward solidified into highly crystalline nanowires.[12, 30]

Removal of the alumina template using a solution consists of of 3.5 vol % H3PO, and
45 g/L CrOs, is needed to extract the Bi nanowires (figure 1.7).[30]

100 ]
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Figure 1-7: (a) TEM image of the cross-section of 65 nm diameter Bi nanowire array (black
spots), and the white spots are empty pores. (b) TEM image of free-standing Bi nanowire with
diameter of 23 nm.[30]

Metal nanowires are examples that can be prepared through electrochemical reduction
of the metal ion located inside the pores of the membrane. Deposition of the desired
metal inside the pores of template membrane using the electrochemical reduction
approach can be accomplished by coating one face of the membrane with a metal sheet
and this metal film used as a cathode for electroplating, see figure 1.8.[27, 29, 31, 32]
With the use of this method, a variety of metals can be deposited within the pores of
membrane.[27, 29]

Metal ions in solution Elemental metal
Pore
Filling the membraneh Electrochemical
Metal with metal ions reduction
film

Figure 1-8: Schematic diagram of method used to prepare metal nanowires through
electrochemical reduction of metal ion inside the pore of membrane.



For example, gold nanowires were prepared by electrochemical deposition of metallic
Au inside the pores of AAO membrane.[32, 33] By varying the quantity of metal
deposited, the length of the produced Au nanowires can be controlled.

Membrane-based synthesis can also be used to prepare conductive polymer nanowires
such as, polypyrrole, polythiophene and polyaniline.[34-36] This can be accomplished
through oxidative polymerisation of the appropriate monomer inside the pores of
membrane.[29] The polymerisation can be achieved through either electrochemical
method [37] or with the use of a chemical oxidizing agent.[34, 35] The preparation of
conducting polymer nanowires using chemical polymerisation involves immersing the
membrane in a solution of the desired monomer and subsequently induce its
polymerisation.[27, 29] It is found that the polymer nucleates and grows favourably on
the walls of pores.[34, 35, 38, 39] This results in formation of tubules at short
polymerisation time which close up to form nanowires with increasing the

polymerisation period.

1.6.2 Templating using biological nanostructures

Several naturally occurring biological materials have been demonstrated to offer utility
as a part of strategies for the fabrication of new nanoscale materials.[40] In particular
biology has provided a range of material suitable for the use as templates in the
synthesis of 1-D nanostructures, with noticeable examples including peptides, viruses
and DNA.[40]

Nanowires of metals and inorganic semiconductor materials have previously been
prepared using rod-shaped viruses, such as the M13 bacteriophage and tobacco mosaic
viruses.[41] Cellulose nanocrystals (CNC) have also been used to synthesis chains of
metallic nanoparticles such as silver (Ag), gold (Au), copper (Cu), and platinum
(Pt).[40]

However, among biotemplates, deoxyribonucleic acid (DNA) has emerged as an ideal
template for directing the growth of a wide variety of materials into organised 1-D

nanostructures due to its chemical and structural features.[26, 42]



1.7 DNA structure and properties

DNA is a polymer of deoxyribonucleotides (figure 1.9a) and each nucleotide contains
monophosphate deoxyribose sugar attached with one of four nitrogenated nucleobases
at its C-1 carbon atom. These bases are adenine (A) and guanine (G) (purines), and
thymine (T) and cytosine (C) which are pyrimidines.[26, 43] The DNA “backbone” is
composed of deoxyribose sugars linked together by phosphate groups at the 5’ position
of the first sugar to the second molecule at the 3’ position. The negatively charged

phosphate groups of the DNA backbone make DNA stand polyanion.[43]
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Figure 1-9: (a) Chain of four nucleotides showing the structure of single-stranded DNA
molecule. (b) The double helix DNA molecule with diameter of 2 nm. (c) adenine-thymine base
pair (left) and guanine-cytosine base pair (right).

10



Hydrogen bonding between DNA bases holds two complementary single strands
together to form a double-stranded DNA (dsDNA) molecule (figure 1.9b). Adenine is
paired thymine with two hydrogen bonds, while guanine and cytosine are linked with
three hydrogen bonds (figure 1.9¢).[43] The hydrogen bonds and aromatic stacking

interactions increase the stability of the double helix DNA configuration.

DNA has many unique chemical and structural features that make it well suited as a
nanofabrication template. DNA molecules are high aspect ratio structures, being 2 nm in
diameter, but ranging from nanometre to micron length scale making it ideal candidate
for controlling material growth into 1-D form.[44, 45] Moreover, DNA has a inter base-
pair separation of 0.34 nm [46] and its length can be programed by controlling the
number of base pairs, which in turn offers the possibility to control the lengths of the
nanostructures that can be prepared.[42] More important, DNA has a wealth of chemical
functionalities that allow it to bind a range of materials. The anionic phosphodiester
backbone and the nucleobases of the nucleosides for example provide routes to seed the
DNA with other chemical species. The negatively charged backbone can bind cationic
species via electrostatic interactions, whilst the nucleobase groups are capable of
coordinating with metal cations. Such interactions are considered of principal

importance in the fabrication of DNA-templated nanomaterials.[42, 44]

1.8 Metal ion — DNA interactions

The basic components of nucleic acids comprise nitrogenous base, phosphate group and
a ribose sugar.[43] These components together are nucleotides and provide a variety of
sites for interactions with metal ions.[47] DNA bases, for example, bind metal ions
through coordinate bonds directly to their electron donor sites (e.g. ring nitrogen atoms).
Metal ion binding at the phosphate groups can also take place through inner-sphere
coordinate bonds directly to the oxygen atoms and/or via outer sphere non-covalent
binding, which involves electrostatic interactions and hydrogen bonds between a
coordinated ligand molecule and the oxygen atoms of phosphate groups. Selected metal
ions can also coordinate bonds with ribose oxygen atoms for ribose ring.[47, 48] For
instance, osmate esters can form across the C2' — C3' positions in ribose rings (figure
1.10a). This type of interaction is not very general and applies only to RNA.[47] Figure

1 illustrates modes of metal ion binding to sites on nucleic acid.[47]
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Figure 1-10: (a) An illustration of coordination to the DNA base, and sugar given by the
covalent binding of cis-(diammine)platinum to the N7 nitrogen atom of neighbouring guanine
residues, the formation of an osmate ester with ribose hydroxyl groups, and the primarily
electrostatic association between Mg(H,0)s** and the guanosine phosphate, respectively. (b) An
illustration of hydrogen bonding of coordinated ligands. Shown is a partial view of the crystal
structure of Z-form d(CG); with Co(NHs)s** hydrogen-bonded both to the guanine base (G10)
and phosphate backbone (P9).[47]

Common metal ion binding sites on nucleobases are represented diagrammatically in
figure 1.11. As illustrated in figure 1.11, the endocyclic nitrogen donors (N7 and N1)
represent the most common binding sites of the adenine (A) and guanine (G) bases.
Additionally, metal ion binding can also take place at O6 of guanine, though it is less
common. On the other hand, interactions with pyrimidines involve N3 position on

cytosine and thymine, after deprotonation, are also common.[47, 49, 50]
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Figure 1-11: The structure of nucleobases with the common metal ion binding sites.

The basic modes of DNA-metal ions interactions can mainly be divided into two types.
These are non-covalent interactions and coordinative bonding. The first type of
interaction involves electrostatic interaction between the negatively charged phosphate

groups and the positively charged metal ions, and ‘outer-sphere’ binding via hydrogen
12



bonds between a coordinated ligand molecule and a nucleobase and/or phosphate
groups.[48, 49] The second type of interaction between metal ions and nucleic acid is
coordinate inner sphere binding. This mode of interaction involves direct interaction
between a suitable, empty orbital of the metal ions (acceptor) and nucleophilic positions
on the bases (donor atoms), resulting in metal-nucleobase coordinate bond
formation.[48, 49] The following sections will outline some examples of interactions
between DNA and metal ions.

Alkali metals generally associate via outer sphere interactions with nucleic acids, and
these metals do not bind tightly to DNA. The interaction between metal ions and nucleic
acids, which are both hydrated, is accompanied with the release of water molecules.[50]
Hydrogen bonding between an oligonucleotide and cobalt hexaammine, [Co(NH3)e]*",
represents another example of outer sphere interactions. This interaction takes place
between the ammine hydrogens and both phosphate oxygen atoms and purine bases, see
figure 1.10b.[47]

An example of inner sphere binding between a metal ion and nucleic acid is the
interaction of cis-diammineplatinum centers, in the drug cis-Platin, with two
coordination sites available with DNA. This interaction yields an intrastrand crosslink
between neighbouring guanine bases on a strand through coordination of platinum
center to the N7 positions, see figure 1.10a.[47] Further example of inner sphere
binding is provided by the interaction of mercury (Hg®*) ions with DNA. It is found that
Hg?* ions can bring two opposite thymine bases together by substituting hydrogen
bonds of the duplex to form strong covalent T-Hg-T crosslinks.[49, 51] In this instant,
Hg?* ions were found to form three T-Hg-T base pairs in a small trimer duplex, see
figure 1.12.[51, 52]

It is previously reported that at low cation concentration, the interaction of DNA with
Fe?* species include binding of guanine N-7 and backbone PO, group of the DNA,
while Fe®* cations bind primarily to PO, group of the DNA backbone. At higher cation
concentration Fe?* cations bind to adenine N-7 and thymine O-2 of the DNA, whereas

Fe** cations bind to guanine N-7 atom and the backbone PO, group.[53]
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Figure 1-12: Schematic diagram showing formation of three T-Hg-T base pairs in a small
trimer duplex upon addition of Hg*" ions.[51]

1.9 DNA for nanoscience and technology

DNA has been shown to be a highly effective material for the design and synthesis of
nanoscale objects. This is due to its distinctive molecular recognition properties,
combined with the direct methods for modifying DNA.[54] Seeman et al.,[55] were first
fabricated complex structures based only on DNA by exploiting its molecular
recognition properties. They prepared branched junctions (figure 1.13) that work as

building blocks for more complex two- and three dimensional DNA structures.
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Figure 1-13: Schematic illustration showing (a) three-arm branched junction, and (b) four-arm
branched junction, with sticky ends (circled areas). [54]

These branched DNA building blocks can be used to prepare more complex 2-D and 3-
D DNA structures, by placing single-stranded “sticky ends” on their arms.[54] A DNA

quadrilateral unit was the first structure to be prepared using such method based on the
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assembly of four complementary three-arm branched junctions through the association
of sequence specific sticky ends, (figure 1.14). The edges of these structures are
comprised of double-stranded DNA, whereas the vertices are formed by the junctions.
As soon as these structures are formed, the “nicks” in the DNA within these structures

can be covalently linked using DNA ligase in order to provide a more rigid material.[54,

56]
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Figure 1-14: Schematic diagram showing the formation of a DNA quadrilateral structure.[54]

In principle, more complex DNA structures can be organized by adjusting the number
of “arms” in a given branched DNA structure. Nevertheless, the preparation of more
complex three-dimensional structures in solution suffers low yields.[54] In order to
address such challenge, Seeman developed a solid support methodology for preparing
DNA materials.[57] With the use of such a method, the yield problem was addressed
and the preparation of more complex structures became accessible. A DNA truncated
octahedron (figure 1.15a), with 2550 nucleotides is an example of complex structures
that constructed using a solid support methodology.[58] The DNA truncated octahedron
produced is more complex than the DNA cube (figure 1.15b) which comprises only 540

nucleotides and represents the most complex structures prepared in solution.

Figure 1-15: Early constructs constructed from DNA (a) A cube-like molecule, and (b) a DNA
truncated octahedron. [59]
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The cube and the truncated octahedron structures demonstrated that the building of
complex structures based on DNA can be accomplished making use of the molecular
recognition properties of DNA, combined by enzymatic ligation.[54]

DNA can also be used to organize metallic nanoparticles. Two-dimensional arrays
comprising multiple components each carrying a different cargo, have been used to
organize complex arrangements of metallic nanoparticles.[60] For this, 5 nm gold (Au)
nanoparticles were placed on the end of one of the propagation directions in one of the
three-dimensional-double crossover (3D-DX) motif, that used to organise the
nanoparticles. In the same place in the other 3D-DX, a 10 nm Au nanoparticles was
placed, see figure 1.16a. This results in the elimination of one propagation direction,
allowing 2-D arrays to be formed. Transmission electron microscopy image figure
1.16b displays the checkerboard pattern formed by the Au nanoparticles.[59, 60]
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Figure 1-16: (a) Two different three-dimensional-double crossover (3D-DX) motifs and
forming a checkerboard nanoparticle array. (b) A transmission electron microscopy image
showing a checkerboard array of gold nanoparticles.[59]

1.10 DNA as a template for nanomaterials synthesis

DNA has been used as a template to organize inorganic and organic building
blocks.[54] In this regard, the first effort to use DNA as a template to organize inorganic
building blocks was reported by Coffer and co-workers.[61] In this work, they used calf
thymus DNA as a template for forming cadmium sulfide (CdS) nanoparticles. The CdS
nanoparticles were prepared in two steps. The first is the mixing an aqueous solution of
calf thymus DNA with Cd** ions. In the second step, sodium sulfide (Na,S) was added
to the DNA/Cd®* complex solution. This results in the formation of CdS nanoparticles
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with an average particle size of 5.6 nm as confirmed by high-resolution transmission

electron microscopy (HRTEM).

Coffer and co-workers [62], also developed a method to form CdS nanoparticles with
well-defined structures. In this method, Cd** ions were mixed with a solution containing
circular plasmid DNA to form DNA/ Cd** complex. The resulting DNA/Cd®* complex
in the reaction solution were then bound to a polylysine-coated glass surface. The CdS
nanostructures were then formed by subsequent treatment of the DNA/Cd?* bound to
the modified glass surface with H,S, see figure 1.17. TEM studies indicated the

presence of 5 nm CdS nanoparticles along the DNA backbone.
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Figure 1-17: Cartoon representation of the preparation of DNA-templated CdS nanoparticles.

It has been demonstrated that DNA can be used as a template to organize nanoparticles
of CdS and this method offers great possibility for using DNA as a template to organize
the formation of organic/inorganic building blocks.[54]

1.10.1 Metals templated on DNA

The fabrication of DNA-templated metal nanowires relies upon a stepwise process
involving initial association of the desired metal ions with the DNA template molecules,
followed by their reduction to the zerovalent metal (figure 1.18). The seeding of DNA
with metal ions can be performed either by a solution based approach or upon surface-
immobilised DNA.[44] Metal ion binding at the polyanionic phosphodiester backbone
for example, can take place through the formation of electrostatic interactions involving
the hydrating water molecules around the metal ion or through inner-sphere coordinate

bonds directly to the DNA phosphate groups.
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Figure 1-18: Schematic illustration showing the reaction sequence for the fabrication of metal
nanowires using DNA as a template.
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Alternatively, interactions may also take place through coordination of the metal cations
to electron donor sites (e.g. ring nitrogen atoms) within the DNA bases.[48, 63] The
reduction of DNA-bound metal ions result in formation of nanoparticles of the metal
along the duplex DNA strand, which over time, leads to the formation of a continuous
coating around the DNA template to give the final metal nanowire.[44] This approach
has been used in directing the growth of a range different metals, including silver,

palladium, copper and nickel into organised 1-D nanostructures.[44]

The first example of the preparation DNA-templated metal nanowires using this two-
step process was reported by Braun et al., [18] describing the formation of silver (Ag)
nanowires. In this surface-based approach, A-DNA molecules were first immobilized
between two gold electrodes. The DNA was subsequently treated with a basic aqueous
solution of AgNO3 in order to dope the template with Ag™ ions. The DNA-bound Ag*
ions were then chemically reduced using a basic solution of hydroquinone to form
metallic nanoparticles of silver (Ag®) along the DNA. The resulting DNA-templated
AgP structure was further treated with an acidic solution of Ag* and hydroquinone. This
results in continuous Ag’ structure around the DNA template because the Ag’
aggregates on the DNA act as a catalytic sites for the deposition of further Ag® around
the templates. Atomic force microscopy (AFM) images of the resulting DNA/Ag°
nanowires revealed them to exhibit a granular morphology with diameters ranging from
30 to 50 nm (figure 1.19). The electrical characterisation of the silver nanowires using
i-V measurements indicated that these are electrically conducting.
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Figure 1-19: AFM image of a silver nanowire with granular structure.[18]

Richter et al., [64] have also used two-step procedures for the preparation of palladium
(Pd) nanowires. Here, .-DNA was doped with Pd** by mixing with a palladium acetate
solution. This was followed by introducing a reduction bath comprising of sodium
citrate, lactic acid, and dimethylamine borane to the DNA/Pd?* in reaction solution.
This results in formation of clusters of metallic Pd° on the DNA templates.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
studies showed that Pd® clusters, with diameter of 3-5 nm, grow along the DNA
templates within a few seconds of reduction commencing. However, DNA was coated
with quasi-continuous palladium (20 nm in size), after 1 minute reduction time. This
indicates that the deposition of Pd® on the DNA template taking place through
‘nucleation and growth’ mechanism[18], in which the Pd® clusters which deposited on
the DNA at shorter reduction time act as a catalytic sites for deposition of further Pd°

metal.

DNA-templating strategies have also been used for the fabrication of copper (Cu)
nanowires. The earliest example of DNA-templated Cu nanowires was reported by
Woolley et al., [65] whereby Cu nanostructures were prepared through association of
Cu?* ions with surface-immobilized DNA, followed by their reduction to the zerovalent
Cu. For the formation of DNA/Cu?*, DNA modified silicon substrate was treated with
aqueous solution of Cu(NOs3),, and the reduction process was achieved by subsequent
addition of ascorbic acid to the reaction solution. AFM studies of the resulting DNA/Cu
nanostructures showed irregular coverage of the DNA by the Cu (figure 1.20a) after a
single doping/reduction treatment. However, upon repeating the doping and reduction
procedures, DNA-templated metal nanowires with more complete coating were able to

be produced, see figure 1.20b. In order to improve the deposition of Cu at the DNA
19



template, a refinement of this method was carried out using dimethylsulfoxide (DMSO)
as a solvent. This method results in granular structure with more extensive deposition of
Cu along the DNA template. However, although structural characterisation was carried
out, there were no electrical studies performed and so the Cu structures could not be

confirmed as nanowires.

Figure 1-20: AFM images of DNA-templated Cu nanowires after once doping/reduction
treatments (a), and after two times Cu(NOs),/ascorbic acid treatments (b), scale bare = 1 ym in
both images.[65]

As Cu wires are of particular interest with a view to applications as future interconnects,
there has been an increasing interest in the fabrication of Cu nanowires using DNA as a
template. Recently, Watson et al.,[66] have used similar method to that reported by
Woolley [65] for the formation of Cu nanowires. In this work, AFM studies of the
prepared Cu nanostructures (figure 1.21) indicated that, these nanostructures have a
“beads-on-string” morphology and scanned conductance microscopy (SCM) studies
demonstrated the structures to be high resistivity. This was proposed to be due to “bead-
on-a-string” appearance and size of Cu’ nanoparticles, which leads to scatter of

electrons at the interface between the nanoparticles and at the structure surfaces.

Figure 1-21: AFM image showing “beads-on-a-string” morphology of the Cu nanostructures.
The arrows represent a small amount of Cu® deposited on the A-DNA molecule, (scale bare =
200 nm).[66]
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1.10.2 Inorganic semiconductors templated on DNA

The ability of DNA molecules to bind metal ions has allowed opportunities to fabricate
a range of compound semiconductors as 1-D structures. The method is also a stepwise
in which DNA is first doped with a metal ion component of the desired binary material.
The DNA-bound metal ions are subsequently treated with an appropriate anion in order
to allow the desired compound to nucleate and develop at the DNA template (figure
1.22). Cadmium sulfide (CdS) [61, 67], lead sulfide (PbS) [68], and copper sulfide

(CuS) [69] represent some examples of binary materials that have been prepared on

DNA.
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Figure 1-22: Schematic illustration showing general procedure for the formation of compound
semiconductors along the DNA molecule.[42]

Coffer et al., [61] first reported the growth of compound semiconductors on DNA,
demonstrating the ability of DNA to stabilise CdS nanocrystalls. For the formation of
DNA/CdS nanostructures, calf thymus DNA was first mixed with cadmium perchlorate
Cd(CIO,), in order to dope the DNA with Cd®* ions. Sodium sulfide (Na,S) was
subsequently added to the reaction mixture to form CdS material directly upon the
DNA. High-resolution TEM studies of the product materials displayed zinc blende

lattice structure with an average diameter of 5.6 nm.

Recently Dong et al., [67] reported that the synthesis of CdS as either 1D nanoparticles
arrays or as continuous nanowires can be accomplished through regulation of the
reaction conditions. In their work, templating reactions were performed upon both
surface-immobilised DNA and DNA in solution. In both cases the templating reactions
were achieved by an initial incubation of the A-DNA with Cd(NO3), followed by
treatment with Na,S solution. AFM studies of the DNA/CdS material prepared using
surface-immobilised method indicated that nanoparticles are formed on the DNA
21



template, producing a beads-on-a-string morphology, see figure 1.23a. The particles are
highly mono-disperse with diameters in the range 11.3-16.7 nm. On the other hand, the
templating reactions carried out in solution produced wire-like DNA/CdS structures
with little variation in diameter along the length, with the nanowires typically ranging
from 11 — 15 nm in size, see figure 23b. The resulting nanowires were subsequently
integrated into a two-terminal device (figure 1.23c) to study their electrical behaviour
confirmed the structures to be electrically conducting.

Figure 1-23: AFM image of the DNA/CAS prepared using surface-immobilised method
showing a “beads-0on-a-string” morphology, white arrow referred to monodispersed particles of
the CdS at A-DNA template. Height scale = 5 nm and scale bar is 25 nm. (b) AFM image of
DNA/CdS nanowires prepared in solution, height scale = 3 nm and scale bar is 500 nm. (c)
SEM images of DNA/CdS nanowire bridges two gold electrodes. [67]

A number of other compound semiconductors have also template on DNA using this
two-step method. For example, Sargent and co-workers reported the preparation of
DNA/PDbS nanostructures.[68] In this work, calf thymus DNA was exposed to sequential
treatment with Pb(NO3), and Na,S at temperatures ranging from 20-100 °C. These
procedures result in formation of efficient infrared photoluminescent PbS nanoparticles
directly on the DNA templates.

Copper sulphide has also been subjected to study during the development of DNA-
templating strategies. In this instance, templating reactions were performed both via
surface-immobilised and solution-based approaches, involving initial incubation of A-
DNA with CuCl, as source of Cu?*, followed by addition of Na,S to form CusS directly
on the DNA. AFM studies of the material prepared using solution-based approach
showed chains of nanostructures, comprised of the DNA templates densely covered
with CusS nanoparticles. The surface-immobilised approach produced CuS nanoparticles
with diameters up to 10 nm which are larger than those produced by the solution-based
approach. [69]
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1.10.3 Organic conducting polymers templated on DNA

The templating of conducting polymers (CPs) such as polyaniline (PA), polypyrrole
(PPy) and polyindole (PIn) on DNA strands depends on non-covalent interactions
between the DNA and the growing CP chains. A simple view of this process is that the
conducting polymer, formed as cationic oligomers, binds to the polyanionic biopolymer
through a combination of supramolecular interactions, e.g. electrostatics and additional
non-covalent bonding, which influences the growth/binding of further polymer along
the DNA template. The resulting DNA-templated polymer nanowires comprise of both
anionic duplex DNA and cationic synthetic conductive polymer strands.[16, 42, 44]
Figure 1.24 displays schematic illustration showing the general procedure for the
formation of conducting polymers on DNA. The DNA-templating strategy has been
successfully demonstrated for fabrication a variety of different conducting polymer
nanowires such as polyaniline (PA) [70], polypyrrole (PPy) [71, 72], polyindole (PIn)
[73] and poly2,5-(bis-2-thienyl)-pyrrole (TPT).[16]
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Figure 1-24: Schematic illustration showing general procedure for the formation of conducting
polymers at a DNA template. [42]

y__
Extended

interaction 1
:,-“ polymerisation

PEes, with DNA

He and co-workers first reported on the formation of DNA/PA nanowires using DNA
molecules immobilised on Si/SiO,.[70] Here, the substrate surface was first treated with
(aminopropyl)triethoxysilane to provide a cationic surface for immobilising the A-DNA
template molecules upon. This was followed by treatment of the DNA-modified surface
with an acidic solution of aniline to combine and organize the monomers at the DNA
templates. The polymerisation was then induced enzymatically by adding horseradish
peroxidase and H,0,, to form the DNA/PA nanowires. AFM studies confirmed the
presence of material upon the DNA as evident from increase the height structure after

the polymerisation procedure. The reaction was also demonstrated to be pH dependent.
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For example at pH 5.0 nanoparticles of PA were deposited along the template producing
a beads-on-a-string morphology (figure 1.25a), whereas at lower pH (3.2), structures
with incomplete polymer coverage of the DNA were observed, see figure 1.25b. The
best growth of the prepared DNA/PA nanowires were obtained when the polymerisation

was carried out at pH 4.0, see figure 1.25c.

Figure 1-25: AFM images of stretched A-DNA immobilised on Si substrate after polymerisation
at different pH. (a) Polymerisation in pH = 5.0 solution producing PA nanoparticles along the
template. (b) Polymerisation in pH = 3.2 solution produced DNA/PA structure with incomplete
coverage. (c) Polymerisation in pH = 4.0 solution produced the best structure.[70]

DNA-directed synthesis was also used for the fabrication of DNA/PPy nanowires
through oxidation of pyrrole in DNA-containing solution or at surface-immobilised
DNA, using FeCl; as an oxidizing agent.[71] Although both of these procedures result
in preferential growth of the conducting PPy along DNA templates, variation in the
structure of the resulting DNA-templated PPy nanostructures was observed for
templating these materials at surface-immobilised DNA or in solution. AFM studies
indicated that the former method produced a bead-on-a-string morphology (figure
1.26a), whereas material isolated from reaction solution showed smooth and continuous
DNA-templated PPy nanowires, see figure 1.26b. The DNA/PPy nanowires prepared in
solution were aligned between two gold electrodes using molecular combing for
fabricating two-terminal electrical devices which confirmed these nanowires to be
electrically conducting.

Pruneanu et al., [72] have also used aqueous preparations similar to that previously
described [71] for the fabrication of DNA/PPy nanowires. Here, the authors
demonstrated that over longer incubation time PPy nanowires prepared using DNA as a
template undergoes a self-assembly process to produce rope-like structures (figure
1.26¢). AFM studies indicated that these nanoropes are formed by twisting individual

nanowires around each other. This was evident from the frayed ends of the structure

24



where individual nanowires were observable. The electrical properties of the resulting
DNA/PPy nanoropes were characterised using a combination of electric force
microscopy, conductive AFM and two-terminal device, confirming that these nanoropes

are conducting.

Figure 1-26: AFM image of DNA/PPy nanostructures prepared via polymerisation of pyrrole at
surface-immobilised DNA, scale bare is 200 nm and height scale = 4 nm. (b) AFM image
showing DNA/PPy nanowires isolated from the reaction solution (black arrow) and bare DNA
strands (white arrow). Scale bare = 1 um and height scale = 4 nm.[71] (c) AFM image of DNA-
templated PPy nanoropes aligned upon SiO,/Si after 48 hours reaction time, scale bare is 500
nm and height scale = 8 nm.[72]

Recently, DNA-templated PIn nanowires have also been prepared in solution by
chemical polymerisation of indole using FeCl; as the oxidizing agent.[73] The resulting
DNA/PIn nanowires are found to be photoluminescent, conductive and showed smooth

and uniform structures with diameters in the range of 5-30 nm.

More recently, Watson et al., [16] have reported on the formation of supermolecular
polymer nanowires via using DNA-templating of 2,5-(bis-2-thienyl)-pyrrole (TPT). In
this work, the polymerisation was initiated through the addition of aqueous solution of
FeCl; into a mixed aqueous/organic solvent containing DNA and TPT. FTIR studies
indicated that the resulting material is a supramolecular polymer formed via intimate
interactions between the DNA template and polyTPT stands. AFM studies of the
produced DNA/polyTPT material showed individual nanowires to exhibit smooth and
uniform morphologies. These nanowires were judged by a combination of electrostatic
force microscopy, conductive AFM and two-terminal device to be electrically

conducting.
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1.11 Aims and Objectives

This project aims to explore synthetic routes to the growth of metals, inorganic
semiconductors and polymers at DNA templates. An example of a semiconductor is
iron oxide. The initial focus for this project will be to explore synthetic routes to the
growth Fe;O, material at DNA. Such materials have potential use in electronic and

magnetic-based devices as well as etch resists in nanoscale pattern formation.

The project is also dedicated to the fabrication of metal-based structures which have not
previously been explored as a part of DNA-templating fabrication strategies, such as
iron and rhodium. The fabrication of 1-D zerovalent Fe or Rh nanostructures was
attempted by chemical and an electrochemical-based, DNA-templating approach. The
use of DNA-directed synthesis in conjunction with electrochemical reduction is
believed to be the first example of electrochemical growth of an electrically conductive,

inorganic material at a DNA template.

Finally, the preparation of supramolecular polymer nanowires via DNA-templating of
2,6-diaminopurine-propyl-2,5-bis-dithenyl pyrrole (DAP-prop-TPT) and thymine-
propyl-pyrrole (T-prop-Py) was also explored. These nanowires are expected to interact
with each other by means of complementary hydrogen bonding between diaminopurine
and thymine substituent groups. This will be explored by AFM studies of mixtures of
these individual conducting polymer nanowires in order to investigate changes in

morphology upon mixing.

Throughout this project, a range of techniques was used in order to characterize the
prepared nanowires, including FTIR and XPS spectroscopy and XRD to confirm the
chemical identity of product materials. Additionally, scanning probe microscopy
techniques such as atomic force microscopy (AFM), electrostatic force microscopy
(EFM), conductive AFM (c-AFM) and magnetic force microscopy (MFM) was used to
investigate the structural character, electronic properties and magnetic behavior of the

prepared nanowires, respectively.
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2. Chapter 2: Analysis Techniques

This chapter describes the main techniques used for characterisation of the DNA-
templated nanowires prepared in this project. A series of spectroscopic techniques
including Fourier transform infrared (FTIR), and X-ray photoelectron (XPS)
spectroscopy, and X-ray diffraction (XRD) have been used in order to establish the
chemical composition of the fabricated nanowires. In order to probe structural and
physical properties of the nanowires, a range of scanning probe microscopy (SPM)
techniques have been in employed. Atomic force microscopy (AFM) has been used to
investigate the size and morphology of the nanowires, whilst electrostatic force
microscopy (EFM) and conductive AFM (c-AFM) were employed to study their
electrical properties. Magnetic force microscopy (MFM) has also been used in order to
probe the magnetic behaviour of the nanowires. The details of these techniques will be

discussed in the following sections.

2.1 X-ray Photoelectron Spectroscopy (XPS) [74-76]

X-ray photoelectron spectroscopy (XPS), also sometimes referred to as electron
spectroscopy for chemical analysis (ESCA) is a surface analysis technique, used to
characterise the chemical composition and electronic state of the elements, which is
sensitive to a sample surface (usually < 10 nm). This technique is based upon the
process of photoemission. In the XPS experiment, the sample is first placed under
ultrahigh vacuum environment and then irradiated with X-rays. The X-rays hitting the
sample cause a core electron (photoelectron) to be emitted from the atom due to energy
transfer from incident photon to the core electron, (figure 2.1). XPS spectra are then
recorded by measuring the number of emitted electrons and their kinetic energy.

X-ray photon (/v) Photoemission of an 1s electron

Figure 2-1: Schematic illustration showing the basis of XPS. The energy of X-ray photon is
absorbed by a core-level electron, resulting in photoemission process.
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The kinetic energy of the ejected electron is described by equation (2.1):[76]
Ek: hV—Eb—(b ...................................................................................................................... 2.1

where, Ei is the kinetic energy of emitted electron that is measured in the XPS
spectrometer, hv is the energy of the X-ray source, E, refers to the binding energy of
the electron, and ¢ is the work function of the spectrometer. As the photon energy and
work function are known, this can then give the binding energy which is characteristic

of photoelectrons from specific elements in particular states.

It should be noted that the photoemission takes place only when the energy of the
excitation photon is higher than or equal to binding energy characteristic of each
element. The energy of the X-ray photon is usually sufficient to emit electrons from
core energy levels of the target atom. The core electrons are the electrons closer to the
nucleus and have binding energies characteristic of their particular elements. Therefore,
the binding energy of core electrons can be used as finger print of the constituent atoms

of the sample under investigation.

The XPS spectrum is a plot of the intensity of emitted electrons versus the binding
energy of these electrons. The energy of the emitted electrons depends on atomic and
molecular environment from which they originated and the concentration of the
emitting atoms in the sample determines the peak’s intensity. A XPS spectrum shows a
series of peaks at particular binding energy values which can be related to the
photoemission from specific energy levels of specific elements. For instance, XPS
survey spectra of DNA/polyTPT nanowires (figure 2.2) indicated the presence of all of

the elements in the sample material.[16]
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Figure 2-2: XPS survey spectrum of DNA/polyTPT nanowires.[16]
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Additionally, the peaks are labelled based on the energy level from which they
originated. As it is seen from figure 2.2, peaks are seen due to emission from the Ols,
N1s, C1s, Cl2p, S2p, and P2p levels.

Moreover, the energy of the emitted electrons depends on the chemical state of atoms.
For example, the presence of a particular element in different chemical state (e.g.
oxidation state), its binding energy will be different. Core level XPS spectra of Rh3d
region of rhodium nanoparticles (figure 2.3) for example; displays two doublets peaks
(Rh3ds, and Rh3dsp,) at different binding energies, indicating that the product material
contains rhodium in two different chemical states. In figure 2.3, the dominant doublet
peaks with lower binding was assigned to metal Rh(0), while the minor doublet peak is
found at higher binding energy and is indicative of the presence of rhodium oxide

Rh,0s3 in the sample material .[77]
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Figure 2-3: Core level XPS spectra of Rh3d region of rhodium nanoparticles.[77]

Figure 2.4 shows the basic components of an XPS spectrometer. These are an X-ray
source, sample introduction chamber, lens, energy analyser and a detector mounted in
an ultra-high vacuum (UHV). Magnesium (Mg) and aluminium (Al) represent two types
of materials that are used as X-ray source. These materials produce X-rays of high
energy and narrow linewidth when they are bombarded with high energy electrons. The
Mg Ka has energy of 1253.6 eV and a linewidth of 0.7 eV, whereas the line energy of
Al Ka is 1486.6 eV and its linewidth is 0.85 eV. In the XPS, sample is radiated with
photons of a single energy. This results in emitting electrons from the sample and the

emitted electrons are collected by a lens system which in turn directs them into an
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energy analyzer where they are resolved by energy. The electrons are then collected and

recorded by an electron detector.

In this thesis, all XPS were carried out using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer (Thermo Electron Corp., East Grinstead, UK), equipped
with an Al Ko X-ray source (1486.6 eV) with a variable spot size of 30—-400 um. A
take-off angle of 90° was used during data acquisition, and a charge neutralisation gun
used to compensate for surface charging. All spectra were referenced to hydrocarbon
Cls peak at 285.0 eV. Survey spectra were acquired using a pass energy of 150 eV,
whilst high resolution region spectra were acquired using a pass energy of 50 eV. Data

analysis was carried out using CasaXPS software (Casa Software Ltd.).

Electron energy

analyser ~

Electron detector

*z/

Data recorder

X-ray source

UHV
chamber

Pumps

Figure 2-4: Schematic diagram of the major components of an XPS instrument.

2.2 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM)
techniques, developed in 1986 by Gerd Binnig and Heinrich.[78] AFM is a powerful
tool for visualizing structures with very-high resolutions, approaching the atomic scale.
It is classically used for mapping surface topographies.[79] Moreover, conducting
atomic force microscopy (c-AFM) can be used to probe quantitatively the electric
conductivity of the nanostructures.[73]

30



The general description of the AFM process, is to use a sharpened tip (typically <5 pm
long and often < 15 nm in diameter) mounted at one end of cantilever upon which a
laser beam is focused, to track over the sample surface features. A three-dimensional
image of the sample surface can then be obtained by monitoring the motion of the probe
in the X, Y, and Z directions. The movement of the tip is achieved using piezeoelectric
materials in the scanner. These control movement in the X, y, and z directions are

achieved by an appropriately applied bias to the piezeoelectric materials.

The main components of atomic force microscope are illustrated in figure 2.5. These
include piezo-scanners which are commonly constructed of piezoelectric materials, such
as amorphous PdBaTiOs. It includes also a laser with a set of mirrors, four-segment
photodiode to amount the deflection of the cantilever, feedback loop which controls the

z-sample place and electronics for a management of scanning procedures and data

acquisition.
Controller
Feedback
electronics
Adjusted
Laser i
mirror 4
source A j
Laser 4 Four-segment
. photodiode
Cantilever
Computer
Data output

Figure 2-5: Schematic diagram of the major components of atomic force microscopy (AFM).

The tip deflection caused by the sample surface features are monitored through a laser

reflecting of the cantilever onto photodiode arrays. The position of the laser on the
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photodetector can be used to determine the vertical movement, and deflection of the tip
can be interpreted as the surface features. There is also a feedback mechanism to that
the height of the tip is adjusted appropriately when the tip is deflected by surface

features, in order to keep force of tip on sample constant.

The AFM can be operated in contact mode and tapping, or intermittent contact mode. In
contact mode, silicon nitride tips are commonly used. In this mode of operation, the
AFM probe remains in close contact with the sample as the scanning proceeds (figure
2.6a). The probe-sample interaction in contact mode is dominated by repulsive forces.
This causes a deflection of the AFM tip, and such deflection is used as a feedback
signal. It should be noted that contact mode AFM imaging can cause damage to many
soft samples such as organic and biological materials, due to high forces exerted by the
tip on the samples. Therefore, cantilevers with low spring constant are required for
gentle profiling of soft surfaces. On the other hand, in tapping mode operation the tip
does not remain in contact the sample surface, but instead it oscillates near the sample
surface, (figure 2.6b). In this mode of operation, attractive (mainly due to van der
Waal’s interaction) forces dominate the inter-atomic force between the cantilever and
sample.[79] The tapping mode AFM was used predominantly in this work, in order to

elucidate information regarding the size and structural character of the nanowires.

Figure 2-6: Schematic diagram showing (a) contact mode and (b) tapping mode operation of
AFM techniques.

The tapping mode is used to map the sample topography by oscillating the probe close
to its resonance frequency, mechanically driven by a piezo crystal located in the AFM
tip holder (figure 2.7). The oscillating tip movement and its interaction with the sample

surface are monitored again by monitoring the position of the laser deflected off the
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cantilever onto the photodetector. As the probe encounters surface features, changes in
the oscillation amplitude are used to identify and map surface features. In an analogous
fashion to maintain a constant vertical force in contact mode, a feedback system
maintains constant amplitude, also keeping a constant tip-sample distance. Therefore, in
this mode of operation an image can be produced by monitoring the force between the
tip and sample surface at the discontinuous contacts. In this mode, shear forces are
almost eliminated and the intermittent tip-sample contact takes place at a high frequency
that also limits material (both sample and tip) damage. Additionally, tapping mode

operation is gentler than the contact mode and therefore it is useful for soft surfaces.

Mirror electronic signal generated

Laser on photodetector
source
b
- e

Photodiode
AFM
probe Piezo
.
Sample. I

Figure 2-7: Schematic diagram showing tapping mode operation of AFM.

In this work, topographical AFM data was acquired using both a Multimode Nanoscope
I1la and a Dimension Nanoscope V system (Veeco Instruments Inc., Metrology Group,
Santa Barbara, CA, USA) in TappingMode™ operation. Etched Si AFM probes (TESP
model, n-doped Si cantilevers, f, = 230-280 kHz, spring constant = 20-80 N m™, Veeco
Instruments Inc., Metrology Group) were employed during TappingMode™ operation.
Data acquisition was carried out using Nanoscope version 5.12b36 and version 7.00b19
software (Veeco Instruments Inc., Digital Instruments) on the Multimode Nanoscope
Illa and Nanoscope Dimension V AFM systems, respectively. To reduce vibrational
noise an isolation table/acoustic enclosure was used (Veeco Inc.,Metrology Group).
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2.3 Conductive atomic force microscopy

Conductive AFM (c-AFM) is a contact-mode AFM method. It is typically used to
characterise differences in conductivity across the sample surface. This technique can
deliver simultaneous topographic and current distribution information of the

nanostructures under study.[16, 44, 73]

The basic principle of c-AFM is that electrical contact is made to the sample, then the
AFM probe acts as the second electrical contact. As the tip scans over the sample,
topographical data was collected in contact mode operation, and AFM current image is
simultaneously generated by applying a dc bias between a metallised, conductive AFM
tip and the sample.[16, 44, 73] The current map can then be used to investigate the
electrical conductivity, in which conducting nanowires show bright contrast relative to

the background which indicates current flow through the nanowires.[16]

In this work, c-AFM is used to measure the conductance and estimate the nanowires
conductivity. For c-AFM measurements, an experimental set-up (figure 2.8) was
devised which allows the two electrical contacts to be made to the nanowire under

investigation in a relatively straight forward manner.[16, 44, 73]

conductive /

AFM probe
dense nanowire

Galln
eutectic

mple Chuck

Figure 2-8: Schematic diagram showing c-AFM set-up used to measure the conductivity of
nanowires located at the edge of a dense network of the nanowires deposited upon the substrate
surface.[16]

34



This was achieved through drop-casting a sample of nanowires from solution onto the
edge of a TMS-modified silicon substrate with dielectric layer of SiO, and allowing it to
stand at room temperature for ~1 min. Subsequent withdrawal of part of the solution
sample (approximately 3 pum) result in a dense network of nanowires on the surface
with individual wires protruding out from the periphery of the network. The network
acts effectively, as one electrode and electrical contact is made from this network to the
sample chuck using Ga/ln eutectic. As normal with c-AFM the other contact was

provided by the metallic tip of the AFM which was located on the selected nanowire.

It should be considered that the mechanical contact between the tip and nanowire
surfaces can cut thin nanowire during the c-AFM measurements. This provides
challenges for the use of such techniques in characterising the nanowires conductivity.
It is therefore, important to decrease the contact force of the tip on the nanowire under

study by decreasing set-point.

After completing the image scan, the closed loop system of the Nanoscope V allows for
the AFM tip to be brought into contact with the nanowire at specific points along the
nanowire length and i-V measurements were recorded at each single point. The
conductance can be estimated from the slope of i-V curve around zero bias for each

measurement recorded.[73]

In this thesis, all c-AFM 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™, 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™. Ga/ln eutectic was used to make an electrical contact

between the nanowires and the sample chuck.

2.4 Scanned conductance microscopy (SCM)

SCM is a variant of electric force microscopy (EFM) which provides a procedurally
simple, non-contact means of qualitatively evaluating electronic properties of
nanostructures.[80-82] The basic principle of the technique involves probing electronic
properties by monitoring the response of a vibrating tip to the influence of electric fields
originating from the sample, typically induced by applying an independently applied

bias to the sample. This technique has been called scanned conductance microscopy
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because conductive objects on a dielectric film modify the capacitance between the tip

and the substrate in a manner distinct from that due to polarisable insulators.[80-82]

SCM measurements are conducted using a ‘two-pass’ method, where the first pass is
carried out in TappingMode™ AFM operation in order to collect topographical
information. For the second pass, the probe is lifted, and maintained at a constant height
above the sample (typically 40-100 nm), where the dominant tip-sample interactions
arise from the long-range electrostatic force (figure 2.9). During the second pass, a
direct current (dc) bias is simultaneously applied to the sample to generate an electric
field. Changes in the phase angle occur as a result of an effective change in the AFM
probes cantilever spring constant due to the influence of the electrostatic field gradient
upon the oscillating probe. It is known that the phase signal associated with the
nanowires provides a direct indication of the structure’s electronic properties, with
respect to whether they are electrically conducting (dark/negative contrast) or insulating
(bright/positive contrast).[72, 80, 81] Further detailed mathematical treatment of the
EFM/SCM theory is well-documented.[81]
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Figure 2-9: Schematic diagram showing the use of the two pass method of scanned
conductance microscopy for characterising the electrical conductivity of nanowires supporting
on a dielectric film such as SiO,.[44]

The phase shift is proportional to the second derivative of probe/surface capacitance
with respect to the probe—sample separation, where the capacitance is described as the

series combination of the probe/nanowire and probe/surface capacitances.[72, 80, 81,
36



83] The phase shift, Ag, for an insulating object may be estimated using a model
geometry in which the nanowire is represented by the area of a thin dielectric strip
directly under the tip, itself modelled as a disc of radius, Ryp:[81]
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....................................... 2.2
In equation 2.2, Q is the quality factor, k the cantilever spring constant, t refers to the
oxide thickness and d is the diameter of nanowire. The first term of equation 2.2 is
originated from the tip/substrate capacitance and the second term derived from
tip/nanowire/substrate capacitance. It is clear from equation 2.2 that the phase shift can
only be positive for insulating 1-D nanostructures, resulting polarisation of the nanowire
region directly under the tip. For this reason, the first term in equation 2.2 is bigger than
the second term and the sign of phase shift is positive. On the other hand, if the
nanowire is conducting, the charge stored on the nanowire/substrate is able to spread
along the whole length (L) of the nanowire. Therefore, the second term of the equation
becomes significantly larger, because the nanowire length (L) is used to determine the
capacitance instead of Ryp, resulting in a negative phase shift. Equation 2.2 also exhibits
a parabolic dependence of the tangent of the phase shift on the applied dc voltage. This
contrasts with the linear dependence of the phase shift on potential that arises from the
electrostatic force caused by trapped charges: the different dependences on applied
voltage has been used before to distinguish the effects of static charge and conductance
in EFM.[83-85]

In this work EFM was used to demonstrate qualitatively the conductive nature of the
nanowires. The resulting data provided is a phase image, where the phase shift
associated with the nanowire gives a straight forward means of indicating for the

structure is conducting or not.

2.5 Magnetic force microscopy

Magnetic force microscopy (MFM) [86, 87] is an appropriate tool for detecting
magnetic fields arising from magnetic nanostructures. MFM is non-destructive
technigque which uses a magnetic AFM probe in order to map the magnetic structure of a
sample. The MFM technique operates in an analogous manner to EFM; in this case a

magnetised AFM tip is used which allows for the magnetic force gradients above a
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sample to be mapped through monitoring the phase response of the tip during its second

pass over each scan line.

Like SCM, MFM also works via a “two-pass”, (figure 2.10) in which the first scan of
the AFM probe is used to collect topographical information in standard TappingMode
operation. The second pass is carried out with the oscillating tip at a defined ‘lift height’
(10 — 100 nm), where the dominant tip-sample interactions arise from the long-range
magnetic forces. The magnetic interactions are monitored in an analogous fashion to
electric fields in EFM. That is, changes in the phase lag of the AFM probe, as a result of
the influence of the magnetic fields, are recorded as the probe travels above the sample
surface. The theory behind the interpretation of the phase shifts is somewhat more
trivial in comparison to EFM data, however. Briefly, similar to the influence that an
electric field gradient has upon a conductive AFM probe, the presence of a magnetic
field will modify the resonance frequency of a magnetic probe, giving rise to a change
in its phase lag relative to the drive voltage frequency. If the magnetic moments of the
probe and sample are favourably aligned to give an attractive interaction, the probe
cantilever effectively becomes ‘“softer”, resulting in a decrease in its resonance

frequency, and a reduction in the observed phase lag.
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Figure 2-10: Schematic diagram representation outlining the principles of magnetic force
microscopy. Magnetic interactions between the AFM probe and sample are monitored through
recording changes in the phase lag of the probe relative to the drive voltage signal.
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Conversely, repulsive magnetic interactions between the probe and sample cause the
cantilever to effectively become “stiffer”, leading to an increase in its resonance
frequency and the phase lag recorded. Hence, the contrast observed in the MFM phase
images can be used to deduce the relative alignment of the magnetic domains within a
sample, where attractive probe-sample magnetic interactions produce dark/negative

contrast, and repulsive interactions produce bright/positive contrast.

In this work, both EFM and MFM data were acquired using a Dimension Nanoscope V
system, equipped with a conductive/magnetic AFM probe (MESP model, metallic
Co/Cr coated n-doped silicon cantilevers, f, = 60-100 kHz, spring constant = 1-5 Nm™,
Veeco Instruments Inc., Metrology Group). For MFM measurements, the MESP probes
were magnetised by placing them close to a permanent magnet for ~2 minutes
immediately prior to data acquisition. An isolation table/acoustic enclosure was again
used to reduce Vibrational noise (Veeco Inc. Metrology Group). Data acquisition was
carried out using Nanoscope Version 7.00b19 software (Veeco Inc., Metrology Group).
Measurements were conducted using a ‘‘two-pass’” method, with lift heights typically
in the range of 40-100 nm and 5-100 nm employed in EFM and MFM experiments,
respectively. During EFM measurements, electric fields were generated using an
independently controlled direct current (dc) bias applied to the sample, whilst the probe
was grounded. A scan rate of 0.5 Hz was typically employed in both EFM and MFM
experiments, with the amplitude setpoint and integral/proportional gains adjusted

appropriately for optimum image quality.
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3. Chapter 3: Preparation of magnetic and conductive magnetite
nanowires by DNA-templating

3.1 Introduction

The natural form of iron geologically is an oxide with three types being dominant.[88]
These are iron(ll) oxide (FeO), wiustite, the mixed valence iron(ll,111) oxide (Fe3Oy)
magnetite and an iron(l11) oxide (Fe;03).[88, 89] Wastite, (FeO) contains only divalent
iron. It is black in colour and has the sodium chloride (NaCl) structure.[88-90] It can be
obtained as a fine black powder by thermal decomposition of iron(ll) oxalate (FeC,0,),
in vacuo but the product is unstable toward disproportionation into Fe and Fe3Oy,
therefore it must be cooled rapidly to obtain the metastable Fe(Il) oxide phase. Wiistite
can also be formed by heating Fe in a low partial pressure of oxygen.[89]

Magnetite, Fe3O, is different from the other iron oxides in that it comprises mixed
valence Fe(ll) and Fe(lll) ions.[88] Magnetite adopts an inverse spinel structure. The
formula of this oxide is expressed as Y[XY]O4 where, X refers to Fe(ll), Y points to
Fe(lll) and brackets indicate octahedral sites.[88] In this structure, tetrahedral sites are
occupied by half of the Fe(lll), while other half of the Fe(lll) ions and the Fe(ll) ions
are occupying octahedral sites.[88, 89] Fe;O4 is a black, ferrimagnetic material,
naturally exists as the mineral magnetite or lodestone. It can be produced by partial
oxidation of FeO or, by heating Fe;O3 at high temperature (> 1400 °C).[89] Moreover,
magnetite can be obtained by precipitation from a mixture of Fe(ll) and Fe(lll) solution

using alkaline systems.[88]

Fe O3 exists in a variety of forms such as a-Fe;O3; (hematite), y-Fe,O3 (maghemite),
B-Fe,03, and e-Fe,03. However, hematite and maghemite represent the most important
forms of iron(111) oxide as the B-Fe,O3 and e-Fe,O3 are rare.[88] The hematite phase is a
red-brown solid or grey-black crystals [88, 90] and can be prepared in two steps.[89]
The first is treatment of an aqueous solution of Fe(lll) with alkali to produce the
hydrated oxide (FeO(OH)). In the second step, the hydrated oxide is heated to 200 °C to
give the red-brown a-Fe;O5. This phase of Fe(Ill) oxide has the corundum (a-Al,O3)
structure with octahedral sited Fe(l11) centres.[88-91]

Maghemite, y-Fe,O3 also has a red-brown colour and structure similar to that of

magnetite. It is ferromagnetic and has application in magnetic recording tapes.[88, 89]
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This form of Fe,O3 can also be obtained by careful oxidation by heating Fe3O, in
air.[89]

Iron oxides have potential use in a broad variety of applications. These compounds are
used as pigments in paints, coatings, rubber fillers, and ceramic glaze. Additionally,
they are used as catalysts, materials for magnetic recording devices and gas sensors. The
properties of a particular iron oxide material that make it suitable for use in such variety
of applications depend on its particle size, shape, crystallinity and porosity.[92]

In recent years there has been an increasing interest in the use of magnetic
nanostructures in a wide range of applications due to their important physical
properties.[93, 94] Magnetite (Fe3O4) nanoparticles in particular have already been
received much attention because of their size and low toxicity which make them
attractive material for a variety of biomedical application such as, drug delivery and
biosensor.[95-99] The production of iron oxide nanowires may offer similar potential
for exploitation, and could even provide additional benefits in use over their
nanoparticle counterparts, due to their unique combination of structural, magnetic and
electronic properties.[100, 101] However, the organisation of nanoparticles into precise
1D form where it is possible to exploit these properties is a major challenge for
nanofabrication.[102] Therefore, it is desirable to develop methods that induce such
anisotropic growth. The templating strategy is one such method for the construction of
well-defined forms and can produce low-dimension structures quickly and at low
cost.[103, 104]

The biomolecular polymer DNA has become an attractive candidate for use as a
template for assembling materials into organised 1D nanostructures because of its
chemical and structural features, as out lined in chapter 1.[26, 42] Examples of the
assembly of Fe;O4 upon DNA have previously been reported, though these involved the
interaction of preformed nanoparticles with DNA stands.[86, 105] In one example, a
solution of pre-formed Fe;O, nanoparticles was mixed with DNA solution and
incubated for 30 minutes at room temperature.[86] TappingMode AFM studies showed

stretched DNA templates coated with magnetite nanoparticles, see figure 3.1a.[86]

In another example, two different methods were used to template DNA with pre-
formed Fe3O,4 nanoparticles. In the first, the templating is performed in solution similar

to that described in first example.[86] AFM studies of material isolated from this

41



method showed a “network” structures, see figure 3.1b. The second method involved
two-step templating in which DNA is first stretched on the surface, and then treated
with an aqueous solution of magnetite nanoparticles. This two-step method produced
1-D wire-like structures of DNA/Fe3O,4 with incomplete coverage of the template. These
structures showed some uncoated regions as the DNA can be visualised (figure
3.1c).[105]

During the work for this thesis, the direct growth of magnetite on DNA was reported by
Sarkar et al.,[95] using a co-precipitation method, similar to that adopted in the work
presented here.[106] The resulting templated structures showed morphologies,
appearing to consist of a series of coalesced nanoparticles encapsulating the DNA, see
figure 3.1d. Interestingly, individual strands of DNA/Fe3O,4 were not notably evident in

the presented data.

Figure 3-1: (a) AFM height image shows the Fe;O,4 nanoparticles with single stranded DNA
core, height scales is 8 nm.[86] (b) AFM image of DNA-templated FesO, nanoparticles
prepared in solution, height scale is 10 nm, and (c ) AFM image shows DNA-templated Fe;O,
nanoparticles prepared by the two-step process, height scale is 15 nm.[105] (d) TEM
micrograph of DNA-templated chain-like Fe;O, nanoparticle.[95]
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This chapter describes the formation and growth of Fe3O, directly upon the DNA
templates through co-precipitation of Fe®* and Fe®* in alkaline solution. The product
material was then analysed using a combination of FTIR, XRD, XPS, and Raman
spectroscopy, which together confirmed the iron oxide formed is present in Fe3O4
crystal phase. The structures produced were investigated by AFM and show regular
morphologies in which the DNA templates are coated with a continuous coverage of
metal oxide material. The uniformity of these coatings represents a notable
improvement to that observed in previous examples of DNA/Fe3O, structures.[86, 95,
105] The resulting DNA-templated Fe;O4 nanostructures were also characterised using
scanning probe techniques (EFM and MFM), which confirmed the structures to be
electrically conducting and to have room temperature magnetic properties.

3.1 Experimental section

3.1.1 Materials

Ferric chloride (FeCls, 97%), sodium hydroxide (NaOH, > 99%), calf thymus DNA
(CT-DNA) (highly polymerized, 6 % sodium), herring testes DNA (HT-DNA) (type
X1V, sodium salt) and chlorotrimethylsilane (Me3SiCIl) were purchased from Sigma-
Aldrich Company Ltd. (Gillingham, Dorset, UK) and used as received. Lambda DNA
(A-DNA, Cat. no. N3011S) was purchased from New England Biolabs UK Ltd.
(Hitchin, Hertfordshire, UK). Ferrous sulfate heptahydrate (FeSO,4.7H,0, 99%) was
purchased from BDH Chemicals Ltd. (Poole, dorset, UK).

Si<n-100> wafers (phosphorous doped, 525 + 50 um thickness, 1-10 Q cm resistance,
single side polished), were used as substrate supports for standard AFM imaging. Si<n-
100> wafers with a thermally grown SiO, layer, 200 nm thick, on top (arsenic doped,
500 % 25 pm, <0.005 Q cm resistance, thermal oxide layer 200 nm + 10 % thickness,
double side polished) were used in scanned conductance microscopy and magnetic force
microscopy experiments. All Si wafers were purchased from Compart Technology Ltd.
(Peterborough, Cambridgeshire, UK).

NANOpure® deionized water (18 M cm resistivity) was obtained from a

NANOpure® Dlamond™ Life Science ultrapure water system equipped with a

dTM

Dlamond'™ RO Reverse Osmosis System (Barnstead International).
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3.1.2 Cleaning, oxidation and modification of silicon substrates

Si<n-100> wafers (~1x1 cm?) were treated in freshly prepared “piranha” solution (4:1
H,SO4/H,0,) for 45 minutes to both clean and chemically oxidize the substrate surface
(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).
After this period of time, the wafers were rinsed with NANOpure® water, and dried in a
gentle stream of N, before further drying in a clean oven for 5 — 10 minutes. Surface
modification of the cleaned Si<n-100> wafers was performed through vapour
deposition of a trimethylsilane (TMS) self-assembled monolayer (SAM): briefly, a
specimen bottle containing 100 pL of chlorotrimethylsilane (Me3SiCl) was placed in a
larger specimen bottle. The Si<n-100> wafers was placed on the top of the inner
specimen bottle (polished side facing up) and exposed to the Me3SiCl vapour for 10
minutes at room temperature. Static contact angle measurements performed upon
“piranha-cleaned” Si<n-100> wafers, following TMS-modification under the
experimental parameters stated, give contact angle values of ~71°.[16]

For Si<n-100> wafers (~1x1 cm?) with a 200 nm thick, thermally grown SiO, layer on
top, the SiO, layer was first removed from one side of the wafer by applying a drop of
HF solution (48% in H,0O, Sigma-Aldrich Company Ltd.) onto the wafer surface. The
HF solution was left on the wafer until a change in the surface wetting was observed
(hydrophilic to hydrophobic), indicated by a sudden “beading” of the HF solution. The
HF solution was then removed and the wafer rinsed with copious amounts of
NANOpure® water. Subsequent piranha treatment and TMS modification were carried
out as previously described for the Si<n-100> wafers.

3.1.3 Preparation powder samples of DNA-templated Fe3;O, material for

spectroscopic characterisation

In order to ensure the DNA/Fe;O, product material could be produced in sufficient
quantities which allowed for meaningful spectroscopic data to be acquired, “powder”
samples were prepared as described herein. Synthesis of the Fe3O4 was carried out using
a similar method as that described by Guo et al., [107] but whilst in the presence of
DNA in this instance. An aqueous solution containing FeCl; (7.5 mM) and FeSO,4-7H,0
(5 mM) was added to a solution of HT-DNA (1 mg mL™) in a ratio of 2:1 (v/v). Under

continuous stirring, and at a maintained temperature of 30 °C, NaOH solution (75 mM)
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was slowly added until the solution pH was ~11. Upon completion, a black precipitate
of the DNA/Fe;0,4 product material was observed in the reaction solution. Magnetic
separation was used to isolate the product from the reaction solution, and was
subsequently washed with NANOpure® water until the washings were ~pH7.

3.1.4 Fourier transform infra-red spectroscopy

FTIR spectroscopy of the DNA/Fe;O4 powder samples was carried out using a Varian
800 Scimitar series spectrometer (Varian Inc.) fitted with an ATR attachment. Spectra
were recorded over the 5004000 cm™ range, with 128 scans and at 4 cm™ resolution.

In order to compare the DNA/Fe3O, material to unmodified DNA, FTIR spectra of
samples of “bare” DNA (i.e. prior to any templating) were also acquired. Samples were
prepared by depositing 80 pL of a CT-DNA solution (1 mg mL™) upon a piranha-
cleaned Si<n-100> wafer, and allowing to dry at room temperature. Spectra were
acquired using a Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc., Palo Alto, CA,
USA), equipped with a liquid nitrogen cooled deuterated triglycine sulphate detector,
and recorded over the 5004000 cm™ range, with 128 scans, and at 4 cm™ resolution.

3.1.5 Powder X-ray diffraction

Samples of DNA/Fe;0, material were prepared for powder X-ray diffraction (XRD)
analysis in the same manner as described above, section 3.2.3. A PAN-alytical X’Pert
Pro diffractometer equipped with a Cu Ka; radiation source (A = 1.540 A) was used for

powder XRD data collection.
3.1.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out upon samples of DNA/Fe;04
material prepared in the same manner as described for the previous spectroscopic
studies (section 3.2.3). The sample material was deposited from solution onto a piranha-
cleaned Si<n-100> wafer and allowed to dry at room temperature. XPS was performed
using a Kratos Axis Ultra 165 (Kratos Analytical Ltd., Manchester, UK), equipped with
an Al Ka X-ray source (1486.6 eV), and using a take-off angle of 90°. Samples were
mounted on copper sample stubs with carbon tape. To compensate for surface charging,

a charge neutraliser gun was used. All binding energies were referenced to the
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hydrocarbon C1s core level at 285.0 eV. Kratos Vision software (Kratos Analytical

Ltd.) was used for data acquisition.

3.1.7 Raman spectroscopy

Raman spectroscopy was carried out upon samples of DNA/Fe3O4 material prepared in
the same manner as described for all other spectroscopic experiments (section 3.2.3).
The sample material was deposited from solution onto a glass coverslip, and allowed to

dry at room temperature.

Raman spectroscopy was also carried out upon samples of DNA/Fe3O, material
prepared for use in SPM characterisation. In this case, samples were prepared by
depositing approximately 60 pL of DNA/Fe3O4 solution (prepared as described in
section 3.2.8) upon a glass coverslip, and allowed to dray at room temperature.

Raman spectra were acquired using a CRM200 confocal Raman microscope (Witec
GmBH, Ulm, Germany) equipped with a cooled CCD detector, an Ar+ laser (A = 488
nm) as the excitation light source, and a Raman edge filter to remove elastically
scattered light.

3.1.8 Preparation and alignment of 2-DNA-templated Fe;O4 nanowires for scanning
probe microscopy (AFM, EFM and MFM) studies

The preparation of DNA/Fe3O4 samples for scanning probe microscopy (SPM) studies
was carried out using a modified version of the previous method used for producing
“‘powder’” samples (section 3.2.3). These adjustments were introduced due to the
benefits they provided in improving the structural quality of the DNA/Fe3Oq4
nanostructures produced. Initial AFM studies of DNA/Fe;O,4 nanostructures isolated
from the powder samples (prepared as described in section 3.2.3) revealed that the
FesO,4 coatings around the DNA were of high surface roughness due to excessive,
uncontrolled FesO, formation, see section 3.3.5. Improved control over the growth of
the Fe3O4 upon the DNA was offered through further regulation of the NaOH treatment
stage of the preparation (i.e. using a precisely defined quantity of NaOH solution),

yielding smoother Fe;O, coatings.

Based upon these findings, preparation of the DNA/Fe3O,4 nanowire structures for SPM

characterisation was carried out as follows: A 12 uL stock solution of A-DNA (500 mg
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mL™?, 10 mM tris—HCI, pH8, 1 mM EDTA) was diluted down to a concentration of 300
mg mL™" using NANOpure® water. 5 pL of the diluted A-DNA solution was mixed with
10 pL of an aqueous solution of FeCls (2.25 mM) and FeSO4.7H,0 (1.5 mM), and
incubated for 20 minutes at room temperature. 5 ul. of NaOH solution (1.32 mM) was
then added, and the reaction solution incubated for a further 1 hour at room temperature.
Raman spectroscopy carried out upon sample material prepared in this manner
confirmed the successful formation of Fe3O4, see section 3.3.4. The resulting DNA-
templated Fe;O,4 structures formed in the reaction solution were aligned upon TMS-
modified Si<n-100> and Si<n-100>/200 nm SiO, wafers as follows: 5 mL of the
DNA/Fe304 solution was applied to a TMS-modified wafer whilst spun at 125 rpm. The
wafer was then spun for a further 2 minutes at 250 rpm before the residual DNA/Fe304
solution was withdrawn from the surface by micropipette. The wafer was left to dry at
room temperature for 20 minutes before analysis using scanning probe microscopy

techniques.

3.2 Results and Discussion

The formation of magnetite (FesO4) nanowires is based upon the growth of Fe;O, at
duplex DNA strands (figure 3.2). This method involves initial mixing of DNA with a
solution containing Fe**/Fe®" cations in order to allow the cations to associate with the
duplex DNA through DNA/metal ion complex formation. In the second step, the
formation of Fe;O, was initiated via chemical co-precipitation of the Fe**/Fe®* through
addition of NaOH. In this preparation method, it is suggested that the formation of
DNA/metal ion complexes plays an important role in the control of the Fe;0, formation,
confining its growth in two dimensions to produce structurally well-defined, high aspect

ratio FezO4 nanowires.

It should be noted that, for chemical characterisations, powder samples were prepared as
described in section (3.2.3). In this case, HT-DNA was used and the product isolated
from the reaction solution by magnetic separation. Due to the possibility for iron oxide
to be formed in several phases, such as hematite (a-Fe,O3), maghemite (y- Fe,O3), and
magnetite (FesO4) amongst others [88], the product material was characterised using a
combination of FTIR, XRD, XPS, and Raman spectroscopy in an effort to distinguish
the product.
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Figure 3-2: Representation of the preparation of DNA-templated FesO, nanowires, involving
initial association of Fe?* and Fe®* cations to the DNA template molecules, followed by
subsequent co-precipitation of the Fe;O4 material upon increasing the reaction solution pH.

Samples for SPM studies were prepared using a modified version of the method used
for producing powder samples. For this, further regulation of the NaOH treatment stage
was used to yield smoother Fe30,4 coatings. Additionally, A-DNA with suitable length

(~ 16 um) was used in order to facilitate individual nanowires measurements.
3.2.1 Fourier transform infra-red (FTIR) spectroscopy studies

FTIR spectroscopy was applied in order to confirm the formation of iron oxide upon the
DNA ‘template’ molecules. For purpose of comparison FTIR spectroscopy was carried
out upon films of both DNA and powder samples of the final DNA/iron oxide material.
The FTIR spectrum of the DNA/iron oxide shown in (figure 3.3) shows the successful
formation of iron oxide, as evident from the intense broad band located at 562 cm™,

arising from the Fe-O bond vibration of iron oxide material.[95, 107, 108]

The characteristic bands from the DNA structure are still apparent in the spectrum after
sequential treatments with Fe**/Fe?" ions and NaOH, though several notable shifts in
their peak positions and intensities are observed as a consequence of the interactions
between the DNA and iron oxide material which take place, see Table 3.1. All the DNA
vibration bands were assigned according to literature.[109-111] For example, the
symmetric PO, vibration at 1097 cm™, the P-O or C-O stretches of the phosphate
backbone at 1071 cm™ and the asymmetric PO, vibration at 1246 cm™ are all shown to
be reduced in the intensity and shifted by 16, 6 and 34 cm™ to lower frequency,
respectively.
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Figure 3-3: FTIR spectra of DNA-templated Fe;O, material (black spectrum), along with bare
CT-DNA (blue spectrum). The DNA/FesO, material was prepared as a powder, whilst the bare
DNA was deposited as a film from solution on a silicon substrate.

These spectral changes of the DNA backbone-related bands (900-1300 cm™) in the
spectrum of DNA/iron oxide material indicate interactions between the iron oxide
material and deoxyribophosphodiester backbone. [109-111]

There are also several visible changes in the DNA nucleobase region (1300-1800 cm™)
of the spectra: a guanine ring vibration at 1488 cm™ and C-N stretch of guanine and
cytosine at 1368 cm™ are shifted to 1472 and 1336 cm™ respectively. An in-plane
vibration of adenine, thymine and guanine bases at 1653 is shifted 10 cm™ to lower
frequency. In addition, the in-plane cytosine/guanine vibration at 1529 cm™ is no longer
observed following Fe3O,4 templating. Additionally, the carbonyl stretch at 1653 and
1692 cm™ is replaced by one band at 1643 cm™ upon DNA/iron oxide formation. These
changes in the peak position and intensity in the 1300-1800 cm™ region of spectrum
provide evidence for the interaction of iron oxide material with DNA nucleobases.[109-
111]

Wavenumber (cm™)

Assignment
CT-DNA CT-DNA/Fe;04
960 964 C-C deoxyribose stretch
1033 1006 C-O deoxyribose stretch
1071 1065 P-O/C-O deoxyribose stretch
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1097 1081 PO, symmetric stretch

1246 1212 PO, asymmetric stretch
1368 1336 C-N stretch of cytosine/guanine
1416 - C-H /N-H deformation; C-N stretch
1488 1472 Ring vibration of cytosine/guanine
1529 - In-plane vibration of uanine/cytosine
1603% 15815 In-plane vibration of adenine
1653 1643 C=0 s_tretc_h of cytosm_e/thymme; In-
plane vibration of thymine
1692 ) C=0 stretc?h of guanine/thymine;
N-H thymine
2850-3750 2850-3500 C-H/N-H /O-H stretches

Table 3-1: Assignment and comparison in FTIR spectra (500-4000 cm™) of calf thymus DNA,
and calf thymus DNA-templated iron oxide material. ™ Peak appeared as a shoulder.

3.2.2 X-ray diffraction studies

X-ray diffraction (XRD) studies were carried out upon powder samples of the
DNAViron oxide material in order to confirm the formation of iron oxide as well as to
estimate its crystallite size. These studies provide evidence of the formation of iron
oxide under the reaction conditions employed. Figure 3.4 presents the powder XRD
pattern obtained from the DNA/iron oxide material. The product material displays five
main peaks at 20 = 30.1°, 35.5° 43.4°, 57.3° and 62.9° respectively, which can be
indexed to the (220), (311), (400), (511) and (440) reflections of the magnetite (Fe3O,)
phase of iron oxide.[95, 96, 112-114] However, this pattern is also consistent with a
cubic, inverse spinel crystal structure of the maghemite (y-Fe,O3) phase which shows
similar XRD patterns to that of the Fe3;O,4 phase.[93, 115-117] The y-Fe,O3 phase has
few low-intensity diffractions [117], as well as marginally smaller lattice spacing
(lattice parameter a: y-Fe,O; = 8.351 A, Fes0, = 8.396 A), which leads to a slight
difference in the scattering angles.[115] However, the broadening of the diffraction
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peaks that is seen here as a result of the small crystallite size of the product material,
makes it difficult to distinguish in this instant between the two phases from the
diffraction pattern alone. It should be noted however, that the product material was
produced as a black powder, characteristic of the appearance of Fe3O4. In contrast,

v-Fe203 is well-known to exist as a reddish-brown substance.

The line broadening of the diffraction peaks was used to calculate the average
crystallite size of the metal oxide material through applying the Scherrer equation
(D = k-M[B-cosO]). Using a line broadening parameter () of 0.365°, determined from
the full-width-at-half-maximum of the (311) reflection, and a Scherrer constant (k)

value of 0.89, a mean crystallite size of 23 nm was determined.

However, although the XRD data did confirm the formation of iron oxide under the
synthetic method used, this technique cannot distinguish between Fe;O,4 and y-Fe;O3
phases because of their similar XRD pattern. Therefore, further characterisations were
carried out upon the product material using both X-ray photoelectron and Raman
spectroscopies in order to establish the phase crystal of the produced iron oxide

nanostructures with more certainty.
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Figure 3-4: XRD pattern obtained from a powder sample of DNA-templated Fe;O, material.
3.2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most powerful techniques for
studying the electronic structure of solids.[118] Therefore, XPS was used here in an

effort to distinguish between iron oxides in the y-Fe,O3; and FezO4 phases because of its
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sensitivity to the iron valence state.[93] Furthermore, the chemical composition of the
product material can be examined using this surface analysis technique. The XPS
survey spectrum of the DNA/iron oxide material (figure 3.5), displays signals arising
from both DNA such as P2p and N1s, and iron oxide material e.g. Fe2p. The remaining
elements appeared in XPS survey spectrum, such as O, S, and Si originated from
adsorbed oxygen from air and/or DNA, the FeSO4.7H,0O starting material and silicon
wafer used as a substrate.
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Figure 3-5: XPS survey spectrum of a film sample of calf thymus DNA-templated Fe;O4
material immobilised upon a Si/native SiO, substrate.

Initial confirmation of the presence of DNA in sample material is obtained from the
observation of N1s signal. Two peaks centred at binding energies of 399.1 and 400.4 eV
are revealed upon curve fitting of N1s spectrum of the DNA/iron oxide material (figure
3.6). The former emission at 399.1 eV with lower intensity can be ascribed to sp?-
bonded N atoms in the DNA aromatic rings, while the more intense peak at 400.4 eV is
consistent with sp®-bonded N atoms present in exocyclic amino group (-NH,).[119-122]

400.4eV
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406 104 102 400 398 396 394
Binding Energy (eV)
Figure 3-6: High resolution XPS spectrum of N1s region of calf thymus DNA-templated Fe;O,4

material immobilised upon a Si/native SiO, substrate. Blue solid line, represents raw data, total
fits is indicated by red line and black dashed lines are for component peaks.
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Moreover, curve fitting of the P2p signal provides further evidence for the presence of
the DNA in the product. XPS spectrum of P2p region (figure 3.7) reveals P2p doublets
at binding energies of 133.6 and 134.4 eV for P2ps, and P2pis,, respectively, arising
from the phosphorus atoms in the DNA backbone.[119, 121, 123, 124]
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Figure 3-7: High resolution XPS spectrum of P2p region of calf thymus DNA-templated Fe;O4
material immobilised upon a Si/native SiO, substrate. Blue solid line represents raw data, total
fits is indicated by red line and black dashed lines are for component peaks.

As mentioned earlier, XPS can readily distinguish between iron oxides in the y-Fe,O3
and Fe3O,4 phases due to the techniques sensitivity to the iron valence state.[93] The
satellite structures associated with XPS spectra of iron oxides, can be used to identify
the iron oxide phases as they are very sensitive to the electronic structure of the
compounds.[118] The Fe2p signal from y-Fe,Oz is known to show the main Fe2p
doublet at binding energies of ~711 eV (2ps2) and ~724 eV (2pi2). This is also
accompanied by a shake-up satellite peak at ~719 eV, arising from the Fe®*
species.[116, 125] In comparison, the Fe2p doublet in Fe;O,4 tends to give a broader
structure due to the coexistence of Fe?* and Fe** species within the crystal structure,
whilst the satellite peak around 719 eV becomes less resolved due to the increasing
intensity of another satellite at ~716 eV, resulting from the presence of the Fe®'
species.[114, 118, 126, 127]

High resolution XPS spectra of the Fe2p core level from the DNA/iron oxide material
show the Fe2p band to be relatively broad, whilst there is no evidence of the presence of
the Fe®* shake-up satellite at 719 eV, see figure 3.8. These findings indicate that the iron
oxide material is present in Fe3O,4 phase rather than y-Fe,Os.
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Figure 3-8: High resolution XPS spectrum of the Fe2p region of calf thymus DNA-templated
Fes04 material immobilised upon a Si/native SiO, substrate.

Inspection of the O1s spectra (Figure 3.9) reveals that at least two distinct peaks can be
identified in the O1s envelope, centred at 529.6 and 531.8 eV, respectively. The peak at
higher binding energy can be assigned to the SiO, of the substrate support.[128, 129]
This peak is the dominant feature in the spectrum due to the large amount of native SiO,
at the substrate surface. On the other hand, a smaller, less intense peak appeared at 529.6
eV, assigned to oxygen present in the FesO4 is in good agreement with previously
reported values for this material.[114, 118] The latter is providing further evidence for

the iron oxide to be present in the magnetite crystal phase.
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Figure 3-9: High resolution XPS spectrum of the O1s region of calf thymus DNA-templated
FesO, material immobilised upon a Si/native SiO, substrate. Blue solid line represents raw data,
total fits is indicated by red line and black dashed lines are related to component peaks.

54



3.2.4 Raman spectroscopy studies

Raman spectroscopy studies were carried out upon samples of the produced DNA/Fe304
material, in order to provide further confirmation of the Fe3;O, crystal phase of the iron
oxide material. This technique can readily differentiate Fe3O, and y-Fe,O3 phases of
iron oxide material.[115, 117] As previous Raman spectroscopy studies of both
magnetite and maghemite have reported that the former phase of iron oxide has a main
band (A;g mode) at 668 cm™ [115, 117, 130-132], while the maghemite phase reveals
broad bands at 700, 500 and 350 cm™.[115, 117] A representative Raman spectrum of
the produced DNA/Fe;04 material prepared for use in spectroscopic characterisation (as
described in section 3.2.3) is predicted in figure 3.10. This spectrum shows a band at
665 cm™, characteristic of the Ay transition of FesO,, and no bands related to y-Fe,O3
was observed, indicating that there was no y-Fe,Oz impurities present in the product

material.

Therefore, from the XPS and Raman spectroscopy data, it can be concluded that the iron
oxide produced in presence of DNA is in the Fe3O4 phase with little or no evidence for
the presence of any maghemite impurities. Moreover, there is an indication that the
product material has nanoscale structure as evident from the broadening of the XRD

diffraction peaks.
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Figure 3-10: Raman spectrum of a sample of DNA-templated Fe;O, nanowires. The peak at
665cm™ confirms the Fe;0, phase of iron oxide material.

Raman spectroscopy studies were also carried out upon sample material prepared for

use in SPM studies (as described in section 3.2.8). The sample material was prepared by
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depositing approximately 60 puL of NA/Fe;O,4 solution upon a glass coverslip, and
allowed to dray at room temperature. Raman spectra of samples prepared for use in
spectroscopic analysis and SPM measurements are depicted in figure 3.11. Both
samples show a band in the 665-680 cm™, characteristic of the A4 transition of iron
oxide in the Fe3O,4 phase.[115, 131, 132] The broad nature of this band in both spectra is

due to the small particle sizes of the Fe3O, material produced.
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Figure 3-11: Comparison of Raman spectra of samples of DNA/Fe;O, material prepared for use
in spectroscopic analysis (red spectrum) and in scanning probe microscopy studies (blue
spectrum). The spectra have been normalised and offset for clarity.

3.2.5 Atomic force microscopy (AFM) studies of the DNA/Fe30O,4 nanostructures

AFM measurements were carried out upon samples of the DNA/Fe3;O4 material in order
to elucidate information regarding their size and structural character. Samples for AFM
measurements were prepared using A-DNA which has a well-defined length of ~16.2
pum.[16] In AFM studies it was important to be able to isolate and probe individual
structures in order to evaluate their structural morphologies. To address this need,
molecular combing methods [133, 134] were employed as a means of aligning the
DNA-templated FesO, structures directly from the reaction solution onto a substrate
support. The combing process was carried out upon Si/SiO; substrates which had been
modified with a trimethylsilane (TMS) self-assembled monolayer (SAM). This
increases the surface hydrophobic character of the substrate, giving typical static contact
angle values in the region of ~71°.[16] Tailoring the substrate surface properties in this
fashion has a significant impact upon the densities of DNA-based materials

subsequently deposited. The experimental parameters used to achieve the TMS-
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modifications here, were established to provide surfaces which demonstrate the desired
balance of hydrophilic’/hydrophobic character in order to facilitate alignment of the
DNA-templated Fe;O,4 structures in sufficient densities that they could be readily

located by AFM, but whilst also allowing them to be individually addressed.

Initial AFM studies were carried out upon samples of DNA/Fe;O, nanostructures
isolated from the powder samples (prepared as described in section 3.2.3). These studies
revealed that the Fe;O,4 coatings around the DNA were of high surface roughness due to
excessive, uncontrolled Fe;O, formation. For AFM measurements, the DNA/Fe;0,
nanostructures were immobilized upon TMS-modified Si/SiO, substrates. Figure 3.12
shows AFM height images of some examples of structures isolated from the powder

samples.

These images display parallel chains of DNA/Fe;O, structures with a great variation in
the structure height along their length, where metal oxide deposition has taken place to
varying extent upon the DNA template. Moreover, the nanoscale coverage of Fe3O4
material around DNA strands is found to show high surface roughness likely because

excessive, uncontrolled metal oxide formation.

Figure 3-12: TappingMode™ AFM height images showing DNA-templated Fe;O, structures
isolated from a DNA/Fe;O,4 powder sample initially prepared for use in spectroscopic studies.

AFM studies were also carried out upon samples of DNA/Fe3O, nanostructures
prepared as described in section 3.2.8, for use in SPM studies and where the synthesis
was optimised to produce smooth, regular nanowires. In this instance, AFM images
show a range of structures with different sizes (diameters range from 2 — 32 nm), where

metal oxide deposition has taken place to varying extents upon the DNA templates
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(figure 3.13a-d). The deposition of Fe;04 material upon DNA is evident by comparing
the theoretical diameter of an individual DNA molecule (< 2 nm) measured by AFM
[135], and the diameters of the isolated DNA/Fe;0, “nanowires” which show thicker (>

2 nm) structures.

100 200 300 400 nm 02 04 06 08 Hm

Figure 3-13: Selected TappingMode AFM images of the DNA-templated Fe;O,4 “nanowires”
aligned upon a TMS-modified Si/native SiO, substrate. (a) AFM image shows a nanostructure
with average diameter of 8 nm and relatively granular character of the metal oxide coverage.
(b) This image represents also a “nanowires” with structure height of 19 nm, and a zoomed-in
region of the nanowire is also shown (inset), with the image contrast adjusted to highlight the
granular character associated with the morphology of the Fe;O, coating. (c) and (d) AFM
images reveal two parallel “nanowires” represent regular structure with little variation in the
diameter size along their length. (e) and (f) are cross sections of (c) and (d), respectively.
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Figure 3.13a shows a nanostructure with average diameter of 8 nm and relatively
granular character of the metal oxide coverage. This image displays also some of metal
oxide nanoparticles deposited on the substrate surface (circled areas). Figure 3.13b
shows nanostructure with structure height of 19 nm, and a zoomed-in region of the
nanowire is also shown (inset), with the image contrast adjusted to highlight the
granular character associated with the morphology of the Fe;O, coating. Figure 3.13c
and d reveal two parallel nanostructures with regular structure and little variation in the
diameter size along their length as shown in figure 3.13e and f, which are cross sections
of (c) and (d), respectively. It is clear form figure 3.13 that the Fe3O, nanoparticles are
templated effectively the DNA as little bare DNA strands (yellow arrows in figure
3.13d), and a low frequency of nonspecific deposition of Fe;O4 nanoparticles (circled

areas in figure 3.13) are observed on the substrate surfaces.

The DNA/Fe30,4 nanostructures typically consist of good uniform morphologies, with a
continuous coverage of the DNA templates by the metal oxide material. The uniformity
of metal oxide coatings represents a notable improvement to that observed in previous
example of DNA/Fe;O, structures reported by Sarkar [95], using a similar co-
precipitation strategy. In that work, the produced DNA/Fe;0,4 material was found to
show structures which displayed a more distinctive, granular appearance (figure 3.14a).
This was suggested to be a consequence of the growth mechanism behind the Fe3O,
formation, which was proposed to take place via the gradual, step-wise growth of a

series of discrete Fe3O, particles along the DNA.

Upon closer inspection of the structures produced in the studies described here, a small
degree of granular character associated with the Fe;O,4 coatings can also be identified,
see Fig. 3.13a and b (inset), indicating that a similar “nucleation and growth”
mechanism may also be involved in their formation. Further supporting evidence for
this growth mechanism was also provided by a small number of DNA/Fe30, structures
which showed irregular and incomplete coverage of the DNA template by the Fe;O,
material (figure 3.14c and d). These structures with a series of distinct nanoparticles
bound along individual DNA strands can be regarded as examples where the Fe3O4
growth upon the template has not gone to completion. These help provide some insight

into the growth mechanism by which the DNA/Fe304 structures was formed.
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Figure 3-14: (a) TEM micrograph of DNA-templated chain-like FesO, nanoparticle (reprinted
from reference [95]). (b) AFM height image of DNA-templated Fe;O, “nanowire” produced in
the studies described here, showing smooth and regular structure with 23nm height and > 25um
in length. (c) and (d) AFM height images showing examples of partially formed A-DNA-
templated Fe;O, “nanowires”, where the metal oxide growth has not reach maturity during the
reaction period.

Formation of the Fe3O4 on the DNA is proposed to take place through the DNA initially
being ‘seeded’ with Fe?*/Fe®* ions upon exposure to the FeClsy/FeSO, solution. The
Fe?*/Fe®" can readily bind to the DNA through the formation of electrostatic interactions
with the DNA’s polyanionic phosphate backbone as well as through coordination the
DNA nucleobases. The Fe cations are rapidly converted to nanoparticlate Fe3O4 upon
exposure of the seeded DNA to a basic solution [107], which can then act as sites for
further growth to take place. As a consequence of this process, the early stages of DNA-
templated Fe;O, formation is expected to yield a series of discrete nanoparticles of
Fe;O, along the DNA templates, as is observed in Figure 3.14c and d. Over time,
further growth of the Fe3O,4 particles leads to them coalescing, and the structure
‘ripening’ into a continuous coating encapsulating the whole DNA molecule (figure
3.13). Growth of the Fe30,4 upon the DNA in this manner is perhaps not surprising, with

several previous examples of metallised DNA structures having been reported to exhibit
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similar granular morphologies, resulting from metal deposition taking place via a series

of nucleation and growth steps.[18, 66]

However, whilst the DNA/Fe30,4 “nanowires” have showed constant heights along the
whole length of any individual “nanowires” (figure 3.13 ¢ and d), AFM analysis
revealed also a great variation in the mean diameters (1-30 nm) of the isolated
DNA/Fe304 “nanowires”. Due to the wide range of DNA/Fe;O, structure sizes
observed, a statistical treatment of the structures was carried out. For this, the average
heights of > 100 DNA/Fe30, structures were measured using AFM line profiles, and
the frequency plotted as a function of diameter, see Figure 3.15. A quite broad size
distribution with structures up to 30 nm in diameter was observed. The data appears also
to show a distinctive trimodal distribution with modal values of 5.0 — 6.0 nm,
15.0 - 16.0 nm, and 24.0 — 25.0 nm, respectively.
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Figure 3-15: Histogram of the size (diameter) distribution of the of the DNA-templated Fe;O,4
“nanowires”.

It is also found that the largest of these DNA/Fe;O,4 nanostructures as measured by
AFM, are reasonably consistent with the estimated Fe;O, crystallite size that was
determined from the powder XRD data (23 nm). This suggests that the Fe3O, crystalline
grains assemble themselves in linear “beads-on-a-string” type arrangement along the
DNA stands, resulting in the 1D appearance of the isolated DNA/Fe;O, structures.
However, AFM data cannot be used to investigate whether the magnetite nanoparticles
are merged to produce a single, continuous coverage around the DNA, or they remain as
a sequence of discrete nanoparticles. Further SPM (EFM and MFM) studies were

carried out for evaluating the “nanowires” electronic and magnetic properties.
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3.2.6 Electrical characterization of the DNA/Fe3O,4 nanostructures using electrostatic

force microscopy (EFM) technique

It has been reported that FesO4 phase of iron oxide has room temperature electrical
conductivity of the order of 10°S cm™ [136], and the conduction is suggested to be due
to a hopping of the electrons between octahedral Fe®* and Fe®" sites within the Fe;O,
crystal structure.[137, 138] In order to investigate the electrical properties of the
DNA/Fe30,4 “nanowires”, ‘electrostatic force microscopy’ (EFM) [80, 81] was used.
For EFM measurements, the DNA/Fe3O4 nanowires were aligned upon a silicon
substrate which has an insulating SiO, layer (typically of the order of 10? nm thick) on
top. Samples can then be probed using a metal-coated, conductive AFM tip, whilst a
direct current (dc) bias is applied to the substrate. Further details of the technique are

given in chapter 2.

EFM data of the produced DNA-templated Fe;O4 “nanowires” is depicted in figure
3.16. This figure shows a height image (figure 3.16a) of a “nanowire” with average
diameter of approximately 10 nm, and a series the corresponding EFM phase images
(3.16 b-e) recorded at dc potentials of +7, -7, +5 and -5 volts, respectively. These phase
images show a uniform dark line (negative phase shift) across regions of the substrate
surface which correspond to the position of the aligned DNA/Fe;0,4 “nanowires”, and
confirm the structure to be electrically conductive. The larger lateral feature sizes of the
DNA/Fe;04 nanowire’s phase shift is due to the diffuse nature of the electric fields
originating from the sample. Plotting of the tangent of the nanowire’s phase shifts as a
function of the applied dc potential gives a parabolic curve (figure 3.16f). This
relationship has previously been established as the expected result when the interactions

between probe and sample are dominated by capacitance effects.[66, 72, 73]

62



-0.04 -
sample bias (Volts)

Figure 3-16: Electrostatic force microscopy (EFM) studies of DNA-templated FesO, nanowire
aligned upon a Si/SiO, substrate. (a) AFM height image of a nanowire with structure height of
10 nm. (b - e) the corresponding EFM phase images of the nanowire in (a) at different sample
biases, phase scale of 4°. (f) Plot of the tangent of the nanowire phase shift as a function of
applied voltage.

3.2.7 Magnetic characterization of the DNA/Fe30, nanowires using magnetic force

microscopy (MFM) technique

The magnetite phase of iron oxide in its bulk form is a ferrimagnetic material, though it
may exhibit superparamagnetism if the particle size is smaller than that of a single
magnetic domain. In this instant, Fe3O, nanoparticles with particle sizes smaller than
the single domain limit (20 nm), show superparamagnetic behaviour at room
temperature.[107, 139-142] Whilst ferrimagnetic materials tend to possess a net
magnetic moment, superparamagnetic materials are subject to thermal fluctuations
which prevent stable magnetisation being observed. In the presence of an external
magnetic field however, the magnetic moments of such superparamagnetic particles will
align with the field to give a strong net magnetisation which will remain as long as the

external field is applied.

Here, initial confirmation of the room temperature magnetism of the DN/Fe3O4 material

was provided during preparation of the powder samples for use in spectroscopic studies,
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where magnetic separation was successfully used to isolate the product material from
the reaction solution. However, the magnetic behaviour of nanostructures can be
different from those of the corresponding bulk form.[95] It is therefore of interest to
probe the magnetic behaviour of individual DNA/Fe3O4 nanowires to investigate if the
produced DNA/Fe;0,4 nanowires exhibit superparamagnetic behaviour similar to reports
on smaller Fe3O4 nanoparticles (< 20 nm in size) [107, 139-142], or they mimic the bulk

counterparts in which ferromagnetic character is exhibited.

In order to study the magnetic behaviour of individual DNA-templated Fe;O4
nanowires, MFM was required to be used. MFM [86, 87] is an appropriate tool for
detecting magnetic fields arising from magnetic nanostructures. MFM experiments here
were carried out upon DNA/Fe;04 nanowires, immobilized upon a Si/SiO; substrate,
and a range of different lift heights (10 nm and above) were implemented, until the
phase shifts were no longer observed. Figure 3.17b-f, reveals a series of MFM phase
images of a DNA-templated Fe;O,4 nanowire recorded at a range of lift heights (10-40
nm), along with the corresponding height image (figure 3.17a). The latter reveals a
nanowire with distinctive break in the Fe3O4 coating. The uncoated region of the
nanowire (blue arrow) has a diameter of 1.2 nm as measured by AFM line profile,
which is in reasonable agreement with the measured height (1.0-1.5 nm) of A-DNA by
AFM.[66] Therefore, this section of structure is suggested to be bare DNA. On the other
hand, the coated regions of the nanowire had an average diameter of 17 nm. Moreover,
the height image also reveals a bare or a very thin, irregular Fe30,4 coating DNA strand,

see Figure 3.17a (red arrow).

The corresponding MFM phase images visibly display negative contrast associated only
with the Fe3O,4 coated regions of the DNA. This is particularly well highlighted here,
with the negative contrast clearly seen to be absent at the break in the Fe3O,4 coating,
where the bare DNA template is exposed. At lift heights of < 10 nm, bright contrast can
be seen associated with the uncoated DNA portion of the nanowire, as well as the A-
DNA molecule with a very thin, irregular FesO,4 coating (Figure 3.17b). The appearance
of such phase signals in MFM phase image at lift heights of < 10 nm is likely to be due
to the short-range forces (e.g. Van der Waals force). Similar findings relating to other
non-magnetic materials have previously been commented upon in MFM studies
reported by other groups.[86, 102, 126]
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Figure 3-17: (a) AFM height image of a DNA-templated FesO, nanowire aligned upon a
Si/SiO, substrate, showing a break in the metal oxide coverage where the DNA template is
exposed (blue arrow), and a bare DNA strand (red arrow). the corresponding MFM phase
images of the nanowire are shown, recorded at lift heights of (b)10 nm, (c) 20 nm, (d) 30 nm,
(e) 35 nm, and (f) 40 nm, respectively.

These weak phase signals (positive contrast) characteristic of uncoated DNA regions
were found to be eliminated completely when the lift height was increased > 10 nm
above the sample surface. In contrast to this, however, Fe;O4-coated parts of DNA
produce negative phase shifts, which remain distinguishable from the surface
background up to lift heights of 35 nm. The persistence of this negative contrast at
increased lift heights confirms these features arise because of long-range magnetic
interactions between the probe and sample. This indicates the room-temperature
magnetic behaviour of the FesO4, when prepared in such a nanostructured form. The
magnitude of this negative phase shift is clearly seen to decrease gradually with the
increasing tip-sample separation, becoming almost negligible at lift heights of 40 nm

and above.

Further MFM experiments were conducted in an effort to distinguish the type of
magnetic behaviour exhibited by the Fe;04 nanowires. For these MFM measurements, a
strong permanent magnet involved to orientate the nanowire magnetisation
perpendicular to the substrate surface prior to MFM data being collected. The MFM

phase images then recorded also showed a negative phase signal associated with the
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nanowires. The same outcome also resulted when the direction of the AFM probe’s
magnetisation was changed instead of the nanowire magnetisation. The occurrence of
negative phase signals associated with the nanowires, irrespective of the orientation of
the probe/sample magnetisation, is indicative of the nanowire’s magnetic domains
aligning with the AFM probes magnetic field. This indicates superparamagnetism of the
DNA-templated Fe;O4 nanowires, (figure 3.18a). These findings demonstrate that the
metal oxide coating around the DNA can be considered to consist of a series of discrete
superparamagnetic nanoparticles, the magnetic moments of which align with the AFM
probe’s magnetic field as it passes over them, resulting in the attractive probe-sample
interactions recorded in the MFM data. This is in contrast to the predicted result if the
nanostructured Fe3O4 had exhibited ferrimagnetic behaviour (figure 3.18b), where an
inversion in the nanowire phase signals would be expected upon reversal of the

magnetisation of either the probe or sample.

(a) Superparamagnetism

'\ AFM
A

probe

(b) Ferrimagnetism
r AFM

Figure 3-18: Illustration of the two possible types of magnetic behaviour which may be
expected for the Fe;O, nanostructures. (a) superparamagnetism — the FesO, material behaves as
a series of superparamagnetic nanoparticles, and no net magnetisation is observed. (b)
Ferrimagnetism — the magnetic moments of the Fe;O, material are locked into alignment with
one another, to give a net magnetisation. Reversing the magnetisation (of either the probe or
sample) in this scenario would result in the MFM phase signal inverting.

3.3 Conclusion

A simple solution-based DNA-templating approach has been used for the preparation of

iron oxide nanowires in the magnetite (Fe3O,) phase. In this approach DNA is shown to
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be a highly effective template for directing the growth of Fe;O, material in one
dimension, yielding nanowires with diameters up to 30 nm. The coverage of metal
oxide typically appears to be highly continuous along the DNA templates. Upon closer
inspection of the nanowire morphology a small degree of granular character can be
identified, indicating that the Fe3;O4 formation is likely to involve a “nucleation and
growth” mechanism.[18, 66, 143] Moreover, EFM studies were used to evaluate
qualitatively the electronic properties of the produced nanowires, confirming them to be
electrically conducting, whilst MFM data indicated the structures to exhibit room
temperature magnetic behaviour. Additional MFM studies revealed the nanowires to be
superparamagnetic. This indicates the Fe;O,4 coatings around the DNA templates to

consist of a series of paramagnetic nanoparticles of the metal oxide material.
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4. Chapter 4: Preparation and characterization of electrically

conductive magnetic DNA-templated Fe nanowires

4.1 Introduction

Iron is a silvery-white in color, pyrophoric if it is very finely divided, while in dry air
bulk iron is oxidised when heated.[90] Iron is one of the best examples of a
ferromagnetic material and it is also electrically conducting with a resistivity at 293 K
of 9.71X10® Q cm.[144] Chemical reduction of the iron oxides with hydrogen is used
to produce metallic iron, or alternatively by thermal decomposition of iron
pentacarbonyl Fe(CO)s.[90] Iron has continued in wide use and played an important

role in the start of the industrial revolution.[89]

In recent years, there has been an increasing interest in the fabrication of well-defined
materials with nanoscale dimensions due to their attractive chemical and physical
properties. The unique properties of the nanomaterials makes them ideal candidate to
use in a variety of applications, particularly their projected role as building blocks for
the construction of nanoscale devices. Much attention has already been paid to the
development of a variety of Fe-based nanomaterials due to their potential for
exploitation in numerous fields such as catalysis, data storage, biotechnology,
spintronics, and sensor technologies.[145-149] Iron nanoparticles, for example display
unique chemical and magnetic properties and therefore they have potential for use in
magnetic (e.g. magnetic recording media), electric (electric components e.g.
transformers), biochemical (e.g. drug delivery and MRI contrast enhancement), and

catalytic applications.[148]

Iron nanoparticles can be prepared through many chemical synthesis methods. Among
these, thermal decomposition [150-153] and chemical reduction [154-157] are the most
important routes.[158] The former method can produce small and uniform Fe
nanoparticles in high purity by dissolving Fe(CO)s in organic solvent, and heating the
resulting solution to ~ 200 °C. However, this method requiring high temperature, as
well as costly and highly toxic precursors, makes it an uneconomical process. On the
other hand, preparation of iron nanoparticles using the chemical reduction method is
less costly. In such a method, metallic iron nanoparticles can be obtained by reducing an

aqueous solution containing iron salt, such as FeCls;, with hydrazine hydrate
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(N2H4.H,0) or sodium borohydride (NaBH,) which are most common materials used as

reducing agents.[158]

Electrochemical growth is amongst the most common approaches to the fabrication of
1-D nanostructures. Such method provides advantages such as, low cost, it can be
carried out under ambient conditions and it affords considerable control over material
formation. Electrochemical methods have also been shown to offer good adaptability
with a wide variety of material types being produced, including metals (e.g. Fe, Ni, Co,
Pt), semiconductors (e.g. CdSe, ZnO), and organic conducting polymers (e.g.
polyaniline, polypyrrole).[145, 159-167] The fabrication of nanowires using
electrochemical methods commonly involves the use of a porous membrane such as
anodically etched aluminium oxide (AAO) [145, 159, 160] polycarbonate track
membranes [161] or porous silica [163, 164], supported upon an electrode during the
electrodeposition process. In this way the porous membrane confines the material

growth from the electrode surface to individual channels resulting in 1-D growth.

The use of DNA-templating strategy for the fabrication of 1-D Fe-based nanostructures
has to date, focused upon oxide-based structures. Chain-like magnetite (Fe30,) phase
iron oxide nanoparticles has recently prepared using co-precipitation and in presence of
DNA.[95] More recently, magnetic and conductive magnetite nanowires have also been
achieved using DNA as a template to direct the growth of metal oxide into 1-D form
(chapter 3).[106] No examples of the preparation of alternative Fe-based nanostructures

through direct DNA-templating have been described to date.

This chapter describes the formation of 1-D zerovalent Fe nanostructures via an
electrochemical-based, DNA-templating approach. It is believed that this represents the
first example of electrochemical growth of an electrically conductive, inorganic material
at a DNA template in nanoscale form. The use of DNA to direct material growth during
the electrochemical process provides a relatively straight-forward route to nanowire
fabrication, avoiding the need for an additional post-synthetic step for removal of the

template, as required when using porous membranes.
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4.2 Experimental section

4.2.1 Materials

Sigma-Aldrich Company Ltd., of Analar grade or equivalent, and used as received.
Ferrous sulphate heptahydrate (FeSO4-7H,0, 99%) was obtained from BDH Chemicals
Ltd. Lambda DNA (A-DNA, Cat No. N3011S) was purchased from New England
Biolabs (UK) Ltd. Calf thymus DNA (CT-DNA, highly polymerised, 6% sodium) was
purchased from Sigma-Aldrich Company Ltd. and used as received. n-Si <100> wafers
(3 inch diameter, 525+50 um thickness, polished on one side, phosphorus doped, 1-10
Qcm resistance) were used as the working electrode in electrochemistry experiments
and as substrate supports for AFM imaging of samples. n-Si <100> wafers with a
thermally grown SiO, layer on top (3inch diameter 500+25 um, double side polished,
arsenic doped, <0.005Qcm resistance, thermal oxide layer 2000 A+10% thickness) were
used in scanned conductance microscopy (SCM) and magnetic force microscopy
(MFM) experiments. All Si wafers were purchased from Compart Technology Ltd.

NANOpure® deionised water (18 MQ cm resistivity) was obtained from a
NANOpure® DIamond™ Life Science ultrapure water system equipped with a

DIamond™ RO Reverse Osmosis System (Barnstead International).
4.2.2 Fourier transform infra-red spectroscopy of DNA/Fe®*

All samples for FTIR spectroscopy were prepared as films upon Si wafers in order to
ensure sufficient material was present to obtain useful data. Prior to preparation of the
samples, the Si wafers were treated with Piranha solution as previously described
(chapter 3, section 3.2.2), but were not subject to TMS modification.

Samples of bare DNA (i.e. prior to exposure to the Fe?* solution) were prepared by
depositing 80 pL of an aqueous solution of CT-DNA (1 mg mL™) upon a n-Si<100>
wafer and allowing the solvent to evaporate at room temperature. Samples of DNA/Fe?*
were prepared by adding 60 pL of an aqueous solution of FeSO4-7H,0O (1 mM) to 30
uL of an aqueous solution of CT-DNA (1mg mL™), and left to stand for 10 minutes. 80
uL of the resulting DNA/Fe®* solution was deposited upon a n-Si<100> wafer, and the

solvent allowed to evaporate at room temperature. FTIR spectra were acquired using a
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Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc.). Spectra were recorded in the

range 400-4000 cm™, with 128 scans at 4 cm™ resolution.

4.2.3 Preparation of DNA/Fe material for X-ray diffraction and X-ray photoelectron

spectroscopy studies

The DNA/Fe material for X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) was required to be prepared in a manner which ensured sufficient
product material could be obtained to allow for meaningful data to be acquired. Samples
were prepared by adding 200 pL of an aqueous solution of FeSO4-7H,0 (1 mM) to 100
uL of an aqueous solution of CT-DNA (500 pgmL™) and leaving to stand for 10
minutes. 40 pL of the resulting DNA/Fe?* reaction solution was then drop-cast onto a
TMS-modified n-Si<100> substrate (TMS modification was carried out similar to what
was described previously, see chapter 3, section 3.2.2) for electrochemical reduction of

the Fe?* species to be carried out.

The electrochemical process was carried out using a cyclic voltammetry (CV) approach,
in which the TMS-modified n-Si<100> substrate was used as the working electrode, and
the counter and reference electrodes were tungsten wire (diameter = 0.25 mm) and
Ag/AgCl, respectively. The hydrophobic nature of the TMS-modified substrate results
in “beading” of the deposited DNA/Fe”* solution, enabling the counter and reference
electrodes to be easily inserted into the solution droplet without contacting the substrate
surface. CV measurements, and electrochemical reduction of the Fe?*, was performed
using a computer-interfaced SECM CHI 900 electrochemical microscope system (CH
Instruments), sweeping the potential between E = +0.3 V and E = -3.3 V, with a scan
rate of v = 0.1 Vs™, quiet time of t = 2.0 seconds, and sweep segments = 2.

Following the electrochemical process, the reaction solution was allowed to dry upon
the working electrode at room temperature in order to maximise the amount of product
material present for subsequent analysis. In the case of samples prepared for XRD, this
procedure was repeated a further two times on the same Si substrate in order to provide

sufficient of the product material for diffraction pattern to be acquired.
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4.2.4 Preparation and alignment of DNA-templated Fe nanowires for scanning probe

microscopy studies

Whilst CT-DNA was used in the preparation of the DNA-templated Fe where large
amounts of material were required for investigation (FTIR, XRD, XPS), A-DNA was
employed as the templating agent in the preparation of Fe nanowires fabricated for SPM
studies. Molecules of A-DNA are of a consistent length (16.2 um) [16], allowing for the
formation of well-defined nanowire structures, highly suited for investigation by SPM.
Samples were prepared by adding 10 uL of an aqueous solution of FeSO4-7H,0 (1 mM)
to 5 pL of an aqueous solution of A-DNA (500 pgmL™), which was left to stand for 10
minutes. 5 pL of the DNA/Fe?*solution was subsequently deposited upon a
TMS-modified n-Si<100> wafer. CV was subsequently carried out at the surface of the
wafer as previously described. Following the electrochemical process, the reaction
solution was removed from the Si working electrode by micropipette. The resulting
DNA-templated Fe nanowires present in the reaction solution were isolated by
immobilisation upon a fresh TMS-modified n-Si<100> wafer using a process based
upon spin-coating methods. In this method, the DNA/Fe solution was applied to a TMS-
modified n-Si <100> wafer whilst spun at 125 rpm. The substrate was spun for a further
2 minutes at 250 rpm before the residual solution was withdrawn from the substrate
surface by micropipette.

4.2.5 X-ray diffraction

XRD data was acquired using of a PANalytical X Pert Pro diffractometer (PANalytical)
using Cu K, radiation source (A = 1.540 A).

4.2.6 X-ray photoelectron spectroscopy

XPS was carried out using a Thermo Scientific K-Alpha X-ray photoelectron
spectrometer (Thermo Electron Corp., East Grinstead, UK), equipped with an Al Ka X-
ray source (1486.6eV) with a variable spot size of 30—400 um. A take-off angle of 90°
was used during data acquisition, and a charge neutralisation gun used to compensate
for surface charging. All spectra were referenced to hydrocarbon C1s peak at 285.0 eV.
Survey spectra were acquired using a pass energy of 150 eV, whilst high resolution

region spectra were acquired using a pass energy of 50 eV. For depth profiling
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experiments, an Ar” ion gun (200 eV) was used for sputter etching of samples. Data

analysis was carried out using CasaXPS software (Casa Software Ltd.).

4.3 Results and Discussion

For the preparation of DNA/Fe nanowires, an electroreduction of Fe?* was carried out in
aqueous solution containing the duplex DNA strands according to the experimental
setup illustrated in Figure 4.1. This electrochemical-based DNA-templating method
involves initial association of the Fe(ll) cations with the DNA through DNA/Fe®*
complex formation. In the second step and for electrochemical reduction to be carried
out, the DNA/Fe*" in the reaction solution was supported upon an n-Si<100> which
modified with a TMS self-assembled monolayer in order to improve the hydrophobic

properties of the substrate surface.

The hydrophobic nature of the TMS-modified substrate results in “beading” of the
deposited DNA/Fe?* solution, enabling the counter and reference electrodes to be easily
inserted into the solution droplet without contacting substrate surface. The conversion
of the DNA-bound Fe?* species into the metallic phase took place by performing cyclic
voltammetry measurements upon the reaction solution supported on TMS-modified Si

substrate which acts as working electrode.
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Figure 4-1: Design describing the electrochemical process of the DNA-bound Fe®* ions during
the preparation of DNA-templated Fe nanowires.

It is suggested that the nanowire fabrication using such novel method relies upon two

distinct stages. The first one is the formation of DNA/Fe** complex which has
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fundamental role in the preparation process, directing subsequent formation of the Fe
material to take place along the axis of the DNA molecules. The electrochemical
reduction of the DNA-bound Fe?* cations to zerovalent is the second significant stage
for the nanowire formation. This process results in the growth of Fe coating around the

DNA template molecule to give the final metal nanowire.

The DNA-templated Fe produced using DNA-templating strategy in conjugation with
electrochemical reduction method, was characterised using XRD and XPS studies in
order to confirm the formation of Fe within the product material. AFM measurements
were used to investigate the effectiveness of the DNA in directing the growth of Fe

material into one dimensional form and establish the material’s structural character.
4.3.1 Fourier transform infra-red (FTIR) spectroscopy studies

FTIR spectroscopy was carried out in order to confirm the formation of the interactions
between the Fe?* cations and the duplex DNA strands. The rich chemical functionality
presented by the DNA offers several different types of site for metal ion interaction.
Metal ion binding at the polyanionic phosphodiester backbone for example, can take
place through the formation of electrostatic interactions involving the hydrating water
molecules around the metal ion or through inner-sphere coordinate bonds directly to the
DNA phosphate groups. Alternatively, interactions may also take place through
coordination of the metal cations to electron donor sites (e.g. ring nitrogen atoms)
within the DNA bases.[48, 63] Previous FTIR studies of the DNA/metal ions interaction
have reported that the metal ions attach to the DNA structure mainly at guanine (N7,
06) and adenine (N-7, N-1) of purines bases and at the N3 of the pyrimidine.[50]
Moreover, it is reported that at low cation concentration, Fe** species bind guanine N-7
and the backbone PO, group of the DNA, while at higher cation concentration they
bind to adenine N-7 and thymine O-2 of the DNA.[53]

Here, FTIR spectra of samples of DNA before and after treatment in solution containing
Fe?* cations are depicted in figure 4.2. The spectrum of the DNA following FeSO,
treatment (black spectrum) shows several spectral changes in the DNA-related bands
(see figure 4.2 and table 4.1), indicative of interactions between the DNA and Fe®*
species. These changes are evidently observed in the 900-1300 cm™ region of spectra,
thereby indicating interaction of the Fe?* cations with the DNA phosphodiester
backbone. The P-O/C-O stretches at 1071 cm™ and PO, symmetric stretches located at
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1097 cm™ of the phosphate backbone are shifted upon Fe?* association to be observed at
1066 and 1103cm™, respectively. This was combined with a relative increase in

intensity of these bands upon metal binding.

% Transmittance
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Wavenumber (cm?)

Figure 4-2: FTIR spectra of “bare” DNA (blue spectrum) and DNA following exposure to an
aqueous solution of FeSO, (1mM) (black spectrum).

Moreover, the PO, asymmetric stretch at 1244 cm™ showed a noticeable shift toward
lower frequency to 1205 cm™ following Fe?* treatment. Similarly changes in IR-band
positions can also be identified in the nucleobase region (1300-1800 cm™), indicating
the Fe?* cations also interact with the DNA through coordination to the DNA
nucleobases. The carbonyl stretch at 1688 cm™, for example has shifted -7 cm™

following DNA/Fe?* binding. All the DNA vibration bands were assigned according to
literature.[109-111]

Wavenumber (cm™)

ot Assignment
CT-DNA CT-DNA/ Fe
961 973 C-C deoxyribose stretch
1021® - C-O deoxyribose stretch
1071 1066 P-O/C-0 deoxyribose stretch
1097 1103 PO, symmetric stretch
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1244 1205 PO, asymmetric stretch

1364 1368 C-N stretch of cytosine/guanine

1417 1419 C-H /N-H deformation; C-N
stretch

1487 1487 Ring vibration of cytosine/guanine

1530 1531 In—_plane V|t_)rat|0n of
uanine/cytosine

1605 16021 In-plane vibration of adenine

1652 1654 C=0 stretqh of_cytosme/thymme;
In- plane vibration of thymine

1688 1681 C=0 stret(?h of guanine/thymine;

N-H thymine
2850-3500 2850-3500 C-H/N-H /O-H stretches

Table 4-1: Assignment and comparison of FTIR spectra (600-4000 cm™) of calf thymus DNA,
and calf thymus DNA following association of with Fe?* cations in agueous solution. ™ Peak
appeared as a shoulder.

4.3.2 Cyclic voltammetry

Electrochemical reduction of the DNA-bound Fe** species was carried out via a CV
approach. For CV measurements, the experimental setup was adopted as previously
described, see Figure 4.1. A typical voltammogram curve obtained from CV
measurements during the DNA/Fe nanowires preparation is illustrated in figure 4.3.
This curve displays a single broad cathodic peak at approximately E = -1.4 V, which is
in reasonable agreement with the reported cathodic peak (-1.49 V) of the
electrodeposition of iron on gold disk electrodes.[168] It is obvious from the CV
recorded for the DNA/Fe?* solution system that, there was no peak in the anodic sweep.
This indicates a single irreversible reductive process was carried out, corresponding to

the two-electron reduction of the Fe?* cations at the n-Si<100> wafer surface.
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Figure 4-3: Cyclic voltammogram of the reduction of Fe** in a FeSO, (1 mM) /CT-DNA (500
ug mL™) aqueous solution at an n-Si<100> electrode.

4.3.3 X-ray diffraction studies

In order to verify the chemical identity of the material produced during the CV
experiments, XRD analysis was performed. For XRD studies, a sample solution was
left to dry upon the Si wafer (working electrode) following the electrochemical reaction,
and the fabrication process then repeated two further times on the same wafer in order
to ensure sufficient material was present in the samples to acquire a diffraction pattern.
XRD data provide evidence for the formation of metallic iron following the
electroreduction process within the product material. Figure 4.4 illustrates the XRD

diffraction pattern obtained of the film sample of DNA/Fe material.

The predominant peaks in the XRD pattern recorded for the sample material appeared
within 20 = 10-35° range, and are very likely due to unreacted starting material
(FeSO4-7H,0) which is present in the sample as a consequence of the manner in which
it is required to be prepared in order to obtain meaningful XRD data. More
significantly, a small peak at 20 = 45° can also be identified, which is consistent with
the (110) reflection of the a-Fe phase (body-centred cubic).[158, 169] Despite a poor
signal to noise ratio of such small peak (20 = 45°), the average crystallite size of the iron
was estimated through applying the Scherrer’s equation (D = k-A/[B-cos0]). Using a line
broadening parameter (B) of 0.23°, determined from the full-width-at-half-maximum of
the (110) reflection, and a Scherrer constant (k) value of 0.89, a mean crystallite size of

approximately 37 nm was determined.
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Figure 4-4: XRD pattern of DNA-templated Fe nanowires, showing (inset) the characteristic a-
Fe (110) reflection at 20 = 45°. The series of peaks present at lower 20 values are attributed to
unreacted FeSO,-7H,0 starting material present in the sample.

Moreover, from the XRD pattern recorded for the sample material, no peaks
characteristic of any iron oxide phases were observed, suggesting the product material is
predominantly metallic a-Fe. It should be noted that, despite XRD pattern indicated the
product material is predominantly metallic a-Fe, it is still expected that the possibility of
the a-Fe to be coated with an oxide layer at its surface to which XRD is insensitive. For
this reason, the product material was also characterised using X-ray photoelectron
spectroscopy (XPS) in order to establish the existence of any oxide species at the

surface of the product material.

4.3.4 X-ray photoelectron spectroscopy (XPS) studies

XPS studies were carried out upon the product material in order to provide further
evidence for the presence of zerovalent metallic Fe to support XRD data, as well as to
allow for the surface/core chemical structure of the Fe material to be elucidated. This
was achieved through depth profile analysis of the material, which allowed for the
chemical composition both at the surface and within the core of the Fe material to be
probed. The XPS survey spectrum of the DNA/Fe material is depicted in Figure 4.5.
This spectrum shows signals arising from both DNA e.g. P2p and N1s, and Fe material
e.g. Fe2p and Fe3p. The additional peaks, such as O (originated from contributions of
air, DNA and/or the FeSO,.7H,0), C (appeared due to DNA and/or organic

contaminants), S (which indicates the presence of the FeS0O,.7H,0 starting material)
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and Si (originated from silicon wafer used as a substrate) also appeared in the spectrum

of the product.

Ols

Intenisty
)
=
L]

1000 800 600 400 200 0
Binding Energy (eV)

1200

Figure 4-5: XPS survey spectrum of a film sample of calf thymus DNA-templated Fe material
immobilised upon a Si/native SiO, substrate.

Evidence for the presence of the DNA in the product material is provided by the P2p
signal. Curve fitting of the P2p region (figure 4.6a) displays a doublet structure with
binding energies at P2ps, = 133.7 eV, and P2py;, = 134.5 eV, respectively. Such a
doublet arises from the phosphorus atoms in the DNA backbone.[53, 119, 121, 124]

(b)

()

Intensity
Intensity
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Figure 4-6: Curve fitting of high resolution XPS spectra of the P2p region (a) and the N1s
region (b) of a film sample of calf thymus DNA-templated Fe nanowires immobilised upon a
Si/native SiO, substrate. Blue solid line represents raw data, total fits is indicated by red line and
black dashed lines are referred to component peaks.

Further confirmation of the presence of DNA in sample material is obtained from the
examination of N1s signal. Curve fitting of the N1s region (figure 4.6b) is consistent
with two components at binding energies of 399.1 and 400.5 eV, respectively. The

lower energy peak with lower intensity is consistent with the reported value of
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sp’-bonded N atoms, and the more intense emission at higher binding energy can be
assigned to sp*-bonded N atoms present in exocyclic amino group (-NH,) of DNA.[119-
122]

On the other hand, the presence of the Fe in the product material is confirmed by
observation of Fe2p region. Figure 4.7 shows a high resolution XPS spectrum of the
Fe2p region of the DNA/Fe material. This spectrum reveals a broad doublet structure
with binding energy at approximately Fe2ps, = 711.2 eV, and Fe2p;, = 723.9 eV.
Curve-fitting of the spectrum has not been carried out due to the complex and unreliable
nature of accurately assigning Fe2p spectra which potentially contain several different
Fe species; as well as requiring to fit each Fe species present. The curve-fit would be
further complicated by multiplet splitting of the components due to electrostatic and
spin-orbit interactions between the 2p core hole and the unpaired 3d electrons of the

photoionised species (characteristic of high-spin Fe** and Fe®" species).[170, 171]

However, despite these apparent complexities, several distinctive features of the
spectrum can be identified which allow for different Fe species in the sample to be
distinguished. Firstly, the doublet structure has a broad appearance and distinctive
shape, characteristic of that previously seen for Fe®* species present in
FeSO,4-7H,0.[172, 173] A broad tail can be identified to the higher binding energy side
(~713-717eV) of the Fe2ps, peak, characteristic of a satellite peak arising from Fe®*
species.[171-175]

Fe*"/Fe**
Fe*/Fe*" Fe2p;,

Intensity

740 730 720 710 700
Binding Energy (eV)

Figure 4-7: High resolution XPS spectra of the Fe2p region, recorded from a sample of DNA-
templated Fe nanowires immobilised upon a Si/native SiO, substrate.
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The presence of FeSO4-7H,0 in the sample material was further verified by the S2p
peak around 168.7 eV, consistent with sulfur present in the form of SO, species, [176,
177], see figure 4.8. These findings are similar to those of the XRD data discussed
earlier, which showed several peaks in the diffraction pattern relating to unreacted

FeSQO,-7H,0 due to the manner in which the sample material was prepared.

168.7eV

Intensity

174 172 170 168 166 164 162
Binding Energy (eV)

Figure 4-8: High resolution XP spectra of S2p region acquired from a sample of DNA-
templated Fe nanowires.

The broad nature of the Fe2p spectrum also suggests a second Fe component to be
present in addition to Fe®*. This is also evident from the presence of a shoulder on the
lower binding energy side of the Fe2ps, peak, which can be attributed to the Fe®*
(Fe2ps2) signal overlapping with the Fe2p spectrum of a second Fe component at higher
binding energy. The position of this component, relative to the Fe**, is consistent with
the presence of Fe® .[173] A shake-up satellite around 719 eV would typically be
expected to be observed in the Fe** spectrum, but is difficult to distinguish in this

instance as a result of the overlapping with the Fe?* spectrum.[118, 127, 173]

The presence of Fe** is most likely the consequence of surface oxidation of the Fe
product material forming an oxidized layer around the metallic Fe. The formation of
such coatings is generally known to take place at the surface of nanostructured o-Fe
materials, typically in the form of an oxide such as Fe,O3; or Fe;O, for example, or as
oxyhydroxide (FeOOH).[178-181] However, the similar binding energies of the Fe2p
core level in these two materials, along with the complexities of having multiple
components present in the Fe2p envelope, makes it difficult to confidently confirm in

which phase the oxide layer exists in this instance.
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Another important feature of the spectrum in Figure 4.7 is the absence of a doublet peak
arising from the zerovalent metallic Fe, expected around 706-708 eV (Fe2pss;). This
confirms there to be no Fe present in the surface layers of the fabricated structures.
When it is also considered that the XRD data indicated the product material to be
predominantly composed of a-Fe, this suggests that the DNA/Fe structures do indeed
possess an iron/oxide core-shell structure. In order to verify this, depth profile XPS
analysis was also carried out. Figure 4.9 shows a series of XPS spectra of the Fe2p
region from the DNA/Fe material following etching by Ar® sputtering for a defined
period of time (0-1200 s).

Fe2t/Fe3*

Feer/Fe3Jr Fesz/Z

Fe2p,,,

(a) Os

Intensity

730 726 722 718 714 710 706 702
Binding Energy (eV)

Figure 4-9: High resolution XPS spectra of the Fe2p region, recorded from a sample of DNA-
templated Fe nanowires. The spectra were recorded following etching of the sample material by
Ar" sputtering for (a) Os, (b) 400s, (c) 800s, and (d) 1200s, respectively.

The appearance of an additional doublet at lower binding energy (Fe2ps, = 706.9 eV,
and Fe2py, = 719.8 eV) relative to the Fe?*/Fe** signal is observed in the spectra upon
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etching, which increases in intensity as a function of the etching time. The binding
energy of this doublet is consistent with zerovalent Fe [158, 175] confirming that the
core of the Fe-based structures are composed of metallic Fe, in agreement with XRD
data.

It is also noted that the Fe2p signal from the oxide material is still observed following
etching, as the sample is not deposited as a homogenous film, and will consist of a
multilayer network of DNA-templated Fe nanostructures. From XPS depth profile
studies of the DNA-templated Fe material, it could be concluded that, the electro-
deposited Fe to possess a core-shell structure comprised of a metallic Fe core encased
by a surface oxide layer. In order to provide further evidence for the core-shell structure
of the produced DNA/Fe material, curve-fitting of the O1s spectra was attempted.

The product material contains several different oxygen types, such as oxygen present in
iron oxide/hydroxide, DNA, FeSO,4-7H,0. Therefore, it is not straightforward to make
an accurate fitting of the O1s spectra. A simple approach has been used, in which a
minimum of three components are required in order to accurately reproduce the shape
of the O1s spectra, shown in 4.10. It should be noted that each component is the sum of
several contributions. For example, the component at highest binding energy (532.9 eV)
is attributed to oxygen atoms in the DNA phosphate groups.[119, 122] This is consistent
with the observation of P2p region (figure 4.6a) which confirmed the presence of the
DNA in the sample material. Other contributions to this component of the O1s envelope
are expected from the sulfate groups of unreacted FeSO,4-7H,0 starting material present
in the sample.[172, 176] The presence of sulfate groups was also indicated from the S2p
signal observed around 168.7 eV, see figure 4.8. Additionally, there will also be a
contribution from H,O adsorbed at the surface of the Fe structures to this peak (532.9
eV).[178, 179]

The second component in the O1s envelope (531.5 eV), of similar intensity to the first,
can be assigned to oxygen atoms present in the sugar and nucleobase units of the
DNA.[119, 122] A contribution from the SiO, substrate to the spectrum within the
region of these first two components may also be present, though this is not expected to
be significant due to the considerable amount of sample material present on top of the
substrate (this is supported by the XPS survey scan which showed only a weak Si2p
signal). The final component fitted within the O1s envelope (530.2 eV) is in reasonable
agreement with the expected binding energy for O* species found in iron oxides.[172,
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178, 179] This is at least consistent with the Fe nanostructures possessing an oxide layer

at their surface.
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Figure 4-10: Curve-fitting of high resolution XPS spectra of the O1s region from DNA-
templated Fe nanowires, prepared via electrochemical reduction of Fe®* in the presence of DNA.
The spectra were acquired following etching of the nanowires by Ar* sputtering for a period of
(a) Os, (b) 400s, (c) 800s, and (d) 1200s.

4.3.5 Atomic force microscopy (AFM) studies of the DNA/Fe nanostructures

The structure and morphology of individual DNA-templated Fe nanowires prepared
using electrochemical reduction of DNA-bound Fe?* ions has been probed by AFM. For
the AFM measurements, samples were prepared by stretching the DNA-templated Fe
“nanowires” on @ TMS-modified Si/SiO, substrate. The treatment of the silicon wafers
with a TMS self-assembly monolayer is a very important initial step to improve the

hydrophobic properties of the substrate surface, giving typical static contact angles
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~71°.[16] This facilitates alignment of the produced DNA-templated Fe “nanowires”
upon the substrate surface via molecular combing in adequate density,[133, 134]
allowing individually structures to be probed by AFM. Selected AFM height images of
the produced DNA/Fe “nanowires” aligned upon a TMS-modified Si substrate are

illustrated in figure 4.11.

Figure 4-11: Selected TappingMode AFM images of the DNA-templated Fe “nanowires”
aligned upon a TMS-modified Si/native SiO, substrate. (a) AFM image shows a nanostructure
with average diameter of ~22 nm. The inset image shows a zoomed-in region of the nanowire
with the image contrast adjusted to highlight the nanowire morphology, which consists of linear
arrangements of metal particles packed along the DNA template. (b) AFM image shows
granular character of the 15 nm height of DNA/Fe “nanowire”. (¢) This image represents also a
“nanowire” with structure height of 15 nm, along with bare DNA molecules, which denoted
with white arrows. (d) AFM image reveals thicker (26 nm in diameter) structure. (e and f)
represent regular structure with little/or no variation in the diameter size along their length.
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These images display structures with different sizes, as the Fe electrodeposited has
occurred to variable levels upon the duplex DNA templates. Thickening of all observed
structures except those indicated by white arrows (figure 4.11c and f) is obviously
evident relative to the DNA itself (< 2) [135], indicating that the Fe is successfully
electrodeposited upon DNA.

The influence of the DNA upon the growth of the electrodeposited Fe is evident from
the observed 1D form of the resulting DNA-templated Fe nanostructure, indicating that
DNA templates the growth of the Fe material along in its own direction. Moreover, the
substrates show a low level of globular features which are expected to be non-templated
Fe material (circled areas in figure 4.11). A number of structures with diameters < 2 nm
(figure 4.11c and f, white arrows), are also observed which are very likely to be bare

DNA molecules.

It is clear from figure 4.11 that for the DNA/Fe structures, the Fe appears to form a
continuous coating around the DNA with little evidence of breakages in its structure.
Upon closer inspection however, the metal coating can be seen to exhibit a granular

morphology (see Figure 4.11a, inset), consisting of a linear arrangement of

nanoparticles densely pack together along the DNA, as illustrated in Figure 4.12b.

lcgm

b linear particle arrangement
( ) (uniform particle size)

Figure 4-12: (a) AFM height image of the produced DNA-templated Fe “nanowire” aligned
upon a TMS-modified Si/native SiO, substrate, showing granular character of the Fe coatings
around DNA with uniform size. (b) Illustration showing the morphology exhibited by the DNA-
templated Fe nanowires.

The morphology associated with the metal coating is most likely a consequence of the
Fe formation taking place through a series of nucleation and growth processes on the
template, similar to that previously reported in the preparation of other DNA-templated
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metal structures.[18, 66, 182] For example, AFM studies of Cu® nanostructures prepared
using chemical reduction of DNA-bound Cu?* ions with ascorbic acid,[66] showed a
distinctive “beads-on-a-string” appearance (figure 4.13a), indicating that the growth of
cu’ nanoparticles at DNA templates had took place via a “nucleation and growth”
mechanism. Such a growth mechanism of the Fe material is supported by a minority of
DNA-templated Fe “nanowires” which presented incomplete coverage of the DNA
template by the Fe material (figure 4.13b). This image shows parallel chains of
structures with a series of distinct nanoparticles being bound along the DNA. These
structures are regarded as examples where the growth of Fe material upon the template
has not gone to completion and help provide a useful insight into the growth of the Fe

material at DNA template during the DNA/Fe “nanowire” formation.

Figure 4-13: (a) AFM height image of DNA/Cu nanostructure with “beads-on-a-string”
morphology, the arrows indicate regions between Cu® nanoparticles on the DNA stands,
where less substantial Cu® deposition has taken place, (scale bar=200 nm, height scale=8
nm).[66] (b) Example of partially formed A-DNA-templated Fe “nanowires”, where the metal
growth has not reach maturity during the reaction period.

It can also be noted from the AFM images of the DNA/Fe “nanowires” that the
constituent Fe nanoparticles of the metal coating appear highly monodisperse in size.
This is in contrast to morphologies seen in previously reported examples of DNA-
templated nanostructures, which have typically displayed one of two general types of
structure. The first of these can be described as linear arrangements of nanoparticles
along the DNA (figure 4.14a), similar to that shown by the current DNA-templated Fe
nanowires, but with much larger variation in the constituent particle sizes.[66, 67, 134]
One such structure illustration of this has been observed for metallic palladium
nanowires prepared via chemical reduction of the DNA-absorbed Pd**.[134] These

showed continuous structures of nanowires which are composed of nanoparticles.
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(a) (b)

Figure 4-14: (a and b) Illustration showing two general morphology types that have previously
been reported of various DNA-templated nanowires which are (a) linear particle arrangement
(variablr particle size) and (b) cluster formations.(c) AFM image with high-magnification of a
DNA/Pd nanowire, showing morphology behaviour similar to illustrated in (a). (d) Scanning
electron microscope image of Pd nanowire with small dendrites perpendicular to the
strand.[143]

However, section analysis showed a variation in the diameters of these nanoparticles
along the whole length of any single nanowire, see figure 4.14c. The second
morphology type involves the templated material binding in a much less linear fashion,
forming clusters of particles around the DNA (figure 4.14b), which in some instances
produce structures with a dendritic appearance.[18, 64, 143] An example of such
morphology behaviour is revealed by the Pd nanowires prepared through two-step
chemical deposition of Pd on DNA templates.[143] Scanning electron microscope
image of the produced nanowires showed thicker structure (40 nm) with dendrites

perpendicular to the main structure’s body, see figure 4.14d.

It has been suggested that there are two factors which may be responsible for the
uniform particle growth seen in the DNA-templated Fe “nanowires” described here.
These are: (i) at the high driving forces of the electrochemical experiment, resulting in
instantaneous nucleation on the template being favoured over progressive nucleation;
(i) confinement of nuclei to a 1-D template results in inhibition of the growth of larger
particles because they experience overlap with their neighbours sooner. Both factors are
likely to narrow the size distributions of particles nucleating and growing on DNA in

comparison with the cases of nucleation at a surface or in a bulk phase.[183]

Whilst there is a relatively narrow size distribution of the constituent particles

associated with any individual nanowire, AFM analysis revealed considerably more
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variation in the mean diameter between different nanowires in the product material;
height measurements showed the structures to range in size from 1-26 nm in diameter.
In order to evaluate the size distribution of the structure heights of the DNA-templated
Fe “nanowires” produced, a statistical treatment of the structures was carried out. For
this, the average heights of 100 DNA/Fe “nanowires” were measured using AFM line
profiles. A histogram of the nanowire diameters (figure 4.15) displays moderately wide
size distributions with structures up to 26 nm in diameter were observed. This histogram
showed a large peak value at < 2 nm, indicating that a number of the DNA did not

involve in the templating process and remain free in the reaction solution.
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Figure 4-15: Histogram of the size (diameter) distribution of the of the DNA-templated Fe
“nanowires”.

4.3.6 Electrostatic force microscopy (EFM) studies of the DNA/Fe nanostructures

The electrical properties of the DNA-templated Fe nanostructures were qualitatively
probed using the EFM method.[72, 80, 81] For EFM measurements, samples were
prepared by transferring the reaction solution comprising DNA/Fe “nanowires” from
the Si working electrode following electrochemical reduction process to a TMS-
modified Si wafer with a thermally grown dielectric layer of SiO,. The “nanowires”
were subsequently aligned upon the substrate using a process based upon spin-coating
methods as described earlier in this chapter, section 4.2.4.

EFM data recorded of the DNA-templated Fe “nanowires” are depicted in figure 4.16.
The height image (figure 4.16a) shows two main “nanowires” with main diameters of

4.7 nm (left) and 12 nm (right), along with a number of structures with diameters of < 2
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nm (denoted by yellow arrows). Such thinner structures are suggested to be bare DNA
as their heights are consistent with the theoretical diameter of single DNA molecule (< 2
nm) measured by AFM.[109] Information relating to the electrical behaviour of such
structures can be elucidated from the phase contrast associated with them in the phase
images (figure 4.16b-e). Specifically, a negative/dark contrast is observed if the
nanostructure is electrically conducting, whilst dielectric structures produce only
positive/bright contrast.[72, 80, 81]

It is clear from the corresponding phase images (b, ¢, d and €) recorded with applied
bias potentials of +7, -7, +5 and -5 V, respectively, that the two main DNA-templated
Fe nanowires shown in the AFM height image correspond to the prominent
negative/dark contrast seen in the phase images. This was found to be the case over the
range of bias potentials used (between -7 V and +7 V), confirming that the structures

are electrically conductive, i.e. the metal coatings provide a continuous electron

conduction pathway.
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Figure 4-16: Electrostatic force microscopy (EFM) data of DNA-templated Fe nanowires
aligned upon a Si/SiO, substrate. (a) AFM height image of two main nanowires with main
diameters of 4.7 (left) and 12 nm (right), respectively, along with thinner structures (< 2 nm),
which indicated by yellow arrows. (b, ¢, d and e) The corresponding EFM phase images of the
nanowires featured in (a) at an applied bias potential of +7, -7, +5 and -5 V, respectively, phase
scale of 20°. (f) Plot of the tangent of the nanowire phase shifts (measured from the 12 nm
diameter wire) against the bias potential applied to the sample.
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The magnitude of the phase shifts associated with the nanowires (relative to the
substrate background) were dependent upon the applied bias, as can be seen by the
parabolic trend displayed when plotting the tangent of the phase shifts as a function of
the applied bias (Figure 4.16f). This relationship between the phase shifts and applied
bias is characteristic of the probe-sample interactions is dominated by capacitance
effects rather than electrostatic interactions, which are expected to show a linear
relation.[81, 83-85] This confirmation that the phase shifts are predominantly
influenced by the tip/substrate capacitance, rather the presence of static charges on the

wire, verifies that the indicative of the conductive nature of the nanowire.[81]
4.3.7 Magnetic force microscopy (MFM) studies of the DNA-templated Fe nanowires

One of the best examples of a ferromagnetic material is metallic Fe® in its bulk form.
However, magnetic properties are known to be size-dependent [139, 184], which can
make nanomaterials display quite different magnetic behaviour relative to the
corresponding bulk. An example of this is the transition from a bulk ferromagnetic to
superparamagnetic behaviour when in nanoparticle form, where the particle volume is
smaller than the size of a single magnetic domain.[139, 184] This change is because of
the magnetic anisotropy energy is overcome by the thermal energy, and results in
randomisation of the magnetic spin direction, leading to a net magnetisation of zero in
the absence of any external magnetic field. Moreover, due to its high sensitivity towards
anisotropic effects, the geometry of nanostructured materials also plays an important
role in determining their magnetic character.[185, 186] Hence the nanostructured form
in which a material is prepared (e.g. nanoparticles, nanowires/nanorods) can also dictate
magnetic character. It was therefore of interest to probe the magnetic behaviour of the
Fe structures produced here. In order to achieve this, magnetic force microscopy (MFM)
was used.[106]

For MFM studies, samples were prepared using similar a method to that previously
described for EFM studies, in which the nanowires were aligned upon a Si/SiO,
substrate following the electrochemical reduction process. MFM measurements were
then recorded at different tip-sample separations ranging from 10 to 110 nm. Figure
4.17b-g, shows a series of MFM phase images of a DNA-templated Fe nanowire
recorded at a range of lift distance, along with the accompanying AFM height image

(figure 4.17a). The height image displays a 17.4 nm diameter nanowire with branches
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leading off the nanowire’s main body. In the MFM phase images, when the lift height is
increased, a dark contrast relative to the background was clearly observed to be
associated with the main DNA/Fe nanowire. This indicates the Fe structure to exhibit a

room temperature magnetic response to the probe.

In addition, the dark contrast indicates that the magnetic interaction between the probe
and nanowire is an attractive one, i.e. the magnetic moments of the nanowire and probe
are in alignment with one another. It should be noted that the magnitude of the produced
negative phase shift is clearly seen to decrease gradually with the increasing tip-sample
separation, becoming almost negligible at lift heights of > 90 nm. Plotting of the
measured phase shift of the DNA/Fe nanowire as a function of the lift heights gives a
logarithmic curve (Figure 4.17h), indicating that phase shifts decay regularly in
response to the increase of the tip-sample distance. Additional evidence for confirming
that the recorded signal in MFM scans is due to magnetic interactions between the
magnetised probe and nanowire is provided by control experiments which carried out
using non-magnetic Si probes. No phase signal was recorded from such control
measurements, indicating that the previous phase signals observed must be a result of

magnetic interactions between the magnetised probe and nanowire.

In order to establish the type of magnetic behaviour displayed by the nanowire,
additional MFM experiments were performed in which the direction of the probe’s
magnetisation was reversed. If the Fe nanowire is ferromagnetic in character (as Fe is in
its bulk form) reversing the direction of the probe’s magnetisation would be expected to
result in the phase signal inverting, i.e. changing from dark contrast to bright contrast,
as any probe—nanowire interactions will now be repulsive. However, the dark phase
contrast associated with the nanowire was found to persist regardless of the direction of
the probe’s magnetisation. This behaviour is consistent with the magnetic field of the
AFM probe inducing alignment of the magnetic moments within the region of the
nanowire over which the probe is positioned at any given time, indicating that the
nanowire structure is composed of a series of superparamagnetic Fe particles packed

along the DNA template.
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Figure 4-17: (a) AFM height image of a DNA-templated Fe nanowire supported upon a n-
Si<100>/200 nm SiO, wafer, showing 17.4 nm diameter nanowire. The corresponding MFM
phase images of the nanowire are shown, recorded at lift heights of (b)18 nm, (c) 26 nm, (d) 34
nm, (e) 32 nm, 50 nm (f) and (g) 50 nm, respectively. Phase scale in all MFM phase images is
5°. (h) Plot showing the magnitude of the measured nanowire phase shifts as a function of the
lift height of the probe.

The proposed structure here is also supported by the morphology of the nanowires, i.e.
linear arrangements of Fe nanoparticles, densely packed along the DNA. This finding is
similar to the magnetic behaviour reported for DNA-templated magnetite (Fe3O,)
nanowires, where superparamagnetism was displayed in contrast to the ferrimagnetism
observed in the bulk phase.[106]
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4.4 Conclusion

The preparation of Fe nanowires has been achieved for the first time using a DNA-
templating approach in conjunction with electrochemical reduction. The chemical
composition of the resulting DNA/Fe nanowires was determined by XRD and XPS to
consist of a core-shell structure, where an oxide sheath encapsulates the Fe core. AFM
data indicated that DNA templates directed the growth of the electrodeposited Fe
material as organised 1D structure, with diameters of up to 26 nm. The metal coatings
around the DNA stands are continuous and show granular character consisting of a
linear arrangement of nanoparticles with uniform particle size. Furthermore, EFM and
MFM studies were used to evaluate the electronic and magnetic properties of the
resulting DNA/Fe nanowires, respectively, confirming them to be electrically

conducting and to exhibit room temperature magnetism.
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5. Chapter 5: Preparation and Characterization of DNA/Rh

nanowires

5.1 Introduction

Nanoscale forms of transition metals are expected to show new and unique chemical
and physical properties distinct from the equivalent bulk material.[187] For instance, the
magnetic properties of metals are known to be dramatically altered when scaling the
material down to the nanoscale.[188] For rhodium the bulk form is non-magnetic, but
magnetic behaviour can be displayed in low-dimensional systems.[188-190] Rhodium is
one of transition metals which already has many industrial applications, and the
development of stable low-dimensional forms of this metal, may extend its use to
further.[191] For instance, Rh nanoparticles have already demonstrated their possible

applications, as a catalyst in C-C coupling reactions.[192]

Well-dispersed Rh nanoparticles in the size range 2-8 nm, have been synthesised on
carbon nanotubes (CNTSs) using a simple one-step sonochemical method.[193] In this
work, the preparation of CNT-supported metallic Rh nanoparticles was achieved
through the addition of an aqueous solution of RhCl3 and boron-containing reducing
agent to an ethanol solution containing carboxylate functionalized multiwalled carbon
nanotubes (MWNTSs). This method produced well-dispersed Rh nanoparticles of
different size which are uniformly attached to the surface of the MWNTSs.

Rh nanoparticles were also prepared on one-dimensional titania nanostructures.[194] In
this instance, titanate nanowires and nanotubes were impregnated with a solution of
RhCI3, The Rh nanoparticles on the titania nanostructures were characterised by XPS,
SEM and FT-IR spectroscopy, which confirmed the formation of metallic Rh

nanoparticles on the surface of nanowires and nanotubes.

There are rather few examples of 1-D nanoscale Rh reported in the literature. Fukuoka,
et al., [187] for example, used organic-inorganic hybrid mesoporous materials (HMM)
as a template to prepare metallic nanowires which included rhodium. In this instance the
Rh nanowires were formed via photoreduction of the RhCI3.3H,O inside the
mesoporous medium (HMM-1) and had a bead-on-a-string morphology. Moreover, Rh
nanowires have also prepared by using an anodic aluminum oxide (AAQ) as a template.

Here, electrodeposition of metal from Rh plating solution inside the AAO template
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produced Rh nanowires with diameter ~ 300 nm. The length of nanowires can be
controlled by varying electrodeposition time, and the nanowires were extracted by
dissolving the template in a 3.0 M NaOH solution.[195]

Although metallic Ag [18], Pd [64, 143], Pt [196] and Cu [65, 66], nanowires have all
previously been fabricated through chemical reduction of the DNA-bound metal ions, to
the best of our knowledge, no work has been reported to date on preparation of Rh-
based nanowires using DNA as a template.

In this chapter, the preparation of Rh nanowires using the DNA-templating approach in
conjunction with either chemical or electrochemical reduction is described. Rh
nanowires were prepared through chemical reduction of Rh*, using NaBH, in the
presence of DNA. The preparation of DNA/Rh nanowires through electrochemical
reduction method is also described. In this method, cyclic voltammetry measurements
were applied upon a droplet of DNA/Rh®*" systems deposited on TMS-modified Si (n-
100) wafer which acts as working electrode during electrochemical reduction process.
Chemical characterisation of the product material using XRD and XPS techniques is
then described. This is followed by interpretation of the AFM (to investigate the
structural character of the nanowires), EFM and c-AFM (to investigate the electrical
properties) and MFM studies to probe the magnetic behaviour of the nanowires. Finally,

the main findings in both preparation methods were summarised.

5.2 Experimental section

5.2.1 Materials

Rhodium(I11) chloride hydrate (RhCl3.xH,0) (Rh 38.40 %) and calf thymus DNA (CT-
DNA) (highly polymerised, 6 % sodium), were purchased from Sigma-Aldrich
Company Ltd. (Gillingham, Dorset, UK) and used as received. Lambda DNA (A-DNA,
Cat. No. N3011S) was purchased from New England Biolabs UK Ltd. (Hitchin,
Hertfordshire, UK). Sodium borohydride (NaBH,4, 98%) was purchased from Alfa

Aesar.

Si<n-100> wafers (phosphorous doped, 52550 um thickness, 1-10 Q-cm resistance,
single side polished), were used as substrate supports for TappingMode™ AFM
imaging. Si<n-100> wafers with a 200nm thick, thermally grown SiO, layer on top

(arsenic doped, 500+25 pum, <0.005 Q cm resistance, thermal oxide layer 200 nm+10%
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thickness, double side polished) were used in scanned conductance microscopy and
magnetic force microscopy experiments. All Si wafers were purchased from Compart
Technology Ltd. (Peterborough, Cambridgeshire, UK). NANOpure® deionised water
(18 MQ cm resistivity) was obtained from a NANOpure® DIamondTM Life Science
ultrapure water system equipped with a DlamondTM RO Reverse Osmosis System

(Barnstead International).
5.2.2 Large-scale preparation of DNA/Rh material using chemical reduction method

Samples for XRD and XPS studies were prepared through addition of 10 mL of an
aqueous solution of RhCl3.xH,0 (2.5 mM) to 5 mL of a solution of CT-DNA (500 pug
mL™). The mixture was left to stand for approximately 10 days at room temperature,
before adding a freshly prepared NaBH; (10 mL; 25 mM) solution in water. The
reaction solution turned brownish-black in colour and the resulting colloidal solution
was then centrifuged and concentrated in order to extract the DNA/Rh final material.
The collected black powder was allowed to dry at room temperature prior to X-ray
diffraction (XRD) analysis.

The sample material for X-ray photoelectron spectroscopy (XPS) was deposited from
the colloidal solution onto a piranha-cleaned Si<n-100> wafer and allowed to dry at

room temperature.
5.2.3 Preparation of 2-DNA/Rh samples using chemical reduction method

5 uL of an aqueous solution of A-DNA (500 pg mL™) was mixed with 10 uL of an
aqueous solution of RhCI3.xH,O (2.5 mM), and incubated for 10 days at room
temperature. Then, a freshly prepared NaBH, (10 pL; 25 mM) solution in water was
added. The resulting DNA-templated rhodium nanostructures formed in the reaction
solution was allowed to stand for further 10 min before being aligned on the TMS-
modified Si<n-100> or Si<n-100>/200 nm SiO, wafers for AFM and EFM/MFM
measurements, respectively. For nanowires alignment, 5 pL of the DNA/Rh solution
was applied to a TMS-modified wafer (TMS modification was carried out similar to
what was descried previously, see chapter 3, section 3.2.2) whilst being spun at 125
rpm. The wafer was then spun for a further 2 minutes at 250 rpm before the residual

solution was withdrawn from the surface by a micropipette. Finally, nanowires-
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modified wafer was left to dry at room temperature before performing scanning probe

microscopy measurements.

5.2.4 Large-scale preparation of DNA/Rh material using an electrochemical

reduction method

For XPS studies, it is important to produce sufficient materials for meaningful
spectroscopic data to be recorded. For this, 40 pL of an aqueous solution of RhCls;.xH,0
(2.5 mM) was mixed with 20 pL of an aqueous solution of CT-DNA (500 pg mL™) and
incubated for 10 days at room temperature. Then, 40 uL of the reaction solution was
applied to a chemically oxidized Si<n-100> substrate modified with a TMS SAM as
descried previously in chapter 3, section 3.2.2. The modified Si substrate was used as
the working electrode during the electrochemical reduction process, while the counter
and reference electrodes were a tungsten wire with diameter of 0.25 mm, and Ag/AgCl,
respectively. The hydrophobic nature of the modified Si substrate results in ‘beading’ of
the deposited DNA/Rh*? solution enabling the counter and reference electrodes to be
easily inserted into the solution droplet without contacting the substrate surface.

Cyclic voltammetry measurements were performed using a computer-interfaced SECM
CHI 900 electrochemical microscope system (CH Instruments, Austin, Texas, USA),
sweeping the potential between E = 0.3 V and E = -0.3 V, with a scan rate of v = 0.1
Vs, quiet time, t = 2.0 seconds, and sweep segments = 2.

After completion of the electrochemical reduction, the reaction solution was removed
from the Si working electrode by micropipette and transferred to a fresh TMS-modified
Si<p-100> substrate. The solvent was allowed to evaporating at room temperature in
order to produce a thin film of the product materials for XPS analysis.

5.2.5 Preparation of 2-DNA/Rh samples using an electrochemical reduction method

For the AFM, EFM and MFM measurements, DNA/Rh samples were prepared using A-
DNA. Here, samples were prepared by mixing 10 pL of an aqueous solution of
RhCl3.xH,0 (2.5 mM) and 5 pL of an aqueous solution A-DNA (500 pg mL™). The
resulting DNA/Rh*" solution system was allowed to stand for 10 days at room
temperature before performing any electrochemical reduction process. Cyclic

voltammetry measurements were subsequently carried out upon a 5 pL of the
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DNA/Rh** solution system deposited on Si working electrode, in the same manner as

previously described in section 5.2.4.

Following the CV measurements, the resulting DNA/Rh nanowires in the reaction
solution were transferred by micropipette into a new TMS-modified n-Si<100> wafer,
and then aligned upon it using a process based upon spin-coating methods as described

in section 5.2.3.

5.3 Results and Discussion of DNA/Rh materials prepared using chemical

reduction method

Preparation of the conducting 1D nanostructures of metallic Rh® material was attempted

using DNA as a template to direct the anisotropic growth of the material (figure 5.1).

RhCl; xH,0 NaBH, Growth
, — Y
Metal ion doping Reducing agent

Figure 5-1: Scheme presenting the chemical reduction method used for the preparation of the
DNA-templated Rh nanowires.

For this, chemical reduction of DNA-bound Rh* ions using NaBH, as a reducing agent
was carried out in an aqueous solution containing RhCl3.xH,O and DNA molecules. In
this preparation method, mixing of DNA with Rh®* species is carried out as first step, in
order to allow the metal cations to associate with the duplex DNA through metal-ligand
complex formation (DNA/Rh®*"). The DNA/Rh*" binding have previously reported to
take place at both of phosphate backbone and aromatic bases.[197, 198] Here, FTIR
studies (appendix C.1), indicated that Rh®" cations are associated with the DNA
structure via interactions with the nucleobases and phosphate backbone. The
DNA/metal ion complex formation plays a key factor in organizing the growth of

zerovalent Rh(0) formed upon addition of NaBH,, as 1D nanostructures.

However, as the reduction of Rh®" in an aqueous solution under ambient condition may

result in the formation of a mixture of Rh® and rhodium oxides, it was important to
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elucidate the chemical composition of the produced material. In order to address this,
characterisation of the product material was carried out by powder XRD and XPS

methods.
5.3.1 Powder X-ray diffraction studies

In order to confirm the formation of metallic rhodium material and estimate its
crystallite size, powder X-ray diffraction (XRD) studies were carried out. The XRD
pattern (figure 5.2) obtained from the product material showed three prominent peaks at
20 values of 41.06°, 45.07° and 69.24°. These peaks can be indexed to the (111), (200)
and (220) reflections of the metallic Rh?, respectively, and are well-matched with the

values previously reported for rhodium nanoparticles.[199-202]

It can also be noted that the diffraction peaks in the XRD data appear broadened,
indicating that the prepared Rh associated with the DNA templates are nanocrystalline
in nature.[203] With the use of line broadening of the diffraction peaks (B) of 2.67°
(defined from the full-width-at-half-maximum of the (111) reflection), the average
crystalline size was estimated using Scherrer’s equation to be 3 nm. It is also worth
mentioning that, according to XRD finding no further peaks were observed, indicating
that metallic Rh® nanostructures have successfully formed in high purity under the

method used.
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Figure 5-2: XRD pattern obtained from a powder sample of DNA-templated Rh material.

However, although XRD confirms the product material to consist primarily of Rh®, one

may still expect the metal to be susceptible to oxidation upon exposure to ambient
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conditions, i.e. formation of an oxide coating at the surface of the Rh® may form which
is beyond the detection limits of XRD. Therefore, X-ray photoelectron spectroscopy
(XPS) has also been used to establish the presence of any oxide species at the surface of

the prepared material.
5.3.2 X-ray photoelectron spectroscopy (XPS) studies

The XPS survey spectrum of the DNA/Rh sample (figure 5.3) displays peaks arising
from both DNA and rhodium materials. The O1s, N1s, C1ls and P2p signals can be
attributed to the presence of DNA in the sample, whereas Rh3d and Rh3p peaks are
from the template metal material present. Additional peaks can also be identified arising
from, Na2s, likely due to NaBHy,, used as the reducing agent in the reaction and CI2p

peak which is most likely to originate from the RhCl3.xH,O start material.
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Figure 5-3: XPS survey spectrum of calf thymus DNA-templated Rh nanowires deposited upon
a Si/native SiO, substrate.

The high resolution N1s region spectrum (figure 5.4), provides evidence for the
presence of DNA in the product. Curve fitting of the N1s region is consistent with two
peaks at 399.4 and 400.6 eV. The most intense peak is at lower binding energy, and can
attributed to sp”-bonded N atoms in the aromatic rings, whereas the peak at higher
binding energy is consistent with sp*-bonded N atoms present exocyclic amino group
(-NH,).[119-121]
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Figure 5-4: High resolution XPS spectrum of N1s region of calf thymus DNA-templated Rh
nanowires immobilised upon a Si/native SiO, substrate. Blue solid line with dots represents raw
data, total fits is represented by red line and black dashed lines is for component peaks.

Figure 5.5 illustrates the XPS spectra of Rh3d region of the DNA/Rh sample. Two sets
of doublets peaks (Rh3ds, and Rh3ds;,) can be identified upon curve fitting of Rh3d
region, indicating that the product material contains rhodium in two different chemical
states. The dominant doublet peaks are found with a binding energy of 3ds;; = 306.1 eV;
3d;, = 310.8 eV, which falls in reasonable agreement with previous values for this
element.[193, 203-209] The doublet separation value is also in good agreement with the
3d3/2-3ds/, splitting value of the standard Rh metal.[207, 210] The minor doublet peak is
found at higher binding energy (3dss, 308.3; 3ds, 313.1 eV) and is indicative of the
presence of rhodium oxide (Rh,0Os3) in the sample material.[204, 211]
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Figure 5-5: High resolution XPS spectrum of Rh3d region of calf thymus DNA-templated Rh
nanowires immobilised upon a Si/native SiO, substrate. Black dots represent raw data, total fits
is represented by red solid line and black and brown solid lines are for component peaks.
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A simple approach has been used for curve fitting of the O1s region, in which minimum
of three components are required in order to accurately reproduce the shape of the O1s
spectra, see figure 5.6. The component at highest binding energy (532.6 eV) may be due
to the oxygen atoms in the DNA phosphate groups.[119, 122] The second feature at
binding energy of 531 eV can be assigned to oxygen atoms present in the sugar and
nucleobase units of the DNA.[119, 122] A contribution from the SiO, substrate to the
spectrum within the region of these first two components may also be present. The final
component with lowest intensity is at 529.5 eV and can be assigned to the oxygen in the
rhodium oxide (Rh,O3) [204], which provide further evidence for the presence of oxide

layer of Rh,O3 in the product material.
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Figure 5-6: High resolution XPS spectrum of O1s region of calf thymus DNA-templated Rh
nanowires immobilised upon a Si/native SiO, substrate. Blue dots represents raw data, total fits
is represented by red solid line and black dashed lines is for component peaks.

The results of the XPS studies show that both rhodium metal and rhodium oxide are
present in the product material. However, the XRD pattern, showed only a pure metallic
Rh® peaks and no rhodium oxide peaks were observed. Therefore, it can be concluded
that Rh/DNA nanostructures consist of a core-shell structure comprised of a thin layer

of Rh,O3 encasing the metal Rh core.
5.3.3 Atomic force microscopy (AFM) characterisation of DNA/Rh nanostructures

AFM studies were carried out upon samples of DNA/Rh nanostructures in order to
evaluate their morphology. Prior to the alignment of DNA/Rh materials from the
reaction solution upon Si/SiO, substrates for AFM imaging, the substrate was modified

with a trimethylsilane (TMS) self-assembly monolayer. This step is an essential
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preliminary step to increase the hydrophobic character of the silicon substrate. For
modification, contact angle values of ~71° were typically achieved. Hydrophobic
surfaces of this nature allow nanowires to be stretched and aligned upon the substrate
surface via molecular combing methods [133, 134], in sufficient density to allow

individual structures to be probed by AFM.

Figure 5.7 shows AFM height images of some typical examples of the DNA/Rh
nanostructures fabricated using the chemical reduction method. These images reveal the
1-D nanowire-like structure of the produced DNA/Rh material, indicating the
effectiveness of DNA as a template to direct the growth of the Rh materials into
organised 1-D nanostructure. The resulting structures were found to range in diameter
from 3-31 nm, and thickening of these structures is clearly evident relative to the DNA
itself (< 2) [135], demonstrating that the Rh is successfully deposited upon DNA.

The DNA/Rh nanostructures are observed to show uniform morphologies with the DNA
templates coated with continuous coverage of Rh materials along the length of their
structure. The uniformity of these DNA/Rh nanostructures present a significant
improvement to that observed for other metal nanowires e.g. Ag [18], Pd [64, 143], Pt
[196] and Cu [65, 66], prepared through chemical reduction of the DNA-bound metal
cations. For example, AFM studies of Ag® nanowires prepared using chemical reduction
of DNA-bound Ag" ions with a basic solution of hydroquinone revealed them to exhibit
a granular morphology with diameters ranging from 30 to 50 nm (figure 5.7f).[18] The
granular character associated with the Ag® coating was suggested to be due to the

growth of metal upon the DNA template via a “nucleation and growth” mechanism.

Upon closer inspection of the DNA/Rh structures, a small degree of granular
appearance associated with the Rh coatings can also be identified, see Figure 5.8b
(inset) and structure indicated by black arrow in figure 5.7d. This indicates that these
structures result from may be a series of nucleation and growth steps.[143] Further
supporting evidence for such growth mechanism was also provided by a small number
of DNA/RNh structures which displayed irregular and incomplete coverage of the DNA
template by the Rh material; see (figure 5.7d and e). In figure 5.7d, structures denoted
by yellow arrows display bead-on-a-string structures with a very thin, irregular Rh
coating, and figure 5.7e shows also bead-on-a-string structure with very low density of
Rh material at DNA stand.
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Figure 5-7: Selected TappingMode AFM images of the DNA/Rh “nanowires” immobilised
upon a Si/native SiO, substrate. (a) AFM image shows a nanostructure with average diameter of
3.8 nm and relatively granular character of the Rh material coverage. (b) This image represents
nanostructure with different packing density of the Rh material along the length of DNA
template, a zoomed-in region (inset) of “nanowire” with the image contrast adjusted to show the
granular character of the Rh material coverage. (c) AFM image shows thicker structure with
diameter of 30 nm. (d) AFM image display structure with granular character of the Rh material
coverage (black arrow), along with some DNA strands with a very thin, irregular Rh coating
(yellow arrows). (¢) Chains of A-DNA molecules with very low intensity of metal nanoparticles,
representing earlier stage of nanowires formation, where the metal growth has not reaches
maturity during the reaction period. (f) AFM image of a silver nanowire with granular structure
bridging two gold electrodes.[18]
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In general, these structures can provide information regarding the growth mechanism by
which DNA/Rh structures were formed. Formation of the Rh material on the DNA is
suggested to take place through the DNA being doped with Rh** ions upon exposure to
RhClI; solution. The Rh ions associated with the DNA structure are then converted to
metallic Rh® nanoparticles upon addition of NaBH,. These nanoparticles can then act as
sites for further growth to take place. Therefore, the early stages of DNA-templated Rh
formation are expected to yield a series of discrete nanoparticles of Rh along the DNA
templates, as is observed in Figure 5.7e. Over time, further growth of the Rh particles
leads to a continuous coating encapsulating the whole DNA molecule (figure 5.7a, b

and c).

However, although the DNA/Rh nanostructures prepared using chemical reduction,
were found to show constant diameter along the whole length of any single
nanostructure, a great variation of structure heights (3-31 nm) was also observed by
AFM studies. For evaluating the size distribution of the structure heights of the prepared
DNA/Rh nanostructures, a statistical analysis of the average diameters was applied
upon > 100 metallized DNA molecules. The structure heights were measured using
AFM line profile measurements of randomly selected nanostructures. A histogram of
the nanowire diameters (figure 5.8) shows moderately wide size distributions (2-31 nm)
with modal value of 6 nm identified from the statistical analysis.

16
14 +
12 A
10 -

Number of Events

o N B oy 00
L z 3 z 5

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31
Structure Height (nm)

Figure 5-8: Histogram of the size distribution of the DNA/Rh “nanowires”.
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5.3.4 Electrical characterization of DNA/Rh “nanowires” using electrostatic force

microscopy (EFM) investigation

For the investigation of the electrical conductivity of the prepared DNA/Rh
“nanowires”, initially EFM [80, 81] was used to qualitatively probe their electrical
behaviour. For these measurements, the DNA/Rh “nanowires” were aligned upon a
silicon substrate coated with dielectric layer of SiO,. Samples can then be probed using
a metal-coated, conductive AFM tip, whilst a direct current (dc) bias is applied to the

substrate.

During the EFM measurements, the first scan of the tip is carried out in TappingMode
to acquire topographical data regarding the sample. In the second pass (lift mode) the tip
is lifted and maintained at 60 nm above the sample surface where the dominant tip-
sample interactions arise from the long-range electrostatic forces. Figure 5.9 illustrate
the height image (figure 5.9a) along with the corresponding EFM phase images (figure
5.9b-e). The height image showed a 1D nanostructure of DNA/Rh material with average
diameter of ~ 9 nm. The corresponding EFM phase images were recorded at different dc
potentials typically between +7 and -7 V volts. These showed a uniform dark line across
regions of the substrate surface, which correspond to the position of the aligned
DNA/Rh nanostructure. The appearance of such dark contrast (negative phase shift),
regardless of the magnitude or sign of the applied bias, indicates DNA/Rh nanostructure
to be electrically conductive.[16, 73, 212]

Additionally, the magnitude of the phase shifts showed a parabolic dependence upon the
dc bias applied to the sample, see Figure 5.9f. These observations confirm that
capacitance effects dominate the tip-sample interactions and trapped charge makes no
significant contribution to data.[72, 73] It also of worth noting here that the negative
phase shift characteristic to the conducting 1-D structures associated with the whole
structure of the DNA/Rh nanowire, suggests that the produced nanowires comprise an
essentially continuous nanoscale coverage of metallic Rh material around DNA

templates and the structures can be considered as genuine nanowires.
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Figure 5-9: Electrostatic force microscopy (EFM) studies of DNA/Rh nanowire aligned upon a
Si/SiO, substrate. (a) AFM height image of a nanowire with structure height of 9 nm, height
scan is 7 nm. (b, ¢, d and e) the corresponding EFM phase images of the nanowire in (a) at
different sample biases, phase scale of 4°. (f) Plot of the tangent of the nanowire phase shift as a
function of applied voltage.

Although, the EFM technique has successfully used to demonstrate that the DNA/Rh
nanowires are conductive, it is not possible so far to determine a quantitative value for
the nanowire conductivity with the use of this non-contact technique. For this reason,
and in order to obtain quantitative information relating to the electrical properties of

single DNA/Rh nanowire, conductive AFM (c-AFM) technique has also been used.

5.3.5 Conductive atomic force microscopy (c-AFM) studies

This technique is a useful method for investigating the DNA/Rh nanowires electrical
properties taking advantage from the c-AFM measurements as only one electric contact
needs to be fabricated. Prior to the c-AFM measurements, an experimental set-up was
devised which allows for the two electrical contacts to be made to the nanowire under
investigation in a relatively straight forward manner.[16, 73, 213] This was achieved
through applying 5ul of a DNA/Rh solution onto the edge of a TMS-modified silicon
substrate with dielectric layer of SiO, and allowing it to stand at room temperature for

~1 min. Subsequent withdrawal of the solution sample (approximately 3 pum) result in a
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dense network of nanowires on the surface with individual wires protruding out from
the periphery of the network. The network acts effectively, as one electrode and
electrical contact is made from this network to the sample chuck using Ga/In eutectic.
As normal with c-AFM the other contact was provided by the metallic of the AFM tip
which was located on the selected DNA/Rh nanowire extending from periphery of the

dense body mass as shown in figure 5.10a.

With the use of such procedures, c-AFM measurements can be performed to detect
electrical currents passing through the nanowire. Figure 5.10b and c illustrate an
example of the c-AFM data recorded for a DNA/Rh nanowire. The contact mode AFM
image (figure 5.10b) shows a 1-D structure with average diameter of approximately 40
nm. The corresponding current map (figure 5.10c), shows bright contrast relative to
background, which appears only where the nanowire is located on the substrate. This
indicates current flow through the DNA/Rh nanowire, confirming it to be electrically

conducting.
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Figure 5-10: (a) Optical image of AFM cantilever with metallic tip positioned on a selected
DNA/Rh nanowire. (b and ¢) C-AFM measurements of the DNA/Rh nanowires aligned upon a
Si/SiO; substrate. (b) A contact mode AFM image. (c) Current map image recorded at 0.5V tip-
sample bias and the data scale corresponds to a current of 100 nA.
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After completing the image scan, the closed loop system of the Nanoscope V allows for
the AFM tip to be brought into contact with the nanowire at specific points along the
wire length and i-V measurements were recorded over the range of -5 to +5 V. The
conductance was estimated from the slope of the i-V curve at zero bias and the
resistance was then plotted against the relative distance of the cantilever along the

nanowire in a direction away from the network (figure 5.11).

It is known that the circuit resistance obtained from c-AFM measurements is equal to
the sum of the tip-nanowire contact (Rip) resistance, the resistance between the external
circuit and nanowire (Rex:), and the resistance of the nanowire portion located between
the tip and the dense material deposited on the substrate (Rwire).[73, 213] As it can be
seen, the circuit resistance approximately increases as the relative distance is increased
(figure 5.11). This is because the electric current travels a longer distance through the
nanowires, thus increasing the resistance in the circuit. The resistance of DNA/Rh

nanowires per unit length was calculated from the slope to be 2x10* Q cm™.
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Figure 5-11: Resistance of DNA/Rh nanowires as a function of relative distance at deflection
set-point of 0.5V.

Moreover, in order to estimate the nanowire resistivity, the cross-section area (assumed
elliptical) was calculated using the diameter and width of the DNA/Rh nanowire under
study. Based on these calculations, the conductivity of the DNA/Rh nanowire prepared
using chemical reduction method was estimated to be 0.015 S cm™, and the resistivity

was calculated to be 65 Q cm. This resistivity is significantly greater than the resistivity

reported for rhodium in bulk form (4.7 X10° Q cm).[214, 215]
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The large reduction in the conductivity is likely to be due to the combination of two
main factors. These are: (1) the granular character associated with the nanowires, and
(2) the formation of an oxide layer on the surface of the nanowires. AFM data indicated
that the Rh coating around the DNA templates can be considered to be made of a series
of nanoparticles closely packed along the DNA strands. Moreover, high resolution XPS
spectrum of Rh3d region of the DNA/Rh nanowires showed a doublet peak at binding
energy of (3ds;,, 308.3; 3ds;, 313.1 eV) and is indicative of the presence of rhodium
oxide (Rh,O3) in the sample material.[204, 211] These factors can therefore constitute a
substantial tunnelling barrier to electron transport between particles, consequently

increasing the resistivity of nanowire.

5.3.6 Magnetic characterization of DNA/Rh nanowires using magnetic force

microscopy (MFM)

As mentioned in the introduction section of this chapter, rhodium metal is non-magnetic
in its bulk form, but can display magnetic behaviour in low-dimensional systems.[188-
190] In order to determine if the DNA/Rh nanowires prepared here show magnetic
behaviour, magnetic force microscopy (MFM) measurements were carried out. For the
MFM studies, nanowires were first aligned upon a silicon substrate coated with
dielectric layer of SiO, using the same procedures described for AFM and EFM
samples, and MFM measurements were subsequently recorded at a range of lift heights
(typically 12, 14 and 16 nm). Recording the MFM images at sufficiently large tip-
sample separations where short-range forces (e.g. van der Waals forces) are negligible is
important to ensure the resulting phase shifts are a consequence of long-range forces

(i.e. magnetic interactions) alone.

Figure 5.12 shows a height image (a) along with the corresponding MFM phase images
(b-d) of the DNA/Rh nanowire prepared using the chemical reduction method. The
height image reveals a uniform DNA/Rh nanowire with average structure height of
approximately 10 nm. In MFM scans, where the magnetic AFM probe is lifted at fixed
distance above the sample surface, the nanowire appears as a uniform dark line relative

to the substrate background.
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Figure 5-12: Height and MFM phase images of a DNA/Rh nanowire prepared using chemical
reduction method, immobilised upon Si/SiO, substrate. (a) Height image of the nanowires with
average diameter of 10 nm (height scale is 10 nm). The corresponding MFM phase images of
the same nanowires, recorded at lift heights of (b) 12 nm, (c) 14 nm and (d) 16 nm, respectively,
colour scale corresponds to a phase angle of 4°.

This dark contrast associated with the nanowire can be distinguished from the substrate
background up to tip-sample separations of 16 nm. Whilst the appearance of this
negative contrast was observed over lift heights of 12-16 nm, the signal was found to
reduce gradually with increasing separation. The observation of such negative contrast
at large lift heights mean that these features arise as a result of long-range magnetic
interactions between the tip and nanowire [106], and confirm a room-temperature
magnetic behaviour of the Rh when fabricated as one-dimensional nanostructures.

Further evidence that the contrast observed in MFM phase images is the result of the
tip-sample magnetic interactions is provided by recording additional MFM images of
the same sample using non-magnetic Si probes. In this control experiment, no phase
shift was observed for the nanowires, indicating the absence of long-range magnetic

interaction.
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Additional MFM images were recorded of the same sample, where the magnetization of
the AFM probe was reversed, in order to elucidate further information about the type of
magnetic behaviour displayed by the DNA/Rh nanowires. MFM phase images recorded
of the DNA/Rh nanowires after switching the magnetisation direction of the AFM tip,
were found to also show dark phase contrast. This behaviour is indicative of the
magnetic domains of the nanowire region located under the probe aligning with the
AFM probe magnetic field, during the imaging. Based upon this finding, these DNA/Rh
nanowires should be considered to have superparamagnetic behaviour. This is because
if the sample was ferromagnetic in character, changing the magnetisation direction of
the probe is expected to change the sign of the phase contrast (from dark to bright
contrast) as the interactions between the probe and sample would be repulsive. The
magnetic behaviour of the prepared DNA/Rh nanowires is consistent with what was
seen for Rh clusters which also behaved superparamagnetically [216], as well as with
the magnetic behaviour reported for DNA/Fe;O, nanowires [106] (chapter 3), and
DNA/Fe nanowires (chapter 4). The magnetic behaviour for the iron-containing
nanowires (DNA/Fe;O, and DNA/Fe) was explained by the nanowire’s structure
comprising a series of superparamagnetic nanoparticles around DNA template; the
proposed structure was supported by the observed close packed “bead-on-a-string”
morphology. AFM data of the DNA/Rh nanowires also showed such morphology and
support the MFM finding in which the Rh coating around the DNA templates can be
considered to be made of a series of superparamagnetic nanoparticles packed along the
DNA strands.

5.4 Results and Discussion of DNA/Rh materials prepared using an

electrochemical reduction method

DNA/Rh nanowires were also synthesised using an electrochemical-based DNA-
templating method. In this novel method, Rh(Ill) cations were allowed to associate with
DNA templates in order to direct the growth of Rh material as 1-D form as for chemical
reduction method. The subsequent conversion of the Rh®" species into the metallic
phase took place by performing cyclic voltammetry measurements upon an agueous
solution containing DNA/Rh®" system using n-Si<100> wafer as a working electrode. In
order to achieve this, an experimental procedure was developed (figure 5.13) similar to

that described for preparation of DNA/Fe nanowires (chapter 4).
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In these procedures, a silicon substrate used as a working electrode, was modified with
TMS to make a more hydrophobic surface. This produces beading of a reaction
solution, consequently allowing the counter and reference electrode to be inserted into
reaction solution for electrochemical reduction to be carried out. It is believed that there
are two fundamental processes behind the nanowire fabrication process used here. The
first one is the DNA-metal ions interactions which enable for metallic Rh to be formed
predominantly upon the DNA templates. The second factor is associated with the
electrochemical reduction of the Rh®" cations, the atoms then act as seeds sites for
further metallic nanoparticle growth upon the DNA strands, resulting in continuous

Rh*" coating around DNA molecules.
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Figure 5-13: Design representing the electrochemical method used for the preparation of the
DNA-templated Rh nanowires.

The produced DNA/Rh material was characterised using XPS studies in order to
establish the chemical identity of the product material. AFM studies were carried out
upon samples of DNA/Rh nanostructures in order to investigate their structural
character. Additional scanning probe microscopy studies (EFM and MFM) studies were
used to study the electronic and magnetic properties of the DNA/Rh nanowires,

respectively.
5.4.1 Cyclic voltammetry

Electrochemical reduction of the DNA-bound Rh** ions using a CV approach was

carried out in an aqueous solution. For CV measurements, the experimental setup
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(figure 5.14) was adopted as described earlier. Figure 5.14 illustrates a typical current-
potential curve obtained from CV measurements during the DNA/Rh nanowires
preparation. This curve shows a broad peak in the cathodic sweep located around
E = -0.49 V, which is close to the reported reduction potential value of the RhCl; at
aluminium (Al) electrodes.[217] Reduction of Rh*? ions to metallic Rh? is likely to take
place in one step involving a three electron transfer process. The one-step reduction
process of the Rh may be indicated by the absence of additional cathodic peak relating
to any further intermediate oxidation state. Moreover, the cyclic voltammogram
recorded for the solution system of DNA/Rh*? is characterised by a single wave as no

peak has been observed upon the reverse scan (anodic scan).
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Figure 5-14: Cyclic voltammogram for an aqueous solution containing (500 pg/mL) calf
thymus DNA and RhCl3.xH,O recorded on n-doped Si substrate as working electrode.

5.4.2 XPS studies

In order to examine the effectiveness of the electrochemical reduction method for
reducing the DNA-bound Rh** ions, and to determine the chemical composition of the
product material, XPS studies were used. XPS data of the DNA/Rh nanostructures
samples prepared using electrochemical reduction method reveals similar findings to
that obtained from DNA/Rh nanowires prepared using NaBH, as reducing agent. Figure
5.15 illustrates the XPS survey scan spectrum of the DNA/Rh nanostructures prepared
by electrochemical templating approach. This spectrum indicates that both of DNA and
rhodium features are present in the product materials. These are peaks for O1s, N1s,
Cls and P2p arising from DNA and (Rh3d and Rh3p) due to the presence of Rh.
Additional, CI2p peak indicates the presence of chlorine most likely from the RhCl3

start material.
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Figure 5-15: XPS survey spectrum calf thymus DNA-templated Rh nanowires prepared using
electrochemical method, immobilised upon a Si/native SiO, substrate.

The high resolution N1s region spectrum provides evidence for the presence of DNA in
the product. Curve fitting of the N1s XPS spectrum (figure 5.16) shows two peaks at
399.3 and 400.4 eV. The position of these peaks falls in the reported values of the N1s
core level of the DNA molecules. Peak at 399.3 eV with low intensity is likely to arise
due to sp>bonded N atoms, and second peak at 400.4 eV with higher intensity is

consist with the literature value of sp®-bonded N atoms in the nucleobase rings and
amino group.[119-121]
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Figure 5-16: High resolution XPS spectrum of N1s region of calf thymus DNA-templated Rh
nanowires, prepared using electrochemical templating method, immobilised upon a Si/native

SiO, substrate. Blue solid line represents raw data, total fits is represented by red solid line and
black dashed lines is for component peaks.

Confirmation that the metallic phase of Rh materials deposited upon DNA templates

prepared via electrochemical method was found in the Rh3d region of the spectrum. The
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corresponding XPS region of Rh3d was fitted to show two different oxidation states
(figure 5.17). These are zerovalent Rh® formed upon electrochemical reduction of the
Rh (111) species and the presence rhodium oxide (likely due to oxidation of some Rh
material due to air exposure during the DNA/Rh sample preparation). The major
component, with low-binding energies at 307.1 and 311.8 eV for 3ds, and 3ds;
respectively, is in good agreement with the reported values of metallic Rh°.[206, 218,
219] The higher binding energies doublet at (3dsp, 309.2eV; 3dszp, 313.5 eV) is
attributed to an oxide layer (mainly Rh,03).[206, 218, 219]
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Figure 5-17: High resolution XPS spectrum of Rh3d region of calf thymus DNA-templated Rh
nanowires immobilised upon a Si/native SiO, substrate. Blue solid line represents raw data, total
fits is represented by red solid line and black dashed lines is for component peak.

It can be concluded that the chemical composition of the DNA/Rh material produced
using this electrochemical reduction approach is very similar to that prepared using
NaBH, as reducing agent, in which the metallic Rh® core material is encapsulated by an
oxide (Rh,03) sheath.

5.4.3 AFM characterisation of DNA/Rh nanostructures

The structural character of the DNA/Rh nanostructures synthesised using
electrochemical reduction of DNA-bound Rh*" ions was investigated by AFM. Selected

AFM images of the resulting 1-D nanostructure are depicted in figure 5.18 a-d.
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Figure 5-18: Typical examples of TappingMode AFM images of the DNA/Rh “nanowires”
prepared using electrochemical reduction method, immobilised upon a Si/native SiO, substrate.
(a) AFM image shows uniform nanostructure of DNA/Rh material (denoted by black arrow)
along with some DNA strands with a very thin, irregular Rh coating (yellow arrows). (b) This
image represents also uniform structure (black arrow), and another structure with bead-on-a
string morphology (yellow arrow). (c) AFM image reveals four main structures with different
diameter. This image show also relatively granular character of the Rh material coverage
(indicated by yellow arrow). (d) AFM images reveals a uniform structures of DNA/Rh material,
along with some bare DNA molecules (denoted by red arrows), the inset image is a zoomed-in
part of the nanostructure with the image contrast used to highlight the granular character of the
Rh material coverage. (e) Histogram of the size distribution of the DNA/Rh nanostructures
formed using this electrochemical method.
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These images show DNA/Rh “nanowires” with diameters up to 23 nm, along with a
number of bare DNA molecules as indicated by structure heights < 2 nm (figure 5.18d,
red arrows). The observed 1-D form of the produced nanostructures indicates DNA
templates the growth of the Rh material along its length, producing the nanowire-like
form. Moreover, the rhodium material on many strands was found to be uniform and

continuous around the DNA strands.

A granular morphology characteristic of the structure of DNA/metal nanowires prepared
by other groups [18, 66, 143], and which was also observed for DNA/Fe nanowires
prepared using a similar electrochemical method, is also observed here. Such granular
character of the Rh coatings is supported by some structures which displayed irregular
Rh coating; see structures denoted by yellow arrows in figure 5.18a and b. These
structures contain a series of discrete nanoparticles attached to DNA template, which
can be considered as examples of nanostructures where the growth of Rh material has

not reached maturity.

Although, the DNA/Rh “nanowires” formed by this electrochemical templating method
are found to show uniform structures in many instances, as with the chemical reduction
a great variation in the mean diameters of the produced “nanowires” was observed.
Statistical analysis of the average diameters of > 100 DNA/Rh nanostructures shows a
broad size distribution ranging from 1 and 23 nm (figure 5.18e). Structures with
diameters < 2 nm are likely due to bare DNA molecules which remain bare in the
reaction solution [16], whereas thicker structures > 2 nm are predominately DNA-

templated Rh nanowires.

The variation in the structure height of the DNA-templated Rh nanowires, may be
attributed to the formation of ‘bundles’ of DNA molecules in solution upon which the
templating reaction takes place, yielding nanowires of larger diameters. The formation
of such bundles is evident from some branches (indicated by green arrow in figure
5.19¢) which are found to be extending out from the main DNA/Rh nanowires body.
Moreover, some structures (indicated by white arrow in figure 5.18d) showed very
smooth morphology with main diameter of 3.5 nm, which is larger than the reported
value of the single A-DNA molecule (1-1.5 nm).[66] Therefore, it is suggested that
thicker DNA/Rh nanowires may in part be due to the growth of Rh material upon DNA

“ropes” instead of single DNA molecule.
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In summary, AFM studies reveal that the electrochemical templating strategy allows the
fabrication of DNA/Rh “nanowires” with highly continuous and granular coatings of Rh
material along the DNA templates. However, the effectiveness in terms of conversion of
DNA is low.

5.4.4 Electrical characterization of the DNA/Rh “nanowires” using Electrostatic

Force Microscopy (EFM) technique

The electrical properties of the DNA/Rh nanostructures were qualitatively investigated
using the EFM method. For this, samples were prepared by transferring the reaction
solution containing DNA/Rh “nanowires” from the Si working electrode to a TMS-
modified Si wafer with a thermally grown oxide layer. The nanowires were
subsequently aligned upon the substrate using a process based upon spin-coating

methods as described before.

EFM data of the DNA/Rh nanostructures produced using electrochemical were
illustrated in figure 5.19. The height image (figure 5.19a) reveals two main structures
with diameters of 11 and 4.1 nm for nanowires denoted with yellow and green arrows,
respectively. Moreover, DNA molecules (red arrow) can also be observed with structure
heights (< 2 nm). The corresponding EFM phase images of the nanowires, collected
during the second pass of the tip at a maintained tip-sample separation, with applied
bias potentials of between +7 and -7 V, are shown in figure 5.19 b and c, respectively.

These images show negative phase shift associated only with the larger two structures.

The negative phase shifts associated with nanowires over the bias potentials range
typically between +7 and -7 volts, indicates that these are electrically conductive. This
is because the negative/dark phase contrast is characteristic only for conducting
nanostructures as the insulators produce bright/positive phase contrast, as discussed
previously.[72, 80, 81] Furthermore, the tangent of the phase shift of nanowire
(indicated with yellow arrow in height image) when plotted against the applied voltage
(figure 5.219d) shows a parabolic curve, indicating that the tip-sample interactions are

dominated by capacitance effects.

In conclusion, the uniform and negative phase shift observed in EFM phase images
provide evidence that the metallic Rh® nanowires formed by electrochemical reduction

as a part of DNA-templating strategy are conductive.
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Figure 5-19: Height and EFM phase images of DNA/Rh nanowires prepared using
electrochemical reduction method, immobilised upon Si/SiO, substrate. (a) Height image of the
nanowires with different diameters (height scale is 10 nm). (b and ¢ ) The EFM phase images of
the nanowires in (a) at sample biases of +7 and -7 Voltas, respectively, phase scale is 4°. (d)
Plot of the tangent of the nanowire phase shift as a function of applied voltage.

5.4.5 Electrical characterization of the DNA/Rh nanowires using conductive atomic
force microscopy (c-AFM)

As discussed in the preceding section, EFM studies indicate that the DNA/Rh nanowires
prepared using electrochemical reduction is electrically conducting. However, EFM
does not yet allow the action of determine the nanowire’s conductivity. Therefore, to
further probe the electronic properties using conductive AFM (c-AFM) experiments
were performed. In order to achieve this, a similar manner to that described earlier in
this chapter, (see section 5.3.5), was used in which a network of nanowires was
connected to the sample.

Figure 5.20 displays c-AFM images of the DNA/Rh nanowires. The contact mode AFM
height image (figure 5.20a) reveals two DNA/Rh nanowires with average diameters of
approximately 43 nm (white arrow) and 47 nm (yellow arrow). In the c-AFM current
map image (figure 5.20b), bright contrasts relative to background can only be observed

where the nanowires are located on the substrate. The appearance of such contrast when
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the tip is in connection with the DNA/Rh nanowires indicates an electrical current is
flowing through the nanowires, consequently confirming their electrical conductivity.
As the image scan was completed, the tip was placed on the DNA/Rh nanowire

indicated by white arrow in figure 5.21a, at defined points and then I-V curves were

recorded over the range of -5to +5 V.

Figure 5-20: C-AFM measurements of the DNA/Rh nanowires aligned upon a Si/SiO,
substrate. (a) a contact mode AFM image. (b) Current map image recorded at 0.5V tip-sample
bias and the data scale corresponds to a current of 100 nA.

The conductance was calculated from the slope of the I-V curve at zero bias, and the
resistance was plotted against the relative distance of the tip along the nanowire in the
direction away from the network (figure 5.21). It is clear from figure 5.21 that the
circuit resistance increases in an approximately linear manner as the relative distance is
increased. This is because the electric current must cross a longer distance through the

nanowires which has the largest resistance in the circuit.

The DNA/Rh nanowire resistance per unit length was calculated from the slope to be
1 X 10" @ ecm™. In order to estimate the nanowire conductivity, their diameter and

width were determined by AFM in order to calculate the cross-section area (assumed
elliptical). Based on these calculations, the conductivity of the DNA/Rh nanowire
prepared using electrochemical reduction method was estimated to be 0.024 S cm™, and

the resistivity was calculated to be 41 Q cm. It is also considerably greater than the
resistivity reported to the Rh in bulk form (4.7 X10® Q cm).[214, 215] Such reduction

in the nanowire conductivity can also be attributed to the granular morphology as
indicated by AFM and formation of oxide layer on the nanowires surface as indicated
by XPS data.
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Figure 5-21: Resistance of DNA/Rh nanowires as a function of relative distance at deflection
setpoint of 0.5V.

5.4.6 Magnetic characterization of the DNA/Rh nanowires using magnetic force
microscopy (MFM)

As discussed earlier in this chapter, MFM studies show DNA/Rh nanowires formed
using NaBH, as reducing agent to be superparamagnetic at room temperature, when
prepared in this nanostructured form. It was therefore worthwhile to explore if the
nanowires produced here show similar magnetic behaviour or if they display distinct
properties. MFM measurements were again performed upon DNA/Rh nanowires

aligned upon Si/SiO; substrates.

The topography image (figure 5.22a) collected in the first MFM scan reveals two
DNA/Rh nanowires with structure heights of 25 and 14 nm (yellow and green arrows),
respectively. The height image shows also a noticeable number of thinner structures
(red arrows) with heights < 1.5 nm, indicating them to be bare DNA. The corresponding
MFM phase images (figure 5.22 b-d) were recorded over a range of tip-sample
separation (typically 12, 14 and 16 nm) to avoid any short-range forces which can

produce misleading results.

In the MFM scans, dark contrast was observed only for the two prominent DNA/Rh
nanowires (yellow and green arrows in figure 5.22a). Such contrast is seen to be absent
for bare DNA (red arrow in figure 5.22a) which does not exhibit any MFM phase
contrast due to a lack of magnetic properties. The appearance of dark contrast at
increased lift heights indicates a room temperature magnetic behaviour of the prepared
DNA/Rh nanowires.[106]
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Figure 5-22: Height and MFM phase images of DNA/Rh nanowires prepared using
electrochemical reduction method, immobilised upon Si/SiO, substrate. (a) Height image of the
nanowires with different diameters (height scale is 30 nm). The corresponding MFM phase
images of the same nanowires, recorded at lift heights of (b) 12 nm, (c) 14 nm and (d) 16 nm,
respectively, colour scale corresponds to a phase angle of 7°.

Moreover, the sign of MFM phase contrast (dark contrast/negative phase shift) indicates
attractive tip-sample interactions, where the nanowires magnetic domains and magnetic
fields from the probe are in favourable alignment with one another. It is also found that
thicker nanowire (25 nm heights) shows stronger contrast than the nanowire with
structure height of 14 nm. Moreover, the phase signals associated with both structures
gradually decreased with increasing lift height becoming difficult to distinguish from

the substrate background when the tip-sample separation is >16 nm lift height.

To establish the type of magnetism of the produced nanowires, further MFM
measurements were carried out upon the same sample, whilst the magnetisation
direction of the probe was reversed. These measurements also show dark contrast
associated with the nanowires, indicating that the DNA/Rh nanowires prepared using
electrochemical reduction method presenting also superparamagnetism and magnetic
field of the AFM probe inducing alignment of the magnetic moments within the region
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of the nanowire over which the probe is placed at given time. Such magnetic behaviour
is similar to that observed for DNA/Rh nanowires prepared using chemical reduction
method, DNA/Fe3;04 nanowires [106], (chapter 3) and DNA/Fe nanowires (chapter 4).

5.5 Conclusion

Rhodium nanowires have been successfully produced using DNA-templating
approaches in conjunction with either chemical or electrochemical reduction. The
association of the metal cations with DNA templates directs the subsequent growth of
the metallic Rh material formed during reduction step to give 1-D nanostructures. For
nanowires prepared using NaBH, as reducing agent, XRD data reveals that these
nanostructures are made of Rh in zero-valence state. However, XPS data indicates that
the metallic Rh® core in the nanowires is coated with layer of oxide (probably, Rh,0s).
The chemical nature of the DNA/Rh nanowires fabricated using electrochemical
templating was confirmed by XPS studies to comprise of a metallic Rh® core coated
with oxidised Rh species (Rh203).

AFM studies indicated that both chemical and electrochemical methods allow the
fabrication of DNA/Rh “nanowires” with complete coverage of the DNA templates by
the Rh material. Closer inspection of the structures produced showed a small degree of
granular character associated with Rh coatings, indicating that the growth of Rh upon
DNA template was took place via nucleation and growth mechanism. It is worth
mentioning that the chemical reduction method is suggested to be more effective in
terms of templating DNA with Rh material. That is because statistical analysis of the
average diameters of nanowires indicated that the electrochemical method produced
large number of DNA molecules which remain untemplated in the reaction solution

relative to those produced by chemical reduction method.

The qualitative investigation of electric conductivity using the EFM technique indicates
that the nanowires are electrically conducting. However their room temperature
conductivity value, calculated from i-V curves recorded by c-AFM, was very similar
and low at 0.015 S cm™ and 0.024 S cm™, for nanowires prepared using chemical and
electrochemical reduction, respectively. Furthermore, MFM measurements have
confirmed the nanowires exhibit room temperature magnetic behaviour and additional

MFM studies revealed the nanowires exhibit superparamagnetic behaviour.
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6. Chapter 6: Preparation and Characterization of polymer-

based nanowires

6.1 Introduction

In 1963 D.E. Weiss and co-workers reported high conductivity in polypyrrole,[220]
however, the field of conductive polymers (CPs) really started in 1977 when Alan J.
Heeger, Alan G. MacDiarmid and Hideki Shirakawa reported on high conductivity of
polyacetylene.[221] For this discovery, they were awarded the 2000 Nobel Prize in
chemistry for the discovery and development of CPs.[222]

In contrast to conventional polymers, which are electrically insulating, CPs have
received much interest since their discovery and have been exploited in a range of
devices like solar cells, transistors, capacitors, memory and bio/chemical sensors,
due to their electronic and optical properties which are similar to metals and
semiconductors.[16, 223] Moreover, fabrication of CPs with nanoscale dimensions can
improve the performance of organic devices. Organic transistors fabricated from
conducting polymer nanostructures for example, are suitable for use in ultrathin panel
displays.[223, 224] Additionally, because of their high specific surface areas,
conducting polymer nanomaterials can enhance the response and sensing rate of the
sensors made of conducting polymers.[223, 225] Therefore, attention has been paid to
the preparation of CPs in low-dimensional forms particularly as nanowires which have

been synthesised and demonstrated for potential use in nanoelectronics.[226]

CPs have been formed as nanowires by various techniques, including formation in
porous templates [29] and on DNA. Examples of this latter approach include
DNA/polyaniline [70], DNA/polypyrrole [71, 72], and DNA/polyindole [73], and all
these are examples of supramolecular polymers. The ability for conducting polymer to
be templated on DNA strands depends on the complementarity nature of the two

polymer types as outlined in chapter 1, section 1.10.3.

In the work described in this chapter, the formation of supramolecular polymer
nanowires via DNA-templating of 2,6-diaminopurine-propyl-2,5-bis-dithenyl pyrrole
(DAP-prop-TPT) and thymine-propyl-pyrrole (T-prop-Py) is explored (figure 6.1). The
resulting materials were characterised using a combination of FTIR and XPS

spectroscopy in order to characterize their chemical structural properties, while
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structural character and electronic properties were studies using AFM and EFM,
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Figure 6-1: Representation of the use of DNA as a template for controlling the growth of
poly(DAP-prop-TPT) and poly(T-prop-Py) toward organised one-dimensional structures.
Polymerisation of the DAP-prop-TPT and T-prop-Py monomers produces cationic oligomers,
which bind to the template through supramolecular interactions. Further growth produces the
final hybrid polymer-based nanowires.

The attempted formation of larger structures based on the hydrogen bonding between
two types of nanowires which bear functional groups with base pairing capability is
investigated by AFM studies. It is known that adenine (A) can pair with thymine (T) via
two hydrogen bonds (figure 6.2a) [227], whereas 2,6 diaminopurine, which is a
derivative of adenine, can form a total of three hydrogen bonds, two N-H...O and one
N-H...N hydrogen bonds with thymine, see figure 6.2b.[227] It is found that the DAP-
T pairs in DNA exist as Watson-Crick pairs stabilized by three hydrogen bonds with

structural parameters mimicking those of A-T pairs.[228]
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Figure 6-2: Chemical structures of (a) adenine-thymine and (b) 2,6-diaminopurine-thymine
base pairs.
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As the 2,6-diaminopurine forms three hydrogen bonding with thymine, the stability of
DAP-T base pairs is expected to be increased. It is found that by incorporating of DAP
into short oligomers of DNA, the thermal stability of the duplex is increased by 0 — 2 °C
per DAP-T base pair.[229, 230] It has also been shown that the substitution of adenine
by DAP in peptide nucleic acid (PNA) increases the thermal stability of the complexes
formed between PNA and complementary DNA, RNA, and PNA oligomers.
Additionally, such substitution in PNA produces oligomers that bind both more efficient
and most often with improvement sequence specificity to complementary DNA, RNA
or PNA oligomers.[230]

The DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires are expected to
have free hydrogen bonds sites provided by 2,6 diaminopurine unit and thymine ring of
the DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires, respectively. It is
therefore possible that the nanowires produced can be considered as complementary
strands with potential hydrogen bonding between their functional groups. In this way
they may be used as building blocks for the assembly of these nanowires, producing
larger structures of hybrid polymer-based nanowires. Figure 6.3 illustrates the purposed
scheme for the fabrication of larger structures based on hydrogen bonding formation

between two complementary nanowires.
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Figure 6-3: Representation of the fabrication of larger structures of polymer—based material via
hydrogen bonding interactions between two complementary nanowires. (a) DNA/poly(DAP-
prop-TPT) nanowire, (b) DNA/poly(T-prop-Py) nanowire.
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It is expected that, despite the probability for the functional groups attached both
DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires to be involved in
templating with DNA during nanowires preparation, a number of them are expected to

be free and therefore able to form H-bonds with the complementary partner.

6.2 Experimental section

6.2.1 Materials

Lambda (L) DNA (48502 base pairs in length, 500 pug mL™, 10 mM Tris-HCI, 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
thymus (Type I, highly polymerized, fibrous preparation, 16.7 A260 units mg-1, 6%
sodium), MgCl,.6H,0O (99.0%), FeCl; (>97%), dimethylformamide HCON(CHjs),
(99.8%) and HF (48% in H,0) were purchased from Sigma-Aldrich (Sigma-Aldrich
Company Ltd., Dorset, United Kingdom). Si<p-100> wafers (3 inch diameter, boron
doped, 525450 pm thickness, single side polished, 1-10 Q cm resistance) and Si<n-
100> wafers (3 inch diameter, arsenic doped, 525+25um thickness, double side
polished, <0.005 Q cm resistance, coated with a thermally grown SiO, layer, 200
nm+10% thick) from Compart Technology Ltd, Peterborough, Cambridgeshire, U.K.
NANOpure® deioinized water (18 MQ cm resistivity) was supplied from a
NANOpure® DlamondTM Life Science ultrapure water system equipped with a
DlamondTM RO Reverse Osmosis System (Barnstead International). The 2,6-
diaminopurine-propyl-2,5-(bis(di-2-thienyl)-pyrrole (DAP-prop-TPT) and thymine-
propyl-pyrrole (T-prop-Py) were prepared by Dr. Galindo and used as received.

6.2.2 Preparation of poly(DAP-prop-TPT) and poly(T-prop-Py) materials for

spectroscopic studies

A freshly prepared aqueous solution of FeCl; (50 pL; 3 mM) was added to a solution of
DAP-prop-TPT (50 pL; 3 mM) in dimethylformamide (DMF) and incubated for a
period of 1 hour at room temperature. After 1 hour had elapsed, 80uL of the resulting
solutions were deposited upon a “piranha-treated” Si<n-100> wafer and allowed to dry
at room temperature. A similar procedure was used to prepare the poly(T-prop-Py)

materials.
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6.2.3 Preparation of DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) materials

for spectroscopic studies

Samples of DNA/poly(DAP-prop-TPT) nanowires were prepared for FTIR and XPS
studies by addition of an aqueous solution of calf thymus DNA (200 uL; 0.5 mg mL‘l)
to a solution of DAP-prop-TPT (50 puL; 3 mM) in DMF. Then, a freshly prepared
aqueous solution of FeCls (50 pL; 3 mM) was added to start the polymerisation. The
product material in the reaction solution was allowed to stand at room temperature for a
period of 1 hour. 80 uL of the resulting solutions were then deposited upon a “piranha-
treated” Si<n-100> wafer and the solvent was allowed to evaporate at room temperature
prior to FTIR and XPS analysis. A similar procedure was used to prepare the
DNA/poly(T-prop-Py) nanowires.

6.2.4 Preparation and alignment of .-DNA/poly(DAP-prop-TPT) and 7-DNA/poly(T-

prop-Py) nanowires for scanning probe microscopy (AFM and EFM) studies

10 pL of aqueous MgCl,.6H,0 solution (0.5 mM) was mixed with an aqueous solution
of A-DNA (40 puL; 500 ug mL™). Following this, 10 pL of DAP-prop-TPT solutions in
DMF (3 mM) was added to the A-DNA/MgCI, mixture solution before addition of a
freshly prepared aqueous solution of FeCl; (10 puL; 3 mM) to induce the polymerisation,
as before. The resulting solutions were incubated for approximately 1 hour at room
temperature. After this period of incubation, the reaction solutions were centrifuged at
6000 rpm for about 5 minutes. After 5 minutes, 5 uL of the lower part of the reaction
solution was deposited and aligned upon the TMS-modified Si substrate prepared as

described in chapter 3, section 3.2.2.
6.2.5 Fourier transform infra-red spectroscopy

A Bio-Rad Excalibur FTS-40 spectrometer (Varian Inc., Palo Alto, CA, USA),
equipped with a liquid nitrogen cooled deuterated triglycine sulphate detector, was used
for recording FTIR spectra of the product material DNA/poly(DAP-prop-TPT) and
DNA/poly(T-prop-Py) and control samples of “bare” DNA, and the polymers
poly(DAP-prop-TPT) and poly(T-prop-Py). Samples were prepared by depositing 80
uL of a CT-DNA solution (500pug mL™), polymer materials or the product materials

upon a piranha-cleaned Si<n-100> wafer, and allowing the solvent to evaporate at room
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temperature. Spectra were recorded over the 600-4000 cm™ range, with 128 scans and

at 4 cm™ resolution.
6.2.6 X-ray photoelectron spectroscopy

XPS spectra were acquired using X-ray photoelectron spectrometer (Thermo Electron
Corp., East Grinstead, UK), equipped with an Al Ka X-ray source (1486.6 eV) with a
variable spot size of 30-400 um. A take-off angle of 90° was used during data
acquisition, and a charge neutralisation gun used to reduce surface charging. All spectra
were referenced to hydrocarbon C1ls peak at 285.0 eV. Survey spectra were acquired
using a pass energy of 150 eV, whilst high resolution region spectra were acquired
using a pass energy of 50 eV. Analysis of XPS data was carried out using CasaXPS

software.

6.3 Results and Discussion

The synthesis of DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires
were attempted using a similar method to that described for previous examples of DNA-
templated conducting polymer nanowires.[16, 71-73] This method involves chemical
oxidation of the monomer unit using FeCls in an organic, aqueous or a mixture of
organic/aqueous solution containing DNA molecules. In this study, both DAP-prop-
TPT or T-prop-Py monomers (figure 6.4) are dissolved in DMF as they are not water

soluble.
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Figure 6-4: (Left) structure 2,6-diaminopurine-propyl-2,5-(bis(di-2-thienyl)-pyrrole (DAP-
prop-TPT) and (right) thymine-propyl-pyrrole (T-prop-Py).
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The organic solutions of these monomers in DMF were mixed with the aqueous solution
containing DNA molecules. For chemical characterisations, which require a larger
amount of the product material to be produced, calf thymus DNA was used, whereas
A-DNA with suitable length (~ 16 um) was used in preparations where the analysis of

single nanowire structures was desirable such as AFM.

The polymerisation of the monomer is then induced by addition of an aqueous solution
of freshly prepared FeCl; which acts as an oxidant. This step forms conducting polymer
chains, some of which bind to duplex DNA through electrostatic and hydrogen bonding
interactions. The formation of such non-covalent interactions are supported by previous
FTIR data [16], which indicate intimate interaction between DNA template and CPs
chains, producing a supramolecular hybrid polymer comprising both strand types. The
DNA/polymer binding is very important step for controlling the growth of these
conducting polymers along a single axis. The product material in the reaction solution

was allowed to incubate for 1 hour at room temperature.

The product materials were isolated and characterised using a combination of FTIR and
XPS spectroscopy in order to confirm their chemical identity. Moreover, scanning probe
microscopy studies were conducted using AFM and EFM in order to investigate the
structural morphology and electrical properties of the resulting polymer-based

nanostructures, respectively.
6.3.1 FTIR studies of DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) material

In order to establish that the product did contain both the template DNA, and the CP,
FTIR spectroscopy was initially used. Spectra were recorded for the isolated DNA-
templated CP materials as well as DNA, and pure CP materials as controls. FTIR
spectra of the isolated DNA/poly(DAP-prop-TPT) material along with the controls
spectra are shown in figure 6.5. These data provide evidence for the formation of the
desired hybrid supramolecular polymer containing both DNA and poly(DAP-prop-TPT)
chains. The product does not appear to be a simple mixture but instead the two types of

polymer interact.

One of the significant indications of this is provided by displacement of water
molecules from DNA upon interaction with polymer material. This displacement is
indicated by the reduction in the intensity of the broad band centred around 3300 cm™.

132



This is due to contributions of both O-H stretching vibrations from water bound to DNA
and N-H stretches in the DNA nucleobases. Upon DNA/polymer interaction, this band
is reduced in comparison to the corresponding band in the spectrum of bare DNA. FTIR
studies of previous examples of DNA-templated polymer nanowires have also reported
this water displacement upon interaction of DNA with polymer materials.[16, 71, 73]
Assignment and comparison in FTIR spectra of calf thymus DNA and calf thymus
DNA-templated poly(DAP-prop-TPT) material is shown in table 6.1.

The presence of the poly(DAP-prop-TPT) in the product material is indicated by bands
at 783, 833 and 1404 cm™ due to C-H out of plane bending of pyrrolyl, C-H out of
plane bending of thiophenyl, and C-N and C=C stretches of pyrrolyl unit,
respectively.[16, 231-234] These bands are absent in the spectrum of DNA itself (blue
spectrum), while they are found to be shifted relative to the corresponding bands in the
spectrum of pure poly(DAP-prop-TPT) (black spectrum). Indeed, C-H out of plane
bending of pyrrolyl observed at 764 cm™, C-H out of plane bending of thiophenyl at
844 cm™, and C-N and C=C stretches of pyrrolyl unit at 1412 cm™ in the pure
polyDAP-prop-TPT, shifts of +19, -11 and -8 cm™, respectively, upon DNA/poly(DAP-
prop-TPT) formation. These shifts in the position of polymer-related bands add further
evidence for the DNA/poly(DAP-prop-TPT) interactions, and that the material is not
simple mixture.

Transmittance (%)
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Figure 6-5: FTIR spectra of DNA/poly(DAP-prop-TPT) material (red curve) vs control samples

of bare CT- DNA (blue curve) and poly(DAP-prop-TPT) (black), in the 600 — 4000 cm™
region.
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Furthermore, several bands were observed in the 900-1750 cm™ region of spectrum
which is confirmed the presence of the DNA in the product material. These bands are
likely to be due to both phosphodiester backbone (900-1300cm™) and the nucleobases
(1300-1800cm™) of DNA.[16, 71, 110, 235] However, although in this region of spectra
DNA itself and the DNA/poly(DAP-prop-TPT) material showed similar spectral
features, one still can see some spectral changes (see figure 6.5 and table 6.1),
supporting the interaction of poly(DNA-prop-TPT) with DNA. Evidence for the
interactions of poly(DAP-prop-TPT) with the DNA backbone is provided by the change
in the relative intensity between PO, symmetric stretching (ca. 1090 cm™) and C-O
deoxyribose stretching (1064 cm™) vibrations for bare DNA in comparison with the
spectrum of the product material. This change is combined with a slight shift toward
lower wavenumber of the PO, symmetric stretching (1084 cm™) upon DNA/polymer
formation. Additionally, the PO, asymmetric stretching at 1234 cm™ in the DNA itself
is centred at lower frequency (1228 cm™) in the spectrum of DNA/poly(DAP-prop-
TPT) material.

There are also several changes in the DNA nucleobase region (1300-1800 cm™) of the
spectra upon DNA/polymer formation which may indicate that polymer material also
interacts with the nucleobases. C-N stretches of the cytosine and guanine bases at 1375
cm™, as well as the a cytosine or guanine ring vibration at 1493 cm™, for example are
shifted to lower frequency 1367 and 1484 cm™, respectively. Additionally, the latter
band also shows a noticeable increase in intensity relative to the corresponding band in
the spectrum of bare DNA. Moreover, the C=0 stretch of guanine at 1702 cm™ in the
spectrum of DNA itself, was not evident, likely due to being shifted, providing further
evidence for involving DNA nucleobases in the DNA/poly(DAP-prop-TPT)

interactions.

In summary, FTIR data have provided evidence for the formation of a supramolecular
hybrid polymer material by intimate interactions between DNA and poly(DAP-prop-
TPT) strands. This was indicated by numerous spectral changes of DNA-related bands
(in the FTIR region between 900 and 1700 cm™), along with the loss of intensity of
water-related band. The presence of thiophenyl and pyrrolyl related bands in FTIR
spectrum of the final product are also shifted relative to their position in the spectrum of
pure poly(DAP-prop-TPT).
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DNA DNA/poly(DAP-prop-TPT)
Assignment®!
wavenumber wavenumber
783 o C-H out of plane bending of pyrrolyl
) ring B-hydrogen in polyDAP-prop-TPT
833 o C-H out of plane bending of thiophenyl
) ring B-hydrogen in polyDAP-prop-TPT
967 e 969 e C-C deoxyribose
stretch
ca. 1022cm’ 1021 cm C-O deoxyribose
stretch
ca. 1064cm’ 1065 cm C-O deoxyribose
stretch
1090 cm™* 1084 cm™ PO, symmetric stretch
1234 cm™ 1228 cm™ PO, asymmetric stretch
- 1336 cm™ C-N stretch of guanine and cytosine
1375 cm™ 1367 cm™ C-N stretch of guanine and cytosine
1404 ot C-H, N-H deformation;
C-N stretch
1493 o 1484 o C8-N stretch, coupled with a ring
vibration of guanine
1 1 In-plane vibration of guanine and
1531 cm 1531 cm cytosine
ca. 1609 cm™ 1594 In-plane vibration of adenine
1661cm™ 1661 cm™ C=0 stretch of cytosine/thymine
1702 o ) C=0 stretch of
guanine
ca. 3300 cm™ ca. 3300 cm™ O-H stretch

Table 6-1: Assignment and comparison in FTIR spectra (600-4000 cm™) of calf thymus DNA
and calf thymus DNA-templated poly(DAP-prop-TPT) material.” Assignments of DNA bands
were made with reference to literature.[16, 71, 110, 235]

For the investigation of the interactions between the DNA and poly(T-prop-Py) in
DNA/poly(T-prop-Py) material, FTIR spectroscopy studies were carried out upon

samples of the produced DNA/poly(T-prop-Py) material, as well as upon control
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samples of CT-DNA and pure poly(T-prop-Py). FTIR spectrum of the product material
(figure 6.6, red curve) can indicate that the product material is a hybrid supramolecular
polymer containing both DNA and poly(T-prop-Py). The presence of the poly(T-prop-
Py) can be indicated by the band at 738 cm™ is assigned to C-H out of plane bending of
pyrrolyl ring in the poly(T-prop-Py).[236] This band is observed at higher frequency
(742 cm™) in the spectrum of pure poly(T-prop-Py) (black spectrum in figure 6.6),
while it is absent in FTIR spectrum of CT-DNA itself.

Transmittance (%)
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Figure 6-6: FTIR spectra of DNA/poly(T-prop-Py) material (red curve) vs spectrum of bare
CT- DNA (blue curve) and poly(T-prop-Py) (black curve), in the 600 — 4000 cm™ region.

Moreover, in the spectrum of the product material a large band around 3300 cm™
related to O-H stretching vibrations from water bound to DNA and N-H stretches in the
DNA nucleobases is also present, however, the intensity of this band is decreased
relative to the corresponding band in the spectrum of CT-DNA itself (blue curve in
figure 6.6). This indicates that the water molecules bound to DNA is displaced upon
DNA/polymer interaction as noted previously for DNA/poly(DAP-prop-TPT). This can
be judged by comparison the relative intensity with the band at ~ 1700 cm™ in the

spectra of DNA and the product.

That DNA in the product material is evident from several bands observed in the 900-
1750 cm™ region of spectrum of the isolated DNA/poly(T-prop-Py) material. These
features can be assigned to both phosphodiester backbone (900-1300 cm™) and the
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nucleobases (1300-1800 cm™) of DNA molecules.[16, 71, 110, 235] However, although
in this region of spectrum (900-1750 cm™) DNA itself contains similar spectral features,
careful inspection shows some changes of the DNA-related peaks upon interaction of
DNA with poly(T-prop-Py); see figure 6.6 and table 6.2.

In the spectrum of CT-DNA itself, the bands related to the PO, symmetric stretching
(ca. 1090 cm™) and C-O deoxyribose stretching (1064 cm™) were found to show a
change in their intensities relative to one another upon DNA/poly(T-prop-Py)
interaction. Furthermore, the PO,  asymmetric mode of vibration at 1234 cm™ in the
DNA itself is shifted toward lower frequency (1227 cm™) and appears with a shoulder
at 1274 cm™ in the DNA/poly(T-prop-Py) hybrid material. The polymer material has
also three peaks in the 1000-1300 cm™ region of spectrum, typically at 1076, 1138 and
1283 cm™ which can be attributed to C-H and C-N in-plane deformation of the PPy
unites [237], breathing mode of vibration of the PPy [237] and C-H or C-N in-plane
deformation mode of vibration of the PPy rings [71, 237], respectively.

Moreover, C-N stretches of the thymine and adenine bases (1375 cm™) in the spectrum
of CT-DNA, is increased in intensity and appeared at lower frequency (1366 cm™) in
the spectrum of the DNA/poly(T-prop-Py) material. The enhancement in the intensity of
such band may be due to the contribution of thymine of the polymer material, as the
spectrum of pure polymer material also showed a band at 1360 cm™ which is likely
related to deformation vibration of C-H of the thymine rings.[238-240] Additionally,
CT-DNA itself displays three peaks at 1418 cm™ (due to C-H, N-H deformation and
C-N stretch), 1493 cm™ (related to C-N stretch, coupled with a ring vibration of
guanine) and 1531 cm™ corresponds to in-plane vibration of guanine and cytosine
bases. In the pure polymer sample four peaks at 1417, 1463, 1515 and 1555 cm™, were
observed. These peaks can be assigned to N-H and C-H deformations and C-N stretch
vibrations of the thymine rings [240, 241], C-N stretch vibration of PPy rings [71, 237,
242] and/or deformation vibration of CHgs in the thymine unites [238-240], C=C stretch
mode of vibration of the pyrrole rings [234, 236], and C-C stretch mode of vibration of
pyrrole rings [237, 243], respectively. However, In the 1400-1560 cm™ region of
spectra, the product material showed only one band at 1472 cm™ which appeared as a
relatively broad intense band with shoulders at lower and higher frequency of 1416 and

1527 cm™, respectively.
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Furthermore, in the spectrum of the CT-DNA, three peaks were observed at 1609 cm™
(due to in-plane vibration of adenine), 1661 cm™ (related to C=O stretch of
cytosine/thymine; in-plane vibration of thymine) and 1697 cm™ corresponds mainly to
C=0 stretch of guanine. On the other hand, the product material shows only one band at
1684 cm™ mainly due to C=0 stretch of cytosine and thymine base, and the pure
polymer displays a band at 1682 cm™ which is mainly due to C=0 stretch of thymine
rings.[241, 244]

CT-DNA
DNA/poly(T-prop-Py)
wavenumber Assignment®
wavenumber (cm™)
(cm™)
ca. 1064 1067 C-O deoxyribose stretch
1090 1087 PO, symmetric stretch
1234 1227 PO, asymmetric stretch
- 1274")
1375 1366 C-N stretch of guanine and
cytosine
1493 1472 C-N str_etch,_ coupled W!th aring
vibration of guanine
1531 15970 In-plane V|brat|on_of guanine and
cytosine
ca. 1609 - In-plane vibration of adenine
1661 - C=0 stretch of cytosine/thymine
1697 1684 C=0 stretch of guanine

Table 6-2: Some selected peaks of CT-DNA and CT-DNA-templated poly(T-prop-Py) material
and their assignment. @ Assignments of DNA bands were made with reference to literature [16,
71, 110, 235], and ™ peak observed as a shoulder.

Therefore, based on the FTIR data which showed several spectral changes of the DNA-
related bands, as well as changes in poly(T-prop-Py) related bands, it can be concluded
that the product material is not a simple mixture of DNA and polymer material, but

instead a supramolecular polymer of DNA/poly(T-prop-Py) material involving non-
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covalent interactions such as, electrostatic interaction and hydrogen bonding

interactions between the two strand types.

6.3.2 XPS studies of DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) materials

In order to provide additional chemical analysis of the isolated DNA/poly(DAP-prop-
TPT) material, XPS studies were undertaken. The XPS survey spectrum of
DNA/poly(DAP-prop-TPT) material (figure 6.7) reveals signals related to the O, N, C,
S and P elements, which originate from either DNA or poly(DAP-prop-TPT).
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Figure 6-7: XPS survey spectrum of a sample of calf thymus DNA-templated poly(DAP-prop-
TPT) material deposited upon a Si/native SiO, substrate.

The presence of the DNA is mainly indicated by P2p signal, whereas the S2p signal
gives direct evidence of poly(DAP-prop-TPT) in the product material. Moreover, O1s
signal is expected to be due to DNA, adsorbed oxygen from air and oxide layer of Si
wafer. Likewise, N1s and C1s signals are originated from both DNA and poly(DAP-
prop-TPT).

Examination of the S2p peak was used to confirm the presence of poly(DAP-prop-TPT)
in the produced material. Figure 6.8 presents the high resolution XPS spectra of the S2p
region of the isolated DNA/poly(DAP-prop-TPT) material, along with control sample of
pure polyDAP-prop-TPT. Curve fitting of the S2p region (figure 6.8a) of the product
material shows S2p doublets (S2ps, and S2pi,) at binding energies of 163.9 and
165.1 eV, respectively, and the position of S2ps;, is consistent with the thiophene
sulphur.[16, 245] Moreover, the S2p signal of the pure polyDAP-prop-TPT (figure
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6.8b) also shows such an S2p doublets structure, but with a slight shift toward high
binding energy, again suggesting interactions with groups on the DNA on
DNA/poly(DAP-prop-TPT) nanowires formation.
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Figure 6-8: High resolution XPS spectra of S2p region of (a) calf thymus DNA-templated
poly(DAP-prop-TPT) material and (b) pure poly(DAP-prop-TPT). Blue solid line represents
raw data, total fits is indicated by red line and black dashed lines are for component peaks.

Further evidence for the existence of the poly(DAP-prop-TPT) along with the
confirmation the presence of DNA in the produced material is provided by observation
of the N1s signals (figure 6.9). Curve fitting of the N1s region of the isolated
DNA/poly(DAP-prop-TPT) material (figure 6.9a), is consistent with three distinct peaks
centred at 398.6, 400 and 401.5 eV, respectively. The position of these peaks is slightly
shifted when comparing them with the corresponding peaks in N1s region of pure
poly(DAP-prop-TPT) (figure 6.9b), which also displays three components, centred at
399.2, 400.3 and 401 eV, respectively, with a peak area ratio of ~ 4:2:1. The order of
peak areas is consistent with the ratio between nitrogen atoms in the DAP-prop-TPT
structure (figure 6.4).

The N1s signal of the free calf thymus DNA (figure 6.9c) was fit with only two
components located at 399 and 400.2 eV, respectively. The peak at lower binding
energy can be assigned to sp®>-bonded N atoms in the aromatic rings of DNA, whereas
the higher energy peak due to and sp®-bonded N atoms in exocyclic group amino group
(-NH2).[119, 120, 122] Therefore, in the N1s spectra of the product material, the two
peaks at binding energy of 398.6 and 400 eV, respectively, can be assigned to the
nitrogen atoms of the DNA molecules, as well as a contribution from neutral nitrogen
atoms of polypyrrole rings in TPT units, and the nitrogen atoms of the purine fragment
of the poly(DAP-prop-TPT). On the other hand, the additional lower intense peak which
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is absent in the spectrum of free DNA, and has higher binding energy at 401.5 eV can
be assigned to polaron structure (C-N*) of polyTPT.[246]

In summary, the XPS spectra of the produced DNA/poly(DAP-prop-TPT)
supramolecular material, have revealed a significant contributions from poly(DAP-
prop-TPT), which consequently can indicate that DNA templates have a coverage of the

polymer materials consistent with the AFM images presented in next section.
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Figure 6-9: High resolution XPS spectra of N1s region of (a) calf thymus DNA-templated
poly(DAP-prop-TPT) material. (b) Pure poly(DAP-prop-TPT) and (c) calf thymus DNA. Blue

solid line represents raw data, total fits is indicated by red line and black dashed lines are for
component peaks.

Further chemical analysis of the isolated DNA/poly(T-prop-Py) material is carried out
using XPS studies. XPS survey spectrum of the product material (figure 6.10) indicates
the presence of the elements O, N and C arising from DNA and poly(T-prop-Py), and P

which is characteristic of DNA alone.
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Figure 6-10: XPS survey spectrum of a sample of calf thymus DNA-templated poly(T-prop-Py)
material deposited upon upon a Si/native SiO, substrate.

Observation of the N1s region can be used to confirm the presence of the CP and DNA
in the product material. Three peaks located at binding energies of 399.1, 400.5 and
401.6 eV are resolved upon curve fitting of N1s spectrum of the DNA/poly(T-prop-Py)
material (figure 6.11a). Moreover, curve fitting of the N1s region of the poly(T-prop-
Py) itself (figure 6.11b) reveals also three peaks located at 399.6, 400.4 and 401.8 eV,
respectively. In N1s of CP material, the most two intense peaks are at 400.4 and 399.6
eV and may be assigned to nitrogen atoms of the thymine group [247] and a
contribution of the neutral nitrogen atoms of CP.[246] Contributions to a very weak
peak at 401.8 eV can be assigned to cationic species (polaron) of polypyrrole
units.[246] On the other hand, as discussed earlier in this section, curve fitting of the
N1s region of the CT-DNA itself (figure 6.9c) was fit with only two components
located at 399 and 400.2 eV, which fall in reasonable agreement with the reported
binding energies of DNA.[119, 120, 122]

Therefore, in the N1s spectra of the DNA/poly(T-prop-Py) product material, a lower
binding energy peak at 399.1 eV, is mainly due to the presence of DNA in the product
material. The peak with binding energy of 400.5 eV, tends to dominant, arising from
DNA and poly(T-prop-Py). A weak peak with binding energy of 401.6 eV can be
attributed to the presence of CP. It is could be concluded that, the XPS data of the
isolated DNA/(polyT-prop-Py) material, have revealed a major contributions from
poly(T-prop-Py). This can consequently indicate DNA templates to be coated with

polymer coverage as it will discuss in detailed in next section.
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Figure 6-11: High resolution XPS spectra of N1s region of of (a) calf thymus DNA-templated
poly(T-prop-Py) material, and (b) spectra of control sample of poly(T-prop-Py), immobilised
upon a Si/native SiO,. Blue solid line represents raw data, total fits is indicated by red line and
black dashed lines are for component peaks.

6.3.3 Atomic force microscopy (AFM) characterisation of DNA/poly(DAP-prop-TPT)
and DNA/poly(T-prop-Py) nanostructures

In order to elucidate information regarding the size and structural morphology of the
produced DNA/CP material, atomic force microscopy (AFM) measurements were
carried out. For AFM studies samples were prepared by aligning the DNA/CP
nanostructures on TMS-modified Si/SiO, substrate using similar procedures as

previously described in chapter 3, section 3.2.8.

Previously, AFM studies of samples of DNA-templated polypyrrole nanowires taken
one hour after addition of oxidant to DNA/pyrrole containing solutions, showed
individual nanowires with continuous coverage of the polymer materials along the DNA
strands (figure 6.12a). However, difference in the polymer thickness along the length of
DNA templates (figure 6.12b), was clearly observed.[71] Moreover, Pruneanu et al.,
have reported upon DNA-templated polypyrrole nanowires.[72] Here, the authors
demonstrated that at short reaction time ~ 3 hours, thin nanowires can be prepared
(figure 6.12c), but over longer incubation time the nanowires undergo a self-assembly
process to produce rope-like structures (figure 6.12d). AFM studies indicated that these
nanoropes are formed by twisting individual nanowires around each other. This was
evident from the frayed ends of the structure where individual nanowires were

observable.

143



Figure 6-12: (a) AFM image of DNA/polypyrrole nanowire (scale bare is 1um and height scale
= 4 nm), and (b) the corresponding 3D image shows the height variation along a single
nanowire, height scale = 7 nm.[71] (c) and (d) AFM images of DNA/polypyrrole nanowires at
reaction times of 3 and 48 houres, respectively, (scale bare is 1um and height scale = 4 nm).[72]
(e and f) AFM images of DNA/Polyindole nanowires at reaction times of 24 hour and 7 days
(scale bare is 1um and height scale = 45 and 40 nm, respectively).[73] (g and h) AFM images of
DNA/TPT nanowires at 24 hours reaction time.[16]
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Recently, AFM images of samples of DNA/polyindole nanowires [73] showed smooth
and regular structures after 24 hours reaction time (figure 6.12e). With increased
reaction time to 7 days, thicker structures were observed (figure 6.12f). More recently,
Watson et al., (2012) have stated that after 24 hours incubation time, AFM studies
showed regular and continuous coverage of the DNA templates with polyTPT material
(figure 6.12g). Additionally, at the same reaction time, rope-like assemblies of
nanowires (figure 6.12h) were also noted with ‘branches’ extended out from the main

body of the nanowire.[16]

AFM measurements were carried out upon samples of DNA/poly(DAP-prop-TPT)
structures, aligned upon TMS-modified silicon substrate after different reaction times,
typically 5, 10 and 30 minutes and 1, 4 and 24 hours. Figure 6.13a-f depicts AFM
height images of some typical examples of DNA/poly(DAP-prop-TPT) structures
isolated from reaction solution at different incubation times. These images provide
information regarding the formation stages of the poly(DAP-prop-TPT) at DNA

templates.

Figure 6-13: Tapping mode™ AFM height images of DNA/poly(DAP-prop-TPT)
nanostructures aligned on TMS-modified Si/SiO, substrates after 5,10 and 30 minutes and 1, 4
and 24 hours incubation time, respectively.
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AFM imaging of the sample isolated after a reaction time of 5 minutes shows evidence
for the formation of CP as approximately spherical particles bound to DNA strands at
random points along the duplex structures (figure 6.13a). These particles bound to the
DNA at low density (~2 particles/micron) with bare DNA clearly evident between
adjacent particles. A range of particle size, ranging from 18-28 nm is observed. Upon
increasing the reaction time to 10 minutes, (figure 6.13b) the density and size of the
polymer particles on DNA templates are noticeably increased. In this case the CP
particles have a density ~ 6 particles/micron, and diameters ranging from 13-47 nm. At
this incubation time, however, although the majority of the polymer particles attached to
DNA still have their initial spherical shape, one can also see some which have become
extended along the DNA axis (figure 6.13b, yellow arrows).

Furthermore, a sample taken after 30 minutes reaction time indicated that almost all of
the isolated polymer particles have amalgamated into one another forming a continuous
coverage along the template strands (figure 6.13c). However, material isolated at this
time generally still has a quite irregular morphology with some regions uncoated, or at
best, coated with a very thin polymer material (figure 6.13c, blue arrows). There are
also some bare DNA molecules present (white arrows). After additional time (one
hour), nanostructures are evident which show a regular and smooth structure with
complete and continuous coverage of the duplex DNA by the polymer material (figure
6.13d). At this reaction time, the measured height of structures is consistent (~ 14 nm)

along their length, see cross sections in figure 6.13d (inset).

Increasing the reaction time to 4 hours, yields nanostructures with increased diameters
(~ 21 nm), see figure 6.13e. At even longer incubation time (24 hours), thicker
nanostructures was observed (figure 6.13f) with structure height > 30 nm which is likely
formed due to the assembly of individual “nanowires”, forming rope-like structures.
The formation of such rope-like structure was previously reported of polymer nanowires
prepared using DNA as a template.[72] Here, the assembly of individual “nanowires” to
form ropes is evident from branching (red arrows in figure 6.13f) which can be seen to

extend out from the main “nanowires” structure.

Based on these finding, it could be concluded that the formation of poly(DAP-prop-
TPT) on DNA takes place initially through the low density of binding spherical-shaped
conducting polymer particles on the duplex DNA templates. The size and density of
these polymer particles on the template increases as the reaction proceeds, producing
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“bead-on-a-string” appearance. With increasing reaction time, the loading of DNA with
CP is increased and the CP begins to undergo a change in shape, becoming elongated
along the template axis and merge into one another, finally producing CPs nanowires

with highly smooth and regular structure.

Furthermore, these studies suggested that the best incubation time for producing single
“nanowires” with continuous and regular morphology was after one hour reaction time.
It was also observed that the prepared DNA/poly(DAP-prop-TPT) nanostructures have
shown relatively similar morphologies to other polymer nanowires prepared using DNA
as a template.[16, 72, 73] Namely, the uniformity of the polymer coverage is improved
as the time reaction increased, as well as longer reaction time result in the formation of
rope-like structures. However, although complete, regular and smooth appearance of the
DNA/poly(DAP-prop-TPT) nanowires has achieved at shorter reaction time (1 hour) in
comparison with the earlier mentioned examples of polymer nanowires, a large number

of agglomerated materials were also observed on the substrate surface.

Therefore, in order to prepare DNA/poly(DAP-prop-TPT) nanostructures with highly
smooth and uniform structure and avoid ropes formation of these nanostructures, AFM
further characterisation was carried out upon samples taken after one hour reaction time.
The reaction solution (DNA/polyDAP-prop-TPT/FeCl3) was also centrifuged at 6000
rpm for approximately 5 minutes. After this, the lower section of the reaction mixture,
which was expected to contain mainly nanowires, was aligned upon TMS-modified
Si/SiO, substrates for AFM analysis.

Figure 6.14a-d displays AFM height images of selected examples of the
DNA/poly(DAP-prop-TPT) nanostructures aligned upon Si substrate 1 hour after the
addition of FeCls to the DNA/DAP-prop-TPT solution system. These images show 1-D
nanowire-like morphology of the product material with different sizes (diameters range
from 2 — 24 nm). It is therefore clear that the polymerisation growth was influenced by
the DNA templates, which is evident from the height of the DNA/poly(DAP-prop-TPT)

nanostructures (> 2 nm) as the height of free DNA molecules is (< 2nm).

Moreover, as found in the time dependent studies, samples of DNA/poly(DAP-prop-
TPT) nanostructures taken after an incubation time of 1 hour showed smooth uniform
morphologies with the DNA templates coated with polymer chains along the whole

length. The uniformity of these coatings is similar to some previous examples of
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DNA-templated polymer nanowires [16, 72, 73], from our group and present a
significant enhancement to that observed in previous examples of DNA-templated iron-
based nanowires (DNA/Fe;O, and DNA/Fe nanowires, chapter 3 and 4) and other
metal-based nanowires.[18, 64-66] Interestingly, AFM studies of the isolated
DNA/poly(DAP-prop-TPT) nanostructures after the reaction solution was centrifuged
showed noticeably improvements in the surface background appearance as little or no

evidence for the presence of any agglomeration of non-templated material.

(e)
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Figure 6-14: AFM studies of centrifuged samples of DNA/poly(DAP-prop-TPT) “nanowires”
prepared using FeCl; as oxidant material. (a-d) AFM height images of the DNA/poly(DAP-

prop-TPT) “nanowires” immobilised upon a Si/native SiO, substrate, after 1h, from addition of
FeCls. (e) Histogram of the size distribution of the DNA/poly(DAP-prop-TPT) “nanowires”.
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The success of the centrifuge process for separation of the nanowires from non-
templated material can be visualised by comparing the AFM images of the isolated
DNA/poly(DAP-prop-TPT) nanowires in figure 6.13 and figure 6.14. Figure 6.14 shows
individual “nanowires” aligned upon noticeably cleaner backgrounds. On the other
hand, in figure 6.13 where there was no centrifuge process carried out, the substrate

shows a number of globular features which are expected to be non-templated polymer.

Whilst the DNA templates were found to be coated with regular and smooth coatings of
the polymer material, as AFM line profiles indicated, the wire diameters are consistent
along their length, see figure 6.14a inset. These AFM studies revealed nanowires with a
considerable variation in their heights (2-25 nm). For this reason, a statistical treatment
of AFM data was carried out in order to evaluate the size distribution of the produced
DNA/poly(DAP-prop-TPT) nanowires. The heights (i.e. diameter) of 100 nanowires
were measured using AFM line profiles, and the frequency plotted as a function of
nanowire diameter. The resulting histogram (figure 6.14€) revealed a relatively broad
size distribution, with structures up to 25 nm in height. The data also showed a
distinctive polymodal distribution with four modal values identified at 1-5 nm, 6-11

nm, 13-17 nm and 19-24 nm, respectively.

In summary, AFM data provide evidence for the formation of a supramolecular polymer
nanowires formed through self-assembly of DNA and poly(DAP-prop-TPT) strands.
Moreover, DNA is found to be a highly effective template for directing the growth of
polycationic poly(DAP-prop-TPT) into organised these 1-D hybrid nanostructures.

AFM was also used to characterise the morphology of the produced DNA-templated
poly(T-prop-Py) nanowires. AFM images were first recorded for samples isolated
directly from the reaction solution (no centrifuge process was applied) after one hour
incubation time. These images (figure 6.15a and b) show structures with different
heights which are surrounded by a large number of particles on the substrate surface.
These are likely to be non-templated polymer material. For this reason, the product
material in reaction solution was centrifuged at 6000 rpm for ~ 5 minutes in an attempt
to purify the DNA/poly(T-prop-Py) nanowires. After this, the lower section of the

reaction mixture was aligned upon TMS-modified Si/SiO, substrates for AFM analysis.
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Figure 6-15: Tapping mode™ AFM height images of DNA/poly(T-prop-TPT) nanostructures
aligned on TMS-modified Si/SiO, substrates after 1 hour incubation time. (a) and (b) AFM
images of samples isolated from the reaction solution before the centrifuge process was taken
place and, (c-F) AFM images of centrifuged samples.

AFM height images of material from this modified method are depicted in
figure 6.15 c-f. These images show individual nanowires with different sizes (diameters
range from 14 — 31 nm), to be aligned upon a significantly cleaner backgrounds.
Thickening of the produced DNA/poly(T-prop-Py) nanowires with respect to the
heights of bare DNA (< 2 nm), is clearly evident, and indicates that the DNA molecules
coated with the polymer material. The DNA/poly(T-prop-Py) nanowires were found to
show smooth and uniform structure with continuous coverage of the DNA strands by
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T-prop-Py desired polymer. The uniformity of the polymeric coverage on the DNA
template molecules is similar to what was seen for DNA/poly(DAP-prop-TPT)

nanowires.

It should be noted that the thicker structures isolated after 1 hour reaction time do not
appear to be due to the assembly of individual nanowires. This is because there was no
evidence for the presence of any branching extending out from the main body of
DNA/poly(T-prop-Py) nanowires. It is therefore suggested that the variation in the
structure heights of nanowires isolated after 1 hour reaction time is due to the deposition

of different amount of material upon the DNA templates.

In order to evaluate the size distribution of the DNA/poly(T-prop-Py) nanowires, a
statistical treatment of the average diameters recorded for 100 nanowires isolated after 1
hour incubation time was performed as described before for DNA/poly(DAP-prop-TPT)
nanowires. The resulting histogram (figure 6.16) displays a broad distribution with
structures up to 35 nm in height recorded. The data also shows a number of smaller
structures with diameters < 3 nm, indicating not all the DNA molecules are templated

with polymer material.
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Figure 6-16: Histogram of the size distribution of the DNA/poly(T-prop-Py) nanowires.

As mentioned earlier in this section, previous AFM studies of the polymer nanowires
prepared using DNA as a template [72, 73] reported changes in the structure of the
polymer nanowires at longer incubation time, in which individual nanowires assemble
together, forming rope-like structures. Evidence of similar nanoropes behaviour for

DNA/poly(T-prop-Py) was observed for material isolated after 24 hours reaction times.
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Figure 6.17 a and b, illustrate AFM images of the DNA/poly(T-prop-Py) nanowires
aligned upon TMS-modified silicon substrate after 24 hours incubation times. These
images showed rope-like assemblies of DNA/poly(T-prop-Py) nanowires with
diameters up to 60 nm. The formation of such structures is clearly evident from the

additional branches (white arrows in figure 6.17a and b) which can be seen extending

out from the main body of structures.

\

Figure 6-17: AFM height images of the DNA/poly(T-prop-Py) nanowires immobilised upon a
Si/native SiO, substrate, after 24 hours incubation times.

6.3.4 Electrical characterization of DNA/poly(DAP-prop-TPT) and DNA/poly(T-

prop-Py) nanostructures using electrostatic force microscopy (EFM)

The electrical properties of the DNA/poly(DAP-prop-TPT) “nanowires” were examined
using the non-contact electric force microscopy (EFM) technique. This technique can
provide straightforward method to investigate the electrical behaviour of the sample

under investigation.

Figure 6.18 illustrates the EFM data of a DNA/poly(DAP-prop-TPT) nanowire aligned
upon a TMS-modified silicon substrate with a thermally growth SiO, layer. The height
image (figure 6.18a), showed the nanowire to have a diameter of 20 nm. This nanowire
appears dark in the corresponding EFM phase images (figure 6.18 b-e) which were
recorded at dc potentials of +9 and -9 V. The appearance of such dark contrast (negative
phase shift) relative to the background at different applied bias confirms that the
DNA/poly(DAP-prop-TPT) nanostructures are electrically conductive and a genuine
nanowire.[16, 66, 73, 212] It was observed that the sizes of the phase shifts produced
by the nanowire in the EFM phase images are wider than the actual diameter of the
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nanowire as appeared in the AFM height image. This occurs because of the diffuse
nature of the electric field originating from the DNA/poly(DAP-prop-TPT) sample.
Additionally, the magnitude of the phase shifts associated with the DNA/poly(DAP-
prop-TPT) nanowire showed a parabolic dependence upon the dc bias applied to the
sample, see Figure 6.18h. This confirms that the tip-sample interactions are dominated
by capacitance effects and trapped charge makes no significant contribution to the data
recorded for DNA/poly(DAP-prop-TPT) nanowire.[66, 72, 73, 106] These EFM data
then show that there is a continuous conduction pathway along the whole length of the
produced DNA/poly(DAP-prop-TPT) nanowires. This provides further evidence for the
nanowire’s structure to consist of regular and continuous coating of conducting

poly(DAP-prop-TPT) material around DNA templates.

In conculsion, it has been confirmed that conductive and highly uniform
DNA/poly(DAP-prop-TPT) nanowires can be prepared by polymerisation of
2,6-diaminopurine-propyl-2,5-bis-dithenyl pyrrole (DAP-prop-TPT) with FeCl; in
presence of DNA molecules. Moreover, the resulting nanowires with functional groups
are expected to allow their use as building blocks for the construction of functional

architectures.

-0.0375 -
Sample Bias (volts)

Figure 6-18: Electrostatic force microscopy data of DNA/poly(DAP-prop-TPT) nanowire
aligned upon a n-Si<100>/200 nm SiO, wafer. (a) AFM height image of a nanowire with
average diameter of 20 nm. (b, ¢, d and e) the EFM phase images of the nanowire in (a) at
different sample biases, phase scale of 5° are. (f) Plot of the tangent of the nanowire phase shift
as a function of applied voltage.
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EFM was also used to probe the electronic properties of the DNA/poly(T-prop-Py)
nanowires in a manner described before for DNA/poly(DAP-prop-TPT) nanowires.
Figure 6.19 shows a series of EFM phase images along with the corresponding height
image of the DNA/poly(T-prop-Py) nanowire. In the height image (figure 6.19a) a
single 1-D wire-like structure dominants and this has an average diameter of roughly 12
nm. In the corresponding phase images (figure 6.19 b and c) which recorded at dc
potentials of +7 and -7 V, respectively, the position of the nanowire can be clearly seen
as a uniform dark contrast relative to background. Such dark contrast (negative phase
shift) associated with the nanowire irrespective of the magnitude or sign of the applied
bias, indicates DNA/poly(T-prop-Py) to be electrically conducting.[66, 72, 73, 212]
Furthermore, the magnitude of the phase shifts displayed a parabolic dependence upon
the dc bias applied to the sample (Figure 6.19d), confirming that the tip-sample
interactions are dominated by capacitance effects.[66, 72, 73] It is worth noting here
that the negative phase shift associated with the whole nanowire’s structure indicates the
DNA/poly(T-prop-Py) nanowires have a continuous coverage of conductive poly(T-

prop-Py) material along the DNA templates.

1
oo "

tan (A®)

-0.15 ¢

Sample Bias (volts)

Figure 6-19: (a) Height image of DNA/poly(T-prop-Py) nanowire with average diameter of 12
nm immobilised upon Si/SiO, substrate diameters. (b and ¢ ) The corresponding EFM phase
images at sample biases of +7 and -7 voltas, respectively, phase scale is 5°. (d) Plot of the
tangent of the nanowire phase shift as a function of applied voltage
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Based on spectroscopic and scanning probe microscopy, it can be concluded that two
types of DNA-templated supramolecular polymer nanowire have been prepared via
polymerisation of DAP-prop-TPT and T-prop-Py, respectively, with FeCl; in presence
of DNA molecules. Moreover, it is expected that these two types of nanowires have
potential for interaction by means of complementary hydrogen bonding between
diaminopurine and thymine substituent groups of the conducting polymers. This is
explored in the next section.

6.4 Atomic force microscopy (AFM) studies of a mixture of two types of DNA-

templated supramolecular polymer nanowire

In order to establish changes in morphology behaviour of the produced polymer-based
nanowires upon mixing them together and discover if these complementary nanowires
can come together to form larger structures, AFM studies were carried out. For AFM
studies, DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires were first
prepared and centrifuged as described earlier in sections 6.2.4. 50 puL of former
nanowires was then added to 50 pL of latter and the resulting material in reaction
solution was left to incubate at room temperature. The resulting material present in the
reaction solution was isolated at different times and then aligned upon TMS-modified
silicon substrate. In order to achieve this, 5 pL of the resulting solution was taken at
different reaction times (typically 1 and 24 hours, and 22 days), and applied to the
substrate surface and left to stand for approximately 1 minute before the residual
solution was withdrawn from the substrate surface using micropipette. Moreover, in
order to make a reliable AFM investigation, AFM measurements were also carried out
upon control samples of pure DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py)

nanowires with the same age as the samples isolated from the mixture solution.

AFM images of the material isolated from the mixture reaction along with the control
samples are illustrated in figure 6.20. The first column (1a, 2a and 3a) shows AFM
height images of material taken after 1 hour reaction time from the reaction solutions.
AFM images (figure 6.20, 2a and 3a) of DNA/poly(DAP-prop-TPT) and DNA/poly(T-
prop-Py) nanowires, respectively, displayed as expected chains of polymer-covered

DNA nanowires with smooth and uniform morphology.
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Figure 6-20: AFM height images of material isolated from a mixture of DNA/poly(DAP-prop-
TPT) and DNA/poly(T-prop-Py) nanowires (row 1 a-c), along with control samples of
DNA/poly(DAP-prop-TPT) nanowires (row 2 a-c), and DNA/poly(T-prop-Py) nanowires (row
3 a-c). All samples were aligned upon TMS-modified Si/SiO, substrates at incubation times of 1
hour (first column), 24 hours (second column) and 22 days (third column), columns are
numbered from left to right.

Similarly, AFM image of material isolated from the reaction solution containing a
mixture of two complementary nanowires (figure 6.20, 1a) showed 1-D wire-like
structure with average diameter of 20 nm. This structure is suggested to be either
DNA/poly(DAP-prop-TPT) or DNA/poly(T-prop-Py) nanowires and cannot be
considered as assemblies of complementary nanowires. This is because the structure’s
diameter falls in reasonable agreement with the size distributions of DNA/poly(DAP-
prop-TPT) nanowires (figure 6.14e) and DNA/poly(T-prop-Py) nanowires (figure 6.16).
Additionally, the structure’s appearance is very similar to what was seen for control

samples.
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Upon increasing the reaction time to 24 hours, an AFM image (figure 6.20, 1b) was
recorded for the mixture sample displayed larger structure with average diameter of 70
nm. Additional thinner branches < 2 nm (denoted with white arrow) were also seen to
be extending out from the body of structure. These additional branches are too thin to be
nanowires, suggesting the structure to be made of polymer material around bundles of
DNA. On the other hand, at this reaction time (24 hours) both of control samples (figure
6.20, 2b and 3b) showed rope-like assemblies of individual polymer nanowires with
diameters of 45 and 57 nm for DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py)
nanowires, respectively. The formation of such assemblies is indicated by further
structures (figure 6.20, 2b and 3b, white arrows) which are seen as branches from the

main structure’s body.

At a longer incubation time (22 days), all samples revealed similar morphology
behaviour, in which thicker structures were observed (figure 6.20, 1c, 2c and 3c).
Although the material isolated from the mixture sample showed many branches
extending out from the main structure’s body, suggesting these are assemblies of
individual nanowires. However, at longer incubation time previous AFM studies of
polypyrrole nanowires prepared using DNA as a template showed also thicker structures
with a large number of thinner branches.[72] Moreover, control samples were also
displayed such morphology behaviour. Therefore, it is not convincing to consider such

structures as assemblies of two types of DNA/CP nanowire.

Based on AFM data of the material isolated from the mixture of two types of DNA/CP
nanowire and control samples, the applied reaction times (1 and 24 hours and 22 days)
showed no evidence for a change in the observed assemblies to suggest the two
complementary nanowires interact in the intended manner. This may be because the
hydrogen bond sites of both poly(DAP-prop-TPT) and poly(T-prop-Py) are involved in
interactions with DNA during the nanowires formation and are no longer available.
However, more likely is that both thymine and diaminopurine can form self-
complementary pairings (figure 6.21). Even though these form through only two
hydrogen bonds, compared to three hydrogen bonds for the DAP-T interaction, the large
number of groups expected on the polymer strands would allow assembly through base

pairing to be occur.
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Figure 6-21: Chemical structures of (a) thymine-thymine and (b) diaminopurine-
diaminopurine base pairs.

6.5 Conclusion

The preparation of hybrid supramolecular polymer nanowires was achieved by chemical
oxidation of the two monomer types (DAP-prop-TPT and T-prop-Py) using FeCls in the
presence of DNA. The formation of such supramolecular materials comprising of both
DNA and polymer material was confirmed by FTIR and XPS studies. AFM data of both
DNA/poly(DAP-prop-TPT) and DNA/poly(T-prop-Py) nanowires showed continuous,
smooth and uniform structures, whilst statistical analysis of the produced
DNA/poly(DAP-prop-TPT) and DAN/poly(T-prop-Py) nanowires revealed broad size
distribution with structures up to 25 and 35 nm in heights, respectively. The electronic
properties of the DNA/CP nanostructures were probed using EFM, confirming that the
nanostructures are nanowires, as they are electrically conducting. AFM studies of the
material isolated from the mixture of two complementary nanowires did not provide
reliable evidence for larger structures formation based on complementary hydrogen
bonding between the purine/pyrimidine groups attached to the nanowires. This is
suggested to be due to either the hydrogen bond sites attached to the monomers
involved in the templating process and hence not being available, or the self-
complementary nature of the based means that essentially the same processes, i.e. base

pairing, can occur for pure samples of these materials, as well as mixtures.
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7. Appendix

Appendix A: Abbreviations

%T

um
0-D

DAP
DAP-prop-TPT
dc

DMF

DMSO

DNA

dsDNA

Eb

EDTA

EFM

Percept transmittance

Micrometre

Zero-dimensional

One-dimensional

Two-dimensional
Three-dimensional
Three-dimensional-double crossover
Adenine

Angstrom

Anodic aluminium oxide

Atomic force microscopy
Body-centred cubic

Cytosine

Conductive AFM

Cellulose nanocrystals

Carbon nanotube

Conducting polymers

Calf thymus DNA

Cyclic voltammetry

Diameter of nanowire
Diaminopurine
2,6-diaminopurine-propyl-2,5 bis-dithenyl pyrrole
Direct current

Dimethylformamide
Dimethylsulfoxide
Deoxyribonucleic acid
Double-stranded deoxyribonucleic acid
Binding energy
Ethylenediaminetetraacetic acid

Electrostatic force microscopy
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Ex Kinetic energy

Ep Peak potential

ESCA Electron spectroscopy for chemical analysis
eV Electron Volt

fo Resonance frequency

fcc Face-centred cubic

FIB Focused-ion beam

FTIR Fourier transform infrared

G Guanine

GMP Guanosine monophosphate
HMM Hybrid mesoporous materials
HRTEM High-resolution transmission electron microscopy
HT-DNA Herring testes DNA

-V Current-voltage

K Kelvin

k Cantilever spring constant

L Length of nanowire

MFM Magnetic force microscopy

mg Milligram

mL Millilitre

mM Millimolar

MWNTs Multiwalled carbon nanotubes
nm Nanometre

PA Polyaniline

Pln Polyindole

PNA Peptide nucleic acid

PPY Polypyrrole

RNA Ribonucleic acid

S Siemens

SAM Self-assembled monolayer
SCM Scanned conductance microscopy
SEM Scanning electron microscopy
SPM Scanning probe microscopy
ST™M Scanning tunnelling microscopy
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TEM

TMS
T-prop-Py
TPT

UHV
XPS

XRD

Thymine

Transmission electron microscopy
Trimethylsilane
Thymine-propyl-pyrrole
Poly2,5-(bis-2-thienyl)-pyrrole
Ultra-high vacuum

X-ray photoelectron spectroscopy
X-Ray diffraction

Phase shift

Wavelength

Lambda DNA

Microlitre

Work function

Ohm
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Appendix B: Further Supporting Data for the DNA/Rh nanowires

B.1 Fourier Transform Infra-Red (FTIR) spectroscopy of the DNA/Rh*? system

For FTIR studies, samples were prepared as films of material upon silicon substrates.
Samples for DNA/Rh®*" were prepared by mixing an aqueous solution of CT-DNA (30
uL; 500 pg mL™) with an aqueous solution of RhClz.xH,O (30 pL; 2.5 mM). The
resulting DNA/Rh** solution were allowed to stand at room temperature for 20 minutes.
After 20 minutes reaction time had elapsed, 80 pL of the reaction solution was
deposited upon a silicon substrate, and allowing the solvent to evaporate at room
temperature. Samples of bare DNA were prepared by depositing 80 pL of a CT-DNA
solution (500 pg mL™) upon Si substrates and the solvent allowed to evaporate ate room
temperature. FTIR spectra were performed with a Bio-Rad Excalibur FTS-40
spectrometer (Varian Inc., Palo Alto, CA, USA), and spectra were recorded over the

4004000 cm™ range, with 128 scans and at 4 cm™ resolution.

In order to establish the modes of interaction between the DNA and Rh** ions during the
preparation of DNA/Rh nanowires, FTIR spectroscopy was carried out upon samples of
pure DNA and DNA following reaction with a solution of RhClz. xH,O. It is known
that metal cations can interact with DNA through formation of electrostatic interactions
with the phosphate backbone, and/or coordinate to the DNA nucleobases. Previous
FTIR studies of the DNA/metal ions interaction have reported that the metal ions attach
to the DNA structure mainly at guanine (N7, O6) and adenine (N7, N1) of purines bases
and at the N3 of the pyrimidine.[50] The DNA/Rh** binding have previously reported to
take place at both of phosphate backbone and aromatic bases. [197, 198]

Here, FTIR spectra (figure B.1) of bare DNA and DNA/Rh* indicate that the Rh®" ions
bind to the DNA structure both at the nucleobase sites and to the phosphate backbone.
This is evident from several noticeable changes in the position and intensity of DNA-
related bands upon DNA/Rh** complex formation, (see figure B.1.1 and table B.1).
These are clearly observed in the 900-1300 cm™ region of spectra, thereby indicating
that the Rh species are bound to DNA backbone. For example, the spectrum of bare
DNA (blue curve), revealed a band located at 1097 cm™ due to the symmetric PO,
stretches and a shoulder related to C-C deoxyribose stretch at 1033 cm™. In the
DNA/Rh**, the first band is almost disappeared and the second band shifted to lower
frequency (1019 cm™). Additionally, evidence for the DNA phosphate backbone/Rh**
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interactions is supported with the major spectral change in region of the asymmetric

PO, vibrations band at 1246 cm™ which is appeared as two broad bands located at
1137 and 1238 cm™ in the DNA/Rh** spectrum.

Transmittance (%)

3700 3200 2700 2200 1700 1200 700
Wavenumber (cm)

Figure B.1: FTIR data of calf thymus DNA (blue spectrum) vs DNA/Rh*" system (black
spectrum) in the 700-4000 cm™ region.

On the other hand, the FTIR spectra in 1300-1800 cm™ region show only slight changes
in the intensity and position of the DNA-related bands of the DNA/Rh** complex,
suggesting that DNA nucleobases may also be involved in the DNA/Rh®*" binding. The
N-H deformation centred at 1416 cm™ and the C-N stretch band of guanine and cytosine
observed at 1368 cm™ are reduced in their intensity. Additionally, the carbonyl stretch
appeared at 1692 cm™ in DNA spectrum showed slight shift to lower frequency (1688

cm™) upon DNA/Rh* complex formation. All DNA bands were assigned according to
literatures.[66, 109-111, 235]

Transmittance (%)

1900 1700 1500 1300 1100 900 700
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Figure B.1.1: FTIR data of calf thymus DNA (blue spectrum) vs DNA/Rh*®" system (black
spectrum) in the 700-2000 cm™ region.
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Wavenumber (cm™)

ar Assignment
CT-DNA CT-DNA/Rh
960 960 C-C deoxyribose stretch
1033° 10192 C-C deoxyribose stretch
1071 1068 P-O/C-O deoxyribose stretch
1097 - PO, symmetric stretch
- 1137 PO, asymmetric stretch
1246 1238 PO, asymmetric stretch
1368 1367 C-l\! stretch of cytosine /
guanine
1416 1417 C-H / N-H deformation; C-N
stretch
1488 1490 Rm_g vibration of cytosine /
guanine
1529 1530 In-p_lane vibration of guanine /
cytosine
1603 1600 In-plane vibration of adenine
C=0 stretch of cytosine /
1653 1653 thymine; In-plane vibration of
thymine
C=0 stretch of guanine /
1692 1688 thymine;
N-H thymine
2850-3500 2850-3500 C-H / N-H / O-H stretches

Table B.1. Assignment and comparison of FTIR spectra (700-4000 cm™) of calf thymus DNA,
and calf thymus DNA following association of with Rh*®* cations in aqueous solution. ? Peak

appeared as a shoulder .
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B.2 Further XPS data for samples of DNA/Rh nanostructures prepared using
chemical reduction method

Evidence for the presence of the DNA in the sample material is provided by the P2p
signal, expected to be presented due to the DNA phosphate backbone. XPS spectrum of
P2p region detects P2p doublets (P2ps;, and P2p;) at binding energies of 133.3 and
134.1 eV, respectively (figure B.2). These values with doublet separation of 0.8 eV are
close to the binding energies of the P2p for phosphorus in the DNA backbone.[16, 119,
121]
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Figure B.2: High resolution XPS spectrum of P2p region of calf thymus DNA-templated Rh

nanowires immobilised upon a Si/native SiO, substrate. Blue solid line represents raw data, total
fits is represented by red line and black dashed lines is for component peak.

B.3 Further XPS data for samples of DNA/Rh nanostructures prepared using
electrochemical reduction method

Curve Fitting of P2p region (figure B.3) indicates DNA is present in the product
materials. This spectra show P2p doublets at binding energies of 133.3 and 134.1 eV for
P2ps2 and P2pyp,, respectively. These values with doublet separation of 0.8 eV can be
assigned to the P2p for phosphorus in the DNA backbone.[16, 119, 121]
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Figure B.3: High resolution XPS spectrum of P2p
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Appendix C: Further Supporting Data for the DNA/poly(DAP-prop-
TPT) nanowires

C.1: Further XPS data for samples of isolated DNA/poly(DAP-prop-TPT) material

For the confirmation of the presence of DNA in the product material, the XPS spectra of
P2p region (figure C.1) is examined to show P2p doublets at binding energies of 133.6
and 134.4 eV for P2ps;, and P2py,, respectively. The peak position is consistent with the
P2p for phosphorus in the DNA backbone.[16, 119, 121]

Intensity (a.u.)

140 138 136 134 132 130 128
Binding Energy (eV)

Figure C.1: High resolution XPS spectra of P2p region of calf thymus DNA-templated
poly(DAP-prop-TPT) material. Blue solid line represents raw data, total fits is indicated by red
line and black dashed lines are for component peaks.

C. 2: Further XPS data for samples of isolated DNA/ poly(T-prop-Py) material

Further confirmation of the presence of DNA in the product material is provided by the
P2p signal, expected to be presented due to the DNA phosphate backbone. XPS spectra
of P2p region (figure C.2) is examined to show P2p doublets at binding energies of
133.4 and 134.2 eV for P2ps, and P2py,, respectively. The peak position is consistent
with the P2p for phosphorus in the DNA backbone.[16, 119, 121]
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Figure C.2: High resolution XPS spectra of P2p region of calf thymus DNA-templated poly(T-
prop-Py) material, immobilised upon a Si/native SiO,. Blue solid line represents raw data, total
fits is indicated by red line and black dashed lines are for component peaks.
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Appendix D: Published papers

D.1 Mohamed, H.D.A., S.M.D. Watson, B.R. Horrocks, and A. Houlton, Magnetic and

conductive magnetite nanowires by DNA-templating. Nanoscale, 2012. 4(19): p.
5936-5945.

D.2 Watson, S.M.D, H.D.A. Mohamed, B.R. Horrocks, and A. Houlton, Electrically

conductive magnetic nanowires using an electrochemical DNA-templating route.
Nanoscale, 2013.5(12): P. 5349-5359.
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