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Abstract

In designing a biodegradable conduit for nerve regrowth surgeons have
a material that lacks a crucial property. Neurons are essentially ana-
logue to digital converters: electronic components that require a good
electrically conductive growth medium. This project proposes to pro-
vide this cost-effectively by wiring in novel biodegradable nanowires.
Two unique nanowire candidates are designed, synthesised, and eval-

uated.

Initially, the report looks at a nano-necklace. SEM images show ex-
cellent wire construction when linking carbon nano onions with a
biodegradable cyclodextrin-oxydianiline complex. FTIR analysis ev-
idence the complex forming. However, EIS shows the available nano

onions insulates and this serves only as a structural viability study.

As an alternative nanowire we look to improve the conductivity of
polyaniline, an electroactive polymer, by nanocompositing with graphene.
At a mass ratio of 1 part graphene to 100, our synthesised material fits
a variable range hopping mechanism well and displays a ~ 10 S cm ™
conductivity. At a 1:1 ratio, the material behaves metallically. It

U and a resistiv-

has a heightened conductivity of around 100 S cm™
ity which increases with temperature. SEM shows this material is

partially fibrous and future work is detailed to improve this structure.

Improving neuroregeneration by use of a conduit interfaced with nanowires
proposed here will have a profound impact as peripheral nerve trauma
accounts for 3% of all injuries. The embedded nanowire, if successful,

may provide a standard for future bioengineered devices.
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Chapter 1
Introduction

This project has been undertaken to research feasible nanowire candidates for
deployment in biological surroundings. These wires have been designed to provide
strong electrical conductivity in a new tubular device for neuronal repair, termed
a conduit, before biodegrading and leaving the body safely once repair is complete.

In Chapter 2, the biology of the neuron is reviewed, problems with current
medical techniques shown, and the need for this alternative strategy proven.
The value of seeking a biodegradable nanowire will be evidenced by discussing
conductivity through percolation and the advantage of adopting a high-aspect
filler. In Chapter 3, the purpose of key analytical techniques used in this project
is given. Basic principles are used to explain the operation of each with clarity.

In Chapter 4, the first work chapter, synthesis and characterisation of a nano-
necklace is presented. First, the nano onion is characterised using FTIR, AFM
and EIS. The necklace is synthesised and characterised using FTIR before the
nanoparticles are added and SEM performed.

In Chapter 5, work progresses to the study of an alternative strategy looking
at graphene nanoparticles on a polyaniline backbone. Several variants of this
composite are synthesised and electrically analysed using EIS, with bulk con-
ductivity calculations and temperature dependences explored, before physically
characterising through SEM.

Chapter 6 concludes this report by summarising this work and detailing future
research to take these novel candidates towards refinement, production, and use

in the intended medical application.



Chapter 2

Background: Use of a
biodegradable nanowire in a

nerve conduit

A neuron is a cell that transmits electrical signals. It can be thought of as an
analogue to digital converter. The cell takes in multiple inputs from branched
connections or dendrites attached to it and sends a pulse response along its long
tail or azon (see Fig 2.1). Neurons form a network through the body termed
the peripheral nervous system, distinguished from the central nervous system of
the brain and spine. Damage to the peripheral nervous system, caused when the
tissue is crushed, stretched, or lacerated due to sharp objects [7], accounts for 3%
of all trauma injuries [8].

After trauma occurs, the nerve attempts reparation. First, the stump of the
axon furthest from the injury degenerates [9]. The near stump sends axonal
sprouts. Schwann cells are generated and align to form columns, termed Bands
of Bungner, which direct axonal regeneration towards the target nerve end as
shown in Fig 2.2 [10, 11].

Injuries beyond the regenerative capabilities of the tissue must be surgically
operated on. The established technique is to harvest donor nerve tissue from
another part of the body to bridge between two nerve ends [3, 7, 12, 13]. Several

difficulties can occur here. Donor tissue may be the wrong diameter or of insuffi-



cient length. Surgery from harvesting tissue introduces disease termed donor site
morbidity [3, 7, 12] resulting in permanent loss of feeling in almost all cases [14].

Using a synthetic conduit is a viable alternative. A conduit approximates
nerve stumps by constraining regeneration along its cylindrical shape. Bioengi-
neers design conduits that are as architecturally similar to the injured nerve as
possible [7]. The base polymer for the conduit to has been developed at UCL
and is trademarked UCL-NanoBio [15]. It retains mechanical strength in biolog-
ical surroundings [16] yet is biodegradable hence removal surgery to prevent scar

tissue forming, compressing the nerve, is not required [2].
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Figure 2.1: The neuron, taken from [1]

As neurons are biological electronic components, optimal regeneration oc-
curs in an electronically conductive environment. This has been verified experi-
mentally by Zhang [17]. Adding small quantities of conducting nanoparticles to
UCL-NanoBio should vastly improve conductivity through percolation [18]. Each
location in the polymer now has a probability of being occupied by a conduct-
ing particle. At low concentration, conducting sites are isolated or form small
clusters. A cluster exists in which two or more nano onions are linked by a con-
ducting path. As concentration is increased, these conducting paths grow. At
some threshold, current will be able to percolate from one edge of the polymer
to the other. The probability of conduction is near binary about this threshold
value [19].
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Figure 2.2: Schwann cells forming Bands of Bungner to repair a damaged periph-
eral nerve, adapted from [2]

The aspect ratio of the conducting molecule is a central factor to determine
percolation threshold [20, 21]. Research shows far smaller amounts of materials
like carbon nanotube or silver nano-wires, with large length to diameter ratios,
are required to achieve threshold [22, 23]. A diagrammatic explanation is shown
in Fig 2.3. On the left, 84 particles with 1:1 aspect ratio have their centres
randomised. There is a low probability that a conduction path will stretch from
one side to the other. In contrast, with the 84 high aspect particles, there is often
many conduction paths from one side of the material to the other. Reducing the
amount of nanoparticles needed for suitable conduction would make the conduit

significantly cheaper. A way to achieve this is to include high aspect ratio fillers.

Figure 2.3: Diagrammatic representation showing the benefits of high-aspect
fillers in percolation systems

However, an essential purpose of the conduit is that it biodegrades after tissue



repair. Any high aspect ratio filler must also be capable of biodegradability.
Nanoparticles below 6nm are processable by leaving the bloodstream through the
kidneys [24]. This project aims to produce a suitable synthesis to link conducting

particles by some biodegradable form.

Figure 2.5: Left: A Cgo molecule, adapted from [4]. Right: A nano onion cross
section as seen in [5]



Chapter 3
Experimental Methods

As devices are designed and produced, they must be evaluated for their structural
and electronic capabilities. This will be achieved using a combination of imaging
and spectroscopic techniques. In this chapter, the benefit offered by each charac-

terisation procedure will be evidenced and explained using simple principles.

3.1 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measures the impedance at a
range of frequencies. A sinusoidal voltage is applied and the current through
the sample is measured. By observing the phase shift between input and output
signals, the capacitance can be measured. By observing the amplitude shift, a
value for the material conductivity can be found. Two electrically conducting
electrodes are placed touching the sample surface. The sample is electrically
shielded by a stainless steel chamber which can be pumped down to perform
measurements in vacuo.

The most important result is the Cole-Cole plot which plots the imaginary
impedance (denoted as Z”) against the real component (denoted as Z’). Each
point corresponds to a different frequency. From this, a circle can be fitted to
determine the resistance of the sample. The impedance of an electrochemical cell
like the nano onion is modelled as a resistor in series with a single time constant
[25].
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This is analogous to a circle with a radius Ry/2 and a centre at (R + Ry/2,0).
Hence fitting a circle allows this value to be found. The capacitance is determined

by finding the cut-off frequency and using

1
QTRQC
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Characterising the capacitance and, most importantly, the conductive merits of

materials will assess their suitability in providing electrical conduction.

3.2 Fourier Transform Infrared Spectroscopy

A Michelson interferometer uses a moving mirror to send a range of infrared
wavelengths at a chemical bond simultaneously. The molecule absorbs the sig-
nal and oscillates at a frequency that generates an electric dipole and interferes
with the incident beam. Both the bond strength and the mass of the atoms set
the frequency like the spring constant and particle mass in simple harmonic mo-

tion. A Fourier transform enables all reflected wavelengths to be analysed and



a spectrum produced to show which are absorbed. By observing a peak at a
certain frequency, the functional group that would produce this can be identified,
allowing the characteristic fingerprint of a molecule to be evidenced. Using this
technique provides confirmation that the expected chemistry has taken place and
that a material is as theory suggests whilst highlighting unexpected functional

groups.

3.3 Atomic Force Microscopy

A probe on the end of cantilever interacts with the sample surface. Van der
Waals forces between the probe and sample causes the cantilever to move. The
cantilever arm reflects a laser beam onto a position aware photodetector. As the
cantilever moves, the photodetector records the position of the laser focus point.
With nanoparticles, the AFM operates in tapping mode. The cantilever oscillates
near resonant frequency over the sample surface. The surface interactions causes
the oscillation amplitude to vary the damping is measured. The AFM should
build up a 3D representation of the surface from this data. A vacuum is not
required so the material can be imaged in its natural environment. Using AFM
should allow surface features of a sample to be imaged in 3D providing evidence

of its structure.

3.4 Scanning Electron Microscopy

An SEM images a sample by scanning with a beam of electrons. A cathode
creates a high energy thermionic electron beam that is repelled by electrons at
the surface of the sample. Some elastically scatter and form a primary electron
current. Alternatively, some surface electrons are repelled enough that they are
emitted from the atom and attracted to the positively charged detector. This
is the secondary electron current which is recorded against the position of the
probe on the surface to produce a topographical image. This will give key insight
into the morphological make up of a sample and will be vital, for instance, in

determining whether a composite provides the fibrous wire structure intended.



Chapter 4

The nano-onion Necklace

4.1 The Carbon nano-onion: Physical and Elec-

tronic Characterisation

4.1.1 Overview

Concentric rings of graphene encasing a Cgy molecule (see Fig 2.5), termed the
nano-onion, can be made from ND [26] and other notable methods [27, 28]. Nano-
onions are nontoxic in a cellular environment [29] and crucially, their sub 5nm
size makes them processable [24]. They have been found to have a conductivity
of up to 4Sem™! under certain growth techniques [30].

The first experimental work performed is to physically and electronically char-
acterise the carbon nano-onion. It is essential to observe the onions are strong
electrical conductors suitable for use in the nanowire and of the nanoscale size
suggested in the literature. Identifying the function groups on the surface of the
nano-onion using FTIR gives more precise information about the specific nano-
onion species. Treatment with specific functional groups may provide optimal

conductances [31].

4.1.2 Experimental Procedure

EIS was carried out using the Solartron impedance analyzer SI1260A. A sample of

nano-onions in a crucible was placed in the chamber. The needles were positioned



carefully to ensure contact was made with the surface yet did not short-circuit.
The sample was put under vacuum to around 10~2 mBar. The vacuum pump
vents from below, preventing the powder from being disturbed.

In FTIR, Attenuated Total Reflection (ATR) mode is used for solid materials
like the nano-onion. The module on top of the machine measures the intensity
of the reflected beam as opposed to transmitting light through the material. The
surface is cleaned with isopropanol (IPO). Nitrogen purging is used to cleanse
the chamber of contaminant chemicals. A background sample is taken which
is subtracted from the image to remove the presence of trace contaminants. A
tweezer full of carbon nano-onions is added to several millilitres of acetone. A
pipette is used to drop the mixture onto the ATR interface.

Two SiOy squares were added to a solution of CNOs in DMF (dimethylfor-
mamide). Ten hour sonication embedded the onions into the silica surface, oper-
ating at 100% amplitude. The water level of the sonicator was topped up to cover
the sample vessels. One sample was washed with water in an attempt to obtain a
monolayer of the onions on the silica surface. The samples were dried overnight
and a test microstructure was imaged to calibrate the AFM. Both samples were

imaged in non-contact mode using a variety of resolutions.

4.1.3 Results

4.1.3.1 Electrochemical Impedance Spectroscopy

The onions were heated from room temperature to 200°C in 50°C increments and
the impedance recorded. Higher temperatures would permanently degrade mate-
rial properties. Fig 4.1 shows the impedance response. At all temperatures, the
carbon nano-onions have a low pass characteristic. Overnight, the chamber was
pumped down to a deeper vacuum of 5.65uBar and measurements retaken, shown
in red on the plot. Further removal of contaminant particles provides higher ac-
curacy. Using the analytical techniques described in the previous chapter, the
figure can be fitted with a very large calculated resistance of 5.39 x 1022 to the

deep vacuum data.
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Impedance Plot of Nano onion Sample
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Figure 4.1: Impedance response of Carbon nano-onions at different temperatures
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4.1.3.2 FTIR Analysis

In the onion, carbon-carbon bonds are symmetric so only the surface terminations
will be observed. Symmetrical bonds do not have the dipoles discussed in the
FTIR spectra. Two plots are shown in Fig 4.3. The initial shows clear baseline
shifting. The following day, a good spectrum was observed with peaks in sim-
ilar places without the shift. The dominant peaks are at 2900cm~!, 1750cm ™!,
1250cm ™! and 1050cm™*.

FTIR of Carbon Nano Onion Sample

Reflected / %

| | | | | |
4000 3500 3000 2500 2000 1500 1000
Frequency / Hz

Figure 4.3: FTIR spectra of nano-onion sample

4.1.3.3 AFM

A clear image of the microstructure is seen in the test image in Fig 4.4. From
the topography image, black rectangles are evenly spaced with a feature size of
10pm by 10pm. These are dents in the surface corresponding to around 0.1pm
as shown on the bottom graph of this figure.

The sample has been imaged at 8um successfully in Fig 4.5 but the features
needed are at several orders of magnitude lower than this. Sharp 0.1um by
2pm scratches in the sample are seen. Imaging at higher resolutions to look for
nanoscale features is less successful. In Fig 4.6, a strong horizontal noise compo-

nent in the data is seen. As resolution increases, noise obscures the underlying

12



image further. The intention to see the size of these particulates has not been

achieved.
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Figure 4.4: The test microstructure

4.1.4 Discussion
4.1.4.1 Electrochemical Impedance Spectroscopy

EIS analysis in Fig 4.1 indicates this nano-onion sample has an extremely high
resistance. At 5.39 x 10'2Q), the particles cannot be used to build conducting

nanowires. Modifying the surface terminations of the material with nitrogen,

13
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Figure 4.5: nano-onions imaged at 8um

hydrogen, or ozone may improve conducting properties [31]. The next task will

be to characterise the sample with FTIR to see current surface terminations.

4.1.4.2 FTIR Analysis

There was no nitrogen available so some contaminants may be present in the
spectrum. The base line shifting in Fig 4.3 is due to refraction by macromolecu-
lar clusters and is a known phenomenon in carbon samples [32]. By subtracting
the gradient in the void region between 2500-2000cm ™!, occupied solely by heavy
atoms and triple bonds, this could be eliminated. Characteristic peaks are ap-
parent that can be identified using a lookup table [33]. A peak at 2900cm™! is
characteristic of a C-H bond. One peak at 1750cm ™! is characteristic of carbonyl

groups (C=0). A strong peak at 1250cm™!

is an ester vibration. This may be
due to not all traces of acetone being eliminated in the background scan. There
is another peak at 1050cm ™! which is also characteristic of a C-O bond.

Luszczyn et al [29] FTIR oxidised CNO in ATR mode. The analysis focuses

14
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Figure 4.6: Smaller AFM resolutions show loss of clarity
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on the 1500-1750 band in which they similarly identify prominent peaks for C=0
stretching at 1743, 1734 and 1714cm™'. Zhou et al [34] underwent FTIR on
hydroxy-CNOs and similarly note sp® C-H stretching at 2926 and 2858cm ™.
These nano-onions have evident oxygenated surface terminations. A deeper
study would look to add different functional groups such as nitrate and ozone and,
with EIS, see the affect on conductivity. However, new carbon nano-onion species
cannot currently be synthesised in the laboratory; this device based project will

focus on material application.

4.1.4.3 AFM

Fig 4.4 shows AFM is a strong technique for imaging microstructures. How-
ever, imaging nanostructures was futile as the device picked up noise vibrations,
possibly from telecommunications signals. This is seen clearly in Fig 4.6 when
increasing the resolution from 5um to 0.3 pm. Luszezyn et al[29] used AFM to
monitor the effect of CNO films on other substrates, and this proved more suit-
able than analysing individual particulates. Zhou et al [34] were able to estimate
nano-onion diameters of around 85nm by embedding in polystyrene. They note
particles were otherwise too aggregated. However, these onions are over an order
of magnitude greater than our sample. The highest resolution 10um Nanosurf
scanhead was used for two weeks of imaging. It has not been evidenced that
the carbon particulate are nano-onions and may be amorphous. Zhou et al show
representative images of CNOs using SEM. In future, this will be adopted with
higher resolution expected. New onions cannot currently be produced in the

laboratory so the sample will be used regardless of analysis results.

4.2 Preparing the Inclusion Complex

4.2.1 Overview

The next stage is to produce the host polymer for the nano-onion. In the pro-
posed synthesis, each onion is contained within two opposing cyclodextrin units,
a cylindrically shaped glucose with a usefully large cavity [35]. A similar struc-

ture has been built using Cg, [36] in which the cyclodextrin acts to solubilise the

16



fullerene in water whilst retaining its intrinsic properties. Cyclodextrin should
attach to the nano-onions by forming an inclusion complex with oxydianiline.
When nerve reparation is complete, the inclusion complex will biodegrade letting
the nano-onions leave the body via the blood stream as shown by Choi et al[24].

Initially, the cyclodextrin is mixed with the oxydianiline as detailed by Yang
[37]. This procedure was chosen personally from the literature survey. Crystal
filtration is achieved using a Buchner flask and funnel. The solution is poured
onto filter paper on top of the funnel. A vacuum pump is attached and the liquid
is drawn through the funnel by suction. The crystals remains on the paper to be
collected. Further liquid content is removed by drying the crystals in a vacuum.
The dried product can be weighed to obtain the yield. It is expected the yield
will be low as this is the first time the procedure has been performed and the
experimenter has limited experience. The best way to determine if the product
is the expected inclusion complex is to analyse its chemical signature with FTIR
as used with the nano-onions. The peaks present in the product can be matched

to those in the reactants.

4.2.2 Experimental Procedure

In a round-bottom flask half-full of deionised warm water, 2g (10mmol) of oxy-
dianiline was added to 11.35g (10mmol) of S-cyclodextrin. The material was
measured on a pan balance. Shutting the perspex case prevents air currents dis-
turbing measurements. The round-bottom flask was held in an oil bath at 190°C
for 6 hours under reflux using a Liebig condenser. The mixture was agitated
constantly for the duration using a magnetic stirrer at a medium speed. The
condenser, purchased from Sigma Aldrich, was used to prevent product evapo-
rating during stirring. It is water cooled as the mixture is heated.

The solution was cooled over the weekend in a 4°C fridge and crystallised.
The solution was vacuum filtered using a Buchner flask and funnel. The col-
lected crystals were scraped from the filter paper and dried in a vacuum chamber
overnight. The crystals were weighed using a pan balance. The reactants and
product were characterised using FTIR, operating in ATR mode. A force of 30N

was applied to each sample to observe strong peaks. Eight scans were carried

17



out and the average taken to eliminate noise. The surface was cleansed with IPO

between samples and new background spectra taken.

4.2.3 Results

Fig 4.7 depicts the reflux setup with the round bottom flask held above an oil bath
which is heated at 190°C with the magnetic stirrer. The oil heat was chosen such
that small stable bubbles appeared on the water surface. Attached to the round
bottom flask is the water cooled Liebig condenser. There was not time to perform
a six hour reflux so the system was left overnight. Fig 4.8 shows the crystalline
reactants dissolved completely in the water and a yellow solution formed. Fig 4.9
shows the solution filtered over a Buchner flask to collect a uniform red crystal
product. The colour of the crystals changed to brown on drying as seen in Fig
4.10. The product was weighed at 0.676g 4 0.005.

Fig 4.11 shows the spectra of the two reactants, [-cyclodextrin and oxydi-
aninline, for comparison with the product. It is observed that the product shares
peaks with oxydianline at 1500cm ™! and 1250cm™!. A clear peak shared with

cyclodextrin is seen at 1050cm ™. Other less defined spectral areas also match.

4.2.4 Discussion

Yang et al [37] report the same yellow viscous solution forming from a transparent
solution when the powders dissolved. Yang et al [37] achieved a 90% yield in
producing the inclusion complex. Here, 50 times the 0.676g + 0.005 product
was used as reactants and so the yield is less than 2%. Considerable product
was lost in scraping from the Buchner funnel. Additionally, the product was not
refrigerated immediately preventing perfect crystallisation. The reflux was left for
the weekend as opposed to 6 hours so contaminants may have entered the mixing
vessel. However, the yield is high enough for experimental work to continue and
the nanowires to be fabricated which is the essential objective.

From Fig 4.11, it is evident the inclusion complex shares peaks from both
reactants that can be identified using a lookup table [33]. From this table, those
shared with oxydianiline: 1500cm™' may be identified as an arene group and
1250cm™ as an ester link (C-O-C). The cyclodextrin peak at 1050cm™"! can be
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Figure 4.7: The reflux setup

Figure 4.8: The formed inclusion complex
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Figure 4.9: Buchner flask and funnel setup

Figure 4.10: Vacuum drying the inclusion complex
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FTIR Analysis of Inclusion Complex
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Figure 4.11: FTIR of the reactants and product from the inclusion complex
synthesis

identified as a hydroxyl group (C-OH). Yang et al [37] identify the same aromatic
C=C bond at 1503cm~!. They identify a peak at 1227cm~! as C-N which could
be that identified as C-O-C herein. There is ambiguity identifying peaks even for
the skilled chemist. No further FTIR peaks are identified for the paper focuses
on NMR spectroscopy. As the spectrum of the product matches peaks from each
reactant the inclusion complex has been synthesised correctly. The single crystal
form evidences against the consideration that the product is merely a mixture of

the reactants.

4.3 Beading the nano-onion necklaces

4.3.1 Overview

For even addition to the inclusion complex, it is necessary to achieve a good
dispersion of nano-onions through ultrasound sonication. Centrifugal treatments
clean and extract the material. Using an SEM technique should prove more
suitable than AFM to produce an image of the composite. A fibrous wire like

material will be observed if the synthesis has been successful.
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4.3.2 Experimental Procedure

A 14mg sample of nano-onions were sonicated for 52 minutes in 100ml of dimethylchlo-
ride at 280kJ (50% horn amplitude). 0.267g (0.02mmol) of the inclusion complex
was added to 10ml of DMF until fully dissolved. This was added in 1ml increments
to the sonicated sample in 5 minute intervals. The solution settled for 72 hours
to form layers. Using a pipette, samples from the three layers were extracted
into 1ml centrifuge tubes. The solution was remixed with a magnetic stirrer and
samples were extracted from the solution for centrifuging. The centrifuge was
set at 1000RPM, equivalent to 8609RCF, and operated for five minutes. A dense
pellet of material collected at the bottom of the solution. The top liquid was
discarded using a pipette with the tube refilled with water. A vortex mixer was
used to remix the solution and the centrifugal treatment repeated.

One sample taken from the bottom layer and one from the cleaned material
were pipetted onto conducting pieces of silicon and left to evaporate for 24 hours
in covered petri dishes. These pieces were imaged using SEM. The images were
post-processed by adjusting contrast and exposure to produce a more defined
image. Conducting silicon is used to prevent charging effects where the build up

of excess electrons can distort images.

4.3.3 Results

After sonication, the nano-onions show a good dispersion 4.12. The inclusion
complex is seen to dissolve in DMF 4.13 to form an orange solution. Three
layers form in the product after settling as seen in Fig 4.14. A sample was
taken from the bottom layer. Layers were disturbed and did reform well hence
adoption of centrifugal treatment to retrieve further product. A well defined pellet
was observed on the initial centrifuge. After washing, a much looser pellet was
retained. The remaining material was stored in a centrifuge jar. A metal spatula
was used to touch the inner jar surface and fibrous material retrieved. It was
noted that the jar had melted and remaining material had plastic contaminants.

In Fig 4.15, a potential wire is shown surrounded by large amounts of aggre-
gates in the bottom picture. This wire is in the centre of the image and is 0.1 pm

in diameter with a length of which 2um can be seen. The aggregate material is
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similar in dimensions. A large sheet of material is seen in the bottom right of the
image. In contrast, in Fig 4.16, the washed sample shows distinct wires. The top
image shows wires 100-500pxm in length and 1-10pm in diameter. There is a low
density of spherical aggregates at 1-10um in diameter. At a higher resolution,
these wires are seen to be stacks of wires 100nm in diameter. At this magnifica-
tion, it is not possible to see whether nano-onions have bonded with the polymer

and the fibres look featureless.

Figure 4.12: Sonicated nano-onions

Figure 4.13: The inclusion complex dissolved in DMF
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Figure 4.14: Layers of the composite product

4.3.4 Discussion

Melting of the vessel occurred due because the DMF used for washing is corrosive.
This material may effect the nervous system and damage the liver and kidneys so
must be cleaned from the nanowires before use in a biological environment [38].

Samal et al used a mixture of FTIR, NMR and DLS to identify their compos-
ite [36]. A later paper used SEM on a similar dimer form and distinct spherical
units were seen[36]. Spherical bumps to indicate the presence of nano-onions
were not seen in Fig 4.16. The wires observed are probably constructed of mul-
tiple crosslinked polymeric chains with the magnification used too low to resolve
individual nano necklaces. It is possible the onions were discarded during the
washing stage and not added to the inclusion complex. Spectral analysis may
determine their chemical presence or using a different imaging technique such as
Transmission Electron Microscopy.

The chemistry behind this nanowire candidate came from a structural out-
look. Linker chemistry was required to attach nano-onions to make a wire. The
Buckminster fullerene paper [36] and follow up reviews [39] offer no electrical
application or discuss the conductive properties of the system. The merits of a
high-aspect conductive filler are for when the filler bulk is conductive, not par-
tially conductive [22, 23]. It is unclear that connecting onions with non-conductive
linkers benefit the conductivity of the polymer. Oxydianiline and cyclodextrin
are not conductive molecules and their presence may hinder percolation through

the conduit by increasing the mean distance between onions and preventing the
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Figure 4.15: SEM images of the unwashed sample.
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formation of conducting clusters. Further work will look to a nanowire candidate
where the bulk is conductive.

As the initial nanoparticles were not conductive, there is no reason to suggest
the wires are so no electrical measurements were performed. There is further
trouble producing new nano-onions in the laboratory so the adoption of a new

nanoparticle will be considered.
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Chapter 5

Graphene decorated Polyaniline

5.1 Initial Interfacial Polymerisation of Aniline

5.1.1 Overview

Polyaniline (pAni) is the best researched conductive electroactive polymer owing
to its ease of synthesis. Before, complicated templating techniques were required.
This has been superseded by a facile interfacial polymerisation [40]. Next to new
synthesis techniques, the greatest research area has been characterising these
electroconductive mechanisms [41]. The polymer has conductive properties in
half-oxidised emeraldine form when doped, forming a polaron lattice [42]. Here
the conductivity of the polymer increases by an order of 10*° to 1Sem™" [43]. A
polaron is the name given to an electron surrounded by a polarisation field [44].
The electron polarises the molecule, which acts back on the electron, reducing its
effective mass. As the electron diffuses along the polymer, this field follows it [45].
The size of the polaron is defined by the extent of the surrounding polarisation
field. In the mid 1990s, water soluble forms were derived[46]. Recent research
focuses on the production of nanofibres. Luo et al published a facile synthesis
for a composite with good aqueous dispersibility and electrical conductivity three
orders of magnitude higher than that of single pAni fibre when added to a bulk
graphene substrate[47].

Polymerisation from aniline will be undertaken to produce pAni nanofibres.

The initial proposal is to then add a sonicated sample of graphene flakes to the
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synthesised nanofibres under low heat, and analyse attachment in the same way
as a paper on silica nanoparticles [48]. It is proposed the nanocomposite will
be degraded in a physiological environment via hydrolysis with the graphene
nanoparticles leaving the body through the bloodstream [24]. The justification
for following an alternative route as opposed to improving the nano onion neck-
lace is that this new strategy has a strong conduction mechanism. Poor nano
onion conductivity was evidenced in the first chapter and the laboratory is cur-
rently unable to produce further material. In the literature, nano onions show
promising candidate for supercapacitors but not as better conductive or biocom-
patible nanoparticles than graphene [30]. Graphene flakes are simpler molecules:
they are fragments of graphene of the order ~1-100nm [49]. Graphene is a single
layer of sp? bonded carbon atoms packed in a dense honeycomb structure. It has
been synthesised in water soluble forms [50] and shown to exhibit extremely high
electron mobility[51, 52]. PAni, although exhibiting metal conductivity with the
polaron mechanism mentioned, is thought to be mainly amorphous due to random
chain conformations and chemical defects. Long range electron hopping occurs
between crystalline islands [41]. On adding graphene flakes, attraction between
the aromatic rings of each molecule causes the graphene to stack face-centred
on top of the pAni [53]. It has been proposed that the adhesion of a large pla-
nar molecule will make pAni more rigid and ordered, improving the conducting

pathway along the polymer backbone [6, 54, 55, 56, 57].

5.1.2 Experimental Procedure

5.1g of aniline monomer was dissolved in a beaker of 150ml toluene. In another
beaker, dodecylbenzene sulfonic acid was dispersed in 150ml distilled water to-
gether with 12.5g ammonium persulphate. After magnetic stirring for one hour,
the initial solution is transferred carefully into the second without disturbing
the interface. Then, the reaction system was kept in a refrigerator (4°C) for 24
hours without disturbance. The upper oil part of the system was removed using
a syringe. The lower aqueous phase was washed/centrifuged several times with

deionised water in an attempt to retrieve solid pAni.
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5.1.3 Results

The reaction system is shown in Fig 5.1. Clear layers are observed. On centrifuge,
nil solid product was retrieved. The solution in the tube remained liquid and did

not pelletise as experienced with previous centrifuge treatments.

0™ 500 mL

= +5%

Ws—
3 400

T

Figure 5.1: The interfacial polymerisation reaction system

5.1.4 Discussion

Liu et al give the aniline reactant in grams [58]. The Department Safety Officer
recommended solid aniline is used as liquid and vapour forms are highly haz-
ardous. It was considered the reason solid pAni was not retrieved was because
the aniline used was in liquid form. The purchase of solid aniline was attempted
but it was discovered it does not exist for the species has a melting point of -6.3°C
[59]. Future research will look for a different dopant acid. Many alternatives are
discussed in a thorough review paper [40]. HCI would be most suitable as it

provides the smallest diameter fibres at 30nm.
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5.2 Graphene Oxide and Polyaniline

5.2.1 Overview

Further literature research uncovered Graphene Oxide (GO) addition to pAni had
been achieved successfully by Wang et al with applications for supercapacitors
[60]. Following the failure of the previous method, it was agreed that a suitable
step would be to replicate these results. The use of graphene terminated with oxy-
gen groups is justified as electrostatic interactions with oxygen ions and hydrogen
bonding with the hydroxyl groups should provide a better bound composite [6].

A proposed attachment mechanism is shown in Fig 5.2.
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Figure 5.2: Attachment between graphene oxide and polyaniline from [6]

The flakes must first be oxidised to add the functional groups required. The

development of Hummers method by Marcano et al [61] has been well adopted
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in the literature. The method detailed in Zhang et al was used for convenience,
as the product can be left to mix for 24 hours [62]. It was decided that an initial
mass ratio of 1:1 GO flakes would be added to aniline before polymerisation. One
key modification to the paper was made. Instead of the complicated freeze-drying
procedure recommended in the paper, vacuum drying of the graphite oxide was

adopted as carried out in the onion necklace work.

5.2.2 Experimental Procedure

A 9:1 mixture of concentrated H,SO,/H,PO, (45:5 mL) was added to 0.375g of
graphite flakes mixed with 2.25g of KMnO,. The reaction was heated to 50°C and
mechanically stirred for 24 hours. The reaction was cooled to room temperature
and poured onto 200ml of ice with 30% H,0O, (3 mL). After this, the mixture
was centrifuged at 8000 rpm for 5 minutes. The remaining solid material was
washed in succession with 200 mL of 30% HCI for two times, and 200 mL of
water for three times. For each wash, the mixture was centrifuged at 13000 rpm
for 20 minutes and the remaining product kept. The final product was dried in
a vacuum chamber for 24 hours to obtain graphite oxide. Graphite oxide was
further diluted in deionized water and sonicated for 60 minutes to obtain GO.
5ml of aniline was added into an aqueous solution of graphite oxide with a
mass ratio of 1:1. The mixture was sonicated for an hour. Then the chemical
polymerisation was performed by the slow addition of Hy,O, (6 mL, 30%), hy-
drochloric acid (4.5 mL, 37%), and 0.1 mol/L FeCl, - 6 H,O (1 mL) under violent
mechanical stirring to form a 200 mL solution. The suspension was stirred in an
ice bath for 24 hours. The final product was filtered and washed with excess of
HCL and acetone. Finally, the material was dried in a vacuum chamber for 24
hours. Then, the composite was characterised using SEM and EIS as used in the

previous chapter.

5.2.3 Results

Fig 5.3 shows the brown suspension formed by the flakes after stirring for 24
hours. On adding H,0O,, the liquid turned a bright yellow (see Fig 5.4). Fig
5.5 shows the crisp flake-like texture of the dried product. Fig 5.6 shows the

32



sonication of GO and aniline. The GO was soluble in water. The suspension, as
kept in the ice bath for 24 hours, is shown in Fig 5.7. The filtration process is
shown in Fig 5.8.

In Fig 5.9, SEM on the vacuum dried pAni-GO composite exhibited occasional
fibrous areas as seen in the top image. These fibres are tangled and have a
diameter of 100nm. However, the product is mostly aggregated as the bottom
image shows with hard 1um flakes the dominant feature. EIS is carried out on the
product at a range of temperatures. The results are shown in Fig 5.10. This can
be seen by the radius of the real against imaginary impedance axis component
that as the temperature increases, the resistivity of the product increases. At all
temperatures, the material displays a high pass characteristic with high frequency

signals showing a low impedance.

Figure 5.3: The oxidation solution

5.2.4 Discussion

Chen et al report the formation of a bright yellow suspension on adding H,O, as
found in Fig 5.4 [63]. The dried GO was water soluble as found by Wang et al
[6] (see Fig 5.6).

Wang et al [6] undergo EIS on their composites. From the Cole-Cole plots,

they show the composite performs better than its components. They show a
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Figure 5.4: After the addition of H,O,

Figure 5.5: Graphite oxide
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Figure 5.6: Suspension of graphene oxide in aniline

\

Figure 5.7: pAni-GO composite stirred under ice bath
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Figure 5.8: The filtered pAni-GO composite

GO:pAni 100:1 ratio has a better electrochemical capacitance than 61:1 although
a similar resistance. Their resistances are lower with semicircles around 200¢2
in diameter. A similar result is given by Zhang et al [57] suggesting space for
improvement with this technique however the bulk conductance is a better metric
and will be calculated in further analysis using an appropriate equivalent circuit.
Also, in the next section, a trend between the resistivity and temperature will be
explored.

A highly agglomerated sample is observed through SEM in Fig 5.9. Wang et
al [6] notice mainly unregular morphology including agglomeration with a 1:23
ratio. In contrast, they see a 300nm diameter fibre morphology at 1:100 with
these large fibres built from smaller nanofibres about 30 nm in diameter and 100-
150 nm in length. The next stage will be to adjust our 1:1 ratio to 1:100 and
reassess physical properties. Wang et al notes changing the ratio may greatly

affect the electrochemical performance. This shall be explored.
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Figure 5.9: SEM on the pAni-GO
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Impedance Plot of PANI with Graphene Oxide, Synthesis |
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Figure 5.10: Electrochemical Impedance Spectroscopy on the pAni-GO
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5.3 Modifications and Further Analysis

5.3.1 Overview

Judging from SEM, most product in our first synthesis is aggregated and not
wire-like. This could be because our ratio of graphene to pAni is too high. Two
orders of magnitude less, 1:100, will be used as with Wang et al [6] to see if the
fibrous morphology they report is observed. Additionally, the oxidised graphene
flakes could be too large and overwhelm the pAni fibres. AFM should indicate
the diameter of single flakes. Ball milling may be required to process them to the

nanoscale [49].

5.3.2 Results

The fibre synthesis was repeated with the ratio changed to 1:100 GO to pAni.
SEM shows a different morphology to before. The product is mostly sheet like.
The aggregated bulk appears less firm than Fig 5.9, taking on a more wooly
texture to the discrete stones seen previously.

EIS was repeated on this sample for different temperatures, as shown in Fig
5.14. We compare the resistance taken at 50°for each synthesis. Fitting a circular
plot in Fig 5.15, it is seen that the resistance is much increased from 496052 in
the first synthesis to 350230€2. Surprisingly, the radius of the circles in Fig 5.14
decreases with temperature in this plot whereas it increased with temperature
with the previous ratio (see Fig 5.10). A circle fit was systematically taken
at each measurement and temperature plot was constructed in Fig 5.16. Two
distinct trends are shown. The 1:100 ratio is plotted for Mott Variable Range
Hopping in Fig 5.17 with a good correlation. The 1:1 ratio is quadratically fit for
graphene in Fig 5.18 with less perfect results.

AFM was performed on a sample of graphene oxide. A piece of Czochralski
silicon was initially twice cleaned by ultrasound for 15 min in ethanol, and once
for 15 min in CH,Cl,. It was then rinsed in water four times and left for 30
minutes in water. The flakes were oxidised using the method detailed earlier,
dissolved in water, and sonicated into the wafer piece. Fig 5.11 shows what

is expected to be a flake. It is 0.5um in diameter. However, the surface was
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uneven. Fig 5.12 shows craters larger than the flake feature size that made GO
flakes harder to verify. The observed flake may be a silicon surface defect. It was
difficult to produce a series of good quality images using this technique due to
high noise levels, as noted in Chapter 4. This single flake observation does not

provide strong evidence.
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Figure 5.12: The surface was uneven and porous in places

5.3.3 Discussion

SEM showed the wire structure was not achieved although the morphology is
more fibrous. Zhang et al report a similar image[57]. They attribute the sheet-

like constituent to large graphene flakes.
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Figure 5.13: SEM on the second pAni-GO synthesis
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Figure 5.14: EIS on the second synthesis
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Fitting Single Time Constant to GO-PANI Composite
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Figure 5.15: The second synthesis shows a much higher resistivity than before

45 x 10° Temperature dependence on resistance for PANI-GO
- T T T T

e
[o]
o
C
§ _
R
(%]
[0
o
< _
o
E
1.5} B
1 L. -
0.5 —><—1:100 GO to PANI
—>X—1:1 GO to PANI
0 | | | |
50 100 150 200 250 300

Temperature ic

Figure 5.16: Resistance plotted against temperature shows distinct trends for the
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Figure 5.18: 1:1 PAni-GO with quadratic temperature fit
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Chen et al [63] perform AFM on GO flakes. These images show sharp flake
boundaries and not the round morphology seen here. Several flakes overlap.
However, the features are the same diameter at 0.5pum. In this paper, GO was
deposited on freshly cleaved surfaces to better avoid defects. Marcano et al [61]
show a shard-like flake again with a 0.5um profile.

PAni-GO will have several resistive and capacitive conduction pathways. As
a first order approximation, the same single time constant model was used as the
onions in fitting the resistance values of Fig 5.15. Marins et al [64] assert a bulk

conductivity to their pAni composite from the EIS measurements using Eq 5.1.

L
 R-A

g

(5.1)

The length between the EIS probes was 1 + 0.5cm and the area of the sample
is approximately 1 £ 0.5mm x 1 + 0.5mm. Eq 5.3 gives values that are very
approximate due to the lack of accuracy in measuring these distances. However,
these values are the same order of magnitude as the 1 S cm™" known in the
literature for doped PAni [43].

011 =63+58S em™! (5.2)
01100 =8.9+£82S cm™! (5.3)

Fig 5.16 is important because it shows the composite observes an entirely dif-
ferent conduction mechanism when saturated with graphene. Mott variable range
hopping is used to characterise the conductivity of non-crystalline semiconduc-
tors like pAni. The material has a low mobility due to the polaron mechanism
detailed previously and hopping occurs over amorphous regions between metallic
sites where the probability of hopping is given, in the 3D case, by (%)1/ 4165
providing a conductivity given in Eq 5.4. Stallinga [66] offers an excellent primer
showing hopping to be an extension of the percolation between conductive sites
detailed in Chapter 2.

T
o =0y exp—(TO)l/4 (5.4)
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Rearranging, we will see a linear trend for conductance G

1o

lnG:—(T

Wi 4 (5.5)

Campos et al show this trend fitting in pAni for a large temperature range [67].
We show this trend fits well for our 1:100 sample in Fig 5.17. To explain the
trend in the 1:1 ratio, we look to conduction in graphene as the dominant term.
Research shows monolayer graphene displays a quadratic temperature-resistivity
relation due to scattering of electrons by out-of-plane phonons (termed flezural)
[68, 69].

p~T? (5.6)

We fit a quadratic to our data set and show a weak correlation (see Fig 5.18)
due to an initial flattening of the curve. The low temperature points look linear.
Ochoa et al [70] observe an experimental logarithmic correction results in initial

flattening.
p~T*InT (5.7)

Schiefele et al report a flattening of the quadratic when interfaced with SiOq
and even more so with boron nitride due to surface phonons at the substrate
[71]. In contrast, an established theoretical framework uses Boltzman’s transport

equation to fit an exponential temperature dependence [72].
p X expT (5.8)

None of these models fit well. Establishing a justified theoretical model for
polyaniline and graphene/graphene oxide interactions is beyond the scope of this
paper. It is important to note the metallic characteristic of this trend however
(resistivity increases with temperature) and further data should be collected to

establish this relation.
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5.4 Polyaniline Nanofibres

5.4.1 Overview

It is clear from SEM images in the previous section that, unlike the nano-necklace,
distinct nanowires have not been achieved here. This second strategy, although
providing better electrical conductivity has thus far evidenced to be a weaker
structural candidate. In this final experiment, pAni will be synthesised without
the GO flakes to observe, by SEM, the change in morphology the GO flakes intro-
duce. It is assumed that the polymerisation of aniline in isolation will produced

good fibrous material.

5.4.2 Experimental Procedures

To 5ml of aniline, the chemical polymerisation was performed by the slow ad-
dition of H,O, (6 mL, 30%), hydrochloric acid (4.5 mL, 37%), and 0.1 mol/L
FeCl, - 6 H,O (1 mL) under violent mechanical stirring to form a 200 mL solu-

tion.

5.4.3 Results

Fig 5.19 shows bright distinct cobweb fibres in the top image surrounded by
bulbous material. These fibres are around 20nm in diameter and 400nm in length.
The bottom image shows a central section where the fibrous material is around

100nm in diameter surrounded by more agglomerated material.

5.4.4 Discussion

The thicker wires in the bottom picture of Fig 5.19 are probably constructed from
several of the top nanofibres. These pictures clearly show the problem with the
morphology of the nanocomposite lies with the polymerisation of aniline. Large
areas of agglomeration contrast with the distinct fibres shown in Fig 4.16 of the
original synthesis. In future, studying the review paper of Huang [40], different

dopants will be attempted and this technique refined.
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Figure 5.19: SEM on pAni
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Chapter 6

Conclusions

In this project, two unique biodegradable nanowire composites have been designed
and synthesised using a collaboration of nanoparticles and polymeric technology.
Overall, it has been shown that these novel composites have structural and elec-
trically conductive promise for use as a nanowire in a biological context.

In Chapter 4, a biodegradable wire structure, termed a nano-necklace, was de-
veloped using nano onions linked together by an inclusion complex. The inclusion
complex was synthesised and verified using FTIR analysis as the product shared
spectral peaks with the two reactants. The nano onions were added and, after
centrifuge washing, SEM showed a promising structural candidate for nanowires.
The current nano onion sample did not display conductive properties but future
onions, when surface terminated or grown under different conditions will display
good conductive properties and there is future work to electrically characterise
this device.

In Chapter 5, a new wire was designed by interfacing graphene oxide on
polyaniline to improve the conductive properties of the wire through pi- stacking
of flakes along the polymeric backbone. The most exciting result was to observe
the conduction mechanism adopting a metallic temperature-dependent trend on
saturating with graphene. A strong correlation to the Mott variable hopping rate
theory was shown for low graphene doping. At high concentration, the material
showed a good electrical conductivity of the order 10 S em ™.

Looking forwards, it will be necessary to improve upon the wire quality of

the second candidate by modification of the polymerisation chemistry. This will
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require time and chemical expertise. A paper published this year looks to wrap
graphene on pre-polymerised polyaniline nanofibres [73]. This may be a good
strategy to separate polymer chemistry from nanocompositing and avoid graphene
interfering at the polymerisation stage. It would be important to extract a single
nanowire and perform electrochemical tests on it. Alternately, a single nanofibre
can be grown electrochemically with nanoparticles added later [74]. This may be
a valid research direction. The real test would be to observe the effects of this
nanocomposite in situ. First, polyaniline should be added to the nerve conduit
polymer and electrochemical tests performed before deploying the nanostructured
composite.

In lieu of the results obtained, there is a viable strategy in using a nanowire
to provide conduit conductivity. Research is required to optimise the properties
of these devices but eventual deployment can bring the benefits of high-aspect

fillers into a biological surrounding to affordably deliver good neural regrowth.
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