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Rationale for Research

The detection of biomarkers for the early diagnadidisease and biomedical monitoring is
of increasing importance in the field of medicidMany platforms for such detection already
exist, however the cost to the end user or heathiicee provider is often high and the

expertise required to perform analyses only cordeuhis. What is needed are inexpensive

and robust ways to quantify biomarkers that wilbal point-of-care diagnosis for patients.

Since a point-of-care system typically cannot tghpn a great amount of sample preparation
prior to analysis can be performed, the sensofgstatmust be able to differentiate between
the target analyte and any other species that nghgresent in the sample. In the case of
DNA guantification the sensor must be able to deddicfour nucleotide bases individually
and simultaneously. This means that some varietgpetificity enhancing binding ligand

must be incorporated into the sensor platform.

Antibody based sensors are one of the current indstandards for detection of a wide array
of different compounds. However the production rodtlused to give rise to an antibody
against a specific compound of interest is genenadiry expensive and time consuming.
Additionally there is the problem of antibody stapiand longevity. Because of this, non-

biological ligands will be considered for implematnn within the sensor platform.

Electrochemical detection was chosen as the teghinésis for the new sensor platform. This
is largely because it provides an inexpensive astzlist detection method that is both
guantitative and qualitative. However it is not aitit its drawbacks; only certain analytes
can be detected in this way, if they are able tookiglised or reduced by an electrical
potential. This limitation, however, does partlyv&othe specificity problem that exists when
analysing mixtures of biological components sinaestother species present in the mixture

are not electrochemically active.



Screen-printed carbon electrodes were chosenrassdticer substrate, as they drive the cost
of the sensor down further. However a decreasexdrefetransfer resistance at the electrode
surface is preferable because it lowers the paterggquirement for redox transformations to
occur. Carbon is typically not an ideal electrodatenal, but the more conductive electrode
surfaces (such as gold or platinum) are more expenslodification of the electrode surface
with graphene will provide an inexpensive altewvatio gold or platinum whilst offering a

comparable performance.

Surfactant stabilised graphene will not only previeicreased conductivity, but will also
lower the surface tension of the sensor surfaceltieg in greater surface contact and higher
detection rates. Additionally lithographic graphdrased electrodes have been shown to give
simultaneous detection of all four nucleotide basgs chromatography like separation of
the peaks for each base molecule. However lithdgcagraphene is difficult to synthesise
and requires the use of harsh chemicals. Therd@fovas decided to investigate whether or

not a similar effect could be observed using soantbally produced graphene.

Calixarenes and resorcinarenes were chosen asngirjands since they represent a
non-biological binding ligand that is inexpensiveproduce but can be modified extensively
to subtly alter the binding kinetics. Strong gulesst binding has been demonstrated for
complexes of these molecules with a variety ofddg butin-silico modelling will be
performed to design a suitable host molecule fr idsearch. Water soluble calixarenes and
resorcinarenes also have surfactant propertieb,with hydrophobic and hydrophilic regions
within the molecule. The surfactant properties also be modified by changing upper and
lower rim substituents. This particular characterisf calixarenes and resorcinarenes will
allow for their adsorption onto the surface of agirene sheet, providing a perfect binding

site for analyte molecules.



Abstract

The ability to inexpensively and reliably detecgamic compounds is important across a
multitude of different areas of science. Benzeng functional groups are found in a wide
variety of biological molecules, (such as aminalacDNA nucleotide bases and blood based
components). The qualification and quantificatidrir@se compounds in a sample has been
achieved by techniques such as high performanagdlighromatography (HPLC), gas
chromatography (GC), mass spectrometry (MS) andeauanagnetic resonance (NMR),
amongst others. These techniques, however, oftenreecumbersome, expensive equipment
along with exhaustive sample preparation techniguesare thus not necessarily suitable for

portablein-situ analysis of these compounds.

This thesis details the fabrication and charaa&os of graphene modified electrodes that
show an increased sensitivity towards biomolecatanpounds such as dopamine, amino
acids, and DNA. The graphene was synthesised asimayel semi-automated method which
was performed using a bespoke apparatus designedleidate the labour involved in
synthesising graphene by the sonochemical methbé. method involved pumping an
agueous solution of the surfactant into a solumbrgraphite in water which was under

constant sonication.

When used in an electrochemical system employingiccywoltammetry the graphene
modified electrodes showed not only a lower linfidetection in all cases, but also a shift in
peak position which allowed for simultaneous guamatiion of mixtures of compounds. This
could not be achieved with screen printed carbecteldes alone as different peaks often
occur at similar potentials, making it difficult ampossible to quantify these compounds
individually. Slower scan rates can often give tiseseparate peaks, however this adds time

to the experiment which is not necessary with geaghmodification.

The binding interactions of novel resorcinareneauoles were also predicted by molecular
modelling techniques and then confirmed using NMihding experiments. The

resorcinarene was tested against a range of diffemmalytes and showed a degree of
specificity. The interaction between the two suidat molecules and the graphene surface
was also analysed to determine whether or notebearcinarene molecules could be adsorbed

onto graphene to produce a viable, molecularlyifipedectrode surface.
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Chapter 1  Introduction and Literature Review



1.1  Introduction

Sensors incorporating graphene or conducting palyrag a conductive base and calixarenes
as a binding ligand will be investigated to seanfincrease in sensitivity and selectivity can
be gained. To explore the range of applicationsclviaire suitable for the implementation of
calixarene based sensors, this research will fooufiree separate groups of compounds that
are of interest; blood based components, nuclediates, and amino acids. The chosen
analytes are discussed here along with a ratiofmlevhy a new detection method is
required. In addition to this, the relatively newnductive material graphene will be
investigated to determine whether this providesteb conductive substrate than the more
traditional conducting polymers. A combination @paoaches will be employed, including
cyclic voltammetry, long period fibre grating, theodification of tapered optical fibres and

spectrophotometry.

1.2 Nucleotide Bases

The genetic information of all known lifeforms orarth is made up of five different
nucleotide bases; adenine, thymine, guanine anosio (DNA) and uracil (RNA). The
structures of these compounds are such that hydrogeds will only form between adenine
and thymine or guanine and cytosine. Hydrogen bavilsaalso form between adenine and
uracil, but this only occurs during transcription@NA to RNA as the newly formed RNA
strand is single-stranded. The structures of thedeotide bases and the hydrogen bonding

involved are shown in Figure 1.1.



Cytosine & Guanine Adenine & Thymine Adenine & Uracil
Figure 1.1— The structures of the nucleotide bases and &imeng interactions via hydrogen
bonding. Cytosine & guanine and adenine & thymma DNA strand, and adenine & uracil
in an RNA strand.
This selective hydrogen bonding is essential dufdA replication to guarantee that the
new strands are formed correctly and hence thaeipoformed during translation have the
correct sequence. However despite this in-buitirgsrevention method it has been estimated
that between 0.1 — 1% of nucleotides are misingatpd into a growing DNA strand
(Johnson, Washington, Prakash, & Prakash, 200@sd Imutations are often harmless, but
they can occasionally result in the alteration a@figlet code, causing the wrong amino acid

to be incorporated into a protein during translatidhis can lead to a dysfunctional protein,

which can be involved in the pathology of manyeléint disease states in humans.

As such the detection of these single-nucleotidynporphisms (SNPs) has become an
important tool in the diagnosis of genetic diseasBisere are a number of different
approaches to this, including denaturing HPLC, Whiompares target DNA to wild type.
This is done by preparing two strands of DNA by P@Btween 50 — 100 base pairs); one
containing the sample from the patient and therdtioen a known un-mutated source. These
two strands are then denatured and allowed to meanforming homo-duplexes (where the
DNA strands match perfectly) and hetero-duplexdsefe the presence of an SNP causes a
loop like structure in the DNA where the hydrogemtls don’t form correctly). The HPLC
column has a different affinity for homo and hetduplexes (caused by the different relative

melting points) and so the hetero-duplexes (witbveer melting point) will not be retained
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by the column to the same degree as the homo-degl&@he chromatogram will show the
presence of two distinctly different componentanf SNP is present, compared to the single
component observed when the sample is identicghgowild type. Mass spectrometry can

then be used to identify the specific polymorphisrolved (Premstaller & Oefner, 2003).

Primer extension by PCR can also be used to dstéEs. A DNA primer is annealed to the
template DNA just before the SNP location. The pwyase enzyme then adds a
dideoxynucleotide triphosphate (ddNTP) which, deetlhe lack of a hydroxyl group,
terminates the chain formation after a single mtale addition. The nucleotide added to the
antisense strand will be complimentary to the exows nucleotide in the sense strand. The
new nucleotide can be identified using mass spediy or fluorescent methods. The
specific point mutation can then be identified lmynparison with wild type (Bayes & Gut,

2012).

All five nucleotide bases exist as redox couplesd aas such can be detected
electrochemically. The challenge is that the paakent on a cyclic voltammogram occurs in
roughly the same place for all of the bases, anddistinguishing between different

nucleotides in a mixture is impossible by convemlomethods. This challenge has been
overcome by using graphene modified electrodeeparate out the peaks for the different
nucleotides. This allows for the detection of SNiPshort, single stranded DNA fragments.
In a study by Zhou, Zhai, & Dong, (2009) singleastied DNA fragments of 9 base pairs
were analysed using cyclic voltammetry and difféedrpulse voltammetry. Four different

strands were analysed, with different point mutsioThe voltammograms of the mutated
strands were overlaid with that of the wild typeldhis showed the mutations by a reduction

in peak current for one peak and an increase ik paaent for another (Figure 1.2).



3.2
1: 5'-CAT-GAA-CCG-3’

A 2: 5°-CAT-GAA-CCA-3’

0.6 0.8 1.0 1.2 1.4

E/V (vs.Ag/AgCl)
Figure 1.2— Differential pulse voltammogram (DPV) showingant mutation SNP (G — A).
The change in current between the two peaks mé&gr difie to the relative difference in
oxidation/reduction that occurs for different ba@wuet al, 2009)
1.3 Blood Based Components
The ability to accurately quantify components iadal serum is of interest to medical science
for the diagnosis of disease. A problem existshat blood serum contains many different
components, which can make the individual quatifon of a single component impossible

without either separating it out chromatographicalt using an affinity ligand, such as an

antibody. However both of these techniques add éintkexpense to the analysis.

Electrochemistry using graphene modified electrocmdd provide a platform for simple,
simultaneous detection of three potential compaesft blood serum, since they are
components which are electrochemically active. €he@mponents are ascorbic acid, uric

acid and dopamine, the structures of which are showigure 1.3.

NH,
OH
OH
\\\\ O
H
HO
0] NH
\ o= 11w
N™ >N o
HO O H H OH
Ascorbic Acid Uric Acid Dopamine

Figure 1.3 — The structures of three electrochemically actteenpounds found in blood
serum; ascorbic acid, uric acid and dopamine.
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Ascorbic acid, commonly known as Vitamin C, is asential component of diet in humans.
This is due to its activity as co-factor in manyfehent enzymatic pathways, including the
biosynthetic pathway of collagen. Collagen deficiens one of the causes for certain
symptoms of scurvy (Phillips & Yeowell, 1997). Atidnally the antioxidant activity of
ascorbic acid helps to prevent oxidative damagBMA. In a study by B. M. Lee, Lee, &
Kim, (1998) it was shown that the oxidative streBsct of smoking on DNA was lowered by
18.1% by daily intake of Vitamin C (500 mg) whenngmared with a placebo control. In
healthy individuals the concentration of Vitamin i blood plasma should be between
26.1 - 84.6umol L, however levels will vary with dietary intake (Wee, Roberts, &

Labbe, 1997).

Uric acid is a by-product of the breakdown of tharipe nucleotide bases adenine and
cytosine. In healthy individuals the concentratminuric acid in blood plasma should be
between 147 — 466mol L™ (Das, Borah, Ghose, & Choudhury, 2014). Due toréhatively
low water solubility or uric acid (~360mol L™ at 20C) a high blood plasma concentration
can result in precipitation of solid uric acid, igglly in the joints, causing a type of arthritis
called gout. Other conditions such as hypertensod liver damage have also been
associated with a high blood uric acid concentrafldéeinig & Johnson, 2006). A low serum
concentration of uric acid has also been associaféid increased incidence of multiple
sclerosis. This is due to the function of uric aagla natural scavenger for peroxynitrite, a

known cause of the disease (Rentzbal, 2006).

Dopamine is a neurotransmitter involved in the gmarssion of nerve impulses across
synapses in the brain. Outside of the brain, doparmacts as a local chemical messenger.
Increased levels of dopamine in the blood have liekad to hypotension, increased urine
production and a decrease in insulin productiodeficiency of dopamine in the brain causes

diseases such as restless leg syndrome, atterdiait dlisorder and Parkinson’s disease.
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These conditions are often treated by either dopamr dopamine analogues which have the
same physiological effects as dopamine (SchmidtestiR 2005). Therefore the monitoring
of dopamine levels is important for both diagnoskdopamine related conditions as well as
therapeutic drug monitoring after treatment for of¢hese conditions has begun. In healthy
individuals the concentration of dopamine in blogdasma should be between

0.04 - 4.5 nmol L.

1.4  Amino Acids

Amino acids are the basic monomer units used tater@roteins in living organisms.
Chemically they contain an amine group and a cafimxacid group joined by a single
carbon. The other groups on this carbon deterntinegs like hydrophobicity, acid/base
nature and electrochemical properties. The alititgletect amino acids in biological samples
is important due to their vital biological functidroth in the synthesis of proteins and other
biological molecules such as the use of glutamid as a precursor in the synthesis of
gamma aminobutyric acid (GABA), which is an impattaeuroinhibitory chemical involved
in nerve impulse regulation (Farokhcheh & Alizad2014). Other healthcare implications of
amino acid detection are the use of amino acidsamarkers for diseases such as renal cell
carcinoma (Mustafeet al, 2011), ischaemic stroke (Ga al, 2013), type 2 diabetes
mellitus, stage 1 and 2 chronic kidney diseasecandiovascular disease (Batch, Hyland, &
Svetkey, 2014). Amino acids can also be considased pollutant, with an imbalance of the
abundance of the different compounds having anceffe aquatic ecosystems and water

cycles (Samy, Robinson, & Hays, 2011).

Only three of the 23 proteinogenic amino acids leixhielectrochemical activity;
phenylalanine, tryptophan and tyrosine (Figure,latd as such detection of most of these

cannot be carried out electrochemically withouidgsation.



H->N Y .
2 HoN

NH

OH
C

B
Figure 1.4 — Chemical structures of the three electrochercactive amino acids;

(A) phenylalanine, (B) tryptophan and (C) tyrosine.

It has previously been demonstrated (Aretaal, 2006; Muthu Mareeswaran, Prakash,
Subramanian, & Rajagopal, 2012) that amino acidd Wind to some calixarenes
(Section 1.5) with high binding strength. Littldesaivity between different amino acids was
observed, however, and therefore specific detecfamino acids using only calixarenes as
detection ligands is potentially not feasible. Hgerein analyses where specific binding is
not required, such as chirality detection, caliraseare an ideal for concentrating the analyte

at the surface of an electrode.

1.4.1 Amino Acid Chirality

The general structure of an amino acid includesardan with 4 different substituents; a
carboxylic acid, a primary amine, a hydrogen andiaable group dependant on the amino
acid. All amino acids (except for glycine where traiable group is another hydrogen) are
therefore chiral. Amino acids used in protein sgsth are all the L form, with the D form

only found in racemic mixtures produced by orgasynthesis from non-chiral precursors. If
the natural pool of amino acids was not limitedatsingle isomer, then the number of
potential configurations of any given protein wole 2 (where n is the number of amino

acid residues in the protein). If this were truetle case of human insulin (a protein

containing 52 amino acid residues) then there wdgdover 4.5 x 18 subtly different



products from the translation of the insulin genthwa different stereoisomer of each amino
acid in the chain. Whilst some of the incorrectducts might still have some biological
activity, it is likely that the majority of them wid not. To avoid this variability in a protein
being translated, the tRNA which carries the an@oi to the ribosome will only bind to the

L form. In addition, the biological synthesis of iam acids always yields the L form.

Every organism on earth relies on amino acids tierdonstruction of proteins. It has been
suggested that amino acids might not have origihateearth and were in fact delivered to
this planet by asteroid impacts many millions céngeago. Evidence based on contemporary
findings of amino acids in more recent meteorit@@as has shown that essential ingredient
of life does exist elsewhere in the universe (QmakiPizzarello, 1999; Tewari, Paliwal, &
Venkatakrishna, 2002). The discovery of extra-tdrral amino acids might not indicate life,
however, as it has been shown that amino acidbedarmed naturally by UV irradiation of
ice obtained from a meteor containing the base atsn(Bernstein, Dworkin, Sandford,
Cooper, & Allamandola, 2002). The amino acids mddeng this study, like those formed
during organic synthesis from non-chiral precursaase a racemic mixture of both
stereoisomers. If it can be shown that a samplextfa-terrestrially acquired amino acids
have a greater proportion of one or other steremgspthen it is very likely that a biological
organism is responsible for their synthesis. Thithod is being used to determine if life has
ever existed on Mars using analytical techniqueh s GC-MS (Bada, Glavin, McDonald,
& Becker, 1998; Bada & McDonald, 1996; McDonald &d&, 1995). Both the Viking 1 & 2
landers in 1976 were fitted with GC-MS analysersdietect the presence of organic
molecules, however none were found above the pgH.8ince then the feasibility of both
GC-MS and HPLC based analytical platforms has lesafuated for future studies. The main
issue with both is that since the analysis is dilssamples, solvents and in the case of GC-

MS a carrier gas, must also be transported alomig thve equipment, which in itself is very



expensive. This puts up the cost of a specific immsand also limits the number of samples
and the area that can be analysed, since it idimertcially viable to send more than one
probe at a time. A cheaper and less complicatednaltive would allow for multiple probes

to be sent to the same planetary body at the sameevthich would increase the sample size

and the likelihood of a positive result.

1.5 Calixarenes and Resorcinarenes

Two types of binding ligands examined in this reskaare calixarenes and resorcinarenes.
Calixarenes are cyclic molecules composed of malt{@ — 20) para-substituted phenol
residues. The arrangement of these phenols is thathithe hydroxyl groups are orientated
down and inwards (the endo rim) and the para-dulesiis are orientated up and outwards
(the exo rim). The whole structure resembles a KGre@se, which gives rise to the
nomenclature; calix (a Greek word meaning vase halice) and arene (referring to the
phenol residues contained within the molecule).ix@eénes have been described as
“molecular baskets” because of their ability toenaict with other molecules via the binding
pocket formed by the outwardly orientated exo riftne para-substituents of the phenol
residues provide some degree of specificity fordinig and the size of the binding pocket
(determined by the number of phenol residues), @dgermines the type of molecule which is

able to bind (Gutsche, 2008).

Calixarene nomenclature consists of three piecesfofmation; firstly thepara substituent
(prefixed by a lowercase lettp), secondly the number of units composing the (@gen in
square brackets: [n]) and finally the type of uo@mposing the ring structure (phenol
“arene”, resorcinol “resorcinarene”). For exampesalixarene containing four para-tertiary
butyl substituted phenol residues would féert-butylcalix[4]arene. Calixarenes are also
divided into minor and major classifications, witlte major calixarenes containing an even

number of phenol residues and the minor calixaresegaining an odd number. This
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nomenclature denotes the relative ease of synthgssld and even number calixarenes by
the various methods listed in Section 1.5. The megixarenes, consisting of the cyclic
tetramer, hexamer and octamer, can be readily sgisttd in laboratory reactions on either
large scale or small scale. However, the minoixaatines consisting of the cyclic pentamer
and heptamer are not as simple to produce in thee saeld as the major calixarenes. A
comparable yield can be achieved for these calmemebut the synthetic pathway is more
complex and demanding. The structures of the thwapr and two minor calixarenes are
shown in Figure 1.5. Other calixarenes, with [mjg&x than 8 are not shown, but can be
synthesised. They comprise cyclic structures wétwiken nine and twenty para-substituted

phenol residues (Gutsche, 2008).

Figure 1.5 — The structures of the major calixarenes, (A) thieamer, (B) hexamer and
(C) octamer (blue), and the minor calixarenes, pehtamer and (E) heptamer (red).

The discovery of calixarenes is a long and intangsstory. The first step was carried out by
Adolph von Baeyer in 1872 with his work on the teat of phenol and formaldehyde. The
result of the base catalysed reaction between th@sechemicals was shown to be a

red-brown resin which Baeyer described as beinglika” in nature. Baeyer was unable to
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find a practical use for this material, howeverd ao he did not continue the research

(Baeyer, 1872).

In 1902 Leo Hendrik Baekeland began performing aege building on that of Baeyer.
Baekeland hypothesised that by careful controlhef base catalyst a more uniform and
controllable material could be produced which cootkdmarketed as a commercial product.
In 1907 Baekeland patented the procedure for makingt he called “Bakelite”. This was

the first commercially available synthetic plagt@utsche, 2008).

One problem with Bakelite is that, like many plestiit is a cross linked structure. Due to the
—OH group in the phenol being an electron releagnogip, the benzene ring is activated and
further substituents are directed into thieho and para positions. This gives rise to the
cross-linked polymer structure shown in Figure A6&ross linked structure is problematic

when trying to create a macromolecular structuté wicavitand for guest-host interactions.

Figure 1.6 — A potential structure for a section of a hightyoss-linked poly-phenol
compound synthesised by base catalysis of theioedm¢tween phenol and formaldehyde.

In 1942 Alois Zinke and Erich Ziegler experimentigith blocking thepara position of the
phenol with either an electron withdrawing grougielh would block thepara position,

deactivate the ring and direct further substituéntthemetaposition (with respect to itself),
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or a weaker electron releasing group, which wolddtlbthepara position, and activate the
benzene ring. This activation would not leadottho substitution (with respect to itself),
however, as the hydroxyl group would representr@nger electron releasing group, hence
further substituents would be added into dnio position with respect to the hydroxyl group
(Zinke & Zeigler, 1941).

R R R R

OH OH OH OH
Figure 1.7 — A linear polymer chain comprised of four pardsiituted phenol residues.
The R group in each case blocks the para posititin Kgspect to the hydroxyl and ensures
subsequent reactions occur in the desired p(doeke & Zeigler, 1941)
In their paper, Zinke and Ziegler proposed a sysithenethod (Section 1.1.1.1) which
yielded a crystalline product with empirical forrau;;H140. They deduced, due to the lack
of reaction with HBr, that this compound did nointan ether groups, but they did not

propose a structure for the compound until a furgngblication (1944) where the cyclic

structure of p-tert-butylcalix[4]arene was shownttee first time (Figure 1.8).

OH
OH

Figure 1.8— The cyclic structure of p-tert-butylcalix[4]aremproposed by Zinke and Zeigler
(1944).
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This cyclic structure was not confirmed by Zinkedafiegler, as the technology to resolve
structural information from crystalline productsings X-Ray diffraction was still in its
infancy in 1944. Instead, two British chemists wogk for Bakelite would confirm the
structural hypothesis. Hayes and Hunter (1958) ubkedrelatively new technique of IR
spectroscopy to show a 1,2,4,6 tetra-substitutiattepn on each aromatic ring. This
information coupled with the known empirical forraudhowed that the cyclic structure was

feasible.

It was not until the 1970’s that Gutsche discovdredability of calixarenes to bind to other
molecules (termed a guest-host interaction). Getsdnd his team synthesised
p-tert-butylcalix[4]arene by two different methodiswas found that p-tert-butylcalix[4]arene
possessed “a striking ability” to form guest-hosinplexes with other molecules. Among the
molecules tested chloroform, benzene and tolueme demonstrated to bind very strongly.
Binding affinity was such that guest molecules doahly be removed by extended heating at

high temperatures and low pressures (Gutsche, Dhawa & Muthukrishnan, 1981).

Since the work of Gutsche in 1981, there have lmeem 400 examples in the literature of
calixarenes for sensing applications. Calixarengetdasensors have been used to detect a
wide variety of analytes. Both gases and solutltmge been analysed, with common analytes
ranging from metal ions, such as copper (Qazi, Q€dak, & Memon, 2013), sodium
(Wuijcik, Blasdel, Trowbridge, & Monty, 2013), led®Guzinski, Lisak, Kupis, Jasski, &
Bochaiska, 2013) and calcium (Georghiat al, 2013); volatile organic compounds
(Topliss, James, Davis, Higson, & Tatam, 2010); DN&in, Liu, Hong-Bo, Li-Na, &
Xiaoya, 2013); gases (Md Yasin, lyer, & Raston, 20Isueet al, 2008) and amino acids

(Hasseret al, 2007).
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1.5.1 Synthesis Methods

Over the decades since they were first isolatechyndifferent methods for synthesising
calixarenes have been devised and compared. Theretif methods fall into two major
categories; single-step procedures and multi-stepeplures. The multi-step procedures are
then further divided into convergent and non-cogeat. Convergent syntheses involve
synthesising two separate parts of the moleculethed reacting them together to give a
cyclic molecule; this process will be further exp&d in Section 1.1.1.4. Non-convergent
procedures involve synthesising the molecule stesg-as a chain which is then cyclised; this
process will be further explained in Section 14..Within these different types of methods
are several procedures developed by individual etewhich involve different mechanisms

and reagents. In this section the different methwat$e defined and discussed.

1.1.1.1 Zinke-Cornforth One-Step Synthesis

The Zinke-Cornforth procedure was originally dedid®y Zinke and Ziegler and set out in
their paper of 1944. It was then adopted by Johmi©dh and modified for use in his work
with treating tuberculosis (Cornforth, Hart, Red&s,Stock, 1955). The first part of the
procedure involves mixing an equimolar amount @& para-substituted phenol compound
and a 12.3 M aqueous solution of formaldehyde waith045 molar equivalent (with respect
to the phenol) amount of NaOH to act as the catalyss reaction mixture is heated for 2
hours at 110 — 12C until a thick viscous mass is produced. This miassalled the
“precursor” and contains the product of interesivali as other polyphenol compounds. This
precursor material is then refluxed with diphengfiez for a further 2 hours before being
cooled and filtered. The crude product is thenysatlized from toluene to give a white
crystalline solid with a melting point between 34344C at a yield of approximately 50%.
The mechanism for the base catalysed reactionsisritbed by Gutsche (2008) and is shown

in Figure 1.9. By the one-step synthetic method,bly-phenol chain will continue to grow
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until cyclisation occurs. This is why calixarendsddferent sizes will form from the same

g
P @ﬁ

Figure 1.9— The mechanism of base-catalysed synthesisignéiates described by Gutsche
(2008)

reaction.

H

In the original Zinke-Ziegler method the inefficteneutralisation step resulted in a small
amount of base remaining in the mixture. This cdusgnificant differences in the ratio of
the different cyclic products. To combat this, #Haount of base added at the beginning of
the synthesis was carefully calibrated by Cornfactlgive the optimum percentage yield of
the cyclic tetramer. Later, somewhat serendipitguie research group led by Gutsche
discovered that if the concentration of base wastlywancreased, only the calix[6]arene
would form (Gutscheet al, 1981). This led them to examine the relationdfepwveen the
amount of base and the ratio between the cyclrartedr and the cyclic hexamer products.

This relationship is shown in Figure 1.10.
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Figure 1.10 — The relationship betw:;:Il;;leim;r:irtli};le'g;ncentratiof base and the product
formed(Gutscheet al, 1981)

1.1.1.2 Petrolite and Modified Petrolite One-Step Synthesis

Since the Zinke-Cornforth procedure, a number &edint single-step methods have been
devised for calixarene synthesis. Perhaps the mostmon of these is the Petrolite
procedure. The Petrolite procedure was discovereda aresult of the quality control
investigation into the main product of the Petml@orporation. Using a very similar method
to that of Zinke, Petrolite produced a poly-phedeimulsifier for treating crude oil; but the
impurities created during the manufacturing proossse a cause for concern, and so the
manufacturing procedure was reviewed. The chermpistiorming the review were aware of
the work of Zinke and Ziegler with cyclic polyphds@nd, spotting a similarity between the
impurities they were studying and the products desd by Zinke, perfected and patented

what is now known as the Petrolite procedure.

A mixture containing dimethylbenzene, a para-stlistil phenol, polyoxymethylene and
amount of NaOH equal to 0.03 molar equivalents wapect to the para-substituted phenol
is refluxed for 4 hours. The reaction mixture isrtlcooled, filtered and recrystallized from
chloroform to give a 60 — 65% yield of a white ¢afne solid with a melting point of

418 - 426C (Gutsche & Munch, 1990).
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The Petrolite procedure gives the cyclic octamdre Tyclic hexamer, as well as being
obtained from the Zinke-Cornforth procedure withiacreased amount of base, can also be

synthesised using a modified Petrolite procedure.

A mixture of a para-substituted phenol, a 12.7 Meays solution of formaldehyde and an
amount of KOH equal to 0.34 molar equivalents wéspect to the para-substituted phenol is
heated for 2 hours until a light yellow viscous qunesor is formed. This precursor is then
dissolved in dimethylbenzene and refluxed for 3reolhe product is then cooled, filtered

and neutralised before being recrystallized fromheroform methanol mixture to give an

80 — 85% vyield of a white crystalline solid with naelting point between 380 — 3&1

(Gutsche, Dhawan, Leonis, & Stewart, 1990).

1.1.1.3 One Step Synthesis of Calix[5]arene

Synthesis of the major calixarenes, the cyclicategr, hexamer and octamer, can be easily
carried out in the laboratory on a small scaleangé scale with substantial yields. However
the minor calixarenes, the cyclic pentamer and imexaare more difficult to synthesise by
single step methods (Gutsche, 2008). A single smpcess for synthesis of
p-tert-butylcalix[5]arene was developed by Dumaaedl (1997) which involves opening up
the ring of a calix[4]arene and inserting a new oraer. The process was reported to yield
32% of the cyclic pentamer as well as producingdydic hexamer and octamer as minor

products.

An equal molar amount of calix[4]arene and p-tertylphenol (2.35 mmol) was dissolved in
30 ml of tetralin. The mixture was then stirred drnehted to approximately 8D, until it
became clear, at which point potassium hydroxid® (dl, 4 M, 0.4 mmol) was added and
the solution turned yellow in colour. The reactimixture was then heated to £@which

was maintained for 4 hours. The colour of the sofuthanged from yellow to orange and
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then to a dark red-brown. The solvent was removetithen the product was dissolved in
chloroform acidified with HCI, washed three timeghawvater and then refluxed with acetone
to dissolve impurities. The purified product wasrtHiltered from the acetone, and contained
a mixture of the cyclic pentamer, cyclic hexamed agclic octamer. The filtrate was then

concentrated and chilled to “4Dto yield more product from solution.

Sodium hydroxide was also investigated as the ysttédr this reaction. The product yield in
this case was only 11.3 %, as opposed to the 32% gbtained from a potassium hydroxide
catalysed reaction. Dumazettal (1997) hypothesised that this was because thenciiom

the base catalyst plays a part in the reactioncipgaas a template for the cyclic molecule to

form around.

1.1.1.4 Hayes-Hunter Non-Convergent Multi-Step Synthesis

The one step synthetic pathways can be used taupeodalixarenes with relatively high
yields. However the para-substituents of each phesaue will be the same. In addition to
this, with the exception of calix[5]arene (Sectibi.1.3), only the major calixarenes can be
synthesised by the one step methods. If the degireduct contains phenol residues with
different substituents or has to be a minor cadirar then a multi-step method should be
adopted for synthesis. The Hayes-Hunter method 819%as adopted and modified by
Kammereret al (1978) and used to produce numerous differentcydlyphenol compounds
containing either five, six or seven phenol resglpara-substituted with either methyl or
tert-butyl groups. The procedure occurs according tdotse catalysed mechanism given in
Figure 1.9, as well as acid catalysed condensgkbymerisation. The starting-substituted
phenol is prepared by blocking one of trho positions by halogenation. This is so that
alkylation will only occur at one site on the maléx The reaction pathway for the

Hayes-Hunter synthesis is given in Figure 1.11.
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Figure 1.11 — The stepwise synthesis of calixarenes devisedHdyes and Hunter.
Reproduced from No & GutsciE982)

The advantage of this type of synthesis is thatit be used to produce calixarenes of any
size and the para-substituents can be tailoredhéospecific application. This makes the
products considerably more versatile than thoseentgdsingle-step synthetic methods. The
two disadvantages are that the procedure is caasilyemore time consuming than a single
step method, and the yields obtained are ofteremdty low, depending on the number of

phenol residues to be added.

1.1.1.5 Convergent Multi-Step Syntheses
With the aim of reducing the number of steps inedlin synthesis and increasing the vyield,

Bohmer, Marschollek and Zetta (1987) developed avement method which involved
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separate synthesis of polyphenol fragments whiehtlen condensed together to form a

cyclic structure (Figure 1.12).

R R R R R R
P
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Figure 1.12— The “3 + 1” convergent multi-step synthesis afixarenes which allows for
the addition of different substituents to each phenesidue (BRRR'R®) (Bohmer,
Marscholleket al, 1987)

This type of synthesis was described by Bohmer“&stal” synthesis. The advantage of this
is that it is far less complex than the Hayes-Huntethod. However the disadvantage is that
the para-substituents cannot all be different calaxarene produced by this method, with at

least two having to be the same. Another methaa, "2+ 2” method, allows for complete

heterogenicity with respect to the phenolic ressdp@ra-substituents.

R-@-OH
OH H R

OH

o b4

Figure 1.13— The “2 + 2” convergent multl step synthesis afixarenes which allows for
the addition of different substituents to each pheaesidue (RR°R’R’) (Bohmer, Merkel, &
Kunz, 1987)

1.1.1.6 Synthesis of Resorcinarenes

Resorcinarenes are similar to calixarenes, bueausbf being cyclic polyphenols they are
cyclic polyresorcinols. Resorcinol contains teadho/paradirecting hydroxyl groups. This

means that thpara position with respect to one of the hydroxyl grewpll be in theortho

position to the other and vice versa. As such thpesations will be doubly activated. The
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carbon between the two hydroxyl groups will alsodoeibly activated as it is in th@tho
position with respect to two strongly activatinge@ton releasing groups. Addition does
occur at this position, but the product is not erefd as it is less stable than the major

product (Durairaj, 2005).

Resorcinarenes are seen primarily as the cycliartedr as this is the lowest energy
conformation. They are made by an acid catalysendeosation of resorcinol and an
aldehyde, which can contain a substituent to gimetionality to the molecule. Once the ring
is formed, it can be further derivatised by eithdding groups to the carbon in between the
two hydroxyl groups, which is now highly reactive the only activated site left on the
benzene ring, or by reacting with the hydroxyl greuirectly. The mechanism by which

resorcinarenes are formed is given in Figure 1.14.
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Figure 1.14— The mechanism of acid-catalysed synthesis ofrgesmenes described by
Gutschg2008)

A method for the synthesis of calix[4]resorcinareves published by Aoyama, Tanaka and
Sugahara (1989). A solution of resorcinol and thesired aldehyde in equimolar

amounts (0.23 mol) was prepared in ethanol and F2VWwas added as a catalyst. This was
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then sparged of oxygen by bubbling nitrogen throtigh solution and then refluxed for 10
hours. The mixture was then cooled to room tempegadnd the precipitate filtered from the
solution. Subsequent precipitate was recoveredniallsamounts by adding water to the
permeate. The precipitate was then washed withMater before being recrystallized twice
from chloroform and twice from a mixture of hexameetone. The final yield was
approximately 50%. This is the method that was tstbpfor the synthesis of the

resorcinarene in Chapter 4.

1.1.1.7 Solvent-Free Syntheses of Resorcinarenes

A green chemistry method is reported in literatuveich can be used to synthesise
resorcinarenes without the presence of a solveobeRset al. (2001) being the earliest
example of this method uses a 1:1 molar ratio sénanol and the desired coupling aldehyde
and a catalytic amount (5% by moles)pafoluenesulfonic acid. The reactants were placed
into a mortar and ground vigorously with a pesBleviscous paste is formed after a few
seconds of grinding which solidifies upon furtheinding. The red solid product was then
left to stand for 1 hour before being washed withtexs and then recrystallized from hot
methanol to yield a pink coloured solid. The stugses 6 different benzene containing

aldehydes and reports yields of between 80 — 96%.

Other examples in literature using this methodudel Firdauset al (2008) and Karamet
al. (2012). Firdaus used 4-hydroxy-3-methoxybenzatdeh(vanillin) giving a yield of 52%
and 4-methoxybenzaldehyde giving a yield of 63%raa also studied the formation of a
resorcinarene using 4-methoxybenzaldehyde, obtaiaigield of 80 %. Products were also
obtained using 8 other varieties of substitutedzbitehydes giving yields of between
78 - 95 %. In the Karami study tlpetoluenesulfonic acid catalyst was replaced by s$taig

sulfuric acid in a ratio of 10 % by moles.
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The atom economy of this process should be 98 % wtitly one mole of water being
produced from every coupling reaction. This wouleéam the procedure fits one of the
criteria of green chemistry. However the reporteimaeconomy was much lower, at 48 %,
which is due to the loss of product during the ystallization stage as well as any
by-products (such as dimers, trimers & substitutibthe 2 position instead of the 4 position)
that are produced by the reaction. However the laickolvent, low energy costs, small
amount of catalyst and reduced time when compaoedthher methods mean that this

synthesis method can still be classed as “greemishry”.

1.5.2 Calixarene Guest-Host Interactions

The usefulness of calixarenes comes largely fromr &bility to form guest-host interactions
as previously mentioned. There are a number oéwmdifft types of interactions, involving both
the delocalisedt electrons in the benzene ring of the phenol residand also intermolecular
forces caused by thgara substituents. Thpara substituents will only give rise to ionic and
Van-der-Waals interactions, depending on the radgtiolarity of the guest molecule, as well
as hydrogen bonding. These types of interactionrelegively simple and easy to explain.
However the benzene ring interactions with the gueslecule are more interesting and
complex. These interactions are categorised m$backing,=polar andrecation, and are

explained in more detail below.

Depending on the nature of the molecules involwvedltiple interactions can take place. For
instance in the case of the guest-host complexddrbetween the amino acid phenylalanine
andp-sulfocalix[4]arene, there might be hydrogen bofmimed between the carboxylic acid

group on the guest and the sulfonic guaga substituent on the calixarene host. In addition to

this, there might be-stacking interactions between the benzene rirtgeramino acid’s side
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chain and the benzene rings of the calixarene. wbooation of all of the interactions

involved gives rise to the unique binding affiniti/a specific guest-host interaction.

1.1.1.8 TteStacking

Testacking, also known am-1t stacking, is an interaction between two benzengsri This
type of interaction has been reported as beinglwedoin the stabilisation of proteins, DNA
and also in the guest-host interaction of calixaserThere are three conformations of the
TeTtinteraction termed planar sandwich, T-shaped aadillel displaced conformations

(Figure 1.15).

(al = - {b)

Figure 1.15 - The three potential conformations of7asr interaction. R represents the
distances between the molecules. (a) planar satdWi)T-shaped & (c) parallel displaced
(Sinnokrot, Valeev, & Sherrill, 2002)

The distance between the two benzene moleculelsdgsmeasured by a number of different
research groups (Hobza, Selzle, & Schlag, 19946;1%&fe & Smith, 1996; Sinnokret al,
2002). The distance between the two molecules idinaer depends on the particular
conformation that they are in. The studies usedemwar modelling, and the average

intermolecular distances are 3.92 + 0.18 A (plassardwich), 4.98 + 0.15 A (T-shaped). 3.50

+ 0.1 A (parallel displaced, R1) and 1.68 + 0.1{TAshaped, R2).

The binding energies were also shown to be diftedapending on the conformation.
Multiple different methods for assessing bindingergy were used; Mgller—Plesset
perturbation theory (MP2), coupled cluster singlesl doubles (CCSD), complete basis set

(CBS) & zero point vibrational energy (ZPVE). Thebtished binding energies have a
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greater standard deviation than the intermoledliktances from the same papers. This is due
to discrepancies between how the different metlasdess binding energy. The values are as
follows; 1.76 + 1.48 kcal mdl (planar sandwich), 2.29 + 1.38 kcal mq(T-shaped) and
2.93 + 2.14 kcal mdl (parallel displaced). The data shows that the dpstl and the parallel

displaced conformations are the most energetitallgurable.

1.1.1.9 Quadrupole Moment of Benzene

This energetic favourability can be explained bg uadrupole moment of benzene, where a
positive or negative charge exists above and bét@aring with an oppositely charged area
in the middle. The region in the middle has a larg®a than the charged area above and
below and as such the molecule has four poles égblo®low and at either side), hence
guadrupole. Therefore the planar sandwich confdamas only favourable in dimers where

the polarity of one quadrupole has been inverdinstance in hexafluorobenzene.

The quadrupole effect is also responsible for terotwo types oft interactions;r-cation
andrepolar. InTepolar interactions the positively charged regibo\ae and below the ring or
in the middle (dependant on the polarity of thedyupole) interacts with th& charge on the
electronegative atom of a polar bond in a simi¢éehfon to hydrogen bonding. tacation a
positive charge on a metal ion or other positivdigrged ion interacts with a negative charge
in either location on the quadrupole. The quadrepoebment of benzene is shown in Figure

1.16.
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Planar Sandwich T-Shaped Parallel Displaced Planar Sandwich
(lnverted Polarity)

Figure 1.16 — The quadrupole moment of benzene showing why-gtepe and parallel
displaced conformations of benzene dimers are namergetically favourable then the
planar sandwici{Matthews, Welton, & Hunt, 2014)

In a study by Sunner, Nishizawa, & Kebarle, (198hg binding energy of potassium to
benzene was shown to be higher than the bindingggnef potassium to water,
19.2 kcal mot and 17.9 kcal mdi respectively, showing thatcation interactions can be
stronger than hydrogen bonding. The highest bindingrgy was reported for "Lions to
benzene with a binding energy of 38.3 kcal @aft et al, 1990) which is roughly a whole

order of magnitude higher than those reporteddstacking interactions showing that these

types of interaction are stronger.

1.5.3 Calixarene Conformations

Due to the large polyaromatic structure of calinaseand the various intramolecular forces
involved there are multiple different conformatiohst a given calixarene will adopt. The
number of potential conformations, as well as thesthenergetically favourable of these
conformations, is determined by the number of pheasidues in the calix as well as the
para substituents. The conformation of the calixareneitally important for the function as

either an enzyme mimic or binding ligand. The comfation is also important in predicting
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binding affinities. If a model is used where théxaene is in a conformation other than the
most energetically favourable, then the predict@aibg energy will be inaccurate. In
addition to this, the flexibility of the calixarenmolecules allows for changes in the
conformation in solution. Therefore not all of thmolecules will be in the same
conformations. This can make modelling calixareaesuratelyin-silico a difficult task

(Section 1.5.4).

1.1.1.10 Calix[4]arenes

Potential conformations of calixarene tetramersfairy limited when compared to the other
major calixarenes. With limited rotation, the onlyay that the tetramer can alter its
conformation is by changing the orientation of @nanore of the phenol residues (upwards
or downwards with respect to tpara substituent). This gives rise to four differemustural

conformations; cone, partial cone, 1,3-alternaté B2-alternate (Figure 1.17).

Figure 1.17 — The four conformational states of the calixareaagamer (u = upwards
orientation, d = downwards orientation); (A) Cona,\{,u,u), (B) Partial Cone (u,u,u,d),
(C) 1,3-Alternate (u,d,u,d) & (D) 1,2-Alternate (id,d)(Gutsche, 2008)

In the solid state the tetramer adopts the condéoomation. This has been confirmed by

X-Ray crystallography performed on a 1 : 1 complEx p-tert-butylcalix[4]arene and

toluene (Andreetti, Ungaro, & Pochini, 1979) .
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With standard calixarenes the u/d notation canlyedm used to denote conformations.
However for calixarene derivatives such as ethats esters a priority based nomenclature
must be used. A reference phenol residue is chasearding to the Cahn-Ingold-Prelog
nomenclature rules, which is then designated a& "e orientation of other groups is then
given relative to this. The order in which the pbleresidues are listed are again relative to
the nomenclature rules, with the orientations giwrelorder from highest to lowest priority

(Gutsche, 2008).

1.1.1.11 Calix[6]arenes

With two more phenol residues than the tetramee, llexamer adds another potential
orientation to each given phenol group. In additiorup (u) and down (d), the possibility
now exists for the phenol to be orientated outw#od®r inwards (i) with respect to the para
substituent. Steric hindrance will not allow forfally outwards or inwards orientation,

however, so an approximate®4&ngle is adopted. This means that an additionainpeter

must be added to the naming system to denote this.

e i e

vuuuuu uddudd uwouddodu ui,du.drud
Figure 1.18 — Four potential conformations of a hexameric xatene to show the
orientation nomenclature; (u) upwards, (d) downwar¢) outwards and (i) inwards. The
circle represents the hydroxyl gro@utsche, 2008)
Several different conformations of calix[6]arenevéndeen described in literature; distorted
cone, compressed cone, partial cone, double padme, winged, 1,2,3-alternate,

1,3,5-alternate and distorted 1,2,3-alternate (€&s2008). In a solid state, the conformation

of a calixarene hexamer depends on the solvent fngnich it is crystallised. When a
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non-polar solvent is used the hydrogen bonding htie calixarene into the pinched cone
conformation (ou,u,uo,uo,u,uo). When the calixarsnerystallised from a polar solvent the
hydrogen bonding in solution is between the caéirar and the solvent rather than
intramolecular hydrogen bonding. Therefore when slodvent is removed the resultant
structure is the distorted 1,2,3-alternate strecfuru,uo,d,d,do). These structural differences

were discovered using X-Ray crystallography (Watiget al, 1996).

1.1.1.12 Calix[8]arenes

The calixarene octamer exists in five common caongdrons; pleated loop, twisted loop,
pinched loop, inverted double cone and 1,2,3,4+adte. The most energetically favourable
conformation in solution is difficult to predict dnremains unclear. Specialist NMR
techniques can be used to determine the actuabwoafion for a given guest, host and
solvent combination. COSY, NOESY and ROESY NMR $pscopy can be used to
distinguish between two conformations by lookingret splitting patterns of the methylene
group peaks. In certain conformations the methylgrrogens the asymmetry will cause the
methylene hydrogens to have a splitting effect acheother, giving a double doublet instead
of a singlet. With increased temperature the p@aksnerge into a singlet, showing that the

conformation has changed (Figure 1.19).
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p-tert-butylcalix[4]- p-tert-butylcalix[8]- p-tert-butylcalix[4]- p-tert-butylcalix([8]-
arene in bromobenzene-d5 arene in bromobenzene-d5 arene in pyridima-cl5 arene in pyridine-d5

Figure 1.19- Temperature dependant NMR spectra showing tligirgp of the methylene
peaks in different conformations arising from difa solventgGutsche, 2008)

In the solid phase the octamer has been shown Baydiffraction to adopt a pleated loop
conformation (Gutsche, Gutsche, & Karaulov, 198%rrbwfield, Ogden, Richmond, &
White, 1991). However a subsequent study where #agne calixarene,p-tert-
butylcalix[8]arene, was complexed with eight pynieli molecules adopted a twisted
conformation (Czugler, Tisza, & Speier, 1991). THe2,3,4-alternate conformation
(Harrowfield, Ogden, & White, 1991) and the invertdouble cone conformation (Perret,

Bonnard, Danylyuk, Suwinska, & Coleman, 2006) halg® been reported in literature.

1.5.4 Molecular Modelling of Calixarenes

Molecular modelling, sometimes called-silico modelling is a tool that uses computer
algorithms to assess the binding strength betweenniolecules. It is described in more
depth in Section 1.8. In terms of the guest-hoséraction of calixarenes, molecular
modelling has been used to assess binding beforesyarthesis has been performed. This

allows for selection of an appropriate calix todia specific analyte. The first example of
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this technique being used to model the guest-hustractions of calixarenes is that of
Grootenhuiset al. (1990). The results of tha-silico analysis agreed with the data obtained
by other methods, with the exception of a discregam the predicted most stable
conformation of one of the calixarenes. Discrepastike this led to questions as to whether
or not molecular modelling was an appropriate foofuture work on calixarene interactions

(Gutsche, 2008).

Despite the questions over accuracy and possillditya this method has been used to
model complexes of calixarenes with a number ofetéht analytes including metal ions
(Kane, Fayne, Diamond, Bell, & McKervey, 1998; Kar&ncaid, Fayne, Diamond, &
McKervey, 2000; Lawalet al, 2009), alcohols (Ghoufi, Morel, Morel-Desrosijei&
Malfreyt, 2005) and amino acids (Arenet al, 2006; Zielenkiewicz, Marcinowicz,
Poznanski, Cherenok, & Kalchenko, 2005). Bindingrgg studies conducted-silico can
be verified using techniques such as NMR or absmébaitrations and differential scanning

calorimetry (DSC).

Another application of molecular modelling in thedy of calixarenes is to predict the most
energetically favourable conformation. It is im@ort to know this even in binding studies
because the binding energy can differ vastly frbm dctual value if the calixarene is not in
the correct conformation. Some examples in liteeataf this application of modelling

techniques are (Lawat al, 2009; Patrat al, 2013; Regnouf-De-Vains, Cartier, Fenet, &
Pellet-Rostaing, 2005). Accuracy of conformatiomaddelling might not be reliable as the
conformation of a calixarene can depend on theesolthat is present. Although some
molecular modelling packages allow for calculatiemse run in the presence of a solvent,
this still might be a source of error. Conforma#ibstudies usingn-silico modelling can be

verified using other methods such as NMR or X-Rasgtallography.
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1.5.5 Current Uses of Calixarenes

Since their conception in the early part of thd" 2@ntury, calixarenes and other closely
related compounds such as resorcinarenes andltkéaeaes (where a sulfur atom is used to
link the phenol residues instead of a methylen@gychave been used extensively in a wide
variety of different areas. Their ability to fornuest-host complexes with a wide variety of
different compounds allows for their usage in arayarof analytical techniques, and the
presence of a binding pocket gives them the akihitynimic the catalytic activity of some
enzymes. The current examples in literature of usesthis family of compounds are

discussed here.

1.1.1.13 Enzyme Mimics

The application of calixarenes to the field of emeymimics was considered as early as the
1970’s (Gutsche, 2008). The aim was to find a cycdompound that could be easily
synthesised in the laboratory, as opposed to cgglods which can only be isolated from
natural sources. The basket-like shape of caliem@moved to be more applicable to the use

as enzyme mimics than the disc shaped crown etlvbaish were also considered.

A modern example of this application is the use @ésorcinarene derived compound as an
enzyme-mimic catalyst for the Menshutkin reactidihe Menshutkin reaction is used to
convert tertiary amine salts into quaternary ansiaés and was selected by Purse, Gissot and
Rebek (2005) for their work on designing an effeztenzyme-mimic catalyst. The tertiary
amine used was quinuclidine, an ethylene bridg¢anoing compound with a tertiary amine.
The reactant chemicals were shown to bind intccghwitand of the resorcinarene and the rate

of reaction was increased. The structure of thercgzarene is shown in Figure 1.20.
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Figure 1.20 — (A) Primary structure of the resorcinarene basethzyme-mimic,
(B) Secondary structure showing the 3D cavitandnfat when intramolecular hydrogen
bonding occurs & (C) The structure of quinuclidiffurse, Gissot, & Rebek Jr., 2005)

The so-called “deep cavitand” was created by addinbulky benzene ring containing
compound after initial synthesis of the resorcinarelhe secondary groups are added across
two adjacent resorcinol residues, adding strengtthé natural “basket” shape. In addition
the hydrogen bonding between different units ceeatdeep binding pocket which facilitates
the reaction. The investigation found that usingsthmaterials as an enzyme mimic allowed
the reaction to proceed 1.6 x>imes faster than it normally would without cagiy The
catalytic effect of the resorcinarene on the Metshureaction of quinuclidine was
dependant on the electrophile, but some improveroerthe rate of reaction was seen with

all of the electrophiles tested (Puedeal, 2005).

1.1.1.14 HPLC Stationary Phase

High performance liquid chromatography (HPLC) hasg been used as a separation
technique for analysing mixtures of compounds withilar but slightly different properties.
All chromatographic techniques rely on two sepapdiases (stationary and mobile) between
which the analytes contained within a sample moasetl on properties such as polarity
and/or volatility (for example in gas chromatogr@phin HPLC, the stationary phase is
generally in the solid state. Silica is commonledisas the basis of an HPLC stationary

phase, often with a secondary group bonded to dlface to change the properties of the
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stationary phase. Traditionally this is somethingioh is non-specific, such as gg&hain
which changes the polar surface of the silica antmon-polar surface. However the literature
is reporting examples of molecules capable of fagrspecific interactions, which allow for
detection of individual species from a sample cioimg closely related compounds that are
unable to be resolved using traditional chromatoigi@ methods. Some examples of
molecules detected by calixarenes in this manretude toxic metals (Durmaet al, 2013);
tobacco specific N-nitrosamines (L. Waeg al, 2013) and drug molecules (Mokhtari &

Pourabdollah, 2012).

The benefit of using a calixarene bonded solid pla®r a traditional molecular recognition
ligand such as an antibody or an imprinted polymméhat these can often bind their targets
too strongly, and thus the target analyte may nbeegluted from the column. A calixarene,
due to the weaker interaction and broader selégtivill fail to do this, instead giving

separation of the components by semi-specific,reévie interaction.

1.1.1.15 lonic and Molecular Detection

An ion selective electrode is able to distinguighiween different ions in a heterogeneous
mixture of ions in solution. The difficulty with ihtask is that the specificity of the electrode
cannot be based solely on size exclusion and sabmtext, for example, a hydrogen ion is
smaller than a sodium ion. Any size exclusion badedtrode for sodium ions will therefore

not be able to distinguish between sodium and rg&traons.

The use of calixarenes and related cyclic poly-atiemcompounds as ionophores is well
reported in the literature. Where other types of-selective electrodes might rely on size
exclusion filtration to select specific ions fotenaction with an electrode, calixarenes allow
for direct detection. This is achieved by incorpoi@g them directly into the electrode

surface. Guest-host interactions are then detebttdieen the ions and the calixarene.
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Specificity is increased as ions with an incorredius (either larger or smaller than the
desired analyte) for successful binding will nagdger a sensor response. This technique has
been used to detect metal ions, such as lead(2igSki et al, 2013), holmium(lll) (Singh

& Rani, 2012) and sodium (Jayakannan, BabourindRefagel, 2011), as well as complex
ions such as neostigmine (El-Kosasy, Nebsen, AbddEman, Salem, & El-Bardicy, 2011)
and rivastigmine (El-Sayed, 2014). The guest-hashpiexes in these applications are
formed byrecation interactions, which is an interaction bedgwehe electron rich face of the

benzene ring and the electron deficient cation.

In a similar application, calixarenes have beemripacrated into electrochemical sensors for
molecular detection of non-ionic molecules. Thigplagation also relies on the ability of
calixarenes to form guest-host complexes. Due & ghundance of benzene molecules
present in the calixarene structure, the moleculegh are best suited for detection by
calixarenes are those which also contain benzewg giructures. These will complex by
Testacking interactions, with theeelectrons in each benzene ring interacting wittheather

in a number of different conformations. Calixarenas also be used to bind and detect polar
molecules. This is partly due to the hydroxyl gronpeach phenol residue, and also due to
the ability of benzene to formepolar interactions. In a similar way tecation interactions,
the electron rich face of the benzene ring wilkaatt thed™ pole of a permanent dipole.
Calixarenes have been used to detect a wide vaofetljfferent analytes employing these
different modes of interaction. Volatile organiongmounds (Toplisgt al, 2010); purine and
pyramidine nucleic acid bases (@hal, 2013); gases (Md Yaskt al, 2013; Tsueet al,
2008) and amino acids (Hasset al, 2007) are some of the literature examples of
compounds that can be detected by calixarene besesbrs. Tables 1.1 and 1.2 show a
number of molecules used in current research aed ctiixarenes and resorcinarenes
(respectively) that have been used to detect them.
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Table 1.1- Current research involving calixarene based senso

Calix

Reference Number Substituent Analyte(s)
o) o)
N NH
/
) ,L\
(Qinet al, 2013) 4 Various Azides NH,
f )
N o
(Tsueet al, 2008) 7 t-butyl 0O=C=0
(Md Yasinet al, . . _
2013) 8 Phosphonic Acid H-H
(¢] (0]
(Hasseret al, ) N o HN L Co
2007) 4 t-butyl and Benzene \x/ oH \F OH
C4H10N3 C4H1oN
O Nan OH
O |
(F. Zhanget al, 4 Q _Q\’NV\/\ _ O NO2
Calixarene
2013) Q Ether
NO,
1
Calixarene
(Schazmann, ‘ N H/\/ Ether

Alhashimy, & 4 cr
Diamond, 2006) O‘

NB, where an ether is specified the substituehbreded to the molecule via the hydroxyl, not viagksubstituent group on the phenol.
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Table 1.2— Current research involving resorcinarene basedssrs.

Calix :
Reference Number Substituent Analyte(s)

(Toplisset al,, 2010) 4 Undecane © ©
O NS

O O
H 1l H Il
(Hasseret al, 2007) 4 Undecane B TR
C4H1oNg C4H1oN
HaC. S
(Menon, Modi, Pandya, & \O—,P(/
4 Sulphonate HC—0 s CHs
Lodha, 2013) 4>*NH
(@)
HsC N\ CHg
H NJQIN;(:[NH
(W. Wang, Zhu, & Yan, 2013) 4 Butane : or :
N\ Resorcinarene
(Dickert, Baumler, & @[ P Ether N
4 N“ ~Resorcinarene S
Stathopulos, 1997) Ether Cl Cl

/OH H O H
(Heet al, 2002) 4 @—B\ .
OH °

NB, where an ether is specified the substituehbraded to the molecule via the hydroxyl, not via Bhgroup on the methylene linkage.

1.6  Conducting Polymers

An alternative to the graphene based modificatiosexd later in this research is conducting
polymers. A conducting polymer is a polymer whishable to conduct an electrical current.
These can be divided into redox polymers and @retarrying polymers. Since their
original conception, synthetic polymers have beaeduin the field of electronics as
insulators. This singular approach to the applicatf plastics was challenged in the 1970’s

by the work of Heeger, MacDiarmid and Shirakawa7{@9who showed that by exposing
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polyacetylene film to a halogen gas they couldease its conductivity by over seven orders

of magnitude. This research was the beginning®fitid of conducting polymers.

Further work on these novel conducting materialswad that certain polymers exhibited
electrically conductive properties either when jadlst oxidised or partially reduced. The
addition of anionic dopants (such as the halogessd uby Heeger, MacDiarmid and
Shirakawa) into the polymer was also investigatedesit was imagined that these negatively
charged species could be utilised to transmit kbetrécal charge, mimicking free electrons in

a metallic conductor.

Conducting polymers have been applied to a wideetyaof different applications including
but not limited to photovoltaic cells (Hu, Zhang,Zau, 2014), organic-based light emitting
diodes (Wu, Li, Wu, & Guo, 2014), semiconductorsofMmoud, 2008), printed electronics
(Rost, 2005) and biosensor applications (Ekabutgil@pakul, & Supaphol, 2013; Pesavento,
D’Agostino, Profumo, Biesuz, & Alberti, 2014; WirghJensen, Kerr, & Winther-Jensen,
2014). A comprehensive review of the applicationcohducting polymers to the field of

analytical science was performed by Collyer, Dawid Higson (2010).

1.6.1 Redox Polymers

A redox polymer is defined as a polymer which corgesseparate and isolated redox sites
which can be independently oxidised or reduceds&hredox sites can either be covalently
attached and incorporated into the polymeric stmecor held by electrostatic interactions.
The mechanism by which the current is conductdeh@svn as electron exchange or electron

hopping, where the electrons are passed betweaoemtjredox sites.

Covalently attached redox groups can either beapoed within the chain or exist as
“pendant” groups branching off the main chain. ither case, the principle mechanism of

conduction is the same. Figure 1.21 shows a scheofdtow this occurs.
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Figure 1.21- Schematic showing the mechanism of conductiarr@aox polymer (polyvinyl
napthoquinone). The curly arrows show the mechanisconduction by movement of oxygen
and electrongInzelt, 2012; Manecke, 1974)

The arrows in Figure 1.21 show the movement oftelas towards the positive terminal by
reduction of a double bonded oxygen in a carbo@yice oxidized, the negative charge is
attracted to the electron deficient double bondedctire of an adjacent carbonyl and the
charge moves across. The negative charge moves tth@iehain onto subsequent monomer
residues, thus conducting a charge along the palyinain. This is made possible by the

slightly acidic nature of the hydroxyl groups yietd when quinone is converted into

hydroquinone by keto-enol tautomerism (Inzelt, 2012
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1.6.2 Intrinsically-Conducting Polymers

The more common form of conducting polymer is tiiteimsically conducting polymer (ICP).
The reason that most polymers (for instance pofregh are insulating is that all of the outer
shell electrons in the molecule arée $ybridised. This means that the energy level chea
electron is equal, and each electron is involvedanding. In order for a polymer to be able

to conduct, the electrons in the carbon chain rests hybridised as shown in Figure 1.22.

1 sy (T 1

{}1 20 20 2, 2p,

2s

sp? hybridised

o8 —eo N —=%
Figure 1.22— Diagrammatic representation of the*$pybridisation of electrons in a double
bonded carbon structurer=bonding orbitals are shown in magenta arsbonding orbitals
are shown in cyan.
The advantage of this structure over an Bpbridised structure is that there are a large
number of electrons which can move if given the apmity by an adjacent electron
deficient environment. When the polymer is dopethwain oxidising agent, some of thase
electrons are removed and the remaining electromsl@localised, creating these electron
deficient environments (carbocations). This alldarsa structure with alternating double and
single bonds to change conformation, with the dedlands switching between carbon atoms

in the chain (Feast, Tsibouklis, Pouwer, Groenehdaadleijer, 1996). This movement is

demonstrated in Figure 1.23.
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Figure 1.23— Schematic showing the mechanism of conductioa fedoped intrinsically-
conducting polymer (polyphenylene vinylene). Thevament of electrons towards the
positive terminal causes the carbocation to moveatds the negative terminal.

This type of polymer will not conduct an electriogtharge without a dopant, since the
electrons require an electron deficient region toveninto. Some conducting polymers
contain functional groups which are able to yieldositive charge under certain conditions.

These are known as “self-doping” polymers. The ephof doping is discussed below.
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1.6.3 Doping

Doping is the process of adding a compound or cam@® to a polymer which will not be
involved in the polymerisation process but will oba the physical or chemical properties of
the end product. The concept is similar to thadaying an inorganic semiconductor, such as
silicon. The result is a considerable increaselestacal conductivity even when only very
small amounts of dopant are added. The differenite polymer doping is that the dopant
must either partially oxidise (p-doping) or patiyateduce (n-doping) the polymer chain to
allow for the movement of electrons. In both case&sunter ion must be present to preserve
overall neutrality of the polymer. Using polyacetye (CH) as an example, the two different

doping methods are represented in Equations (124. (

(CH)n L [(CH)X+]" + (X)e'
[(CH*'], + () A" ——— [(CH)" A]], (11)
Electrons are removed (Oxidation)
(CH), + (x)e” » [(CH)*],
[(CH)*], + (x)M " ———=[(CH)* M[], (1.2)

Electrons are added (Reduction)
Equations to show the p-doping (oxidation) and phdg (reduction) of a conducting

polymer (polyacetylene) to increase electrical aotigtity (MacDiarmid, Mammone, Kaner,

& Porter, 1985).

In practice the charges given in the equation motl be a whole number. This is because they
will not be present on all residues in the polymsw, when showing repeating units of
monomer, the charge displayed is shown as a rdticharge to each repeating unit. The
degree to which the polymer is oxidised or redudepkends on the dopant used. In a study by
MacDiarmid et al (1985) investigated different dopants for both pidg and n-doping of

polyacetylene. Firstly, they noted that without @pant the two isomeric forms of the

polymer exhibited significantly different condudties; with the cis isomer showing a
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conductivity of 1.7x 18 S cni' and the trans isomer showing a conductivity of
4.4 x 10° S cmi*. But as soon as a dopant was added the obsermdddtivities were similar
regardless of which isomer was used as the stamiagprial. This is due to the fact that
isomerisation takes place during the doping prqcasdsl so a mixture o€is and trans
residues will be present along the length of thémer chain. Furthermore, the team
reported a greater increase in conductivity whemgusxidising dopants, where the
maximum conductivity shown was 1.2 x*1® cnmi' when arsenic pentafluoride was used as
the p-dopant, giving a doped polymer with the emairformula[(CH)%* (AsFs),,]. When

a reductive dopant was used the maximum condugtivéis shown to be 2 x 18 cni* when
lithium naphthalide was used as the n-dopant, giandoped polymer with the empirical

formula[ Lif ,(CH)°2~]. The team used a dopant ratio of 1 : 1 (dopargnamer).

1.6.4 Types of Conducting Polymers

A number of conjugated polymers have been suggdstagse as “synthetic metals” due to
their ability to conduct electricity when eitherrpally oxidised or partially reduced. The
three which are mentioned most often in literatare; poly-3,4-ethylenedioxythiophene
(PEDOT), which has been described in over 1000n@luarticles; polypyrrole (PPy), which
has been described in over 2500 journal articled; @olyaniline (PANI), which has been
described in nearly 4000 journal articles. Sinaeséhpolymers are the most common, they
will be discussed below. This approximated dataaised on a search using the online journal

library database Scopus.

1.1.1.16 Poly-3,4-ethylenedioxythiophene (PEDOT)

Poly-3,4-ethylenedioxythiophene, abbreviated to PEDis the polymerised form of the
monomer 3,4-ethylenedioxylthiophene. PEDOT is @ffyctransparent, highly stable and
easy to manufacture in bulk. The optical propertiespled with the electrical conductivity

make this polymer ideal for use in liquid crystadpay televisions (LCD TV). It also has
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potential applications in the area of biosensospeeially if electrical and optical detection
methods are to be used simultaneously (Groenendla@ds, Freitag, Pielartzik, & Reynolds,

2000). The structures of both the monomer and tthyger repeating unit are show in Figure

1.24.
o O
° ° Oxidative or Electrochemical S / \
\ / xidative or Electroche ca»\ i
4 } Polymerisation \ / S
S
o O
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Figure 1.24 — Formation of the conducting polymer poly-3,4y&hedioxythiophene from
3,4-ethylenedioxythiophene by either the oxidatore electrochemical polymerisation
method.

The mechanism by which 3,4-ethylenedioxythiopheokgrperises to form a polymer is not
conclusively agreed upon, but it has been suggdsyednderssoret al (1994) that the

mechanism involves the formation of a radical gatibhe proposed mechanism is shown in

Figure 1.25 below.
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Figure 1.25— The mechanism of polymerisation of 3,4-ethylexgthiophene described by
Andersson et al (1994).
Electrical conduction in PEDOT occurs according the mechanism of an

intrinsically-conducting polymer described in Sentil.6.2. As such doping is required in

order to make the polymer conducting. A numberifi€ent dopants have been described in
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literature for use with PEDOT; ferrocene carboxyad and ferricyanide (Niet al, 2013);

dimethyl sulfoxide, dimethyl formamide and tetralofdran (J. Y. Kim, Jung, Lee, & Joo,
2002); polyoxymethylene tridecyl ether (Ouyaeg al, 2002); methane sulfonic acid,
naphthalene sulfonic acid apetoluene sulfonic acid (S. H. Yet al, 2013); ethylene glycaol,
nitromethanol, glycerol and other such organic esolg with multiple hydroxyl groups

present (Ouyang, 2013).

An issue with PEDOT arises, when being used asigosén aqueous based systems, from
the inherent hydrophobicity of the polymer. Thisaiproblem since there will be a repulsive
force between the polymer surface and the aquebasepwhich might prevent or limit the
interaction of the analyte with the sensor. In ofdelimit this preventative force, PEDOT is
often complexed with another polymer which lowesshiydrophobicity. Polystyrene sulfonic
acid (PSS) is used for this purpose, and formgangtionic interaction with the PEDOT.
PSS itself acts as a mild dopant due to the prdtmmating capability of the sulfonic acid

group (Guo, Jian, Lin, Zhu, & Zhu, 2013; Ouyangl2p

1.1.1.17 Polypyrrole (PPy)

Polypyrrole (PPy) is the polymerised form of thermamer pyrrole. Polypyrrole is yellow in
its pure form and becomes blue/black when a dopsnadded. Films composed of
polypyrrole are mechanically unstable, becomingdasingly more brittle when doped, but
they are thermally stable up to 300 However doped polypyrrole heated above’C5@ill
start to lose its conductivity as the dopant evags. Polypyrrole is insoluble in organic
solvents, but swelling of the polymeric matrix woltcur to varying degrees depending on the
solvent used (Vernitskaya, 1997). The structuredath the monomer and the polymer

repeating unit are shown in Figure 1.26.
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Figure 1.26— Formation of the conducting polymer polypyrrédem the pyrrole monomer

by either the oxidative or electrochemical polyreation method.

The polymerisation mechanism for oxidative polyrsation is given in Figure 1.25.

Polypyrrole can also be produced by electrochemeathods, where a voltage of 0.8 V is
applied to a solution containing the monomer amblgmer chain will form and precipitate

out of solution (E. H. Yu & Sundmacher, 2007). Theechanism of electrochemical

polymerisation is given in Figure 1.27.

I N _osv o L demN N P

Figure 1.27 — The mechanism of polymerisation of pyrrole déscr by (Dong & Ding,
1987)

Polypyrrole is primarily classed as an intrinsigadbnducting polymer and therefore is not
conductive in its pure form, requiring a dopant fdectrical conductivity (Vernitskaya,
1997). Anionic dopants that have been used inclug¢rathiomolybdate (Belanger,
Laperriere, & Gravel, 1990); tetrachloroferrate iHaStanchina, Gajda, & Vogelhut, 1986);
ferrocyanide (S. Lee, Han, & Paik, 1993); metalafihyanines and porphyrins (Reynolds,
Pyo, & Qiu, 1994); ferrocenesulfonates (S. letal, 1993); and quinonesulfonates (Zinger,

1989).

The increase in conductivity of polypyrrole is ge=d when larger anionic species are used as
the dopant. For example, doping with tosylate igives a polymer with a conductivity of

between 89 — 121 S éhcompared with a polymer doped with fluoroboratéjoh has a
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conductivity of 2 — 2.5 S cth This is likely due to the polymer having to swellincorporate

the larger ion (Vernitskaya, 1997).

1.1.1.18 Polyaniline (PANI)

Polyaniline (PANI) is the polymerised form of th@nomer aniline. It exists in three distinct
forms; fully reduced (leucoemeraldine), partiallyiddised (emeraldine) and fully oxidised
(pernigraniline). The oxidation occurs at the rgn which is found between each benzene
residue in the polymer. In the oxidised form the&agen is part of a double bonded system
and in the reduced form the nitrogen is saturdte@meraldine, the partially oxidised form,
the nitrogens in adjacent repeating units alterrm®veen protonated and unprotonated
(Chiang & MacDiarmid, 1986; Feast al, 1996). The structures of the monomer and the

three forms of the polymer are shown in Figure 1.28

NH,

Aniline

Fully Reduced - Leucoemeraldine

Partially Oxidised - Emeraldine

KOOk

Fully Oxidised - Pernigraniline n

Figure 1.28 — The structures of the monomer aniline and theethoxidation states of
polyaniline(Feastet al,, 1996)
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Of the three oxidation forms of polyaniline, leuneeraldine and pernigraniline are poor
conductors of electricity even upon doping with asid. Emeraldine, on the other hand,
becomes highly conductive upon doping. In this dhsedoping protonates the lone pair on
the nitrogen, freeing the molecule to conjugatewben the diaminobenzene and the

diaminoquinone state, thus allowing conductiondoun (MacDiarmid, 2001).

Emeraldine has been produced by partial oxidatiblewcoemeraldine using a variety of
different oxidising agents such as; chlorine gagpsonium hexafluorophosphate, iron(lll)
chloride, tin(IV) chloride and tetracyanoquinoditmete (Rayet al, 1989). Doping is then

achieved by addition of a strong acid which protesahe nitrogen atoms in the polymer
chain (MacDiarmid, 2001). The resultant doped efdara form of polyaniline can also be
achieved by oxidative doping of leucoemeraldine,eéoample with chlorine or nitrosonium

hexafluorophosphate (R&y al, 1989).

When partial oxidation occurs a colour change iseoked from white to blue. A further
colour change, from blue to green, is observed upmping. If the polymer becomes fully
oxidised then it will become blue/black and will fanger conduct electricity. This colour
changing capacity of polyaniline has been usedasectrochromic sensor. In a study by L.-
M. Huang, Chen, & Wen, (2006) polyaniline was dopeth DL-camphor-10-sulfonic acid
and exhibited a change in colour between from pal®w (-0.5 V) to dark blue (+2.5 V).
The colour change is induced by electrochemicablabon/reduction of the polyaniline

between the three oxidation states.

1.6.5 Sensor Applications of Conductive Polymers
In the field of analytical detection there are nuoos techniques which detect changes in
electrical current caused by oxidation and reduactb an electrode. This change in current

occurs as a result of the electrode donating orovamy electrons to a charged species in
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solution. The ability of a bare carbon electrodeptiss on a charge is increased by the
application of a conductive polymer. Therefore die¢ection is enhanced in one of two ways;
either the threshold voltage for oxidation or redtchanges, with peak pairs moving closer
together, or the maximum current at the peak ieegged. Often both of these effects can be

observed.

There are many examples in literature of conductodymers being used for sensor
applications. Because of the conductive naturesethasensors are not limited to
electrochemical and electroanalytical techniquesaieo encompass other types of sensors
such as tilt sensors (Castano, Winkelmann, & Fla8a0) and pressure sensors (Carvalho &
Radwin, 1996; Choongt al, 2014). Since this research will deal with cortokgcpolymers

for electroanalytical chemistry, however, only thepplications will be discussed below.

A study by Taryba and Lamaka (2014) used poly(34ttabphene-2,5-diyl) (P30T) as a
conductive polymer base to create a pH electrotie. advantage of the new electrode over
the traditional pH electrode was the lack of glasquid in its construction which made the
older style electrodes fragile. Selectivity fof lns on the new electrode was achieved by
using a selectively permeable membrane construabéd poly(methylmethacrylate-
decylmethacrylate) (PMMA-DMA) with ionophores of nbndecylpyridine (4NDP). The
microelectrode was created by depositing the variayers onto a needle-like shaft made
from a platinum/iridium alloy using a layer-by-layelipping method. The needle was
insulated using 2-chloro-1,4-dimethylbenzene with ¢xception of the tip, which was coated
with gold. A layer of P30T was then deposited tthigkness of 0.2 — 0.6 nm. The ion-
selective membrane was deposited by dipping theedagectrode into a solution of PMMA-
DMA (0.5 — 10 %) and 4NDP (3 %) in xylene. The aped membrane was tested against

samples of various pH showing a range of pH 2 —T#® electrode showed a linear,
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Nernstian response between these values and thenseswas only slightly affected by the

presence of a NaCl impurity, with readings only?8.Bigher than in pure buffered samples.

A flexible sensor for detecting volatile organiocngmounds (VOCs) was produced using two
different conductive polymers; polyaniline (PANIha poly(3,4-ethylenedioxythiophene)-
poly(styrene-sulfonate) (PEDOT:PSS) as a condudiage (T. Kim & Kwak, 2012). The
polymers were coated onto various membranes cordposé polypropylene,
polytetrafluoroethylene, cellulose ester, cellule®etate or high density polyethylene. The
newly fabricated sensors were then exposed towasatl atmosphere of acetone and the
change in resistance across the polymer film waasored. The PANI based sensor showed
a higher resistance change in the presence ofrecétan the PEDOT:PSS based sensor (5 %
and 0.3 % respectively). The VOCs tested were aeetchloroform, benzene, cyclohexane
and hexane at concentrations between 100 — 500 Tguith the sensor demonstrating
highest sensitivity for acetone. The best memblase was shown to be cellulose ester, with

a PANI coating showing a resistance change of 85#610.4 in the presence of acetone.

Glucose biosensors have been part of diabetes onioigitfor some time, but the electrodes

used in the electrochemical detection are histtlyiteased on platinum. Even more modern

electrodes incorporate precious metals into a cagaste (Newman & Turner, 2005). This

makes them expensive, and since they are onlyesirgg electrons this makes blood glucose
monitoring an expensive medical procedure. A glacensor based on conductive polymers
was developed by Wang, Chen & Ho (2013). This secgosists of nanobeads composed of
branched polyethyleneimine bound to ferrocene, Wwlacts as a redox mediator, glucose
oxidase, which converts glucose into gluconolactand PEDOT:PSS, which binds the other
constituents together and increases the electrodacs area. The nanobeads are then
immobilised onto the surface of a carbon electnobeh transmits the charge to be detected.

The current is generated as a result of the oxidatif glucose by the glucose oxidase
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enzyme. The liberated electrons are transferrétdeceelectrode, causing a current which can
be measured. The sensor was tested against a ddngleicose concentrations between
0.5 - 10 mmol [* showing a good response which was almost lineasulealso show that

the sensors incorporating PEDOT:PSS to increasstutiace area did have a higher current
response than those without. Furthermore, the semas tested against other compounds
found in blood such as uric acid, dopamine andrégc@cid. These tests show a very low
cross reactivity (less than 10%). Reviews on thbjesi of conductive polymer based

biosensors have been published by Ates (2013) & &aal (2014).

1.7  Graphene

Graphene, first isolated in 2004, is a 2D arrangenoé carbon atoms which are linked
together by sphybridised bonds similar to those found in benzefmch carbon atom is

geometrically trigonal planar and haselectrons which are delocalised above and bel@w th
plane of the sheet. This delocalisation coupledh wite low thickness of the sheet gives
graphene unique electrical and optical propertielivmake it very useful in both the fields

of electronics and electrochemistry (Novosetbval, 2004).

Graphene is described as a semimetallic semicooduithis is because in its pure isolated
form it is slightly less conductive than a metaheTmaximum conductivity of a single sheet
of graphene is 1 x 208 cm* (J. Liu et al, 2012). Composites containing multiple layers of
graphene as well as other components can have crides between 1 x Foand

2 x 10 S cm* (De & Coleman, 2010). This conductivity is causgahe slight overlap in the
conduction and valence bands. This makes grapheemagyap semiconductor, as opposed to
most semiconductors which have a band gap. Theuctindy can be reduced to make it a
true semiconductor by adding monofunctional or itional molecules as spacers between

individual sheets of graphene (Figure 1.29). Trsgseeing molecules can either be covalently
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attached or can interact viart stacking. Using this method, the conductivity cdghene can

be reduced to as low as 1 mStfd. Liuet al, 2012).
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(b)
Figure 1.29— Post synthesis modification of graphene to ckatmnductivity. (a) Covalent
modification with monoaryl diazonium salts. (b) @@nt modification with bifunctional aryl
diazonium salts. (cje rrstacking of graphene with a bipyrene terminal roolar wire (J. Liu
et al, 2012)

Conduction in a graphene sheet occurs accordingatosimilar method as an
intrinsically-conducting polymer as shown in Figurg.23. However, unlike an
intrinsically-conducting polymer, graphene does meafuire a dopant in order for conduction
to occur. A study by Schedet al. (2007) showed that even at high concentrationsiwingc
dopant the conductivity of graphene is not sigalfity affected. Cationic dopants, however,

have been shown to decrease the conductivity ophgree. A 20-fold reduction in

conductivity was observed when graphene was dodoaetassium (Cheat al, 2008).

Graphene has already been utilised in a multituflediferent sensing applications
considering this is still a relatively new materidlhe advantage to using graphene as a
conductive base for biosensors is that has avelgtiow background noise (a flatter baseline
signal) and a high conductivity than screen prirtdadon alone. This means that the signal to
noise ratio will be higher for a smaller signal, anang that that the signal will stand out
more, allowing for the detection of much lower centations of analyte than with
comparable materials. It has been hypothesisedstisiended graphene sensors are more
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effective than silica supported sensors becauseyebaat the surface of the silica act as
charge traps and external scattering forces wiadhae the electron carrying capacity of the

graphene (Cheng, Li, Li, Zhou, & Fang, 2010).

1.7.1 Sensor Applications of Graphene

A highly sensitive sensor for prostate specificigent (PSA), a biomarker used for the
detection of prostate cancer, was developed by gHarand Cui (2012) using a suspended
graphene technique. In this technique, multipleelayof graphene were deposited between
two gold electrodes onto a SI@ Si support and each separated from the nextrby a
insulating polymer layer. When complete, the Si&er was removed using HF and the Si
layer etched away with $FThe capture antibody (anti-PSA) was immobilisedoothe
graphene and the biosensor was then ready to heeaffalyte was quantified by measuring
the change in conductivity of the graphene withreasing concentration of PSA. The

construction of this sensor chip is shown in Figluz0.
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Figure 1.30— A suspended graphene sensor chip for detecfiprogtate specific antigen as
a cancer diagnosis to¢B. Zhanget al, 2012)

A biosensor for the detection of glucose was regublly Sharet al (2009) using graphene
and the enzyme glucose oxidase. Unlike previousesys for measuring blood glucose
levels (Clark Jr. & Lyons, 1962), which relied dretindirect detection of oxygen reduction
or oxidation of HO, at an electrode as a measure of enzyme actifiiyysensor system was
able to detect the enzyme activity directly. Thesvachieved by direct electron transfer from
the enzyme to the graphene sheet during glucosatiom. It was reported that using this
method the glucose concentration was linear up4teninol L, with the expected blood
glucose level in a healthy individual being betwdea 6 mmol [}, making this a potential
future application foin-situ glucose testing. The upper limit of the sensor @ddwdve been
increased by enclosing it in a membrane. A comprgikie analysis of the history of glucose

bio-sensing was published by Newman & Turner (2005)
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A graphene based immunosensor was developed byetial (2011) for the specific

detection of viruses. The sensor was fabricatedubgtionalising the graphene layer with
1-pyrenebutyric acid. This was then used to coapleanti-rotavirus antibody to the sensor
surface via N-hydroxysuccinamide facilitated amiftemation. The remainder of the

graphene surface was then blocked with bovine selmmmin (BSA) to prevent any non-

specific binding. The rotavirus detection was tpenformed using cyclic voltammetry in an
electrolyte solution containing ;ke(CN} and KCI. The cyclic voltammogram showed a
reduction in peak current and an increase in tlek peltage when in the presence of the
rotavirus pathogen when compared to a blank. Arobmtas also performed using variola
virus. A reduction in peak current was observed,ibwas not as pronounced as with the

rotavirus.

One of the interesting effects of graphene on cyatiitammetry is its ability to change the
position of reduction / oxidation peaks on a volangram. The reduction and oxidation
peak for a specific analyte can be closer togetitean a graphene coated electrode is used.
This effect of graphene is the basis for reseaycKim et al (2010) where a graphene coated
electrode was used to detect dopamine in the presehascorbic acid. Dopamine is an
important neurotransmitter and its detection isrdfege required. However detecting
dopamine in blood samples can be difficult becaakeother electrochemically active
compounds present which oxidise or reduce at simitdtages. It was discovered that the
graphene coated electrode caused the voltage pmalasicorbic acid to move from
0.092 V - 0.024 V. The peak for dopamine, howewars unaffected. This separation effect
allows for accurate determination of dopamine catre¢gion within a mixed solution such as

a blood sample.
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1.7.2  Production Methods

Since its conception in 2004, many different methéak producing graphene have been
discussed in literature (Soldano, Mahmood, & Dujar@010). These methods range from
mechanical techniques such as exfoliation and atait to chemical techniques such as
reduction of graphite oxide or the heating of aboar containing compound to deposit a
graphene sheet on a solid support. The various adstlfor graphene production will be

discussed here.

1.1.1.19 Mechanical Exfoliation from Graphite

Mechanical exfoliation of graphene from graphiteswhe first production method used by
the original researchers who discovered graphe200d. The procedure involves repeatedly
peeling off layers (mesas) of graphene from higityered crystalline graphite. Graphite is
essentially many layers of graphene held togethierdn-der-Waals forces. It exhibits some
similar properties to graphene, although the cotidticis not as efficient since the electron

flow has a greater volume of material to flow into.

Preparation of graphene was performed using s¢apand the newly prepared films were
shown by electron microscopy to be only a few atolayers of graphene thick. Single layer
graphene was also produced by this method. The tiedmcated metallic field-effect
transistors from the few-layer and the single lagesphene flakes which proved to be
switchable between a 2D electron gas state, vialtigy of electrons to move freely in only
two dimensions, to a 2D hole gas state, where hw@@o electrons. This effectively allowed

the conductivity to be switched on and off by at&gé gate (Novoselast al, 2004).

This technique is fundamentally flawed in that @noot be used to consistently produce

single layer sheets of graphene. Despite the Fattfew-layer graphene sheets exhibit very
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similar properties to those of single layer gramhencannot be considered to be true

graphene.

1.1.1.20 Epitaxial Growth of Graphene

Epitaxis is the process of depositing a crystalliager onto a crystalline solid without
covalent interaction between the layers. One metiatbing this is to heat a silicon carbide
(SiC) wafer to a high temperature and under a loeggure in the presence of an inert noble
gas (argon) which will control the sublimation pess of the SiC to give solid carbon. A

graphene sheet is then formed with the dimensibtisecoriginal wafer (Sutter, 2009).

Another epitaxial production method is the chemicapour deposition of carbon onto a
flexible metal sheet. The metal sheet acts asaysatwhich, under a high temperature and
low pressure, ensures that the newly liberatedorafbrms a monolayer of graphene instead
of some 3-dimensional structure. The other bengfithis is that once the catalyst is
completely covered the reaction will cease, meatiiag) only a single layer of graphene can
form. A study by Baeet al (2010) used copper as the metal substrate and neetm the
carbon source. They were able to produce a shegtaphene with a diagonal length of

30 inches, which was incorporated into a touchestaevice.

The benefit of this method over others is thas ialble to produce a large sheet of continuous
graphene where other methods tend to yield farlsmiédkes instead. This is useful if the
intended application is flexible electronics, wherescreen composed of small flakes of

graphene might not be as transparent as one cothpbsesingle sheet.

1.1.1.21 Reduction of Graphite Oxide
Chemical reduction of graphite oxide made by meidahmexfoliation (Section 1.1.1.19) has
been described by Stankoviteh al (2007). Graphite oxide is intrinsically non-contive

because there are fewer $ybridised bonds compared with graphene. As meetiabove
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(Sections 1.6.2 and 1.7)%hybridisation is necessary for electrical condaretin graphene
because of the delocalisation of the p-orbitalshiwitthe graphene sheet. By chemically
reducing the oxygen containing groups in the graploxide (epoxides, hydroxyls and

carboxylic acids) a sheet of graphene was produced.

The graphite oxide was prepared by reaction of lgtagpowder with a mixture of sodium
nitrate, sulfuric acid and potassium permanganase dascribed by Hummers and
Offeman (1958). Graphite oxide consists of multipleeets of oxidised graphene. This was
then converted into graphene by chemical reduatiging hydrazine hydrate. The graphite
oxide was dispersed in water and sonicated urgilsiblution became clear. The reductant
was then added and the solution heated under ré&ghu4 hours. As the graphite oxide was
reduced, the newly formed graphene was precipitateédf solution as a black solid. This
was then washed with methanol and dried. The streicif graphite oxide is shown in Figure

1.31.

HOOE COOH al‘{:ufJH OH

HO

COO0OH COOH

Figure 1.31— Typical structure of graphite oxide showing tfiferent types of polar groups
on above and below the plane of the graphene ghertw, 2013)
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The presence of polar groups above and below theepbf the graphite layer allows for
hydrophilic interaction between the water and thapbite oxide sheets. This separation
causes the newly formed sheets of graphene tonggediayer sheets. Conductivity of the

graphene was shown to be approximately 20 $.cm

1.1.1.22 Sonication of Graphite

Graphene can be produced by sonication of a solwiigraphite powder in the presence of
an appropriate surfactant. The sonication was padd for 5 minutes at a power of 60 W,
which was sufficient to disaggregate the individgadphite layers. The surfactant in solution
forms a monolayer around the newly disaggregategdigme preventing the Van-der-Waals
interaction from reforming and so the graphene msas single layers. This process is

shown in Figure 1.32.
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Figure 1.32— Production of graphene by sonication of grapitesolution with a surfactant
(Notley, 2012)

The concentration of surfactant was found to infeeethe final concentration of graphene.
Notley (2012) investigated the effect of increasisgrface tension given by different
concentrations of surfactant on the concentratioine final product. The study showed that

the concentration of product plateaus at a surfansion of 41 mJ fy which is also the
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surface free energy of graphene. At this surfagsiéé the amount of surfactant in solution is
sufficient to surround any graphene sheets thatf@reed during sonication, and so the
product yield is not increased by addition of ferthsurfactant. Transmission electron
microscope Iimages show predominantly single layeapliene flakes of between
100 - 200 nm in size (Notley, 2012). Different sutiints were investigated, with the highest
product yield being obtained usirynperoni€ F 108 (10.23 mg il of graphene). The
graphene suspension was purified by membrane ®iatysough a 100 kDa cellulose
membrane to remove the surfactant and any otheuritigs. Each solution was then

centrifuged at 1500 x G for 5 minutes to removgdaraggregates before use.

Similar methods have also been described by othaupg, but with significantly lower
yields; 0.01 mg mt (Hernandezt al, 2008), 2.21 mg i (Alzari et al, 2011) and 5.33 mg

ml™* (Nuvoli et al, 2011).

1.8  Molecular Modelling

Determination of expected complexation energy adstiinost complexes can be determined
using computer modelling. Molecular modelling infsilico modelling is becoming a very
useful tool in the field of drug development. Thesic principle behind it is that instead of
having to do many rounds of complixvitro andin-vivo assays in order to test the binding
affinity of a new drug which is being developed thinding strengths of different ligands can
be simulated using known binding characteristichis Tallows potentially thousands of
different ligands to tested against a particulaeptor which has been identified as playing a
key role in a particular disease of interest withoaving to go through the lengthy process of
synthesising each one and testing it against tigettaeceptor (Meyer, Swanson, & Williams,
2000; Nikiforovich, 1994).

Binding energy has the units kCal Mplvhere the lower the energy the higher affinitg th

binding between the two species, as this representsre stable structure. This can also be
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represented as a binding constant (K), or in kJ'm@bnversion between kCal and kJ can
easily be done since 1 kCal is equal to 4.186 kXoAelation graph between binding

constant and binding energy in kCal fhakn be seen in Figure 1.33.
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Figure 1.33— The correlation between the binding constantwih the units of mol t and

the binding energy in kCal nibfor a complex formed between one or more molecMasde
using data obtained from Mareeswaran et(aD12)

The reverse application of this method is to desigeceptor around a target molecule. In
this mode, the LeapFrog algorithm of the molecatardelling software SYBLL is used to
simulate annealing between the target moleculeaangtual library of 20 of the common
proteinogenic amino acids. This method was use#idyrich, Altintas & Tothill (2013) to
produce a novel protein ligand for ochratoxin Amgcotoxin that has been identified as a
potential carcinogen. The software simulated ammgabetween the ochratoxin and the
amino acid library, producing a list of binding egies for each amino acid.

Once the LeapFrog algorithm had determined the amaitids with the highest binding
affinity to the target, the DREAM-mode of the sodine (using the “tailor” option) was used
to create new protein fragments of between 3 aramtho acid residues in length. The
binding energies of these new protein fragments thhas assessed by the software and the

top five fragments were then manually modified bther addition of amino acids or
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dimerization. The SYBLL software then performedraidated anneal between each of these
fragments and the binding energies were recoraedddlition to the relative strength of the
binding energy involved in the complex, other aspeaf the suggested peptides were
considered such as length of peptide strand antbplgdbicity of the resultant protein. All
aspects of the suggested ligands were considerédivam novel protein structures were
selected to be synthesised (Figure 1.34); theselmmptides were not the peptides with the
highest binding affinity as these were not feasilblesolution. A compromise had to be

reached to give successful binding (Heuetlal, 2013).

Figure 1.34— Screenshot of a simulated anneal between twd pepéides and ochratoxin A
performed by the LeapFrog algorithm of moleculardelbng software SYBLI[Heurichet
al., 2013)

Another example of this process iissilico modification of the enzyme Kemp eliminase
KE70 demonstrated by Khersonsétyal (2011). In the study, the computationally destgne
enzyme was modified by insertion of amino acidshaee to improve the catalytic activity of
the enzyme as well as random mutagenesis. In 9dsooh computational analysis, a new

form of the enzyme was created with greater thad #@es catalytic activity than the

original design.
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1.8.1 Concepts in Molecular Modelling
There are many different types of algorithms andcepts within the field of molecular
modelling which must be understood beforesilico studies can be fully utilised. These will

be briefly explained below.

Molecular mechanics (MM) & quantum mechanics (QMg &wo different methods for
calculating the energy contained within a bondechan-bonded system. The calculation
takes into account the change in bond energy camgéings like orientation, bond lengths
& angles, hydrogen bond length and Van-der-Waadksaction. The difference between MM
and QM is that that MM uses standard bond lengtlisaagles to calculate the lowest energy
structures. In QM all of these parameters are tatled using the Schrédinger equation and
therefore the conclusion of a structure energy mmsation is closer to the actual
conformation. Because the MM energy minimisatiagoathms do not take into account the
electrons these methods tend to be faster. Alsogthe number of parameters used is lower
than for a QM method, there is no limit on the nembf atoms that a molecule can have. In
reality both of these methods can be used. Wherolecuwle is roughly drawn, an MM
method can be used to “clean up” the structuregrbed more thorough QM method is used

to give a more finely tuned conformation (HehreQ20

In molecular modelling a genetic algorithm can Isedito determine binding energy. The
algorithm works by altering the way a ligand anceeeptor fit together either by orientation

of the ligand or flexibility (by bond rotation) dhe ligand and/or receptor. Each of these
different simulated bindings is called a pose. @lgorithm calculates the binding energy of
each pose, taking into account the number and Heafjthydrogen bonds as well as any
Van-der-Waals forces between the ligand and theptec, and then compares this to the
binding energy of the previous pose. If the bindewgergy is lower, i.e. the binding is

stronger, then the new pose is accepted. If neot ithis rejected and a new pose is analysed.
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In this way the algorithm gradually improves theesgth of the binding in a similar fashion
to Darwinian evolution, hence the name. The algoriwill stop when it reaches the end of
an allowed number of iterations or it fails to reduhe binding energy any further. This type
of method will give the lowest possible binding eqefor a ligand and a receptor. But
whether or not this energy is comparable to theaatalue depends on a number of factors
such as conformations of the ligand and receptdrthh@ presence of different solvents. Most
molecular modelling software packages allow foimautated anneal to be performed in the
presence of different solvents so that these effeam be observed. A popular application of a
genetic algorithm is the Monte Carlo method, whiepeats random calculations multiple

times to gain data which can then be analyseddods (Haupt & Haupt, 2004).

A phenomenon within the field of molecular modedlithat can lead to incorrect results is the
local minimum effect. A local minimum occurs whéretligand gets stuck in a pose that is of

a low energy but not the lowest possible energguife 1.35).
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Figure 1.35- The concept of a local minimum in molecular dyies showing how an energy
minimisation or binding energy calculation can gasincorrect result.
If the resolution of the software is too low theMante Carlo algorithm will not allow the

ligand to move out of this pose because to do swoilld have to adopt a higher energy
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conformation (Schelstraete, Schepens, & Verschdl@@9). Resolution in this context refers
to a number of different parameters. Convergen@ggnis the maximum energy change
between two consecutive poses at which the softwdkeetermine it has reached the lowest
possible energy. Grid resolution is the distandgveen two points on the grid which is used
to position a guest and host molecule during a lsitad anneal. The mutation rate, in a
genetic algorithm, is the rate at which the guestecule is changed with each successive

iteration.

1.9 Analytical Techniques

In order to detect the formation and dissociatidnaoguest-host complex between the
calixarene and the analyte an analytical technigust be used. Numerous techniques exist
for the quantitative and/or qualitative analysisamfalytes in solution via specific binding
interactions. Surface plasmon resonance, quartatrynicrobalance and chromatographic
techniques are well described in literature as dailiable and reproducible for both
gualitative and also quantitative analysis of nri@&ts However, they are not practical for a
portable low cost and low maintenance applicatiocesthey require expensive equipment,
large volumes of solvents and other miscellaneahstions to perform analysis. Potential
sweep voltammetry techniques, such as cyclic vatiatry, would be more suited, since they
are able to directly detect analytes in solutiorthaut the need for excessive sample

preparation.

1.9.1 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopysasilthe magnetic properties of certain
atomic nuclei, including but not limited téf, **C, *>N and*'P, to determine the presence and
position of certain functional groups within a nml&e. As described later (Section 1.1.1.23)
NMR can also be used to determine binding energguest-host complexes. The NMR

effect occurs when the nucleus of an atom is stdyleto a constant magnetic field which
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causes the nuclear spin to align. This alignmetitaa countered by the application of a radio
frequency pulse at a given frequency and perpefatita the magnetic field. This causes a
resonance in the nucleus which can be detectead.tlten amplified and converted into a

digital signal which is used to create the NMR s$pau (Keeler, 2010).

The frequency of the resonance is dependent ofrefaency of the magnetic field and thus
to make interpretation and comparison of spectsa tmmplicated a chemical shift scale is
adopted. The chemical shift scale gives the positiva peak relative to a known compound,
which will always be the same regardless of thengfth of the magnetic field. The reference
compound in the case dH and**C NMR experiments is tetramethyl silane (TMS). The
chemical shift can be converted into actual fregiesn for mathematical calculations if

necessary. Nuclei in different regions within thelecule can behave in subtly different ways
when subjected to the radio frequency pulses. Tikiscaused by the presence of
electronegative species such as nitrogen and oxygethe molecule and their position

relative to the nucleus in question. This is catlesl deshielding effect, and it results in nuclei
in a more electronegative environment showing nianerds the left of the spectra, whereas
nuclei with little or no proximity to an electroreigre element will give peaks closer to that

given by the reference (Keeler, 2010).

In addition to the chemical shift, peaks otHANMR spectrum also have splitting patterns. A
splitting pattern is caused by the spin of adjacerdei of the same type. Since the spin state
can be “up” or “down” this means that the combioatof a dual-nuclear spin can either be
the same or in opposite directions (up-up / dowwd@r up-down). These different spin
states will give slightly different resonance frequies, giving rise to a split peak. Peak
splitting is helpful when interpreting a spectrumcause it gives information about relative
position of the groups which give rise to a peak. &ample, in aH NMR spectrum a group

that gives a doublet peak is next to a carbon wnilly one hydrogen on it. A group that gives
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a quadruplet peak is next to a carbon with threlrdgens on it. The number of peaks that a
particular hydrogen environment will generate ikcalated by the n+1 rule, where n is the
number of adjacent hydrogens. A similar phenomerambe observed ifC NMR, where
peak splitting is caused by the number of protanshe carbon. Here the number of peaks is

equal to n+1, where n is the number of hydrogetesia¢d (Keeler, 2010).

Since an'H NMR experiment can only detetiti nuclei and nofH a hydrogen containing
solvent that would normally flood the spectrum watthunwanted signal can still be used, but
in its deuterated form. If a hydrogenated solvertento be used, the signal would be so
strong that the signals from the sample would metvisible. A deuterated solvent with
dissociable protons, such ag® can also be used to exchange any dissociabledwgyas in
the sample with deuterium atoms. This allows theetons to be highlighted when compared

to a non-exchanged sample or removed completadietm up a cluttered spectrum.

1.1.1.23 Advanced NMR Techniques
While traditional NMR techniques may be used fog gtructural determination of small
simple molecules, for interpretation of spectra lemger and more complicated molecules,

there are a number of advanced techniques to dnabe used.

Correlation spectroscopy (COSY) is a 2-dimensiom@hnique where a correlogram is
produced by irradiating the sample at the frequesfcy peak. This causes the peak and any
other peaks which represent a nucleus in an adjareronment to be highlighted by the
software. This is performed sequentially until pdlaks in a spectrum have been analysed.
The results are then combined into a graphicalessptation which is easier to interpret than
a one dimensional spectrum. Two ppm scales are rstadwight angles to each other and
peak correlations are shown in the space betwesn.tlsince the irradiated peak and any

adjacent peaks are all highlighted the correlogimsymmetrical and a diagonal line can be
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used to determine peak correlation (Figure 1.3&)lyQlirectly adjacent nuclei can be

identified by a COSY spectrum.
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Figure 1.36— The correlation spectroscopy (COSY) spectrunefioylbenzene showing how
adjacent peaks are highlighted by the technique.

A similar technique called total correlation spestopy (TOCSY) can be used in
conjunction with a COSY spectrum. This techniquée erdy shows directly adjacent nuclei,
but also nuclei in the same spin system. A spitesysn the context of a TOCSY experiment
is defined as a group of similar nuclei environrsesgparated by a hetero atom, for instance
in the polyamide backbone of a protein where twibb@a atoms are separated by a nitrogen.

The two carbon atoms and anything bonded to thekemp a spin system (Bruch, 1996).

Another type of NMR correlation spectroscopy iselnebuclear single-quantum correlation

spectroscopy (HSQC). In this type of spectroscopg £-dimensional aspect of the
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correlation is provided by an NMR spectrum of detént nucleus. This works in a similar
way to the COSY spectroscopy. The sample is irtadiat a frequency corresponding to a
peak. This causes an effect on the peaks repregeatiy nucleus bonded directly to the
nucleus shown by the first peak. This is usefut@mplex molecules because it will show
peaks from d@H NMR and a**C NMR which represent the same part of the molecise

with COSY, HSQC only shows atoms linked by a singd&d. There is a similar technique
called heteronuclear multiple-bond correlation $mscopy (HMBC) which is able to

identify atoms within the same spin system (Bruk996).

Nuclear Overhauser Effect Spectroscopy (NOESY) imtleer form of correlation
spectroscopy only instead of highlighting nucleiiethare bonded to each other it shows
nuclei which are spatially close to each otherl{imits A). This type of NMR study is useful
for binding studies since it will show what parfstite guest and host molecules are close to
each other. It is also useful in studying the comfations of calixarenes as some nuclei are
only close enough to each other to give a NOESYadign certain conformations. This
technique utilises the nuclear Overhauser effebichvallows spin polarisations to transfer
from one nuclear spin populations to another sg las they are within 5 A of each other

(Bruch, 1996).

A technique which is useful for interpretation afplex**C NMR spectra is distortionless
enhancement by polarisation transfer (DEPT). Thashnique uses a polarised radio
frequency signal to produce the resonance in tlenof the sample. The result of this
polarisation is that only certain carbon nuclei pgedent on the number of hydrogens
attached) will show. There are three types of DERferiment; 4% 90° & 135°. Each angle

will highlight different types of carbons. DEPT-4Will show all carbons with protons

attached (i.e. primary, secondary and tertiary)s Mill eliminate any quaternary carbons

from the spectra. DEPT-8@nly shows tertiary carbons (CH) with all othersny omitted.
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DEPT-135 is a little more complicated with primary (gHand tertiary carbons showing as
normal, but secondary (GHcarbon peaks will show as negative peaks. Comdira
DEPT-90 and DEPT-13%spectrum will distinguish which of the positivealis are tertiary.
A DEPT-45 can then be compared to a standd@ NMR to identify any quaternary
carbons. With individual peaks categorised as pymsecondary, tertiary and quaternary,

they can be more easily assigned to carbons inlecale (Bruch, 1996).

The binding of a guest and a host molecule to farrguest-host complex can also be
observed by NMR. When two molecules bind togethevan-der-Waals, the nuclei of the
atoms involved in the binding become more shieldedMR terms. This can be observed by

the shifting of a peak on the NMR spectrum when garad to the spectrum for the unbound

sample.

Unbound Bound
Changein
Chemical Shift =
0
9 8 7 6 5 4 3 2 1

Chemical Shift (ppm)

Figure 1.37 — The effect of intermolecular binding on the posi of a peak in an NMR
spectrum showing the unbound position (left) anaido(right).

An NMR titration can be performed where the guest the host molecules are combined in
varying quantities up to a 1:1 ratio (assuming that binding is 1:1). The peak shifting in
relation to the concentration change can then le=l us determine binding energy. In
addition to this, NMR binding studies can also shexactly where on the molecule the
binding has occurred. This is because only the pdakh represents a nucleus involved in

the binding will shift as a result of the interacti Once identified the atom or atoms involved

can be used to build up a picture of how the bigdocurs as well as any conformational
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change imposed on the host by the binding (Akitatddi, & Yamamoto, 2014; Hayashi,

Ujihara, & Kohata, 2004; Sheff, Lucius, Owens, &§r2011).

1.9.2 Infra-Red, and Raman Spectroscopy

Infra-red (IR) spectroscopy is a vibrational tecjud that uses light absorption at different
frequencies to determine the functional groups lamilds present within a sample. For the
purposes of this research IR spectroscopy will $eduo determine the structure of the new
resorcinarene compounds. Raman spectroscopy willsbd to determine that graphene had
been successfully produced. The technique utilisesscientific principle that certain bonds
will vibrate as they absorb a specific frequencya@pecific frequency range of light in the
infra-red spectrum of light (typically between 40@1000 crit). The IR spectrometer works
by first creating an interferogram consisting of fakquencies in the desired range. This
interferogram is then passed through the sampleshwhill absorb certain frequencies whilst
letting others pass through. The transmitted lighthen translated back into individual
frequencies using Fourier transform and plottedaafunction of transmittance against
frequency. The specific absorbance of differentcfiamal groups creates characteristic
bands. This allows for structural information abth# molecule to be determined, however

direct comparison with IR spectral databases igired for accurate molecular identification.

There are a number of different types of absorptibat can be seen, and these are
characteristic of the type of vibration that occursree common types of vibration leading to
adsorption are as follows; symmetrical stretch,nasgtrical stretch, and bend. These
vibrations occur when particular bonds (for exam@ldd) absorb energy at a specific
frequency. Most bonds are capable of more thantypeeof vibration, and therefore there is

often more than one band to indicate the presehagarticular functional group.
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IR spectroscopy is useful in organic synthesiset@ignine whether or not a reaction has been
successful by comparing the spectrum of the prodvithh that of the reactants and/or
intermediate products and looking for the disappees of characteristic absorbance bands.
An example of this is the disappearance of the pegitesenting the carbonyl when
synthesising resorcinarenes by the condensatigasoicinol and an aldehyde. Another use
of IR spectroscopy is to verify the removal of smits used in production, such as water.
Water has a characteristic absorption at around 356" and can often be difficult to
remove from hygroscopic material. However sincedlage a number of different functional
groups that absorb in this region it is necessatgdk at the shape of the absorbance as well

as the specific frequencies.

A similar technique called Raman spectroscopy ve®Ipassing a beam of monochromatic
light through a sample and scattering of the intideeam occurs. The scattering is inelastic,
meaning that it does not return to its originakestafter it passes through the sample. This
means that small changes in the frequency of #restnitted light can be detected and used to
determine certain properties of the sample. UnlRkespectroscopy Raman shows not only
what bonds are present in the sample but also gnfesmation about the intermolecular

forces involved. This makes it ideal for detectimigether or not the Van-der-Waals forces in

graphite have been sufficiently broken down to fgmaphene.

1.9.3 Dynamic Light Scattering

One of the techniques used in this research tordate the size of the graphene particles is
dynamic light scattering. Dynamic light scatteriiz).S) or photon correlation spectroscopy
(PCS) is a technique which relies on Brownian nmtibe random movement of particles or
molecules within a liquid or gas, to determine shee of particles smaller than a micrometer.
Brownian motion of a particle is caused by the nmoeet of adjacent solvent molecules. The

friction between the particle and the solvent affects this movement, and the larger the
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particle the greater the force of friction and $e tslower the movement. The basic
components of a DLS spectrometer are a He-Ne lasens and a photo detector. The data

obtained by the photo detector is then extrapolayea photon correlator (Goldburg, 1999).

The measurement is taken by passing a coherentanmatic beam of light through the
sample. Upon coming into contact with a suspendetigie with a diameter smaller than the
wavelength of light, the beam is scattered by amkgmount in all directions by Rayleigh
scattering (Goldburg, 1999; Malvern Instruments120 The speed of movement of the
particles is then detected as they pass througpatieof the light beam and this data can be
translated to give the hydrodynamic diameter of faeticle using the Stokes-Einstein

equation ( 1.3).

KT
4 =55 (1.3)

The Stokes-Einstein equation for measuring partgile by DLS (Malvern Instruments,
2012)

The terms in this equation are as follows:- therbgighamic diameter of the particle (d(H)),
the Boltzmann distribution constant (k), the absoltemperature of the sample (T), the

solvent viscosityr{) and the translational diffusion coefficient (D).

1.9.4 Total Internal Reflection Ellipsometry

Total internal reflection ellipsometry (TIRE) is aptical technique which can be used to
measure the dielectric properties of a thin fillncdn be used to characterise a number of
different surface properties such as compositiopjry level and electrical conductivity. In
this research TIRE will be used to determine filmtkness of deposited graphene thin films.
The technique relies on the surface plasmon resené®PR) phenomenon, where energy
from an incident beam of plane polarised lightihgtthe surface of a metal causes

electromagnetic waves known as surface plasmoarifmis to propagate through the metal.
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The SPR effect occurs at the boundary between #talrand the air/solvent and as such it is

highly sensitive to alterations in the surface.

The amount of light energy absorbed is dependerd nomber of factors; the thickness of
the metal layer (which remains constant), the aogl@cidence of the plane polarised light
and the composition of the metal surface. Changethe composition of the surface can
therefore be determined by altering the angle a@idence to maintain maximum light

absorption by the surface. The typical apparatu3 iRE is shown below.

Figure 1.38— Typical apparatus setup for a total interndlergion ellipsometer comprising
white light source (1), polariser (2), analyser, (Bhotodetector array (4), 6®rism (5),
Cr/Au coated glass slide (6), reaction cell (7).

Unlike traditional SPR, however, TIRE can detecarges in the polarity of the detected

light. This can make the technique up to 10 timesersensitive to surface changes than
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SPR. Additionally it allows for the thickness ofrface layers to be determined by fitting the
data to previously defined parameters. This makes useful technique for monitoring
deposition of a sample onto a substrate by LangBlogett, Langmuir-Schaefer, or Layer

by Layer deposition.

1.9.5 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is an arti@igl technique which is used to measure
phase changes (melting / evaporation) in a sanipt&an be used to determine the energy
involved in a calixarene or resorcinarene guest-hosplex. The measurement is taken by
heating the sample and a reference at the sameatichaith the same amount of energy. The
amount of energy required to increase the temperabfi the sample compared to the
reference is recorded and plotted onto a grapha Afase transition occurs, a positive or
negative peak will be seen representing the chanbeat flow as that transition occurs. The
change in heat flow is calculated by subtractirghbat flow in the sample chamber from the
heat flow in the reference chamber (or vice-verepedding on the equipment used). An

example of a DSC curve is shown in Figure 1.39.
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Figure 1.39— The thermal analysis curve for poly(ethylenepbtkalate) analysed by DSC.
The three phase transitions shown are as folloveft)(glass transition (Jj, (middle)
crystallisation (T) and (right) melting temperature {I (Pungor, 1995)

Whether a phase transition will give a positive riggative peak is dependent on the
instrument that is used for the analysis. The cones is to represent exothermic transitions
as positive peaks, with endothermic transitionsghg as negative peaks. The area under the

curve for each peak can be used to calculate tthaley change associated with a particular

phase transition via Equation( 1.4.

AH =K X A (1.4)

The equation used to calculate the enthalpy chahgegohase transition in DSC whexél is

the enthalpy change, K is the calorimetric constdirthe calorimeter and A is the area under
the curve (Pungor, 1995).

DSC is commonly used to characterise polymers agigrichine the relevant transition
temperatures for a new polymer material. Howevetlasr application is for binding studies,

typically of proteins (Celej, Dassie, Gonzalez, igiani, & Fidelio, 2006; Wasylewski,

2004), but the process could be used to assedsrttimg energy involved in a calixarene
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guest-host complex. The dissociation of a guest-lsosplex involves the breaking of
intermolecular forces in the same way as meltifgeréfore the specific binding energy, or
the amount of energy required to overcome the bmds the same as the enthalpy change. If
this value is given in Joules then a conversionlmnsed to give the binding energy in kCal
mol™, which is more convenient for comparison to a eatalculated from aim-silico model

(Section 1.8).

This technique has been used to analyse the th@nogérties of some calixarenes and their
guest-host complexes. Hajipour, Habibi & Ruoho @0wntionalised poly(acrylic acid) with

a calix[4]arene derivative for the purposes of ditg toxic heavy metals. The
functionalised polymers were analysed using DS@dt@rmine their binding affinity. The
study showed that the modified polymers had a greaffinity for their target than the
unmodified control polymer. Safingt al (2013) used DSC to measure the enthalpy change
associated with the collapse of a guest host coniplened betweenert-butylcalix[6]arene
and organic solvents / mixtures of organic solveftse binding energy involved in each
complex was then calculated from the area undeD®@ curve. Kunsagi-Mateét al (2005)
studied the inclusion complexation pfsulfocalix[6]arene withp-nitrophenol using DSC.
The study showed the complexation had a ratio &f With a strong binding energy.
However the measured Gibbs free energy of comptaxas small, resulting in a complex

with low stability.

1.9.6 Absorptive Stripping Voltammetry

Absorptive stripping voltammetry (ASV) is similaw tyclic and linear voltammetry in that
the output is a graph of current against voltage ABV, however, the analyte is first
adsorbed into the electrode surface during a presdration step and then oxidised or

reduced as the potential is ramped between twoepredl values. This technique is useful
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for the analysis of metal ions, and due to the @meentration step it can be used to quantify

lower concentrations than conventional cyclic oeér voltammetry.

1.9.7 Cyclic Voltametry

Cyclic voltammetry is a dynamic electrochemicalhi@ique that involves measuring the

current flowing in an electrochemical cell whena@emtial is ramped from one potential to

another and then back again to the starting patler#i non-polarisable reference electrode
provides a potential to allow the working and ceurglectrodes to be polarised with respect

to this reference potential.

In cyclic voltammetry, the voltage applied to tHeatrodes is swept between two valuesg (V
and \b) with a triangular waveform. The current is theeasured and used to generate a

voltammogram. Both of these are shown in Figur@.1.4

current
voltage

'—
Vs voltage

Vi

Figure 1.40 — The triangular waveform of the voltage sweepdute generate a cyclic
voltammogram (left) and the shape of a cyclic voltaogram (right) (University of
Cambridge, 2013).

The terms shown in Figure 1.40 are; anode poteliig), anode currentiy), cathode
potential €;) and cathode currentg]. For a reversible redox reaction (for example the
conversion of F€ to F€* and vice versa) the current on both the oxidagieak (forward

sweep) and the reduction peak (reverse sweep)haile a ratio of 1. Furthermore, an
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increase in the scan rate will affect both peaksulaneously. When the scan rate is
increased, the peak current will increase but thekpvoltage will remain in the same

position.

This increase in current is caused by the sizdefdiffusion layer. In electrochemistry, the
diffusion layer can be thought of as the area efahalyte solution immediately adjacent to
the electrode with the thickness dependant of abeunof factors. The diffusion layer
contains a concentration gradient of the analytechvis quantified. It is therefore, due to
oxidation/reduction by the electrode, the area hictv the concentration of the analyte is
different from that in the bulk solution. As theascrate increases the thickness of the
diffusion layer decreases because the analyte dsastime to diffuse close enough to the
electrode for a reaction to occur. The amount a@flyga diffusing towards the electrode is
known as the flux, and is directly proportionalth® measured current since the analyte is

directly involved in the electron transport frone thlectrode.

In summary, as the scan rate increases, the difflayer decreases. This means that there is
a smaller distance for the analyte to diffuse ®dlectrode and so flux increases, causing an
increase in the measured current. The effect obtlam rate on the voltammogram is shown

in Figure 1.41.
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Figure 1.41 — Effect of the scan rate on the appearance oydic voltammogram for a
reversible redox reaction (University of Cambridgé,13).

The shape of the voltammogram betwegrakd the switching voltage (the voltage at which
the direction of the sweep is reversed) can alsexipéained by the diffusion layer effect. As
the oxidation/reduction at the electrode reach&sniaximum rate a concentration gradient
builds up in the diffusion layer. This apparentmio concentration forces a slower rate of
electron transfer, since there is a diminished tiyamf analyte for conversion at the
electrode surface. At higher scan rates the peaterduincreases which corresponds to a
greater rate of analyte conversion making the aummnagon gradient at the surface of the
electrode larger. This means that the drop in atirbetween the peak and the voltage at

which the sweep is reversed is more pronouncedjaehscan rates.

Cyclic voltammetry can be used as both a qualgasind also a quantitative technique. The
voltage required to cause oxidation will be differdepending on the analyte. Therefore the
position of the peak current can be used to giwaitgdive information when compared to a

known value. This is classed as semi-qualitativeabse, as with a retention value in a

chromatographic technique, it cannot be assumedhbawo compounds are the same on the
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basis of the peak current. Quantitative informattam be gained by comparing the peak
current value to a calibration curve. Care mustaen when doing this, because as already

discussed the peak current value can be distoyt@ucbeasing or decreasing the scan rate.

1.9.8 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS), &smwn as dielectric spectroscopy, is
used to analyse the dielectric properties of a n@teA dielectric material is an electrical
insulator which, when exposed to an alternatingtetecurrent, takes on the properties of a
semiconductor. The alternating electric currentseaua polarisation effect within the
electrode surface, whereby positive charges amentated towards the field and negative
charges orient away from the field. This alters éhectrical field within the material by
creating an internal field different to the extdriiald. The result is that the impedance of the
material from which the electrode surface is composhanges dependant on the frequency

of the applied alternating electrical current meadun Hertz (Hz).

Dielectric spectroscopy measures the impedanceéterial over a range of frequencies.
This data is then plotted as either a Bode plah winpedance on the y axis and frequency of
the alternating electrical current on the x axisa dNyquist plot, with capacitance (a measure
of charge build-up between two conducting platgsasged by and insulator) on the y-axis
(Z) and impedance (the resistance of a circuiaroalternating electrical current) on the
x-axis (Z°). The Nyquist plot takes the form of amscircle whereas the Bode plots are

sigmoidal curves. An example of the different plistgiven in Figure 1.42.
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Figure 1.42 —Different data plots for a dielectric spectroscagyperiment; (A) Bode plot of
impedance, (B) Bode plot of phase angle, (C) a @wesentation of a Nyquist plot showing
frequency, (D) a standard Nyquist plot (Bandarer2Gi 3).

The Nyquist plot can be used to measure the elet¢tamsfer between the electrode surface
(composed of the material being studied) and thelianén which is it is conducted.
Ferro/ferricyanide solution is often used as itdigaswitches between the oxidised and
reduced forms and can be used as a standard tcacemifferent surfaces. Electron transfer
measurements are obtained by extending the Nyglostto complete the semicircle then
measuring the diameter of that semicircle. Thisaghthe resistance to electron transfer for a
given electron surface. Figure 1.43, below, depg&tsepresentation of a Nyquist plot
comparison between two different electrode surfasedysed in 10 mM ferro/ferricyanide.
From the figure it can be seen that graphene offardess resistance (3.18k to the

electron transfer than the bare carbon electro@®.$1Q). This plot shows that the graphene

modified electrode offers enhanced conductivity pared with the carbon (Langford, 2013).
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Figure 1.43— Nyquist plot showing the difference in electt@nsfer resistance between a
screen printed carbon electrode (SPE) and an SRedowith graphené_angford, 2013)
The higher values of Z™* (capacitance) essenti@present a higher charge at the electrode
surface. This is relative to impedance, which is thsistance of an electrical system to
alternating current. As the impedance increaseshtiaege build-up, or capacitance, of the
surface increases to a point where it passes adrcliaage to the analyte in solution. This is

why a sharp drop is shown in capacitance as thedance continues to rise.

A Bode plot of frequency against impedance can laésased to characterise the conductivity
of the material. When comparing two different elede surfaces, the starting impedance
shows the comparative conductivity of the two stefa An example of this is shown in

Figure 1.44.
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Figure 1.44— Bode plots of impedance against frequency farparison of a screen printed
carbon electrode (SPCE) and a graphene coated rel@etwith ferri/ferrocyanide as the
analyte(Langford, 2013)

In this example it is clear that the graphene abatectrode exhibits much lower impedance

than the bare carbon electrode. This shows thathgree is a better facilitator of electron

transfer than screen printed carbon alone.

1.9.9 Langmuir-Blodgett Films

Langmuir-Blodgett (LB), named after physicists hgiLangmuir and Katherine Blodgett, is
a technique involved in the study of thin films amdonolayers. Langmuir-Blodgett
techniques will be used in this research to prefiang graphene and resorcinarene films for
study. A Langmuir-Blodgett trough consists of awnk of water with a known area, a
moving barrier and a sensor to measure surfacesymeesin millipascals (mPa). The
compound being studied is dissolved in a solveat Will not mix with the water and spread
very carefully onto the surface of the water withpenetrating the water surface. If the water

surface is broken then the solvent can drop tohbibom or the compound can simply
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dissolve in the water. The concentration shouldole enough so as to form only a single
diffuse layer. Once the solvent has evaporatedb#neer is moved across the water surface,
compressing the patches of monolayer into a sirgglatinuous monolayer. As this
compression occurs the surface pressure begimsetamtil the monolayer becomes unstable.
At this point the monolayer will collapse, eithey Bbrming a bilayer on the surface or
dissolving in the sub-phase. The monolayer collagsaccompanied by a sharp drop in
surface pressure. The maximum pressure that a ensrolill reach before collapse is
dependent on the molecule being studied. If a knoovnitentration is used, and the molecular
weight of the compound is also known, then the pe¥amolecule can be calculated using the

area of the monolayer at its maximum pressure.

Langmuir-Blodgett films can be produced for a numiedifferent reasons. One of the most
popular is for depositing a single layer or a coltéd multi-layer coating into a substrate for
studies using other methods (such as infra-redtisgseopy or elipsometry). There are two
common methods for doing this. In both methodsntio@olayer is compressed to a specific
surface pressure, which is maintained throughoet éRperiment. This is achieved by
constant compression of the monolayer in respomsany pressure drop. The compressed
monolayer can then be transferred by either thegimanr-Blodgett technique or the

Langmuir-Shaefer technique.

In Langmuir-Blodgett deposition, the substrate ijgpdd into the water vertically and then
withdrawn. This technique causes a layer to be sisggbon the way down and the way up,
and the layer is deposited onto both sides of tistsate. A variation on this technique is to
lower the substrate into the water before compoessif the monolayer. In this way
withdrawing the substrate through the compressedotager will give a single layer onto

both sides of the substrate.
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There are three different possible types of LB d#&mm known as X-, Y-, and Z-type

deposition. X-type deposition is where depositionurs on the down stroke only resulting in
a monolayer with the hydrophilic surface facing veartds. Y-type deposition is where
deposition occurs on both the upward and the dowhwstioke, resulting in the formation of
a bilayer. Z-type deposition is where depositioouss on the upward stroke only resulting in
a monolayer with the hydrophobic surface facingvautls. In both x- and z- type deposition
it is possible to form a bilayer, however the meutim by which this occurs is not fully

understood (Peng, Ketterson, & Dutta, 1988).

The Langmuir-Shaefer (LS) technique for depositangnonolayer involves dipping the
substrate horizontally into the trough, touchingently against the surface of the water. The
substrate is then removed from the surface, leaaingpnolayer deposited onto only one side.
Pressure is more important for this technique, fathe monolayer is not sufficiently
compressed it will just move out of the way whea slubstrate makes contact and it will not

be deposited successfully.

The choice of technique depends on the type ofrapé#tat is required as well as the desired
orientation of molecules on the surface. Since tachnique only works effectively with
amphiphilic molecules, it stands to reason thattlo@olayer will be composed of molecules
all standing with the hydrophobic regions pointiqgvards away from the water. Therefore,
a single layered deposition by the Langmuir-Blotdgetthod will provide a coating with the
hydrophobic area of the monolayer exposed, whedeassition by the Langmuir-Shaefer

method will give a monolayer with the hydrophiliea exposed.
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1.10 Aims and Objectives

1.10.1 Project Aims

The principle aim of this research is to develgeasor or sensors comprising resorcinarenes
with a conductive base of graphene for detectionasfous compounds; electrochemically
active amino acids (tyrosine, tryptophan, and pletagine), blood based components
(dopamine in the presence of other electrochemyieallive species such as acorbic acid and

uric acid), and nucleotide bases (adenine, thyngoanine, cytosine, and uracil).

The sensor platform will use a technical basis letteochemistry in the form of cyclic
voltammetry. Additionally to create a novel semteamnated method for synthesis of
graphene by sonochemical exfoliation that will lismie the production of graphene-

surfactant complexes.

1.10.2 Project Objectives

In order to achieve the above stated goals thearelseproject is designed to meet the

following objectives:

* To design and build a bespoke apparatus for thei-setomated synthesis of

surfactant stabilised graphene.

» To create and characterise composites of graphtielised by a positively or

negatively charged ionic surfactant.

* To investigate the fabrication of thin films of gtene-surfactant complexes using

Langmuir-Blodgett and electrostatic layer-by-lageasembly.
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To optimise the fabrication and electrochemicalatgiggies of the newly created
composite materials in terms of starting materi@hcentration and electromotive
force of the deposited material on an electrodéasar

To analyse the detection capabilities by cyclictaimimetry of the above mentioned
composites using tyrosine, tryptophan, phenylalndopamine, ascorbic acid, uric

acid, adenine, thymine, guanine, cytosine, andilurac

To design a resorcinarene based binding molecuiegumolecular modelling

techniques to act as a selective binding ligancésorption onto graphene sheets.

To synthesise the above mentioned resorcinarenevalihate thein-silico model

using NMR spectroscopy.
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Chapter 2  Production and Characterisation of

Graphene



21  Introduction

Since its initial discovery and development by Neeslovet al graphene has been of great
interest to the scientific community due to itsemststing optical and electrical properties.
Graphene is defined as a single layer &f lgbridised carbon with no™3dimension. The
double bonded structure of graphene is responfibkiie electrical properties of the material
as the movement aftbonds between adjacent carbon atoms can be usednsmit an
electrical current. Because of this electrical\aitiin particular, graphene is being examined
as a base material in a number of different aptina including sensor applications, for use

in flexible electronics and graphene based prietatis for printed electrical circuits.

Graphene has reportedly been produced in a nunilsifferent ways. The method chosen
for this research is by sonochemical exfoliationvater in the presence of a surfactant, as
reported by Notlewt al. This method was chosen for a number of reasasflyf it does not
require the use of hazardous chemicals such asimoditrate, sulfuric acid, potassium
permanganate and hydrazine hydrate, which are insin@ oxidation of graphite to graphite
oxide and then reduction to graphene. Secondlyudrantees single-layer or few-layer
graphene, rather than the potential for larger pectglor graphene sheets with an uneven size
distribution that might be produced in other tegugis such as mechanical exfoliation (the
“scotch tape” method). The sonochemical method gaased out using a semi-automated

apparatus designed specifically for the purposekisfresearch.

The properties of newly synthesised graphene shoeildetermined before its application to
these new technologies. The presence of graphenieeceerified using Raman spectroscopy,
with characteristic peaks showing at 1324 camd 1612 cil in addition to the peak at

1576 cn in pure graphite. The size of the graphene flal@sbe determined using dynamic

light scattering (DLS). Size and shape of graphislees can be further examined using
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scanning electron microscopy (SEM) and atomic fenieroscopy (AFM). Concentration of
graphene in solution can be determined using UV/Sfiectroscopy and applying the
Beer-Lambert law, where the extinction coefficiewf graphene in solution is
13.9 mg mf- cm* at 650 nm as reported by Fanal Stability of monolayer membranes can
be studied using Langmuir-Blodgett films. The Nacl®©verhauser effect, which is present
in nuclear magnetic resonance (NMR) spectroscagy,be used to determine the amount of
contact between the surfactant and the grapheret. Shais is achieved by observing peak
shifting which occurs when two nuclei are withid®f each other. These techniques will be

used to determine the quality of the newly synsesigraphene.

In this chapter a semi-automated technology of lggap production by sonochemical
exfoliation of graphite in the presence of ioniafaatants is described in detail. The
composite graphene-surfactant materials produced @earacterised with NMR and Raman
spectroscopy to confirm the formation of graphéren films of graphene composites were
deposited using the techniques of Langmuir-Blod@e®®) and electrostatic layer-by-layer
(LBL) deposition. Films composed of these new geaqghcomposite materials were then
characterised using SEM, AFM, and spectroscopipsainetry. The study of SPR in gold
films coated with graphene using total internaletfon ellipsometry was carried out for the

first time.

The graphene produced in this section will subsetlyi®e utilized as an electrode coating,
to be applied to screen printed carbon electrodieese electrodes will then be used to
enhance the detection of compounds by a combinafi@ectrochemical detection methods
such as cyclic and linear voltammetry. This chafiens the basis for a journal article in the
Beilstein Journal of Nanotechnology. At the timepointing this article was accepted for

publication but not yet released.
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22 Materials
Graphite powder and sodium dodecyl sulphate (SD&Ewbtained from Fisher Scientific
(Loughborough, UK). Cetyl trimethylammonium bromid€TAB) was obtained from

Sigma-Aldrich (Poole, UK).

Ultra-pure (18 M2 cmi’) water was produced using a Milli-Q water purifioa system

obtained from Millipore (Tokyo, Japan). Freeze dgyiwas performed using a ScanVac
CoolSafe freeze dryer from Labogene (Lynge, Denindtkngmuir-Blodgett flms were

prepared using a NIMA Langmuir-Blodgett trough (NAM'echnology, Coventry, England).
Nuclear magnetic resonance spectroscopy was pertbron an Ascend 400 NMR
spectrometer running TopSpin analysis software K8ruBillerica, Massachusetts, USA).
Atomic force microscopy was performed using a Naops llla (Digital Instruments

(Bruker), Billerica, Massachusetts, USA). Sonicatiof graphite was performed using a
UP50H Ultrasonic Processor (Hielscher Ultrasonlestow, Germany). Pumping of agueous
surfactant was performed using a Gilson peristgtienp (Gilson Scientific Laboratory
Supplied, Hessle, UK). Spectroscopic ellipsometrgswperformed using an M2000

ellipsometer (J. A. Woollam, Lincoln, USA).

2.3  Automated Sonochemical Exfoliation of Graphene

Two different surfactants were used to synthesisphgene-surfactant complexes; sodium
dodecyl sulphate (SDS) and cetyl trimethylammonilomomide (CTAB). Firstly the
surfactant solutions were prepared by dissolvingvater. The SDS solution was made to a
concentration of 462.9 mg thiwhile the CTAB solution concentration was made ap t
49.7 mg mt. These solutions were prepared and then placedintater bath heated to°80

to aid dissolution.
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Once dissolved, the surfactant solution was placgd the surfactant reservoir of the
synthesiser. This solution was then pumped intordaetor via a peristaltic pump during
synthesis at a rate of 3& min™ giving an addition rate of 16.2 mg riiffior the SDS and

1.74 mg mift for the CTAB. The addition rate was crucial to ntain a surface tension of
41 mJ nf, which is both the optimum surface tension forphene production and also the
surface free energy of graphene. The graphite ssgpe (10 - 50 %) was then placed into
the reactor, and sonicated continuously for 120utes at a power of 50 W. A total of 3.15
ml of surfactant solution was added in each cass éwve course of the synthesis. The
sonication step was carried out in a high aspeet mocess (HARP) fume cabinet, as an
aerosol containing potentially harmful grapheneapamticles is produced at this stage. A

schematic diagram of this apparatus is shown béfogure 2.1).

Data
Logger

it &

Figure 2.1 -A schematic diagram of the apparatus used to sgiglygaphene. (A) surfactant
solution, (B) peristaltic pump, (C) heat, (D) uls@nic probe, (E) reactor, (F) water, (G)
magnetic stirring unit,(H) sampling loop, and (hg@ometric flow cell.
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The apparatus was designed to alleviate the timetnts of the Notley method. In that
method, solid surfactant must be added every 5 t@snwhilst continuous sonication is
carried out. This method with its continuous additiof aqueous surfactant eliminates the
need for constant supervision of the process a$ agelproviding the reproducibility of
automation. This is only semi-automated, howeverfull automation would require the
monitoring of surface tension throughout the sysith@s well as automatic adjustments to

the surfactant flow rate to maintain this at thguieed level of 41 mJ ih

24  Methods
In this section the methods for the production rabierisation and usage of graphene will be

described.

24.1  Production of Graphene-Surfactant Complexes

The function of the apparatus (schematic showrigare 2.1) for the production of graphene
is explained thusly. The aqueous suspension ohgepowder is placed into the reactor (E).
The graphite is kept in suspension throughout tbhequure using a magnetic stirrer (G). The
ultrasonic probe (D) operating at a power of 50 p&hetrates approximately 1 cm into the
graphite suspension. The surfactant solution (A)usped into the reactor via a peristaltic
pump (B). The reservoir containing the surfactard the tubing carrying it to the reactor are
heated to 5T in a water bath (C) to prevent precipitation lué surfactant from solution in
the tubing. A water trough (F) is used as a headt & dissipate any heat produced in the
reactor during synthesis, as the tip of the ultnas@robe can reach temperatures of up to
10°C during continuous operation. The heat sink igresti continuously, also using the

magnetic stirrer (G), to maximise cooling efficignc
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A sampling loop (H) continuously cycles the liquabntents of the reactor through a
photometric flow cell (I) which determines the centration of graphene by measuring

absorbance at 650 nm. The concentration datarnsrdo®rded using a data logger.

Upon completion of the 120 minute cycle, the cotg#esf the reactor were removed and
placed into a 50 ml centrifuge tube and spun aD3IPM for 20 minutes. The supernatant
was then removed and the pellet (containing maostiseacted graphite as well as some
precipitated graphene) was re-suspended in 40 mdtedbnised water. This was then
centrifuged at 3500 RPM for 20 minutes. This precsas repeated until no more graphene
was contained in the supernatant. If a dry sample nequired, then the graphene suspension
was frozen and then placed into a freeze dryerdgabe) for 3 — 4 days (depending on the
sample size) and then subsequently into a vacuwem at/76C overnight to remove all traces

of water.

24.2 Initial Characterisation of Graphene Solutions

Before freeze drying the graphene solutions wese dinalysed by UV/vis spectrophotometry
and dynamic light scattering to determine theirasoriration and particle size respectively.
The concentration of the graphene solutions wasrahted by recording the absorbance of
the graphene at 650 nm and multiplying by the efitim coefficient (13.9 mg il cm™)
according to the Beer-Lambert law. The averagdagbarsize was also estimated by diluting
the sample to give a particle count rate of appnately 200 counts per second by the

analyser.

243  Spectroscopic Analysisof Graphene
Graphene from the third graphite washing step odsvaras collected together and dried as
detailed above (Section 3.4.1). The first wash #@a&dinitial supernatant were not used for

spectroscopic analysis because they contained langaunts of unbound surfactant that
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would interfere with results. The graphene-surfisic@omplex used for analysis contained

50% graphene and 50% surfactant. This was the stigitainable purity.

Raman spectroscopy was performed using an InViaaRakticroscope (Renishaw) with a
wavelength of 532 nm. The dry graphene powder wesspd between two glass microscope
slides which were gently rubbed together to formesy thin layer of powder. The Raman
spectrum was then measured between 100 — 3200 Antontrol was performed using

graphite powder for comparison.

NMR spectroscopy was performed using an AscendNI®R Spectrometer (Bruker). For
the NMR sample great care was taken to ensureathaf the water was removed before
analysis. This is because the surfactant’s poladhgroup is capable of binding water
molecules which are not removed by freeze dryimpel The graphene samples were then
dissolved in RO and the NMR spectrum was recorded. Due to thetfat this was a
stabilised suspension not a true solution 32 seeer® performed to get a good quality

spectrum. The spectrum of the surfactants alonealgasrecorded for comparison.

244 Analysisof Graphene Monolayersand Multilayers

The electrical properties of graphene are bestrebdewvhen a single layer (monolayer) of
graphene is used. This is because the electronifi@enfined to a 2 dimensional plane and
therefore the loss of electrons in tH& @mension does not occur. There are numerous ways
to deposit coatings onto a substrate; layer-byrlagf@n coating, sputter coating etc. However
all of these techniques do not necessarily progideonolayer. To obtain a true monolayer
(i.e. with no molecular third dimension) a Self-Astbled Monolayer (SAM) could be used
which relies on semi-irreversible interactions afletules with a surface (e.g. a SAM formed
by the interaction of thiolated molecules with goliihe Langmuir-Blodgett technique is a

technique which is used to create a monolayer amaphiphilic molecule (containing of both
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hydrophobic and hydrophilic regions) by interactmma water surface. This is not strictly a
SAM since the interaction is fully reversible. Thechnique is described in more detail in

Section 3.4.4.1.

The stability of these films must then be analysederms of their optical properties,
electrical properties and physical/mechanical priog® The various techniques and methods

used for this are described here.

24.4.1 Preparation of a Langmuir-Blodgett Film

Both composite materials obtained, e.g. Graphe@aAB and Graphene(-)SDS, were
soluble in water due to the presence of ionic gspifMe™ and S@ respectively. Yet, the
presence of alkyl chains amdsystems facilitated their solubility in chlorofoyrhence the
use of Langmuir-Blodgett (LB) technology (Nima 6frdugh) was possible for thin film
deposition. The standard LB procedure was appledolution of graphene(+)CTAB in
chloroform (1 mg mf, 100pL) was spread onto the surface of deionised watéligore).
Surface pressure was then recorded using a Wilhglatg based sensor. Because of the
unknown ratio of graphene / surfactant within tbenplex the area per molecule (or repeated
unit) was difficult to calculate, so the actual amas presented, in units of tnTypical
surface pressure vs. area diagrams of graphensetamf composites were used to show the
formation of a stable monolayer on the water safemmilar to that found for classical
amphiphilic compounds. Consecutive compressiorth@imonolayer were performed to test
the durability of the monolayer and to show anyeptial losses of material caused either by

the monolayer collapse or dissolving of the maténiavater.

The surface pressure of the compressed monolayemeasured, and the pressure at which
collapse of the monolayer occurred was noted. Aelopressure was then chosen for

deposition by Langmuir-Blodgett and Langmuir-Scleaefmethods onto either a glass
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microscope slide or a silicon wafer. For this dépms the monolayer was continually
compressed via a feedback circuit so that the saifimessure was kept constant throughout
the procedure. Different surface pressures werd @sedifferent depositions. Deposition
was confirmed by a drop in the surface area ohtbaolayer coinciding with the movement

of the substrate.

24.4.2 Electrostatic LbL deposition

Graphene multi-layered structures were createdguairsimple technique of electrostatic
layer-by-layer (LbL) deposition, a well-establishégchnique developed first for poly-
electrolytes and later adapted for deposition bEpbbjects, i.e. nanoparticles, biomolecules
(proteins, antibodies, enzymes, DNA, etc.). Mujeed films of graphene were deposited
onto gold coated glass microscope slides by altieigpdayers of a graphene-surfactant with
oppositely charged polyelectrolytes, e.g. graphed®[AB layers alternated with
polyanionic layers of polystyrene sulfonate sodisait (PSS), while graphene(-)SDS was
alternated with layers of polycationic species saslpolyallylamine hydrochloride (PAH) or
polyethyleneimine (PEI). Alternating layers of gnape(-)SDS and graphene(+)CTAB was
also attempted. The films were deposited by conseculipping of gold coated glass or
silicon wafers into solutions of the above chensicll mg mf") in deionised water. An
incubation time of 20 minutes was used to allow dach subsequent layer to stick to the
previous layer. Gold coated glass slides were disoctionalised with cystamine
hydrochloride to make the surface positively chdrgdth the intention of strengthening the
first deposited layer. The mutlilayered films ob&d were then characterised with scanning
SEM combined with EDX (energy dispersing X-ray)neémtal analysis (SEM NOVA) and

AFM.
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3.4.4.3 Atomic Force Microscopy

Graphene was deposited onto a silicon chip by thegmuir-Schaefer method whilst
maintaining a constant monolayer surface pressub eanPa, as determined by analysis of
the monolayer stability, or the layer by layer neethat a concentration of 1 mg Tl
Regardless of the deposition method, the silicop etas then washed by immersion in
deionised water to remove any unbound surfactam fthe chip surface. The chip was then
left to air dry, as drying with a stream of nitrogappeared to remove the graphene from the
surface. The dry chip was then placed into the AfN\noscope llla, Digital Instruments)
which was operated in tapping mode, using Veectilegars with silicon nitride tips having

a radius of less than 10 nm, with the automatic ssssist regime. The operating frequency
was approximately 75 kHz. The typical scan rate Wa$iz. Oscillation amplitude 2
dimensional images were recorded and then the Badievare was used to create pseudo 3
dimensional images and to perform line analysiasehmages were also recorded, where the

contrast of the image was related to the hardnietbe anaterial surface.

24.4.4 Ellipsometry Studies

Ellipsometry was performed according to techniguegsrted by Azzam and Bashra (2003).
UV-vis spectra of graphene-surfactant samples agegufeless showing almost constant
absorbance over the spectral range of 350 - 800wimie the main absorption band of
graphene lies in UV at about 280 nm. Thereforejcaptproperties of novel graphene-
surfactant composites were studied via spectroscaipsometry using an M2000
ellipsometer (J. A. Woollam) operating in the 371000 nm spectral range. The
measurements were performed on graphene-surfaddamt deposited onto different
substrates, i.e. glass microscope slides, silicafers, and gold-coated glass microscope

slides.
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The thickness valuesd) and dispersions, e.g. spectra, of refractive xndad () and
extinction coefficientK) of graphene films can be found by fitting theabéd spectra to a
model using dedicated J.A. Woollam software. Ii$ fharticular case, the simplest model of
the reflecting system consisted of the followingurfdayers: (1) Si substrate (optical
parameters of which, e.g. dispersion functionsnadndk, are taken from J.A. Woollam
library of materials); (2) the layer of native ogidSiQ) which is typically present on the
surface of Si; (3) the deposited layer of PAH/gexpd(-)SDS; and (4) the ambient layer, e.g.
air. The fitting was then performed by calculatiihg values o andA at every spectral
point using the Fresnel equations for the abovieatg system, and then comparing the
calculated spectra with the experimental ones lgutaing the error function. One of the
least square techniques was used to minimize tha éunction; the values ofl, and
dispersions oh(A) andk(A) for the unknown layerat which the minimum achieved, is the

outcome of the fitting.

The fitting for the thickness of the native Si@yer was performed first using the data for the
bare Si substrate. The parameters of,3&Pers obtained were then fixed for consecutive
fittings. For fitting ellipsometry data of graphenayers several possible models were
considered and tried; the best results were actiiew@ng a simple model of Lorentz
oscillator available in the J.A. Woollam data as#@ysoftware which is given below

(Equation (2.1) as a dispersion function of a complex dieleqteemittivity £ (hv):

_ A
E(hV)—flm +;Ek2_(hv)2_j8khv (21)

where £, is the dielectric permittivity at infinitive frequncy, E  , A , and B, are,

respectively, the position, amplitude, and halftwidf k-Lorenzian peak; there could be a

number of peaks from 1 to
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The best fit was obtained with the use of a sirigleenzian oscillator with the following

parametersg,, = 131 E, = 0625eV; A = 1759(eV)? B, = 386eV.

2445 TIRE study

The surface plasmon resonance (SPR) phenomenostudied using the method of total
internal reflection ellipsometry (TIRE). The TIREperimental set-up was built based on a
J.A. Woollam M2000 spectroscopic ellipsometry instent in which the light is coupled into
a thin gold film deposited on glass through & fBsm providing total internal reflection
conditions. The cell attached underneath allowssmements in different media. Scans were
performed between wavelengths from 400 — 1000 nime. &dvantage of using TIRE is in

10-fold sensitivity enhancement as compared tattoadl SPR (Tompkins, 2005).

The samples were constructed by electrostatic Léyhodition (Section 3.4.4.2) of PEI and
graphene(-)SDS on chromium/gold coated glass noopmsslides. The results, in termsif
and A, were plotted against incident light wavelength. @eof W resemble a traditional
SPR curve with the maximum angle correspondingtalitions of total internal reflection of
light, while the minimum angle is the SPR itselhelspectra ofA, which do not exist in
traditional SPR and represent a new phase angéedetharacteristic, show a sharp drop

near the resonance wavelength.

In the model for TIRE data fitting the top layermfaient) was glass (BK7); the

chromium/gold layer, which was fitted separatelgd ahe parameters for this were kept
constant for subsequent data fittings. For the g?&phene(-)SDS film the substrate was
water since the reaction cell was filled with waféitting was not as easily achieved as with
conventional ellipsometry and the best results vemigieved when using a random fit for

graphene layers.
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25 Results and Discussion

The results from the graphene research are distiese. These include the production and
characterisation by various techniques, such asrdimlight scattering, nuclear magnetic
resonance spectroscopy, Ramen spectroscopy, Lan@hodigett monolayer techniques,

atomic force microscopy, and spectrophotometry.

251 Initial Characterisation of Graphene Solutions

Graphene(-)SDS was produced and the absorbanceeasired at 650 nm. By applying the
Beer-Lambert law with an extinction coefficient £8.9 mg mf cmi' the concentration of
graphene in solution obtained from each surfacémarying initial graphite concentration
was calculated. The graphene concentration relativihe initial graphite concentration is

shown in Figure 2.2.
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Figure 2.2 - Effect of initial graphite suspension concentratin water on final graphene

concentration after sonication for 120 minuteshie presence of different surfactants.

The average particle size of each composite mateaa also determined by dynamic light

scattering (DLS). The results are shown in FiguBe 2
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Figure 2.3 —Dynamic light scattering results for graphene(-)SB& graphene(+)CTAB
showing a particle size of 214.2 +10.4 nm (withadydispersity index of 0.405 +£0.037), and
264.5 £4.967 nm (with a polydispersity index &3 +0.023) respectively.

The results show that the graphene sample produsied CTAB contained slightly larger
graphene flakes and also had a lower standard taeviand polydispersity than SDS
stabilised graphene. This suggests that the siteildition within the positively charged
graphene is lower than that of the negatively ob@rgraphene. It is likely that the size
distribution of flakes within any given graphenengde will be large. This is because (even
assuming cuboidal particles of relatively uniforimze3 the plane of the graphene sheets
within graphite is unlikely to be perpendicular ttee flat face of the particle. A possible
explanation for the smaller particle size in thapjrene(-)SDS could be the lower efficacy of
SDS as a surfactant compared with the CTAB. Thisuldvoalso explain the lower
concentration of graphene being produced with thigfactant, since the starting

concentration of graphite and the surface tensfdhewater is the same in the synthesis of
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both samples. The lower efficiency of the SDS asréactant might cause the slightly larger
flakes of graphene to fall out of suspension dudegtrifugation, whereas the CTAB is able

to hold these larger flakes in suspension througti@uprocedure.

25.2  Spectroscopic Analyses of Graphene

The sample was analysed using Raman microscopgteyndine the presence of graphene
and by nuclear magnetic resonance spectroscopyhdtyse the interaction between the
surfactant and the graphene surface. The resuwtgigen below. Raman microscopy was
performed at Birmingham University in collaboratienth Dr Isaac Chang and Dr Shei.
Nuclear magnetic resonance was performed at Shieffiallam University in Collaboration

with Dr Simon Turega.

2521 Raman Spectroscopy
Figure 2.4shows intense peaks at 13507c(®) and 1620 cil (G & D). Additionally the
peak labelled 2D is slightly broader, between 265@700 cni. This is indicative of

graphene flakes with a high number of edge defétusnget al, 2013).
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Figure 2.4- The Raman spectrum of surfactant stabilised lgeae (red) compared with the
spectrum of graphite (blue).
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The G band is present in all’spybridised carbon materials, and is caused bycsirey of

the C-C bond. The reduction in intensity in thepip@ne spectrum compared with the

graphite spectrum is caused by the reduced nunibayers. The D and D’ bands are caused
by disorder in the graphene flakes. The D’ bangresent when there are surface defects,
such as charging or other impurities adsorbed th@surface. The D band is caused by edge
defects such as a “zig-zag” or “chair” shape on #uge. Edge defects provide an

enhancement to electrochemical systems by incrgdletotal capacitance of the electrode

surface. Both the D & D’ are not present in pristgraphene with straight edges.

The 2D band is also present in man§ Ispbridized systems and can be used to estimate the
number of layers. However the intensity is alsoehelant on the excitation laser frequency

and so cannot be solely relied upon.

25.2.2 Nuclear Magnetic Resonance Spectroscopy

The 'H-NMR of the graphene-surfactant complex, when cameg to the'H-NMR of the
surfactant alone, shows a change in the chemiall ghpeaks representing hydrogens
involved in the complexation interaction (Figur&)2.The data shows a peak shift towards
the left for almost every peak. This is a shieldafigct caused by the delocalised electrons in
the graphene sheet which only occurs when the pristin close proximity (less than 5 A)
and involved in Van-der-Waals interactions. Thiggasts that the hydrophobic chains of
each surfactant lie flat against the graphene shigetthe exception of carbon-1 (the carbon
attached directly to the polar head group), whlpulled away from it by the polar head
group and therefore does not undergo as much tiieddmg effect in the SDS-graphene

complex.
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Figure 2.5 - The'H-NMR of the graphene-surfactant complexes (bloe)SDS (top) and

CTAB (bottom) stabilized graphene compared withstivéactant alone (red).

Additionally, for the CTAB-graphene complex, two thie methyl groups on the quaternary
amine are interacting with the graphene sheet. Bhishown by the splitting of the peak

representing them into three peaks. This interactiauses the CTAB to lie much flatter

against the graphene than SDS, resulting in thargwad being pulled closer to the sheet.
This is why the peak for carbon-1 in the CTAB-grapé complex is displaced further

towards the left than its equivalent in the SD®itited graphene.

The peak representing carbon-1 in SDS (at aroungdpeh) is shifted downfield by
complexation with the graphene. This means thaptbéons are deshielded by the presence
of the graphene. Since the carbon-sulfur bond liarfgbe electron density around the carbon
atom is already lower than it would normally beitfwere in a carbon-carbon bond.
Repulsion between the graphene and the sulfatgogmouid cause lengthening of the carbon-
sulfur bond. This could in turn lead to a lowerotden density around the proton nuclei

responsible for the shift in this peak.
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3.5.3 Analysis of Graphene Monolayers

The monolayers produced using Langmuir-Blodgethrieques were analysed by various
techniques such as spectrophotometry, atomic faiceoscopy and total internal reflection
spectroscopy. The data from these analyses ismiegs@ere. This work was performed at

Sheffield Hallam University in collaboration withrd?essor Alexei Nabok.

2531 Preparation of aLangmuir-Blodgett Film

The graphene(-)SDS monolayer that was formed cs#ld@t a much lower surface pressure
than its positively charged counterpart. This metrdt deposition was not possible.

However, as shown by the decompression and substegeeond compression cycle in

Figure 2.6, the compound on the water surface dgregate into a monolayer. This is

obvious by the fact that the surface pressure doepsv the initial surface pressure after the
compound was spread onto the water surface andtlasgradient of the second curve

compared to the first.

1st
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Figure 2.6 — Langmuir-Blodgett film of graphene(-)SDS showthg change in surface
pressure associated with reducing area for two ecnoive compression cycles.
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The monolayer collapse at 3 & 4.5 mPa respecticelyld be due to either the graphene
composite dissolving into the water sub-phase emtbnolayer folding to form a bilayer or a
multilayer. Given that the negative charges ongtremhene should repel each other and the
surface pressure value did not rise higher tharPa ihis more likely that the compound has
dissolved into the sub-phase. This could be duéh¢éoshorter carbon chain on the SDS
compared with that of CTAB (12 and 16 carbons respely), making the graphene(-)SDS
more soluble than the graphene(+)CTAB. Greaterbdlityy of the graphene(-)SDS could

also be due to the slightly smaller size of thes@lgene flakes.

In contrast to this, the graphene(+)CTAB samplentxt a stable monolayer up to 30 mPa
(Figure 2.7). Four repeat cycles were performeth wycles 2, 3 & 4 being almost identical
and cycle 1 only differing from these by a smalloamt which is expected during an initial
compression. The monolayer finally starts to caapt approximately 30 mPa. In this case
the monolayer collapse could be due to either naysolfolding or the graphene dissolving

into the sub-phase, however further investigatsorequired to be certain of the exact cause.
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Figure 2.7 — Langmuir-Blodgett film of graphene(+)CTAB shogvithe change in surface
pressure associated with reducing area for fourssmutive compression cycles.
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Deposition was then performed at 25 mPa. This sarfaressure was chosen in order to
guarantee a single layer of graphene was deposited. cannot be guaranteed at higher
surface pressures as the monolayer might haveedtant collapse, forming bilayers or

multilayers.

The graphene monolayer was deposited onto a dldssby the Langmuir-Blodgett method,
with 60 deposition cycles being performed. The lmog-Blodgett trough was set to
maintain the surface pressure at 25 mPa by cont;vgompression. Figure 2.8 shows the
deposition process with the surface area of theatager decreasing (blue) as the glass slide

moves through it (red) with 30 mm being fully subvges.
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Figure 2.8 — The deposition of graphene(+)CTAB monolayer antglass microscope slide

by the Langmuir-Blodgett method showing changer@a @& maintain a surface pressure of

25 mPa.

This deposition method has the potential to yiddd@yers of graphene on each side of the
glass slide. However from the data obtained duitvegdeposition it is clear that less than this
is deposited. The surface area of the monolayaedses whenever the amount of material in
the monolayer is reduced. This occurs because tbeolayer must be compressed to

maintain the required surface pressure. It is diesn the data that this only happens on the

upward movement of the glass slide, as the menigttise water causes the monolayer to
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follow the slide out of the water. In the field @angmuir-Blodgett films, this type of
deposition is known as Z-type deposition. This nse#mat only 30 monolayers will be

deposited onto each side of the slide.

The fact that this occurs on the upward and notdihenward movement, however, means
that the reduction in surface area is more likalye do deposition rather than due to the
graphene dissolving into the sub-phase. For thet @ight deposition cycles there is no
change in surface area on the downward movemetheo$lide, however subsequent cycles
show a rise in surface area as the slide is mowwsnw@ards. This suggests that the
intermolecular forces holding the deposited graphento the slide are less than those
keeping the monolayer in contact with the surfaee] so the deposited graphene begins to
peel away from the slide and re-join the monolayéris could be due to the repulsion
between the growing positive charge on the slidesed by previous deposition and the
graphene being deposited. This is supported byatttehat as the deposition cycles continue

the decrease in the surface area for each suceeassile is decreased.

The graphene monolayer was also deposited as la $aygr onto a silicon chip, as shown in
Figure 2.9, for analysis by atomic force microscq@y¥M). The surface area decrease
between 29 & 32 minutes shows the deposition ofrtomolayer and corresponds to the

surface area of the substrate.
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Figure 2.9 - Deposition of graphene(+)CTAB monolayer onto ibcan chip by the
Langmuir-Schaefer method showing change in arezejltio maintain a surface pressure of
25 mPa during deposition (slide position showndd)r

25.3.2 Layer-by-Layer Deposition of Graphene

The increase in size with each successive laygraghene as determined by ellipsometry is

shown in Figure 2.10.
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Figure 2.10— The increase in coating thickness on a silichip coated with alternating
layers of graphene(-SDS) and graphene(+)CTAB aradyaed by ellipsometry.

The decrease in coating thickness between layersand two could be due to the instability

of the first layer in this method. And since th&csn chip is not charged, the electrostatic
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forces between the deposited layer and the grapheswdution are greater than those holding
the layer immobilised onto the surface. The nexe fiayers are deposited giving a linear
increase in coating thickness with each succedapey. The slope of this linear portion of
the graph gives a layer thickness of 0.87 nm parlarhis layer thickness is less than that of
a bilayer of CTAB of SDS (approximately 4 — 5 nmhieh shows that the surfactant’s
hydrophobic chains lie flat on the graphene surfadach is confirmed by NMR (Section
2.5.2.2). After layer number six the coating begins to collapse, with a decrease in coating
thickness as the graphene layers start to peelTbis is a similar phenomenon to that
observed in the Langmuir-Blodgett deposition ofi®gers, where the deposition of graphene
was most effective for the first eight depositioycles. This again could be due to the
electrostatic interaction between the depositeplgrae and the graphene in solution being
stronger than the attraction integrating each layer the coating. As the coating thickness
increases, the number of layer-layer interfaceseases and thus the likelihood of one of

these interfaces breaking is greater.

Attempts at depositing thin films of graphene(+)@ Asing a traditional LB process, e.g.
vertical dipping and withdrawing the substrate tlgio the monolayer, were not successful
since the transfer ratio was poor. The first witivdlal yielded about 60 %; then the layer was
shown to peel off during subsequent dipping cyclég overall transfer ratio by area (when
substrate surface area was compared with loss oblager area) was 10 — 20 %. The most
significant cause of this was poor adhesion of fing graphene layer to hydrophilic
substrates. This could be improved in futwerk via the use of substrates with surface
modifications which either enhance the surface giaor make the surface more
hydrophobic. Much better results were obtainedgisiie horizontal lifting method known as
Langmuir-Shaefer (LS) deposition; where the hydiopbkubstrate is held horizontally to the

assembled monolayer and then lowered slowly tolgéotich water surface; the monolayer
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is then transferred onto the substrate surfacey ®single layer of graphene(+)CTAB could
be deposited by LS deposition. Attempts to depusitilayers by the LS technique failed, as

the deposited layers began to peel off upon cotisecdepositions.

25.3.3 Atomic Force Microscopy

Organised monolayer films obtained in this fashwere then characterised by AFM. A
typical AFM image of graphene(+)CTAB flakes depedibnto a piece of silicon wafer using
LS method is shown in Figure 2.11. The larger soabge (a) shows a number of irregularly
shaped graphene(+)CTAB flakes with gaps between;flikes were sometimes shown to
overlap, forming double and sometimes triple laykrage (b) shows, a pseudo 3D image
a flat individual flake of about 500 nm in size kvanother smaller flake lying on top.
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Figure 2.11 —AFM images of the same sample of a graphene(+)Clag& deposited onto
a silicon substrate using the LS method: (a) 2D gen® tm; (b) pseudo-3D image of
individual graphene flake. (c) Sectional analydishe image in (a).

115



Sectional analysis of AFM image along the linesvamoallows for an estimation of the
graphene(+)CTAB flake thickness at 2 nm, whichignisicantly higher than the reported
thickness of pristine graphene of 0.355 nm. Thaiokt value of 2 nm for an individual

graphene(+)CTAB is likely due to the presence ofasiiant molecules, CTAB in this case.

It is clear from these images that the surface ramee is not complete. Additionally the
graphene flakes were seen to change position amgestiuring scanning, suggesting poor
adhesion to the silicon surface. This could poédigtibe overcome in future work by using

silicon wafers modified with silanised surface ¢ogs for sample deposition.

Much better results (in terms of adhesion and serfeoverage) were obtained by using a
simple technique of electrostatic layer-by-layebl(). deposition. Multilayered films of
graphene were deposited onto gold coated glas®saigpe slides by alternating layers of a
graphene-surfactant with oppositely charged pobtyedéytes, e.g. graphene(+)CTAB layers
alternated with polyanionic layers of polystyrenelfenate sodium salt (PSS), while
graphene(-)SDS was alternated with layers of poigoe species such as polyallylamine
hydrochloride (PAH) or polyethyleneimine (PEI). édhating layers of graphene(-)SDS and
graphene(+)CTAB was also attempted. The mutlilayefédms obtained were then
characterised with scanning SEM combined with EBKefgy dispersing X-ray) elemental

analysis (SEM NOVA) and AFM.

Not all alternating combinations worked well, howevFor example, the most promising
combination of graphene(+)CTAB with graphene(-)SB&s not successful, while the
alternation of graphene(+)CTAB with PAH (or with lPBroved to be the most optimal.
Deposition on glass or silicon samples was perfdrineelectrostatic adsorption of PAH (or
PEI) for 20 - 30 min followed by dipping into a abbn of graphene(-)SDS for 10 - 15 min.

This sequence was repeated several times withigatypcubation time of 10 - 15 min.
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Figure 2.12 shows an SEM image of alternating kyef PAH and graphene(-)SDS
deposited onto a silicon substrate. Separate flakeglearly visible, the largest of which is
approximately 30um across. EDX spectral analysis (b) performed ofiake show a

dominating peak of carbon while on the empty sgagesilicon is the dominant peak. This

shows, that the graphene flakes consist predomynaihtarbon, with a few trace elements.
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Figure 2.12- (a) SEM image of PAH/graphene(-)SDS layer onliaosi surface; (b) EDX
spectra recorded on a graphene flake, and (c) aptgspace.

Deposition of the first few layers gives a lessntlmgtimal coverage. The reason for this is
likely poor adhesion between layers of graphen&§%nd PAH. Deposition of subsequent

layers greatly improves the coverage by overlappitjgcent graphene flakes.

Adhesion between graphene and substrate was greapisoved when using a stronger
polycation such as PEI. The AFM image of graphgB8&S deposited onto a layer of PEI in
Figure 2.13 shows far better surface coverage. Memwi can be seen that graphene flakes

overlap and form double and, in some cases, tidykers.
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Figure 2.13- (a) AFM image (tapping mode) of a PEl/graphereD¥ film, and (b) a
corresponding sectional analysis.

Sectional analysis performed on the sample shogvddlible and triple layers, and shows the

thickness of a single flake at approximately 2.5 fims is a somewhat higher than that for
Langmuir-Schaefer deposited films; the differencald potentially be caused by the

presence of PEI layer.

25.3.4  Spectroscopic Ellipsometry Study

Ellipsometry measurements were performed on gragbkarfactant films deposited on
different substrates, i.e. glass microscope slid#igzon wafers, and gold-coated glass
microscope slides. Typical spectra of ellipsomef@rametersW and A (representing,
respectively, the ratio of amplitudes and phasé siiip- and s- components of polarized
light) of graphene(-)SDS deposited on silicon bgralation with PAH are shown in Figure

2.14.
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Figure 2.14 - Spectra of ellipsometric parametetg and 4 recorded on a bare silicon
surface (*) and on deposited PAH/graphene(-)SD@8sfilNumbers 1, 2, and 3 indicate the
number of bilayers deposited.

It can be seen from the ellipsometry data tha®adpectra are the same regardless of surface
deposition, while A spectra shift downwards upon deposition of bilayeof

PAH/graphene(-)SDS.

For analysis of graphene multilayers depositedheylayer-by-layer method, spectroscopic
ellipsometry measurements were carried out on sgsrgdter each layer was deposited. The
results of this are shown in Figure 2.15. Similddyprevious experiment&’ spectra were
not changed much whilA spectra were shifted downwards upon depositiographene
layers. The ellipsometry data fitting was performedh similar manner as described above.
The data shows that the deposition is not congisfassibly because of poor adhesion

between graphene layers.
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Figure 2.15- ¥ and 4 spectra of graphene films deposited on chromiutd/goated glass

slides by alternation of graphene(-)SDS and graplt€)CTAB. The arrow indicates the
increase in the number of deposited layers. Thetisisows the variation of the film thickness
on the number of graphene layers deposited.

As mentioned above, the best results were obtaised) PEI (rather than PAH) as a binding

layer alternating with graphene(-)SDS. The ellipstmn spectra in Figure 2.16 are recorded

on samples of PEl/graphene(-)SDS deposited on glagold-coated glass, respectively.
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Figure 2.16- ¥ and 4 spectra of PEl/graphene(-)SDS films deposited Qrglass and (b)
gold coated glass. Arrows show the increase imtiaber of layers deposited.
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Fitting of the data in Figure 2.16 was carried wsing a three layer model with the substrates
being glass or chromium/gold coated glass. As leefioe graphene layers were modeled by
Lorentz oscillator. The results show a consisterdraase in the films thickness upon

deposition of bilayers of PEl/graphene(-)SDS with thickness increment of 2.5 nm which

is similar to what was observed directly with AFM.

The ellipsometric spectra for graphene depositedjlass (Figure 2.17a) did not show any
specific features, such as plasmonic peaks retatéght absorption, and the behavior of the
graphene layer was consistent with a dielectricenmdt This correlates well with featureless
absorption spectra of graphene in a visible rangethe known fact that plasmon band of
graphene lies in UV range at about 280 nm. In eshtio that the data in Figure 2bhlshows

the features related to absorption by surface pasnibut they are attributed to gold films;

the layers of graphene did not alter this much,emlyecausing a small shift d¢ and A

spectra.
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Figure 2.17- TIRE spectra of (a), and (b)4 recorded on a bare gold-coated glass slide (*)
and after deposition of bilayers of PEl/graphen8PS. Numbers 1, 2, and 3 indicate the
number of bilayers deposited.

2535 TIRE study

The results obtained from the total internal reftec study are shown in Figure 2.17 as
spectra of¥ andA. Deposition of graphene layers made the SPR mimirshift to a larger
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wavelength on théP spectra while causing an additional phase shiftAogpectra. The
enhancement of the SPR peak due to the depositignaphene layers is observed for the
first time. It is interesting to note that graphetself does not show plasmonic behavior in
the visible spectral range as was proven by eliipgoy measurements in Figure 2.15 -
Figure 2.17. At the same time the interactiomadlectrons in graphene and free electrons in
gold may lead to the enhancement of SPR in goldréayThe thickness increment values
were approximately 2.5 nm, similar to the previexperiments using traditional (external

reflection) ellipsometry.

26  Conclusion

A simple semi-automated technique for graphene ywtich by aqueous sonochemical
exfoliation of graphite in the presence of ionicrfaatants, e.g. CTAB or SDS, was
developed. Full automation could be potentiallyieeld by adding surface tension sensors
to control the amount of surfactant being addeth&reactor, thus maintaining a constant
and optimum surface tension. The formation of irdlial graphene flakes and the interaction
of alkyl chains of the surfactants with grapheneeyeespectively, confirmed with Raman

spectroscopy and NMR measurements.

The two different graphene-surfactant complexesdpeed (graphene(+)CTAB and
graphene(-)SDS) appeared to be soluble in watertlansl suitable for electrostatic LbL
deposition. Both compounds were also found to bphaphilic and soluble in chloroform,
hence it was also possible to form stable monotagerthe water surface. Thin films of the
above graphene composites were deposited ontaafiffsolid substrates, i.e. silicon, glass
and gold-coated glass, using either electrostdiic, LB, or LS deposition techniques. SEM
and AFM study showed that LB or LS films of grapb@rCTAB had poor surface coverage

and adhesion to the substrate. Electrostatic Lijhosion of graphene by alternation of
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graphene with oppositely charged polyelectrolytegs wnuch more promising in these
aspects. Several combinations of materials wered trincluding the alternation of
graphene(+)CTAB and graphene(-)SDS. The best sesudtre achieved by alternation of
graphene(-)SDS with PEI. AFM study allowed theraation the thickness of an individual

graphene-surfactant flakes of about 2 - 2.5 nm.

The spectroscopic ellipsometry study of graphene fims gave similar values for the

thickness of the graphene-surfactant compositer.layhile the dispersions of refractive

index and extinction coefficient were modelled bgiagle Lorenzian peak lying in far IR

region, the absorption peak of graphene at apprateiyy 280 nm was outside the spectral
range (370 — 1000 nm) of the ellipsometric instroménteresting results were obtained
when studying the SPR effect in gold films coatathva few layers of graphene using the
technique of total internal reflection ellipsome{iyyRE). Although graphene itself shows no
spectral features associated with plasmon osailiatin the above spectral range, in TIRE
experiments the deposition of graphene layers dth gagressively enhanced the plasmon
resonance oi’-spectra and caused an extra phase shifi-epectra. This phenomenon can

be explored in future work for enhancing the perfance of SPR-based bio-sensors.

123






Chapter 3  Electrical and Electrochemical Properties of

Graphene



3.1 Introduction

Graphene has been shown to display a wide rangeteresting properties; such as high

mechanical durability, optical transparency, highrface area, and good electrical

conductivity (Davis, F., personal communication142p It is the high surface area and its

electrical properties that make graphene a poleaindidate material for enhancing the

performance of electrochemical sensors. It has bHeeronstrated that modification of glassy

carbon electrodes with graphene leads to an inereasxidation peak currents and the

lowering of oxidation potentials. Electrochemicaipedance measurements show a much
lower charge transfer resistance for graphene neodiélectrodes compared with screen

printed carbon electrodes.

Another important field of research under invesimais the development of sensors for the
direct detection of small biomolecules without tiee of enzymes. Graphene makes an ideal
candidate for these electrochemical sensors beaHuse enhanced electro-catalytic effects
and fast electron transfer kinetics observed inmammson to those possible with traditional
inexpensive sensor materials such as screen pricsieloon. This chapter focusses on

detection of three different groups of compound®tsws.

Dopamine is most widely investigated, becauseatsentration can be directly linked to a
number of clinical conditions. Of particular intsteis the development of a dopamine
electrochemical sensor that can selectively disisigdopamine even in the presence of uric
acid and ascorbic acid, which have overlappingavoihetric responses. Direct oxidation of
the five bases in DNA and RNA can also be deteaii#¢inl separate peaks being obtained for
each base in short strands of both single and destbdnded DNA, and RNA. Of the 20

proteinogenic amino acids, three are electrochdlyieative; phenylalanine, tyrosine, and

tryptophan. These compounds give oxidation and aalu peaks that overlap, however
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resolution of these peaks might be achieved wighagbplication of graphene to an electrode

surface.

The graphene produced in the previous section (&h&) will be utilised as an electrode
coating to be applied to screen printed carbontreldes. These electrodes will then be used
to enhance the detection of compounds by a combmaif electrochemical detection
methods such as cyclic and linear voltammetry. &hase dynamic electrochemical
techniques that involve measuring the current figwin an electrochemical cell when a
potential is ramped between two potentials. A nolafgisable reference electrode provides a
potential to allow the working and counter elece®do be polarised with respect to this

reference potential.

In this chapter a range of electrochemical techesquill be used to characterise the graphene
modified electrodes and determine whether or ney tbffer a significant advantage over
standard screen printed carbon. In cyclic voltamynéhe potential applied to the electrodes
is swept cyclically between two values:(®nd \%) with a triangular waveform. In linear
voltammetry, the voltage is swept from one valuamother, without a return sweep being
performed. In both potential techniques the curienhen measured and used to generate a

voltammogram.

In electrochemical impedance spectroscopy an altiewy electrical voltage applied to the
electrode surface causes a polarisation effect,reblye positive charges are orientated
towards the field and negative charges orient afn@y the field. This alters the electrical
field within the material by creating an internald different to the external field. The result
is that the impedance of the material from whioh étectrode surface is composed changes
dependant on the frequency of the applied altergatlectrical current measured in

Hertz (Hz). This data can then be plotted as a-®aeular Nyquist plot, which can be used
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to determine the resistance to electron transfereatlectrode surface. This chapter forms the

basis for a journal article published in Analyti€tiemistry (Walctet al, 2015).

3.2  Materials

Sodium dodecyl sulphate (SDS) and the five nualieobases (adenine, thymine, guanine,
cytosine, and uracil) were obtained from Fishere@idic (Loughborough, UK). Cetyl
trimethylammonium bromide (CTAB), the three electremically active amino acids
(phenylalanine, tyrosine, and tryptophan), andblo®d based compounds (dopamine, uric

acid, and ascorbic acid) were obtained from Sigrthi¢gh (Poole, UK).

Ultra-pure (18 M2 cm') water was produced using a Milli-Q water purifioa system

obtained from Millipore (Tokyo, Japan).

3.3  Methods
In this section the methods for the fabrication gphphene modified electrodes an the

characterisation of their electrochemical propsnidl be described.

3.3.1 Electrochemical Impedance Spectroscopy of Graphene

The resistance to electron transfer of the depbsigeaphene samples at different
concentration was investigated using electrochdrmugaedance spectroscopy. The graphene
was deposited (bL) onto the surface of a screen printed carbontelde. The electrode was
then left to air dry for 1 hour. When the graphewmspension had dried the electrode was
washed with deionised water to remove any surfadtaat was not bound to the graphene
surface. The concentrations of graphene(-)SDS aaphgne(+)CTAB deposited onto the
elecrodes were 0.05, 0.10, 0.14 & 0.17 mg.nilontrol electrodes of SDS (150 mghand
CTAB (49.7 mg nmif) were also prepared, as well as a blank unmodiéksttrode for
comparison. The electrodes were then placed istdion of ferri/ferrocyanide (5 mM) in

PBS (0.01 mM, pH 7.4) and Nyquist plots were reedrdThe data was recorded between

128



1 and 10000 Hz on a logarithmic scale. In total M@asurements were taken for each
electrode. The data was collected and a semicweake extrapolated from the Nyquist plot,
the diameter of the semicircle being equal to {eeteon transfer resistance (Katz & Willner,
2003). This reading was taken three times to allomaverage and standard deviation to be

calculated.

3.3.2 Deposition and Electrochemistry of Graphene

The graphene solution was used to enhance thetideted analytes by the electrochemical
technique cyclic voltammetry. This was achieveddeypositing the graphene directly onto
the electrode. A screen printed carbon electrodb tio working electrodes and a counter
electrode (composed of carbon and a referencer@tiectomposed of silver/silver chloride)
was cut from the sheet and washed with deionis¢drit@aremove any dust or contamination
that might have accumulated. Then an aliquot oplgeae solution (fuL) was pipetted
carefully onto the surface of the left hand sidekigy electrode taking care to cover the
electrode evenly and completely. The electrode tivas left to air dry for 1 hour. When the
graphene suspension had dried the electrode wdsedagth deionised water to remove any
surfactant that was not bound to the graphene curfehe optimum graphene concentration
for deposition was determined experimentally by fgreming a concentration scout.
Electrodes were prepared using a range of diffegeaghene concentration (0.05, 0.1, 0.14 &
0.18 mg mt) and then used to detect dopamine (1 mM, 10 mphiosphate buffered saline
(PBS) solution in water (10 mM, pH 7.4) by cyclioltammetry. The electrode used
consisted of two working electrodes, one of whidms\eft unmodified and used as a blank
for comparison. The resulting peak position andentrintensity were recorded and used to

determine the optimum concentration.

Once the optimum concentration had been determiedpptimum scan parameters were

determined. The potentiostat was not cycled beyarntl— 1.1 V for any experiment unless
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necessary for separation as a wider scan rangedvoauwise electrolysis of the water in the
sample, which is not insignificant. Where such rgecould not be avoided the sample was
first purged of oxygen by sonication under vacuiifferent scan rates (2 - 50 m*)swere
tried to determine which would give the best sefp@maof more than one compound in a

mixture.

3.3.3 Resolution of a Mixture of Compounds

Mixtures of different classes of compounds werepared and then analysed using cyclic
voltammetry to determine if the graphene electrqatesluced a voltammogram with better
peak resolution for different compounds when comgawith the unmodified electrodes.
Three different mixtures were prepared; blood basechpounds, nucleotide bases, and
amino acids. The mixture of blood based compoundsained dopamine (4@oM), ascorbic
acid (75uM) and uric acid (6QuM) in PBS (10 mM, pH 7.4). This experiment was lohea
the work of Xiaoet al (2014). The nucleotide base mixture containechiage thymine,
guanine, cytosine and uracil (1 mM) in PBS (10 np# 7.4). The amino acid mixture

contained phenylalanine, tyrosine, and tryptoptdami) in PBS (10 mM, pH 7.4).

The blood based compound mixture was analysed gyl voltammetry between -1 — 1V
with a sweep rate of 25 mV's The nucleotide base mixture was analysed by finea
voltammetry between 0 — 1.7 V at a sweep rate mi2s*. Faster sweep rates were also
performed, however optimal resolution was achieakethe lower rates. Linear voltammetry
was chosen in this case because the high poteatia&ged the electrode surface and as such
cyclic voltammetry was not an appropriate technidee amino acid mixture was analysed
using cyclic voltammetry between -1 — 1 V, howener resolution was achieved between
compounds even at low sweep rates by the graphemged electrodes and the
voltammograms looked similar to those produced gusinmodified screen printed carbon

electrodes.
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For all of these experiments the electrodes weepged as mentioned above, using
negatively charged graphene (graphene(-)SDS) anaeatration of 0.19 mg Ml These

parameters were determined to be optimum duringnihal experiments.

3.3.4 Detection of Aqueous Metal lons
Previous work (Langford, 2013) also used graphendiiied electrodes were also used to
detect certain metal ions in aqueous solution. Wukk is described as an example of other

uses of surfactant stabilised graphene.

A solution of lead, copper, and mercury ions (1 ppras analysed using absorptive stripping
voltammetry between -0.8 — 0.4 V. Electrodes medifivith both positively and negatively
charged (graphene(+)CTAB and graphene(-)SDS rdaspbgtwere used to detect the metal

ions and an unmodified screen printed carbon @detwas also used for comparison.

3.3.5 Electrochemistry of Conducting Polymer Films

The efficacy of graphene coated electrodes was aedpo that of three conducting polymer
films; poly aniline (PANI), poly pyrrole (PPy), angoly (3,4-ethylenedioxythiophene)
(PEDOT). This was done in order to show whethenairthe graphene modified electrodes

offered an advantage over currently available tetdgy.

Electrodes were prepared by cycling the potengalvben -0.5 — 0.7 V in the presence of the
monomers. Aniline, pyrrole and 3,4-ethylenedioxgtiiene (EDOT) solutions were
prepared at a concentration of 0.01 mdi ib water, with a concentration of 0.1 mof L
polystyrene sulfonate (PSS) as a dopant. Electredts different film thicknesses were
prepared by varying the number of cyclic voltammetycles. Film thicknesses of 5, 10, and

20 cycles were prepared for analysis of the efiéftm thickness on electrode conductivity.
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Once prepared, the electrodes were analysed uloggaehemical impedance spectroscopy
to determine the resistance to electron transfénetelectrode surface. Each electrode was
analysed under open circuit potential from 1 — I0B& at 10 mV. Scans were performed in
5 mmol L* ferri/ferrocyanide solution in PBS buffer. Nyquisiots were recorded and the

resistance calculated for each film thickness.

3.4  Results and Discussion
The results of the electrochemical analysis of coumgls using graphene modified electrodes

will be discussed here.

3.4.1 Electrochemical Impedance Spectroscopy

The alternating current (AC) impedance was measiarel@étermine the resistance to electron
transfer at the electrode surfaces. The lower #@ststance to electron transfer the more
effective the electrode surface is at oxidizingh@dg chemical compounds by
electrochemistry. The electron transfer resistanae various concentrations of
graphene(-)SDS and graphene(+)CTAB is shown inrEi@ul. Ferri/ferrocyanide (5 mM)

was used as an electron transfer mediator.

——Gr(-)
—s—Gr(+)

Electron Transfer Resistancekcn?)

1 T T T
0 0.05 0.1 0.15 0.2

[Graphene] (mg mL-1)

Figure 3.1 — The electron transfer resistance for graphergi}$ and graphene(+)CTAB
coated electrodes at different concentrations. Femrocyanide (5 mM) was used as the
charge transfer medium.
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The data shows that there is a difference in @actiransfer resistance at different
concentrations of both graphene samples. Howeweogtimum concentration, defined by
the minimum electron transfer resistance in eade,ces different for different graphene
polarities. The pattern is mirrored in the resuwfsthe concentration scouting by cyclic
voltammetry shown in Section 3.4.2.1, with the guepe(+)CTAB showing a lower optimum

concentration than the graphene(-)SDS.

The Nyquist plots of resistance and reactance & lgraphene samples at their optimum
concentration are shown, as well as an unmodifig@es-printed carbon electrode for
comparison. The results show a considerable dexipagsistance with the graphene coated
electrodes. The electron transfer resistivity fog tnmodified carbon electrode was 45.92 +
0.123 K2, whilst the electrodes modified with graphene(-5S@nd graphene(+)CTAB
showed values of 1.78 + 0.05&kand 2.29 + 0.068@ respectively, giving an approximate
20-fold decrease in resistance to electron traratftre electrode surface when modified with
graphene. The graphene(-)SDS showed a slightly rlowesistance than the
graphene(+)CTAB, suggesting that it is more actind better facilitates electron transfer,
and is therefore a more effective surface for ebetiemistry.
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Figure 3.2 — Nyquist plots for graphene(-)SDS and graphenefB at the optimum
concentration for minimal electron transfer resiste compared to a blank screen printed

carbon electrode in ferri/ferrocyanide.
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The shape of the graph after the curved potionatsm be used to characterise the surface.
The unmodified electrode continues in an almostegersemi-circle, showing that the rate
limiting step is the electron transfer at the scefaHowever the rise in reactance after the
curved portion for the graphene samples showstkigatate limiting step is the diffusion of
analyte to the electrode, causing an increaserfacicharge at the electrode surface. This is
indicative of an electrode surface with a high agitvity and/or favourable electron transfer
characteristics. Additionally the gradient of tireebr portion of the graphs show that the rise
in surface charge is greater for the graphene(-)SD8wing it to be a better conductive

surface than the graphene(+)CTAB.

3.4.2 Deposition and Electrochemistry of Graphene

Once fully characterised, the graphene samples uwsed to modify screen printed carbon
electrodes for electrochemical detection. The optimconcentration for each type of
graphene was found by cyclic voltammetry and tienability of each sample to resolve the

detection of various mixtures of compounds wasssesk

3.4.2.1 Concentration Scouting
The concentration at which maximum resolution welsieved between two adjacent peaks
representing different compounds was determinedymjic voltammetry using dopamine

(2 mM) as the analyte.
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Figure 3.3 — Cyclic voltammograms for dopamine (1 mM) usingceeen printed carbon
electrode modified with graphene(-)SDS (A) and bese(+)CTAB (B) at different
concentrations. A control experiment where the tedgle was modified with saturated
surfactant solution alone is also shown.

0.5 1

The data shows a shift in the peak position wittreased graphene concentration at the
electrode surface. This is due to an increasedretbctromotive force between the electrode
and the analyte, which is a function of the dedrgpselectron transfer resistance.
Additionally, the peak current increases with acréased concentration of graphene. This is
due to more analyte being oxidised/reduced at thetrede surface as the conductivity

relative to the blank electrode increases.

The peak position and intensity also changes whefactant alone is used to modify the
electrode. This is due to the lowering of the hydhabicity of the electrode surface, allowing
for better contact between the electrode surfack the aqueous solvent in which the
dopamine is dissolved. Also, since charged sunféstare used in this study, the charge at the
electrode surface could attract analytes of theosi polarity leading to higher conversion
rates. This observation is supported by the redagifectiveness of the SDS and CTAB on the
conversion of analyte in the control experimentsic& the analyte (dopamine) carries a
positive charge it will be attracted to the negatoharge caused by residual SDS on the

electrode surface and repelled by residual CTABIs Télectrostatic effect could also
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influence the effectiveness of the different graghpolarities as electrode coatings for cyclic
voltammetry. However the effects of the surfactamre much less than those of the

graphene composites, even though much higher ctratiens of surfactant were used.

The optimum concentration for each graphene samptedetermined as that which caused
the maximum peak shift and current intensity Fig@td. The optimum concentrations
selected for future work with graphene(-)SDS arabbene(+)CTAB were 0.15 mg thand

0.90 mg mf* respectively.
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Figure 3.4 - A comparison of the peak voltage (A) and peakeot (B) at different
concentrations of graphene(-)SDS and graphene(+ETA

3.4.3 Resolution of a Mixture of Compounds

Screen printed carbon electrodes were modified gridphene(-)SDS and graphene(+)CTAB

at the optimum concentrations determined in Se@idi3. These electrodes were then used
to detect mixtures of compounds with the hope @blkeng adjacent peaks representing
different compounds. The mixtures of compounds ifeib three classes; nucleotide bases
(adenine, thymine, guanine and cytosine, 1 mM)pdhlbased components (dopamine, uric
acid and ascorbic acid, 4BM, 60 uM & 75 uM respectively), and electrochemically active

amino acids (phenylalanine, tyrosine and tryptopliamM).

The resolving power of graphene(-)SDS for a mixtoiréhe four nucleotide bases detected
by linear voltammetry is shown in Figure 3.5
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Figure 3.5— Linear voltammogram for a mixture of (A) adeni(¥® thymine, (G) guanine &
(C) cytosine (1 mM) in PBS (0.01 mM, pH 7.4) on electrode modified with
graphene(-)SDS at a scan rate of 2 mVs.
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The peaks for guanine, adenine and cytosine arg faell resolved on a graphene coated
electrode when compared with a blank screen priatectrode (Figure 3.6), each beginning
to plateau before the next peak begins. The charsiit drop in current usually observed
with cyclic and linear voltammetry is not obseriedhis case due to the slow scan rate. The

thymine peak is not fully resolved at this scawe rabwever.

The different compounds in the mixture can be gtiadt however each peak cannot be
looked at in isolation. Since the position of alpegaterms of voltage should be considered a
threshold voltage at which conversion of analytgim® the current of a peak has a
cumulative effect on each successive peak as thhentudoes not drop down to baseline after
each peak. Also, despite the fact that all of thalyges are present in the mixture at the same

amount, this is not reflected in the relative irsiées of each peak.

Linear voltammetry instead of cyclic voltammetrysmehosen in this case for two reasons.

Firstly there is no reduction peak, as the oxidatibthe nucleotide bases is irreversible. And
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secondly the maximum voltage was so high that teetrede surface was destroyed and

successive scans by cyclic voltammetry did not saowuseful data.

A comparison between the resolving power of grapfi@8DS and graphene(+)CTAB is
shown in Figure 3.6. The two voltammograms aregnes] on different scales to allow for

comparison of peak position despite the vast diffee in the peak intensities.
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Figure 3.6 — Comparison of the linear voltammogram for adenithymine, guanine and
cytosine (1mM) on electrodes modified with graplie8®S (blue, left scale) and
graphene(+)CTAB (red, right scale). Data obtainesing a blank unmodified electrode is
also shown for comparison (black, left scale).
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The resolving power of the graphene(+)CTAB is fssl than that of graphene(-)SDS with
only three poorly defined peaks visible. The pefaksadenine and thymine have condensed
into a single peak and are not distinguishable frame another. The peak representing
guanine is of a similar relative intensity to thedle peak, but has not migrated as far with
this graphene sample as with the other sample. cltesine peak seems to have shifted
further towards the left than with the graphendd3S however the peak does not level off,
and in fact continues to increase until the eleldrs destroyed at around 1.7 V. This is not

shown as it would make the first two peaks diffi¢olsee on the graph.
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A similar pattern is seen when resolving the bl@minponents; dopamine, uric acid and
ascorbic acid. On the voltammogram recorded usraglgene(-)SDS two peaks can be seen
in the forward sweep (-1 — 1 V) and one very ingepsak in the reverse sweep (1 — -1 V).
The reverse peak is caused by the dopamine andithacid. Since it is a reducing agent, the
ascorbic acid does not have a reduction peak, idatmn of ascorbic acid is irreversible. The
electrode modified with graphene(+)CTAB showed mprovement in resolution compared
to the unmodified electrode, however the peakstltepoorly resolved and irreversible with
only a single peak in the forward sweep. The revpesak is still present, however intensities

of all peaks compared with graphene(-)SDS is lowée voltammograms are presented in

Figure 3.7.
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Figure 3.7 — Cyclic voltammograms for a mixture of dopamid& [M), ascorbic acid
(75 M) and uric acid (60uM) on an unmodified screen printed carbon electré@g and
screen printed carbon electrodes coated with grapli¢SDS (C) and graphene(+)CTAB.
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3.4.4 Detection of Aqueous Metal lons

Other workers in our group have demonstrated anduga activity of graphene modified
electrodes in heavy metal detection, specificaligd (from lead acetate), copper (from
copper(ll) chloride), and mercury (from mercury afde). Examples of their results are

included for comparison (Langford, 2013; Waéthal, 2015).

Electrodes were modified with either a positivelynegatively charged graphene-surfactant
complex (graphene(+)CTAB or graphene(-)SDS respelgli before being used to detect

metal ions at a concentration of 1 ppm in watee f@sults are given in Figure 3.8.
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Figure 3.8— Absorptive stripping voltammogram of lead, capped mercury ions in water
detected on a screen printed carbon electrode (§PC&h SPCE coated with
graphene(+)CTAB, and an SPCE coated with graph¢8BE&(Langford, 2013; Walclet al,

2015)
It is clear from the data that both the grapher@{#B and the graphene(-)SDS offer
significant advantages over screen printed carlb@meaHowever in this case the positively

charged graphene shows the most increase in pesntuPeak voltage is similar (but not
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wholly identical) for the two different graphenerashs, however peak voltage caries
significantly between coated and uncoated electofleis suggests a decreased resistance to
electron transfer at the electrode surface. Inctme of lead ions the screen printed carbon
electrodes do not offer significant peak currenaliow for detection. Therefore graphene

modified electrodes could be utilised for detectidtead ions in aqueous solution.

3.4.5 Electrochemistry of Conducting Polymer Films

The graphene modified electrodes were compared thitise modified with conducting
polymers to determine if they offer an improvemener currently available technology.
Figure 3.9 shows the successive polymerisation aby(B,4-ethylenedioxythiophene) (a),

polyaniline (b), and polypyrrole (c) for 20 cyclescyclic voltammetry.
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Figure 3.9 — Electropolymerisation of a) PEDOT between -0.612 V, b) PANI
between -0.2 — 0.8 V, and c) PPy between -0.7 vOMonomer concentration was 0.01 M
and NaPSS (0.1 M) was used as a dopant. 20 Cyobes performed at a scan rate
of 50 mV 8.
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In all cases the peak current increases with eactessive deposition cycle. This is because
the electrode surface is becoming more and mordumtive as the conducting polymer layer
gets thicker. All three voltammograms show both @udation and reduction peak.
Deposition occurs in all cases on the oxidationkpegth the reduction peak showing
reduction of the film. In the cases of PEDOT ang Bfe peak voltage of the reduction peak
is shifting towards the left with successive deposicycles. This suggests that as the film
thickness grows it becomes increasingly more diffito reduce. These voltammograms also
show a wide oxidation peak for PEDOT and PPy, whiciggests that the deposition
reactions for these polymers occurred at a sloa& compared with that of PANI, which
shows a sharp peak in both the oxidation and remtuctirections. The maximum current
achieved for PANI is approximately ten times ldsmtthat of PEDOT and PPy, showing that
the PANI film deposition was not as successful.sT¢ewuld be due to the fact that the pH
chosen for deposition was pH 7.4 (using PBS asfeeduPANI films are best deposited
using a more acidic pH of around 2 — 3. Out of tlimee polymers that were analysed the
highest peak current observed was that of PEDOTIwisi consistent with the results of the

electrochemical impedance spectroscopy shown inr&ig.10.
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Figure 3.10— Electrochemical impedance spectroscopy in 5litderro/ferricyanide under
open circuit potential from 100 mHz — 100 kHz ai\@.

With the electrodes modified with PEDOT and PPméilit is clear that resistance to electron
transfer at the electrode surface is decreasesingthating layer thickness. This means that
polymer film provides a better electrocatalyticfaoe than bare screen printed carbon alone,
at least with respect to the ferri/ferrocyanidelgigaused in the experiment. The PANI film
shows an increase in resistance with successivesdem cycles, suggesting that the film
deposited under the given conditions does not gdeosigood electrocatalytic surface towards

the ferri/ferrocyanide analytes.

A comparison of the effects of increasing film #mess for all three conducting polymers is

given in Figure 3.11.
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Figure 3.11— Comparison of the change in resistance to edectransfer with increasing
film thickness for three different polymers; PAKIug axis), PEDOT, and PPy (red axis).
The film thickness was controlled by changing tivalper of cycles of cyclic voltammetry.

The comparison in Figure 3.11 shows that therdasge decrease in resistance between 0 - 5
cycles in the PEDOT and 5 - 10 cycles in the PRterAhe sigmoidal part of the curve there
is little decrease in the resistance of the eléetrsurface, with the lowest resistance achieved
being 0.03 K for PEDOT (20 cycles) and 27.32Kor PPy (15 cycles). The curve for PANI
shows a sharp increase in resistance between Scyclés, but then resistance continues to
rise between 10 — 20 cycles at a similar rate awdmn 0 — 5 cycles. The final resistance

(after 20 cycles) for PANI was 3.52(M approximately 10 times greater than the unmadlifie

electrode alone.

The polymer film with the lowest resistance to &lec transfer (PEDOT, 20 cycles) is likely
to perform the best out of all of the electrodeste®, since the electrocatalytic effect is

highest. This means that the activation energyngf r@dox couple is reduced in the same
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way as if a traditional catalyst was used. Unlikaditional catalysts, however, the

electrocatalytic effect of an electrode surfaceéegpendent on the redox couple in question.

3.5 Conclusions

In conclusion, the graphene modification of thecetedes showed a marked improvement,
compared with screen printed carbon alone, in éiselution of peaks representing different
components in a mixture allowing for simultaneoetedtion of these components without an
initial separation step. Additionally an increasepeak current was observed, allowing for a

lower limit of detection compared to an unmodifsaieen printed electrode.

The data obtained from both the electrochemicakmapce spectroscopy and also the cyclic
voltammetry showed that the graphene(-)SDS proweetet a better surface coating than
graphene(+)CTAB. This observation is based on ftiaglignt of the Nyquist plot after the
circular portion as well as the minimum resistat@eslectron transfer obtained with this
sample. Additionally, the greater resolving powértlee graphene(-)SDS compared with

graphene(+)CTAB for mixtures of compounds by elsttiemical methods.

The comparison of graphene coating with conducpintymer films shows that graphene
alone does not show a greater enhancement of dutradatalytic effect of the electrode
surface than conducting polymers. The lowest rast& to electron transfer observed for
graphene was 1.3X% compared with 0.03¢k resistance observed for PEDOT. However the
casting method for modifying a screen printed etetd with graphene is easier to perform
than the electropolymerisation method for depogitin conducting polymer film.
Additionally, surfactant stabilised graphene pregdnore scope for surface modification

with binding ligands to provide greater specifidibyvards an analyte.
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Chapter 4  Modelling and Synthesis of Resorcinarenes

for Guest-Host Interactions



4.1  Introduction

Calixarenes are group of cyclic polyphenols whictrevfirst isolated by Zinke and Ziegler
(1941). Calixarenes are of interest to the scientibmmunity largely due to their ability to
form guest-host interactions with other molecul€sey contain gpara substituent (with
respect to the phenol hydroxyl group) which caltuerice these guest-host interactions. Each
phenol residue also contains a hydroxyl which cannvolved in hydrogen bonding, and a
benzene ring which can be involvedri#bonding. These interactions are explained furither
Section 1.1.1.8. These aspects of calixarenes thake a good choice for potential synthetic
receptors. Theoretically there are thousands d¢raifit calixarenes that can be synthesised.
Since there are a number of different parameteas ¢an be varied, including; thgara
substituent on each phenol residue (including bstdsstituted calixarenes), the total number
of phenol residues (typically 4 — 8), the bridgmgpup between each phenol residue (which
can be carbon, nitrogen or sulfur based) and auljtiadal functionalisation applied to the
hydroxyl groups.Since it is not feasible to screen each and eveey af these possible
combinations against a targetvitro, anin-silico screening method is required. This will
provide a way to assess binding and identify cadéimas with the highest binding affinity to
be tested by other methods and used in researehpiblem with such a method is that,
since this is not what most commercially availab®lecular modelling packages are
designed to do, the theoretical binding energieghimot necessarily match those observed
in practice. However there are a number of examipldbe literature which use molecular
modelling to predict the behaviour of calixaren&hdufi et al, 2005; Kaneet al, 2000; &

Korchowiecet al, 2010).

Resorcinarenes are a class of cyclic compounds @sedp of four or more resorcinol
residues. They are produced by linking resorcinolatules together by reaction with an

aldehyde, and eventual cyclisation. Resorcinardikescalixarenes (their phenol containing

148



counterparts) have been of great interest to thentsiic community since their discovery
along with calixarenes in the late™@entury (Baeyer, 1872). This is largely due to ghe
dimensional structure that they adopt, which takesform of a basket. This basket contains
a space (called the cavitand) which has the ahititypind other molecules in guest-host
interactions (Sectionl.5.2). These interactionseh&éd to the use of calixarenes and
resorcinarenes for a number of different purpogseduding molecular recognition, HPLC

stationary phases and even as enzyme mimics (8€cBdb).

The key components of a resorcinarene are; fouedren rings each with two hydroxyl
groups in themeta position to each other and a bridging carbon betweach ring. The
variability between different resorcinarene comptairs brought about by derivatization at
different points on the molecule. Firstly, the dlgee used to create the bridging carbon
linkage can greatly alter the resulting moleculé aan have almost any chain length as well
as branching and functionality at the end of th@&rcthSecondly, the carbon atom between the
two hydroxyls on the benzene ring is very reactine can easily be functionalised. Finally,
the hydroxyls themselves can be reacted to fornethar, ester or other functional group.
These different functionalization methods of thesibaresorcinarene structure alter the
molecule in different ways. A longer aldehyde chaifi make the resultant molecule more
hydrophobic, functionalization of the middle carbman have numerous effects on guest-host
interaction and conformation and derivatizationtted hydroxyls will remove the hydrogen
bonding around theexo ring of the molecule, thus altering the final camhation.
Information about the conformations of calixarersesl resorcinarenes can be found in

Section 1.5.3.

Molecular modelling, also known as-silico modelling, is a useful tool in various areas of
modern science. It uses mathematical algorithmsirtalate binding interactions between

two molecules and asses the strength of bindindedditar modelling allows preliminary
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research to be done on a compound or protein efast to save time during laboratory based
studies. The use of molecular modelling for theeaN®ry and high throughput screening of
small organic molecules against protein receptgets is well established in the literature as
a tool of drug discovery (Siepmann & Siepmann, 200&rk, 2003; & Lengaueet al,
2004). This technique essentially involves desigrarsmall molecule to fit into a receptor of
known structure and conformation. There are alsamgtes in literature of the inverse
procedure, where a synthetic receptor was designednd a ligand or target compound
(Chianellaet al, 2006; & Nichollset al, 2009). Previous to the use of this software @l“tr

and error” approach would be used for this process.

If the data obtained fronm-silico modelling is to be relied upon it must first bdidated by
another method to highlight any discrepancies betwtbe mathematical model and reality.
There are a number of different methods that canslee to determine the binding energy of
a guest-host complex. In this study NMR spectroggdpscribed in Section 1.9) will be used
to validate the data from the-silico model. The data obtained from these techniques wil
validate two different aspects of the model; fydthe DSC will show the actual binding
energy between the guest and the host, which @anlib compared to the theoretical values
and secondly, the NMR titration will not only giea idea of the binding energy but will also

show the orientation of the guest whilst boundh®host.

In this chapter novel resorcinarene molecules ballmodelledin-silico, synthesised, and
evaluated to verify predicted binding energy. Mayelr stability will also be assessed using
Langmuir-Blodgett techniques to determine suitapilor use in guest-host interactions on
the surface of graphene. The method selected fothegis is a procedure described by
Mel'nikova et al (2009). The parent resorcinarene was then fudbawativatised using the

Mannich reaction described by Matsushita & Mat49i93).
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4.2  Materials

Ethanol, toluene, methanol, cyclohexane chlorofoamgd sodium chloride were obtained
from Fisher Scientific (Loughborough, UK). Phosghatouffered saline (PBS),

p-sulfocalix[4]arene (SCX4), resorcinol, dodecarad p-toluenesulfonic acid were all
obtained from Sigma Aldrich (Poole, UK). Nitrogemasgwas obtained from BOC gases
(Manchester, UK). Molecular modelling was performesing ArgusLab, Planaria Software,

USA.

Ultra-pure (18 M2 cm') water was produced using a Milli-Q water purifioa system
obtained from Millipore (Tokyo, Japan). Freeze dgyiwas performed using a ScanVac
CoolSafe freeze dryer from Labogene (Lynge, Denjndtkngmuir-Blodgett films were
prepared using a NIMA Langmuir-Blodgett trough dtelield Hallam University (NIMA
Technology, Coventry, England). Nuclear magnetsonance spectroscopy was performed
on an Ascend 400 NMR spectrometer running TopSpalyais software (Bruker, Billerica,

Massachusetts, USA).

4.3  Methods
The various methods used in this chapter will becdeed here. NMR IR and Mass Spec
analyses were performed at Sheffield Hallam Unityersn samples prepared in the

biomedical research centre.

4.3.1 Molecular Modelling

Molecular models of four novel resorcinarene molesuwere prepared using ArgusLab
(Planaria Software). The virtual resorcinarene muks were minimised to the lowest
energy conformation by first using the molecularchanics (MM) universal force field

(UFF) algorithm (1000 iterations, convergence d Kcal mol* A™Y) to “clean up” the

molecular geometry. A more accurate minimisatiors waen obtained using the quantum
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mechanics (QM) parameterised model number 3 (PM8prithm (1000 iterations,
convergence at 0.1 kcal ioR™). The optimised structure was then set as a hinsite and
the file was saved. Ligand structures were preperdéigde same way as above, except that the
MM/UFF algorithm only required 100 iterations. Thgand structures were then defined as

ligands and the files were saved.

A Monte Carlo based simulated anneal was perfortoe$sess the binding strength of each
guest host complex. A Monte Carlo method involvee toftware forming a complex
between the guest and the host entities multipbegiin a simulated anneal and measuring
the binding energy involved. The specific algoritlused in the simulated anneal was the
genetic algorithm docking engine (GADock) withinetirgusLab software. GADock is
named as such because it mimics natural evolutiah, changes in orientation and bond
rotation giving different binding energies. Changes not random, however, and a new
conformation will only be adopted if it is more egetically favourable than the previous
one. In each simulation the grid resolution wase€1 A and the ligand was set to flexible.
The advanced settings were as follows: Populatioe ©0), maximum generations (5000),

elitism (5), mutation rate (0.2), crossover rat8Y@nd convergence (0.1 kcal mpl

Each guest host complex simulated was performedi@3% and a binding energy was given
by the software. This was achieved by creatinggand database using the MolConvert
function of Marvin Beans (ChemAxon software). Mol@ert is a command prompt based
tool that allows for creation of a structural daka (SDF) from molecules in the .mol format.

Each ligand was placed into the database 100 tigieisg a total of 100 simulated anneals

for each guest/host pair.
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4.3.2 Solid-Phase Synthesis of Parent Resorcinarenes

The parent resorcinarenes were synthesised by osatien reaction between resorcinol and
an aldehyde (benzaldehyde or dodecanal) using i@ncatalyst by a solid phase method
(Robertset al, 2001). This was achieved by combining resorcama the aldehyde in equal

molar amounts (50 mmol) and a catalytic amount §e¢@ 5 % of the other reactants) of
p-toluenesulfonic acid (2.5 mmol). The reactantsen@aced into a mortar and ground with a
pestle for 2 — 3 minutes until the product becaorehiard to grind. The product was then left
at room temperature for 1 hour to fully react aradden. Nitrogen was use to keep the

product away from oxygen in an effort to minimisedation of the product.

Once hardened, the product was dissolved in cygboiee (20 ml) to assist in removal from
the mortar. Next, as much cyclohexane as possilsle moved by evaporation under
nitrogen and the resultant oily product was thedissolved in methanol (20 ml). This was
then poured into a saturated saline solution iresvg@00 ml), causing a slightly pink solid to
precipitate out and rise to the surface. Additidnmmre NaCl to the water caused further
precipitation of the solid. The precipitate waslected and frozen before being placed into a
freeze dryer overnight. The result was a dry shghink powdered solid which was used in

further work.

4.3.3 Liquid-Phase Synthesis of Parent Resorcinarenes

The parent resorcinarenes were also synthesisedrimiensation reaction between resorcinol
and an aldehyde (benzaldehyde or dodecanal) usiragid catalyst in ethanol (Aoyaned
al., 1989). This was achieved by combining resorcenudl the aldehyde (230 mmol) and
concentrated hydrochloric acid (37 ml) &C0 The round bottomed flask was then purged
with nitrogen to remove all oxygen from the reactichamber. A constant atmosphere of
nitrogen was maintained throughout the synthedie feaction mixture was then refluxed

overnight.
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The reaction mixture was cooled, and then filte&ay remaining product that remained in
the supernatant was then precipitated by additfomader. The grey solid product was then
washed thoroughly with hot water, then with methafbe purified product obtained an off-
white powder. This was dried thoroughly under vawutfhe vacuum was required because

efforts to dry the powder through heating alonesealdiscolouration of the product.

4.3.4 Amination via the Mannich Reaction

The Mannich reaction was used to functionalisenié resorcinarene by aminomethylation
of the carbon in thertho position to both hydroxyl groups on each benzeng in the
molecule. The parent resorcinarene tetramer (0.lollnmas dissolved in a mixture of
ethanol : toluene (1:1, 20 ml) and diethylamine5(0nmol) was added along with
paraformaldehyde (0.5 mmol). The mixture was thiewqd into a sealed glass bottle (50 ml)
and left at room temperature for 72 hours. The dedkglassy solid was then recovered from

solution by evaporation of the solvent.

4.3.5 Sulfonation via the Mannich Reaction

The sulfonate groups were added in a similar fashitne parent resorcinarene (0.1 mmol)
was dissolved in a mixture of ethanol : water (24 ml) and sodium sulfate (0.5 mmol) was
added along with formaldehyde (0.5 mmol). The nmetwas placed into a covered glass
bottle (50 ml) and placed into a heated water bétie sulfonation reaction was carried out
under reflux for 12 hours. After the reaction hadhpleted the reaction mixture was acidified
with HCI causing a colour change from dark red sokdyellow. The product was then

precipitated by addition of acetone. Further poaifion was then performed by dissolving the
product in water and then precipitating out in aager volume of methanol. The resulting
precipitate was then dried completely under vaclefore further analysis. For this product

discolouration did not occur when dried at roomspuge, however it was noticed during
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analysis that solvent remained in the sample eften several days of incubation at°@)

likely due to the complex forming nature of thegeets of compounds.

4.3.6 Analysis of Novel Resorcinarenes
Once the resorcinarene molecules had been syrdllesisl the weights had been recorded
they were characterised using NMR spectroscopy,gimanir-Blodgett techniques and

tensiometry to determine structure and surfaceiacti

4.3.6.1 Solubility and Surface Activity

The compounds were dissolved in deionised watgd to their maximum solubility. The
resulting solutions were then cooled to room temmjpee and filtered to remove any
undissolved particulates. The solutions were tHaoeal individually into a glass dish and the
surface was cleaned using an aspirator to remoyelast or other surface contaminants. The

surface tension was then measured using a Du Nigyased tensiometer platform.

A 1 ml sample of each solution was then placed afwe-weighed Eppendorf tube, frozen
using liquid nitrogen and placed into a freeze rdoeernight. The freeze dried sample was
then dried under vacuum to remove any further satavater that might have remained after
freeze drying. The Eppendorf was then weighed aigadetermine the mass of resorcinarene

within the 1 ml sample.

4.3.6.2 NMR Spectroscopy
Nuclear Magnetic Resonancé( *C, **C-DEPT, and HSQC) spectra were obtained using a

Bruker Ascend 400 NMR spectrometer running Top3ialysis software.

The derivatised and parent resorcinarene sampleg)svere dissolved in @ or deuterated

methanol, acetonitrile or chloroform (dependanttwair solubility) in 7.0 ml glass vials. The
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solutions were then filtered into 5 mm NMR sampldbes to remove any undissolved

particulates.

The NMR spectrometer was then set up to scariHonuclei with 32 scans per sample. A
higher than normal number of scans was chosen fariaty of reasons. Foremost that the
high molecular weight of the sample would likelyusa peak broadening, and also a number
of alternative conformations might exist, givingaito smaller peaks within the spectrum
which might not be as visible with a lower numbéscans due to background noise. Water
suppression was utilised, as some water might havained in the sample, as well as the

possibility of contamination in theD.

4.3.6.3 Complex visualisation by NMR
Nuclear Magnetic Resonance (1H, 13C, 13C-DEPT, HS€§pEctra were obtained using a

Bruker Ascend 400 NMR spectrometer running Top@pialysis software.

Complexes were prepared by combining the host cesorene (o-sulfonato
calix[4]resorcinarene) with 6 different host moll=u (adenine, uracil, phenylalanine,
tyrosine, ascorbic acid, and dopamine). All comptewere prepared with a 10 times excess
of host molecule to give a greater chance of totahplexation. The samples were then
dissolved in DO and analysed. The autosampler was used for gwsples as the peak

positioning is more accurate than manual operation.

When all samples had been analysed the spectraceemgared with those obtained from the
guest and host molecules alone, without complematithe shift in peak position was

recorded and used to show binding between guedt@std
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4.3.6.4 Infra-Red Spectroscopy

Infra-red spectroscopy was performed using a Brudpha FT-IR spectrometer with an
attenuated total reflection (ATR) platform. Theaesnarene samples were first dried atG0
under vacuum for 72 hours to remove all traces atewand any other solvents that might
have remained from the synthesis. A small sampldetried powder was then placed onto
the ATR platform so that the diamond crystal wageted. Pressure was then applied to the
sample using the ATR platform top piece. Readingeevthen taken between 450 - 5000'cm

to measure the transmittance of the sample atrdiftdrequencies.

4.3.6.5 Langmuir-Blodgett Isotherms

The Langmuir-Blodgett films were prepared usingaadgmuir-Blodgett trough (NIMA). The
trough was filled with water until the level of theater was just above the top of the trough.
The resorcinarene samples were then dissolvedlamogbrm (1 mg mif) and spread gently
onto the surface of the water taking care not toepate the surface of the water. In total
100uL of resorcinarene solution was spread onto thdaser Once the solvent had
evaporated the barrier was moved across the sumb&cthe water, compressing the
monolayer. The surface pressure was measured alithghe area of the monolayer. The

barrier speed was such that the monolayer areaatenl by 50 chiper minute.

The surface pressure of the compressed monolayemeasured, and the pressure at which
collapse of the monolayer occurred was noted. Aelopressure was then chosen for
deposition by Langmuir-Blodgett and Langmuir-Scleaeinto either a glass microscope slide
or a silicon wafer. For this deposition the monelaywas compressed using a continuous
feedback mechanism so that the surface pressur&epasonstant (40 mPa) throughout the
procedure. Deposition was confirmed by a reductiothe surface area of the monolayer

coinciding with the movement of the substrate.
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4.4  Results and Discussion

The results from the novel resorcinarene syntresigliscussed here. These include the yield
determination, spectroscopic analysis, LangmuirdBé&it isotherm data, compound solubility
and surface activity. The results from the res@@ne modelling research will also be
discussed here. These include ihesilico modelling of the guest-host interactions of four
novel resorcinarene compounds with various analgtes the validation of the computer
model by comparison of theoretical binding energeactual binding energies obtained from

differential scanning calorimetry.

4.4.1 Molecular Modelling
The modelling was performed as specified in Seati@il and the data was compared to find
the best resorcinarene for binding the analyteg 3ign on the binding energy has been

inverted to make the data easier to interpret.rébalts are shown in Figure 4.1.

m BR+

= BR-

U DDR+
®m DDR-

Inverse Binding Energy (kcal mol-!)

Figure 4.1 — Computer simulated binding data for interactionisthe nucleotide bases,
amino acids and blood based biomarkers with someorommarene molecules
calix[4]benzylresorcinarene (BR) & calix[4]dodecglsorcinarene (DDR), with either a
sulfonic acid (-) or a quaternary amine (+).

The data shows that the calix[4]benzylresorcinagrévatives both bind all of the analytes

with a similar binding energy regardless of therBug in theortho position on the benzene
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rings. This is likely due to the fact that the bemz groups attached to the bridging carbon
groups interact with each other tpstacking causing a distortion of the cavitand sTieisults
in a wider cavitand, with two of the benzene riiys% 3) at approximately 90to the other
two (2 & 4). This means that the binding is lesgistlly hindered and stronger binding can

occur. However this distortion of the cavitand tesin a lower specificity (Figure 4.2).

Figure 4.2 — The 3D structure of o-sulfonato calix[4]benzglbecinarene showing the
distorted cavitand caused by thwerrinteractions of the benzene groups.

The calix[4]dodecylresorcinarene derivatives dolmte such strong interaction between the
R groups on the bridging carbon, with only Van-tléaals forces and na-interactions. This
provides a better formed cavitand and allows forergpecific interactions with the guest
molecules. The quaternary amine derivative shoves Igpecificity, but still a greater
specificity than with its calix[4]benzylresorcinaie counterpart. The sulfonic acid derivative
of the calix[4]dodecylresorcinarene shows the g&aspecificity of all four resorcinarenes,

however with the lowest binding energy.

159



Figure 4.3 - The 3D structure of o-triethylammoniummethyl ca]dlodecylresorcinarene
showing the deeper cavitand caused by the lagkminteractions.

Both calix[4]dodecylresorcinarene derivatives shsimilar pattern, with guanine, cytosine,
and uracil binding more strongly to the host mole¢ban adenine and thymine. The sulfonic
acid derivative shows some specificity between @ah@no acids, whereas the quaternary
amine derivative bound all three molecules withragpnately the same binding strength.

The structures of the analytes that were modelledjaen in Figure 4.4.
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Figure 4.4— The guest molecules and the host resorcinarerieadives used for the in-silico
modelling experiments.

The NMR and IR data given in Section 4.4.1 showedifferent structure to what was

intended and because of this, another molecularetiogl experiment was performed using

the new structure.
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Figure 4.5 —Binding energy from 100 simulated anneals forféedent guest-host complexes

showing successful complex formation. The gaps simalytes that did not form a guest-host

complex in all 100 simulations.

The data in Figure 4.5 shows the binding energwinbtl from 100 simulated anneals on

each of the six analytes. The binding energy wasmpascending order to show the range of
energies given by the software. In some casesditage was unable to generate a binding
energy, these data runs are emitted and show a&s fhis shows that some of the simulated
guest-host complexes formed with higher bindingrgies than others and some complexes
were not stable enough to form with each simulatateal. The average complex energy and

standard deviations are shown in Figure 4.6.
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Figure 4.6 —Average simulated binding energies and standardatien for 6 guest-host
complexes.

It is clear from Figure 4.5 & Figure 4.6 that ordgenine, dopamine, and tyrosine reliably
form stable complexes. The comparatively lower tigdenergy for ascorbic acid,
phenylalanine, and uracil coupled with the factttitl@e standard deviation for these
complexes goes below zero suggest that these ceesplg formed at all) would not be

sufficiently stable.

Assuming an equilibrium between the bound and unbastates; adenine, dopamine, and
tyrosine would lie towards the bound state, andrsc acid, phenylalanine, and uracil

towards the unbound state.

4.4.2 Validation of Computer Model

It was clear after synthesis of all four compoun@s complete that not all of them offered
sufficient solubility in water to be of any usefimther work. Because of this, it was decided
that only the o-sulfonato calix[4]benzylresorcinmaevould be validated according to ihe
silico data that was generated by the molecular mode#ixmeriments. Since these novel

resorcinarene molecules are designed to be adsomiteda graphene surface as selective
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receptors, the specific binding constants for egubst-host interaction was not calculated
empirically. Only a simple binding experiment tatetenine whether or not binding would

occur was needed. Additionally the orientation leé guest molecule in the host molecule
cavitand can be seen from the NMR data by lookinipe displaced peaks for each binding

interaction.

4.4.3 Spectroscopic Analysis
The results of the various spectroscopic technigges to analyse the novel resorcinarene

compound will be discussed.

4.4.3.1 Solubility and Surface Activity

The solubility of all but one of the compounds imater made them unsuitable to make
graphene since they did not reach the requiredaserrfension of 41 mJ m Only the
o-sulfonato calix[4]benzylresorcinarene was solubl®ugh and surface active enough to
lower the surface tension by the required amouhts Ts why only this compound was

analysed further.

4.4.3.2 NMR Spectroscopy

NMR spectroscopy, including®*C-NMR, *H-NMR, distortionless enhancement by
polarisation transfer (DEPT) and heteronuclear Isimuantum coherence (HSQC) NMR,
was performed on the sample using a Bruker Ascdll MHz spectrometer. To aid in
interpretation, NMR predictions were created uditgrvin Sketch (ChemAxon Software).
Figure 4.7 shows the predicted carbon and protoriRNM the expected product o-sulfonato
calix[4]benzylresorcinarene. This prediction diffeconsiderably from the actual spectra
acquired for this product (Figure 4.8). The maiffedence in the'H-NMR spectrum is the
absence of the multiplet at around 7.25 ppm coarding to the protons on the benzene ring

of the resorcinol and benzaldehyde residues. Iplése is a singlet, suggesting that only one
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of these protons is present in the molecule. Addéily, the two singlets at around 4.50 ppm
are showing as a single singlet, suggesting thasethtwo protons have now become
equivalent and therefore no longer split on eablerotThe carbon NMR gives more evidence
that the product did not have the anticipated strec There are only four peaks in the
benzene region of the product spectrum, comparddeight in the predicted spectrum. This

suggests that the benzene on the lower rim isnresept in the molecule.
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Figure 4.7 — The predicted'H-NMR (top) and **C-NMR (bottom) for o-sulfonato
calix[4]benzylresorcinarene. Predictions were mang Marvin Sketch (ChemAxon).
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Figure 4.8— The proton (top) and carbon (bottom) NMR speofrthe obtained product.
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Further investigations (by DEPT NMR spectroscopgravperformed to confirm that the
lower rim benzene was missing from the moleculgufg@ 4.9 shows the DEPT45 spectrum

of the product. In DEPT45 all carbon atoms witthia tholecule that have at least one proton

on it is shown.

200 150 100 50  0[ppm]
Figure 4.9— The DEPT45 spectrum of the resorcinarene showalingrotonated carbons.

This spectrum shows only a single protonated caibbdhe benzene region. If the lower rim
benzene was still attached to the molecule theretiwuld be six carbons in this region.
Figure 4.10 shows the DEPT135 spectrum of the mtodn DEPT135 all CH and CH

groups are shown in the opposite phase te @blups.

20

200 150 100 50 0 [ppm]

Figure 4.10— The DEPT135 spectrum of the resorcinarene shp@id and CH groups in
opposite phases.
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The two peaks at around 50 ppm are both aboverberheaning that they both represent
CH, groups. This would not be the case if the lowsr benzene were present, there would
be a CH peak (representing the bridging carbon group cctinmg the sulfate group to the
benzene ring) above the line, and a CH peak (reptieg the methyne group between the
resorcinol residues) below the line. The HSQC spectfor the product shows which peaks
in the 'H-NMR represent protons bonded to specific carbanthe **C-NMR. The HSQC

spectrum is shown in Figure 4.11.
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Figure 4.11 — The HSQC spectrum for the resorcinarene prodikaiwing correlation
between thé’C-NMR and'H-NMR.
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The HSQC spectrum confirms that only one peak @& libnzene region of tHéC-NMR
correlates with a peak on tHel-NMR, meaning that this is the only carbon thabéth

aromatic and protonated.

There is sufficient evidence from the NMR to suggesiew structure for the resorcinarene

product. The suggested structure is shown in Figur2.

Figure 4.12— The expected structure of the resorcinarene) (efd the actual structure
obtained (right).

This structure fits with the spectra obtained frttme NMR experiments. The interpreted

spectra with structures are shown in Figure 4.13.
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Figure 4.13— The interpretedH-NMR (top) and*C-NMR (bottom) spectra for the novel
resorcinarene that was produced. The colour codimgws which peak represents which part
of the molecule.
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It is unclear as to how the lower rim benzene cdwdde detached during synthesis, and
future work will see this structure verified usitechniques such as x-ray crystallography,
surface ellipsometry, or neutron scattering. Furtttze the molecular weight and elemental

composition of the resorcinarene should also berdehed.

There is evidence from the NMR that a small amaiiribhe intended product was present as
a minor product. Figure 4.14 shows the benzen®mnefgom the'H-NMR containing several
small peaks. Further analysis, including a chrograehic separation, is required to ascertain
whether or not this is the intended product ofrapurity. As discussed earlier, the bridging
methylene groups in calix[4]arenes are often asymmand therefore in the NMR spectra a
double-doublet is obtained. Since the methylenemio the sulfonated resorcinarene gives a

singlet, this indicates that the molecule is comfationally mobile.
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Figure 4.14— The'H-NMR of the resorcinarene with the benzene regigpanded to show

the presence of a minority product.

4.4.3.3 Complex Visualisation by NMR

The guest-host complexes were prepared,@ Bt a ratio of 10:1 (guest : host) and analysed
by 'H-NMR. The spectrum of the mixture was then overlaith both spectra taken of both

the guest and the host in isolation to comparets#ion of the peaks.
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Figure 4.15 — Guest-host complex NMR spectra for; adenine @sgorbic acid (B),
dopamine (C), phenylalanine (D), uracil (E), andotine (F). All spectra show the guest
(green), the host (blue), and the complex (red).
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The spectra for the complexes of adenine, dopanainé,tyrosine show peak displacement
when compared with the spectra of the host withgoest included. This is because the
complexation causes shielding or deshielding of gh@ons which are involved, which in
turn changes the position of the peak. If a peakvshincreased shielding then this is likely
caused by hydrogen bonding. If the peak is deskdettden this is a sign that Van-der-Waals
forces are involved. In the case of these guedttmaplexes only deshielding is observed.
This is consistent with the type afinteractions that are generally involved in gussst
complexes of calixarenes and resorcinarenes. Theeddo which each peak is displaced is
shown in Table 4.1.

Table 4.1- The shift in peak position for some guest-hostptexes.

Guest Molecule Shift in Peak 1 Shift in Peak 2 Shift in Peak 3
(7.1151 ppm) (4.3219 ppm) (4.1248 ppm)
Adenine 0.0822 0.0972 0.0786
Dopamine 0.0521 0.0691 0.0575
Tyrosine 0.0156 0.0090 0.0583

Furthermore, since the shifting of the three paakslved is not uniform it is possible to
determine binding orientation from the degree toicwheach peak is shifting within a
complex. For instance, the tyrosine complex shdwes tighest displacement for peak 3,
which represents the bridging carbon between thercenol residues. The displacement of
peak 2, which represents the bridging carbon cdmgethe sulfate group to the benzene

ring, is lower and therefore indicates that tyredikely penetrates deep into the cavitand.

Adenine and dopamine, being larger molecules, nbt form interactions with the protons
deep in the cavitand, but also with the upper rnotgns. This is shown by the fact that all
three peaks are displaced to a similar degree. iAdehsplays the greatest peak displacement
of all three successful complexes. Since the degreghich a peak is displaced depends on

proximity (via the Nuclear Overhauser Effect) iindae assumed that the adenine complex
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will display the highest binding constant. Howewbe current data is not sufficient to

determine binding constants, this can only be dona full NMR titration.

4.4.3.4 Infra-Red Spectroscopy
Infra-red spectroscopy was performed on the satopssess whether or not the reaction had

occurred correctly the IR spectrum of the proda&hown irFigure 4.16
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Figure 4.16 — The IR spectrum of the resorcinarene productit@pe compared with that of
benzaldehyde (top left) and resorcinol (top right).

The absorbance showing the carbonyl in the aldekytl650 crit) is absent in the product
spectrum. This shows that the aldehyde has redotexyclise the resorcinol, losing the
carbonyl group in the process. Additionally theraatic C-H stretch (~3000 ¢ in both

spectra are significantly diminished in the produthis shows that the majority of the

hydrogens have been removed from the resorcinahgltine reaction.

The O-H stretch absorbance caused by the OH giiaupg resorcinol has been significantly

diminished. This indicates that those groups avelued in hydrogen bonding, as this causes
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broadening and shallowing of this peak. Hydrogendog of this type suggests that the
molecule is in the cone conformation, with hydrodgemding occurring between the OH
groups on the upper rim. Crucially, this shallovs@fance in this region confirms that the
product is dry. Resorcinarenes, being specificdédgigned for form guest-host complexes,
are notoriously difficult to dehydrate once wateoletules have been introduced to the

cavitand. If water was still present then this abaace would be far deeper.

4.4.3.5 Langmuir-Blodgett Isotherms

The Langmuir-Blodgett isotherm data was used terd@he the surface area per molecule
and stability of the resorcinarene as a thin filfhe resorcinarene isotherms are shown in
Figure 4.17.The compounds analysed were -calix[4]dodecylresareme (DDR) and
calix[4]benzylresorcinarene (BR) derivatised in theho position with either a sulfate

group (-), trimethylamine (+), or diethylamine (DEA
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Figure 4.17 4sotherm thin film compression traces for some hmaorcinarene compounds
obtained using Langmuir-Blodgett.
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The surface area per molecule was calculated bl software that was used to operate
the trough. This was done by inputting the conagitin and spreading volume for each
sample. The area is then determined by tracingsthbepest gradient of the isotherm trace
back the X axis. The maximum surface pressure befdnich the film begins to collapse was
calculated by finding the point at which the isothdrace begins to plateau after the steepest
gradient and reading the pressure from the Y akms reading is an indication of the
stability of a thin film of each resorcinarene nmlke, assuming a monolayer is formed. The
data concerning the surface area and maximum peefsueach resorcinarene compound is

shown in Table 4.2.

Table 4.2— Surface area and maximum surface pressure ofciggmrenes.

Resorcinarene Area Surface Pressure
(A? molecule?) (mN m™)

Calix[4]dodecylresorcinarene (DDR) 130 36.8
o-sulfonato calix[4]dodecylresorcinarene (DDR 133 454
o-diethylaminomethyl calix[4]dodecylresorcinarene DDRDEA) 166 38.6
o-triethylammoniummethy! calix[4]dodecylresorcinarene (DDR") 227 37.4
o-diethylaminomethy! calix[4]benzylresorcinarene (RDEA) 143 32.8
o-triethylammoniummethy! calix[4]benzylresorcinarene (BR') 191 37.2

The o-sulfonato calix[4]benzylresorcinarene was swfficiently soluble in chloroform or
toluene, and therefore it was not possible to ob&a isotherm for this molecule. The same
was also true of the calix[4]benzylresorcinarenthaut any other modifications. However,
assuming that similar intermolecular forces aréngcbetween molecules of this compound
as with the other resorcinarenes, a rough estimatebe made for the surface area per
molecule o-sulfonato calix[4]benzylresorcinarenéeTincrease in surface area when the
trimethylamine group was added to calix[4]dodesdreinarene was 9A? moleculé
Therefore the surface area of calix[4]benzylres@@ne alone (without the trimethylamine
group) can be calculated at 94 foleculé’. This would appear to be consistent with the
smaller side chains on the calix[4]benzylresor@nar compared with the

calix[4]dodecylresorcinarene. The increase in sigrfarea when the sulfate group was added
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to calix[4]dodecylresorcinarene was 3wolecule'. Therefore the surface area of o-
sulfonato calix[4]benzylresorcinarene can be roygtdiculated at 97 Amoleculé'. This

calculation is only theoretical, however, and doestake into account the orientation of the
molecules on the water surface. This could be neted using surface sensitive techniques
such as neutron scattering spectrometry. The NM#® ahows that the structure of this

molecule is not as expected.

4.5 Conclusions

The resorcinarene synthesised, although not teadeid product, does appear to show some
specificity towards different analytes. Some guestlecules (adenine, dopamine, and
tyrosine) were able to form complexes with the reisarene whereas others (ascorbic acid,
phenylalanine, and uracil) were not. Furthermdrejri-silico model was able to predict with

a high degree of accuracy which guest moleculesdvimrm stable guest-host complexes
and which would not. The model can therefore béedelupon to predict when these

complexes will form.

The surface area of the new resorcinarene molegudssalso determined. This information
will allow for the calculation of a theoretical miexum number of binding sites perrof
graphene in the final graphene-resorcinarene ptpdad hence the surface capacity in terms

of analyte concentration.
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Final Conclusions

A simple semi-automated method for the sonochenpoadiuction of surfactant-stabilised
graphene was used to produce graphene functiodaliglk two different surfactants; sodium
dodecyl sulfate (SDS) and cetyl trimethylammoniuranbide (CTAB). Monolayer films of

these graphene-surfactant complexes were prodwsied bangmuir-Blodgett and layer-by-

layer deposition techniques. These monolayers weea analysed using spectroscopic
ellipsometry and atomic force microscopy to detaemiheir thickness. The layer thickness
was observed to be between 2 — 2.5 nm. The gragamnples were also analysed by NMR
spectroscopy to determine the extent of the intemacbetween the surfactant and the

graphene surface.

The graphene was used to modify commercially abkglacreen-printed carbon electrodes to
determine the effect on the electrode’s electrodcb@nactivity. It was observed that the
graphene coating provided a superior electrodeasearfvith a lower resistance to electron
transfer compared with screen printed carbon aldres resulted in a lower limit of

detection against the chosen analytes as wellcharge in peak position during analysis by
cyclic voltammetry. The shift in peak position éiff between different analytes, which
allows for quantification of multiple analytes in maixture simultaneously, which is not

always possible with screen printed carbon alone.

The resorcinarene that was synthesised, althougtiheooriginally intended product, was
shown to demonstrate selectivity between analyléss was successfully predicted by
in-silico experiments and then verified using NMR spectrogcdpis could indicate that it

will be a suitable binding ligand for future furmtialisation of graphene flakes for specific

detection of the analytes in question.
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Future Work

The structure of the resorcinarene will be verifising LC-NMR and x-ray crystallography
and the chemical composition and molecular madseitetermined by combustion analysis
and MALDI MS respectively. Once the structure hasrbverified the binding constants of
the three successful guest-host complexes shouldebermined using NMR or UV/vis

titration, or by differential scanning calorimetry.

Once the binding behaviour of the resorcinarene lbesn studied fully, a graphene-
resorcinarene composite will be produced that midgwafor selective electrochemical
detection of the analytes mentioned in this chapiéere are several potential medical
applications of this type of sensor, for instanice tletection of genetic mutations and the
guantification of dopamine. The partially selecthagure of resorcinarenes as binding ligands
coupled with the fact that not all analytes arectetehemically active should minimise

interference from other analytes in a sample.

Further study will yield other molecules such akxeaenes, resorcinarenes, porphyrins, and
phthalocyanines that can also be used to creaghgna complexes and will utilise the
guest-host complex forming nature of these molecule allow for the specific and

simultaneous detection of a wide array of analyitgselectrochemical methods. Such
methods are far less expensive than many alteesand generally do not require costly

pieces of equipment to perform.
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Abstract

We demonstrate within this paper a method for nyaaif commercial screen-printed
electrodes with aqueous graphene suspensions &mealheir electrochemical activity. The
graphene suspensions are synthesised by a simpbsanic exfoliation method from
graphite, where re-aggregation is prevented byattdition of common cationic or anionic
surfactants, thereby avoiding the use of organiesibs or harsh chemical procedures. These
suspensions can then be simply cast onto the spradrd electrodes. Cyclic voltammetry
with a number of redox active species such as pheas well as impedance measurements,
were made to characterise these systems. The ewdilfectrodes are shown to demonstrate
significantly enhanced electrochemical activity agdeatly lowered electron transfer
resistances compared to the unmodified electrodégl proof of concept applications of
these electrodes, including the detection of heamgtals by absorptive stripping
voltammetry, are also shown.
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Introduction

Over the last few decades, there has been a dameatease in the utilisation of novel forms
of carbon within the field of chemical and biochealisensing. A host of new materials such
as fullerenes, carbon nanotubes, carbon dots aqghgne have made their appearance in
sensors. Currently there is intensive study foaligesvards the properties and uses of
graphene i.e. carbon in the form of two-dimensiarzabon sheets - just one or a few atoms
in thickness. Graphene displays a range of integegtroperties such as high stiffness and
optical transparency as well as high surface anegmod electrical conductivity. It is the
high surface area and its electrical propertie$ thake graphene a candidate material for
enhancing the performance of chemical and biosefsor

Graé)hene was initially produced in small quantibgsmechanical exfoliation using adhesive
tapé?, however this method only produces small amouritgraphene. Thin layers of

graphene can be deposited using such techniqueshesical vapour deposition onto
coppel®, allowing the construction of high quality films #&rge as 30 inches using a roll to
roll production system. These types of techniqueshawever unsuitable for producing gram
or kilogram quantities of graphene.

Many methods of producing graphene involve the leatfion of graphite. Graphite can be
oxidised using strong oxidising mixtures such asitemns of nitrate and permanganate in
sulphuric aci” and the resultant dispersed graphite oxide cam bieeassembled onto thin
films and reduced to graphene by chemical reageath as hydrazife®, by thermal
methods or electrochemical approa¢h®sThe electrical properties of reduced graphene
oxide can however be very different to those dftpne grapheri&.

Ultrasonication has been utilised as a methodXtliating graphite to give graphene flakes,
with for example the ultrasonication of graphite Namethyl pyrrolidinone giving dilute
graphene suspensidfis This technique may also be applied to other kxyenaterials such
as molybdenum disulphide or boron nitride, howether strong Van der Waals interactions
between graphene sheets generally mean only dshitgions can be obtained. Aqueous
dispersions can also be made providing a stalgliagent can be used and these may include
common surfactants such as sodium dodecyl sulgmatesetyltrimethylammonium bromide,
as well as polymeric materials such as the Plurosiries of surfactarit?,
polyethyleneimin€” and polyvinyl pyrrolidinon€®. Using these methods it has proved
possible to make dispersions containing up to 10miig of graphene, which have been
shown to be mainly single layer graph&feRecently mechanical exfoliation of graphite has
been reported to produce high yields of graphergireous or organic solvent systé&riis

To take advantage of the many distinct propertfegraphene, various biosensors based on
this material have been recently fabric&t&H It has been demonstrated that modification of
glassy carbon electrodes with graphene leads tecagase in oxidation peak currents and the
lowering of oxidation overpotentidld. The dominance of glucose detection in the
biosensors market means that much work has beeartakdn on utilising graphene in
glucose biosensors. For the detection of glucasmhgne based sensors are usually modified
with glucose oxidase (GOD) and this review compaaesumber of these systefits
Comparisons between similar sensors fabricated gviphene oxide and reduced graphene
oxide demonstrated much higher sensitivities fa@ teduced graphene. Electrochemical
impedance measurements showed a much higher chargder resistance for graphene
oxide than its reduced foftff. Other enzymes that have been immobilised ontphgnae
electrodes to give electrochemical biosensors éecleatalase”, ureas€®, horseradish
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peroxidase® and alcohol dehydrogen&® Much of the work on the fundamental
electrochemistry of graphene, and its possibilities sensing, have been recently
reviewed* %2

Another important area under investigation is tle¥edopment of sensors for the direct
detection of small biomolecules without the useeokzymes. Graphene makes an ideal
candidate for these electrochemical sensors bea#Huse enhanced electro-catalytic effects
and fast electron transfer kinetics, over thataditional sensor materials. Dopamine is most
widely investigated, because its concentration lmamlirectly linked to a number of clinical
conditions. Of particular interest is the developimef a dopamine electrochemical sensor
that can selectively distinguish dopamine everhegresence of uric acid and ascorbic acid,
which have overlapping voltammetric respoffSésUse of a 3D graphene foam combined
with cobalt oxide nanowires gave a sensor whichlcdcadetermine glucose at level
<25 nM?¥. A number of transition or noble metals combineithwgraphene have been
utilised in similar schemes as reviewed HereéSerotonin can also be determined in the
presence of dopamine and ascorbate by using redmaptiene oxide modified glassy carbon
electrodes and differential pulse voltamm&tly Graphene/gold nanoparticle composites
could be used to detect the neurotransmitter epnmeg with a limit of detection of 7 nM in
the presence of ascorbté Direct oxidation of the four bases in DNA cancabe detected
with separate peaks being obtained for each basetinsingle and double-stranded DRFA
More recently, a series of commercial graphene gitable for screen-printing have been
released and their structure and electrochemida\beur when deposited as electrodes has
been extensively examined, along with their sulitglin detecting species such as dopamine,
ascorbate and uric a&d.

Sonochemically exfoliated graphene has been udiligeeviously for the modification of
electrodes with mixed results. Commercial graphsmdten mechanically or sonochemically
exfoliated and stabilised using surfactants. Sotndies have shown that the presence of
surfactants can actually be detrimental to eleetrpdrformance: for example when using
graphene stabilised with sodium cholate, the stafddhas been shown to be detrimental to
the oxidation of species such as acetaminophenNs@iH®®. Similar effects have been
noted in the construction of graphene based supacitar&®, where the presence of sodium
cholate can increase the capacitance of thesensystempared to unmodified electrodes and
mask any changes due to the graphene itself. @bt has shown that graphene can in
some cases hinder electron transfer at pyrolyaplgte electrodes, depending on the level of
surface coverad®.

Immunosensors made by coupling antibodies to grapheodified electrodes have been
constructed for immunoglobulins and while a dethiteview is beyond the scope of this
article, many of these have been previously desdfib Graphene modified electrodes have
also be used in the field of impedimetric immuneses, and genosensors as previously
reviewed herd?. Immunosensors made by coupling antibodies to hgna@-modified
electrodes have been constructed for immunoglo§tilidntibodies have been coupled to a
graphene sheet/methylene blue composite for thecti@h of prostate specific antigen.
Methylene blue has an efficient absorption prdieantigens and shows improved electrical
activity in the presence of graphene; sensors bsilig this methods show a detection limit
of 13 pgmI*®?. Sensors fabricated using graphene/silver nariofgsfcarbon nanotubes
composites could be used for the detection of onégonadotropiti®. Graphite could be
sonochemically exfoliated in the organic solventidthyl pyrrolidinone to give suspensions
which when deposited onto glassy carbon electra@gesonstrated enhanced detection of a
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variety of analytéd”. Other workers exfoliated graphite in water-etHamixtures to give
graphenes of various thicknesses which could bé&eabip screen-printed carbon electrodes
and used to measure the concentration of hydrogexiolé>>.

The rationale behind this research was the chall¢hgt biosensors can be very difficult to
regenerate and also if used for analysis of phggioal samples, can be subject to biofouling.
One solution is of course the use of inexpensivggles-shot biosensors such as used in
glucose monitoring. We therefore have attemptedotobine the use of a simple ultrasonic
method for generating graphene coatings with umgtiranionic or cationic surfactants
without the need for harsh chemicals or organivesut'®, with the use of inexpensive
screen-printed electrodes and simple casting method

Materials and methods

Chemicals, equipment and electrodes

Sodium dodecyl sulphate (SDS) and graphite powglendral purpose grade) were supplied
by Fisher (UK). Cetyltrimethylammonium bromide (CBA dopamine, catechol,
hydroquinone, potassium ferrocyanide, potassiumcignide, ferrocene carboxylic acid
(FCA), cupric chloride, lead acetate and mercuigrite were obtained from Sigma-Aldrich
Chemical Company (Gillingham, UK). The phosphatdfdusolution (PBS) consisted of
18.9 g of NaHP(O,.12H,0, 1.79 g HNaPQ, and 0.29 g NaCl, supplied by Fisher (UK) and
dissolved in 1 L of deionised water from a Millis@ater purifier (Millipore).

All screen printed electrodes were supplied by blecray Ltd. The electrodes consisted of 2
identical DuPont 7102 carbon working electrodesi¢tvhmeant it was possible to have a
modified and control electrode on the same platjprancarbon counter electrode, and a
silver/silver chloride reference electrode (DuPdmit 5874) together with DuPont 5108
dielectric. Electrodes are printed on a polycarb®sabstrate (0.5 mm thick) and the area of
each working electrode is 21.78 mRigures 2 and S1 (supplementary information) strmv
layout of the electrodes and their formulation. Tse of the four electrode system allows
one working electrode to be treated with graphehdswthe other remains as an internal
unmodified control. A Thermo Scientific MegafugeOl@vas used for centrifugation of
samples. UV/Vis spectra were obtained using a Siaima UV-2101PC spectrometer,
particle sizing was undertaken with a ZetasizerO3Q@alvern Instruments, UK) which
measures particle sizes from below a nm to seyenalusing dynamic light scattering.
Atomic force microscopy was carried out with a Brulbimension 3100 AFM and scanning
electron microscopy (SEM) with a FEI XL30 ESEM aRrE|l XL30 SFEG. Freeze-drying
was carried out using a Scanvac Coolsafe systerho(kene ApS Industrivej, Lynge,
Denmark).Raman studies were carried out using asRaw-InVia Raman microscope (laser
wavelength: 532 nm) on freeze-dried graphene sanple

Sonochemical production of graphene and characéos.

Sonochemical formation of graphene has been prsligeporte’ *° 3* 39 Our procedure
was based on a batch production method using sarfisc previously describ€d. For
graphene production, an ultrasonic horn operating0akHz with a power output of 100 W
(Branson Digital Cell Disruptor, 250 series) wasdisin a typical synthesis 200 ml of water,
2 g of graphite powder, and 43.5 mg of CTAB werebmed. The concentration of CTAB
(0.6 mM) is such to reduce the surface tensiomefiater to 41 mJ i which is the surface
free energy of graphene, previous regfthave shown this to be the optimal surface
tension. The concentration of SDS, (to produce tegg charged graphene), needed to
achieve this tension is 7 mM. The mixture of gréglind surfactant in water was then placed
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under a sonicating horn with the probe depth béibg?2 times the diameter of the probe tip
for optimal sonication efficiency. The mixture wien left under sonication (100 W) for 5
minutes. During sonication, the surface area ofdtaphite/graphene will greatly increase,
due to the ablation of graphene sheets from thphgea This causes the surfactant to be
adsorbed from the solution onto the surface ofgttaphene, raising the surface tension. After
5 minutes, the majority of the surfactant had badsorbed onto the ablated sheets, and the
sonication probe was turned off. Another batchwfactant, equal to the first is then added
to the mixture to lower the surface tension to desired value again, and the sonication
repeated. This process is repeated a total oh3€sti

After sonication, the resulting solution is themirtduged at 3500RPM for 15 minutes, to

remove any large or aggregated particles and tpersatant containing the graphene was
syphoned off. The resultant suspensions were stablat least several months at room
temperature. It also proved possible to increasectincentration of the graphene by freeze
drying the suspensions with the resultant solidematbeing able to be easily re-dispersed in
water by sonication for a few minutes.

Modification and characterisation of electrodes

The graphene coated electrodes were prepared bitipgp10 uL of graphene solution onto
one of the two working electrodes (the untreatedkimg electrode was used as a control).
The solution was then left to air dry for severalts. After the drying period, the electrodes
were immersed in deionised water to wash away amaining surfactant. A similar casting

method onto a silicon wafer was used to formulatafges for AFM and SEM.

Cyclic voltammetry was carried out using a Sycop&lW-2 Potentiostat (Sycopel Ltd,
Newcastle-Upon-Tyne) for all electrochemical stsdieurrent/charge transients were
recorded using a PC with dedicated software.CV noreasents were performed between -
800 and +800 mV at a scan rate of 50 M\mless otherwise stated. Adsorptive stripping
voltammetry (ASV) was performed by firstly removirgny oxidisable material from the
electrode by polarising at +1 V for one minute, nthdepositing trace metal species by
polarising the electrode at -1 V for five minutewdinally sweeping at 50 mVack to
+1V (vs. Ag/AgCl) to strip the metal. AC impedanoeasurements were performed using a
Gill ACM Auto AC DSP frequency response analysat potentiostat (Cark, UK) linked to a
PC. For AC measurements a mixed solution of 5 mbhed KsFe(CN)} and K;Fe(CN) in
PBS was used. The AC signal amplitude was 10 m&/fréquency range 1 Hz-10 kHz and a
DC offset of 120 mV vs. Ag/AgCl was applied. A sindC perturbation, 10 mV or less is
used since current-voltage relationship is ofteedr only for such amplitudes and also will
not disrupt the probe layer. The DC bias is apptieate the impedance of the system as a
whole is lowest at the formal potential of the i#@errocyanide couple (120 mV).

Results and discussion

Characterisation of graphene

UV-visible spectra of graphene solutions exhibitied expected peak at approximately 265
nm, indicating that for both CTAB and SDS treatethphite, exfoliation produced
graphen€ solutions as concentrated as 0.2 mg' mlere obtained using our modified
protocof*?. Analysis of Zetasizer results indicated an avenaayticle size of 117 nm for the
SDS dispersed samples (G-) and 278 nm for the C3&Bples (G+). Raman studies (Figure
S2, supplementary information) clearly demonstrakedformation of graphene as was also
shown by the original developers of our experimematocol'”. The Raman spectra
indicate the formation of single or few layer grapk with the presence of some defé®ts
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The Zetasizer models assumes that the particlesrerical, however a more accurate
measurement of particle size was obtained using ARl SEM. Figure 1 shows SEM and

AFM images of G- cast onto a silicon wafer. As dam seen, the particle sizes are
approximately as predicted by the Zetasizer measemes. Using the AFM it is possible to

measure the thickness of the graphene flakes @&iic. Most of the flakes are under 5 nm
in thickness and some under 1 nm indicating thathaee single or few layer graphene;

unfortunately it is not possible calculate how mwéhthe thickness is due to the adsorbed
surfactants.

Figure 1. (a) SEM and (b) AFM measurements of smed:graphehe on silicon (c) height
measurements across the silicon wafer.

Impedance of graphene modified electrodes

AC impedance measurements were made of both graphedified and unmodified
working electrodes and the Nyquist plots are digadain Figure 2. There is a large and
obvious difference between the electrodes whenedusghder AC impedance, showing that
the graphene enhanced electrodes demonstrate a migbler conductance than the
unmodified electrodes. The electron transfer rasis can be calculated from the semi-circle
width of the Nyquist plots and demonstrates tha #hectron transfer resistance of the
graphene-modified electrodes is over 50 timestlems that of the unmodified carbon.
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Figure 2.Nyquist plots of screen-printed carborcteteles, with and without graphene, in
ferri/ferrocyanide solution (PBS). Insets show thajuist plot of the graphene electrode and
the format of the screen-printed electrodes. Insgtjuist plots of the graphene electrode on
an expanded scale.
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Cyclic voltammetry of graphene modified electrodedifferent redox couples

Figure 3 shows cyclic voltammograms of both elat#reystems in 1 mM solutions of FCA
and three phenolic redox couples. As shown, ircasles the graphene modified electrodes
display an enhanced sensitivity as exhibited byinbheeased peak current values compared to
those obtained for the same solution using the wified screen-printed electrodes. There
are also noticeable shifts in the position of teakpAE,), with the oxidation peaks showing
lower over-potentials on the graphene modified tebeles. AlSoAE, is lowered for the
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modified electrodes and the peaks are noticeabdypsin. This is consistent with results
obtained by other workéld and indicates that graphene modified electrodes raore
electroactive than their unmodified counterpartbvidus explanations for this include the
enhanced conductivity of the graphene and alsdaitger surface area to volume ratio
compared to graphite since it has been exfoliated thin sheets. Table 1 shows the
enhanced currents and narrower peak separatior@mnetit by modifying screen-printed
carbon electrodes with graphene.
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Figure 3.Cyclic voltammograms of 1 mM solution®PBS of FCA, catechol, dopamine and
hydroquinone.
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Analyte & Oxidative Peak Reductive Peak Peak
Electrode Position Position Separation
Screen Printed
Carbon
FCA 417 mV, 0.0145 mA | -47 mV, -0.00594 mA 464 mV
Dopamine 537 mV, 0.0229 mA -910mV, -0.00890 1447 mV
mA
Hydroquinone 547 mV, 0.0414 mA | -412 mV, -0.0162 mA 959 mV
Catechol 653 mV, 0.0239 mA | -335 mV, -0.00919 988 mV
mA
Graphene Coated
Carbon
FCA 241 mV, 0.0237 mA | 91 mV, -0.0129 mA 150 mV
Dopamine 281 mV, 0.0294 mA | -645 mV, -0.0159 mA 926 mV
Hydroquinone 312 mV, 0.0485 mA | -282 mV, -0.0329 mA 594 mV
Catechol 333 mV, 0.0502 mA | -178 mV, -0.0261 mA 511 mV

Table 1: Peak positions and separation of carbdrgaapphene CV peaks in 1 mM phenolic
or FCA solutions. Experiments were run in tripleand in all cases SDs of <5% were
observed.

Attempts were made to optimise the amounts of graplused for electrode modification.
Freeze dried graphene was re-dispersed in watedindd to give a range of concentrations
and 10 pL of each solution cast onto screen-prirtatbon electrodes as previously
described. CVs were then run for all the electrade$ mM dopamine solution. A slower
scan rate (10 mV§ was employed to permit enhanced signal diffeagioin. Figure 4 shows
the obtained CVs and also the changes of oxidgtesk current and\E, for differing
graphene concentrations. As can be seen thererafdpdae a steady increase of peak current
and decrease in peak separation up to a concentitd.2 mg mit, with the effect of higher
concentrations tending towards a plateau afterahdt0.2 mg mt was therefore used as the
optimum graphene concentration. At this concemnasind using just 10 puL of solution, this
corresponds to 2 g per electrode. Taking the weafjkingle layer graphene to be 0.77 mg
m? as commonly report&, if we assume that our graphene is of this typis would
correspond to an area of 2600 famuch greater than the surface area of the el({21.78
mm¥). Previous workef& have described graphene coverage and effecteotiaehemical
activity as being either zone 1 (incomplete coveragthe substrate) or zone 2 (complete
coverage with build-up of multilayers); our systentlearly in zone 2.

The graphene could form a number of structureshenetectrode surface, from a compact
layered structure to a much more porous open steictUnfortunately there is insufficient

contrast between graphene and the underlying sqmeeted electrode to clearly distinguish

the graphene rescheduling SEM. Further work is shgating different electrodes and

deposition methods in an attempt to determine antral the graphene structure.
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Figure 4.Cyclic voltammograms of 1 mM dopamine sohs in PBS utilising electrodes
constructed using different graphene concentratimset: effect of graphene concentration
on oxidative peak current and peak potential.

Since previous workers have reported surfactantete a major effect, in some cases being
the source for perceived enhancements in grapmeatetl electrodes, controls were run by
treating the electrodes with 5uL concentrated CBARBition (50 mg mt). As can be seen in
Figure 4 this led to some increase in peak curberitmuch smaller than observed for
graphene/CTAB composites and no shift in peak piated lower concentration (6.5 mg ml

) showed minimal differences between a treated and untreated electrode. This
demonstrates that in our systems, the surfactdpth@s a small effect. Addition of a freshly
shaken graphite solution to the electrode and dryias attempted as a control but on placing
in test solutions the graphite could visually bers¢o detach from the electrode and had
minimal effects on electrochemical performance.

Cyclic voltammograms obtained for graphene modigéttrodes in 1 mM dopamine taken
immediately after and one hour after continuous arsion in the solution showed only
minimal differences, indicating that the graphenedification was stable over this time
period, well in excess of that required for any sugaments to be made.

A series of voltammograms for FCA at different scastes were also made (Figure 5 shows
the results for graphene modified electrodes) dedrly demonstrate good electro-chemical
behaviour with the peak current being proportidoahe square root of the scan rate, with a
similar trend also being found for unmodified etedes. The inset (Figure 5) shows good
linear correlation of peak current with the squavet of scan rate for both electrodes
(R?>>0.995). This suggests that a possible limitingdaof the electro-chemical response of
the graphene modified systems is the underlyingarasystem itself and not the graphene
layers per se.
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Absorptive stripping voltammetry of graphene mediilectrodes

Heavy metals are a major environmental threat, asibpe when waterborne and are
commonly produced by mining areas as well as beatgrally present in some parts of the
world, such as mercury contamination of the enwvirent in small gold mining
communitie§?. The use of graphene modified electrodes for tbeealion of a range of
heavy metals has been recently revieied-or example graphene-Nafion composites could
be used for the anodic stripping voltammetric diecof lead and cadmiufl? and in further
work was extended to the detection of copper and*Zl However other workers have again
reported that the use of surfactant (sodium chplatabilised graphene, inhibited the
stripping transition of cadmium metal to the iom ameatly reduced any peaks corresponding
to this steff?. We therefore report preliminary studies on the o$ graphene-modified
electrodes for the detection of three potential tmomnants, namely copper, lead and
mercury. It was suggested that graphene stabiisgdan anionic surfactant would be more
effective at binding metal ions and therefore geapghstabilised with SDS was produced.
However SDS proved to be less effective as an iatifod) agent using our methodology and
a solution containing 0.05 mg thiraphene was obtained.

In ASV, the electrode is initially cleaned by patang at 1V to remove oxidisable material
and then polarised at -1V. This causes metal inrs®iution to be reduced to the metal at the
electrode surface. The polarisation is then in@éad a controlled rate and each individual
metal is oxidised at a specific potential, the Wesuw current giving a measure of the
concentration of the individual metal spe€i@sA range of individual metal ion solutions
were produced and analysed by ASV. It is worthrmgpthat as of yet we have not performed
a conclusive study of the concentration / electenaistry or optimised the metal deposition
and stripping procedure - and we intend this warkollow on in subsequent publications.
However by comparing measurements obtained by ififeridg systems described herein,
with the same concentrations of metal ions, it wase again obvious that the presence of
graphene greatly enhanced the electrochemicaltdetesf these species. An example of this
is demonstrated in Figure 6 which shows the AS¥ sblution containing 1 ppm each of the
three metal ion species. As can be seen, bothrimmia and cationic graphene modified
electrodes display enhanced stripping currentedch of the metallic ions when compared to
the unmodified electrodes. This demonstrates thenpal for this simple treatment protocol
to enhance the sensitivity of electrochemical deie@f heavy metal pollutants.
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Figure 6. Absorptive stripping voltammograms ontooin G- and G+ modified screen
printed carbon in 1 ppm solutions of &uHg *and PB*in 0.1 M HCI.

Conclusions

We have developed a relatively simple protocolsfmmochemical fabrication of graphene and
its application by casting onto screen-printed tebeles. The resultant electrodes displayed
lower electron transfer resistance and higher mleloemical activity when compared to the
unmodified base screen printed electrodes. Whed wusth ferrocene or phenolic redox
active species, enhanced currents, reduced peakasep and lower oxidation potentials
were apparent and no depreciation in electro-charbehaviour was noted even after 1 hour
continuous immersion. The graphene modified eléeso also displayed enhanced
performance assessed for simultaneous detectidhreé toxic heavy metal species. The
simplicity of the procedure, use of inexpensiveesorprinted electrodes and modification
techniques, as well as no requirement for harsimgdas or organic solvents, suggest these
systems have scope for use in single-shot ‘pointarke’ or environmental monitoring
applications.
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Abstract

In this paper we detail a novel semi-automated oteflor the production of graphene by
sonochemical exfoliation of graphite in the pregeationic surfactants, e.g. sodium dodecyl
sulfate (SDS) and cetyl trimethylammonium bromi@d AB). The formation of individual
graphene flakes was confirmed by Raman spectroseopye the interaction of graphene
with surfactants was proven by NMR spectroscopye Thsulting graphene-surfactant
composite material formed a stable suspension terand some organic solvents, such as
chloroform; graphene thin films were then produaesing Langmuir-Blodgett (LB) or
electrostatic layer-by-layer (LbL) deposition tejues. The composition and morphology of
the films produced was studied with SEM-EDX and AFtle best results in terms of
adhesion and surface coverage were achieved udihgdeposition of graphene(-)SDS
alternated with poly-ethyleneimine (PEI). The oglistudy of graphene thin films deposited
on different substrates was carried out using Ud/-dbsorption spectroscopy and
spectroscopic ellipsometry. A particular focus wasstudying graphene layers deposited on
gold-coated glass using a method of total intemefllection ellipsometry (TIRE) which
revealed the enhancement of the surface plasmonaese in thin gold films by depositing
graphene layers.

Keywords: characterization; ellipsometry; graphéheNMR; surfactant.

1. Introduction

Since its initial discovery and development by Neslov et al [1] graphene has been of
great interest to the scientific community due te interesting optical and electrical
properties. Graphene is defined as a single layespd hybridised carbon with no'3
dimension. The double bonded structure of graphieneesponsible for the electrical
properties of the material as the movement-bbnds between adjacent carbon atoms can be
used to transmit an electrical current. Becausehtf electrical activity in particular,
graphene is being examined as a base materialumder of different applications including
sensor applications, for use in flexible electranig] and graphene based printable inks for
printed electrical circuits [3].

Graphene has reportedly been produced in a nunildifferent ways. The method chosen
for this research is by sonochemical exfoliationnvater in the presence of a surfactant, as
first reported by Notlet al.[4]. This method was chosen for a number of regsiinssly, it
does not require the use of hazardous chemicals ascsodium nitrate, sulfuric acid,
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potassium permanganate and hydrazine hydrate, vanelised in the oxidation of graphite
to graphite oxide and then reduction to grapheieaiid secondly it guarantees single-layer
or few-layer graphene, rather than the potentialdigger products or graphene sheets with an
uneven size distribution that might be producedoiher techniques such as mechanical
exfoliation (the “scotch tape” method). The sonoulwal method was carried out using a
semi-automated apparatus designed specificallshopurposes of this research.

In previous work [6] we manufactured graphene suaf complexes using the Notley
method and applied them to carbon electrodes, ligeemhancing their electrochemical
activity. Further work was then carried out on opsiing graphene production, characterising
the products and also depositing graphene layeradig controlled techniques than simple
casting.

In this work a semi-automated technology of graghemwoduction by sonochemical
exfoliation of graphite in the presence of ioniafaatants is described in detail. The
composite graphene-surfactant materials produced aearacterised with NMR and Raman
spectroscopy to confirm the formation of graphéiten films of graphene composites were
deposited using the techniques of Langmuir-Blod@e®) and electrostatic layer-by-layer
(LbL) deposition. Films composed of these new gemghcomposite materials were then
characterised using SEM, AFM, and spectroscopipsainetry. The study of SPR in gold
films coated with graphene using total internale@ion ellipsometry was carried out for the
first time.

2. Methods

2.1 Semi-automated sonochemical exfoliation gfaphene.

Two different surfactants were used to synthesisghgene-surfactant complexes; sodium
dodecyl sulphate (SDS) and cetyl trimethylammonilmomide (CTAB). Firstly the
surfactant solutions were prepared by dissolvingvater. The SDS solution was made to a
concentration of 462.9 mg tiwhile the CTAB solution concentration was made ap t
49.7 mg mt. These solutions were prepared and then placedintater bath heated to%80

to aid dissolution.

Once dissolved, the surfactant solution was placgd the surfactant reservoir of the
synthesiser. This solution was then pumped intoréaetor during synthesis at a rate of
35uL min™ giving an addition rate of 16.2 mg rirfior the SDS and 1.74 mg niirfor the
CTAB. The addition rate was crucial to maintainuaface tension of 41 mJfmwhich is
both the optimum surface tension for graphene prtoolu and also the surface free energy of
graphene. The graphite suspension (10 - 50 %) Wwes placed into the reactor, and
sonicated continuously for 120 minutes at a poweésOoW. A total of 3.15 ml of surfactant
solution was added in each case over the coursleeo$ynthesis. The sonication step was
carried out in a fume cabinet, as an aerosol coini potentially harmful graphene
nanoparticles is produced at this stage. A schendagram of this apparatus is shown below
(Figure 1).
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Figure 1. A schematic diagram of the apparatus used to sgr#lgraphene. (A) surfactant solution,
(B) peristaltic pump, (C) heat, (D) ultrasonic peolpE) reactor, (F) water, (G) magnetic stirringtun
(H) sampling loop, and (I) photometric flow cell.

The apparatus was designed to alleviate the timet@nts of the Notley method. In that
method, solid surfactant must be added every 5 tesnwhilst continuous sonication is
carried out. This method with its continuous additiof aqueous surfactant eliminates the
need for constant supervision of the process a$ agelproviding the reproducibility of
automation. This is only semi-automated, howeverfudl automation would require the
monitoring of surface tension throughout the sysith@s well as automatic adjustments to
the surfactant flow rate to maintain this at thguieed level of 41 mJ ih

Figure 1 depicts the assembled apparatus, theidanof which is explained here. The
agueous suspension of graphite is placed into #aetor (E). The graphite is kept in
suspension throughout the procedure using a magsigtier (G). The ultrasonic probe (D)
operating at a power of 50 W, penetrates approxindt cm into the graphite suspension.
The surfactant solution (A) is pumped into the teawia a peristaltic pump (B). The
reservoir containing the surfactant and the tulgimgying it to the reactor are heated t6G0
in a water bath (C) to prevent precipitation of Hugfactant from solution in the tubing. A
water trough (F) is used as a heat sink to dissipay heat produced in the reactor during
synthesis, as the tip of the ultrasonic probe eath temperatures of up to £G0during
continuous operation. The heat sink is stirred iooiusly, also using the magnetic stirrer
(G), to maximise cooling efficiency.

A sampling loop (H) continuously cycles the liqumbntents of the reactor through a
photometric flow cell (I) which determines the centration of graphene by measured
absorbance at 650 nm. The concentration datansrédo®rded using a data logger.

Upon completion of the 120 minute cycle, the cotgesf the reactor were removed and
placed into a 50 ml centrifuge tube and spun aD3IPM for 20 minutes. The supernatant
was then removed and the pellet (containing mostiseacted graphite as well as some
precipitated graphene) was re-suspended in 40 mdteddnised water. This was then
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centrifuged at 3500 RPM for 20 minutes. This precsas repeated until no more graphene
was contained in the supernatant. If a dry sample iequired, then the graphene suspension
was frozen and then placed into a freeze dryerdgabe) for 3 — 4 days (depending on the
sample size) and then subsequently into a vacuwem at/70C overnight to remove all traces
of water.

2.2  Characterisation of graphene-surfactant coposite material
Graphene-surfactant complexes were characteriseal fayge of different techniques. The
presence of graphene was determined by Raman magps

The concentration of graphene in solution was obthi by spectrophotometry. The
absorbance of a graphene solution at 650 nm waytllewas determined and the
Beer-Lambert law applied, using an extinction deafft of 13.9 mg mt cm* [7].

The interaction of the surfactant with the graphengace was also analysed using NMR
spectroscopy. Dried graphene-surfactant complex digsolved in PO and placed into an
NMR tube. Another tube containing the surfactarinal was also prepared. Both were
scanned individually and then the spectra were eoatpto show shift in peak position
corresponding to interaction between the surfactandt the graphene. NMR experiments
were performed on a Bruker 400 MHz spectrometeningntopspin analysis software. This
analysis works according to the Nuclear Overhau&éect (NOE). The NOE, which is
present in nuclear magnetic resonance (NMR) spsstpy, can be used to determine the
amount of contact between the surfactant and tlaphgmne sheet. This is achieved by
observing peak shifting which occurs when two niuate within 5 A of each other.

The dried graphene sample was deposited onto a giasoscope slide and then scanned
using a Renishaw In-Via Raman microscope at antagi@n wavelength of 532 nm. Data
were recorded between 100 — 3200%cm

2.3 Deposition of thin films of graphene-surfactancomposites.

2.3.1 Langmuir-Blodgett and Langmuir-Schaefer depsition

Both composite materials obtained, e.g. Graphe@aAB and Graphene(-)SDS, appeared
to be soluble in water due to the presence of igniups, NH" and SQ respectively. Yet,
the presence of alkyl chains anédystems facilitated their solubility in chlorofortmence the
use of Langmuir-Blodgett (LB) technology (Nima &t6ugh) was an obvious choice for thin
films deposition. The standard LB procedure wasliegp[8]: 1 mg mt* solution of
graphene(+)CTAB in chloroform was spread onto tiiéase of deionised water (Millipore).
Surface pressure was then recorded using a Wilhglatg based sensor. Because of the
unknown ratio of graphene / surfactant within tbenplex the area per molecule (or repeated
unit) was difficult to calculate, so the area wassgnted in actual units of ém

Another method known as Langmuir-Shaefer (LS) déipos[9]; where the hydrophilic
substrate is held horizontally to the assembledatayer and then lowered slowly to gently
touch water surface; the monolayer is then transfieonto the substrate surface was also
used to prepare monolayer films.
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Organised monolayer films obtained in this fashmere then characterised by AFM
(Nanoscope lll) operating in tapping mode using ddeeantilevers with silicon nitride tips
having a radius of less than 10 nm.

2.3.2 Electrostatic LbL deposition

Much better results (in terms of adhesion and sari@eoverage) were obtained by using a
simple technique of electrostatic layer-by-layerbl(). deposition, a well-established
technique developed first for poly-electrolytes][a0d later adapted for deposition of other
objects, i.e. nanopatrticles, biomolecules (proteamgibodies, enzymes, DNA, etc.) [9, 11].
Multi layered films of graphene were deposited ogidd coated glass microscope slides by
alternating layers of a graphene-surfactant witposgiely charged polyelectrolytes, e.g.
graphene(+)CTAB layers alternated with polyanidaiers of polystyrene sulfonate sodium
salt (PSS), while graphene(-)SDS was alternateld haiters of polycationic species such as
polyallylamine hydrochloride (PAH) or polyethylengne (PEI). Alternating layers of
graphene(-)SDS and graphene(+)CTAB was also ateinfthe films were deposited by
consecutive dipping of gold coated glass or silieeafers into 1 mg mi solutions of the
above chemicals in deionised water. The mutlilaydilens obtained were then characterised
with scanning SEM combined with EDX (energy dispegsX-ray) elemental analysis (SEM
NOVA) and AFM.

2.4 Optical characterisation of thin graphene-sdactant films

2.4.1 Spectroscopic ellipsometry study

UV-vis spectra of graphene-surfactant samples aegufeless showing almost constant
absorbance over the spectral range of 350 - 800wimle the main absorption band of

graphene lies in UV at about 280 nm. Thereforejcaptproperties of novel graphene-

surfactant composites were studied via spectroscelipsometry using a J. A. Woollam

M2000 instrument operating in the 370 - 1000 nmcBpé range. The measurements were
performed on graphene-surfactant films depositediiiarent substrates, i.e. glass, silicon,
and gold-coated glass. Experimental parameters foarel by fitting data, the procedure for

which is explained in the results and discussiatice below.

For the LbL deposition of alternating layers of grane(-)SDS and graphene(+)CTAB on
gold-coated glass slides, a gold film of approxehat25 nm thickness was thermally
evaporated onto a 3 nm under layer of chromium ¢whwas used to improve adhesion
between the gold and the glass). Metal evaporatias carried out in a vacuum of 10orr
using an Edwards 360 unit. Prior to LbL depositigold coated slides were treated overnight
in cystamine hydrochloride solution in order to make gold surface positively charged.
Then LbL deposition started with the layer of grapd(-)SDS (negatively charged) followed
by deposition of graphene(+)CTAB (positively chateThis procedure was repeated four
times, so that four graphene bilayers were dephditeyer by layer deposition onto other
substrates was performed in a similar manner.

2.4.2 TIRE study

The surface plasmon resonance (SPR) phenomenaapheane films deposited on thin films
of gold was studied in more detail using the metbbtbtal internal reflection ellipsometry
(TIRE) which was developed in the last decade [AR-TIRE experimental set-up (shown
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schematically as inset in Fig. 12) was built on thasis of J.A. Woollam M2000
spectroscopic instrument in which the light is dedpnto a thin gold film deposited on glass
through a 68 prism providing total internal reflection conditi®. The cell attached
underneath allows measurements in different média. advantage of using TIRE is in 10-
fold sensitivity enhancement as compared to taaki SPR [15]. The samples were
constructed by electrostatic LbL deposition of RBH graphene(-)SDS on chromium/gold
coated glass slides, as described above.

3. Results and Discussion

3.1 Characterisation of graphene-surfactant coposite material

Graphene was synthesised using graphite suspensfob@ - 50 % using either SDS or
CTAB as the surfactants. The concentration of & Graphene solution obtained from each
synthesis was determined by spectrophotometry (€igu
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Figure 2. Effect of initial graphite suspension concentnatio water on final graphene concentration
after sonication for 120 minutes in the presencdiftérent surfactants.

The 'H-NMR of the graphene-surfactant complex, when cameg to the'H-NMR of the
surfactant alone, shows shifting of peaks reprasgnthydrogens involved in the
complexation interaction (Figure 3). The data shawseak shift towards the left for almost
every peak. This is a shielding effect caused ley dblocalised electrons in the graphene
sheet which only occurs when the proton is in cla®imity (less than 5 A) and involved in
Van-der-Waals interactions. This suggests thahgtrophobic chains of each surfactant lie
flat against the graphene sheet with the excemtiararbon-1 (the carbon attached directly to
the polar head group), which is pulled away frombyitthe polar head group and therefore
does not undergo as much of a shielding effedtenSDS-graphene complex.
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Figure 3. The '"H-NMR of the graphene-surfactant complexes (blu®) $DS (top) and CTAB
(bottom) stabilized graphene compared with theastiaiht alone (red).

Additionally, for the CTAB-graphene complex, two thie methyl groups on the quaternary
amine are interacting with the graphene sheet. iEhshown by the splitting of the peak

representing them into three peaks. This interactiauses the CTAB to lie much flatter

against the graphene than SDS, resulting in thargwad being pulled closer to the sheet.
This is why the peak for carbon-1 in the CTAB-grapé complex is displaced further

towards the left than its equivalent in the SD®iiseed graphene.

The peak representing carbon-1 in SDS (at aroungp#h) is shifted downfield by
complexation with the graphene. This means thaptb&éons are deshielded by the presence
of the graphene. Since the carbon-sulfur bond liargbe electron density around the carbon
atom is already lower than it would normally beaicarbon-carbon bond. Repulsion between
the graphene and the sulfate group could caus¢hiemigg of the carbon-sulfur bond. This
could in turn lead to a lower electron density athe nuclei responsible for this peak [16].

The sample was also analysed using Raman speqtsogeigure 4) which, when compared
to the spectrum for graphite, was used to verify pinesence of graphene. The spectrum
shows intense peaks at 1350tf@) and 1620 cm (G & D). Additionally the peak labelled
2D is slightly broader, between 2650 — 2700"cifhis is indicative of graphene flakes with a
high number of edge defects [17].
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Figure 4. The Raman structure spectrum of surfactant gtedilgraphene (red) compared with the
spectrum of graphite (blue).

The G band is present in all’spybridised carbon materials, and is caused bycsirey of

the C-C bond. The reduction in intensity in the piwene spectrum compared with the
graphite spectrum is caused by the reduced nunibbayers. The D and D’ bands are caused
by disorder in the graphene flakes. The D’ bangresent when there are surface defects;
such as charging or other impurities adsorbed th@surface. The D band is caused by edge
defects such as a “zig-zag” or “chair” shape on #uge. Edge defects provide an
enhancement to electrochemical systems by incrgdl@ total capacitance of the electrode
surface. Both the D & D’ are not present in prigtgraphene with straight edges [17].

The 2D band is also present in man$ Ispbridized systems and can be used to estimate the
number of layers [18]. However the intensity isoaldependant on the excitation laser
frequency and so cannot be solely relied upon.héurtletails on the electrochemistry and
usage of graphene produced by this method ardetktaianother paper [6].

3.2 Deposition of thin films of graphene-surfactancomposites.

3.2.1 LB (LS) deposition

Typical surface pressure vs. area diagrams of grag()CTAB in Figure 5 showed
formation of a stable monolayer on the water sarfemmilar to that found for classical
amphiphilic compounds. The consecutive compressmishe monolayer did not yield
substantial losses of material caused either byntlb@olayer collapse or dissolving the
material in water. Graphene(-)SDS composite shavgidhilar behaviour.
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Figure 5. Surface pressure / area isotherms of graphenefBQmonolayers on the water surface;
numbers 1, 2, and 3 indicate consecutive compnessibthe monolayer.

However, for LB deposition onto hydrophilic substs such as glass or oxidised silicon,
which are slightly negatively charged due the pmeseof OH groups, positively charged
graphene(+)CTAB was chosen; as this provided gatitesion between the substrate and
monolayer.

Attempts at depositing thin films of graphene(+)@ Asing a traditional LB process, e.g.
vertical dipping and withdrawing the substrate tlgio the monolayer, were not successful
since the transfer ratio was poor. The first witvdal yielded about 60%; then the layer was
shown to peel off during subsequent dipping cyclée overall transfer ratio by area (when
substrate surface area was compared with graphrisotherm) was 10 — 20 %. The most
significant cause of this was poor adhesion of fineg graphene layer to hydrophilic
substrates. This could be improved in futwerk via the use of substrates with surface
modifications which either enhance the surface gdaor make the surface more
hydrophobic. Much better results were obtainedgisiie horizontal lifting method known as
Langmuir-Shaefer (LS) deposition [8]; where the foythilic substrate is held horizontally to
the assembled monolayer and then lowered slowlgdotly touch water surface; the
monolayer is then transferred onto the substratdaser Only a single layer of
graphene(+)CTAB could be deposited by LS depositidtempts to deposit multilayers by
the LS technique failed, as the deposited layergameto peel off upon consecutive
depositions.

Organised monolayer films obtained in this fashwere then characterised by AFM
(Nanoscope lll) operating in tapping mode using ddeeantilevers with silicon nitride tips
having a radius of less than 10 nm. A typical AFMage of graphene(+)CTAB flakes
deposited onto a piece of silicon wafer using LShoe is shown in Figure 6. The larger
scale image (a) shows a number of irregularly stiapaphene(+)CTAB flakes with gaps
between; the flakes were sometimes shown to oveidaming double and sometimes triple
layers. Image (b) shows, a pseudo 3D imafge flat individual flake of about 500 nm in size
with another smaller flake lying on top.
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Figure 6. AFM images of the same sample of a graphene(+)CTad®r deposited onto a silicon
substrate using the LS method: (a) 2D imagent (b) pseudo-3D image of individual graphene
flake. (c) Sectional analysis of the image in (a).

Sectional analysis of AFM image along the linesvamoallows for an estimation of the
graphene(+)CTAB flake thickness at 2 nm, whichignigicantly higher than the reported
thickness of pristine graphene of 0.355 nm [19} ©btained value of 2 nm for an individual
graphene(+)CTAB is likely due to the presence ofasiiant molecules, CTAB in this case.

It is clear from these images that the surface mamee is not optimal. Additionally the
graphene flakes were seen to change position amgestiuring scanning, suggesting poor
adhesion to the silicon surface. This could poédigtibe overcome in future work by using
surface modified silicon wafers for sample depositi

3.2.2 Electrostatic LbL deposition

The multi layered films obtained from layer-by-laygeposition method were characterised
with scanning SEM combined with EDX (energy dispegsX-ray) elemental analysis (SEM
NOVA) and AFM.
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Not all alternating combinations worked well, howevFor example, the most promising
combination of graphene(+)CTAB with graphene(-)SB&s not successful, while the
alternation of graphene(+)CTAB with PAH (or with PBproved to be the most optimal.
Deposition on glass or silicon samples was perfdrineelectrostatic adsorption of PAH (or
PEI) for 20 - 30 min followed by dipping into a atbn of graphene(-)SDS for 10 - 15 min.
This sequence was repeated several times withi@atypcubation time of 10 - 15 min.

Figure 7 shows an SEM image of alternating layérBAH and graphene(-)SDS deposited
onto a silicon substrate. Separate flakes are lgleasible, the largest of which is
approximately 3Qum. EDX spectral analysis (b) performed on a flakevs a dominating
peak of carbon while on the empty space (c) silisothe dominant peak. This shows, that
the graphene flakes consist predominantly of carlgth a few trace elements. Deposition
of the first few layers gives a less than optimalerage. The reason for this is likely poor
adhesion between layers of graphene(-)SDS and H2éthosition of subsequent layers
greatly improves the coverage by overlapping adipgeaphene flakes.
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Figure 7. (a) SEM image of PAH/graphene(-)SDS layer on &ail surface; (b) EDX spectra
recorded on a graphene flake, and (c) an emptyespac

Adhesion between graphene and substrate was greapisoved when using a stronger

polycation such as PEI. The AFM image of graphgB8&(S deposited onto a layer of PEI in

Figure 8 shows far better surface coverage. Howévean be seen that graphene flakes
overlap and form double and, in some cases, tidykers.
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Figure 8. (a) AFM image (tapping mode) of a PEl/graphen&§g<ilm, and (b) a corresponding
sectional analysis.

Sectional analysis performed on the sample showvdadhble and triple layers, and shows the
thickness of a single flake at approximately 2.5 fims is a somewhat higher than that for
LS films in Fig. 6; the difference could potentjgie caused by the presence of PEI layer.

3.3 Optical characterisation of thin graphene-siactant films

3.3.1 Spectroscopic ellipsometry study
The analysis of graphene films by spectroscopipsimetry has already been carried out by
other groups, and so is fairly well described [20).

Typical set of spectra of spectra\BfandA of graphene(-)SDS deposited on Si by alternation
with PAH are shown in Figure 9a. Numbers 1, 2, &dndicate the number of
PAH/graphene bilayers deposited. It can be seem fiee data that al’ spectra almost
coincide with each other, whil& spectra shift downwards upon deposition of bilayef
PAH/graphene(-)SDS.
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Figure 9. (a) Spectra of ellipsometric parametd#sandA recorded on a bare silicon surface (*) and
on PAH/graphene(-)SDS films deposited on it (thenbers 1, 2, 3 correspond to the number of
PAH/graphene bilayers); (b) The example of datm§tfor one bilayer of PAH/Graphene deposited
on silicon using three-layer model .

The thickness valuesd) and dispersions, e.g. spectra, of refractive xndad () and
extinction coefficient ) of graphene films can be found by fitting the @b@pectra to the
model using dedicated J.A. Woollam software. Irs tparticular case, the model of the
reflecting system consists of the following thresdrs: (1) Si substrate; (2) the layer of
native oxide (Si@ which is typically present on the surface of i the deposited layer of
PAH/graphene(-)SDS; the ambient was air. Optieabmeters for Si and SjQvere taken
from J.A. Woollam database). The fitting was fpstformed for ellipsometric spectra of Si-
SiO2 substrate. For the set of data in Figuret@afitting for the thickness of the native SiO
layer was performed first using the data for theel&i substrate. The thickness of Si&yer
obtained (d=3.2nm) were then fixed for consecutitings. The PAH/graphene(-)SDS film
was considered as one layer in the following figsinwhich is justified by the fact that
aliphatic chains of SDS interlock with PAH and foren mixed composite layer of
PAH/graphene(-)SDS. Several possible models weed for fitting PAH/graphene(-)SDS
layers, and the best results were achieved usingrantz oscillator model from J.A.
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Woollam data analysis software which is given bebdsna dispersion function of a complex
dielectric permittivitye (hv):

_ A
e(hv) =&y, + .
> E? - (hy)? - jB,hv

where £, is the dielectric permittivity at infinitive frequncy, E  , A , and B, are,
respectively, the position, amplitude, and haldivi of k-Lorenzian peak; there could be a
number of peaks from 1 to The best fit was obtained with the use of a gingirenzian the
following parametersg,, = 131 E, = 0625eV; A = 1759(eV)?; B, = 386eV. The

presence of Lorenz peak in IR region gives a fetdgs dispersion of k for graphene-
surfactant composite films in visible spectral rargymilar to that reported in [22, 23]. The
absorption peak of graphene reported earlier [3RaR about 260 nm is outside the spectral
range of our ellipsometric instrument (370 — 1000).nThe example of ellipsometry data
fitting for one PAH/graphene bilayer deposited ansSshown in Figure 9b with the dotted
(fitting) lines almost coinciding with the experintal spectra (solid lines). The thickness
was found to be of 6.65 nm, 9.3 nm, and 10.88 nm¥p2"% and & PAH/graphene bilayer,
respectively. Although thd value of the first bilayer appeared to be too hitle, average
thickness incremenhd = 363+ 2 nm is reasonable and close to that observed Wi .A

Spectroscopic ellipsometry measurements were daotig on samples after each layer was
deposited and similarly to the previous experimé&htspectra were not changed much while
A spectra were shifted downwards upon layers depositThe ellipsometry data fitting was
performed in a similar way as described above usirthree layer model containing the
substrate glass, chromium/gold layer, and grapheye, the ambient was air. Parametgrs
n(A), andk(A) of chromium/gold layer were found by fitting thatd for uncoated samples,
and then used as fixed parameters for subsequengd$i Graphene layers were modeled by
Lorenz oscillator as before; the values for thidsiebtained are plotted against the graphene
layers deposited in Figure 10. As one can see ¢pesgition is not consistent, the graphene
layers started to peel off aftel’3leposition most-likely because of poor adhesicavéen
graphene layers. However, the thickness incremé@t87+0.03 nm in the middle of the
graph is much smaller and corresponds to grapherfi@esant layers without the input of
intermediate polycation layers.

G

w

Thickness {nm)

%)

Gri-JL Gri+}l Gri-}2 Gri+)2 Gri-}3 Gri+)3 Gri-}4 Gri+}4

Layers

Figure 10. The variation of the film thickness upon depasitiof alternating graphene(-)SDS and
graphene(+)CTAB graphene layers on Au-gold coatassgslides.
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As mentioned above, the use of PEI as a bindingrlajternating with graphene(-)SDS
improves graphene deposition. The ellipsometry tspeadecorded on samples of
PEl/graphene(-)SDS deposited on gold-coated giassheown in Figure 11a. BotH andA
spectra show the characteristic features at ard®@dnm associated with surface plasmon
oscillations in thin gold films. Also, the specshift upwards and downwards, respectively,
upon deposition of PEIl/graphene layers which iss@ient with the thickness increment of
2.5 nm obtained by fitting of the data in FigureallFollowing the approach developed
in[24], in Figure 11b we attempted to present ¢hekta as differential spectra of
oW =W - W] anddA = A - A* (WOandA* correspond to spectra of uncoated gold samples)
which allows to clearly distinguish a contributiohdeposited layers.
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Figure 11. W, A (a) anddW, dA (b) spectra of PEl/graphene(-)SDS films depositedjold coated
glass slides.

227



It is quite remarkable to observe spectral feat@mesind plasmon resonance frequency of
gold substrate which are not related to graphessdf if22, 23] but rather appeared as a result
of interaction ofre-electrons in graphene with free electrons in didral.

3.3.2 TIRE study

The samples were constructed by electrostatic Ldypodition of PEI and graphene(-)SDS on
chromium/gold coated glass slides, as describedeabbhe results obtained are shown in
Figure 12 as TIRE spectra #f andA. Spectra ¢i¥ resemble a traditional SPR curve with
the maximum corresponding to conditions of totakinal reflection of light, while the
minimum is the actual plasmon resonance. The ipetf, which do not exist in traditional
SPR, represent a new phase related charactessiey a sharp drop near the resonance
wavelength.
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Figure 12. TIRE spectra of (&), and (b)A recorded on a bare gold-coated glass slide (*)adiet
deposition of bilayers of PEl/graphene(-)SDS. Nuralle 2, and 3 indicate the number of bilayers
deposited. The inset shows the geometry of TIREIget

Deposition of graphene layers made the SPR minirauem lower on th& spectra while
causing an additional phase shift drspectra. The enhancement of the SPR peak due to th
deposition of graphene layers is observed for ttst fime. It is interesting to note that
graphene itself does not show plasmonic behavitinarvisible spectral range as was proven
by ellipsometry measurements shown before (FigA®)the same time the interaction of
T-electrons in graphene and free electrons in gelddh we suspected earlier) may lead to
the enhancement of SPR in gold layers. The TIRE @ting revealed a similar thickness
increment of 2.5 nm per PEI/graphene bilayer whvels reported earlier.

4. Conclusions

A simple semi-automated technique for graphene ymtiah by aqueous sonochemical
exfoliation of graphite in the presence of ionicrfaatants, e.g. CTAB or SDS, was
developed. Full automation could be potentiallyieebd by adding surface tension sensors
to control the amount of surfactant being addeth&reactor, thus maintaining a constant
and optimum surface tension. The formation of irdlial graphene flakes and the interaction
of alkyl chains of the surfactants with grapheneeyeespectively, confirmed with Raman
spectroscopy and NMR measurements.
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The two different graphene-surfactant complexesdyeed (graphene(+)CTAB and

graphene(-)SDS) appeared to be soluble in watertlansl suitable for electrostatic LbL

deposition. Both compounds were also found to bphgphilic and soluble in chloroform,

hence it was possible to form stable monolayertherwater surface. Thin films of the above
graphene composites were deposited onto differelind substrates, i.e. silicon, glass and
gold-coated glass, using either electrostatic LbL® (LS) deposition techniques. SEM and
AFM study showed that LB (or LS) films of graphengf{TAB had poor surface coverage
and adhesion to the substrate. Electrostatic Lijhosidon of graphene by alternation of
graphene with oppositely charged polyelectrolytess wnuch more promising in these
aspects. Several combinations of materials wered trincluding the alternation of

graphene(+)CTAB and graphene(-)SDS. The best sesudtre achieved by alternation of
graphene(-)SDS with PEI. AFM study allowed theraation the thickness of an individual
graphene-surfactant flakes of about 2 - 2.5 nm.

The spectroscopic ellipsometry study of graphene tims gave similar values for the
thickness of the graphene-surfactant compositer.layhile the dispersions of refractive
index and extinction coefficient were modelled bsiregle Lorenzian peak lying in IR region,
the absorption peak of graphene at approximatedyrizé was outside the spectral range (370
— 1000 nm) of the ellipsometric instrument. Intéires results were obtained when studying
the SPR effect in gold films coated with a few lsyef graphene using both external and
internal (TIRE) reflection ellipsometry. Althoughiagphene itself shows no spectral features
associated with plasmon oscillations in the abgextal range, the deposition of graphene
layers on gold progressively enhances the plasmsmnance on TIRF-spectra and caused
an extra phase shift on TIRE-spectra. This phenomenon can be explored in fufire
enhancing the performance of SPR-based bio-sensors.
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Appendix 3: Semi-Automated Sonochemical Synthesisf o

Graphene by Continuous Addition of Aqueous Surfactat

*This work was presented at the"™lBuropean Conference on Organised Films in 2015.
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A novel apparatus is described for the
continuous addition of surfactant during
graphene synthesis which produces
pristine graphene flakes. The presence
of graphene has been verified by Raman
spectroscopy and AFM.

Introduction

Since its initial discovery and development by Novoselov et al.
(2004), graphene has been of great interest o the scientific
community due to its interesting optical and electrical properties.
Graphene is defined as a single layer of sp? hybridised carbon
with no 3™ dimension. The aromatic structure of graphene is
responsible for the electrical properties of the material as the
flipping of n-bonds between adjacent carbon atoms can be used
to transmit an electrical current. Because of this electrical activity
in particular, graphene is being examined as a base material in a
number of different applications including sensors, the use in
flexible electronics (Sharma & Ahn, 2013) and graphene based
printable inks for printed electrical circuits (Torrisi ef al., 2012).

Graphene has reportedly been produced by a number of different
methods, however the method chosen for this research was by
sonochemical exfoliation. This is achieved by sonication of an
aqueous suspension of graphite powder in the presence of a
surfactant, as reported by Notley et al. (2012). A downside of this
method is that the surfactant must be added slowly to maintain a
constant surface tension of 41 mJ m? or significant yields of
graphene will not be produced. This is a time consuming and
labour intensive process. A semi-automated method to alleviate
some of these issues is described here.

Apparatus

The function of the apparatus (schematic shown in Figure 1) for
the production of graphene is explained thusly. The aqueous
suspension of graphite is placed into the reactor (E). The
graphite is kept in suspension throughout the procedure using a
magnetic stirrer (G). The ulirasonic probe (D) operating at a
power of 50 W, penetrates approximately 1 cm into the graphite
suspension. The surfactant solution (A) is pumped into the
reactor via a peristaltic pump (B). The reservoir containing the
surfactant and the tubing carrying it to the reactor are heated to
60°C in a water bath (C) to prevent precipitation of the surfactant
from solution. A water trough (F) is used as a heat sink to
dissipate any heat produced in the reactor during synthesis, as
the ultrasonic probe can reach temperatures of 100°C during
continuous operation. The heat sink is stirred continuously, also
using the magnetic stirrer (G), to maximise cooling efficiency.

A sampling loop (H) continuously cycles the liquid contents of the
reactor through a photometric flow cell () which determines the
concentration of graphene by measured absorbance at 650 nm.
The concentration data is then recorded using a data logger.

Figure 71— A, for I- it 3
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Methodology

Graphene was prepared using the apparatus described in
Figure 1 before analysis. Particle sizing was performed using
dynamic light scattering and concentration was determined using
absorbance at 650 nm with an extinction coefficient of
13.9 mg' mL-' cm? (Notley et al., 2012). Graphene suspension
with no unbound surfactant was obtained by washing the
remaining graphite with distilled water after the initial graphene
suspension had been removed. This pure graphene suspension
was then freeze dried and placed into a vacuum oven fo remove
all traces of water. The dry sample was analysed using Raman
spectroscopy to verify the presence of graphene and then by
'H-NMR to show the binding relationship between the surfactant
and the graphene surface.

Results

Graphene was synthesised using graphite suspensions of
10 - 50 % using either sodium dodecyl sulfate (SDS) or cetyl
trimethylammonium bromide (CTAB) as the surfactants. The
concenfration of the final graphene solution obtained from each
synthesis was determined by spectrophotometry (Figure 2).
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Figure 2 — Effect of initial graphite on final

concentration.

The size of the graphene flakes was determined using dynamic
light scattering (DLS). The results showed that the
graphene(-)SDS had a mean size of 2142 £ 104 nm with a
polydispersity of 0405 + 0.037. The graphene(+)CTAB had a
mean size of 2645 + 50 nm with a polydispersity of
0.264 + 0.023. High resolution images of the graphene flakes
were obtained using atomic force microscopy (AFM), which are
shown in Figure 3.
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Figure 3 — Atomic force micrograph of a deposited thin film of graphene.

The sample was also analysed using Raman spectroscopy
(Figure 4) which, when compared to the spectrum for graphite,
was used to verify the presence of graphene.
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The spectrum for graphene shows a change in the ratio of peaks
D : G, and the D" peak is more pronounced when compared to
the graphite spectrum. Additionally the peak labelled 2D is
slightly broader and less intense. This is indicative of graphene
flakes with a high number of edge defects.
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Figure 4— The Raman spectra of graphene (red) and graphite (blue).
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The 'H-NMR of the graphene-surfactant complex, when
compared to the 'H-NMR of the surfactant alone (Figure 5),
shows shifting of the peaks representing hydrogens involved in
the complexation interactions. The data shows a peak shift
towards the right (upfield) for almost every peak. This is a
shielding effect caused by the delocalised electrons in the
graphene sheet which occurs when the surfactant’'s protons are
in close proximity and involved in Van-der-Waals interactions with
the graphene. This suggests that the hydrophobic chains of each
surfactant lie flat against the graphene sheet with the exception
of carbon-1, which is pulled away from it by the polar head group
and therefore does not undergo as much of a shielding effect in
the SDS-graphene complex.

Additionally, for the CTAB-graphene complex, twa of the methyl
groups an the quaternary amine are interacting with the graphene
sheet. This is shown by the splitting of the peak representing
them into three peaks. This interaction causes the CTAB fo lie
much flatter against the graphene than SDS, resulting in the polar
head being pulled closer to the sheet. This is why the peak for
carbon-1 in the CTAB-graphene complex is displaced further
towards the right than its equivalent in the SDS stabilised
araphene.

-

Figure 5— The 'H-NMR, in D;0, of the graphene-surfactant complexes (hlue) for
SDS (1op) and CTAB (bottom) il with the

alone (red).

Conclusions

The novel apparatus was used to great effect as a method for
producing high concentrations of graphene in a manner that was
not labour intensive. The graphene flakes produced had a
relatively uniform size distnbution and a high number of edge
defects. This makes them useful for a number of future
applications, such as the enhancement of electrochemical based
sensors, which are currently being assessed in on-going studies.
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