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ABSTRACT 

The scientific endeavours described within this thesis attempt to create novel solutions 

to current scientific, commercial and industrial downfalls, and contribute to the 

advancement of technologies in these areas.  This has been achieved through the 

application of theoretical and experimental principles, entrenched in the domains of 

chemistry and physics, which have been harnessed to assist in the transformation from 

nanoscience to nanotechnology.  These solutions range from unique supramolecular 

systems capable of selective-diameter enrichment of single-walled carbon nanotubes 

(SWCNTs), to the fabrication of low-cost, potentially remote deployable carbon 

nanotube-based gas and vapour sensors, and expand right through to the development of 

water-soluble fluoroionophoric sensors and manipulations of a molecular form of 

carbon in constructing all-carbon nano-architectures. 

 

For the advancement and successful integration of carbon nanotubes (CNTs) into 

commercial processes, the advent of scalable separation protocols based on their 

electronic properties is required.  SWCNTs have been successfully solubilised using 

water-soluble p-phosphonated calix[n]arenes (n = 4, 6, 8) and ‘extended arm’ upper rim 

functionalised (benzyl, phenyl) p-sulfonated calix[8]arenes.  Selective SWCNT 

diameter solubilisation has been demonstrated and subsequent preferential enrichment 

of SWCNTs with semiconducting or metallic electronic properties has been achieved.  

In addition, semiconducting nanotube-enriched supernatants (liquid) have been utilised 

to fabricate on/off field effect transistors (FET).  These water-soluble supramolecular 

systems can be incorporated into post-growth purification protocols, with direct 

implications in areas such as carbon nano-electronics and device fabrication. 

 

In the current global environment there is a heightened level of public and governmental 

disquiet due to the reality of impending terrorist attacks.  This is compounded by the 

inherent ease of manufacture and effectiveness of specific chemical warfare agents 

(CWAs) used in small-scale terrorist operations.  Phosgene, COCl2, is a CWA which is 

the frontrunner of modern chemical warfare, and is commercially produced as well as 

being readily prepared from common chemicals.  It is a colourless gas, with toxic 

effects well below its odour threshold of 0.4 ppm.  In combating terrorism associated 

with phosgene, and other CWAs, new detection technologies are required for the 

purpose of release monitoring, personnel safety, operational intelligence, and warfare 
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tactics.  A nanotechnology solution is reported for the detection of phosgene which 

involves a drop-casting technique in constructing a chemiresistor device based on 

SWCNTs.  The entire process from design and development, through to system 

verification and analyte testing is described.  Phosgene is detected over common 

organic solvents and other halogenated systems, at 24 ppm limits.  Sensing G-series 

nerve agent simulants for sarin (GB) and soman (GD) are also established using the 

same device, along with the effectiveness of single interdigitated electrode (IDE) sensor 

geometry versus multiple-array systems. 

 

The ability to control and manipulate structures at the molecular level is appealing for 

the development of new materials, through unique nano-scale architectures, forming the 

basis of crystal engineering.  Subsequently, a novel supramolecular system is described 

where toluene solutions of p-tBu-calix[5]arene and C60 result in a 1:1 complex, 

(C60)∩(p-tBu-calix[5]arene), which precipitates as nano-fibres.  The principal structural 

unit is based on a host-guest ball-and-socket nanostructure of the two components, with 

an extended structure comprised of zigzag/helical arrays of fullerenes, predicted through 

powder X-ray diffraction data coupled with molecular modelling.  Under argon, high 

temperature all-carbon analogues are produced with interesting properties.  In addition, 

results will be described which indicate the potential of this novel complex as an 

autophagy inductor in cervical cancer, and as a chemo-sensitiser towards drug-resistant 

breast cancer cell lines.  Additional all-carbon structures are described with the 

formation of rings of helical SWCNT bundles through post-growth SWCNT 

modifications, and a variety of fibrous all-carbon structures, most notably novel 

square-geometry carbon nano-fibres (CNFs), through catalytic-chemical vapour 

deposition (C-CVD) synthesis strategies. 

 

The current requirement for entirely water-soluble fluorescent sensors is routinely 

documented in the literature.  The autofluorescence properties of p-phenyl-sulfonated 

calix[8]arene are characterised and this water-soluble cavitand is surveyed as a metal 

cation sensor candidate.  This particular system was found to exhibit a change in 

fluorescence response when exposed to divalent metal cations, and interactions with 

[UO2]
2+, Pb2+, Co2+, and Cu2+ ions are discussed in detail.  The system is characterised 

through a variety of analytical techniques to yield sensor calibration data, degradation 

characteristics, pH sensitivity and suitability as a ‘small molecule’ drug-carrier. 
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1 General introduction 

The major concepts in this thesis relate to utilisation of carbon nano-materials and 

harnessing key manipulations at the molecular level through supramolecular 

interactions, to allow access to new materials and technology, in an attempt to provide 

solutions for current ‘real-world’ issues.  This thesis explores a myriad of topical 

research areas including the supramolecular assembly of fullerene C60 into novel 

materials with interdisciplinary applications, novel post-growth treatments for CNT 

purification and separation, the fabrication of CNT-based chemiresistor sensors for the 

detection of phosgene gas with potential military prospects and the development of an 

entirely water-soluble fluroionophore utilising a higher-order sulfonated calixarene 

system.  The following general introduction will introduce the reader to key 

developments in the areas necessary to assess the contribution made by the subsequent 

research described in this thesis. 

 

1.1 The chemistry of carbon 

The properties of carbon that arise from the different bonding structures will be 

discussed in order to understand the full versatility of this element and to provide 

valuable insight into the generation of new structures.  Carbon has an atomic number of 

six and is the lightest atom in group 14 of the Periodic Table.  The other elements in this 

group, Si, Ge, Sn, and Pb, have sp3 bonding in their cubic solid ground states, with 

condensed phase carbon capable of multiple bonding types leading to materials with 

varying degrees of dimensionality.[1]  The carbon atom has an electronic configuration 

of 1s22s2p2,[2, 3] owing to its tetravalent nature, with the outer four electrons being able 

to fill the sp3 (tetrahedral) or sp2 (trigonal planar) as well as the sp (linear) hybrid 

orbital.[2, 4]  The orbital filled will have a direct effect on the type of all-carbon allotrope 

produced (Fig.  1.1), and consequently the physical and chemical properties of the 

allotrope, making carbon one of the most versatile elements that exists on earth.[5] 

 

Until recently it was thought that carbon only existed as the two naturally occurring 

allotropes, diamond and graphite.  While these two allotropes will be discussed in this 

thesis, the breakthrough discovery of the fullerene allotrope family (Fig.  1.2) will be 

discussed in greater detail as they have far more relevance to this thesis. 
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Figure  1.1  Bonding structures of diamond, graphite, and fullerene allotropes of carbon, with 

σ-orbitals in grey and π-orbitals in blue; note that a π-orbital exists in out-of-plane in sp2 bonding 
but has been omitted for clarity. 

 

 
Figure  1.2  Different allotropes of carbon, a) diamond, b) graphite, c) lonsdaleite, d) fullerene C60, 

e) fullerene C540, f) fullerene C70, g) amorphous carbon, h) single-walled carbon nanotube 
(SWCNT). 
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1.1.1 Diamond 

The bonding configuration of diamond consists of the four valance electrons of each 

carbon atom occupying the sp3 hybrid orbital as illustrated in Figure  1.1.  This 

configuration allows the covalent bonding of four additional carbon atoms at tetrahedral 

angles, creating four equivalent sigma (σ) bonds, propagation of this structure creates a 

three-dimensional material with nearly isotropic properties.[3, 6]  The bonding structure 

found in diamond dictates the chemical and physical properties of the material.  

Diamond is the hardest naturally occurring material known, with this physical property 

derived from the strength of the C-C σ-bonds in the tetragonal interlocking 

three-dimensional arrangement.  Diamond is an electrical insulator, unlike graphite, as 

only σ-bonds are present with no opportunity for the formation of delocalised π-bonds 

required for electron conduction.  Diamond is a particularly sought after gemstone, due 

to its high refractive index and colourless appearance, where the electrons only absorb 

light in the ultraviolet region and not in the visible or infrared.[6] 

 

1.1.2 Graphite 

In contrast to diamond, the four valence electrons of the carbon atom occupy the planar 

sp2 hybrid orbital (Fig.  1.1).  This dramatically effects the carbon bonding capacity and 

allows additional carbon atom attachment through three in-plane σ-bonds, with an 

out-of-plane π-orbital.  This bonding type gives rise to a planar hexagonal network of 

strong in-plane bonding, but only weak inter-planar bonding, termed van der Waals 

forces, producing the structure depicted in Figures  1.1 and  1.2b.  Due to the out-of-plane 

π-orbital, graphite exhibits semi-metal behaviour and is a good thermal and electrical 

conductor.[1]  It is interesting to note that in terms of mechanical properties graphite is 

actually stronger in-plane than diamond.  This can be explained by the shorter length 

σ-bond of the sp2 hybrid orbital (0.14 nm) with an associated bond strength of 

347 kJ mol-1, when compared to the sp3 hybrid orbital bond length (0.15 nm) resulting 

in a reduction in bond strength to 611 kJ mol-1.[7]  Even the physical appearance of 

graphite is vastly different from diamond, where wavelengths in the visible range are 

absorbed and interact with the delocalised π-electrons to give a black appearance.[3] 
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1.2 The discovery of new forms of carbon 

Ultimately it was the intrigue and quest for further understanding of the formation 

mechanisms of long-chain carbon molecules in interstellar space which led to the 

serendipitous discovery of entirely new allotropes of carbon.  This occurred in the now 

famous vaporisation of graphite experiments undertaken in 1985 at Rice University, 

Houston where Richard Smalley, Harry Kroto, and Robert Curl and their research 

collaborators went on to produce one of the most influential scientific discoveries in 

recent times which would significantly shape the direction of nanoscience and 

nanotechnology research for many years to come.[8-11]  This influential paper, published 

in the prominent journal Nature, reported that vapourising graphite in a helium (He) 

atmosphere produced remarkably stable carbon clusters.  Upon optimising the 

experimental conditions, a cluster size of 60 carbon atoms predominated, with lower 

percentages of 70 carbon atom clusters.  The rationale behind the discovery was that 

only a closed-cage carbon structure containing 60 carbon atoms could produce a 

structure of unique super-stability.  A truncated icosahedron structure, with 60 vertices 

and 32 faces, 12 of which are pentagonal and 20 hexagonal, which is commonly 

encountered as the soccerball structure, was proposed (Fig.  1.3).[12]  This was the 

beginning of a new-era for carbon science, and the enormous impact of this pioneering 

research, by Kroto, Smalley and Curl, led to the award of the 1996 Nobel Prize in 

Chemistry.[10, 11, 13] 

 

 
Figure  1.3  A side-by-side comparison of the truncated icosahedral structure of a molecular model 

of fullerene C60 and a soccerball. 
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Further research to prove the proposed structural model of C60 was limited by the 

insufficient quantities prepared through the laser vaporisation of graphite.  Later, 

Huffman et al. published a methodology that was able to produce macroscopic 

quantities of predominately fullerene C60,
[14] using much simpler equipment consisting 

of a bell jar where a carbon arc was utilised to vapourise graphite, in an atmosphere of 

He, and the soot that condensed on the vessel walls was collected.  This soot was 

dispersed in benzene to produce a red solution and, upon drying, plate-like crystals of 

C60 (90%) and C70 (10%) were formed.[14]  This was a major breakthrough which gave 

researchers everywhere access to workable quantities of fullerene C60, which led to the 

acquisition of experimental data to support the proposed closed-cage structure, and 

essentially opening the floodgates for chemical and physical characterisation and the 

development of novel applications. 

 

  
Figure  1.4  a) Schematic of the electron density of fullerene C60, and b) the C60 isosurface of ground 

state electron density, calculated with DFT using the CPMD code.  Adapted from [15] 
 

Fullerene C60, has a unique structural arrangement consisting of predominately sp2 

characteristics as seen in graphite, yet it does retain some form of sp3 hybrid orbital 

filling, as in diamond, due to the inherent surface curvature (Fig.  1.1).  This particular 

bonding type is referred to as sp2 rehybridisation, as there are three σ-bonds between 

neighbouring carbon atoms (sp2), with an out-of-plane π-orbital which is deformed to 

allow a non-planar, pseudo-tetragonal bonding arrangement (Fig.  1.1).  Due to the 

presence of the delocalised π-orbitals (Fig.  1.4), fullerene C60 has very rich electronic 

and optical properties.  These fullerene molecules, more specifically C60, have shown 

interesting characteristics for areas of study such as metal-insulator transitions, chemical 

functionalisations, superconductivity and molecular architecture.[4] 
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The ability to build and control molecular architecture consisting of fullerene C60 will 

be explored in Chapter 5.  The synthesis of novel fullerene arrangements, leading to the 

realisation of creating all-carbon architecture for applications as broad as molecular 

electronics to medicine, will be described in Chapter 5. 

 

1.2.1 Carbon nanotubes 

With the discovery of a new nano-scale form of molecular carbon, the fullerenes 

stimulated not only significant amounts of research interest but intrigued researchers 

with the dream of an all-carbon nano-scale architecture.  Perhaps one of the most 

extravagant conceptions was the possibility to extend the C60 cage in one direction, to a 

point where one was left with a hollow tube with C60 hemispheres capping both ends.[16]  

This seemingly conceptual pipe-dream was soon to become a reality and with this came 

one of the largest shifts in scientific research in the modern world and would be the 

beginning of the “nanotube age”.[17, 18] 

 

1.2.1.1 Multi-walled carbon nanotubes 

The discovery of nanometer sized graphitic tubules was through the efforts of Sumio 

Iijima, an electron microscopist for the NEC laboratories in Japan.  Iijima was intrigued 

by the Krätschmer-Huffman carbon-arc method for fullerene production and undertook 

detailed transmission electron microscopy (TEM) studies on the condensed soot on the 

vessel walls in the search for novel carbon architecture.[1]  Due to mainly encountering 

amorphous carbon, with no sign of extended graphitised structures, the focus of these 

studies was eventually shifted to the deposits which formed on the graphitic cathode 

after the arc-evaporation process.[1]  This was the eureka moment as he discovered that 

the cathodic soot contained a wide range of novel graphitic structures, most interesting 

were the long hollow fibres ranging from 4 nm to 30 nm in diameter with lengths up to 

1 μm.[19]  High-resolution TEM imaging of the fibres revealed that they consisted of 

seamless concentric cylinders of increasing diameter about a common axis (Fig.  1.5), 

with each cylinder separated by a distance of 0.34 nm, the inter-plane distance observed 

in graphite.[19]  These fibres are more commonly referred to as multi-walled carbon 

nanotubes (MWCNTs). 
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Figure  1.5  Electron micrographs of the microtubules of graphitic carbon which Iijima discovered, 
more commonly referred to as MWCNTs.  A cross-section of each nanotube is illustrated; a) tube 
consisting of five graphitic sheets (6.7 nm dia.), b) two-sheet tube (5.5 nm dia.), and a seven-sheet 
tube (6.5 nm dia.) which has the smallest hollow core (2.2 nm).  Adapted with permission from 

Macmillian Publishers Ltd: Nature[19], © 1993. 
 

1.2.1.2 Single-walled carbon nanotubes 

The discovery of MWCNTs validated conceptions that the ‘ideal nanotube’, a seamless 

cylinder of one atomic layer of carbon might be achievable.  Only two years after the 

discovery of MWCNTs both Iijima et al.[20] and Bethune et al.[21] reported the synthesis 

of the elusive SWCNT.  This was achieved by using the same process for MWCNT 

production, however, the graphite electrodes were modified by transition metal 

catalysts, specifically iron and cobalt.  A web-like soot was produced where the typical 

fullerene soot was deposited, on the vessel walls, and resulted in the formation of CNTs 
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with very small diameters (~1 nm) (Fig.  1.6), with structures of high similarity to the 

theorised ‘ideal nanotube’. 

 

  
Figure  1.6  Electron micrographs of SWCNTs, at a) low magnification and b) high magnification; 

produced through the original modified carbon-arc evaporation preparation by Bethune et al.  
Adapted with permission from Macmillian Publishers Ltd: Nature[21], © 1993. 

 

These pioneering SWCNT synthesis methodologies were plagued by low yields, with 

high volumes of impurities such as amorphous carbon, carbon nanoparticles and metal 

catalyst particles.  During the following year, it was discovered, by Ebbesen and 

Ajayan, that the yield of SWCNTs in the soot could be dramatically improved by 

increasing the pressure of He in the arc-discharge chamber.[22]  This was the critical step 

required for the ability to produce laboratory-scale quantities which would, in turn, 

dramatically boost world-wide research into these fascinating materials. 

 

With the wide spread nanotube research phenomenon developing, SWCNTs have now 

been produced using several different methods including arc-discharge,[23-40] laser 

ablation,[41-54] and chemical vapour deposition (CVD).[55]  Over the years the low-cost, 

large scale synthesis of CNTs utilising CVD methods has made it the preferred process 

for the commercial production of SWCNTs.  Currently, many sub-categories of the 

CVD synthesis have been established including, but are not limited to, catalytic-CVD 

(C-CVD),[56-70] plasma-enhanced-CVD (PE-CVD),[71-81] laser-assisted-CVD 

(LA-CVD),[82-84] alcohol-catalytic-CVD (A-C-CVD),[85-88] and high pressure CO 

disproportionation (HiPco).[89-92]  It should be noted that recently, fluidised-bed C-CVD 

synthesis regimes have shown significant promise for the large scale production of 
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SWCNTs,[93] with diameter-selective growth capabilities.[94]  The synthesis of 

carbon-based materials realised through a C-CVD methodology is described in Chapter 

5. 

 

1.2.2 Graphene 

Graphene can be conceptualised as a monolayer of the parent structure graphite (Fig. 

 1.2b), consisting of a two-dimensional sheet of carbon atoms organised in a hexagonal 

lattice.  The carbon bonding structure is purely sp2 orbital hybridisation resulting in 

exceptional in-plane bond strength, due to three σ-bonds, and the out-of-plane π-orbital 

resulting in a cloud of delocalised electrons.  It has not been until recently that the 

synthesis of  graphene has been achievable, some synthesis method include vacuum 

graphitisation of silicon carbide (SiC) substrates,[95, 96] and the direct epitaxial growth on 

metal substrates.[97-99]  However, the standard procedure to gain access to graphene is 

through micromechanical cleavage processes.[100] 

 

Graphene has a number of extremely interesting electronic properties.  The presence of 

Dirac charge carriers in graphene has been experimentally observed, which translates to 

gapless and approximately linear electron dispersion at the vicinity of the Fermi level at 

two points in the Brillouin zone (BZ), leading to a zero-bandgap semiconductor.[101, 102]  

These electronic properties are thought to have significant implications in the future of 

carbon nano-electronics and also graphene-based sensors.  Recently, the potential of 

graphene as a gas sensing matrix was reported, and it was suggested that the increase in 

the graphene charge carrier concentration induced by adsorbing gas molecules, resulted 

in low-noise, measureable responses and opens the possibility of single-molecule 

binding event detection.[103]  A recent report by Snow et al. circumvents the problem of 

obtaining and depositing pristine graphene, by depositing graphene oxide on a patterned 

substrate and reducing it to near-pristine graphene in situ with hydrazine before 

exposing it to vapours such as acetone, dinitrotoluene (DNT) and hydrogen cyanide.[104]  

This methodology increases the ease of sensor fabrication, however, the reduction step 

is not ideal for commercial application and it is known that this type of reduction will 

not remove all the oxide-related functional groups from the graphene surface which will 

have a detrimental effect on the electrical properties of the sensor.[105] 
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It is clear that, in terms of proven applications, graphene is in its infancy.  However, 

with the advent of uncomplicated, high yielding syntheses such as the process described 

by Coleman and coworkers[106] with up to 12 %wt production of pristine monolayer 

graphene is possible, there will be a dramatic increase in scientific papers detailing 

progress in the gas and vapour sensor area.  The dramatic effect CNTs have had on the 

scientific community and their integration into commercial applications can be clearly 

seen, graphene is the next highlight carbon nano-material and has the future potential to 

surpass the impact of CNT technologies.  For a more detailed overview of graphene, 

inherent properties, and potential applications the reader is directed to a number of 

reviews on the topic.[107-109] 

 

1.3 Structure and properties of SWCNTs 

At the most fundamental level the structure of a SWCNT can be visualised as the rolling 

of a seamless cylinder from a single sheet of graphene.  The typical experimentally 

observed SWCNT diameter is between 0.6 nm and 2.0 nm,[110] while it has been 

suggested that a SWCNT should be at least 0.4 nm in diameter to afford strain energy, 

and at most around 3.0 nm in diameter to maintain tubular structure and prevent 

collapse.[111-113]  A SWCNT’s length can vary over several orders of magnitude.  As the 

structure is based on the wrapping of a single sheet of graphene on itself the bonding in 

SWCNT is essentially sp2 hybridisation.  However, due to the circular curvature of the 

nanotubes surface, quantum confinement will occur and cause a deformed sp2 bonding 

structure, commonly referred to as σ-π rehybridisation or sp2 rehybridisation (Fig. 

 1.1).[110]  This bonding structure is similar to the orbital rehybridisation observed in the 

fullerene structures (Section  1.2), however, the large aspect ratio presented by the tube 

structure provides one-dimensional quantum confinement, with unique electron density 

characteristics (Fig.  1.7). 

 

 

 



  Chapter 1 
 

  12 

 
Figure  1.7  a) Molecular model of a section of (9,9) armchair SWCNT, b) electron density map of 

the first layer of the nanotube, c) electron density map of the second layer of the nanotube.  
Adapted with permission from [114], © 2001 Elsevier. 

 

Most of the importance of CNT materials is directed towards their efficient utilisation in 

device electronics.[115]  This arises as the electronic properties of a SWCNT are 

dependent on the direction in which the ‘graphene sheet’ was rolled up to form the 

nanotube.[116-118]  Each carbon atom in the hexagonal graphene lattice can be identified 

with a pair of integers (n,m).  The topology or helicity of a SWCNT can be uniquely 

characterised by a chiral vector, Ch, in terms of a set of two non-negative rolling 

integers (n,m) which correspond to the graphite vectors a1 and a2 (Fig.  1.8).[110, 119, 120] 

 

                                                     21h aaC mn   (1) 

 

The SWCNT cylinder is produced by rolling up the graphene sheet such that the two 

end-points of the vector Ch are superimposed.  The nanotube formed is denoted as (n,m) 

nanotube and the tube diameter, dt, is given by 
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  (2) 

 

where a = 0.249 nm (due to  c-c3aa  0.249 nm [ac-c = 0.142 nm]).[119] 
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Figure  1.8  Conceptually, a SWCNT is formed by rolling up graphene along a specific chiral vector 

to form a cylinder.  Three different types of SWCNTs are presented.  Adapted with permission 
from [121], © 2005 John Wiley & Sons, Inc. 

 

 
Figure  1.9  Schematic indicating the correlation between chiral indices (n,m) and the electronic 

properties of the resulting SWCNT at room temperature.  CNTs with n = m (armchair nanotubes) 
and those with n – m = 3q are metallic at room temperature (labelled green).  CNTs with 

n - m = 3q + 1 (labelled pink) and n – m = 3q + 2 (labelled purple) are semiconductors with a 
bandgap that varies inversely with tube diameter.  Reproduced with permission from [122], © 2006 

courtesy of Mike Arnold. 
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As detailed in Figures  1.8 and  1.9, the classification of the SWCNT as zigzag (m = 0) or 

armchair (n = m) stems directly from the geometric arrangement of the carbon atoms at 

the seam of the cylinder.  Both zigzag and armchair types of SWCNTs clearly have 

mirrored symmetry, however, depending on the chiral angle, θ, where 

 

                                                








 

nm

m

2

3
tan

2/1
1  (3) 

 

any chiral angle 0 < θ > 30° represents a chiral SWCNT.[119]  There can be many 

different chiral SWCNTs that can exist with many different chiral indices (Fig.  1.9) and 

although two SWCNTs may have extremely similar diameters they can have different 

chiral vectors (Fig.  1.10a) which directly effects there electronic properties (Fig.  1.9).  It 

should be noted that chiral SWCNTs with identical chiral vectors (Ch) can be 

enantiomers with right- and left-handed helicity.[121] 

 

 
Figure  1.10  a) Schematic of two SWCNTs with nearly identical diameters but with differing chiral 

indices, b) schematic of two SWCNTs with identical chiral vectors (Ch) but with right- and 
left-handed helicity.  Reproduced with permission from [122], © 2006 courtesy of Mike Arnold. 

 

The actual atomic structure of a SWCNT can be studied using characterisation 

techniques such as high-resolution TEM (HR-TEM), atomic force microscopy (AFM), 

and scanning tunneling microscopy (STM).  The pioneering work by Dekker et al. 

showed the ability to produce STM topographical images of atomic resolution to 

indicate SWCNTs with different chiralities (Fig.  1.11d).[123]  More recently, Iijima et al. 

were able to assign SWCNT chirality to a magnitude of individual SWCNTs using 
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aberration-corrected TEM (Figs.  1.11a-c).[124]  It can clearly be seen that the 

advancement of modern characterisation instruments is validating and supporting 

current SWCNT structural theory. 

 

           
Figure  1.11  a) TEM images of SWCNTs a1 (left) and a2 (right) and their fast Fourier transform 

(FFT) images (inset); b) schematic illustrations of the structures of (10,10) and (11,8) SWCNTs (left 
and right panels, respectively; c) simulated TEM images based on the models in b) and their FFT 

images (inset), characteristic bright spots in the FFT image are indicated by red triangles in a) and 
c) scale bar = 1 nm; d) STM image of the resolved atomic resolution of a SWCNT.  Figures  a), b), 

and c) adapted with permission from [124], © 2008 American Chemical Society, and Figure d) 
adapted with permission from [125], © 1999 American Institute of Physics. 

 

1.3.1 Electronic properties 

It can now be appreciated that from a typical synthesis there will be a wide range of 

SWCNTs of different diameter, chiral vectors and chiral indices produced.  This will 

ultimately produce different metallic and semiconducting SWCNTs, where 

approximately two-thirds are semiconducting and one-third are metallic at room 

temperature (Fig.  1.9).[126]  Of all the interesting physical and chemical properties of 

SWCNTs, the inherent electronic properties will be one of the main concepts described 

in this thesis.  Ultimately, the electronic properties of the SWCNTs give rise to the 
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ability to utilise these extraordinary materials as active sensing matrices for gas and 

organic vapours.  The application to sensors will be introduced in (Section  1.4.1), and 

the design, fabrication and testing of CNT sensors will be the primary focus of Chapters 

3 and 4. 

 

 
Figure  1.12  The band structure (top) and the BZ (bottom) of graphene.  The circumferential 
quantisation demonstrated by the nanotube leads to the formation of a set of discrete energy 

sub-bands for each nanotube (red parallel lines).  The relation of these lines to the band structure of 
graphene determines the electronic structure of the nanotube.  If the lines pass through the K or K’ 
points, the nanotube is a metal: if they do not (as in this Figure), the nanotube is a semiconductor.  
Adapted with permission from Macmillian Publishers Ltd: Nature Nanotechnology[127], © 2007. 

 

To understand the band structure, and ultimately the inherent electronic properties, of a 

SWCNT, it should be realised that this stems directly from the electronic structure of 

graphene.  The band structure of graphene (Fig.  1.12) is rather unusual as it has six 

specific points (Dirac points) along certain directions of the first BZ where the valence 

band touches the conduction band at the Fermi energy, producing a zero-bandgap 

semiconductor.[117, 118]  This means that graphene exhibits metallic behaviour in some 

directions and semiconducting in others.  Due to the one-dimensional nature of a 

SWCNT there will be a large number of allowed electronic states in the axial direction, 

however the number of allowed states in the circumferential direction will be very 

limited.[128]  Due to this circumferential quantisation of states, the available states 

amount to slices through the two-dimensional band structure, represented by red lines in 

Figure  1.12, resulting in either one-dimensional metals or semiconductors.[117]  For 

example, if a tube axis allows a one-dimensional slice through the BZ vertices, with the 
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momentum states passing through K or K’, the SWCNT will act as a one-dimensional 

metal, referred to as a metallic SWCNT.  On the other hand, if the tube axis does not 

allow the momentum states to pass through K or K’, as displayed in Figure  1.12, there 

will be a bandgap between the valence band and the conduction band, resulting in a 

one-dimensional semiconductor, referred to as a semiconducting SWCNT.[127]  This is 

commonly described by the SWCNT density-of-states (DOS).  The DOS for a metallic 

armchair (5,5) nanotube and a semiconducting zigzag (7,0) is illustrated in Figure  1.13.  

It can be clearly observed that for the semiconducting nanotube that there are no charge 

carriers in the DOS at the Fermi energy (0 eV), hence the bandgap between the valence 

band and the conduction band (Fig.  1.13b).  Furthermore, depending on the tube axis, 

this bandgap will increase or decrease in proportion to the SWCNT diameter.  For a 

more detailed overview of the electronic properties of SWCNTs, the reader is referred 

to reviews on the subject.[129, 130] 

 

 
Figure  1.13  Electronic properties of two different SWCNTs, a) an armchair (5,5) nanotube exhibits 

metallic behaviour, b) a zigzag (7,0) nanotube is a small bandgap semiconductor (no charge 
carriers in the DOS at the Fermi energy).  Adapted with permission from [131], © 2002 American 

Chemical Society. 



  Chapter 1 
 

  18 

In reality there are van der Waals forces between individual SWCNTs, the same forces 

which lead to the planar structure of graphite, which typically yields bundles, or ropes, 

or SWCNTs.  Generally, the tubes within these bundles will have a wide diameter 

distribution (Fig.  1.14a).  However, using the laser vaporisation synthesis of Smalley et 

al. leads to SWCNT ropes with individual diameters of 1.38 ± 0.02 nm.[43]  It has been 

inferred from X-ray diffraction (XRD)[43] and supported by electron nano-diffraction 

studies,[132] that the ropes primarily consisted of metallic armchair (10,10) nanotubes 

(Fig.  1.14b). 

 

              
Figure  1.14  a) A bundle of SWCNTs with different sets of tube diameters, b) a SWCNT rope 
consisting of metallic armchair (10,10) nanotubes.  Adapted with permission from [122], © 2006 

courtesy of Mike Arnold, and permission from [133], © 2002 John Wiley & Sons, Inc., respectively. 
 

The one-dimensional structure of a SWCNT and the quantum confinement derived from 

the circumferential curvature gives rise to SWCNTs behaving like quantum wires.[134]  

One aspect of a quantum wire is that electron conduction occurs through well-separated, 

discrete electron states.[128]  Quantum wires also can exhibit electron transport which is 

ballistic in nature, with electrons being able to travel along the axis of a SWCNT 

without experiencing scattering from impurities or phonons.  Essentially, the electrons 

will travel without dissipating any energy, or experiencing any resistance in the 

conductor.[128]  However, experimental conductance of an individual SWCNT 

(~10 kΩ)[135] is lower than the theoretical quantised value (6.45 kΩ).[110, 130]  In reality 

this is due to scattering caused by lattice defects, impurities, structural distortions, 

substrate coupling, and electrode contacts.[128]  Even though these experimental values 

do not match theoretical predictions, the unique one-dimensional structure of a SWCNT 

provides near-ballistic electron transport properties, which has significant implications 

in areas such as, sensors, ultra-fast devices and nano-electronics. 
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Currently, one of the main problems hindering CNT research and commercial 

implementation is the post-growth purification of CNTs,[136] which can be detailed on 

different levels.  Firstly, the extraction of CNT material from the other soot material, 

such as metal catalyst nanoparticles and amorphous carbon; secondly, individualisation 

of the SWCNTs, to overcome the van der Waals interactions between nanotubes; and 

thirdly, purification to a point where SWCNTs of the same topography/helicity can be 

obtained.  Until post-growth treatments addressing these issues are realised, the 

practical application of CNTs in areas such as device technology and nano-electronics, 

will be severally restricted.[136]  These critical issues and details of novel purification 

methodologies for chirality-selective SWCNT purification, which is considered the 

‘holey grail’ of SWCNT post-growth treatment, are addressed in Chapter 2. 

 

1.3.2 Chemical and electrochemical properties 

In terms of chemical reactivity, defect-free, or ideal SWCNTs can be separated into two 

distinct regions, the side-walls and the tips.  Typically, as-synthesised SWCNTs will 

have a cap on one end, reminiscent of a fullerene hemisphere, consisting of 

five-membered rings (Fig.  1.3).  These five-membered rings are more reactive then their 

six-membered counterparts and the reactivity of these caps are comparable to that of a 

fullerene itself.  Chemical functionalisation of the SWCNT tip is more energetically 

favourable due to this pronounced curvature in two-dimensions when compared to the 

slight one-dimensional curvature at the side-walls.[121]  It should be noted that due to 

this curvature and the inherent σ-π rehybridisation, the side-wall surface of the SWCNT 

is more reactive than a planar graphene sheet.  Directly opposed to this is the concave 

curvature demonstrated inside the SWCNT.  This type of curvature imparts very low 

chemical reactivity, again due to the σ-π rehybridisation, and applications such as 

nano-containers for gases,[137] and nano-test tubes for reactions have been realised.[138, 

139] 

 

In reality, SWCNTs will contain structural defects such as vacancies, Stone-Wales 

defects, pentagons, heptagons and dopants.[133, 140-144]  Defects will be imparted during 

growth or occur through applied stress,[145] will effect the chemical reactivity of the 

nanotube.[121, 133, 146]  There are also purification induced defects such as the introduction 

of acid groups to the side-wall and tip of the nanotube.  Haddon et al., through simple 
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acid-base titrimetric experiments, observed that 1% to 3% of carbon atoms of a SWCNT 

were in fact located at a defect site.[147]  Among the possible structural defects that can 

occur, the Stone-Wales defect (Fig.  1.15) is considered the lowest energy defect and the 

most influential on the nanotube’s mechanical, chemical and electronic properties.[148]  

Increased curvature imparted to the SWCNT through the Stone-Wales defect (Fig.  1.15) 

increases chemical reactivity due to the imparted increase in side-wall curvature.  

However, recent theoretical studies have indicated that this is not always the case.[149, 

150]  Furthermore, there is a common consensus that pyramidalisation and π–orbital 

misalignment play a major role in dictating SWCNT reactivity towards addition 

reactions.[148] 

 

 
Figure  1.15  Schematic of a Stone-Wales defect (or 7-5-5-7) on the side-wall of a SWCNT.  Adapted 

with permission from [121], © 2005 John Wiley & Sons, Inc. 
 
 

The chemical functionalisation of SWCNTs has generated significant interest in recent 

times, with many schemes built around interplay with the structural defect sites.  The 

main chemical strategies for functionalising SWCNTs are covalent side-wall chemistry, 

covalent defect and open-tip chemistry, non-covalent endohedral functionalisation with 

surfactants, non-covalent endohedral functionalisation with polymers, and endohedral 

functionalisation (Fig.  1.16).[133]  Another important form of functionalisation is the 
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decoration of the SWCNT surface with metal nanoparticles, having implications in 

areas such as sensing and catalysis.[151, 152]  The important chemical functionalisation 

strategies demonstrated in this thesis are the non-covalent wrapping of surfactants, 

which forms the basis of Chapter 2, defect and open-tip chemistry, which is described in 

Chapter 4, and nanoparticle loading detailed in Chapter 3.  For a more detailed overview 

of SWCNTs chemical and electrochemical properties and associated functionalisation, 

the reader is directed to a number of reviews of the subject.[121, 133, 146, 153, 154] 

 
Figure  1.16  A schematic depicting different SWCNT functionalisation strategies, a)  covalent 
side-wall functionalisation, b) covalent defect and open-tip functionalisation, c) non-covalent 

exohedral functionalisation with surfactants, d) non-covalent exohedral functionalisation with 
polymers, and e) endohedral functionalisation with, for example, C60.  Adapted with permission 

from [133], © 2002 John Wiley & Sons, Inc. 
 

1.3.3 Other properties 

Due to their nanometer scale dimensions and unusual bonding structure there has been a 

major focus by both theorists and experimentalists on predicting and exploiting the 

other properties of SWCNTs.  The following sub-sections will provide a brief overview 

of the inherent properties of SWCNTs, other than their electronic and chemical 

properties. 
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1.3.3.1 Optical and optoelectronic 

The optical and optoelectronic properties of SWCNTs are directly related to the 

quantum confinement from their cylindrical nature and to their well-defined band and 

sub-band structure (Fig.  1.13).  Basically, the sharp peaks observed in the DOS (Fig. 

 1.13) are optical transitions, when electrons are excited from one energy level to 

another.  These peaks are termed van Hove singularities (VHS).  Optical spectra have 

been obtained for individual SWCNTs using resonance Raman,[155] fluorescence,[156, 157] 

and ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopies.[158]  These 

techniques have been instrumental in the assignment of the distribution of nanotube 

diameters, chiralities and chiral indices in SWCNT samples, which typically relate back 

to the uniqueness of the VHS of an individual SWCNT. 

 

1.3.3.2 Mechanical and electromechanical 

Due to the sp2 orbital hybridisation character of the SWCNT, the σ-bonding of the 

intra-plane carbon network (Section  1.3) gives rise to appreciable mechanical 

properties.  The SWCNT can be regarded as the ultimate fibre, due to the exceptional 

bond strength within the tube axis, imparted by the strong σ-bonds.[110]  Both theoretical 

calculations and experimental observations indicate SWCNTs are among the stiffest 

materials known to man, with a high Young’s modulus and tensile strength (Table  1.1).  

These excellent mechanical properties are compounded by the low density of the 

SWCNTs, providing access to high strength, low weight materials.  In relation to 

mechanical properties, MWCNTs actually have increased Young’s modulus and tensile 

strength (Table  1.1), which is due to the Young’s modulus taking the highest value of a 

SWCNT, plus contributions from coaxial inter-tube coupling (van de Waals 

interaction).  Furthermore, the Young’s modulus is significantly reduced in SWCNT 

bundles as the van de Waals interactions between tubes induces a strong shearing force 

among the packed tubes.[159] 

 

The SWCNTs elastic strain response to deformation is also remarkable.  In comparison 

to other hard materials, SWCNTs can withstand up to 15% tensile strain before 

fracture,[160] whereas other hard materials, such as diamond, fail with a strain of ~1% or 

less due to propagation of dislocations and defects.[110]  SWCNTs can handle these high 

strain conditions due to their sp2 rehybridisation bonding structure, through which the 
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strain can be released.  It should be noted that induced tensile or torsional strain has the 

ability to change the electronic properties of a SWCNT.[110] 

 

Table  1.1  Comparison of the mechanical properties of CNTs, graphite and steel.  Adapted with 
permission from [160], © 1998 World Scientific Publishing Co. 

 
 

Young’s Modulus 

(Gpa) 

 

Tensile Strength 

(Gpa) 

 

Density 

(g cm3 -1) 

 

MWCNT 

 

1200 

 

~150 

 

2.6 

 

SWCNT 

 

1054 

 

75 

 

1.3 

 

SWCNT bundle 

 

563 

 

~150 

 

1.3 

 

Graphite (in-plane) 

 

350 

 

2.5 

 

2.6 

 

Steel 

 

208 

 

0.4 

 

7.8 

 

1.3.3.3 Magnetic and electromagnetic 

The magnetic properties of CNTs have been studied, with the main goal to 

understanding their electromagnetic properties.  Magnetic properties such as the average 

observed g-value and spin susceptibility have been found in MWCNTs.[161, 162]  

However, similar observations have not been made with respect to SWCNTs or 

SWCNT bundles, possibly due to sample alignment difficulties and strong electron 

correlation, which may block the non-conduction electron spin resonance (ESR) 

signal.[110]  Similarly, since mechanical deformation can alter the electronic properties 

of SWCNTs, the application of aligned or perpendicular magnetic fields can alter the 

DOS bandgap resulting in tuning of electronic properties.[110]  This property could be 

utilised in the emerging branch of electronics referred to as spintronics, exploiting 

electron spin rather than charge.[163] 
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1.3.3.4 Thermal 

Other allotropes of carbon, diamond and graphite, exhibit high thermal capacity and 

thermal conductivity, so it is natural to want to predict and experimentally determine 

these properties in SWCNTs.  At temperatures above 100 K SWCNTs and SWCNT 

bundles exhibit the specific heat of graphite, ~700 mJ g-1 K-1.[164]  However, as the 

SWCNT temperature is lowered a linear temperature dependence is observed, which 

indicates thermal transport by one-dimensional photons, showing that thermal 

conductivity is one-dimensional analogous to electrical conductivity.  This is induced 

through the quantum confinement effects imposed by the curvature of a SWCNT.[165] 

 

1.4 SWCNT applications 

Due to the unique structure and inherent properties of SWCNTs there has been a 

monumental quantity of published research and patents outlining both realised and 

speculative applications.  Such application areas include, but are not limited to, 

nano-electronics,[136, 166] composites,[167-172] photovoltaics,[173-175] analytical 

chemistry,[176-180] field emission,[181-184] water desalination,[185, 186] probe microscopy,[187-

189] hydrogen storage,[190, 191] catalyst supports for fuel cells,[192, 193] medicine,[194-197] 

cellular studies,[198-200] spintronics,[163, 201] superconductivity,[202, 203] biosensors,[204-209] 

actuators,[210] and physical,[211-214] mechanical[215-217] and chemical sensors.[151, 204, 218, 219]  

Where possible, review articles and recent application articles have been cited to inform 

the reader of the magnitude of studies undertaken in each application area.  In addition, 

for more information detailing general applications, the reader is directed to an 

extensive review.[220] 

 

Progress in the chemical sensor development, in particular with respect to CNT-based 

gas and vapour sensor research, will be expanded in more detail in Section  1.4.1.  

Furthermore, the utilisation of CNTs for vapour-phase sensing is one of the central 

themes of this thesis. 
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1.4.1 Carbon nanotube gas and vapour sensors 

The aforementioned inherent properties of CNTs make them appealing candidates to 

potentially revolutionise the sensor industry with the development of “next-generation” 

sensors.[219]  In terms of the active matrix for gas and organic vapour sensing, at present, 

the properties of SWCNTs are optimal to those of MWCNTs and as such the focus of 

this current section will be on SWCNTs.  SWCNTs have high aspect ratios, are of 

nano-dimensions and are entirely composed of exposed surface atoms giving rise to 

extremely large surface areas,[221] with a highest recorded value of 1587 m2 g-1.[222]  In 

addition, it has been demonstrated that molecular adsorbates can interact with these 

surface atoms and significantly alter their electronic properties.[223, 224]  Coupled with 

SWCNTs near-ballistic electron transport characteristics,[225] allows for a high-quality 

electrical conduit for transmission of these electrical perturbations to external contacts.  

Furthermore, the graphene-like surface provides a chemically robust system which leads 

to long-term operational stability.[226]  Consequently, a combination of these properties 

has recently projected these unique nano-materials into the spotlight of chemical 

sensing. 

 

The pioneering work of both Kong et al. and Collins et al. demonstrated the potential of 

SWCNTs as gas sensors for nitrogen dioxide (NO2) and ammonia (NH3),
[223] and 

oxygen (O2) respectively.[224]  Kong et al. produced a nanotube-field effect transistor 

(NT-FET) which incorporates a single, individual semiconducting SWCNT as the 

conduction channel.  As the NT-FET was exposed to NO2 and NH3 a charge-transfer 

process takes place which causes chemical gating of the device which can be measured.  

In terms of characteristic gate voltage (VG) when the device was exposed to NO2 there 

was a VG shift of approximately +4 V, with exposure to NH3 resulting in a shift of 

approximately -4 V.[223]  The system was also tested with a VG = 0 V, while exposed to 

NH3 which resulted in a decrease in conductance (G) (Fig.  1.17a), and VG = +4 V, while 

exposed to NO2 which resulted in an increase in device conductance (Fig.  1.17b).[223]  

Collins et al. demonstrated that these electrical property changes extended to O2, 

however, in this case, thin films of SWCNT bundles were utilised as the active sensing 

matrix.[224]  These scientific findings in 2000 caused major shockwaves throughout the 

scientific community and at the time of this thesis compilation over 1300 literature 

reports of CNT-based sensors exist, with over 500 of these published in relation to 

CNT-based gas and vapour sensors (based on Scifinder® data[227]). 
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Figure  1.17  a) Electrical response of an NT-FET at VG = 0 V to 1% NH3, and b) at VG = +4 V to 

200 parts-per-million (ppm) NO2.  Reprinted with permission from [223], © 2000 AAAS. 
 

1.4.1.1 Different CNT-sensor configurations 

Advancement from the original NT-FET device configuration has led to a variety of 

different CNT-sensor configurations in the pursuit of more sensitive and selective 

systems with decreased sensor response and recovery times, producing low-power 

consumption devices with reduced physical dimensions.  Not all devices mentioned 

utilise SWCNTs, some encompass MWCNTs with specific examples specified.  For 

example, Ong et al. produced a gas-responsive MWCNT/silicon dioxide (SiO2) 

composite layer on a planar inductor-capacitor resonant circuit which could be 

monitored, remotely, in response to carbon dioxide (CO2), O2 and NH3.
[228]  Li et al. 

produced a SWCNT chemiresistor sensor, created through a random network of 

SWCNTs on interdigitated electrodes (IDEs) and claimed detection limits of 44 parts-

per-billion (ppb) for NO2 and 262 ppb for nitrotoluene.[229]  A different device 

architecture was reported by Chopra et al., in which microwave resonant MWCNT and 

SWCNT sensors were utilised for the highly sensitive and fast-response detection of 

NH3.  This particular sensor is based on a circular, disk electromagnetic resonant circuit 

coated with CNTs, the electrical resonant frequency of the sensor is monitored and a 

dramatic downfield shift (4.375 MHz) was seen upon NH3 exposure, with recovery and 

response times of approximately 10 min; which is relatively fast compared to 

chemiresistor and NT-FET configurations.[230]  In addition, Penza et al. developed 

surface acoustic wave (SAWs) MWCNT and SWCNT sensors for the detection of 

volatile organic compounds (VOCs),[231, 232] which shares similarities to the microwave 

resonance sensor of Chopra et al.  Device configuration can be taken one step further, 

for example, where the SWCNTs are grown in an alumina template and sealed, 

following this the surface coating is etched; resulting in gas flow and adsorption only 

occurring in the inner walls of the SWCNTs.[233] 
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A configuration that fully harnesses the nano-dimensions and electrical properties of 

CNTs is a unique miniaturised gas ionisation sensor utilising MWCNTs.  This was 

produced by Ajayan and coworkers and is based on a MWCNT vertically-aligned 

“forest” between an anode and cathode electrode but with a 150 μm gap from the 

MWCNT tips to the cathode.[234]  Due to the sharp tips of the MWCNTs it was possible 

to generate very high electric fields at relatively low voltages.  It was shown that 

different gases, such as He, CO2, NH3, have different breakdown voltages and this could 

be utilised to distinguish between the detection of different gases.  Furthermore, this 

configuration could easily be manufactured for portable deployment as it was 

low-powered and could be powered by carbon-zinc batteries in series.[234] 

 

   
Figure  1.18  a) Optical micrograph illustrating the chemicapacitor configuration; inset is an AFM 

image of the random network of SWCNTs, and b) measured relative capacitance change of the 
SWCNT chemicapacitor in response to repeated 20 s doses of dimethylformamide at varying 

concentrations noted in the figure.  Reprinted with permission from [235], © 2005 AAAS. 
 

One of the major revolutionary SWCNT sensor breakthroughs in terms of sensor 

configuration was the development of a SWCNT chemicapacitor by Snow et al.[235]  

This configuration consists of a network of randomly orientated SWCNTs deposited on 

interdigitated metal electrodes which were grown on a heavily doped silicon (Si) 

substrate (Fig.  1.18a).  The device operates using a capacitance mechanism and the 

SWCNT network serves as one plate of the capacitor and the Si substrate forms the 

other.  Under an applied gate bias a large radial electric field emanates from the 

SWCNT network.  When an analyte molecule comes into contact with the SWCNT 

surface it is polarised by this electric field and an increase in system capacitance results.  

This particular configuration gives rise to strong capacitance responses to most polar 

molecules, and even some non-polarisable molecules gave a response.  In comparison to 

the large majority of CNT-based sensors at the time of conception, and even today, this 
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configuration is highly favourable for its fast, sensitive, and low-noise transduction 

mode in the detection of organic vapours.[226, 235] 

 

Snow et al. have also developed a dual-configured device for simultaneous conductance 

and capacitance monitoring.[236]  In addition, Star et al. recently developed a SWCNT 

configuration which could simultaneously monitor the electrical and spectroscopic 

properties of a SWCNT film after exposure to NH3 and NO2.
[237]  Both systems are 

instrumental in the advancement of the mechanistic understanding of SWCNT gas and 

vapour sensors. 

 

It is noteworthy that as NH3 and NO2 were the first environmentally important gases 

with which CNT sensors were shown to interact, and there is a significant proportion of 

the literature focused on these two gases.  The development of CNT-sensors for the 

detection of organic vapours was not established until 2003, and has been a major focus 

point ever since.  Consequently, this current section provides an overview of a variety of 

different sensor configurations and variations within these broad configurations can be 

found throughout the literature. 

 

1.4.1.2 Mechanisms of action 

A variety of different device configurations have been described in Section  1.4.1.1, 

however, only the proposed mechanisms for the sensor type(s) relevant to this thesis 

will be elaborated here, and these are NT-FET and chemiresistors, as shown in Figures 

 1.19a and 1.19b, respectively. 

 

 
Figure  1.19  a) Schematic of a NT-FET device configuration, and b) schematic of a chemiresistor 
device configuration, with no gate-drain potential.  Adapted with permission from [238], © 2006 

American Chemical Society, and permission from [151], © 2008 John Wiley & Sons, Inc., 
respectively. 
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A typically SWCNT device consists of either an individual SWCNT or a network of 

SWCNTs that are in intimate contact with metal electrodes which ultimately allow the 

monitoring of the electrical properties of the nanotube(s).  It has already been discussed 

(Section  1.3) that semiconducting SWCNTs exist and this type of nanotube has a 

fundamental role in the mechanism of action for SWCNT gas and vapour sensors.  In 

terms of a NT-FET it is important to realise that when a metal and a semiconductor are 

in direct contact a potential barrier, the Schottky barrier (SB), develops at the immediate 

interface, due to work function mismatch of the materials.[239]  The magnitude of the SB 

is dependant on the particular metal (Fig.  1.20a) and when a constant source-drain 

voltage (VSD) is applied the height of the SB can be modulated through the use of a VG.  

This VG modifies the SB and either increases or decreases the probability of a hole (h+) 

travelling from the metal into the valance band of the SWCNT.[151]  To experimentally 

demonstrate this phenomenon Avouris and coworkers performed positive to negative 

VG sweeps using different metal contacts to produce metal specific transfer 

characteristics and current-gate voltage (I-VG) curves (Fig.  1.20b).[240] 

 

 
Figure  1.20  a) Schematic of the work function dependent SB caused by the metal-SWCNT work 

function mismatch, and b) I-VG transfer characteristic of NT-FET devices composed of 
semiconducting SWCNTs contacted by metals with different work functions; the devices were 

operated at VSD = -0.5 V.  Adapted with permission from [240], © 2005 American Chemical Society. 
 

In terms of individual SWCNT electronic characteristics it has been shown that 

semiconducting CNTs are p-type under ambient conditions.[134, 241]  It is important to 

specify that for the majority of CNT-analyte interactions the dominant physical 

mechanism behind sensitivity to ambient is the physical adsorption of species on the 

surface of the nanotube.[226]  If a molecular adsorbate with electron donation 

characteristics interacts with a nanotube there will be electrons donated into the valence 

band which results in h+ recombination and a shift in the I-VG curve towards a more 

negative voltage, which in turn relates to a decrease in conductance in the system.  On 
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the other hand, if an electron withdrawing species interacts with the surface this will 

increase the h+ concentration in the semiconducting nanotube, which will shift the I-VG 

in a positive direction resulting in an overall increase in conductance in the 

nanotube;[226] this type of mechanism is referred to as charge-transfer or conductance 

mechanism.[226]  It should be noted that this principal mechanism is apparent for 

chemiresistor devices as they can be visualised as being at VG = 0.  There is also another 

interaction mechanism suggested in the literature, the capacitance mechanism, however, 

this is associated with chemicapacitor device configurations (Section  1.4.1.1) and a 

comprehensive comparison between the two mechanisms has been published by Snow 

et al.[226]  To re-iterate, the charge-transfer mechanism is the predominant mechanism 

for the chemiresistor sensors tested in this thesis (Chapter 1). 

 

Surface adsorbates can introduce scattering sites along the tube axis which alter the 

charge mobility of the nanotube; this mechanism leads to a change in slope in the I-VG 

curve,[242] and is referred to as transconductance.[241]  Furthermore, the actual device 

contact itself can have an effect on the nanotube-metal interface SB and this effect can 

be similar to that observed for a charge-transfer mechanism, which to-date still causes 

ambiguity over CNT sensor response mechanisms.[151] 

 

Another interesting aspect of the CNT-analyte interaction mechanism is that it has been 

experimentally observed that analyte surface coverage of the nanotube is not correlated 

with the concentration of the species at ambient temperature, the partial pressure (P), 

but actually correlates to a fraction, P/P0, of the equilibrium pressure (P0).  Therefore, 

the sensor response to a particular analyte is based on the probability of condensation on 

the nanotube surface and not on its local abundance.  This translates to a large dynamic 

range analyte affinity sensing material, which responds equally well to both low and 

high vapour pressure analytes.  This unique feature is yet another appealing aspect for 

the utilisation of CNTs as active sensing materials.[226] 

 

In relation to the individual molecular interaction mechanisms of NH3 and NO2, there 

has been significant conjecture in the literature over the years, with not only different 

mechanistic reasoning from experimentalists and theorists but opposing views within 

these two groups.  The majority of the literature based on theory and experimental data 
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have indicated that a charge-transfer mechanism either from the adsorbate to the 

SWCNT, or vice versa, depending on whether the adsorbate is electron-withdrawing 

(NO2) or electron-donating (NH3).  For a more detailed breakdown of current NO2 and 

NH3 interaction mechanisms the reader is directed to a recent review article.[151]  It 

should be noted that not all gases and organic vapours will have an interaction 

mechanism, such as charge-transfer (conductance) or polarisation (capacitance), with a 

SWCNT.  In situations where this is the case alternative methodologies have been 

employed to develop a sensing mechanism which will lead to a favourable interaction 

and hence produces a detectable sensor response.  This leads to a magnitude of different 

adsorbate-sensor interactions, with possible CNT sensor modifications described in 

Section  1.4.1.3. 

 

1.4.1.3 Methodologies to increase analyte specificity and sensitivity 

There has been a constant quest to improve the CNT-based sensor analyte selectivity 

and specificity, while expanding the range of possible analytes.  These improvements 

can range from direct covalent modification of the nanotube surface for the utilisation of 

multiple sensory arrays in analyte mixture profiling; the current section will provide a 

brief overview of some of these modification strategies. 

 

A simplistic methodology that has been reported by several research groups, to increase 

sensor sensitivity and performance, is to operate the CNT sensor at elevated 

temperatures.[243-246]  This approach can be utilised to increase CNT sensor response and 

recovery times, reduce the effects of humidity on sensor performance and induce 

increased sensitivity.  Another methodology, which at first glance seems relatively 

simplistic, is the loading or doping of CNTs with metal or metal oxide particles 

predominately nanoparticles, or thin films.  This modification strategy is one of the 

most frequently reported and has been a major focus for increasing CNT sensor 

capabilities for gases and organic vapours.  These dopants are typically d-block 

transition metals, e.g. cobalt (Co),[247] and noble metals including but not limited to, 

rhodium (Rh),[238, 248] palladium (Pd) (Fig.  1.21b),[238, 249-260] gold (Au),[238, 261, 262] and 

platinum (Pt).[238, 263]  The majority of these dopant systems have shown increased 

sensitivity to gases such as NH3 and NO2.  As pristine CNTs have very little to no 

affinity to hydrogen (H2) gas the Pd, Rh, and Pt systems are utilised to act as catalytic 
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clusters.  These clusters breakdown diatomic hydrogen to molecular hydrogen and 

hence a charge-transfer from analyte to nanoparticle occurs and effects the conductance 

of the supporting nanotube.  Moreover, Laing et al.[264] and Bittencourt et al.[265] have 

also utilised metal oxide semiconductors (MOS), tin dioxide (SnO2), and tungsten 

trioxide (WO3) respectively, as CNT dopants in the detection of typically 

non-responsive gases such as carbon monoxide (CO) and nitrogen oxide (NO).  In 

addition, Sánchez et al. produced a sensor which consists of CNTs embedded in a 

sol-gel-derived titanium dioxide (TiO2) matrix, which was sensitive to both NH3 and 

acetone vapour.[266]  It should be noted that Star et al. established a comprehensive study 

on different metal nanoparticle-doped SWCNTs in NT-FETs and obtained sensing 

affinity data for each type of metal.[238]  Although metal and metal oxide doping is 

typically used to improve and activate sensing capacities of CNTs for gases, some of the 

cited publications do expand into the realm of the application of these devices for 

sensing organic vapours. 

 

There are limited reports regarding covalent functionalisation of CNTs for gas and 

organic vapour sensing purposes.  However, Villalpando-Páez et al. created a NH3 

sensor which consisted of nitrogen-doped CNTs, which had significantly faster response 

times when compared to conventional systems.[267]  Other covalent functionalisations of 

the CNT surface have been studied, by Borguet et al.[268] and Snow et al.[104], in which 

the effect of CNT surface defects (as discussed in Section  1.3.2) on analyte sensitivity 

are proposed.  In relation to covalent attachment of different functional groups, this type 

of modification features significantly in terms of liquid-medium CNT biosensors,[206, 218] 

but does not have a significant impact in the gas and vapour sensor domain.  In terms of 

CNT functionalisation, a significant proportion of studies have been focused on 

non-covalent interactions with CNTs to increase sensor performance, which has had a 

large impact on both gas and organic sensing, and in recent years has dominated the 

organic vapour literature. 

 

The concept behind non-covalent functionalisation typically refers to the use of a 

chemo-selective polymer coating on the CNT surface which can either ‘filter’ unwanted 

interfering species or will interact favourably with the analyte of interest and this 

interaction will effect the electrical properties of the CNT in a predicable and 

reproducible fashion.  An interesting example is provided by Johnson et al. in which 
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single strand-deoxyribonucleic acid (ss-DNA) was drop-cast onto the surface of a 

SWCNT in a NT-FET configuration and this functionalisation caused sensitivity 

towards propionic acid, methanol and trimethylamine, while also responding to 

chemicals of national security interest such as dimethylmethylphosphonate (DMMP) 

and 2,6-DNT).[269]  Furthermore, polymer systems such as poly(m-aminobenzene 

sulfonic acid) (PABS),[270, 271] poly(methylmethacrylate) (PMMA),[272] PEI (Fig. 

 1.21a),[273, 274] Nafion® (Fig.  1.21a),[275] PEI/starch,[275] and polyaniline (PANI)[276] are 

used to improve sensitivity and selectivity towards gases such as NH3, NO2, CO2, and 

CO. 

 

  
Figure  1.21  a) Optical image illustrating three CNT-based devices after micro-spotting with 

droplets of poly(ethylene imine) (PEI) and/or Nafion® solution, and b) AFM image of Pd 
nanoparticles electrochemically deposited on the surface of SWCNTs forming the active material 
for a H2 gas sensor.  Adapted with permission from [273], © 2003 American Chemical Society, and 

permission from [256], © 2007 American Institute of Physics, respectively. 
 

As previously mentioned, in relation to organic vapour sensing, the non-covalent 

functionalisation of CNTs with polymers has dominated the sensing literature in recent 

years.  A prominent example, by Snow and coworkers, describes how a SWCNT 

chemiresistor flow cell was developed with an in-line filter in place, containing an 

acidic, strong-hydrogen-bonding polymer, termed HC; this not only allowed selective 

detection of DMMP over NH3, but also achieved sub-ppb detection limits.[277]  The use 

of this DMMP chemo-selective polymer was extended further in a pioneering study 

which applied a monolayer of the polymer onto a SWCNT chemicapacitor.  This system 

provided excellent response and recovery times, no sensor saturation for a large analyte 

concentration range, and detection limits as low as 0.5 ppb,[235] which puts it into 

contention for the most superior SWCNT DMMP sensor system to date. 
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A flexible SWCNT-based chemiresistor was reported by Cattanach et al.[278]  This 

sensor was functionalised with a chemo-selective polymer, poly(isobutylene) (PIB), to 

act as a barrier to screen out high concentrations of interferant vapours while allowing 

the detection of organophosphate-based chemical warfare agent (CWA) simulants like 

DMMP and diisopropylmethylphosphonate (DIMP).  This system provided the 

versatility of retaining sensor response at large bending angles, due to the poly(ethylene 

terephthalate) (PET) substrate, and provided chemo-selectivity for the nerve agent 

simulant target compounds; albeit with no attempt to drive down detection limits.  Other 

CNT/polymer systems have been reported such as poly(3-methylthiophene) for the 

detection of chloromethanes,[279] poly(vinyl acetate) (PVA) on vertically aligned CNTs 

for sensitivity towards a suite of organic compounds including N,N-dimethylformamide 

(DMF), carbon tetrachloride (CCl4) and chloroform (CHCl3),
[280] and PMMA for the 

detection of dichloromethane (DCM) and CHCl3.
[281]  The selectivity that a tailored 

polymer can offer to a CNT sensor system is rapidly being realised and will continue to 

be a prominent feature in future research. 

 

A novel CNT-sensor methodology, was developed by Snow et al., was capable of 

simultaneous conductance (G) and capacitance (C) measurements.  Experimental trials 

on a variety of organic vapours showed that the ratio of ΔG/ΔC could be utilised to 

incorporate further orthogonal dimensions of data for mixture separation.[236]  Another 

methodology for increased dimensional space for mixture separation is the utilisation of 

multiple-arrays of sensors.  One of these systems includes a multiple-array of CNTs 

loaded with a variety of different metal nanoparticles, and monitoring of the array 

analyte-specific patterns could be utilised to detect different gases, with separation using 

principal component analysis (PCA).[238]  In addition, Li and coworkers utilised a 

32-element CNT sensor array containing a mixture of different dopants and 

chemo-selective polymers, which differentiated, using different principal components, 

compounds such as NO2, chlorine (Cl2), benzene, hydrogen chloride (HCl) and 

acetone.[261]  Multiple-arrays and the use of chemometric processing will continue to be 

developed and exhibit prominence in future scientific studies for the successful 

differentiation of vapour-phase mixtures. 

 

Finally, attention is drawn to a recent report which has the potential to revolutionise the 

incorporation of SWCNTs in analytical chemistry with the quest for instrument 
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miniaturisation.  Strano and coworkers,[179] successfully engineered a 

microelectromechanical system (MEMS)-based micro gas chromatography unit coupled 

with a functionalised-SWCNT sensor onboard a single microchip.  The SWCNTs were 

functionalised with polypyrrole (PPy) and by using a He carrier gas and injecting a 

DMMP headspace sample, a measureable and reversible response of as little as 109 

DMMP molecules was achieved.[179]  This represents a significant step forward for 

CNT-based gas and vapour sensors, in terms of their incorporation in current analytical 

technologies. 

 

1.4.1.4 Overview of analyte target areas and the current literature 

In Section  1.4.1 a large number of sensor systems for both gas and vapour analyte 

detection has been presented, however, there are three prominent target areas where the 

large majority of CNT-sensor literature is focused, namely in environmental gases, 

medical gases and organic vapours, as well as organic vapours which are of military or 

chemical warfare relevance. 

 

The environmental gases were the first ‘class’ of analytes focused towards CNT-based 

sensor detection.  As previously mentioned, a large majority of the literature has 

focused on NO2 and NH3, which adversely effect both human health and the 

environment.  Other environmental gases include H2, which can become explosive in 

air, methane (CH4), which is a powerful greenhouse gas, CO, sulfur dioxide (SO2) and 

hydrogen sulfide (H2S) which can have a significant environmental impact and are 

directly related to hydrocarbon refining.  Studies into O2 sensors although less 

prominent are, however, envisaged to have implications in the automotive industry. 

 

A CNT-based sensor niche has been developing in relation to analytes of medical 

relevance.  A large application focus is the development of low-cost sensors which can 

be utilised for point-of-care breath analysis of patients for the monitoring of gases such 

as CO2 and NO for health and preventative disease monitoring.  This has also been 

extended to ethanol, with accurate low-power sensors for monitoring a person’s blood 

alcohol level.  The monitoring of a range of organic vapours has been undertaken, as the 
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presence of particular compounds can lead to diagnosing conditions such as, but not 

limited to, breast cancer, liver disease, and diabetes. 

 

The final ‘class’ of compounds is highly relevant in the current volatile global 

environment and relates to chemicals which poses a threat to national security.  The 

unique sensing mechanism based on P/P0, is attractive for the detection of low-vapour 

pressure compounds, which typically are associated with explosives and some CWAs.  

This is the main focus of the design, development and testing of the SWCNT 

chemiresistor devices described in this thesis (Chapters 3 and 4).  A detailed breakdown 

of current technologies is given in Chapter 4 and for an extensive overview of current 

CNT-based sensor technologies and capabilities the reader is directed to the following 

reviews.[151, 219, 226] 

 

There is clearly a gap in the sensor literature, and in the marketplace, with respect to a 

low-cost, remote deployable sensor capable of detecting CWAs, and this is the ultimate 

directional aim of the research reported in this thesis.  The exponential increase in 

publications surrounding CNT-based sensors has occurred because researchers and 

industry alike envisage the significant advantages that these carbon nano-materials 

possess over other sensing technologies. 

 

1.4.1.5 Advantages over other gas and vapour sensing technologies 

One of the major advantages that makes CNT-based gas and vapour sensors so 

appealing in contrast to current technologies, such as solid electrolyte (SE) or metal 

oxide semiconducting (MOS) sensors, is that the sensing mechanism is functional at 

room temperature.  This not only increases the operational safety of CNT-based sensors 

in explosive environments, but also reduces the power consumption of the devices, 

ultimately leading to battery powered portable sensor units.  There is also reduced 

thermal drift in CNT-based sensors in comparison to conventional sensors.  

Economically, CNT-based sensors offer a low-cost alternative for most sensing 

applications and coupled with reduced device dimensions facilitate the development of 

portable, wearable, even disposable sensors right through to high-end lab-on-a-chip 

scenarios for miniaturisation of analytical instrumentation.  Fast analyte response times 
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and the reduced requirement of pre-concentration protocols also significantly adds to 

the appeal of this technology, when compared to traditional techniques such as GC-MS.  

In the case of CNT-based sensors, qualitative, or semi-quantitative measurements can 

be obtained in a fraction of the time of traditional techniques, and at a fraction of the 

cost.  Moreover, the very nature of the CNT allows significant flexibility in terms of 

tailoring a system, through various functionalisation techniques, to suit a specific 

application.  With the recent advent of flexible substrates with optical transparency 

these sensors could be envisaged as coating pipes or entire walls to monitor industrial 

leaks, or public transport areas to augment counter terrorism measures.  In addition, 

future developments could lead to fabrication of functional nodal networks based on 

‘smart dust’ principles for chemical mapping and providing high quality military 

intelligence.  It is a combination of all these properties, with major emphasis on reduced 

dimensions and low power operation, which highlight CNT-based sensors as the next 

generation gas and vapour sensors that have the potential to revolutionise the current 

sensor market. 

 

1.5 Supramolecular chemistry 

A significant underlying theme of the research presented in this thesis relates to specific 

aspects of supramolecular chemistry, in particular non-covalent calixarene chemistries.  

A general background to supramolecular chemistry will now be provided, with attention 

specifically focused on calixarene-carbon nano-material interactions spanning to 

calixarene-based metal cation sensor systems. 

 

The field of supramolecular chemistry is focused on the “chemistry of molecular 

assemblies and of the intermolecular bond”,[282] and is concerned with non-covalent 

interactions between independent molecular entities which form assemblies of 

molecules know as supermolecules.[282]  These themes are based around the reversible 

nature of formed supramolecular assemblies and are vastly different from the traditional 

molecular arrangement which are based around covalent bonds.  The versatility of these 

non-covalent interactions gives rise to the possibility of user-defined molecular 

architecture.  Providing an additional tool in the chemist’s arsenal for the realisation of 

Richard P. Feynman’s[283, 284] concept of a bottom-up approach and the encroachment 

into the realms of nanotechnology. 
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1.5.1 Molecular recognition and host-guest chemistry 

The general underlying concepts within supramolecular chemistry and its links to 

traditional covalent chemistry are illustrated in Figure  1.22.  The receptor – substrate 

component draws links from the late 19th Century philosophies of Nobel laureate Emil 

Fischer, with the proposed enzyme-substrate “lock and key” interactions.[285]  In a way 

the origins of supramolecular chemistry are derived from studies of intriguing biological 

systems and the ability of these systems to form a higher order of complexity.  The 

breakthrough from a chemical sciences point-of-view was the pioneering work of Cram, 

Lehn, and Pedersen, with the development of synthetic selective ‘host-guest’ complexes 

and the authors were eventually awarded the 1987 Nobel Prize for Chemistry. 
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Figure  1.22  A flow chart linking traditional molecular chemistries and developing supramolecular 

chemistries.  Adapted with permission from [286], © 1989 VCH Publishers. 
 

Molecular recognition is defined by the energy and the information involved in the 

binding and selection of guest(s) by a given host molecule, it may also involve a 

specific function.[287]  For host-guest interactions to occur the host molecule must have 

the appropriate binding sites for binding guest molecules, and hence allow selective 

recognition by the host.[288]  Molecular recognition takes simple binding one step further 

and binding events must meet the requirements of both steric and electronic 

complementarity between host and guest.  Consequently, molecular recognition 

involves maximising both the thermodynamic and kinetic stability of a supermolecule 

through well defined intermolecular interactions, hence “binding with a purpose”.[286]  
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These intermolecular interactions include electrostatics, hydrogen-bonding, π-π 

stacking, dispersion forces and induction forces, and hydrophobic or solvatophobic 

effects.[286, 289, 290] 

 

Generally speaking, the host molecule will consist of a larger molecular or aggregate of 

molecules possessing a central hole or cavity with convergent binding sites, much like a 

synthetic macrocyclic ligand.[291]  The guest can be a wide range of structures ranging 

from a monoatomic ion to complex organic multifunctional species such as a protein.  

In order to maximise the host-guest interactions several factors must be taken into 

consideration, as follows:[286] 

 

 Steric (shape and size) complementarity; between the host and the guest, for 

example the presence of convex and concave domains in the correct location on 

each molecule. 

 Interactional complementarity; to have the appropriate attractive forces between 

the host and guest, such as electronic and electrostatic. 

 Large contact areas; this leads to maximisation of the possible interaction to 

encourage and enhance binding efficiency. 

 Multiple interaction sites; as non-covalent interactions are relatively weak, the 

possibility of multiple sites can lead to stronger cooperative binding. 

 Strong overall binding; high stability, in principle, does not indicate high 

selectivity.  However, this is typically the case as host-guest free energy of 

binding differences are likely to be larger with high efficient binding. 

 Medium effects; host-guest interactions can be influenced by the solvation 

medium, thus the host and guest should present geometrically matched 

solvophillic/solvophobic or solvophillic/solvophillic domains. 

 

In relation to host-guest interactions and molecular recognition there is a large variety of 

molecular receptors that have previously been investigated.  The main receptor type 

reported in this thesis is the macrocyclic ligand, more specifically calix[n]arenes; this 

concept will be discussed in Section  1.6. 



  Chapter 1 
 

  40 

The concept of host-guest molecular recognition is described in Chapter 2 and describes 

a novel methodology for tackling the current problem of separation of SWCNTs based 

on electronic structure.  The concept of host-guest recognition will be further elaborated 

upon in Chapter 6 where a water-soluble fluroionophore system is designed and applied 

to cation sensing in aqueous media, an area severely lacking in the current literature. 

 

1.5.2 Self-assembly 

The pioneering studies by Lehn et al. on complexation of oligobipyridine ligands with 

Cu+ ions led to interesting ‘double-stranded helicates’, reminiscent of the DNA double 

helix.[292]  This was seen as a ‘self-assembly process’ or ‘operating through 

self-processes’ and led to the implementation of self-assembly and self-organisation in 

supramolecular chemistry.[293, 294]  This branch of chemistry exploits designed systems 

which are capable of spontaneously generating/organising into well defined, functional 

supramolecular architectures.[286]  Self-assembly allows access to new molecular 

architectures that are practically inaccessible using traditional multi-step covalent 

chemistry.[289] 

 

For self-assembly to occur the host and guest are typically pre-arranged to have the 

required complementarity where, under certain conditions, they form into 

supermolecules and propagate into higher-order assemblies.  One of the many 

efficiencies of self-assembly is that during the organisation process if a 

thermodynamically unfavourable side product is formed the network has the ability to 

dis-assemble and re-assemble again until a thermodynamically stable product is 

obtained.  This is in direct contrast to traditional covalent chemistry were errors in bond 

formation can not be self-corrected.  This disassembly process has recently been 

exploited by Raston et al.[295]  The authors describe a situation where self-assembly of 

C-alkylpyrogallo[4]arenes in chloroform hydrogen-bond to form  hexameric capsules.  

These capsules are ‘dis-assembled’ utilising high shear forces while under an 

atmosphere of hydrogen, spontaneous re-assembly occurs, trapping molecular hydrogen 

in the internal cavity of the molecule.  Under these conditions the capsule is termed a 

“nano-container”.[295] 
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Self-assembly of particular systems may result in a range of collective properties, and 

produce structures with inherent properties superior to the binary precursors.[286]  The 

application of self-assembly processes in building unique molecular architecture is 

described in Chapter 5. 

 

1.6 Calixarenes 

Calix[n]arenes are a family of synthetic macrocyclic receptors consisting of cyclic 

arrays of n phenol moieties linked by methylene groups.[289]  The chemical process 

discovered for the calixarene class of compounds dates back to the phenol and 

formaldehyde reaction studies of Adolf von Baeyer in 1872.[296-298]  Over the years other 

chemists modified this reaction.  However it was not until the 1970’s that Gutsche and 

coworkers revived the chemistry of the cyclic oligophenol products in the hope of 

producing a range of cavity-containing molecules for enzyme mimics.[290]  A range of 

oligomeric structures were synthetically obtained and structural investigation led to the 

identification of ‘bowl-like’ structures which Gutsche coined “calixarene” due to their 

resemblance to a Greek vase called a calix crater and arene representing the presence of 

aryl units.[299]  For a more extensive coverage of the history of calixarenes the reader is 

directed to a prominent book describing the subject in detail.[300] 

 

1.6.1 Synthesis and mechanism of formation 

Several methods have been developed for the synthesis of calixarenes, with the most 

general and useful being the one-step, base catalysed condensations of para-substituted 

phenols and formaldehyde, yielding a mixture of cyclic oligomers (Scheme  1.1).  The 

use of a para-substituted phenol, more specifically, those substituents being electron 

donating with respect to the phenolic hydroxyl group, are typically essential for the 

reaction to successfully proceed. 

 

OH

R

n

OH

R

base+     H2CO

R = alkyl, aryl
n = 4, 5, 6, 7, 8, 9, ...  

Scheme  1.1  General base catalysed synthesis scheme for calixarene formation. 
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As mentioned the ‘one pot’ calixarene synthesis has been the most popular route and 

has allowed access to a wide range of para-substituted calixarenes (Table  1.2).  The 

‘one pot’ synthesis route and slight modifications to this methodology are the approach 

taken for the synthesis of the calixarenes utilised for the studies reported in this thesis. 

 

Table  1.2  'One pot' synthesis route yields for a variety of para-substituted calixarenes.  Adapted 
with permission from [301], © 1995 John Wiley & Sons, Inc. 
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tPentyl [a] = 1,1-dimethylpropyl, and tOctyl [b] = 1,1,3,3-tetramethylbutyl 
 

Besides the aforementioned ‘one-pot’ synthetic procedure various calixarene analogues 

can be formed through indirect methods.  The most notable are the step-wise synthesis 

to form a monomeric chain prior to cyclisation,[321-328] fragment condensation which 

induces the fusion of two or more monomeric fragments,[329-332] and 

heteroatom-bridging which plays on the aryl fragment bridging using a heteroatom 

instead of the more conventional methylene linker.[333-337] 
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The proposed calixarene formation mechanism is highly dependant on the synthesis 

route being based on thermal induction or either base or acid catalysed.  The base 

catalysed reaction proceeds through the formation of the phenoxide ion, which allows 

the nucleophilic attack of formaldehyde to yield a hydroxymethyl phenol (Scheme  1.2).  

The hydroxymethyl phenol is converted to an o-quinonemethide intermediate that 

proceeds to react with a phenolate ion to form the respective diarylmethyl compound.  

This diarylmethyl compound is subject to a similar set of transformations to form linear 

oligomers (Scheme  1.2).  These linear oligomers are cyclised to form calixarenes, 

however the cyclisation mechanism is quite complicated and not fully understood.  

Interestingly, at least three dozen of the linear oligomers are required before cyclisation 

will occur.[338] 

 

 
Scheme  1.2  Base catalysed mechanism for the formation of linear oligomers prior to cyclisation.  

Adapted with permission from [300], © 1989 The Royal Society of Chemistry. 
 

The kinetic product of the based catalysed reaction of p-tBu-phenol and formaldehyde is 

p-tBu-calix[8]arene.  The suggested mechanism of formation of this calixarene is 

through the formation of a cyclic hydrogen-bonded dimer, from the pairing of two linear 

tetramers.[339, 340]  The thermodynamic product by the base catalysed reaction has been 

shown to be the lower oligomer calixarenes, predominantly the calix[4]arene.  The 

proposed mechanism for the formation of the thermodynamic product, 

p-tBu-calix[4]arene, is through molecular mitosis of p-tBu-calix[8]arene at high 
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temperature.[341]  It should be noted that other mechanisms such as 

fragmentation-recombination processes have been suggested.  Gutsche et al. 

experimentally attempted to verify the molecular mitosis hypothesis by refluxing both 

deuterated and non-deuterated p-tBu-calix[8]arene.  These experiments afforded 

products which indicate both suggested mechanisms were in action in the formation of 

p-tBu-calix[4]arene (Fig.  1.23).  In comparison, the proposed formation mechanism for 

p-tBu-calix[6]arene involved the cyclisation of a linear hexameric chain, as opposed to 

a hydrogen-bonded dimer of two linear dimers.[342] 

 

 
Figure  1.23  Overview of the molecular mitosis hypothesis experiments.  The white- and black-filled 
circles represent protonated and deuterated residues respectively.  Adapted with permission from 

[341], © 1999 American Chemical Society. 
 

The proposed mechanisms for the thermal-induced and acid catalysed reactions have 

been studied to a lesser extent and are not as well understood.  For the purpose of the 

studies contained in this thesis the base catalysed mechanism is sufficient to cover the 

formation of all calixarenes utilised, and therefore the other mechanistic routes will not 

be detailed. 

 

1.6.2 Calixarene structural conformations 

Due to the rotational mobility about the σ-bonds of the methylene links between the 

aromatic moieties, calixarenes typically exhibit a high level of conformational 
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flexibility.  Factors such as increasing calixarene ring size, reducing the 

para-substituent size, temperature, and varying solvent systems can all lead to increased 

conformational flexibility, and can effect the rate of interconversion.[343, 344]  In the 

specific case of the unmodified calix[4]arene there are four possible conformations that 

have been pointed out by Cornforth and coworkers,[345] and named by Gutsche as cone, 

partial cone, 1,3-alternate, and 1,2-alternate (Fig.  1.24).[300] 
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Figure  1.24  Structural conformations of calix[4]arene derivatives. 

 

Out of the four possible conformations for calix[4]arene, this macrocycle will typically 

adopt a cone conformation in solution and solid-state, due to the stabilisation of the 

lower rim hydroxyl functionalities through intramolecular hydrogen-bonding.[289]  

Structural investigations to determine conformations can readily be achieved through 

Proton Nuclear Magnetic Resonance (1H NMR)[344] and 13C NMR.[346] 

 

Calix[5]arenes usually adopt the cone conformation,[347-349] as seen with the 

calix[4]arenes in both solution and solid state.  p-tBu-calix[5]arene adopts a slightly 

distorted cone structure in the solid-state, which approximates to five-fold 

symmetry.[348]  It should be noted that the increased ring size of the calix[5]arenes 

results in weaker hydrogen-bonding interactions between the lower rim hydroxyl 

groups, as a result, the cone structure is less stable at room temperature than the 

calix[4]arenes.  However, calix[5]arenes can be conformationally blocked by 

functionalisation at the lower rim.[350]  The adopted conformation of the 

p-tBu-calix[5]arene as an inclusion complex is the chief concept within Chapter 5. 
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For calix[n]arenes larger than calix[5]arene the increase in ring size has a significant 

effect on the conformational flexibility of the molecule and there is a departure from the 

cone conformation preference observed with the lower ring sizes.[344]  

p-tBu-calix[6]arene and p-tBu-calix[8]arene can adopt 8 and 16 main conformations 

respectively, however, 1H NMR data indicates that the pinched cone and the pleated 

loop are the preferred respective stable conformations.[344]  The increased 

conformational flexibility of the larger ring size calixarenes is exploited in Chapters 2 

and 6 to provide solutions to high impact chemical problems. 

 

1.7 Calixarene–fullerene solid-state interactions 

1.7.1 Calix[3,4,6,8]arenes 

For more than a decade the supramolecular chemistries involving fullerenes for not only 

fabrication of novel inclusion complexes, but also the design of multi-dimensional 

molecular architecture, has captured the attention of scientists’ world-wide.  Over the 

years, it has been found that the icosahedral fullerene C60 readily forms intercalation 

complexes that are structurally diverse, producing materials containing small molecules 

such as simple aromatics like hydroquinone,[351] through to larger molecules like 

ferrocene,[352] and ‘bowl shaped’ receptor molecules including γ-cyclodextrin,[353] 

modified calixarenes,[354] cyclotriveratrylene and related molecules,[355] and porphyrins 

and metal macrocycles.[356, 357]  Through the use of these systems the manipulation of 

fullerene···fullerene centroid distances can assemble the C60 molecules into one- and 

two-dimensional arrays, as well as continuous three-dimensional extended networks 

(Fig.  1.25).  For the purposes of this thesis only the solid-state interactions of different 

fullerenes and calixarenes, with accompanied structural elucidation or proposed models, 

will be detailed; these studies describe only portions of the fullerene C60 assemblies, as 

illustrated in Figure  1.25.  For a more comprehensive overview of fullerene 

supramolecular assembly the reader is directed to recent reviews.[358, 359]  It should also 

be noted that calixarene systems have been utilised to produce inclusion complexes and 

provide avenues for molecular architecture for higher order fullerene such as C70,
[355, 360-

362] C76 - C120,
[363-365] however to cover such areas is outside the scope of this thesis. 
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Figure  1.25  Schematic of the diversity of fullerene C60 ordering into one-, two-, and 

three-dimensional arrays.  Host molecules have been omitted for clarity.  Adapted with permission 
from [358], © 2003 John Wiley & Sons, Inc. 

 

A tremendous increase in interest in the complexation of the bowl-shaped calixarene 

molecules with fullerenes resulted from the discovery that a discrete 1:1 complex forms 

between p-tBu-calix[8]arene and fullerene C60, which essentially allowed purification of 

this fullerene from fullerite.[354, 366]  Since this discovery, calixarene-C60 complexes have 

been shown to form a variety of solid-state structures depending on the ring size, upper 

rim para-substituents, choice of solvent system and, interestingly, the presence of other 

solutes which induce different fullerene packing, yet they are not incorporated into the 

final structure.[358]  The calix[3]arene derivative, p-benzylhexahomooxacalix[3]arene, 

will only be briefly mentioned as this shallow cavity system leads to full encapsulation 

of a single fullerene molecule,[367] and is the only structurally elucidated system in the 

calix[3]arene class. 

 

As previously mentioned, calix[4]arene readily adopts a cone conformation, which 

would typically entice the electron deficient C60 molecule into the electron rich cavity.  

However, the hydrophobic cavity size in the calix[4]arene is too small to accommodate 

the C60 molecule and it is found that the C60 binding is exo relative to the cavity in the 

solid state.[368-370]  A case in point is the complexation phenomenon between fullerene 

C60 and p-benzylcalix[4]arene, where, even with the deeper cavity calixarene with 
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functionally mobile benzyl functionality, the C60 molecules reside outside the cavity 

(Fig.  1.26).[370]  Even exo-cavity binding by the calix[4]arene can generate novel 

two-dimensional C60 arrays, in this specific case revealing flat C60 sheets sandwiched 

between cavitand layers.  Atwood et al. previously documented a similar 

two-dimensional C60 flat sheet arrangement through complexation with 

p-iodocalix[4]arene benzyl ether.[368]  Furthermore, by changing the upper rim halogen 

and lower rim functionality of the calixarene, p-bromocalix[4]arene propyl ether 

complexes with C60 to produce one-dimensional, well separated linear columns of 

close-spaced C60.  This indicates how subtle structural changes of the cavitand can have 

a dominating effect on the solid-state packing structure, and allows the construction of 

different architectures at the molecular level. 

 

 
Figure  1.26  Top view projection down the c axis of the extended structure of fullerene C60 and 
calixarene layers in the (C60)2(p-benzylcalix[4]arene), with red dotted lines indicating C-H···π 

interactions.  Adapted with permission from [370], © 2006 The Royal Society of Chemistry. 
 

Calix[6]arene also forms inclusion complexes with fullerenes, with the larger ring size 

allowing more conformation flexibility than the calix[4]arene.  The increase in ring size, 

essentially increases the hydroxyl group spacing and weakens the intermolecular 

hydrogen-bonding of the lower rim, allowing for a higher level of complexity of the 



  Chapter 1 
 

  49 

solution and solid-state structures available.[371]  To the author’s knowledge there are 

only two structurally elucidated calix[6]arene/C60 complexes in the solid-state.  Firstly, 

calix[6]arene forms a 2:1 complex with C60, (C60)2(calix[6]arene)(toluene), in which the 

fullerenes form an extended three-dimensional crisscrossed array of linear strands (Fig. 

 1.25).[355]  Interestingly, the molecular arrangement is also mimicked when 

complexation of C70 is undertaken.  The existence of such a complex had been 

previously suggested by Shinkai et al. utilising UV-visible spectrophotometry 

characterisation.[372]  The second elucidated structure is that of the inclusion 

phenomenon between p-benzylcalix[6]arene and C60, which forms a fullerene enriched 

3:1 complex, (C60)3(p-benzylcalix[6]arene)(toluene)4.25.
[371]  This system forms a 

complex three-dimensional network of fullerenes, which actually shroud columns of the 

calixarenes (Fig.  1.27). 

 

Remarkably, the calixarenes can be selectively dethreaded out of the crystal structure in 

the presence of methylene chloride to form an all-carbon hexagonal close-packed (hcp) 

polymorph of fullerene C60.  This approach is indeed pioneering research in the fact that 

results suggest a porous three-dimensional fullerene network can be engineered through 

supramolecular origins (Fig.  1.27). 

 

In terms of fullerene binding in relation to the calix[6]arene cavity the two 

aforementioned structures differ.  The unmodified calix[6]arene adopts endo-cavity 

binding of two fullerene molecules in the shallow cavity of the pinched double cone,[355] 

whereas the p-benzylcalix[6]arene, which adopts the same conformation, has pendant 

arms of other calixarenes residing in the cavities resulting in exo-cavity fullerene 

binding.[371]  It should also be noted that in both complexes the unsubstituted lower rim 

of the calixarene is important and the fact that both complexes adopt the pinched double 

cone conformation, re-iterates the requirement of maximising the lower rim hydroxyl 

interactions. 
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Figure  1.27  (top) Elucidated solid-state structure for (C60)3(p-benzylcalix[6]arene)(toluene)4.25, and 

(bottom) the same structure with the calixarene and toluene molecules removed to indicate the 
extent of the three-dimensional C60 network and the virtual porosity.  Fullerenes are coloured 

purple, toluene molecules are in blue; calixarenes are shown in ball-and-stick projected down the c 
axis.  Adapted with permission from [371], © 2008 American Chemical Society. 
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Figure  1.28  (a) Structure of complex (C60)3(p-benzylcalix[6]arene)(toluene)4.25, (b) the same 

structure with the calixarene and toluene molecules; both images show the pinched double cone 
conformation of the p-benzylcalix[6]arene.  Adapted with permission from [371], © 2008 American 

Chemical Society. 
 

As previously mentioned, the 1:1 complex between p-tBu-calix[8]arene and C60, which 

led to an economical purification route, sparked initial calixarene complexation studies.  

Solid-state structure elucidation has not currently been possible, however, the complex 

has a predicted structure based on the calixarenes in the double cone conformation, with 

three calixarenes shrouding a triangular array of fullerenes in a micelle-like 

structure.[354, 373]  Interestingly, Bai et al. utilised a calix[8]arene derivative to form a 1:1 

complex with fullerene C60, and illustrate through high-resolution STM (HR-STM) 

highly ordered monolayers on a Au(111) surface (Fig.  1.29).[374]  The lack of solid-state 

structural literature on the calix[8]arene system indicates the difficulty when dealing 

with the larger, more flexible calixarene molecules, ultimately limiting the extended 

packing structures available for analysis with current characterisation instrumentation. 

 

  
Figure  1.29  (a) STM image of the C60/calix[8]arene derivative, and (b) the proposed structural 

model of the ordered array resulting in the observed STM image; scale is given in nm.  Adapted 
with permission from [374], © 2003 John Wiley & Sons, Inc. 
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1.7.2 Calix[5]arenes 

The calix[5]arene class of host molecules have a dominant role in the fullerene C60 

complexation literature.  This is owing to the principal calix[5]arene structure which 

prefers the cone conformation, having close to ideal complementarity of size and 

surface curvature relative to C60.  In addition, the alignment of the C5 symmetry axis of 

the calix[5]arene, in this conformation, with the C5 symmetry axis of the C60 is favoured 

energetically as it optimises host-guest π···π interactions.[367, 375-377]  There are numerous 

solution studies on different calix[5]arene-fullerene C60 systems documenting possible 

interaction.[372, 378-380]  However, the focus of the current section is on solid-state 

fullerene architecture and as such these studies will not be included. 

 

To the author’s knowledge the first structure-elucidated calix[5]arene-C60 complex, was 

with the calix[5]arene, upper rim functionalised with three methyl and two iodo groups 

(1,3 disposition) in the para position.[376, 377]  This produced full C60 encapsulation with 

the C60 molecules completely isolated from one another.  This is also the case with 

p-benzylcalix[5]arene, which forms a 2:1 complex with C60, where an individual C60 

molecule is shrouded by two staggered trans-host molecules in the cone conformation 

with dangling benzyl groups of two calix[5]arenes fully shrouding a single C60 molecule 

(Fig.  1.30a).[367]  The endo-cavity binding of C60 to this particular calix[5]arene was 

predicted earlier by Raston et al., however the molecular mechanics calculations had 

higher association of the upper rim benzyl functionalities with the C60 than was 

observed in the solid-state structure.[375]  More recently, the analogous 

p-phenylcalix[5]arene has also been shown to form a 2:1 complex with C60, revealing 

individual C60 isolation (Fig.  1.30b).[381] 

 

 
Figure  1.30  Encapsulation of an individual fullerene C60, a) (C60)@(p-benzylcalix[5]arene)2 where 

C60 is represented in space-filling form with the calixarene molecules in stick form, and b) 
(C60)@(p-phenylcalix[5]arene)2 where C60 and calixarene molecules are represented as space-filling 

form.  Adapted with permission from [367], © 1999 John Wiley & Sons, Inc., and permission from 
[381], © 2002 The Royal Society of Chemistry, respectively. 
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It was not until the pioneering work of Atwood et al., that the real potential of fullerene 

architectures and complex macroscopic arrays using unmodified calix[5]arene were 

realised.[358, 382]  There are two different fullerene packing arrangements in the 

solid-state, interestingly with 1:1 host-guest stoichiometry.  The system with lesser 

structural complexity, (C60)(calix[5]arene)(toluene), is comprised of slightly helical, 

zigzag, one-dimensional oligomeric arrays of C60 (Fig.  1.31a).  Intriguingly, this 

structural polymorph only forms in the presence of other globular molecules such as 

C70, C84 and o-carborane, yet these components are not incorporated into the final 

structure.[358]  The other polymorph forms with a high ratio of C60 and gives rise to a 4:5 

complex, (C60)4(calix[5]arene)5(toluene)2 which assembles C60 molecules into unique 

linear columns of five-fold, Z-shaped strands (Fig.  1.31b),[382] which to date has not 

been replicated by any other host-guest system involving fullerene C60.  This system is 

unique in having multiple fullerene···calixarene interactions, including dual calixarene 

shrouding “ball-and-dual-socket”, half-cavitand binding “ball-and-socket”, and no 

direct calixarene interaction.[382] 

 

    
Figure  1.31  a) Crystal structure of the (C60)(calix[5]arene)(toluene) complex illustrating the 
columnar, slightly helical zigzag fullerene array, and b) the extended crystal structure of the 

(C60)4(calix[5]arene)5(toluene)2 complex with the projection parallel to the 5-fold, Z-shaped columns 
of C60.  Adapted with permission from [358], © 2003 John Wiley & Sons, Inc., and permission from 

[382], © 2002 American Chemical Society, respectively. 
 

The ability of calix[5]arene and analogues to form novel arrays of fullerene C60 sparked 

the investigation into p-tBu-calix[5]arene and its suitability as a host molecule for C60.  

Not only was inclusion complexation apparent but a novel fullerene architecture was 

observed, unlike any previously mentioned system.  Through additional manipulations 
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of this complex, an all-carbon architecture was successful obtained and current 

applications extend as far as a possible chemotherapy synergistic agent; details of this 

system and concepts are discussed in Chapter 5. 

 

1.8 Functionalisation of calixarenes – water solubility 

The functionalisation of calixarenes to render them soluble in aqueous media has been 

extensively researched over more than two decades, predominately to substantiate 

concepts based around synthetic enzyme mimics.[300]  Water-soluble calixarenes have 

now become an important class of compounds, and various synthetic routes have been 

established to impart water solubility to the calixarenes through the addition of water 

soluble groups to either the lower or upper rim.  The first of such functionalisation 

strategies was undertaken by Ungaro et al. through lower rim functionalisation of 

p-tBu-calix[4]arene with carboxylic acid groups.[383]  This functionalisation resulted in 

moderate compound solubility in water of between 5 x 10-4 M and 5 x 10-3 M, 

depending on the cation used.[383]  Since then calixarenes have been made water soluble 

by a variety of upper and lower rim functional groups additions including diboronic 

acids,[384, 385] amino,[386] sulfonic acids (Fig.  1.32),[315, 317, 387, 388] and phosphonic acids 

(Fig.  1.32).[389-394]  For a more detailed overview of water soluble calixarenes the reader 

is directed to an excellent general review of water-soluble calixarenes,[395] more 

specifically sulfonated,[396] and phosphonated calixarene systems.[397] 
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Figure  1.32  Water-soluble p-substituted calixarenes ranging from shallow cavity (n = 4, 5, 6, 8) to 

deeper cavity 'extended arm' sulfonated calix[n]arenes (n = 4, 6, 8) to phosphonic acid calix[n]arene  
(n = 4, 5, 6, 8). 

 

The chief water-soluble calixarene systems described in this thesis are the first 

generation p-sulfonated calixarenes, the next generation ‘extended arm’ sulfonated 

calixarenes and the p-phosphonated calixarenes.  It should be noted that until the 
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pioneering synthetic work of Clark et al. only the p-phosphonic acid calix[4]arene was 

accessible.  These recent works have not only given access to larger ring size 

p-phosphonated calix[n]arenes, n = 5, 6, 8, but have generated a new five-step synthetic 

route (Scheme  1.3) to produce the calixarenes in high yields.[393, 394] 
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Scheme  1.3  A new five-step synthesis of p-phosphonic acid calix[n]arene, n = 4, 5, 6, 8.  Adapted 

from [393, 394] 
 

1.9 Applications of water-soluble calixarenes 

The need to develop and investigate new classes of water-soluble calixarenes is 

paramount for expanding the area of supramolecular chemistry and keeping it at the 

forefront of science.  A constant theme running through this thesis it an attempt to 

overcome current problems areas in scientific and commercial areas, by providing novel 

solutions.  These classes of water-soluble calixarenes have been adapted and studied in 

an attempt to fill current gaps in the literature, and the requirements of the scientific 

community.  This is highlighted in Chapter 2, where the use of water-soluble 

calixarenes not only effectively solubilises individual SWCNTs into aqueous media but 

also allows selective-diameter uptake.  This selective nanotube diameter uptake allows 

the choice of tuning the electronic properties of the resulting solutions through the 

calixarene, thereby providing advancement for areas such as carbon nano-electronics 

and device fabrication.  Furthermore, there is a significant gap in the current literature in 

the design and development of water-soluble fluoroionophore systems.  This is an area 

where water-soluble calixarenes conceptually show promise.  A suitable system based 
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on the unique properties of a recently synthesised ‘extended arm’ sulfonated calixarene 

is described in Chapter 6. 

 

1.10 Specific aims and structure of the thesis 

As indicated in this introductory section, the specific aims contributing to the research 

described in this thesis are as follows: 

 

 To develop novel purification methodologies for the post-growth treatment of 

CNT materials, with specific focus on carbon nano-electronics applications; 

 To develop an appropriate device platform for the assessment of carbon 

nano-materials for their gas and vapour sensing characteristics, ultimately to 

produce a carbon nano-material-based gas and vapour sensor; 

 To design and fabricate an appropriate sensor testing facility with precision gas 

and vapour-phase analyte delivery capabilities; 

 To assess a variety of carbon nano-materials, more predominately SWCNTs, 

utilising the fabricated device platform and testing facility; 

 To extend the field of all-carbon architecture materials though the fabrication of 

novel structures, utilising methodologies ranging from unique growth 

mechanisms to supramolecular interplay;  

 To develop and extend supramolecular principles to the liquid-medium sensor 

domain to fill current gaps in the literature. 

 

The structure of this thesis follows the primary aims listed above.  A brief summary of 

the proceeding thesis chapters will be detailed as follows. 

 

Chapter 2, “Diameter-selective sorting of SWCNTs in aqueous media”, describes 

novel purification strategies employed to solubilise SWCNTs into aqueous media.  

Chapter 2 describes a comprehensive Raman spectroscopy characterisation study which 

suggests that selective supernatant enrichment of specific nanotube diameters is possible 

using water-soluble p-sulfonated and p-phosphonated calixarenes.  This observation is 
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additionally supported through the electrical characterisation of fabricated on/off field 

effect transistors (FET), from semiconducting enriched calixarene/SWCNT 

supernatants. 

 

Chapter 3, “Design, fabrication and verification of a gas and vapour analyte 

delivery system for sensor testing”, illustrates the process of developing all aspects of 

fabricating a gas and vapour testing apparatus from the ground up.  This was an 

essential requirement for the successful characterisation of the developed CNT sensors, 

and is a prominent source of data described in subsequent chapters.  Within this chapter 

details are given on systems troubleshooting, in relation to electrical noise.  In addition, 

verification of the system will be achieved through the use of a novel 

SWCNT/nanoparticle hybrid sensor. 

 

Chapter 4, “SWCNT-based chemiresistor sensor testing for compounds of national 

security interest”, describes the application of the developed CNT sensors for the 

detection of chemical compounds of national security interest.  This chapter elaborates 

on the conceptual design and fabrication strategies involving the device platform, and 

CNT-based chemiresistor sensor.  The concepts behind harnessing the properties of 

CNTs to provide low-power sensors to be utilised in the military/counter-terrorism 

domain are described.  Chapter 4 describes the optimisation of both the device, and 

testing parameters, to obtain quality results upon gas and vapour exposure trials.  The 

development of a novel SWCNT electrochemical sensor for the detection of the 

notorious war gas phosgene is detailed, along with other compounds of interest such as 

G-series nerve agent simulants.  This also shows direct comparisons between different 

sensor geometries and packaging in terms of sensitivity and limits of detection, which 

are put into context with currently available technologies. 

 

Chapter 5, “Progress towards novel carbon nano-materials and interesting 

application areas”, describes characterisation methodologies for structural elucidation 

of a novel solid-state complex.  This chapter details the synthesis of a novel host-guest 

complex, termed ‘C60 nano-fibres’, and describes the molecular architecture of fullerene 

C60 with p-tBu-calix[5]arene.  High temperature studies also produced selective 

volatilisation of the calixarene backbone to yield all-carbon structures with retention of 
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the principal structure associated with the parent complex.  Chapter 5 also detailed this 

material as a synergistic chemotherapeutic agent for breast and cervical cancer cell 

lines.  Furthermore, a range of other all-carbon materials are described including 

square-geometry carbon nano-fibres, and rings of helical SWCNT bundles. 

 

Chapter 6, “A water-soluble fluoroionophore: p-phenyl sulfonated calix[8]arene”, 

details the discovery of autofluorescence properties of p-phenyl-sulfonatocalix[8]arene.  

The fluorescence properties of this calixarene are systematically mapped and an 

intensive metal cation binding study undertaken.  From these studies it was observed 

that this was in fact a unique water-soluble fluoroionophore which does not require 

pendant chromophore functionalisation, and is one of only a few fluoroionophores to be 

entirely water-soluble.  This metal cation sensor is selective for divalent metal cations, 

with binding constants and degradation studies detailed. 

 

The final chapter, “Conclusions and future studies”, outlines the principal findings of 

the studies described within this thesis.  It highlights the significance of these findings 

to the scientific community and will propose the future directions in which subsequent 

research should be targeted. 
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Diameter-Selective Sorting of SWCNTs in Aqueous 

Media 
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2 Diameter-selective sorting of SWCNTs in aqueous 

media 

2.1 Introduction 

Since the discovery of CNTs by Iijima[19] and more recently SWCNTs,[20, 21] these 

purely carbon-based materials have attracted significant attention from both the research 

and commercial sectors.  The extraordinary mechanical and unique electrical properties 

of CNTs have been described in Section  1.3, with major research efforts focused on 

areas such as high performance electronics,[136] scanning probe microscopy,[398, 399] fuel 

cells,[400] composites,[401, 402] chemical,[223, 235] biological[206, 403] and physical[211, 404, 405] 

sensors.  In order to harness the full potential of CNTs, the ability to separate them 

according to diameter and/or chirality is required.[136]  As previously mentioned, the 

diameter and inherent chirality of SWCNTs directly controls their semiconducting or 

metallic properties.[123] 

 

 
Figure  2.1  Schematic of a SWCNT thin-film transistor (TFT) and structure.  A 300 nm layer of 

SiO2 is deposited on a heavily doped Si wafer, which is functionalised by either an 
amine-terminated (A) or phenyl-terminated (B) silanes.  A solution of SWCNTs is spin coated onto 
the surface, providing a connective pathway between the source (S) and drain (D) electrodes, with 
directionality of self-assembled monolayers monitored through AFM.  Reprinted with permission 

from [406], © 2005 AAAS. 
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Recent methods have been trialled to separate CNTs including pioneering work by Bao 

et al. which utilises different absorption properties of metallic and semiconducting 

SWCNTs towards amine- and phenyl-terminated silanes to produce a one-step 

methodology for self-sorting and aligned TFT (Fig.  2.1).[406]  Other methods include 

dielectrophoresis, which take advantage of the difference in relative dielectric constants 

of metallic and semiconducting CNTs with respect to the choice of solvent.[407]  

Pathways utilising differential density gradient systems have also successfully been 

explored (Fig.  2.2).[408, 409]  Other research groups have targeted non-covalent 

supramolecular interactions, as in biopolymers,[410] DNA-wrapping,[411] porphyrinic 

polypeptides[412] and oligo-acene adducts.[413]  The problem with some of these methods 

is that the supramolecular chemistry is carried out in organic solvents with limited 

stability in aqueous media, and require lengthy experimental procedures.  Progress has 

been made to combat these underlying problems with the use of amphiphilic 

polymers.[414]  Supramolecular systems that can be utilised to solubilise SWCNTs in 

aqueous media, are potentially more benign, generating less waste, and are thus more 

attractive. 

 
Figure  2.2  Sorting SWCNTs using density gradient ultracentrifugation, with optical absorbance 

confirming selective diameter fractions which correlate to CNTs with either metallic or 
semiconducting electronic properties.  Adapted with permission from [409] Macmillian Publishers 

Ltd: Nature Nanotechnology, © 2006. 
 

 

Calixarenes have played an important role in supramolecular chemistry in general 

(Section  1.7).  In Chapter 5, a unique structural organisation of fullerene C60, with 

surface curvature analogous to SWCNTs, and p-tBu-calix[5]arene, to form nano-fibres 

from toluene solution.[415]  These selectivity and self-assembly processes may be 

mimicked in water using p-phosphonated calixarene systems as a route to 

diameter-selective purification of SWCNTs in aqueous media.  The most widely studied 

water-soluble calixarenes are the p-sulfonato-derivates which relates to their 
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bio-compatibility and simplicity of synthesis.[416-418]  Recently, Clark et al reported a 

general route for the synthesis of p-phosphonic acid calix[n]arenes, (n = 4, 6, 8), which 

can be engineered into unique supramolecular frameworks at the nanometer scale.[393]  

The combination of water solubility and self-assembly is of interest, for not only the 

solubilisation of SWCNTs but also the possibility of creating different 

SWCNT-calixarene arrays to facilitate the separation of the SWCNTs. 

 

There are limited studies on the specific use of water-soluble calixarenes for the 

solubilisation of SWCNTs.  Lobach et al. investigated various types of amphiphilic 

macrocycles, such as different upper and lower rim functionalised calix[4]resorcinarene 

and p-sulfonato-calix[n]arenes (n = 4, 6), modified by lower rim alkyl substituents 

(butyl and dodecyl),[419] with the ability to form stable suspensions of SWCNTs in 

aqueous media.  Furthermore, Ogoshi et al. focused on p-sulfonato-calix[n]arenes 

(n = 4, 6, 8), with successful solubilisation of SWCNTs for the higher order oligomers, 

p-sulfonato-calix[8]arene forming a dimer as part of a supramolecular SWCNT network 

polymer.[420] 

 

The subsequent sections detail the solubilisation of SWCNTs using the water-soluble 

p-phosphonated calixarenes and analogous compounds of differing lower rim 

functionality.  The findings include a preferential solubilisation of specific diameter 

SWCNTs, as supported by Raman spectroscopy measurements.  In addition, a detailed 

investigation into the effects of using ‘extended arm’ p-sulfonated calix[8]arene systems 

on SWCNT solubilisation, for comparison to the earlier studies on the parent 

p-sulfonated calixarenes is undertaken.[419, 420]  It should be noted that the ‘extended 

arm’ calixarenes have a higher hydrophobic surface area relative to the parent 

p-sulfonated calixarene. 

 

2.2 Experimental 

2.2.1 Materials 

The SWCNTs (Elicarb®, Thomas Swan & Co. Ltd., County Durham, UK) utilised were 

produced by a C-CVD synthesis method with an as-received purity >90% (4.79 wt% 

ash, 2.76 wt% iron catalyst, <2 nm tube diameter).  Graphene powder (470 nm average 
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size, 90.1 wt% carbon, 9.1 wt% oxygen) was also obtained from a collaborator 

(University of New South Wales, Australia).  Tetraphenylphosphonium bromide and 

ytterbium trichloride hexahydrate were obtained from a chemicals supplier 

(Sigma-Aldrich, MO, USA) and used without further purification.  The calixarenes 

utilised in this study are displayed in Figure  2.3 and Table  2.1.  They included 

p-phosphonic acid calix[n]arenes (n = 4, 6, 8), (1A, 2A, and 3A), p-phosphonic acid 

calix[4]arene modified by octadecyl and butyl substituents on the lower rim, (1B and 

1C), p-phosphonic acid calix[6]arene modified by methyl substituents on the lower rim, 

(2B), p-sulfonato-calix[8]arene, (4A), p-benzyl-sulfonato-calix[8]arene, (4B), and 

p-phenyl-sulfonato-calix[8]arene, (4C). 

 

Compounds 1A - 3A were prepared via recently published synthetic pathways.[393, 394]  

The p-sulfonato-calixarene (4A) was synthesised through a modified preparation,[388] 

with the ‘extended arm’ p-sulfonato-calixarenes (4B and 4C) synthesised via published 

procedures.[315, 317] 

 

2.2.2 Methods 

A typical experiment consisted of the addition of as-received SWCNTs (1.0 mg) into a 

sample vial (10 mL) containing MilliQ water (6 mL, >18 MΩ cm-1).  To this mixture 

the appropriate calixarene (2.60 x 10-2 mmol) was added.  This mixture was 

ultrasonicated for 10 min with a sonic lance (4 W RMS power, Sonifier 150, Branson, 

CT, USA) and then a further 30 min at 5 W RMS power, affording black to light grey 

solutions (Fig.  2.4a).  To remove impurities and large agglomerations the solution was 

divided into 1.5 mL aliquots and centrifuged (5000 relative centrifugal force (RCF), 

Mini Spin plus, Eppendorf, Hamburg, Germany) for 30 min in ambient conditions.  The 

top three quarters of the supernatant was collected and combined, affording the 

solubilised product (Fig.  2.4b). 

 

n

Y

X

 
Figure  2.3  Principal calixarene structure. 
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Table  2.1  Notation for calix[n]arene systems. 
 

X 

 

Y 

 

n 

 

Notation 

 

PO3H2 

 

OH 

 

4 

 

1A 

 

PO3H2 

 

C18H37 

 

4 

 

1B 

 

PO3H2 

 

OBu 

 

4 

 

1C 

 

PO3H2 

 

OH 

 

6 

 

2A 

 

PO3H2 

 

OMe 

 

6 

 

2B 

 

PO3H2 

 

OH 

 

8 

 

3A 

 

SO3H 

 

OH 

 

8 

 

4A 

 

Benzyl-SO3H 

 

OH 

 

8 

 

4B 

 

Phenyl-SO3H 

 

OH 

 

8 

 

4C 

 

Host-guest self-assembled arrays:  For the assessment of building higher-order 

SWCNT self-assembled arrays, tetraphenylphosphonium bromide (2 mg, 

4.77 x 10-3 mmol) was added to an aliquot (5 mL) of the calixarene/SWCNT 

supernatant, with the pH adjusted to 6.  Further addition of YbCl3·6H2O (5.3 mg, 

1.37 x 10-2 mmol) was introduced to the above mixture. 

 

Characterisation methodologies:  Raman spectroscopy was performed using a 

R-3000CN portable Raman spectrometer (Raman Systems Inc., TX, USA).  The 

spectral range covered was 100 cm-1 to 1800 cm-1, with an excitation wavelength of 

785 nm, and laser power <10 mW.  Spectra were acquired from multiple areas and 

rotations; the samples were prepared by drop-coating the resulting supernatants onto 

aluminum foil and air drying.  Raman spectra of calixarene control samples were also 

prepared and collected using this methodology; a Raman analysis protocol, developed 

specifically for this instrument, is described in Appendix A.1.  UV-visible 
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spectrophotometry was performed with a Cary 50 Tablet spectrophotometer (Varian, 

CA, USA).  The spectral range covered was 800 nm to 200 nm, with a scan rate of 

600 nm min-1; the samples were prepared by dilution (100x) of the resulting 

supernatants, and were analysed in 10 mm path length quartz cuvettes.  TEM was 

performed using a 2100 TEM (JEOL, Tokyo, Japan) operating at 120 keV; sample 

preparation involved centrifugation of the supernatant (100x dilution) and re-dispersing 

the resultant solid in MilliQ water, from which a drop of the solution was placed onto a 

holey carbon film supported by copper grids and air-dried.  AFM was performed using a 

PicoScan system with a PicoScan 3000 PicoSPM II controller (Agilent Technologies, 

CA, USA) utilised in tapping mode.  Topographic images were acquired using a grade 

14 tapping mode cantilever.  Samples were drop-cast onto a freshly cleaved mica 

substrate and excess solution removed using a gentle N2 flow.  FET electrical 

characterisation was performed using a potentiostat (model EA161, eDAQ Pty. Ltd., 

NSW, Australia) and electronic recorder (e-corder, model EA201, eDAQ), utilised in a 

linear sweep configuration (EChem™, eDAQ).  Samples were prepared by drop-casting 

the supernatant solution onto pre-fabricated interdigitated metal electrodes.  The 

NT-FET current-voltage (I-V) curve data was subjected to a Savitsky-Golay smoothing 

function, using a second-order polynomial function over 25-data point intervals (Origin 

Pro 8.0, OriginLab Corporation, MA, USA). 

 

2.3 Results and discussion 

All the calixarenes studied are essentially acting as surfactant molecules, in solubilising 

the SWCNTs.  It is interesting to note that during ultrasonication all the solutions 

containing the calixarenes formed a black solution (Fig.  2.4a), with exception of 1A and 

1B which produced light grey suspensions.  In comparison, the SWCNT/water 

experiment with no calixarenes formed large aggregates of the SWCNT material (Fig. 

 2.4a).  The transformation from colourless to black and/or grey indicates the effective 

solubilisation of the SWCNT material into the aqueous media.  This is further supported 

with the intense black colouration maintained in the supernatant after centrifugation 

(Fig.  2.4b).  It should be noted that the collected supernatant suspensions of 1A - 4C are 

highly homogeneous and are stable for over six months, and thus the p-phosphonated 

calixarenes and ‘extended arm’ p-sulfonated calixarenes are effective in solublising and 

stabilising SWCNTs in aqueous media. 
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Figure  2.4  Photographs of a) a solution containing SWCNT/water (left) and a solution containing 

2A/SWCNT/water (right), and b) supernatant of 2A/SWCNT/water system. 

 

In addition, an identical experimental set was repeated with graphene powder.  Again, a 

black suspension occurred following ultrasonication, however, over a 24 h time period 

the original solutions, similar to the SWCNT blank (Fig.  2.4a), were afforded and 

solubilisation was not established.  These results indicate that surface curvature may be 

a required parameter for the successful solubilisation of carbon nano-material by these 

particular calixarene systems and is an area which requires further attention. 

 

2.3.1 Raman spectroscopy 

The supernatant solutions from the previous experiment were dried and the resulting 

residues were analysed using Raman spectroscopy to obtain a greater understanding of 

the material solubilised by the calixarene systems.  Raman scattering produces 

characteristic peaks from certain phonon modes in CNTs.  The frequencies of 

immediate interest revolve around the radial breathing modes (RBMs) and the G- and 

D-bands.[421]  The low frequency RBMs (100 cm-1 to 300 cm-1) are directly dependant 

on the nanotube diameters within a sample.  The high-frequency band at ~1340 cm-1 is 

commonly referred to as the D-band (Disorder-induced band) and provides information 

regarding amorphous impurities and CNT wall disorder.  The high-frequency band at 

~1585 cm-1 is commonly referred to as the G-band (Graphite band) and relates to the 

graphite E2g symmetry of the interlayer mode.  This mode represents the structural 

intensity of the sp2-hybridised carbon atoms of the CNTs and is sensitive to the 

nanotube surroundings.  It is common to utilise the ratio of the intensity of the D-band 

to that of the G-band (ID/IG), to assess the quality of a CNT sample following a 

purification procedure.[422]  It should be noted that Raman spectra were obtained for all 
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calixarene control samples, and were found to be not Raman active at the laser 

frequency utilised in this study (Fig.  2.5). 

 

 
Figure  2.5  Raman spectrum of the ‘blank’ aluminium foil, inset of the typical RBM frequency 
range.  These ‘baseline’ frequencies were taken into account for the analysis of the as-received 

SWCNTs and supernatant residues.  This also represents the spectrum obtained when analysing 
calixarene control samples. 

 

 
Figure  2.6  Raman spectrum of as-received SWCNT, inset of the RBM frequency range. 
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The spectral shifts in the calixarene/SWCNT systems are described in relation to the 

as-received SWCNT sample in Table  2.2.  All of the calixarene systems produce an 

up-field shift in the G-band frequency relative to the as-received SWCNT sample (Fig. 

 2.6), as shown in Figures  2.7a and  2.8a.  For the p-phosphonated calixarene analogues, 

the largest shift was seen for 2B, with the smallest shift seen for 1B.  For the latter, this 

may be related to the large hydrophobic tail, decreasing its solubility in aqueous media.  

The hierarchy of frequency shift is 1B < 1C < 1A, 2A, 3A < 2B (Table  2.2), and this 

gives some insight into the relative strength of the interaction between the respective 

p-phosphonated calixarene and the SWCNTs.  The results show that the interplay 

between the calixarenes and SWCNTs leads to their solubilisation into the aqueous 

media.[423] 

 

Table  2.2  Raman spectral G-band frequency shifts and the ID/IG ratios for the residues of the 

calixarene/SWCNT supernatants. 
 

Sample 

 

G-band frequency  

(cm-1) 

 

Frequency shift  

(cm-1) 

 

ID/IG ratio

 

As-received SWCNTs 

 

1583.68 

 

- 

 

0.2131 

 

1A 

 

1592.48 

 

+8.80 

 

0.1613 

 

1B 

 

1588.08 

 

+4.40 

 

0.1816 

 

1C 

 

1588.96 

 

+5.28 

 

0.0729 

 

2A 

 

1592.48 

 

+8.80 

 

0.1559 

 

2B 

 

1594.24 

 

+10.56 

 

0.1350 

 

3A 

 

1592.48 

 

+8.80 

 

0.2449 

 

4A 

 

1592.48 

 

+8.80 

 

0.1277 

 

4B 

 

1602.15 

 

+18.47 

 

0.2514 

 

4C 

 

1602.15 

 

+18.47 

 

0.1440 
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Similarly, with the p-sulfonated calixarene systems significant G-band shifts were 

observed, with the largest up-field shifts attributed to the ‘extended arm’ p-sulfonated 

calix[8]arene systems (4B and 4C) (Fig.  2.8a).  This could be due to more efficient 

packing of the calixarenes around the SWCNT surface.  The conformational flexibility 

of the larger ring size calixarene, with a larger hydrophobic surface area, is likely to 

encourage π-π stacking of the aromatic units of the benzyl and phenyl upper rim 

functionalities with the SWCNT surface. 

 

The results indicate that the peak width of the D-band at ~1340 cm-1 has decreased 

significantly from 100 cm-1 in the as-received SWCNTs to 20 cm-1 to 40 cm-1 full-width 

half maximum (FWHM) in all trialled systems (Figs.  2.7a and  2.8a).  This peak width 

narrowing is attributed to the reduction of the amount of amorphous carbon in the 

sample, and indicates that all of the systems studied show a low binding affinity to 

amorphous carbon, and when coupled with centrifugal processing results in minimal 

amorphous carbon present in the aqueous supernatant.  These results support the use of 

these water-soluble calixarenes in post-growth purification protocols. 

 

It is important to measure the purity of the SWCNTs that have been solubilised by the 

calixarene host molecules.  A method routinely utilised is based on ID/IG ratio, where a 

lower value of ID/IG implies less disordered carbon attributed to the SWCNTs structure 

and hence an increased level of pristine SWCNTs.  The as-received SWCNTs have a 

calculated ID/IG ratio of 0.2131.  The ID/IG ratios are displayed in Table  2.2, with the 

hierarchy of ID/IG ratios as follows: 4B > 3A > SWCNT as-received > 1B > 1A > 2A > 

4C > 2B > 4A > 1C.  This shows that the majority of the calixarene systems increase 

the level of pristine SWCNTs in the supernatant, with the exception of 3A and 4B.  The 

ID/IG ratios for the 3A and 4B systems, albeit lower in purity, are relatively close to the 

as-received SWCNT ratio.  Interestingly, the 3A and 4B systems reveal large G-band 

shifts, indicating significant surface interaction with the SWCNTs.  These systems may 

also bind to carbon particle impurities which can result in their disaggregation and an 

increased D-band signal.[423]  These data further support the use of the majority of these 

calixarene systems in post-growth purification protocols. 
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Figure  2.7  a) Raman spectra obtained for the phosphonated calixarene systems, and b) Raman 

spectra highlighting the RBM bands. 
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Figure  2.8  a) Raman spectra obtained for the sulfonated calixarene systems, and b) Raman spectra 

highlighting the RBM bands. 
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The RBM frequencies assigned within a Raman spectrum can provide direct 

information regarding the distribution of SWCNT diameters within a sample.[155]  The 

relationship between the RBM frequency and the inverse nanotube diameter is well 

described in the literature with the equation: 

 

                                                          B
d

A


t
RBM  (4) 

 

where RBM  is the RBM frequency in cm-1, dt is the tube diameter in nm, and the 

parameters of A = 223.5 cm-1 nm and B = 12.5 cm-1 have been experimentally 

determined.[156]  The Raman spectrum, including the RBM region, for the as-received 

SWCNT is detailed in Figure  2.6.  It should be noted that several recurring frequencies 

in the RBM range were identified and removed during data analysis.  These could be 

contributed from the aluminium foil, possible laser reflections, and/or the sampling 

environment (Fig.  2.5). 

  

The dominant SWCNT diameters in the sample are 1.61 nm (151.25 cm-1), 1.19 nm 

(200.49 cm-1), 1.05 nm (225.99 cm-1) and 0.89 nm (262.04 cm-1), which are displayed in 

Figure  2.6.  If a broad RBM band is observed it is possible that it is a superposition of a 

few Lorentzian components and could represent multiple diameter SWCNTs.[424]  This 

is possibly what is occurring with the 151.25 cm-1 band, which is subsequently masking 

the larger diameter SWCNTs individual RBM bands.  The spectra obtained from the 

p-phosphonated calixarene systems are illustrated in Figures  2.7a and  2.7b, and for the 

p-sulfonated calixarene systems spectra are detailed in Figures  2.8a and  2.8b. 

 

A summary of the calculated SWCNT diameters present in the supernatants in each 

system is given in Table  2.3.  Firstly, the data supports the previous findings on 

solubilisation of the SWCNTs.  The data also indicate that there is selective uptake of 

particular diameter SWCNTs, which is highly dependent on the nature of the calixarene.  

In the majority of the supernatants the most intense band can be attributed to SWCNTs 

with a diameter of 0.89 nm (ca. 262 cm-1).  Interestingly, this SWCNT diameter is not 
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the most abundant in the as-received SWCNT sample (Fig.  2.6), yet this diameter seems 

to be efficiently solubilised, with the uptake in solution of larger diameter tubes limited. 

 

Table  2.3  Calculated SWCNT diameters present based on RBM frequencies in the Raman spectra. 
 

Sample 

 

Calculated SWCNT diameter distribution  

(nm) [a] 
 

As-received SWCNTs 

 

1.61, 1.19, 1.05, 0.89 

 

1A 

 

1.01, 0.89 

 

1B 

 

1.01, 0.89 

 

1C 

 

1.04, 0.89 

 

2A 

 

0.89 

 

2B 

 

1.00, 0.89 

 

3A 

 

1.00, 0.89 

 

4A 

 

1.01, 0.89 

 

4B 

 

0.91, 0.89 

 

4C 

 

1.35, 1.04, 0.89 

[a] SWCNT diameter relating to the most intense band is italicised. 

 

As previously mentioned the smaller diameter SWCNTs were more readily solubilised 

into aqueous media.  However, the data indicate that there are larger SWCNT diameters 

solubilised when using 4C (1.35 nm).  In the case of 4C involving ‘extended arm’ 

sulfonated calix[8]arenes, the large G-band shift indicates strong nanotube surface 

interactions.  This suggests a different type of interplay with the SWCNT surface, in 

solublising the larger diameter SWCNTs.  This is consistent with the increased 

conformational flexibility of the larger ring size calixarene. 
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The data in Table  2.3 also indicate that 1C and 2A are unique in regard to SWCNT 

solubilisation.  1C shows the ability to preferentially bind to 1.04 nm (ca. 228 cm-1) 

diameter SWCNTs, with the band having the greater RBM intensity.  This diameter 

represents the smallest SWCNT diameter population in the as-received SWCNTs (Fig. 

 2.6).  In contrast, 2A only solubilises SWCNTs with a diameter of 0.89 nm (ca. 264 cm-

1).  These two systems not only significantly increase the purity of the SWCNTs (Table 

 2.2), they can also be utilised to solublise, preferentially, SWCNTs of a specific 

diameter. 

 

With the SWCNT diameter distribution in both the as-received SWCNT sample and the 

different calixarene system supernatants, it is now possible to calculate the integers of 

assignment (Table  2.4).  This can be achieved with the application of Equation 1 

(Section  1.3), where a = 0.249 nm (due to  c-c3aa  0.249 nm [ac-c = 0.142 nm]) 

and the integers (n,m) define the structure of a SWCNT in terms of its diameter and 

chiral angle.[425]  Furthermore, following the topographical assignment, the electronic 

nature of each specified nanotube topology can be determined (Table  2.4).  There are 

three possible electronic assignments: (i) quasi-metallic SWCNT with |n - m| = 3q; (ii) 

metallic SWCNT with n = m, and (iii) semiconducting SWCNT with |n - m| = 3q ± 1, 

where q is an integer.[425] 

 

From the chiral assignment and, subsequently, the electronic nature of the SWCNTs in 

the supernatants (Table  2.4), it is possible to comment on the preferential solubilisation 

of semiconducting and metallic SWCNTs.  The majority of the SWCNTs analysed are 

semiconducting in nature, which is expected from using a 785 nm excitation 

wavelength, where excitation is primarily resonant with the v2 → c2 transitions.[426]  In 

relation to the p-phosphonated calixarenes, all systems preferentially solubilised 

0.89 nm, (10,2) semiconducting SWCNTs based on RBM intensities.  For the 1C 

system, while still solubilising 0.89 nm SWCNTs, solubilisation of the 1.04 nm, (12,2) 

semiconducting or (9,6) metallic SWCNTs occurs.  This is the only p-phosphonated 

calixarene to bind to metallic SWCNTs.  Most p-phosphonated systems solubilise two 

to three different diameter SWCNTs, whereas 2A only solubilised the 0.89 nm (10,2) 

semiconducting SWCNTs.  This selective binding to specific chiral SWCNTs has 

significant implications for post-growth purification and application selective 
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processing for many current and future applications, in particular carbon 

nano-electronics.[136] 

 

Table  2.4  Observed RBM bands in the as-received SWCNTs and calixarene system supernatants 

with topographical and electronic assignment. 
 

Observed RBM band 

(cm-1) ± 1 

 

Calculated SWCNT 

Diameter (nm) 

 

Assignment

(n,m) 

 

Semiconducting (S) or 

Metallic (M) 

 

264 

 

0.89 

 

(10,2) 

 

S 

 

257 

 

0.91 

 

(11,1) 

(9,4) 

 

S 

S 

 

235 

 

1.00 

 

(12,1) 

 

S 

 

232 

 

1.01 

 

(11,3) 

 

S 

 

228 

 

1.04 

 

(12,2) 

(9,6) 

 

S 

M 

 

226 

 

1.05 

 

(10,5) 

 

S 

 

200 

 

1.19 

 

(15,0) 

 

S 

 

178 

 

1.35 

 

(15,2) 

(14,5) 

 

S 

M 

 

151 

 

1.61 

 

(18,4) 

 

S 

 

In relation to the electronic nature of the solubilised SWCNTs the results obtained from 

the p-sulfonated calixarene systems were similar to the p-phosphonated calixarene 

systems.  However, it is interesting to note that 4C preferentially binds two different 

diameter metallic SWCNTs, along with the typical 0.89 nm SWCNTs.  The intensities 



  Chapter 2 
 

  76 

of these respective RBM bands are relatively similar which suggests that there is an 

enrichment of metallic SWCNTs in the supernatant for this system. 

 

2.3.2 UV-visible spectrophotometry 

In a recent study, Attal et al. utilised UV-visible absorbance spectrophotometry to 

determine the concentration of SWCNTs in aqueous dispersions.  The absorption peak 

at 273 nm is a signature of the surface π-plasmon excitation of dispersed SWCNTs.[427]  

The supernatants obtained for the different calixarene systems, in this study, were 

analysed using this technique (Fig.  2.10).  In the majority of the systems slight increases 

in absorbance at the 273 nm peak were observed, when compared to solutions only 

containing the calixarene (Fig.  2.9).  However, these results are deemed inconclusive as 

the π-plasmon surface excitations of the calixarene adsorb strongly in the 273 nm region 

and it is possible the contribution from the SWCNTs has been masked. 

 

 
Figure  2.9  UV-visible spectra of solutions of the p-phosphonated calixarenes (1A - 3A) and 

p-sulfonated calixarenes (4A - 4C). 
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Figure  2.10  UV-visible spectra of the p-phosphonated calixarenes (1A - 3A)/SWCNT supernatants 

and p-sulfonated (4A - 4C)/SWCNT supernatants. 
 

2.3.3 Transmission electron microscopy 

TEM was utilised to assess the residues of the supernatants to give information on the 

solubilisation characteristics and also reveal possible packing arrangement in the 

solid-state that may relate to arrangement in the solubilised phase.  TEM was carried out 

on the supernatants of the calixarene systems, with 1C results detailed in Figures  2.11 

and  2.12. 

 

 
Figure  2.11  TEM image illustrating SWCNT networks coated with 1C. 
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Figure  2.12  TEM image illustrating the individual SWCNT nature of the supernatant with the 

wrapping of 1C around the SWCNT surface. 

  

The TEM image in Figure  2.11 illustrates the typical structures observed on the grid, 

where networks of SWCNTs can be seen scattered with amorphous coatings of the 

calixarene sheathing the SWCNTs.  As expected, the SWCNTs are observed to be 

individual (Fig.  2.12), indicating the disruption of van der Waals forces between 

SWCNT bundles, and subsequent self-assembly of the calixarene around a SWCNT 

surface for the effective solubilisation into aqueous media.  These results provide 

support for the increase in pristine SWCNT purity (Table  2.2).  Energy dispersive X-ray 

analysis (EDX) has also been undertaken on the sample, with no peaks attributed to any 

remaining iron catalyst particles (Fig.  2.13).  The phosphorous (P) peak observed in the 

EDX spectrum supports the inference that the calixarene is sheathing the SWCNTs, and 

confirms the presence of the calixarene in the system.  It should be noted that the Si 

peak observed in the EDX spectrum is attributed to column purification on the 

calixarene starting material, and the Cu peaks are due to the copper TEM grid.  The 

combination of SWCNT individualisation, an increased level of pristine nanotubes and 

removal of unwanted catalyst contaminants supports the use of these systems in 

SWCNT post-growth purification protocols. 
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Figure  2.13  EDX spectrum of 2A/SWCNT supernatant. 

 

2.3.4 Atomic force microscopy 

AFM was utilised to study the supernatant residues in an attempt to obtain greater 

understanding of the calixarene surface-coating, which ultimately leads to the 

solubilisation properties of the system.  A typical three-dimensional topographical 

representation of an individual SWCNT from a calixarene/SWCNT supernatant residue 

is illustrated in Figure  2.14.  It can clearly be seen that a coating of some description is 

on the SWCNT and this information correlates well with TEM data (Fig.  2.12).  A 

height profile was obtained perpendicular to the directionality of the tube (Fig.  2.15).  

As AFM has excellent z-height resolution capabilities, this profile can be utilised to 

provide calixarene coating thickness parameters.  This profile indicates that from the 

underlying mica substrate to the maximum height of the sheathed SWCNT is 5.0 nm.  

From analysis of the RBM in the Raman spectrum the tube diameter is known to be 

either, 1.04 nm or 0.89 nm, giving rise to a height difference of 3.96 nm or 4.11 nm 

respectively.  Assuming the calixarene sheathing is evenly distributed around the 

SWCNT, the calixarene coating of either 1.98 nm or 2.05 nm is obtained. 

 

The data obtained from these analyses assist in developing a possible calixarene 

stacking arrangement around the SWCNT surface.  The approximate 2 nm layer 

thickness could be attributed to a bilayer stacking arrangement or possibly a 

calixarene-calixarene interdigitation leading to the formation of capsules along the 

nanotube surface.  These stacking arrangements are purely speculative and require 

future studies of these systems through computational chemistry methodologies.  In 

order to render the SWCNTs soluble in aqueous media, a large proportion of the 
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available phosphonate and sulfonate functional groups must be accessible, and this 

should be taken into account in terms of conformational steric effects. 

 

 
Figure  2.14  a) A three-dimensional topographical representation of a calixarene sheathed SWCNT. 
 

 
Figure  2.15  A height profile obtained from analysis of the calixarene sheathed SWCNT in Figure 

 2.14.  Note the y-axis is in nm, and the x-axis is in µm. 
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2.3.5 Host-guest directed SWCNT aligned arrays 

Recently, Raston and coworkers reported the self-assembly capabilities between 

p-sulfonatocalix[4]arene and a bisphosphonium cation, 1,4-bis(phenyl-

phosphomethyl)benzene.[428]  Structural elucidation through single-crystal XRD 

indicated that a bilayer stacking arrangement was produced, and was comprised of a 

staggered ‘up-down’ calixarene arrangement with exo-cavity cation binding.  An 

interesting aspect of this structure was that individual bilayers were linked through 

endo-cavity binding of an aromatic functional group, which is described as scaffolding.  

This is an interesting concept and an attempt to translate this principle to the 

SWCNT/calixarene system was made for investigations into the self-assembly of 

SWCNT arrays. 

 

A suitable scaffolding ‘linker’ molecule, tetraphenylphosphonium bromide, was added 

to the preformed SWCNT/calixarene supernatants, the resulting mixtures were analysed 

using TEM.  The results from TEM analysis indicated that there was no evidence of the 

assembly of the SWCNTs into higher-order arrays, as the spatial distribution of the 

SWCNTs was similar to Figure  2.11.  In an attempt to further mimic the experimental 

conditions expressed by Raston et al.,[428] a lanthanide metal chloride salt was added in 

three-fold excess to the system.  This was shown to be necessary for the formation of 

self-assembled structures in the aforementioned study.  The resulting solutions were 

analysed using TEM, and this indicated that there was no evidence of any assembly 

processes forcing SWCNT array formation. 

 

2.3.6 Electrical characterisation through the development of TFTs 

Through a detailed Raman spectroscopy study on the resulting SWCNT/calixarene 

supernatants, it has been shown that selective enrichment of semiconducting and/or 

metallic SWCNTs is tunable, depending on the calixarene system utilised.  The 

supernatants were utilised to fabricate a SWCNT network FET, in an attempt to 

characterise the electronic properties of the resulting supernatants and to support the 

finding of the Raman study. 
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Figure  2.16  I-V curve illustrating the TFT properties of the 2A/SWCNT supernatant.  Inset is an 
I-V curve of a commercial 2N5485 N-channel FET, with y-axis represented in µm.  Measurements 

taken at VGS = 0 V. 
 

I-V curves for the thin film NT-FET fabricated from the 2A/SWCNT supernatant, and a 

commercially available FET are illustrated in Figure  2.16.  The I-V curve generated for 

the commercial FET indicates a threshold voltage of +0.5 V.  This indicates that current 

(I) will not flow through the device until this minimum voltage is applied, and forms the 

basis of FETs.  In comparison, the device fabricated from the 2A/SWCNT supernatant 

shows a similar I-V curve trend.  It should be noted that the 2A/SWCNT device signal is 

quite noisy, when compared to the commercial FET, this is a result of the much lower 

current-range (I-range) of the system, nA compared to µA, and inherently more noise 

will be present in the measureable signal.  The fabricated NT-FET expresses a threshold 

voltage lower that that of the commercial FET, at +0.1 V.  This is to be expected, as 

SWCNT bandgap in the DOS is inversely proportional to the nanotube diameter.  

Hence, due to the SWCNT diameter of 0.89 nm, observed in the 2A/SWCNT 

supernatant (Table  2.3), a low threshold voltage would be expected.  This electronic 

behaviour can be observed for a wide range of the supernatant systems produced 

through the aqueous solubilisation methodology and provides further support for 

nanotube separation based on their electronic properties.  Furthermore, this supports the 
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utilisation of this procedure in post-growth purification protocols aimed at the 

advancement of carbon nano-electronics applications. 

 

2.4 Conclusion 

The use of p-phosphonated calixarene systems to solubilise SWCNTs into aqueous 

media has been developed.  The p-phosphonated calixarene systems have been directly 

compared to a selection of p-sulfonated calix[8]arene systems, with a strong binding 

affinity observed between the ‘extended arm’ p-sulfonated calix[8]arenes and the 

SWCNT surface, through Raman spectroscopy.  Analysis of the resulting supernatants 

has confirmed the presence of calixarene sheathed, individualised SWCNTs in solution 

and indicates the efficient removal of any metal catalyst particles imparted from the 

growth process.  Interestingly, the calixarene systems did not solubilise graphene sheets, 

which indicates that extended surface curvature could be a requirement for calixarene 

binding mechanisms leading to solubilisation.  The thickness of the calixarene sheath 

surrounding the SWCNT has been assessed and found to be ca. 2 nm, information 

which can be utilised for the development of calixarene stacking mechanics.  

Furthermore, attempts to promote self-assembled SWCNT arrays utilising host-guest 

principles were explored, however, these were unsuccessful. 

 

These results show that the potential for the use of both p-phosphonated calixarenes and 

p-sulfonated calix[8]arenes for not only solubilisation of SWCNTs, but as a purification 

route with selective diameter uptake, tunable with the specific system utilised.  The 

distribution of SWCNT topologies has been assessed and utilised to determine the 

electronic nature of the selectively solubilised SWCNTs.  In support of the Raman 

investigation, NT-FET were successfully fabricated and the threshold voltage compared 

to a commercially available FET device.  These NT-FETs allow experimental 

conformation that the selective enrichment of semiconducting SWCNTs in the resulting 

supernatants can be utilised in device fabrication.  This selective diameter and chirality 

solubilisation protocol, provides a step forward in the post-growth treatment of 

SWCNTs to obtain application specific SWCNTs in areas such as carbon 

nano-electronics and device technology. 
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Design, Fabrication and Verification of a Gas and Vapour 

Analyte Delivery System for Sensor Testing 
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3 Design, fabrication and verification of a gas and 

vapour analyte delivery system for sensor testing 

3.1 Introduction 

A major concept contained within this thesis is the design, development and testing of 

CNT-based gas and vapour sensors.  Not only is there a requirement to design and 

fabricate the actual sensor devices, but also a methodology to allow for the accurate and 

precise delivery of a vapour-phase analyte.  It is essential that there is instrumentation 

available to obtain accurate sensor response data.  This current chapter describes the 

fabrication and commissioning of an in-house built gas and vapour analyte delivery 

system coupled with sensor housing and electrical parameter monitoring components.  

In addition, three different prototype systems will be detailed from theoretical design 

characteristics through to any functional issues encountered.  This current chapter 

should be viewed as the behind-the-scenes technical workings which allowed the goal 

of developing CNT-based chemiresistor sensors to be realised. 

 

From the initial stages of this research it was evident that a versatile, multi-purpose 

sensor testing facility would need to be established, in order to avoid restrictions on the 

type of analytes which could be trialled against the developed sensors.  As previously 

mentioned, the research aims, in terms of chemical sensing, were to target compounds 

which are classified as being of national security interest (Section  1.10).  These types of 

compounds, including DMMP and DIMP, have relatively low vapour pressures and are 

typically not available in pressurised cylinders, so other sample introduction methods 

are required.  This current section and sub-sections describe commonly encountered gas 

and vapour delivery systems, which are not always achievable with the same apparatus, 

and provide an overview of the desired system functionalities for testing of the 

CNT-chemiresistor sensors. 

 

For clarity, the terminology utilised in this thesis in relation to the analyte phase will be 

described.  The term ‘gas’ refers to ‘typical’ gaseous compounds, such as CO, and are 

chemicals that are typically commercially available in pressurised gas cylinders.  The 

term ‘vapour’, should be taken to mean an analyte compound which is in the 
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gaseous-phase, yet has been generated from either a liquid or solid source, such as 

DMMP. 

 

3.1.1 Gas delivery and dilution methodologies 

In relation to the accurate delivery of gases contained in pressurised cylinders, there are 

many different commercially available systems that can handle this task, one such is 

Environics® (CT, USA).  The basic principles of these systems use several gas mass 

flow controllers (MFCs) to control the flow and dilution ratio of a gas analyte.  Gas feed 

lines are typically fed from the pressurised cylinders to the entry ports of the gas mixer 

and dilution station, and based on user-defined input parameters, a corresponding flow 

rate of a specific concentration analyte is achieved and can be directed to a sensor 

testing chamber.  This type of system is well suited to ‘typical’ gas analytes and has 

been utilised extensively for gas testing trials on CNT-based sensors.[223, 228, 238, 275, 429]  

However, if ‘vapours’ from organic liquids, or even solids, are required then this system 

is highly restrictive. 

 

A versatile system to allow access to vapour analyte samples, in addition to ‘typical’ 

gases was required.  A major focus of this particular project was to assess the fabricated 

CNT-based chemiresistors for their sensing capacity towards CWAs, such as G-series 

nerve agents and war gases.  Section  3.1.2 will assess methodologies for vapour 

generation aimed at low vapour pressure CWAs, such as DMMP. 

 

3.1.2 Vapour generation methodologies targeting CWAs 

Through the efforts of both industry and academia there are a variety of vapour 

generation methodologies expressed in the literature, and the majority of these require 

the direct contact of a carrier gas stream with the liquid analyte of interest.  However, 

there are also methodologies which allow vapour generation without such intimate 

contact, through indirect methods.  These indirect methods will be described, followed 

by a selection of direct contact methods. 
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3.1.2.1 Indirect contact vapour generation methods 

One well known indirect vapour generation method is the use of permeation tubes.  This 

encompasses the slow penetration or permeation of a liquid analyte through a polymeric 

membrane.  The rate at which the analyte is released or permeates from the membrane is 

controlled by factors such as analyte vapour pressure, analyte permeability through the 

membrane, temperature and the partial pressure difference across the membrane.[430]  

These tubes can be utilised to give controlled and predictable analyte concentrations 

over a wide flow range and can be obtained as calibrated products.  A carrier gas is 

passed over an analyte of interest permeation tube, at known flow rate and temperature, 

and a predictable concentration of analyte vapour is produced.  This vapour generation 

methodology is typically utilised for the calibration of analytical instrumentation, as 

trace levels of the analyte can be achieved.[431]  Snow and coworkers, for example, used 

this vapour generation methodology for 1 ppb DMMP delivery to SWCNT 

chemiresistor sensors for analytical testing.[277]  This methodology was not employed in 

this study due to the limited analyte concentration range these tubes offer, and the 

number of different analyte permeation tubes that would be needed to undertake a 

comprehensive sensor evaluation. 

 

Two additional indirect vapour generation methods include diffusion and effusion.  

Diffusion works by having an open vessel containing the liquid analyte and have the 

carrier gas flowing near to this open vessel.  The vapour pressure and diffusion 

characteristics of the analyte will dictate the concentrations achieved.[431]  Effusion on 

the other hand, is where a constant stream of carrier gas is directed across a small 

orifice, which beneath lies a reservoir of liquid analyte.  The sweeping carrier gas 

creates a concentration differential at the orifice and, based on orifice size and sample 

temperature, the concentration of analyte in the carrier gas can be determined.[431]  Both 

of these methodologies were deemed unsuitable for the current sensor testing 

requirements and were not pursued. 

 

3.1.2.2 Direct contact vapour generation methods 

The most direct method of vapour generation is to bubble all, or part, of a carrier gas 

stream into a reservoir containing a liquid analyte, referred to as a bubbler-based 

chemical vapour generator (Fig.  3.1).[432]  The concentration of the analyte vapour 
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contained in the carrier-gas stream is dependant on the vapour pressure of the liquid, the 

fraction of the carrier-gas stream diverted to the chemical bubbler, and the temperature 

of the liquid analyte.  This vapour generation method has been utilised extensively to 

generate carrier gas streams containing CWA simulants, used to assess the sensing 

capacity of carbon-based vapour sensors.[229, 433, 434]  This methodology has even been 

extended to generate vapours from solid-phase samples by passing the carrier gas 

stream directly over the headspace of the solid analyte.[435]  This vapour generation 

methodology was utilised, in-part, in the development of a suitable system to allow 

sensor testing. 

 

 
Figure  3.1  A schematic of a bubbler-based chemical vapour generator utilised upstream from a 
CNT-based SAW sensor testing chamber.  Adapted with permission from [232], © 2005 Elsevier. 

 

A more recent development in vapour generation has been the advent of syringe-pump 

driven spray atomisation processes reported by Muse and coworkers.[436]  This 

methodology utilises a syringe, containing the liquid analyte, mounted in a 

syringe-pump.  A flow tube is connected to a spray atomiser (nebuliser) which, when 

coupled with a flow of carrier gas, will effectively create a fine mist of the liquid 

analyte in a controlled fashion.  This fine mist of analyte quickly evaporates to analyte 

vapour, under certain favourable conditions, and this vapour can be directly utilised or 

diluted to pass over the sensors (Fig.  3.2).  This vapour generation methodology was 

applied to a G-series nerve agent sarin and the concentrations generated were 

statistically no different to those produced by liquid bubblers and automated solid 

sorbent sampling systems.[436]  This methodology can be slightly adapted and instead of 
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injecting liquid samples the headspace of a liquid analyte can be directly injected into a 

carrier gas stream.[431]  These syringe-pump based principles were explored and applied 

to the fabrication of the vapour generation system utilised for the studies described in 

this thesis. 

 

 
Figure  3.2  A schematic of a spray atomisation system which is used for the vapour generation of 

CWA GB (sarin).  Adapted with permission from [436], © US Military. 
 

Other vapour generation methods include the use of delta tube saturators, large-scale 

saturators, high-pressure injection, humidification and solid-state sorption-based 

methodologies.  These ‘direct’ vapour generation methods were not utilised in the 

present study and for system comparison the reader is direct to the literature.[431] 

 

The requirements of the multi-purpose sensor testing facility are as follows, (i) the 

ability to generate, dilute and precision-deliver vapours from multi-phase analytes, (ii) 

the capability of generating a large dynamic concentration range, parts-per-trillion (ppt) 

to ppm, dependant on specific analyte, (iii) allow for the introduction of chemical 

interferants and multi-component systems, (iv) to allow a range of carrier gas 

environments to be established, and (v) to allow automated sensor testing.  To achieve 

the above system requirements the combination of MFC-based gas delivery and 

dilution, coupled with bubbler-based chemical vapour generation, and modified syringe 

pump injection methodologies were utilised in the development of a suitable facility for 

sensor testing.  Applications of these processes are described in the subsequent sections.  
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Furthermore, the design and fabrication of components such as the sensor testing 

chamber and electrical connectivity to monitoring equipment will be established. 

 

3.2 Experimental 

3.2.1 Materials 

Prototype development:  For clarity all materials and associated manufacturer details 

are listed in the appropriate sections within this chapter. 

 

Pd nanoparticle/SWCNT hybrid sensor:  The required materials for the IDE platform 

fabrication and SWCNT dispersion are described in Section  4.2.1.  Palladium metal 

nanoparticles were fabricated using a H2 gas reduction procedure,[437] and were 

dispersed in water. 

 

3.2.2 Methods 

Prototype development:  For clarity the details of all prototype development methods 

are described in the appropriate sections within this chapter. 

 

Pd nanoparticle/SWCNT hybrid sensor testing:  The fabricated sensor was utilised to 

provide verification that the developed prototype could perform and, in addition, to 

assess conditions within the sensor testing chamber.  An aliquot (0.02 µL) of the 

dispersed Pd nanoparticles were drop-cast into a pre-prepared SWCNT coated IDE 

platform (Section  4.2.2).  Utilising the chemical delivery system the device was exposed 

to H2 gas (5% - 9%), incremented by 1% steps, with ultra-high purity-N2 (UHP-N2) as 

the diluent.  Before and after H2 exposure the system was purged with UHP-N2. 
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3.3 Analyte delivery system - ‘Phase-I’ prototype 

3.3.1 Chemical vapour generator and delivery system 

The system to be developed required the following capabilities: (i) generating a vapour-

phase sample of an analyte of interest, (ii) accurately diluting a vapour-phase sample, 

and (iii) providing a stable continuous flow of the analyte at a set concentration to the 

sensor testing chamber.  As previously mentioned there are different avenues for the 

generation of vapour-phase samples and in this particular situation, being strictly limited 

to gases was unacceptable, and incorporating the capability to produce vapour-phase 

samples of liquid and solid analytes of interest was desirable. 

 

To develop an analyte delivery system to deliver solely ‘typical’ gases, such as H2, CO, 

CO2, to a sensor testing chamber is a relatively uncomplicated task.  Both common and 

specialised gases can easily be commercially obtained, and, in addition, different 

concentrations of a specific analyte gas can be tailored relative to a ‘balance’ gas.  

Following this, computerised gas dilution systems can be utilised and, pre-programmed, 

to accurately dilute and/or mix multiple gases for the precise delivery to a sensor testing 

chamber.  However, the ease of analyte preparation and introduction dramatically 

changes if a vapour-phase sample from a liquid or solid analyte is required. 

 

The basis of the ‘Phase-I’ design was to construct an automated, command-prompt 

executable, chemical vapour generator and delivery system.  This is superior to the 

‘typical’ gas mixing and dilution system mentioned, and incorporates an additional 

chemical generator component to expand potential capabilities beyond the merely 

commercially available compressed gas samples. 

 

A common methodology for the generation of a vapour-phase sample from a liquid 

analyte is to integrate a chemical bubbler into the delivery system.  Fundamentally, a 

‘dry’ carrier gas, such as N2, is bubbled through the liquid ‘source’ chemical and in the 

process becomes saturated with the vapour of the chemical source.  This would be a 

valuable up-stream component for a chemical vapour generator, and would be linked to 

a mixing and delivery system, allowing the testing of vapour aliquots produced from 

liquid analyte samples in combination with typical gas analytes.  At an early stage of 
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development, a methodology to further extend the system capability to obtain 

vapour-phase samples from solid analytes was abandoned. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.3  Schematic of the ‘Phase-I’ prototype chemical vapour generator and delivery system, 

including sensor testing chamber and proposed measurement instrumentation. 

 

A schematic of the initial design of the chemical vapour generator and delivery system, 

introducing the concepts of the sensor testing chamber and measurement 

instrumentation, is illustrated in Figure  3.3.  Details of the components of the system 

will be discussed in this current section and Section  3.3.2.  The working principle of the 

system is that by monitoring the parameters, including carrier gas flow rate, liquid 

temperature, and chemical bubbler headspace pressure, the concentration of the 

delivered carrier gas-vapour mixture can be calculated using the following equation,[432] 
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where vQ is the bubbler chemical vapour output flow rate in standard litres per minute 

(slpm), CGQ  is the bubbler carrier gas flow rate (slpm), vP  is the thermodynamic vapour 

pressure of the source liquid in the chemical bubbler in pascals (Pa) and is a function of 

temperature only, and HSP  is the pressure in the bubbler head space above the source 
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liquid (Pa).  This assumes that the vapour carrier-gas mixture exiting the chemical 

bubbler is fully saturated.[432] 

 

To minimise any possible contamination, preventative measures were incorporated at 

the initial design stage.  This included minimising the use of all plastics within the 

system by maintaining all wettable surfaces as either stainless steel or glass, and using 

high quality Swagelok® fittings and Teflon® seals throughout.  It is known that the 

copper component of brass can react with nitro-based compounds to form explosive 

residues.  As nitro-substituted aromatics, such as nitrotoluene, and 2,4-DNT, were of 

interest to this study, stainless steel components were preferred over brass.  The use of 

only stainless steel and glass for wettable surfaces initially posed a challenge, as the 

fusing of glass to stainless steel tube fittings for mechanical connections is not easily 

achievable due to the differing thermal expansion coefficients of the materials.[438, 439]  

To rectify this problem specialised glass to ¼ inch Kovar®
 tube fittings were obtained 

for any glass to metal connections within the system.  Kovar® is a nickel-cobalt ferrous 

alloy that exhibits comparable thermal expansion coefficients to borosilicate glass over 

a wide temperature range. 

 

The ‘Phase-I’ system consisted of a ¼ inch outer diameter (OD) stainless steel flow line 

connected to a pressure regulator, which is attached to a cylinder of the compressed 

carrier gas, in this case UHP-N2.  Immediately downstream from the gas regulator, the 

flow line was split in to two using a ¼ inch stainless steel union tee, into one line 

continuing parallel and one line directed perpendicular to the original flow direction.  

The latter flow line, was directed to an adjustable flowmeter, for the accurate control of 

the carrier flow rate to a chemical bubbler.  As previously mentioned, accurate 

monitoring of the carrier gas flow rate is required, and is fundamental for the 

determination of the delivered carrier gas-vapour concentration delivered to the sensor 

testing chamber.  The chemical bubbler contains the liquid analyte of interest and is 

thermostatted by a temperature controlled water bath (Fig.  3.3). 
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Figure  3.4  Photograph of the twin glass chemical bubblers with fritted glass caps and ¼ inch 

glass-to-Kovar® entry and exit ports. 

 

Twin glass chemical bubblers were manufactured (Fig.  3.4) with entry and exit flow 

ports consisting of ¼ inch glass-to-Kovar® tube fittings.  Fritted glass discs are located 

at the interface between the carrier gas and the liquid analyte contained within the 

bubblers.  These discs consist of a porous body of sintered glass which has been fused 

to the tip of the gas inlet tube.  This tip is submerged into the vessel containing the 

liquid analyte.  The purpose of this fritted disc, or sparger, is to reduce the diameter of 

the carrier gas bubbles that will diffuse through the liquid, leading to an overall increase 

in surface area contact between the liquid analyte and the carrier gas, and promoting 

saturation of the carrier gas.[432]  To allow maximum carrier gas saturation, the use of 

the twinned bubbler system was employed as this provided >99.9% carrier gas 

saturation and led to more accurate concentration calculations.[432] 

 

Directly downstream of the chemical bubblers, a pressure transducer is attached to the 

system (Fig.  3.3), to monitor the chemical bubbler headspace pressure.  This 

information, combined with carrier gas flow rates and the temperature of the liquid 

analyte, allows the calculation of the carrier gas-vapour concentration.  Subsequently, 
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the gas flow line is directed to an entry port of a gas mixer and dilution apparatus which 

is automated through time-based command prompts. 

 

The secondary flow line, running parallel to the initial flow line propagating from the 

union tee (Fig.  3.3), is also directed into this gas mixer and dilution apparatus.  This 

apparatus can be pre-programmed to control the gas flow rates from each individual 

flow line, and in turn will allow the saturated vapour, which has a known concentration, 

to be diluted with a balance gas (UHP-N2).  These binary components are thoroughly 

mixed and delivered at a constant, user-controlled, flow rate to the sensor testing 

chamber.  It should be noted that this system is capable of diluting and mixing analytes 

from compressed gas cylinders. 

 

3.3.2 Sensor testing chamber 

With the design of a chemical vapour generator and delivery system, a suitable chamber 

was designed to house the developed sensors for gas and vapour exposure trials.  The 

basic requirements of the chamber were, (i) an entry port for the vapour-phase analyte 

to be introduced to the sensors, (ii) an exhaust port to safely vent the vapours, (iii) the 

ability to form a gas-tight seal, (iv) to be constructed from an inert material with a high 

chemical resistance, and (v) to allow electrical connections for direct sensor monitoring. 

 

   
Figure  3.5  Photographs of the fabricated Teflon® sensor testing chamber from a) a side view, and 

b) a front view.  The chamber is supported on a moulded Perspex bracket specifically fabricated to 

align the gas flow entry port with the upstream system. 
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The fabricated sensor testing chamber is illustrated in Figure  3.5.  The majority of the 

chamber was fabricated from Teflon®, as this material is chemically resistant to a wide 

variety of chemicals, and in the design stage of this particular project maximum 

chemical compatibility was necessary.  The chamber consists of two sections, the 

cylinder where the sensors are mounted and a threaded cap, which was designed so that 

the chamber could be horizontally mounted, and the cap unscrewed to allow access to 

the internal cavity.  In addition, the interlocking thread provides a gas-tight seal for the 

chamber. 

 

The chamber lid has a ¼ inch threaded bore in which a Swagelok® ¼ inch male NPT to 

¼ inch tube connector is secured, connecting the stainless steel flow tube from the gas 

mixer and dilution system to the testing chamber.  At the rear of the chamber an 

identical arrangement is fabricated, referred to as the exhaust flow port.  Directly below 

the exhaust port there is a ½ inch grommet seal to act as a cable feed-through port to 

facilitate the electrical connection of the sensors and monitoring instrumentation. 

 

It is necessary to be able to directly monitor the sensors whilst they are positioned in the 

testing chamber.  A suitable platform was designed to allow multiple sensors to be 

mounted and monitored within the testing chamber.  This was achieved through the 

design and fabrication of a suitable printed circuit board (PCB), attached to the 

appropriate electrical connector (Fig.  3.6a). 

 

   
Figure  3.6  A side-by-side view of a) the PCB design for the test chamber, and b) the fabricated 

PCB with components installed; the 25-pin DB-type connector (top) and spring sockets containing 

TO-8 Headers (bottom). 
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Once the PCB was fabricated (in-house) the individual components were soldered into 

position.  These consisted of a chassis mounted 25-pin DB-type connector (RS 

Components, NSW, Australia), with each pin directly connected to an individual spring 

socket (RS Components).  TO-8 Headers (Spectrum Semiconductor Materials, Inc., CA, 

USA) are mounted in the spring sockets, with each individual header providing eight 

individual electrical connections.  Each header, therefore, can hold four individual 

sensors (Section  4.2.2), each with one source and one drain electrode.  As there are 

three headers mounted on the PCB, a maximum of 12 individual sensors can be located 

in the testing chamber at any given time.  Each sensor electrode is wire-bonded to an 

individually insulated pin of the header. 

 

   
Figure  3.7  A side-by-side view of a) the PCB design for the BNC connector break-out board, and b) 

the fabricated PCB with components installed; the 25-pin DB-type connector (top) and an array of 

BNC connectors (bottom). 

 

In order to monitor the individual sensors in the test chamber an appropriate break-out 

board was designed and fabricated (Fig.  3.7).  This is external to the testing chamber, 

being connected to the internal PCB through a 25-wire shielded cable with the 

appropriate DB-type connectors.  This external break-out board consists of another 

chassis mounted 25-pin DB-type connector, to which the shielded cable is connected.  

The break-out board has 24 mini BNC connectors (RS Components), through a 

combination of the break-out board wiring, the shielded cable and the in-chamber PCB, 

each BNC connector is connected to an individual pin of a TO-8 Header (Fig.  3.8).  
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This allows the source and drain electrode, of any individual sensor, to be monitored 

during an experiment by an external measurement instrument. 

 

 
Figure  3.8  Photograph of an open sensor testing chamber. 

 

The BNC break-out board was to be utilised as a connection between the sensors and a 

measurement instrument, a Precision Semiconductor Parameter Analyzer (4156A, 

Agilent Technologies).  This instrumentation is configured to apply a voltage (V) 

between the source and the drain electrodes of a sensor to monitor the changes in I, 

upon exposure to vapour-phase analytes of interest.  The mechanism by which the 

fabricated sensors operate is described in Section  1.4.1.2. 

 

3.3.3 Prototype problems 

Several problem areas emerged during the fabrication of the ‘Phase I’ prototype.  One 

was that the gas mixer and dilution equipment, apart from being relatively expensive, 

did not have the ability to be chemically resistant, and operate accurately and precisely, 

when exposed to the suite of chemicals intended for sensor testing.  Another problem 

encountered was in relation to the thermostatting of the system, in which the 

temperature of the liquid analyte requires accurate monitoring, for the carrier 

gas-vapour concentration determination.  Furthermore, the pressure transducer used to 

monitor the bubbler headspace pressure is used, typically, in systems that have 

extensive knowledge of the pressure range expected.  This is not a parameter that could 

be accurately predicted from the design stage. 
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3.4 Analyte delivery system - ‘Phase-II’ prototype 

3.4.1 Chemical vapour generator and delivery system 

It was apparent from the problems encountered with the ‘Phase I’ chemical vapour 

generator and delivery system, that a re-design of the overall methodology was required.  

Certain components of the ‘Phase-I’ prototype could be retained, such as the sensor 

testing chamber and printed circuit boards, but the majority was rejected. 

 

3.4.2 Syringe pump method 

A syringe pump injection methodology has been used in previous studies for a variety 

of applications and involves the direct injection of a liquid analyte into the flow of a 

carrier gas stream using an analyte filled syringe coupled with a syringe pump injecting 

at a controlled rate.[431]  Initially, an adaptation of a typical syringe pump methodology 

was undertaken, in which a peristaltic pump delivered a constant flow of liquid to the 

system.  However, this was subsequently replaced by a syringe pump, as the low flow 

rates of the liquid analyte required were not readily achievable, coupled with system 

back-pressure problems. 

 

This syringe pump injection method, also known as the ‘vapouriser’ method, is adopted 

as an ASAE (American Society of Agricultural Engineers) Standard, utilised when 

monitoring environmental air quality.[440]  These general principles were mimicked in 

the design of the ‘Phase II’ prototype of the chemical vapour generator and dilution 

system. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure  3.9  Schematic of the ‘Phase II’ prototype chemical vapour generator and delivery system, 

including sensor testing chamber and proposed measurement instrumentation. 
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The basic components and layout of the vapouriser-based design are illustrated in 

Figure  3.9.  Different variables in the system can be monitored and directly controlled to 

deliver the desired vapour-phase analyte concentration to the sensor testing chamber, 

this is governed by the equation: 

 

                                                           
DAB

QC
R EA  (6) 

 

where R is the injection rate (mL min-1), CEA is the concentration at the vapouriser, Q is 

the air flow rate (m3 h-1), D is the analyte density (g mL-1), A is a time conversion 

parameter (60 min h-1) and B is a mass conversion parameter (1000 mg g-1).  For the 

most accurate concentration determinations, using this methodology, it is important to 

accurately control and measure the injection rate (R) and air flow rate (Q). 

 

A description of the ‘Phase-II’ prototype chemical vapour generator and dilution system 

is now given.  Again, the UHP-N2 carrier gas, is utilised as the preferred carrier gas and 

diluent gas for the experimental testing of vapour-phase analytes.  However, it should 

be noted that in this system different types of gases can be utilised as the carrier gases, 

and more importantly different analyte gases such as CO, CO2, and H2 can be 

introduced for sensor testing purposes. 

 

Downstream from the compressed gas cylinder pressure regulator, the 1/8 inch OD 

stainless steel tubing is split into two separate lines by a 1/8 inch union tee, each line 

coupled to a gas MFC, as shown, in the schematic (Fig.  3.9).  The stainless steel 1/8 

inch OD tubing is coupled to the entry port of a gas MFC (MC-1SLPM-D, Alicat 

Scientific, AZ, USA), the internal structure of which is illustrated in Figure  3.10.  The 

range of this gas MFC is from 10 sccm to 1000 sccm and is calibrated and certified for 

the accurate gas flow control of 16 different gases.  The gas MFC is operated through 

the program FlowVision™, in which time-based command scripts can be written to 

control the gas flow for an entire experiment.  This piece of equipment is essential to the 

successful operation of the system, as the precise control of airflow (Q) is critical in 

determining the ‘vapouriser’ analyte concentration. 
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Figure  3.10  A layer-by-layer schematic breakdown of the internal components and gas flow path of 

an Alicat gas MFC unit.  Adapted with the permission of [441], © 2003 Alicat Scientific, Inc. 

 

A length of 1/8 inch stainless steel tubing extends from the exit port of the gas MFC, 

which is connected directly to the gas flow port of a spray chamber nebuliser by 1/8 

inch Tygon® tubing (Fig.  3.11).  This linkage supplies a constant, controllable gas flow 

into the nebuliser.  The nebuliser itself is made of quartz and consists of two concentric 

tubes, one larger outer tube and a much smaller inner tube both meeting at the tip.  The 

gap between the outer and inner tube is filled with flowing gas which exits via the tip.  

A solution is delivered through the inner tube, and depending on the gas flow rate can 

be used to naturally aspirate liquids out of the tip, according to the well established 

Venturi effect.  As the liquid sample is positioned at the interface of the two concentric 

tubes, at the tip of the nebuliser, the shearing forces across the face of the inner tube 

disrupt droplet formation and atomise the liquid efficiently.  This atomised mist of 

liquid analyte is directed by the carrier gas to the vaporisation chamber of the system.  

Before describing the workings of the vaporisation chamber, the liquid analyte 

introduction methodology is discussed. 

 

A method for accurately delivering the liquid analyte, referred to as the injection rate 

(R), is another parameter that is essential for the determination of the analyte 

concentration at the vapouriser.  In the earlier stages of development a peristaltic pump 

(VS2x2-MIDI, Alitea, WA, USA) was installed, where the injection rates could be 

controlled by the speed of the pump coupled with the size of the internal diameter (ID) 
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of the tubing utilised.  This would allow calibration of the liquid injection rates to the 

nebuliser for an analytical run.  Several problems occurred in system testing trials that 

led to the rejection of this type of pump.  The major problem was the injection rates 

required for the liquid analytes, were in the order of μL h-1, to obtain low ppm 

concentrations.  The flow rates required were significantly below the minimum 

obtainable flow rate using this peristaltic pump (0.0005 mL min-1 to 17.5 mL min-1).  

Furthermore, in order to carryout accurate detection limit determination the chemical 

vapour generator was required to produce sub-ppm concentration analyte vapours. 

 

 
Figure  3.11  Photograph of the quartz nebuliser mounted with the tip into a securing gland, with 

the gas flow feed wired onto the gas entry port and tubing for the introduction of a liquid analyte 

secured at the rear. 

 

To achieve the low injection rates required, other liquid delivery methods were 

explored.  It was concluded that a syringe pump could produce the flow rates required.  

A syringe pump operates by having a specific volume syringe clamped to a frame.  A 

step motor is used to move a threaded screw to either push-in or retract the syringe 

plunger.  The volume of the syringe is critical, as this will determine the minimum and 

maximum injection rates.  This apparatus can be controlled using a notebook computer 
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and a program called Pump Scheduler, to initiate time-based commands, in which an 

entire experimental program can be constructed and executed.  The syringe pump 

(Micro-Liter Syringe Pump Module, Harvard Apparatus, MA, USA) was installed, and 

an appropriate case to contain the electronic components was fabricated.  The syringes 

(1700 series GASTIGHT® Syringes, Harvard Apparatus) utilised ranged from 0.5 μL to 

25 μL and coupled with the syringe pump achieved minimum and maximum injection 

rates of 0.0014 μL h-1 to 1191 μL h-1.  This liquid analyte injection methodology 

overcame the injection rate limitations inherent in the peristaltic pump, and the required 

flow rates were achieved. 

 

Following the configuration of the syringe pump coupled to the nebuliser, the carrier 

gas-atomised analyte mist is directed into the vaporisation unit.  This unit consists of a 

quartz tube (550 mm length x 50 mm OD) which is mounted through the centre of a 

tube furnace.  The nebuliser is secured to the entry port of the quartz tube and a stainless 

steel check valve is attached at the exit port, immediately downstream from the furnace, 

through a glass-to-Kovar® seal connected to Swagelok® fittings.  The principle of this 

vapouriser is to direct the analyte mist through the quartz tube which is set to a 

temperature above the boiling point of the liquid analyte.  As the mist flows through the 

tube furnace the atomised droplets volatilise rapidly, due to their high surface area.  The 

analyte is now in a volatilised form for the subsequent dilution and delivery to the 

sensor testing chamber.  The temperature within the tube furnace is maintained by using 

a temperature control box connected to a Variac and an in-house fabricated 

nickel-chromium K-type thermocouple (-200 °C to +1200 °C range). 

 

Downstream from the exits port of the vapouriser, a one-way check valve, is installed.  

The check valve selected (¼ inch Stainless Steel Check Valve, Parker-Hannifin 

Corporation, CA, USA) was manufactured from 316 stainless steel and fitted with a 

Viton seal for increased its chemical resistance.  The directional pressure which opens 

the valve, termed the ‘cracking pressure’, needs to be quite low in this particular system 

as the level of back-pressure exerted on the liquid analyte injection interface could 

potentially cause flow problems.  The distributor of this particular check valve specified 

a 1 PSI cracking pressure, which should not cause significant back pressure on the 

liquid analyte injection system. 
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Immediately following the check valve, a flow line was connected to a ¼ inch union tee, 

which was also connected to the second gas flow line or the diluent line (Fig.  3.9).  This 

diluent line comes from the first union tee previously mentioned, with the gas flow rate 

of this line controlled by a second gas MFC (MC-1SLPM-D, Alicat Scientific).  As the 

name suggests this gas flow line is responsible for the dilution of the carrier gas-analyte 

vapour mixture generated in the vapouriser.  The control of diluent flow coupled with 

different injection rates allows the user to assess a range of analyte concentrations 

during a sensor testing experiment.  To ensure efficient mixing of the analyte vapour 

and the diluent, a baffled tube mixer (Series 250 Stratos Tube Mixers, Koflo 

Corporation, IL USA) was installed immediately before the entry port of the fabricated 

sensor testing chamber.  The tube mixer consists of fixed right and left hand helical 

mixing elements designed for the mixing of light viscosity components, with the 

elements and housing fabricated from 316L stainless steel for increased chemical 

resistance. 

 

 
Figure  3.12  A front-view photograph of the 'Phase-II' prototype chemical vapour generator and 

dilution system, including the sensor testing chamber.  Note: in subsequent modifications the 

peristaltic pump (centre right) was replaced with a syringe pump. 
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The general setup for the ‘Phase-II’ prototype chemical vapour generator and dilution 

system is illustrated in Figure  3.12, with the peristaltic pump replaced by a syringe 

pump.  With the control of airflow (Q) and injection rate (R) parameters, it was possible 

to determine the analyte vapour concentration generated in the vapouriser by the 

re-arrangement of Equation 5.  In a typical calculation the final concentration of analyte 

delivered to the sensor testing chamber was the vital parameter to be determined.  

Operationally, a desired concentration to be delivered to the sensor testing chamber was 

chosen for a particular analyte, and from this each different parameter was calculated so 

that this concentration could be achieved.  When all the other parameters were 

calculated, the data were used to establish the injection rate (R) required, with the 

typical total gas flow rate to the sensor testing chamber, typically defined at 

500 mL min-1. 

 

To obtain a 20 ppm concentration of acetone (density = 0.785 g mL-1) at 500 mL min-1 

total flow rate, the acetone concentration in the vapouriser would be set to 100 ppm.  

The dilution would be set at 5x, with the gas MFC connected to the nebuliser set at 10% 

full scale (100 mL min-1) [500 mL min-1 divided by the dilution ratio].  The air flow 

(Q), gas MFC flow rate, is now known and is converted to m3 h-1.  In setting the 

vapouriser concentration at 100 ppm, CEA can be determined, using the conversion from 

ppm to mg m3 -1.  This makes it possible to calculate the injection rate (R) required, at 

1.8156 μL h-1, and with the appropriate syringe volume selected an experimental run 

can be initiated.  A spreadsheet was constructed for ease of calculations which allowed 

swift injection rate calculation to be undertaken for a wide range of vapouriser 

concentrations and subsequent dilutions.  The only physical data required for a 

particular analyte was the density and molecular weight. 

 

The sensor testing chamber, printed circuit boards and measurement instrument from 

the ‘Phase-I’ prototype (Section  3.3) were also utilised in the ‘Phase-II’ prototype.  In 

addition, there is a sampling port, following the exit port of the sensor testing chamber.  

This is a modification so that subsequent analytical instrumentation, such as in-line gas 

chromatography, can be coupled to the system for ‘real-time’ monitoring of the vapour 

characteristics, such as concentration profiles and for quality control measures. 
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3.4.3 Prototype problems 

The problem regarding liquid analyte injection rates required for the operation of this 

system was discussed in Section  3.4.2, and led to the replacement of the peristaltic 

pump with a low-flow rate, high precision syringe pump.  With the ‘Phase-II’ prototype 

constructed the system in its entirety it needed to be trialled and calibrated, during these 

trials several problems with the setup became apparent.  Firstly, significant back 

pressure was created within the quartz tube vapouriser, which resulted in flow in the 

opposite direction.  Obviously, this was not ideal for the system, as the liquid analyte 

was not reaching the tip of the nebuliser and thus was not entering the vapouriser.  The 

source of the back pressure was the check valve.  The back pressure was greater than 

the positive pressure obtainable using the syringe pump, and on removal and testing, the 

cracking pressure of the valve was found to be substantially higher than the 1 PSI 

specified from the distributor.  With the check valve removed the exit port of the quartz 

vapouriser tube was connected to the union tee through stainless steel tubing cut to size.  

With this alteration the system could operate and no further back pressure problems 

were evident. 

 

System testing re-commenced and following a few more trials, another problem with 

the system was encountered, involving the nebuliser.  It was found that under the testing 

parameters the liquid analyte was not being atomised into a fine mist.  This was quite 

apparent at gas flow rates of <25% full scale, as large droplets of the liquid analyte 

would be produced at the tip, and would drip into the quartz tube.  This would not occur 

at higher gas flow rates (>25%), and operating in excess of this flow rate, significantly 

reduces the concentration ranges achievable with the system, identifying a large design 

setback.  Even with the operation at higher gas flow rates, it was evident that a pulsing 

spray effect was occurring at the nebuliser tip.  This occurred due to the fact that as the 

liquid analyte flow approached the tip of the nebuliser, the pressure differential at the tip 

of the nebuliser would dramatically increase the liquid analyte flow rate by forcing the 

liquid out of the nozzle to equilibrate pressures.  This also had a significant effect with 

the concentration of the analyte having an inherently large error.  Effectively, the 

dynamics of the nebuliser in the system significantly limited the concentration ranges 

achievable by dramatically reducing the dilution factors possible, and even at higher 

flow rates the mechanism of atomisation introduced large errors for analyte 

concentration calculations. 
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Since working at low gas flow rates is a requirement these inherent nebuliser problems 

could not be resolved.  Compounding this problem was the fact that there were no 

available nebuliser units that could be used with the gas flow rates, and injection rates, 

required for this system to operate.  These inherent problems led to the re-design of a 

more appropriate system and the ‘Phase-III’ prototype development. 

 

3.5 Analyte delivery system - ‘Phase-III’ prototype 

3.5.1 Chemical vapour delivery system 

The limitations experienced for both the ‘Phase-I’ and ‘Phase-II’ prototypes for a 

chemical vapour generator and delivery system, necessitated a major system re-design.  

Analysis of the previous systems revealed that the majority of the problems stemmed 

from trying to create a vapour of an analyte within the system, or in-line.  The reasoning 

behind trialling this in-line system was to have greater control over the dynamic 

concentration range achievable by the system, and to make it versatile, i.e. to cover a 

large range of analytes.  The design of the ‘Phase-III’ prototype would revolve around 

the possibility of external vapour generation and focus more on being a vapour dilution 

system.  It should be mentioned that in addition to the following ‘Phase-III’ prototype, 

static vapour delivery systems were also investigated but not pursued, as dynamic 

vapour delivery was preferred. 

 

3.5.2 Vapour dilution system 

The ‘Phase III’ prototype would attempt to be highly versatile with the potential to 

analyse ‘typical’ gases, vapours of liquid and solid analytes.  In the design of this 

prototype attempts were made to use equipment from previous prototypes.  As 

mentioned previously, the handling and dilution of typical compressed gas analytes is 

an uncomplicated task, but the vapours of liquid and solid analytes had a greater 

research priority. 

 

This prototype did not revolve around an in-line chemical vapour generator and so other 

options were explored.  It was decided that headspace sampling of an analyte vapour, 

generated externally to the system, was the most suitable option.  This would require a 
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small volume (~1 mL) of the liquid analyte of interest placed in a round bottom flask 

(1 L) and a septum fitted.  The liquid/vapour phases were allowed to reach equilibrium 

and, using a gas-tight syringe, the headspace of the round bottom flask was sampled.  

The vapour-phase analyte concentration contained in the syringe could be determined, 

based on the analyte vapour-pressure and the temperature when sampled.  This 

methodology can also be readily applied to obtain vapour samples from solid analytes, 

if vapour pressure data is available.  This also removes the inherent problems of in-line 

vapour generation, observed in previous prototypes. 

 

 

 

 

 

 

 

 

 

Figure  3.13  Schematic of the ‘Phase-III’ prototype vapour delivery system, including sensor testing 

chamber and measurement instrumentation. 

 

The schematic of the ‘Phase-III’ prototype is illustrated in Figure  3.13.  The design 

allows the analyte of interest headspace sample to be introduced through the use of a 

gas-tight syringe mounted in a syringe pump, which eliminates the majority of the 

previous problems encountered in earlier prototypes.  However, sampling the headspace 

does significantly limit the concentrations of the vapour-phase analyte obtainable.  This 

is due to the fact that the concentration of the analyte in the vapour-phase is directly 

correlated to the vapour-pressure of the compound of interest.  For example, a 

compound with a high vapour-pressure will inherently have a high vapour-phase 

concentration, with the opposite for a low vapour-pressure compound, thus reducing the 

dynamic concentration range possible.  The restricted concentration range was 

alleviated by the introduction of an analyte chemical bubbler on the second gas flow 

line.  If a higher concentration of a liquid analyte is required then this bubbler can be 

utilised and the first gas flow line becomes the diluent line.  In theory, this prototype 
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allows for a large concentration range to be accessed (ppt to ppm), depending on the 

specific analyte. 

 

A description of the components of the ‘Phase-III’ prototype (Fig.  3.13) follows.  The 

carrier gas depicted is UHP-N2, as this is the preferred carrier and diluent gas for the 

experimental testing of vapours originating from organic liquids and solids.  However, 

in this system, different gas types can be utilised as the carrier gases and, even more 

importantly, different analyte gases such as CO, CO2, and H2 can be used for sensor 

testing purposes. 

 

Downstream from the UHP-N2 cylinder pressure regulator, the 1/8 inch OD stainless 

steel tubing is split into two separate lines by a 1/8 inch union tee.  The first line 

described is the gas flow line connected to the syringe pump in the schematic (Fig. 

 3.13).  A stainless steel 1/8 inch OD is coupled to the entry port of a gas MFC 

(MC-1SLPM-D, Alicat Scientific), a schematic is illustrated in Figure  3.10.  The range 

of this gas MFC is from 10 sccm to 1000 sccm and is calibrated and certified for the 

accurate gas flow rate control of 16 different gases.  The gas MFC is operated through 

FlowVision™ software, where time-based command scripts can be programmed to 

control the gas flow for an entire analytical run. 

 

 
Figure  3.14  Photograph of the syringe pump injection port sealed with a gas chromatography 

injection port septum (blue). 
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Attached directly to the gas MFC exit port is a ¼ inch Teflon® tubing that is connected 

to a hard mounted ¼ inch union tee (Fig.  3.14), perpendicular to the gas flow direction, 

where the needle of a gas-tight syringe, mounted in a syringe pump, can pierce the 

septum and introduce a headspace sample.  To provide a gas tight seal at this 

connection, a gas chromatography septum (3/8 inch blue septum, Alltech, VIC, 

Australia) is secured by the standard ferrule and nut of the union tee (Fig.  3.14).  As the 

methodology of this prototype differs substantially from earlier ones with a 

vapour-phase analyte being injected into the system, and subsequently diluted, 

significantly increased injection rates were required.  A different syringe pump 

(Milliliter Syringe Pump Module, Harvard Apparatus) was obtained and an appropriate 

case to contain the electronic components was fabricated and installed.  The syringe 

pump was mounted on a retractable stage, which was capable of manual height 

adjustment, as illustrated in Figure  3.15.  This retractable stage imparted the ability to 

insert or retract a mounted syringe from the system, while the mounted syringe height 

required adjustment, as different volume syringes had slightly differing heights when 

mounted in the syringe pump.  This method required increased injection rates and 

increased volume syringes were obtained.  The syringes (Gas-tight syringe pre-fitted 

with luer lock valve, SGE Analytical Science, VIC, Australia) utilised, ranged from 

2.5 mL to 50 mL, and coupled with the syringe pump achieved minimum and maximum 

injection rates of 10.24 μl h-1 to 26.56 mL min-1.  Furthermore, the previously utilised 

syringes (1700 series GASTIGHT®) could also be integrated into this system.  Each 

SGE Analytical Science syringe was equipped with a manual shut-off valve to contain 

the analyte vapour within the syringe post-headspace sampling, and to only allow the 

analyte vapour into the dilution system when intended. 

 

From the exit port of the union tee a length of ¼ inch stainless steel tubing is coupled to 

a ¼ inch stainless steel regulating needle valve (SS-1RS4, Swagelok®), which regulates 

the flow of gas into the gas mixing chamber.  This feature also doubles as a preventative 

measure to eliminate any potential back-pressure environments that may be established, 

with the promotion for gas flow dynamics towards to the sensor testing chamber. 
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Figure  3.15  Photograph of the syringe pump mounted on a retractable, adjustable z-axis stage with 

the syringe needle piercing the septum and injecting a headspace sample into the vapour dilution 

system. 
 

 
Figure  3.16  Photograph of the detachable glass chemical bubbler secured in place through 

glass-to-Kovar® tube connectors and supported on a plastic die designed to allow back-pressure 

release, if necessary. 
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The second gas flow line will now be described.  This refers to the line that is equipped 

with a detachable chemical bubbler (Fig.  3.13).  Attached directly to the gas MFC exit 

port is ¼ inch Teflon® tubing which is directed through an adjustable screw-mount to a 

¼ inch tube connector union.  Between this ¼ inch tube union, and a second stainless 

steel regulating needle valve, lies a detachable chemical bubbler (Fig.  3.16), with 

glass-to-Kovar® tube connectors for chemical resistance, and to reduce possible 

contamination.  As mentioned previously, due to the chemical vapour generation 

methodology utilised for the syringe pump gas flow line, the analyte concentrations are 

dependent on the analyte’s vapour pressure.  This chemical bubbler allows the 

production of increased vapour-phase concentrations from liquid analytes, and 

significantly extends the dynamic concentration range of this prototype.  This gas flow 

line, in combination with the first gas flow line, can be controlled to dilute the analyte 

vapour expelled by the chemical bubbler. 

 

 
Figure  3.17  Photograph of the in-house fabricated cyclonic mixer consisting of two gas flow line 

entry ports and a central ‘submerged’ exit route directed towards the sensor testing chamber. 

 

Both of the two gas flow lines are directed to an in-house fabricated ‘cyclonic mixer’ 

(Fig.  3.13), consisting of a modified, stoppered 250 mL conical flask (Fig.  3.17).  The 

conical flask is inverted and two glass-to-Kovar® entry ports are joined, to the now top 
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of the flask, and are symmetrically positioned in relation to one another.  A ¼ inch 

capillary was installed through the centre of the flask, and runs down most of the flask 

height.  This capillary tube is then bent at a 90° angle and the glass-to-Kovar® exit port 

is connected to a ¼ inch tube connector union, which directs the analyte mixture to the 

sensor testing chamber via ¼ inch Teflon® tubing.  The Teflon® tubing utilised reduces 

undesirable 90° angle gas flow through the system, to maximise space utilisation, to 

limit contamination and increase the chemical resistance of the setup, and to provide 

structural flexibility at glass-to-Kovar® joins to reduce structural stress on these 

components.  The purpose of this ‘cyclonic mixer’ is to ensure the turbulent and rapid 

mixing of the analyte vapour and diluent gas, prior to its introduction to the sensor 

testing chamber.  The symmetrical entry ports, and inherent curvature of the internal 

surface of the flask, should promote the turbulent mixing desired in a cyclonic fashion, 

as the vapour-carrier gas mixture flows to the bottom of the flask and then is directed 

vertically to the exit port.  The cyclonic mixer is stoppered and is easily detached, for 

ease of cleaning in order to reduce contamination and analyte ‘ghosting’ between 

analytical runs. 

 

The sensor testing chamber and printed circuit boards from the ‘Phase-I’ and ‘Phase-II’ 

prototypes were also utilised in the ‘Phase-III’ prototype (Section  3.3.2).  Within the 

sensor testing chamber a data logger (1-Wire®, iButton, Maxim Integrated Products, 

CA, USA) to monitor and record temperature and humidity was installed.  The intended 

measurement equipment was varied due to instrument availability problems. 

 

The device measurement instrumentation integrated into the ‘Phase-III’ prototype is 

based on a potentiostat and electronic signal recorder, as displayed in Figure  3.18.  The 

potentiostat (model EA161, eDAQ Pty. Ltd., NSW, Australia) is an entirely software 

controlled, three-electrode system that can be used to apply potentials of ± 10 V, where 

device currents are in the nanoampere to milliampere range.  In a typical chemiresistor 

device platform (Chapter 4) the working and reference electrodes of the potentiostat are 

coupled to a modified BNC connector, linked to an appropriate BNC connector (device 

source electrode) on the breakout board.  The counter electrode is connected in the same 

fashion to the respective sensor drain electrode BNC outlet on the breakout board.  This 

system is utilised to apply a user-specified potential (V) between the source and drain 

electrode of the sensor, with the active sensing materials providing the electrical 
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bridging of the circuit.  With this potential applied, the I, or the electron flow, through 

the sensing material, is monitored throughout an analytical run (Section  1.4.1.2).  The 

electronic recorder (e-corder, model EA201, eDAQ) is coupled to the potentiostat, and 

is a two-channel recording and analysis system.  This instrument records analogue data 

from the electrode system, and allows real-time monitoring of electrochemical systems, 

with packaged data analysis software.  Basically, this unit records the changes in the 

electrical properties of the individual sensors when an analyte exposure experiment is 

conducted. 

 

 
Figure  3.18  Photograph of the electrical measurement instrumentation utilised in the 'Phase-III' 

prototype which consists of an eDAQ potentiostat (top) and e-corder (bottom). 

 

The constructed ‘Phase-III’ prototype, illustrated in Figure  3.19, is the final system 

developed for the subsequent testing of the fabricated sensors described within this 

thesis.  There are many advantages of this ‘Phase-III’ system over the previous designs, 

e.g. this system has the capability to deliver analyte vapours from gases, organic liquids 

and solids.  The gases can be directly introduced, and, if required, diluted through the 

gas MFCs.  Vapours of liquids can be introduced through the syringe pump and/or the 

chemical bubbler, and headspace vapours of solid samples can be introduced using the 

syringe pump.  The combination of the syringe pump and the chemical bubbler in the 
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same system allows a large dynamic concentration range to be achievable for a suite of 

intended analytes.  Furthermore, it is important that a low analyte concentration range is 

achievable (ppb), as this allows for the accurate determination of sensor detection limits.  

Additionally, in designing this vapour dilution system, versatility is a key issue, and 

flexibility for testing a range of sensors that will emerge from different research 

projects, beyond the current direction, is a necessity. 

 

 
Figure  3.19  Photograph of the 'Phase-III' vapour dilution system, including the sensor testing 

chamber and notebook computer.  Note that the electrical monitoring hardware is not captured in 

this image. 

 

Another capability associated with this design is the ability to alter the carrier gas 

environment.  Typically, UHP-N2 is utilised as the carrier gas environment, however, 

the gas MFCs are calibrated for 16 different gases, including H2, O2, CO, CO2, He, neon 

(Ne), argon (Ar), krypton (Kr), xenon (Xe), propane, butane, acetylene, ethylene, 

isobutane, and sulfur hexafluoride.  This allows for not only direct sensor testing with 

these gases as analytes, but also allows these gases to be the principal environment in 

which the testing is undertaken, and to monitor if this induces changes in sensors 

characteristics. 
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It is common in field applications of gas and vapour sensors that when removed from 

the controlled environment of laboratory testing, common interferants can have an 

effect on the operation of the sensor and can lead to false-positives.[277, 278]  Through the 

use of either the chemical bubbler or syringe pump, depending on the application, 

interferant chemical species can be readily introduced.  For example, the chemical 

bubbler could be utilised to obtain a carrier gas-vapour mixture for acetone, while the 

diluent line could be spiked, using the syringe pump introduction system, with a 

chemical interferant such as toluene.  This methodology is not only limited to the 

mimicry of field contaminants, but it can also be utilised to assess vapour-phase analyte 

mixtures, to determine if the fabricated sensors can differentiate between 

multi-component systems. 

 

As the different pieces of equipment, such as the gas MFCs, the syringe pump and 

measurement instrumentation are all linked and controlled through PC-compatible 

software, automated experiments are possible.  The gas MFCs are controlled through 

the program FlowVision™ and software was created on request (Pump Schedule, SDR 

Clinical Technology, NSW, Australia) for the control of the syringe pump.  The 

FlowVision™ software (Fig.  3.20a) can be utilised to construct time-based commands, 

hence the precision mapping of both gas MFC flow rates for an entire analytical run is 

possible.  Time-based commands were also required for the control of the syringe 

pump, which originally was controlled through the program Windows® Hyper 

Terminal.  The program Pump Schedule (Fig.  3.20b) was developed to allow time-based 

command prompts to control syringe pump injection rates throughout an entire 

analytical run.  The simultaneous combination of these two programs, coupled with the 

EChem™ electrical monitoring software, allows the pre-programming and automation of 

an experiment.  Such an experiment can have multiple different concentrations analysed 

over the user determined time period.  This allows convenient sensor testing and it also 

reduces user interference during an analytical run. 
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Figure  3.20  Screen capture images of the FlowVision™ software graphical user interface (left), and 
the Pump Schedule graphical user interface (right).  Note the functional parameters within each 

system are user-specified. 
 

Configuration of the EChem™ software was required to probe the desired parameters of 

the sensors, and allowing these electrical parameters to be monitored over time.  An 

easy methodology for sensor monitoring is to compare sensor I-V curve data acquired 

from a linear voltage sweep, such as -1 V to +1 V.  However, this sampling 

methodology is not suitable for ‘real-time’ sensor monitoring over a user-specified time, 

and the correct software configuration was determined, utilising a multi-pulse 

amperometry configuration.  This configuration allows a specific base potential (V) to 

be applied between the working and counter electrodes, with a user specified width 

(time between sampling, ms) and the number of steps (a parameter coupled with width 

to allow total analysis time to be established).  The ‘multi-pulse’ components were not 

utilised and hence the system is now configured to apply a voltage potential for a 

specified amount of time, and constant sampling through an analytical run.  With this 

configuration selected ‘real-time’ data is displayed, and logged, I with respect to time 

(s), hence the change in I for an individual sensor can be monitored (Fig.  3.21).  At the 

end of an analytical run this data can be exported and sensor resistance calculated, 

Ω = V / I, and sensor response with respect to time can be generated for further analysis.  

The sensor response (%R) is determined by the change in sensor resistance (ΔR) in 

relation to the sensor baseline resistance (Ro) as a percentage; %R = (ΔR / Ro) x 100.  

Utilisation of this data processing methodology allows rapid comparability between 

sensors with differing baseline resistance values. 
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Figure  3.21  A screen capture image of the EChem™ graphical user interface, with test parameters 
located to the right of screen, and the main window displaying sensor I profile (µA) with respect to 

time (s). 
 

3.5.3 System noise 

As with all the prototypes some inherent problems arose once the system was 

commissioned for sensor testing.  The operation of the syringe pump and chemical 

bubbler, for the dilution of the vapour-phase analytes worked without fault.  However, a 

significant electrical noise component was observed upon testing a fabricated sensor 

within the system (Fig.  3.22).  Through the analysis of the response of an individual 

SWCNT chemiresistor sensor, large peaks and troughs of similar amplitude and 

frequency were swamping the parameter output.  A full systematic breakdown and 

protocol was undertaken to locate the source(s) of these electrical noise problems.  

Many of the components, such as the gas MFCs and syringe pump, were found to be 

‘floating’ above electrical earth.  Subsequently, these instruments were loop grounded 

to the metal frame of the portable trolley on which the prototype was secured.  This 

grounding step removed the high frequency large electrical noise signals, however, 

some medium to low frequency noise still existed.  Measures such as grounding each 

individual BNC connector on the breakout board, and connecting the PCB D-type pin to 

mains earth, further reduced and removed these electrical noise problems (Fig.  3.22).  

Other areas assessed included, mains power location, electrical shielding of cables and 

the sensor testing chamber, and different mains power boards while a sensor I profile 

was monitored to determine subsequent effect. 
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Figure  3.22  A sensor response curve for a SWCNT chemiresistor configuration monitored before 

and after attempts to lower the effect of electrical noise in the system. 
 

 
Figure  3.23  Sensor response curve for a Pd nanoparticle/SWCNT hybrid chemiresistor sensor 

upon exposure to H2 gas (5% to 9%), located at positions A and B in the sensor testing chamber. 
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3.5.4 Sensor test chamber position verification 

A Pd nanoparticle/SWCNT hybrid chemiresistor was fabricated and utilised to assess 

the effect of sensor position in the sensor testing chamber.  The sensor underwent two 

separate analytical runs, exposed to 5% to 9% H2 gas with 1% increments.  The 

response curve in Figure  3.23 clearly illustrates that minimal sensor response 

differences can be attributed to sensor position.  This verifies that sensor location does 

not need to be considered when monitoring multiple sensors.  In addition, maximum 

sensor response values for each 1% increment of H2 gas, indicate a linear correlation.  

This provided additional support that the vapour dilution and delivery system is 

operating as intended. 

 

3.6 Conclusions 

This current chapter showcases the importance of downstream analyte preparation 

methodologies in the area of chemical sensor testing.  In the absence of controlled 

delivery of a known concentration analyte to a particular sensor system, the reliability of 

the data generated will be in question.  Chapter 3 provides an overview of current 

analyte delivery methodologies and describes the processes involved for the design and 

development of a suitable gas and vapour generation and delivery system for subsequent 

sensor testing. 

 

A breakdown of three different system prototypes, including operational principles and 

mechanisms, design constraints, and working components has been established.  

Chapter 3 highlights the chronological development of three different gas and vapour 

generator prototypes (Phase-I - III), and indentifies key system failure areas and 

attempts to provide practical solutions through system re-design and component 

manipulation. 

 

The successful fabrication of a fully commissioned gas and vapour generation and 

delivery system has been established, based on the Phase-III prototype.  This prototype 

provides a nexus between common-place chemical bubbler-based generation and 

syringe pump injection techniques to provide a system capable of satisfying the original 

requirements notably: (i) the ability to generate, dilute and precision deliver vapours 



  Chapter 3 
 

  121 

from multi-phase analytes, (ii) the capability of generating a large dynamic 

concentration range ppt - ppm, dependant on specific analyte, (iii) allow the 

introduction of chemical interferants and multi-component systems, (iv) allow a range 

of carrier gas environments to be established, and (v) allow automated sensor testing.  In 

meeting these criteria the system shows functionality that is suitable to a wide range of 

possible sensor testing conditions and becomes applicable to other current and future 

research projects. 

 

In addition, the primary workings into the development of downstream components 

necessary for sensor testing, such as a sensor testing chamber and electrical connectivity 

components are described in Section 3.3.2. 
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4 SWCNT-based chemiresistor sensor testing for 

compounds of national security interest 

4.1 Introduction 

In the current global environment there is a heightened level of public and governmental 

disquiet due to the reality of impending terrorist attacks.  This wide-spread sense of 

terror is compounded by the inherent ease of manufacture and effectiveness of specific 

CWAs, utilised in small-scale terrorist operations, which could result in mass casualties 

in both military and civilian populations.[442]  As a direct reaction from these threats it is 

of paramount importance that new detection technology is developed for purposes of 

CWA release monitoring, personnel safety, operational intelligence, warfare tactics, in 

an attempt to minimise and contain the imposed threat. 

 

Phosgene, COCl2, is classified as a choking agent which are the forerunners of modern 

chemical warfare.[443]  This CWA was used prolifically throughout World War I, 

initially by Germany and subsequently by allied forces.[442]  It is estimated that 

phosgene release alone accounted for approximately 80% to 85% of poison gas deaths 

in WWI,[442, 444-446] with the equivalent of 852 man-years lost due to hospitalisation.[447]  

This capacity for devastation coupled with current commercial production[448] and, more 

importantly, its uncomplicated synthesis from common chemicals,[449] makes phosgene 

a serious weapon in a terrorist’s arsenal. 

 

Phosgene is a colourless gas, with toxic effects well below its odour threshold of 

0.4 ppm.[450]  This is important as a potential victim may not be aware of exposure, 

because the full effects typically appear several hours after.[443]  This, coupled with an 

increased awareness that phosgene is a serious candidate for use in a terrorist attack, has 

sparked recent research and development into different phosgene sensor technologies. 

 

Pioneering research by Frye-Mason et al., utilised a unique optical detection 

methodology in which a on/off chromophoric report molecule is utilised to react with an 

electrophilic molecule like phosgene and create a detectable on/off fluorescence 

switch.[451]  Following this research, limited studies have been undertaken in this area, 
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utilising similar fluorescence switching principles.[452, 453]  Another recent development 

is the utilisation of MEMS-based technology by Porter et al., where an organic 

polymer-inorganic particle material is coated on a microcantilever.[454]  The interaction 

of phosgene displaces the polymer creating more free volume which can be monitored 

through the piezoresistive microcantilever.  There has also been an interest in both in 

situ and remote phosgene detection utilising spectrometry techniques.  These techniques 

range from remote measurements using scanning image FT spectroscopy,[455] to the 

more recent development of surface-enhanced Raman scattering utilising functionalised 

nanoparticles.[456]  Each of these different systems has its own set of advantages and 

disadvantages, yet the general consensus is that there is a need for a hand-held or remote 

system, cost effective, low power consumption sensor for the detection of phosgene, 

and to this end, albeit with limited published material, electrochemical sensors 

dominate.[457-461] 

 

Since the discovery of CNTs in 1991 by Iijima[19] and two years later SWCNTs,[20, 21] 

carbon nano-materials have attracted much attention both in academia and commerce.  

It was not until recently that Kong et al.[223] and Collins et al.[224] demonstrated that 

these materials had the potential for gas sensor applications with the construction of a 

NT-FET for the detection of NO2 and NH3, and O2 respectively.  This sparked a 

phenomenal amount of research into the area of CNT-based sensors for gas and vapour 

sensing.[151, 226, 462]  Over the years there have been many different types of CNT-based 

gas sensors, including chemiresistors,[229] chemicapacitors,[235] and gas ionisation 

sensors.[234]  Particular attention should be given to the recent work of Strano et al., 

where a micro gas chromatography column was coupled to a functionalised SWCNT 

sensor array for the highly sensitive on-chip detection of DMMP.  This research initiates 

the practical advancement of laboratory systems miniaturisation incorporating CNTs.  

This is not to mention the scope for chemical and physical modifications of CNTs, such 

as surface coatings,[277, 463] nanoparticle loading,[238, 251] and DNA-decoration[269] which 

all have been utilised to increase analyte sensitivity and selectivity of the CNT-based 

sensors.  The research presented below utilises acid-induced defect sites on the 

SWCNTs to increase the side-wall and tip reactivity due to the introduced carboxylic 

acid functional groups, as displayed in Figure  4.1. 
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Figure  4.1  Typical acid-induced SWCNT surface defect sites, indicating nanotube tip and side-wall 
functionalisation, along with pentagon-induced structural defects.  Adapted with permission from 

[133], © 2002 John Wiley & Sons, Inc. 
 

To the authors’ knowledge there is no published literature to-date where the unique 

properties of nano-materials, more specifically carbon nano-materials, has been utilised 

in an electrochemical sensor as the active matrix for the detection of phosgene.  The 

research described in this thesis focuses on harnessing the power of nano-materials, in 

particular SWCNTs, in a chemiresistor to provide a launch pad for a major shift in the 

detection of phosgene.  An investigation into the sensor response to G-series nerve 

agents, sarin and soman, is accessed through chemical simulants.  A comparison 

between single IDE sensor geometry and multiple-array systems is also undertaken.  

Furthermore, this chemiresistor sensor configuration allows for the highly sensitive 

detection of phosgene over the common organic solvent and other halogenated systems 

to be trialled.  This current chapter details the first reported study utilising a carbon 

nano-material-based sensor matrix for the detection of the CWA phosgene. 
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4.2 Experimental 

4.2.1 Materials 

SWCNTs (SWCNT 90s, Cheap Tubes, Inc. VT, USA) were obtained, which were 

produced by a C-CVD synthesis method with an as-received purity >90% (<1.5 wt% 

ash, >5 wt% MWCNT, <3 wt% amorphous carbon, <2 nm tube diameter).  DMF, 

phosgene (20%) in toluene, DMMP, acetone, ethanol, benzene, toluene, benzyl alcohol, 

chloroform, chlorobenzene, 1,2-dichlorobenzene, carbon tetrachloride, benzyl bromide, 

concentrated nitric acid and concentrated hydrochloric acid were obtained from 

Sigma-Aldrich and used without further purification.  The concentrated nitric acid was 

purified by sub-boiling distillation using a quartz still.  DIMP was obtained from Alfa 

Aesar (Lancashire, UK) and used without any further purification.  UHP-N2, UHP-H2, 

and acetylene cylinders were obtained through BOC Gases (NSW, Australia).  Metal 

catalyst particles were introduced using nickel (II) sulfate hexahydrate (NiSO4·6H2O) 

(Sigma-Aldrich), from which stock solutions were made (1 M).  All carbon-material 

synthesis was undertaken in the laboratories of Dr. Gerard Poinern (Curtin University of 

Technology, WA, Australia).  The chemical vapour delivery system and sensor testing 

facility was designed and fabricated in-house, as described in Chapter 3.  The 

chemiresistor device platforms were designed and fabricated in-house, as detailed in 

Section  4.2.2.  The temperature and humidity data logger (1-Wire®, iButton, Maxim 

Integrated Products), monitored conditions within the sensor testing chamber. 

 

4.2.2 Methods 

SWCNT purification and dispersion:  The as-received SWCNTs were further purified 

by a modified literature preparation.[464]  SWCNTs (100 mg) were refluxed in 

re-distilled 70% HNO3 (25 mL) at 130 °C for 8 h.  This acid treatment introduces 

side-wall defects which have been experimentally and theoretically shown to be the 

primary mechanism for charge transfer (i.e., the conductance response) as preferential 

binding of an adsorbate occurs at these induced defect sites.[104]  The suspension was 

cooled to room temperature and the supernatant rendered neutral using centrifugal 

decantation (3000 RCF) with MilliQ water (>18 MΩ cm-1).  The resulting SWCNTs 

were freeze-dried and heated at 420 °C in a furnace in dry air.  The debundling of the 

SWCNTs and further separation of encapsulated catalyst particles was carried out by a 
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modified published literature method.[465]  The amide groups of DMF can easily attach 

to the surface of the SWCNTs, assisting in the disruption of van de Waals forces in the 

SWCNT bundles and producing stable suspensions.[229, 466]  The purified SWCNTs 

(2.0 mg) were dispersed in DMF (100 mL) and ultrasonicated for two hours with a sonic 

lance (4 W RMS power, Branson Sonifier 150) producing a dark black solution.  The 

resulting solution was divided into equal aliquots and centrifuged (13900 RCF, JA-25.5 

Rotor, Beckman Coulter, CA, USA) for 90 min, at ambient temperature.  The top three 

quarters of the supernatant was collected to afford the final dispersion, which was 

utilised for the fabrication of the SWCNT chemiresistors.  In relation to the untreated 

SWCNTs, the as-received material was subjected to ultrasonication in DMF and 

centrifugation under the same conditions as mentioned above. 

 

Device platform fabrication:  The device platform design was based on a suitable 

model in the literature.[229]  A 3 inch diameter (300 μm to 350 μm in thickness) Si 

<100> n-doped (phosphorus [1 Ω cm-1 to 20 Ω cm-1]) wafer was washed with isopropyl 

alcohol, then acetone and dried under a N2 gas flow.  An insulating Si3N4 layer 

(300 nm) was then deposited using PE-CVD processes.  PE-CVD conditions were as 

follows, 200 °C chamber temperature, 200 W RF plasma, 300 mTorr chamber pressure, 

with feedstocks of SiH4/NH3/N2 at flow rates of 5/50/100 sccm respectively, for a 

deposition time of 10 min.  The Si3N4 insulating layer provides a shock and corrosion 

resistant, low stress film at room temperature that is pinhole-free, when compared to 

SiO2.
[467]  A negative photoresist (AZ® 2035) was drop-coated and spun (Headway 

Research, Inc., TX, USA) at 4000 revolutions per minute (RPM) for 40 s.  A thermal 

exposure (110 °C) for 60 s was undertaken followed by mask alignment (MJB 3, Karl 

Suss, Germany), utilising a pre-fabricated chromium photolithography mask 

(Bandwidth Foundry, NSW, Australia) and exposed to ultraviolet radiation for 20 s.  

Another thermal exposure (105 °C) for 60 s was completed and the wafer was placed in 

a beaker of MIF Developer (AZ® 300, Clariant Corporation, NJ, USA) for 60 s.  The 

wafer was removed from the developer solution and thoroughly rinsed with distilled 

water (>18 MΩ cm-1).  Light microscopy examination of the wafer revealed that these 

fabrication conditions were sufficient for the IDE finger resolution required. 

 

Following photolithography, the samples were secured in an in-house built resistive 

metal evaporator for physical vapour deposition.  The metal evaporator chamber was 
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evacuated (3.4 x 10-7 Torr) and a chromium binding layer (5 nm) was deposited 

followed by a gold layer (50 nm) to form the metal electrodes, deposition rates were 

monitored by a quartz crystal microbalance.  After deposition, the wafers were soaked 

in acetone for 30 min for the required lift-off to occur, yielding the devices.  The 

resulting wafer sections were coated in a protective photoresist (AZ® 4562) and spun at 

2000 RPM for 40 s and underwent a thermal exposure (100 °C) for 180 s to minimise 

the effects of Si dust during cleavage on the surface morphology.  The wafers were 

sectioned as required and stored in the cleanroom to minimise possible contamination. 

 

 
Figure  4.2  A schematic of the IDE which represents the basis of the sensor platform, scale bar 

represents 100 μm. 

 

Each individual set of IDEs consists of 15 fingers, each 15 μm in width and 550 μm in 

length, with a finger gap of 10 μm (Fig.  4.2).  Each individual electrode is connected to 

a bonding pad (200 μm x 250 μm) to provide a sufficient area for subsequent wire 

bonding.  The advantages of utilising an IDE include the large electrode area to reduce 

nanotube contact problems, commonly seen in single CNT devices.  A large number of 

nanotubes are inherently deposited on the IDEs which results in more robust sensing 

characteristics and increased reproducibility due to an increased statistical population.  

Furthermore, the large surface area of the IDE also increases analyte adsorption 

capacity.[229] 
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Wire-bonding of the device platform to TO-08 Header:  A wafer section 

(6 mm x 5 mm) containing four separate IDEs was secured to a TO-08 Header 

(Spectrum Semiconductor Materials, Inc., CA, USA) with a conductive silver epoxy 

paste.  Additional conductive silver epoxy paste was applied to each bonding pad of the 

IDEs and appropriate lengths of gold wire (25 µm dia.) were attached.  Once the epoxy 

had cured, fresh epoxy was applied to the appropriate pin connectors on the TO-08 

Header and the free end of the Au wire was secured in the epoxy.  This now allows the 

individual monitoring of each IDE device. 

 

Deposition of SWCNTs onto the IDE:  Prior to the deposition of the SWCNTs, each 

individual set of electrodes was tested to ensure no conductive bridging of the metal 

electrodes had occurred.  The previously synthesised and dispersed SWCNT solution 

was drop-casted onto the surface of each IDE using aliquots of 0.02 µL from a 0.5 µL 

glass gas-tight syringe (Hamilton Company, NV, USA) and subsequently air-dried.  I-V 

sweeps were carried out on each device until an ohmic response was achieved to 

provide evidence that the SWCNTs were the only material bridging the electrode gaps, 

with further support from scanning electron microscopy (SEM), illustrated in Figure 

 4.3.  The suitability of low nanotube density random networks as electronic material has 

previously been established.[468]  These initial electrical characterisations were carried 

out using a eDAQ Potentiostat and e-corder (e-DAQ) in a linear sweep mode (-1 to 1 

V), at an appropriate I range, and data recorded using the EChem™ software (e-DAQ).  

Prior to analyte exposure the SWCNT-based chemiresistors were treated in a modified 

glass oven Kugelrohr (B-585, Buchi, Switzerland) put under vacuum at 150 °C for a 

minimum of two hours.[466] 

 

 
Figure  4.3  A SEM image of the random network of SWCNTs between the chemiresistor source and 

drain electrodes, scale bar is 1 µm. 
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Direct CNT growth onto the IDE platform:  Direct growth of CNTs onto the IDE 

platform was undertaken using C-CVD processes.  The C-CVD apparatus (fabricated 

in-house) consisted of  pressurised cylinders of acetylene and UHP-He, with flow rates 

controlled by individual rotometers, joined downstream by a Y-piece tube connector.  

The gas flow is directed into a quartz tube (ca. 50 mm OD, 600 mm length) which is 

running through the centre of a horizontal tube furnace, where the substrate will be 

placed.  The exit end of the quartz tube was fused to a glass tube to direct gas flow to a 

chemical bubbler which acted as a trap for reaction by-products.  Ni catalyst particles 

were introduced to the pre-fabricated IDE by drop-casting a NiSO4 solution onto the 

substrate and oven-drying.  This substrate is positioned on a quartz boat inside the 

quartz tube in the middle of the tube furnace.  The system is flushed with UHP-He 

(10 mL min-1) and equilibrated at the required growth temperature (800 °C).  Once the 

required growth temperature has been reached an acetylene/UHP-He (15/85) mixture is 

introduced, at a total flow of between 5 mL min-1 to 8 mL min-1 for a period of 30 min.  

After this, the acetylene feedstock was turned off and the system was purged with 

UHP-He and allowed to cool to room temperature. 

 

Multiple-array sensor platform fabrication:  Multiple-arrays of the IDEs were 

fabricated.  These consisted of four separate IDEs, with the individual unit represented 

in Figure  4.2.  All the source electrodes were connected and were accessible through a 

nominated header pin.  All the drain electrodes were also connected and accessible 

through separate pins.  This configuration gives rise to the single IDE being connected 

in parallel. 

 

Analyte vapour delivery system:  The chemical vapour delivery system has been 

previously detailed (Chapter 3).  The analyte vapour delivery system is designed to 

allow a large dynamic concentration range, from ppt to high ppm, governed by the 

specific analyte vapour-pressure.[469]  Fundamentally, this apparatus allows two vapour 

introduction methodologies.  Firstly, a pre-made analyte vapour-phase mixture can be 

directly introduced to the system and with a secondary diluent gas feed creating the 

desired analyte concentration delivered to the sensor testing chamber.  The second 

vapour introduction method is based on the generation of saturated vapours from a 

liquid analyte in a standard chemical bubbler or contained in a gas-tight syringe (Fig. 

 3.13).  The introductory method utilised depends on the analyte of interest and the 
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concentration range of the analyte to be studied in an analytical run, and to generate the 

results displayed in this current chapter the liquid bubbler route was chosen. 

 

To introduce the analyte vapour using the chemical bubbler method a carrier gas flow is 

controlled by gas MFC 2 and directed to the chemical bubbler (Fig.  3.13).  The bubbler 

contains the analyte (2 mL to 5 mL) at ambient temperature (25 °C) and the carrier gas 

is saturated with the analyte.  This gas stream can be delivered directly to the sensor 

testing chamber or can be further diluted by a second gas stream controlled by gas MFC 

1 (Fig.  3.13).  As previously mentioned, to ensure appropriate mixing between analyte 

and diluent the sample flow lines pass through the cyclonic mixing chamber and are 

directed into the sensor testing chamber.  This was the main analyte introduction 

method utilised in this current study.  Different total flow rates were utilised throughout 

this study (500 mL min-1 and 1000 mL min-1).  Based on these dilution calculations and 

the specific analyte vapour pressure, the concentrations delivered to the sensor testing 

chamber were calculated. 

 

The phosgene utilised in this study was generated from a phosgene saturated toluene 

solution.  The minimum concentration achievable was dependant on the minimum N2 

flow required to successfully disrupt this matrix and release phosgene from the toluene.  

As toluene acts as a stabiliser of phosgene, lower concentrations from headspace 

sampling were not achievable.  Furthermore, dilution of the saturated solution failed in 

phosgene generation, in the vapour delivery system. 

 

Real-time electrical testing:  The I of each device was monitored over an analytical 

run using a potentiostat and e-corder.  The potentiostat was configured in multi-pulse 

amperometry mode using the EChem™ software and operational parameters optimised 

to achieve maximum sensor response; experimental justification for the chosen 

parameters will be described in Section  4.3.1.3.  The typical experimental parameters 

utilised were an applied potential of 100 mV, one second sampling rate with experiment 

length and I-range dependant on the analytical run and analyte employed.  A typical 

analytical run consisted of an initial purge of the system with UHP-N2, followed by a 

period of analyte exposure at a set concentration; this purge/exposure pattern is 

continued for increased analyte concentrations until the analytical run is finished.  Other 



  Chapter 4 
 

  132 

balance gases, UHP-H2 and UHP-Ar, were also trialled for sensor optimisation.  In 

addition, temperature and humidity conditions of the sensor testing chamber were 

monitored to see their effects on the fabricated sensors using a 1-Wire® data logger 

(iButton, Maxim Integrated Products).  The data can then be exported and analysed 

using an appropriate software package (Origin Pro 8.0). 

 

Separation of semiconducting and metallic SWCNT based on alternating current 

(ac) dielectrophoresis:  The IDE platform was utilised as the basis for 

dielectrophoresis-based separation of semiconducting and metallic SWCNTs.  The 

source and the drain electrode were coupled to an arbitrary waveform generator 

(10 MHz, 33210A, Agilent Technologies).  For ac dielectrophoresis, the function 

generator was operated at a sine wave frequency of 10 MHz, with a peak-to-peak 

voltage of 10 V.  Under these conditions and taking into account the 10 μm electrode 

finger gap this system is capable of field strengths of 105 V m-1
, which is ideal for 

metallic SWCNT deposition.[470]  The function generator was switched on and an 

aliquot (10 μL) of a SWCNT suspension was drop-cast onto the electrode surface.  

Following a 10 min equilibrium period the liquid droplet was blown off by a stream of 

nitrogen and the function generator switched off. 

 

  
Figure  4.4  a) A schematic of the IDE acting as a dielectrophoresis device, and b) an optical image 

illustrating the alignment of CNTs on an electrode under polarised light.  Reprinted with 
permission from [407], © 2003 AAAS. 

 

Methodology for sensor noise quantitation and limits of detection:  From the 

response data it is possible to determine the detection limit of the sensor response to an 

analyte concentration.  It should be noted that the current experimental setup is the 
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limiting factor on the lowest detectable concentrations measured.  The method utilised 

to calculate detection limits is based on the report by Li et al. with the same statistical 

methods applied to the sensor data described in this chapter.[229]  The sensor noise 

(RMSnoise) is calculated through this method, using the variation in the relative sensor 

response at baseline, based on the root-mean-square-deviation (rmsd).  Following this 

method 10 successive data points along the baseline are extracted before analyte 

exposure.  The baseline data were plotted and a fifth-order polynomial fitting curve 

applied.  Statistical parameters and the fitting-curve equation were obtained within the 

data-point range and the variance ( 2V ) between the measured data and the calculated 

data can be worked out from the following equation: 

 

                                                        2
2 yyV i  (7) 

 

where iy  represents the measured datum point and y represents the calculated datum 

point based on the fitting function.  The sum of the residuals is then applied to the 

following equation: 

 

                                                    
N

V
noise

2RMS   (8) 

 

where N is the number of data points utilised to produce the curve-fitting function.  

Once the RMSnoise is established, for each sensor response curve, the detection limit can 

be calculated.  According to the IUPAC definition[471] when the response signal is at 

least three times the standard deviation of the noise, it can be considered an actual 

signal.  Therefore, detection limits can be calculated by the extrapolation of the linear 

calibration curve to where the signal is equal to three times the RMSnoise, as described 

by the following equation: 

 

                                                   
slope

RMS
3 DL(ppm) noise  (9) 
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To extend this further, the limit of quantitation (LOQ) was assessed, for the analytes 

tested, to where the signal is equal to ten times the RMSnoise. 

 

4.3 Results and discussion 

4.3.1 Optimisation 

4.3.1.1 IDE device platform 

The IDE device fabrication methodology described in Section  4.2.2, represents the 

optimised condition which resulted in a high quality IDE product.  Initial fabrication 

trials utilised an in-house fabricated glass emulsion photolithography mask, which was 

fabricated from an in-house printed mask design.  It was quickly realised that the mask 

was not sufficient for the reproducible production of the first generation IDEs, with 

electrode arms missing and separate electrodes joined (Fig.  4.5), which would result in a 

device short if utilised.  The yield for working first generation IDEs utilising this mask 

was <10%.  Following these results the mask design print for the glass emulsion method 

was outsourced (Bandwidth Foundry), and the new print was utilised to fabricate 

another photolithography mask.  The second generation IDEs produced using this mask, 

were of increased quality with very few defects (Fig.  4.6).  The yield of working devices 

was significantly increased to 85%.  It can clearly be seen that the electrode arms are 

more uniform, however, at this magnification slight width variations along the electrode 

arm axis can be observed. 

 

   
Figure  4.5  Optical images a) illustrating the entirety of the IDEs, with 100 µm scale bar, and b) 

illustrating an increased magnification image of the top right corner of a), with a 50 µm scale bar, 
of the first generation IDE platform using a glass emulsion photolithography mask coupled with 

in-house printing. 
 



  Chapter 4 
 

  135 

   
Figure  4.6  Optical images a) illustrating the entirety of the IDEs, with 100 µm scale bar, and b) 

illustrating an increased magnification image of the top right corner of a), with a 50 µm scale bar, 
of the second generation IDE platform coupled with outsourced printing. 

 
 

After several mask processing runs, it was observed that the quality of the second 

generation IDEs were significantly reduced, with yields of working devices decreasing 

to <30%.  This effect was traced to the quality of the photolithography mask, with mask 

definition significantly deteriorated, a common occurrence, apparently, in glass 

emulsion masks.  This problem was rectified with the outsourcing of a chromium 

photolithography mask (Bandwidth Foundry), which produced high quality electrode 

feature definition, with working devices in excess of 98% yield.  The extent to which 

the Cr photolithography mask increased the third generation IDE feature definition is 

illustrated in Figure  4.7. 

 

   
Figure  4.7  Optical images a) illustrating the top right corner of the IDEs, with 200 µm scale bar, 
and b) illustrating an increased magnification image of the top right corner of a), with a 25 µm 

scale bar, of the third generation IDE platform developed using an outsourced Cr mask. 
 

The third generation IDE platform offered a reproducible electrode configuration of 

sufficient quality to form the basis of the SWCNT chemiresistor sensors.  This platform 
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also offers advantages including scalability, due to the platform fabrication utilising 

common Si wafer processing technologies.  For example, the technology transfer to 

market would not be hindered utilising these fabrication techniques, because the 

platform can be produced at low cost and in large quantities.  For example, the 

processing of one Si wafer can produce over 600 individual IDEs, which results in each 

platform costing <AUD$0.4, exclusive of initial Cr photolithography mask outlay.  This 

demonstrates the economic viability that this intended product has, and this would assist 

in entering the current commercial market. 

 

4.3.1.2 SWCNT chemiresistor device 

4.3.1.2.1 Drop-casting SWCNT dispersion 

SWCNT chemiresistor devices were fabricated utilising a drop-casting strategy, which 

provided a method of controlling SWCNT density and can be incorporated into 

automated processes.  In order to optimise the drop-casting procedure and obtain a grasp 

on device reproducibility, a different number of 0.02 µL additions of the SWCNT 

dispersion were drop-casted onto the IDE platform and subsequent characterisation was 

carried out.  SEM was utilised to give a visual representation of the SWCNT density on 

the devices, as illustrated in Figure  4.8.  It is clear that with increased numbers of 

0.02 µL additions the SWCNT density on the IDE platform increases, so that drop-

casting is an effective method for deposition of SWCNTs between the source and drain 

electrodes of the sensor substrate. 

 

Additional analyses were undertaken to characterise the effect that SWCNT deposition 

density has on device resistance.  The fabricated devices were subjected to a linear 

voltage sweep from -1 V to 1 V and the resistance calculated to 0.1 V, with the results 

displayed in Figure  4.9.  A negative correlation between device SWCNT density and 

device resistance can be observed.  This is to be expected as the higher the density of 

SWCNTs the more pathways for electron flow between the electrodes and thus less 

device resistance.  In addition, from multiple analyses of SWCNT chemiresistor devices 

fabricated through the drop-casting methodology a moderate level of sensor baseline 

resistance reproducibility is evident (Fig.  4.9).  In relation to ease of manufacture and 
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sensor reproducibility the drop-casting method was adopted for the sensors utilised in 

this study. 

 

 

 
Figure  4.8  SEM images of SWCNT density between the source and drain electrode for a) 

1 x 0.02 µL addition (Device i), b) 2 x 0.02 µL addition (Device ii), c) 3 x 0.02 µL addition (Device 
iii), and d) 4 x 0.02 µL addition (Device iv).  Scale bar is 1 µm. 

 

 
Figure  4.9  Device resistance with respect to different SWCNT densities on the IDE area, with error 

bars as standard deviations of the mean. 
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4.3.1.2.2 Direct CNT growth on IDE platform 

An additional SWCNT chemiresistor fabrication methodology was trialled, which 

involved the direct growth of CNTs onto the surface of the IDE platform using C-CVD 

processes.  The C-CVD growth conditions led to carbon materials deposited on the 

surface of the Si substrate (Fig.  4.10).  It can seen that there is a slight correlation 

between the IDE patterning on the Si substrate and where the growth material is 

deposited, with the linear patterning in the upper right to centre, illustrated in Figure 

 4.10a.  However, there is also a large excess of material deposited in the areas void of 

electrode patterning, which is unsatisfactory for the reproducible chemical sensor. 

 

   
Figure  4.10  SEM image of a) the carbon material growth over an IDE area, and 2) a higher 

magnification image detailing portions of wire-like materials.  Scale bars are 100 µm and 1 µm 
respectively. 

 

The growth clusters displayed in Figure  4.10 were explored in more detail, and were 

found to consist of intertwined tube-like structures (Fig.  4.11a) and dendritic-branched 

structures (Fig.  4.11b).  From the morphology observed on the IDE substrate it was 

clear from the dimensions of the tube-like structures, that they could not represent 

SWCNTs.  In addition, the presence of large amounts of carbon impurities, more than 

likely amorphous carbon, was evident, which is highly undesirable for the developed 

chemiresistor sensors.  Consequently, this direct IDE substrate growth strategy was not 

beneficial for SWCNT chemiresistor fabrication. 
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Figure  4.11  A higher magnification SEM image of the wire-like structures generated on the IDE 

substrate. 
 

4.3.1.3 SWCNT chemiresistor sensor optimisation 

A relationship between drop-casting additions and device resistance has been 

established.  In order to obtain the optimal performance out of the fabricated 

chemiresistors factors such as sensor baseline resistance, parameter sampling conditions 

and the sensor environment, were analysed for their effect on sensor performance. 

 

4.3.1.3.1 Electrical monitoring parameters 

The sensor monitoring configuration has been previously described in Section  3.5, but it 

is important to understand if variables in data sampling parameters would effect the 

sensor response, or alter the noise associated with the sensor data.  In the current sensor 

monitoring setup the multi-pulse data acquisition function allows adjustment of 

sampling potential (V) and step width (s).  Data were acquired for devices, upon 

exposure to saturated ethanol vapours, utilising different sampling potentials, as 

illustrated in Figure  4.12.  These data indicate that as sampling potential was increased, 

from 1 mV to 100 mV, there was also an increase in sensor response to ethanol.  It can 

be seen that a plateau in sensor response is developing towards increased sampling 

potentials.  Furthermore, the reproducibility of sensor response is increasing at 

increased sampling potential, suggesting increased sensor stability.  In view of these 

data, a sampling potential of 100 mV was considered optimal, in terms of both sensor 

response and reproducibility.  In addition, the effect of sampling time was assessed and 

the results indicated no appreciable reduction in sensor noise with increased sampling 

time; as a result, an arbitrary sampling time of one second was utilised. 
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Figure  4.12  Effect of sampling potential  density on chemiresistor response to saturated vapour of 

ethanol, error bars as standard deviations of the mean. 
 

4.3.1.3.2 Response dependence on baseline resistance 

The effect of chemiresistor baseline resistance on sensor response required 

investigation.  The chemiresistor devices, described in Section  4.3.1.2.1, and an 

additional device fabricated for a diluted SWCNT dispersed in DMF solution, were 

analysed using optimal parameters.  The sensors were exposed to saturated vapours of 

ethanol and the device response was derived, as displayed in Figure  4.13.  A positive 

linear correlation between device resistance and increased sensor response is observed, 

with data <2000 Ω relating to Devices i - iv mentioned previously.  There is an 

increased sensor response associated with the high resistance device (17868 Ω), 

however, there is also higher response variation associated with devices at this baseline 

resistance, and some sensors produced sensor responses comparable to that of Device i 

(1685 Ω, 1 x 0.02 µL addition).  Due to the increased reproducibility of sensor response 

of Device i coupled with the significant sensor response to the advantage of this sensor, 

the sensors utilised for the subsequent study were produced using the same drop-casting 

conditions to produce comparable baseline resistances. 
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Figure  4.13  Effect of SWCNT density on chemiresistor response to saturated vapour of ethanol, 

error bars as standard deviations of the mean. 
 

The observation that devices with increased baseline resistance produced an increased 

sensor response can be explained because in a system where the resistance is low there 

is an increased flow of electrons from the source to drain electrode.  In turn as surface 

adsorbate molecules interact with the SWCNT matrix there are electron transfer events 

occurring; basically there will be an increase or decrease in the SWCNTs resistance, 

dependent on the analyte molecule.  If there are a large number of electrons flowing 

through the system then the resistance will be low and the charge transfer of electrons 

between the SWCNT and analyte will only contribute a small percentage towards 

changing the sensor resistance.  On the other hand, if a sensor has low I flow and high 

resistance, then these adsorbate-SWCNT interactions will contribute an increased 

percentage to the system and as a result produces an increased sensor response. 

 

4.3.1.3.3 Sensor environment 

The environment the SWCNT chemiresistor device experiences while electrical 

parameters are sampled may also have associated effects on sensor response.  A 
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chemiresistor sensor was monitored over a 42 h period when exposed to ambient 

atmosphere; with the sensor chamber lid removed.  Over this period of time it was 

observed that the sensor’s baseline-current (baseline-I) mimicked the relative humidity 

change over the same time period, as illustrated in Figure  4.14.  This is an interesting 

aspect as direct exposure to saturated water vapour was also trialled and no change in 

sensor baseline was observed.  In relation to humidity and its effects on the following 

exposure trials, it should be realised that the UHP-N2 carrier gas will maintain a low 

relative humidity in the sensor testing chamber and the effects from this parameter will 

be minimised. 

 

 
Figure  4.14  Chemiresistor sensor baseline-I in response to change in relative humidity. 

 

Different carrier gas environments were tested for these chemiresistor devices, 

including UHP-N2, UHP-He, and UHP-Ar.  No significant difference in the 

chemiresistor data was detected, and subsequently UHP-N2 was adopted for all vapour 

exposure studies. 
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4.3.2 Metallic versus semiconducting SWCNTs in gas and vapour 

sensing 

At the fundamental level gas and vapour sensing is intrinsically related to physical 

property changes experienced by the semiconducting SWCNTs in a particular 

device.[223, 472]  Herein, the fabricated IDE platform was adapted to provide the basis for 

dielectrophoretic separation of metallic and semiconducting SWCNTs,[407] noting the 

Krupke et al. estimate that 80 ± 5% of the deposited SWCNTs, involving this 

dielectrophoretic procedure, are metallic in nature.[407]  The device was exposed to 

DMMP, as a CWA simulant, in a typical analyte exposure experiment, as illustrated in 

Figure  4.15.  The exposure response clearly indicates high levels of inherent noise 

associated with this device, and thus low electrical stability, with no direct correlation 

between analyte exposure events and changes in the electrical properties of the device.  

These results confirm that by its very nature, SWCNT gas and vapour sensing is highly 

dependent on the semiconducting SWCNTs, and their enrichment can only be beneficial 

in sensor development.  A typical SWCNT synthesis yields approximately two thirds 

semiconducting nanotubes, and deposition of a nanotube suspension will be statistically 

dominated by the semiconducting SWCNT characteristics.  This can be observed in the 

vapour-phase analyte exposure trials described in Section  4.3.3.  However, a previous 

study by Strano et al. suggests that some metallic nanotube pathways are effected by 

their chemical environment.[473] 

 

 
Figure  4.15  DMMP exposure curve for the metallic SWCNT-enriched device involving 

dielectrophoretic separation. 
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4.3.3 CWA analyte exposure trials 

The fabricated SWCNT sensors were exposed to specific CWAs to monitor the 

effectiveness of these chemiresistors in detecting such compounds.  Initially DMMP and 

DIMP were utilised to simulate the sensor response to the G-series nerve agents, sarin 

and soman, respectively, followed by phosgene.  It should be noted that, unless 

otherwise stated the sensor response, ΔR / Ro, is expressed as a percentage, where Ro is 

the sensor baseline resistance. 

 

4.3.3.1 Single interdigitated electrode sensor 

4.3.3.1.1 DMMP 

For the concentration range tested, exposure to DMMP using the single IDE sensor 

indicates a measurable response (Fig.  4.16) which correlates directly to analyte 

exposure events.  The positive response shows an increase in the resistance of the 

chemiresistor, which is indicative of an electron donating species interacting at the 

SWCNT surface.  This correlates with the strong electron donor properties of DMMP, 

possibly due to the transfer of the partial negative charge on the terminal phosphonated 

oxygen.[277] 

 

The sensor response curve establishes a response time of 500 ± 28 s, indicating the time 

for the sensor response to reach 90% of the maximum value for a set DMMP 

concentration, albeit with a slight baseline increase following each analyte exposure.  

The system was purged with UHP-N2 for 30 min and it is clear that the recovery time is 

slightly greater than this time period, which is supported by the return to the original 

baseline value after the final DMMP concentration exposure, as displayed in Figure 

 4.16.  These experiments are carried out at ambient conditions and recovery periods can 

be decreased through various methods, such as application of a vacuum and/or heat 

exposure. 
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Figure  4.16  Single IDE sensor response curve to DMMP exposure of increasing concentration. 

 

 
Figure  4.17  Single IDE sensor calibration curve for DMMP vapour exposure with increasing 

concentration, with error bars as standard deviations of the mean. 
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From multiple DMMP exposure trials a calibration curve for the single IDE sensor was 

constructed (Fig.  4.17) with the data fitted with a weighted linear function, the 

associated correlation coefficient suggesting a strong positive relationship between 

sensor response and DMMP concentration.  This data in conjunction with the calculated 

RMSnoise of the sensor, are key parameters in determining the limits of detection for the 

fabricated SWCNT-chemiresistor sensors. 

 

Based on the variance observed from a 5th order polynomial fitting function, the 

RMSnoise for the single IDE was calculated at ±8.23 x 10-3
.  Based on the standard limit 

of detection (LOD) definition outlined by IUPAC,[471] the LOD for these chemiresistor 

sensors towards DMMP is 1278 ppb, and a LOQ (signal-to-noise equal to 10) at 

4259 ppb. 

4.3.3.1.2 DIMP 

 
Figure  4.18  Single IDE sensor response curve to DIMP exposure of increasing concentration. 

 

The single IDE sensor response to increasing concentrations of DIMP was also 

investigated (Fig.  4.18).  The response profile for DIMP has similarities to the DMMP 

profile (Fig.  4.17).  The response time towards DIMP was 558 ± 15 s which is slightly 
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larger than observed for DMMP.  A recovery time of 1955 ± 757 s was observed with 

relatively long recovery times common for gas and vapour chemiresistors.[223]  Various 

sensor refresh methodologies have been incorporated throughout the literature to reduce 

sensor recovery periods.[229, 277, 473, 474] 

 

 
Figure  4.19  Single IDE sensor calibration curve for DIMP vapour exposure with increasing 

concentration, error bars as standard deviations of the mean. 

 

A DIMP single IDE sensor calibration curve can be constructed from data obtained 

through multiple analyte exposure trials (Fig.  4.19).  The data was fitted with a 

weighted linear fitting function and indicates a reasonable positive correlation for sensor 

response with change in DIMP concentration.  The RMSnoise was calculated at 

±4.82 x 10-3, and in conjunction with the calibration curve gradient these chemiresistor 

sensors have a LOD of 270 ppb, and a LOQ of 901 ppb. 
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4.3.3.1.3 Phosgene 

The single IDE sensors were exposed to increasing concentrations of phosgene 

generated from a phosgene saturated toluene solution (Fig.  4.20), establishing a 

measurable sensor response.  A negative sensor response change is observed, indicating 

a reduction in the overall resistance of the sensor upon exposure to phosgene.  This 

decrease sensor resistance suggests chemical modification of the surface of the 

SWCNTs, compounded by the irreversible sensor response under ambient testing 

conditions, with extensive UHP-N2 chamber purging periods exhibiting no effect.  From 

the response data it was established that as phosgene concentration is increased a 

maximum response change is observed, as illustrated in Figure  4.21. 

 
Figure  4.20  Single IDE sensor response curves for phosgene exposure of increasing dilution factors 

from a saturated vapour. 

 

There is a negative linear trend between sensor response and phosgene concentration 

over the analyte range studied, with a sensor saturation point evident (Figs.  4.20 and 

 4.21).  Exposure to concentrations above 46700 ppm leads to a plateau response 

indicative of sensor saturation.  This indicates that the majority of available nanotube 

surface defect sites are occupied with adsorbate and/or the maximum chemical 
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modification of the surface has been reached.  Response times for these sensors were 

concentration dependent (Fig.  4.20) and the sensor baseline resistance can be restored 

by heating in vacuo. 

 

 
Figure  4.21  Single IDE sensor maximum response curve data for phosgene vapour exposure with 

increasing concentration, error bars as standard deviations of the mean. 

 

The concentration range used for the analysis of sensor response against phosgene 

concentration was 18,450 ppm to 46,700 ppm.  This concentration range was limited by 

the current dynamic vapour delivery system configuration, and the concentrations used 

were the lowest phosgene values that could be effectively generated.  A weighted linear 

fitting function was used to represent the experimental data (Fig.  4.22) with the data 

indicating a strong negative linear correlation between the maximum sensor response 

and increasing phosgene concentration.  The RMSnoise of these single IDE sensors was 

calculated at ±7.01 x 10-3, which gives rise to a sensor detection limit of 23.3 ppm and a 

LOQ of 77.7 ppm.  It should be noted that these experiments were conducted under 

ambient conditions and sensor refresh methodologies previously alluded to could be 

adopted to access the original sensor baseline resistance. 
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Figure  4.22  Single IDE sensor calibration curve for phosgene vapour exposure with increasing 

concentration, error bars as standard deviations of the mean.  Higher concentration response was 

not possible due to sensor response saturation. 

 

4.3.3.1.4 Phosgene response based on current gradient change 

The phosgene response curves (Fig.  4.20) indicate that when exposed to increasing 

concentrations of phosgene, the gradient of the response change also increases.  From 

an analysis of the most linear sections of the response curve, gradient values were 

extracted and plotted (Fig.  4.23).  These gradient values are represented as the change in 

I (μA s-1), and due to the negative sensor response caused by the phosgene interaction 

mechanism, positive gradient values are observed. 

 

The response curve gradient data displays an initial gradual increase as concentration 

increases, followed by a high level of significant growth and finally a plateau as the 

sensor response reaches concentrations indicative of sensor saturation (Fig.  4.23).  The 

data was fitted with a Boltzmann sigmoidal fitting curve (Fig.  4.24) and clearly 

represents the gradient data with a high correlation coefficient.  This methodology could 
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be successfully applied in a ‘real-life’ operational setting, to confirm the data obtained 

using the previously detailed methodology based on sensor response. 
 

 
Figure  4.23  Single IDE sensor baseline gradient change for phosgene vapour exposure with 

increasing concentration. 
 

 
Figure  4.24  Single IDE sensor calibration curve for baseline-I gradient change upon phosgene 

vapour exposure with increasing concentration.  The data is fitted with a growth curve fitting 

function to represent the gradient trend. 
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4.3.3.2 Multiple-array sensors 

4.3.3.2.1 DMMP 

CWA exposure trials were undertaken on multiple-arrays of chemiresistor sensors to 

investigate how this effects sensor performance and stability.  The multiple-array sensor 

response profile to DMMP exposure (Fig.  4.25) follows closely to the response profile 

observed for a single IDE sensor (Fig.  4.16).  The directionality and response times are 

highly comparable, indicating a continued relationship between DMMP concentration 

and sensor response.  Here a sloping sensor recovery baseline is observed which 

indicates that the recovery time under ambient testing conditions is not sufficient for the 

total desorption of the analyte. 

 

 
Figure  4.25  Multiple-array sensor response curve to DMMP exposure of increasing concentration. 

 

The identical DMMP concentration range was tested for both the single IDE sensors 

and the multiple-array sensors to achieve a direct comparison.  From the multiple-array 

data a DMMP calibration curve was constructed and a weighted linear fitting function 

applied (Fig.  4.26).  The fitted function indicates a moderate linear correlation between 

sensor response and DMMP concentration.  It should be noted that an increased 
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correlation coefficient is obtained by the single IDE sensor.  The RMSnoise was 

calculated from the background data and was found to be at a level of ±3.33 x 10-3.  It is 

interesting to note that the RMSnoise level of the multiple-array sensor is lower than that 

encountered from the single IDE sensors, this is an advantage as decreased noise levels 

directly lower sensor limits of detection.  This investigation also revealed that there was 

an increase in sensor response for the concentration range analysed, when compared to 

the single IDE sensors.  This increase in sensor response leads to an increased 

calibration curve gradient, which in turn will produce lower detection limits.  The 

calculated LOD for the multiple-array sensors to DMMP is 266 ppb and the LOQ is 

887 ppb. 

 

 
Figure  4.26  Multiple-array sensor calibration curve for DMMP vapour exposure with increasing 

concentration, error bars as standard deviations of the mean. 

 

4.3.3.2.2 DIMP 

The multiple-array sensors were also exposed to DIMP at the identical concentration 

range as the single IDE sensors, and they perform in a similar fashion to the single IDE 
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sensors (Fig.  4.27), with response and recovery times highly comparable for the two 

sensor geometries.  One standout difference between the two systems is the increased 

sensor response for the multiple-array sensor at the same concentrations analysed for the 

single IDE sensor.  This trend was also observed for DMMP exposure and indicates that 

using the multiple-array sensor geometry increases the performance of the SWCNT 

chemiresistor. 

 

 
Figure  4.27  Multiple-array sensor response curve to DIMP exposure of increasing concentration. 

 

Based on the response curves for the multiple-array sensors, the sensor response with 

increasing DIMP exposure can be plotted (Fig.  4.28).  A weighted linear fitting function 

was applied to the data which reveals a moderate positive linear correlation.  To assess 

the LOD for DIMP using this sensor geometry the RMSnoise was calculated to be 

±3.25 x 10-3.  Based on the RMSnoise and the calibration curve gradient, the DIMP LOD 

is 152 ppb and the LOQ is 508 ppb for the fabricated multiple-array SWCNT 

chemiresistor sensors. 
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Figure  4.28  Multiple-array sensor calibration curve for DIMP vapour exposure with increasing 

concentration, error bars as standard deviations of the mean.  Note: the sensor response for the 

lowest concentration analysed was considered an outlier and not represented in the plot. 

 

Multiple-array sensor studies were also undertaken for phosgene exposure experiments 

and it was observed that the multiple-array sensors were unpredictable and produced 

irreproducible sensor response changes. 

 

4.3.3.3 Single versus multiple-array 

The performance of the single IDE geometry platform was directly compared to the 

multiple-array geometry sensors.  The comparison of the calibration curve data for 

DMMP exposure indicates that there were some subtle differences between the systems 

(Figs.  4.17 and  4.26).  Firstly, an increased sensitivity (slope) is observed for the 

multiple-array sensor geometry, as opposed to the single IDE platform.  Secondly, the 

baseline response RMSnoise is reduced by approximately half with the multiple-array 

sensor geometry.  A possible explanation for the device behaviour, can be related to the 

multiple-array sensor geometry consisting of four separate IDEs, which have been 

connected in parallel.  This will in turn draw increasing current levels from the 
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potentiostat, resulting in increased current readings, and subsequently lower sensor 

baseline resistance.  Previously, it has been demonstrated that the SWCNT 

chemiresistor sensors exhibit increased sensor response at high baseline resistance, so 

the opposite effect should be observed, and the single IDE sensors should have 

increased sensor response.  However, this is not the case, and this can possibly be 

explained by each individual IDE in the multiple array operating at the optimal baseline 

resistance, but when combined they draw increased current.  This inherently increases 

the measureable sensor current to levels where high signal to noise ratios are 

experienced, thus leading to increased sensor response and decreased sensor noise when 

compared to the single IDE SWCNT chemiresistor configuration. 

 

4.3.3.4 Defect-induced versus untreated SWCNTs 

The effect of the defect-inducing SWCNT pre-treatment was investigated against a 

purification procedure which deliberately reduces the possibility for nanotube defects.  

The defects were induced through an acid reflux, which not only removes metal catalyst 

impurities but also leads to the formation of carboxylic acid and hydroxyl functional 

groups at the SWCNT tip and along the side-walls.[475, 476]  The untreated SWCNTs 

were subject to the same procedure as the acid functionalised SWCNTs; however, the 

acid reflux step was excluded.  The sensor consisting of the untreated SWCNTs was 

exposed to the highest concentration of phosgene under identical test conditions as the 

acid functionalised counterpart.  It was found that the acid functionalised SWCNTs 

sensor response, -42.44%, was nearly double the untreated SWCNTs, -22.13%.  This 

indicates that the acid functionalisation pre-treatment plays an important role by 

inducing defect sites on the SWCNT surface and this supports recently published 

reports in the literature.[104]  Thus the defects site are important in providing low-energy 

adsorption sites on the SWCNT surface, which subsequently can serve as nucleation 

sites for the additional condensation of the analyte vapour.[104] 

 

4.3.3.5 Interference plots 

The fabricated sensors were exposed to a selection of common organic solvents 

including halogenated compounds which were selected to provide adequate structural 

similarities to phosgene to assess the possibilities of false-positives due to interference 

vapours.  For the common organic solvents (acetone, methanol, ethanol, benzene, and 
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toluene) a positive sensor response is observed (Figs.  4.29 and  4.30), with associated 

concentrations listed in Table  4.1.  In relation to possible phosgene interferences it can 

be clearly seen that only three of the compounds trialled, excluding phosgene, exhibit a 

negative sensor response change.  These compounds are chloroform, dichloromethane, 

and benzyl chloride and their response polarity is indicative of an electron withdrawing 

SWCNT interaction and/or covalent interaction.  It is interesting to note that other 

chlorinated compounds, such as chlorobenzene and carbon tetrachloride, induce a small 

positive sensor response, with 1,2-dichlorobenzene having no effect on the sensor 

response.  This is to be expected due to the unreactive nature of aryl halides with their 

delocalised π-bond system strengthening the carbon-halogen bond, and the reduction in 

the polarity of the carbon-halogen bond.  It should also be noted that toluene gives a 

slight positive sensor response.  This merits comment as this is the solution matrix from 

which the phosgene utilised in this study was generated, and has the ability to slightly 

impede the full sensor response caused by phosgene. 

 

 
Figure  4.29  Sensor response of the single IDE sensor geometry to common organic solvents and a 

range of halogenated compounds.  Each analyte was delivered at 10% saturated vapour 

concentration. 
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Figure  4.30  Sensor response of the single IDE sensor geometry to common organic solvents and a 

range of halogenated compounds.  Each analyte was delivered at 10% saturated vapour 

concentration. 

 

Benzyl chloride has a dramatic effect on the sensor response, and the sensors illustrate 

an even greater sensitivity towards this compound than to phosgene (Fig.  4.29).  This is 

possibly due to the high reactivity with the surface functional groups of the SWCNT 

and/or the direct reaction with the surface of SWCNT in general.  As with phosgene the 

observed sensor response for benzyl chloride is irreversible under ambient test 

conditions, suggesting that in both cases covalent chemistry is prevalent which 

correlates with the high reactivity of benzylic halides.  Furthermore, the sensor 

interference demonstrated by benzyl chloride can be utilised to the advantage of these 

sensors, as this is a lachrymator and is classified as a choking gas, which has been 

utilised in chemical warfare. 

 

The possible interference associated with the detection of DMMP and DIMP is more 

clearly represented in Figure  4.30.  From the selected interference analytes studied, it is 

observed that many of the analytes tested produced a positive sensor responses, with the 

same signal polarity as the G-series nerve agent simulants DMMP and DIMP, which 
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means that there is an increased potential for false-positives from common solvents, 

such as acetone, methanol, and ethanol.  It is interesting to note that the sensors have an 

increased sensitivity to the nerve agent chemical simulants, especially DMMP, as the 

sensor response for this simulant at a relatively low concentration (127 ppm) is 

comparable to a high interference concentration (30526 ppm) for acetone.  This 

coincides with experimental data from SWCNT sensors in other studies.[235, 278] 

 

Table  4.1  Calculated concentration values for the analytes included in the interference study. 
 

Compound 

 

Concentration at 

10% of saturated 

vapour (ppm) 

 

Compound 

 

Concentration at 10% 

of saturated vapour 

(ppm) 

 

Acetone 

 

30526.3 

 

1,2-Dichlorobenzene

 

179.0 

 

Methanol 

 

16710.5 

 

Dichloromethane 

 

57236.8 

 

Ethanol 

 

7802.6 

 

Carbon tetrachloride 

 

15131.6 

 

Benzene 

 

12473.7 

 

Benzyl bromide 

 

59.2 

 

Toluene 

 

3736.8 

 

DMMP 

 

126.6 

 

Benzyl alcohol 

 

12.4 

 

DIMP 

 

36.5 

 

Chloroform 

 

25921.1 

 

Benzyl chloride 

 

161.8 

 

Chlorobenzene 

 

1578.9 

 

Phosgene 

 

37368.4 

*Note: HCl (2.4%) in MilliQ water was excluded, this was tested as a possible impurity 

in the phosgene (20%) in toluene solution. 

 

4.3.3.6 Implications in relation to current exposure limit guidelines 

The LOD of these sensors requires lowering, especially as phosgene has an odour 

threshold of 0.4 ppm.[450]  There are varying reported values in the literature for the 

LCt50 of phosgene, and these values range from 500 ppm to 800 ppm.[446, 477, 478]  The 

LOD, 23.3 ppm, and LOQ, 77.7 ppm, observed for the fabricated chemiresistor sensors 
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are well below these levels.  However, current guidelines for workplace exposure limits 

put in place by The Great Britain Health and Safety Executive suggest a long-term 

exposure limit (LTEL) of 0.02 ppm.[479]  Currently, these sensors could be utilised to 

monitor for deliberate phosgene release events, such as terrorist attacks, to warn 

potential victims and to produce a chemical mapping the contaminated area.  These 

would not be suitable for personal monitors or industrial leak detectors at the sensor’s 

current LOD. 

 

In relation to the G-series nerve agents sarin and soman the focus is on a direct terrorist 

threat.  The human exposure guidelines for the airborne concentration sufficient to 

induce severe effects in 50% of those exposed for 30 min, EC50, for sarin and soman is 

107 ppb and 140 ppb respectively.[480]  The fabricated chemiresistor sensors LOD for 

DMMP (266 ppb), and DIMP (152 ppb) is close to the EC50 values.  However, reduction 

in the sensor’s LOD is required before these sensors could be routinely utilised.  It 

should be noted that in relation to these G-series nerve agents these SWCNT 

chemiresistor sensors could be utilised for monitoring the large release of these nerve 

agents in public areas. 

 

The RMSnoise levels calculated for these sensors is relatively high when compared to 

similar published systems.[229]  Despite all possible efforts to lower the noise of these 

sensors, they were still an order of magnitude higher than comparable systems in the 

literature.  This, in combination with the limitations of the current vapour delivery 

system in relation to the minimum analyte concentrations available, is a future focus 

area.  Lowering both the sensor RMSnoise and the minimum deliverable concentration, 

has the potential to further lower the detection limits of these sensors by at least an order 

of magnitude.  A future prospect to lower inherent noise in the system is to investigate 

other carbon nano-materials, more specifically graphene, as this material has been 

shown to lead to decreased noise levels in devices.[481] 

 

4.4 Conclusion 

A SWCNT chemiresistor sensor based on defect-induced nanotubes, debundled through 

ultrasonication and centrifugation processes in DMF has been developed.  The 

versatility of the principal IDE platform has been demonstrated through the 
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dielectrophoretic separation of CNTs, to produce a metallic nanotube-enriched SWCNT 

chemiresistor device.  This device was utilised to illustrate the importance of 

semiconducting SWCNTs in the mechanism of analyte detection.  A comparative study 

was detailed for two different sensor configurations; single IDE and multiple-array.  

Phosgene and G-series nerve agent simulants were utilised to assess the sensing 

characteristic of these sensor geometries.  Interestingly, these data suggest an increased 

sensor response and lower RMSnoise with the multiple-array geometry. 

 

These sensing capabilities represent the first report on a carbon nanotube-based gas and 

vapour sensor that can detect the CWA phosgene.  Sensor response curves and 

calibration curves have been presented with a limit of detection of 23.3 ppm.  In 

addition, two data manipulations were presented for the generation of a calibration 

curve and could be utilised simultaneously to nullify any false-positives or baseline 

aberrations.  In relation to the application in ‘real world’ setting, interference studies 

were undertaken and the sensor detection limits obtained were directly comparable to 

current chemical exposure guidelines. 

 

These fabricated SWCNT chemiresistor sensors have direct implication in the area of 

counter-terrorism, where phosgene is the focus of recent attention, due to its 

uncomplicated synthesis with common-place chemicals, large commercial production 

and ease of release in a terrorist operation.  These results also have implications in 

industrial monitoring of on-site production plants and incorporation into smart-materials 

for first hazard responders.  These devices would also have ‘battle-field’ applications 

for the monitoring of CWA release, in particular phosgene, and could be envisaged to 

be self-powered by the incorporation of a functional solar-powered cell, for remote 

deployment of the sensors, including bushfire monitoring in Australia. 
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5 Progress towards novel carbon nano-materials and 

interesting application areas 

5.1 Introduction 

Carbon-based materials have a wide variety of applications such as catalysis,[482-485] fuel 

cells,[486-488] separations,[489-492] extractions and sensor technology.[223, 235, 493]  Overall, 

carbon is remarkably versatile and offers the possibility of fabricating a diverse range of 

novel products entirely composed of the element.  The discovery of fullerene C60 and 

higher fullerenes, and the later development of CNTs, has added significantly to this 

possibility becoming a reality. 

 

In developing the full potential of carbon it is important to be able to accurately prepare 

new structural carbon frameworks, and to be able to generate new materials with 

different spatial arrangement of arrays of carbon atoms.  One way of achieving this is 

through self-assembly processes (Section  1.5.2).  Fullerenes, as the only form of 

molecular carbon, are in a unique position to be utilised for these processes.  A recent 

example of this is the formation of a one-dimensional C60 array, in solution, templated 

by helical nanotubes.[494] 

 

An area that has attracted significant attention in recent years is the supramolecular 

chemistry of fullerenes involving cavitands, with particular interest being devoted to 

calixarenes and related molecules.  Atwood et al.[354] and Suzuki et al.[366] initially 

developed a convenient and efficient purification method for obtaining C60 from ‘crude’ 

fullerene soot, which is based on the formation of a discrete complex with 

p-tBu-calix[8]arene.  Furthermore, the different effects of lower phenolic oligomers, 

and substituted lower and upper ring functionalisation, has led to unique complex arrays 

of fullerenes that display fullerene···fullerene interplay.[359, 381, 382]  Examples of such 

interplay include the 1:1 complexes between C60 and cyclotriveratrylene (CTV),[495] and 

calix[5]arene,[358] where the C60 molecules are packed into continuous zigzag chains.  

C60···C60 close contacts vary from 9.90 Å to 10.20 Å, with dihedral angles in the chains 

ranging from 118° to 172°, indicating a transitional packing structure between a linear 

chain and double column array.[359]  More recently, these systems have been utilised in 
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engineering crystal virtual porosity,[371, 428] an important area recently highlighted.[496]  

For a more detailed overview of fullerene–calixarene interactions the reader is directed 

to Section  1.7. 

 

The formation and characterisation of a novel fullerene C60-calix[5]arene 

self-assembled complex will be described.  It is observed that ‘crude’ fullerene soot 

similarly produces nano-fibres, albeit with a small percentage of the next highest 

fullerene, C70, incorporated into the structure.  Processes have been developed to allow 

the selective volatilisation of the calixarene component, to fabricate unique all-carbon 

architectures based on the C60 organisation observed in the parent complex.  In addition, 

the properties of these analogues are detailed.  Furthermore, a unique application area is 

explored with promising results in the high-impact area of chemotherapeutics. 

 

In addition, to the described fullerene supramolecular arrangement, other all-carbon 

architectural systems were synthesised and studied.  These include the post-growth 

formation of SWCNT ropes which self-organise into helical rings, with no visible seam, 

and the formation of novel, square-geometry carbon nano-fibres (CNFs).  Investigations 

into these fabricated all-carbon materials will be subsequently detailed. 

 

5.2 Experimental 

5.2.1 Materials 

5.2.1.1 C60 nano-fibres and high temperature annealed analogues 

Fullerene C60 (99%, BuckyUSA, TX, USA) and Fullerite (assayed fullerene 

content = 11.7%, batch # 3023, MER Corporation, AZ, USA) powders were obtained 

and utilised without further purification.  The p-tBu-calix[5]arene (5) utilised in this 

study was synthesised using a modified literature preparation.[305]  High temperature 

argon annealed analogues were prepared from the parent complex, by processes 

described in Section  5.2.2.  The nano-C60 preparation is detailed in the literature.[497]  

Human cervical epithelioid carcinoma cells (HeLa) and doxorubicin (Dox)-resistant 

human breast carcinoma cells (MCF-7) were obtained from American Type Culture 

Collection.  Green fluorescent protein (GFP) (Santa Cruz Biotechnology, CA, USA), 



  Chapter 5 
 

  165 

protein 1 light chain 3 (LC-3) (Novus, CO, USA), Lipofectamine 2000 (Invitrogen, CA, 

USA), Dox (Sigma-Aldrich), and antibiotic G418 (Promega, WI, USA) were obtained.  

All other cell culture reagents or assays were obtained from Gibco (CA, USA) and used 

without further purification, unless noted. 

 

5.2.1.2 Rings of helical SWCNT bundles 

Rings of helical SWCNT bundles were observed in post-processed samples from a 

commercial SWCNT source (Cheap Tubes, Inc., VT, USA).  Fullerene C60 (99%, 

BuckyUSA) powder was utilised without further purification.  Nitric acid (HNO3) 

(70%) (analytical reagent) was obtained from Sigma-Aldrich, and purified using a 

quartz sub-boiling acid distillation apparatus. 

 

5.2.1.3 Square-geometry carbon nano-fibres 

Square-geometry carbon nano-fibres were observed in materials produced using C-CVD 

processes.  Acetylene feedstock and UHP-He were obtained from BOC Gases.  Metal 

catalyst particles were introduced to using nickel (II) sulfate hexahydrate (NiSO4·6H2O) 

(Sigma-Aldrich) from which stock solutions were made (1 M).  All other reagents were 

of analytical grade and were obtained from Sigma-Aldrich and used without further 

purification.  All carbon-material synthesis was undertaken in the laboratories of Dr. 

Gerard Poinern (Curtin University of Technology, WA, Australia). 

 

5.2.2 Methods 

5.2.2.1 C60 nano-fibres and high temperature annealed analogues 

Synthesis of (C60)∩(p-tBu-calix[5]arene) complex (6):  On dissolution of C60 

(40.7 mg, 5.65 x 10-2 mmol) in toluene (40 mL), 13 molar equivalent of 5 (596.3 mg, 

0.7351 mmol) is added.  Gravity filtration, followed by a wash with hexane (3 x 2 mL), 

produces a light brown/golden solid (48.7 mg, 3.18 x 10-2 mmol), which was dried in 

vacuo (56% yield, elemental analysis (%) calculated: C 90.17, H 5.22; found: C 90.14, 

H 5.28).  The complex formed using fullerene soot was derived using this synthesis 

methodology, with the exception of the fullerene soot/toluene solution being filtered 
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prior to use.  The dethreading of the complex was achieved by dispersion in 

dichloromethane. 

 

Synthesis of high temperature argon annealed analogues:  The parent complex, 6, 

was heat-treated in an argon atmosphere, with products collected from isothermal hold 

experiments at 50 °C intervals, between a 400 °C to 800 °C range.  These analogues 

were characterised without further purification. 

 

Characterisation methodologies:  UV-visible spectrophotometry was performed with 

a Cary 50 Tablet spectrophotometer (Varian).  The spectral range covered was 800 nm 

to 200 nm, with a scan rate of 600 nm min-1.  A C60 stock solution (9.85 x 10-2 mmol) of 

C60 in toluene was prepared.  Solutions of 1.1, 2.1, 2.8, 5.3 and 11.2 molar equivalents 

of 5 were added to aliquots (10 mL) of the C60 stock solution.  Toluene solutions of 6 

(1 mg mL-1), and the fullerite complex (1 mg mL-1) were individually produced.  All 

solutions were analysed in quartz cuvettes with a 10 mm path length at 25 °C.  

Fourier-transform infrared (FT-IR) spectroscopy was performed with a Spectrum One 

FT-IR spectrometer (PerkinElmer, MA, USA).  The spectral range covered was 450 cm-

1 to 4000 cm-1, with a 1.00 cm-1 resolution; samples were mixed with potassium 

bromide (KBr) and pressed into discs. 

 

TEM was performed using a 3000F TEM (JEOL, Tokyo, Japan) operating at 200 keV; 

sample preparation involved forming a liquid suspension of the complex in hexane, 

from which a drop of the solution was placed onto a holey carbon film supported by 

copper grids and air-dried.  SEM was performed using a 1555 VP field emission 

scanning electron microscope (Zeiss) operating between 2 keV to 5 keV using the 

in-lens detector.  Sample preparation involved the dispersion of material directly onto 

carbon tape secured on a standard aluminium stub. 

 

Cross-polarisation magic angle spinning (CP-MAS) solid-state C13 NMR spectra were 

measured on a ARX 300MHz NMR spectrometer (Bruker, MA, USA) at a frequency of 

75.468 MHz, a spin rate of 4 kHz, contact time of two milliseconds and relaxation delay 

of two seconds.  Spectra were recorded with the magic angle spinning in an on- and 
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off-state.  Powder XRD (PXRD) patterns were acquired using a D500 Diffractometer 

(Siemens, Munich, Germany) utilising CuKα radiation (λ = 0.154 nm); sample 

preparation involved placing the material (~50 mg) on a XRD sample holder, levelled 

with a glass microscope slide.  Sample orientation effects were assessed through 

diffraction patterns obtained at different sample holder rotation angles. 

 

Thermogravimetric analysis (TGA) was performed using a SDT 2960 simultaneous 

DSC-TGA (TA Instruments, DE, USA) in either air or argon (100 mL min-1) with a 

temperature program of 3 °C min-1 for varied temperature ranges.  For isothermal hold 

experiments a temperature program of 20 °C min-1 under argon (100 mL min-1), with a 

20 min hold period at the programmed final temperature.  Brunauer, Emmett and Teller 

(BET) surface area measurements were acquired on a Tristar 3000 (Micromeritics, GA, 

USA), by the adsorption of N2 at 77 K; the sample was loaded in a quartz tube 

evacuated to 0.1 millibar and cooled with liquid nitrogen to 77 K.  Nitrogen gas was 

incrementally released into the quartz tube for absorption measurements at different 

vapour pressures.  I-V parameters and electrical resistance measurements were carried 

out on the samples using a micromanipulator coupled with a precision semiconductor 

parameter analyser (4156A, Agilent Technologies).  Dispersive Raman spectroscopy 

was performed using a 1B micro-Raman spectrometer (Dilor Labram, France).  The 

spectral range covered was 127.38 cm-1 to 3063.17 cm-1 using a grating of 

600 lines mm-1; samples were mounted and analysed on glass microscope slides. 

 

Molecular modelling:  The production of possible C60 structural arrangement within 

the parent complex was achieved through molecular modelling (Accelrys Software, Inc. 

CA, USA).  Based on existing structural information a variety of C60 packing 

arrangements were trialled.  Structural refinement was achieved through energy 

minimisation calculations, and a combination of fullerene···fullerene centroid distances 

and dihedral angle measurements.  The structures probed included, but were not limited 

to, entire fullerene encapsulation, single, double, triple, quadruple columnar arrays, and 

single and multi-strand helical arrays.  In combination with inferred physical constraints 

from characterisation techniques a suitable model was established. 

 



  Chapter 5 
 

  168 

Chemotherapeutic assessment:  HeLa cells were plated in 35 mm glass-bottomed 

dishes and grown continuously as a monolayer in Dulbecco’s Modified Eagle’s Medium 

(DMEM) supplemented with 10% fetal calf serum (FCS) and were incubated in a 

humidified atmosphere of 95% air and 5% CO2 at 37 °C for 24 h.  Cells were 

transfected with green fluorescent protein with protein 1 light chain 3 (GFP-LC3) (1 µg) 

using Lipofectamine 2000, according to the manufacturer’s protocol and were incubated 

for another 24 h for the expression of GFP-LC3 fusion protein.  After 24 h these 

transfected cells were transferred to a new plate and underwent selection in DMEM 

medium containing G418 (0.6 mg mL-1, Promega, WI, USA), with change of medium 

every three days.  Cell colonies exhibiting strong green fluorescence were selected 

through fluorescent microscope examination 10 days post-transfection and were 

expanded.  These cell cultures were treated individually with aqueous solutions of 6 

(2.5 µg mL-1) or nano-C60 (0.5 µg mL-1) and were incubated for a further 24 h.  After 

incubation at 37 °C for 24 h, the medium was removed and the cells were washed three 

times with phosphate buffered saline (PBS).  The localisation of LC3 in transfected cells 

was examined by fluorescence microscopy at λem = 530 nm (λex = 485 nm) (Olympus 

IX71, Tokyo, Japan). 

 

The Dox-resistant MCF-7 cell line was derived from the drug sensitive MCF-7 cells by 

stepwise selection with Dox, with an initial selection in Dox (0.01 µM) for two months, 

followed by selection in Dox (0.1 µM) for two months, and finally in Dox (1 µM) for 

three months.  The established cell line was verified for drug resistance by MTT and 

apoptotic assays, and was maintained in DMEM medium containing Dox (1 µg ml-1) 

and incubated in a humidified atmosphere of 95% air and 5% CO2 at 37 °C.  These cell 

cultures were either left untreated (control) or treated individually with aqueous 

solutions of Dox (10 µg mL-1), or straight 6 (0.5 µg mL-1), or straight nano-C60 

(0.5 µg mL-1), or 6 (0.5 µg mL-1) in combination with Dox (10 µg mL-1), or nano-C60 

(0.5 µg mL-1) in combination with Dox (10 µg mL-1), and were incubated for a further 

24 h.  Nuclei were detected by fluorescence microscopy using an apoptosis assay; 

Hoechst/PI assay.  Cells were stained with Hoechst 33342 (10 mM) and PI (10 mM) for 

10 min and then examined under fluorescence microscopy.  Cell death was quantified 

by counting 500 cells and the results were expressed by the ratio of PI positive cells to 

total cells (Hoechst positive cells).  All cellular studies were undertaken by Professor 
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Long-Ping Wen (University of Science and Technology of China, Anhui Province, 

China). 

 

5.2.2.2 Rings of helical SWCNT bundles 

Synthesis of rings of helical SWCNT bundles:  The commercial SWCNTs were 

purified using a modified literature procedure.[464]  SWCNTs (0.0987 g) were refluxed 

at 130 °C with re-distilled 70% HNO3 (25 mL) for 8 h.  The resulting solution was 

cooled to room temperature and rendered neutral through centrifugal decanting with 

MilliQ water (>18 MΩ cm-1), followed by freeze-drying to afford a product in 44% 

yield.  This product was heated in humidified air at 420 °C, to further promote SWCNT 

tip-opening.  Following this the resulting product (5 mg) and C60 powder (5 mg) were 

sealed in an evacuated quartz tube (4 x 10-6 Torr).  The quartz tube was annealed at 

400 °C for 48 h.  Note the addition of C60 and subsequent annealing was to produce 

‘peapod’ structures, however, this process did not occur and TEM analysis revealed ring 

of helical SWCNT bundles were present in the sample. 

 

Characterisation methodology:  TEM was performed using a 2100 TEM (JEOL, 

Tokyo, Japan) operating at 120 keV, with carbon and thickness maps produces through 

energy-filtering processes; sample preparation involved the dispersion of the vacuum 

annealed material into distilled ethanol, dried over molecular sieves, from which a drop 

of the solution was placed onto a holey carbon film supported by copper grids and air 

dried.  Ultrasonication was not utilised as a dispersion process. 

 

5.2.2.3 Square-geometry carbon nano-fibres 

Synthesis of vapour-grown carbon fibres (VGCFs):  The methodology utilised for 

VGCFs is consistent with that described in Section  4.2.2. 

 

Characterisation methodology:  SEM was performed using a 1555 VP field emission 

scanning electron microscope (Zeiss, Carl-Zeiss, Inc.) operating between 2 keV to 

5 keV using the in-lens detector.  Sample preparation involved the dispersion of the 

as-grown material directly onto carbon tape on a standard aluminium stub. 
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5.3 Results and discussion 

5.3.1 Nano-fibres of fullerene C60 

5.3.1.1 Supramolecular complex formation and characterisation 

The synthesis of the 6 complex requires a large excess of calixarene, and is formed in 

56% yield based on C60.  After two hours the typical magenta colour of the C60 solution 

turns dark brown, indicating complex formation.  At this point optical microscopy 

reveals a suspension of light brown needle-like, fibrous material (Fig.  5.1a).  To ensure 

a uniform product, continuous stirring is essential.  The mother liquor can be recycled 

with the addition of an equivalent of C60 and 5, thereafter affording a quantitative yield 

of the complex.  A variety of different synthetic and crystallisation conditions were 

investigated, such as different host-guest molar ratios, host-guest reaction periods, rates 

of solvent evaporation, solventless reactions and the use of ultrasonication.  Indeed, 

grinding an equimolar mixture of C60 and 5 followed by sonication in hexane produced 

the same fibrous product, albeit in low purity with un-reacted starting material present. 

 

   
Figure  5.1  Optical micrograph a), and TEM image b) of the 6 complex, the latter revealing the 

linear striations of fullerene C60 within bundles of nano-fibres. 

 

TEM analysis revealed ordered linear striations throughout the entire structure of the 

C60 nano-fibres, these striations correlate to columnar arrays of fullerenes (Fig.  5.1b).  

Bundles of these nano-fibres readily form from the crystallisation process.  It is possible 

that there is a packing arrangement of the calixarenes that is providing sufficient C60 

column separation, leading to the visual effect observed.  Bowl-shaped calix[5]arenes 
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have been shown to be effective in controlling the assembly of fullerenes (Section 

 1.7.2), with dimensionality and curvature complementarity for endo-cavity binding of 

C60.
[377]  Drawing conclusions from the observed TEM results, and from compositional 

microanalysis (Section  5.2.1), it is suggested that 5 forms a complex with C60 from 

toluene, as nano-fibres based on the 1:1 supermolecule 6, as illustrated in Figure  5.2. 

 

 
Figure  5.2  A schematic representation of the formation of the 1:1 supermolecule, 6. 

 

UV-visible spectrophotometry studies were undertaken to assess the solution interaction 

between 5 and C60 in toluene (Fig.  5.3).  With increasing concentrations of the 

calixarene, there is a significant spectroscopic change observed at 438 nm, indicating 

complex formation.  This supports studies previously undertaken by Shinkai et al., 

which suggest that a primary prerequisite for C60 inclusion is the ability for 

intramolecular hydrogen-bonding of lower rim hydroxyl functionalities, to lock the 

calixarene in a cone conformation.[498]  It should also be noted that sufficient 

intermolecular contact between the aromatic rings of the calixarene and the C60 

molecule is essential for C60 inclusion, resulting in the necessary charge-transfer π···π 

interaction. 
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Figure  5.3  UV-visible spectra for a C60 (9.85 x 10-2 mmol) stock solution with increasing 

concentrations of 5, spectra recorded in toluene at 25 °C. 
 

Using a mixture of fullerenes (fullerite) in place of C60 also afforded a nano-fibre 

complex, with some C70 incorporated (Fig.  5.5), whereas reacting pure C70 with 5 did 

not form a solid complex.  The structure of the complex derived from fullerite is 

presumably the same as the structure for the complex formed using pure C60 (Fig.  5.9), 

with the upper limit of C70 inclusion governed by the geometrical mismatch associated 

with incorporating a non-spheroidal fullerene into the continuous array.  The 6 complex 

undergoes rapid decomposition in dichloromethane, with the precipitation of pure C60 

(Fig.  5.4).  The analogous (C60)∩(p-tBu-calix[8]arene) complex similarly degrades in 

this chlorinated solvent.[354]  It should also be noted that PXRD analysis of the material 

formed on decomposition indicates a hcp crystal structure (Fig. A.2), which involves a 

dethreading process and has been recently been reported with the analogous 

p-benzylcalix[6]arene system.[371] 
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Figure  5.4  IR spectrum of the product of the decomplexation of 6 in dichloromethane, additional 

absorbance peaks are attributed to residual dichloromethane.[354] 

 

Comparative optical absorbance studies were conducted for both the complex derived 

from pure C60 and from the crude fullerene soot filtrate, against a C60 standard solution 

(Fig.  5.5).  The complex derived from the fullerene soot has the characteristic 

absorption bands of C60, demonstrating that only a small percentage of C70 is integrated 

within the complex, with an absorbance peak seen at 475 nm which is a typical 

absorbance peak observed in the C70 UV-visible absorbance spectrum.[499]  It should be 

noted that C70 absorbs strongly in this wavelength range, and as a result a much lower 

concentration of C70 will produce peak heights comparable to that of a solution 

containing a much higher concentration of C60. 

 

 



  Chapter 5 
 

  174 

 
Figure  5.5  UV-visible spectra for i) a C60 standard, ii) nano-fibre complex from pure C60, and iii) 

nano-fibre complex from fullerene soot filtrate, all spectra recorded in toluene at 25 °C. 
 

Solid-state NMR spectroscopy of the complex clearly shows freely rotating C60 at 

ambient temperature, and also rotation of the tertiary butyl groups (Fig.  5.6).[500]  This 

provides supporting evidence of the presence of both C60 and 5 in the solid-state 

structure. 

 
Figure  5.6  CP-MAS solid state 13C NMR spectra for the 6 complex, with (blue) and without (red) 

magic angle spinning. 
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Calix[5]arenes have complementarity of curvature with C60 and form endo-cavity 

complexes, either as a “ball-and-socket” nanostructure, or with two calixarenes 

shrouding a single fullerene molecule “ball-and-dual socket”.[358, 362]  This, coupled with 

the ratio of 1:1 for the two components in the present complex, is consistent with the 

supermolecule unit as a “ball-and-socket” nano-structure (Fig.  5.2).  The 

supermolecules then propagate to form one-dimensional arrays, attributed to columnar 

arrays of C60, noting that such an array is encountered in the unmodified calix[5]arene 

system.[358]  Bundles of these arrays agglomerate to form the macroscopic fibrous 

product.  In comparison to the unmodified calix[5]arene system, the present system has 

additional geometrical packing constraints, due to the bulky tertiary butyl groups on the 

upper rim of the calixarene, but nevertheless fullerene···fullerene interactions are still 

possible. 

 

PXRD was utilised in an attempt to gain insight into the possible solid-state structure of 

the 6 complex.  The PXRD pattern is dominated by the 2θ reflection at 3.93° (Fig.  5.7), 

which is attributed to the inherent distance between individual C60 columns, at a 

distance of 2.25 nm.  The fibrous nature of the sample gives rise to preferred diffraction 

pattern orientation effects, observed in diffraction patterns when acquired at different 

sample orientations.  The next highest intensity peak is at a 2θ value of 6.89° with a 

d-spacing of 1.28 nm.  Overall, the diffraction pattern and orientation effects correlate 

well to the proposed structure (Fig.  5.8).  Through acquisitions at different sample 

holder orientations, an increase in peak intensity at a 2θ value of 6.89° was observed.  

This corresponds to the three planar C60 molecules (A, B, and C) being parallel with the 

X-ray beam (Fig.  5.8).  The additional reflections in the diffraction pattern correlate to 

other intra-column fullerene planes, with increasing angle reflections from 

intra-fullerene domains. 
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Figure  5.7  PXRD pattern of the 6 complex. 

 

Owing to the nature of the sample, single-crystal diffraction data could not be obtained, 

however, the PXRD results were incorporated into a model developed using Accelrys 

software.[15]  For illustrative clarity, all the 5 molecules shrouding the fullerenes have 

been omitted in Figures  5.8a-c.  The model consistent with the data has a single column 

of C60 comprised of three C60 molecules in-plane (A, B, and C) with a dihedral angle of 

80.7° (Fig.  5.8b) and centroid···centroid distances of 0.99 nm (A and B) and 1.28 nm (A 

and C).  This is the repeating unit and is successfully rotated 90° with four turns 

corresponding to a complete rotation for a helical array.  Attwood et al.[358] report a 

similar model based on single-crystal diffraction data with the unsubstituted 

calix[5]arene, which forms a linear zigzag array.  However, this model does not fit the 

data obtained from PXRD in relation to the 6 complex.  The arrangement of calixarenes 

in a single helical array is illustrated in Figure  5.9.  This array propagates along its 

principal axis to form the strands of fullerene nano-fibres seen in Figure  5.1b.  These 

fullerene nano-fibres continue to extend between calixarene backbone layers to form an 

extended packing structure (Fig.  5.11a). 
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Figure  5.8  a) Proposed helical array of C60 columns; labels denote a tri-angular set intra-plane 

fullerenes, b) a line structure representation of a) with A - C fullerenes centroid···centroid dihedral 

angle illustrated, and c) C60 column rotated 45° about the horizontal x-axis in a). 
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Figure  5.9  Proposed calixarene packing arrangement around a C60 column, a) with the same 

orientation as Figure  5.8a, and b) with the same orientation as Figure  5.8c; based on Accelrys 

software.[15] 

 

5.3.1.2 Thermogravimetric analysis and the development and 

characterisation of high-temperature analogues 

TGA studies were carried out under air and argon atmospheres (Fig.  5.10).  Under an 

atmosphere of air there is an initial 3% weight decrease from 23 °C to 213 °C, which is 

attributed to solvent surface desorption.  This is interestingly followed by a gradual 5% 

weight increase from 213 °C to a maximum at 309 °C, which is attributed to partial 

oxidation of C60
[501] followed by a gradual weight reduction at a rate of 

0.6 weight % °C-1, until final product decomposition at 503 °C.  Under an argon 

atmosphere there is an initial 2% weight loss up to 213 °C, followed by a 34% weight 

decrease from 309 °C to 517 °C, then a slow declining plateau region from 517 °C to 

705 °C corresponding to an 8% weight loss.  The total weight loss prior to C60 

degradation corresponds to loss of the calixarene for the 1:1 complex.  Further weight 

loss is associated with degradation of C60 (Fig.  5.10) with a change in the rate of 

vaporisation above 800 °C, as reported previously by Malhotra et al.[502]  In that 

particular study there was a thermally activated transformation of the fullerenes, in 
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which larger covalently bonded fullerene arrays were formed.[502]  In the present study 

only 5% of the original sample weight is retained at temperatures up to 1200 °C under 

an argon atmosphere. 

 

 
Figure  5.10  TGA of the nano-fibres of 6, under both air and argon atmospheres. 

 

Decomposition under argon was further investigated through a series of isothermal hold 

experiments, ranging from 400 °C to 800 °C, in 50 °C intervals.  The post-heat treated 

sample morphology was evaluated using SEM, as highlighted in Figures  5.11a-d.  The 

resulting materials appear to have crystalline and amorphous domains, with PXRD 

results confirming crystallinity in the samples.  At temperatures below 600 °C the 

principal topographical structure was retained for bundles of the nano-fibres.  The 

samples derived at 400 °C were constantly plagued by charging effects, as was the case 

for the as-synthesised complex (Figs.  5.11b and  5.11a, respectively).  At annealing 

temperatures inclusive of 650 °C to 700 °C, samples no longer suffered from charging 

(Fig.  5.11c).  This relates to loss of the calixarenes, and also indicates that the sample is 

now conductive.  Above 700 °C structural degradation of the bundles of the fullerene 

nano-fibres occurs, resulting in increased surface defects, notably with pitted or 
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‘skeleton’ array structures (Fig.  5.11d).  The conductivity is associated with formation 

of graphitic material (Fig.  5.14).  The degradation at high temperature aside, the 

selective removal of large cavitand molecules at high temperatures is without precedent 

in relation to fullerene architecture and engineering virtual porosity. 

 

TGA data from the isothermal hold experiments indicate that temperatures of 650 °C 

and 700 °C, correlate to a 36% and 37% weight loss, respectively.  For temperatures of 

750 °C and 800 °C there is a 54% and 56% sample weight loss, respectively.  Coupling 

of the SEM and TGA results suggest that heating under argon at increasing 

temperatures correlates to the 5 backbone being selectively volatilised from the sample 

leaving bundles of C60 nano-arrays, albeit with some graphitic material on the surface of 

the fibres.  The formation of an all-C60 core structure was also confirmed by IR 

spectroscopy, with typical C60 absorbance peaks observed at 526 cm-1, 575 cm-1, 

1181 cm-1, and 1428 cm-1 (Fig. A.3).  In addition, PXRD of a 700 °C treated sample 

revealed a face centered cubic (fcc) crystal packing structure, which is the structure of 

pristine C60 (Fig. A.4).[359] 

 

 

 
Figure  5.11  a) SEM image of as-synthesised bundles of the nano-fibres, and SEM images of 

bundles of the nano-fibres treated under argon at b) 400 °C, c) 700 °C, and d) 800 °C; all scale bars 

represent 10 μm. 
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BET surface area measurements were undertaken for the as-synthesised and isothermal 

hold products (Fig.  5.12).  Interestingly, there is a 45-fold increase in surface area 

demonstrated for the product obtained at 800 °C, in relation to the as-synthesised 

product.  The surface area correlates with trends derived from the TGA data (Fig.  5.10).  

This indicates a steep increase in surface area until a plateau is reached between 600 °C 

to 700 °C, followed by another steep increase.  The surface area increase is due to the 

selective volatilisation of the calixarene backbone and formation of graphitic material, 

providing increasing sites for gas absorption.  This details a sufficient methodology for 

the selective virtual porosity increase of a solid-state fullerene complex.  It is interesting 

to note that PXRD and IR data indicate a C60 fcc crystal structure, despite the large 

surface area established by BET. 

 

 
Figure  5.12  BET surface area correlated to percent weight loss for as-synthesised and high 

temperature analogues annealed under argon, with associated annealing temperatures specified. 

 

A study into the macroscopic electrical properties of the high temperature argon 

annealed analogues was undertaken.  The objective of this study was to confirm if the 

high temperature argon annealing of the parent complex resulted in conductive material, 
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which was inferred from the higher temperature analogue SEM samples not being 

susceptible to charging during imaging.  The results for each sample were compared to 

that obtained for single crystals of pristine C60, which at room temperature is known to 

be a highly insulating n-type material.[503]  I-V curves and resistance values were 

obtained, with results detailed for the 800 °C analogue (Fig.  5.13).  As expected a 

non-ohmic conductance response was obtained for a single-crystal of C60 at room 

temperature, which is to be expected for an insulating material.  Similar results were 

obtained for all the argon annealed analogues until the annealing temperature of 

≥650 °C was reached, in which the materials demonstrated an ohmic conductance 

response.  This is clearly observed for the 800 °C analogue, where a linear I-V curve, 

and a relatively stable resistance value are produced from the voltage sweep (Fig.  5.13).  

The bulk material resistance values obtained for the 800 °C analogues were ~1.2 kΩ.  

These results reinforce the assumption that material formed under an argon atmosphere, 

at annealing temperatures ≥650 °C, form a conductive material, with the conductivity 

being attributed to the formation of graphitic material, as discussed below. 

 

 
Figure  5.13  I-V curve and resistance curve for the 800 °C argon annealed analogue. 
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Further experiments were undertaken to assess the high temperature analogues, to 

indicate a probable cause of the change in electrical behaviour at specific temperatures.  

Dispersive Raman spectroscopy was undertaken for the range of high temperature 

analogues, and the as-synthesised product.  The Raman spectrum of the as-synthesised 

product was similar to that of pure C60.  In contrast, the high temperature annealed 

material gave additional Raman peaks (Fig.  5.14), notably around 1580 cm-1 and 

1330 cm-1.  These peaks correspond to the G- and D-bands, respectively, and are in 

agreement with the literature values.[504]  The G-band relates to the graphitic E2g 

symmetry mode and reflects the structural integrity of the sp2-hybridised carbon atoms 

of the graphitic material.  While, the D-band, provides information regarding 

amorphous impurities and disordered carbon. 

 

 
Figure  5.14  Raman spectra of the high temperature analogues and as-synthesised product. 

 

It is apparent that graphitic material is being formed during the annealing process.  

However, it is interesting to note that only the high temperature annealed products 

(≥650 °C) demonstrated conductive behaviour, indicated by the electrical resistance 
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measurements.  Through the analysis of the ID/IG ratio, it is evident that at ID/IG ratios 

>1 the material becomes conductive.  This could either be due to the formation of more 

disordered carbon atoms at the higher temperatures, or simply an increased 

carbon-based coating is being formed, fully encapsulating the fibres.  In this context it 

should be noted that the conducting material results in little dissolution of fullerene C60 

in the presence of toluene.  It is suggested that at the higher temperatures (≥650 °C) a 

graphitic material (not graphite itself), such as activated charcoal, is encapsulating the 

remaining bundles of C60 nano-fibres and forms a conductive sheath around a central 

core.  The remaining presence of a C60 core is inferred from typical IR absorbance peaks 

attributed to C60 (Fig. A.3).  It is noteworthy that these high temperature analogues were 

anticipated to be trialled for their gas and vapour sensing capacities, however, upon 

drop-casting onto pre-fabricated IDEs, subsequent electrical characterisation revealed 

the materials were not suitable, and this investigation was discontinued. 

 

5.3.1.3 Chemotherapeutic assessment 

Autophagy is an evolutionary-conserved intracellular degradation process that delivers 

cytoplasmic constituents to the lysosome, and plays an important role in a variety of 

physiological and pathological conditions.[505, 506]  Autophagy is also considered to be an 

important cell death mechanism.  Depending on the circumstances, autophagy has been 

shown to have drastically different effects on the response of tumour cells to anti-cancer 

therapy.[507, 508]  Previous studies have turned to harnessing the unique physicochemical 

properties of certain nano-materials, such as quantum dots, to serve as a new class of 

autophagy regulators.[509, 510]  Recently, nano-C60, the water-suspended nano-sized 

crystal of fullerene C60,
[497] has shown interesting biological activity for both the 

induction of autophagy, and the sensitisation of cancer cell lines in laboratory 

studies.[464]  With the unique fullerene C60 structural arrangement observed in the novel 

supramolecular 6 complex, laboratory-based chemotherapeutic trials were undertaken 

and results compared to nano-C60. 

 

HeLa cells, are a cervical cancer cell line, commonly utilised for the effectiveness of 

possible chemotherapeutic agents.  The HeLa cells were transfected with GFP-LC3 and 

samples were left untreated (Fig.  5.15), treated with the 6 complex (Fig.  5.16a), or 

treated with nano-C60 (Fig.  5.16b).  It can be clearly seen that in the cell sample treated 
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with the 6 complex there is LC3 puncta formation, which is the causation of the 

appearance of clusters of high fluorescence intensity, as illustrated in Figure  5.16b.  

LC3 puncta formation provides a valuable method for the detection of autophagosome 

formation within the cell, and is indicative of autophagy-induced cell processes.[511]  It 

can be concluded that treatment with the 6 complex resulted in autophagy activation in 

the HeLa cell line.  This implies that the novel supramolecular complex has the capacity 

to be utilised as a chemotherapeutic agent for this particular cancer cell line. 

 

 
Figure  5.15  Fluorescence microscopy image of an untreated control sample of HeLa cells 

transfected with LC3-fused to GFP. 
 

   
Figure  5.16  Fluorescence microscopy image of HeLa cells transfected with LC3-fused to GFP that 

have been a) treated with the 6 complex at a concentration of 2.5 µg mL-1, and b) treated with 
nano-C60 at a concentration of 0.5 µg mL-1.  Note that samples were treated for 24 h before being 

subjected to fluorescence microscopy. 
 

The formation of LC3 puncta in the fluorescence microscopy image of the HeLa cells 

treated with nano-C60 implies that this structure also induces autophagy (Fig.  5.16b).  It 

was observed that nano-C60 has a higher efficiency of autophagy induction in these 

cells, and requires concentrations in solution five times lower that of the 6 complex to 

produce similar results.  This could be an effect from the different C60 spatial 
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organisation within the structure, or possibly an artifact of the material’s solubilisation 

efficiency. 

 

 
Figure  5.17  Percentage of cell death in drug-resistant MCF-7 breast cancer cells, illustrating a 

comparative study between different incubation methodologies. 
 

Another avenue was explored for the assessment of the 6 complex as an effective 

chemotherapeutic agent, and as previously detailed nano-C60 was trialled for a direct 

comparison.  The complex was trialled to see the effects on drug-resistant MCF-7 breast 

cancer cells.  These cells are resistance to a common chemotherapy drug Dox, with 

minimal to no tumour cell death observed upon treatment with this drug (Fig.  5.17).  

Separate samples of MCF-7 cells were treated and incubated individually with the 6 

complex or nano-C60, and cell death was assessed by Hoechst 33342/PI staining and 

results expressed as the percentage of PI-stained cells (Fig.  5.17).  Analysis of these 

results indicate that the cell death expressed for the 6 complex and nano-C60 treatments 

were 5.22 ± 0.87% and 9.56 ± 1.74%, respectively.  These data indicate that there are 

slightly elevated levels of cell death in the MCF-7 cells treated with the 6 complex, 

when compared to the control (1.74 ± 0.43%), and roughly double the cell death in the 
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nano-C60 treated cells in comparison to the 6 complex.  Consequently, the use of either 

C60-based materials results in insufficient cell death for these to be considered effective 

chemotherapeutic agents.  However, another series of cell cultures of MCF-7 cells were 

treated with low-doses of the C60 nano-materials (0.5 µg mL-1), and also the 

chemotherapeutic agent Dox (10 µg mL-1).  Interestingly, a significant increase in cell 

death was observed in both nano-material systems, with a value of 53.91 ± 10.44% for 

the 6 complex, and a value of 53.04 ± 2.18% for nano-C60.  This indicates that both of 

the C60 nano-materials sensitise the tumour cells to the drug Dox, a mechanism which 

led to significant cancer cell death. 

 

These results not only indicate the successful application of the novel 6 complex to 

induce autophagy in a cervical cancer cell line, it also shows its ability to sensitise 

drug-resistant breast cancer cells, leading to cell death induction processes.  It should be 

noted that these experiments should be viewed as preliminary trials.  Currently, 

additional cancer cell line testing is being undertaken utilising the parent complex, and 

the high-temperature argon annealed analogues. 

 

5.3.2 Helical rings of SWCNT bundles 

As previously detailed there has been significant interest in CNTs, in particular 

SWCNTs, due to their extraordinary electrical and mechanical properties (Section  1.3).  

SWCNTs represent the ideal one-dimensional all-carbon structure which could pave the 

way for a revolution in the nano-electronics industry, and it is essential that efforts are 

directed towards creating unique architecture, or structural arrangements of SWCNTs 

that could reveal new physical properties.  This current section details the investigation 

of helical rings of SWCNT bundles, which have been developed through a novel 

vacuum annealing methodology. 

 

Over the past decade there has been a number of methods reported for the preparation of 

CNTs with annular geometries, with Smalley and coworkers reporting “fullerene 

crop-circles” and individual SWCNT toroids produced from a laser-grown method, 

albeit in 0.01% to 1% yields.[512]  Song et al. have reported the high-yielding formation 

of rings of SWCNT bundles, around 100 nm in diameter, through a floating C-CVD 
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process.[513]  Post-growth processing methods have been developed to produce SWCNT 

rings, including but not limited to, solvent evaporation effects,[514] ultrasonication,[515] 

and light chemical etching.[516]  The formation of rings from other CNT types such as 

MWCNTs, and double-walled CNTs (DWCNTs) have been reported.[517, 518]  To the 

author’s knowledge there are no synthesis methodologies that utilise vacuum annealing 

processes to form helical rings of SWCNT bundles. 

 

5.3.2.1 Transmission electron microscopy 

From the TEM analysis of the chemical etched and vacuum annealed SWCNT samples, 

circular features were evident (Fig.  5.18) with defined wall spacings observed, albeit in 

low yield.  The observed structures had a high level of symmetry and had an OD of ca. 

250 nm, with a typical width ranging from 20 nm to 40 nm.  Investigation of the 

structure illustrated in Figure  5.18, at an increased magnification (Fig.  5.19) revealed 

defined wall structure with ca. 1 nm spacings.  The spacing dimensions correlate with 

the wall spacing of bundles of SWCNTs observed elsewhere in the sample, and these 

data support the assumption that rings of SWCNT bundles have been formed. 

 

 
Figure  5.18  TEM image of a ring formed from a helical SWCNT bundle, with no seam observable. 
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Figure  5.19  TEM image of the helical ring structure indicating the inherent wall structure (centre), 

and also periodicity of the wall projections. 
 

An interesting feature observed in the SWCNT bundle ring structures in the literature is 

that typically the wall projection observed will span the entire circumference of the ring.  

This is not the case with the structures produced, where the only well defined wall 

structure is highlighted in Figure  5.19.  This defined wall structure is periodically 

distributed around the circumference of the ring at approximately regular intervals.  

This wall projection phenomenon has been previously observed in ‘twisted’ SWCNT 

ropes and is attributed to projection effects in the direction of the incident electron 

beam, with different twisting rates leading to different spaced, defined wall 

periodicity.[519]  The presence of these effects reveals the helical nature of the rings of 

SWCNT bundles that are produced, and suggests that the vacuum annealing process 

may produce favourable conditions for the joining of highly twisted SWCNT bundles. 

 

The formation of all-carbon structures was supported through TEM analysis with the 

carbon map (Fig.  5.21a) correlating to the structure observed in Figure  5.20.  Ring 

formation within the sample was not always entirely symmetrical in nature as 

demonstrated in Figure  5.21.  From this TEM image, a twisting geometry is evident, 

with narrow and wide sections, within the ring.  This variation in ring height is 

confirmed by a generated thickness map (Fig.  5.21b). 
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Figure  5.20  TEM image of a separate ring of helical SWCNT bundles, which slightly diverts from a 

circular array. 
 

   
Figure  5.21  TEM image of a) a carbon map, and b) a thickness map, of the asymmetric ring of 

helical SWCNT bundles. 
 

As the structures described are produced in extremely low yields further analysis, such 

as structural information from Raman spectroscopy or electronic characterisation was 

not undertaken.  This study details the formation of rings of helical SWCNT bundles 

using a chemical etching and vacuum annealing process, without the use of 

ultrasonication or ring closure chemistries. 

 

From the structural information obtained from the aforementioned analyses it is 

apparent that the chemical etching prior to vacuum annealing would induce tip-opening 

and through the high energy process of annealing, joining of the tips of the SWCNT 
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bundles was initiated, resulting in the helical, all-carbon structures.  Improvement of the 

induction of such effects through synthesis condition optimisation, is an on-going area 

of investigation. 

 

5.3.3 Square-geometry carbon nano-fibres 

An array of different SWCNT synthesis methods have been detailed for the growth of 

CNTs over the years (Section  1.2.1.2).  C-CVD processes are among the most highly 

reported methods of carbon nano-material generation, and can be scaled to a 

commercial production level.  This process was subsequently utilised in an attempt to 

generate SWCNT material.  However, a wide variety of carbon materials were produces 

ranging from amorphous carbon through to carbon nano-fibres.  Consequently, this 

current section will briefly discuss a novel square-geometry carbon nano-fibre structure 

that was commonly encountered in these samples, giving rise to the formation of a 

unique all-carbon architecture. 

 

5.3.3.1 Scanning electron microscopy 

A wide variety of carbon-based structures were formed from the C-CVD process and 

are illustrated in Figure  5.22.  Vermicular or spiral structures are displayed in Figure 

 5.22a, which are commonly encountered from growth processes utilising acetylene 

feedstock at temperatures below 1000 °C.[520, 521]  Other structures commonly 

encountered are the large circular carbon fibres (Fig.  5.22b) and smaller-scale circular 

nano-fibres (Fig.  5.22c), which are frequently documented in the literature.  On the 

other hand, a less frequently encountered carbon structure was observed in the growth 

material, consisting of geometry similar to that of an elongated hexagonal cylinder (Fig. 

 5.22d).  In this particular case a significant hollowed out internal core can be observed, 

which is possibly where a Ni catalyst particle could have been according to the 

tip-growth mechanism widely accepted for VGCFs.  To the author’s knowledge this 

hexagonal structure has not been documented in the literature in association with Ni 

catalysed CVD, utilising an acetylene feedstock. 
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Figure  5.22  A range of different carbon materials generated through C-CVD processes using a Ni 
catalyst these structures include a) vermicular or spiral shaped carbon fibres; scale bar 10 µm, b) 
large carbon fibres; scale bar 1 µm, c) circular carbon nano-fibres; scale 20 nm, and d) hexagonal 
fibres, in this particular case with an open-tip, where presumably a Ni catalyst particle was once 

located; scale bar 200 nm. 
 

A separate noteworthy all-carbon structure commonly observed in the C-CVD growth 

material is the square-geometry CNF (Fig.  5.23).  These structures were typically 

200 nm to 400 nm in width and several tens of microns in length.  From analysis of the 

tip of the CNF it was clearly observed that an annular layering structure is propagating 

from the centre of the fibre.  However, once a threshold diameter is reached, the layer 

growth arrangement clearly changes to flat, planar sheets to produce a square-geometry 

outer layer of the CNF.  Furthermore, observations suggest that a hollow-core exists 

within these structures (Fig.  5.23). 

 

These square-geometry CNF structures have not been reported in the literature.  It is 

possible that these CNFs undergo a similar growth mechanism to traditional CNFs.  

This occurs by the surface diffusion of carbon through the catalytic particle, which 

templates the carbon condensation.  As more carbon feedstock enters the system the 

catalyst particle is projected off the substrate and the CNF will prorogate and layers will 

continue to grow and increase the OD of the CNF.  The way that the square-geometry 

CNFs could deviate from this is by the continued carbon feedstock addition, at 

maximum diameter growth.  The layer thickness is no longer dictated by the catalyst 
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particle and the formation of lower energy planar carbon layers will be preferred over 

high energy curvature growth.  Additionally, the growth may entirely occur on the 

catalyst particle and the square-geometry could be an effect of the different crystal faces 

of the solid particle.[522]  An interesting aspect of study would be the physical properties 

of these structures, to determine whether deviations are observed from standard CNFs. 

 

 
Figure  5.23  A SEM image of a square-geometry CNF, grown through C-CVD processes; scale bar 

200 nm. 
 

5.4 Conclusion 

The results demonstrate the formation of C60 nano-arrays which form bundles of 

nano-fibres based on complexation of C60 and p-tBu-calix[5]arene from toluene in a 

quantitative yield.  A grinding/sonication method for obtaining the complex has also 

been established, and complex formation is possible from crude fullerene soot.  

Annealing under an inert atmosphere demonstrates the use of this complex as a 

precursor in preparing exclusively carbon-based material which can be electrically 

conductive.  The ensuing large surface area has implications for the development of 

catalyst support frameworks, hydrogen and other gas storage material architecture, and 

device technology. 

 

The biological activity of the novel complex, (C60)∩(p-tBu-calix[5]arene), has been 

assessed, in relation to multiple cancer cell lines.  In addition, the activity of the parent 
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complex was directly compared to nano-C60, the water-suspended nano-sized crystal of 

fullerene C60.  It was demonstrated that (C60)∩(p-tBu-calix[5]arene) induces LC3 

puncta formation in HeLa cells, a cervical cancer cell line, and supports autophagy in a 

free radical-dependant fashion.  This complex has also been shown to sensitise MCF-7 

cells, a Dox-resistance breast cancer cell line, to the chemotherapeutic agent, and 

reduces cell drug resistance possibly through an autophagy activation mechanism.  This 

presents a highly topical area of investigation and will form the basis of additional 

biological studies into the effects of solid-state fullerene architecture facilitated by 

supramolecular processes. 

 

The formation of additional all-carbon nano-architectures are established, demonstrating 

synthesis conditions and subsequent characterisation, of rings of helical SWCNT 

bundles and square-geometry CNFs.  The formation of ‘toroid-like’ SWCNT bundles 

from a combined chemical etching and vacuum annealing methodology is illustrated, 

albeit in low yield.  Furthermore, the unprecedented report of CNFs with 

square-geometry from low temperature C-CVD processes has been described.  These 

examples not only illustrate the shear versatility of carbon but represent structures that 

could have significant applications in future target areas, such as field emission 

materials, sensor development and nano-material composites. 
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6 A water-soluble fluoroionophore: p-phenyl sulfonated 

calix[8]arene 

6.1 Introduction 

The requirement for water-soluble fluoroionophores is being increasingly addressed in 

the chemosensor literature.[523-528]  The majority of fluorescent chemosensors for 

cationic analytes are composed of a cation recognition unit (ionophore) combined with a 

fluorogenic unit (fluorophore) described as fluoroionophores.[529]  Research has focused 

on the attachment of singular or multi-fluorophore moieties to an ionophore to provide 

selective binding to the analyte, and the fluorophore, either through enhancement or 

quenching signals of the binding event.[527, 528]  The use of fluorescent cavitands as 

metal ion selective receptors has not been studied intensively,[530] despite the inherent 

advantages of using cavitands which have remarkable versatility, in building up 

functional molecules. 

 

In recent years there have been significant developments in exploiting the 

supramolecular chemistry of calixarenes to develop novel chemosensors.  Through 

upper and lower rim functionalisation of specific calixarenes, their versatility in the 

sensor field has been well documented in applications including, but not limited to, 

thin-films for mass-based organic vapour analyte detection,[531] active surfaces for 

ion-sensitive field-effect transistors (ISFET),[532] potentiometric sensors for metal 

cations,[533] and the capping of core-shell quantum dots for toxic metal ion fluorescence 

detection,[534] and, more recently, anion sensors.[535-543]  Related to this are application of 

calixarenes in the biological sector for the chromogenic detection of hypertensive 

drugs,[533] protein sensors,[544] detection of the neurotransmitter acetylcholine,[545] and 

sodium ion concentration in clinical urine samples.[546] 

 

There is an increasing demand for the development of new chemosensors, not only for 

the detection of alkali and alkaline-earth metal ions,[526, 547-551] but also for use in optical 

probes for heavy and transition metal (HTM) ions.[525, 530, 534, 552-558]  Standard analytical 

techniques utilised for metal ion analysis, including atomic absorption spectrometry,[559] 

inductively coupled plasma-mass spectrometry,[560] radioanalysis,[561] flame 

photometry,[562] and ion selective electrodes.[563-565]  Supramolecular-based optical 
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chemosensors offer a variety of advantages over these traditional techniques with the 

ability to perform real-time, remote and continuous analytical measurements, allowing 

increased sensitivity and selectivity against competing analytes, reduced instrumental 

drift and offer miniaturisation capabilities, which are reliable and cost effective.[526, 556, 

566-568] 

 

The most widely studied calixarene systems are based on the different conformational 

isomers of calix[4]arene,[527] which have been successfully utilised as the principal 

building blocks used to construct suitable ionophores, either podand type or 

macrobicyclic as calyx-crowns.[569]  Once a suitable molecular recognition platform is 

designed either singular or multi-fluorophoric units are attached to provide a suitable 

interaction signal correlated with the ion binding event.  An inherent disadvantage of 

these systems is their lack of water solubility and multi-step synthetic pathways.  As 

mentioned previously, one of the main analyte focus areas of this particular class of 

optical sensors is the HTM ions, with systems operating in solely aqueous media being 

limited, with mixed aqueous/organic solvent systems typically utilised.  While HTM 

ions are relatively easy to chelate and detect in organic solvents, they are rather difficult 

to recognise directly in aqueous environments due to their strong hydration energy.  

This and other current limitations need to be addressed in the initial stages of the HTM 

chemosensor design for both environmental and biological applications.[528, 570] 

 

Calixarene-based metal cation chemosensors that are soluble in aqueous media are 

desirable, especially for fluorescence probing and imaging in biological systems.[528]  In 

addition to this the excitation wavelength must be high enough to avoid the effects of 

autofluorescence, and it must be compatible with wavelengths available in LED 

(>360 nm).[528]  Clearly, the chemosensor should have high sensitivity and selectivity to 

the analyte of interest, extended shelf-life, effective at low concentrations, and 

recoverable.  A fluoroionophore which is readily prepared in reasonable yield, without 

the need to attach pendant fluorophoric units, and at the same time is water-soluble 

represents a significant shift in the development of fluorometric chemosensors. 

 

This chapter describes the use of a novel autofluorescence calixarene, p-phenol 

sulfonated calix[8]arene,[315] as a water-soluble fluoroionophore for the detection of 
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divalent metal cations analytes in aqueous systems, completely void of the attachment 

of chromophore moieties to the principal structure.  This represents a significant shift in 

chemosensor design for metal cations in aqueous media.  This ‘extended arm’ 

calixarene features in Chapter 2 of this thesis, and is utilised in studies on using 

p-sulfonated and p-phosphonated calixarenes to solublise SWCNTs into aqueous media, 

with tunable diameter-selective separation realised.  Indeed, during this study the 

p-phenyl-sulfonato-calix[8]arene (4C) was identified as a possible candidate for 

fluoroionophoric studies. 

 

6.2 Experimental 

6.2.1 Materials 

4C was prepared as described earlier.[315]  Similarly, p-benzyl-sulfonato-calix[8]arene 

(4B) and the parent compound, p-sulfonato-calix[8]arene (4A) were prepared through 

literature procedures.[317, 388]  Lithium chloride, sodium chloride, potassium chloride, 

rubidium chloride, cesium chloride, magnesium chloride, calcium acetate, strontium 

nitrate, barium nitrate, aluminium(III) chloride, chromium(III) nitrate, iron(II) chloride, 

iron(III) chloride, cobalt(II) chloride, nickel(II) chloride, copper(II) acetate, 

ruthenium(III) chloride, silver nitrate, cadmium(II) nitrate, indium(III) chloride, 

mercury(I) nitrate, lead(II) nitrate, and uranyl nitrate, obtained from Alfa Aesar or 

Sigma-Aldrich, were of analytical grade and used without further purification. 

 

6.2.2 Methods 

pH dependant intramolecular fluorescence studies:  A solution of 4C (40 μM) in 

MilliQ (>18 MΩ cm-1) was analysed over a pH range of 2 - 12.  Other concentration 

solutions were studied, however, 40 μM was found to be an effective concentration, 

with solutions as high as 1 mM resulting in auto-quenching. 

 

Metal cation interaction studies:  MilliQ water (>18 MΩ cm-1) was employed as the 

solvent.  Stock solutions of the analytes (1 mM), were prepared in MilliQ water 

(>18 MΩ cm-1), titrated against 4C (40 μM).  Fluorescence measurements were 

performed using a Cary Eclipse fluorescence spectrophotometer (Varian).  Dual 
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excitation/emission lines were monitored at λem = 513 nm (λex = 335 nm) and 

λem = 488 nm (λex = 423 nm), with excitation and emission slit widths of 5 nm, and a 

manual PMT voltage of 720 V.  A typical experiment involved successive addition of 

the metal cation analyte stock solutions (0.1 μM, 1 μM, 2 μM, 5 μM, 10 μM, 20 μM, 

30 μM, 40 μM, 50 μM, 80 μM, 100 μM), adjusted to pH 6.5.  The solutions were left for 

45 min to equilibrate before analysis.  Control samples were also utilised to monitor the 

standard calixarene solution over the experimental time period, and to assess the 

dilution effect of the MilliQ water component in the metal cation additions.  All metal 

cations utilised in the interaction study were analysed at high concentrations (>1 mM) to 

assess for any possible fluorescence contribution.  The solution of uranyl ion, [UO2]
2+, 

did show slight fluorescence; however this did not interfere with the current study. 

 

Time-based assessment of the specified fluorescent wavelengths for 

p-phenyl-sulfonato-calix[8]arene:  A solution of 4C (40 μM) was intermittently 

monitored over 23 days, using the above mention fluorescence spectrometer, to assess 

the shelf-life of the compound in aqueous media. 

 

Potentiometric pKa determinations of p-phenyl-sulfonato-calix[8]arene:  4C 

(18.1 mg, 398 μM) was dissolved in aqueous HCl (0.01 M) and titrated against aqueous 

NaOH (0.01 M).  The titrations were carried out at 25 °C and the mixture was subjected 

to constant stirring. 

 

Critical micelle concentration (CMC) experiments:  The entire CMC experiment was 

carried out in a thermostatted water bath at 25 °C.  Aliquots of a stock solution of 4C 

(40 μM and 1 mM, respectively) were added to a vessel with MilliQ water 

(>18 MΩ cm-1) while conductivity measurements provided CMC values for this system. 

 

Micelle and vesicle formation assessment:  Two different methodologies were 

employed to assess for the formation of micelles or vesicles in solution.  Firstly, once 

the CMC was established for 4C, fluorescence measurements were obtained at 

concentrations below this value to check whether the solutions were fluorescent.  

Secondly, Rhodamine dye can be regarded as a low molecular weight drug model and is 
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often used to check whether aqueous compartments exist within supramolecular 

structures.[571]  A modified literature procedure was followed,[571] in which 4C was 

dissolved in a Rhodamine 6G aqueous solution (3 mM), and allowed to stand for one 

week to reach equilibrium.  Following this, the solution was purified through a size 

exclusion chromatographic column (NAP-25, GE Healthcare Bio-Sciences Corporation, 

NJ, USA) and fluorescence spectra recorded; potassium iodide (1.6 M) was used as a 

fluorescence quencher to check for micelle/vesicle formation.  In addition, an aliquot of 

the dye/4C mixture was dialysed over a week and its fluorescence spectra recorded. 

 

Dynamic light scattering and zeta potential measurements:  Dynamic light 

scattering (DLS) experiments were carried out on 4C (40 μM, 1 mM) with pH variation 

(pH range of 2 - 12) using HCl and NaOH.  Sub-samples were also taken and utilised 

for zeta potential measurements.  These measurements were acquired using a Zetasizer 

Nanoseries DLS system (Malvern Instruments, Worcestershire, UK) with quartz 

cuvettes and zeta flow cells. 

 

AFM analysis:  A variety of different samples were analysed using a PicoPlus system 

with PicoScan 2000 and a PicoSPM controller (Agilent Technologies) in tapping mode.  

Topographic images were acquired using both grade 14 and grade 15 tapping mode 

cantilevers.  Samples analysed included solutions of 4C (40 μM and 1 mM) at varying 

pHs, solutions from metal interaction studies, solutions below the CMC concentration, 

solutions with acetonitrile addition (30%) to study hydrogen-bonding in the system, and 

solutions from drug carrier trials with Rhodamine 6G.  All samples were fabricated 

through drop-casting on freshly cleaved mica and dried using a gentle flow of N2. 
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6.3 Results and discussion 

6.3.1 pH dependent fluorescence studies 
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Figure  6.1  The structural diagram of 4C. 

 

For 4C (Fig.  6.1) proton dissociation of the upper-rim sulfonic acid groups and lower 

rim phenolic hydroxyls is possible with changes in the pH of the local environment.  

Dissociation events can provide insight into the nature of the fluorescence of the system, 

as well as facilitate metal cation interactions.[568]  Prior to metal cation interaction 

studies on 4C, the effect of such dissociation events on the fluorescence spectrum was 

evaluated in MilliQ water, with no organic solvent component necessary and the 

sulfonic acid head groups rendering this compound water-soluble. 
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Figure  6.2  Contour plot of the fluorescence spectra of 4C at pH 6.5, with the fluorescence intensity 

scale (top right). 

 

An as-prepared solution of 4C (40 μM) was assessed for its fluorogenic properties (Fig. 

 6.2).  Within the contour plot excitation and emission lines were identified and 

monitored for subsequent experiments.  The major emission bands were observed at 

λem = 513 nm (λex = 335 nm) and λem = 488 nm (λex = 423 nm ).  Of the two emission 

lines, λem = 513 nm has a higher relative intensity when compared to λem = 488 nm. 

 

  
Figure  6.3  a) Dependent series of emission spectra (λex = 335 nm) for 4C, and b) the respective 

contour plot with fluorescence intensity scale (top right). 
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Figure  6.4  a) Dependent series of emission spectra (λex = 423 nm) for 4C, and b) the respective 

contour plot with fluorescence intensity scale (top right). 

 

The fluorescence emission intensity of 4C was monitored at the above mentioned 

excitation wavelengths with spectra recorded at a series of different adjusted pH values.  

For the emission spectra for λex = 335 nm (Fig.  6.3) there is a gradual increase in 

fluorescence intensity at λem = 513 nm, with pH increasing from 2.5 to ~6.  There is a 

λmax between pH 5.2 and pH 6.5 with the gradual, yet substantial, decline in 

fluorescence intensity at this emission wavelength at pH > 7 and pH < 5.  Furthermore, 

at higher pH values (>9.1) a secondary emission peak is evident (λmax = 430 nm).  

Emission data from excitation at wavelength λex = 335 nm supports the 

autofluorescence of 4C, as well as providing solid evidence that pH plays a vital role in 

the fluorescence properties of the compound.  The emission spectra of 4C at 

λex = 423 nm, is the same pH regime as above and is given in Figure  6.4.  These 

emission spectra follow the same intensity profile as those of λex = 335 nm spectra (Fig. 

 6.3), in which the highest intensity for λmax (490 nm) is established at pH 6.1.  No 

additional peaks or peak shifts were observed throughout the pH series at this excitation 

wavelength (λex = 423 nm). 

 

It is clear that the 4C system is sensitive to pH and this has a dramatic effect on the 

fluorescence emission lines, and their intensities.  Effects of pH on the system are fully 

reversible, supporting a proton dissociation equilibrium mechanism.  pH dependant 

intramolecular interactions are responsible for the fluorescence properties demonstrated 

by the solvated system, and the conformational flexibility of this higher-order cavitand 

may account for the observed fluorescence.  The fluorescence may arise from dimer 

formation resulting from overlapping of π-orbitals from phenolic rings in close 
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conformational proximity.[572]  Obviously, the fluorescence properties demonstrated by 

this water-soluble calixarene could stem from a variety of supramolecular interactions 

in solution.  Different supramolecular arrangements include inter- and intra-molecular 

dimer formation,[573, 574] micelle-formation,[388, 575] and higher-order supramolecular 

structures such as capsule, vesicle formation,[571, 576] or extended bilayers.[393]  These 

possible interactions were investigated and gave insight into the possible mechanism 

behind the fluorescence of this compound. 

 

6.3.2 Supramolecular interaction/conformational studies 

The different possible supramolecular arrangements for this system, mentioned above, 

were further investigated to provide insight into the fluorescent nature of the compound.  

Conductivity experiments were undertaken to establish the CMC which involved 

monitoring the conductivity of the solution with increasing concentration of 4C,[577] as 

illustrated in Figure  6.5. 

 

 
Figure  6.5  Conductivity profile with increasing concentration of 4C. 
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The two domains correspond to pre- and post-aggregation with fitted lines indicating a 

CMC of 2 x 10-6 mol L-1.  This information is important in determining if self-assembly, 

or intermolecular interactions, give rise to the fluorescence phenomenon.  Higher-order 

supramolecular structures involving such amphiphiles are possible and include bilayers, 

hydrogen-bonded capsules, micelles, and vesicles.  Indeed, fluorescence occurs at 

concentrations well below the CMC, albeit at much lower intensity (Fig.  6.6), with 

emission profiles at λem = 513 nm (λex = 335 nm).  A similar trend is demonstrated for 

the emission profiles at λex = 423 nm (Fig. A.5).  Thus it appears that fluorescence is not 

established through the intimate interaction of neighbouring phenol ring systems arising 

from intermolecular interactions, and that intramolecular association events ultimately 

leading to excimer formation and system fluorescence.[527]  To further support these 

claims a metal cation binding study has been undertaken and will be described in 

Section  6.3.3. 

 

 
Figure  6.6  Emission profiles (λex = 335 nm) for solutions of increasing concentration of 4C; 

concentrations below and above the CMC utilised at detector voltage 800 V. 
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The zeta potential of a solution of 4C (1 mM) was measured over a pH range of 1.9 - 13 

(Fig.  6.7), which gives a system zeta potential maximum at 5 < pH < 7.  There is a rapid 

zeta potential decrease from pH 2 – 5, and a gradual positive zeta potential increase 

from pH 5 to pH 13.  This indicates that there is a relatively significant negative net 

surface charge present between pH 5 and 7, which coincides with the system’s 

maximum fluorescence intensity (Figs.  6.3 and  6.4).  The increase in overall negative 

surface charge cannot be explained by the proton dissociation of the sulfonic acid head 

groups, as this occurs at pH < 1.[578, 579]  Nevertheless, the increase in overall negative 

surface charge coupled with the pH dependent fluorescence studies could arise from the 

aforementioned higher-order structures involving intermolecular π-π stacking of 

neighbouring phenyl functionalities.  At concentrations below the CMC intramolecular 

interactions may dominate the fluorescence intensity with intermolecular interactions 

contributing to the fluorescence above the CMC. 

 

 
Figure  6.7  Zeta potential measurements for solutions of 4C (1 mM) over a pH range. 
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Figure  6.8  Particle diameter through DLS measurements for solutions of 4C (1 mM) over a pH 

range. 
 

DLS was utilised to investigate whether higher-order supramolecular structures were 

being formed in solution and to assess and quantify the structure size and monitor any 

changes over the pH range of 1.9 to 13 (Fig.  6.8).  The results are based on percent 

volume statistics of the structures in solution.  It was observed that at pH 2, small 

diameter particles (5 nm) dominated the solution statistics.  As pH increases there is 

also an increase in particle diameter (35 nm to 45 nm).  There is an interesting particle 

diameter maximum seen at approximately pH 7, which also correlates to approximately 

the same pH where this system exhibits maximum fluorescence intensity at the 

characteristic emission wavelengths.  Immediately following this maximum there is a 

decrease in particle size (35 nm to 45 nm).  This data indicates that the size of 

particles/structures that exist in solution are dependant on solution pH.  In addition, 

these results represent a slight correlation between particle/structure diameter and 

fluorescence intensity, indicating the possibility of higher-order supramolecular 

structures being formed in solution.  The observed pH effect on average particle size 

may be directly related to dissociation events of the lower rim phenolic hydroxyl 
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groups, leading to different conformational arrangements and different intermolecular 

stacking dynamics in solution.  While DLS clearly shows aggregation of 4C, the nature 

of the fluorescence as an inter- or intra-molecular process cannot be established utilising 

this methodology. 

 

 

 

 

 
Figure  6.9  Tapping mode AFM characterisation of solid-state structures of 4C on a mica substrate 

at a) pH 2, b) pH 6, and c) pH 13.  Representative three-dimensional topographical images 

correlating to contour plots are also shown (right). 

 

Solutions of 4C at pH values which featured in the above studies were characterised 

using AFM (Fig.  6.9).  It can be clearly seen that at the pH values of 2, 6, and 13 the 
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aggregation of 4C is different.  Over the pH range investigated it can be seen from the 

topology that the particles are more spherical on the mica substrate, which is interesting 

given that if micelle or vesicle formation occurs, circular flat thin-film topology also 

occurs, differing from the gradient topology observed for a particle.[580]  AFM indicates 

that size, aggregation and to a lesser extend surface morphology is effected by varying 

the pH.  At a pH 2 (Fig.  6.9a) 2 nm to 5 nm particles form random chain-like 

aggregates, whereas at pH 6 (Fig.  6.9b) particles are more mono-dispersed with 

diameters of 10 nm to 20 nm.  This changes again at pH 13 (Fig.  6.9c), with an increase 

in particle diameter from 20 nm to >100 nm, and large aggregates.  This is interesting, 

as the size of the particles and aggregates in the solid-state show a slight diameter 

correlation when compared to DLS solution studies.  This shows that over the pH range 

studied, any inference to supramolecular arrangement in solution based on solid-state 

characterisation, should be made with caution.  At higher pH values the zeta potential, 

or surface charge of the compound, decreases indicating more likelihood of molecular 

aggregation.  This is compounded by the much greater positive zeta potential of 

solutions at pH 2, and AFM results clearly show an increase in molecular aggregation.  

Interestingly, these results show no evidence that the solvated compound is organised in 

a bilayer arrangement, which is prevalent for the sulfonated calix[n]arenes.[428, 581-584]  

Furthermore, it is unclear whether these results can provide solid evidence to support or 

reject the formation of micelles or vesicles over the pH range studied. 

 

To explore whether the formation of larger supramolecular structures are present in 

solution, experiments were conducted to establish if this system could act as a molecular 

carrier.  For this purpose Rhodamine 6G was used to mimic an encapsulated drug, i.e. 

whether the molecules are retained within the hydrophilic pocket within the structure.  

This approach is common in studying micelle/vesicle formation.[571, 585]  Two separation 

principles were utilised involving the separation of the ‘encapsulated’ Rhodamine 6G 

and the free dye.  4C was added to a Rhodamine 6G solution (3 M) and allowed to 

equilibrate over the period of one week.  The first separation method involved the use of 

a size exclusion column (GE, NAP-25) and appropriate fractions were sampled for 

further analysis.  The second methodology involved dialysing the mixture to allow the 

free dye to diffuse out of the tubing while retaining the larger-size encapsulated system, 

for further analysis.  For the analysis of the fractions from the size exclusion column the 

fluorescence intensity was monitored and a known fluorescence quencher, potassium 
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iodide (1.6 M) added.  Thus any remaining fluorescence could be attributed to the 

encapsulated dye.  In the present study addition of KI quenched the fluorescence, where 

the dye should not be quenched, if encapsulated by the supramolecular structure.  

Similar results were obtained through the analysis of the dialysed solution and clearly 

all the Rhodamine exists as the free dye and was dialysed from the system. 

 

 
Figure  6.10  A schematic of the lower rim hydroxyl group, hydrogen-bonding directed 

intramolecular excimer formation.  Note for clarity only selected fragments of the principal 
calix[8]arene structure have been illustrated. 

 

Any higher-order supramolecular structure, if present, in solution is not effective in 

encapsulating the drug mimic.  This, coupled with the pH dependent fluorescence 

emission data suggest that the system’s fluorescence is derived exclusively from 

intramolecular interactions through conformational changes, and, since calix[8]arenes 

are conformationally flexible, this allows alignment of phenyl units resulting in 

dimer/excimer formation through π-π stacking (Fig.  6.10).  This can be explained as the 

sulfonic acid head groups are deprotonated at low pH (pKa1 = 1) and as the pH is 

increased (pKa2 = 6.00) the proton dissociation of one of the phenolic hydroxyls will be 

facilitated, leaving a free O-.[579]  This moiety is capable of conformational stabilisation 

by hydrogen-bonding with an adjacent phenolic hydrogen, to produce a double cone 

conformation.  This facilitates at least one occurrence of π-π stacking of the principal 
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phenyl components, however, due to the rigid nature of the p-phenyl upper rim 

functionality, it is possible two separate intramolecular interaction events are occurring 

per molecule (Fig.  6.10).  pKa3, observed at pH 8.86, results in the deprotonation of a 

second phenolic hydroxyl group and clearly this disrupts the double cone conformation, 

with intramolecular rearrangement, resulting in a dramatic reduction of fluorescence 

and a shift to a shorter emission wavelength at λex = 423 nm.  The fact that fluorescence 

continues above this pH indicates a secondary transition to form a different 

intramolecular excimer. 

 

The fluorescence studies of the parent compound, 4A, were also undertaken.  This 

compound demonstrated no fluorescence within the excitation/emission range analysed, 

this provides evidence that the extended p-phenyl moiety is critical in the intramolecular 

arrangement of 4C.  Similarly, the analogous 4B demonstrated no fluorescence 

characteristics, possibly due to more conformational flexibility derived from the 

methylene bridge between the two phenyl sub-units. 

 

 
Figure  6.11  A plot of the emission line fluorescence intensities of 4C with increasing acetonitrile 

component. 
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A study was also undertaken to assess the effect of acetonitrile on the system (Fig. 

 6.11), which is known to disrupt the hydrogen-bonding in supramolecular systems.  

This could give valuable information on whether larger hydrogen-bonded structures 

were contributing to the sample fluorescence.  This study produced interesting results 

which indicated that, instead of a relationship where the fluorescence intensity decreases 

due to dilution effects of the increased acetonitrile component in the mixture, a 

parabolic response is seen.  This indicates that up until a 30% component of acetonitrile, 

an increase in fluorescence intensity at λem = 513 nm (λem = 335 nm) occurs with a 

steady decrease from 30% to 50% observed.  The acetonitrile is obviously having a 

synergistic fluorescence effect, in which methyl groups can reside in the clefts of the 

folded calixarene, which could facilitate the intramolecular interactions and thus effect 

the fluorescence of the system. 

 

6.3.3 Metal cation interaction studies 

Due to the fluorescent nature of 4C, the effect of metal ions and possible 

metal-calixarene interactions were investigated for the potential application in metal 

cation sensing.  This avenue was explored as there is a current gap in the literature in 

relation to possible candidates for calixarene-based fluoroionophores, specifically with 

no requirement for a fluorogenic moiety attachment.  This not only reduces the number 

of synthetic steps and is more cost effective, but it also allows increased sites for further 

selective modifications, such as crown ether bridges and specific functional motifs, to 

target specific analytes of interest.  These interaction studies focused on a wide range of 

metal cations, 23 in total, in a variety of valent states, with differing counter-ions. 

 

6.3.3.1 Time effects on the metal cation sensor and metal addition 

fluorescence kinetics 

A study of the time-dependent effects on stored solutions of 4C was undertaken to 

check whether the fluorescence intensity degraded over time.  This is an important 

aspect to investigate as the fluorescence dynamics of a freshly prepared solution may 

change upon reaching equilibrium, and the shelf-life of a fluorescence-based sensor is 

critical. 
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Figure  6.12  Fluorescence intensity at λem = 513 nm (λex = 335 nm) for a freshly prepared solution of 

4C (40 µM) a) monitored over a 42 h period, and b) in the first 7.5 h. 

 

The fluorescence intensity of the emission line λem = 513 nm (λex = 335 nm), was 

monitored over a finite period, commencing immediately after a solution of 4C (40 μM) 

was prepared (Fig.  6.12).  It can be clearly seen that, immediately after dissolution, the 

fluorescence intensity of this emission line decreases and plateaus after 180 min.  There 

is a decrease of approximately 3% of the fluorescence intensity over the initial 180 min 

period, with the majority of fluorescence intensity reduction occurring within the first 

hour.  There is a slight deviation from a steady fluorescence signal after the 180 min 

period, however, it is less than 1% and is considered insignificant.  From these results, 

protocols were set in place for metal binding experiments, where a solution was left to 

stand for at least three hours before being used for metal binding studies. 

 

The fluorescence intensity was monitoring for an extended period of over three weeks 

(Fig.  6.13).  It was observed that there is an initial decline to 90% intensity within the 

first 60 h, followed by a gradual decrease between 125 h and 400 h, where the intensity 

drops approximately 5% to about 85% intensity, where it remains for the final 150 h of 

the trial.  These data imply that monitoring the original solution fluorescence intensity 
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and establishing control samples will require incorporation into the analytical 

methodology, for the use of this compound as an analytical metal cation sensor.  While 

it can be seen that the solution fluorescence is stable, with repeat analyses within a 

50+ h period, overall fluorescence intensity decay is observed.  In addition, it is 

noteworthy that the solution was not constantly in a sample cell being monitored for the 

entire 550 h, and slight decreases in fluorescence may be the result of sample storage, 

dynamic equilibrium effects, and/or fluctuations in ambient temperature.  For any 

fluorescence studies on 4C, and for its use as a metal cation sensor, it is advisable to 

always utilise freshly prepared solutions of 4C, and allow these solutions to stand for 

three hours before use.  At a bare minimum, it is suggested that these solutions can be 

utilised for 40 h.  Furthermore, it is recommended that a control solution be monitored 

to allow for baseline correction. 

 

 
Figure  6.13  Long-term fluorescence intensity monitoring of a solution of 4C. 

 

The fluorescence intensity at λem = 513 nm (λex = 335 nm) was monitored as soon as a 

Co2+ solution (20 μM) was directly added to a solution of 4C (40 μM) (Fig.  6.14).  

Immediately following the addition of the metal cation solution, significant quenching 
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in fluorescence intensity was observed, followed by a secondary increase, and then 

decrease in intensity.  This can be attributed to the metal cation disturbing the system 

dynamics, resulting in an equilibrium process taking place.  After 30 min the system 

reaches equilibrium, and stability of the fluorescence intensity is established.  This 

information was incorporated into the metal binding experimental protocol, so that 

between metal cation addition and fluorescence monitoring, solutions were allowed to 

equilibrate for increased reproducibility of the results.  This should be incorporated into 

any analytical protocol for the use of 4C as a fluorescence-based metal cation sensor. 

 

 
Figure  6.14  Real-time emission line monitoring (λex = 335 nm) of a solution of 4C (40 μM), the 

arrow indicates the addition of the Co2+ metal cation solution (20 μM). 

 

6.3.3.2 Metal binding effects on p-phenyl-sulfonato-calix[8]arene 

The effect of a range of different metal cations were analysed to check whether certain 

metal ions interact with the cavitand, and alter the observed fluorescence signal.  This 

included the introduction of 23 different metal cations (80 μM) to solutions of 4C 

(40 μM), allowing equilibrium to be reached, followed by fluorescence monitoring (Fig. 

 6.15).  These data are categorised into three sections based on mono-, di-, and trivalent 
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state cations.  The alkali metals and monovalent metal cations have an insignificant 

effect on the fluorescence intensity of 4C, and all divalent cations assessed have a 

quenching effect on the system fluorescence, with the most prominent decrease 

observed for Ni2+, Cu2+, Co2+, [UO2]
2+, and Pb2+, all of which reduce fluorescence 

intensity by a minimum of 25% of the fluorescence intensity in the absence of metal 

cations (Io).  The other divalent cations appear to have a quenching effect on the system, 

although this is limited to no more than 20% of Io.  The effects of the trivalent cations 

studied suggest <10% quenching of the fluorescence intensity, with slightly more 

quenching demonstrated by the addition of Ru3+.  Interestingly, the addition of In3+ 

cations results in an increase in fluorescence intensity, and suggests a chelation 

enhancement of fluorescence (CHEF), whereas all other metal-calixarene interactions 

result in a chelation enhancement of quenching (CHEQ).[558]  Furthermore, from the 

suite of counter anions utilised in this study, it can be stated that the type of counter 

anion has little to no effect on the CHEF and/or CHEQ observed. 

 

 
Figure  6.15  Quenching ratio of a solution of 4C (40 μM) with the addition of a range of different 

metal cations (2 molar equiv.). 
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Metal cation addition to a solution of 4C (Fig.  6.15) clearly indicates that this system 

undergoes significant interaction with divalent metal cations.  This quenching effect will 

be explored in an attempt to facilitate a quantitative sensor for divalent cations [UO2]
2+, 

Pb2+, Co2+, and Cu2+, with monovalent silver and trivalent indium cations included for 

direct comparison. 

 

Solutions of the metal cations were titrated in the presence of 4C, with the results used 

to construct fluorescence profiles (Fig.  6.16), which in turn can be utilised to assess 

cation binding constants, the selectivity and sensitivity of the sensor, and to extract 

representative sensor calibration data.  The fluorescence excitation and emission 

wavelengths monitored for these metal cation interaction studies were modeled from the 

characteristic peaks obtained from the aforementioned pH dependence study (Section 

 6.3.1). 

 

Successive addition of the metal cation solutions ([UO2]
2+, Pb2+, Co2+, Cu2+, Ag+, and 

In3+) had differing effects on the fluorescence intensity of 4C (Fig.  6.16).  For all 

divalent cation titrations, quenching of the fluorescence intensity can be observed over 

the emission profile (λex = 335 nm).  At low concentrations (<5 μM) slight fluorescence 

quenching is observed with the addition of In3+ cations, however, at concentrations 

>5 μM fluorescence enhancement is observed.  The addition of Ag+ cations has a 

minimal effect on the fluorescence intensity of 4C, even at concentrations >100 μM.  It 

is noteworthy that within the emission wavelengths monitored, at the selected excitation 

wavelengths utilised, no additional fluorescence peaks were observed. 

 

The titration data were plotted to represent the fluorescence quenching relative to the 

molar equivalent of the metal cation in the system (Fig.  6.17).  This plot demonstrates 

the extent to which the individual metal cations effect the fluorescence intensity of 4C.  

These data points have been fitted with a non-linear regression function, to enhance the 

inherent trends, which clearly supports the premise that divalent cations have significant 

quenching effects on the fluorescence of 4C.  In addition, these data can be utilised to 

provide insight into cation-calixarene interactions, through the calculation of binding 

constants (Kb). 
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Figure  6.16  (Left) Variation of the fluorescence spectra of 4C (40 µM) upon successive addition of 

a) [UO2]
2+, b) Pb2+, c) Co2+, d) Cu2+, e) Ag+, and f) In3+ at pH 6.5, (Right) quenching of the 

fluorescence intensity of 4C (40 µM) upon successive addition of the respective metal cations at 

pH 6.5; in the In3+ plot, the y-axis is I/Io due to enhancement of the fluorescence intensity. 
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Figure  6.17  Quenching of the fluorescence intensity of 4C (40 µM) based on successive addition of 

molar equivalents of the metal cations; in the In3+ plot, the y-axis is I/Io due to enhancement of the 

fluorescence intensity. 

 

Physical parameters for the cation-calixarene interactions were obtained from the Kb, 

which was determined according to a method described in the literature.[586, 587]  Several 

different methods for binding constant determination were trialled, including solely 

dynamic quenching, static quenching and dynamic quenching combined, and deviations 

such as “sphere-of-action” models.[588]  However, the method which best fit the data, 

was previously described by Chipman et al.,[586] and will now be detailed.  This 

involved plotting the function 

                                                          
]M[

1

I

I
X

o



 (10) 

where Io represents the fluorescence intensity in the absence of metal cations, and ΔI 

represents the relative change in fluorescence intensity at any point during the titration 

(Fig.  6.18).  A linear regression fitting function is applied to these data and an 

extrapolated y-intercept is calculated, the reciprocal of which represents the 

fluorescence intensity of the system at infinite metal cation concentration, I∞. 
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Figure  6.18  Plot of Io/ΔI versus 1/[Co2+], with a linear regression function fitted, and regression line 

extrapolated to indicate the y-intercept. 

 

Using the calculated value for I∞, coupled with the titration data, Kb values can be 

derived from the following equations: 
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where Kdiss represents the dissociation constant, and n represents the number of binding 

sites.  The slope of the double logarithmic plot (Fig.  6.19) can provide valuable 

cation-calixarene interaction information and indicate binding ratios of metal cation to 

ligand.  The binding constant Kb can be obtained by plotting: 
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In addition, the value of log[Mx+], where log[(ΔI / (|I - I∞|))] = 0, gives rise to the 

dissociation constant (Kdiss) (Fig.  6.19).  The reciprocal of Kdiss determines the Kb which 

allows quantitative comparison for binding affinities.  The Kb and n values were 

obtained for the different cations through titrimetric profiling (Table  6.1). 

 

 
Figure  6.19  Double-logarithmic plot for the quenching of 4C fluorescence intensity following the 

addition of Co2+ (2 μM to 50 μM), with a linear regression fitting function. 

 

Table  6.1  Calculated Kb and n values of the metal cations with 4C. 
 

Metal Cations  

Parameter  

[UO2]
2+ 

 

Pb2+ 

 

Co2+ 

 

Cu2+ 

 

Ag+ 

 

In3+ 

 

Binding constant, Kb (x 104 M-1) 

 

9.328 

 

4.564 

 

7.679 

 

10.666 

 

- 

 

0.56 

 

Binding sites, n 

 

2.13 

 

0.81 

 

0.87 

 

0.96 

 

- 

 

1.02 
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From the information gained from the aforementioned procedure, metal cation to ligand 

interaction stoichiometry can be established.  The number of binding sites indicated by 

this methodology suggests a 1:1 complexation (values within 0.8 - 1.0), between the 

metal ion and calixarene for the divalent cations, with the exception of the uranyl ion 

and the trivalent indium ion.  Interestingly, the results indicate a 2:1 stoichiometry for 

the binding of the uranyl ion.  This implies that a single molecule of 4C has two 

available binding sites for the uranyl ions.  From these data Kb can be obtained, which 

provides quantitative classification for the binding affinities of the different metal 

cations to calixarene.  The hierarchy of Kb for the metal cations trialled is as follows: 

Cu2+ > [UO2]
2+ > Co2+ > Pb2+ >> In3+ >> Ag+.  The binding constant data (Table  6.1) 

clearly illustrates the preferential interaction of divalent cations with 4C, more 

specifically the higher binding affinity to both Cu2+ and [UO2]
2+.  It should be noted that 

the Kb value of Ag+ was very low, which was discounted as having any significant 

interaction with the calixarene.  Furthermore, although the trivalent indium ions have an 

associated binding constant, and displays 1:1 stoichiometry, the binding constant value 

is considered to be low.  In addition, In3+ displays a CHEF effect, whereas the divalent 

cations studied exhibit a CHEQ effect. 

 

The observed changes in the fluorescence intensity of 4C, through the successive 

addition of metal cation species, suggests that this compound could be utilised as a 

metal cation sensor in aqueous media.  As indicated by the Kb values, an binding 

affinity to divalent metal cations is preferred over mono- and trivalent cations.  

Calibration curves have been constructed to provide a correlation between relative 

fluorescence intensity change, (Io - I) / Io, and metal cation concentration (Fig.  6.20).  

The concept of utilising 4C as a fluorescence-based, quantitative metal cation sensor is 

fueled by the requirement for the cost-effective and rapid analysis of heavy metals, such 

as copper and cobalt, with particular interest in the detection of aqueous uranyl ions, in 

application areas, such as nuclear waste site remediation proficiency testing and 

drinking water assessment.[589, 590] 
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Figure  6.20  Calibration curves for relative fluorescence intensity change versus metal cation 

concentration for 4C (40 μM), appropriate fitting functions and associated correlation coefficients 

are described for a) [UO2]
2+, b) Pb2+, c) Co2+, d) Cu2+, e) Ag+, and f) In3+; a red datum point 

indicates an outlier not utilised for calibration curve determination; y-error bars are displayed. 

 

To assess 4C for its effectiveness as a metal cation sensor, calibration curves were 

generated for [Mx+] between 1 μM to 40 μM against a solution of 4C (40 µM) (Figs. 

 6.20a-f).  As previously indicated, there is a fluorescence intensity plateau observed 

when the metal cation concentration exceeds the molar equivalent of 4C (Fig.  6.17), this 
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suggests 1:1 binding stoichiometry between the metal ion and ligand, which correlates 

to the n values obtained, with the exception of the uranyl ion interaction.  Interestingly, 

Shinkai et al. reported a “super-uranophile” which has 1:1 binding to a 

p-sulfonatocalix[6]arene derivative.[578]  However, in relation to this study a 2:1 

coordination can be rationalised by the flexible conformational arrangement of the 

larger ring size calix[8]arene, which could allow a metal-induced calixarene 

re-organisation to minimise the energy for dual coordination of metal cations, as 

suggested for other analogous systems.[579] 

 

The calibration curves (Figs.  6.20a-f) further support the high binding affinity to 

divalent cations, [UO2]
2+, Pb2+, Co2+, and Cu2+.  It can be seen that for the divalent 

cations, [UO2]
2+, Pb2+, and Co2+, a quadratic fitting function was the most appropriate 

regression curve to represent the data, and this resulted in high correlation coefficients 

(>0.99448), as illustrated in Figures  6.20a-c.  For the Pb2+ curve, the 2 μM datum point 

was considered an outlier and was not utilised to form the 2nd order polynomial fit.  The 

remaining divalent cation is Cu2+, and further it was found that an exponential fitting 

function best described this system (Fig.  6.20d).  This could possibly be correlated to 

the non-specific quenching of Cu2+ ions, induced in other common fluorescent 

probes.[553]  This also produced a high correlation coefficient (0.99641), suggesting a 

strong positive correlation between relative fluorescence quenching and metal cation 

concentration. 

 

The low binding affinity to the monovalent alkali ions, is compounded by the inability 

to appropriately fit the data.  It can be clearly seen that even when considering the 

30 μM datum point as an outlier, only a slightly positive linear function (R2 = 0.22682) 

can be fitted to reflect the data (Fig.  6.20e).  In addition, when considering the trivalent 

indium cation it appears that at concentrations >5 μM an increase in fluorescence 

intensity is observed, albeit at relatively small levels.  However, the data can be fitted 

with a 2nd order polynomial function but this produces an unsatisfactory correlation 

coefficient (R2 = 0.98494) (Fig.  6.20f), which makes 4C unsuitable as a fluorescent 

sensor for this particular cation. 
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Through the series of metal interaction studies with solvated 4C, it is clear that the 

divalent metal cations have the most significant effect on the fluorescence of the system.  

This could possibly be due to the metal cation inducing electron transfer (eT) or energy 

transfer (ET) to the calixarene,[527] which disrupts the intramolecular conformation 

induced by phenolic proton dissociation events at selected pH values.  These metal 

binding events could disrupt the molecular energy minimum which allows excimer 

formation through the π-π stacking of the aromatic units, ultimately quenching the 

fluorescence.[527]  This ‘extended arm’ sulfonated calix[8]arene has shown significant 

promise for the quantitative determination of multiple divalent metal cations in aqueous 

media, indicating its suitability as a water-soluble fluoroionophore. 

 

6.4 Conclusion 

The assessment of p-phenyl-sulfonato-calix[8]arene as a water-soluble fluoroionophore 

has been presented, and has been successfully utilised as a quantitative 

fluorescence-based sensor for the detection of divalent metal cations.  Characterisation 

of the system, utilising both solution-based and solid-state techniques, has provided 

insight into the autofluorescent nature of the molecule, and how this process is 

ultimately effected by metal cation interactions.  Time-based fluorescence intensity 

studies gave valuable insight into the solution dynamics, and solvated shelf-life, and 

significantly enhanced analytical protocols. 

 

The formation of higher-order supramolecular structures, through intermolecular 

associations, were investigated.  The formation of micelles was supported through 

conventional conductivity techniques, however, no direct link between higher-order 

structures and autofluorescence was observed.  In addition, the system was not effective 

as a ‘drug carrier’, however, this was only trialled on Rhodamine 6G, which may not be 

suitable for binding to the current system.  Experimental evidence indicated that partial 

fluorescence was linked to intramolecular hydrogen-bonding of the lower rim 

hydroxyls, which can significantly alter calixarene conformation and provides 

opportunities for excimer formation, through π-π stacking. 
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The majority of current fluorescent ionophoric sensor systems are based on the more 

rigid calix[4]arene and its associated derivatives.  This study of the higher-order 

calix[8]arene with water-soluble functionality provides a major shift in the approach to 

this sensor type.  The significant conformational mobility of this ‘extended arm’ 

calix[8]arene provides increased dimensionality and innovation, which will fill a current 

gap in the sensing literature.  Documentation of this system adds to the limited reports 

on completely water-soluble fluoroionophores, whereas many comparable systems 

utilise water/organic solvent mixtures.  Furthermore, this system can be obtained in high 

yield through an uncomplicated synthesis and does not require attachment of a 

chromophore, due to its autofluorescence.  This study provides the basis for more 

exploratory studies on derivatives of this compound, in which specific functional motifs 

can be attached to provide increased sensitivity and selectivity to target analytes. 
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7 Conclusions and future studies 

7.1 Conclusions 

The principal concept entrenched in this thesis is the development and extension of 

carbon nano-material-based technologies to generate novel solutions for current 

scientific, industrial and commercial problems, targeted at a global audience.  This 

encompassing ideology was achieved through the application of theoretical and 

experimental principles, entrenched in the domains of chemistry and physics, which 

have been harnessed to assist in the transformation of nanoscience to nanotechnology. 

 

With current silicon-based transistor technology rapidly approaching fabrication and 

material limits, there is necessity to turn to the development of other materials.  

SWCNTs are the frontrunners for integration into current electronics processing, and 

major interest has been generated, directing the ‘next generation’ devices to the realms 

of carbon nano-electronics.  One noted current limitation is the ability to obtain 

sufficient quantities of nanotubes that exhibit the same electronic properties.  One of the 

aims of this research is to develop novel purification methodologies for the post-growth 

treatment of CNTs, with specific focus on nano-electronic applications.  In order to 

meet this aim a novel supramolecular-driven pathway for the realisation of 

diameter-selective SWCNT separation was developed and the tunable enrichment of 

SWCNTs with semiconducting, or metallic, electronic properties has been achieved.  

SWCNTs have been successfully solubilised using water-soluble p-phosphonated 

calix[n]arenes (n = 4, 6, 8) and ‘extended arm’ upper rim functionalised (benzyl, 

phenyl) p-sulfonated calix[8]arenes.  This thesis describes a comprehensive, 

comparative study into the use of p-phosphonated calixarene and p-sulfonated 

calix[8]arene systems, to produce not only diameter-selective nanotube separation, and 

increased amounts of pristine nanotubes but also to allow processing in aqueous media.  

A detailed Raman spectroscopy study between the different water-soluble calixarene 

derivatives has demonstrated, the strong binding affinity between the SWCNT surface 

and the ‘extended arm’ p-sulfonated calix[8]arenes.  Analysis of ID/IG ratios, 

demonstrated that in the majority of these systems, an increase in the amounts of 

pristine SWCNTs in the supernatant, with elemental analysis revealing little or no 

residual growth catalyst left in the supernatant.  It was explicitly shown that a calixarene 

sheath, if formed around individual SWCNTs, facilitates water-solubilisation processes.  
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In addition, NT-FETs were successfully fabricated from the resulting supernatants, 

supporting the use of this protocol and providing a novel methodology for the 

advancement of SWCNT post-growth purification strategies.  The implications of this 

research are potentially far reaching, beyond nano-electronics, and into many other 

multi-disciplinary domains, such as nano-toxicology, green chemistry and chemical 

sensor technology. 

 

In the current global environment there is a heightened level of public and governmental 

disquiet due to the reality of impending terrorist attack.  This is compounded by the 

inherent ease of manufacture and the effectiveness of specific CWAs used in 

small-scale terrorist operations.  Phosgene, COCl2, is a CWA which is the forerunner of 

modern chemical warfare, and is commercially produced as well as being readily 

prepared from common chemicals.  It is a colourless gas, with toxic effects well below 

its odour threshold of 0.4 ppm.  In combating the terrorism associated with phosgene, 

and other CWAs, new detection technologies are required for the purpose of monitoring 

accidental or purposeful releases, personnel safety, operational intelligence, and warfare 

tactics.  The specific aims of this research include the design, fabrication and testing of 

carbon nano-materials as active sensing matrices of gas and organic vapour sensors, 

specifically targeting chemicals of national security interest.  In order to meet these aims 

a novel nanotechnology method is reported for the detection of phosgene, involving a 

drop-casting technique to construct a chemiresistor device based on SWCNTs.  The 

entire process from design and development, through to system verification and analyte 

testing is described.  Phosgene can now be detected over common organic solvents and 

other halogenated systems, at 24 ppm limits.  Sensing G-series nerve agent simulants 

for sarin and soman are also established using the same device, with detection limits of 

266 ppb and 152 ppb, respectively.  A comparative study, illustrating the effectiveness 

of single IDE sensor geometry against multiple-array systems is also detailed. 

 

This thesis highlights the sheer versatility of carbon-based materials and their 

importance in current and future technologies.  The ability to control and manipulate 

structures at the molecular level is appealing especially for the development of new 

materials.  This can be achieved through unique nano-scale architectures, forming the 

basis of areas such as crystal engineering.  A primary aim of this research is to extend 

the field of all-carbon architecture to the fabrication of novel structures, through various 
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processes.  A novel supramolecular system is described where toluene solutions of 

p-tBu-calix[5]arene and C60 result in a 1:1 complex, (C60)∩(p-tBu-calix[5]arene), which 

precipitates as nano-fibres.  The principal structural unit of this complex is based on a 

host-guest ball-and-socket nanostructure of the two components, with an extended 

structure comprised of zigzag/helical arrays of fullerenes, predicted through PXRD data 

coupled with molecular modelling.  Under argon, at temperatures >309 °C, the fibres 

undergo selective volatilisation of the calixarenes producing C60-core nanostructures 

encapsulated in a graphitic material sheath, leading to a dramatic increase in surface 

area.  Above 650 °C the material exhibits an ohmic conductance response, due to the 

encapsulation process.  In addition, the results indicate the potential of this novel 

complex as an autophagy inductor in a cervical cancer cell type, and as a 

chemo-sensitiser towards a drug-resistant breast cancer cell type. 

 

Other all-carbon architectures are described in this thesis, with the formation of rings of 

helical SWCNT bundles through post-growth SWCNT modifications, and a variety of 

fibrous all-carbon structures, most notably novel square-geometry CNFs, using C-CVD 

synthesis strategies.  These materials were characterised through electron microscopies, 

TEM and SEM, to reveal the underlying nature of the materials.  These analyses 

produced structural information to support suggested growth mechanisms.  The 

development of different structural constraints in SWCNTs could enhance the chemical, 

physical, and/or mechanical properties of the system.  On the other hand, the 

square-geometry of the CNFs produced could potentially form the basis of novel 

composite structures.  The ability to extend the field of all-carbon architecture has 

clearly been demonstrated. 

 

The current requirement for entirely water-soluble fluorescent sensors is routinely 

documented in the literature.  A final objective of the research was to address this issue, 

and to contribute to the area of water-soluble fluoroionophores for the future 

advancement of this field.  In order to achieve this, the autofluorescence properties of 

p-phenyl-sulfonated calix[8]arene are characterised and this water-soluble cavitand is 

surveyed as a metal cation sensor candidate.  It is suggested that the autofluorescence of 

the cavitand arises predominately from intramolecular interactions, with possible 

excimer formation.  This particular system was found to exhibit a CHEQ response when 

exposed to divalent metal cations, and interactions with [UO2]
2+, Pb2+, Co2+, and Cu2+
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ions are discussed in detail.  The system is characterised through fluorescence 

spectroscopy to produce sensor calibration data, solution degradation characteristics, 

and pH sensitivity.  In addition, quantitative binding affinity data has been established 

through binding constant determination, which also provided insight to cation 

coordination stoichiometry.  A detailed analysis utilising an array of solid-state, and 

solution-based, characterisation techniques was undertaken to provide insight into the 

inherent dynamics of the system in order to assess the organisation of higher-order 

structures such as micelles, vesicles, or capsules.  In addition, the ‘extended arm’ 

calixarene was assessed for suitability as a ‘small molecule’ drug-carrier. 

 

Overall, the scientific endeavours described in this thesis have significantly contributed 

to the advancement of knowledge in the areas of all-carbon nano-material generation 

and processing, CNT-based gas and vapour sensors, and contributed a novel 

water-soluble fluoroionophore system.  The innovative studies described in this thesis 

have made significant contributions to a diverse range of multi-disciplinary areas and, 

thus far, have resulted in two important publications in international peer-reviewed 

journals, and an Australian provisional patent. 

 

7.2 Future studies 

The research described in this thesis has been classified for the advancement of four key 

areas; SWCNT post-growth processing towards diameter-selectivity; CWA detection 

through the development of SWCNT-based chemiresistor sensors; fabrication of 

functional all-carbon architectures; and the development of novel water-soluble 

fluoroionophores.  Building on the results obtained from the aforementioned 

investigations, future research directions, including potential application areas, are 

suggested in the following section. 

 

7.2.1 SWCNT post-growth processing towards diameter-selectivity 

The thesis describes the solubilisation of SWCNTs into aqueous media coupled with 

tunable diameter-selectivity, resulting in enrichment of semiconducting or metallic 

SWCNTs.  This study presented Raman spectroscopic evidence of system dependent 

SWCNT surface binding interactions, which suggest a different stacking arrangement 
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may be possible depending on the cavitand structure.  Future studies should include the 

use of computational chemistry simulations to establish the different calixarene packing 

arrangements.  In addition, a FET was fabricated utilising the supernatant residue, and 

the effectiveness of the post-growth protocol was demonstrated.  Future studies should 

include in-depth electrical characterisation of the resulting residues with, and without, 

the calixarene sheath. 

 

Future studies should continue to develop the primary investigations into the possibility 

of directing CNT architecture utilising host-guest principles.  The outer sheathing on 

individual SWCNTs comprises cavitand structures, and if the appropriate conditions 

and required host are met, it should be possible to form self-assembled arrays of 

SWCNTs that could have significant applications in areas such as carbon 

nano-electronic, device technology, and tissue engineering.  In addition, this principle 

can be extended further through the utilisation of the phosphonic and sulfonic acid head 

groups, as sites for metal nanoparticle nucleation and growth.  This templated 

nanoparticle growth, could lead to applications in sensor technology and possibly metal 

nanoparticle interconnects for CNTs in ‘next generation’ computing. 

 

Further investigation is necessary to establish whether the surface curvature of the 

carbon nano-material dictates successful solubilisation.  Further studies into 

nano-materials such as the fullerenes and graphene are required to add to the validity of 

concepts suggested in this thesis.  Furthermore, the resulting supernatant residues 

should be trialled for their gas sensing capacities. 

 

7.2.2 CWA detection through the development of SWCNT-based 

chemiresistor sensor technology 

A major aim of this thesis is focused on the design, fabrication and testing of 

SWCNT-based chemiresistor sensors, with particular attention paid to the detection 

effectiveness of CWAs.  This area of study has enormous scope for further 

investigations, where individually tailored systems can be fabricated depending on the 

analyte of interest, utilising CNTs as key components. 
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From a device platform perspective, various electrochemical device geometries and 

sensing principles have been described in relation to CNT-based gas and vapour 

sensors.  This thesis specifically explores a chemiresistor sensor geometry which 

exploits conductance mechanisms between the analyte and CNT matrix.  Future studies 

should encompass designing CNT-based devices that incorporate the advantages of 

multiple sensing mechanisms, such as simultaneously monitoring conductance and 

capacitance mechanisms, coupled with measurement of the frequency shift with surface 

acoustic wave sensors and measurement of the analyte breakdown voltage with 

ionisation sensors.  The utilisation of multiple mechanisms within one sensor has been 

explored previously (Section  1.4.1.1), with the conductance and capacitance mechanism 

monitored.  The application of this concept urgently requires extension to coupling 

additional sensor geometries to provide a holistic overview of an analyte system and 

thus providing additional separation strategies. 

 

At a fundamental level much conjecture exists in the literature regarding the mechanism 

of action on analyte binding.  Future studies need to be directed to this area to provide 

unequivocal evidence to support or reject current hypothesised mechanisms.  With 

greater understanding of the underlying mechanisms, analyte-specific sensors will 

become more achievable. 

 

The concept of utilising multiple-arrays, consisting of the same CNT-based sensing 

material, to obtain lower sensor detection limits, was described in this thesis.  Future 

studies which focus on the sensor configuration at the design level, should be directed 

towards multiple-arrays of sensing elements.  Multiple-arrays of different CNT-based 

materials have the ability to add dimensionality, through PCA of the data to increase the 

differentiation capabilities when dealing with multi-component systems.  Ultimately, 

the developed sensors are aimed at ‘real-world’ applications, but, at the moment, these 

sensors have only been assessed under controlled laboratory conditions.  To avoid 

potential interferences, the use of multiple-arrays is a fundamental step in the 

advancement of CNT-based gas and vapour sensors. 

 

Future studies are required to increase the sensitivity and specificity of the developed 

SWCNT chemiresistor sensors, as it was indicated that responses from common organic 
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solvents had the potential to mask the detection, and induce false-positives, for the 

G-series nerve agent simulants analysed.  To an extent, this was avoided in terms of 

phosgene detection, as added data dimensionality was achieved through the inherent 

phosgene interaction mechanism.  Possible strategies for increasing sensitivity and 

selectivity of these devices include, but are not limited to, nanoparticle decoration, 

chemo-selective polymers, and functional group attachment.  Of these functionalisation 

strategies, it is recommended that future studies should be directed towards the 

developing area of chemo-selective polymers, in association with CNT-based sensors. 

 

This thesis describes the selective enrichment of either metallic or semiconducting 

SWCNTs in aqueous media and, in addition, describes a fabricated FET.  Future studies 

are required into the assessment of these systems in terms of their gas and vapour 

sensing capacities.  The fundamental concept that semiconducting SWCNTs are the 

majority contributors to sensor response has been demonstrated in this thesis.  With this 

in mind, the semiconducting nanotube enriched calixarene systems show promise for 

the fabrication of higher-sensitivity SWCNT chemiresistor sensors.  Furthermore, the 

inherent calixarene sheathing around individual SWCNTs may produce a mechanism to 

increase sensitivity and selectivity towards particular classes of compounds. 

 

The multi-phase development of a suitable, yet versatile, chemical delivery system for 

sensor testing has been described.  Future studies should endeavour to create additional 

functionality with this system.  For example, additional instrumentation to measure 

analyte concentration levels at the test chamber exhaust port, or simultaneous 

monitoring of the CNT matrix through Raman spectroscopy, to obtain additional 

‘real-time’ sensor data.  In addition, although electronic noise present in the testing 

system was significantly reduced, future studies should focus on further lowering the 

noise levels, as this will only benefit future sensor studies and further reduce device 

detection limits.  Noise reduction strategies include, carrying out analyses in a facility 

shielded from possible noise sources, isolation and filtering of mains power, and 

acquiring specialised precision electrical characterisation equipment.  Furthermore, the 

more practical monitoring of multiple-array devices is required; the option currently 

exists, yet is limited by the electrical characterisation system. 
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The future direction of carbon nano-material gas and vapour sensors is rapidly 

approaching integration into miniaturised analytical instrumentation.  An 

aforementioned pioneering development in this area, is the fabrication of an on-chip 

micro-gas chromatography instrument coupled to a functionalised SWCNT sensor.  The 

realisation of this critical concept will open up possibilities for SWCNT-integrated 

instrument miniaturisation studies, which will have significant commercial implications.  

Another current growth area involves the utilisation of graphene in place of CNTs.  

Graphene-based sensors have already shown decreased inherent noise levels, which is 

highly beneficial in chemical sensing.  It is foreseen that once improved graphene 

synthesis methodologies become established scientific publications in this area will 

grow exponentially in years to come. 

 

The future of CNT-based sensors requires the evolution from the laboratory to the ‘real 

world’, especially in the case of CWA detection.  Future studies should be focused on 

the appropriate packaging of the device to allow for remote deployable sensors.  A 

target area for this application could be the incorporation of the CNT-based sensors into 

nodal networks, or even ‘smart dust’ devices, scattered in many different locations so 

that signals can be transmitted to a central communications unit where sensor data is 

utilised for chemical mapping.  This has significant implication in ‘battle-field’ 

forensics, and can be considered a highly effective level of ground intelligence.  

Furthermore, incorporation of solar panel rechargeable cells could be utilised to power 

these devices, which have extremely small physical dimensions and low-power 

requirements. 

 

7.2.3 Fabrication of functional all-carbon architectures 

The versatility of carbon is inherent in this thesis and it is apparent that control over the 

arrangement of carbon entities at the molecular level can produce novel functional 

materials.  The formation and proposed self-assembly of (C60)∩(p-tBu-calix[5]arene) 

has led, not only to the innovative C60 arrangement but also to the development of high 

temperature all-carbon analogues through selective volatilisation. 
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An interesting application described in this thesis is the ability for the parent complex to 

induce autophagy and chemo-sensitivity in human cervical carcinoma cells and 

drug-resistant human breast carcinoma cells, respectively.  Current studies are being 

directed toward the assessment of the high temperature analogues.  Future studies 

should focus on the relationship between crystal packing structure, such as the fcc or 

hcp structure of fullerene C60, in relation to its chemotherapeutic activity.  In addition, 

water-solubilisation of C60 utilising p-phosphonated and p-sulfonated calixarenes should 

be thoroughly investigated, with any successful system assessed for autophagy 

induction of tumour cells.  From a biological perspective, assessment of cytotoxicity of 

the C60 complex is required, accompanied by a significant study on a wide variety of 

different carcinoma cells, in combination with a suite of chemotherapeutic agents, to 

facilitate chemo-sensitisation studies.  Furthermore, attempts should be made to increase 

the activity of the system coupled with interaction mechanism studies through 

computation chemistry. 

 

The premise of post-growth structural re-organisation in all-carbon materials, more 

specifically, nano-materials is extended to SWCNTs.  The inherent physical and 

chemical properties of SWCNTs, imposes difficulties for the development of new 

structural arrangements.  A chemical etching and vacuum annealing strategy was 

utilised to produce rings of helical SWCNT bundles, albeit in low yield.  Future studies 

should be directed towards understanding the role of vacuum annealing in ring 

formation, and to develop strategies to increase synthetic yield, with greater ring 

diameter control.  An application that was unsuccessfully explored is the ability to 

endohedrally functionalise SWCNTs with fullerene C60 and subsequently form seamless 

rings, for the development of a C60-nanotube high frequency oscillator.  Investigations 

into these systems are highly topical and are noteworthy future development areas.  

Furthermore, the significant increase in SWCNT surface strain should be investigated 

for gas and vapour sensing capabilities, as this induced strain could lead to increased 

response mechanisms. 

 

Synthesis of an array of carbon-based materials was achieved through C-CVD 

processes, utilising acetylene feedstock and relatively low-temperature growth 

conditions.  Interestingly, novel, square-geometry CNFs were observed in the growth 

material, albeit in low yield.  In order for the inherent properties of these unique CNFs 
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to be characterised, future studies should be undertaken to increase yield, using Raman 

spectroscopy and electrical probe measurements.  In addition, computation studies 

should be carried out into the mechanism by which a transition from the growth of 

cylindrical CNF layers to square-layer growth occurs.  If increased yields can be 

achieved, then stress and strain studies need to be carried out for applications in 

structural materials and composite reinforcement. 

 

7.2.4 Development of novel water-soluble fluoroionophores 

This thesis illustrates the fundamental investigations into an autofluorescent calixarene, 

p-phenyl-sulfonato-calix[8]arene, with respect to its application as a water-soluble 

fluoroionophore.  It is clear that this particular compound shows promise in the 

quantitation of low concentration divalent metal cations in completely aqueous systems.  

Although its utilisation as a fluoroionophore was demonstrated, it lacked specificity 

towards an individual divalent cation.  Consequently, future studies should be directed 

at structural modification, through the attachment of ion-specific functional groups or 

pendant arms, to promote directed ion coordination.  Indeed, if fluorescence originates 

from excimer formation through intramolecular π-π stacking of aromatic moieties, it 

may be possible to design a system in which the analyte induces molecular 

re-organisation is such as way as to completely switch off the fluorescence properties.  

This would significantly reduce measureable detection limits and provide an on/off state 

molecular beacon for binding events.  Furthermore, system modifications to target and 

exploit anion binding need to be established. 

 

It is important to obtain greater understanding of the molecular foundations of not only 

the autofluorescence properties but the mechanisms for cation interaction resulting in 

fluorescence quenching.  Detailed computational chemistry studies through a variety of 

energy minimising parameters will be essential for a more in-depth understanding of 

these mechanisms, more specifically in relation to the deprotonation of lower rim 

hydroxyl functionalities.  In addition, computational methods could be utilised to 

predict coordination interactions for analogous systems relating to the principal 

structure of p-phenyl-sulfonato-calix[8]arene. 
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The autofluorescence properties of this calixarene coupled with the inherent 

water-solubility, imparted by the sulfonic acid functionalities, paves the way for 

applications in biological systems.  This compound, or future derivatives, should be 

trialled for applications, such as bio-imaging, through fluorescence tracking and 

molecular binding studies.  These autofluorescence properties could be harnessed to 

track the biological pathways of these water-soluble systems.  This, in conjunction with 

cytotoxicity studies, would provide valuable information into inter- and intra-cellular 

transportation, and could provide a means of transporting molecular cargo to cellular 

entities while providing a tracking mechanism.  Furthermore, this water-soluble 

fluorescent cavitand should be investigated for molecular binding studies, in a 

biological context, to see the effects on structures such as G-quaduplex DNA and tumor 

cell membranes, with the possibility of site-specific drug delivery. 

 

Further investigation is warranted into the self-assembly of higher-order supramolecular 

structures from p-phenyl-sulfonato-calix[8]arene.  The analyses described in this thesis 

did not unequivocally support or reject higher-order assemblies in solution.  

Consequently, studies should be directed at lower rim functionalisation strategies to 

induce greater molecular amphiphilicity and possibly lead to higher-order structures, 

such as bilayers, vesicles, and capsule formation.  In this context, the concept of 

utilising these systems as drug carriers can be explored, with environmental triggers, 

such as pH, for drug targeting and release. 

 

Cavitand interactions with organic molecules has been discussed in detail in relation to 

fullerene interactions.  The interactions of p-phenyl-sulfonato-calix[8]arene with small 

organic molecules is an area that requires attention.  Initial studies indicate that 

fluorescence enhancement is observed for acetonitrile.  Extensive studies should be 

undertaken into small organic molecule binding effects on p-phenyl-sulfonato-

calix[8]arene fluorescence, and system modification to induce chemo-selectivity.  A 

realistic application area could be a sensor for petroleum deposit exploration in high 

conductivity media; such as seawater. 
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9 Appendices 

Appendix A.1  Raman analysis protocol – R-3000CN portable Raman spectrometer. 

A protocol for the analysis of drop-cast and air-dried residues containing SWCNT 

material, utilising the above mentioned portable Raman spectrometer, is detailed as 

follows: 

 

1. Once the instrument is turned on and RSIScan® software is open and the system 

is calibrated with the Teflon® standard (verification cap), adjust the laser power 

setting to <10 mW.  Caution: at laser power >10 mW the SWCNTs will 

disintegrate. 

2. The SWCNT residues should be on a flat surface, for these studies a flat disc 

with a single layer of aluminium foil was utilised.  The sample disc is mounted 

on a laboratory jack, for manual z-axis height control. 

3. The Raman probe is mounted in a clamp on a retort stand, such that the tip of the 

probe is facing the sample disc; this allows manual adjustment of the probe in 

the x- and y-axis for sample alignment. 

4. Remove the verification cap and align the Raman probe and sample disc, such 

that the probe tip has a clear pathway to the particular sample of interest.  Note: 

that the solid cap can be utilised at this stage to approximate the necessary z-axis 

height of the probe, as the laser is focused at the very tip of the solid cap.  At this 

stage the probe should typically be in a position to allow the acquisition of a 

Raman spectrum. 

5. Set the RSIScan® software to run in Focus mode; the x-axis units are the pixels 

from the detector which there are 1000.  The axis can be adjusted by striking the 

Pause button on the keyboard, with typical settings of x-axis 100-1000, an 

integration time of 1 s.  With the lower x-axis limit of 100 to start acquiring data 

past the laser reflectance.  Caution: Raman laser safety glasses should be warn at 

all time due to the laser being entirely exposed utilising this protocol. 

6. The y-axis varies experimentally, once a spectrum becomes apparent this axis 

can be manually scaled for the appropriate intensity range, at this stage the x- 

and y-axis will be in an appropriate position. 
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7. The z-axis height of the position can now be manually varied to allow maximum 

peak intensity for a given sample.  The laser focal point is 4.6 mm from the 

probe lens, typically start at a slightly greater distance and slowly optimise the 

sample height. 

8. The probe and sample are in the optimal position and an appropriate Raman 

spectrum can be obtained. 
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Figure A.2  PXRD pattern of the product of 6 in dichloromethane, demonstrating a hcp crystal 

structure of C60. 

 

 
Figure A.3  IR spectrum of the product of the argon annealed analogue (650 °C), demonstrating the 

typical C60 absorbance peaks. 
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Figure A.4  PXRD pattern of pristine C60 (blue), and the 700 °C argon annealed product (red). 

 

 
Figure A.5  Emission profiles (λex = 423 nm) for solutions of increasing concentration of 4C; 

concentrations below and above the CMC utilised at detector voltage 800 V.
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Single-walled carbon nanotubes (SWCNTs) have been successfully solubilized using water-soluble

p-phosphonated calix[n]arenes (n¼ 4, 6, 8) and ‘extended arm’ upper rim functionalized (benzyl, phenyl)

p-sulfonated calix[8]arenes. Selective SWCNT diameter solubilization has been demonstrated and

subsequent preferential enrichment of SWCNTs with semiconducting or metallic electronic properties

has been achieved. These water-soluble supramolecular systems can be incorporated into post-growth

purification protocols with direct implications in areas such as nano-electronics and device fabrication.

Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima1 and

more recently single-walled carbon nanotubes (SWCNTs),2,3

these purely carbon-based materials have attracted significant

attention from both the research and commercial sectors. CNTs

have extraordinary mechanical and unique electrical properties

with major research efforts focused on areas such as high

performance electronics,4 scanning probe microscopy,5,6 fuel

cells,7 composites,8,9 chemical,10,11 biological12,13 and physical14–16

sensors, and many more. In order to harness the full potential of

CNTs, the ability to separate them according to diameter and/or

chirality is required.4 The diameter and inherent chirality of

SWCNTs directly controls their semiconducting or metallic

properties.17

Recent methods have been trialed to separate CNTs including

pioneering work by Bao et al. which utilises different absorption

properties of metallic and semiconducting SWNTs towards

amine- and phenyl-terminated silanes to produce a one-step

methodology for self-sorting and aligned thin-film transistors.18

Other methods include dielectrophoresis which takes advantage

of the difference in relative dielectric constants of metallic and

semiconducting CNTs in respect to the choice of solvent.19

Pathways utilizing differential density gradient systems have

also been explored.20,21 More recent research has targeted non-

covalent supramolecular interactions, as in biopolymers,22 DNA

wrapping,23 porphyrinic polypeptides24 and oligo-acene

adducts.25 The problem with some of these methods is that the

supramolecular chemistry is carried out in organic solvents with

limited stability in aqueous media, and requires lengthy experi-

mental procedures. Progress has been made to combat these

underlying problems with the use of amphiphilic polymers.26

Supramolecular systems that can be utilized to solubilize

SWCNTs in aqueous media are potentially more benign,

generating less waste, and are thus more attractive.

Calixarenes have played an important role in supramolecular

chemistry in general. We have shown a unique structural

organization of fullerene C60, with surface curvature analogous

to SWCNTs, in toluene to form nano-fibers.27 This selectivity

and self-assembly process may be mimicked in water using

p-phosphonated calixarene systems as a route to diameter-

selective purification of SWCNTs in aqueous media. The most

widely studied water-soluble calixarenes are the p-sulfonato

derivatives, because of their bio-compatibility and simplicity

of synthesis.28–30 Recently we reported a general route for the

synthesis of p-phosphonic acid calix[n]arenes (n ¼ 4, 6, 8),

which can be engineered into unique supramolecular frame-

works at the nanometer scale.31 The combination of water

solubility and self-assembly is of interest for not only the

solubilization of SWCNTs but also the possibility of creating

different SWCNT-calixarene arrays to facilitate the separation

of the SWCNTs.

There have been limited studies on the specific use of water-

soluble calixarenes for the solubilization of SWCNTs. Lobach

et al. investigated various types of amphiphilic macrocycles,

such as different upper and lower rim functionalized calix[4]-

resorcinarene and p-sulfonato-calix[n]arenes (n ¼ 4, 6), modified

by lower rim alkyl substituents (butyl and dodecyl),32 with the

ability to form stable suspensions of SWCNTs in aqueousmedia.

Furthermore, Ogoshi et al. focused on p-sulfonato-calix[n]arenes

(n ¼ 4, 6, 8), with successful solubilization of SWCNTs with

the higher order oligomers, with p-sulfonato-calix[8]arene

forming a dimer as part of a supramolecular SWCNT

network polymer.33

Herein, we report the solubilization of SWCNTs using the

water-soluble p-phosphonated calixarenes and analogous

compounds of differing lower rim functionality. The findings

include a preferential solubilization of specific diameter

SWCNTs, as supported by Raman spectroscopy measurements.

We also report a detailed investigation into the effects of using

‘extended arm’ p-sulfonated calix[8]arene systems on SWCNT

solubilization, for comparison to the earlier studies on the parent

aCentre for Strategic Nano-Fabrication, School of Biomedical,
Biomolecular and Chemical Sciences, The University of Western
Australia, 35 Stirling Highway, Crawley, WA, 6009, Australia. E-mail:
clraston@chem.uwa.edu.au; Fax: (+61) 8-6488-8683; Tel: (+61)
8-6488-3045
bCentre for Forensic Science, The University of Western Australia, 35
Stirling Highway, Crawley, WA, 6009, Australia

† Electronic supplementary information (ESI) available: Raman
spectrum of aluminium foil sample holder, UV-visible spectra for the
calixarene/SWNT systems supernatants and standard calixarene
solutions. See DOI: 10.1039/b814904f
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p-sulfonated calixarenes.32,33 The ‘extended arm’ calixarenes

have a higher hydrophobic surface area relative to the parent

p-sulfonated calixarene.

Experimental

Materials and methods

SWCNTs (Elicarb�) were purchased from Thomas Swan & Co.

(UK) which were produced by a catalytic chemical vapour

deposition synthesis method with an as-received purity >90%

(4.79 wt% ash, 2.76 wt% iron catalyst, <2nm tube diameter).

The calixarenes utilized in this study are detailed in Fig. 1 and

Table 1. They included p-phosphonic acid calix[n]arenes (n ¼ 4,

6, 8), 1A, 2A, and 3A, p-phosphonic acid calix[4]arene modified

by octadecyl and butyl substituents on the lower rim, 1B

and 1C, p-phosphonic acid calix[6]arene modified by methyl

substituents on the lower rim, 2B, p-sulfonato-calix[8]arene,

4A, p-benzyl-sulfonato-calix[8]arene, 4B, and p-phenyl-

sulfonato-calix[8]arene, 4C.

Compounds 1A–3A were prepared through recently published

synthetic pathways,31 with 1B, 1C and 2B being synthesized in

our laboratory.34 The p-sulfonato-calixarene (4A) was synthe-

sized through a modified preparation,35 with the ‘extended

arm’ p-sulfonato-calixarenes (4B and 4C) synthesized through

published procedures.36,37

A typical experiment consisted of the addition of as-received

SWCNTs (1.0 mg) into a sample vial (10 mL) containing Milli-Q

water (6 mL, 18 MU cm�1). To this mixture the appropriate

calixarene (2.60 � 10�2 mmol) was added. This mixture was

ultrasonicated for 10 minutes with a sonic lance (4W RMS

power, Branson Sonifier 150) and a further 30 minutes (5WRMS

power), affording black to light grey solutions (Fig. 2A). To

remove impurities and large agglomerations the solution was

divided into 1.5 mL aliquots and centrifuged (5000RCF,

Eppendorf Mini Spin plus) for 30 minutes in ambient conditions.

The top three quarters of the supernatant was collected and

combined, yielding the solubilized product (Fig. 2B).

Raman spectroscopy was performed using a Raman Systems,

R-3000CN portable Raman spectrometer. The spectral range

covered was 100 to 1800 cm�1, with an excitation wavelength of

785 nm, and laser power <10 mW. Spectra were acquired from

multiple areas and rotations; the samples were prepared by

drop-coating the resulting supernatants onto aluminium foil and

allowing them to air dry. Raman spectra of calixarene control

samples were also prepared and collected using this method-

ology. UV-visible spectrophotometry was performed with

a Varian, Cary 50 Tablet spectrophotometer. The spectral range

covered was 800 to 200 nm, with a scan rate of 600 nm/min; the

samples were prepared by dilution (100�) of the resulting

supernatants, and were analysed in quartz cuvettes with a 10 mm

path length. Transmission electron microscopy (TEM) was

performed on a JEOL 2100 TEM operating at 120kV; sample

preparation involved centrifugation of the supernatant (100�
dilution) and re-dispersing the resultant plug in Milli-Q water,

from which a drop of the solution was placed onto a holey

carbon film supported by copper grids and air-dried.

Results and discussion

All the calixarenes studied are essentially acting as surfactant

molecules, in solubilizing the SWCNTs. It is interesting to note

that during ultrasonication all the solutions containing the

calixarenes formed a black solution (Fig. 2A), with exception of

1A and 1Bwhich afforded light grey suspensions. In comparison,

the SWCNT/water experiment devoid of calixarenes formed

large aggregates of the SWCNT material (Fig. 2A). The trans-

formation from colourless to black and/or grey indicates the

effective solubilization of the SWCNT material into the aqueous

media. This is further supported with the intense coloration

maintained in the supernatant after centrifugation (Fig. 2B). It

should be noted that the collected supernatant suspensions of

1A–4C are highly homogeneous and are stable for over six

months, and thus the p-phosphonated calixarenes and ‘extended

arm’ p-sulfonated calixarenes are effective in solubilizing and

stabilizing SWCNTs in aqueous media.

Raman spectroscopy

To obtain a greater understanding of the material solubilized by

the calixarene systems, the supernatant solutions were dried and

the resulting residues were analyzed using Raman spectroscopy.

Raman scattering produces characteristic peaks from certain

phonon modes in carbon nanotubes. The frequencies of

Fig. 1 Principle calixarene structure.

Table 1 Notation for calix[n]arene systems

X Y n Notation

PO3H2 OH 4 1A
PO3H2 C18H37 4 1B
PO3H2 OBu 4 1C
PO3H2 OH 6 2A
PO3H2 OMe 6 2B
PO3H2 OH 8 3A
SO3H OH 8 4A
Benzyl-SO3H OH 8 4B
Phenyl-SO3H OH 8 4C

Fig. 2 Photographs of (A) a solution containing SWCNT/water (left)

and a solution containing 2A/SWCNT/water (right); (B) supernatant of

2A/SWCNT/water system.
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immediate interest revolve around the radial breathing modes

(RBMs) and the G- and D-bands. The low frequency RBMs

(100–300cm�1) are directly dependent on the nanotube diameters

within a sample.38 The high-frequency band at �1340cm�1 is

commonly referred to as the D-band (disorder-induced band)

and provides information regarding amorphous impurities and

carbon nanotube wall disorder. The high-frequency band at

�1585cm�1 is commonly referred to as the G-band (graphite

band) and relates to the graphite E2g symmetry of the interlayer

mode. This mode represents the structural intensity of the

sp2-hybridized carbon atoms of the CNTs and is sensitive to the

nanotube surroundings. It is common to utilise the calculated

ID/IG ratio to assess the quality of a CNT sample following

a purification procedure.39 It should be noted that Raman

spectra were obtained for all calixarene control samples, and

were found to not be Raman active at the laser frequency utilised

in this study (see ESI).†

The spectral shifts in the calixarene/SWCNT systems are

detailed in relation to the as-received SWCNT sample (Table 2).

All of the calixarene systems produce an up-field shift in the

G-band frequency relative to the as-received SWCNT sample

(Fig. 3), shown in Fig. 4A and 5A. For the p-phosphonated

calixarene analogues the largest shift was seen for 2B, with

the smallest shift seen for 1B. For the latter, this may be

related to the large hydrophobic tail decreasing its solubility in

aqueous media. The hierarchy of frequency shift is 1B < 1C <

1A, 2A, 3A < 2B (Table 2), and this gives some insight into

the relative strength of the interaction between the respective

p-phosphonated calixarene and the SWCNTs. The results show

that the interplay between the calixarenes and SWCNTs leads to

their solubilization into the aqueous media.40

Similarly, with the p-sulfonated calixarene systems we

observed significant G-band shifts with the largest up-field shifts

attributed to the ‘extended arm’ p-sulfonated calix[8]arene

systems (4B and 4C) (Fig. 5A). This could be due to more

efficient packing of the calixarenes around the SWCNT surface.

The conformational flexibility of the larger ring size calixarene

with a larger hydrophobic surface area is likely to encourage

p–p stacking of the aromatic units of the benzyl and phenyl

upper rim functionalities with the SWCNT surface.

The results indicate that the peak width of the D-band at

�1590 cm�1 has decreased significantly from 100 cm�1 in the

as-received SWCNTs to 20–40 cm�1 (FWHM) in all tested

systems (Fig. 4A and 5A). This peak width narrowing is attrib-

uted to the reduction of the amount of amorphous carbon in the

sample, and indicates that all of the systems studied show a low

binding affinity to amorphous carbon, and when coupled with

centrifugal processing results in minimal amorphous carbon

present in the aqueous supernatant. This supports the use of

these water-soluble calixarenes in post-growth purification

protocols.

It is important to measure the purity of the SWCNTs that have

been solubilized using the calixarene host molecules. A method

Table 2 Raman spectral G-band frequency shifts and the ID/IG ratios
for the residues of the calixarene/SWCNT supernatants

Sample G-band frequency/cm�1 Frequency shift/cm�1 ID/IG ratio

As-received
SWCNTs

1583.68 — 0.2131

1A 1592.48 +8.80 0.1613
1B 1588.08 +4.40 0.1816
1C 1588.96 +5.28 0.0729
2A 1592.48 +8.80 0.1559
2B 1594.24 +10.56 0.1350
3A 1592.48 +8.80 0.2449
4A 1592.48 +8.80 0.1277
4B 1602.15 +18.47 0.2514
4C 1602.15 +18.47 0.1440

Fig. 3 Raman spectrum of as-received SWCNT, inset of the radial

breathing mode frequency range.

Fig. 4 (A) Raman spectra obtained for the phosphonated calixarene

systems, (B) Raman spectra highlighting the RBM bands.
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routinely utilized is the ratio from the intensity of the D-band to

that of the G-band (ID/IG).
39 A lower value of ID/IG implies less

disordered carbon attributed to the SWCNTs structure and

hence an increased level of pristine SWCNTs. The as-received

SWCNTs have a calculated ID/IG ratio of 0.2131. The ID/IG
ratios are detailed in Table 2, with the hierarchy of ID/IG ratios as

follows: 4B > 3A > SWCNT as-received > 1B > 1A > 2A > 4C >

2B > 4A > 1C. This shows that the majority of the calixarene

systems increase the level of pristine SWCNTs in the superna-

tant, with the exception of 3A, 4B. The ID/IG ratios for the 3A

and 4B systems, albeit lower in purity, are relatively close to the

as-received SWCNT ratio. Interestingly, the 3A and 4B systems

reveal large G-band shifts, indicating significant surface inter-

action with the SWCNT surface. These systems may also bind to

carbon particle impurities which can result in their disaggrega-

tion and lead to an increased D-band signal.40 These data further

support the use of the majority of these calixarene systems in

post-growth purification protocols.

The radial breathing mode (RBM) frequencies assigned within

a Raman spectrum can provide direct information regarding the

distribution of SWCNT diameters within a sample.41 The rela-

tionship between the RBM frequency and the inverse nanotube

diameter is well described in the literature:

�nRBM ¼ A

dt
þ B

where nRBM is the RBM frequency in cm�1, dt is the tube diameter

in nm, and the parameters of A ¼ 223.5 cm�1 nm and B ¼
12.5 cm�1 have been experimentally determined.42 The Raman

spectrum, including the RBM region, for the as-received

SWCNT is detailed in Fig. 3. It should be noted that several

recurring frequencies in the RBM range were identified and

removed from the analysis. These could be contributed from

either the aluminium foil, possible laser reflections and/or the

sampling environment (see ESI).†

The dominant SWCNT diameters in the sample are 1.61 nm

(151.25 cm�1), 1.19 nm (200.49 cm�1), 1.05 nm (225.99 cm�1) and

0.90 nm (262.04 cm�1) (Fig. 3). If a broadRBMband is observed it

is possible that it is a superposition of a few Lorentzian compo-

nents and could represent multiple diameter SWCNTs.43 This is

possibly what is occurring with the 151.25 cm�1 band, which is

subsequently masking the larger diameter SWCNTs individual

RBM bands. The spectra obtained from the p-phosphonated

calixarene systems are detailed in Fig. 4A andB. The p-sulfonated

calixarene systems spectra are detailed in Fig. 5A and B.

A summary of the calculated SWCNT diameters present in the

supernatants in each system is given in Table 3. Firstly, the data

support the previous findings on solubilization of the SWCNTs.

The data also indicate that there is selective uptake of particular

diameter SWCNTs, which is highly dependent on the nature of

the calixarene. In the majority of the supernatants the most

intense band can be attributed to SWCNT with a diameter of

0.89 nm (ca. 262 cm�1). Interestingly, this SWCNT diameter is

not the most abundant in the as-received SWCNT sample

(Fig. 3), yet this diameter seems to be efficiently solubilized, with

the uptake in solution of larger diameter tubes limited.

As previously mentioned the smaller diameter SWCNTs were

more readily solubilized into aqueous media. However, the data

indicate that there are larger SWCNT diameters solubilized when

using 4B (1.55 and 1.42 nm) and 4C (1.35 nm). In the case of 4B

and 4C involving the ‘extended arm’ sulfonated calix[8]arenes,

the large G-band shifts indicate strong nanotube surface inter-

actions. This suggests a different type of interplay with the

SWCNT surface, in solubilizing the larger diameter SWCNTs.

This is consistent with the increased conformational flexibility of

the larger ring size calixarene.

Data in Table 3 also indicate that 1C and 2A are unique in

regard to SWCNT solubilization. 1C shows the ability to

Table 3 Calculated SWCNT diameters present based on RBM
frequencies in the Raman spectra

Sample
Calculated SWCNT
diameter distributiona/nm

As-received SWCNTs 1.61, 1.19, 1.05, 0.89
1A 1.01, 0.89
1B 1.01, 0.89
1C 1.04, 0.89
2A 0.89
2B 1.00, 0.89
3A 1.00, 0.89
4A 1.01, 0.89
4B 0.91, 0.89
4C 1.35, 1.04, 0.89

a SWCNT diameter relating to the most intense band is italicized.

Fig. 5 (A) Raman spectra obtained for the sulfonated calixarene

systems, (B) Raman spectra highlighting the RBM bands.
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preferentially bind to 1.04 nm (ca. 228 cm�1) diameter SWCNTs,

with the band having the greater RBM intensity. This diameter

represents the smallest SWCNT diameter population in the

as-received SWCNTs (Fig. 3). In contrast, 2A only solubilizes

SWCNTs with a diameter 0.89 nm (ca. 264 cm�1). These two

systems not only significantly increase the purity of the SWCNTs

(Table 2), they can also be utilised to preferentially solubilize

SWCNTs of a specific diameter.

With the SWCNT diameter distribution in both the as-received

SWCNT sample and the different calixarene system supernatants,

it is now possible to calculate integers of assignment (Table 4):

dt ¼ a(n2 + m2 + nm)1/2 / p

where a ¼ 0.249 nm (due to a ¼ O3ac-c ¼ 0.249nm [ac-c ¼
0.142nm]) and the integers (n,m) define the structure of

a SWCNT in terms of its diameter and chiral angle.44 Further-

more, following the topographical assignment, the electronic

nature of each specified nanotube topology can be determined

(Table 4). There are three possible electronic assignments: 1)

quasi-metallic SWCNT with |n � m| ¼ 3q; 2) metallic SWCNT

with n ¼ m and 3) semiconducting SWCNT with |n � m| ¼ 3q �
1, where q is an integer.44

From the chiral assignment and subsequently the electronic

nature of the SWCNTs in the supernatants (Table 4), it is

possible to comment on the preferential solubilization of semi-

conducting and metallic SWCNTs. The majority of the SWCNTs

analysed are semiconducting in nature, which is expected from

using a 785 nm excitation wavelength, where excitation is

primarily resonant with the v2 / c2 transitions.45 In relation

to the p-phosphonated calixarenes, all systems preferentially

solubilized 0.89 nm, (10,2) semiconducting SWCNTs based on

RBM intensities. For the 1C system, while still solubilizing

0.89 nm SWCNTs, solubilization of the 1.04 nm, (12,2) semi-

conducting or (9,6) metallic SWCNTs occurs. This is the only

p-phosphonated calixarene to bind to metallic SWCNTs. Most

p-phosphonated systems solubilize two to three different diam-

eter SWCNTs, whereas 2A only solubilized 0.89 nm (10,2)

semiconducting SWCNTs. This selective binding to specific

chiral SWCNTs has significant implications for post-growth

purification and application selective processing for many

current and future applications, in particular nano-electronics.4

In relation to the electronic nature of the solubilized SWCNTs

the results obtained from the p-sulfonated calixarene systems

were similar to the p-phosphonated calixarene systems. However,

it is interesting to note that 4C preferentially binds two different

diameter metallic SWCNTs, along with the typical 0.89nm

SWCNTs. The intensities of these respective RBM bands are

relatively similar which suggests that there is an enrichment of

metallic SWCNTs in the supernatant for this system.

UV-visible spectrophotometry

In a recent study, Attal et al. utilised UV-visible absorbance

spectrophotometry to determine the concentration of SWCNTs

in aqueous dispersions. The absorption peak at 273 nm is

a signature of the surface p-plasmon excitation of dispersed

SWCNTs.46 The supernatants obtained for the different calix-

arene systems, in this study, were analysed using this technique.

In the majority of the systems slight increases in absorbance at

the 273 nm peak were seen, when compared to solutions only

containing the calixarene. However, these results are deemed

inconclusive as the p-plasmon surface excitations of the calix-

arene adsorb strongly in the 273 nm region and it is possible the

contribution from the SWNTs has been masked (see ESI).†

Transmission electron microscopy

Transmission electron microscopy (TEM) was utilised to assess

the residues of the supernatants to give information on the

solubilization characteristics and also reveal possible packing

arrangement in the solid state that may relate to arrangement in

the solubilized phase. TEM was carried out on the supernatants

of the calixarene systems, with 1C results detailed in Fig. 6 and 7.

The TEM image in Fig. 6 illustrates the typical structures

observed on the grid, where networks of SWCNTs can be seen

scattered with amorphous coatings of the calixarene sheathing

the SWCNTs. As expected the SWCNTs are observed to be

individual (Fig. 7), indicating the disruption of van der Waals

forces between SWCNT bundles and subsequent self assembly of

the calixarene around a SWCNT surface for the effective solu-

bilization into aqueous media. These results provide support for

the increase in pristine SWCNT purity (Table 2). Energy

Table 4 Observed RBM bands in the as-received SWCNTs and calix-
arene system supernatants with topographical and electronic assignment

Observed RBM
band/cm�1 � 1

Calculated
SWCNT
diameter/nm

Assignment
(n,m)

Semiconducting
(S) or metallic (M)

264 0.89 (10,2) S
257 0.91 (11,1) S

(9,4) S
235 1.00 (12,1) S
232 1.01 (11,3) S
228 1.04 (12,2) S

(9,6) M
226 1.05 (10,5) S
200 1.19 (15,0) S
178 1.35 (15,2) S

(14,5) M
151 1.61 (18,4) S

Fig. 6 TEM image illustrating SWCNT networks coated with 1C.
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dispersive X-ray analysis (EDX) has also been carried out on the

sample with no peaks attributed to any remaining iron catalyst

particles, further supporting the use of these systems for post-

growth purification.

Conclusion

We have reported the successful use of p-phosphonated calixar-

ene systems to solubilize SWCNTs into aqueous media. We have

directly compared the p-phosphonated calixarene systems to

p-sulfonated calixarene systems and have revealed a strong

binding affinity present between the ‘extended arm’ p-sulfonated

calix[8]arenes and the SWCNT surface through Raman

spectroscopy. These results show the potential for the use of

p-phosphonated calixarenes not only for solubilization of

SWCNTs but as a purification route with selective diameter

uptake, tunable with the specific system utilized. Furthermore,

we have assigned the different SWCNT topologies and have

determined the electronic nature of the selectively solubilized

SWCNTs. This selective diameter and chirality solubilization

provides a step forward in the post-growth treatment of

SWCNTs to obtain application specific SWCNTs in areas such

as nano-electronics and device technology.
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Additions and corrections  

  
Selective diameter uptake of single-walled carbon nanotubes in water using 
phosphonated calixarenes and ‘extended arm’ sulfonated calixarenes  

Lee J. Hubble, Thomas E. Clark, Mohamed Makha and Colin L. Raston  

J. Mater. Chem., 2008, 18, 5961– 5966 (DOI: 10.1039/b814904f)  

Amendment published 11th December 2008.  

The authors regret the following errors:  

A sentence in the section Raman spectroscopy in the Results and discussion that 
reads:  

“The results indicate that the peak width of the D-band at ~1590 cm
-1

 has decreased 
significantly from 100 cm

-1

 in the as-received SWCNTs to 20–40 cm
-1

 (FWHM) in all tested 
systems (Fig. 4A and 5A).”  

should read:  

“The results indicate that the peak width of the D-band at ~1340 cm
-1

 has decreased 
significantly from 100 cm

-1

 in the as-received SWCNTs to 20–40 cm
-1

 (FWHM) in all tested 
systems (Fig. 4A and 5A).”  

A sentence in the same section that reads:  

“As previously mentioned the smaller diameter SWCNTs were more readily solubilized 
into aqueous media. However, the data indicate that there are larger SWCNT diameters 
solubilized when using 4B (1.55 and 1.42 nm) and 4C (1.35 nm). In the case of 4B and 4C 
involving the ‘extended arm’ sulfonated calix[8]arenes, the large G-band shifts indicate 
strong nanotube surface interactions. This suggests a different type of interplay with the 
SWCNT surface, in solubilizing the larger diameter SWCNTs. This is consistent with the 
increased conformational flexibility of the larger ring size calixarene.”  

should read:  

“As previously mentioned the smaller diameter SWCNTs were more readily solubilized 
into aqueous media. However, the data indicates that there are larger SWCNT diameters 
solubilized when using 4C (1.35 nm). In the case of 4C involving an ‘extended arm’ 
sulfonated calix[8]arene, the large G-band shift indicates strong nanotube surface 
interactions.  This suggests a different type of interplay with the SWCNT surface, in 
solubilizing the larger diameter SWCNTs. This is consistent with the increased 
conformational flexibility of the larger ring size calixarene.”  
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Supplementary Figure 1. Raman spectrum of the ‘blank’ aluminium foil, inset of the 
typical radial breathing mode frequency range. These ‘baseline’ frequencies were taken 
into account for the analysis of the as-received SWCNTs and supernatant residues. This 
also represents the spectrum obtained when analysing calixarene control samples. 
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Supplementary Figure 2a. UV-visible spectra of the p-phosphonated calixarenes (1A-
3A) and p-sulfonated calixarenes (4A-4C). 
 

 
 
Supplementary Figure 2b. UV-visible spectra of the p-phosphonated calixarenes (1A-

3A)/ SWNT supernatants and p-sulfonated calixarenes (4A-4C) / SWCNT supernatants. 
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Nanofibers of Fullerene C60 through Interplay of Ball-and-Socket
SuperACHTUNGTRENNUNGmolecules

Lee J. Hubble[b] and Colin L. Raston*[a]

Introduction

Carbon-based materials have a wide variety of applications
such as catalysis,[1–4] fuel cells,[5–7] separations,[8–11] extractions,
and sensor technology.[12–14] Overall, carbon is remarkably
versatile and offers the possibility of fabricating a diverse
range of novel products entirely composed of the element.
The discovery of fullerene C60 and higher fullerenes, and the
later development of carbon nanotubes, has added signifi-
cantly to this possibility becoming a reality.

In developing the full potential of carbon it is important
to be able to accurately prepare new structural carbon
frameworks and to be able to generate new materials with
different spatial arrangement of arrays of carbon atoms.
One way of achieving this is through self-assembly process-
es. Fullerenes, as the only form of molecular carbon, are in
a unique position to be used for these processes. A recent
example of this is the formation of a one-dimensional C60

array in solution templated by helical nanotubes[15]

An area that has attracted significant attention in recent
years is the supramolecular chemistry of fullerenes involving

cavitands, with particular interest being devoted to calixar-
enes and related molecules. Atwood et al.[16] and Suzuki
et al.[17] initially developed a convenient and efficient purifi-
cation method for obtaining C60 from “crude” fullerene
soot, which is based on the formation of a discrete complex
with p-tBu-calix[8]arene. Furthermore, the different effects
of lower phenolic oligomers and substituted lower and
upper ring functionalization has led to unique complex
arrays of fullerenes that display fullerene···fullerene inter-
play.[18–20] Examples of such interplay include the 1:1 com-
plexes between C60 and cyclotriveratrylene (CTV),[21] and
calix[5]arene[22] where the C60 molecules are packed into
continuous zigzag chains; C60···C60 close contacts vary from
9.90 to 10.20 �, with dihedral angles in the chains ranging
from 118 to 1728, indicating a transitional packing structure
between a linear chain and double-column array.[20]

Bowl-shaped calix[5]arenes are effective in controlling the
assembly of fullerenes, with dimensionality and curvature
complementarity for endo-cavity binding C60.

[23] Herein we
show that p-tBu-calix[5]arene forms a complex with C60

from toluene, as nanofibers based on the 1:1 supermolecule
(C60)\(p-tBu-calix[5]arene) [Eq. (1)].

Optical and transmission electron micrographs of the
structure of these bundles of nanofibers are presented in
Figure 1a and 1b, respectively. We also show that the calix-
arenes can be removed at high temperatures under an inert
atmosphere to afford encapsulated nanofibers of pure C60

with a large increase in surface area compared to the parent
complex. Furthermore, we indicate that “crude” fullerene
soot similarly affords nanofibers, albeit with a small percent-

Abstract: Mixing solutions of p-tBu-
calix[5]arene and C60 in toluene results
in a 1:1 complex (C60)\(p-tBu-calix[5]-
arene), which precipitates as nanofib-
ers. The principle structural unit is
based on a host–guest ball-and-socket
nanostructure of the two components,
with an extended structure comprising
zigzag/helical arrays of fullerenes

(powder X-ray diffraction data coupled
with molecular modeling). Under
argon at temperatures above 309 8C,
the fibers undergo selective volatiliza-

tion of the calixarenes to afford C60-
core nanostructures encapsulated in a
graphitic material sheath, which exhib-
its a dramatic increase in surface area.
Above 650 8C the material exhibits an
ohmic conductance response, due to
the encapsulation process.

Keywords: calixarenes · fullerenes ·
host–guest systems · nanostructures ·
supramolecular chemistry
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age of the next highest fullerene, C70, incorporated into the
structure.

Results and Discussion

The synthesis of the (C60)\(p-tBu-calix[5]arene) complex re-
quires a large excess of calixarene, and is formed in 56%
yield based on C60. After two hours the typical magenta
color of the C60 solution turns dark brown indicating com-
plex formation. At this point optical microscopy reveals a
suspension of light brown needlelike, fibrous material (Fig-
ure 1a). To ensure a uniform product, continuous stirring is
essential. The mother liquor can be recycled with the addi-
tion of an equivalent of C60 and p-tBu-calix[5]arene, there-
after affording a quantitative yield of the complex. A variety
of different synthetic and crystallization conditions were in-
vestigated, such as different host–guest molar ratios, host–
guest reaction periods, rates of solvent evaporation, solvent-
less reactions, and the use of ultrasonication. Indeed, grind-
ing an equimolar mixture of C60 and p-tBu-calix[5]arene fol-
lowed by sonication in hexane afforded the same fibrous
product, albeit in low purity with un-reacted starting materi-
al present.

Using a mixture of fullerenes (fullerite) in place of C60

also afforded a nanofiber complex, with some C70 incorpo-
rated (UV/Vis), whereas reacting pure C70 with the same
calixarene did not form a solid complex. The structure of

the complex derived from fullerite is presumably the same
as the structure for the complex formed by using pure C60

(see below), with the upper limit of C70 inclusion governed
by the geometrical mismatch associated with incorporating a
non-spheroidal fullerene into the continuous array. The
(C60)\(p-tBu-calix[5]arene) complex undergoes rapid de-
composition in dichloromethane, with the precipitation of
pure C60 (Figure 2). The analogous (C60)\(p-tBu-calix[8]ar-

ene) complex similarly degrades in dichloromethane.[16]

Solid-state NMR spectroscopy of the complex clearly
shows freely rotating C60 at ambient temperature, and also
some rotation of the tertiary butyl groups (Figure 3). The

TEM image shows ordered linear striations throughout the
nanofibers, which correlate to columnar arrays of fullerenes
(see Figure 1b).

Calix[5]arenes have complementarity of curvature with
C60 and form complexes with the fullerene residing in the
cavity, either as a ball-and-socket nanostructure, or with two
calixarenes shrouding a single fullerene molecule.[22,24] This,

Figure 1. Optical micrograph (a) and TEM image (b) of the (C60)\(p-
tBu-calix[5]arene) complex, the latter revealing the linear striations of
fullerene C60 within bundles of nanofibers.

Figure 2. IR spectra of the product of the decomplexation of (C60)\(p-
tBu-calix[5]arene) in dichloromethane, additional absorbance peaks are
attributed to residual dichloromethane.[16]

Figure 3. CP-MAS solid state 13C NMR spectra for (C60)\(p-tBu-calix[5]-
arene), with (bottom) and without (top) magic angle spinning.

www.chemeurj.org � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 6755 – 67606756
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coupled with the ratio of 1:1 for the two components in the
present complex, is consistent with the supermolecule unit
as a ball-and-socket nanostructure [Eq. (1)]. The supermole-
cules then propagate to 1D arrays, attributed to columnar
arrays of C60, noting that such an array is encountered in the
calix[5]arene system.[22] Bundles of these arrays agglomerate
to form the macroscopic fibrous product. In comparison to
the calix[5]arene system, the present system has additional
geometrical packing constraints due to the bulky tertiary
butyl groups on the upper rim of the calixarene, but never-
theless fullerene···fullerene interactions are still possible.

The powder X-ray diffraction (PXRD) pattern is domi-
nated by a 2q peak at 3.938 (Figure 4), which is attributed to
the inherent distance between individual C60 columns, at a

distance of 2.25 nm. The fibrous nature of the sample gives
rise to preferred diffraction pattern orientation effects in the
patterns at different sample orientations. The next highest
intensity peak is at a 2q value of 6.898 with a d-spacing of
1.28 nm. Overall, the diffraction pattern and orientation ef-
fects correlate well to the proposed structure (Figure 5).
Through acquisitions at different sample holder orientations

an increase in peak intensity at a 2q value of 6.898 was ob-
served. This corresponds to the three planar C60 molecules
(A, B, & C) being parallel with the X-ray beam (Figure 5).
The additional reflections correlate to other intra-column
fullerene planes, with increasing angle reflections from
intra-fullerene domains.

Owing to the nature of the sample, single-crystal diffrac-
tion data could not be obtained; however, the PXRD results
were incorporated into a model developed by using Accelrys
software.[25] For illustrative clarity, all the p-tBu-calix[5]arene
molecules shrouding the fullerenes have been omitted for
Figure 5a and 5b. The model consistent with the data has a
single column of C60 comprising three C60 molecules in-
plane (A, B, & C) with a dihedral angle of 80.78 and cen-
troid···centroid distances of 0.99 nm (A & B) and 1.28 nm
(A & C). This is the repeating unit and is successfully rotat-
ed by 908 with four turns corresponding to a complete turn
for a helical array. Atwood et al.[22] report a similar model
based on single-crystal diffraction data with the unsubstitut-
ed calix[5]arene, which forms a linear zigzag array; however,
this model does not fit the data obtained from PXRD in re-
lation to the (C60)\(p-tBu-calix[5]arene) complex. The ar-
rangement of calixarenes in a single helical array is illustrat-
ed in Figure 6. This array propagates along its principle axis
to form the strands of fullerene fibers seen in Figure 1b.

Thermogravimetric analysis (TGA) studies were carried
out under air and argon (Figure 7). Under air there is an ini-
tial 3% weight decrease from 23 8C until 213 8C, which is at-
tributed to solvent surface desorption. This is interestingly

Figure 4. Powder X-ray diffraction pattern of (C60)\(p-tBu-calix[5]arene).

Figure 5. a) Proposed helical array of C60 columns; labels denote a tri-
ACHTUNGTRENNUNGangular set of fullerenes. b) C60 column rotated 458 about the horizontal
ACHTUNGTRENNUNGx axis in (a).

Figure 6. Proposed calixarene packing arrangement around a C60 column,
with the same orientation as Figure 5b, based on Accelrys.[25]

Figure 7. TGA of the nanofibers of (C60)\(p-tBu-calix[5]arene) under
both air and argon atmospheres.

Chem. Eur. J. 2007, 13, 6755 – 6760 � 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6757
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followed by a gradual 5% weight increase from 213 8C to a
maximum at 309 8C which is attributed to partial oxidation
of C60

[26] followed by a gradual weight reduction at a rate of
0.6 weight% 8C�1, until final product decomposition at
503 8C. Under argon there is an initial 2% weight loss up to
213 8C followed by a 34% weight decrease from 309–517 8C,
then a slow declining plateau region from 517–705 8C corre-
sponding to an 8% weight loss. The total weight loss prior
to C60 degradation corresponds to loss of the calixarene for
a 1:1 complex. Further weight loss is associated with degra-
dation of C60 (see below) with a change in rate of vaporiza-
tion above 800 8C, as reported previously by Malhotra, et al.
Here there is a thermally activated transformation of the
fullerenes, in which larger covalently bonded fullerene
arrays are formed.[27] In the present study only 5% of the
original sample weight is retained at temperatures up to
1200 8C under an argon atmosphere.

Decomposition under argon was further investigated
through a series of isothermal hold experiments, ranging
from 400–800 8C in 50 8C intervals. The post-heat treated
sample morphology was evaluated by using scanning elec-
tron microscopy (SEM), highlighted in Figure 8a-d. The re-

sulting materials appear to have crystalline and amorphous
domains, with PXRD results confirming crystallinity in the
samples. At temperatures below 600 8C the principle topo-
graphical structure was retained for bundles of nanofibers.
The samples derived at 400 8C were constantly plagued by
charging effects, as was the case for the as-synthesized com-
plex (Figure 8b and 8a, respectively). At annealing temper-
atures inclusive of 650–700 8C, samples no longer suffered
from charging (Figure 8c). This relates to loss of the calixar-
enes and also indicates that the sample is now conductive.
Above 700 8C structural degradation of the bundles of fuller-
ene fibers occurs with increased surface defects, notably
with pitted or ’skeleton’ array structures (Figure 8d). The
conductivity is associated with formation of graphitic mate-
rial (see below). The degradation at high temperature aside,

the selective removal of large cavitand molecules at high
temperatures is without precedent in relation to fullerene ar-
chitecture.

TGA data from the isothermal hold experiments indicate
that temperatures of 650 8C and 700 8C, correlate to a 36 and
37% weight loss, respectively. For temperatures of 750 8C
and 800 8C there is a 54% and 56% sample weight loss, re-
spectively. Coupling of the SEM and TGA results suggest
that heating under argon at increasing temperatures corre-
lates to the p-tBu-calix[5]arene backbone being selectively
volatilized from the sample, leaving bundles of C60 nanoar-
rays, albeit with some graphitic material on the surface of
the fibers. The formation of an all-C60 core structure was
also confirmed by infrared spectroscopy, with typical C60 ab-
sorbance peaks at 526, 575, 1181 and 1428 cm�1. Further-
more, PXRD on a 700 8C treated sample revealed a face-
centered cubic (fcc) crystal packing structure, which is the
structure of pristine C60.

[20]

Brunauer, Emmett, and Teller (BET) surface area meas-
urements were undertaken for the as-synthesized and iso-
thermal hold products (Figure 9). Interestingly, there is a 45-

fold increase in the surface area exhibited for the product
obtained at 800 8C in relation to the as-synthesized product.
The surface area correlates with trends derived from TGA
data (Figure 7). This indicates a steep increase in surface
area until a plateau is reached at 600–700 8C followed by an-
other steep increase. The surface area increase is due to the
selective volatilization of the calixarene backbone and the
formation of graphitic material providing increasing sites for
gas absorption. This is interesting to note as PXRD and IR
data indicate a C60 fcc crystal structure despite the large sur-
face area established by BET.

A study into the macroscopic electrical properties of the
high temperature argon annealed analogues was carried out.
The objective of this study was to confirm if high tempera-
ture argon annealing of the parent complex resulted in con-
ductive material, which was inferred from the higher tem-
perature SEM samples not being susceptible to charging

Figure 8. a) SEM image of as-synthesized bundles of nanofibers, and
SEM images of bundles of nanofibers treated under argon at b) 400 8C,
c) 700 8C, and d) 800 8C, all scale bars represent 10 mm.

Figure 9. BET surface area against percent weight loss for as-synthesized
and argon-annealed products, with associated annealing temperatures.
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during imaging. The results for each sample were compared
to that obtained for single crystals of pristine C60, which at
room temperature is known to be a highly insulating n-type
material.[28] I–V curves and resistance values were obtained,
with results shown for the 800 8C analogue (Figure 10). As

expected a non-ohmic conductance response was obtained
for a single crystal of C60 at room temperature which is a
known insulating material. Similar results were obtained for
all the analogues annealed under argon until the annealing
temperature of �650 8C was reached, whereby the materials
exhibited an ohmic conductance response. This is clearly
seen for the 800 8C analogue where a linear I–V curve and a
relatively stable resistance value are produced through the
voltage sweep (Figure 10). The bulk material resistance
values obtained for the 800 8C analogues were about 1200W.
These results reinforce the assumption that the material
formed under an argon atmosphere at annealing tempera-
tures of �650 8C forms a conductive material, the conductiv-
ity of which is ascribed to the formation of graphitic materi-
al, as discussed below.

Further experiments were carried out to assess the high
temperature annealed samples to indicate a probable cause
of the change in electrical behavior at specific temperatures.
Dispersive Raman spectroscopy was undertaken on the
range of high-temperature analogues and the as-synthesized
product. The Raman spectrum of the as-synthesized product
was similar to that of pure C60. In contrast, the high temper-
ature annealed material gave additional Raman lines
(Figure 11), notably around 1580 cm�1 and 1330 cm�1. These
peaks correspond to the so-called G (graphite) and D (dia-
mond) bands, respectively, and are in agreement with litera-

ture values.[29] The G band relates to the graphitic E2g sym-
metry mode and reflects the structural integrity of the sp2-
hybridized carbon atoms of the graphitic material. While,
the D band, or diamond band, indicates disordered sp2-hy-
bridized carbon atoms within the sample.

It is apparent that graphitic material is being formed in
the annealing process. However, it is interesting to note that
only the high-temperature annealed samples (�650 8C) ex-
hibited conductive behavior, indicated by electrical resist-
ance measurements. With the analysis of the G to D intensi-
ty ratios it is evident that a switch in the G to D ratio to less
than one occurs when the material becomes conductive.
This could either be due to the formation of more disor-
dered carbon atoms at the higher temperatures or simply an
increased coating is being formed fully encapsulating the
fibers. In this context we note that the conducting material
results in little dissolution of fullerene C60 in the presence of
toluene. We conclude that at the higher temperatures (�
650 8C) a graphitic material (not graphite itself), such as ac-
tivated charcoal, encapsulates the remaining C60 fiber and
forms a conductive sheath around a central core. The re-
maining presence of a C60 core is inferred from typical IR
absorbance peaks attributed to C60.

Conclusion

The results demonstrate the formation of C60 nanoarrays
that form bundles of nanofibers based on complexation of
C60 and p-tBu-calix[5]arene from toluene in a quantitative
yield. A grinding/sonication method for obtaining the com-
plex has also been established, and complex formation is
possible from crude fullerene soot. Annealing under an
inert atmosphere demonstrates the use of this complex as a
precursor in preparing exclusively carbon-based material,
which can be conducting. The ensuing large surface area has
implications for the development of catalyst support frame-
works, hydrogen and other gas storage material architecture,
and device technology.

Experimental Section

Synthesis of (C60)\(p-tBu-calix[5]arene): On dissolution of C60 (40.7 mg,
5.65�10�2 mmol, BuckyUSA 99%) in toluene (40 mL), 13 molar equiva-
lents of p-tBu-calix[5]arene (596.3 mg, 0.7351 mmol) were added. Gravity
filtration, followed by a wash with hexane (3�2 mL), afforded a light
brown/golden solid (48.7 mg, 3.18�10�2 mmol), which was dried under
vacuum (56% yield, elemental analysis (%) calcd: C 90.17, H 5.22;
found: C 90.14, H 5.28).

Transmission electron microscopy (TEM) was performed on a JEOL
3000F FEGTEM operating at 200 kV; sample preparation involved form-
ing a liquid suspension of the complex in hexane and then putting a drop
of the dispersion onto a holey carbon film supported by copper grids and
air-dried. As-prepared samples and annealed analogues were directly ex-
amined on a Zeiss 1555 VP field emission scanning electron microscope;
sample preparation involved the dispersion of material directly onto
carbon tape on a standard aluminum stub.

Figure 10. I–V and resistance curves for the analogue annealed under
argon at 800 8C.

Figure 11. Raman spectra of the high-temperature analogues and as-syn-
thesized product.
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Solid-state C13 CP-MAS spectra were measured on a Bruker ARX
300 MHz NMR spectrometer at a frequency of 75.468 MHz, a spin rate
of 4 kHz, contact time of two milliseconds and relaxation delay of two
seconds. Powder XRD patterns were obtained on a Siemens Diffractome-
ter D500 by utilizing CuKa radiation (l=0.154 nm); sample preparation
involved placing approximately 50 mg of material on a XRD sample
holder, levelled with a glass microscope slide.

Thermogravimetric analysis (TGA) was performed on a TA Instruments
SDT 2960 Simultaneous DSC-TGA in either air or argon (100 mLmin�1)
with a temperature program of 3 8C min�1 for varied temperature ranges.
For isothermal hold experiments a temperature program of 20 8Cmin�1

under argon (100 mLmin�1) with a 20 minute hold period at the pro-
grammed final temperature. Brunauer, Emmett, and Teller (BET) sur-
face area measurements were measured by adsorption of N2 at 77 K
using a Micromeritics Tristar 3000; the sample was loaded in a quartz
tube evacuated to 0.1 millibar and cooled with liquid nitrogen to 77 K.
Nitrogen gas was incrementally released into the quartz tube for absorp-
tion measurements at different vapor pressures. Electrical resistance
measurements were carried out on the samples using a micromanipulator
coupled with a precision semiconductor parameter analyzer (Hewlett
Packard, 4156 A). Dispersive Raman spectroscopy was performed with a
Dilor Labram 1B Raman spectrometer instrument. The spectral range
covered 127.38 to 3063.17 cm�1 using a grating of 600 lines per mm. The
samples were mounted and analyzed on glass microscope slides.
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