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Abstract 

Since the discovery of single-walled carbon nanotubes (SWCNTs) in 1993, there has 

been a deep fascination with the 1D (one dimensional) nanometre sized cavity that they 

possess. Having the ability to confine all manner of materials in such a small space had 

never been possible before, and the surge of new allotropes and chemicals that have 

either been grown or encapsulated in this nano-test tube has been staggering. Salts and 

elements have formed the bulk of the confined materials, but chemistry has also been 

achieved within the cavity, and the reduction of metal oxides has proven 

straightforward. Consistency in filling SWCNTs in high yields has been difficult to 

achieve and finding a routine technique that can ascertain a filling yield have been 

stumbling blocks for the research area. No standard definition of the filling yield has even 

been agreed upon. These issues have held the field back from becoming a more popular 

and viable method for enhancing the properties of SWCNTs. To combat some of these 

issues, this thesis uses consistent and simple practices to determine the filling yield and 

aims to make consistently high purity materials which can be used for novel purposes.  

Elemental phosphorus, arsenic and antimony have all been confined within a range of 

SWCNTs and have been fully characterised to determine their properties. Tetrahedral 

phosphorus and arsenic molecules have been stabilised by this method in quantities 

higher than achieved using other techniques. These can be produced either from melt 

reactions or vapour phase fillings which confirms that these elements fill the voids of the 

SWCNT in the form of tetrahedral molecules.  

The confined phosphorus and arsenic tetrahedra have been shown form two new 

allotropes namely the zigzag ladders and single zigzag chains. These are expected to 

form either from thermal excitation or when exposed to an electron beam during high-

resolution transmission electron microscopy (HRTEM). The structure produced is 

dependent on the diameter of nanotube and has shown consistent results with what is 

predicted by DFT calculations. There seems to be some dynamic behaviour at play 

between the conversion of the allotropes due to the small activation energy calculated 

for transitioning between the structures.  

SWCNTs have also been filled with aluminium iodide, a strong Lewis acid, in order to 

induce charge transfer effects. A reliable method of producing high purity samples was 

developed and Raman spectroscopy has shown that these materials show charge 
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transfer in the correct direction. Unfortunately, despite the enhanced properties of the 

SWCNTs, the samples were found to be no more effectively functionalised than their 

empty counterparts.        
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Impact Statement 
The research described in this thesis shows the potential single-walled carbon 

nanotubes have in confining and protecting highly air-sensitive materials. The materials 

confined within the cavity of the nanotubes have never been encapsulated in such ways 

before and have shown a remarkable stability that would be unachievable in their bulk 

configurations. Two new phosphorus allotropes have been discovered as well as 

isostructural arsenic analogues. Stabilised molecular phosphorus and arsenic have also 

been imaged. These materials have been fully characterised in a convenient and bulk 

manner in order to fully understand the properties of the material. A significant hurdle 

within the research community regards determining the success of a filling experiment. 

The use of corroborating data from multiple sources within this thesis has shown that a 

reliable quantity of filling material can be determined and can be used as a standard for 

this type of research. 

The one-dimensional pnictogen allotropes are predicted to help understand the 

mechanisms the bulk materials may take in order to convert between the various 

allotropes. This is vital information that has perplexed scientists for centuries and will 

help materials scientists achieve full control over the growth of these materials. This is 

essential in order to keep up with the ever-growing demand for new and bespoke 

electronic devices. The stability of the confined materials and the thermodynamic 

properties of the composites will also provide fundamental insights into the reactivities 

of these main group elements. The confined polymers have also been predicted to show 

differing band gaps and electronic properties which may help with controlling any 

doping occurring between the filling material and nanotube. 

The filling of single-walled carbon nanotubes is still a young field, and while the full 

potential of these composites yet to be reached, some great results have already been 

achieved. Filled nanotubes have already been used to create gas sensors and nano-

thermometers amongst other applications. The materials created in this thesis can be 

seen as potential energy storage devices and as material transport applications of highly 

reactive chemicals. This work has made significant steps forward and it is hoped that 

these findings may be of use for theoreticians, materials scientists and industrial 

researchers. 
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1 Introduction 

1.1 The Discovery of Carbon Nanotubes 

The discovery of single-walled carbon nanotubes (SWCNTs) paved the way for a new era 

of nanotechnology[1], which can be seen by the tens of thousands of papers which have 

been published using the material. The creation of fullerenes and then multi-walled 

carbon nanotubes (MWCNTs) showed the complexity carbon can display as a 

nanostructure, however, the real breakthrough came with Iijima’s paper entitled: 

“Single-shell Carbon Nanotubes of 1 nm Diameter”, which made use of metal 

nanoparticles to catalyse the growth of the SWCNTs.[1] Their highly defined nature 

makes them much easier to define and characterise compared to their multi-walled 

analogues. Although the focus of the research will only concern SWCNTs, there are some 

key papers concerning the filling of carbon nanotubes which use multi-walled carbon 

nanotubes as the confining medium. 

1.2 Properties of Single-Walled Carbon Nanotubes 

This section will describe how many of the properties that SWCNTs are known for can 

be attributed to the structure of a carbon nanotube. The matter of chirality will be 

described from which the fundamental electronic properties of SWCNTs are derived and 

thus makes SWCNTs one of the most unique materials in the world.  

1.2.1 Geometry of SWCNTs 

SWCNTs are, simply put, tubes of graphitic carbon with diameters in the nanometre 

range. We can unravel this tube to make a flat sheet of graphene. Graphene, a single sheet 

of carbon atoms, was first isolated and characterised in 2004 by Novoselov in 

Manchester.[2] The carbon atoms are arranged in a hexagonal lattice and it is the sp2 

hybridisation which allows the carbon atoms to form a flat sheet with bond angles of 

120° between atoms. The sheet can be rolled in many different paths which will vary the 

orientation of the carbon hexagons with respect to the tube axis. This is the roll-up vector 

and can be observed in the figure below. 
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Figure 1.1 Illustration showing the geometric rules that show how every SWCNT can be 
defined from a single sheet of graphene that is rolled into a cylinder. 

Table 1.1 Classification of the different SWCNT types. 

Type Superimposable Chiral Angle Chiral Vector 

Chiral No 0 ≤ |θc| ≤ 30° (n,m ≠ 0,n) 

Zigzag Yes 0° (n,0) 

Armchair Yes 30° (n,n) 

 

Figure 1.1 shows the hexagonal lattice of a sheet of graphene. Marked on the sheet is a 

unit cell for a SWCNT with the vector T marking the longitudinal axis of the nanotube, or 



31 
 

c-axis. The vector Ch is the chiral vector in the radial direction. By connecting O to A, we 

produce a SWCNT. 

We can use the chiral vector as a means of identifying and defining a SWCNT by 

describing it in real space using the unit vectors a1 and a2: 

Ch=na1+ma2≡(n,m)                   (n,m are integers, 0≤|m|≤n)   [1.1] 

For example, the SWCNT drawn in Figure 1.1 has the chirality (4,2). The chiral angle 

defines the orientation of the hexagons with respect to the longitudinal axis of the 

SWCNT. The symmetry of the hexagonal axis confines this to 0 ≤ |θc| ≤ 30°. This angle 

restriction allows SWCNTs to be grouped into either chiral or achiral types. Chiral 

SWCNTs can have any chiral angle between the limits and have a mirror image that 

cannot be superimposed onto the original image. Achiral SWCNTs do have 

superimposable mirror images but can also be split into two further groups depending 

on their chiral angle. A zigzag SWCNT can have the chiral indices (n,m) of (n,0) and a 

chiral angle of θc = 0°. An armchair SWCNT can have the indices (n,n) and a chiral angle 

θc = 30°. 

Figure 1.2 Examples of SWCNTs for each of the three chirality types. On the left there is an 
armchair SWCNT, centre is a chiral SWCNT and lastly a zigzag SWCNT. 
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The chiral vector, Ch, can also be used to determine the diameter of the SWCNT by this 

simple relationship: 

𝑑𝑡 =
∥Ch∥

𝜋
    [1.2] 

This relationship now allows the diameter to be calculated if only the (n,m) indices are 

known: 

∥ Ch ∥2= Ch⋅Ch 

= (𝑛a1 + 𝑚a2) ⋅ (𝑛a1 + 𝑚a2) 

= 𝑛2a1 ⋅ a1 + 𝑚2a2 ⋅ a2 + 2𝑛𝑚a1 ⋅ a2 

= 𝑛2(√3𝑎𝑐−𝑐)
2

+ 𝑚2(√3𝑎𝑐−𝑐)
2

+ 2𝑛𝑚 (
3

2
𝑎𝑐−𝑐

2 ) 

= (√3𝑎𝑐−𝑐)
2

(𝑛2 + 𝑚2 + 𝑛𝑚) 

where ac-c is the carbon nearest neighbour distance, 1.421 Å,[3] and is related to a1 and a2 

by: 

a1 = (
3

2
𝑎𝑐−𝑐 ,

√3

2
𝑎𝑐−𝑐) = (

√3

2
,

1

2
) 𝑎   [1.4] 

a2 = (
3

2
𝑎𝑐−𝑐 , −

√3

2
𝑎𝑐−𝑐) = (

√3

2
, −

1

2
) 𝑎   [1.5] 

and 𝑎 =∥ a1 ∥∥ a2 ∥= √3𝑎𝑐−𝑐. 

1.2.2 Optoelectronic Properties of SWCNTs 

The basic structure of a SWCNT and how they can be defined by their geometry has been 

explained above. These terms can now be used to help define the optoelectronic 

properties of SWCNTs. From these properties, it is possible to determine the chirality 

and thus diameter from spectroscopic results. 

SWCNTs can be split into two groups which define their electronic properties: metallic 

and semi-conducting. The key to understanding their differences is how the carbon 

atoms bond to each other. SWCNTs are one of a number of sp2 carbon materials. The 

atomic orbitals of the valence carbon electrons, 2s22p2, combine to give the molecular 

orbitals 2s, 2px, 2py, 2pz. The 2s, 2px and 2py molecular orbital hybridise to form the in-

plane σ-bonds that holds the material together. It is for this reason that makes SWCNTs 

so notably strong.[4] This leaves the out of plane 2pz orbital which overlap along the 

nanotube to form π-bonding above and below the nanotube sidewall. It is this bonding 

which defines the electronic properties of the nanotube. 

[1.3] 
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If the bonding π (valence) orbitals and the anti-bonding π* (conduction) orbitals show 

degeneracy, the nanotube will be metallic at room temperature. There will be no band 

gap at the Fermi level and instead displays a continuous electronic density of states 

across the Fermi level, Figure 1.3. A separation of the density of states will lead to a band 

gap at the Fermi level and thus will be classified as semi-conducting.[5] Energy transitions 

across the Fermi level occur between distinct levels known as van Hove singularities.[6] 

 

Figure 1.3 The electronic density of states of metallic and semi-conducting SWCNTs. The 
electronic transitions that are allowed occur between van Hove singularities, represented 
by the black arrows. M11 and S11 show the lowest energy transition for metallic and semi-
conducting SWCNTs respectively. Figure reproduced with permission from reference [6].  

The chirality of the nanotube can be linked to its electronic properties by these rules: 

Semi-conducting: (n-m) ≠ 3q    [1.6] 

Metallic: (n-m) = 3q     [1.7] 

where q is an integer. In an ideal sample of nanotubes, with every possible (n,m) chirality 

present, 1/3 will be metallic and therefore 2/3 will be semi-conducting.[5]       

1.3 Production Methods of Single-Walled Carbon 

Nanotubes 

This section will primarily focus on the synthesis techniques used to produce the 

SWCNTs used in this thesis. As they are all based around the same technique, chemical 
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vapour deposition (CVD), I will briefly outline the other two main methods currently 

used for the mass production of SWCNTs. 

1.3.1 The Arc Discharge Method 

The arc-discharge method consists of a hollowed graphite anode filled with an yttrium-

nickel alloy powder. A graphite cathode is placed a few millimetres away and a current 

is passed through them.[7] The nanotubes grow on the walls of the reaction chamber, 

which is kept under an inert atmosphere of helium. The nanotubes are in the form of a 

soot which needs to be purified in order to extract the SWCNTs and leave behind any 

other carbonaceous materials.[8]  

1.3.2 The Laser Ablation Method 

Laser ablation involves firing a laser at a carbon target which is laced with a catalyst 

(cobalt-nickel for example) within an oven. The carbon is vaporised and then condensed 

into CNTs on a water-cooled surface.[9]  Both laser ablation and arc-discharge methods 

create high quality CNTs, however, they are both energy consuming and require solid 

carbon feedstocks which limit their potential for mass production.[10] 

1.3.3 CoMoCat 

CoMoCat SWCNTS are produced using a CVD technique[11]. It gets its name from the fact 

it uses both cobalt (Co-) and molybdenum (-Mo-) to catalyse (-Cat) the growth of the 

SWCNTs. It uses carbon monoxide as the carbon source which thermally decomposes 

and then grows on the catalyst nanoparticles. It was discovered that the catalysts have a 

synergistic relationship, meaning that if either of the metals are absent, the technique 

will either not work (cobalt absent) or is unselective (molybdenum absent)[12]. The 

general mechanism for SWCNT growth is then as follows; the CO decomposes on the 

cobalt nanoparticles. The cobalt exists as cobalt oxide, which reduces in the presence of 

CO. This forms the active carbon species needed to grow the SWCNTs. The active carbon 

either reacts with any molybdenum oxide present in the molybdenum nanoparticles to 

form molybdenum carbide or catalyses on the reduced cobalt nanoparticles to form 

SWCNTs. 

The Boudouard reaction is key to how carbon monoxide can be used to grow carbon 

nanotubes. The CO can disproportionate on the catalyst nanoparticles and grow 

SWCNTs: 

𝐶𝑂 + 𝐶𝑂 → 𝐶𝑂2 + 𝐶(𝑆𝑊𝐶𝑁𝑇𝑠)   [1.8] 
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There are two key reasons as to why this mechanism helps produce SWCNTs. Firstly, the 

molybdenum carbides act as an active carbon sink for the excess active carbon produced 

from the decomposition of CO by the cobalt nanoparticles. If there is too many active 

carbon species present, MWCNTs will form. Secondly, the molybdenum can stabilise the 

cobalt oxide nanoparticles which will then prevent them from agglomerating when they 

are reduced by the CO. The diameters of the cobalt nanoparticles determine the eventual 

diameter of the SWCNTs grown so by keeping the nanoparticles small in this way helps 

grow small diameter SWCNTs. 

One of the key advantages of the CoMoCAT method is the extremely high selectivity for 

specific chiralities it achieves, with a very narrow diameter distribution range[13]. A few 

main chiralities dominate, the (6,5), (7,5) and the (7,6) SWCNTs. 

1.3.4 HiPCO 

Similarly, to CoMoCAT SWCNTs, HiPCO tubes are also produced using a CVD technique 

that uses carbon monoxide as the carbon source.[14] High (Hi-) pressure (-P-) carbon 

monoxide (-CO) is used to decompose iron pentacarbonyl, Fe(CO)5, into smaller iron 

carbonyl clusters on which the SWCNTs growth is catalysed via the Boudouard reaction. 

These tubes have a larger diameter range than CoMoCAT which makes them incredibly 

useful for containment purposes. Their calculated range is from 7 Å to 13 Å from 

Resonance Raman Spectroscopy studies with a preference for semi-conducting tubes.[15], 

[16] 

1.3.5 Tuball 

The Tuball SWCNTs which have been used in this project are made using a modification 

of the arc discharge method whereby the anode is made of the catalyst itself. Tiny 

particles evaporate from the surface whilst the current is passed through them. The 

SWCNTs can then grow on these nanoparticles from a gaseous feedstock.[17] 

The tubes produced by this method are much wider than the two types described above 

with diameters ranging from 1.1 nm to 2.2 nm.[18] 

1.4 Filling SWCNTs 

1.4.1 In the Beginning there was nothing… 

SWCNTs were not the first hollow material to be filled. Fullerenes had been filled as far 

back as 1985, using fairly similar techniques as to how carbon nanotubes would 

eventually be grown. By having some lanthanide salt present in the graphite during laser 
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vaporisation, the C60 fullerenes produced would contain lanthanum atoms.[19] Multi-

walled carbon nanotubes had also been filled previously with various materials, and 

could even be filled during the synthesis process. The catalyst used during their 

synthesis would often be found within the MWCNT cavity[20] or by having the filling 

material present during the MWCNT synthesis.[21] 

However, it was when SWCNTs were first successfully filled with ruthenium chloride by 

Sloan et al. in Oxford that the potential of filled carbon nanotubes really took off.[22] The 

most common filling material of these early attempts were metal halides and oxides 

which have relatively low melting points that allow for simple encapsulation methods. 

Things swiftly moved onto a wider variety of chemicals such as iodine,[23] fullerenes[24] 

and endofullerenes[25] and also o-carborane [26] molecules in a bid to determine the 

potential that filling SWCNTs has to offer. 

1.4.2 Nanostructural Determination of Confined Metal Halides 

The principal question that dominates any filled SWCNT regards how the encapsulated 

material’s structure changes. Confining materials to one dimension offered new 

potential to the types of structures that materials could take. MWCNTs had shown 

previously that the cavity was wide enough to encapsulate enough material for it to 

retain its bulk structure[20] but with the synthesis of much narrower SWCNTs, we can 

finally explore structure on a truly one dimensional basis. 

Metal halides were chosen as the main types of materials for this initial work. They 

present a series of useful characteristics such as easily attainable melting points, simple 

structures and as they tend to contain heavy elements, should provide good contrast to 

carbon when imaged under a TEM. Potassium iodide has been an extensively 

characterised filling material for these very reasons, as can be seen by the micrographs 

in Figure 1.4.[27] 
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Figure 1.4 Example micrograph of potassium iodide filled SWCNTs. Reproduced from 
reference [27].  

Rows of black dots within the tube are formed by alternating K-I and I-K columns. This 

bilayer crystal shows some tetragonal lattice distortion perpendicular to the direction of 

the tube. The KI rocksalt structure has a {200} d-spacing of 0.353 nm which, although 

observed in the nanocrystal along the tube direction, is smaller than the observed 

measurement in the SCWNT. Instead, an increase by ~14% to ~0.4 nm is seen which 

shows that some tetragonal distortion has occurred.[27] This can be attributed to two 

factors. Firstly, the diameter of the SWCNT is ~1.4 nm which gives an internal diameter 

of ~1 nm once the van der Waals radius of carbon is considered. This allows the atoms 

some freedom of movement within the tube and thus causes the expansion of the crystal. 

Secondly, there is a reduction from a 6-fold coordination environment in the bulk to a 4-

fold coordination environment within the SWCNT. The atoms are effectively all surface 

atoms, so some rearrangement of the bond distances could be expected.  KI crystals 

contained within a ~1.6 nm SWCNT form 3x3 structures which also show signs of 

tetragonal distortion due to the relative bond distances in the bulk compared to the 

volume available within the cavity. 

Potassium iodide has the simple rocksalt structure, which is one of the reasons why it is 

still so extensively studied,[28] and it is not difficult to see how the bulk structure can be 

adapted to form a one-dimensional chain. Lead iodide poses a trickier problem due to its 

more complicated hexagonal close packed structure containing alternating layers of lead 

and iodide ions.[27] Figure 1.5 shows how a segment of the crystal can be used to fit within 

the tube and produce a very similar image to the one imaged. Some iodide ions had to be 
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removed to maintain its neutrality which gives rise to both octahedral and square 

pyramidal lead. 

 

Figure 1.5 Example of lead iodide filled SWCNTs. Reproduced from [27]. 

These kinds of findings were very frequent in the metal halide filled SWCNTs. Sections 

of the bulk crystal structure could be found to match the structure seen within the cavity 

with some small distortion. A whole series of lanthanide halides have also shown similar 

results and shows the importance of obtaining good microscopy results in order to help 

understand the material’s structure. 

1.4.3 More Complicated Structures 

The types of filling materials have become more complicated, and with that so has the 

structure which the material has taken. One of the most ground breaking discoveries 

was the formation of crystalline ice tubes within SWCNTs.[29] It had been predicted that 

water may exhibit vastly different properties to bulk water when confined within such 

narrow spaces. The spontaneous freezing of water into ice nanostructures was predicted 

by molecular dynamics simulations and showed that these structures take on far more 

complex structures than other contained material had previously shown.[30] The 

confined ice takes the form of ice nanotubes which are constructed from stacked layers 

of 3-8 sided shapes depending on the diameter of the SWCNT.[30] This remarkable 

discovery showed the potential of confinement as a way to mould materials into new 

structures. 
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Figure 1.6 MD simulations of ice nanotubes confined within SWCNTs. Reproduced from 
reference [29]. 

An interesting feature of water filled nanotubes is the extreme difference in melting 

points between the confined water and for bulk ice.[31] A distinct dependence of the 

melting point observed to the nanotube diameter was seen with the melting point 

reaching 424 K for 1.05 nm wide nanotubes but dropping to 238 K for 1.15 nm wide 

nanotubes, with a range of other temperatures seen in between for other nanotubes. The 

thermal conductivity of the nanotubes would change as the phase changed within the 

cavity allowing for potentially interesting applications.   
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Iodine was another material which showed unique structures when confined. One 

dimensional chains of iodine could be seen to wrap around one another in stark contrast 

to the structure of bulk iodine, although its ease of forming polyiodides may have been a 

hint at its ability to form these types of chains.[32] There was a similar dependence to 

nanotube diameter on the type of structure seen. In wider SWCNTs, up to three iodine 

chains could be seen which helps support the growing potential of using SWCNTs as 

moulds for different types of structures. Sulphur has also exhibited similar behaviour 

with the formation of linear chains in contrast to the eight membered rings that make up 

bulk sulphur.[33] They also showed remarkable thermal stability, evidence of sulfur’s 

presence could still be seen up to 800 K. The polymerisation of the sulphur atoms may 

help immobilise the structures from leaking during heating and make them suitable for 

high temperature electronic devices. 

There has been a whole host of materials now which show these types of linear 

structures when confined. Selenium,[34] tellurium,[35] and carbon[36] have all shown 

similar structures of single or double chains depending on the nanotube diameter.  

 

Figure 1.7 Linear chains of tellurium within SWCNTs. Reproduced from reference [34].  

1.4.4 Reactions within SWCNTs 

One of the interesting ideas of confinement was to use the SWCNT as a nanoscale test 

tube. Not only could you force materials into one dimension, but potentially create 

reaction products with highly defined dimensions. Metal nanowires have been routinely 

created by filling a SWCNT with a metal halide and then reducing the salt to the metal 

using a flow of hydrogen. This was attempted in the first filing paper which reduced 

ruthenium chloride to ruthenium.[22] The formation of nanowires in this way has allowed 

the creation of numerous metal nanowires that would be unachievable without the 
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SWCNT to mould and protect the wire from oxidation which would ruin any electronic 

properties the wire would possess.  

Silver,[37] iron,[38] gold, platinum, palladium,[39] manganese, titanium, cobalt and nickel[40] 

nanowires have all been successfully created within SWCNTs by first filling with a salt 

and then reducing or decomposing the composite. This fairly reliable method means that 

devices and properties can be investigated more thoroughly. More complex reactions 

have also begun to push the boundaries of nanoscale reactions. Cadmium sulphide has 

been formed within a SWCNT from cadmium iodide and sulphur.[41] The high melting 

point of CdS would prevent it to fill a SWCNT by normal means so by exposing 

CdI@SWCNT to molten sulphur, CdS@SWCNT can be formed. 

1.4.5 Methods of Filling SWCNTs 

As the field has developed, many different methods for filling SWCNTs have been 

described. These procedures can be grouped into either in situ or ex situ, with the vast 

majority of these being ex situ, where the nanotubes are filled after they have been 

grown. These types of methods have dominated as they allow for a greater range of 

materials to be incorporated into the nanotube. In situ methods predominantly only 

allow for carbon molecules to be incorporated into the tube during the growing process, 

such as C60, C70 and C80,[42, 43] except for bismuth which has also been successfully 

encapsulated in this way.[44] There is a much wider variety of filled MWCNTs created by 

this method, though.[21, 45] MWCNTs can be grown without the need for a metal 

nanoparticle catalyst, so the wanted filling material can replace the metal during the 

synthesis and grow inside the nanotube.  

Both vapour and melt-phase filling ex situ procedures have shown excellent results and 

they generally use a similar method. The materials are combined by grinding to form a 

homogenous mixture and then sealed in an ampoule under vacuum. The ampoule is 

heated in a furnace for a given time and then the material is washed to remove any excess 

material.[46]. The key property required for melt filling procedures is that the material 

has a low enough melting point and low enough surface tension. If the material has a 

very high melting point, the SWCNTs will anneal before they are filled and if the surface 

tension is too high, it will not wet the SWCNT and so will not fill.[46, 47] As mentioned 

earlier, a lot of metal salts were chosen as filling materials due to their low melting 

points, making them easier to encapsulate.[37, 48, 49] Oxides are therefore less commonly 

filled in this way, due to generally higher temperatures, but it has still been achieved.[50, 

51] If the filling material sublimes or has a high enough vapour pressure, a vapour phase 
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procedure will be used. Sulfur and selenium have been filled in this way.[33, 34] The sulfur 

filling procedure used a forked ampoule with the empty SWCNTs in one end and sulfur 

in the other. This allows for the sulfur to be easily sublimed across and onto the SWCNTs. 

This method is so versatile that even gases have been inserted into SWCNTs using similar 

methods.[52]    

If the melting point is too high, liquid-phase or solution filled SWCNTs can also be 

achieved.[53] Soaking the SWCNTs in a solution of CrO3 in HCl allowed filled SWCNTs 

without the need for any ampoules or furnaces, making for a very convenient procedure.  

Many other salts have been filled in similar methods, by using a suitable solvent for the 

salt used for example H2O for RuCl3,[22] HNO3 for Bi(NO3)3 and CHCl3 for FeCl3.[44, 54] The 

pre-requisite for this method is that the critical diameter of the dissolved material and 

solvent shell is small enough for the filling material to diffuse through the cavity.[55] 

These above descriptions form the main methods for filling SWCNTs. Other unique 

procedures exist though, such as a plasma ion irradiation method used to fill SWCNTs 

with caesium and using supercritical CO2 as a solvent which has allowed various 

fullerene materials to be encapsulated at room temperature.[55-58]  

A key discussion within the field has been the need for the SWCNTs to have open ends 

before the filling procedure can occur. A large number of methods have been developed 

to cause the opening of the tips, usually a mild oxidative process is used such as heat 

treatment in air or washing in an oxidative acid.[59] A procedure such as this is usually 

always performed before the filling procedure,[60] but there is some research where this 

procedure is omitted.[37, 61-64] It is theorised that the molten salt will react with the 

nanotube at these elevated temperatures to form CI4. Despite current thermodynamic 

data showing that these reactions should not be feasible, it is maintained that as the 

thermodynamic data neither takes into account the strain at the tips of the nanotube nor 

the presence 5-membered rings at the tips, both which make the carbon more reactive 

and allow these reactions to occur.[61] The key step which allows these reactions to occur 

is the formation of I2 gas from the molten salts caused by dimerization of the salt. I2 has 

previously been shown to fill SWCNTs in similar circumstances,[65] so perhaps this 

explanation might be plausible.                 

The last main issue regards the purification of filled SWCNTs. Often there is a lot of 

external material which needs to be removed after the filling procedure. Usually a 

solvent is used to wash away any excess material,[55] but there is a risk that it will also 

wash away the internal material too.[66] In order to remove this risk, various methods 
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have been used to try and reduce this risk. Capping the already filled nanotubes using 

fullerenes or annealing them at high temperatures have been both been attempted in the 

literature.[66-70] Corking the ends of SWCNTs usually uses C60 fullerenes which are 

sonicated with the filled SWCNTs in a solvent that does not interfere with the filling 

material. Ethanol is commonly used as it has had good success at creating C60 peapods.[55] 

The strong interaction of C60 with the nanotube as opposed to ethanol encourages the 

C60 to enter the nanotube and remain there after filling. This has led to good results with 

regards to preventing the filling material to leak during the purification step.[69] A recent 

investigation into the purification of LuCl3@SWCNT showed that a Soxhlet apparatus 

combined with dialysis allowed a high level of purification whilst reducing the quantity 

of water used for the process by up to 95%.[71] The method of filling made use of 

annealing the nanotubes first at 973-1173 K which allowed the internal material to 

remain risk-free of being washed away due to the SWCNT tips reforming and protecting 

the filling material.   

1.5 Scope of Thesis 

The main objective for this work is to expand on the field of filled SWCNTs and to also 

explore the current interest in the formation of new allotropes of main group elements, 

such as phosphorene.[72] The majority of this work will focus on encapsulating 

pnictogens. These elements show similar structural motifs such as a molecular form that 

phosphorus, arsenic and antimony can all adopt. These tetrahedral molecules are air and 

light-sensitive, so their confinement and stabilisation will push the boundaries of what 

SWCNTs are capable of. Phosphorus, arsenic and antimony tetrahedral molecules have 

never been encapsulated in this manner before, so they will provide a good comparison 

to other methods of stabilisation. Lastly, the encapsulation of aluminium iodide will dope 

the SWCNT and allow for easier and controllable functionalisation of the nanotube.   

The structure of the thesis can be summarised as follows: Chapter 2 will outline the 

various procedures and characterisation techniques used to make and characterise 

these materials. Chapters 3 to 6 describe the findings of this thesis with each chapter 

being proceeded by a literature review to set the work in context. Chapter 3 shows how 

phosphorus molecules can be encapsulated and stabilised effectively within SWCNTs 

using either melt or vapour-phase techniques. Chapter 4 describes the encapsulation of 

arsenic within SWCNTs. Chapter 5 will compare and contrast the findings of the confined 

pnictogens and will incorporate new work showing the encapsulation of antimony to 

round out the encapsulation of pnictogens within SWCNTs. Lastly, Chapter 6 describes 
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how Lewis acid confinement can be used to manipulate the properties of SWCNT for the 

improvement in functionality. Chapter 8 will review the results of the previous chapters 

and looks to the future of nanoscale confinement.   
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2 Experimental Procedures and 

Characterisation Techniques 

2.1 Introduction 

This chapter will set out the basic principles and experimental techniques used to 

complete the research described in this thesis. It will start by setting out how SWCNTs 

are opened and purified, and will then describe the various procedures to fill the 

SWCNTs with each material. The rest of this chapter will briefly discuss the techniques 

used to characterise these samples in order to establish both the filling yield and 

structure of the confined material. 

2.2 Purification and Opening of SWCNTs 

2.2.1 Steam Purification of Tuball SWCNTs 

Raw SWCNTs purchased from OCSiAl were purified using a steam treatment procedure 

developed by Tobias et al. and followed by an acid wash in HCl.[1] Nitrogen gas is passed 

through a Dreschel flask containing distilled water which is kept at 343 K to produce 

steam. This is then passed over the SWCNTs, using the nitrogen as a carrier gas, at 100 

mL min-1. The SWCNTs are heated to 1173 K in a tube furnace and held for 5 h and then 

allowed to cool back to room temperature whilst the nitrogen/steam mixture is still 

passed over them.  
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Figure 2.1 Steam Purification set-up. (a) Tube connecting the apparatus to a nitrogen 
cylinder. (b) Dreschel flask filled with distilled water and kept at 343 K. (c) Flow 

controller set to 100 mL min-1. (d) Tube furnace at 1173 K. (e) Dreschel flask filled with oil 
to prevent any back flow of air.  

This should provide gentle oxidation to help remove amorphous carbon and the tips of 

the SWCNTs following this reaction:  

𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2    [2.1] 

The tips of the SWCNTs are more prone to oxidation, due to the higher strain of forming 

the hemispherical end cap and the presence of 5 membered rings, as opposed to the 

cylinder walls which allows for their opening without too much tube wall damage.[2] A 

second heat treatment at 723 K in air, and held for 30 min, is used to ensure the complete 

opening of the SWCNTs following this reaction: 

𝐶 + 𝑂2 → 𝐶𝑂2    [2.2] 

Once the tubes have cooled, they are refluxed in 6 M HCl for 2.5 h before being washed 

and filtered on a 0.2 µm polycarbonate membrane with distilled water until the washings 

are neutral. 

2.2.2 Opening of CoMoCAT and HiPCO SWCNTs 

CoMoCAT and HiPCO SWCNTs purchased were deemed pure enough to forego an 

additional purification procedure. CoMoCAT SWCNTs were purchased from Sigma, 

product number 704121, and HiPCO SWCNTs were purchased from Nanointegris, in 

their Purified grade powder form. They were therefore heated to 673 K in air to open 

the tips and allow filling. No other purification step was used. 

(c)
(b)

(a)

(d)

(e)
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2.3 Filling Single-Walled Carbon Nanotubes 

2.3.1 White Phosphorus 

White phosphorus was purified by sublimation and loaded onto a sublimation probe. 

The probe can then be transferred into a flask containing SWCNTs (50 mg) which have 

been pre-heated to 473 K under high-vacuum to fully dry and evacuate the SWCNTs 

before their filling. The SWCNTs were placed in a long alumina boat which is contained 

within a quartz vacuum tube. The vacuum tube is fitted with a quartz KF24 fitting which 

is fitted to a turbo vacuum system via a butterfly valve horizontally. The tube furnace 

can be slid over the vacuum tube and allow the system to be heated and evacuated under 

reduced pressure. The butterfly valve can seal the vacuum tube, so it remains under 

vacuum whilst it is transferred to a glove box in which the SWCNTs can be removed and 

placed into a Schlenk flask which already contains a magnetic stirrer bar. The 

sublimation probe can be added to the Schlenk flask without the risk of any unwanted 

oxidation of the white phosphorus. Hot water is used to melt the white phosphorus onto 

the SWCNTs. In other filling experiments, the two materials are usually ground to a 

homogenous mixture before heating. This step has been omitted due to the waxy nature 

of the phosphorus which makes this process almost impossible. The ability to stir the 

materials during the heating hopefully makes up for this omission. The mixture is heated 

to 323 K until the white phosphorus is completely molten and stirred for an hour. Whilst 

still heating, liquid nitrogen is used to sublime the excess white phosphorus from the 

SWCNTs until no more visible white phosphorus can be seen. 125 cm3 distilled water is 

added and the mixture is sonicated for 5 min before bubbling air through the water, 

whilst stirring, using a sintered gas frit for two days. This is vital to remove any 

remaining excess white phosphorus which would ignite and destroy the sample 

otherwise.  The sample is then filtered and washed with more distilled water and dried 

in a desiccator. 

Capping of the filled tubes can be achieved by adding C60 which has dissolved in a solvent. 

This can be added after sublimation of the excess white phosphorus. The mixture is then 

stirred overnight before removing the solvent either by cannula or evaporation under 

reduced pressure. Water is then added to complete the work up as described above. 

2.3.2 Red Phosphorus 

20 mg SWCNTs and 20 mg red phosphorus, purchased from Sigma (part number 7723-

14-0), were ground in an agar pestle and mortar for 5 minutes to create a homogenous 

mixture. The mixture was then placed in a long quartz ampoule which was pumped 
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down to 10-4 Pa using a turbo vacuum pump, heated to 473 K at 280 K min-1 and held for 

2 hours. This was to ensure the material was fully dried and evacuated before sealing 

and is below the temperature at which the red phosphorus will sublime. The ampoule 

was sealed using a methane/oxygen gas mixture under dynamic vacuum by John Cowley. 

The seal was made at a narrow neck that had been designed to make this process easier 

and would also create a 200 mm long ampoule that is half the length of the tube furnace 

used to heat the ampoule in. Quartz was chosen to create the ampoules as they were 

created by extending an existing quartz piece that had the requisite KF40 fitting which 

allowed the ampoules to be connected to the turbo vacuum setup. Pyrex® or a similar 

high melting point glass could have also been used as the temperatures at which the 

ampoules were heated did not require the use of quartz, this system seemed to work 

incredibly well and was persisted with.  

 

Figure 2.2 Ampoule experiment apparatus. (a) Bellows connecting the vacuum system to 
a double-stage rotary vane pump for initial evacuation. (b) Turbomolecular pump used to 
bring the pressure down to 10-4 Pa. (c) Cold cathode used for pressure low-monitoring. (d) 

Pirani gauge for pressure monitoring. (e) Quartz ampoule connected to the vacuum 
system with a KF40 joint. The sample can be seen at the end of the ampoule. (f) Neck used 

to seal the ampoule.    

The ampoule is then heated in a tube furnace to 783 K at 283 K min-1 and held for 12 

hours with the sample end in the centre of the furnace. Previous experiments have used 

773 K as the reaction temperature.[3] The ampoule was reheated three more times, each 

time rotating the ampoule 180° to sublime the white phosphorus along the ampoule. The 

fourth and last heat treatment sublimed the white phosphorus onto to the SWCNTs 

located at the cool end of the ampoule.  

(a)

(b)

(e)

(c)

(d)

(f)
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After recovering the sample from the ampoule in a glove box, the excess white 

phosphorus was removed by bubbling air through water containing the sample. 

2.3.3 Arsenic 

20 mg SWCNTs and 20 mg grey arsenic, from lab 305 (UCL Chemistry Department), were 

ground for 5 minutes in an agar pestle and mortar to create a homogenous mixture. The 

mixture was then placed in a long quartz ampoule which was pumped down to 10-4 Pa 

using a turbo vacuum pump, heated to 473 K at 280 K min-1 and held for 2 hours. This 

was to ensure the material was fully dried and evacuated before sealing and is below the 

temperature at which the arsenic will sublime. The ampoule was sealed using a 

methane/oxygen gas mixture under dynamic vacuum by John Cowley. The seal was 

made at a narrow neck that had been designed to make this process easier and would 

also create a 200 mm long ampoule that is half the length of the tube furnace used to 

heat the ampoule in. Quartz was chosen to create the ampoules as they were created by 

extending an existing quartz piece that had the requisite KF40 fitting which allowed the 

ampoules to be connected to the turbo vacuum setup. Pyrex® or a similar high melting 

point glass could have also been used as the temperatures at which the ampoules were 

heated did not require the use of quartz, this system seemed to work incredibly well and 

was persisted with. The sample was heated in a tube furnace to 888 K at 283 K min-1 and 

held for 12 hours with the sample end in the centre of the furnace. This is the sublimation 

temperature of grey arsenic at atmospheric pressure so is more that hot enough to cause 

sublimation at a reduced pressure.[4] The ampoule was reheated three more times, each 

time rotating the ampoule by 180° to sublime the arsenic along the ampoule. The fourth 

heat treatment, therefore, allows the arsenic to sublime onto the SWCNTs located at the 

cool end of the ampoule. In some cases, an additional rotation and heat treatment was 

used to sublime the arsenic away from the SWCNTs. 

After recovering the sample from the ampoule, excess arsenic was removed by stirring 

in 100 mL 0.5 M nitric acid solution for 4 hours followed by filtration and washing with 

water.  

𝐴𝑠 + 𝐻𝑁𝑂3 → 𝐻3𝐴𝑠𝑂4 + 5𝑁𝑂2 + 𝐻2𝑂   [2.3] 

2.3.4 Antimony 

30 mg SWCNTs and 30 mg antimony, from lab 305 (UCL Chemistry Department), were 

ground for 5 minutes in an agar pestle and mortar to create a homogenous mixture. The 

mixture was then placed in a long quartz ampoule which was pumped down to 10-4 Pa 

using a turbo vacuum pump, heated to 473 K at 280 K min-1 and held for 2 hours. This 
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was to ensure the material was fully dried and evacuated before sealing and is below the 

temperature at which the antimony will sublime. The ampoule was sealed using a 

methane/oxygen gas mixture under dynamic vacuum by John Cowley. The seal was 

made at a narrow neck that had been designed to make this process easier and would 

also create a 200 mm long ampoule that is half the length of the tube furnace used to 

heat the ampoule in. Quartz was chosen to create the ampoules as they were created by 

extending an existing quartz piece that had the requisite KF40 fitting which allowed the 

ampoules to be connected to the turbo vacuum setup. Pyrex® or a similar high melting 

point glass could have also been used as the temperatures at which the ampoules were 

heated did not require the use of quartz, this system seemed to work incredibly well and 

was persisted with. The ampoule was sealed under dynamic vacuum, heated in a muffle 

furnace to 973 K at 283 K min-1 and held for 66.5 hours. This temperature will cause 

sublimation of the antimony material.[5] After recovering the sample from the ampoule, 

excess arsenic was removed by stirring in 150 mL 1 M nitric acid solution for 4 hours 

followed by filtration and washing with water. 

𝑆𝑏 + 𝐻𝑁𝑂3 → 𝐻3𝑆𝑏𝑂4 + 5𝑁𝑂2 + 𝐻2𝑂   [2.4] 

2.3.5 Aluminium Iodide 

250 mg of aluminium iodide and 50 mg purified Tuball SWCNTs are ground together in 

a pestle and mortar in a glove box for five minutes until a homogenous mixture has 

formed. Aluminium iodide is purchased from Fisher Scientific at a >99.99% purity, 

catalogue number 11389399 . The mixture is placed into a 200 mm long quartz ampoule 

with a diameter of 12 mm. Pyrex® or a similar high melting point glass could have also 

been used as the temperature the ampoule is being heated to does not necessitate the 

use of quartz. The ampoule is pumped down until at least a pressure of 1 Pa is achieved 

before sealing with an oxygen fed blow torch.  The ampoule is heated in a muffle furnace 

to 523 K at a ramp rate of 283 K min-1 for 24 h. The ampoule is opened within a glove 

box and placed into a round bottom flask with 15 wt% C60. A needle and syringe are used 

to transfer 65 cm3 of dry hexane and the mixture is stirred for 24 h. A filter cannula is 

used to remove the purple solution and 250 cm3 of 1 M HCl is added. The mixture is 

sonicated for 5 min before refluxing for 2 h. The filled nanotubes are then washed and 

filtered with copious amounts of water. 

2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a pseudo-surface characterisation technique that can be used to identify both the 

elements present in samples and also their chemical states. This is achieved by 
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bombarding a sample with x-rays of a known energy to cause ionisation. A common 

energy used is the aluminium Kα1 energy at 1486.6 eV. The photoelectrons that are 

emitted are detected and their kinetic energy is established. This allows the 

identification of the element which has emitted the photoelectron using this simple 

equation: 

X − ray Photon Energy = Binding Energy + Kinetic Energy of Photoelectron  [2.5] 

The X-ray photon energy is known, and the kinetic energy is measured by a 

photoelectron detector. By rearranging this equation the unique binding energy of the 

element is calculated.[6] From a vast number of experiments, the binding energies of each 

element became known and allows for their detection. 

The binding energies of electrons are very sensitive to their environment and can change 

readily. For example, the higher the effective nuclear charge of the atom the higher the 

binding energy of the core electrons. This can be achieved either by electrons being 

closer to the nucleus, therefore electrons from the 1s orbital have higher binding 

energies than those from the 2s orbital, or electrons in higher proton number elements, 

therefore nitrogen 1s electrons will have a higher binding energy than carbon 1s 

electrons. The chemical state of the element will cause small changes to the expected 

value of binding energy for a given core electron. The oxidation state of the element has 

a significant impact on the binding energy. A sample with a positive oxidation state will 

give higher binding energies as it is harder to remove electrons from an oxidised 

element. Conversely, an element with a negative oxidation state will have a lower 

binding energy. It is this reason as to why the sample is often bombarded simultaneously 

with electrons, using a flood gun, as the ionisation of the sample from the x-rays will 

cause the binding energies to shift. Without this charge compensation, the binding 

energies will shift progressively higher. Elements next to more electronegative elements 

will also see a decrease in the binding energy as the electron is less tightly bound in this 

scenario. An element near to a less electronegative element will have a higher binding 

energy. These effects are less substantial than the oxidation state though. 

The splitting of peaks is another common phenomenon and is caused by orbitals having 

a non-zero angular momentum number (l<0). This means all core orbitals, except for the 

s orbital, will have doublet peaks that have specific area ratios based on the degeneracy 

of each spin state. Table 2.1 shows how the j values for an orbital effect the area ratio of 

the doublet.[7] 
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Table 2.1 The effect the spin-orbit splitting of the j values effect the peak area ratios. 

Subshell j value Area Ratio 

s 1/2 n/a 

p 1/2  3/2 1:2 

d 3/2  5/2 2:3 

f 5/2  7/2 3:4 

   

Quantification of elements (except for H) is also possible by taking into account the area 

of each peak and the relative sensitivity factor of each element and orbital. These can be 

found in standards tables to allow for the simple quantification of the elements present 

in the sample. By fitting peaks, we can therefore get an accurate amount of each element 

and the quantity in each chemical state too, although not for hydrogen as it has no core 

electrons which can be photoionised.[8] 

 

Figure 2.3 XPS survey spectrum of a steam purified Tuball SWCNT sample. Carbon and 
oxygen peaks have been highlighted. 
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Figure 2.4 High resolution XPS spectrum of the carbon 1s region. By fitting the spectrum, 
we can get an understanding of the functional groups present in the sample. 

Figure 2.3 shows the survey spectrum for a SWCNT. As expected, only carbon and oxygen 

are detectable. The oxygen can be present in the form of oxidation groups on the SWCNT 

and also from some residual water on the surface of the sample. Some additional peaks 

have also been detected which are caused by Auger electrons. These are caused by the 

relaxation of electrons into the hole created by the photoelectron.[6] The release of 

energy from this relaxation can cause the photoionisation of another electron in the 

atom which is detected as an Auger peak. The kinetic energy of the Auger electrons is 

independent of the x-ray energy and is equal to the energy difference between the 

energy transferred to it and its own binding energy.[6] 

Figure 2.4 gives a high-resolution elemental scan of the carbon 1s region. This is fitted 

to show the oxidation states present in this sample. The main peak around at 284.57 eV 

is caused by the sp2/sp3 carbon present which makes up the bulk of a SWCNT. Due to 

their very similar binding energies, it is difficult to definitively separate their 

contributions. The peak at 285.99 eV is caused by C-O functional groups. The last peak 

at 290.45 eV is a shake-up peak caused by the π→π* electron excitation which occurs 

before the photoionisation. This reduces the kinetic energy of the photoion so appears 

at a higher binding energy.[9]  Carboxyl C=O groups and carboxyl COOH groups will 

appear between the C-O and satellite peaks at 287.5 eV and 288.7 eV respectively.[10] 
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XPS was carried out using a Thermo Scientific K-Alpha XPS machine fitted with a 

monochromated Al Kα X-ray source. A double focussing 180° hemisphere analyser 

equipped with an 18-channel position sensitive detector is used to detect the 

photoelectrons. Charge accumulation in the sample is dealt with by a dual-beam flood 

gun which can emit either electrons or argon ions. The samples are prepared for XPS 

analysis by pressing the material into an indium substrate, that is affixed onto the 

analysis plate by carbon tape, in order to ensure that background contributions could 

not arise from the carbon tape. Survey scans were collected 3 times and coadded with a 

1 eV resolution and pass energy of 200 eV. High-resolution elemental spectra were 

collected 10 times and coadded, with a 0.01 eV resolution and 50 eV pass energy. All 

scans used a 400 µm spot size and dwell time of 50 ms. 

CasaXPS software was used to quantify the samples and export relevant spectra for 

fitting using XPSPEAK. Shirley backgrounds and Voigt functions were used to fit the 

spectra until a best fit could be achieved.   

2.5 High-Resolution Transmission Electron Microscopy 

(HRTEM) 

TEM is one of the most powerful microscopy techniques available and has been used 

extensively since its creation in 1931. By using electrons as the illuminating source 

instead of light, we can resolve images many times smaller than what is achievable using 

a light microscope.[11] An electron with an energy of 1 eV has a wavelength of 1.23 nm 

from de Broglie’s theorem, a photon with the equivalent energy has a wavelength around 

1000 times larger. 

               𝜆 =  
ℎ

𝑝
     [2.6] 

The electrons can be generated in numerous ways. Most commonly LaB6 crystals or 

tungsten wires are used but field emission guns are becoming more commonplace due 

to the narrower beam of electrons produced, the narrower range of energies of electrons 

produced and also due to the brighter beam that can be created. The beam of electrons 

must then be focussed onto the sample using a series of electromagnetic coils to create 

a magnetic field which mimics the glass lenses used in optical microscopes. It is in fact 

the lenses used which is the limiting factor for the maximum resolution that can be 

achieved in electron microscopes. Any deviations in the radial symmetry of the lens will 

lead to aberrations such as spherical, chromatic and astigmatism which all reduce the 

resolution of the microscope. Apertures can be used to help remove stray electrons that 



59 
 

are not focussed down the centre of the microscope. Unfortunately, this reduces the 

intensity of the beam and can lead to darker images. Figure 2.5 shows a schematic of a 

TEM which shows how the various lenses and apertures can be used to manipulate the 

beam to ensure it is focussed correctly to produce an image on the fluorescent screen. 

 

Figure 2.5 Schematic of a TEM showing its constituent parts. 

TEM is conducted in UHV conditions to help reduce any unwanted scattering of the 

electron beam. The samples that can be imaged also have to be extremely thin, thinner 

than the mean free path of the electrons, to allow the electrons to pass through the 

sample.[12] The preparation of the sample is often more important for producing good 

images than the microscope itself. Samples must be clean and free of any dust or grease. 

Techniques such as ion milling are often used to help create thin and precise samples for 

imaging. Staining, freezing and etching are other techniques that can be used depending 

on the type of sample that needs imaging and the type of information that is required. 
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The interaction of the electrons with the sample allow an image to be generated. 

Electrons that are not scattered by the sample get detected and create the image. Thicker 

regions and heavier elements will scatter the electrons more and create darker areas in 

the image.[12] Some of these scattered electrons will still make it through the sample and 

be detected. These electrons will normally be inelastically scattered. By recording the 

energies of these electrons we can find out information about what element had 

scattered the electron.[13] This technique is called electron energy loss spectroscopy 

(EELS) and is a very powerful tool to microscopists as compositional information can 

now be used to map the elements in the sample.[14] We can also filter out any electrons 

that have been inelastically scattered to produce sharper images (zero loss imaging). A 

similar technique called energy dispersive x-ray spectroscopy (EDX) can also be used to 

map the elements in a sample. The electron beam may excite core electrons in the sample 

and create holes. As higher orbital electrons fill the hole, they give off x-rays which can 

be detected.[15] This technique is less sensitive than EELS so only elemental information 

can be detected. The chemical state of the element will be unknown. 

The HRTEM conducted in this research was taken on the FEI Titan 80/300 TEM/STEM 

microscope fitted with a Cs (image) corrector at Imperial College London. The samples 

were prepared by sonicating >1 mg of sample in ethanol for 1 min and dropping a few 

drops of the dispersion onto a lacey carbon Agar 300 mesh copper TEM grid. The grid 

had been prepared by soaking in chloroform for a couple of minutes before allowing to 

dry under a lamp. The microscope was operated at 80 kV in order to reduce electron 

beam damage to the samples.[16] The image corrector was necessary to image the 

structure of the SWCNTs by reducing the effects of spherical aberrations. All images 

were taken with the image corrector corrected to at least 18 mrad.  

Simulated TEM images were obtained using the SimulaTEM software[17] using an 

accelerating voltage of 80 kV, a defocus value of -310.271850 Å and a spherical 

aberration constant of 0.15 mm. 
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Figure 2.6 TEM micrographs of unfilled purified Tuball SWCNTs. (a) Image taken at 
x33000 magnification showing bundles of SWCNTs, some iron nanoparticles can still be 

seen which have survived the purification process. (b) Image taken at x40000 
magnification showing a long straight SWCNT. (c) Image taken at x100000 

magnification showing some of the amorphous carbon still present on the surface of the 
SWCNTs. 

(a)

(b)

(c)
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2.6 Thermogravimetric Analysis – Differential Scanning 

Calorimetry 

TGA is a simple yet powerful tool that records the change of mass of a sample with 

temperature.[18] From this, we can record phase changes, decomposition, absorption, 

desorption and chemical reactions. A sample pan is placed onto a precise balance that is 

held within a furnace. Temperature programs are used to alter the rate is heating or to 

include any dwell times with isothermal heating.  

TGA can be conducted with different flow gases to help understand different processes 

and can even be done under vacuum. Nitrogen is often used for air-sensitive samples 

that may decompose at higher temperatures. 

By including a reference cell that is heated equally as the sample, energy changes can 

also be monitored to give calorimetry information. By either keeping the power supplied 

to both cells constant (power-compensated DSC) or the heat-flux constant (heat-flux 

DSC), energy changes in the sample can be monitored.[19] An exothermic process will 

require less power to the sample to keep its temperature constant with the reference 

cell. An endothermic process will require more power. 

 

Figure 2.7 TGA/DSC scan of unfilled purified Tuball SWCNTs. The exotherm shows the 
enthalpy of combustion for the material as it loses mass. 
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The combination of TGA and DSC allows a complete understanding of the thermal 

character of a sample to be determined.  For example, Figure 2.7 shows how the 

TGA/DSC scan reveals the thermal stability of the SWCNT to oxidation. It shows at which 

temperature the SWCNT will begin to oxidise in air to from either CO2 or CO. an 

accompanying exotherm will give the enthalpy of combustion for the process. The 

remaining mass will be of any metal catalyst impurities which will have oxidised during 

the heating process. This gives a good indication of the purity of the sample.[20] 

TGA/DSC measurements were taken on a Netsch STA 449 C Jupiter Thermogravimetric 

microbalance. The samples were heated from 20 to 1223 K at 283°C min-1 in air in 

alumina crucibles. 

 

2.7 Powder X-ray Diffraction (PXRD) 

PXRD is used to help determine the atomistic structure of a material. By measuring the 

angles at which x-rays are diffracted and the intensities of the peaks a three dimensional 

(3D) crystal structure of the material can be inferred. The x-rays interact with the 

electrons within the sample and scatter off of them.[21] The constructive interaction 

between the diffracted waves produce Bragg peaks as governed by Bragg’s law: 

n𝜆 = 2𝑑sin𝜃    [2.7] 

Where λ is the wavelength of the incident radiation, d is the interplanar spacing and θ is 

the incident angle. For constructive interference to occur, n must be an integer and the 

angle of diffraction must be correct. Figure 2.6 illustrates how Bragg’s law can be 

derived.[22] 



64 
 

 

Figure 2.8 Diagram showing how Bragg’s Law is derived. The constructive interference of 
incident x-rays can only occur when the difference between the distance travelled by each 
ray (2d sinθ) is equal to a whole number of wavelengths (nλ). Produced from permission 

from reference [21]. 

The wavelength of x-rays used in XRD is around 1 Å which is very similar to the spacings 

between atoms which tend to be on the 1-100 Å regime. This makes x-rays the perfect 

radiation to examine the structure of materials. For SWCNTs, the main feature which 

dominates is the inter-bundle spacing found between the SWCNTs.[23, 24]  
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Figure 2.9(a) PXRD of unfilled HiPCO SWCNTs. The main feature seen is caused by the 
inter-SWCNT distance. (b) Bundle of SWCNTs showing its hexagonal crystal structure. 
Labelled are two different inter-SWCNT distances. Image reproduced with permission 

from reference [23].  

Samples were prepared for PXRD by packing the material into a 0.6 mm or 0.8 mm 

borosilicate capillary. The diffraction patterns were collected on a Stoe Stadi P 

diffractometer using copper Kα1 radiation at 40 kV, 30 mA and monochromated using a 

Ge 111 crystal. Patterns were collected using a Mythen 1K linear detector using a 2θ 

range of 1 – 40° with 0.05° steps at 15 s per step. Quantitative Rietveld analysis was 

carried out with the PowderCell program.[25] 
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2.8 Raman Spectroscopy 

Raman spectroscopy is an extensive technique used to monitor the vibrational and 

rotational modes within a system by the inelastic interaction between a monochromatic 

light source and the sample. An emitted photon will have either more or less energy  than 

the incident photon, and these differences, the Raman shift, can be used to help 

understand the chemical nature and symmetry of a material.[26] It has proved especially 

powerful for characterising carbon materials.[23]   

Raman scattering is caused by the induced dipole moment within the system, due to the 

applied electric field of the incident photon. The electrons and nuclei will shift in 

response to the electric field and thus create a dipole moment. The induced dipole 

moment has three contributions, the elastic Rayleigh scattering and two inelastic modes, 

the Stokes and anti-Stokes scattering. An increase in the photon’s energy gives rise to 

the Stokes shift and a decrease gives rise to the anti-Stokes shift, as can be demonstrated 

in Figure 2.7.  

 

Figure 2.10 Energy level diagram showing the three transitions that can occur during 
elastic and inelastic light scattering. 

SWCNTs have four well defined Raman scattering modes: The G-mode, D-mode, 2D-

mode and the radial breathing modes (RBMs). The G-mode tends to be the most intense 

peak in a SWCNT sample and is caused by the tangential movement of the carbon atoms 

within the SWCNT. The more pristine the carbon, the higher the wavenumber is for the 

G-mode, hence graphene has a higher value than for SWCNTs. It is split into sub-bands, 

unlike in 2D graphene, due to the curvature of the SWCNT, with G+ and the G- sub-bands 
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for both semi-conducting and metallic SWCNTs. In semi-conducting SWCNTs, the G+ 

sub-band is representative of the related vibration in the direction parallel to the SWCNT 

elongation axis, whereas the G- sub-band is for the related vibration in the perpendicular 

direction to the SWCNT elongation axis. The opposite effect is seen in metallic SWCNTs 

due to electron-phonon coupling.[23] The G-band is often used to determine if charge 

transfer has occurred between the SWCNT and any dopant present. This can either be 

external or internal to the SWCNT wall or even if elements have been used to dope the 

SWCNT by embedding themselves within the SWCNT wall itself. N-doping leads to a blue 

shift, p-doping leads to a red shift in the G-mode.  

The D-mode is often used to determine the defectiveness of a sample. It is caused by back 

scattering of the electrons by the phonon breathing mode. It can only be caused by the 

presence of defects in the sample as it requires a break in the symmetry of the sp2 lattice 

to scatter the electron back to the K-point.[27] By taking the ratio of the G/D-mode 

intensity or area, a fairly accurate determination of the defectiveness of the sample can 

be determined.[28] 

The 2D-mode is a second-order harmonic of the D-mode and occurs almost exactly at 

twice the wavenumber of the D-mode. It occurs by the excitation of electrons near the K-

point into the conduction band of the SWCNTs. It is then scattered by a phonon vibration 

associated with the breathing mode of the lattice to an inequivalent K-point.[29] A 

secondary scattering event by another phonon vibration allows the electron (or hole) to 

recombine back at the K-point and emitting a photon. 

The RBMs are caused by the expansion and contraction of the SWCNT. It is intrinsically 

linked to the diameter of the SWCNT that is being excited. Thus, it can be used to 

accurately identify the chirality of the SWCNT being excited. Larger diameter SWCNTs 

have a smaller Raman shift than narrow SWCNTs, but these can shift due to interactions 

with any filling material or external pressure. A relationship exists between frequency 

of the RBM peak and the diameter of the nanotube which is given in equation 2.8: 

𝐸𝑖𝑖 = ℏ𝜈𝐹(
4𝑝

3𝑑𝑡
)    [2.8] 

where Eii is the energy gap of van Hove singularities for a given transition, ħ is the 

reduced Planck constant, νF is the Fermi velocity and p = 1, 2, 3, 4, 5 for 

𝐸11
𝑆 , 𝐸22

𝑆 , 𝐸11
𝑀 , 𝐸33

𝑆  and 𝐸44
𝑆  respectively. The energy gap reduces as the nanotube diameter 

increases as the energy dispersion of the begins to approach that of graphene. [30] 
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Simplified versions of this equation exist in order to make the identification of the 

nanotube diameter more straightforward.[31]    

Resonance in SWCNTs is a phenomenon exploited in order to achieve more intense 

Raman spectra. If the incident wavelength is close to the energy of an optical transition 

energy within the nanotube, the nanotube will resonate and produce very strong 

signals.[32]  Thus, in order to get an accurate picture of all the nanotubes present in a 

sample, Raman spectra should be collected using as many different wavelengths of laser 

light possible.   

 

Figure 2.11 An example Raman spectrum of an unfilled HiPCO SWCNT taken using a laser 
wavelength of 633 nm. The key regions are highlighted. 

Raman spectra of the SWCNT samples on glass slides were collected using a Renishaw 

Ramascope (632.8 nm HeNe laser) as well as a Renishaw InVia spectrometer (514.5 nm 

argon-ion laser and 785 nm diode laser). 50x ultra-long working distance objectives 

were used with both spectrometers. The laser powers were reduced to 25% in all cases 

and they are estimated to be around 1 mW at the sample for the 632.8 nm and 514.5 nm 

lasers, and about 5 mW for the 785 nm laser. To check for consistency, 3-5 spots on each 

sample were characterized with each of the lasers. Each spot was collected 4 times at 20 

s each. Raman shifts were calibrated against a Ne discharge lamp. 

Raman mapping was conducted on a Renishaw Reniscope equipped with a mapping 

stage. The samples were prepared by sonicating 2 mg of sample in water and filtered 

onto a polycarbonate membrane to ensure a flat even surface for mapping was created. 
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Raman spectra were collected using a 785 nm laser over an area of 1 mm2. 100 static 

spectra were collected at 1200 cm-1.    

2.9 Fourier-Transform Infrared (FT-IR) Spectroscopy 

FT-IR spectroscopy uses infrared radiation in the region of 4000-400 cm-1 to interact 

with matter to create spectra showing the fundamental vibrations associated with 

specific functional groups.  

For a functional group to be IR active, the vibration must elicit a change in the dipole-

moment within the group.[33] Bond vibrations can be described using a simple harmonic 

oscillator and thus the fundamental vibrational frequency can be determined: 

𝜈 =  
1

2𝜋𝑐
√

𝑘

𝜇
     [2.9] 

where k is the force constant (which is directly proportional to the bond strength) and µ 

is the reduced mass of the bond between the two atoms of mass m1 and m2 respectively: 

𝜇 =
𝑚1∙𝑚2

𝑚1+𝑚2
    [2.10] 

By combining equations 2.9 and 2.10, simple observations about how bond strengths 

and the atomic masses of the bonds effect the fundamental vibration can be made. For 

example, a bond with a high bond strength (therefore a large k value) or a small reduced 

mass will cause the fundamental vibration to increase. It can be seen that strong bonds 

and bonds between lighter elements will have higher frequency vibrations than those 

between heavier elements. Figure 2.8 shows an example FT-IR spectrum for empty 

SWCNTs.  

 

Figure 2.12 FT-IR spectra of empty SWCNTs (Tuball). Dashed lines highlight some of the 
features observed. 
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Tables of expected frequencies for functional groups can be found in many textbooks or 

websites describing FT-IR which makes interpretation of spectra quite straightforward. 

FT-IR spectra were collected on a Bruker Tensor 27 FT-IT spectrometer in the 

attenuated total reflectance infrared spectroscopy mode (ATR-IR) and fitted with a room 

temperature DLaTGS detector at 4 cm-1 resolution and a diamond crystal as the internal 

reflection element. A background spectrum was collected for 256 scans before each 

sample is measured, again for another 256 scans.  

2.10 Software 

Software plays an integral part of the research process. For example, the construction of 

simulated TEM images has played a significant role in the identification of the structures 

adopted by the various confined materials. Here listed are key pieces of software used 

as part of this thesis. 

Nanotube Modeler version 1.8.0, produced by JCrystalSoft, was used to create .cif files of 

SWCNTs of any chirality required.   

SWCNTStructureRotation, written by Prof. C. G. Salzmann, was used to produce 

structures that have been rotated about the z-axis through 360°, generating a set of 

coordinates for every 10° rotation. 

RANDROT, written by Prof. C. G. Salzmann, was used to produce a structure that had 

been rotated randomly about its origin. 

CrystalMaker® X, produced by CrystalMaker Software Ltd., was used to analyse and 

manipulate atomic models of structures and to create .pdb files. 

SimulaTEM[17] was used to create simulated TEM images. 

Digital Micrograph® version 3.20.1314.0, produced by Gatan Inc., was used to analyse 

both real and simulated micrographs.  

ImageJ version 1.50i, produced by Wayne Rasband, was used to create rotationally 

averaged images by taking the average intensity of image stacks. 

CasaXPS version 2.3.16, produced by Casa Software Ltd., was used for analysis of XPS 

spectra. 

XPSPEAK version 4.1, produced by Raymund W. M. Kwok, was used for fitting XPS high-

resolution spectra in order to determine the ratios of the chemical states of the fitted 

elemental region. 
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RMCProfile is a reverse Monte Carlo software used to fit diffraction data.[34] The software 

was used to estimate the filling yield of m-P@Tuball samples. Simulations were run to 

allow the atoms to move freely whilst obeying the minimum distances defined between 

C-C (0 Å), C-P (5.06 Å) and P-P (6.0 Å) atom pairs. P4 sphere was estimated to be 4.92 Å, 

a larger minimum distance was used to account for any dynamic behaviour of the 

molecules (such as rotations)[35].  Simulations were run for 1 min.   

2.11 Density Functional Theory 

DFT calculations have been performed by Ji Chen to help support the experimental data 

collected in this research. The primary aim was to create geometry-optimised structures 

that would fit within the cavity of a SWCNT.  

DFT calculations were performed using the Vienna ab initio Simulation Package (VASP) 

where the core electrons were described with projector augmented wave (PAW) 

potentials.[36, 37] An energy cutoff of 400 eV was used to expand the wave functions. The 

optB86b-vdW van der Waals inclusive exchange correlation functional was used.[38, 39] 

Ab initio random structure searches (AIRSS)[40] were carried out with an interface to 

VASP. An empirical cylindrical confining potential was implemented to simulate the 

confinement of carbon nanotube following the procedure used in refs [41, 42]. The 

empirical potential has a Morse-type formula defined as: V(x)=0.172[(1–exp(–1.052(x–

3.565)))2–1] in eV, where x is the distance of a pnictogen atom to the carbon nanotube 

in Å. The parameters used were fitted to the DFT interaction between a P4/As4/Sb4 

molecule and graphene.  

The activation energy for the reaction pathway from P4/As4 molecules to the trans 

butterfly chain was obtained using the climbing-image nudged-elastic-band (cNEB) 

method with a fixed size of the unit cell.[43] 

The electronic density of states were also calculated for the structures and also for the 

free-standing structures. These were created by applying geometry optimisation 

without the presence of the confining potential. The DOS were performed using the 

Heyd-Scuseria-Ernzerhof hybrid exchange correlation functional[44] on structures 

obtained with the optB86b-vdW functional. 
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3 Filling Single-Walled Carbon 

Nanotubes with Phosphorus 

3.1 Introduction 

Phosphorus is the most well-known and explored of all the pnictogens. It is also one of 

the most structurally diverse elements on the periodic table which is one of the many 

reasons as to why it has been so widely and consistently studied for the past three 

centuries! The allure of the gentle glow of white phosphorus is still just as captivating 

now as it must have been when it was first isolated, and that characteristic smell of garlic 

as it oxidises is one that few forget. Despite the mixed reception that phosphorus elicits 

nowadays, it cannot be mistaken that phosphorus is still an integral element and 

material to modern life, with its uses ranging from making fertilisers to the creation of 

steels and coppers.[1]  

White phosphorus is the culprit for giving phosphorus its bad name. Its use in munitions 

has led to much suffering throughout the years. The allotrope is comprised of tetrahedral 

P4 molecules that can pack together in three different ways; named α, β and γ. The α-

phase is the room temperature modification. It is a plastic crystal with the molecules 

rotating about their centres of gravity in an α-Mn structure.[2, 3] The β-phase occurs 

around 196 K.[4] It is a reversible transformation but occurs at irregular temperatures. 

The crystal structure for β-P4 is that of γ-Pu,[5] with the P4 molecules replacing the Pu 

atoms. Lastly, the γ-phase can be formed by supercooling the α-phase and slowly 

warming the sample, at which point a strong exothermic event occurs at 98 K to form 

the γ-phase.[4] The β→γ transition is not observed upon cooling. The γ-phase has a simple 

body-centred cubic arrangement.[6] As phosphorus vapour is comprised of P4,[7] it is 

simple to prepare white phosphorus. Simply condensing phosphorus vapour onto a cold 

surface will create a film of pure white crystals.[8]           

Red phosphorus is the set of allotropes that is unique to phosphorus amongst the 

pnictogens. Neither arsenic, antimony or bismuth show these types of structures, despite 

the other similarities they share. It is commonly accepted that there are five distinct 

varieties of red phosphorus, Type I (amorphous phosphorus), Type II, Type III, Type IV 

(fibrous red phosphorus) and Type V (Hittorf’s phosphorus).[9] Type I can be produced 

from the gradual conversion of white phosphorus either by an irradiation source or by 
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heating. The other types can be formed by recrystallizations of the Type I structure from 

melts or within the presence of metal catalysts. It is also been shown that the pentagonal 

tubular motif that defines Types IV and V is also present in amorphous phosphorus.[10] 

Less is known about Types II and III due to difficulties in isolating good crystals, but it 

has been shown that nanorods of red phosphorus can be made using the Type II 

crystal.[11] Types IV and V  are made from pentagonal tubes of phosphorus atoms that 

are linked together in different ways.[12] Novel structures with similar tubular motifs to 

the five red phosphorus types have also been synthesised using copper and iodine 

stabilising atoms.[13] Phosphorus confined in MWCNTs have also shown similar 

structures.[14] 

Little is still known about the mechanisms for the formations of the various phosphorus 

allotropes. Pauling has reasoned that a logical first step in the white to red conversion 

would be the breaking of one bond per tetrahedral unit which then allows the molecular 

units to link up.[15] The opening of the tetrahedral unit has been observed in many 

complexes that have tried to incorporate phosphorus tetrahedra.[16] 

Black phosphorus is the current darling of the materials chemistry world. This material, 

which in the wake of graphene, has garnered new interest due to its layered composition 

which have now been separated to form phosphorene.[17] Black phosphorus is the most 

thermodynamically stable phosphorus allotrope and has an orthorhombic crystal 

structure made up of puckered honeycomb layers.[7, 18] At high pressures, black 

phosphorus will convert into a rhombohedral structure which has the same structure as 

grey arsenic and antimony.[19] Black phosphorus can be made in two ways, either heating 

to 473 K under pressures of 1.2 gPa,[20] or from the recrystallisation of red phosphorus 

in the presence of mercury or tin.[21-23] The property that interests chemists is its 

tuneable bandgap. The bulk material has a band gap of 0.3 eV but this can be increased 

to 1.5 eV if exfoliated to a monolayer.[24]    

Phosphorene can be synthesised using many of the standard procedures used to 

synthesis other monolayered materials. Mechanical cleavage (scotch tape method)[17] 

and liquid exfoliation (sonication in a solvent)[24] have been shown to generate small 

scale yields of true monolayered phosphorene. Epitaxy has been able to produce few 

layered black phosphorus, but true monolayers have been difficult to synthesis with this 

method.[25]   

Blue phosphorus is one of the newer allotropes that has been synthesised.[26] It is 

another layered allotrope that has been grown by molecular beam epitaxy. The material 
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is a semiconductor and although it has a smaller band gap than phosphorene, it gives 

materials scientists even more diversity in order to create bespoke electronic 

components.[27] This is one of the many variations of layered pnictogens that have been 

theorised, all of which have band gaps, though,  their size and nature may differ.[28]    
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Figure 3.1 The various allotropes of phosphorus. (a) Molecular “white” Phosphorus, (b) 
Fibrous Phosphorus (Type IV), (c) Hittorf’s Phosphorus (Type V), (d) Black Phosphorus, 

(e) Grey Phosphorus, (f) [P8]P4, (g) [P10]P2. (f) and (g) reproduced from reference [12].  

Stabilising P4 has been a goal of chemists for a long time. Having the ability to safely 

contain and release P4 molecules without any risk to the user would be a great 
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achievement. P4 has successfully been immobilised between crystallised C60 molecules 

from CS2 solvent.[29] The P4 molecules occupied the trigonal prismatic sites of the 

hexagonal C60 array, but they retain their dynamic nature. 31P NMR showed a narrow 

singlet caused by the P atoms which would broaden as the sample was cooled due to the 

slowing of the dynamic processes. No charge transfer was observed for the sample, the 

phosphorus resonance occurred at -490 ppm which was only slightly higher than the 

expected value of -462 ppm for bulk white phosphorus. The sample showed good 

stability to oxidation, with PXRD still detecting P4 features after a week. A similar 

example of this type of entrapment was discovered recently with the stabilisation of P4 

within activated carbon using a similar process of recrystalising from a solvent, though 

it was shown that after a few weeks, the NMR signal began to diminish and a growing 

feature associated with oxide products was evident.[30]  

P4 molecules have been traditionally stabilised by coordinating to metal complexes. 

Ginsberg et al. showed that P4 will coordinate to a variety of Rh(I) or Ir(I) complexes in 

the form of MXL3 by displacing one of the ligands to form MX(P4)L2.[31] Originally, it was 

thought that the phosphorus molecules are η2-coordinated to the metal, with back-

bonding causing the lengthening of the P-P bond that is bonded to the metal centre, but 

more recent work has shown that in fact very little P-P bond remains in the coordinated 

edge making the P4 molecule closer in structure to the butterfly molecular unit.[32] True 

η2-bonding was seen in silver-phosphorus complexes which can contain one or two P4 

molecules and truly retains the P4 molecular species.[32] P4 has also been η1-coordinated 

to rhenium complexes and has been shown to act as a bridging ligand to create a 

binuclear rhenium complex.[33]   

A more recent method used for stabilising P4 molecules involves constructing cages or 

supramolecular structures around the phosphorus molecule. This prevents oxidation 

from occurring as the supramolecular structure cannot accommodate the larger P4O10 

molecule.[34] This system was constructed from polymeric chains, with Fe2+ ions found 

at the corners of the tetrahedral cage. The material was found to be stable for an 

indefinite period of time, but could release the P4 molecule if a suitably sized guest 

molecule was introduced, such as benzene. This self-assembled method of entrapment 

has inspired similar methods, from a completely organic cage created from an imine 

condensation scheme that wraps around the P4 molecule,[35] to an anion-coordinated 

based cage that uses PO43- as the coordination centre instead of a more commonly used 

transition metal.[36] This complex also makes use of favourable σ-π interactions between 

the guest and host molecules which provides further protection of the P4 molecule from 
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oxidation. Theoretical calculations have showed two mechanisms that cause this, first, 

the active orbitals of the P4 molecule are shielded by the π conjugate orbitals of the ligand 

and second, the lone-pair orbitals of P4 are correlated with the π orbitals of the aryl rings. 

Considering the widespread use of phosphorus as a dopant, and the amount of research 

predicting that SWCNTs will be used within the electronics industry, it is of no surprise 

that phosphorus has been encapsulated within SWCNTs before. Both SWCNTs and 

MWCNTs have all been filled with phosphorus using red phosphorus as the phosphorus 

feedstock.[14, 37] The previous P@SWCNT samples have been synthesised with mixed 

success, some do not even show any elemental phosphorus in their XPS analysis![38] TEM 

has revealed some encapsulation though, but due to the low resolution, it is hard to 

decipher the structure adopted by the phosphorus. It was hypothesised that the 

phosphorus has filled as small clusters within the nanotube, but without any simulated 

micrographs and considering the width of the nanotube imaged, this seems doubtful.[38] 

There is definitely no evidence that the phosphorus has remained as tetrahedral 

molecules. The P@MWCNT sample showed a familiar phosphorus structure containing 

P8 and P2 units producing a ring that is reminiscent of other red phosphorus 

allotropes.[14]  

These materials were created to try and tune the band structure of the SWCNTs. Raman 

spectra have shown blue-shifts in the G-bands which would indicate that the SWCNTs 

have been p-doped.[38, 39] However, as so much phosphorus oxide is present, the shifts in 

the G-band are most likely caused by interactions with the external phosphorus material. 

A P@MWCNT sample has been prepared as an anode for lithium ion batteries.[40] The 

material showed excellent cyclability and retained most of its charge after its 15th cycle. 

The presence of phosphorus oxide helped prevent the lithium ions from reacting with 

the internal phosphorus and forming LixP compounds which have been shown 

previously to drastically decrease the charge of P@SWCNTs in similar studies.[41]   

 

3.2 Outline of Chapter 

This chapter presents the investigation into filling SWCNTs with P4 molecules. The key 

question is whether the carbon sheath can provide a suitable environment to stabilise 

the elemental phosphorus without oxidation. A variety of SWCNT types and ways of 

filling have been investigated in order to understand how the filling yield varies with 

nanotube diameter and to see how the diameter of the cavity and method of filling can 
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affect the types of phosphorus structures possible when confined. DFT calculations 

conducted by Ji Chen will be used to support the findings in this chapter. 

The chapter will be split into three sections based on the diameter of the carbon 

nanotubes used, and also by the filling process. In order to give a comprehensive review 

of how the diameter and filling process effects the filling yield and structures produced. 

3.3 Filling Large-Diameter SWCNTs 

Tuball SWCNTs have been used primarily due to the high proportion of SWCNTs in the 

sample given their price.[42] The future of composites using SWCNTs will be married to 

the ability to produce high quality but cheap SWCNTs and with lots of experiments 

planned they seemed like an excellent material to work with. Their large diameters 

should also offer good loading compared to narrower SWCNTs and would hopefully 

allow phase transitions of the white phosphorus to be seen under HRTEM. 

Initial experiments were focussed on creating an air-stable composite material, which 

would not ignite and destroy the sample. Various approaches, including using hydrogen 

peroxide solutions, to remove the excess white phosphorus material were inconsistent 

until a reliable method was formalised. The key step was removing as much white 

phosphorus as possible by sublimation before the final work up. Once this had been 

achieved, work began on trying to create purer materials. 

3.3.1 Capping – Which solvent? 

The capping of filled carbon nanotubes has been tentatively described in the 

literature.[43, 44] The fact it is not more commonly utilised shows the general thoughts 

towards this method. Commonly, a solvent in which the C60 molecules are insoluble is 

used to help create an environment that favours the fullerene entering the nanotube. A 

series of experiments were conducted to determine the best solvent for this particular 

system. The initial experiments were used to determine if a solvent was needed at all. By 

adding the fullerenes whilst the white phosphorus was molten, the use of solvents could 

be avoided altogether to make for a simpler and quicker synthesis procedure.  

It can be seen from Figure 3.2 (d) that the C60 added to just molten white phosphorus 

does not disperse within the molten phosphorus. Although the molten phosphorus 

appears slightly brown, this is just the appearence of molten white phosphorus. The lack 

of dispersion should favour the capping process, as the fullerenes will prefer to be 

confined within the tube as opposed to being within the melt.[45] The XPS results showed 

that this technique is be quite inconsistent, Figure 3.2 (c). The composites produced had 
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high levels of impurities as can be seen from the large P(Ox) feature at ~135 eV, insets 

of Figure 3.2 (a) and (b). Fitting this region and combining with the quantities of 

elements present from survey spectra allows the determination of the proportion of 

oxidised to elemental phosphorus. The sensitivity of phosphorus to oxygen provides a 

convenient method of calculating the filling yield of the sample. Internal material will 

remain protected from the atmosphere, whilst external material will oxidise. 

An estimated maximal filling yield determined using RMCProfile was calculated at 8.3 

at% for a 1.8 nm SWCNT. This was calculated by simplifying the phosphorus tetrahedral 

molecules to spheres and allowing them to move within a SWCNT. Minimum distance 

parameters kept the molecules apart and away from the nanotube sidewall using the van 

der Waal radii. If the minimum distances were disobeyed, then too many molecules were 

in the simulation. A helical structure was achieved. This is logical as spheres pack most 

efficiently as a helix when confined to a cylinder, Figure A3.1 (a).   

 

Figure 3.2 XPS overview of some capping experiments. (a, b) Survey spectra and high-
resolution XPS spectra (inset) of samples where C60 is added whilst the white phosphorus 
is still molten. High-resolution XPS spectra have been fitted to produce the results in (c). 
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(c) Filling yield overview. (d) Image taken of C60 in molten white phosphorus showing that 
no dispersion has been created. 

Experiments began on a more conventional approach, using a capping solvent in which 

to stir the filled SWCNTs in. The solvents used had a variety of solubility values for C60 

from ethanol with the lowest solubility to CS2 with the highest.[46] Each experiment was 

carried out with a control experiment where no capping agent was used. Instead the 

work up stage was carried out after the sublimation step as described in the standard 

procedure.  
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Figure 3.3 XPS overview of a set of capping experiments. The filled sample was split into 
four samples of equal mass. Three are capped with C60.and the last is kept as a control 
experiment which is not capped. (a) Filling yield overview, (b) survey spectra and (c) 

high-resolution XPS spectra that have been fitted to produce the results in (a). 
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Figure 3.4 XPS overview of a second set of capping experiments. The filled sample was 
split into four samples of equal mass. Three are capped with C60.and the last is kept as a 

control experiment which is not capped. (a) Filling yield overview, (b) survey spectra and 
(c) high-resolution XPS spectra that have been fitted to produce the results in (a). 

(a)

(c)(b)

Control Ethanol DCM CS2

0

4

8

12

16

20

24

28

32

36

40

F
ill

in
g

 Y
ie

ld
 /
 w

t%

Experiment

 P(Ox.)

 P(0)

DCM

C KLL C 1s

P 2s

P 2pO KLL O 1s

CS2

Ethanol

Control

1200 1000 800 600 400 200 0

Binding Energy / eV

CS2

Control

Ethanol

DCM

140 138 136 134 132 130 128

Binding Energy / eV



85 
 

 

Figure 3.5 XPS overview of a third set of capping experiments. The filled sample was split 
into four samples of equal mass. Three are capped with C60.and the last is kept as a 

control experiment which is not capped. (a) Filling yield overview, (b) survey spectra and 
(c) high-resolution XPS spectra that have been fitted to produce the results in (a). 
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encapsulation within the cavity. The capped samples also show better ratios between 

elemental and oxidised phosphorus. This shows that capping is able to protect the filling 

material whilst allowing the external material to be removed. The solubility of the white 

phosphorus within the solvents used also seems to have played a part. White 

phosphorus is very soluble in carbon disulphide and also in dichloromethane.[47] These 

solvents performed particularly badly in terms of filling yield. It is feasible that the 

solvents helped remove some of the filled material and then displace them with C60 

fullerenes. Studies in the literature have shown it is possible for the filling material to be 

removed almost completely by solvents so this result is not surprising.[43, 48] Ethanol 

consistently gave the best balance between filling yield and purity. This is due to both 

C60 and white phosphorus’ insolubility in the solvent. Ethanol is the most commonly used 

solvent for these types of experiments and these results confirm this to be the best 

solvent for this system as well. 

It can be seen from the data that the filling yield can be very variable. With seemingly 

identical experiments, the elemental phosphorus presence has a broad range. It is 

proposed that this variation is caused during the stirring of the nanotubes within the 

molten phosphorus. The material regularly sticks to the walls of the flask and gets 

pushed away from the molten phosphorus pool by the stirrer bar. The nanotubes that 

remain in the pool do not disperse within the phosphorus “solvent” either, which will 

also increase heterogeneity within the sample. 

This variation can also be seen in the position and shape of the oxidised phosphorus 

region. The broad peak shape indicates that a variety of phosphorus oxidation states 

exist, and an average value of 134.3 ± 0.5 eV for the peak falls firmly between the III 

(133.1 eV) and V (135.2 eV) oxidation states.[49] It seems the limited oxygen supply 
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during the work up of the sample prevents the complete oxidation of the phosphorus. 

The formation of these oxides is described in the below equations: 

𝑃4 + 3𝑂2 → 𝑃4𝑂6    [3.1] 

𝑃4𝑂6 + 2𝑂2 → 𝑃4𝑂10    [3.2] 

These oxides can in turn form a myriad of acids,[50] with a couple highlighted below upon 

exposure to water:  

𝑃4𝑂6 + 6 𝐻2𝑂 →  4 𝐻3𝑃𝑂3   [3.3] 

𝑃4𝑂10 + 6 𝐻2𝑂 →  4 𝐻3𝑃𝑂4   [3.4] 

It alludes to a system in which a variety of oxides and acids can be present and vary 

depending on the unpredictable nature of the filling and purification.   

3.3.2 Thermal Stability 

The filled carbon nanotubes help stabilise the phosphorus to ambient conditions. The 

point at which they ignite and release their cargo has been investigated using TGA/DSC. 

 

Figure 3.6 TGA/DSC scans of m-P@Tuball. 

Figure 3.6 shows a quintessential TGA/DSC scan for a capped m-P@Tuball sample. This 

particular sample has a filling yield of 5 at% P(0) and 0.5 at% P(Ox). A small buoyancy 

artefact occurs at the start before a sharp mass increase with accompanying exotherm 

at 352 K. Several other exotherms and mass increases can be seen up to 483 K. This is 

caused by the oxidation of the white phosphorus which has leaked out of the nanotube. 
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The mass increases due to the uptake of oxygen and water forming phosphorus 

pentoxide and phosphoric acid respectively, equations 3.1 – 3.4 show some of the oxides 

and acids that can be produced. The presence of species in the III oxidation state, as seen 

in the XPS, may also oxidise further and will also form acids too. This combination of 

processes and the magnitude of phosphorus oxide acids that exist has made it difficult 

to fully understand this mass increase. 

The temperature at which the initial leakage occurs varies between 323-373 K, with a 

high of 422 K. There seems to be no correlation with the filling yield or presence of 

oxidative species and the temperature of this feature. This seems to corroborate with 

the variation in the samples which XPS has also revealed. This type of behaviour has been 

evident in other systems, with water having been shown to melt at over 100°C 

depending on the diameter of nanotube used. [51], [52] 

Raman spectroscopy has been used to see if any of the white phosphorus Raman features 

could be detected and to determine if any charge transfer has occurred. White 

phosphorus is very Raman active, with the main feature being the symmetric breathing 

mode of the molecule, ν1(α1).[53] This feature appears at around 600 cm-1, but no evidence 

could be determined for this feature. A noticeable shift in the G-band was detected 

though which indicates that charge transfer between the SWCNT and filling material has 

occurred, although not in the direction that is expected. The blue shift of the G-band, 

when the sample is illuminated with the 785 nm and 514 nm lasers in Figure 3.17,  

indicates that the SWCNT has “donated” electrons to the filling material.[54] This is a 

consistent pattern regardless of the wavelength used, with a shift of up to 14 cm-1 

observed when the shortest wavelength is used. Previous evidence of this exists in the 

literature with samples with a high presence of phosphorus oxides.[14, 38, 39] It was 

expected that the lone pairs of the P4 molecules would cause charge transfer to the 

SWCNTs, and thus cause a red-shift of the G-band, but it appears that hole-doping from 

the presence of phosphorus oxide is the dominating factor and causes the blue-shift 

observed.[38]     

Another factor that makes it hard to truly understand what processes are ongoing is that 

it is only assumed that the phosphorus filling material has maintained its tetrahedral 

structure. TEM micrographs in Figure 3.9 depict a cage-like structure which have been 

induced by the energy of the electron beam. The electronic properties of these structures 

are unknown, and it would not be wholly unfeasible for these structures to be generated 

by the laser energy. It is known that white phosphorus is sensitive to x-rays and light, 

and shows discolouring when exposed for too long, so the Raman laser could have the 
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same effect. This may also explain why no features were observed for the P4 breathing 

mode as they had already transitioned to a new allotrope. 

 

Figure 3.7 Raman spectra of m-P@Tuball and empty SWCNTs showing the (a) G and D 
bands and (b) the radial breathing modes when excited by 514 nm, 633 nm and 785 nm 
lasers. The spectra are normalised with respect to the G band and shifted vertically for 

clarity. Average values for the G band, D band, RBM and D/G band ratios have been 
calculated from the average of 3 spots. The RBM spectra are magnified by the given 

values to make the spectra clearer. 

3.3.3 Structure 

As discussed in the previous chapters, one of the fundamental reasons for filling 
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Figure 3.8 PXRD pattern of m-P@Tuball. 

PXRD, Figure 3.8, shows a remarkable dearth of features. The amorphous feature is 

caused by the glass capillary. A small feature at 2θ=28° is caused by some residual 

graphite which seems to have survived the purification.[55] To further understand why 

no features have been seen, HRTEM of the samples have been conducted. 

Figure 3.9 shows a collection of micrographs depicting filled SWCNTs. The features seem 

to show amorphous and potentially cage-like structures confined within SWCNTs. No 

signs of bead-like features were detected which could indicate that tetrahedral 

molecules are present. It seems that the freedom of movement afforded by the large 

diameter SWCNTs and the exposure to the electron beam have allowed the molecules to 

rearrange themselves into structures that mould themselves to the confines of the cavity.    

 

Figure 3.9 HRTEM micrographs of m-P@Tuball.  
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Attempts were made to try and prevent this rearrangement by using an environmental 

TEM grid holder to cool the sample. However, the sample vibrated and drifted heavily 

when at the magnification level needed to acquire the images. Another problem with 

imaging the Tuball filled samples is that the C60 fullerenes, used as the capping agent, 

were often mistaken for white phosphorus molecules due to their very similar 

appearance to what could be expected of confined white phosphorus. This can be clearly 

seen in Figure 3.10. 

 

Figure 3.10 HRTEM micrograph of m-P@Tuball capped with C60 showing the fullerenes in 
the classic “peapod” formation. 

3.4 Filling Narrower Diameter SWCNTs with Phosphorus 

Due to the imaging problems discussed above, narrower diameter SWCNTs were used 

to try and confine the white phosphorus tetrahedra to one-dimension and to hopefully 

preserve their shape. 

Both CoMoCAT and HiPCO SWCNTs were used for these experiments and the filled 

samples will be referred to as m-P@CoMoCat and m-P@HiPCO respectively. Initially, 

CoMoCat SWCNTs were examined as the diameter range they provide should perfectly 

encapsulate the white phosphorus tetrahedra. HiPCO nanotubes were examined as well, 

to see how the confined material may behave in a slightly larger environment. 

3.4.1 Filling Yield 

CoMoCat and HiPCO SWCNTs showed very similar filling yields to what was achieved 

using the Tuball material, as can be seen in Figure 3.11. A lot more oxide was present 

though as no capping agent can be used for such small SWCNTs. The van der Waals 

radius of a C60 molecule is 1.1 nm, which is too large to fit inside these nanotubes.[56]     
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Figure 3.11 XPS overview comparing the filling yields for m-P@Tuball, m-P@HiPCO and 
m-P@CoMoCat. (a) Filling yield overview, (b) survey spectra and (c) high-resolution XPS 

spectra that have been fitted to produce the results in (a). 

Filling yield estimates in Figure 3.13, created using DFT optimised and confined 

structures calculated by Ji Chen (Figure 3.12), show that the filling yields of the m-

P@HiPCO and m-P@CoMoCat samples are slightly below what is expected. The filling 

yield estimates for confined phosphorus ranges from 15 wt% to 24 wt% depending on 

the structure and nanotube diameter. It is interesting to see, though, that as the average 

diameter increased from 7-8 Å (CoMoCat) to 9-10 Å (HiPCO), that the filling yield fell as 

predicted from the DFT calculations. The amorphous structures observed in the Tuball 

SWCNTs (Figure 3.9) would be expected to pack better, hence the increased filling yield 

compared to the HiPCO and CoMoCat filled materials. Overall, from these calculations, 

the SWCNTs are only around 50% filled.   
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Figure 3.12 Geometry-optimised phosphorus structures created by Ji Chen using DFT 
techniques. 

P4 Chain (edge to edge)

P4 Chain (face to face)

trans Butterfly 

Chain

Zigzag Ladder

Alternating Zigzag Ladder

Single 

Zigzag Chain

P4 Chain (90 edge to edge)

cis-trans Butterfly 

Chain



94 
 

 

Figure 3.13 Filling yield estimates based on structures created from DFT by Ji Chen in 
Figure 3.12. The filling yield was calculated by filling a 50 Å length of SWCNT with the 

largest number of unit cells of the filling material without causing any of the filling 
material to exit the end of the tube. The proportion of each atom type could then be used 

to calculate a filling yield.  

3.4.2 Micro-Structures 

HRTEM has been used to examine the filled narrow SWCNTs to determine if the tighter 

confinement has helped preserve the tetrahedral structures. DFT has been used in 

conjunction with these measurements to help identify the structures seen within the 

SWCNTs in Figure 3.15. 

The structures created and examined in Figure 3.12 were the result of logical 

assumptions as well as structure searching to find stable possibilities. The various 
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chains potentially show the first stages of polymerisation, with one bond breaking in 

each tetrahedra and linking up with the adjacent molecule. This is based on the 

predictions made by Pauling of the first step in the transformation of white phosphorus 

to red phosphorus.[15] This structure has also been synthesised and stabilised in a 

number of molecular compounds.[57-59] Two variations of this allotrope exist, with the 
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adjacent molecules are on the opposite sides to one another) and the cis-trans as a result 

of edge-to-edge tetrahedra (therefore, the bond that breaks in adjacent molecules occur 

on the same side as one another). The ladder structures are formed from more bond-

breaking and rearrangement. These are the narrowest structures that phosphorus can 

adopt whilst each atom retains its trivalency and can be observed as a motif in some of 

the red phosphorus structures, as shown in Figure 3.1.[12, 60, 61] Finally, the single zigzag 

chain is formed from the complete breakage of the tetrahedra and is the only structure 

which has free valencies, as only two bonds are needed to construct the structure.     

 

Figure 3.14 DFT analysis of confined phosphorus structures. Energies of the structures, 
shown in Figure 3.12, as a function of the nanotube diameter. Energy is defined as the 
per-atom binding energy relative to an isolated phosphorus atom plus the confining 

energy. Calculations performed by Ji Chen. 

The DFT analysis reveals that the trans butterfly structure is the most stable allotrope 

when confined. The various tetrahedral chains are also very similar in energy, which is 

not surprising given the similarities of the structures. The alternating ladder is never low 

in energy, especially compared to the zigzag ladder. It can be reasoned that if this type 

of structure is observed within a SWCNT that it will most likely be the zigzag ladder and 

not the alternating ladder due to its much higher energy. The zigzag ladder though is 

only relatively stable at the larger diameters, and is not expected to be a preferred 

structure below 9 Å. Conversely, the single zigzag chain only becomes the most preferred 
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structure at the narrowest of diameters. Only at these diameters will the phosphorus 

atoms be able to maintain only two bonds.     

 

Figure 3.15 A range of structures observed during HRTEM sessions. (a, d) Tetrahedra 
observed within CoMoCat and HiPCO respectively. (b, e) Zigzag ladders observed within 

CoMoCat and HiPCO respectively. (c, f) Single zigzag chains observed within CoMoCat and 
HiPCO respectively. Areas marked in (a), (b) and (c) show the regions taken for the line 

profiles in Figure 3.16. 

Figure 3.15 shows that the confined phopshorus could adopt the same structures within 

the different SWCNTs. This is not at all surprising given the range of diameters that each 

SWCNT type possesses. Tetrahedra, zigzag ladders and single zigzag chains were all 

observed within the SWCNTs.  

In order to help identify the types of structures observed, line profiles taken across the 

nanotube were taken. Although the tetrahedra were quite easy to observe, the 

differences between the zigzag ladder and single zigzag chain could be subtler. Figure 

3.16 shows the line profiles. The zigzag ladder shows a characteristic gap caused by the 

two parallel phosphorus chains. This feature helped identify the zigzag ladder structure. 

The gap showed an average value of 0.236 nm ± 0.03 nm for the m-P@CoMoCat sample 

and 0.266 nm ± 0.07 nm for the m-P@HiPCO sample. Plotting this gap as a function of 

diameter, Figure 3.17 (a), showed a slight trend for the gap to widen as the nanotube 

diameter increased which shows how flexible the filling material is at adopting a 

structure that fits within the cavity the best. The calculated structure shows a slight 

increase of gap size but not to the same degree as observed. This perhaps shows some 
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of the limitations of this method of DFT simulated structures, such as not taking into 

account exposure to an electron beam. 

No trend could be observed for the tetrahedral repeat unit distance as a function of 

nanotube diameter, Figure 3.17 (b). It seems clear, though, that the repeat distance for 

the CoMoCat filled samples had a smaller repeat distance than the HiPCO samples. The 

DFT calculated repeat distance shows a downward trend. This is caused by the 

molecules being able to move laterally due to the larger diameter nanotube and 

therefore can get closer together.  

 

Figure 3.16 Line profiles taken of the m-P@CoMoCat sample in Figure 3.15 showing the 
differences between the tetrahedra (from Figure 3.15 (a)), zigzag ladder (from Figure 
3.15 (b)) and the single zigzag chain (from Figure 3.15 (c)). The zigzag ladder shows a 

characteristic gap created by the two parallel chains. 
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Figure 3.17 (a) Zigzag ladder gap as a function of SWCNT diameter. (b) Tetrahedral unit 
repeat distance as a function of SWCNT diameter.  

Once the structures could be reliably identified, distributions of each type and the 

nanotube diameter they are observed in could be created, Figure 3.18. The first 

observation is that the overall distribution of the SWCNTs are what is expected for 
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CoMoCat and HiPCO SWCNTs. The majority of the SWCNTs recorded are in the 7-9 Å 

range for WP@CoMoCat compared with 9-11 Å for WP@HiPCO.  

 

Figure 3.18 Distributions of observed structure against the nanotube diameter for (a) m-
P@CoMoCat and (b) m-P@HiPCO. 

The nanotube diameter at which each structure will most likely be found is remarkably 

consistent across both materials. The tetrahedra and single zigzag chains are both most 

frequently found below 9 Å whilst the zigzag ladder is most commonly found from 9 Å 

and above. This is also consistent with the DFT results. Overall, 75% of CoMoCat SWCNTs 

are filled and 65% HiPCO SWCNTs are filled. These values are both greater than what 

the XPS data has shown, but the distributions do not consider that some sections of the 
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SWCNT could be empty and that there is an element of luck as to what the HRTEM 

session reveals at the time.     

No evidence of either butterfly structures has been seen, despite the DFT calculations 

predicting that they are the most preferential structures to be adopted in the medium 

diameter range. From the simulated image, Figure 3.19(a), the structure shows a 

blurring of the main bead-like features. It can be hard to discern the differences between 

the two structures and it is most likely that the tetrahedra are in an equilibrium with the 

butterfly structure. Nudged-elastic band computational methods, calculated by Ji Chen, 

have determined that the energy barrier the tetrahedra need to overcome in order to 

transform into the butterfly structure is only 0.07 eV mol-1. It is entirely possible that 

exposure to the electron beam during the imaging could cause the structures to 

dynamically switch between the two. Some entropic factors may also play a part as to 

why tetrahedra seem to be more favourable which have not been included in the DFT 

calculations. The tetrahedra are able to rotate about their centre of mass, whereas the 

chain allotropes can only rotate about the tube axis. This extra freedom of movement 

will be entropically favoured and hence may result in why the tetrahedra are more 

frequently observed than the butterfly structures.        

 

Figure 3.19 (a) Rotationally averaged simulated image of the butterfly structure confined 
within a 0.9 nm SWCNT. (b) Nudged-elastic band calculations showing the relative 

energy differences between the P4 face-to-face starting structure and butterfly ending 
structure showing the optimum reaction pathway between both.    

More evidence that the confined structures are rotating can be seen from the stills of the 

simulated structures in Figure 3.20. The stills show fine features and extra details that 

are not observed in the micrographs themselves. Figure 20 (a) clearly shows the 

orientation of each tetrahedral unit. The micrographs depict spherical units which can 
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only be obtained from their rotation. Figure 3.20 (b) and (c) show that unless the internal 

structure is in a certain orientation to the electron beam, the structures will appear to 

have a very defined zigzag characteristic which again has never been observed. The 

chances that the confined materials are always in this orientation whilst being imaged is 

very low, and it is much more likely that the structures are rotating which can be 

confirmed by the simulated images in Figure 3.15 which give the best comparison to the 

micrographs.    
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Figure 3.20 (a) Individual frame of unrotated confined tetrahedra. (b) Frames from 0°-
160° of every 20° rotation for the confined zigzag ladder structure. (c) Frames from 0°-

160° of every 20° rotation for the confined single zigzag chain structure. 

An example of the dynamic behaviour of the phosphorus filling material can be seen in 

Figure 3.21. A series of images show how the chain is excited by the electron beam and 

causes the chain to split from one strand (Figures 3.21 (a-b)) into two strands in Figure 

3.21 (c). The strands remain separate for a few images and then look to recombine in 

(a)

(b)

(c)
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Figure 3.21 (f). This is reminiscent of behaviour seen in iodine filled nanotubes which 

explicitly show strands of iodine wrapped around each other.[62]  

 

Figure 3.21 A series of images showing the dynamic behaviour of the confined phosphorus 
chain. (c) The chain splits into two chains. (f) The strands recombine into one chain again.  

3.4.3 Further Characterisation of the narrow filled SWCNTs 

Further characterisation has been completed in order to draw further comparisons 

between the two materials.  

Similarly, to the Tuball filled sample, there were concerns of any external material 

coating the SWCNTs being detected. PXRD, Figure 3.22, of the two materials shows a very 

similar result with no external crystalline material detected. This further confirms the 

assertion that external material will combust to form an oxide which will either be 

washed away or may linger in small amounts either between SWCNTs or at the tips. 
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Figure 3.22 (a) PXRD of m-P@COMoCat. (b) PXRD of m-P@HiPCO. 

The thermal characteristics of the CoMoCat and HiPCO filled samples, Figure 3.23, gave 

a similar result to that of the Tuball material. TGA/DSC scans show an exothermic feature 

accompanied by a mass increase caused by the leakage and then oxidation of the internal 

material. For the CoMoCat sample, this event occurs at 323 K, with two smaller features 

at 383 K and 473 K caused by further oxidation of either some red phosphorus formed 

or from any phosphorus being shielded by oxide formation. Analysis of this exothermic 

region shows that -2.77 J mg-1 of energy is released. The combustion enthalpy of white 

phosphorus is given as -23.98 J mg-1,[63] meaning that the sample is filled with 11.6 wt% 

from this analysis. This is in very good agreement with the filling yield obtained from 

XPS of 9.5 wt%. At 573 K the carbon begins to burn as shown by the mass decrease and 

small exotherm.  
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Analysis of the HiPCO sample shows that the main exothermic event begins at 396 K. The 

exotherm is much broader than observed for the CoMoCat sample and the mass increase 

is not as large. Analysis of this feature reveals that only 2 wt% of the sample is comprised 

of phosphorus, which is vastly different from the XPS data. The sample may have 

deteriorated between collecting the XPS and TGA data. The carbon burned at 853 K, 

which is a higher temperature than observed for the CoMoCat sample. This is due to the 

slightly larger diameter range of HiPCO SWCNTs making them slightly more resilient to 

oxidation. 

 

Figure 3.23 (a) TGA/DSC scan of m-P@CoMoCat. (b) TGA/DSC scan of m-P@HiPCO. 

Raman spectroscopy of the m-P@CoMoCat sample in Figure 3.24 revealed very similar 

behaviour to the m-P@Tuball sample. Blue shifts of the G-band occurred when the 

sample was illuminated with the 785 nm and 633 nm lasers which is caused by charge 
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transfer from the SWCNT to the filling material, or more likely caused by electron holes 

created by phosphorus oxides. The 514 nm laser showed a red shifted G-band which is 

what would have been expected for this sample. This perhaps shows the heterogeneity 

of the sample. XPS has showed variable filling across the sample and the Raman has also 

shown some variation in the G-band position between the spots analysed. One laser 

shows a differing result that could be due to hitting areas of the sample with low amounts 

of oxide present which would not compete with the charge transfer from the sample to 

the SWCNT. No peaks associated with P4 molecules could be detected either.  
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Figure 3.24 Raman spectra of m-P@CoMoCat and empty SWCNTs showing the (a) G and 
D bands and (b) the radial breathing modes when excited by 514 nm, 633 nm and 785 nm 

lasers. The spectra are normalised with respect to the G band and shifted vertically for 
clarity. Average values for the G band, D band, RBM and D/G band ratios have been 

calculated from the average of 5 spots. 

XPS can also reveal if charge transfer has occurred. The fit of the carbon 1 s region can 

reveal if any of the contributing regions have shifted which can indicate if charge transfer 

has occurred.[54] A small shift in the C(0) region can be detected between the empty and 

filled samples as shown in Figure 3.25. The average position of this peak is 284.01 eV 

and 284.17 eV for the empty and filled sample respectively, which shows that there is 

some slight donor doping behaviour from either the filling or external material to the 
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SWCNT, converse to the Raman findings.[54] Additionally, the peaks have the same shape, 

with no broadening or narrowing seen for the filled sample to signal the increased semi-

conducting or metallic behaviour of the SWCNTs.  

 

Figure 3.25 High-resolution XPS spectra of the C 1s region for both empty SWCNTs and 
the m-P@CoMoCat sample.   

Figure 3.26 shows the Raman result for the m-P@HiPCO sample, and yet again the G-

band has undergone blue shifts and no P4 modes have been detected either. The presence 

of the oxide seems to be dominating the Raman behaviour. However, as discussed above, 

the filling material is very sensitive and can form a variety of structures when excited. 

These structures will have different electronic structures and so will dope the SWCNT in 

different ways. The band gaps of the various structures, Figure 3.28, have been 

calculated from their electronic density of states (Figure A.32) and reveal that the 

phosphorus allotropes range from semi-conducting to metallic depending on the degree 

of polymerisation. The two P4 chain structures are semi-conducting, with band gaps of 

2.60 eV and 2.54 eV for the face-to-face and edge-to-edge (90°) structures respectively, 

as expected for individual molecules. The band gap drops dramatically when the trans 

butterfly structure is formed. The bond created to link the adjacent broken tetrahedral 

molecules brings the molecules much closer together and will help with electron 

hopping between the molecules. The zigzag ladder has a small band gap and then the 

alternating zigzag ladder and single zigzag chain have metallic behaviour. Considering 
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the evidence of dynamic behaviour of the filling material when illuminated by the 

electron beam it would be very tricky to determine which structures the laser could 

induce during the measurement so predicting the expected G-band shift, whilst taking 

into account the phosphorus oxide present as well, may in fact be a futile exercise.  

High-resolution XPS spectra in Figure 3.27 shows that again there is very little difference 

between the empty and filled sample. With average positions of 284.46 eV and 284.51 

eV for the filled and empty respectively, no significant shift has occurred which 

corroborates the findings from the Raman spectroscopy. 
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Figure 3.26 Raman spectra of m-P@HiPCO and empty SWCNTs showing the (a) G and D 
bands and (b) the radial breathing modes when excited by 514 nm, 633 nm and 785 nm 
lasers. The spectra are normalised with respect to the G band and shifted vertically for 

clarity. Average values for the G band, D band, RBM and D/G band ratios have been 
calculated from the average of 3 spots. 
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Figure 3.27 High-resolution XPS spectra of the C 1s region for both empty SWCNTs and 
the m-P@HiPCO sample. 
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Figure 3.28 Band gaps of the potential structures of the filling materials generated from 
Density of States calculations performed by Ji Chen.   

3.5 Comparisons between Liquid-Phase Filling and 

Vapour-Phase Filling  

So far, a liquid-phase filling procedure has been employed. One of the first general papers 

of how to fill nanotubes advocates for this method due to the ability to agitate the SWCNT 

material during the filling process.[64] The low melting point of white phosphorus and 

the ability to stir the sample during the filling process were very appealing traits for 

employing this method (putting aside the ridiculous idea of working with molten white 

phosphorus in the first place!). However, there is an alternative way of creating P4 

molecules. Phosphorus vapour is comprised of P4 molecules; at higher temperatures 

both P2 diatoms and P atoms can be obtained.[7] Using red phosphorus as the feedstock 

and employing more conventional filling techniques, a comparison between the two 

methods could be examined. SWCNTs have been filled in this method previously,[37, 39, 41] 

however, the characterisation of these materials leaves much to be desired, (some 

samples showing no evidence of elemental phosphorus at all) and most importantly, no 

evidence of tetrahedra were found![39]  

The main difference between the two methods is that the vapour phase filling is 

performed in an ampoule and conducted at much higher temperatures. The ampoule 
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contains a ground SWCNTs and red phosphorus mixture and is heated in a tube furnace 

to 500°C for 12 h. This process is repeated 3 more times, each time rotating the ampoule 

to allow the phosphorus material to move across the SWCNTs and fill them. The crude 

material is purified by bubbling air through the sample whilst submerged in water whilst 

stirring, the same way in which the m-P@CNT samples were purified. Full details can be 

found in Chapter 2.    

Both CoMoCat and HiPCO SWCNTs were investigated and similar techniques were used 

to fully characterise the materials. These samples will be referred to as v-P@CoMoCat 

and v-P@HiPCO respectively.  

3.5.1 Filling Yield Results 

Figure 3.30 shows the filling yields achieved for the new materials, and also includes the 

filling yields for all the previous materials for comparison. Immediately it can be seen 

that the vapour phase method has produced the highest filling yield sample. The v-

P@HiPCO sample contains 14 wt% elemental phosphorus which is double the amount 

achieved when a melt phase procedure is used. From the filling yield estimates in Figure 

3.12, the sample is almost 75% fully filled! The ratio of oxide to elemental material is 

also superior. It is reasoned that the vapour coats the SWCNTs in a finer layer of 

phosphorus than when submerged in the melt. Figure 3.29 shows that the ampoule and 

SWCNTs are coated with the phosphorus vapour, so less is needed to be removed and 

makes for a purer product. 

 

Figure 3.29 Crude schematic of the SWCNTs within the ampoule during the filling process. 
The phosphorus coats not only the SWCNTs but also the ampoule wall. 

 The same cannot be said about the CoMoCat sample. It has achieved only 1.5 wt% 

phosphorus filling, which is calculated as only 7.5% filled. This result is unexpected as 

the CoMoCat SWCNTs showed good filling yields when exposed to the molten white 

phosphorus. Potentially, the narrowness of the SWCNTs coupled with the lower 

exposure to P4 molecules in the vapour (when compared to being submerged within the 

melt) has led to a much lower filling yield than expected.  

Due to the poor filling of the v-P@CoMoCat sample, the rest of this chapter will focus on 

the v-P@HiPCO sample in comparison with the other phosphorus filled SWCNTs.   
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Figure 3.30 (a) Comparative filling yields for all phosphorus filled SWCNT samples. Filling 
yields calculated from the fitted XPS spectra in the insets of (b) and (c). (b) Survey and 
high-resolution XPS spectra (inset) for v-P@HiPCO. (c) Survey and high-resolution XPS 

spectra (inset) for v-P@CoMoCat. *Impurity present in (c) caused by fluorine.     

3.5.2 Microstructure 

HRTEM images in Figure 3.31 once again show the same three structures appearing for 

the v-P@HiPCO sample. The distributions of the structure type, though, are much more 

interesting. The distributions, Figure 3.31 (d), reveal that 78% of the SWCNTs show 

evidence of filling. The filling yield for this sample is almost 15 wt%, and is therefore 

75% full based on the filling yield predictions. The tetrahedral and single zigzag chains 

appear consistently across all diameters, unlike in the melt samples which showed a 

preference for appearing in the smaller diameters. The zigzag chain dominates, with 

over 65% of the SWCNTs filled with this structure. The increased occurrence of this 

structure is thought to be caused by the filling procedure. The white phosphorus samples 
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are never exposed to temperatures higher than 323 K and are held at this temperature 

for only a few hours during the filling and sublimation steps. The red phosphorus sample 

is held at 773 K for a total of 24 h during the rotations of the ampoule. It is likely that the 

tetrahedra will convert to the other structures during this process. The exposure of the 

sample to high temperatures during the synthesis procedure may also partially anneal 

some of the nanotubes, which may also help prevent leakage during the experiment and 

help maintain the high filling yields.[65] More examples of filled nanotubes can be found 

in Figure 3.33.  

 

Figure 3.31 The same group of structures observed in the m-P@CoMoCAT and m-
P@HiPCO samples have also been observed within the v-P@HiPCO sample. (a) 

Tetrahedral molecules confined within HiPCO. (b) Zigzag ladder and (c) the single zigzag 
chain. (d) Distributions of the three structures as a function of tube diameter.  

The average gap of the zigzag ladder is 0.252 nm, firmly between the gaps recorded for 

the melt filled samples. There seems to be little correlation between the gap and the 

diameter of the nanotube with most of the values grouped around the average, Figure 

3.32 (a). The average repeat distance for the tetrahedra is 0.582 nm, which is comparable 

to the values observed for the melt filled samples as well. No correlation could be 

observed for the repeat distance against the nanotube diameter. 
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Table 3.1 Average values for the zigzag ladder gap and tetrahedral repeat distances 
measured for the various samples. 

Sample Zigzag Ladder Gap / nm Repeat Distance / nm 

m-P@CoMoCat 0.236 0.490 

m-P@HiPCO 0.266 0.606 

v-P@HiPCO 0.252 0.583 
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Figure 3.32 (a) Zigzag ladder gap as a function of SWCNT diameter for the v-P@HiPCO 
sample. (b) Tetrahedral unit repeat distance as a function of SWCNT diameter for the v-

P@HiPCO sample. 
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Figure 3.33 Additional examples of the structures confined phosphorus can adopt within 
HiPCO SWCNTs. (a-b) Tetrahedra, (c) single zigzag chain and (d, e) zigzag ladders. 

3.5.3 Further Characterisation 

PXRD, TGA and Raman have all been conducted to complete our understanding of this 

material.  

PXRD, Figure 3.34, shows that no external phosphorus material could be detected. The 

small peak at 2θ=26.7° is caused by some residual graphite that has persisted through 

the purification of the SWCNTs.[55]   
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Figure 3.34 PXRD of v-P@HiPCO.  

The TGA/DSC scan in Figure 3.35 gave an unexpected result based on the observations 

from the previous samples. No sharp exotherm can be seen at around 323 K. Instead, the 

scan shows a broad feature, starting at 543 K and ending at 643 K, coupled with a gradual 

mass increase which is most likely caused by the delayed leakage and oxidation of the 

internal phosphorus material. There are a couple of explanations that may clarify this 

result. The first is that any annealing of the SWCNTs that may have occurred during the 

filling procedure has prevented the phosphorus from leaking out. Once some of the tips 

have burnt away, the phosphorus can leak out and oxidise. The carbon burning would 

normally happen at slightly higher temperatures though, somewhere in the region of 

673-773 K which makes this theory less likely.[66] A more probable idea is that the 

phosphorus within the SWCNTs is not in the form of tetrahedra, which would be 

unexpected to leak out of the SWCNTs at the melting point of white phosphorus and has 

been observed in the liquid filled samples. The TEM analysis in Figure 3.31 (d) shows an 

overwhelming majority of polymerised phosphorus structures, thought to be caused by 

the exposure to elevated temperatures. These structures will need to transform back to 

tetrahedra before leakage can occur, which seems to start at 543 K based on the 

thermogram. The white phosphorus filled samples appear to be predominantly filled 

with tetrahedra and only undergo polymerisation once exposed to the electron beam 

and hence, when heated to the melting point of white phosphorus, the DSC scan shows 

such a sharp feature at this temperature.   

10 20 30 40
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Figure 3.35 TGA/DSC scan of v-P@HiPCO showing a different behaviour to the previous 
samples. The initial mass increase at the start of the thermogram is caused by buoyancy 

effects.  

Finally, Raman spectra has been collected of the v-P@HiPCO sample. The G-bands of the 

filled samples appear to be in very similar positions compared to the empty sample, with 

only the 785 nm laser showing the same blue-shifted G-band of the previous samples. 

The ratio of oxidised to elemental phosphorus is much better for this sample compared 

to the others which may explain why the blue-shift is less pronounced. The high-

resolution spectra in Figure 3.37 reveal C(0) peaks at 284.51 eV and 284.56 eV for the 

filled and empty samples respectively. This again confirms that no charge transfer has 

been detected by XPS. With the competing doping properties of the phosphorus oxide 

present and the various structures that the filling material can adopt, it is probably not 

surprising that nothing significant has been detected.     
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Figure 3.36 Raman spectra of v-P@HiPCO and empty SWCNTs showing (a) the G and D-
bands and (b) the radial breathing modes when excited by 514 nm, 633 nm and 785 nm 
lasers. The spectra are normalised with respect to the G band and shifted vertically for 

clarity. Average values for the G band, D band, RBM and D/G band ratios have been 
calculated from the average of 5 spots. 
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Figure 3.37 High-resolution XPS spectra of the C 1s region for both empty and filled 
samples. 

3.6 Conclusion 

In summary, a range of SWCNTs, with differing diameters, have been filled with 

phosphorus either from the liquid or vapour phase. v-P@HiPCO had the highest filling 

yield of all samples, followed by m-P@Tuball and m-P@CoMoCat. Rather oddly, the m-

P@CoMoCat sample showed much more success than the v-P@CoMoCat sample, yet the 

behaviour was not repeated for the m-P@HiPCO sample. It is presumed that some 

annealing of the v-P@HiPCO sample, causing the SWCNTs to partially repair and also 

induce polymerisation of the internal material, prevented the leakage of the filling 

material during the work-up stages. TGA analysis of this sample seems to confirm this 

result as no oxidation is seen at 50°C unlike for the melt samples.  

TEM has revealed that when the wide diameter nanotubes are filled, large amorphous 

structures are created within the cavity. The electron beam seams to cause the P4 

molecules to breakdown and form structures which fill the space afforded them by the 

cavity. The narrower nanotubes all showed the same three structures, tetrahedra chains, 

zigzag ladders and single zigzag chains regardless of the filling procedure. The 

distributions of the structures did change though. Although the zigzag ladder dominated, 

the melt filled samples showed larger amounts of the tetrahedra and single zigzag chain. 
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The v-P@HiPCO sample had a much larger proportion of zigzag ladder structures. The 

annealing process can account for this as well, as exposure to the high temperatures may 

induce the polymerisation.  

Full characterisation of the samples was completed including PXRD showing no external 

material was present for any of the samples, with only a little residue graphite present 

in some of the samples. Raman spectroscopy predominantly showed blue-shifts of the 

G-bands signifying charge transfer from the SWCNTs to either the filling material, or 

more likely to the phosphorus oxide coating the walls of the SWCNTs. Similar behaviour 

has already been reported in the literature before, so at least these results are consistent 

with the literature.    
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4 One-Dimensional Arsenic 

Allotropes 

4.1 Introduction 

The great success seen in filling SWCNTs with phosphorus and observing its excellent 

ability in stabilising the air-sensitive P4 molecule, attempts moved onto pushing the 

limits of confining sensitive materials even further by trying to stabilise the even more 

notorious As4 molecule.  Such is its instability to both oxygen and light that as yet, no 

crystallographic data for the bulk material exists.[1] 

Despite the reputation that arsenic has developed due to its devious history, arsenic has 

found its way into being an essential element to everyday life. Semi-conductors 

frequently use arsenic as a dopant to alter the bandgap of the material,[2-4] and batteries 

contain arsenic to help strengthen its lead components.[5] In fact, it seems that arsenic is 

even an essential element for healthy human life![6] Now, with the recent interest in 2d 

materials, attention has shifted to trying to find other uses and allotropes from this 

element.  

Grey arsenic is the most common form of arsenic. It is a layered material comprised of 

2d sheets that possess a rhombohedral crystal structure. The sheets of black arsenic, in 

contrast, possess an orthorhombic crystal structure, the differences can be seen in 

Figure 3.1. Grey arsenic is also the most thermodynamically stable of the various 

allotropes that arsenic can form,[7] which is one of arsenic’s main differences to 

phosphorus, as black phosphorus is the most stable allotrope of phosphorus. Black 

arsenic has yet to be conclusively shown to exist without the use of impurities potentially 

stabilising the material.[8] A material synthesised in the presence of mercury did show 

the same structure as its phosphorus counterpart but was not 100% pure.[9] Such is their 

structural and chemical similarity that a hybrid material was made from both 

phosphorus and arsenic which possessed the “black” structure.[10] This remarkable 

material also showed that by varying the arsenic and phosphorus content the 

experimenters had excellent control of the band gap. Structures for the grey, black and 

molecular forms of arsenic can be found in Chapter 3.  
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Figure 4.1 A hybrid black phosphorus-arsenic material highlighting the similarity 

between the chemical and structural properties of phosphorus and arsenic. Reproduced 

with permission from reference [10]. 

Examinations of the electronic structure of bulk grey arsenic in comparison to its 

monolayer counterpart have already shown some interesting results. Grey arsenic exists 

as a semi-metal,[11] but when reduced to a single layer a band gap of 2.49 eV emerges.[12]  

This band gap dramatically shrinks to 0.37 eV when an additional layer is added and 

becomes metallic in behaviour once it becomes a tri-layer material. It is proposed that 

the high level of inter-planar interaction between the layers causes the metallic 

behaviour. Once it is reduced to only a single layer, there is no longer any interaction and 

therefore it behaves as a semi-conductor. Studies have also shown that arsenene 

nanoribbons have a controllable band gap by varying the width of the material.[13] These 

properties and level of control already make arsenic a more enticing material to 

electronic engineers than its “big brother” graphene.  

Arsenene has been created, although it is still in its infancy. Exfoliation of grey arsenic in 

a solution of sodium cholate using a kitchen blender did yield arsenene.[14] The sheets 

were quite large, and only a few layers thick but they only had a yield of 3.9% which is 

low. Oxidation of the surface was also present from analysis of XPS spectra collected for 

the material. A more conventional approach used ultrasonication to break the bulk 

material into nanosheets and dots.[15] The solvent used seemed key to which material is 

produced, with NMP forming nanosheets and toluene forming the nanodots. AFM 

revealed that the nanosheets were mainly in the 6-12 layer range, with the occasional 

mono- and bi-layer being detected. Band gap measurements revealed that the material 

had a band gap of 2.3 eV which is very similar to calculated values.[12] Despite all the 

computational work, there seems to have been very little progress in synthesising 

arsenene. There is an abundant number of mono-layered materials being synthesised 

that the material has to be very exciting in order to spend time and money researching.  
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Alternative 2D materials have also been examined, six new polymorphs have been 

proposed to add to the grey and black arsenic materials.[16, 17] Two of these are comprised 

of new arrangements of the six-membered rings found in grey arsenic whilst the others 

are made from eight-membered rings and seven-membered clusters.[16] Similarly, to the 

other monolayer arsenic materials, these are all semi-conducting too. With the creation 

of blue phosphorus,[18] perhaps these new 2D structures may also be created soon.          

Yellow arsenic consists of tetrahedral As4 molecules. It can be synthesised from grey 

arsenic by subliming the vapour onto a cold surface whilst in a dark room or within a 

cold solvent for use as a reagent.[19] It is incredibly unstable and will readily convert back 

to the grey form with any exposure to heat or light.[1] The mechanism of this 

transformation has been proposed to go through an As8 dimer which forms the 

hexagonal motif which makes up grey arsenic.[20]  

There have been many attempts to stabilise the yellow arsenic material. Confinement 

within a polymeric environment prevented the oxidation and conversion of the 

molecules due to light exposure.[21] The reaction of CuCl with [Cp*Fe(η5-P5)], when in the 

presence of As4, forms [Cu2Cl2{Cp*Fe(η5-P5)}2]∞⋅(0.75As4)n, which traps the As4 molecule 

between four pairs of As⋅⋅⋅P(P5) intermolecular contacts and numerous CH3⋅⋅⋅As 

contacts. Only three quarters of the available sites were occupied due to the declining 

concentration of As4 molecules in the solution as they are taken up. The methyl groups 

in the Cp* ligands lock the molecule in place and prevents any rotation. The material was 

so stable in this configuration that the first ever diffraction pattern of the tetrahedral 

molecule was recorded. The pattern showed very little distortion of the bond lengths in 

the molecule occurred when compared to other studies. This confirms that there is only 

a weak interaction between the host and guest molecules. Since then, As4 has been found 

to exist without risk of oxidation or transformation in activated carbon,[22] and a range 

of other supramolecular chains.[23, 24] These materials have also been shown to release 

their arsenic loadings for use in further reactions.[22, 24]   

Arsenic clusters have also been created but tend to require additional stabilising atoms 

to exist. Arsenic allotropes smaller than As4 do exist, with As, As2 and even As3 being 

found in arsenic vapour,[25] but tend to form anionic clusters beyond As4. A five-

membered cluster has been observed though which did not need these additional atoms, 

but was in the form of an anion.[26] No cluster above the this size has been found 

experimentally stable.[27] One of the largest clusters observed experimentally contained 

10 atoms. This was formed from the reaction  of yellow arsenic with silyene.[28] The As10 

structure comprised of a core cluster of As7, taking the form of nortricyclane, which was 
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stabilised by arsasilene moietes bound to the unsaturated arsenic atoms within this core 

cluster. Interestingly, P4 did not show the same behaviour and instead formed a linear 

chain of four phosphorus atoms. It was proposed that the weaker bond of As4 allowed 

an additional unit to react with an intermediate species and form a larger cluster size.    

Mid-sized arsenic clusters in the range of 6≤n≤28 have been examined extensively by 

computational methods to predict the types of structures they could exhibit. It has been 

shown that for larger Asn (n≥14) clusters, As2 bridging units are used to join As4, As6 and 

As8 units together,[27] with As20, As24 and As28 superclusters starting to appear very 

similar to red phosphorus fibres.[29] Debate as to the stability of these superclusters 

remain to be seen. 28 atoms would be enough to form a small fragment of a grey arsenic 

sheet, though, would the instability caused by dangling bonds allow for these structures 

to become the preferential structure. Novel carbon structures have been observed 

during the growth of graphene, perhaps this may help unlock these new 

superclusters.[30]  

4.2 Outline of Chapter 

This chapter will be concerned with the confinement of arsenic within single-walled 

carbon nanotubes using vapour filling techniques. Optimisation of the filling yield is 

attempted before trying to establish if the As4 molecule can be stabilised within the 

SWCNT using HRTEM. The final material will be fully characterised to determine the 

thermal stability of the material, to investigate if any evidence of external material can 

be seen and finally to see if any charge transfer has occurred between the filling material 

and the SWCNT. Where possible, these results will be corroborated with computational 

studies. Density of states calculations will be calculated to help determine the likeliness 

of any charge transfer effects and new confined structures will be searched for and 

examined for suitability from DFT calculations. 

4.3 Results and Discussion 

4.3.1 Maximising the Filling Yield 

CoMoCat SWCNTs were initially used for the confinement of arsenic based on the 

previous success with white phosphorus. Although arsenic has a larger van der Waals 

diameter than phosphorus; the size of the yellow arsenic molecule should still be 

within the range of diameters that CoMoCat SWCNTs possess. Taking into account the 

As-As bond length (2.49 Å), the van der Waals radius (1.85 Å)[31] and simplifying the 

tetrahedron to a sphere, a rough dimeter of the molecule can be estimated as 5.31 Å, 
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which should fit within the larger diameter CoMoCat SWCNTs. For comparison, P4 has a 

diameter of 4.92 Å.   

In order to determine the success of the filling, estimated filling yield calculations were 

performed using structures, in Figure 4.2, created by Ji Chen. These were generated in 

the same way as for the phosphorus structures in the previous chapter. Figure 4.3 shows 

that for SWCNTs within the 8-9 Å diameter range, we can expect a filling yield from 

anywhere between 0.24 wt% to 0.42 wt%. These filling yield estimates have been 

calculated by counting the number of atoms in the structure that would fit into a 50 Å 

length of the appropriately sized diameter SWCNT.  This value is then converted into a 

wt% value which can be used to compare with the XPS results. The values for bulk grey 

and yellow arsenic have been plotted too. These have been calculated using the density 

of these materials and the volume within the SWCNT, accounting for the van der Waals’ 

radius of the carbon atom. 

As we go to larger diameters, the filling yield decreases for most of the structures, apart 

from the bulk materials which rise as expected given the increasing volume of the wider 

nanotubes. Despite the extra room afforded by the wider diameters, the structures’ 

shapes are already optimised at 7 Å. Therefore, structures cannot pack any more 

effectively to offset the extra carbon atoms within the larger SWCNTs.  
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 Figure 4.2 Geometry-optimised arsenic structures produced by Ji Chen.  
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Figure 4.3 Filling yield estimates based on DFT structures generated by Ji Chen. The filling 

yield is calculated by filling a 50 Å SWCNT with the largest number of unit cells of the 

filling material without it exiting the end of the tube. The proportion of each atom type 

can be then used to calculate the filling yield of the material. 

The only exceptions to this are the zigzag ladder, which can narrow its bond angle from 

180° at 7 Å to 98.61° at 8 Å to allow a higher yield, and the face to face tetrahedra, which 

can pack more laterally and therefore more tightly at 11 Å. This result can be seen in the 

respective increases in filling yield in Figure 4.3.      

Although ampoules have been used to perform the filling procedure, it is hoped that that 

similar techniques developed from filling SWCNTs with white phosphorus can be 

applied here. Subliming the excess material away from the SWCNTs proved to be a vital 

step for filling SWCNTs with white phosphorus in order to create pure samples. This step 

was initially replicated by rotating the ampoule containing the As/SWCNT mixture 

within the tube furnace so that the As vapour sublimes to the end containing no SWCNTs.  
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Figure 4.4 (a) Overview of arsenic filling experiments showing the improvement in filling 

yield as the procedure became more refined. (b) Survey spectra for the various samples. 

(c) High resolution spectra of the As 3d region for the various samples showing the 

change in ratio between the elemental and oxidised arsenic in each sample. 

Figure 4.4 shows an overview for the filling yields achieved. These values have been 

generated from the survey spectra and accurate fitting of the As 3d region (shown in 

Figure 4.4 (c)) in the same way as described in the previous chapter.  When the arsenic 
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material is sublimed away from the SWCNTs, a low filling yield is achieved. This is much 

lower than the estimated 30 wt%. It may be that the much stronger vacuum achieved 

within the sealed ampoule, compared to within a Schlenk flask, may have caused any 

filled material to evacuate the SWCNTs and cause the lower filling yield. 

A second attempt sublimed the arsenic material onto the SWCNTs as the last step. This 

saw a significant improvement in the filling yield. The large amount of arsenic (III) oxide 

present also confirms that subliming the arsenic onto the SWCNTs coats them 

thoroughly with arsenic material. A trade-off between the filling yield and the purity has 

been achieved which shows the level of control we have over this system. 

Larger diameter HiPCO SWCNTs were used to try and improve the filling yield, with the 

same filling method used as before. Although the arsenic tetrahedra should fit within the 

CoMoCat SWCNTs, any additional room that can be created without losing the confining 

ability will be beneficial. The diameter ranges for CoMoCAT and HiPCO are <1nm[32] and 

0.8-1.3 nm[33] respectively. It is hoped that the extra few Ångströms of room will 

hopefully make it easier for the molecules to fill the SWCNT without being too large as 

reduce its ability to confine the molecules and prevent leakage or oxidation. HiPCO offers 

a large range of diameters too, and also overlaps with the diameter range for CoMoCat, 

so it should still be possible to explore the structure of confined arsenic within the size 

of nanotube that CoMoCat offers. An immediate increase in the filling yield has been 

achieved using these HiPCO SWCNTs. It seems as if the larger diameter tubes have made 

it much easier for the arsenic molecules to enter the SWCNT.  

As shown in Figure 4.4, when the arsenic material is sublimed away from the SWCNTs, a 

low filling yield was achieved. The emptying of SWCNTs is not well understood. There 

are papers showing success in emptying nanotubes,[34] but it has not been thoroughly 

researched with contrasting reports showing the stability of SWCNTs filled with other 

water soluble materials.[35] The emptying of As@HiPCO was attempted by heating the 

sample under vacuum. The filling yield of the heat-treated sample shows a clear 

reduction in the arsenic presence by almost 85% leaving a sample with a comparable 

arsenic and oxide presence to the initial arsenic filling experiment where the arsenic 

material was sublimed away from the CoMoCat SWCNTs as the last stage of the filling 

procedure.   
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Figure 4.5 XPS data showing the emptying of arsenic filled SWCNTs. (a) Filling yield 
comparison for the pre- and post-treated samples. (b) Survey and high-resolution XPS 
spectra for the pre-treated sample. (c) Survey and high-resolution XPS spectra for the 

post-treated sample. 

Raman spectroscopy was attempted on the sublimed arsenic material, which can be seen 

in Figure 4.6. Good agreement can be seen between the Raman spectrum collected and 

the what can be found in the literature confirming that this is amorphous arsenic.[36] The 

way it was created also suggests that this material is amorphous arsenic.[7] The shiny 

appearance of the arsenic is also very reminiscent of the arsenic mirror produced in the 

Marsh test, again confirming that it is indeed amorphous arsenic.[37]  
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Figure 4.6 Raman spectrum for the amorphous arsenic grown in Figure 4.7. Good 
agreement can be seen with examples in the literature.[36] 

 

Figure 4.7 Image of the sublimed arsenic after heat treatment of the filled sample.   
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Allotropes 
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CrystalMaker, Nanotube Modeler and SimulaTEM software,[38] as well as DFT optimised 

structures generated by Ji Chen. 

The possible arsenic structures that could be adopted within the SWCNT cavity has been 

explored by Ji Chen and can be seen in Figure 4.8. The structures that were investigated 

are based on the structures identified for confined phosphorus due to their chemical 

similarity. As with those calculations, these calculations do not use an explicit SWCNT, 

but instead use a confining potential to mimic the SWCNT environment. This is based on 

a similar approach used to confine ice between graphene layers.[39] The various As4 

chains investigated show the different repetitions that the tetrahedra can adopt, 

although, it is most likely that the tetrahedra will be rotating and make these structures 

unrealistic, in the same way as seen in white phosphorus.[40] Two additional structures 

have been investigated, the As8 chain and As8 chain (90°). These dimers may link arsenic 

tetrahedra to the grey arsenic sheets and act as the first step of polymerisation.[41] The 

two ladder structures are the narrowest structures that can be created whilst keeping 

three bonds between the atoms that is seen in the variety of clusters that arsenic can 

adopt.[42]  

As expected, the energies of the structures increase as the nanotube diameter narrows. 

This has been seen in many systems so confirms that the calculations, at first glance, 

seem reasonable.[43] The trans butterfly structure and various As4 chains all show the 

widest range of stability, and specifically the lowest energies at the average diameter of 

the HiPCO SWCNTs of 9 Å. Although the As4 chains are never the most stable, as the 

arsenic is expected to fill the SWCNT in this form from the vapour phase, so it can be 

reasoned that they may exist in a metastable state. At the narrowest diameter, the single 

zigzag chain becomes the most stable. This shows the stabilising effect that a SWCNT can 

provide to these one-dimensional allotropes and is why a variety of other elements, such 

as selenium and iodine, have shown this behaviour within narrow diameter 

nanotubes.[43-45] It becomes increasingly unstable compared to the other structures as 

the diameter increases which shows the preference of the element to want to form more 

bonds and more complex structures. The zigzag ladder only becomes comparatively 

stable to the other structures at the larger diameter nanotubes. The alternating ladder 

and As8 chains are never comparatively stable. It can be reasonably assumed that if the 

filling material exhibits a ladder-like structure, that it will be of the zigzag ladder 

structure and not the alternating alternative.    
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Figure 4.8 DFT analysis of confined arsenic structures. Energies of the structures shown in 
Figure 4.2 as a function of the nanotube diameter. Energy is defined as the per-atom 

binding energy relative to an isolated arsenic atom plus the confining energy. 
Calculations performed by Ji Chen. 

Figure 4.9 shows the three different structures that have been observed confined within 

SWCNTs. There is good agreement between the micrographs taken and the simulations 

produced using the structures generated from DFT calculations. The atomic models 

show that tetrahedra, zigzag ladder and single zigzag chain structures have been 

observed. The simulations have been created by rotating the structures, either about 

their centre of mass (tetrahedra) or about the nanotube axis (zigzag ladder and single 

zigzag chain). The chain structures have been rotated in steps of 10° for a full revolution 

with a simulated image taken for rotation. The 36 images produced have been averaged 

using the ImageJ z-projection feature to create the final image. These steps have been 

shown to be a necessary procedure as the stills of the structures show very defined 

features that have not been observed during the TEM sessions.  Dynamic behaviour, such 

as rotation, has also been observed previously in SWCNTs filled with graphene 

nanoribbons so this behaviour is not unexpected.[46]   
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Figure 4.9 HRTEM images (left), simulations (centre) and atomic models (right) of 
different arsenic structures found confined within SWCNTs. (a) Tetrahedra, (b) zigzag 

ladder and (c) single zigzag chain. 

 

Figure 4.10 (a) HRTEM simulation stills showing the rotation of the arsenic zigzag ladder 
about the z-axis of the SWCNT. Stills are shown of every 20° rotations from 0 – 180°. (b) 

HRTEM simulation stills showing the rotation of the arsenic single zigzag chain about the 
z-axis of the SWCNT. Stills are shown of every 20° rotation from 0 – 180°. 
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The tetrahedra have an average repeat distance of 0.55 nm which is slightly longer to 

the repeat distance measured in the simulation of 0.51 nm. In fact, the repeat distances 

measured in the sample are all slightly longer than what is predicted from the 

simulations, as can be seen in Figure 4.11. This is most likely caused by the energy 

imparted into the molecules by the electron beam inducing dynamic behaviour within 

the molecules which cannot be replicated by the DFT calculations. In fact, there seems to 

be an opposite trend between the simulated calculations and the sample. There is a slight 

positive correlation between the repeat distance and the nanotube diameter in the 

As@HiPCO sample whereas the simulations show a negative correlation. The 

simulations show that the tetrahedra can move laterally as the nanotube widens, so can 

pack together tighter and cause the smaller repeat distance, especially when packed in 

the fact-to-face arrangement. It would be expected that the sample would show a similar 

pattern, but it seems the opposite is true. 

 

Figure 4.11 Tetrahedra repeat distance as a function of nanotube diameter for sample 
As@HiPCO. Repeat distances generated from simulated images of DFT generated 

structures are also included.  

More examples of the structures adopted by confined arsenic can be found in Figure 

4.12. 
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Figure 4.12 Additional examples of the structures confined arsenic can adopt within 
HiPCO SWCNTs. (a-b) Tetrahdera, (c-d) zigzag ladders and (e) single zigzag chains.  

Recognising these structures can be tricky, however, some fine structure can be detected 

which makes their identification easier. The zigzag ladder appears as a broad line within 

the SWCNT whilst the single zigzag chain appears as a narrow line. The zigzag chain can 

also show a faint gap along its centre, as shown in Figure 4.13. Line profile analysis 

reveals that this gap has an average width of 2.32 Å which is in good agreement with the 

gap measured in the simulated image, at 9 Å. Figure 4.13 (e) shows that there is a trend 

for the zigzag ladder gap width to increase as the nanotube gets wider. A similar trend is 

seen in the DFT simulated structures, but not to the same degree. This shows that the 

filling material is flexible enough to expand or contract to best fit into the available space. 
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Figure 4.13 (a) HRTEM image of the zigzag ladder confined within a SWCNT. (b) 
Simulation of (a). (c) Line profile taken across highlighted area in (a). (d) Line profile 
taken across highlighted area in (b). (e) Comparison of measured zigzag ladder gap 

values and simulated values.  

Although the DFT results predict the butterfly structure as being the most stable, the 

simulated images of the rotationally averaged structure (Figure 4.14(a)) has shown 
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for the conversion between a face-to-face tetrahedral structure and the butterfly chain 

in Figure 4.14(b). At just over 0.05 eV separating the two structures, it would be entirely 

possible for the two structures to rapidly switch between each other. The entropic 

advantage gained for the arsenic atoms existing as tetrahedra as opposed to the 

polymerised structures may also help preserve the tetrahedral molecules and cause the 

conversion from the butterfly back to the tetrahedral units. The tetrahedra can rotate 

about three axes, as opposed to one when polymerised. Unfortunately, these entropic 

factors have not been incorporated into the DFT calculations but remain a highly 

plausible theory as to why the butterfly structure has so far been undetected.     

 

Figure 4.14 (a) Simulated image of the butterfly structure confined within a 0.9 nm 
SWCNT. (b) Nudged-elastic band calculations showing the relative energy differences 

between the As4 face-to-face starting structure and butterfly ending structure showing 
the optimum reaction pathway between both.    

These techniques have helped create a comprehensive understanding of the different 

types of structures observed and their frequency. Figure 4.15 shows the occurrence of 

these structures as a function of the nanotube diameter. This analysis has also revealed 

that the most commonly observed SWCNT diameter is between 0.8 nm and 1.2 nm, 

which is reassuring as this corresponds with what is expected for HiPCO SWCNTs.[47] The 

most frequent structure seen within this range is the zigzag ladder. Tetrahedral units 

and the single zigzag ladder are observed at smaller diameters. This is reflected well in 

the DFT results in Figure 4.7. It is reasoned that the arsenic atoms need room in order to 

rearrange themselves into the zigzag ladder. At the smallest diameters there is not 

enough room for this to occur, and as such the tetrahedra and single zigzag chain are 

stabilised. As so few structures are also seen above 1.1 nm, it implies that the arsenic is 

more prone to leakage or oxidation. It is only through their tight confinement within the 

SWCNT that their removal from the nanotube can be prevented. This seems to confirm 
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that there is a very fine margin for success. If the SWCNTs are too narrow, such as 

CoMoCat SWCNTs, the As4 molecules struggle to fill the nanotubes. If the SWCNTs are 

too wide, leakage and oxidation may occur. The tight confinement is essential for the 

tetrahedra to maintain their shape as can be evidenced by other attempts at stabilising 

the molecules.[23] By confining the As4 within tetrahedral cages that are just large enough 

to wrap around the molecule, the molecules remain stable to both light and oxidation as 

there is not enough room for the molecules to rearrange themselves or form new As-O 

bonds. These attempts allow for the 0D isolation of As4 molecules. The benefits of 

As@CNT is that 1D chains of As4 molecules can be produced allowing for much larger 

loadings.     

 

Figure 4.15 Statistical analysis of the arsenic structures observed within HiPCO SWCNTs 
as a function of the nanotube diameter.  

Lastly, the statistical analysis shows that 73% of all observed nanotubes show some 

evidence of filling. This is approximate to the value determined through XPS. 

4.3.3 Further Characterisation 

Further characterisation has been completed in order to help fully understand the 

material. As the HiPCO filled sample showed the highest filling yield, the rest of this 

chapter will focus on this material. 

TGA/DSC analysis has been conducted in air. A small mass increase at 403 K could signal 

the oxidation of the leaked yellow arsenic, although with such a high arsenic content, this 
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peak would be expected to be larger. It is most likely some further oxidation of the 

arsenic (iii) oxide present on the outside of the sample. The gradual mass loss from 573 

K to 773 K shows the sublimation of the internal arsenic present. Mass loss only begins 

at 673 K and is much sharper for the empty SWCNTs which helps prove that the earlier 

mass loss seen in the filled sample is caused by leakage of the arsenic material. A mass 

loss of ~20 wt% corroborates the filling yield determined by XPS. Integration of the large 

DSC feature, peaking at 823 K, shows that -22.8 J are released per milligram of sample at 

this temperature range. This is caused by the combustion of the SWCNTs and given the 

enthalpy of combustion of graphitic carbon is -33.2 J mg-1,[48] it can be estimated that the 

sample is ~70 wt% carbon, again confirming the results derived from the XPS analysis. 

The TGA analysis also corroborates what has been seen when annealing the sample, that 

the material will leak out of the SWCNTs when exposed to high temperatures.       
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Figure 4.16 (a) TGA/DSC analysis of the arsenic filled HiPCO SWCNTs. (b) TGA/DSC 
analysis of empty HiPCO SWCNTs for reference.  

Although efforts have been made to remove the external arsenic from the sample by 

washing in dilute nitric acid, there are always concern that some material may still be 

present. The reaction of arsenic with nitric acid is given in the equation below: 

𝐴𝑠 + 𝐻𝑁𝑂3 → 𝐻3𝐴𝑠𝑂4 + 5𝑁𝑂2 +𝐻2𝑂   [4.1] 

PXRD has been used to check for this and to potentially see any new features arising 

from the confined arsenic. Grey arsenic was observed in the PXRD, as well as iron 

arsenide, so an internal standard was added in the form of sodium chloride. As the 

amount of sodium chloride weighed in is known (0.2 mg), it can be used to give an 

estimate to the amount of other substances present in the sample. Fitting the data shows 

that only around 1.2 wt% of the elemental arsenic detected by XPS is in the form of 
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external grey arsenic. The iron diarsenide present seems to have formed from the 

reaction of the iron catalyst nanoparticles and arsenic vapour.  Based on previous 

literature on the growth of FeAs2 crystals, this method of synthesis seems very 

reasonable and explains the presence of the compound.[49]       

 

Figure 4.17 Quantitative PXRD analysis of the As@HiPCO/NaCl mixture.  

Raman spectroscopy has also been performed to determine if any charge transfer has 

occurred between the filling material and the SWCNTs, from shifts in the G-band, and to 

also see if any changes have occurred to the size of the SWCNTs from the inclusion of the 

arsenic, by shifts in the RBMs. The first thing to note is the lack of any additional new 

features that may have been caused by the encapsulated arsenic. It is expected that a 

sharp feature at 340 cm-1 should be observed which is caused by the breathing mode of 

the tetrahedral molecules.[50] Other confined materials have shown very intense new 

features when examined by Raman spectroscopy.[43, 46] The lack of any new features can 

be caused by a couple of reasons. One, the laser energy is absorbed by the carbon wall 

and unable to excite the arsenic material. A variety of wavelengths (514 nm, 633 nm and 

785 nm) were tested to try and overcome this issue, but no differences can be seen. Two, 

the laser energy is causing the polymerisation of the tetrahedra in the same way the 

electron beam in HRTEM and the x-rays in PXRD do. The D/G band ratio shows that there 

is little to no additional disorder caused from the degradation of the SWCNTs during the 

filling procedure. It may also be reduced potentially by some annealing of the SWCNTs 

during the heat treatments. Although the experiments were only conducted at 888 K, 
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which is a little low for annealing SWCNTs, it is not unreasonable to suggest that this 

process may have occurred.[51] 

 

Figure 4.18 Raman spectra of As@HiPCO showing the G-band and RBM regions with 
prominent peaks highlighted, collected using three different excitation wavelengths.  

Evidence to show that charge transfer has occurred between the SWCNTs and filling 

material seems doubtful. Inconsistent shifts in the G-band can be seen between the 

empty and filled samples, when excited by the different lasers, which suggests that no 

charge transfer has occurred. Density of states calculations, performed by Ji Chen, on the 

potential structures adopted by the confined arsenic show that both metallic and semi-

conducting structures can exist within the SWCNTs. These structures will have 
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competing charge transfer effects with the SWCNTs, with semi-conducting materials 

accepting charge from the SWCNTs and metallic structures transferring charge to the 

SWCNTs.[52] Evidence of charge transfer is also accompanied by changes in the peak 

shapes of the G-band. For example, the narrow and symmetrical G-bands seen for both 

filled and empty samples, when excited by the 785 nm and 633 nm lasers, shows 

predominantly semi-conducting SWCNTs are excited.[53] If charge transfer had occurred, 

the G-band would be expected to a shift to a higher frequency and show a broadening of 

the peak caused by the semi-conducting SWCNTs behaving more akin to metallic ones. 

Overall, the Raman data collected suggests that no charge transfer has occurred between 

the two materials, or at least has not detected if any has occurred.    

 

Figure 4.19 Band gaps of the potential structures of the filling materials generated from 
Density of States calculations performed by Ji Chen.   

XPS can also reveal if charge transfer has occurred. The fit of the carbon 1 s region can 

reveal if any of the contributing regions have shifted which can indicate if charge transfer 

has occurred.[54] No shift in the C(0) region can be detected between the empty and filled 

samples as shown in Figure 4.20. The average position of this peak is 284.20 eV and 

284.24 eV for the empty and filled sample respectively. Additionally, the peaks have the 

same shape, with no broadening or narrowing seen for the filled sample to signal the 

increased semi-conducting or metallic behaviour of the SWCNTs. This coupled with the 

Raman data confirms that charge transfer has not occurred in this material.               
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Figure 4.20 High-resolution XPS spectra of the C 1s region for both empty and filled 
samples.  

4.4 Conclusion 

Single-Walled Carbon Nanotubes have shown themselves to be excellent containers for 

the highly poisonous and sensitive arsenic element. They show much higher weight 

loadings than has been achievable through the use of supramolecular methods[21] and 

can be emptied conveniently through high temperature and vacuum annealing. Whilst 

confined, the arsenic can exist in a variety of phases but seem to fill as tetrahedral units 

and then rearrange into different allotropes depending on the diameter of nanotube in 

which it resides. DFT has confirmed the identity of the structures seen and reveals that 

the tetrahedra exist in a metastable state, compared to more stable structures, and may 

be stabilised due to entropic factors. The two new one-dimensional structures observed 

may help provide the missing links to between small arsenic clusters and the larger grey 

and black arsenic sheets. Further characterisation has shown excellent purity of the 

material, with minimal amounts of oxides being detected and over 90% of the arsenic 

detected by XPS being confined within the SWCNTs. Initial experiments into the 

electronic properties of the material have been attempted using Raman and XPS, 

however, DOS calculations have shown differing characteristics between the nano-

structures, from insulating tetrahedral chains, semi-conducting zigzag ladders and 

metallic single zigzag chain structures. These results demand more thought and 
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experimentation, with confinement within insulating boron nitride SWCNTs a possibility 

to truly understand the potential of this material.   
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5 Comparison of One-

Dimensional Pnictogen Allotropes 

5.1 Introduction 

The pnictogen group is one of the most interesting groups of elements. No other 

elemental group shares the same variety of structures (excluding nitrogen!), which 

makes them an excellent group to compare how they behave when confined within a 

SWCNT. Molecular, black, grey and amorphous variants exist for all, with only the red 

phosphorus chains being unique to phosphorus. The common structures found for 

phosphorus and arsenic are displayed in Chapters 3 and 4 respectively. This 

combination of similarities and unique properties makes the pnictogens interesting to 

study as the limits of their similarities can be pushed until their unique properties begin 

to dominate the behaviour seen. The only pnictogens excluded from this study are 

nitrogen and bismuth. Although bismuth shares the same rhombohedral crystal 

structure of arsenic and antimony, its metallic nature and high surface tension would not 

make it favourable to fill nanotubes. An overview of the structures that phosphorus and 

arsenic possess can be found in chapters 3 and 4.  

Antimony is most sought after as a flame retardant, with 60% of the antimony produced 

in the world being used as flame retardants.[1] Halogenated antimony will react with 

hydrogen and oxygen which will inhibit fires.[2] Similarly to arsenic, antimony is also 

used to strengthen lead and can also improve the charging characteristics of lead too 

making it a useful element for battery manufacturers.[3, 4] It is also interestingly used to 

produce antifriction alloys which are needed for bearings and other such items.[5] 

Antimony, like arsenic, is classed as a metalloid which gives it both metallic and non-

metallic characteristics. It is also most thermodynamically stable as the grey allotrope, 

similarly to arsenic.[6] Black antimony and yellow antimony are the two other main 

allotropes, and have the same structures as their phosphorus and arsenic equivalents. 

Molecular antimony can be formed from the oxidation of stibine, SbH3. This reaction 

must occur at no higher than 183 K as yellow antimony will convert to grey antimony 

above this.[7] It is also light sensitive. Antimony vapour has also been proven to exist as 

Sb4 molecules up to around 973 K,[8] which is lower than phosphorus and arsenic, which 

do not show signs of disintegration until 1173 K, and is another example of its increased 
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instability. Yellow antimony seems to only exist in the vapour phase and has never been 

condensed. When yellow antimony was attempted to be grown on HOPG, by 

condensation, only small clusters of antimony located around defect sites in the HOPG 

could be formed, such is its sensitivity.[9] 

Black antimony can be formed from rapidly cooling antimony vapour onto a cool surface. 

This is also very sensitive and may ignite in air. It also gradually converts back to the 

grey form over time. The generic structures for the molecular, grey and black allotropes 

of phosphorus, arsenic and antimony can be found in Chapter 3.  

Antimony has a unique “explosive” allotrope which sets it apart from the other 

pnictogens.[10] This can be formed from the electrolysis of antimony trichloride and will 

explode when scratched to reform the grey allotrope. This form is in fact amorphous, 

and the explosion is caused by the recrystallisation of the amorphous antimony. The 

scratch removes a film of SbCl3 which allows more of the amorphous material to contact 

each other. Above a critical amount, the antimony recrystallises and explodes. The 

crystallisation is accompanied by a change in the electronic structure of the material, 

from semiconducting to semi-metallic.[11]     

These are the main 3D allotropes that have been isolated for antimony. Some research 

has been conducted on 2D antimonene. Like phosphorene and arsenene, antimonene is 

the 2D layer of antimony that may refer to either a single layer of the grey modification 

(rhombohedral, β) or the black modification (orthorhombic, α).[6] Monolayers of β-Sb are 

predicted to show an indirect bandgap, and similarly to arsenic, this will change to a 

direct bandgap under some strain.[12] Attempts have been made to synthesise 

antimonene, using both mechanical (scotch tape method) and liquid exfoliation 

(sonication in an IPA/water solution) techniques.[13, 14] These procedures could produce 

monolayer antimonene, although the yields of true monolayers was low as expected of 

these types of techniques. Vapour deposition attempts have shown a variety of results 

ranging from small clusters of antimony to monolayers of antimony.[9, 15] It has not been 

until recently that large isolated monolayer antimonene could be grown, using epitaxial 

methods.[16] 

Antimony has seemingly never been stabilised by confinement of any kind. Some very 

early work claims to have created antimony-filled carbon nanotubes, but due to poor 

TEM micrographs it is hard to say what structure the encapsulated antimony has 

adopted.[17] These samples have been formed from arc discharge methods so it is 

unlikely they “filled” the nanotubes as Sb4 molecules but were grown in unison.  
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Considering the success of trapping P4 and As4 molecules within polymeric chains,[18] it 

is surprising that trapping Sb4 molecules using similar methods has not been attempted.     

5.2 Outline of Chapter 

The aim of this chapter is to bring together the results from the previous two chapters 

and to try and draw some comparisons between arsenic and phosphorus filled SWCNTs. 

Antimony-filled nanotubes will also be introduced to complete the pnictogen filled 

nanotubes research.   

5.3 Results and Discussion 

From the data in the previous chapters, and with the inclusion of antimony filled 

nanotubes, a comprehensive study of the inclusion of pnictogens within different 

SWCNTs has been achieved. A wide variety of SWCNT diameter ranges have been filled 

to give a full illustration of the diameter dependence of the filling materials, with 

CoMoCAT providing <1nm[19] diameters, HiPCO 0.8-1.3nm[20] and Tuball >1.5 nm.[21] The 

only experiment excluded was filling CoMoCAT with antimony due to the very large 

radius of the antimony atom.[22] Liquid phase filling experiments using yellow arsenic 

were  not attempted either due to the instability of the material. As the HiPCO filled 

SWCNTs achieved the highest filling yields; these samples will be used for the bulk of the 

comparisons. 

Many samples have been created in this thesis and will be discussed in this chapter. 

Below is a reminder of how to understand the sample moniker: 

m-P@CNT – SWCNTs filled from the melt of white phosphorus using air sensitive 

techniques. 

v-P@CNT – SWCNTs filled from the vapour of red phosphorus in an ampoule. 

v-As@CNT - SWCNTs filled from the vapour of grey arsenic in an ampoule. 

m-Sb@CNT - SWCNTs filled from the melt of antimony in an ampoule. 

v-Sb@CNT - SWCNTs filled from the vapour of antimony in an ampoule. 

The type of SWCNT filled is signified in the name of the sample, for example, m-P@Tuball 

is a sample of Tuball SWCNTs that have been filled with white phosphorus in a melt-

phase experiment.  



158 
 

 

Figure 5.1 (a) Overview of the filling success of pnictogens in various single-wall carbon 
nanotube types. Filling yields for arsenic and phosphorus samples calculated from fitted 

XPS spectra in the previous chapters. Filling yields for Sb@CNT generated from fitted XPS 
spectra in (b-e). 

The filling yields for these samples have been calculated from fitted XPS spectra. Due to 

the sensitivity of these elements to oxygen, or in arsenic and antimony’s case to nitric 

acid, it can be concluded that the oxidised regions for these elements are caused by 

m
-P

@
Tub

al
l

m
-P

@
H
iP

C
O

m
-P

@
C
oM

oC
at

v-
P
@

H
iP

C
O

v-
P
@

C
oM

oC
at

0

2

4

6

8

10

12

14

16

F
ill

in
g

 Y
ie

ld
 /
 a

t%

 Oxide

 Elemental

A
s@

H
iP

C
O

A
s@

C
oM

oC
at

m
-S

b@
Tub

al
l

m
-S

b@
H
iP

C
O

v-
S
b@

Tub
al
l

v-
S
b@

H
iP

C
O

1200 1000 800 600 400 200 0

Sb 3dO 1s

C 1s

O KLL

Binding Energy / eV

C KLL

540 535 530 525

Sb 3d

(a)

(c) v-Sb@HiPCO

(b) m-Sb@Tuball

1200 1000 800 600 400 200 0

Sb 3d O 1s

C 1s

O KLL

Binding Energy / eV

C KLL

*

540 535 530 525

Sb 3d

1200 1000 800 600 400 200 0

O 1s

C 1s

O KLL

Binding Energy / eV

C KLL

*

540 535 530 525

Sb 3d

(d) v-Sb@Tuball

(e) m-Sb@HiPCO

1200 1000 800 600 400 200 0

Si 2pSi 2s

Sb 3d

O 1s

C 1s

O KLL

Binding Energy / eV

C KLL

*

540 535 530 525

Sb 3d



159 
 

external material. The As@HiPCO sample was the only material that showed any 

external elemental material. This was detected using PXRD and detailed analysis given 

in Chapter 4 shows that this forms only a small percentage of the arsenic present in the 

sample. Iron arsenide was also detected but as crystals of FeAs2 have been grown 

previously from the vapour reaction of iron and arsenic so this result is not 

unexpected.[23] Despite oxides being consistently present in the samples, they are in a 

low enough presence to not cause any to be detected by PXRD, so it follows that the 

overall purity of the samples remains high regardless of the procedure used. No features 

relating to the internal structures could be detected from this analysis.   

With theoretical filling yields of 17 wt% for P and 30 wt% for As in a 9 Å SWCNT, 

assuming the filling materials retain their tetrahedral molecular structure, both v-

P@HiPCO and As@HiPCO samples achieve the highest overall filling success of 82% and 

67% respectively. However, the results show the various conditions needed to maximise 

the filling yield depending on the nanotube that is hoped to be filled. For example, when 

HiPCO SWCNTs are intended to be filled, a vapour-phase experiment seems to 

outperform the melt-phase procedures, as the comparison between v-P@HiPCO and m-

P@HiPCO shows. When CoMoCAT nanotubes are used though, the liquid phase 

experiments achieve a better result.  

 

Table 5.1 Filling yield comparison with theoretical values and overall success. 

Sample 
Filling Yield / 

wt% 

Theoretical / 

wt% 

Filling 

Success / % 

m-P@HiPCO 7 17 41 

v-P@HiPCO 14 17 82 

As@HiPCO 20 30 67 

m-Sb@HiPCO 1 33 3 

 

Melt and vapour phase fillings have been attempted in order to fill SWCNTs with 

antimony, with neither being successful regardless of which type of nanotube is used. 

The very low filling yields observed for antimony can be attributed to a number of 

factors. An obvious observation would be that the size of Sb4 molecules are much larger 

than that of the other elements which makes the inclusion more difficult. By 

approximating the tetrahedra to spheres, the diameter for each pnictogen molecule 

increases from 4.92 Å to 5.31 Å to 6.12 Å for phosphorus, arsenic and antimony 

respectively. The arsenic molecule has an 8 % larger diameter than phosphorus, but 
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antimony has a 15% larger diameter than arsenic. This is a substantial increase and may 

explain the poor filling yield.   

Table 5.2 Atomic radii, bond lengths and tetrahedral diameters for the pnictogens studied 
in this thesis. 

 Atomic Radius / Å Bond Length / Å 
Diameter of 

Tetrahedron / Å 

Phosphorus 1.80 2.21 4.92 

Arsenic 1.85 2.49 5.31 

Antimony 2.09 2.91 6.12 

 

However, when larger SWCNTs are used, which should accommodate the tetrahedra 

comfortably, it still performs poorly. Another reason could be that the surface tension of 

molten antimony is too high for successful encapsulation. The surface tension for molten 

antimony is 368 mN m-1,[24] and exceeds the theoretical limit for the filling of SWCNTs, 

200 mN m-1.[25] Both melt and vapour phase filling of SWCNTs with antimony have been 

attempted with no great success. Previous attempts at trying to isolate molecular 

antimony on HOPG resulted in the growth of an eclectic selection of structures around 

defect sites.[9] This shows the sensitivity and difficulty of controlling this element 

compared to arsenic and phosphorus and perhaps is why higher filling yields have not 

been achieved for this element. 

Both phosphorus and arsenic have been observed to adopt the same three 

nanostructures within the SWCNT cavity. These are chains of beads formed by the 

tetrahedral molecules of P4 or As4, a zigzag ladder made from two parallel zigzag chains 

of atoms and a single zigzag chain. These observations have been confirmed by 

comparing to HRTEM simulations of the systems created using structures generated 

from DFT calculations.  

The different polymerised structures can be identified by the broadness of the filling 

material. The zigzag ladder is depicted as a broad feature with a gap visible between the 

two parallel strands whereas the single zigzag chain can be identified as a very narrow 

strand. The gap measured is on average 2.38 Å wide for As@HiPCO and 2.43 Å for v-

P@HiPCO which is converse to what would have been expected. With a shorter bond 

length and smaller atomic radius, it would have been expected that the phosphorus 

would have a smaller gap. It seems that because of the larger atomic radius of arsenic, 

the atoms are forced closer together when confined. Similar results have been observed 
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in crystals which have shown bond lengths being altered in unexpected ways.[26] Bond 

lengths have both lengthened and shortened when confined and it seems that the filling 

material will change its bond lengths in a manner which makes best use of the space 

available within the cavity. 

The structure distributions for each phosphorus and arsenic filled nanotubes can be 

found in Chapters 3 and 4. Due to the low filling yield of the antimony filled nanotubes, 

very few examples of filling were observed. As such, it was felt that making similar 

analysis would be unnecessary. At first glance, it gives confirmation that the SWCNTs 

that have selected are comprised of the appropriately sized SWCNTs that is expected. 

The CoMoCAT sample is predominantly made up of SWCNTs within the 0.6 – 0.9 nm 

range whilst the HiPCO samples show a range of 0.9-1.1 nm. The percentage of filled 

nanotubes observed matches quite well with the XPS results, with only the white 

phosphorus filled samples showing much disparity.  

Table 5.3 Comparison between the filling yields calculated from TEM and XPS. 

Sample 
Filled SWCNTs – 

TEM / % 

Filled SWCNTs – 

XPS / % 

m-P@CoMoCAT 75 (n = 69) 56 

m-P@HiPCO 65 (n = 65) 42 

v-P@HiPCO 78 (n = 130) 75 

As@HiPCO 73 (n = 108) 66 

 

The results gathered from the HRTEM sessions gives reassurances to the DFT 

calculations (Figures 3.12 (b) and 4.8 (b)). The expected structures for both phosphorus 

and arsenic at smaller and larger diameters match well with what is seen from TEM with 

the single zigzag chain being most frequently observed in the 0.7-0.8 nm range and the 

zigzag ladder dominating at diameters above this. Although these results are, broadly 

speaking, true, some subtleties can be found between the samples, namely between the 

m-P@HiPCO and v-P@HiPCO samples. Despite both procedures being expected to fill the 

nanotubes with P4 molecules, differences can be seen between the structure 

distributions. m-P@HiPCO shows only a slight preference for the zigzag ladder to be 

observed, whereas v-P@HiPCO is predominantly filled with zigzag ladder structures; 

65% of the filled tubes were filled with the zigzag ladder allotrope. It is presumed that 

the much higher heat treatment that the sample is exposed to during the filling 

procedure has caused the filled material to polymerise. In fact, the As@HiPCO sample 
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has an uncannily similar structure distributions as the v-P@HiPCO which is most 

probably also as a result of the same filling procedure being used for both. This could 

also cause the much higher filling yields seen in these samples, as at these temperatures 

the annealing of the SWCNTs becomes a possibility which will prevent an oxidation and 

leakage of the internal phosphorus during the work up of the sample.[27] If yellow arsenic 

were more stable, it would have been very interesting to see if the melt filling procedure 

using yellow arsenic would give a similar result to the m-P@HiPCO sample.      

Very few examples of SWCNTs filled with antimony were imaged. The micrographs 

taken, though, seem to indicate that the antimony has adopted a zigzag ladder structure 

with a clearly defined gap that had an average width of 0.33 nm. This is much larger than 

the values obtained for phosphorus and arsenic. Considering the much longer bond 

lengths for antimony and the larger atomic radius (Table 5.2), it makes sense that this 

value is larger. The nanotube diameters measured for these examples is no larger than 

what has been recorded for the phosphorus and arsenic samples, and considering the 

arsenic zizag ladder showed a narrower gap, it would have been expected that the 

antimony zigzag ladder would follow suit. Another interesting feature is that Figure 5.2 

(b) clearly shows two parallel rows of dots. Previously, the filling material has been 

shown to rotate, due to the blurring of any fine features in the micrographs, with only a 

faint gap being observed. These rotations will also reduce the size of the gap observed. 

The presence of dots could only be achieved by a static filling material that is held in 

position leng enough for an image to be taken and also results in a larger gap being 

measured. Another reason for the lack of rotation could be caused by the much tighter 

fit of the antimony in the cavity. This could lead to a distortion of the nanotube itself, to 

form an elliptical cross-section around the filling material which helps fix the filling 

material in place. Similar behaviour has been observed before which shows the 

distortion of the nanotube caused by the filling material.[28]      
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Figure 5.2 Examples of antimony-filled SWCNTs. (a) 1.086 nm diameter SWCNT. (b) 0.963 
nm diameter SWCNT. 

The relative energies calculated for the structures and for their element can be seen in 

Figure 5.3. The overall trend shows that energy increases for each structure as the 

atomic number increases. This also reflects trends observed in the bulk structures. The 

molecular form becomes increasingly unstable down the pnictogen group. This can be 

simply explained by the increasing size of the atomic radii putting the bonds within the 

tetrahedra under greater strain. This allows the conversion to the more stable “grey” 

allotropes to occur under increasingly less demanding conditions.   

The energies for each allotrope tends to increase as the confinement diameter decreases, 

which is to be expected, as other studies have shown.[29] In fact, stable allotropes of 

antimony could not even be found at 7 Å due to its instability. The only exception is the 

single zigzag chain which increases in energy above 9 Å. The structure must be tightly 

confined in order to exist. The atoms will prefer to form other allotropes which is 

mirrored in the DFT results. The energy of the single zigzag chain is higher than both 

other structures from 9 Å so any observations of this structure at larger diameters must 

be caused by some metastability, especially considering the energy provided by the 

electron beam. 

2 nm 2 nm

(a) (b)
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Figure 5.3 DFT analysis showing the energy of the pnictogen allotropes as a function of 
their confinement for (a) tetrahedra, (b) zigzag ladder and (c) the single zigzag chain. 

The values for antimony when confined to 7 Å could not be calculated for each structure 
due to their instability at this confinement. 
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Electronic band gaps have been calculated for each of the structures, using electronic 

density of states generated for each structure, which can be found in the appendix. The 

phosphorus and arsenic allotropes show very similar trends, with the various 

tetrahedral structures being the most insulating of the allotropes and the structures 

gradually becoming more metallic as the structure changes from the tetrahedra to the 

single zigzag chain. Antimony has a slightly different behaviour, although the most 

transformed structures are still metallic. The trans butterfly structure for antimony has 

the largest band gap. This is thought to be caused by the increased distance between the 

tetrahedral units after they have bonded to form the trans butterfly allotrope.  

For both phosphorus and arsenic, adjacent atoms, within neighbouring tetrahedral 

molecules, are brought closer when they convert to the trans butterfly structure. This 

will aid electron hopping between adjacent atoms in the molecules, due to their closer 

proximity, which causes a reduction in the band gap. The opposite behaviour is seen for 

antimony, as the bond length is much longer for antimony. This pushes the adjacent 

atoms in neighbouring molecules away during the conversion and hinders the electron 

hopping process, causing a larger band gap. 

It had been hoped that these results would help shed light on any charge transfer effects 

that may have been discovered through Raman spectroscopy. However, as seen from the 

previous chapters, there appears to have been little to no evidence of any charge transfer 

effects. This has been justified by the presence of oxides causing opposing effects which 

may dwarf any charge transfer occurring between the filling material and SWCNT. The 

evidence of dynamic behaviour from TEM also confuses matters. The electronic 

behaviour of the various structures ranges from semi-conducting to metallic which will 

have contrasting charge transfer effects which adds an extra level of difficulty in 

assessing the results.  
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Figure 5.4 Electronic band gaps of the confined structures generated from Density of 
States calculations that can be found in the Appendix. 

5.4 The Single Zigzag Chain 

With the addition of three new encapsulated elements, it is perhaps a good time to reflect 

on other elements that have been confined and their similarities. 

The examples shown throughout this thesis have shown that phosphorus, arsenic and 

antimony all undergo reactions within the SWCNT to form chains of atoms. Reactions 

within SWCNTs are nothing new. One of the very first publications showed how 

ruthenium can be reduced by the action of hydrogen.[30] However, the structures of most 

confined materials are generally very similar to the bulk material.[26] The need to 

maintain the stoichiometry of the material may be the driving force as to why the 

confined crystals do not differ too much, providing enough room exists.[31]   

Elemental species do not have this constraint. The various clusters and allotropes that 

have been created show that pure elements have more flexibility when it comes to the 

types of structures that they can form.[32, 33] It is here that the true potential of SWCNTs 

as moulds can be seen. Carbon has been contained within CNTs in many forms, most 

notably as C60 fullerenes.[34] These peapods are prone to break down and form new 
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structures that fit within the cavity of the SWCNT.[35] When carbon is confined within 

narrower nanotubes, linear chains can form.[29] Nano-diamonds have also been created 

in mid-sized nanotubes from the polymerisation of halogenated diamantane.[36]  

As carbon has the most bulk allotropes, it is not surprising that this is also reflected in 

the types of structures that have been detected in SWCNTs. Most other main block 

elements have shown chains of atoms, from one strand to up to three strands. Iodine was 

the first to show such features,[37] but sulfur,[38] selenium,[39] tellurium and now 

phosphorus and arsenic can be added.[40] S@CNTs has shown very similar structures to 

P@CNT and As@CNT, with a single zigzag chain being observed. In the very narrowest 

of cavities, that of a DWCNT, a straight linear chain is observed. Perhaps with similar 

nanotubes the same could be created but with P and As. 

Some key non-metal elements have yet to be encapsulated within SWCNTs. Bromine has 

been predicted to be stable as helical chains within SWCNTs,[41] and has been found 

within the interstitial sites of nanotube bundles as polymeric chains.[42] Chlorine seems 

to have also not been encapsulated yet and perhaps surprisingly, boron has yet to be 

confined in SWCNTs either. This means that the vast bulk of the main group elements 

have now been encapsulated and have shown to show the same variation of structures.     

5.5 Conclusion 

The confined phosphorus and arsenic display similar structures with tetrahedra, zigzag 

ladders and single zigzag chains all being observed within the nanotubes. Confined 

antimony has also been achieved for the first time, although in very low filling yields, and 

seems to also adopt the zigzag ladder. Differences within the features of the structures 

observed seem to indicate that the zigzag ladder that antimony adopts may not be 

rotating, but instead has distorted the nanotube into an ellipse to accommodate the 

structure.  

The occurrence of each structure when observed by HRTEM has been corroborated with 

DFT calculations of the confined structures, when some consideration of the energy of 

the electron beam is accounted for. New amorphous phosphorus structures have also 

been achieved when confined within larger SWCNTs that allow more freedom of 

movement for the atoms. The energies of these structures show trends that would be 

expected of the pnictogens, with the phosphorus structures being the most stable 

allotropes and antimony the least. The electronic properties of these new structures 

have also begun to be examined and show the genral trend that the most polymerised 

structures are metallic. These can have profound effects in the doping of SWCNTs and 
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adds to the vast number of filling materials that show similar behaviour. More 

experimenting needs to be conducted to confirm this but it shows the potential these 

materials have and the expands the potential library of filled nanotubes that can be used 

to create bespoke electronic devices based on the level of doping that is required.   
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6 Filling Single-Walled Carbon 

Nanotubes with Aluminium Iodide 

6.1 Introduction 

Despite the fantastic properties that SWCNTs have, one of their main failings is that they 

can be quite challenging to functionalise. A pristine SWCNT has two distinct regions with 

different reactivity to functionalisation, the sidewalls and the tips. Due to the network of 

sp2-hybridised carbon in the sidewall, strong conditions are required to break these 

double bonds.[1] The tips present an easier challenge due to their curvature, inducing 

strain,[2] and the presence of 5-membered rings.[3]  Functionalisation is a necessary 

process for producing composite materials and for tuning the electronic properties of 

the nanotube itself. Unmodified SWCNTs are also only soluble in a limited number of 

solvents which not only limits their potential but these solvents are not within the 

accepted solvent list that green chemistry tries to promote.[4] There are a number of 

ways to make SWCNTs more processable though but they generally fall within two 

approaches: oxidation and then functionalisation or altering of the electronic 

properties.[1, 5] 

The covalent functionalisation of SWCNTs is an extensive field, but two main routes 

seem to have been developed. First, the amidation or esterification of oxidised SWCNTs 

and second, using addition chemistry.[1]  

Any oxygen containing functional groups (carbonyl, carboxyl, hydroxyl etc.) can be 

manipulated for further functionalisation. The oxidation of SWCNTs aims to create 

oxygen containing functional groups along the walls and tips of the SWCNT which can be 

further manipulated. This can be achieved through thermal or chemical means. Air, CO2 

and H2O have all been shown to be effective atmospheres in which to cause thermal 

oxidation.[6-8] Treatment with oxidising acids or peroxides are also commonly used to 

oxidise SWCNTs and introduce these types of groups onto SWCNTs.[9] The range of 

modifications using these types of reactions is extensive and many reviews have been 

written that covers the array of modifications that have been achieved.[10, 11] 

Unfortunately, although this method is consistent and adaptable, it is at the expense of 

the integrity of the SWCNT. The more oxidised the SWCNTs are, the more they are 
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damaged. Control of which tubes get oxidised, and by how much is also a factor that must 

be accounted for, making these procedures less homogenous.[12] 

It must be said though, that the side-walls of the SWCNTs are not always directly 

functionalised in this way. Oxidised debris, carboxylated carbonaceous fragments,[13] 

coat the surface of SWCNTs and seem to be the main contributor to the presence of 

carboxyl- groups in SWCNTs, and are therefore the main species which is effected by 

functionalisation experiments. The removal of these fragments, by washing in NaOH,[14] 

lead to highly pure SWCNTs with little presence of these oxidised functional groups. Due 

to the strong interaction between the oxidised debris and the SWCNTs though, it seems 

that these washing steps may not be required if the outcome of a functionalisation 

experiment remains the same regardless of which part is actually functionalised.       

Addition directly to the SWCNT is a trickier proposition, but the presence of five 

membered rings in the tips and defect sites in the sidewall provide points which can be 

exploited for functionalisation. Chemical modification in this way does require stronger 

chemicals though.[1] For example, fluorination is a route to creating more reactive 

sidewalls. By first treating the SWCNTs with fluorine gas at 673 K,[15] the SWCNTs can be 

functionalised using Grignard reagents and organolithium chemicals.[16] Free-radical 

reactions have shown promise too, with various species being directly bonded to the 

sidewall such as organic peroxides, aromatic ketones and perfluorooctyl groups to name 

a few.[17-20]   

A new route that is becoming very popular is to reduce the SWCNT first using Birch 

reductions,[21] or by using a one-step process, negating the need to use liquid ammonia 

and sodium to make this an even easier method.[22] SWCNTs in the presence of sodium 

naphthalide and dimethylacetamide can create nanotubide material that can be 

functionalised via alkyl halides. In fact, the choice of how to functionalise nanotubide 

material is broad enough that comparative studies to show the best route to grafting a 

particular species to SWCNTs can be achieved.[23] In this example, poly(vinyl acetate) 

was grafted to reduced SWCNTs using either azide, diazonium or bromide terminated 

polymers to show the effectiveness of each, with the brominated polymer achieving he 

highest grafting.  

Being able to selectively target particular chiralities, diameters, electronic species or 

even position along the sidewall for functionalisation is a growing trend.[12] For example, 

diazonium salt additions are seen to cause adjacent sites to the first covalent bond to 

become more reactive and therefore prone to further functionalisation.[24] The reductive 
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chemistries described above tend to functionalise metallic SWCNTs,[25] whereas 

oxidative procedures, especially those concerning hydrogen peroxide, selectively 

functionalise semi-conducting ones.[26]    

Kharlamova et al. have shown real progress in how filling SWCNTs with various 

materials can induce charge transfer effects. Filling SWCNTs with PrCl3,[27] a Lewis acid, 

shows charge transfer occurring from the SWCNT to the filling material and filling 

SWCNTs with metals such as copper and silver have shown the reverse.[28] Such is the 

sensitivity of the SWCNT to charge transfer that a significant difference in the charge 

transfer effects can be seen between the copper and silver filling. Taking inspiration in 

the work by Cambré et al. developed by separating SWCNTs through 

ultracentrifugation,[29] Kharlamova et al. have been able to create batches of filled tubes 

that show clear electronic differences to the empty samples.[30] This is a step forward in 

terms of thinking how filled SWCNTs could be used in an industrial process. If 100% 

filling cannot be achieved (and increasingly it looks an unlikely prospect, except for 

fullerene peapods),[31] then filling and removing the empty nanotubes is a compromise 

that may have to be made.  

A comprehensive overview of materials that can have either accepting or donating 

behaviour when incorporated into SWCNTs is given in Kharmalova’s 2016 review.[32] 

The majority of the acceptor-behaving materials take the form of fullerenes or metal 

halides. Donor doping materials tend to be either metals or organometallic molecules. 

Some materials have also shown to have no noticeable charge transfer effects, SnTe 

being an example where the electronic structures of both materials are left 

undisturbed.[33]  

Much of this work makes use of Raman spectroscopy, optical absorption spectroscopy 

and XPS to show the charge transfer effects. The G-band shift is a key signifier for charge 

transfer. Blue-shifts indicate charge transfer from the SWCNT to the filling material and 

red-shifts indicate the opposite behaviour.[32] The shape of the peak can also reveal the 

type of doping that has occurred.[27] The broadening of a G-band can indicate that the 

sample has a more metallic behaviour due to the suppression of the semi-conducting 

SWCNTs that have undergone charge transfer. The opposite is also true, with a narrower 

G-band being observed after filling with electron acceptors. This suppresses the metallic 

components of the G-band and causes the change detected.[34] 

Optical absorption spectroscopy cannot reveal the direction of charge transfer, but it can 

reveal its presence. Peaks in the spectrum often disappear after filling, but the reason for 
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their disappearance needs corroborating with other data. For example, the 

disappearance of the 𝐸11
𝑆  peak can be caused by either the downshift of the Fermi level 

of the SWCNT and the first van Hove singularity of the valence band of the semi-

conducting SWCNTs to empty or the Fermi level upshifts and the first van Hove 

singularity fills completely.[35] This ambiguity makes this technique less useful for 

understanding charge transfer.           

As mentioned earlier, XPS can also be used to show the effects of charge transfer. The C 

1s peak can show shifts, broadenings and increases in asymmetry if charge transfer has 

occurred.[36] The filled samples can show more components caused by the presence of 

both empty and filled SWCNTs in the sample. Shifts to lower binding energies can be 

caused by the lowering of the Fermi level due to charge transfer from the SWCNT to the 

filling material.[32] The reverse can be said too.[28] The reporting of differences between 

the C 1s peak for semi-conducting and metallic SWCNTs makes the analysis of doping 

much easier.[37] Up to 5 components can now be used to understand doped SWCNTs, 

empty and filled semi-conducting nanotubes, empty and filled metallic nanotubes and a 

fifth being caused by local interactions between the SWCNT and filling material.[38] 

6.2 Outline of Chapter 

The first aim of this work is to fill SWCNTs with aluminium iodide, a Lewis acid. This 

material will be fully characterised using the same combination of techniques as 

described previously. The filling material should induce charge transfer from the SWCNT 

to the filling material which is theorised to make the SWCNT more attractive to 

nucleophiles. This should make functionalisation of the material by use of a simple 

Grignard reagent more effective. It is predicted that the areas of SWCNT wall that are 

functionalised should take place where the nanotube has been filled. There is also 

potential for a Moiré pattern to develop where the attached groups follow the crystal 

structure of the filling material. This could lead onto the ability to control where 

functionalisation occurs. By changing the filling material to a Lewis acid with a shorter 

or longer repeat distance, the location of the functional groups should hopefully change 

to match the filling material.   

6.3 Results and Discussion 

6.3.1 Maximising the Filling Yield 

Tuball SWCNTs were used in these experiments for the same reasons as outlined 

previously: they are high quality, inexpensive and have a large diameter which can help 
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with loading. Initial experiments used 10:1 and 5:1 AlI3 to SWCNT mass ratios and were 

worked up with water. Although as Figure 6.1 shows, no significant difference in the 

amount of filling was achieved.  XPS has been used to determine the extent of filling once 

again. For reference, a 1.4 nm wide SWCNT is predicted to have a maximum iodine 

presence of 8.5 at%. The filling yield is determined from the iodine presence in the 

sample as the iodine should be present in the Lewis acid. A third of the I at% gives the 

expected amount of aluminium in the form of the Lewis acid, and the difference between 

this and the overall aluminium detected are any aluminium impurities that are formed 

during the purification. As the oxidation state of the aluminium remains unchanged, XPS 

cannot be used to identify the aluminium impurity, although it should either be an oxide 

or hydroxide of aluminium.  

Figure 6.1 also shows that large amounts of aluminium impurities remain after the 

purification step. To try and reduce the amount of impurities present, washings in HCl 

(0.01 M), NaOH (0.01 M) and ethanol were attempted after the filling stage instead of 

just water. As the 5:1 mass ratio worked equally well to the 10:1 mass ratio, and used 

less material, this ratio will be continued with for the rest of these experiments. Both 

base and acid washes have worked well in terms of reducing the impurities but at the 

expense of lower filling yields. Ethanol was also used as a washing agent. As it is a bulkier 

solvent than water, it was thought it may create bulkier products that might block the 

nanotube tips and prevent any hydrolysis of the internal filling material. No 

improvement was made over the water washings though as seen by the comparable 

presence of aluminium impurities to the water washings in Figure 6.1.  
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Figure 6.1 (a) Filling yield results for the initial filling experiments using a variety of 
experiment conditions. (b) XPS survey spectra for initial experiments used to create (a). 
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ATR-IR has been conducted on a series of samples with a variety of impurity levels and 

show no noticeable difference to a sample of empty SWCNTs. There is no evidence for 

any O-H stretching which would signify the presence of Al(OH)3. The only noticeable 

features are some associated peaks for some background water and carbon dioxide and 

the C=C stretching for the carbon in the SWCNT. This would make it seem that the 

impurities present are in the form of aluminium (III) oxide, Al2O3.  

 

Figure 6.2 Absorbance FT-IR spectra of a range of AlI3@Tuball samples in comparison to 
an empty sample of SWCNTs. No discernible difference can be seen between the samples 

and no noticeable -OH stretching can be detected. This signifies that the aluminium 
impurities are unlikely to be in the form of Al(OH)3.  

The filling material has shown great sensitivity to the purification procedure and so a 

capping agent is needed to try and provide protection for the filling material during the 

purification step. C60 fullerenes will be used again as they performed well when used to 

cap the WP@Tuball samples. Ethanol performed the best out of the solvents examined 

for that work, however, it has just been shown in Figure 6.1 that ethanol will react with 

the filling material and create lots of aluminium impurities, so a new solvent will be 

needed. Ideally, both the filling material and fullerenes should have low solubilities in 

the solvent, but as the Lewis acid will react with any oxygen or nitrogen containing 

atoms, this limits the possibilities. Aliphatic solvents seemed to be a compromise, and 

the XPS results in Figure 6.3 reveal that these samples had improved results compared 

to the non-capped samples. The amount of AlI3 present in the hexane and cyclohexane 
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samples were higher than in the uncapped samples in Figure 6.1. The cyclohexane 

control also confirms this. There are still large amounts of aluminium impurities present 

in these samples, so the samples were refluxed in HCl. Although there has been a 

reduction in the AlI3, there has been a large reduction in the impurities. When comparing 

the ratio of AlI3 to the impurities in these refluxed samples with the HCL washed sample 

in Figure 6.1, it is clear that the capping has helped create improved samples.  
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Figure 6.3 (a) Filling yield results for initial capping experiments. (b) XPS survey spectra 
for capping experiments used to create (a). 
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Figure 6.4 shows that capping the sample and then refluxing in HCl gives a consistent 

result. Although the filling yield is low, the ratio of impurity to AlI3 is the best that could 

be achieved. Currently, the limiting factor is finding a solvent that will have no 

interaction with the Lewis acid, either dissolving or reacting with it, to use during the 

capping step. The solvents used both dissolved some of the AlI3 which would have 

affected the filling yield. It has also been shown in the m-P@Tuball work that the C60 

molecules seem to displace some of the filling material which may have also have had an 

effect here too. 

 

Figure 6.4 (a) Filling yield results for the final procedure. Consistent results have been 
found when the filled nanotubes are capped with C60 and then refluxed in HCl. (b) XPS 

survey spectra used to generate (a). 
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6.3.2 Further Characterisation 

TGA/DSC of AlI3@CNT in Figure 6.5 shows a gradual mass loss from the start of the 

thermogram. The initial mass rise at the very start of the thermogram is caused by 

buoyancy effects. A drop occurs around 573 K which is above the melting point of the 

bulk material of 464 K and could be signs of the filling material leaking out.[39] The carbon 

then begins burning at 823 K. 

 

Figure 6.5 TGA/DSC of AlI3@CNT 

PXRD, Figure 6.6, has revealed no crystalline features in this material. Due to the 

crystalline nature of the filling material and the much heavier elements compared to the 

previous filling materials, it was hoped that potentially some of the filling material could 

be detected with this method. The low filling yields most likely account for the lack of 

peaks. No peaks associated with the aluminium impurity could be detected either. 
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Figure 6.6 PXRD of AlI3@CNT. 

HRTEM has confirmed the microstructure of the confined Lewis acid, Figure 6.7 (a). As 

with many confined salts, the structure adopted is usually a narrow section of the bulk 

structure.[40, 41] Some expansion or contraction of the unit cell is usually seen as the 

material tries to accommodate itself within the nanotube cavity.[40] In this material, the 

crystal has aligned itself along the 112 (hkl) direction (within a 1.31 nm diameter 

SWCNT) but has been compressed compared to the bulk material.  

Bulk aluminium iodide forms dimers when solid, in a monoclinic crystal system.[42] The 

dimers have two distinct aluminium iodine bond lengths, with the bridging iodine atoms 

having a slightly longer bond length of 2.670 Å than the terminal bonds, which  are2.456 

Å long. Figure 6.6 shows the crystal structure of aluminium iodide. 
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Figure 6.7 (a) Crystal structure of aluminium iodide looking at the a axis, (b) b axis and 
(c) c axis. 

Zoomed sections of the micrograph and simulation highlight how much the crystal 

structure has been altered in order to accommodate itself within the cavity. It looks as if 

the rows of atoms have shifted to form perfect hexagonal units as highlighted in Figure 

6.7 (d) compared to the bulk material which has a distorted hexagonal pattern in this 

projection, Figure 6.7 (e). 

Few examples could be seen of the filling material. Bundling of the tubes, even after 

dispersing in NMP, contributed mostly to this problem but impurities (both from the 

filling procedure, and from remaining amorphous carbon that had survived the 

purification process) also posed an issue. 
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Figure 6.8 (a) HRTEM micrograph of a SWCNT filled with aluminium iodide. (b) HRTEM 
simulation of (a) using the bulk crystal structure of AlI3 as the filling material. (c) Atomic 
model used to create (b). (d) Zoom of a section of (a) with distances highlighted. (e) Zoom 

of a section of (b) with distances highlighted. Compression of the confined material 
compared to the bulk can clearly be observed.     

The aim of filling these nanotubes with a Lewis acid is to make them more susceptible to 

functionalisation. Charge transfer from the SWCNT to the Lewis acid will hope to attract 

nucleophiles at the side-wall and allow functionalisation to occur. As discussed in the 

previous chapters, Raman spectroscopy is a good way to determine if charge transfer 

2 nm

2 nm

(a)

(b)

(c)

0.694 nm

0.813 nm

0.907 nm

0.827 nm

(d) (e)

0.754 nm0.723 nm



185 
 

has occurred. The G-band will show blue or red shifts depending on the direction of the 

charge transfer. In this case, Raman mapping, in Figure 6.8, has been conducted on both 

filled SWCNTs and their empty SWCNT starting material to give a wider representation 

of the charge transfer effects across the sample. The spectra obtained were focussed on 

the G-band position in order to do this.  

 

Figure 6.9 Histograms of G-band positions for two filled samples and their empty 
counterparts determined by Raman mapping spectroscopy. 

It is clear to see that the G-band has shifted quite dramatically between the empty and 

filled samples. The blue shift also indicates that the charge transfer has gone from the 

SWCNT to the filling material as hoped. The first sample has shown a shift of ~5 cm-1 and 

the second has shown a shift of ~7.5 cm-1. What is interesting is that none of the filled 

sample showed any empty SWCNTs. It would be expected that occasionally an empty 
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bands are not consistent either despite both samples having very similar filling yields. 

Heterogeneity in the samples may account for this as the mapped regions are still fairly 

small relative to the bulk sample. It is also known that SWCNTs within a bundle have a 

lot of influence on one another. This can be both a structural, such as a distortion of the 

cylindrical cross-section,[43] or electronic influence, such as changing from metallic to 

semi-conducting behaviour and vice versa.[44] It is therefore plausible that the presence 

of one filled nanotube could influence the electronic characteristics of other empty 

nanotubes within the same bundle, hence why all the G-bands appeared shifted in the 

filled samples.  

 

Figure 6.10 Histograms of D/G ratios for two filled samples and their empty counterparts 
determined by Raman mapping spectroscopy. 

D/G ratios, Figure 6.9, of the samples shows that very minimal damage is done to the 
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account for this as the SWCNTs are heated twice under vacuum to no more than 250°C 

and are refluxed in dilute HCl, which is non-oxidising.  

6.3.3 Functionalisation 

Raman spectroscopy has proven that charge transfer has occurred in the filled samples. 

Attempts can now be made at determining if the filling material has made the nanotubes 

more prone to functionalisation. A simple Grignard reaction has been used to bond a 

functional group to the SWCNT wall. The Grignard reagent is nucleophilic so should be 

preferentially attracted to the filled samples as the charge transfer from the nanotube to 

the Lewis acid should create a net positive charge on the nanotube wall. 2-thienyl 

magnesium bromide has been chosen as the reagent as the sulfur heteroatom should be 

easy to detect using XPS. 

 

Figure 6.11 Grignard functionalisation reaction between a SWCNT and the Grignard 
reagent 2-thienyl magnesium bromide. 

Figure 6.12 (a) shows the sulfur content as a function of the iodine content of the sample 

before functionalisation. It is predicted that the better filled samples should have higher 

sulfur content as the charge transfer should be better. Raman spectroscopy has already 

seemingly confirmed that this is not necessarily the case, and the small margin of 

difference between the amount of filling observed between the samples may not have a 

noticeable effect with regards to the amount of sulfur detected. Unfortunately, it was also 

apparent that the filling material leaked out during the functionalisation reaction (Figure 

6.12 (b)). The iodine content for the samples after the reaction show a noticeable drop.     

The initial experiments combined the Grignard reagent and SWCNTs in THF and 

sonicated for two hours based on a procedure developed by Boul et al.[16] It was first 

noticed after these reactions that the filling material was leaking out. The prolonged 

sonication was either breaking the SWCNTs apart, dislodging the C60 caps or potentially 

displacing and impurities that had blocked the open ends of the filled nanotubes. As the 

filing material leaked out, it would reduce any charge transfer effects that may increase 

the effectiveness of the reaction. If the result showed a significant increase in sulfur 

content, then the leakage could be overlooked, as although it would have been 

interesting to see if the functionalisation occurred next to filled areas of the tube, the 

e- +
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main goal was to improve upon the empty nanotubes. However, this is not the case and 

it seems the leakage is having a direct effect in the lack of functionalisation seen.  

A gentler approach involved combining the materials and stirring them for two hours, 

again in THF. A similar result was found though, with the filling material leaking out and 

no improvement over the empty nanotube samples.  Leakage is also occurring when the 

reaction is only stirred for 15 minutes, and again no real improvement is seen in the 

sulfur content.  

 

Figure 6.12 Sulfur content as a function of iodine content. (a) Iodine content of sample 
before reaction. (b) Iodine content of sample after reaction. Black indicates empty 

SWCNTs, blue indicates filled SWCNTs. 
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C60 is not particularly soluble in THF so it seems odd that the material is so sensitive to 

this solvent. Aluminium iodide will react with this solvent and will form long chain 

polymeric molecules from the ring opening of the THF molecule. This would have left 

behind a viscous product which was not observed during these experiments. Oddly, 

there was no correlation between the technique used and the extent of leakage as Figure 

6.11 shows. The amount of iodine present was similar regardless of the reaction 

condition, with only the sonication experiment showing significantly less iodine. An 

alternative idea is that the Grignard reagent is reacting with the C60 causing them to 

“uncork” from the SWCNTs and allowing the filling material to escape. More work will 

have to be carried out though to confirm this though. 

 

Figure 6.13 Comparison of iodine presence in a sample before and after functionalisation 
experiments. 
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SWCNTs were filled with aluminium iodide to create a composite material that would 

hopefully show improved functionalisation properties. A consistent procedure was 
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the sample in HCl to remove any impurities. The results were shown to be consistent, 

but the filling yield was still low when compared to the predicted value. HRTEM revealed 

that the Lewis acid has aligned itself along the 112 axes within a 1.31 nm nanotube but 

showed some compression when compared to the bulk material. It must be said that it 

may adopt other structures in differently sized SWCNTs. Few instances could be found 

when imaging the sample which could be put down to bundling and the presence of 

impurities in the sample. 
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Charge transfer was detected by Raman spectroscopy. Consistent blue shifts of the G-

band showed that charge transfer from the SWCNT to the filling material was happening 

as hoped and compared well with the literature.[27] However, due to leakage of the filling 

material, no significant improvement in the functionalisation of the filled nanotubes was 

detected. Displacement of the capping agent and other impurities may have allowed 

leakage to occur, despite the relative insolubility of C60 in THF. Reactions between the 

THF and aluminium iodide may also have occurred which would also reduce its 

effectiveness. It would be worth investigating these reactions but within different 

solvent systems, although the narrow range of solvents that C60 is insoluble in and would 

not react with the Lewis acid is narrow.  

Charge transfer is an often-touted reason for filling SWCNTs as there is great potential 

for being able to fine tune the band gap of a nanotube by filling it with a suitable material. 

However, there is still little work in which takes this to the next level and shows the 

enhanced properties filled nanotubes have over their empty counterparts. Furthering 

this work would provide real impetus to the field and prove that filling SWCNTs has real 

potential.           
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7 Final Conclusions and Outlook 
The main aim of this work was to successfully fill SWCNTs with a range of new species 

to create new composite materials that had not been prepared before. These new 

materials have been fully characterised using simple and routine techniques and have 

been shown to have a purity far higher than what has been achieved elsewhere.[1]  

Tetrahedral phosphorus molecules have been stabilised by their encapsulation within 

SWCNTs in higher proportions than by other methods.[2] Their encapsulation can be 

produced by either melt-phase, m-P@CNT, or vapour-phase, v-P@CNT, experiments. 

The v-P@CNT samples, in particular, had remarkably high filling yields, with 75% of all 

nanotubes exhibiting filling. Subtleties in the resulting structures has been identified. 

Melt-phase preparations result in a higher proportion of P4 molecules whereas vapour-

phase preparations show more polymerised structures. These new allotropes, the zigzag 

ladder and the single zigzag chain, are shown to be sensitive to the diameter of nanotube 

in which they are found and can be formed when provided with enough energy, either 

from a furnace or an electron beam. The relative abundancies of the structures have also 

shown good agreement with DFT calculations. The thermal properties of the materials 

show that melt-phase prepared samples have a delayed exothermic release when 

heated, caused by the leakage of the contained P4 molecules and resulting oxidation. It is 

thought that this material could potentially be used as a delayed energy release material 

that can be used for when a large amount of energy is needed in a controlled manner. 

The v-P@CNT samples do not show such a result and is another effect of the more 

polymerised nature of the filling material which shows a much longer delayed leakage 

as the phosphorus structures have to re-form into tetrahedra before escaping the 

nanotube. 

Arsenic has also been encapsulated and has shown similar results to the v-P@CNT 

samples in terms of the abundancies of each structure observed.[3] As4 molecules have 

been imaged for the very first time and have been shown to form similar structures to 

confined phosphorus when the polymerise. This result underpins the chemical similarity 

arsenic shares with phosphorus.[4] DFT calculations have also shown good agreement 

with experimental observation. Similar thermal properties to the v-P@CNT samples 

were detected, with the delayed release of the arsenic material. This result seems to 

indicate the importance of the preparation method, as the v-P@CNT and As@CNT 

samples show structural and thermal similarities. It would be incredibly interesting if a 
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melt-phase synthesis could be prepared using yellow arsenic to show if the same 

similarities can be identified with the m-P@CNT samples.   

The confinement of antimony was attempted, but only very low filling yields could be 

obtained. Some images were obtained though and seemed to show that the confined 

material adopts the zigzag ladder structure. Submerging the SWCNTs completely within 

the antimony material could provide better filling yield results and would be the next 

steps in these experiments. 

Electronic density of states calculations have shown a wide variety of band gaps for the 

confined materials. Unfortunately, neither Raman nor XPS studies have been able to 

detect any consistent charge transfer or patterns. It is thought that the oxide presence, 

the uncontrollable polymerisations and the different behaviours of semi-conducting and 

metallic SWCNTs have made it difficult to fully understand these properties.[5] An idea to 

fill insulating boron nitride nanotubes may help to record the electronic properties of 

the confined phosphorus and arsenic. 

In general, the DFT work has proved an invaluable resource in trying to understand the 

structures observed through experimental methods. Without these calculations there 

would still be speculation as to the true structure behind the double lined features seen 

in the pnictogen filled SWCNTs or if the single strand often observed running through 

the middle of filled tubes is from a straight or zigzag structure. Additionally, the energies 

calculated for each structure and the nudged elastic band calculations have also 

provided robust evidence as to how dynamic these composites are, which has been hard 

to capture using HRTEM techniques alone. The small activation energies calculated 

between the butterfly and tetrahedra structures has helped explain perhaps why the 

butterfly structure was never observed by HRTEM. Some of the results calculated, such 

as the band gaps, have been beyond the reach of this research to prove but they give us 

new avenues to explore to help improve our understanding of these novel structures. 

There are some limitations to these techniques though. A major drawback is that these 

calculations have omitted the electron dosage under which the observed structures have 

been exposed to. This source of energy would likely impact the types and the proportions 

of the structures observed in this work but would have been quite complicated to have 

implemented for this study. It has also been proposed that the filling method may have 

also had an impact on the structures observed. There is computational work in the 

literature exploring the mechanisms for filling SWCNTs but given the time constraints 

and focus of this work, would have been impractical to attempt.   
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Aluminium iodide was also successfully contained within SWCNTs. Although the filling 

yields were low, the samples were pure and underwent the expected charge transfer 

behaviour with the SWCNTs. It was hoped that this would increase the effectiveness of a 

simple Grignard reaction, but unfortunately this could not be achieved. Finding the 

correct solvent system that suits both the C60 capping agent and aluminium iodide is the 

priority for taking these experiments to the next stage. 

Throughout this research, additional ideas were formed, and initial results were 

collected that, unfortunately, were never followed up. These would be the starting points 

for carrying on the research presented in this thesis. One example would be examining 

SWCNTs filled with other Lewis acids. Boron iodide showed better filling yields than 

aluminium iodide, but more experiments are needed to formulate a consistent filling and 

work up method. More time should be spent on investigating the capping of the 

AlI3@CNT samples as the filling material appeared to leak out during the 

functionalisation process. Investigating if the Grignard reagent is reacting with the C60 

corks may also be worthwhile to get a satisfactory explanation of the leakage observed.  

In regards to the pnictogen work, more experiments should be attempted to successfully 

fill SWCNTs with antimony. An initial experiment would be to use an extremely large 

excess of antimony to try and completely submerge the SWCNTs within the antimony 

melt and hopefully increase the filling yield. it would also be interesting to try and fill 

insulating boron nitride nanotubes. This may help determine the electronic properties 

of the various allotropes formed. Alternatively, separating the filled nanotubes into 

similar diameters using centrifugation techniques a la Cambré’s work may also help 

determine the charge transfer process.[6] Factions of similar sized SWCNTs would help 

reduce competing effects from the different electronic properties of the various 

chiralities in the bulk samples during Raman spectroscopy and hopefully confirm the 

DFT results. 

The stability of the pnictogen filled nanotubes could also be determined more accurately. 

Although anecdotally, no deterioration was noticed in the phosphorus and arsenic filled 

nanotubes, a formal investigation taking XPS and TGA measurements at regular intervals 

would help establish the stability of these materials. There is also potential for further 

work regarding the quantification of the filled tubes. Establishing how much of an 

individual nanotube is filled may help determine the filling mechanism. It could also help 

reveal why some tubes fill and why some remain empty. This would require dispersing 

the nanotubes before imaging them in order to resolve the individual nanotubes more 
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clearly as the method used in this thesis leads to large bundles and tangles of tubes that 

make it hard to pick out individual nanotubes.  

Although many new and interesting things have been discovered during this process, it 

is hoped that this work can help solidify some of the fundamentals that have been 

perhaps lacking within this field. Focussing on determining the filling yield accurately 

and trying to create samples with as minimal external material as possible are seen as 

high priority issues which will be hugely important in progressing this area of research. 

Carbon materials have shown a remarkable versatility and will be essential in creating 

high-performance technologies, and hopefully filled carbon nanotubes can play a part in 

this landscape.  
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Appendix Chapter 3 Additional Figures 

 

Figure A3.1 (a) Structure adopted by P4 molecular spheres within a 1.8 nm 
diameter SWCNT. (b) Partial Distribution Functions for a (25P4)@CNT 

composite.  
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Figure A3.2 Electronic densities of states of the various free standing 1D phosphorus 
structures. Used to produce band gaps in Figure 3.28. Calculated by Ji Chen. 
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Appendix Chapter 4 Additional Figures 

 

Figure A4.1 Electronic densities of states of the various 1D arsenic structures including 
confined (black) as well as free standing structures (red). Used to produce band gaps in 

Figure 4.19. Calculated by Ji Chen. 
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Appendix Chapter 5 Additional Figures 

 

Figure A5.1 Electronic densities of states of the various freestanding 1D antimony 
structures. Calculated by Ji Chen. 
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