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Abstract 


Single Wall Carbon Nanotubes (SWCNTs) are often synthesized as bundles and 

are chemically modified via either covalent or non-covalent approaches to prevent 

aggregation, improve their dispersability and tune their physical properties for a potential 

application. The spatial distribution and effect of covalent addends on the electronic 

properties of SWCNTs was characterized using a Scanning Tunneling Microscope but 

with limited success. The effect of sample preparation was questioned as it often involves 

sonicating the SWCNTs in either an organic or an aqueous medium. Sonication of 

SWCNTs in certain common solvents was found to alter their electronic properties. The 

solvent molecules are broken down via a radical pathway during sonicating leading to the 

formation of new species that interact with the SWCNTs and in some cases with the 

catalytic material present. New species such as iron chlorides and oxygen, which were 

formed for example in o-dichlorobenzene and water respectively, caused p-type doping. 

Doping was characterized by Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS). A blue shift in the D* mode along with a shift to lower binding energy in the C 1 s 

peak was observed from Raman spectroscopy and XPS respectively. The reactivity of the 

radicals (formed during sonication) towards the structure of the SWCNTs was also 

investigated. Radicals formed during sonication of certain chlorinated aromatic solvents 

lead to the formation of sonochemical polymers, which interacted heavily with the 

SWCNTs. These interactions, which can be the source of features commonly associated 

with covalent functionalization, were thwarted by a washing protocol and were found to 

be non-covalent in nature. The observations are of relevance towards understanding an 
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inadvertent chemical modification during chemical processmg, which can impact 

reproducibility of results that involve wet-chemical processes. However, with such 

knowledge of the chemistry involved during sample preparation the occurrence of doping 

can be either circumvented or appropriately used. 
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Chapter 1: Background into chemical modification of Single WaU Carbon 

Nanotubes and characterization methods 

1.1 Single Wall Carbon Nanotubes from discovery onwards 

From their discovery in the 1990s by lijima1
, single wall carbon nanotubes 

(SWCNTs) have attracted enormous scientific interest as potential material for 

3 5next-generation electronic devices,2' composite material4 and sensors. This 

interest was drawn from their inherent physical properties such as unique 

electronic, thermal, optical properties as well as lightness and mechanical 

strength.6 7 Nanotubes consist of honeycomb-like layers of carbon atoms (similar 

to graphene) rolled up to form a seamless tube. The empty space inside the 

structure makes nanotubes very light, yet the strong graphitic carbon-carbon 

bonds give these cylinders strength exceeding that of metal wires of similar size. 

Depending on their diameter and the spiral alignment of the hexagonal rings with 

respect to the tubes' axis, the SWCNTs can be either metallic or semiconducting 

in nature. The typical diameters of nanotubes are in the range of few nanometers, 

and their lengths are in the micrometer regime. The length depends mostly on the 

geometry of the system used for their growth (current world record is 4 cm for a 

single-walled nanotube).8 
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1.2 Synthetic routes producing SWCNTs 

Various authors have reported the synthesis of SWCNTs using different 

11 12 methods ranging from arc discharge,9 laser ablation, 10 
' to CVD on solid 

14 16 support 13 
' and gas phase decomposition (HiPco method). 15 

' Arc discharge 

works by applying an electric field across two graphite electrodes millimeters 

apart such that a current of 100 A produces a hot plasma of carbon vapor that 

condenses into carbon nanotubes (mostly multi-wall) but if metal catalysts such 

as Fe, Co, Ni are used, SWCNTs are produced along with other graphitic 

materials. 9 The laser vaporization technique uses laser pulses to bombard a 

graphitic target with Ni and Co nanoparticles as catalyst to produce SWCNTs.10
-
12 

The HiPco (High Pressure carbon monoxide) process makes use of CO as carbon 

feedstock along with Fe(C0)5 as catalyst in a continuous flow process where 

large scale production can be achieved 15 
' 

16 compared to the batch process 

involved with arc discharge and laser vaporization. The chemical vapor 

deposition (CVD) method also makes use of various volatile Fe containing 

molecules 13 as catalyst with acetylene or methane as carbon feedstock. Individual 

SWCNTs are directly grown onto a flat substrate 14 (e.g Si02) but the yield is less 

than the other methods mentioned. 

The raw material produced by the bulk synthesis generally contains 

contaminants such as amorphous carbon and residual catalyst particles. The work 

presented in this thesis has been done with HiPco SWCNTs. The HiPco tubes 

have ca. 35 wt.% impurity 16 which can be reduced to 14 wt.% or as low as 5 wt. 

2 
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% depending on the number of purification cycles used to clean them. 16 The 

impurities left in the purified samples are residual catalytic Fe nanoparticles that 

are present due to accretion around the tube wall and inside the tubes. The as-

grown nanotubes are always a mixture of nanotubes of different chiralities, which 

exist as ropes or bundles with one-dimensional channels between the tubes. These 

bundles are rather inert and are not easily dispersed in common solvents. Thus, 

their incorporation into integrated circuits, for large-scale production of nano­

devices, is hindered by difficulties in manipulating and positioning these 

nanoscale objects because of their propensity to adhere to each other. 

1.3 Chemical modification of SWCNTs 

Chemical modification has been used to counteract the ability of the 

tubules to form bundles via n-n interactions. The two common main routes via 

which chemical modification can be achieved are (1) covalent functionalization 

and (2) non-covalent functionalization. These chemical modifications are 

anticipated to help development of the potential applications by improving the 

solubility, and thereby ease of dispersion. Klinke et al. 17 from the IBM group 

have done some very elegant work using a controlled and reversible 

functionalization scheme to manipulate and position an individual SWCNT thus 

fabricating a field effect transistor. Other applications require moieties that react 

or interact with host matrices in composites or even specific functionalities for 

sensing purposes. Some of the chemical modification schemes have been 

borrowed from other carbon surfaces chemistries such as graphite' 8
• 

19 and from 

3 
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fullerene chemistry such as covalent functionalization usmg 1,3 dipolar 

cycloaddition.20 
-
22 A generic approach to chemical modification often involves 

dispersing the SWCNTs in aqueous or organic phases, via sonication, to 

temporarily break down the bundles, then the chemical modification scheme is 

applied to keep the SWCNTs in solution thereby enhancing their malleability; 

thence their properties are more susceptible for further modification for a 

potential application. 

1.3.l Covalent functionalization 

The chemistry of fullerenes is quite rich, especially that of covalent 

functionalization, compared to that of carbon nanotubes. SWCNTs are less 

reactive than fullerenes because of the effect of curvature. An sp 2-hybridised 

carbon atom in trigonal planar geometry has a zero pyramidalization angle (8µ = 

0°), whereas sp3-hydridised carbon in a tetrahedral geometry23 has 8p = 19.5° as 

depicted in Fig. l(a) . The pyramidalization angle is defined by the angle between 

two carbon bonds minus 90°. Carbon allotropes such as fullerenes (8p = 11.6° ) 

and SWCNTs (8p = 6.0° for a (5 ,5) armchair nanotube)24 have pyramidalization 

angles lying intermediate between sp2 and sp3
. Therefore, fullerenes are more 

reactive than SWCNTs as functionalization relieves the strain on the atom. The 

nomenclature of chiral indexing of SWCNTs (for e.g. (5 ,5)) is described in 

Chapter 2. 
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goo 

Sp= 19.5° 

Figure 1.1: Diagrams of (a) pyramidalization angle (0µ) and (b) misalignment of 
n - orbital. 

The end caps of a SWCNT resemble the hemispherical structure of 

fullerenes making this region prone to reaction when compared to a defect free 

sidewall. Bulk synthesis does not produce ideal SWCNTs with perfect structure, 

therefore a real SWCNT has three regions susceptible to reaction; (1) end-caps, 

(2) the intact sidewall, due to n - orbital misalignment (as shown above in Fig. 

l(b)) and (c) defect sites in the sidewall, such as two pairs of five- and seven-

membered rings, called Stone-Wales defects. 25 A strong curvature effect exists at 

the interface of the five-membered rings which can favor reactivity. The intact 

sidewall, have smaller curvature effect than the end-cap, requires the use of very 

reactive addends for functionalization. 26 
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t .3.2 End-cap and defect covalent functionalization 

As mentioned in section 1.2, the as-grown SWCNTs have impurities 

which are removed by harsh purification protocols. Oxidative purification is one 

of the most common functionalization techniques used in either liquid-phase or 

gas-phase.27 It is used to remove the catalytic metal impurities and other carbon 

by products formed during synthesis.28 The attack occurs mainly at the end-cap of 

the tubes and at defect sites. The method which is influenced by graphite 

30 32 33chemistry,29
' makes use of harsh reagents such as nitric acid,3 1 

' ' sulfuric 

acid34 or mixtures of both,35 piranha solutions,28 gaseous oxygen,36 ozone,37 air,38 

and even KMn04 with help of phase transfer catalyst.39 The use of sonication 

and/or refluxing conditions at elevated temperatures has been employed along 

with the combination of certain oxidants to produce short tubes. 28 Hole-doping 

has also been reported to be a consequence of oxidation of the SWCNTs.40 This 

doping effect will be discussed further in section 1.4. 

Chiang et al. 16 have developed quite an extensive scheme to purify HiPco 

SWCNTs. The raw material, containing ca. 35 wt.% impurity, 15 is firstly heated in 

a stream of wet Ar/0 2 at 225 °C for 18 h then sonicated in cone. H Cl for 15 min. 

The oxidative step induces the formation of iron (lll) oxide which is believed to 

expand the spacing within the SWCNT bundles, thus the catalytic residue is 

rendered more accessible and prone to attack from the cone. HCI. The iron (lll) 

chloride salt formed can be thus washed away when filtered until the pH reaches 

neutrality. This cycle is repeated two more times at 325 °C for 1.5 h and 425 °C 
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for I h. The oxidized HiPco SWCNTs, with a remaining inaccessible 5 wt. % Fe 

content, 16 are annealed at 800 °C in Ar for 1 h to heal and remove covalent 

addends. Functional groups and defects, in general, can be removed by thermally 

treating the SWCNTs at elevated temperatures in the absence of oxidants. The 

HiPco SWCNTs sold by Unidym (formerly Carbon Nanotechnology, TX) have 

been used throughout the work done in this thesis. 

This oxidative treatment results in the formation of numerous oxygen 

containing functionalities such as carboxylic, hydroxyl, carbonyl, and ester 

groups amongst others. 41 Therefore, several authors have made use of the 

carboxylic moiety as a platform for further synthesis. Conversion of the 

carboxylic group to acyl chloride (using thionyl chloride) allows for further 

termination with aliphatic amines, aromatic amines,26 amino acids derivatives,42 

peptides, thiols, dendrimers43 etc. which has aided the dissolution properties and 

some have found use as probes (e.g. fluorescence44 and AFM-SWCNTs tip45 
) or 

even electrical junctions.46 

1.3.3 Sidewall covalent functionalization 

Sidewall covalent functionalization can be classified m terms of two 

product topologies. SWCNTs provide a surface onto which covalent 

functionalization can occur via (one) single sigma bond attachment or (two) dual 

sigma bond attachment. The dual bond attachment can be conceptualized as an 

atom on the functional group connected to two neighboring carbon atoms on the 

SWCNTs ([2+ 1 ], cyclopropane type rmg formation) or a 5-membered-ring 
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formation formed via a [3+2] cyclo-addition, which is less strained than the 

former. 

Due to its low reactivity, functionalization of the sidewall was initially 

performed using very reactive addends from fluorine chemistry.47 The fluorinated 

SWCNTs were found to have an improved solubility when sonicated in alcohols, 

which exfoliate the bundles, when compared to the un-functionalized analogues 

that re-aggregate after sonication.48 The fluorine functionalized SWCNTs provide 

anchor groups for further transformation via Grignard49 or organolithium50 

reactions. These reactions can be reversed by air oxidation,47 and even de­

fluorination has been achieved by treatment with hydrazine48 partly restoring the 

initial properties of the starting material. Other single bond functionalization 

pathways have been pursued, namely the hydrogenation of SWCNTs using Birch 

reduction. 5 1 
' 

52 The Billups reaction is another pathway using radicals generated 

from alkyl or aryl halides with benzyl peroxide53 or Li/NH3 as precursor. 54 Single 

bond nucleophilic addition of carbenes to the SWCNTs produces zwitterionic 

polyadducts. 55 Carbon surfaces and graphite chemistry have always inspired the 

chemistry of SWCNTs. Phenyl groups with various tethered functionalities can be 

incorporated into the SWCNT structure via the diazonium reaction, which has 

62been extensively developed by Tour and co-workers. 56
­

Dual bond formation results in 3- or 5-membered rings on the SWCNTs. 

Cycloaddition of osmium tetroxide leads to the formation of osmyl ester with a 5­

· 63 A h. 1.d 20 . . . 64 d 65membered nng structure. zomet me y 1 es , mtn.1e 1mmes, an ozone are 
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another class of reactants that can form 5-membered rings via a 1,3 dipolar 

cycloaddition reactions. These functionalities serve as precursors to attach 

polymers66
' 

67 and other biomolecules. 68 

Other 3-membered rings containing dual bonds are formed from 

. 55 69 b 52 10 d l . . h B. I . 1 1 nmtrenes, · car enes, ' an eye opropanatton usmg t e mge react10n. ' 

The 3-membered ring has more strain than the 5-membered analogue and has 

been suggested to lead to bond breakage between the two contributing atoms of 

74 the sidewall.73
' Thus it is believed that the effect on the electronic structure 

would be different than that of other single or dual (5-membered ring) 

formation. 74 

1.3.4 Non-covalent functionalization 

The common route towards non-covalent functionalization is much akin to 

initial steps taken for covalent functionalization. The SWCNTs are dispersed in a 

solvent prior to the inclusion of additives that interact with the sidewall reducing 

its propensity to re-aggregate. The main advantage of this route is retention and 

minimal perturbation to the nanotubes ' struchlfe when compared to covalent 

functionalization schemes. 

Numerous methods make use of this non-covalent interaction to prevent 

re-aggregation of SWCNTs after dispersion via sonication in an aqueous or 

organic phase. Surfactants, polymers and certain bio-molecules are the three 

classes of additives mainly used for SWCNT dispersion. Polymer wrapping75
• 

76 is 

believed to prevent re-bundling through steric effects which improve the 
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dispersion of SWCNTs. Shim et al. 77 made use of poly-aniline to interact with 

nanotubes and that also lead to n-type doping. Bio-molecules such as peptides78 

and DNA79 have also found use in the solubilization of SWCNTs via sonication. 

They have potential applications in biological systems which make them better 

candidates than surfactants. Although the surfactants80 are toxic to biological 

systems, they are cheap, more efficient at dispersing the SWCNTs and are also 

easily available. The alkyl chain binds to the hydrophobic wall of the SWCNTs 

while the polar groups keep the individualized SWCNTs in solution. 

Other non-covalent type interactions employ large bi-functional molecules 

such as 1-pyrenebutanoic acid which uses its n-systems to favorably interact with 

the wall of the SWCNTs, these provide anchor groups for further derivatization 

to bind proteins.81 Complexation with organometallic compounds have been also 

used to non-covalently functionalize the SWCNTs to improve dispersion. 82 

However, simpler molecules such as amines have been found to preferentially 

adsorb onto "metallic" SWCNTs for segregation, after an initial oxidative step in 

acid via sonication. 83 These amines molecules have also been used to modulate 

gating of an individual nanotube electronic device, essentially doping was 

observed. 84 
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1.4 Doping 

Doping has been sporadically mentioned in the aforementioned text but a 

brief review of dopant species intentionally utilized in the literature gives a better 

perspective of its intentional or inadvertent use in some of the functionalization 

schemes. Doping can be defined as the process of changing the electronic 

properties of a material (SWCNTs) by adding trace amounts of other impurities. 

The impurities chosen as suitable dopants depend on the atomic properties of both 

the dopant (impurity) and the material (SWCNTs) to be doped. In general, 

dopants can produce desired and controlled changes. These dopants are classified 

as either electron acceptors or donors. A donor material creates an excess of 

negative (n-type doping) charge carriers (electrons) while an acceptor material 

creates an excess of positive (p-type doping) charge carriers (holes).85 In the 

context of the SWCNTs electronic structure, doping can be achieved by either (a) 

substitution of carbon atoms with boron (acceptor) and nitrogen (donor) atoms or 

(b) intercalation of compounds endohedrally inside the tubes or within the 

channels in-between the nanotubes in a bundle. 

1.4.1 In-plane substitutional doping 

Substitutional doping by boron or nitrogen atoms involves the 

replacement of a carbon atom in the structure of the SWCNTs which is achieved 

during synthesis. The idea of using group 3 and group 5 elements as dopants 

stems from the semiconductor industry, specifically the field of silicon doping. 85 
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Some of the synthetic techniques employed to produce doped-SWCNTs are 

similar to the techniques used for un-doped SWCNT using CVD or PLV86 with 

the addition of nitrogen containing hydrocarbons87 for n-doped SWCNTs and 

boron containing precursors for p-type doping. 88 The dopants replace carbon 

atoms in the structure which leads to corrugations89 attributed to defects. 86 

However, such nanotubes were not used in the context of this work and thus the 

focus is placed on doping by intercalation of molecules rather than substitutional 

doping. 

1.4.2 Doping by Intercalation or encapsulation 

Doping by intercalation chemistry parallels that of graphite. 19 
· 

30 It affords 

an easier way to control doping levels compared to substitutional doping and 

provides an alternative towards minimalization of structural change. SWCNTs are 

amphoteric90 
-
92 in nature and can be doped with either electron donors (n-type 

doping) or electron acceptors (p-type doping). 

Electron donors such as ammonia gas, alkylamines (fluid phase) have 

been shown to cause n-type doping of individual SWCNT on FET-type devices 

. h . 1 d l . 84 Oh d . d .dunng c em1ca gate mo u at10n.5' 77' t er onors causmg n-type opmg are 

the alkali metals, from Li to Cs, which intercalate into the SWCNTs.93
-
99 Organic 

dopants have also been shown to lead to n-doping of the SWCNTs mats by either 

sonication in aromatic and alkyl amines 100 or evaporation and encapsulation of 

tetrathiafulvalene (TTF) and tetrakis(dimethylamino)ethylene (TDAE).90
­

Selective oxidation of SWCNTs bundles has been demonstrated with sodium salts 
12 
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containing chlorine oxyanions (ClOx-), with the chlorine in different oxidation 

states ( +1 to +7), where the low oxidation states ( +1 & +3) showed n-doping 

characteristics whereas the higher oxidation states (+5 & + 7) lead to p-type 

doping. 101 

Other electron acceptors used to p-dope SWCNTs are strong oxidizing 

102 105 H2S04,34' 106 HN03,
40' 107reagents such as H20 2, - ' 108 Although these species 

lead to p-doping of SWCNTs, the nature of the species causing doping remains 

unclear; whether it is protonation (in the case of strong acids) or the oxidation 

state of one of the atoms in the dissociated species for example nitrogen( +5) in 

HN03. Gas phase doping with electron acceptors such molecular oxygen 109-111 

and nitrogen dioxide5 has been demonstrated. Br2, b,95' 98' 11 2 Lewis acids 11 3 such 

as FeCb and solid organic acids 114 have all been recognized to cause p-type 

doping via intercalation or encapsulation. Sonication of organic molecules 

including aromatic/aliphatic compounds with electron-withdrawing groups such 

100 as nitro groups and evaporation of electrophilic molecules such as 

benzoquinone, bromasil, tetracyanoquinodimethane (TCNQ) and 

tetrafluorotetracyanoquinodimethane (TCNQF4) 92 lead to intercalation or 

encapsulation respectively. 

1.5 Sonication 

Sonication makes use of acoustic waves that propagate through the solvent 

medium causing cavitation. Cavitation results in the formation and expansion of 

bubbles in the solvent which subsequently implode due to pressure variation in 
13 
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the fluid. This triggers drastic temperature changes locally in the liquid which in 

tum can break the molecules present. 115 

Sonication can induce chemical and physical effects locally in a medium. 

The "hot-spot" theory 11 6 is often used to explain the formation of new species. 

The local heating and drastic pressure change results in cleavage of chemical 

bonds 11 7 yielding products that are similar to combustion products at several 

thousand Kelvin. 11 8 Thermal heating and irreversible structural changes to solids 

are examples of physical effects caused by cavitation that can also have chemical 

consequences. 

Thus, from a practical point of view the parameters which influence 

cavitation are important. The mam effects can be summarized in terms of 

frequency, intensity, dissolved gases, solvent medium and temperature. Most 

commercially available bath sonicators use frequencies around 20-50 kHz. It has 

been suggested that qualitatively higher frequencies result in dampened 

sonication as bubbles have less time to grow, whereas low frequencies with long 

cycle and low amplitude promote cavitation. 11 5 The intensity is usually described 

in terms of electrical energy fed into the system over a period of time. Therefore 

the power rating is often used to express the condition under which sonication 

was performed. Dissolved gases can diffuse inside bubbles, a greater effect is 

observed for monoatomic gases than diatomic and polyatomic gases. 11 9 The 

specific heat of gases also affect the temperature in and around the bubbles. The 

solvent used can affect cavitation in various ways, intermolecular forces in the 
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liquid must be surmounted to produce bubbles. Solvents with high densities, 

surface tensions and viscosities have higher threshold for cavitation but once 

cavitation is reached it results in harsh conditions, e.g. shortening of nanotubes in 

concentrated acids mixtures leads to structural damage.28 The vapor pressure of 

the solvent is also suggested to be important as solvent with lower vapor pressure 

result in less cavitation. Sonochemical reactions do not comply with idealized 

Arrhenius behaviors, sonication proceeds better at lower temperatures. The 

temperature of the system is dependent on the solvent used , as the temperature 

increases the vapor pressure of the solvent increases thereby causing less 

cavitation. A simplified relationship is usually not conceivable but rather an 

optimization of parameters is considered, if those parameters are controllable. 11 5 

Sonochemistry of aqueous and non-aqueous solvents result in the 

c . f .c. d. 1 i 111 20 i 2 1 S . . . d h d . . f h1ormat10n o 1ree-ra ica s. ' ' omcat10n m uces t e ecompos1t10n o t e 

solvent and can initiate free radical polymerization; 122 
' 

123 the polymeric material 

can also be further degraded to generate by-products comparable to combustion 

products resulting from pyrolysis.124 Organic halides have been suggested to 

degrade via a free radical pathway' 17 and direct spectroscopic evidence was 

provided by using electron spin resonance (ESR). 120 ESR, product studies and 

chemical probes such as initiation of polymerization, reaction with stable free 

radicals have been employed to determine whether free radicals are generated 

during sonication. Sonication of water leads to the formation of radicals (Off and 
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ff), 12 1 which can be used to initiate polymerization (e.g. polymerization of 

acrylonitrile). 125 

Polymerization and polymer degradation are reactions involving macro 

molecules that can be induced by sonication. 126 Polymerization by ultrasound can 

be achieved by (1) sonication of a solution of one monomer with or without 

initiator and (2) sonicating a mixture of a homopolymer with either a second 

homopolymer or a monomer. Initiator like azo-bis isobutyronitrile or 

diphenylpicrylhydrazyl can be cleaved by sonication and initiate polymerization 

of monomer such as methyl methacrylate. 11 5 Another pathway of polymer 

synthesis makes use of pre-formed polymeric species that are combined via a 

degradation process. The degradation is believed to proceed via ( 1) frictional 

forces, (2) shear gradients, (3) impacts due to cavitational collapse, ( 4) 

hydrodynamic forces caused by shock waves, and (5) chemical reactions induced 

by free radicals. 127 It has been suggested that degradation decreases with 

decreasing molecular mass. However, control of the extent and spatial distribution 

of cleavage is limited to statistical distribution. 128 The above provides a brief 

insight into the impact that sonication can have on certain reactions (solvent 

decomposition, polymer formation and degradation), however, there are other 

avenues of sonochemistry that are explored and is beyond the scope of this thesis, 

. h . ~ d. h l" 11 5 129other exce llent reviews on t e topic can 1oun m t e iterature. · 

Sonication of SWCNTs is performed in either an organic phase or an 

aqueous phase, with organic phases preferred for further chemical workup of 

16 
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addends especially in the case of covalent functionalization. Aqueous phases, on 

the other hand, are used mostly for separation and/or individualization of 

130 134 SWCNTs with the help of additives.79
• - Sonication in acid mixtures 

introduces defects on the sidewall during sonication, 135 
' 

136 defects can also be 

introduced after prolonged exposure to higher acoustic intensity using tip-probe 

sonicators. 137 The use of different sonicators has been suggested to cause 

discrepancies in results. 122 An understanding of resulting species after wet-

chemical processing by sonication can provide better insights into how those new 

species influence the properties of SW CNTs. 

1.6 Motivations and overview of this thesis 

Chemical modification of SWCNTs spans from covalent functionalization 

to non-covalent func tionalization, including doping, as it has been described in 

this introductory Chapter 1. Due to the nature of SWCNTs and synthetic routes 

used to mass produce them, the SWCNTs have to be dispersed in organic or 

aqueous phase to break the bundles within which they exist. Sonication is the 

preferred method used prior to chemical functionalization, via covalent or non-

covalent schemes using reagents or additives respectively, to prevent re-

aggregation of the SWCNTs. The degree of functionalization, spatial distribution 

or even identity of the addends on the structure of SWCNTs is often not 

quantified directly. 

Various experimental methods are used to characterize chemical 

modifications of SWCNTs are presented in Chapter 2, along with some case 
17 
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specific examples. The field of SWCNTs has been the subject of numerous 

scientific studies; with only a handful of the pertinent ones referred to in this 

chapter. Only a few of these publications deal with the spatial distribution of the 

species causing chemical modification of the electronic properties of SWCNTs as 

elaborated further in Chapter 3. Insights into the localization of these species 

would give a better grasp of how the electronic structure is altered during 

chemical modification. This in turn can pave the way to enhance our ability to 

manipulate and control the properties of the SWCNTs for tailored applications. 

The Binge! [2+ 1] cyclopropanation reaction was used, as model reaction, 

to investigate the spatial distribution of addends onto the SWCNTs walls. This 

reaction was chosen for its ease of room temperature synthesis and to interrogate 

the nature of the formation of the cyclopropane ring. It has been previously 

suggested to lead to bond breaking between two carbon atoms on the nanotubes' 

74wall due to strain and thus preserve the electronic properties of the SWCNTs.71 
­

Chapter 3 describes the attempts made to characterize SWCNTs 

covalently functionalized via the Binge! reaction using a Scanning Tunneling 

Microscope (STM) in a UHV environment. This characterization technique 

provides an appropriate tool to detect local changes on the SWCNTs. However, 

this method requires well defined sample preparation which has also limited its 

successful application. Good imaging conditions were achieved with good 

topographic resolution of Au(l 11), HOPG (Highly Ordered Pyrolytic Graphite) 

and Si(l 11) surfaces. However, after blotting the surface with SWCNTs, which 
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were sonicated in a dispersant medium, resulted in poor tip-sample interaction 

causing instability during data capture (imaging). Contaminants were introduced 

when wet-chemically processed SWCNTs were deposited on the surface. The 

wet-chemistry affects the integrity of the SWCNTs and the effect of the initial 

sonication step is questioned. 

A common organic solvent, o-dichlorobenzene (ODCB) was found to be 

the best dispersant fo r SWCNT chemistry. 138 This is the solvent used to disperse 

SWCNTs prior to functionalization via the Bingel reaction.7 1 
• 

72 The impact of 

sonication on chlorinated organic solvents and its effect on the SWCNTs 

chemistry was investigated using ODCB as model molecule. This forms the basis 

of Chapter 4. Certain halogenated organic solvents are known to polymerize 

during sonication via a radical pathway, which can also be quenched using trace 

amounts of alcohols. 11 7
' 

122 The question enunciated above was further broken 

down to explicitly determine the cause and nature of the effect using Raman 

spectroscopy and XPS as main characterization tools. The effects of the new 

species formed during sonication and their interaction with the SWCNTs and its 

impurities were probed. Sonicating SWCNTs in ODCB leads to p-type doping 

(the effect) due to the formation of iron chlorides (the cause), which are formed 

when catalytic iron nanoparticles are etched by either chlorine and/or hydrogen 

chloride; the latter species are generated during sonication. 

Radicals formed during sonication are labile species, thus it is important to 

question whether these radicals would form covalent bonds on the sidewall of 
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SWCNTs. In Chapter 5 this question is answered by showing that no covalent 

bonds are formed on the SWCNT structure whereas sonochemical polymers are 

formed which give rise to an ambiguity when characterizing SWCNTs using 

Raman and UV-vis-NIR. Characteristics associated with covalent 

functionalization can often be misleading when inspected in a cursory way. A 

careful examination of the species formed during sonication helps elucidate the 

true nature of the interactions. Using ODCB and BzCl as dispersant media, the 

interaction of the sonochemical polymer enrobing the SWCNTs was explored. 

SWCNTs sonicated in these solvents interact heavily with the polymers formed 

during sonication thereby quenching the intensity of the UV-vis-NIR of spectra. 

This technique provides a gauge of perturbation of the electronic property 

whereas Raman spectroscopy can be carefully used to distinguish between 

covalent and non-covalent functionalization. An anomalous behavior was 

observed when SWCNT samples, treated with either ODCB or BzCl, were 

subjected to high laser irradiation. An increase in the Raman disorder (D) peak 

was observed and attributed to thermal heating induced by the laser which charred 

the polymeric material to an amorphous material. Using un-functionalized and 

unambiguously functionalized SWCNTs as reference material, it was 

demonstrated that a washing protocol does not remove covalent functionalities 

whereas polymer wrapping can be removed and no increase in the disorder peak 

is observed in the Raman spectrum. 
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Sonication in aqueous phase is used not only to improve dispersability and 

individualize S WCNTs but also to separate them in terms of chirality.79 This route 

makes use of the intrinsic chiral properties of the SWCNTs for selective reactions 

or separation, which implies the use of unperturbed electronic properties of the 

starting material. However, these methods again make use of an initial processing 

step to disperse the SWCNTs via sonication. This process can change the 

electronic structure of the SWCNTs. To selectively position SWCNTs on a 

surface using aqueous wet-chemical processing, to accurately gain control, and 

manipulate the chemistry of the SWCNTs; further investigation into that 

processing step is required. Thus, Chapter 6 encompasses aqueous phase (water 

and surfactants) dispersion of SWCNTs to gamer better insight into its impact on 

the electronic structure of SWCNTs. Water molecules are broken down to 

radicals (OH. and H "), which can combine with each other producing hydrogen 

peroxide. The temperature of the sonicator bath also increases during sonication 

which decomposes the hydrogen peroxide formed to molecular oxygen. This p­

type dopant molecule is adsorbed by the SWCNTs network. 

Chapter 7 briefly summaries the work done in this thesis and proposes 

avenues for fundamental new research and applications. 
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Chapter 2: Characterization of the Electronic Properties of SWCNTs 

2.1 Electronic Structure of Single Wall Carbon nanotube 

The microscopic structure of SWCNTs is often related to graphene. The 

graphene lattice vectors a, and are used to label the carbon nanotubes asa2 

shown in Fig. 2 .1 . The two unit vectors are depicted on the graphene lattice 

describing the rhombus, which represents the graphene unit cell. The only two 

carbon atoms present in the unit cell are at positions ..!..(a, +a2 ) and ~(a, +a2 ). 
3 3 

Both unit vectors have the same length: 1 

The unit vectors (a, anda2 ) in real space and their corresponding 

reciprocal unit vectors (k1 and k2 ) are expressed as: 

a =(.fiao ~] (1.2) 
I 2 '2 

(1.3)a =(.fiao -~J2 2 ' 2 

The chiral vector c =n,a, +n2 = (n 1,n2 ) describes the direction along a2 

which the graphene layer is rolled. Its magnitude is therefore also equal to the 

circumference. Nanotubes can have different properties because of different chiral 

vectors, even though their diameter might be the same. Three generic examples of 
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chiral vectors are shown in Fig 2.1. The grey circles drawn on the chiral 

vectorc = 6a, + 4a2 , for the chiral tube (6,4), correspond to crystallographically 

equivalent points. Their number is given by the greatest common divisor n of (n 1, 

n2), here n = 2. The chiral angle, e, is defined from the red zig-zag line by the 

equation below: 

( 1.4) 


By symmetry, the angle ranges from o0 to 30°. Zig-zag tubes are denoted 

by (n, 0), where n2 = 0 and e= 0°. Armchair tubes (blue line) are denoted by (n 1, 

n2), where n1 = n2 and e= 30°. Both zig-zag and armchair tubes are defined as 

being achiral tubes in contrast to the chiral tubes. The diameter of a tube is 

directly proportional to the length of the chiral vector: 

d= lei =~v'N (1.5) 
7[ 7[ 

The vector perpendicular to the chiral vector is denoted by a (in some 

references referred to as the translational vector). It defines the repeated 

translational period a (= lal) along the tube axis (z-axis). Both the vector and its 

magnitude are calculated as follows: 

(1.6) 


(1.7) 
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Moreover, if the term (n 1 - n2)/3n gives an integer then ~H = 3, otherwise 

91 = 1. Using equation 1.6, the lattice vector a for the (6,4) tube is 

a= -7a1 +8a2 • The grey rectangle depicts the unit cell of the (6,4) nanotube and 

is thus defined by both vectors cand a. The nanotube unit cell contains q 

hexagons and nc carbon atoms, knowing that two carbon atoms are present in the 

graphene unit cells gives q = 2Nln~ with nc = 2q = 4Nln~ for chiral tubes and 

q = 2n for achiral tubes, n being the greatest common divisor of (n 1 , n2). 

Figure 2.1: A 20 schematic of a graphene lattice, defined by unit vectors a, and 

a2 at an angle of 60° with respect to each other. Carbon atoms are present at all 
intersecting lines on the hexagonal grid. The chiral vector of a (6,4) chiral tube 
(with grey circles depicting crystallographically equivalent points), a (6,0) zig-zag 
(red line) and a (6,6) armchair (blue line) achiral tube are displayed. Dotted 

arrows are used for the last two. The z-axis is perpendicular to the c vector. The 

vector a= -7a, + 8Zi2is the smallest lattice vector of the chiral (6,4) tube and the 
grey rectangle is its unit cell. 
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2.1.1 Brillouin zone 

Figure 2.2: The hexagonal Brillouin zone (BZ) of graphene displaying the 
reciprocal unit vectors at an angle of 120° with respect to each other. The high 
symmetry points r , K, and Mare indicated as well as some relevant dimensions. 

Once the unit cell of a carbon nanotube is defined, the Brillouin zone can 

be constructed. Since graphene has a similar unit cell as carbon nanotubes, the 

Brillouin zone of graphene is used as approximation. The hexagonal Brillouin 

zone of graphite is shown in Fig. 2.2, which depicts the high-symmetry points r , 

2
K, and M along with the reciprocal unit vectors k1 =( ~TC , rc J and 

v3ao G o 

- ( 2TC 2TC J O . · ·k2 = r,:; ,-- at an angle of 120 with respect to each other. The z-ax1s 1s 
v3a0 Go 
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defined along the tube axis. The continuous reciprocal lattice vector kz 

corresponds to the translational period a along the z-axis of the infinitely long 

tube, where its length is given by: 

(1.8) 


In contrast, any wave vector along the circumference of the nanotube is 

quantized according to the boundary condition: 

m.A- =lei= mi (1.9) 

which defines the quantized h wave vector: 

where m is an integer ranging between - n+ 1, ... ,0, 1, .. . , n being the 

greatest common divisor of (n 1 , n2) in achiral tubes. The wave function of a 

quasi-particle of the nanotube must have a phase shift of an integer multiple of 2n: 

around the circumference. All other wavelengths will vanish by interference. 

Equidistant pairs of carbon atoms are present when the atoms are projected on the 

circumference, a least 4 atoms are required to define a wavelength, i.e., lml :S n. 

The first Brillouin zone of a nanotube consists therefore of q parallel lines 

along the tube axis. These lines are separated from each other by the magnitude of 

the quantized wave vector h = 2/d with m = 1. 
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Both k.L and kz can be found from the conditions 

(2.1)k .J. . c= 2n 

k 
2
.c=O, k , . a=2n (2 .2) 


which after substitution yields their dependence on the reciprocal unit vectors: 


(2.3) 


(2.4) 


k , 

k, 

-
, '"'a(, , f3a, .. 

Figure 2.3: An illustration of the BZ for an armchair (7,7) and zig-zag (13,0) 
tube. The graphene BZ in the right panel is rotated by 30°.The 2n parallel allowed 
k-lines comprise the nanotube BZ. The background is a contour plot of the 
electronic band structure of graphene, where white correlates to maximum 
energy. Reproduced with permission from [1]. Copyright 2004 WILEY-VCH 
Verlag GmbH & Co. KGaA. 

There are 14 parallel lines (q = 2n, n =7) generated from the armchair 

(7 ,7) and 26 parallel lines (q = 2n, n = 13) from the zig-zag (13,0) tube. Each line 

is indexed by m E [-n, n] , where m = 0 corresponds to the line going through the 

graphene r point (k = 0). The position of the lines m = 0 and m = n is the same for 

all achiral tubes independent of their diameter. It can be seen from the symmetry 
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of the graphite hexagonal Brillouin zone that lines indexed m and - m are the 

same. The boundary n/a of the nanotube BZ is given by n/a0 and by nl...J3a0 in 

armchair and zig-zag tubes, respectively, which provides q = 2n allowed k-lines 

of length 2n/a. The number of allowed k-lines increases/decreases with 

increasing/decreasing diameter, while their distance (2 /d) from each other 

decreases/increases, respectively. Nevertheless, within tube type (armchair or zig­

zag) the BZ boundary remains the same. 

The properties of carbon nanotubes are related to those of graphite, to a 

first approximation, by taking from graphene the lines that corresponds to the 

nanotube Brillouin zone. By cutting the 2-D band structure of graphene (contour 

plot in Fig. 2.3) into q lines of length 2n/a and distance 2/d parallel to the 

direction of the tube axis, the electronic band structure of a particular nanotube is 

obtained. This approach is commonly used in . nanotube research and is called 

zone folding. However, the zone-folding procedure neglects the cylindrical 

geometry and thus the curvature of the tube walls; thence this procedure has to be 

used with great care. 

2.1.2 Electronic properties 

Two types of bonds co-exist in carbon nanotubes. The carbon nanotube 

possesses cr bonds in the plane of the tube forming the cylindrical structure and 

the delocalized electron cloud which are part of the n bonds present above and 

below the mono-atomic wall of the cr bond network. Then bonds are responsible 

for the weak van-der Waals interactions between the tubes. Then electron cloud 
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predominantly contributes towards conductance and optical absorption occurring 

in the visible energy range near the Fermi level, of the carbon nanotubes.2 The 

electronic structure of graphene is used along with zone folding to understand the 

electronic properties of SWCNTs. The electronic bands of graphene along the 

high-symmetry r, K, and M and f-M directions are shown in Fig. 2.4(a) The 

smallest possible gap between the cr bonding and cr* antibonding bands is ;:::: 8 eV. 

In contrast, at the K point of the Brillouin zone, the n and n* conduction band 

intersect with each other (Fig. 2.4 (b )) Graphene is a semi-metal where the Fermi 

surface consists of only six distinct points. This strongly affects the electronic 

properties of graphene and carbon nanotubes. The peculiarity of the Fermi surface 

is responsible for the metallic and semiconducting character of carbon nanotubes. 

The electronic band of a material can be calculated by two basic 

approaches. Many derivatives of these two basic approaches are further available 

for the calculation of the electronic band structure of carbon nanotubes. Briefly, in 

the Zone folding approach it is assumed that the electrons move freely in a 

crystal. The periodic potential produced by the atoms is felt by the electrons and 

they interact with other electrons. The electrons are described as plane waves and 

the approach starts from a parabolic dispersion of a free particle. The other 

approach is the tight binding (TB) approximation. The electrons are regarded as 

being part of the atoms forming the solid. The atoms interact with each other and 

the energy states fonn a continuum band. The valence band and conduction band 

of graphene can be calculated using the tight-binding model, whereas the zone 
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folding approach helps understand the unique properties of carbon nanotubes like 

the metallic and semiconducting character, which depends on the diameter and 

chirality. 

(a) 20.0 
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.!!. 
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>­
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Figure 2.4: (a) The TB-calculated electronic band structure of graphene along the 
high symmetry f-M-K and f -K directions is shown. The Fermi level is defined at 
zero energy where the cr/ cr* and n/n* bands are indicated. (Adapted with 
permission from [3]. Copyright 1998 Imperial College Press). (b) A three­
dimensional view of the graphene n/n * band is presented. The bonding n and 
antibonding n* bands touch at the six K points. These 6 points are on the Fermi 
surface. Adapted with permission from [4]. Copyright 2004 by the American 
Chemical Society. 

40 




Chapter 2 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

2.1.3 Zone folding approximation 

The wave vectors kz are continuous along the tube z-axis and the allowed 

wave vectors, k.L, around the nanotube circumference are quantized as described 

in section 2.1.1. When the allowed k wave vectors are plotted on the graphene 

BZ, a series of parallel line is obtained. The number, orientation and distance 

between them depend on the chiral indices (n 1, n2) of the tube. The essence of 

zone folding or the confinement approximation is that it specifies the band 

structure of the carbon nanotube by adapting the existing electronic energies of 

graphene along the allowed k lines of the tube. 

The electronic states are confined to the allowed k vectors that satisfy the 

condition k.L.JcJ = 2nm. The K point of the graphene BZ (defined by via the 

reciprocal unit vectors; Eqs 1.2 and 1.3) is located at t(k 1 - k2 ) = 4n/3a 0 • The 

nanotube is metallic if 

Or in other words if 3m = n1 - n2, that is, if n1 - n2 is a multiple of 3, the 

tube is metallic in character. This is the case when the K point is among the 

allowed states. This result was derived by Hamada et al. 5 and Saito et al. 6 

The big advantage of zone folding is that it provides physical insights into 

the entire group of nanotubes predicting their metallic or semiconducting 

character. Another advantage is that it is faster than first-principle calculations, as 

nanotubes contain thousands of atoms making the latter calculation beyond reach. 
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Zone folding has limitations; it completely neglects the curvature effect of the 

nanotube sidewall. For nanotubes with a diameter ::::; 0.5 nm the concept of 

confinement fails completely but for diameters between 0.5 and 1 nm, the metallic 

and semiconducting character is correctly predicted albeit it overestimates the 

energy of the conduction band. 

Zig-zag nanotubes and chiral SWCNTs, where n1 - n2 is a multiple of 3, 

are predicted to be "metallic" by zone folding. In practice, however, a small gap 

is present in the chiral "metallic" SWCNTs because the curvature of the tube 

reduces the overlap between n orbitals. Scanning Tunneling Spectroscopy (STS) 

measurements performed by Ouyang et al .. 7· 
8 proved that "metallic" zig-zag 

SWCNTs have a small band-gap (few meV), which is inversely proportional to 

their radius. The creation of this gap is the quasi-metallic zigzag SWCNTs is 

explained by the curvature effect that shifts the allowed wave vectors away from 

the Brillouin K point. However, in metallic armchair nanotubes the wave vectors 

move parallel to the allowed wave vectors at the K point of the graphene BZ.7 

42 




Chapter 2 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

2.1.4 Density of states 

(b) E 

M,, 

DOS 

Figure 2.5: Schematics of the (left) lD electronic energy band and corresponding 
density of states (right) for a (a) metallic and (b) semiconducting SWCNT close to 
the Fermi level. 

Electronic properties can be experimentally quantified by the density of 

states (DOS). It is defined as the number of available sites for an electron (i.e 

states) at a given energy range for a specific system. For 3D materials (for e.g. 

bulk semiconductors), the DOS is proportional to the square root of the energy 

above the band gap. In 2D solids (e.g. graphene ), the DOS shows a general 

increase in energy. In a ID system the DOS is inversely proportional to the square 

root of the energy and exhibits a decaying tail between maxima, also called van 

Hove singularities (vHS). The ID DOS of carbon nanotubes is shown in Fig. 2.5. 

And finally, OD systems exhibit discrete states. 

From the schematics shown in Fig. 2.5(a), the DOS of a metallic tube is 

derived from the electronic band structure of a 2D system. The 2D cone-shaped 

energy contours depict the valence and conduction centered on the K-point of the 

graphene BZ. A van Hove Singularity (vHS) in the DOS is formed from each line 
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and is shown as a local maximum. An exception occurs for the two lines crossing 

at the K-point. There is a non-zero DOS at the Fermi level (Fig 2.5 (a)) which 

arises because of the metallic character of the nanotube. The magnitude of the 

DOS is inversely proportional to the diameter of the tube. The DOS is zero at the 

Fermi level of a semiconducting nanotube because of the absence of line crossing 

at the K-point. The optical transition energies between the valence and conduction 

bands are shown in Fig. 2.5 (b ). 

2.2 Fundamentals of characterization methods 

2.2.1 UV-vis-NIR 

Optical absorption involves the use oflight in the visible and adjacent near 

ultraviolet (UV) and near infrared (NIR) ranges to excite a molecule from an 

electronic ground state. Using the Beer-Lambert law, the transmittance, which is 

the ratio of intensity of the outgoing light to incident light, provides a measure for 

absorbency of the material. 9 

The transmittance is defined as T = 1/1 and the absorbance is defined as A 0 

= -log10 T = -log10 (l/10 ) = £. c. !, where T = transmittance, I = intensity of 

outgoing light, 10 = intensity of incident light, A = absorbance, £ = molar 

absorbtivity, c = concentration of species and != path length of light through the 

species defined by the cell as shown in Fig. 2.6. 
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I 
E, C 

Figure 2.6: Schematic of Beer- Lambert absorption of a beam of light as it travels 
through a cell ofwidth £. 

UV-vis-NlR spectroscopy can be is used to collect the optical absorption 

spectra of SWCNTs either in solution-phase 10
· 
12 or on thin films. 13 

' 
14 Thin films 

are prepared by spraying SWCNTs initially dispersed in a solvent onto a substrate 

such as quartz. The thickness of the films is not precisely controlled, which 

affects reproducibility. The aggregation of SWCNTs causes light scattering which 

distorts the spectral features. However, in solution phase the data is regarded as 

being reproducible and accurate. 15 The spectrum can be decomposed into three 

main contributions that are assigned to the optical transitions between the van 

Hove singularities in the DOS of the SWCNTs.16 In the NIR regions the first (S 11 ) 

and second (S22) singularities in the semiconducting nanotubes are located at 

about 1400 nm (~ 0.7 eV, 8000 cm-1
) and 800 nm (~ 1.3 eV, 12500 cm-1

) 

respectively. The first transition (M 11 ) of the metallic tubes, which is less distinct, 
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is observed about 500 nm (- 1.7 eV, 16000cm-1
). 

17 Sharp bands, which can be 

correlated to chirality and diameter, are observed for well dispersed individual 

SWCNTs, 18 however, broad distributions are observed when dealing with 

SWCNTs bundles of SWCNTs in solution or thin films. 19 

Kazaoui et al. 20 were amongst the first workers to use UV-vis-NlR to 

asses doping. From Fig. 2.7(a) & (b), both electron donors (e.g. K) and electron 

acceptors (e.g. lz) 17 caused a gradual decrease in intensity with increasing dopant 

concentration; especially in the lower energy absorption peaks (S 11 ) . 

K Doping 

from top co bottom /··. .· x= O , 
I= 0.0056 . 
x = 0.0 104 

::· ~/ 
1 J.5 2 

(b) CI 
• 

from top 10 botlom 
x == 0 
x =0.0007 
x = 0.0009 
x = 0.0045 
x = 0.0 104 

1.5 2 
Photon Energy I eV Photon Energy I eV 

Figure 2.7: Optical absorption spectra of SWCNTs films subjected to different 
doping levels of (a) K and (b) lz , where the * denote peaks due to the quartz 
substrate. Reproduced with permission from [17]. Copyright 2001 by Elsevier. 

More recently other workers have looked into the effect of chemical 

treatment on SWCNTs. For example the use of SOCh, commonly used to convert 

carboxylic groups to acyl chlorides, was found to lead top-type doping.2 1 Niyogi 

et al. 10and Kim et al.14 have both studied and questioned the use of ODCB as the 

"best" solvent. 22 The optical spectra obtained by them, Fig 2.8 (a) & (b), show a 

decrease in spectral intensity for the lower energy bands. The spectra in Fig 2.8 

(a), which are collected in solution-phase, depicts a background that increases in 
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intensity with increased sonication time; this was correlated to the presence of 

sonochemical polymers formed during sonication. Kim et al. 14 have also noted the 

presence of polymeric material during processing. 

(a) 

6000 8000 10000 12000 14000 16000 18()00 4000 8000 12000 16000 20000 
frequency (cm·' ) Wavenumber I cm -1 

Figure 2.8: Optical spectra of (a) HiPco SWCNT sonicated in ODCB taken in 
solution-phase (offset for clarity) and (b) Ilzin SWCNTs (as-received black line), 
ODCB treated (gray line) and after annealing (dash line) taken on a thin film; 
background subtraction was used on the data set. Reproduced with permission 
from [10 & 14]. Copyright 2003 by the American Chemical Society and copyright 
2005 by the WILEY-VCH Verlag GmbH & Co. KGaA respectively. 

However, from the spectra the authors suggested that the change was due 

12 23to covalent functionalization in analogy to work done by Bahr et al. , · who 

covalently functionalized the SWCNTs with a halogenated aryl group generated 

from a diazonimn salt (Fig. 2.9). The change in the optical spectra, in the case of 

unambiguous covalent functionalization, is drastic compared to Fig 2.8 (b ). 

Therefore, as correctly pointed out by Kim et al. 14 UV-vis-NIR spectra provide 

evidence for perturbation of the electronic structure. Thus this techniques can be 

used as a qualitative probe to gauge changes in the electronic environment of 

SWCNTs.23 Other complementary techniques such as Raman and XPS are 

employed to characterize chemical modifications on SWCNTs. 
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.Figure 2.9: Optical spectra of HiPco SWCNTs in DMF (a) and diazonium 
functionalized SWCNTs. Reproduced with permission from [12]. Copyright 2001 
by the American Chemical Society. 

2.2.2 Raman spectroscopy 

When an electromagnetic wave (monochromatic light source) interacts 

with a molecule it can be elastically scattered, which is known as Rayleigh 

scattering. However, some photons are inelastically scattered and the scattered 

light is shifted in wavelength; this shift is characteristic to the species present in 

the material. Raman spectroscopy requires a change in polarizability, that is, the 

electron cloud of a molecule must be readily deformed along an axis.24 To 

improve the analysis an intense source of light is used in the form of a laser. 
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2.2.2.1 The Raman modes of SWCNTs 

A typical Raman spectrum of a S WCNT network is shown in Fig. 2.10. 1t 

consists of four distinct features spread over a range of 100 - 3000 cm·1
• The low 

frequency region is described as the radial breathing mode (RBM), the region 

between 1250 and 1350 cm-1 corresponds to the disorder mode (D band), the 

tangential mode (G band) is located between 1400-1600 cm·1 and the final feature 

(2500 -2800 cm-1
) is a second-order mode called the D* band. 

G band D* 
....--._ 

:::J 

ro..__.. 
>. ...... 
(/) 

c RBMQ) ...... 
c 

0 1000 2000 3000 
Shift (cm-1 ) 

Figure 2.10: Typical Raman spectrum of annealed HiPco SWCNTs (batch # 
P0257) taken with a 514 nm laser set at a low power of 0.01 mW/µm 2

. Four 
distinct features are seen: radial breathing mode (RBM in red), disorder mode (D 
band in blue), tangential mode (G band in yellow) and second order mode (D* 
band in green). 

Raman scattering can be broken down into several steps. There is 

absorption of an incoming photon with energy n(J) 1 while creating an electron-

hole pair. Then, the electron scatters inelastically by emitting/absorbing a phonon 

of energy n(J) ph· Afterwards there is recombination of the electron and hole under 

the emission of the scattered photon of energy n(J) 2. The conservation of energy 

and momentum of the Raman process is shown by the equations 2.7 and 2.8 
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where the electron wave vectors before and after scattering are denoted 

by k1 and k z along with a phonon wave vector q. The ± sign refers to the Stokes 

(+nm ph, S) and anti-Stokes (-nm ph, AS) scattering processes. The emitted photon 

has a lower energy for the S-process and higher energy for the AS-process. 

___ (b)(a) 

tuv r--::-; -. 
p.~ - - - -- ~ 

tim 1 

s AS s AS 

Figure 2.11: Raman scattering of (a) non-resonant process and (b) single­
resonance. The solid/dash lines represent real/virtual electronic states. 

Two possible Raman scattering processes are presented: the non-resonant 

and the single-resonant. The processes are shown in the schematics in Fig. 2.11 

(a) and (b) respectively. Real electronic states are denoted by solid lines, in the 

case of a SWCNT, it represents an optical transition (a vHS pair) of energy Eii· 

Virtual electronic states are designated by broken lines. In a non-resonant process, 

both intermediate states are virtual. When the laser energy leads to the excitation 

of an electron into a real empty state, a single-resonant scattering occurs. These 

processes are referred to as first-order non-resonant and resonant scattering. 
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2.2.2.2 Radial breathing mode 

In the low-frequency range of the Raman spectrum in-between 100 - 400 

cm· ', the radial breathing mode (RBM) is observed. The atoms coherently expand 

and contract along the circumference of the nanotube. The diameter d of a 

SWCNT is inversely proportional to the frequency of the RBM mode according 

to equation (2.9) 

ffiRBM = Aidt + B, (2.9) 

where A and B are constants. The value of A is either calculated or 

estimated by best fit from measurements. For isolated tubes, its value ranges from 

26 27218 to 248 cm·' as found by various groups.25
' ' There is always a certain 

percent error (~5%) inherently associated with the estimation of the diameter. The 

constant B is mostly regarded as a fitting parameter which varies28
· 

29 from 12.5 

to 21 cm·'. It was initially used to account for external forces such as van-der­

Waals interactions between tubes in bundles30 and/or interactions with the 

substrate. Other researchers have reported that changes in the environment 

produced inconsequentially small changes in the RBM frequencies .3 1 However, 

based on the single-resonance model only particular tubes are selected from a 

tube ensemble of different diameters at a specific laser energy, which can be used 

to estimate the diameter of SWCNTs in a bundle using various laser energies.32 
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2.2.2.3 Defect-induced D-mode 

The D-mode can be found extending from 1200 to 1400 cm-' in the 

intermediate range of the Raman spectrum. It was first observed on graphite in 

1970 by Tuinstra et al. 33 This defect-induced peak was demonstrated 

experimentally, when the crystallite size of graphite was progressively decreased 

while the intensity of this mode increased. Vidano et al. ,34 ten years later, showed 

that the frequency of this mode increase by about 50 cm-1/eV with laser energy. lt 

was not until recently, nearly 20 years later, that it was explained by invoking a 

double-resonance process. 35 

Double resonance does not exclude single-resonance but builds upon it. In 

single resonance an electron is excited to a real empty state (Fig. 2.11) whereas in 

double resonance both electronic states are real as shown in Fig. 2.12 . First order 

Raman processes are governed by the q ::::::: 0 phonons and have peak frequencies 

that are independent of the laser energy. When Raman data is collected on a solid, 

the backscattering configuration is commonly used along with a light source in 

the visible range. Thence the very small wave vector of the incident light limits 

the scattering process to first-order scattering. Therefore, on most solids only r­

point phonons ( q ::::::: 0) contribute towards the scattering process. However, due to 

their unique electronic structure, carbon nanotubes are an exception as double­

resonance also participates in the scattering process. Large-q ( q>O) phonons are 

usually involved in such processes. 
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TI 

S AS 

Figure 2.12: Double resonance Raman scattering between two real electronic 
states. 

This laser-energy dependence of the D-mode in graphite was first 

explained by Thomsen et al. 35 They established that the mechanism for the shift 

of the D-mode is defect-induced, double-resonant Raman scattering. The defect 

elastically scatters the electron back to its initial momentum state after it was 

resonantly or non-resonantly scattered by a large-q phonon, thus satisfying 

conservation of momentum. 

The schematic in Fig. 2.13 illustrates two linear electronic bands 

resembling the energy dispersion at the K-point of the graphene BZ. On Fig. 2.13 

(a), an incoming real transition occurs, initiated by the excitation of an electron 

from its ground i to its intennediate a electronic state. If the laser energy is 

increased or decreased, the electron wave vector will increase or decrease to 

match the resonant transition. A double-resonance process implies that the excited 

electron at state a is for example resonantly scattered to state b under the emission 

of a phonon of energy nwph as shown in Fig 2.13 (a). The energy of the phonon is 

given by the energy difference between states a and b while the magnitude of q is 

determined by the length of its arrow. A second scattering must bring back the 

electron to its original wave vector, here shown as intermediate electronic state c. 

The second scattering can be done elastically by a defect (illustrated here) or 
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inelastically by a second phonon, which results in a process called second-order 

Raman scattering. Finally, after returning to the wave vector ki, the electron 

recombines with the hole. Fig 2.13 (b) depicts an outgoing resonance process. In 

this picture, the excited electron reaches a virtual electronic state a, which scatters 

into state b by emitting a phonon. The electron is then scattered back by a defect 

and recombines with the hole. In contrast with Fig 2.13 (a), last two transitions of 

the outgoing Stokes process are in resonance, as shown in Fig 2. l 3(b ). Fig 2.13( c) 

depicts an anti-Stokes process with in an incoming resonance. In general, all the 

transitions in anti-Stokes processes are similar to those in Stokes processes, 

except for the absorption of phonons. Here, the electron absorbs a phonon of 

energy nwph, while being scattered resonantly from state a to state b. In all of the 

above examples, the phonon that scatters the electron from state a into state b 

must have a larger wave vector q > 0. In total, there are four possible Stokes and 

four possible anti-Stokes processes. 
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Figure 2.13: A schematic illustration of the double-resonant Raman processes. 
(a) An incoming double-resonance Stokes (S) process. (b) An outgoing double­
resonance Stokes (S) process. (c) An incoming double-resonance Anti-Stokes 
(AS) process. The solid/dotted arrows stand for resonant/non-resonant scattering 
processes. i indicates the initial electronic state, while a, b and c are intermediate 
electronic states. Adapted with permission from [ 1]. Copyright 2004 W !LEY ­
VCH Verlag GmbH & Co. KGaA. 

In carbon nanotubes, the D-mode corresponds to the one in graphite but it 

is found at slightly smaller frequency. 36
' 
37 D-mode frequencies were measured for 

isolated tubes and a small bundle. 38 The observed shift with excitation energy was 

proof that this property is indeed not just an ensemble effect, as previously 

claimed by the selective resonance model.39 Defects in nanotubes can be either 

due to the presence of sp3 bonds in their structure or impurities. The intensity of 

the D-mode in carbon nanotubes is dependent on defect concentration just as in 

graphite.40 

Thus the increase in intensity of the D peak is often used to establish that a 

covalent bond has been fonned to the SWCNTs. The diazonium reaction 12 
' 

4 1 
, 

which involves the use of aniline derivatives to covalently :functionalize SWCNTs 

via only one bond, is an unambiguous example that illustrates this common 

practice as shown in Fig. 2.14. Visual comparison of the two spectra shows the 
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presence of an increase in D peak. The ratio of the D peak to the tangential mode 

(G band) has been used to gauge the increase in defect density. The nature of the 

G band will be discussed in the following section.42 

40000 """T---------~ 

>­i:::f ·~ 12000 J
;!:! 1 

E 
s 16000 1 

6000 
8000 


0 - -,-,..-,. ·- ·· . ..... _ __::_. 

500 1000 1500 2000 500 1000 1500 2000 

Shift {cm-1) Shift (cm-1) 

Figure 2.14: Raman spectra of SWCNTs samples, with excitation at 782 nm of 
(a) pristine, un-functionalized material and (b) functionalized with tert-butyl aryl 
groups. Reproduced with permission from [12]. Copyright 2001 by the American 
Chemical Society. 

2.2.2.4 The tangential mode (G band) 

The tangential mode, sometimes referred to as high energy modes 

(HEMs) 1 for carbon nanotubes extends from 1500 - 1600 cm· '. The appellation of 

the tangential modes (G band) highlights their connection to the graphite E2g G 

mode, located at 1582 cm·'. The tangential mode of SWCNTs has a broad band 

(or shoulder) at ~1540 cm·' and ~ 1593 cm·' when excited with a green laser. The 

vibrations are due to adjacent carbon atoms moving in opposite directions with 

respect to one another, either parallel (the longitudinal mode, LO) or 

perpendicular (the transverse mode, TO) to the tube axis, as shown in Fig. 2.15(a) 

44(Taken from ref.43 
• ) and are respectively called o+ and 0-. 
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Various Raman excitation energy-dependent studies have revealed slight 

45 46frequency shifts for the G band.39
• • This was suggested to be due to the 

diameter-selective resonance concept. These experiments were performed on 

bundles of different nanotubes of different diameter. However, Maultzsch et al.43 

proposed an alternative explanation based on a defect-induced double resonance 

scattering. Using this model, the frequency of the mode changes because the 

double-resonant scattering process enhances a different phonon of the same tube. 

This is comparable to the defect-induced D-mode. In contrast to the D-mode, the 

HEMs involve small-q phonons, which scatter the excited electrons across the 

conduction band minimum, and not across the f-point as depicted in Fig 2. l 5(b). 

(a) (b) 

0.0 	 0.5 LO 
k{T(o''a) 

Figure 2.15: (a) The tangential carbon vibrations along (LO, G+) and 
perpendicular (TO,G-) to the tube axis are depicted on the right for a 
semiconducting tube. (Reproduced with permission from [44]. Copyright 2003 by 
the Deutsche Physikalische Gesellschaft & Institute of Physics) (b) Schematic 
illustration of two double-resonance processes which lead to two HEM modes. 
The double-resonant processes (A and B) are initiated by the same laser energy 
for different electron wave vectors (k). Reproduced with permission from [43]. 
Copyright 2002 by the American Physics Society. 
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Processes A and B lead to less/more intense 0- and G+ peaks, respectively 

as larger DOS is involved in process B compared to process A (see Fig. 2.15(b) 

with cones for DOS magnitude) . The double resonance approach 1 has been used 

to explain the difference between the Stokes and anti-Stokes G band spectra.47 

Maultzsch et al. 43 have also suggested that the G+ and 0- frequencies, for 

individual SWCNT, increase and decrease with laser energy, respectively. Raman 

studies on single tubes and thin bundles have provided contradictory results. The 

G+ and 0- components of thin SWCNT bundles shifted using laser energies 

between 2.05 and 2.41 eV, which is in reasonable agreement with the double 

resonance theory.38 However, no shift in the G-band component was observed for 

individual SWCNTs with laser energies in the range l.9-2.5 eV.48 
' 

49 More 

rigorous investigations of individual SWCNTs are needed to determine the nature 

of resonance scattering of the G band, including the influence of the substrate,50 

and to advance the debate.51 Nevertheless, it is widely accepted that the broad 

shoulder of the G band (lower-frequency) in metallic SWCNTs is due to a Peierls­

like mechanism that causes the softening (broadening) observed.52 The softening 

in metallic SWCNTs is caused by the generation of a pseudo-band gap at the n 

bands crossing point (K point in the BZ (Fig 2.16)). In metallic SWCNTs the K 

points are parallel to the wave vector, and induced strains due to curvature still 

maintain the Fermi point on the wave-vector thereby retaining their metallic 

character. However, when the vibrations along the tube axis are invoked, the 

oscillations open a gap when the K point moves away from the allowed wave­
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vectors, as shown in Fig. 2. l 6(b ). This back and forth movement is suggested to 

create a broadening or softening of the G band as different electron-phonon 

modes become accessible. The vibrations perpendicular to the tube axis do not 

generate such gapping as the K point remains on the allowed lines (Fig 2.16 ( c ). 

(a) No displacement 

(b) Circumferential displacement 

.. .. 

"--­
(c) Longitudinal displacement 


--r~ 
-~ -~ 

<= JI\ 

~ 

Figure 2.16: Schematic drawing of the electronic band structure at the graphene 
K-point, illustrating the band structure of an armchair tube (crossing lines). In (a), 
no displacement is present. The changes in the band structure of the tube is 
demonstrated in (b) circumferential modes parallel to the circumference and ( c) 
longitudinal displacements parallel to the tube axis. Reproduced with permission 
from [52]. Copyright 2002 by the American Physics Society. 
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Recent reports from the IBM lab suggest the use of the G band as a gauge 

of doping. From their experimental and theoretical calculations it was reported 

that a 'hardening" or stiffening of the G band is observed when the Fermi level of 

metallic SWCNT is lowered into the valence band (p-type doping) due to phonon 

re-normalization. No linewidth change is observed in semiconducting SWCNTs 

despite phonon re-normalization because semiconducting SWCNTs have no 

states at the Fermi level which are required for damping.s3 An example of the 

doping effect on SWCNTs sonicated in solvents containing either electron 

withdrawing groups (EWG) or electron donating groups (EDG)s4 is depicted in 

Fig. 2.17. Molecules (e.g. amine goup) with EOG cause a broadening of the 

shoulder of the G-band, whereas depletion in the shoulder is observed with EWG 

(e.g nitro group). Other molecules such as SOCh lead top-type doping, where a 

depletion of the shoulder is observed.ss 
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......romat1·c , __ ati_._c_ 
"'E 1.0 - Arn itine a) - Butylamine b ) 
... : -BGn%ene -Hexane 
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liiil 1 96 "' L96eV 
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..._o.s 

..c_ 
~= 'a) o.o1.-......1t=:te:=::::::::..__.-J 
..... ----~..._____....____..~------~~---.......----......................-...--..............__,
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Figure 2.17: Raman spectra of the G-band for the samples treated in aromatic (a) 
and aliphatic (b) solvents, with various functional groups on the backbone, at an 
excitation energy of 1.96 eV (514 nm). Reproduced with permission from [54]. 
Copyright 2004 by the American Chemical Society. 
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2.2.2.5 The overtone D* mode 

The overtone of the D mode is referred to as D* (sometimes called G'). 

The nomenclature used in the literature can be confusing, the D* emphasizes its 

connection to the dispersive D band, whereas the G' notation emphasizes it does 

not require disorder. 37 The Raman feature is located between 2400 - 2800 cm-1 

and in contrast to the D mode defect scattering is not involved in the second-order 

overtone, based on a study done on graphite as shown in Fig.2.18.56 

(a) ordered graphite (b) disordered graphite 

'G =E2g 
G 

D* D* 

1400 1600 3000 1400 1600 2500 3000 

Raman shift (cm-1) 

Figure 2.18: Raman spectrum of (a) ordered single-crystal graphite (b) 
disordered graphite. The disorder induced defect, D-mode, is observed in the 
latter but is absent in the ordered sample. The intensity of the D* peak is 
approximately the same and is not induced by defects. Adapted with permission 
from [56]. Copyright 2004 by the Royal Society. 

Double resonance is also used to explain the dispersive nature of the D* 

peak, it shifts by 90 cm-1/eV; nearly twice as much as the D band.57 However, 

double resonance invokes the scattering of the electron by two phonons with the 

same energy but opposite wave vector as shown in Fig. 2.19.1
' 

51 
• 

57 An electron is 

scattered from and then back-scattered to the original i state by q>O phonon 

modes. The electron is excited to a state a, then scattered to b by a phonon q. lt is 
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then back scattered to c by another phonon of equal magnitude by opposite 

direction - q and then recombines with a hole at i. This is only a slight change in 

the double-resonance condition when compared to the D band, where a one-

phonon, one electron process involving an elastic scattering by a defect is 

invoked. Thus, the frequency and frequency shift of the D* is also doubled 

compared to the D peak. Since this mode is independent of defect concentration,40 

it has been used to scale the Raman spectrum of nanotubes to facilitate 

comparison.27, 55, 56, 58 

(a) 

Figure 2.19: Two-phonon second order resonance Raman spectral processes (a) 
Incoming and, (b) outgoing Stoke process. Adapted from [51]. Copyright 2003 by 
the Deutsche Physikalische Gesellschaft & Institute of Physics. 

Dresselhaus and colleagues59 have suggested the use of the D* feature and 

its shift to assess the p-doping characteristics of H2S04 treated SWCNTs. They 

have observed that the D* is sensitive to doping and when using a green laser the 

quasi-metallic SWCNTs are readily p-doped whereas semiconducting SWCNTs, 

due to their Fermi level position, are less susceptible to p-type doping. A very 

recent report suggests electron-phonon renormalization when charge defects are 

introduced in the SWCNTs structure. These defects are due to in-plane 

substitutional doping of carbon atoms by group Ill (e.g B) or group V (e.g. Nor 
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P) atoms, which causes a shift along with a double peak feature in the D* band.60 

An example regarding the D* shift, as shown in Fig. 2.20, was reported when 

SWCNTs are refluxed in SOCh.55 along with the observed change in G band 

upon p-doping (section 2.2.2.4). These authors have also made use of X-ray 

Photoelectron Spectroscopy to confirm p-type doping. 
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Figure 2.20: Raman spectra of pristine HiPco SWCNTs (black line) and 
SWCNTs refluxed in SOCb. Reproduced with permission from [55]. Copyright 
2004 by the American Chemical Society. 
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2.2.3 X-ray Photoelectron Spectroscopy 

(a) X-ray Source 
1 - 2 ke V Detector 

(b) E 
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. / 
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/Outgoing 


•••• electron 
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Vacuum-level 
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Figure 2.21: Schematic of a light source causing an electron to be emitted (a) and 
the energy level diagram and photo-electrons distribution produced by photons of 
energy hv (b). Adapted with permission from [61]. Copyright 1995 by Springer 
Verlag. 

When light from an X-ray Source (for e.g. Al Ka, 1486 eV) impinges on a 

solid surface, an electron is excited, which then escapes from the surface of the 

sample, and is recorded on the detector as depicted in Fig 2.21 (a) . The schematic 
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in Fig 2.21 (b) shows the energy-level diagram and the energy distribution of 


photo-electrons emitted in relationship with each other. The solid surface has core 


energy levels and a valence band (grey area). The vacuum level has an energy 


separation from the valence band called the work function (<!>). During 


photoabsorption, an electron from the core level is excited above the vacuum 


level by the energy of the x-ray source (hv) according to Eq (3.1) below: 


A+hv~A++e- (3.1) 


Thus this photoionization process can be described as follows, by invoking 


conservation of energy, where the species has an energy E(A) and the energy of 


the excited state is denoted by E(A +): 


E(A) + hv = E(A+) + E(e-) (3.2) 


The energy of the electron is considered to be solely due to kinetic energy (KE), 


therefore Eq (3.2) can be re-arranged to Eq. (3.3) 


KE = hv - ( E(A+) - E(A) ) (3.3) 


The terms in brackets are the energy difference between the ionized species and 


the neutral species. This is referred to as the binding energy (BE). Thus Eq (3.3) 


can be re-written as: 


KE=hv-BE (3.4) 


It is also common to plot the BE distribution instead of the KE distribution. The 


BE provides a measure of energy required to remove an electron from a core level 


to the vacuum level. The BE levels in solids are calculated with respect to the 


Fermi-level of the solid rather than the vacuum level. A small correction can be 


applied to Eq (3.4) above in order to account for the work function (<!>) of the 
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solid. The number of emitted photoelectrons as a function of their KE, can be 

detected by an electron energy analyzer to generate the KE distribution. The 

energy distribution of photoelectrons mimics the electron-energy distribution in 

the solid.61
• 

62 

This energy-distribution is a key feature of XPS, where the chemical 

environment of all elements present, except for hydrogen and helium, on the 

surface can be detected. Doping induces changes in the chemical bonding 

environment of the carbon atoms in the S WCNTs structure, which alters the 

Fermi level. A change in Fermi level can be correlated to a change in the BE of a 

spectral feature (for example that of Carbon atoms, C ls). Thus XPS has found 

use as a suitable tool to study doping.ss, 63 As examples, the core level spectra of 

carbon atoms (C ls) are shown in Fig. 2.22(a) to (c) depicting a shift, of 0.5 eV, 

0.2 eV63 and 0.4eV,ss after treatment with H2S04, HN03 and SOCh respectively. 

Another well-designed use of XPS to investigate doping was made by Yoon et 

al. 64
, where the authors studied the effect of varying the oxidation state of the 

chlorine atom in salts such as NaClO~ . Low oxidation states ( + l & + 3) of the 

halogen lead to n-type doping whereas the higher oxidation states ( +5 & + 7) lead 

top-type doping as shown in Fig. 2.23 . lt is interesting to note that the oxidation 

state plays a role and it is still unclear whether the oxidation state of nitrogen in 

nitric acid for example plays a role during doping or whether it is based only on 

protonation.65
' 
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Figure 2.22: High-resolution C 1 s spectra of SWCNTs treated in (a) H2S04 (B) 
HN03 and (c) SOCh showing a shift of 0.5, 0.2 and 0.4 eY respectively. (a & b) 
Reproduced from [63] by permission of the PCCP Owner Societies 2003. (c) 
Reproduced with permission from [55]. Copyright 2004 by the American 
Chemical Society. 

~~--- ----~--- -~------

C l s 

~ -·--c NaCIO +7--. 
.J:J: 

-~ +5 
~ 

~· < 
·~ +3 

---c: 
i:J­ +1 

Prlstin -
295 290 .....'8"'~ 280 

Bhuling eot>1·gy ( e \/) 

Figure 2.23: High-resolution C ls spectra of SWCNTs after oxidizing treatment 
with sodium salts of chlorine oxoanions. Reproduced with permission from [64]. 
Copyright 2004 by the American Chemical Society. 

2.2.4 Scanning Tunneling Microscopy and Spectroscopy 

Over the past two decades, Scanning Tunneling Microscope (STM) has 

gained acceptance as a characterization tool in the field of surface science.67
-
7 1 

The STM provides a local and real space structural image of a conductive surface 
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with a high spatial resolution. Often, the imaging capability is used to select and 

define a local area onto which further experiments can be performed. 

2.2.4.1 Basis of Scanning Tunneling Microscopy 

An STM is operated by positioning a metallic tip, which should be 

atomically sharp, a few angstrom above a conducting sample to which a bias has 

been applied with respect to the sample. At a distance of about I 0 A, a tunneling 

current will flow in between the sample and the tip. An SPM relies on electron 

tunneling, a quantum mechanical phenomenon forbidden according to classical 

mechanics. 

In a metal or a semiconductor, electrons exist within an energy range, 

shown by the shaded areas in the lD diagram (Fig. 2.24(a)). If a second metal or 

semiconductor is placed near to the first one and a potential difference is applied 

in between them, then the shape of the energy barrier is changed and there is a 

driving force for electrons to tunnel through the barrier (Fig. 2.24(b)). In classical 

mechanics, such a process is allowed if the energy of the electrons is raised above 

that of the energy barrier, so the electron goes over the barrier rather than through 

it. 
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(a) (b) 

Tunnel ba rrier 
E01 .------­

Figure 2.24: (a) Ep is the Fermi level and Es is the energy barrier for both non­

insulating materials respectively separated by a vacuum gap of distance z. (b) 
When a positive bias is applied to material two enabling electrons to tunneling 
from material one to the former. 

Quantum mechanics allows a finite , albeit small, number of electrons to 

transverse the barrier if the thickness z is small. The solution to the Schrodinger's 

equation inside the barrier has the general form: 

\]J(z) = \)J(O)e-KZ (3 .5) 

J2m(V-E) 
K=-----­

Where n , m = mass of electron, V = potential in the barrier, 

E = energy of the state, z = distance of gap, Ii = plank's constant. For states near 
the Fermi level, (V-E) is the workfunction. 

The probability that an electron will cross the barrier is the tunneling 

current (I), and it decays exponentially with the barrier width z as 

(3 .6) 


Only electrons with energies between the Fermi levels of the two materials 

can hmnel. Due to this constraint, electrons present in the filled states of the 

negatively biased material w ill tunnel into unfilled states, that must be available, 

in the positively biased material. The current is exponentially dependent on the 
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sample-tip separation that is, a 1 A change the sample-tip separation will change 

the current by one order of magnitude. An electronic feedback loop is used to 

keep the tunneling current constant by adjusting the tip-sample separation. Even if 

the tunneling current is only kept constant to 20%, the tip-sample separation is 

kept constant to 0.8 A. 69 

Because of the rapid decrease in tunneling current with tip-sample 

separation usually only a few of the outermost atoms on the tip contribute 

significantly to the tunneling current. In the best case scenario, the tunneling is 

due only to one atom on the tip, giving the instrument the ability to probe the 

surface with a single atom. 

The surface topography of a sample is measured by rastering the tip in an 

X-Y scan across the surface of the sample and measuring the height (Z) of the tip. 

An image can be made from the X, Y, and Z voltages, either as a top-view, with Z 

displayed as an intensity level or a 3-D shaded surface. The STM is an imaging 

technique that topographically profiles the electron density of a surface with high 

spatial resolution. When appropriate imaging conditions are met, electronic 

density around atoms can be seen. 

2.2.4.2 Introduction to Scanning Tunneling Spectroscopy 

Images from an STM also intrinsically contain data pertaining to the local 

electronic structure of the surface. The driving force for the tunneling process to 

generate a current is the potential difference applied between two electrodes. The 

70 




Chapter 2 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

different electronic states of the tip and the sample become available for tunneling 

and lend themselves to spectroscopic sh1clies. 

Scanning Tunneling Spectroscopy (STS) is a method for spectroscopic 

measurements of the density-of-states (DOS). It has the potential of locally 

probing a surface to gamer spectroscopic information on a material. Tunneling 

spectroscopy can be accomplished in a number of ways. The main concept of all 

tunneling spectroscopic experiments is to measure how the tunneling current 

16depends on the applied voltage.12
­

The experimental implementation of tunneling spectroscopy can vary 

depending on the energy range accessed, the amount of spectroscopic detail 

required and whether or not high spatial resolution is simultaneously required. 

Most tunneling spectroscopy investigations are made under constant tip-sample 

separation which is accomplished by momentarily interrupting the feedback 

controller while simultaneously measuring the tunneling current. To measure the 

empty and filled states on either side of the gap, it is necessary to scan through 

zero voltage. Scanning through zero voltage with the feedback (mechanism that 

controls the z-motion of the tip) on will cause the tip to crash into the surface. To 

overcome this problem, an interrupted feedback method was developed in which 

the tip is frozen at any particular (x,y,z) coordinate and the current vs. voltage (I­

. . . h d 72 73 V) charactenst1c 1s t us measure . · 
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2.2.4.3 Constant separation 1-V spectroscopy 

Constant tip-sample separation 1-V spectroscopy (referred to as constant 

separation I-V spectroscopy) is an energy resolved probe of the surface band 

features. The tip-sample separation is fixed for data acquisition. A larger dynamic 

range can be obtained by sampling at multiple tip-sample separations. While the 

· determination of the tunneling gap seems straight forward from the I-V curve, 

care must be taken to ensure that a sufficient dynamic range is covered so as to 

appropriately measure the band-gap. The gap can be overestimated due an 

insufficient dynamic range, during the measurement of the small tunneling 

currents, if the tip-sample separation is too large. 
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Figure 2.25: (a) 1-V characteristics of p-GaAs obtained at relative tip-sample 
separation (a) 0.0 A, (b) -1.2 A, (c) -3.2 A and (d) -4.8 A. (b) normalized current 
vs voltage from (i). Adapted with permission from [74]. Copyright 1987 Elsevier. 

To achieve a large dynamic range in the current, the measurement has to 

be 	repeated for several values of tip-sample separation. The example shown in 

Fig. 2.25 (a) above shows the 1-V curves for p-GaAs taken at different tip-sample 
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separations.74 1-V curves have features that are obscured by the exponential 

dependence of the tunneling current which varies based on both the tip-sample 

separation and the applied sample bias. These features result from the small 

density-of-states near the gap edge. This dependence can be partially removed by 

plotting the ratio of differential conductivity to total conductivity, [(dl/dV)/(IN)]. 

Taking the ratio of differential conductivity to current (dI/dV)/I, is equivalent to 

measuring the spectrum at constant-current. Multiplying by V, V0 x (dl/dV)/I = 
[( dl/dV)/(l/V)] which then cancels out the low-voltage divergence of the constant 

current method. The resultant "normalized conductivity" provides a relatively 

direct measure of the surface density-of-state as seen in Fig. 2.25 (b). 74 

2.2.4.4 Variable gap (V-gap) separation 1-V spectroscopy 

As discussed previously, the advantage of the constant-separation I-V 

spectroscopy method is that one is able to scan through zero voltage. A large 

dynamic range is achievable in the constant-separation method only by 

performing repeated scans at various values of the tip-sample separation. This 

procedure can be tedious for routine measurement since the resultant spectrum 

must always be "presented together" from a number of discrete segments. 

To allow for acquisition of spectra with a large dynamic range in a single 

scan, a different method was developed. The method was primarily elaborated for 

measurements on wide band-gap materials, in which large conductivity outside 

the gap and small conductivities inside the gap must be simultaneously measured. 
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The tip-sample separation is continuously varied while the bias voltage is 

scanned, using a linear ramp in the tip-sample separation. The separation is 

reduced as the voltage decreases from some starting value down to zero, and the 

separation is then increased from a pre-defined minimum as the voltage increases 

away from zero (Fig. 2.26 (c)).75 The total change in the tip-sample separation is 

typically 6 A, thus providing an additional four orders-of-magnitude of the 

dynamic range in the measurement. 
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Figure 2.26: Raw data for (a) the differential conductivity, and (b) the current, as 
a function of sample voltage. The applied variation in tip-sample separation is 
shown in (c) The total conductivity 1/V is shown in (d), with no broadening (solid 
line) and a broadening of/.':,,V = l V (dashed line). Reproduced with permission 
from [75]. Copyright 1989 by the American Physics Society. 

A modulation method is used to measure the differential conductivity 

dl/dV (Fig. 2.26 (a)), with the derivative evaluated at constant tip-sample 

separation at each point on the scan from Fig. 2.26 (b). 75 Given the total and 

74 




Chapter 2 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

differential conductivity along the contour of tip-sample separation, one can then 

perform the conventional [(dl/dV)/(I/V)] normalization of the data. A significant 

problem arises here for the case of wide band gap material. Near the edge of the 

band-gap the quantity 1-V approaches zero faster than dl/dY, so that their ratio 

diverges. This problem is a failure of the normalization method to provide a 

meaningful estimate of the surface state-density. To circumvent this situation, an 

approximate normalization method has been used in which I-V is broadened75
' 

76 

by a value of L'lV over the band gap region, with the resultant quantity denoted 

L'Y. The n01malized conductivity is then given by the ratio [(dl/dY)/(I/Y)]. 

2.2.4.5 1-z spectroscopy 

The attenuation length 1s required for correct normalization of the 

spectroscopic data from the V-gap measurement. This can be calculated from the 

1-z spectroscopic data. According to quantum mechanics the tunneling current 

decays exponentially through the gap width according to Eq. 3.5. With the 

feedback loop opened, the tip is moved away from the surface and the current at 

each step is recorded. A graph of the current vs. the distance the tip traveled 

yields the exponential decay of the curve which is equivalent to 2k. The value of 

k and hence an approximation of the barrier height itself can also be determined 

by obtaining spectroscopic data. The ratio of two current readings separated by a 

known distance is taken from the I-z data. Usually the attenuation length is the 

distance traveled by the tip between two current values that differ by e 2. 
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2.2.4.6 Literature STM/STS data on SWCNTs 

High resolution STM images of SWCNTs on Au have been reported, 

where the relationship between the structure and the electronic properties were 

probed in conjunction with STS. 77
' 

78 It was demonstrated that the nanoh1bes have 

a honeycomb lattice whose orientation, with respect to the axis of the SWCNT, 

allowed the determination of its chiral angle (geometric structure). STS data 

provides the variation of tunneling current versus bias voltage, which when 

normalized provides a direct measure of the Local Density of States (LOOS). The 

normalized conductance shows discontinuities which are characteristic of the 

DOS of a ID system and are used to ascertain the metallicity or semiconducting 

nature of the SWCNT being studied. The bias used, in the experiments described 

in this chapter, ranges from 50 mV - 1000 mV with tunneling currents in the 

pico-ampere regime. The image of a metallic SWCNT, recorded atop of a 

nanoh1be bundle on a Au( 111) substrate, with chiral indices (11,2) is shown in 

Fig. 2.27 (a) . The LOOS data is shown in Fig 2.27 (b) depicting finite states at the 

Fermi level indicating the metallic character of the tube. Fig 2.27 (b) and (c) show 

representative data for a semiconducting SWCNT with chiral indices (14,-3) 

which has a band gap of 0.75 eV. 78 
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Figure 2.27: STM images and spectroscopic data of a metallic (11,2) SWCNT (a) 
and (b) respectively, whereas (c) and (d) are the image and data for a 
semiconducting (14, -3) tube. Reprinted by permission from Macmillan 
Publishers Ltd: Nature (78), copyright 1998. 

Since then several other researchers including our lab have extended the 

use of STM to obtain more information about the spatial distribution of addends 

during covalent functionalization .79
-
85 The functional groups covalently attached 

to the wall of the nanotubes is believed to prevent atomically resolved images of 

the SWCNT within their vicinity. Kelly et al.82 were able to obtain an image of a 

fluorinated SWCNT as shown in Fig. 2.28 (a), where bright bands corresponds to 

the fluorine groups and contrast it with an image of un-functionalized SWCNTs 

in Fig. 2.28 (b), which was obtained with a C60-functionalized STM tip. More 

recently, Bonifazi et a!.80 were able to produce images of amine functionalized 

77 




Chapter 2 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

shortened SWCNTs as shown in Fig 2.28 (c), which again shows bright bumps 

related to the addends. In 2008, Zhang, J; Kelly, F.K and co-workers85 reported 

the use of self-assembled monolayers of thiols on gold to provide a hydrophobic 

surface to prevent the individual functionalized SWCNTs from moving on the 

surface. The study reports the tedious nature of sample preparation for STM 

studies, which is the main challenge, thereby slowing down the investigation for 

more research using this technique. This topic will elaborated further in the next 

chapter 3. 

Figure 2.28: 86 nm x 18 nm STM image of a fluorinated SWCNTs (a) with 
bright spot corresponding to fluorine groups when compared to un-functionalized 
S WCNT 17 nm x 2.5 nm STM image (b ). An amine functionalized shortened 
SWCNT (48 nm x 12 nm) STM image, with bright bumps representing 
functionalities . Reproduced with permission from [82 & 80]. Copyright 2006 by 
the American Chemical Society and copyright 1999 by the Elsevier. 
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Chapter 3: Tip-Sample preparation and instrument set-up for 

characterization with Scanning Tunneling Microscopy 

3.1 Introduction 

Scanning Tunneling Microscopy (STM) and Scanning Tunneling 

Spectroscopy (STS) can reveal vast amounts of information locally on a surface 

but its potential is not trivial to unveil. The tip and sample condition are crucial 

parameters that determine the stability and resolution of the images and spectra 

collected. The mechanical interactions between the tip and sample are very 

important but not well understood 1-
4 because the chemical identity and packing of 

atoms at the tip apex is particularly difficult to control or quantify. Despite this 

intricateness, several methods have been developed to make clean sharp tips for 

imaging with atomic resolution. 

3.2 Tip-preparation 

The probe is often made from metals such as for example W or an alloy 

such as Pt-Ir which have d-band electrons at the Fermi-level. It has been 

suggested that the d-band tip is more sensitive to small features because electrons 

that tunnel to and from these orbitals are strongly localized when compared to 

electrons in the s-states.5•
6

•
7 Although most imaging is done with W or Pt/Ir tips, a 

10probe can be coated or made of pure metals used such as Ag8 or Au.9 The 

conical shape of the tip is also important, with the diameter of the metallic wire 
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ranging between (0.25 to 0.5 mm) 11 to suppress resonance. A short height of the 

cone is also preferred that is the tunneling tip coming to an apex rapidly (an 

exponential decrease in radii 12 
). A variety of methods to prepare a tip and they 

can be classified into two groups: mechanical and electrochemical routes. 

3.2.1 Tip preparation methods 

Mechanical grinding 13 was initially used to produce tips from Wand Pt or 

Pt/Ir but leads to limited stability. 14 Pt and Pt/Ir wires are softer and more 

malleable than W, which renders it easy to clip the end of the wire at an acute 

angle with a wire cutter or scissors. This method is conveniently used for STM 

imaging in air. In our case for UHV imaging electrochemical etching is employed 

to prepare W probes (purchased from Alfa Aesar). The electrochemical etch 

consists of immersing the end of the W wire (0 = 0.25 mm) into a NaOH (3M) 

solution and supplying a milliamp DC current through the circuit (Fig. 3.1 ). The 

W wire is the anode while the cathode is a Pt-Ir loop as shown in Fig. 3. 1 (a). An 

hour glass shaped neck is formed at the etchant surface (Fig 3. I (b)) as the 

process progresses, thinning to the point of gravitationally induced fracture by the 

lower immersed portion of the W wire. To prevent dulling of the sharp point, the 

etching bias is terminated at the time of the fracture by an electric circuit designed 

to detect a sudden drop in current15 and by manually pulling the tip out of the 

NaOH film (to prevent tip dulling) using a micrometer XYZ stage. Following a 

brief cleaning in ethanol and distilled water, the tip is introduced into UHV after 

passing visual inspection in the optical microscope. 
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/!--------~ +
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4 
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Figure 3.1: Schematic diagram of the electrochemical cell showing the tungsten 
wire (anode) being etched by NaOH. The cathode consists of an Pt-Ir loop which 
surrounds the anode. (b) A schematic illustration of the etching mechanism 
showing the "flow" of the tungstate anion down the sides of the wire in solution. 
Adapted from [ 15]. 

3.2.2 UHV cleaning and sharpening of the tip 

The etched W tip is further cleaned and sharpened in U HY since the as-

prepared surface of the tip is in an impure state (oxide layer and residual 

contaminants from etchant medium). The known in-situ methods are rather simple 

but time-consuming. Binnig and co-workers 13 made use of"gentle" contact to a Pt 

surface followed by vertical ultrasonic cleaning of the tip using a high frequency 

modulator. Our treatment consists of a 30 second electron bombardment with a 

+500 V bias applied on the tip. 11 The tip is placed within close proximity to a 

conductive surface, either a space reserved on the samp le not to be analyzed or 

preferably in our case an annealing filament underneath the sample stage. With 

the scanning head fully retracted, the heating filament under the stage is brought 

near to the tip, which was located in the transfer holder on the sample stage. A 

DC power supply provides a current of about 2.5 A to the filament or until an 
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orange glow is observed. A high-voltage power supply is used to bias the tip 

(+500 V) and a 5 mA emission current is observed between the tip and the 

filament, during this electron bombardment. The pressure change inside the 

chamber is monitored and allowed to stabilize down to the low 10-10 torr during 

this procedure. Pressure surges are often observed, which is a good indication that 

the oxide layer or other contaminants are being removed. This procedure can be 

repeated until large pressure fluctuations are no longer observed. 

Field emission is then performed on the tip to sharpen it. A Keithely 

current amplifier is connected to the tunneling tip. The amplified signal is 

monitored by an oscilloscope (where a 1 nA signal corresponds to 1 V). With the 

high voltage applied to the filament this time and (the previous DC power supply 

is removed) the voltage is slowly increased to several hundred volts. A field 

emission current of 1 nA is maintained and the bias voltage, on the filament, is 

increased to sharpen the tip. The field emission procedure is suggested to cause 

field migration of atoms that sharpens the tip at the apex closest to the surface. 

This can result in some Joule heating assisted sharpening as melting and re­

solidification results in formation of micro-tips at the surface.16 It has been 

proposed that micro-tips are present at the tip's apex. 17
' 

18 However, their origin is 

not clear as they are also present in mechanically cut tips. 11 This can be an 

important factor that affects the stability of the tip and subsequent observation of 

surface features. 
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Tip preparation forms a vital part of the experiments performed. Images 

can be obtained by two modes: constant-height or constant-current mode. The 

images presented were mostly obtained under constant-current mode unless 

otherwise stated. The images are unfiltered but background corrected to improve 

color contrast. ln constant-current mode a feedback mechanism is enabled, which 

maintains the tunneling current constant by adjusting the height of the scanner at 

each measurement point. As the tip is scanned over the sample, the vertical 

position of the tip is altered to maintain a constant current, as shown in Fig. 3.2. 

The signal required to alter the vertical tip position is the image, which represents 

a constant charge density contour of the surface. 

Figure 3.2: Schematics of the constant-current mode where the top line 
represents the constant tunneling current signal and the bottom line the movement 
of the tip across a mono-atomic step. 

An alternative imaging mode is constant-height. The tip travels in a 

horizontal plane above the sample and the tunneling current varies depending on 

the topography and the local surface electronic properties of the sample, as shown 

in Fig 3.3. The variations in the tunneling current between the tip and the sample 

generate the image. 
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tip 
across a mono-atomic step 

Figure 3.3: Schematics of the constant-height mode where the top line represents 
the varying tunneling current signal and the bottom line the constant movement of 
the tip across a mono-atomic step. 

Each mode has its advantages and disadvantages. Constant-height mode is 

faster because the piezoelectric tube does not need to be altered. It provides a fast 

response and useful information on smooth surface. Constant-current mode can 

measure irregular surfaces with high precision, but it takes more time. 

3.3 Setting up STM and STS on defined surfaces 

The most common and straightforward way to evaluate the performance of 

a tip is the quality of the images obtained with the tip. If sufficient resolution is 

attained then the tip is adequate. A tip and the instrument can be tested using 

classical substrates such as Si(l 11) and highly ordered pyrolytic graphite (HOPG) 

(purchased from Virgina Semiconductors, thickness = 500 µm, p = 0.01-0.005 

Qcm-1 and Alfa Aesar respectively). 

3.3.1 Setting-up the STM 
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The Si surface has to be freshly cleaned prior to imaging. With the DC 

power supply connected to the sample heating filament, a constant current of is 

provided to the Si substrate (2.8 A current is supplied to heat a 3x7 mm2 Si 

sample). This procedure degases the Si surface and the sample is heated at about 

600 °C for 5 h with a base pressure of < 1 x 10-9 torr. A dark red glow is observed 

along with some pressure fluctuation during heating. After degassing, the sample 

is allowed to cool to room temperature (RT) prior to flash annealing (4.2- 4.3 A is 

delivered for 30s by a DC power supply). This step "flashes" the oxide off the 

sample by heating it several times for 30 s at 1200-1250 °C and maintaining a 

pressure below 1.5 x 10-9 torr. The sample is slowly cooled down by gradual 

decrease in current, which allows for reconstruction. When the pressure 

fluctuation is brought to a minimum the flashing can be stopped. Even though the 

head is fully retracted, extreme care has to be taken to prevent overheating the Si 

substrate as it can lead to Si atoms being deposited on the scan head. Once the 

surface is prepared it can be imaged. Fig. 3 .5 (a) shows an image of the Si (111) 

7x7 reconstruction under negative sample bias, where the filled states of the 

sample are probed. 

Graphite is another example of a well characterized surface in literature.19 
­

24 Freshly cleaved highly ordered pyrolytic graphite (HOPG, 1 mm thick 

purchased from Alfa Aesar) was prepared using scotch tape to peel off the top 

layers of graphite, which are held together by van der Waals forces. 25 Graphite 

consists of layers of hexagonally arranged carbon atoms. Neighboring layers are 
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shifted with respect to each other to form an ABAB stacking. As result of this 

type of stacking, three atoms in a hexagonal ring in the top layer of graphite 

interact via van der Waals forces with three other atoms in the bottom layer. The 

non-interacting carbon atoms appear as protrusion on the surface. 25
-
27 

25 AGraphite is comparatively easier to image in air than under vacuum.23 
• 

trigonal lattice is observed on HOPG (Fig. 3.5 (b)) as opposed to the actual 

hexagonal lattice (honey-comb structure) because of the ABAB type stacking. 

The STM reveals the electron density around the atoms and as such is not an 

image of "atoms" but the density of states being probed around the nucleus of an 

atom. The corrugation is influenced, not only by the local density of states, but 

also by the tip-sample interactions.22 The forces between the tip and the sample 

have to be taken into account for soft layered samples such as HOPG when 

imaged in ambient air, where a high value of about 1 o-6 N was obtained which 

was suggested to be mediated by contaminants.23 In vacuum, the force between 

the tip and the sample are weaker and the contaminants that mediated imaging of 

HOPG in air are absent. 
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(b) 

a1 
Figure 3.4: (a)7.4 nm x 7.4 nm image of Si(l 11) 7x7 reconstruction obtained 
with Uss = -810 mV and h = 1.0 nA (b) 187 nm x 187 nm HOPG surface imaged 
with Uss = -350 mV and h = 2.0 nA. 

3.3.2 Setting-up the Scanning Tunneling Spectroscopy 

Tunneling spectroscopic data can also be acquired with an STM. HOPG 

provides a good reference point to set-up the instrumentation for scanning 

tunneling spectroscopy (STS). The image from an STM does not reveal the 

positions of atoms but rather the local density of states on a surface and, as such, 

it is possible to get spectroscopic information without atomic spatial resolution. 

However, the information is also a convolution between the electronic properties 

of the sample surface and the tip. Therefore, the tip-sample interactions become 

important and tip related issues such as tip stabi lity cannot be ignored, a blunt tip 

is preferred for stability.28 Neverthe less, the STS provides a complementary 

method to gather more information locally on a surface, which can be de­

convoluted by using modulation techniques. 
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Figure 3.5: The I-V data recorded on HOPG and (b) the normalized spectra of 
the occupied and un-occupied electronic states. Adapted from [29]. Copy right 
2000 Elsevier. 

A typical I-V curve obtained on HOPG by Klusek and co-workers29 1s 

shown in Fig. 3.5 (a). The curve shows an asymmetric shape, the tunneling 

current is higher for the negative polarization of the sample than for a positive 

voltage of the same value. This type of asymmetry is distinct of pure graphite 

surfaces. Figure 3.5 (b) shows the corresponding dl/dV curve.29 Investigations 

lead by Klusek et al. 29
•
30of the band structure have shown that the low energy 

region of the valence band is of the 0 character, while the high energy region, is 

mainly of then: character.31 

The STM/STS experiments were performed at low temperature ( ~86K) 

with the RHK 300 STM in UHV conditions. The base pressure during the 

experiments was <2 x 10-10 torr. The tip was prepared by chemical etching of 

tungsten (W) wire. Figure 3.6 (a) shows how the tip moved as the bias was 

ramped from -0.5 V to 0.5 V. The tip height changes from a maximum of 7.6 A to 

a minimum of 4. 7 A at a rate of 6 A!V. The 1-V curve collected on HOPG is 
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shown in Fig. 3.6 (b), it was acquired by modulating the app lied bias, with a 

frequency of 10 kHz and amplitude of 100 VRMs, while covering a range of-0.5 V 

to 0.5 V. Figure 3.6 (c) shows the [(dI/dV)/(l/V)] spectrum obtained from the 

lock-in amplifier. The data corroborates well with the literature.29 A small 

depression at -0.23 V is observed, which is correlated to Negative Differential 

Resistance (NDR). 32 NOR is often present in the I-V data due to localized atomic-

like states on the surface sites, or on the tip itself The presence of oxygen 

molecules on either the tip or the sample is a frequent cause of NOR. 

(a) (b) (c) 
8-- 8

<{ 
~4::: 7 c ..c 
::: 0 c~ 6 

..c a> 
t: -4 

a. 5 :J 
I­ () -8 

-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 
Voltage (V) Voltage (V) Voltage (V) 

Figure3.6: Spectroscopic data for at 80 Kon HOPG (a) 1-V characteristic (b) 
dI/dV data of the 1-V curve in (a) and (c) the movement of the tip data as the tip 
is ramped. 

3.4 Surface preparation for SWCNTs imaging 

Gold (Au) substrates are suggested to be relatively inert and chemically 

stable surfaces for imaging SWCNTs.33
-
36 Other substrates such as Si(l 11) and 

HOPG are not ideal candidates. The sample deposition in our case is done ex-situ, 
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which would defeat the purpose of cleaning and defining the clean Si(l 11) inside 

the UHV chamber. HOPG has features such as grain boundaries and grain walls37
­

40 that can hinder the imaging of SWCNTs (Fig. 3.7), it has been shown for 

example that grain boundaries40 can be misinterpreted as DNA molecules.41 In 

contrast, Au substrates would not anchor SWCNTs as HOPG would via 11:-1r 

interactions, which could prevent interference from the substrate and its relative 

chemical inertness in air compared to clean Si(l 11 ), make it a relatively better 

candidate as a surface.42 

Figure 3.7: A 1 µm x 1 µm image numerous linear like features on HOPG taken 
with Us8 = -350mV and h = 1.0 nA. 

3.4.1 Gold substrates and annealing procedures 

A well defined flat substrate is required for discernible imaging of 

SWCNTs on the surface. Electron beam evaporation was used to deposit Au, 

under high vacuum, onto the oxidized Si( 111) surface up to a thickness of 2000 A 
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in a clean room facility (CEDT, McMaster Uni.). Au was also evaporated on thin 

sheets of mica (SPI, V 1 grade, thickness 0.15 mm) at a rate of 2 A/s up to a 

thickness of 1500 A using a home-built deposition chamber (Dr. Dhirani ' s group, 

Chemistry Dept. , Uni. of Toronto) . The mica substrates were placed on the 

sample stage and baked to remove humidity inside a vacuum chamber. Presence 

of water on the sample inhibits adhesion of the Au on the mica. The chamber was 

pumped down(rough pump and turbo pump) and the temperature was incremented 

and decremented over a period of 9 hours (baking time) and 3 hours (cooling 

time) respectively. The temperature of the mica surface was maintained at 300 °C 

to ensure the formation of a flat Au surface.43 Another type of Au substrate was 

made where Cr was used as an adhesive layer to prevent Au dewetting44 during 

annealing. The freshly cleaved mica substrate was first baked over night to 

remove humidity and a 29 A thick layer of Cr was deposited onto it. The chamber 

was then opened and the Cr stick was replaced by a "boat" that holds a pellet of 

Au. About 3000 A of Au was evaporated at a rate of 1 A!s, while maintaining the 

surface at a temperature of 300 °C using a Hg lamp during the deposition. The 

sample was further baked for 1 h at 350 °C to flatten the surface via annealing. 

4­
The substrate can be further annealed ) using a butane torch gun to promote the 

formation of the thermodynamically more stable Au(l 11) surface. 46 

Our aim is to get a well defined flat Au substrate to image SWCNTs. Au 

on Si(l 11) did not yield a smooth surface after annealing (Fig. 3.8 (a)). The Au 

film diffuses into the silicon substrate47 along with de-wetting44 during annealing 
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resulting in a surface that does not have flat terraces. The Au on mica substrate 

yielded a reasonably flat surface, after gentle annealing with a butane torch gun 

for 30 s, as shown in Fig. 3.8 (b). Directly annealing the surface with a torch gun 

at 1300 °C for longer resulted in "bubbling up" and partial peeling of the gold 

film on the mica. Persistent annealing leads to exfoliation of the mica substrate 

causing permanent damage. 

The absence of an adhesive layer between the Au and the mica is believed 

to be the source of the problem. The surface produced when annealing 

Au/Cr/mica substrate has flat domains similar to the Au on mica substrate (Fig. 

3.8 (c)) The Cr layer prevents peeling off of the Au layer during direct annealing 

with butane torch but this also results in contaminants adsorbing onto the surface. 

An indirect annealing technique was employed to improve the surface 

morphology and cleanliness. The Au substrate was placed inside a boiling tube 

and flushed with dry N2 while the tube was externally heated for l min at ca. 680 

°C, the sample is further heated for 2 ruins. at ca. 500 °C by increasing the 

distance of the flame from the end of the boiling-tube. This method developed by 

Nogues et al.46 reproducibly generates flat Au films on mica, as shown in Fig. 

3.8(d) and Fig. 3.9, in the absence of an adhesive layer and also prevents 

contamination and sample damage by direct annealing. The thicker Au samples 

required longer processing times which did not always yield reproducible results. 
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Figure 3.8: STM images of the different Au substrates: (a) A 3.9 µm x 3.9 µm 
image of Au on Si(l 11) taken with Us8 = -250mV and h = 1.5 nA. (b) A 1.74 µm 
x 1.74 µm image of the annealed Au/mica taken with Us8 = -250 mV and h = 201 
pA. (c) A 0.26 µm x 0.26 µm image of the annealed Au/Cr/mica taken with Us8 = 
-250 mV and h = 340 pA and (d) 0.53 µm x 0.53 µm image of Au/mica with Us8 

= - 450mV and h = 0.5 nA 
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Figure 3.9: A 0.39 µm x 0.39 µm image of the freshly annealed Au/mica taken 
with Us8 = - 450m V and h = 0.5 nA. 

3.4.2 Imaging SWCNTs on gold substrate 

Deposition of SWCNTs samples, whether functionalized or not, is a 

crucial step before imaging them in vacuum. Surface preparation can be 

performed in-situ48 or SWCNTs can be leaked inside a vacuum chamber49 but 

these techniques are neither trivial nor accessible to all labs. Most samples are 

prepared ex-situ and the SWCNTs are routinely processed using wet-chemistry. 

Various methods have been explored to spread the SWCNTs onto the substrate. 

The SWCNTs once sonicated in a solvent can be either spin-coated, sprayed or 

blotted drop-wise onto a surface using a syringe. 

3.4.2.1 Imaging unfunctionalized SWCNTs on Au substrates 
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Blotting a suspension of un-functionalized SWCNTs (u-SWCNTs) in 

methanol onto Au/mica substrates results in SWCNTs clumping on the surface as 

the solvent (MeOH) re.cedes during drying. An unconventional approach using 

electrospray ionization (ESl) was used to limit sample re-aggregation during 

deposition. The ESl is commonly used in a gas-chromatography-mass 

spectrometer (GC-MS) to ionize small amounts of large molecules such as 

peptides, proteins, organometallics and polymers. A 0.01 mg/ml suspension of u­

SWCNTs in methanol was sprayed onto the annealed Au/mica substrate. (Fig. 

3.10). A big bundle with a width of about 30 nm is observed along with thinner 

bundles being stripped away in the direction of the scan (x-axis). Similar 

displacements of individual or thinner ropes of SWCNTs from a bundle50 have 

been reported to be due to electrostatic interaction51 between the tip and the 

nanotube. The SWCNTs can be inadvertently moved by the tip-sample 

interactions, which limited data collection. Other spraying methods have been 

explored such as hand-held atomizers to deliver a small dose of material on a 

heated surface to improve evaporation of the solvent and limit aggregation. 

However, aggregations were still observed on those surfaces. 
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Figure 3.10: A 1.36 µm x 1.36 µm image of the annealed Au/mica with un­
functionalized SWCNTs taken with Us8 = - 250 mV and h = 5.5 nA. 
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Figure 3.11: (a) A 5.0 µm x 5.0 µm image of the annealed Au/mica with 
unfunctionalized SWCNTs (b) A close-up view (black box) of (a) 0.5 µm x 0.5 
µm image of the annealed Au/mica both taken with UsB = - 0.6 V and h = 0.5 nA 
& h = 150 pA respectively. (c) Zooming-in (red box) on the bundles of 
SWCNTs observed in (b) shows a 41.5 nm x 41.5 nm image of taken with Us8 = 
- 450 m V and h = 40 pA. ( d) Same area imaged at constant height with same 
sample bias. 
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3.3.2.2 Imaging Bingel functionalized SWCNTs 

The nanotubes used in this project were functionalized via the Binge! 

reaction. 50
•
52

•
53 This covalent functionalization scheme was chosen as it required 

room temperature. reaction ·conditions, which would allow "in-situ" 

functionalization to be observed using an ambient STM. The SWCNTs (batch # 

. . 

PO 257, 15 wt% residual mass) 'were purchased from Carbon Nanotechnologies 

Inc. , TX. The SWCNTs were functionalized via the Binge! reaction following 

literature protocols.50 Briefly, the SWCNTs (10 mg) were dispersed via sonication 

in o-dichlorobenzene (ODCB) for 20 mins in a flame-dried 50 ml round-bottom 

flask. After sonication, 0.5 ml of l ,8-diazabicyclo[5.4.0]undec- 7-ene (DBU) and 

0.3 ml of diethylbromomalonate were slowly added to the flask. The mixture was 

stirred for 20 h and then quenched with trifluoroacetic acid followed by an 

additional stirring for 5 min. The material was filtered over a 0.2 µm PTFE filter 

and washed with copious amounts of ethanol. The filter cake (sometimes referred 

to as "bucky-paper") was allowed to dry under ambient conditions. Trans­

esterification was performed by prolonged stirring of the functionalized material 

in 2-(methylthio)ethanol in diethyl ether for 12 h, as shown in Fig. 3.12.53 All 

chemicals were purchased from Sigma-Aldrich and PTFE (47 mm, 0.2 µm) filter 

membrane was purchased from Pall Life Science. 
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Figure 3.12: Cycloprapanation of a SWCNT via the Bingel reaction (a) Binge! 
reaction: diethyl bromoinalonate and DBU, stirred for 24 h RT with SWCNTs 
sonicated in ODCB (bi) Trans-esterification with 2-(methylthio)ethanol in diethyl 
ether, 12 h. Adapted from [ 49 & 52] 

55The cyclopropane ring bridges 2 carbon atoms53
- on a hexagonal ring 

that has been proposed to cause cleavage between the two contributing atoms of 

the sidewall. 56 The effect of the strain, due to cyclopropanation, is relieved and 

the conductance of the SWCNT is not drastically affected.5657 This hypothesis 

relies on the retention of the sp2 hybridization of the carbon atoms along the 

nanotube wall and the presence of a sp 3 hybridized atom bridged out of the plane 

of the nanotube lattice, which would not enhance the D peak in the resonant 

Raman spectra.58 Our goal is to not only investigate the degree of 

functionalization, in view of quantifying it, but also to understand the effect of 

functional groups on the electronic properties of the tubular structure. Especially 

in the case of the intriguing Binge! reaction, that provides a way towards grafting 

functional groups on the sidewall under ambient conditions; while potentially 

retaining the inherent properties of the SWCNTs. Once a fundamental 

understanding of the functionalization of SWCNTs is achieved, one can envisage 
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that nanotubes can be tailor made for potential applications such as nano­

electronic devices. 

The Binge! functionalized SWCNTs (0.04 mg/ml)59 were sprayed onto the 

substrate using a homebuilt atomizer to prevent aggregation. Figure 3.13(a) shows 

the presence of two bundles on the surface with cross-section (Fig 3.13 (c)) 

labeled A on Fig. 3.13 (a) revealing a protrusion having about 12 nm thickness. 

Even at low temperature, the SWCNTs can still be displaced by the tip-sample 

interactions as shown 111 Fig 3.13 (b). The SWCNTs 

bundle is moving along they-scanning direction (black arrow). 
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Figure 3.13: 0.68 µm x 0.68 µm images of annealed Au/mica substrate with 
Binge! SWCNTs taken with Us8 = - 20 mV and h = 2 nA showing (a) one bundle 
(b) two bundles and ( c) cross-section labeled A on previous image. 

Spin-coating was also used to deposit Bingel SWCNTs onto the Au 

covered substrate; the surface is blotted before spinning to spread the solvent 

(MeOH) containing the functionalized SWCNTs. Data collected on a bundle of 

SWCNTs is shown in Fig. 3.14 where numerous strands of SWCNTs have been 

observed. The sample preparation plays a key part towards imaging the SWCNTs, 

the tip-sample interactions along with inadequate SWCNTs-surface interactions 

limited data capture. 

107 




Chapter 3 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

20A 

Figure 3.14: A 23.7 nm x 23.7 nm image of the annealed Au/mica spin-coated 
with Bingel SWCNTs taken with Us8 = - 250 mV showing numerous bundles on 
the surface. 

An intriguing observation of data collected in literature on un­

functionalized SWCNTs taken at 5 K by Lieber and colleagues33
-
36 often depicts 

atomically resolved SWCNTs atop of a bundle, although the substrate used is 

gold. The presence of big bundles helps to anchor the top SWCNT onto the 

surface during imaging, thereby improving the SWCNTs-surface interactions. 

The lowest temperature achieved with the RHK UHV system is about 80 K with 

liquid nitrogen. In our case, the low temperature contributed towards adsorption 

49 of contaminants (solvents and reagents)48 onto the surface deteriorating the 

imaging condition (Fig. 3.13 (a) & (b)). 

In order to improve anchoring of the Bingel functionalized SWCNTs onto 

the surface a thiolation step was used. The malonate groups on the cyclopropane, 

following the Bingel reaction were thiolated with 2-(methylthio)ethanol via a 
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trans-esterification53 step (as shown previously in Fig. 3 .12). This step was 

employed to make use of the S-Au interaction to anchor the thiolated Bingel 

SWCNTs onto the substrate to improve SWCNTS-surface interactions. This 

however had limited success as the thiol groups favorably interact with the Au 

surface but this did not prevent lateral motion during scanning. 

Recent work done by Kelly and co-workers60 confirmed that low surface 

coverage of the substrates with SWCNTs tethered with thiol groups still undergo 

surface diffusion. They reported perturbation observed during STM imaging on 

bare gold surfaces which was related to electrostatic interaction51 between the tip 

and the nanotubes. Furthermore, the Au-S interaction is reported to have an 

adsorption energy61 between 200-390 kJ/mol depending on the sulfur species 

which enables it to withstand desorption when compared to common 

physisorbates. But its barrier energy towards surface diffusion is relatively small 

at low alkanethiols coverage.62 Kelly and colleagues60 were able to circumvent 

the problem by using a self-assembled monolayers (SAMs) that provided a 

hydrophobic interface to minimize surface movement of the nanotubes during 

imaging. 
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3.5 Summary 

The tip-sample interactions and the sample-substrate interactions play an 

important role but are not fully understood.4 The choice of substrate was guided 

by previous atomically resolved images of un-functionalized SWNCTs. Similar 

well resolved images of functionalized SWCNTs have, to date, not been obtained 

50 60 63 66despite efforts by various research groups,42
' , , - as imaging is inhibited by 

the presence of the functional groups. In retrospect, the diazonium67 reaction 

could have been a better choice because its has been unambiguously 

characterized. However, in this reaction ODCB was also used as solvent initially 

and the solvent-less diazonium reaction was only publicized later. 68 The issues 

related to unknown and conspicuous residues (from wet-chemical processing59
) 

that were observed (Fig 3.13) after deposition of the functionalized SWCNTs on 

the surface would still have been problematic with the diazonium reaction too. 

Again, with hindsight AFM should have been used to gauge the quality of the 

substrate prior to UHV imaging. Fig. 3.15 shows a comparative AFM images 

obtained in tapping mode of unfunctionalized SWCNTs (Fig. 3.15 (a)) in relation 

to SWCNTs sonicated in ODCB for 15 min (Fig. 3.15 (b)), where the latter shows 

bigger bundles enrobed in a soft material, a sonochemical polymer. 
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Figure 3.15: AFM tapping mode height images of (a) unfunctionalized SWCNTs 
and (b) SWCNTs sonicated in ODCB for 15 min on freshly cleaved mica. 

During the course of this work, there has been a report proposing the 

formation of sonochemical polymers during sonication of o-dichlorobenzene 

(ODCB)69
, which was reported to be the best solvent70 to disperse the SWCNTs 

prior to functionalization. Later literature report done by other workers7 1 again 

suggested the presence of polymeric material when ODCB is used as solvent. 

These researchers have questioned the importance of the solvent during the wet-

chemical processing of SWCNTs. Recent work done in our group72 and by 

others73 have shown the inadvertent effect of certain solvents on gold substrates. 

SWCNTs are also poised for potential use as sensors as they are sensitive 

to their chemical environment.74 In order to obtain a well defined surface a better 

understanding of the effect of wet-chemical processing on the SWCNTs is 

required for a better control of sample characterization. Therefore, it is necessary 

to investigate whether wet-chemical processing can chemically modify SWCNTs 

by paying particular attention to the sonication step, which can be studied using 

Raman, UV-vis-NIR and XPS spectroscopic techniques. These methods can be 
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used to assess the effect of solvent and reagent interaction. 63
• 

69
• 

7 1 Firstly, ODCB 

will be used as a model solvent in chapter 4 to investigate the nature of the new 

species formed during sonication and understand how these species influence the 

properties of SWCNTs. Irreversible damage are also suggested to be introduced 

when SWCNTs are sonicated in ODCB.69
• 

7 1 Secondly, the discrepancies with 

regards to both Raman and UV-vis-NIR spectra suggesting covalent 

functionalization will be addressed in chapter 5. It is imperative to interrogate the 

nature and interaction of the species formed during sonication in order to 

determine whether covalent bonds are formed using these aforementioned 

techniques. Thirdly, other methods of dispersion will be investigated in chapter 6. 

Sonication in aqueous medium (water) is another pathway used to disperse 

nanotubes with the help of additives such as surfactants prior to other chemical 

modification. This can be used for individualization and placement of SWCNTs 

on a surface for STM characterization. By understanding the sonication step a 

better protocol for sample preparation can be achieved. 
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Chapter 4: To dope or not to dope: The effect of sonicating Single- Wall 

Carbon Nanotubes in common lab solvents on their electronic structure 
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This chapter describes how the initial step of processing SWCNTs alters 

their electronic properties. Single-wall carbon nanotubes are commonly dispersed 

via sonication in a solvent prior to functionalization. We show that solvents such 

as dichloromethane, chloroform, 1,2 - dichloroethane and o-dichlorobenzene lead 

to an upward shift in the Raman response of the SWCNTs. We have used o­

dichlorobenzene as a model molecule to explain this effect and an upward shift of 

9 cm-1 is observed in the D* band. This blue shift is associated with p-type doping 

and only triggered when the nanotubes are sonicated in the solvent. Sonication 

decomposes the chlorinated solvents and new species (Ch and HCl(g)) are formed. 

The catalytic Fe nanoparticles inherently present in the nanotubes are etched by 

chlorine and hydrogen chloride to form iron chlorides during sonication in the 

solvent. The dopant was identified by XPS. With such knowledge of doping, the 

choice of solvent becomes crucial for any chemical reaction and can be 

intentionally tuned to produce SWCNTs films for electronics applications. 
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4.1 Introduction 

Single-wall carbon nanotubes (SWCNTs) are quasi-ID structures that 

have desirable electronic properties, very good mechanical strength and high 

thermal stability. 1 Therefore they have numerous potential applications ranging 

from composite materials2 to chemical sensors.3
' 

4 Current bulk syntheses of 

SWCNTs, such as the HiPco process, generate ropes and bundles.5 Therefore, 

bulk processability requires sonication to disperse SWCNTs in a solvent. Such a 

8wet-chemical process is an essential step for the purification,6- separation 

(semiconducting from metallic SWCNTs),9-
14 functionalization (modification of 

their band-gap) 15 and doping 16 of the SWCNTs. 

SWCNTs are sensitive to their chemical environment. Amines, 17 

19 20ammonia, nitrogen dioxide 18 and oxygen • are all known to alter their 

electronic properties. Electron donors such as ammonia and alkyl-amines,17 
' 

2 1 

adsorbed on SWCNTs, lead to n-doping. Intercalation of alkali metals into 

SWCNTs also leads to n-doping.22
-
28 This was observed to produce a softening of 

the tangential mode (G mode ~ 1590 cm-1)25
• 

26 of the Raman spectra. Electron 

withdrawing molecules, such as oxygen, 19 thionyl chloride, 16 
· 

29 FeCb,30 Brnnsted 

acids3 1 and solid organic acids32 all lead to p-doping of the SWCNTs. 

Intercalation of halogens molecules such ash and Br2 have also been shown to be 

the cause of p-type doping.26
• 

27
' 

33 Encapsulation of electrophilic organic 

molecules, such as tetracyanoquinodimethane(TCNQ) and 

tetrafluorotetracyanoquinodimethane(TCNQF 4 ), p-dopes the SWCNTs; 
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conversely nucleophilic molecules, such as tetrathiafulvalene(TTF) and 

tetrakis(dimethylamino )ethylene(TDAE), n-dope the SWCNTs.34 
-
37 In analogy to 

the intercalation of various compounds in graphite, 38
' 

39 the electrical conductivity 

of SWCNTs can be modified by either electron donors or electron acceptors. 

A wet chemical process is routinely used to disperse SWCNTs. o­

dichlorobenzene (ODCB) has been regarded as the most suitable solvent for 

dispersion when compared to other common laboratory solvents.4°For example, 

SWCNTs are sonicated in ODCB41 prior to functionalization in the Bingel42 
' 

43 

and the diazonium reactions.41 1,2-dichloroethane (DCE) has more recently also 

45 found use as dispersant medium.44 
' However, little attention has been paid 

towards understanding the impact of sonication on solvents (such as halogenated 

ones), used for dispersion, and how this affects the electronic structure of the 

SWCNTs. 

We have studied the effect of chlorinated orgamc molecules on the 

electronic structure of SWCNTs upon sonication. Organic halides are k;nown to 

47decompose during sonication to liberate halogens and polymerize.46
' We have 

used ODCB as a model molecule to elucidate the origin of the effect and further 

confirm which compound caused a change in the electronic structure. The doping 

effect was also investigated by contrasting several lab solvents commonly used in 

conjunction with SWCNTs. The chemical modification that ensued on the 

SWCNT network has been characterized by Raman spectroscopy and XPS. Its 
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origins have been examined by GC-MS, titrimetric methods, MALDI-TOF, TGA, 

and ICP-MS. 

4.2 Sample Preparation and Experimental Methods 

The Single-Wall Carbon Nanotubes (SWCNTs) were purchased from 

Carbon Nanotechnologies Inc., TX. The as received SWCNTs were annealed at 

800°C for 1 hr under vacuum following a very slow ramp at a rate of 1°C/min. 

The annealed SWCNTs were preserved in a vial that was stored under Ar. This 

procedure removes any contaminants from the SWCNTs. Two batches of HiPco 

SWCNTs were used [Batch # P0257 (14 wt. % total residual content) and Batch 

# P0343 (5 wt. % total residual content)]. Most of the chemicals were purchased 

from Sigma-Aldrich, except for DCM, MeOH (Fisher), THF (Caledon). The gases 

were purchased from Praxair Inc. (anhyd. 99.0 % HCl), Vitalaire (99.99% UHP 

grade Ar) and Air Liquide Canada (2 mole% Ch/Ar gas mixture) . The grade and 

purity of each chemical is provided in the appendix 1.2. The chemicals were used 

as received unless otherwise stated. PTFE (0.2 µm) filter membrane from Pall 

Life Science was used throughout this study. 

4.2.1 Dispersion of the SWCNTs 

Sonication was carried out in a 42 kHz bath sonicator (Branson 1510, 70 

W). All of the sonication experiments were performed under ambient conditions 

for 1 hour. The temperature of the water bath was routinely observed to change 

after an hour, from room temperature to within a range of 32 - 38°C. Argon gas, 
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maintained by an inflated balloon, created an inert atmosphere inside the 

sonication vessel. Flame dried round-bottom-flasks (RBF) were used for all 

sonication steps. The shape of the vessel has previously been suggested to have an 

effect on the intensity of sonication.46 The vessel was consistently positioned in 

the middle of the bath in the region of highest visible agitation. Stirring was 

carried out in flamed-dried RBF under Ar atmosphere for 1 hour using a 0.5 inch 

PTFE coated stirring magnet. Some neat solvent samples were presonicated for 

lhr under Ar in the absence of SWCNTs. Ch/Ar ( 2 mole%) gas mixture was 

slowly bubbled into 15 ml of ODCB for 1 hr. Alternatively, hydrogen chloride 

(anhyd. 99.0 %) was also bubbled into a separate portion of 15 ml of ODCB for 

10 mins. Argon gas was used to purge-off the gases (Clz and HCl(g) respectively) 

from a 7.5 ml portion of the previously prepared solvents for 5 hrs to ensure 

maximum degassing. A very small amount of SWCNTs (5 mg) were added to the 

solvent (7.5 ml) and agitated via sonication or stirring under Ar for 1 hr. The 

dispersion was then filtered over 0.2 µm PTFE membrane. A film is formed only 

when the SWCNTs were sonicated. The stirred samples produce a granular 

residue once filtered over the PTFE membrane. 

4.2.2 Instrumentation 

Raman spectra were acquired using a Renishaw 2000 microscope, with a 

spectral resolution of 2 cm·', using a backscattering configuration with a 50x 

objective excited with an Ar+ ion laser at 514 nm (2.41 e V). Data was collected 

on numerous spots (10 spots) on the sample and recorded with a fully focused 1% 
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laser power having a spot size of - 1.2 µm; the latter has a power density of - 10 

µW/µm 2 at the sample. In order to visually aid the comparison within and 

amongst the samples, all Raman spectra were scaled with respect to the intensity 

of the second-order peak at - 2660 cm-1
• 

The XPS analyses were performed using a Kratos Axis Ultra spectrometer 

with a monochromatic Al Ka source (15 mA, 1486.6 eV). The SWCNTs samples 

(powder and thin films) were pressed onto indium foil for analysis. XPS probes 

the surface of the sample to a depth of 7-10 nanometres, and has detection limits 

ranging from 0.1 to 0.5 atomic percent (at. %) depending on the element. The 

instrument work function was calibrated to give a binding energy (BE) of 83.96 

eV for the Au 4f7/2 line for metallic gold and the spectrometer dispersion was 

adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The 

Kratos charge neutralizer system was not employed. High-resolution (0.1 e V) 

spectra were obtained using a 20 e V pass energy and an analysis area of 

- 300x700 microns. 

A GC-MS was used to examine changes, such as dimerisation in the 

solvent after it was freshly sonicated, using a Varian 1200 GC-EI/CI triple 

quadrupole MS. A MALDI-TOF Micromass MALDI MicroMX was used to 

analyze the supernatant solvent that was allowed to stand for a week. 

Chlorine and hydrogen chloride were detected titrimetrically. The 

sonicated ODCB was washed with 3x 5 ml boiled Millipore water (18 MQ, pH = 

7) to extract the acid into the aqueous phase. Bromothymol blue was used as an 
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indicator. After extraction and addition of the indicator, the yellow aqueous phase 

was titrated with NaOH ( 4x 10-4 M), until neutrality (green coloration) was 

achieved. The presence of chlorine was detected using the same protocol but 

potassium iodide (3x 5 ml; 0.05 M Kl) solution was used instead of water and 

starch was used as an indicator. Potassium iodide (Kl) is oxidized by chlorine to 

produce iodine, which turns blue upon addition of starch as indicator. 

Iron content was determined by heating 1 mg of SWCNTs to 1100°C in air 

using a TGA Netzsch STA 409 Luxx®. The residual material was digested using 

hot chloric acid (26 wt. %) according to a literature protocol.48 
· 

49 The resulting 

solution was diluted to 25 ml with 1 wt. % HN03 (aq) and the Fe content was 

determined using an ICP-MS Elan 6000 PerkinElmer. 

4.3 Results and Discussion 

4.3.1 The effect of ambient conditions on annealed SWCNTs 

Raman spectra were collected over a range of 100 cm- 1 to 4000 cm-' to 

1include the Raman feature at ~2660 cm- • The intensity of this peak will be used 

to scale the spectrum and facilitate the visual comparison between spectra. Single 

crystals of carbon nanotubes do not exist and their full phonon dispersion cannot 

be found experimentally. 50 Due to the nature of carbon nanotube networks an 

internal standardization protocol is still lacking for spectra calibration. The choice 

of the feature at ~ 2660 cm-1 is discussed later. 
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Since SWCNTs are sensitive to their chemical environment, they were de­

contaminated by annealing and then stored under Ar. To validate the effectiveness 

of the annealing step, three samples (A, B, C) from the same batch were 

compared. Sample A and B are annealed whereas sample C was left unannealed. 

Sample A and sample Care pressed onto a PTFE membrane for data collection in 

air whereas sample B is placed inside a capillary tube. 

Four distinct features are observed from a SWCNTs spectrum, as seen in 

Fig. 4.1 (a). The features appearing between 100 and 300 cm-1 are labeled the 

radial breathing mode (RBM), the D peak is observed at ~1350 cm-1
, the G band 

is observed in the region of 1400 cm-1 to 1700 cm-1 and in the range of 2500 ­

2800 cm-1 the D* mode is observed.50 The RBM is a fingerprint signal indicating 

the presence of SWCNTs with different diameters and chiralities. In this work we 

have focused our attention on the G-band and the D* mode. The asymmetric 

feature (shoulder, Breit-Wigner-Fano, BWF) at 1540cm-1 on the G band is due to 

electron-phonon coupling in bundles of SWCNTs which is a characteristic of 

metallic nanotubes.50
•
51 The nature of the D* mode is discussed in section 4.2. 

Sample B collected inside a capillary tube shows strong fluorescence, 

because of the glass, when compared to the spectrum of sample A (Fig. 4.1 (b)). 

Despite the fluorescence in sample B, both annealed samples A and B, correlate 

well with each other. Fig. 4.1 (c) is the spectrum of the unannealed sample C, and 

was collected on a filter membrane. The shoulder of the G band at about 1540 cm­

1 is less broad than the annealed samples A and B. By comparing the G band 
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feature of samples A (annealed) to C (unannealed), a difference in the spectra is 

visible (Inset Fig. 4.1 ( d)). The G band of the unannealed sample C has a higher 

intensity and the shoulder is narrower. Contaminations from the lab environment 

can affect the integrity of the SWCNTs sample and can be removed by annealing. 

Sample A was chosen as our reference annealed SWCNTs in the following 

discussion. 
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~ 0.5 RBM V L 
 1~ 	0.0 _.. ---- ----­
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Figure 4.1: Raman spectra of annealed SWCNTs (a) sample A (red) pressed 
onto a PTFE membrane (b) sample B(black) in a sealed capillary tube and (c) 
as-is unannealed SWCNTs, Sample C (blue), also pressed onto a PTFE 
membrane. The inset ( d) corresponds to the G band of samples A and C 
respectively. 
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4.3.2 Sonication leads to doping 

Two samples of annealed SWCNTs were treated with o-dichlorobenzene 

(ODCB) using two different agitation methods; sonication and stirring, 

respectively. Two other samples were prepared similarly but toluene was used as 

a non-chlorinated aromatic solvent for comparison. The Raman spectrum for each 

sample was co llected. The sonicated samples once fi ltered over the PTFE 

membrane afford a homogeneous film whereas the stirred samples produce 

granules. 

All spectra were co llected with the sample on a PTFE membrane and are 

scaled with respect to the D* peak intensity at about 2660 cm· '. It is reported to 

be a second order peak arising from the scattering of large q vectors ( q>O) via a 

doub le resonance process.50 The process involves either inelastic scattering of two 

phonons with wave vectors of opposite sign ± q (second order Raman scattering) 

or elastic scattering by defects. 52 The D* is assigned to be an overtone of the D 

peak, as they are both dispersive peaks that shift by 90±3 and 38±2 cm-1/eV 

respectively with laser energy. 53 The intensity of the second-order overtone (D*), 

in principle, does not depend on defect concentration, but it is affected equally by 

those effects that influence the first or higher order scatterings.50 
· 

54 Previously, 

Corio et al. 55 have reported that a shift in the D* peak is indicative of electron 

charge transfer from the carbon atoms of SWCNTs to the adsorbates. This would 

provide a means to gage the effect of dopants on the SWCNTs network. 
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The SWCNTs sample sonicated in ODCB affords a spectrum that is 

significantly different from the other spectra, as seen in Fig. 4.2 (b ). There are 

three features observed in that spectrum that we relate to doping behavior when 

compared to the Raman spectrum of an annealed reference SWCNTs sample. 

The three main observations are: 

The shoulder (asymmetry) of the G band at about 1540 cm-1 is lost (Fig. 

4.2 (b)). 


The peak at about 1600 cm-1 in the G band increases in relative intensity 


(Fig. 4.2 (b )). 


The D* peak shifts upwards by 9 cm-1(Fig. 4.2 (b)). 
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Figure 4.2: Raman spectra of (a) annealed pristine SWCNTs (b) SWCNTs 
sonicated in ODCB (c) SWCNTs stirred in ODCB (d) SWCNTs stirred in 
Toluene (e) SWCNTs sonicated in Toluene. 

The other spectra, as seen in Fig. 4.2 (c) and (e), do not show any loss in 

the shoulder of the G band and the relative intensity of the G band, with respect to 

the D* peak, does not increase. A slight shift of 4 cm-1 is observed in the D* peak, 

57as seen in Fig. 4.2 (d) and (e), and is attributed to the aggregation. 56
• of the 

SWCNTs network, in the thin film formed after sonication. Thence, toluene did 

not significantly affect the Raman spectrum of the SWCNTs whether sonicated or 
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stirred whereas ODCB changed the Raman spectrum of the SWCNTs only when 

sonicated. 

The interactions in-between SWCNT bundles are reduced due to charge 

transfer and thus the suppression of the shoulder in Fig. 4.2 (b) is attributed to 

changes in the electronic properties leading to different electron-phonon coupling. 

The electronic structure of the SWCNTs has been modified but no covalent bond 

is formed as the intensity of the D peak at about 1350 cm-1 does not increase. 

Therefore, the blue shift, in the D* peak, is assigned to non-covalent interactions 

between the adsorbates and the SWCNT leading to electron-transfer from the 

carbon atoms of the SWCNTs to the adsorbates. Thus, ODCB leads top-doping 

of the SWCNTs. 

Similarly, the Raman spectra of SWCNTs treated with thionyl chloride 16 

and sulphuric acid55 show distinctive upward shifts that have been attributed to p­

doping. Corio et al. 55 have used the shift in the D* mode as a gage of charge 

transfer, when SWCNTs are electrochemically treated with H2S04. Upward shifts 

in Raman features such as in the G band, have also been observed when the 

SWCNTs are heavily p-doped by intercalating b and Br2
26 but unfortunately, no 

values were recorded for the D* mode. Our data can explain shifts in the Raman 

features that were unaccounted for by Niyogi et al. 46 

The main impurity in anhydrous ODCB is p-dichlorobenzene,58 with trace 

amounts of water (0.005 %), and evaporation residues (0.0003 %) (see Appendix 

A4.7 for certificate of analysis). By stirring the ODCB with SWCNTs we found 
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that neither ODCB nor these impurities lead to doping of the SWCNTs by their 

shear presence only. ODCB has also been purified, according to literature,59 and 

the resulting solvent also showed doping only when sonicated (Fig. A4. l , 

Appendix A4). 

4.3.3 Understanding the pathway by which sonication leads to doping 

Since sonication ts the only pathway by which doping is achieved, 

identification of the species formed during sonication is required. Sonication is 

known to promote the decomposition of organic solvent.46 Organic halides are 

known to decompose during sonication to liberate halogens and polymerize.47 

GC-MS of the freshly sonicated neat ODCB showed several new peaks when 

compared to the neat un-sonicated ODCB (Fig. A4.2 , Appendix A4). The species 

are mostly mono-, bis- and tri-chlorinated biphenyls. The reflectron MALDI-TOF 

spectra of the supernatant liquid from the sonicated neat ODCB (left standing for 

a week) is shown in Fig. 4.3. The peaks with highest intensity are separated by a 

constant m/z of 74.02, suggesting an aromatic ring repeat unit with four bonds. 

ODCB undergoes sonochemical polymerization when sonicated via a radical 

pathway following the cleavage of the C-Cl bond. The polymerization occurs 

over time; since a MALDI-TOF spectrum of a freshly sonicated sample does not 

show any conclusive signs of polymeric material. The Cl · radicals abstract a 

hydrogen producing hydrogen chloride and a propagation reaction leads to the 

formation of the polymer; chlorine gas can be formed by the combination of two 

Cl". 
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Figure 4.3: (a) Reflectron MALDl-TOF of sonicated ODCB and (b) high 
resolution scan of the peak around 1283.84. The highest intensity peaks are 
separated by a constant m/z of 74.02. 

The presence of hydrogen chloride and chlorine was separately detected 

titrimetrically. After the extraction of hydrogen chloride with millipore water, the 

aqueous phase turned yellow upon addition of the indicator (bromothymol blue). 

The acid concentration in the aqueous phase was found to be 3x 10-5 M when 

titrated with NaOH (4xl0-4 M). We conclude that the presence of acid was 

proven qualitatively since the partition coefficient of the acid from the organic 

phase into the aqueous phase was not considered. The presence of chlorine is 

qualitatively detected by using potassium iodide solution (0.05 M KI). 

Quantification was not pursued due to the heterogeneous nature of the two 

solvents and an undefined partition coefficient. The aqueous phase turned blue 

upon addition of starch as indicator due to the presence of iodine. Chlorine 

oxidized the iodide ions to iodine. Hence, the presence of the iodine was 
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confirmed thence implying presence of chlorine. There was no color change with 

neat ODCB. Sonication leads to the formation of new species such as hydrogen 

chloride and chlorine and these trigger the doping effect. 

Triggering the radical pathway is just the first step, its interruption is the 

next corollary step towards understanding it. Alcohols are often added to organic 

solvents to stabilize them and at certain concentrations, can quench the 

decomposition which is believed to go through a radical pathway.46 
· 

47 Methanol, 

a radical quencher, is used to investigate whether it inhibits the doping effect 

during sonication. SWCNTs sonicated in methanol do not show any signs of 

doping (Fig. A4.3, Appendix A4). The doping effect is suppressed when 1 wt. % 

methanol in ODCB is used to sonicate the SWCNTs. The shoulder of the G band 

is still present and the D* peak does not shift (Fig. A4.3, Appendix A4). The C-Cl 

(394.9 kJ/mol)60 bond is cleaved during sonication47 and Cl· radicals are formed. 

The quenching experiment shows that the doping effect can be suppressed, as the 

radicals formed during sonication are scavenged by methanol. ln contrast, adding 

5 wt. % toluene in ODCB did not suppress the doping effect as it does not quench 

the radical. 

Since sonication is the only agitation method yielding this doping 

behavior, several questions arise. Radicals are formed during sonication, thereby 

initiating sonochemical polymerization and formation of new species such as 

chlorine and hydrogen chloride61 
. Which of these species lead to doping? Is 

doping a direct consequence of their shear presence or do they react further with 
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the catalytic material inherently present? The following experiments answer those 

questions and help us elucidate which species leads to doping. 

4.3.4 Hydrogen chloride and chlorine lead to doping 

ODCB is pre-sonicated to generate the polymer along with the other 

species. It is then stirred with the SWCNTs for 1 hr under Ar. Stirring is preferred 

in this case as re-sonication will further decompose the monomers still present in 

the mixture. Another sample of ODCB is pre-sonicated and then purged with Ar, 

to degas it and leave only the polymeric material in the mixture, prior to stirring 

with SWCNTs. 

The Raman spectra of these two samples are shown in Fig. 4.4 (a) and (b) 

respectively. The pre-sonicated material dopes the SWCNTs when stirred. 

However, when the pre-sonicated material is purged with Ar, prior to stirring with 

the SWCNTs, the Raman spectrum shows no sign of doping as shown in Fig. 4.4 

(b). This indicates that the species leading to doping can be purged off We thus 

exclude the polymeric material as being the dopant. 

6 1 ofChlorine and hydrogen chloride gases are formed during sonication47 
' 

ODCB and lead to doping of the SWCNTs. To replicate this process, a 2 mole % 

Cl2/Ar gas mixture was bubbled into ODCB. The colorless solution turned 

yellowish during the bubbling procedure. Sonication of neat ODCB also produced 

a similar color change within minutes. The chlorinated solution was stirred with 

the SWCNTs and the resulting Raman spectrum confirmed prominent doping 

features as Fig. 4.4 (c). The dopant can be removed by purging the chlorinated 
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solution with Ar. The solution changed color from a pale yellow tint to colorless 

within 10 minutes but subsequently turned to a permanent yellow color after 1 hr. 

This degassed solvent did not dope the SWCNTs when stirred as seen in Fig. 4.4 

(d). 

Anhydrous hydrogen chloride (99.0%) was also bubbled into ODCB. The 

solution did not change color and the solvent mixture doped the SWCNTs upon 

stirring as shown in Fig. 4.4 (e). After degassing the solvent with Ar, and stirring 

it with SWCNTs, the Raman response showed no signs of doping as seen in Fig. 

4.4 (f). Degassing the solvent with Ar (Fig. 4.4 (g) to (i)) has the effect of 

decreasing the relative intensity of the G band after the gas (C'2/HCI) is purged 

off The D* peak shows an upward shift (p-doping) in the presence of a species 

leading to doping however no such shift was observed with the degassed solvent. 
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Figure 4.4: Raman spectra of SWCNTs stirred in (a) presonicated ODCB, (b) 
presonicated ODCB purged with Ar, (c) Ch bubbled in ODCB, (d) same solvent 
mixture as used in (b) but purged with Ar, (e) HCI bubbled in ODCB, (f) same 
solvent mixture as used in (e) but purged with Ar. A close up view of the G band 
(g) to (i), and the D* band (j) to (I) of the samples in (a) - (e) respectively. 
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4.3.5 The effect of other common solvents on the Raman response of 

SWCNTs 

ODCB leads to doping of the SWCNTs when sonicated due to the 

formation of gases such as chlorine and hydrogen chloride. The solvent also 

forms polymeric material after sonication. We expanded our study towards other 

organic solvents, commonly used in conjunction during the wet processing of 

SWCNTs, such as dichloromethane (DCM), chloroform (CHC13), carbon 

tetrachloride (CC14), 1,2-dichloroethane (1,2-DCE), chlorobenzene (Cl-Ph), 1­

chlorobutane (1-Cl-But), tetrahydrofuran (THF), methanol (MeOH), ethanol 

(EtOH), dimethylformamide (DMF). 

Table 4.1 Summary of the effects of solvents on the Raman features of S WCNTs. 
(Full spectra available in the appendix A4, Fig. A4.4). 

Solvent + G/D* Lost D* position 
SWCNTs ratio shoulder (±2 cm-1

) 

Annealed 1.3 No 2657 
SWCNTs 
DCM 2.1 Yes 2661 
CHCb 1.7 Yes 2663 
1,2-DCE 1.7 Yes 2663 
CCl4 1.4 No 2657 
Cl-Ph 1.3 No 2657 
1-Cl-But 1.2 No 2659 
THF 1.0 No 2659 
MeOH 1.4 No 2661 
EtOH 1.4 No 2661 
DMF 1.2 No 2657 

The interactions of SWCNTs in different solvents yield different 

dispersion states62 after sonication. This results in different aggregation states or 
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morphologies57 after filtration g1vmg nse to the shift in Raman features .56 

However, the Raman spectra only consistently exhibit doping features for 

SWCNTs sonicated with dichloromethane, chloroform and 1,2-dichloroethane 

(Table 4.1 and Fig. A4.4, Appendix A4). There is a shift in the D* peak coupled 

with a higher relative intensity in the G band along with a loss of asymmetry in 

the shoulder of the G band. Molecules such as DMF, EtOH, MeOH, THF, and 

CCl4, chlorobenzene and chlorobutane do not show any change corresponding to 

doping such as a loss in asymmetry (loss of continuum states) of the shoulder and 

an increase in G band intensity. From our current experiments, only molecules 

with two or more chlorine atoms, such as DCM, chloroform and I , 2 

dichloroethane, instigate doping. Along with the two chlorine atoms, they also 

have one or more hydrogen atom(s) present in the molecule. Only such molecules 

appear to produce enough Cl 2 and/or HCl(g) to initiate doping. For reasons that 

are unclear at this point, mono-chlorinated solvents such as chlorobenzene and 

chlorobutane along with a fully chlorinated solvent (CC14) do not lead to any 

doping. This effect appears to be due to insufficient chlorine atoms on the former 

molecules and the absence of hydrogen in the latter. 
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4.3.6 The role of iron chlorides 

The doping effect of ODCB on SWCNTs was examined by X-ray 

photoelectron spectroscopy (XPS). Changes in the Fermi-level position (EF) 

caused by doping can be investigated by this method. In XPS the binding energy 

(8.E.) is referenced to the Fermi-level position, a shift in the EF is related to a 

change in the B.E. of the spectral features. The chemical binding environment of 

an element can be determined based on the B.E. of the spectral features observed. 

Soni cation of SWCNTs in ODCB changes the core level spectra. 
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Figure 4.5: High resolution spectra of (a) Fe 2p peaks for the annealed SWCNTs, 
(b) the 0 ls peaks for the annealed SWCNTs, (c) the Fe 2p peaks for SWCNTs 
sonicated in ODCB and, (d) the 0 ls peaks for SWCNTs sonicated in ODCB. 

The ODCB treatment induces significant changes in the sample 

composition such as the appearance of chlorine peaks (Fig. A4.5, Appendix A4). 

Two iron peaks are present in the high-resolution scan of the annealed SWCNTs 

as seen in Fig. 4.5 (a). They are assigned to elemental Fe (706.99 eV) and Fe20 3 

(710.12 eV). The Fe and the Fe20 3 peaks agree with reported literature values. 63
• 

64 From Fig. 4.5 (b), the peak of 0 1 s level is attributed to two species, the lower 

binding energy is assigned to 0 2· (530.86 eV) while the other is ascribed to 01-r 

(532.54 eV). This agrees with the literature values for oxygen species. 64 After 
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sonication, the spectral weight of the hydroxyl species increases, whereas that of 

the 0 2- remains constant. 

Fig. 4.6 (a) shows a high-resolution XPS spectrum of the C 1 s peak 

comparing the annealed SWCNTs to the SWCNTs sonicated in ODCB. A shift of 

0.2 eV towards a lower B.E. is observed for the SWCNTs sonicated in ODCB 

along with a broader lineshape. The shift of the C ls peak towards lower B.E. is 

related to the shift in the Fermi- level. This is described asp-type doping; thus the 

Fermi-level is brought closer to the valence band edge. Wertheim and Citrin 

suggested that the asymmetry of the C 1 s lineshape is a function of the density of 

states (DOS) at the Fermi-level.65 When the DOS near the Fermi-level changes 

then the C 1 s lineshape also changes. Presence of polymeric material accounts for 

the tailing observed in the C 1 s (blue line) of SWCNTs sonicated in ODCB as 

seen in Fig. 4.6 (a). The polymeric material is capped with chlorinated benzene 

moieties, which explains the presence of C-Cl bonds. 
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Figure 4.6: XPS high resolution spectra of the (a) C 1 s peak comparing annealed 
SWCNTs and SWCNTs sonicated in ODCB and (b) Cl 2p peaks of the sonicated 
sample. 

The Cl 2p level of the sonicated SWCNTs is shown in Fig. 4.6 (b). The Cl 

2p core level binding energy appears as two inequivalent chemical environments. 

They exist as doublets associated with 3/2 and 1/2 levels, which are separated by 

1.6 eV due to spin-orbit coupling. 66 The more intense peak, CIA, is associated 

with an organic C-Cl bond and appears at a core binding energy of 200.2 e V. The 

less intense component, Cl8 , present at a lower binding energy of 198.2 eV is 

67 attributed to chloride ions.66
, 

From our high resolution XPS data of the SWCNTs sonicated in ODCB, 

the Fe (2p312) is observed at 710.83 eV (Fig 4.5(c)) and the Cr peak is observed at 

198.2 eV (Fig 4.6(b)). Thus, we have identified the species as being iron (II) 

chloride; formed during sonication. The Fe2 
+ (2p312) and er (2p312) peaks are 

commonly observed at 710.8 eV68 and 198.4 eV69
, whereas, the Fe3 

+ (2p312) and 

eV68 eV69 er (2p312) peaks are commonly observed at 711.5 and 199.0 

respectively. The dopant FeCh, being an electron acceptor, appears as Fe-?+ 
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because of charge-transfer due to p-doping. Therefore, iron (lll) chloride could 

also be present. Hydrogen chloride and chlorine present in the sonicated sample 

react with the catalytic Fe nano-particles initially present. Iron chlorides are 

hydroscopic and form hydrated compounds due to exposure to air during transfer 

to the XPS chamber. This also explains the increase in spectral weight of the 

hydroxyl species (Fig 4.5(d)). 

We cannot neglect the formation of iron (Ill) chloride. Its hydrated 

complex has a low melting point of 37°C at which it is reported to decompose70 

via heating or reduction. The decomposition produces chlorine, hydrogen 

chloride, chlorides and iron oxides when heated in air. Elemental Fe is present in 

the SWCNTs; since FeC'3 reacts readily with metals, Fe reduces FeCl3 to FeCh. It 

has been reported that iron (II) chloride is produced by refluxing iron (III) 

chloride in ODCB 71 according to the equation below: 

C6H4Ch + 2FeCb ~ C6H3Ch + 2FeCh + HCl 

During sonication a temperature of 32 - 38°C is reached thus enabling the 

formation of FeClz (deduced from XPS results) and tri-chlorobenzenes (detected 

from GC-MS, Fig. A4.2, Appendix A4). Previously, only FeCb has been shown 

to dope SWCNTs.30 We show, in Fig. 4.7 (b) and (c), that both FeCl2.4H20 and 

FeCb.6H20 dope the SWCNTs when stirred in methanol. Methanol is used as 

solvent because it does not lead to doping and readily dissolves the iron chlorides. 

The results indicate a loss in continuum of the G band and an upward shift in the 
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D* peak by 13 cm-' respectively in comparison to the equivalent peak (2657 cm-1
) 

for the annealed SWCNTs (Fig 4.7(a)). 

A new batch of HiPco SWCNTs (NB-SWCNTs) with a lower total 

residual mass of 5 wt. % was used to investigate the effect of a lower catalytic 

iron content. The Fe content was found by heating the SWCNTs (1 mg), using a 

TGA (Fig. A4.6, Appendix A4), to l 100°C and the residue was digested with 26 

wt. % chloric acid. The residual catalytic content of the NB-SWCNTs was 

determined, by ICP-MS, to be 1.9 µg/ml in a 25 ml of 1 wt. % HN03, which is 

equivalent to a 5 wt. % of Fe. The Fe content is lower than the batch of HiPco 

previously used. The previous batch was determined to have 5.6 µg/ml of Fe in a 

25 ml of 1 wt. % HN03, which is equivalent to a 14 wt. % of Fe. The NB­

SWCNTs did not exhibit any doping behavior when sonicated with ODCB as 

shown below in Fig. 4.7 (c). This further ascertains that doping is dependent on 

the Fe content accessible for reaction during sonication. With a 5 wt. % residual 

mass, the Fe content is not only lower; but also implies that the purification 

technique cannot completely remove the Fe. This implies that the remaining 

catalytic material is also less susceptible to further reaction. Accretion of Fe 

along the tube is known to occur during synthesis5 contributing to the level of 

impurity; therefore these Fe nanoparticles are more accessible for reaction during 

sonication. To confirm this we have added Fe20 3 nanopowder (O. lmg) to the NB­

SWCNTs ( 1.0 mg), spiking the Fe content to l 0 wt. % above its initial value. This 

mixture was then sonicated in ODCB and the results shown in Fig. 4.7 (d). 
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Addition of Fe nanoparticles to the NB-SWCNTs and sonicating in ODCB led to 

doping. The G band has lost its shoulder and the D* peak (Fig. 4. 7 (h)) is up-

shifted by 9 cm- 1 with respect to Fig. 4.7 (g). We conclude that the formation of 

iron chlorides is the cause of doping in the SWCNTs thereby altering the 

spectrum. 

Figure 4.7: Raman spectra of (a) annealed SWCNTs and SWCNTs separately 
stirred with (a) 10 wt. % FeC13.6H20 , (b) 10 wt. % FeCh.4H20 respectively in 
methanol, (c) NB-SWCNTs sonicated in ODCB and, (d) NB-SWCNTs spiked 
with 10 wt.% Fe nanoparticles then sonicated in ODCB. Close up view of the D* 
band (f) to (j) for samples (a) to (e) respectively. 

4.4 Conclusion 

The electronic band structure of SWCNTs is disrupted by sonication m 

chlorinated solvents in the presence of Fe nanoparticles. Sonicating HiPco 

SWCNTs (14 wt. % total residual mass) in solvents such as ODCB, DCM, 

chloroform, 1, 2 dichloroethane leads to p-type doping. Sonication is not only 
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routinely used to disperse SWCNTs but also inevitably decomposes the solvent to 

form new species such as hydrogen chloride and chlorine gases. These in turn 

react with the Fe nanoparticles to form iron chlorides. This doping behavior was 

characterized by the loss in the shoulder of the G band, an increase in relative 

intensity of the G band and along with the upward shift of D* mode in the Raman 

spectrum of SWCNTs. XPS data of the C ls showed a shift to lower B.E. that also 

validates charge-transfer leading to this p-type doping behavior. Therefore, we 

conclude that residual catalytic impurities are susceptible towards influencing the 

underlying chemistry of SWCNTs during a wet-chemical process. Our research 

brings into perspective the interaction of the catalytic impurities with the solvent 

which can explain a shift in the Raman spectrum as previously noted by Cooper et 

al.72 Our study provides a platform onto which future work such as intentional 

doping of the SWCNTs using ionic liquid or salts for use in molecular electronics 

can be achieved. Chapter 6 builds on this study and interrogates whether covalent 

bonds are formed during sonication of certain chlorinated aromatic solvents with 

SWCNTs. 
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Chapter 5 probes for the presence of covalent functionalization induced by 

solvents during sonication. Single-walled carbon nanotubes sonicated m o­

dichlorobenzene and benzyl chloride show an anomalous behavior when 

characterized with a Raman microscope and UV-vis-NIR spectroscopy. SWCNTs 

treated with the aforementioned solvents, lead to a small but distinct increase in 

the Raman D peak when irradiated with laser power higher than 0.12 mW/µm 2• 

This can be mistakenly interpreted as covalent functionalization but we have 

correlated this increase in D peak to the charring of polymeric material; which is 

formed during sonication of the aforementioned solvents. At a temperature 

estimated to be 280 °C, corresponding to a laser power of 0.31 mW/µm 2, the 

polymers are charred, resulting in an increase in amorphous material. This 

behavior is in contrast to covalently functionalize SWCNTs, which show a 

decrease in D peak as the laser power is increased. These samples also show a 

depletion in the spectral intensity of the optical absorption spectra of the 

SWCNTs; again, a result commonly associated with covalent functionalization. 

However, by using a washing protocol the Raman and optical spectra of the 

resulting SWCNTs no longer show features associated with functionalization. 

Species formed during sonication can drastically affect data interpretation; our 

results provide an unambiguous assessment on the cause and effect of wet 

chemical processing and its impact on characterization. 
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5.1 Introduction 

Single-wall carbon nanotubes (SWCNTs) are poised for many potential 

applications, 1-
4 most of which require measures to counteract the tendency of 

SWCNTs to aggregate in bundles. The two main approaches for debundling 

SWCNTs are covalent5
-
9 and noncovalent modification.10

-
16 Both methods rely on 

wet chemistry, which first requires dispersing the nanotubes in a solvent via 

sonication. Sonication is a drastic means which is also known to break down 

some solvent molecules via a radical pathway.17 The new species formed during 

sonication can interact with each other, the nanotubes, or the catalytic metal 

impurities present. 18 The nature of the interaction of these species with the 

SWCNTs has been of increasing interest. 19 
• 

20 It is important to clarify whether a 

covalent bond is formed on the SWCNTs lattice structure. 

Resonance Raman spectroscopy is routinely used to characterize 

SWCNTs. The most significant spectral features for SWCNTs are the radial 

breathing mode (RBM, 100 - 300 cm-1
) , the disorder peak (D peak, ~1350 cm-1

) , 

the tangential mode (G band, 1400 - 1700 cm-1
) and the second-order overtone of 

the D peak (D*, 2500 - 2800 cm-1
) . 

2 1 Covalent sidewall functionalization is often 

characterized by an increase in the D peak with respect to the other modes. 22 

However, Raman features are also sensitive to temperature,23 morphological 

. 23 24 d 2s M I · d. · · kaggregat10n state, ' an pressure. oreover, aser 1rra iat1on 1s nown to 

cause shifts in the Raman bands due to thermal effects.26
-
29 Although the use of 

the lowest laser power settings is desired, not all instruments can achieve the 
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same minimum laser power. Thus sample damage can still be triggered during 

data capture, thereby inadvertently altering the spectra. Only a few reports30 
' 

3 1 on 

changes in the intensity of the Raman features are available for as-received 

nanotubes; little has been done regarding how this impacts SWCNTs that have 

been wet chemically processed. In the literature, the Raman spectra for SWCNTs 

sonicated in 1,2-dichlorobenzene (ODCB) show some discrepancy in terms of the 

disorder mode (D peak). ODCB is commonly used to generate stable dispersions 

34 20of SWCNTs32
- due to the formation of sonochemical polymers. 19 

· Literature 

reports vary from large increase 19 to slight increase20 in the D peak, indicative of 

covalent bonding. A standardized protocol is still lacking to calibrate spectra of 

carbon nanotube networks, making comparison of data among literature difficult. 

Therefore, it is important to quantify the changes in the D peak to clarify whether 

a covalent bond is formed. 

UV-vis-NIR spectra of SWCNTs are commonly evaluated to determine 

the perturbation of the electronic structure of the SWCNTs upon 

22 35 36functionalization. UV-vis-NlR can be performed both in solution phase 19 
· • , 

and with thin transparent films. 37
' 

20 In solution phase the data are regarded as 

being reproducible and accurate .38 Thins films are not easily reproduced and 

aggregation of SWCNTs is a source of light scattering thereby distorting the 

spectral features .38 The absorption spectrum of SWCNTs contains detailed 

structures, which are termed van Hove singularities. Upon functionalization , the 

UV-vis-NIR spectra show a loss in the van Hove transitions indicative of covalent 
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22 35bonding. 6
' · Doping of SWCNTs has also been shown to alter the spectral 

intensity.39 
-4 

3 Recently, UV-vis-NIR spectroscopy has been used to suggest that 

benzyl chloride (BzCl) covalently functionalized SWCNTs.44 However, the 

possibility of polymer formation has not been taken into account, although neat 

BzCI is known to undergo hazardous polymerization in the presence of iron.45 

Therefore, determining what species are formed during sonication and how they 

interact with the SWCNTs is crucial to interpret the results correctly. 

Our study shows that Raman spectra can be inadvertently altered during 

data capture and that optical spectra are influenced by the dispersant medium, 

which can lead to misleading evidence associated with covalent functionalization. 

We have used ODCB and BzCl to study the effect of sonication on the solvent 

and its influence on nanotube chemistry. Both of those molecules may form 

polymers upon sonication with SWCNTs. We show that the laser power of the 

Raman microscope can alter the intensity of the Raman features. Moreover, by 

applying a washing protocol, we found that the Raman and optical spectra are 

altered, thereby showing the effect of the dispersant medium. Therefore, we also 

show how careful assessment of the data is required to detect the presence of a 

chemical bond with the walls of the nanotubes. 
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5.2 Sample Preparation and Experimental Methods 

Single-walled Carbon Nanotubes (SWCNTs), with a 14 wt% iron content 

(Batch # P0257), were purchased from Carbon Nanotechnologies Inc. (CNI). A 

previously published protocol was followed to anneal the SWCNTs. 18 The 

annealed high pressure carbon monoxide (HiPco) SWCNTs (5 mg) from CNI 

were sonicated (42 kHz bath sonicator, Branson 1510, 70 W) in a corresponding 

solvent (7.5 mL ODCB or BzCI) for 1 h under Ar to produce ODCB- and BzCl­

treated SWCNTs (o-SWCNTs and b-SWCNTs, respectively). A functionalized 

SWCNT film and an unfunctionalized SWCNT film were prepared to serve as 

references. A thin film of unfunctionalized SWCNTs (u-SWCNTs) was produced 

by sonicating the annealed SWCNTs m dimethylformamide (DMF). 

Functionalized SWCNTs (f-SWCNTs) were obtained by stirring 4-tert­

butylaniline and isoamyl nitrite with a dispersion of SWCNTs in a 2: 1 mixture of 

ODCB and acetonitrile for 24 hours.22 A summary of the abbreviations of the 

samples and the processing employed is shown in Table 5.1. ODCB (anhydrous 

grade, 99.0 %), BzCI (reagent plus grade, 99.0 %), DMF (anhydrous grade, 99.8 

%), 4-tert-butylaniline (reagent grade, 99.0 %), isoamyl nitrite (reagent grade, 

97.0 %) and acetonitrile (anhydrous grade, 99.8 %) were purchased from Sigma­

Aldrich. The SWCNTs were filtered over a poly(tetrafluoroethylene) (PTFE) 

membrane (0.2 µm) purchased from Pall Life Science. 
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Table 5.1. Summary of Abbreviations Used in This study, Along with Processing 
Employed on Annealed SWCNTs. 

sample chemical processing 
abbreviations modifications 

u-SWCNTs unfunctionalized sonicated in DMF 

f-SWCNTs functionalized diazonium reaction22 

o-SWCNTs treated in 0 DCB sonicated in ODCB 
b-SWCNTs treated in BzCI sonicated in BzCI 

Wf-SWCNTs washed f-SWCNTs sonicated (3x) in DMF 
Wo-SWCNTs washed o-SWCNTs sonicated (3x) in DMF 

Wb-SWCNTs washed b-SWCNTs sonicated (3x) in DMF 

A Renishaw 2000 microscope, with a spectral resolution of 2 cm-1 , was 

used to collect data over a range of 100 - 3700 cm-1 with an accumulation time of 

l 0 s, using a backscattering configuration. An Ar+ ion laser (514 nm) was used. 

The power of the laser at the source was 22 mW. Different laser powers of l % 

(0.01mW/µm2),10% (0.12 mW/µm2
), 25% (0.31 mW/µm2), 50% (0.66 mW/µm2

) 

and 100% (1.41 mW /µm2
) were used. The laser power was measured at the 

sample via a 50x objective lens with a fully focused laser beam having a spot size 

of ~ 1.2 µm, using a power meter. Raman spectra were collected on numerous 

spots on the sample and recorded with fully focused laser power. Three spectra 

were collected per spot for the laser irradiation sh1dies in this report. First, a 

spectrum was collected with 1% (0.01 mW/µm2
) laser power, and then a second 

spectmm was recorded on the same spot with a higher laser power. To allow the 

sample to cool, we collected the third spectrum after 20 min, again with l % (0.01 

2mW/µm ) laser power. The 1 % (0.01 mW/µm2
) laser power was found not to alter 
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the spectrum, even after prolonged exposure. The defect or disorder concentration 

was analyzed by examining the intensity of the D peak (10 ) with respect to the 

intensity of D* peak Cio•) and also to the intensity of the G band (le). The 

intensity ratios of 10 110 • and 10 /fc were obtained by taking the maximum intensity 

of the peaks after subtracting a baseline. Poisson statistics were used for 

. l . 46uncertamty ana ys1s. 

Thermal heating under laser irradiation is known to occur on carbon 

nanotube samples.30 To replicate this process, the samples were thermally 

annealed using a Mettler-Toledo DSC FP9000 in the isothermal mode. The 

samples used were ca. 2 x 2 mm2 films with a mass of less than 1 mg; therefore, 

the differential scanning calorimetry (DSC) curves were not collected because the 

mass of the sample is well below the detection limit of the instrument. 

Nevertheless, accurate temperature control is achieved. Numerous films (six of 

each) f-SWCNTs, b-SWCNTs and o-SWCNTs were produced. These were 

individually and isothermally heated in air for lO min at different temperatures 

ranging from 100 to 400 °C. 

The SWCNTs films (o-SWCNTs, b-SWCNTs, and f-SWCNTs) were 

washed three times for 20 min via sonication in DMF (10 mL). After final wash, 

the resulting washed (W) films (Wo-SWCNTs, Wb-SWCNTs, and Wf-SWCNTs) 

were probed with a Raman microscope. Solution phase UV-vis-NIR was 

performed using a Cary 5000 over a range of 400 - 1600 nm. Each sample was 

run against its respective blank, consisting of the sonicated solvent. A blank is 
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prepared by sonicating the neat solvent for 1 h under Ar. A concentration of 0.01 

mg/mL SWCNTs was maintained to ensure optimal dispersion.38 The washed 

samples were dispersed in DMF for solution phase UV-vis-N1R. The polymer is 

generated by sonicating the Fe nanoparticles (0.15 mg) in neat BzCI (10 mL); this 

represents the impurity content in 1 mg of HiPco SWCNTs. A MALDI-TOF 

Micromass MALDI MicroMX instrument was used to analyze the polyphenyl 

dissolved in tetrahydrofuran (THF) with dithranol as the matrix. 

The X-ray photoelectron spectroscopy (XPS) data of the u-SWCNTs and 

b-SWCNTs were collected using a Kratos Axis Ultra spectrometer with a 

monochromatic Al Ka source (15 mA, 1486.6 eV). The thin films were pressed 

onto indium foil for analysis. The binding energy (BE) was measured with respect 

to the Fermi level. The instrument work function was calibrated to give a binding 

energy (BE) of 83.96 eV for the Au 4f7/2 line for meta1lic gold, and the 

spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 

line of metallic copper. High-resolution (0.1 e V) spectra were obtained using a 20 

e V pass energy and an analysis area of ~ 300x700 microns. The Kratos charge 

neutralizer system was not employed. 
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5.3 Results and Discussion 

5.3.1 Effect of laser irradiation on unfunctionalized and covalently 

functionalized SWCNTs 

In this study, we focus on the evolution of the disorder mode, the D peak 

(- 1330 cm-1) , with respect to other Raman features such as the G band (1500­

1600 cm-1) and the D* mode (- 2660 cm-1). The latter two Raman features are 

called the tangential modes and the second-order overtone of the D peak, 

respectively.21' 47 The intensity of the D peak (10 ) is often compared to that of the 

G band (le) to assess the number of defects introduced in SWCNTs after chemical 

functionalization.48' 49 However, the intensity of the G band is enhanced by p­

doping,18· 50 whereas, the intensity of the D* peak (lo •) is, in principle, 

independent of defect concentration.21 Therefore, we have made use of l o/lo• and 

the I d i e ratios48 · 49 as a gauge for the number defects present. 

The spectra shown in sections a and b of Fig. 5 .1 are representative of u­

S WCNTs and f-SWCNTs, respectively, taken with the lowest laser power of 0.01 

mW/µm2 (1 %). The f-SWCNTs are decorated with 4-tert-butylphenyl groups via 

the diazonium reaction.22 This reaction pathway to covalent functionalization has 

been well characterized in the literature.51 There is an unambiguous increase in 

the D peak (Fig 5.1 b) as observed in the Raman spectrum when compared to the 

unfunctionalized material (Fig 5.1 a). The l o/lo• ratio for the functionalized 

sample is estimated to be 0.94 (1011e = 0.34) and is higher than the 10110• ratio for 
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the un-functionalized sample, which is 0.10 (id le= 0.08). Several spots on the 

sample were analyzed under the same conditions, giving consistent results (Fig. 

AS .l, Appendix AS). 

The individual spots were independently irradiated with incrementally 

higher laser power density, and upon laser irradiation, the D peak of the f­

S WCNTs can be observed to decrease with an increase in laser power as shown in 

Fig. S. l (c - f). Both the 10110 • and 10 / fc ratios in Table S.2 follow the same trend 

(see Fig. AS. I for spectra in Appendix AS). The corresponding spectra for the u­

SWCNTs show no change when compared to those of the f-SWCNTs (see Fig. 

AS.2, for spectra in Appendix AS). A decrease in the D peak has been reported by 

Corio et at. 30 for the as-received SWCNTs. However, the u-SWCNTs used in this 

study do not show any depletion in D peak intensity (Table S.2) since they have 

been previously annealed. The decrease observed in the D peak for the f­

SWCNTs is due to laser-induced thermal degradation of the sample; this 

corroborates well with the literature, regarding depletion of the D peak after 

thermal treatment of the diazonium functionalized SWCNTs.51 
· 
53 
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Figure 5.1: Raman spectra of (a) unfunctionalized SWCNTs and (b - f) 
functionalized SWCNTs after irradiation different laser power densities. Each 
spectrum is taken at different spot on the sample. 
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Table 5.2 Evolution of Io/Io• and lo/lo for the samples: f-SWCNTs, u-SWCNTs, 
b-SWCNTs, o-SWCNTs, Wf-SWCNTs, Wb-SWCNTs and Wo-SWCNTs upon 
laser irradiation. 

Laser LaserA B c A B c 
Power Power 

mW/µ mW/Samples lo/lo· lo/lo· lo/lo· lo/IG lo/IG io/IG mz µm2 

0.10 0.12 0.10 0.10 0.08 0.12 0.08 0.08 

0.10 0.31 0.10 0.10 0.07 0.31 0.07 0.08
u-SWCNTs 

0.11 0.66 0.11 0.10 0.08 0.66 0.08 0.07 

0.10 1.41 0.11 0.10 0.08 1.41 Sat* 0.08 

0.94 0.12 0.99 0.91 0.34 0.12 0.33 0.35 

f-SWCNTs 
0.94 0.31 0.57 0.45 0.34 0.31 0.25 0.26 

0.91 0.66 0.15 0.24 0.33 0.66 0.08 0.16 

0.90 1.41 0.06 0.15 0.33 1.41 0.04 0.1 3 

0.92 

Wt­ 0.91 
SWCNTs 0.93 

0.91 

0.12 

0.31 

0.66 

1.41 

0.96 

0.23 

0.14 

0.10 

0.91 

0.19 

0.15 

0.10 

0.39 

0.37 

0.42 

0.37 

0.12 

0.31 

0.66 

1.41 

0.38 

0.10 

0.07 

Sat* 

0.39 

0.12 

0.10 

0.07 

0.11 

b-SWCNTs 
0.12 

0.12 

0.11 

0.12 

0.31 

0.66 

1.41 

0.23 

0.29 

0.28 

0.16 

0.28 

0.37 

0.28 

0.14 

0.07 

0.07 

0.07 

0.07 

0.12 

0.31 

0.66 

1.41 

0.13 

0.15 

0.12 

Sat* 

0.17 

0.21 

0.15 

0.07 

0.12 0.12 0.13 0.12 0.11 0.12 0.12 0.11 

Wb­ 0.11 0.31 0.12 0.10 0.10 0.31 0.1 0 0.10 
SWCNTs 0.13 0.66 0.14 0.12 0.11 0.66 0.11 0.10 

0.11 1.41 0.12 0.11 0.10 1.41 Sat* 0.10 

0.11 0.12 0.20 0.15 0.06 0.1 2 0.12 0.09 

o-SWCNTs 
0.12 0.31 0.25 0.28 0.07 0.31 0.15 0.19 

0.12 0.66 0.21 0.20 0.07 0.66 0.11 0.1 4 

0.12 1.41 0.13 0.16 0.07 1.41 Sat* 0.16 

Wo­ 0.11 0.12 0.12 0.10 0.08 0.12 0.08 0.07 

SWCNTs 0.11 0.31 0.11 0.10 0.08 0.31 0.08 0.07 

0.12 0.66 0.10 0.10 0.08 0.66 0.07 0.07 

0.1 2 1.41 0.10 0.1 1 0.08 1.41 Sat* 0.07 

A = 0.01 mW/µm2 laser power; B = varying laser power; C = 0.01 mW/µm2 laser 
power used again; Sat* = G band saturates 
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5.3.2 Effect of laser irradiation on SWCNTs sonicated in ODCB and BzCI 

It has been previously suggested that radical coupling to the nanotube 

walls is occurring during sonication.20 Therefore, an increase in the relative D 

peak intensity would be expected, which is indicative of covalent 

functionalization. Upon laser irradiation, the expected covalent bond should be 

depleted, following the same trend observed for the f-SWCNTs. 

In Fig. 5.2 (a - e) and (f - j), we show the effect of laser irradiation on 

SWCNTs sonicated in BzCI and ODCB, respectively. Our initial spectra collected 

on the sample, with 0.01 mW/µm2 (1 %) laser power, show no increase in the 

relative D peak intensity, when compared to those unfunctionalized material. 

Both spectra in Fig. 5.2a and Fig. 5.2f show more intense G bands with no 

broadening, along with blue shifts in the D* peak, which are indicative of p­

doping.1 8 We confirm the doping effects on the b-SWCNTs film in section 5.3.3 . 

As the laser power is increased, the D peak is observed to increase (Fig. 5.2). The 

respective local spot also shows a permanent increase in the D peak (Figures A5.3 

and A5.4 of the Appendix AS). This effect is most pronounced when the sample is 

irradiated with 0.31 mW/µm2 (25 %) laser power. In contrast to the u-SWCNTs 

and f-SWCNTs, the trends observed in the Id l o• and id le ratios (Table 5.2) show 

an increase in disorder with laser irradiation, which subsequently decreases at 

higher laser irradiation. The D peak increase is not as prominent as that observed 

for the f-SWCNTs. This result can explain the discrepancy observed in the 

20 literature 19 · for SWCNTs sonicated in ODCB. If a covalent bond was present, 
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the D peak should decrease upon laser irradiation due to a thermal effect. Thus, 

the anomalous trend observed for o-SWCNTs and b-SWCNTs is not due to 

covalent bonding initially present with the SWCNTs. The increased disorder is an 

artifact generated by laser irradiation, which is known to cause thermal heating. 30
• 

3 1 The question remains regarding what happens during sonication of SWCNTs in 

ODCB and BzCI that leads to an observed increase in D peak intensity. 
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Figure 5.2: Raman spectra of (a - e) SWCNTs sonicated in BzCl (b-SWCNTs) 
and (f - j) SWCNTs sonicated in ODCB (o-SWCNTs) under different laser power 
densities. (e) and (f) the G band saturates at this laser power. 
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5.3.3 Presence of polymeric material and characterizing p-doping 

Polymer wrapping affects the optical spectra of SWCNTs but virtually 

does not alter the Raman spectra except for the RBM of the bulk material, which 

is dominated by the SWCNT signal due to a resonance Raman effect.54
' 

55 Doping, 

on the other hand, which occurs due to charge transfer, depletes the optical 

spectra41 
-4

3 and causes shifts in the Raman D* feature, one of its salient effects.56
• 

50 Neat BzCl is known to undergo hazardous polymerization in the presence of 

iron.45 Iron nanoparticles are present as residual catalytic materials that form 

accretion along the nanotube during synthesis. 57 BzCl was sonicated with a small 

amount of Fe nanoparticles to generate the polymer that is then detected by 

MALDI. The reflectron MALDI-TOF spectra of the reddish-brown slurry 

generated from BzCI are shown in Fig. 5.3. The neat sample (Fig. 5.3a) shows a 

prominent peak at m/z 226, which corresponds to the matrix used ( dithranol), 

whereas Fig. 5.3b shows presence of numerous peaks related to a nonlinear 

polymeric material. The spectrum revealed M+ peaks ranging from 91 and 182 to 

1655. Because of the conditions during sonication, the molecular weight is 

expected to exhibit some variance.19 Polybenzyl chains are known to form 

multisubstitutional patterns (6,.m/z ~ 91) branching from an internal backbone of 

tetrasubstituted aromatic rings. 58 The peaks at the highest mlz value (inset Fig. 

5. 3 b) are separated by a constant 6,.m/z of ~ 7 4, suggesting an aromatic ring repeat 

unit with four bonds. The presence of a polymer can also explain the change in 

conductivity measured by Skakalova et al.44
, where SWCNTs refluxed in BzCl 
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did not recuperate their initial conductivity when rinsed with water. The behavior 

of BzCl is comparable to that of ODCB, which is also known to sonochemically 

19 20 polymerize. 18 
' • 

Doping is also observed during sonication of BzCl with SWCNTs. The 

nanotube film produced via sonication was characterized with Raman and XPS. 

The D* peak of the b-SWCNTs is blue shifted by 11 cm-1 (Fig. 5.4), with respect 

to the unfunctionalized and undoped u-SWCNTs. The intensity of the G band is 

observed to increase, with the loss of the shoulder (asymmetric band) at about 

1540 cm-1
• These characteristic features from the Raman data have also been 

observed when SWCNTs are sonicated in ODCB; the D* peak is blue shifted18 to 

by 9 cm-1
• This has been correlated to p-type doping. XPS is often used to 

determine the chemical environment of an element on the basis of its binding 

energy (BE). Doping can be determined by examining the shift in the BE of the 

spectral features, as doping induces a shift in the Fermi level. From XPS data 

(shown in Fig. 5.5a & Fig. 5.5b), iron(II) chloride is also formed during 

sonication, which has been shown to be the dopant along with iron(lll) chloride. 

From Fig. 5.5c, the C ls spectra show a shift of 0.2 eV toward lower BE, 

confirming p-doping. This has two implications: (1) p-doping is observed due to 

its presence. 18 
' 

39 (2) Polycondensation of benzyl chloride is further catalyzed by 

iron chlorides.58 The polymer and doping contribute to a change in the 

environment of the SWCNTs. 
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Figure 5.3: (a) Reflectron MALDI-TOF of sonicated BzCl and (b) high 
resolution scan of the peak around 1357.13 The highest intensity peaks are 
separated by a constant mlz of 74.02. 
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Figure 5.4: Raman spectra of (a) u-SWCNTs and (b) b-SWCNTs. 
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Figure 5.5: XPS high resolution spectra of (a) the C ls peak comparing the u­
SWCNTs and b-SWCNTs, (b) the Cl 2p peaks of b-SWCNTs and (c) the Fe 2p 
peaks of b-SWCNTs. 

5.3.4 Thermal effect on the samples 

To confirm that laser heating leads to the anomalous increase in D peaks, 

we recorded the Raman spectra corresponding to different heating temperatures of 

the samples. Several samples (f-SWCNTs, o-SWCNTs and b-SWCNTs) were 

prepared, and each film was isothermally heated at a specific temperature within 

the range of 100 to 400 °C. Fig. 5.6 depicts the trend in the ID/ID· ratio for the 
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three samples. As expected, the I 0 110 • ratios for the f-SWCNTs show a significant 

decrease with temperature, whereas the ratios for the o-SWCNTs and b-SWCNTs 

show a marginal increase. By using the 10 110 • ratio after irradiation for the f­

SWCNTs from Table 5.2, we can estimate the local temperature of the sample 

from Fig. 5.6. The temperature induced by 10% (0.12 mWlµm2), 25% (0.31 

mWlµm2) , 50% (0.66 mWlµm2) and 100% (1.41 mWlµm2) laser power is 

estimated to be on the order of 135, 280, 320, and 400 °C respectively. These 

values correlate well with literature values obtained by different methods.29
' 

59 

The folio • ratio for b-SWCNTs and o-SWCNTs increased between 200 

and 300 °C (Fig. 5.6). The polymers present on the SWCNTs lead to an increase 

of the folio• ratio when heated. This corresponds to the temperature induced by 

laser irradiation of 0.31 mWlµm2 (25 %), which is estimated to be heating the 

sample at 280 °C. At such a temperature, the polymer is converted to amorphous 

material, thereby increasing the disorder peak; and at higher temperatures ( 400 

°C), the polymer is degraded.60 Thus, our results can explain observations made in 

the literature, 19 
• 

52 regarding the Raman spectra of SWCNTs sonicated with 

ODCB that are altered after thermal annealing to 400 °C. Moreover, the SWCNTs 

used in this report are thermally stable in air to temperatures of 400 °C. 18 This 

agrees well with literature values for the same material.6 1 Therefore, we exclude 

the possibility of the SWCNTs being degraded. SWCNTs have notable optical 

absorption ability,62
-
64 which results in the heating effect. 65 We can confirm that 

the increase in the D peak is due to degradation of the polymer interacting with 
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the SWCNTs during laser irradiation. We also note that doping is observed after 

thermal treatment in air. Covalent bonds can be removed by thermal annealing, 

whereas a noncovalent interaction can be removed by choosing an appropriate 

solvent.66 To confirm that the polymer is not bonded to the SWCNTs and to avert 

its effect on the SWCNTs, we devised a washing protocol. 
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Figure 5.6: The variation of the 10 // 0 • ratio corresponding to different heating 
temperatures of the samples (a) f-SWCNTs (b) o-SWCNTs (c) b-SWCNTs. 

5.3.5 The effect of laser irradiation on washed nanotubes 

The association between polymers and SWCNTs has been described as 

being robust. 66 The flow field flow fractionation technique was ineffective in 

unwrapping polyvinyl pyrrolidone (PVP) from the SWCNTs.66 Only after 

repetitive steps of centrifugation, decantation, re-suspensions was the polymer 

slowly removed. O'Connell et al. also suggested the use of sonication, along with 

a solvent that promotes polymer dissolution.66 The samples (f-SWCNTs, b-

SWCNTs, and o-SWCNTs) were independently and sequentially washed via 
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sonication in DMF three times for 20 min. The process is repeated three times to 

completely disperse the SWCNTs back into solution because the initial film 

(particularly b-SWCNTs) breaks up slowly into smaller flakes. Subsequent 

treatment evenly distributes the SWCNTs in the dispersant medium. The effect of 

laser irradiation on the washed samples was then recorded. 

In Fig. 5.7a a prominent D peak is still observed for the washed 

functionalized material (Wf-SWCNTs). The ! 0 /fo* ratio for the peak is 0.92, 

which is unchanged within experimental uncertainty and decreases accordingly 

with increased laser irradiation, as shown in Fig. 5.7(b - c). Therefore, the 

washing procedure does not remove functionalities covalently attached to the 

SWCNTs. The washed samples (Wb-SWCNTs and Wo-SWCNTs) show no 

increase in D peak (Fig. 5.7d - i) after irradiation with 0.31 mW/µm2 (25 %) 

laser power. Laser power does not cause any change in the 10 /I o* and folf c ratio 

(Table 5.2) and the doping has also been completely removed. A broad shoulder 

is present at about 1540 cm-1 for the Wb-SWCNTs (Fig. 5.7(d)), the D* peak is 

shifted back to 2657 cm-1
• This value corresponds to the D* peak for the reference 

u- SWCNTs. The polymeric material that was the source of a marginal increase in 

the D peak during laser irradiation has been removed. Evolution of the Wb­

S WCNTs and Wo-SWCNTs under all laser irradiation shows no increase in the D 

peaks, whereas the D peak of the Wf-SWCNTs decreased with an increase in 

laser power (See Fig. AS.5 , AS .6 and A5.7 of the Appendix AS). Therefore, the 

washing procedure has multiple implications: covalent bonds are not removed, the 
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doping process can be reversed, and the polymer material is washed away. Thus, 

we confirm that the polymer is not covalently bonded to the SWCNTs. Therefore, 

although Raman is considered a non-invasive technique, alterations induced 

during data capture can result in misleading interpretations. A careful assessment 

of the nature of the sample, along with the conditions under which the data are 

collected, is a prerequisite for better understanding and control of the chemistry of 

SWCNTs. 
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Figure 5.7: Raman spectra of (a - c) Wf-SWCNTs, (d ­ f) Wb-SWCNTs, and (g 
- i) Wo-SWCNTs under different laser power. 
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5.3.6 The optical properties of SWCNTs in different media 

UV-vis-NIR spectroscopy is often used to characterize covalent 

35 43 functionalization22
' and doping.39

- The optical spectrum consists of features 

that are assigned to optical transitions between van Hove singularities in the 

density of states (DOS) of the SWCNTs. Individualization of SWCNTs in 

surfactants leads to the observation of well-defined van Hove singularities, 

whereas poor dispersion results in broad bands.67 The bands for the first and 

second singularities in the semiconducting nanotubes are centered at about 1400 ­

800 nm respectively. The band at about 500 nm, which is less distinct, is the first 

transition of the metallic tubes.68 

Covalent functionalization22
' 

35 depletes the spectral intensity of the 

electronic band structures of SWCNTs, whereas controlled doping39
-
43 gradually 

suppresses the intensity of the van Hove singularities. We have so far confirmed 

the presence of polymers and doping when ODCB 18 and BzCl are used as 

solvents during sonication. To investigate the effect of the dispersant media, we 

have collected the UV-vis-NIR spectra u-SWCNTs, f-SWCNTs, b-SWCNTs, o­

SWCNTs, Wf-SWCNTs, Wb-SWCNTs, and Wo-SWCNTs. The latter three 

samples were washed, using the procedure described in section 5.3.5. From Fig. 

5.8a, broad peaks are visible corresponding to the van Hove singularities. Upon 

functionalization , these features are depleted, which corroborates well with the 

literature.22 The washed sample, Wf-SWCNTs, does not show any van Hove 

peaks, which agrees well with our Raman data, indicating that covalent bonds are 
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still present. The SWCNTs sonicated in BzCl and ODCB produce a spectrum 

with depleted intensity, when collected in their respective dispersant medium. The 

S 11 band is depleted with a partially visible S22 band. A more intense background 

in the visible range is also observed for both samples, which is due to the 

20 52polymeric species. 19 
' • Wb-SWCNTs and Wo-SWCNTs, once washed and 

redispersed in DMF behave differently. Broad peaks are observed, which in their 

previous dispersant medium (ODCB and BzCl, respectively) were absent. The 

optical spectra of SWCNTs are susceptible to their environment such as 

temperature and the dielectric constant of the medium.69 Thus, we conclude that 

no covalent bonds were present on the SWCNTs and once washed the polymer 

interaction is removed. Although a cursory inspection of the data would imply 

covalent functionalization based on the depletion of the spectral intensity, we 

show that cautious consideration of the species formed during sonication helps to 

elucidate the true nature of the sample, providing better assessment of the data 

collected. 
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Figure 5.8: UV-vis-NlR spectra of (a) u-SWCNTs, (b) f-SWCNTs, (c) Wf­
SWCNTs, (d) b-SWCNTs in BzCl, (e) Wb-SWCNTs, (f) o-SWCNTs in ODCB 
and (g) Wo-SWCNTs. The spectra are offset for clarity and are all collected in 
DMF except for (d) and (f). 

5.4 Conclusion 

Sonication of SWCNTs in either ODCB or BzCl results in the formation 

of a polymeric material that interacts heavily with SWCNTs. This changes the 

environment of the SWCNTs, whereby a quenching of spectral intensity is 

observed in UV-vis-NIR spectra. We also show that upon laser irradiation (>0.12 

mW/µm 2 (25%) laser power) the polymeric material is charred due to a thermal 

effect, which causes an increase in the disorder peak. The heating effect65 is 

64 caused by the optical absorption ability62 
- of the SWCNTs network. The 

variation in D peak intensities has been a source of inconsistency in the 

literature 19 
' 

20 that we can now fully explain. However, once the SWCNTs are 
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washed, they no longer sustain characteristics of covalent functionalization. 

Sonication is not a benign step, and its impact must be considered. The Raman 

laser power and wavelength are important parameters when characterizing 

chemical modification of SWCNTs. Furthermore, optical spectroscopy is also 

affected by polymer formation during sonication of the dispersant medium and, 

therefore, should be used with care. 70 We have shown, how by using careful 

analysis of the data collected, we can unambiguously characterize the SWCNTs. 
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Chapter 6: Sonicating SWCNTs in Water Leads top-type Doping: Cause 

and Consequence 
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Chapter 6 investigates the chemical modification imparted on the 

SWCNTs during sonication in aqueous media, which are commonly used for the 

separation and individualization of Single Wall Carbon Nanotubes (SWCNTs). 

Here, we have investigated the effect of water on the electronic properties of 

SWCNTs especially where sonication is employed. When SWCNTs are sonicated 

in water, the Raman spectrum of SWCNTs is blue shifted by 7 cm-1
• This 

corresponds to p-type doping. During sonication, water molecules are broken 

down to hydroxyl radical which leads to the formation of trace amounts of 

hydrogen peroxide. We show that neither trace amounts of hydrogen peroxide nor 

the presence of catalytic iron nanoparticles affect the SWCNTs but rather it is the 

formation of molecular oxygen. The decomposition of hydrogen peroxide during 

sonication leads to the formation of molecular oxygen, a known dopant. The 

formation of the dopant can be quenched by addition of a small amount of ethanol 

in water. The role of dissolved oxygen has been questioned in literature and our 

results put in perspective another source of oxygen during aqueous dispersion of 

SWCNTs, which has often influenced its chemistry and device applications. We 

also show that sodium dodecyl sulfate overshadows the p-doping effect of oxygen 

during sonication of this common additive with SWCNTs in water. 
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6.1 Introduction 

Water is often used as dispersant medium to individualize SWCNTs using 

surfactants 1
-
3 to achieve stable dispersions or even separate SWCNTs based on 

6chirality using additives such as DNA.4
- Certain covalent functionalization 

schemes are also performed in water such as the diazonium reaction7 and 

hydroxylation of SWCNTs via irradiation with UV light in water. 8 Bulk synthesis 

of SWCNTs results in bundles and the common goal of all these chemical 

modifications is to enhance the dispersion of the SWCNTs and to decrease their 

inherent ability to aggregate. Sonication is often employed as an initial step to 

disperse the SWCNTs in solution. 

Sonication makes use of sound waves to agitate the SWCNTs in a 

solution. As the ultrasonic waves move through water cavitation is known to 

occur. Bubbles are formed during cavitation which expand and implode as a result 

of pressure variation in the liquid. 9 Hydroxyl radicals and hydrogen radicals are 

formed by the dissociation of water molecules during sonication. 10 
• 

11 These 

radicals initiate chemical reactions and can lead to the formation of hydrogen 

peroxide, a strong oxidizing agent formed by the reaction of two hydroxyl 

13 14 radicals. 12 
• Sonication is also known to break down other molecules, through 

a radical pathway that leads to new species that interact with the SWCNTs and 

catalytic materials present, which results in doping. 15 

Doping in SWCNTs is achieved by intercalation, similar to graphite 

intercalation compounds, 16 
• 

17 and by replacement of carbon atoms by other atoms 
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such as boron 18 and nitrogen. 19 During wet chemical processing certain atoms or 

molecules can be intercalated in the SWCNT network. Electron donors and 

electron acceptors can be used to tailor the electronic properties of SWCNTs 

leading to either n-type20 
-
28 or p-type doping. 29

-
38 It should be emphasized that in 

some cases these added molecules only indirectly "lead to doping" and it is the 

formation of new species during sonication that causes doping.15 This doping 

phenomenon can be characterized by Raman spectroscopy, where an up-shift in 

the higher frequency mode Raman features correlates to p-doping, 15 
• 

29
• 

39 and X­

ray Photoelectron Spectroscopy (XPS), where a shift to lower binding energy 

(BE) of the C 1 s core level is also associated with p-doping. 

The electronic structure of SWCNTs has been shown to be sensitive to 

impurities and new species formed during sonication.15 Numerous covalent and 

non-covalent functionalization schemes40
• 

41 have been used to alter the electronic 

properties of SWCNTs. Certain avenues of covalent functionalization make use 

chiral selective reaction for separation,42 while others make use of, for example, 

selective interaction of DNA with specific chiral nanotubes.4 These methods 

make use of the inherent electronic properties of the SWCNTs for further 

modification. However, the impact of pre-processing, such as sonication, on the 

electronic structure has not been assessed thoroughly. We have investigated the 

effect of water and additives such as sodium dodecyl sulfate (SOS) on the 

electronic properties of SWCNTs and determined the nature of the species 
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causing p-type doping thus altering the electronic properties of the SWCNTs. We 

have characterized doping by Raman spectroscopy, titrimet1ically and with XPS. 

6.2 Sample Preparation and Experimental Methods 

Single-Wall Carbon Nanotubes (SWCNTs) (high pressure carbon 

monoxide, (HiPco); Batch # P0343 (5 wt. % total Fe content)) as purchased from 

Carbon Nanotechnologies Inc. (now Unidym), were annealed at 800°C for l hr 

under vacuum following a very slow ramp at a rate of l °C/min to remove any 

contaminants. Millipore water (18 MO.cm) was obtained from a Simplicity UV 

purification system. Hydrogen peroxide (ACS grade, 30 %) was purchased from 

Caledon, Fe(lll) oxide nanoparticles (ACS grade, <50 nm, 99 %) and Sodium 

Dodecyl Sulfate (SOS, puriss. for ion pair chromatography, 2: 99 %) were 

purchased from Sigma-Aldrich. Ethanol (Anhydrous, EtOH) was purchased from 

Comalc. Argon (Ar) gas (99.99% UHP grade) and 0 2 gas (U.S.P Medical Grade, 

99 %) were purchased from Vitalaire. The chemicals were used as received unless 

otherwise stated. PTFE (0.2 µm) filter membrane from Pall Life Science was used 

throughout this study. 

6.2.1 Dispersion of the SWCNTs 

All sonication experiments were performed under ambient conditions for 1 hour 

using a Branson 1510 bath sonicator ( 42 kHz, 70 W). During sonication the 

temperature of the water bath increases from room temperature to within a range 

of 32 - 38 °C over the course of lh. An inert atmosphere was maintained inside 
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the sonication vessel by using an inflated balloon containing Argon gas. The 

vessel was consistently positioned in the middle of the bath in the region of 

highest visible agitation. Stirring was carried out in a flame-dried round-bottom 

flask (RBF) under Ar atmosphere for l h using a 0.5 inch PTFE coated stirring 

magnet. Some neat solvent samples were presonicated for l hr under Ar in the 

absence of S WCNTs. 0 2 gas was slowly bubbled into 15 mL of water for 1 hr to 

produce water saturated with oxygen. Argon gas was bubbled through the 

dispersant medium for 1 h to degas it. A very small amount of SWCNTs (5 mg) 

were added to the solvent (7.5 mL) and agitated via sonication or stirring under 

Ar for 1 h. 

6.2.2 Instrumentation 

A Renishaw 2000 Raman microscope was used to acquire spectra over a 

range of 100 - 3700 cm-1
, with a spectral resolution of 2 cm-1

, using a 

backscattering configuration with a 50x objective excited with an Ar+ ion laser at 

514 nm (2.41 e V). Data were collected on numerous spots on the sample and 

recorded with a fully focused 1 % laser power having a spot size of 1.2 µm ; the 

latter has a power density of 10 µW/µm2 at the sample, which does not alter data 

collection.43 All spectra were collected with the sample on a PTFE membrane and 

are scaled with respect to the maximum intensity of the D* mode (2500 - 2800 

cm-1
) to visually aid the comparison within and amongst the samples. The D* 

peaks have been analyzed by fitting to Lorenztian peaks.44 In the figures 
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presented the envelope of the fitted feature is denoted in red while the fitted peaks 

are plotted in green. 

A Kratos Axis Ultra spectrometer, with a monochromatic Al Ka X-ray 

source (15 mA, 1486.6 eV), was used to record photoelectron spectra of the 

samples. The nanotube samples (thin films and powder) were pressed onto gold 

for analysis. The binding energy (BE) was measured with respect to the Fermi 

level. The instrument work function was calibrated to give a binding energy (BE) 

of 83.96 eV for the Au 4f7/2 line for metallic gold and the spectrometer 

dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of 

metallic copper. High-resolution (0.1 eV) spectra were obtained using a 20 eV 

pass energy and an analysis area of - 300x700 µm. 2 

Hydrogen peroxide was detected iodometrically. The sonicated water 

sample (20 ml) was added to 100 ml lM sulfuric acid saturated with Kl (lg). 

Starch was used as an indicator and the solution titrated with 0.005 M sodium 

thiosul fate . 45 

6.3 Results and Discussion 

6.3.1 The effect of sonication on electronic properties of SWCNTs 

We have investigated the effect of water on the electronic properties of 

SWCNTs during both sonication and stirring as agitation methods. An annealed 

SWCNT sample is used as reference to compare and contrast changes observed in 

the Raman spectra. Four distinct resonantly enhanced features are observed in the 
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Raman spectrum of SWCNTs. The radial breathing mode appears at the lowest 

frequency (100 - 300 cm-1
) , the disorder peak (D peak ~ 1330 cm-1

) appears on 

the lower end of the shoulder of the tangential mode (G band) which is observed 

within the range of 1400 - 1600 cm-1 and finally the second order mode labeled 

D* is visible at 2500 - 2800 cm-1
.
46 We have focused our attention on the G band 

and the D* peaks. The Raman spectrum of the reference annealed SWCNTs has a 

broad shoulder at ca. 1540 cm-1 (G band) and D* peaks with maximum intensity 

at 2657 cm- 1 (Fig. 6.1 (a)). 

The D* band (Fig. 6.l(a)) is the average Raman signal observed for 

annealed SWCNTs which can be explained by the curvature effect and n:-orbital 

misalignment of carbon atoms in the SWCNTs structure.47 
' 

48 The analogous D* 

band for either crystalline or disordered graphite has a double peak feature which 

is independent of defects.49 
' 

50 Tunistra et at. 50 argued that, due to the ABAB type 

stacking, two different carbon environments exist where only half of the carbon 

atoms present in the top layer have a neighbor in the bottom layer. This reasoning 

is also used to explain the trigonal lattice structure observed in STM.51 
-
53 Doping 

not only shifts the D* band but also induces formation of a side peak.44 In the case 

of substitutional in-plane doping with B or N atoms, the shift and appearance of 

features in the D* band is also accompanied by introduction of defects.44 In our 

case, no disorder is observed but the D* band suggests, on average, the presence 

of inequivalent carbon sites caused by structural strain induced by doping. 
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As seen in Fig. 6. l(b), when SWCNTs are sonicated with Millipore water 

( 18 MD.cm) the intensity of the D peak is unchanged which means that defects 

are not introduced upon sonication in water. However, the shoulder of the G band 

is depleted and the D* peaks is shifted by 7 cm-1 to 2664 cm-1
• The D* peak arises 

from double resonance involving scattering of large q vectors (q>0).46 The D* 

peak is used as a gauge for doping where the observed shift is indicative of charge 

29 transfer. i s, ' 
39 An up-shift in the D* peak along with the loss in continuum states 

(depletion of the shoulder at ca. ~1540 cm-1
) and enhancement of the G band 

intensity (ca. 1600 cm-1
) is correlated to p-type doping. 1s SWCNTs stirred in 

Millipore water show a slight depletion in the shoulder of the G band with a 

relatively smaller shift (5 cm-1
) in the D* peak to 2662 cm-1 as seen in Fig. 6.2(c). 

SWCNTs stirred in purged water (degassed with Ar) show no such shifts or 

changes in the G band (Fig. 6.2 (e)) whereas sonicating the SWCNTs in purged 

water still leads top-type doping, where the D* peak shifts to 2664 cm-1 as shown 

in Fig. 6.2( d). Soni cation of water molecules is known to generate small amounts 

of hydrogen peroxide molecules via a radical pathway. 12
· 

14 The question arises 

whether the electronic properties of SWCNTs are altered due to trace amounts of 

hydrogen peroxide. 
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Figure 6.1: Raman spectra of (a) annealed pristine SWCNTs (b) SWCNTs 
sonicated in water ( c) SWCNTs stirred in water ( d) SWCNTs sonicated in purged 
water ( e) SWCNTs stirred in purged water. 

6.3.2 The roles of Fe content and hydrogen peroxide 

From the comparison of Fig. 6.2 (a) and 6.2 (b) it can be seen that 30 wt.% 

hydrogen peroxide leads to p-type doping, which has been shown in the 

literature,54 
-
57 but to our knowledge this is the first report of the effect of 

hydrogen peroxide on the D* peak. Whether sonicated or stirred, hydrogen 
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peroxide causes an up-shift in the O* peak by up to 21 cm-1 to 2678 cm-1 in both 

cases. The shift is also accompanied by a depletion of the shoulder (ca. 1540 cm­

1
) and an enhancement in intensity of the G band peak (ca. 1600 cm-1

). The 0 

peak is also observed to increase indicating an increase in defect density due to 

oxidation of the SWCNTs. We have also observed the formation of bubbles at the 

interface of the SWCNTs and the aqueous medium during stirring of 30 wt % 

H20 2. We believe that the SWCNTs behave as contaminants which trigger the 

decomposition of hydrogen peroxide thereby releasing bubbles of molecular 

58Xy ao t>en. 

We have measured the amount of oxidants (hydrogen peroxide and 

possibly molecular oxygen) formed after sonication of Millipore water using the 

iodotitrimetric method.45 The titration was carried-out in long-necked 250 ml 

graduated cylinders to avoid air oxidation. A blank sample of un-sonicated 

Millipore water was also titrated and showed no change in coloration, thereby no 

measurable air oxidation occurred. The concentration of oxidants in the sonicated 

sample was found to be 4xl0-4 M when titrated with sodium thiosulfate (5xl0-3 

M). To determine whether low concentrations of hydrogen peroxide still lead to 

p-type doping we have prepared a 1 wt % l-{i02 in purged water (0.3 M) mixture 

and stirred with SWCNTs for 1 h. The Raman spectra of SWCNTs treated with 

this low concentration of hydrogen peroxide show no shift in the D* peak and the 

intensity of the G band is not enhanced as shown in Fig. 6.2 ( c ). Other dopants 

such as tetracyanoquinodimethane (TCNQ) have been shown to alter the 
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spectrum even at very low concentrations (1 o-6 M). 59 Therefore, in our case we 

conclude that trace amounts of hydrogen peroxide do not lead to p-type doping. 

(a)SWCNTs sonicated 
- in H 0

2 2 2 
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::J 
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c 2 

·u; 
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Figure 6.2: Raman spectra of annealed pristine SWCNTs (a) sonicated in H20 2 

(b) stirred in H20 2 (c) stirred in 1 wt.% H20 2/H20. 

Song et al. 55 have reported that 0.005 to 0.02 wt % H20 2 (3x10-5 
- 0.06 

M) can lead to p-doping and have potential use a biological sensors. However, it 

was shown that iron oxide nanoparticles are active sites for the reduction of 

hydrogen peroxide.60 Hydrogen peroxide is known to react with Fe (II/III) to 

generate hydroxyl radicals via a Fenton-like reaction.61 The HiPco SWCNTs 

[batch # 79, Dec 2nd 2001] used by Song et al. 55
, being an earlier production 

batch, may have had a high iron content that accounted for their observations. 

Although hydrogen peroxide has been shown to lead to p-doping the nature of the 

species causing the doping is still unclear. The HiPco SWCNTs used in our study 
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have a 5 wt. % Fe content. 15 
• 

62 The iron content is inaccessible because the as 

prepared HiPco SWCNTs usually contain ca. 34 wt. % Fe content63 which is 

reduced to constant 5 wt. % after numerous steps of oxidation, acidification and 

annealing.62 Briefly, the SWCNTs are air oxidized to convert the Fe nanoparticles 

to iron oxides. The SWCNTs are then etched in H2S04/HN03 to break the 

nanotube walls and render them more accessible to a subsequent HCl treatment to 

convert the nanoparticles to water soluble FeCh salt. The SWCNTs are washed to 

64 neutrality and then annealed to decrease the number of defects. 62
• After one 

round of these steps the Fe content drops to about 14 wt. %, these steps are 

repeated sequentially three more time to decrease the Fe content to 5 wt. %. We 

have also previously shown that the remaining Fe nanoparticles are inaccessible 

and no longer prone to further reaction. 15 

Addition of I 0 wt% Fe(lll) oxide nanoparticles to the SWCNTs sample 

(already containing 5 wt% Fe) lead to a shift in the D* peak when they are stirred 

in the 1 wt % H20 2/H20 mixture (Fig. 6.3 (a)). The shoulder of the G band is 

depleted and the D peak increases slightly, possibly due to the reaction of the 

SWCNTs to hydroxyl radicals. 8 No doping is observed when a SWCNT sample is 

spiked with 10 wt % Fe20 3 and stirred in purged water as seen in Fig. 6.3 (b ). 

Thus, we conclude that trace amounts of hydrogen peroxide only lead to p-type 

doping in the presence of accessible Fe content. The inherent 5 wt % Fe content 

in the SWCNTs does not play a significant role as it is inaccessible. It should be 

noted that hydroxyl radicals generated by UV radiation of SWCNTs in water have 
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recently been shown to covalently attach to the SWCNT walls.8 SWCNTs treated 

in water with trace amounts of hydrogen peroxide do not show any signs of 

covalent functionalization, hence the presence of hydroxyl radicals cannot 

account for either doping or for covalent functionalization. Otherwise, an increase 

in D peak would have been observed during sonication in water. We conclude 

that the dopant species formed during sonication is stable and adsorbed into the 

SWCNT network. 
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stirred in 1wt. % H20 2 
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Figure 6.3: Raman spectra of annealed pristine SWCNTs spiked with 10 wt% Fe 
(a) stirred in 1 wt% H20 2in purged water (b) stirred in H20. 

202 




Chapter 6 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

6.3.3 Oxygen causes p-doping 

In literature, concentrated H20 2 (30 wt %) is employed during wet­

chemical treatment of SWCNTs using processes such as refluxing or 

sonication.54 
-
57 Refluxing is conducted at temperatures of 50°C or higher while 

sonication in a bath sonicator increases the temperature of the bath up to 38°C. At 

those temperatures, the hydrogen peroxide is prone to decomposition and new 

species such as oxygen and water are formed. 58 

Although hydrogen peroxide is formed during sonication it is further 

decomposed to oxygen and water due to the temperature reached during 

sonication. To investigate whether the species formed are long lived; purged 

water is presonicated and then stirred with SWCNTs. The Raman spectrum 

shown in Fig. 6.4 (a) is indicative of p-doping. A shift (7 cm-1
) in the D* peak is 

observed at 2664 cm-1 along with the depletion of the shoulder and enhancement 

in intensity of the G band peak. When the presonicated water is purged with Ar 

prior to stirring with SWCNTs no doping effect is observed (Fig. 6.4(b). This 

means that the species formed during sonication is comparatively volatile such as 

dissolved oxygen, which is formed when hydrogen peroxide decomposes. To 

replicate this process, 0 2 gas was bubbled in purged water for I hand then stirred 

with SWCNTs for another hour. The Raman spectrum of the SWCNTs shows a 

prominent increase in the G band intensity along with the loss of the shoulder. 

The D* peak is blue shifted to 2664 cm-1
• These are features characteristics of p­

type doping. 
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Figure 6.4: Raman spectra of annealed pristine SWCNTs stirred in (a) pre­
sonicated H20 (b) pre-sonicated water purged with Ar prior to stirring ( c) H20 
bubbled with oxygen and (d) SWCNTs sonicated in I vol % EtOH in purged 
H20 . 

65 66Oxygen has been suggested to cause p-doping in SWCNTs bundles30
• • 

whereas other literature reports claim that it is the work function of the electrodes 

68that is changed causing the p-type behavior. 67
• This discrepancy can be 

explained in terms of bundles or networks versus individual short SWCNT. The 

conclusions drawn from those findings were taken from either bundles/networks 

65 66 68of SWCNTs30 
• • on one side or individual nanotubes67

• on the other side, 

thereby implying that bundles behave differently from individualized short 

nanotube transistor devices. Indeed it has been shown theoretically66 and 
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69experimetally65 
• that charge transfer is favored in bundles of SWCNTs upon 

oxygen adsorption. Other theoretical work has suggested that oxygen binds 

strongly to the surface of carbon nanotubes70 and Ricca et al 7 1 have shown that 

chemisorption of 0 2 is not favorable at room temperature whereas physisorption 

is weak but stable. This supports our data that no enhancement in D peak is 

observed for SWCNTs sonicated in water or SWCNTs exposed to 0 2. Due to its 

higher electron negativity when compared to carbon, oxygen is an electron 

72acceptor and hence a p-dopant. 30 
' We thus conclude that oxygen is the doping 

species when SWCNTs are sonicated in water. 

Oxygen causes p-type doping of SWCNTs, it is formed via the formation 

and decomposition of hydrogen peroxide during sonication. Sonication breaks 

down the water molecules yielding H. and ·oH radicals as shown below (reaction 

1). 73 

H20WH· + ·oH (1) 

H• + •oH ~ H20 (2) 

2 H• ~ H2 (3) 

2 •oH ~ H20 2 (4) 

2 •oH ~ O+ H20 (5) 

20 ~ 02 (6) 

2H20 2 ~ 0 2 + 2H20 (7) 

The radicals can recombine to form water (reaction 2) or react according 

to reactions (3) to (7), to generate other species such as oxygen. Alcohols such as 
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ethanol are known to retard the decomposition of certain organic solvents,74 they 

have also been applied to quench the formation of radical species during 

sonication. 15 
• 

75 Thus, we have made use of ethanol ( deoxygenated by heating to 

50°C). 76 SWCNTs sonicated in ethanol do not show any sign of doping 15 and the 

doping effect observed when SWCNTs are sonicated in water is suppressed when 

a 1 vol % ethanol in purged water mixture is used. The shoulder of the G band is 

unaltered and the D* peak does not shift as seen in Fig 6.4(d). We thus conclude 

that oxygen molecules alter the electronic structure of SWCNTs during 

sonication, the radicals formed can be quenched with 1 vol. % ethanol in purged 

water. 

6.3.4 XPS of SWCNTs samples 

Since X-ray photoelectron spectroscopy (XPS) data collected on solids are 

referenced to the Fermi level, any change in Fermi level causes a change in the 

observed binding energy (BE). This techniques is often used to characterize the 

29 33 77 78shift induced in the C 1 score-level spectra of SWCNTs after doping. 15 
• • • • 

The high-resolution spectra of the C ls levels of both annealed SWCNTs and 

SWCNTs sonicated in water are depicted in Fig. 6.5. A shift of 0.1 eV to lower 

BE is observed for SWCNTs sonicated in water with respect to the annealed 

sample. The Fermi level is lowered towards the valence band edge hence the 

observed shift to lower BE is correlated to p-type doping, which also corroborates 

with our Raman observations. 
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Figure 6.5: High resolution XPS spectra comparing the C 1 s peak of annealed 
SWCNTS and SWCNTs sonicated in water. 

6.3.5 Effect of SOS on the Raman spectra of SWCNTs 

Since SWCNTs are hydrophobic water by itself does not readi ly produce 

stable dispersions, and surfactants' -3 are used with the aid of sonication to 

individualize the nanotubes. We have made use of Sodium Dodecyl Sulfate (SDS) 

as an additive to investigate its effect on the electronic structure of the SWCNTs 

during wet-chemical processing. The degradation of surfactant molecules has 

previously been reported,79 thus we have made use of both sonication and stirring 

to interrogate the implications of agitation methods and species involved. Fig 

6.6(a) and 6.6 (b) show that the shoulder of the G band is depleted and the 

intensity of the G band is enhanced. Furthermore, in both cases whether stirred or 
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sonicated, the D* peak is shifted by 15 cm-' to 2672 cm-'. These are characteristic 

features related to p-type doping, which is attributed to the additive SDS, in 

particular to the electron-withdrawing sulfate group since the alkyl chain is an 

unlikely contributor towards charge-transfer. 

Oxygen has been suggested to be critica180 
' 

8 1 to enable the protonation of 

SWCNTs in micelles, and it has been stated that its adsorption on the nanotube is 

undetectable by Raman scattering, absorption or fluorescence spectroscopy.8 1 Our 

results can explain the above statement; SDS causes p-type doping that 

overwhelms the D* peak shift and changes in the G band that is caused by the 

oxygen that was generated during sonication. The role of dissolved oxygen has 

been questioned in literature80 as it has been shown to cause pH-induced 

bleaching8 1 of the SWCNTs optical spectra. Our results point to another source of 

dissolved molecular oxygen during sonication. 

(b)c 1.6C'O - stirred 
E 
C'O 

0::: 
0 .8 

Q.i
0::: _A 

0 .0 

1.6 
(a) 
- sonicated - in 1 wt.%::i 

__IC_~ 0.8 SDS/H20 
£ 
C/l 
c 
Q) 0 .0 c 1200 1500 1800 2500 2600 2700 2800 

1200 1500 1800 2500 2600 2700 2800 

Shift (cm-1) 

Figure 6.6: Raman spectra of annealed pristine SWCNTs agitated with 1 wt % 
SDS-H20 via (a) sonication and (b) stirring. 
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6.4 Conclusion 

The role of dissolved oxygen has been debated80 and we have identified an 

additional origin of molecular oxygen from sonication of water. Water is a 

common dispersant medium, but, when sonicated, leads to the formation of 

dopant species such as oxygen via a radical pathway. We have shown that 

SWCNT networks are sensitive to wet-chemical processing and the SWCNTs are 

p-doped when sonicated in water even if the water is previously purged of 

dissolved gasses. The dopant, molecular oxygen, causes an up-shift of 7 cm-1 in 

the O* peak. We have also demonstrated that trace amounts of hydrogen peroxide 

(up to 1 wt %), also generated during sonication, are not the dopant species but 

are indeed activated by Fe nanoparticles. Small amounts of ethanol added to water 

can quench doping. The additive SOS also shows significant p-type doping 

behavior, which we attribute to the sulfate (electron-acceptor) group that 

overwhelms the doping characteristics of molecular oxygen. To manipulate, 

position and use the SWCNTs for potential applications, the effect of pre­

processing must be considered. Although sonication provides a great tool to 

quickly disperse the SWCNTs, it also influences the chemistry of the SWCNTs. 

Further studies are required to gamer better understanding of the effect of 

sonication on reactive oxygen species, DNA82 and even surfactants79 m 

conjunction with SWCNT chemistry. 
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Chapter 7: Summary and Outlook 

7.1 Summary 

The electronic properties of SWCNTs are very peculiar in that they can be 

either quasi-metallic or semiconducting depending on their diameter and chirality. 

These properties can be tuned for a potential application or inadvertently altered 

during chemical processing. Current synthetic methods generate bundles with a 

wide distribution in diameters of SWCNTs along with impurities such as catalytic 

material. Sonication is used to partially break down the bundles of SWCNTs in a 

dispersant medium, which can be either organic or aqueous phase. In certain 

cases, the new species formed during sonication alter the electronic properties of 

SWCNTs by modifying the DOS near the Fermi level. 

Water (aqueous solvent) and ODCB (organic solvent) are examples of 

media used to disperse SWCNTs via sonication. As in the example of ODCB, the 

solvent molecules are also broken down by sonication generating new species that 

interact with the Fe nanoparticles (catalytic material) present resulting in the 

formation of iron chlorides. Water is another case where new species such as 

hydrogen peroxide and oxygen are formed. Molecules such as oxygen and iron 

chlorides are known p-type dopants. The DOS around the Fermi level of 

SWCNTs is redistributed, where the population of hole carriers is increased via 

charge transfer. Therefore, the solvents lead to doping but it is the formation of 
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the new species during sonication and their interactions with the SWCNTs that 

cause doping. 

Doping can be characterized using Raman spectroscopy where the G band 

is altered and the D* band shifts to higher wavenumbers. Using a green laser (514 

nm) the metallic character of SWCNTs networks can be probed. Upon doping the 

DOS around the Fermi level is redistributed or re-normalized and a small band 

gap is created. The spectrum obtained from the green laser produces broadness 

(shoulder) in the G band, this broadening results form a Pei eris-like distortion 1 

(oscillation of the DOS along the tube axis). Upon p-type doping a gap is 

generated and less electron-phonon coupling occurs thus stiffening (suppression 

of the shoulder) the G band. The change in electron-phonon coupling also causes 

an enhancement in the intensity of the higher energy mode of the G band and a 

blue shift in the D* peak. 

Sonication induces the formation of new species via a radical pathway; the 

reactivity of those labile species with the SWCNTs wall was investigated. If these 

labile species would react with the sp2 lattice structure of S WCNTs then sp3 bonds 

would be formed upon covalent functionalization. The presence of those bonds 

would alter the electronic structure of the SWCNTs which could be probed using 

Raman spectroscopy. The disorder peak (D mode) is known to increase in 

intensity upon covalent functionalization of the SWCNTs. Due to their peculiar 

electronic properties the SWCNTs have energy levels that are resonantly 

enhanced by the laser used for Raman spectroscopy. The SWCNTs also have 
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marked optical absorption ability2
-
4 

. During sonication new species such as 

sonochemical polymers are formed and their irradiation with a laser power higher 

than 0.12 mW/µm 2 leads to an increase in D peak, a feature associated with 

covalent functionalization. Spectra collected at lower laser power do not show 

such an increase in D peak. The use of higher laser power induces thermal heating 

locally on the sample because of the optical absorptivity5
• 

6 of the SWCNTs, 

leading to charring of the polymeric material. This results in an increase of 

amorphous content within the vicinity of the SWCNTs, which resonantly enhance 

the signal. Once washed, the interaction of the polymeric material with SWCNTs 

is suppressed and features associated with covalent functionalization are not 

observed. The species formed during sonication are more reactive towards each 

other than with the SWCNTs structure. 

The studies presented in this thesis provide protocols to understand and 

characterize the effects of wet-chemical processing on SWCNTs. 

7.2 Outlook 

SWCNTs are very sensitive to their chemical environment and to gain 

better control over their properties further fundamentals studies are required. 

Chemical modifications make use of dispersed SWCNTs for further manipulation. 

The impact of doping on the subsequent functionalization scheme becomes an 

important question. Take for example the Billups reaction, where halogenated 

hydrocarbons are tethered to the nanotube wall. It was first used using SWCNTs 

dispersed in benzene as dispersant medium and an organic peroxide as initiator. 7 
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The reaction was later modified and made use of Li/NH3 in THF as dispersant 

medium. 5
· 

6 The Li/NH3 combination has been shown to cause n-type doping, 

suggesting the use of charge transfer to improve a reaction. Billups and co­

workers have recently shown that organic peroxides8 can also react with the 

SWCNTs, which brings into question the identity of the addend in certain 

reactions. It is also interesting to point to the covalent functionalization of 

SWCNTs via the diazonium pathway which occurs predominantly in p-doping 

type media (e.g. H2S04, H20 /SDS, ODCB or solvent less but not reagent less 

reactions, where isoamyl nitrite is commonly used). 

Before interrogating the spatial distribution of addends on the SWCNTs 

structure or even their identity, in certain cases, the focus must be placed on 

whether doping is localized on an individual SWCNT. Another important 

question is whether this doping effect can be correlated to covalent 

functionalization. The .local probe of an STM can be used to investigate the effect 

of doping on individualized SWCNT. The main challenge of this investigation 

relies on well defined placement of the individualized SWCNTs on a substrate. 

Two avenues of study can be envisaged to obtain individualized SWCNT. Firstly, 

dispersing low concentration of SWCNTs in a surfactant (SDS) prior to alignment 

across metal (Au) electrodes on the surface (silicon with native oxide layer) 

using alternating current (dielectrophoresis).9
• 

10 A low concentration will avoid 

re-bundling when the surfactant is washed off using excessive amounts of 

methanol, which will eliminate p-type doping effect of the surfactant, while 
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maintain the ac current to promote alignment. The substrate can be patterned with 

trenches to suspend the individual SWCNT across it to prevent any substrate 

interaction.''· 12 This surface can be annealed in vacuum to further de-contaminate 

the nanotube. Alternatively a second approach where the SWCNTs can be grown 

by CVD from island of catalytic nanomaterial (e.g. Fe/Ni) patterned and 

deposited close to one edge of a silicon substrate with methane as carbon 

feedstock. The advantage of the second approach will counter-act the need for 

prior wet-chemical processing and limit contamination. This will provide a basis 

to probe the different nanotubes prior to doping with low levels of either n- or p­

type dopant species such as ammonia and nitrogen dioxide respectively that can 

be leaked slowly inside a chamber. 

An alternative approach that can complement the STM investigation can 

be Raman microscopy. The sample preparation will still require individualize 

SWCNTs on a substrate but other non-gaseous dopant can be studied that would 

otherwise not be easily introduced in-situ in vacuum. Recent, studies13 suggest the 

use of Raman microscopy to investigate the location of a disturbance, such as 

doping, 14 on the structure. Due to the resonant nature of the Raman signal 

individual species can be studied once grown and suspended over a trench on a 

surface. The substrate has been shown to also influence the Raman data collected 

on individual SWCNTs and as such should warrant the use/growth of SWCNT 

across trenches on well defined substrate. 11
' 

12 It seems plausible that low levels of 

doping only affect local regions on the SWCNT structure. The D* band not only 
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shifts upon doping but a renormalization of the DOS produces a "splitting" or 

appearance of a double peak structure. This type of peak feature is also observed 

in HOPG, indicating two types of carbon environment. HOPG has an ABAB type 

stacking, which causes the observed trigonal lattice in during STM imaging. Only 

3 atoms in the hexagonal structure have a neighboring atom in the bottom layer, 

the interaction of the p-orbital is responsible for the observed STM image. Such 

an argument was also invoked to describe the shape of the D* band. 13 The nature 

of the D* peak suggest a local effect that can generate long range interaction, 

which would imply that low levels of doping can control where functionalization 

takes place on the SWCNT. 

Sonication is not only used to clean dirty glassware but has found use to 

disperse SWCNTs in various dispersant media. Other have used cup-horn or 

tip/probe sonicators to enhance dispersion but this was often found to damage the 

SWCNTs after prolonged use due to the power and efficiency of cavitation 

processes. 15 Very recent literature reports the re-assessment of the impact of cone. 

nitric acid on SWCNTs properties by paying attention to shorter sonication times. 

The conductance of SWCNTs films after sonication for 3 mins. have been 

observed to peak and degrade afterwards. 16 Time dependent studies regarding 

sonication, its effect on spectra and dispersion of the SWCNTs can be another 

way to gamer more understanding towards controlling chemical modification of 

SWCNTs. 
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SWCNTs are sonicated in nitric/sulfuric acids and H20 /SDS to exfoliate 

the bundles and individualize them. These dispersant media have been shown to 

lead to p-type doping through charge transfer. From the principle of like charges 

repel it can become possible to use doping to enhance dispersion by decreasing 

the interaction between the tubes in solution. Doping can be used not only to 

change the electronic properties of the tube but also their physical interactions. 

The chosen doping material should be cheap, readily available and prevent 

damage to the structure of the SWCNTs unlike strong acid mixtures previously 

used. 

The nano-electronics industry awaits a breakthrough in terms of selective 

diameter separation of SWCNTs from the bundles and defined placement of the 

individual SWCNT on a substrate. Sonicating SWCNTs with DNA in aqueous 

phase 17 has been used to generate selective separation but the impact of sonication 

on DNA, which is known to occur, 18 has not been considered. To reduce cost of 

application is it imperative to understand which species causes doping and 

potentially separation, so as to use minimum additives to achieve cost-efficient 

applications. 

The selective placement of SWCNTs on surfaces using doping can be 

potentially envisaged. Shortened and carboxylated SWCNTs have been shown to 

. . . h . l d. . 19 20 Zh l 21have a propensity to mteract wit ammes ea mg to separation. ' ang et a. 

and Strano's lab,22 are working towards using hydrophobic and hydrophilic 
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substrates for selective placement and alignment of individual SWCNT on the 

surface. 

The attraction of oppositely charged species can provide a viable pathway 

to position p-doped S WCNTs onto well defined surfaces containing n-dopant type 

functionalities. Another important aspect of individual SWCNT based electronic 

devices is the interaction of the tube with the substrate. 11
' 

12 Depending on the 

work function of the interface, the electrical contact can be either Ohmic or 

Schottky barrier.23 The individual strands must be suspended and the contact must 

not inadvertently alter the transport properties. Anno and co-workers24 
· 

25 have 

used the Langmuir-Blodgett technique (LBT) to deposit diacetylene compounds 

(for example 10,12- nonacosadiynoic acid) on HOPG and generated nanometer 

scale conductive polymer chains (induced by STM tip or UV light), which can 

also be doped. 26 
• 

27 The size and the tunable electronic properties of such 

materials opens the possibilities of interfacing polydicatylenes with SWCNT 

deposition and placement on hydrocarbon tethered surfaces to potentially enhance 

alignment and positioning. 

Thin conducting films are also sought for printable electronics28
, where 

the metallicity of the film must be suppressed to avoid short circuits. The viability 

of such an application depends on decreasing the cost of processing by limiting 

the reagents and steps involved, thus p-type doping using an air stable reagent can 

provide an alternative approach. It has been shown for example that thionyl 

chloride29 and nitric acid16 lead to a decrease in the resistance of SWCNTs sheets. 
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The dopant of choice should not be a harsh reagent and also it should be air 

stable: an example could be ClOx- (sodium or lithium)30 salts with chlorine atoms 

in high oxidation state (+5 or +7). 31 These doped or un-doped thin conductive 

films can lend themselves for laser patterning. This thermal lithographic32 

technique has been applied on other surfaces.33
-
35 These thin films can also be 

used for memory devices . The Raman laser has been shown to alter the spectrum 

of the nanotubes in the presence of polymeric material, a write-read process36 of 

SWCNTs thin films in polymeric matrices can be envisaged as coating for optical 

devices. 

The title of the classic lecture "There's Plenty of Room at the Bottom" by 

R. Feynman in 1959 still stands true today. The discovery of new carbon 

allotropes, such as SWCNTs provides plenty of room for more research to 

fundamentally understand their properties and to manipulate them for a potential 

application. Some fundamental studies have been enunciated along with possible 

pertinent applications. Science is based on a shared body of information to be 

criticized openly to improve its evolution.37 The chemical modification of 

SWCNTs is a fairly young field that reqmres further characterization to de­

convolute the intertwinement between chemical modification and their electronic 

properties, in order to achieve breakthroughs for their much anticipated 

technological importance. 
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Appendix A3 - Setting-up Scanning Tunneling Spectroscopy 

3.1.1 Constant separation l-V spectroscopy 

• 	 Connect a BNC cable from Digital/ Analog Converter (DAC) output 

channel #2 to the modulation bias input # 1. 

The voltage ramp is a sum of the feedback bias set by the front panel knob 

and an additional voltage provided by the DAC. The rate of change of the bias 

inevitably causes a transient current because of the capacitive coupling between 

the bias and the tunneling current as shown in Fig. A3.1. 

(b) 

( 

Fig. A3.1 (a) Transient signals observed in an 1-V spectrum. (b) The bias changes 
as a function of time (c) Outset showing the actual increments of the voltage 
ramp. 
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Although it is a good idea to have the initial voltage step as close as 

possible to the feedback bias, to minimize the first transient signal, this is not 

practical if a large symmetrical scan range is required. Figure A3 .1 (b) is a graph 

of the ramping of the bias vo ltage as a function of time. The smaller values used 

to move between voltage increments are shown in Fig. A3 .l (c). 

The sweep rate defines the rate of change for the voltage ramp between 

increments. The setup rate is defined as the rate of change of the voltage from the 

value set by the front bias knob to the first initial voltage step in the ramp. When 

the feedback loop is on, there is a large constant value that can be seen on the left. 

The setup rate changes the feedback bias to the initial value. The current then 

equilibrates and is sampled then the sweep rate changes the bias to the next point 

on the ramp. 

The time to wait after each voltage for the transient to decay is controlled 

by the pre-sample delay. An oscilloscope can be used to determine the time for 

the transient to decay. Before sampling is even started the spectrum delay 

controls the period of time to wait after the bias has changed to the first initial 

ramp. It also allows for transient decay both before and after the voltage ramping 

when the applied bias is brought back to the feedback value. The number of 

samples to be acquired per point also contributes to how long the data acquisition 

will last. Timing is essential when the feedback is off as one wants to avoid any 

drift that may occur during acquisition and that the data is taken at the same 

position. 
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The 1-V curve obtained should be checked after acquisition. The set-point 

current and the sample bias are known values set by front knobs. This is a pair of 

coordinates that should be in close agreement with the tunneling current and 

voltage step on the graph. Should this coordinate be offset, then it is either that a 

drift in the z-direction has occurred, when the feedback was off, or the timing 

(delay times) is not long enough. This therefore generates transient signals that 

introduce artifacts. lt is a good idea to image the sample both before and after 

acquiring 1-V data to check for drift and reproducibility of the image. The latter 

provides a good gage for the tips' stability. Figure A3 .2 is an example of an I-V 

curve acquired using the constant-separation method on HOPG surface. 

lwV chort!Ct'1tisU•' o! HOP .?, 
. ' 

Fig. A3.2. 1-V characteristic curve of HOPG (raw data) obtained with Us8 = 200 
mV and h = 1.0 nA. Inset: 1.8 nm xl.8 nm image ofHOPG obtained with Us8 = ­
350 mV and h = 1.0 nA (Similar to Fig. 3.4 (b)) 
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3.1.2 1-z Spectroscopy. 

To acquire I-z data, one has to disconnect the BNC cable connecting the 

DAC channel # 1 from the inertial input, after tip approach has been done, and re­

connect it to the z-modulation input #2 on the rear panel. The timing in this 

experiment is not as crucial as for 1-V spectroscopy since the bias is applied to the 

z-piezo and the voltage applied to the z-piezo is isolated from the tunneling 

current signal. Transient signals should be insignificant as capacitive coupling is 

null. In the Point Spectroscopy> Spectra> Input/Output tab one has to make sure 

that the correct channel is acquired; namely, current. More than one channel can 

be monitored if the user wishes to monitor the change in z-motion with the 

applied voltage on the z-piezo. This can be achieved by connecting another BNC 

cable from the auxiliary inputs AUX #1 to the z-modulation bias #2 which has to 

be TEE'ed off The output DAC should be set to DAC #2, with the STM Bias 

mode set to ON. The output unit per D/A volt controls the change in the user 

selected physical unit when the DAC voltage is changed. When acquiring 1-z data 

this value should be set to -25 A. The negative sign means that the tip is moved 

away from the surface. The spectrum unit is user defined to the S.l unit of 

distance which is meters (m). The choice of the bias and tunneling current should 

be taken from imaging conditions. Preferably the feedback bias should be set to a 

low positive value and at a reasonably high current. The z- attenuation can thus be 

calculated from the 1-z data sets by computing the distance traveled by the tip 
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when the ratio of the current is equal to e-2. This value is then used as a parameter 

for the Variable-gap (V-gap) measurement. 

3.1.3 Variable-gap spectroscopy 

An l-V spectrum can be obtained with a larger dynamic range than the 

constant-separation method using the variab le-gap mode. The connections for this 

mode are a combination of both methods discussed above. A BNC cable must be 

connected from DAC #2 to the bias modulation input #1. The BNC cable 

connected from the DAC #1 is disconnected from the inertial input and 

reconnected to the z-modulation input #2. In the Spectroscopy>Spectra>Control 

window the variable gap mode should be set to ON. The timing section can be 

set with the parameters from the constant-separation l-V spectroscopy setup 

window. lf a lock-in amplifier is used, the pre-sample delay should be set at least 

2 or 3 times more than the time constant setting of the lock-in amplifier. A 

maximum of three channels can be acquired m the Point 

Spectroscopy>Spectra>Input/Output window. The current, the z-motion and 

cU/dV (if a lock-in amplifier is used) can be monitored as a function of the voltage 

ramp. The output DAC should be set to DAC #2, with the STM Bias mode set 

to ON. The output unit per D/A volt control is set to 1.0 V with the appropriate 

spectrum unit. ln the Spectroscopy>Spectra>Adv. Modes window four 

parameters are of crucial interest. Firstly the Z-offset before spectrum which is 

the change in the gap prior to ramping which also dictates the minimum height of 

the tip above the sample when the bias crosses zero. A positive value sets the tip 
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above the surface whereas a negative value pushes it towards the surface. 

Secondly the z-change per bias volt controls the magnitude of the bias applied to 

the z-piezo. This determines the slope of the graph as shown below in Fig. A3.3. 

Tip RE:tn.ct 

Tip a.ppma.·~h 

Fig. A3.3. Voltage added to the piezo. 

Too large a value will push the tip rapidly towards the surface as the 

voltage is lowered. This might result in tip and/or sample damage as a large 

current density is produced. Too small of a value will change the gap-width 

marginally as the voltage draws near zero. The current recorded then will 

decrease with a lack of sensitivity. If a tunneling bias of 4.00 V is used and if a 

4A decrease in the gap width is required, then the z-change per bias volt has to 

be set to I. Tip/sample cleanliness are factors that may affect the relationship 

between the sample bias and tunneling current. This value hence requires frequent 

adjustments. 

The third parameter is the z-attenuation length which is related to the 

inverse of the decay constant of the exponential relationship of the tunneling 

current and the gap width. It is best to perform the 1-z measurement before every 

variable gap experiment to determine the z-attenuation length. The work function 

of the tip and sample can vary as a function of their condition, and this in tum 
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influences the value of the z-attenuation. This value is critical for appropriate 

normalization. The constant-separation 1-V curves should be obtained prior to the 

variable-gap experiment. Then one can compare the two sets of values for close 

agreement. Only the current values, at the extreme ends, at the large values of the 

applied bias should be compared. It is advisable to first perform the constant­

separation I-V measurements, and then the 1-z spectroscopy should be performed 

to obtain the z-attenuation for the variable gap mode, which can be performed 

afterwards. Imaging a surface before and after any spectroscopic measurement 

provides a gage of the condition of the tip and sample. 

The fourth parameter outlined in the software is the z-change per D/ A volt 

as this controls how much the tip moves when 1 volt from the DAC output is 

applied to the z modulation input. A value of -25 A is used and therefore the tip 

wi II be moved away from the surface. All the above parameters can be used to set 

up the movement of the tip as a function of the voltage ramp, thence avoiding 

crashing the tip and damaging the sample. When the desired slope is achieved, 

then the sign can be safely reversed to the positive regime. 

The variable gap spectroscopy is acquired by using a lock-in amplifier 

(Stanford Research System Model SR8 l ODSP) with a modulated signal with a 10 

kHz and amplitude of 100 mV. A BNC cable is used to connect the bias 

modulation source from a lock-in amplifier into the bias modulation input #2 of 

the RHK electronics ' rear panel. This is the ac sinusoidal wave applied on top of 

the de bias input. A second BNC cable is hooked up from the pre-amp monitor on 

the rear panel of the RHK electronics to the lock-in input on the front panel; this 

can also be "TEE'ed" off to an oscilloscope to monitor the current signal being 

modulated. The output channel from the rear of the lock-in is connected to the 

auxiliary input labeled "from lock-in" on the rear panel of the RHK electronics. 

This is the dl/dV data that can be monitored. In the Point 

Spectroscopy>Spectra> input/Output window three channels can be acquired; 
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namely the current, AUX (the derivative) and AUX#l if the z-modulation input is 

"TEE-ed" off to be monitored. 
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Appendix A4 
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Figure A4.1. Raman spectra of (a) SWCNTs sonicated in distilled ODCB 1• The 
shoulder of the G band is lost and the D* is at 2670 cm-1

• 

1000 


236 




Appendix A4 PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

c 
(/) 

:J 
0 
u 

c 
(/) 

:J 
0 
u 

(a) 

0 

(b) 

0 

30 

25 

:; 20 
x 
-E 15 
::> 
0 u 10 

10 

3() 

25 

0 20 x 
-E 15 
::> 
0 u 10 

10 

- Chromatogram of neat ODCB 

8 10 12 14 

Time (mins.) 

15 20 25 
Time (mins.) 

- c hromatogram of freshly 
sonicated ODCB 

(c) 
- Mass spectrum of ODCB 

100 200 300 400 500 600 

(d) 

m/z 

_ 	 Mass spectrum of 
tri-chlorinated-1, 1 '-biphenyl 
formed after sonication 
of ODCB 

8 	 10 12 14 
Time (mins.) 

15 20 25 

Time (mins.) 
100 200 300 400 500 600 

m/z 

Figure A4.2. Gas-Chromatogram (GC) of (a) ODCB before sonication (b) GC of 
ODCB immediately after sonication. The mass spectrum (c) of the species eluted 
at about 5 mins. corresponds to ODCB. New peaks are observed after sonication 
(inset for regions between 5 and 14 minutes). The mass spectrum of (d) tri­
chlorinated-1, 1 '-biphenyl eluted from the GC at about 10 mins. for the sonicated 
solvent, is an example of the new species formed after sonication. 
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Figure A4.3. Raman spectra of (a) SWCNTs sonicated m ODCB with 1 %(wt) 
MeOH and (b) SWCNTs sonicated in MeOH. 
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Figure A4.4. Raman spectra of (a) annealed SWCNTs and SWCNTs sonicated in 
the respective solvents (b) 1, 2-dichloroethane, ( c) chloroform, ( d) 
dichloromethane that lead to doping; SWCNTs sonicated in (e) 
tetrachloromethane, 1-chlorobutane, dimethylformamide, tetrahydrofuran, 
methanol, ethanol, and chlorobenzene do not lead to doping. The intensity of G 
band is seen to increase along with a loss of the shoulder and a shift in the D* 
band for the p-doped samples. 
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Figure A4.5. XPS core level full spectra of (a) annealed SWCNT and (b) 
SWCNTs sonicated in ODCB; chlorine peaks are observed. 
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Figure A4.6. TGA data for (a) SWCNTs showing a 14 wt.% residual mass and, 
(b) NB-SWCNTs showing a 5 wt.% residual mass. 
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Solvents -

Orthodichlorobenzene (ODCB) - 99% anhydrous (Sigma-Aldrich) - distilled 

according to literature59 


Toluene - 99.9% HPLC grade (Sigma-Aldrich) 


DCM - 99.9% HPLC grade (Fisher) 


Chloroform (CHCb) - 99.8% anhydrous (Sigma-Aldrich) 


Carbon tetrachloride (CC14) - 99.9 % ACS grade (Sigma-Aldrich) 


1,2-dichloroethane (DCE) - 99.8% anhydrous (Sigma-Aldrich) 


Tetrahydrofuran (THF) - 99% HPLC grade (Caledon) - dried over Na amalgam 

and distilled under Argon 


Methanol - 99.8% electronic grade (Fisher) 


Ethanol- 99.5% (200 proof) anhydrous (Sigma-Aldrich) 


DMF - 99.8% ACS grade (Sigma-Aldrich) 


Other chemicals: 

2 mole % Ch in Ar gas mixture (Air liquide Canada) 


Ar - 99.99% UHP grade (Vitalaire) 


HCI gas - anhydrous 99.0% (Praxair Inc.) 


Fe20 3 - 98% nanopowder (Sigma-Aldrich) 


FeCh.4H20 - 97 to 100% (Fisher) 


FeCh.4H20 - 99 % (Fisher) 
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Figure A4.7. Certificate of Analysis of o-dichlorobenzene from Sigma-Aldrich. 
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Figure AS.1. Raman spectra of functionalized SWCNTs at four different spots on 
the same sample (a)-(d) with 1 % laser power, (e)-(h) the same respective spots 
irradiated with different laser power (i)-(1) spectra collected with 1 % laser power 
again on the same respective spots, showing the changes in the spectra. 
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Figure A5.2. Raman spectra of un-functionalized SWCNTs at four different spots 
on the same sample (a)-(d) with 1 % laser power, (e)-(h) the same respective spots 
irradiated with different laser power (i)-(1) spectra collected with 1 % laser power 
again on the same respective spots, showing the changes in the spectra. 

243 




Appendix AS PhD Thesis- K. R. Moonoosawmy - Chemistry - McMaster 

:::J 

~ 
Z'
"iii 
c 
QJ 

c 
c 
co 
E 
co 

0::: 

(i)(a) (e) 

_L)._) ;J.....A­

(f) U)(b) 

LJ A-) ;Jo­

(k)(c) (g) 

_,.....)c. ~-A- ­

(h) (1)(d) 

300 1500 2000 2500 3000 3500 300 1500 2000 2500 3000 3500 1500 2000 2500 3000 3500 

Shift (cm-1) 

Figure AS.3. Raman spectra of SWCNTs sonicated in BzCl, b-SWCNTs at four 
different spots on the same sample (a)-(d) with 1 % laser power, (e)-(h) the same 
respective spots irradiated with different laser power (i)-(1) spectra collected with 
1% laser power again on the same respective spots, showing the changes in the 
spectra. 
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Figure AS.4. Raman spectra of SWCNTs sonicated in ODCB, o-SWCNTs at four 
different spots on the same sample (a)-(d) with 1 % laser power, (e)-(h) the same 
respective spots irradiated with different laser power (i)-(1) spectra collected with 
1% laser power again on the same respective spots, showing the changes in the 
spectra. 
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Figure AS.5. Raman spectra of washed functionalized SWCNTs (Wf-SWCNTs) 
at four different spots on the same sample (a)-(d) with 1 % laser power, (e)-(h) the 
same respective spots irradiated with different laser power (i)-(1) spectra collected 
with 1 % laser power again on the same respective spots, showing the changes in 
the spectra. 
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Figure AS.6. Raman spectra of Wo-SWCNTs at four different spots on the same 
sample (a)-(d) with 1 % laser power, (e)-(h) the same respective spots irradiated 
with different laser power (i)-(1) spectra collected with 1 % laser power again on 
the same respective spots, showing the changes in the spectra. 
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Figure AS.7. Raman spectra of Wb-SWCNTs at four different spots on the same 
sample (a)-(d) with 1 % laser power, (e)-(h) the same respective spots irradiated 
with different laser power (i)-(1) spectra collected with 1 % laser power again on 
the same respective spots, showing the changes in the spectra. 
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