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Since carbon nanotubes (CNTs) display unique structures and remarkable physical properties, a
variety of applications have emerged in both materials and life sciences. In terms of applications,

the functionalisation of nanotubes is extremely important, as it increases their solubility and
processability, and combines the unique properties of single-walled carbon nanotubes (SWCNTS)
with those of other classes of materials. A number of methods have been developed, which can be
divided into two major approaches: (1) non-covalent supramolecular modifications, and

(2) covalent functionalisation. In this tutorial review, we survey the covalent modification of
SWCNTs with organic moieties, and illustrate the major analytical techniques routinely used to

characterise the functionalised materials.

1. Introduction

Carbon nanotubes (CNTs) are cylinder-shaped macromolecules
with a radius as small as a few nanometres. Historically,
multi-walled nanotubes (MWCNTs) were the first to be
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characterised at an atomic resolution in 1991,' followed by
their single-walled counterparts in 1993.> SWCNTs possess the
simplest geometry (rolling of one single graphene sheet) and
their diameters typically range from 0.7-2 nm. MWCNTs
are instead composed of a concentric arrangement of many
cylinders reaching diameters of up to 100 nm.

SWCNTs are usually produced by arc discharge of graphite,
laser ablation, or gas-phase catalytic growth from carbon
monoxide or other carbon sources.** The raw material usually
contains nanotubes mixed with amorphous carbon and catalytic
metal particles as impurities.

SWCNTs possess extraordinary mechanical properties such
as a high Young modulus (estimated to be 1-5 TPa),
high tensile strength (50-200 GPa), high elasticity and
resilience, thermal conductivity and large aspect ratio (length
to diameter).>*
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SWCNTs can be either metallic or semiconducting depending
on their chiral vectors. The possible defects that can be
visualised in carbon nanotubes are: topological (e.g. the
presence of pentagons or heptagons at the curvature
sites and in the C framework), rehybridisation (sp> — sp°),
incomplete bonding defects (vacancies and dislocations) and
doping with elements other than carbon.>*

SWCNTSs have found a wide range of applications, from
molecular electronics to field effect transistors, in micro-
electronics, optoelectronics, gas storage, sensing, field emission
devices and components in high performance composites,
nanobiotechnology, and nanomedicine.*>

SWCNTs mostly exist in bundles due to the presence of
strong intermolecular cohesive forces (0.5 eV nm™')>* between
tube-to-tube contacts. This feature results in poor solubility in
all solvents, which is an obstacle for the full exploitation
of the SWCNT properties. For many applications, several
protocols have been described in the literature to exfoliate and

functionalise SWCNTs while generating individuals and/or
small bundles.

In this tutorial review, we will focus our attention on
recent developments and selected examples of organic
transformations of SWCNTs, followed by a detailed description
of the analytical techniques necessary to characterise the
functionalised SWCNTs.

2. Organic functionalisation of SWCNTs

Although some of the applications discussed above can be
realised through in situ growth or by the use of pristine
SWCNTs, many other uses require solution phase processing
and manipulations to achieve homogeneous dispersions
within host materials. Often, an effective purification of the
nanotubes is required before their further processing.

Two approaches have been developed for the covalent
functionalisation of carbon nanotubes: (i) amidation and
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esterification of oxidised SWCNTs; and (ii) addition chemistry
to SWCNTs.

(1) The treatment of the crude material under strong acidic
and oxidative conditions, such as sonication in a mixture of
concentrated nitric and sulfuric acid, or heating in a mixture
of sulfuric acid and hydrogen peroxide, results in the
formation of short opened tubes with oxygenated functions
(carbonyl, carboxyl, hydroxyl, ezc.).® This approach represents
a popular pathway for further modification of the nanotubes,
since the acid functions can react with alcohols or amines to
give ester or amide derivatives. (ii)) The functionalisation of
SWCNTs is not limited to the chemistry of carboxylic acid.
More elaborate methods have been developed to attach
organic moieties directly onto the nanotube sidewalls. These
include cycloadditions, electrophilic and nucleophilic or
radical additions, etc. A few reviews dealing with the
chemistry of SWCNTs have recently appeared in the literature
describing exhaustive or representative examples of covalent
functionalisation.’

2.1 Amidation and esterification of oxidised SWCNTSs

Amidation or esterification reactions can be carried out on
oxidised SWCNTs by standard methods, either using acid
chlorides as intermediates or carbodiimide-activated coupling.
Haddon and his collaborators first reported a number of
strategies leading to soluble SWCNTs through amidation
reactions between shortened nanotubes and octadecylamine
(1) and 4-tetradecylaniline (Scheme 1).3¢ The coupling was
carried out via an acyl chloride intermediate obtained by the
reaction of oxidised SWCNTs with oxalyl chloride or by
the formation of zwitterions through an acid-base reaction.
The octadecylamine groups present on the nanotubes act as
solubilising agents and the conjugates are soluble in most
organic solvents. To increase the water solubility of SWCNTs,
the same group described covalent functionalisation with
poly(m-aminobenzene sulfonic acid) (PABS) (2) via an amide
link.%” The conductivity of the SWCNT-PABS co-polymer
was much higher than that of the parent PABS. Following the
method developed by Haddon, Pompeo and Resasco reported
the coupling of glucosamine to the acyl chloride-activated
nanotubes (3).° The solubility in water of the conjugates
ranged from 0.1-0.3 mg mL ™", depending on temperature.
This approach has been used by several groups for combin-
ing the SWCNT properties with those of other interesting
materials. For instance, coupling SWCNTs with Cg fullerene
generates unique structures, which have been studied for
charge-transfer properties. Delgado et al.'% reported the first
conjugated nanohybrid material (4) based on SWCNT-fullerene,
by an amidation reaction between a carboxylic-SWCNT
and an aniline—fullerene derivative. Along the same line, a
grapevine nanostructure (5) was synthesised, based on
SWCNT covalently functionalised with Cgy, by an amidation
reaction between the amino group on the fullerene and the
oxidised SWCNTSs.'®” ESR spectroscopy revealed that the
ground state electron-transfer occurred from SWCNTs to
the Cgp moieties. The cyclic voltammetric responses of the
film remarkably resemble those of Cgq derivatives in solution
and exhibit reversible multiple-step electrochemical reactions.

We reported the synthesis of several hybrid fullerene derivatives—
SWCNT materials that combined [60]fullerenes with appended
photoactive ferrocene or porphyrin functionalities and
SWCNTs (6).!! Detailed XPS investigations have documented
the presence of [60]fullerene derivatives around the exo-surface
of the oxidised SWCNT walls, exhibiting a characteristic
photoelectron N 1s emission peak at 400.3 eV, typical of
amide groups.

Many novel biosensor systems have been prepared based
on functional SWCNTs.!? SWCNTs were modified using
1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine
(DCPE) phospholipid (7), obtaining stable dispersions with
uniform thickness.'>* Baker et al.'*” described covalently
linked adducts of SWCNTs and DNA (8). The high stability
and accessibility in hybridisation experiments indicates that
DNA chains are chemically bound to the exterior surface
of SWCNTs and are not wrapped around or intercalated
within the nanotubes. These DNA-SWCNT adducts hybridise
selectively with complementary sequences, with only minimal
interactions with mismatched sequences. Sun and co-workers
reported the functionalisation of SWCNTs with 2’-aminoethyl-
B-p-galactopyranoside (9).'* These Gal-SWCNTs were
highly efficient in capturing E. coli by interaction with
receptors present on the cell surface of the pathogens.
Papadimitrakopoulos and coworkers reported the covalent
functionalisation of SWCNTs with flavin mononucleotide
(FMN) (10).'*" The emission of the FMN was quenched
because of the strong m—m interactions between the aromatic
flavin moiety and the SWCNT external surface, which caused
a rearrangement of the dye configuration onto the SWCNT
sidewalls. In recent years, more complex structures have been
designed (i.e. organisation of nanotubes on electrode surfaces
and attachment of electroactive/photoactive groups, semi-
conductor nanoparticles or attachment of modified flavin adenine
dinucleotide co-enzyme) with the aim of finding applications
either as biosensors or generators of photocurrents.'

The alternative functionalisation of SWCNTSs by esterification
of the carboxylic functions has been also extensively exploited.
The covalent attachment of porphyrin units to SWCNTs
(11 and 12) via an esterification reaction, yielding compounds
soluble in polar organic solvents, was reported by different
groups (Scheme 1). Baskaran er al.'® reported that in
supramolecular donor—acceptor complex 12, SWCNTSs serve
as an efficient electron acceptor component, as evidenced by
substantial quenching of the porphyrin luminescence. Li
et al.'® also reported that quenching of the fluorescence of
the porphyrin units was strongly dependent on the length of
the spacer between the nanotube and the chromophore. While
no fluorescence quenching was observed for 11b, in the case of
11a, the fluorescence of the porphyrin was approximately 70%
of that of the reference compound. This result could be
attributed to the length and flexibility of the alkyl chain, which
allows a better interaction between the nanotube and the
porphyrin for 11a.

Recently, Cosnier and Holzinger'” also reported the
esterification reaction of long alkyl pyrrole moieties to
oxidised SWCNTs. The pyrrole—ester-SWCNTs 13 were
dissolved in THF and electropolymerised by controlled
potential electrolysis at 0.95 V.
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Scheme 1 Covalent functionalisation of SWCNTSs following amidation and esterification reactions of carboxylic acid groups.

2.2 Addition chemistry to SWCNTs

In contrast to the esterification or amidation reactions of the
acid groups of oxidised SWCNTs, the functionalisation of their
sidewalls requires the use of highly reactive species. Ideal pristine
SWCNTs possess two distinct regions, caps or tips and
sidewalls, with different reactivity towards covalent chemical
modifications. The presence of five-membered rings at the end of
the nanotubes leads to a relatively higher reactivity, similar to
fullerene. Functionalisation of the sidewalls is more difficult to
accomplish. Addition reactions to carbon—carbon double bonds
cause the transformation of sp> into sp>-hybridised carbon
atoms, which is associated with a change from a trigonal-planar
local geometry to a tetrahedral geometry. This process is

energetically more favourable at the tips due to their
pronounced curvature, in marked contrast to the sidewalls with
their comparatively lower curvature. In reality, nanotubes are
not ideal structures, but rather contain defects formed during
their synthesis; it is probable that reactions preferably occur near
defect sites.'®™ Sidewall functionalisation has been achieved
either on pristine or oxidised and/or modified SWCNTs.

2.2.1 Fluorination. Fluorination of SWCNTs with elemental
fluorine at several different temperatures was first reported by
Margrave and co-workers.>*'® The bulk of the SWCNTs
survive the fluorination process at temperatures between
150400 °C, since at higher temperatures the graphitic

This journal is © The Royal Society of Chemistry 2009
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network appreciably decomposes. Fluorinated nanotubes
(abbreviated as F-SWCNTs) contain one fluorine atom for
every two carbon atoms. Once fluorinated, F-SWCNTs can
be defluorinated with anhydrous hydrazine. The fluorination of
the nanotubes drastically enhances the reactivity of the
sidewalls and subsequent modifications are possible. It was
demonstrated that the sidewall alkylation of F-SWCNTs can
be accomplished using organolithium, Grignard and metal
alkoxide reagents.*® Thermogravimetric analysis (TGA)
combined with UV-Vis—NIR spectroscopy was used to provide
a quantitative measure of the degree of functionalisation of the
tubes. This degree was found to be roughly one alkyl group for
six to eighteen carbon atoms, depending on the nanotubes and
the nature of the alkyl group. The alkylated SWCNTSs can be
well dispersed in common organic solvents.

2.2.2 Addition of Carbenes. Carbene addition is among the
first cases of documented sidewall functionalisation. Oxidised
SWCNTs were first functionalised with octadecylamine (14)
followed by addition of phenyl(bromodichloromethyl)-
mercury as a source of dichlorocarbene! to modify the
oxidised tubes (15). The reaction course was followed by
Raman and IR spectroscopies, and was found to reverse at
high temperatures (Scheme 2).

2.2.3 Addition of Nitrenes. The group of Hirsch described
the functionalisation of pristine nanotubes by nitrenes, using

(COCl),
NH; (CHg)47CHs

14 R = -(CH,);;CH;

PhHgCCI,Br

15 R = (CH,)47;CHs

different alkyl azidoformates as precursors (Scheme 2).2° After
thermally-induced N, extrusion, nitrene addition resulted in
the formation of alkoxycarbonylaziridino-SWCNT hybrids
16a—g. This reaction was first applied to small addends
(16a and 16b, where R = ethyl and tert-butyl, respectively),
and then extended to more complex substituents such as long
alkyl chains, aromatic groups, crown ethers, dendrimers and
oligoethylene glycol units (16¢c—g). The highest solubility of
1.2 mg mL™" was found in dimethylsulfoxide and 1,1,2,2-
tetrachloroethane for the SWCNT adducts obtained through
the addition of nitrenes bearing crown ethers.

Yinghuai et al.?' reported the covalent sidewall functionalisa-
tion of SWCNTs by a substituted C,B,o carborane cage (17) via a
nitrene cycloaddition reaction (Scheme 2). The resulting water
soluble nanotubes were administered to tumour-bearing mice
and were found to specifically target the tumour. This feature,
although not fully explored, could have potential applications for
boron neutron capture therapy in cancer treatment.

2.2.4 1,3-Dipolar cycloaddition. The 1,3-dipolar cyclo-
addition of azomethine ylides generated in situ by thermal
condensation of aldehydes and a-amino acids produces a large
variety of pyrrolidine rings fused to the C-C bonds of
SWCNTSs.” We have first reported the synthesis of several
derivatives containing solubilising alkyl (18b) or triethylene
glycol chains (18a) on the pyrrolidine ring (Scheme 3).” We
have also described the covalent linkage of electron donors,

Rfﬁ X o
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Scheme 2 Carbene and nitrene additions to SWCNTs.
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such as ferrocene (18¢), onto the network of SWCNTs.?*
Such types of SWCNT-based conjugates may find application
for future developments in photovoltaics. In addition, these
ferrocene—nanotube hybrid materials can be used as electro-
chemical sensors and biosensors for the selective recognition
of anions.??” The interaction of a large number of ferrocene
units with H,PO,4~ anions in organic solutions, results in a
relevant shift of the oxidation potential of the ferrocene unit in
cyclic voltammetry experiments.

The use of an N-functionalised glycine, bearing a Boc
(tert-butyloxycarbonyl)-protected amino end group generates
the corresponding functionalised SWCNTs (f~SWCNTs)
(18d), which, after deprotection, leads to amine functionalities
amenable to further transformations.?** Simple procedures in
peptide chemistry were then adopted to generate f~SWCNTs
modified with amino acids and peptides.?> These hybrids are
attractive tools for biomedical applications.

Recently, SWCNTSs functionalised with phenol groups via a
1,3-dipolar cycloaddition (18e) were described.>*” Sidewall

21aR=-CH; 21bR=-CqsHys

MeO,C—=-CO,Me,

Trialkyl-N-oxide

R
[ ® 20 R = «(CH,)s-Anthracene
EARNC]

Rq
° AR,

Azomethine Ylides

18b Ry = —(CH,);—CH;, Ry=H

18d Ry = -~ Ou~g~-NHBoC, R; = H;

Boc = tert-Butyloxycarbonyl

1,3-Dipolar cycloaddition reactions to SWCNTs.

functionalisation resulted in stable dispersions of SWCNTs
in organic and aqueous solvents allowing the preparation of
composites. The fabrication of homogenous, coherent and
transparent CNT composite films and/or gels was achieved
by simple mixing of colloidal suspensions of CNTs with
solutions of polymers and layered aluminosilicate clay minerals.
We also reported a different approach using microwaves
to functionalise SWCNTs employing aziridines as starting
materials (19).>* As an indirect proof of functionalisation,
retrocycloaddition of SWCNTs has been carried out in the
presence of Cgq to trap the corresponding ylide. Ménard-
Moyon er al. " reported an alternative method for the
functionalisation of SWCNTs by azomethine ylides derived
from trialkylamine-N-oxides. Selective reaction and separation
of semiconducting nanotubes could be achieved when the
starting N-oxides were attached to pyrene, which acts as a
templating agent (20).

Zhang and Swager reported the functionalisation of
SWCNTs using a zwitterion formed by the reaction of

This journal is © The Royal Society of Chemistry 2009
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4-dimethylaminopyridine (DMAP) with dimethyl acetylene
dicarboxylate.”®® The intermediate in this cycloaddition
reaction bears positively charged DMAP moieties, which are
replaced with a methoxy or 1-dodecanol as the nucleophiles to
give 21a-b. The reaction leads to the formation of cyclopentenyl
rings on the nanotubes. Langa and co-workers described
the functionalisation of oxidised carbon nanotubes with 2,5-
diarylpyrazoline (22a-b) or pyridyl-isoxazoline rings (23), using
1,3-dipolar cycloaddition of nitrile imines and nitrile oxide,
respectively, to the sidewalls of modified SWCNTSs.?® The short
nanotubes were first esterified with pentanol and then submitted
to cycloaddition, producing 22 and 23, respectively.

2.2.5 Diels—Alder cycloadditions. In general, 4n + 2n
cycloadditions to SWCNTSs do not represent a suitable method
of functionalisation due to the easy reversibility of this reaction.
Langa and co-workers reported the modification of short
nanotubes, esterified with pentanol (24), by a Diels—Alder
cycloaddition (25) in the presence of o-quinodimethane generated
the corresponding 4,5-benzo-1,2-oxathiin-
2-oxide (sultine) derivative under microwave irradiation
(Scheme 4).%

in situ from

2.2.6 Nucleophilic additions. Coleman ez al.?® described the
cyclopropanation of SWCNTs (26a), using diethyl bromo-
malonate and 1,8-diazabicyclo[5.4.0Jundecene (DBU) (Scheme 5).
For the characterisation, they developed a chemical tagging
technique, which involves transesterification of the resulting
product with 2-(methylthio)ethanol or with the sodium salt
of 1H,1H,2H 2H-perfluorodecan-1-ol to give 26b and 26c,
respectively. In the first case, the cyclopropane group was
“tagged” by exploiting the gold sulfur binding interaction
using preformed 5 nm gold colloidal nanoparticles. In the
second case the introduction of perfluoro groups allowed the
analysis of the nanotubes by '°F NMR and XPS spectroscopy.

2.2.7 Free-radical additions. This is a widely used class of
reactions for SWCNT functionalisation. In general, radicals
may form photochemically and/or thermally in oxidation/

Scheme 4 Diels—Alder cycloaddition reaction to SWCNTs.

M = Na, Li

26aR =-C,Hs
26b R = -(CH,),-SCH;3

26C R = -(CH,),-(CF,)-CF5

Scheme 5 Nucleophilic addition to SWCNTs.

reduction reactions by inorganic ions, resulting in a single
electron transfer, and by electrolysis. Holzinger es al.?** and
Nakamura es al.?® independently reported the addition of
perfluorooctyl groups to the surface of nanotubes (27). The
radicals were generated by photolysis of either heptadeca-
fluorooctyl iodide or perfluoroazooctane (Scheme 6), and they
were revealed to covalently react with SWCNTSs leading to
conjugate 27. Peng et al.>* described the reaction of SWCNTs
and their fluorinated derivatives with organic peroxides such
as benzoyl and lauroyl derivatives under thermal conditions,
to produce derivatives 28a and 28b. Later, the same group
reported the reactions of SWCNTs with succinic or glutaric
acyl peroxides resulting in the addition of 2-carboxyethyl or
3-carboxypropyl groups 28c to the sidewalls of nanotubes.
Billups and co-workers reported the reaction of SWCNTSs with
organic peroxides in the presence of alkyl halides to produce
f-SWCNTs (28e—g).>*

Wei and Zhang reported a photoreduction of aromatic
ketones by alcohols for covalent sidewall functionalisation.?!“
In this method, benzophenone in the excited state removes a
hydrogen atom from benzhydrol, leading to the generation of
a benzhydrol radical, which readily adds to the nanotubes.
Since the excited benzophenone triplet is reactive to many
types of other C—H bonds like amines, ethers, hydrocarbons,
or aliphatic sulfides, a wide variety of radicals could be
generated using this photochemical approach. A long chain
hydrocarbon marker (n-Ci3Hjzs) was grafted onto OH
functional groups by an esterification reaction (29a). The
same authors reported the functionalisation of SWCNTSs with
diphenylcarbinol groups (29b) by the reaction of benzophenone
in the presence of potassium.>!?

2.2.8 Reduction and reductive alkylations. The trans-
formation of nanotubes into carbanionic derivatives is a
relatively easy process, owing to their “electron sink™ properties.
Carbanionic SWCNTSs can act as suitable intermediates in a
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Scheme 6 Functionalisation of SWCNTSs using radical additions.

variety of different electrophilic reactions, providing the
corresponding functionalised SWCNTs. Pekker et al.3* first
reported the chemical hydrogenation of SWCNTSs via a Birch
reduction with lithium and sodium ‘‘electron solvates”
M "[e"(NR3),] in ethylene diamine or liquid ammonia
containing methanol. Similarly, Penicaud et al.**” showed that
mixing alkali metal in THF containing naphthalene results in
lithium/sodium naphthalenide radical anion, which could
generate carbanionic SWCNTs, easily alkylated with alkyl
halides. Liang e al.** prepared the corresponding alkyl- (30)
or aryl- (31) substituted SWCNTs through a putative reductive
alkylation pathway (Scheme 7). The alkylated SWCNTs
exhibited high solubility in chloroform, THF and DMF, and

Birch Reduction
LiINH3 e

Sec-BuLi, THF

30aRr=H
30¢ R =-CH,CONH,

30b R = -Different Alkyl Chains

31aR= -CeHs 31bR= -CgH4NH,

31¢ R=-C¢H,OMe

32a R = -[CH,-C(CH3)}(COOCH;)],-
32b R = (CH,)sCONHPEGOMe

33d R=-COOH

a) Methyl Methacrylate (MMA)
b) tert--Butyl acrylate ('BA)

c) Styrene

d) CO,

also resulted in extensive debundling as observed by AFM and
HRTEM characterisations. In the case of arylation, a higher
degree of functionalisation was seen when the aryl group was
functionalised by an electron donating substituent.

The addition of acrylic ester monomer on nanotube salts
(32a) was carried out for promoting in situ anionic poly-
merisation onto SWCNTs. The poly(methylmethacrylate)-
grafted SWCNTSs were soluble in CHCl;, THF and acetone.
Similarly, SWCNT salts reacted with ®-bromocarboxylic acids
to yield sidewall-derivatised SWCNTSs, which could be further
coupled to amine-terminated PEG chains to yield water
soluble PEGylated SWCNTs (32b).>* The alkyl carbanions
(e.g. sec-butyl lithium) were added to SWCNTs to generate

Li, DTBP, THF
a) CISiMe;
b) CH=C(Me)COOMe
\ ¢) CHy=C(NHAC)COOMe

34aR=-SiMe;

34b R = -[CH,-C(CH3)(COOCH)].-

34c¢ R = [CH,-C(NHCOCH3)(COOCH3)],-

33a R = -[CH,-C(CH3)(COOCH3)],-
33b R = -[CH,-CH(GOOC(CHg)g)lr-

¢Hs

33C R = -[CHyCH-)5(CHy-GH)ul
¢o
COOC(CHg)s

COOCH;

Scheme 7 Functionalisation of SWCNTSs using Birch reduction and reductive alkylation, arylation and polymerisation reactions.
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anionic sites for grafting polystyrene chains, or to initiate
anionic polymerisation of tert-butyl acrylate or methyl
methacrylate, or block co-polymerisation of these two
monomers on the tube surface (33a—c). Treating SWCNTSs with
sec-butyllithium, and subsequently with carbon dioxide, led to
SWCNTs functionalised with both alkyl and carboxyl
groups (33d).%

In very recently developed methods for generating carbanionic
SWCNTs, Garcia-Gallastegui er al.*** have shown that
catalytic amounts of 4,4’-di-fert-butyl biphenyl (DTBP)
as an electron carrier efficiently promote the formation of
carbanionic SWCNTs in THF in the presence of lithium
metal. The addition of electrophiles like trimethylchlorosilane,
methyl methacrylate and methyl N-acetamidoacrylate affords
silyl-functionalised nanotubes and polymer wrapped
SWCNTSs, respectively (34a—c). Wunderlich er al.3%® carried
out reductive hydrogenation and alkylation of SWCNTs
in liquid ammonia by sodium metal in the presence of
ethanol-butyl iodide to investigate the SWCNT reaction
selectivity. It was found that SWCNTSs with smaller diameters
were considerably more reactive than tubes with larger
diameters. Moreover, this reaction sequence favours the preferred
functionalisation of metallic over semiconducting SWCNTs.

2.2.9 Direct arylations. Diazonium coupling is one of the
more investigated addition reactions to SWCNTs. Though
most probably this reaction proceeds via radical intermediates,
it is treated apart here because of its importance in the
functionalisation panorama. The method was reported by
the group of Tour, who described the synthesis of several
conjugates (35) via electrochemical reduction of a variety of
preformed aryl diazonium salts, followed by their addition
onto the nanotube sidewalls (Scheme 8).”” The degree of
functionalisation was as high as one functional group out
of 20 carbon atoms of SWCNTs. Nanotubes derivatised
with a fert-butyl benzene moiety were found to possess
significantly improved solubility in organic solvents. Later,
the same group reported that the functionalisation of
SWCNTs with aryl diazonium salts was not only limited
to electrochemically induced reactions but could be
achieved either by direct treatment with aryl diazonium tetra-
fluoroborate salts in solution or with the corresponding
amine, which was transformed in situ into the diazonium
species using an alkyl nitrite. In some cases, the reactions
with preformed diazonium salts were observed to be effective
at moderate or room temperature. It was reported that
aryldiazonium salts could efficiently react with SWCNTs
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R NH X
_@_ ’ [ BF, +N2@R]
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or
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using conditions {A-D)

X
+ HNR

A) Isoamyl Nitrite, Without Solvent

or

B) NaNO, In Oleum, AIBN or (t-BuO),
or
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Scheme 8 Functionalisation of SWCNTs using diazonium coupling reactions under different conditions.
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coated with sodium dodecyl sulfate (SDS) in water at room
temperature.

Dyke and Tour also reported the rapid and green chemical
functionalisation of SWCNTs with aryl diazonium salts in the
presence of ionic liquids (imidazolium based ionic liquids with
various alkyl branched chains) and K,CO; by grinding
SWCNT in a pestle and mortar at room temperature for
a few minutes.”” It is important to note that SWCNTs
functionalised in the presence of SDS were more soluble than
the aryl-functionalised hybrids prepared by the other methods.
For example, SWCNTSs containing tert-butylphenyl groups
exhibited a high solubility in o-dichlorobenzene, DMF,
chloroform and THF, compared to a low solubility in THF
for the solvent-free and electrochemically generated materials,
respectively. The Tour group also used organic triazenes as
stable precursors to diazonium salts for functionalising
SWCNTs in aqueous media (35d).3” A similar approach
based on “click chemistry” was explored recently to link a
zinc phthalocyanine on SWCNTSs pre-functionalised with
phenylacetylene moieties.*® Gho er al.*® reported porphyrin-
functionalised SWCNTs by the reaction of nanotubes with
in situ generated porphyrin diazonium compounds (35e).
These two examples of nanotubes combined with photoactive
species exhibited electron transfer properties by photo-
excitation of the phthalocyanine or the porphyrin. The
SWCNT-phthalocyanine conjugate 35e was tested as a
photoactive material on an ITO photoanode so that a
relatively high incident photon to current efficiency (IPCE)
was obtained. In the case of the SWCNT-porphyrin conjugate,
the non-linear optical properties were tested: the optical
limiting properties were found to be better than those of the
separated components (i.e. SWCNT and porphyrin), and also
than those of fullerene Cgy. These particular conjugates
show that covalently linked donor—acceptors based on
nanotubes and porphyrins or phthalocyanines are suitable
for the realisation of optoelectronic devices.

3. Characterisation of functionalised carbon
nanotubes

Responding to the rapid growth of research in the field of
functionalisation of SWCNTSs, and the emerging uses in
electronics, materials science, nanomedicine and other fields,
suitable protocols for SWCNT characterisation to ensure
their consistency, structure, purity and reliability have been
developed.*® Due to the unique features of SWCNTs, and the
wide range of SWCNTs available from commercial suppliers
and academia, characterisation protocols are necessary to help
the scientific community to standardise the assessment of
SWCNT properties. New techniques have been explored, and
existing analytical and spectroscopic methods to characterise
the raw, purified and processed (i.e. functionalised) SWCNT-
based materials have been adapted. The second part of this
tutorial review will focus on the available analytical methods
for the characterisation of f~SWCNTs. The most common
techniques that can be employed are reported in Table 1,
while some of them are discussed in more detail in the next
sections.

Table 1 Different analytical techniques used for the characterisation
of ~SWCNTs

Analytical techniques® Structural information

Thermal TGA, DSC,

analysis DTA functionalisation

Spectroscopy FTIR Nature of functional groups
UV-Vis-NIR Helicity and degree of functionalisation

Purity, thermal stability and degree of

NIR-PL Helicity of semiconducting tubes

Raman Amount of carbon impurities and
damage/disorder, degree of
functionalisation, diameter and
chirality

XPS Elemental composition

AES Elemental composition

SIMS Molecular mass of adsorbate

Microscopy AFM Diameter, length

ST™M Helicity and degree of functionalisation

SEM Purity

TEM Diameter, length, chirality and purity

“ AES: Auger electron spectroscopy; AFM: atomic force microscopy;
DSC: differential scanning calorimetry; DTA: differential thermal
analysis; FTIR: Fourier transform infrared; NIR: near infrared;
PL: photoluminescence; STM: scanning tunnelling microscopy,
SEM: scanning electronic microscopy; SIMS: secondary ion mass
spectrometry; TEM: transmission electronic microscopy; TGA:
thermal gravimetric analysis; XPS: X-ray photoelectron spectroscopy.

3.1 Thermogravimetric analysis

TGA is an analytical technique used to determine the thermal
stability of materials and the fraction of volatile components
by monitoring the weight loss that occurs as a sample is
heated.****! The measurement is normally carried out in air
or in an inert atmosphere, such as He, N, or Ar, and the
weight loss is recorded as a function of increasing temperature.
Sometimes, the measurements are performed under an oxygen
atmosphere (1-5% O, in N, or He) to enhance the oxidation
processes. In addition to the weight changes, some instruments
also record the temperature difference between the specimen
and one or more reference pans (differential thermal analysis,
DTA), or the heat flow into the sample pan compared to that
of the reference pan (differential scanning calorimetry, DSC).
The latter can be used to monitor the energy released or
absorbed via chemical reactions during the heating process.
In the particular case of f~SWCNTs, the weight changes in
air are typically a superposition of the weight loss due to
oxidation of the organic appendages and the carbon atoms of

JS-SWCNT into gaseous carbon dioxide, while in the case of

pristine SWCNTs, an increase in weight can occur due to
oxidation of residual metal catalyst into metal oxides. In most
cases, TGA is performed with a linear temperature ramp.
Typical heating rates employed in TGA measurements of

F-SWCNT specimens are in the 5-10 °C min~' range. This

approach provides two important pieces of information:
(1) ash content (residual mass, M,,); and (ii) oxidation
temperature (7p). While the definition of ash content is
unambiguous, oxidation temperature can be defined in many
different ways, including the temperature of the maximum in
the weight loss rate (dm/d7T,,.x) and the weight loss onset
temperature (7,nser)- The former refers to the temperature of
the maximum rate of oxidation, while the latter indicates the
temperature when oxidation just begins. The use of the former
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definition, 7y, = dm/dT. is preferred, since the precise
determination of T is often difficult due to the gradual
initiation of the thermal transition. However, the gradual onset
is essentially attributed to the non-nanotube materials, which
burn at temperatures lower than that of SWCNTs, such as the
organic residues covalently or physisorbed on the SWCNT
sidewalls. Fig. 1 shows an example of thermogravimetric
analysis of a series carbon nanotubes functionalised with
PAMAM dendrimer and porphyrin.*' One clearly sees that
the loss of weight increases with the increasing degree of
functionalisation.

For pristine SWCNTSs, the weight loss due to carbon
oxidation is often superimposed on the weight increase due
to the catalyst oxidation at low temperatures. In some cases,
this leads to an upward swing of the TGA curve prior to the
bulk of the weight loss, which makes the definition of Ty
even more difficult and ambiguous. However, determining
dm/dT,.x 1s relatively straightforward, and herein, the
oxidation temperature is defined as T, = dm/dT},.. It has
been noted that the heating rate has a pronounced effect on the
measured values of T, and their standard deviations. The
effect on Ty has been attributed to the limited heat conduction
into the sample. The maximum temperature is selected so that
the specimen weight is stable at the end of the experiment,
implying that all chemical reactions are completed.

TGA measurement of f~SWCNT-based materials under an
inert atmosphere usually produces only one peak in the dm/d7T
curve, as the organic functionalisation decomposes rapidly
and more effectively than the carbon framework. Sometimes,
more than one peak is observed, due to the difference in
thermal stability of parts of the appended fragments. These
partially overlapped peaks can be deconvoluted, allowing
quantification of the various components in the nanotube
material (amorphous carbon, tubes, or graphitic particles).

It is not surprising that when TGA measurements are
performed on several SWCNT-containing specimens sampled
from the same batch, the TGA traces do not necessarily
coincide. These observations serve to emphasize that SWCNT
batches are not pure chemicals and, therefore, are not as
homogenous and uniform as usually implied for pure classical

TGA analysis of pristine SWNTs (black line) and /~SWNTs with an increasingly high degree of functionalisation (the red, blue and green
lines correspond to the structures on the right). Adapted from ref. 41.

molecules. This supports the idea that there is always some
variation that exceeds the accuracy and reproducibility of the
instrumental measurements. This means that values of M, and
T, produced in one TGA run are not necessarily representative
of the whole batch. The only reasonable approach to overcome
this problem is to perform TGA on at least three (or more)
specimens sampled from the same batch and calculate mean
averages of M and T, with their standard deviations (¢ M, and
aTyp). It is obvious that the latter values can serve as a measure
of the structural inhomogeneity of the nanotubes within
the batch.

3.2 Spectroscopic characterisations

3.2.1 Resonantly enhanced Raman spectroscopy. Raman
measurements explicitly involve phonons, independently on
the electronic structure of the material and the laser energy
used to excite it.****** The usual Raman scattering signal is
weak. However, its intensity can be improved when the laser
energy matches the energy between optically allowed electronic
transitions in the material studied. This enhancement of the
intensity is called resonance Raman scattering. In 1D system
like SWCNTs, the characteristic van Hove singularities
(vHS) define narrow energy ranges where the intensity of the
electronic density of state (DOS) becomes very large.
In practice, a single SWCNT exhibits a ‘“molecular-like”
behaviour, with well-defined electronic energy levels at each
vHS. The resonance Raman signal from a SWCNT can be
obtained when the laser excitation energy is equal to the
energy separation between the vHS in the valence and
conduction bands, but restricted to the selection rules for
optically allowed electronic transitions. The two most
prominent features observed in the first-order resonant
Raman spectrum of SWCNTs are the low-frequency radial
breathing mode (RBM, between 100-300 cm ') and the high
frequency tangential mode (i.e. the G band, between
1500-1600 cm™'). The Raman-allowed tangential mode in
graphite is observed at 1582 cm™! and is called the G mode,
as defined from graphite. Unlike graphite, the tangential G
mode in SWCNTs gives rise to a multi-peak feature where up

2224 | Chem. Soc. Rev., 2009, 38, 2214-2230

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/B518111A

Downloaded by Trinity College Dublin on 07 July 2011
Published on 22 June 2009 on http://pubs.rsc.org | doi:10.1039/B518111A

View Online

to six Raman peaks can in principle be observed. However,
common analyses are carried out considering the two most
intense peaks, which basically originate from the symmetry
breaking of the tangential vibration when the graphene sheet is
rolled to make a cylindrically shaped tube. The two most
intense G peaks are labelled G, for atomic displacements
along the tube axis, and G, for modes with atomic
displacement along the circumferential direction. The lowering
of the frequency for the G~ mode is caused by the curvature
of the nanotube framework, which is often the tangential
vibration in the circumferential direction. The difference
between the G band line shape for semiconducting and
metallic SWCNTs is evident in the case of the G~ band, which
is broadened for metallic SWCNTs in comparison with the
Lorentzian-like line shape for semiconducting tubes.*** This
broadening is related to the presence of free electrons in
nanotubes with metallic character. Due to the resonant
nature of the SWCNT Raman response, multiple excitation
wavelengths must be used to allow for the contributions of
SWCNTs of different diameters.

Another important feature in the Raman spectra is the low-
intensity dispersive D band (diamond band, or disorder band),
which is typically located in the 1200-1400 cm™! region. The
peak position of the band shifts to higher wavenumbers as the
laser excitation energy (Ej.e;) is increased. This band is
associated with disorder, specifically, the sp>-hybridised
carbon atoms present on the SWCNT sidewall or as other
carbon species in the carbonaceous impurities. In particular,
the occurrence and the magnitude of such D bands, are used to
indicate the presence and extent of functionalisation in
Jf-SWCNTs. Therefore, the D band also represents the change
of C atoms from an sp> to an sp> hybridisation state, which
breaks the symmetry of the graphite plane.

Other spectral features, in the RBM and G modes
(excluding the D-band) originating from either a double-
resonance process or from folding the phonon dispersion of
2D graphite into a 1D Brillouin zone, can also be observed.
Most of the peaks are so weak that they must be viewed on an
expanded scale to appear clearly in the spectra, and the
physics needed to understand their behaviour is also more
sophisticated. These peaks are essentially interesting for the
structural and electronic SWCNT characterisation, first
because they give information about many phonon branches,
important for the transport, thermal and mechanical properties
of carbon nanotubes, and second, because they exhibit

CHs0,
CHO
CHyO
SWCNT
H O
N Hon

chirality-dependent frequencies (as they come from the an-
isotropic 2D phonon Brillouin zone).**

Functionalisation of SWCNTs affects the intensity of the
Raman bands. First, the intensity of the D-band increases
relative to that of the G-band. Raman studies on SWCNTs
functionalised through many methodologies have shown that
the intensity ratio between the D band and the G band
increases with the reaction extent. It has been demonstrated
that the intensity of the D band can easily exceed that of the G
band after covalent coupling of phenyl radicals to individual
SWCNTs with a functionalisation degree of 10% or higher.*??
In addition, covalently functionalised SWCNTs exhibit
reduced intensities of the RBM and the G band, as compared
to the unmodified tubes. The RBM completely disappears for
high functionalisation degrees, while the separate tangential
modes within the G band develop into one very broad, but still
detectable peak at 1590 cm™', the same frequency at which
the in-plane E,, stretching vibration appears in the Raman
spectrum of graphitic materials.

As an example, let us take into consideration the series of
reactions shown in Scheme 9. On a SWCNT, a 1,3-dipolar
cycloaddition is first performed, followed by a direct arylation
reaction.**

The combination of these two reactions in sequence,
achieved using microwave activation, gives rise to a valuable
multiple functionalisation, which can be efficiently followed
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Fig. 2 Raman spectra (dexe = 632.8 nm) of pristine SWCNTs

(black line), cycloadduct 36 (red line) and adduct 37 (blue line).

Scheme 9 Double functionalisation of SWCNT: 1,3-dipolar cycloaddition followed by direct arylation.**
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using Raman spectroscopy. Fig. 2 reports the Raman spectra
of the pristine starting material, cycloadduct 36 and the
product of arylation 37.

Notably, the relative intensity of the D band strongly
increases as the degree of functionalisation increases. The
intensity of the D band reveals that the arylation reaction
further increases the functionalisation degree after the
cycloaddition has occurred. Even though a quantitative
relationship between the intensity of the D band and the
degree of functionalisation cannot be concluded, the relative
intensity of the D band in relation to the G band gives a rough
estimate of the extent of functionalisation.

3.2.2 UV-Vis-NIR absorption spectroscopy. The optical
absorption spectra in the UV-Vis—NIR range of pristine
SWCNTs show characteristic absorptions due to the transitions
between the first and second pairs of singularities in the density
of states of the tubes.** Each (n,m) carbon nanotube exhibits a
different set of van Hove singularities in its valence and
conduction bands; therefore, optical absorption can be used
to determine the chirality of the nanotubes.

Bundled tubes show broad optical absorption peaks (black
line in Fig. 3). The electronic structure evaluation of SWCNTs
has greatly benefited from a recently developed method to
isolate individual nanotubes within surfactants, with sharp
optical absorption peaks (blue line in Fig. 3).4¢

Covalent modification of SWCNTSs induces changes in the
electronic structure that can be probed by optical absorption
spectroscopy. With an increasing degree of functionalisation,
the m-conjugation is increasingly deteriorated. At low densities
of attached groups, the Sy, S, and M transitions can still be
discerned in the UV-Vis—NIR spectrum (with diminished
intensity). Such behaviour has, for instance, been reported
for oxidised SWCNTs,* or for SWCNTs modified by the
addition of nitrenes.®® At higher functionalisation degrees, a
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Fig. 3 Vis—NIR absorption spectra of individual (blue line) and
bundled (black line) SWCNTs. Vis—NIR absorption spectra of
SWCNTs in SDS-D,O suspension. The top trace (black line) is
typical of tubes prepared in suspension without centrifugation. The
broadened and red-shifted absorption features show that most
nanotubes in the sample are aggregated in small bundles. The bottom
trace (blue line) is from samples of individual nanotubes separated and
solubilised in SDS micelles. Adapted from ref. 46.

complete loss of the S;;, S,, and My, features is observed, as
documented for the addition of various types of organic
residues to carbon nanotubes.>**

3.2.3 Infrared spectroscopy. Infrared spectroscopy gives
much less information about the vibrational properties of
carbon nanotubes compared to Raman spectroscopy, mostly
due to the strong absorption of SWCNTs in the IR range.**
The main active modes for carbon nanotubes are the A,, and
E;, modes, observed at around 874 and 1598 ecm™! for
SWCNTs. The number of infrared-active phonon modes
depends on the chiral indices. Armchair, zig-zag and chiral
tubes have, respectively, three, three, and six IR-active modes.
IR spectroscopy is often used to characterise impurities from
synthesis or to identify functional groups of molecules
covalently attached to the nanotube surface.** In particular,
IR is useful to characterise oxidised nanotubes. Indeed,
purification and/or oxidation of carbon nanotubes introduces
carbonyl and carboxylic groups, which are easily visualised
due to the C—=0O stretching band around 1700 cm~'.*’ This
band usually shifts towards a smaller wavenumber (below
1700 cm ") after the functionalisation of the carboxylic groups
with amines.>!® Therefore, a careful examination of the band
positions can give precious indications of the reaction. In
addition to the C=O stretching band, other peaks can
be useful for the characterisation and, notably, the band
corresponding to the C-H vibration between 2800 and
3000 cm™'. These series of peaks are normally absent
in non-functionalised nanotubes and appear with the
incorporation of organic fragments onto the nanotubes. Other
peaks can be attributed to particular functions and covalent
bonds like C-F (~1100 and 1250 cm™'),*” C-Cl
(~798 cm™H" or O-H (~3200-3500 cm ™ !).4

3.2.4 Emission spectroscopy. Weisman et al. observed that
individual semiconducting SWCNTSs emit band-gap photo-
luminescence (PL) in the near-infrared.*® They have reported
distinct electronic absorption and emission transitions for
more than 30 semiconducting nanotubes. The emission peaks
are red-shifted by ~40 cm™' with respect to the corresponding
absorption bands, which implies that there are only minor
geometrical changes upon optical excitation. The quantum
yield of SWCNTs has been reported as high as 107> and their
lifetimes are in the low picosecond range.***® The E,; and E,
optical transitions have been assigned to specific tube
chiralities (n,m),*** thus demonstrating how fluorescence is
a valuable analytical method for identifying the structures of
individual SWCNTs. Fig. 4 shows the fluorescence map of
SWCNTs dispersed in N-methyl-2-pyrrolidone (NMP). Each
peak corresponds to a single (n,m) SWCNT. The red circles on
the map indicate PL maxima of nanotubes dispersed in sodium
dodecylbenzene sulfonate (SDBS) surfactant. The assignment
of PL peaks to specific (n,m) nanotubes is in accordance with
Bachilo et al.®

Big bundles of nanotubes do not emit. The metallic tubes
present in the bundles strongly quench the emission of the
semiconducting tubes, thus providing useful evidence for
measuring SWCNT dispersion.’® However, Tan et al.’' have
recently showed that it is possible to detect and interpret the
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Fig. 4 Photoluminescence map of commercially available pristine
SWCNTs (HiPco) dispersed in SDBS aqueous solutions.

PL of carbon nanotubes in bundles by considering the exciton
energy transfer between tubes. The emission is also strongly
suppressed after chemical functionalisation of SWCNTSs.
Cognet et al.®® reported reversible stepwise quenching of
individual SWCNTs by acid and irreversible quenching of
individual SWCNT exposed to diazonium salts.

3.2.5 Nuclear magnetic resonance spectroscopy. Nuclear
magnetic resonance (NMR) is a very important tool for the
structural assignment of organic substances. However, in
the case of functionalised SWCNTSs, the proton signals
in the organic addends appear broad as a result of the
statistical distribution of the addends on the SWCNT
surface.” Furthermore, interactions between the protons of
the functional groups and the m system of SWCNTs, the
non-negligible content of traces of catalytic metal impurities,
as well as the restricted mobility of SWCNTs in solution due
to their large size, contribute to line-broadened signals.
Thus far, both proton and carbon NMR spectroscopy in
solution does not represent a suitable way for functionalisation
detection and characterisation of SWCNTs.

3.3 Scanning probe microscopy

All scanning probe microscopy techniques involve scanning
action of an extremely sharp tip (3—50 nm radius of curvature)
across the surface of an object. The tip is mounted on a flexible
cantilever, allowing the tip to follow the surface profile. When
the tip moves in proximity of the investigated object, the
interactions between the tip and the surface influence the
movement of the cantilever. These movements are detected
by selective sensors. Various interactions can be studied
depending on the mechanics and working principle of the
probe. The two most common scanning techniques used to
characterise functionalised SWCNTSs are atomic force micro-
scopy (AFM) and scanning tunneling microscopy (STM).
AFM measures the interaction forces between the tip and
the surface, while the tip is dragged across the surface or it
vibrates as it moves. STM measures the tunneling current
flowing between the tip and the sample at a fixed distance.
Surface imaging provides valuable nanoscale information.

They often have atomic resolution and can also give spectro-
scopic information at the nanoscale level.>

3.3.1 Atomic force microscopy. AFM is an invaluable tool
for the morphological visualisation of carbon nanotubes
in the bulk and to measure their size distribution (diameters
and lengths). AFM measurements on deposited films, usually
obtained from spin-coated dispersions of SWCNTs in
NMP at different concentrations, reveal that the bundle
diameter distribution decreases dramatically with decreasing
concentration.®* Photoluminescence studies over the same
concentration range confirmed that the AFM measurements
reflect the diameter distributions in situ.>* Fig. 5 shows a
representative image for nanotubes at concentrations of
1 pug ml~'. The line sections show the presence of objects of
diameter ~1 nm, corresponding to individual nanotubes. It
should be pointed out that reliable length distributions of
pristine nanotubes at high concentration are difficult to obtain
using AFM, as completely isolated objects are rare and it can
be difficult to determine the positions of the ends of a given
bundle. In these cases it might be preferable to measure the
bundle length by TEM.

AFM was also used to identify selenium nanoparticles
adsorbed on polar functional groups, introduced by an
oxidative process,” to identify gold nanoparticles adsorbed
on sulfur-containing substituents,”® and therefore to indirectly
monitor the functionalisation sites. However, the use of
nanoparticles as chemical markers for AFM could give
misleading results for substituent distribution, as proven with
STM studies.”” AFM can also be used to distinguish SWCNTs
from other types of tubes like double-walled CNTs, as distinct
mechanical signatures can be measured.

Height (nm)
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Fig. 5 Typical AFM image of a 1 pug ml~' dispersion of purified
SWCNTs (from HiPco dispersed in NMP) and spin-coated on mica.
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Fig. 6 STM images of SWCNTs functionalised with octadecylamine.
Adapted from ref. 60.

3.3.2 Scanning tunnelling microscopy. The groups of Lieber
and Dekker used STM to directly reveal the real-space atomic
structures of SWCNTs with various chiralities.’®*® They
obtained hexagonal lattice images of SWCNTs and (n,m)
indices from the experimentally measured values of the chiral
angle and diameter. Scanning tunnelling microscopy and
spectroscopy (STS) can thus simultaneously correlate atomic
structures with the electronic properties of the nanotubes.

STM is also a versatile technique for imaging organic
functional groups covalently attached to the nanotubes, and
has been reported for fluorinated SWCNTs, for SWCNTs
functionalised via a Bingel reaction, and for thiol- and
thiophene-functionalised SWCNTs.>” Our STM studies on
short SWCNTs functionalised with octylamine and octadecyl-
amine has unambiguously shown the presence of aliphatic
moieties attached predominantly at the tips of the oxidised
nanotubes.®' Fig. 6 shows the STM images of SWCNTs
functionalised with octadecylamine groups.

3.4 Electron microscopy

3.4.1 Transmission electron microscopy. Transmission
electron microscopy (TEM) is a major tool for the morpho-
logical visualisation of SWCNTs in bulk, the measurement of
their lengths and diameters, and a crude assessment of their
purity. In addition, high resolution TEM (HRTEM) can
provide images with atomic resolution. With the development
of HRTEM techniques, direct imaging of chiral structures of
nanotubes have been achieved in addition to diffraction
studies.®>%* The spatial resolution for conventional HRTEM
has been recently improved, allowing the visualisation of
hexagonal lattices in graphene sheets. The fine electron beam
available in modern transmission electron microscopes offers a
unique probe for revealing the atomic structure of individual
nanotubes. In a recent review Qin has shown that electron
diffraction patterns could provide an accurate and unambiguous
assignment of the chiral indices of SWCNTs.%* The chiral
indices can be read with a high accuracy from the intensity
distribution on the principal layer lines in an electron diffraction
pattern.®*%

Hirahara et al. recently reported the first 3D-like aberration-
corrected HRTEM imaging of SWCNTs.%® Very recently a

single small organic molecule inside a SWCNT was observed
with near-atomic resolution by TEM.®

3.4.2 Scanning electron microscopy. Scanning electron
microscopy (SEM) has been widely used to visualise SWCNTSs
in the bulk and to assess their purity. Unfortunately, SEM
provides limited information on the presence of functional
groups due to its relatively low magnification. The spot size
and the interaction volume are very large compared to
the atomic distances, and SEM cannot provide images with
atomic resolution. In contrast, of particular interest are Z-contrast
scanning transmission electron microscopic (STEM) techniques,
which allow the detection of a mass thickness contrast,
resulting in higher intensities in correspondence of thicker
regions and/or heavier elements. With this technique, we were
able to detect and prove the presence of high Z element
agglomerates onto the bundle surface of SWCNTs coated
with Eu(um)-containing complexes.®®

4. Conclusions

The functionalisation of SWCNTSs covers a wide variety of
organic reactions. Some of them are very efficient in affording
highly functionalised and relatively soluble nanotubes. As a
consequence, SWCNTSs can be manipulated and used in a
range of applications covering the fields of materials science
and nanomedicine. Since functionalised SWCNTs are complex
structures, several techniques have been adapted for their
characterisation. It is of fundamental importance to combine
different spectroscopic and microscopic methods to prove the
presence of the functional groups around the tips and the
sidewalls of the nanotubes, and to quantify these groups
along with the impurity content. More and more SWCNT
conjugates continue to emerge for future technologies, both in
materials and life sciences, making functionalisation of
SWCNTs a very fascinating and exciting research field.
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